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Nucleation of branched actin filaments by the Arp2/3 complex is a conserved 
process in eukaryotic cells, yet the source of unbranched actin filaments has 
remained obscure. In yeast, formins stimulate assembly of actin cables inde- 
pendently of Arp2/3. Here, the conserved core of formin homology domains 1 
and 2 of Bnilp (Bni1pFH1FH2) was found to nucleate unbranched actin fila- 
ments in vitro. Bni1pFH2 provided the minimal region sufficient for nucleation. 
Unique among actin nucleators, BnilpFH1FH2 remained associated with the 
growing barbed ends of filaments. This combination of properties suggests a 
direct role for formins in regulating nucleation and polarization of unbranched 
filamentous actin structures. 

massive filament assembly in vivo (2, 7), we 
set out to reconstitute formin-stimulated actin 
filament assembly in vitro. 

Bacterially expressed glutathione-S-trans- 
ferase (GST)-fusion protein containing 
BnilpFHlFH2COOH (Fig. lA, fig. Si) was 
sufficient to nucleate filaments of purified 
actin, as measured by increased fluorescence 
of pyrene-conjugated actin upon polymer- 
ization (Fig. 1B) (15). The ability of 

BnilpFH1FH2COOH to induce filament 

assembly in vivo depends upon profilin (7). 
However, under these in vitro conditions, 
profilin partially inhibited, rather than en- 

hanced, nucleation at concentrations suffi- 
cient to sequester most of the actin mono- 
mers (16), suggesting that profilin-actin is 
a less efficient substrate than free G-actin. 
Unlike the case for the Arp2/3 complex 
(1 7), preformed actin filaments did not en- 
hance nucleation (16). Thus, formins may 

Formins are cytoskeleton-organizing proteins 
present in fungi, plants, and animals that are 

implicated as effectors for Rho-type 
guanosine triphosphatases (GTPases) (1-3) 
in regulating cytokinesis, polarized growth, 
and stress fiber formation (4-6). Formins 
bear a proline-rich formin homology-1 (FH1) 
domain, which binds profilin and protein- 
protein interaction modules, such as SH3 and 
WW domains, and an adjacent FH2 domain 
of unknown function (Fig. 1A). In budding 
yeast, the formins Bnilp and Bnrlp drive the 

assembly of bundles of filaments called actin 

A 

Bnilp 

cables (7, 8) that direct polarized growth and 

organelle segregation (9-13). Formin-depen- 
dent cable assembly occurs in the absence of 
a functional Arp2/3 actin nucleation complex 
(7, 14). In contrast, the cortical actin patches 
of yeast persist in the absence of formin 
function (7, 8) and require Arp2/3 to assem- 
ble and participate in endocytosis (14). Be- 
cause ectopic expression of NH2-terminally 
truncated Bnilp-lacking the regulatory 
Rho-binding domain but containing the FH1, 
FH2, and a Bnilp-specific COOH-terminal 
extension (BnilpFH FH2COOH)-induces 
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Fig. 1. BnilpFH1FH2 nucleates actin fila- ? 
ments in vitro and assembles ectopic fila- 
mentous actin structures in vivo. (A) Domain 
organization of Bnilp constructs used in this D 
study. (B) Nucleation of actin filaments by 
domains of Bnilp as determined by the 
pyrene-actin assembly assay. Assembly reac- 
tions (15) contained 2.5 FM pyrene-actin 
and 0.4 LM GST or indicated Bnilp fragment. 
(C) Assembly reactions were as for (B) but 
with 3 pIM pyrene-actin and the indicated 
concentrations of BnilpFH1FH2. (D) Fila- 
mentous actin stained with rhodamine phal- 
loidin in wild-type (control) cells (left) and 
cells overexpressing Bni1pFH1FH2 (15) control 

(right). 
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regulate actin filament assembly by nucle- 
ating filaments. 

The FH2 domain was originally defined 
as a conserved -100-residue sequence (18, 
19); but the analysis of additional formins 
revealed that the similarity extends over 
-500 amino acids (Fig. 1A) (6, 20). On the 
basis of this domain delineation, fragments of 
BnilpFH1FH2COOH (Fig. 1A, fig. S1) were 
assessed for their ability to assemble actin 
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filaments in vitro by pyrene-actin polymer- 
ization assays, and in vivo by expression 
from the inducible GAL] promoter (15). Both 
GST-BnilpFH1FH2 lacking the COOH-ter- 
minal extension and purified BnilpFH1FH2 
lacking the GST tag showed in vitro nucleat- 
ing activity similar to that of GST- 
BnilpFH1FH2COOH (Fig. 1B), indicating 
that neither the COOH-terminal extension 
nor the GST tag contributed to nucleation. 
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Fig. 2. Bni1pFH1FH2-induced actin assembly shows G-actin dose dependence, and elongation 
but not nucleation is cytochalasin B (CB) sensitive. (A) Indicated concentrations of G-actin 
were incubated with or without 90 nM BnilpFH1FH2, and pyrene-actin assembly was followed 
(15). Each curve was normalized to the predicted end-point to compensate for differences in 
pyrene-actin concentrations. (B) GST-BnilpFH1FH2 or preformed nuclei of spectrin-actin or 
gelsolin-actin were added to 1.5 FLM pyrene-actin, and filament assembly was monitored in the 
absence or presence (+ CB) of 2 JM CB (15). CB-induced inhibition likely underestimates the 
extent of barbed-end growth during GST-Bni1pFH1FH2-stimulated assembly (15). (C) Inhibi- 
tion of elongation by CB is reversible. Spectrin-actin seeds were preincubated with (open 
diamonds) or without (filled diamonds) 2 (LM CB before dilution into 0.5 PM pyrene-actin 
without or with 0.1 FLM CB, both giving a final concentration of 0.1 F.M CB (15). Control 
samples (open circles) included 2 LM CB throughout the assembly reaction. (D) Bni1pFH1FH2- 
induced nucleation is not CB sensitive. G-actin (3 FtM) was incubated for 3 min with 0.2 tM 
GST-BnilpFH1FH2 in the presence (filled circles) or absence (open circles) of 2 FLM CB before 
dilution into a final concentration of 0.1 ILM CB as above (15). Controls preincubated 3 FLM 
G-actin without GST-BnilpFH1FH2 or CB (open diamonds) or preincubated 3 FM G-actin with 
2 .lM CB alone (filled diamonds). Preincubation with 2 p.M CB slightly enhanced nucleation, 
perhaps by suppressing elongation and thereby retaining higher concentrations of G-actin 
available for nucleation (15). 

This nucleating activity was dose-dependent 
on BnilpFH1FH2 (Fig. 1C). Deletion of the 
FH2 domain abolished nucleating activity, 
and deletion of the FH1 domain from GST- 
BnilpFH1FH2 diminished its activity to 
-10%; however, cleavage of GST to gener- 

ate isolated FH2 restored nucleation to -50% 
that of GST-BnilpFH1FH2 (Fig. IB). Ectop- 
ic expression in yeast of all constructs con- 
taining both FH1 and FH2 domains (15) were 
lethal and associated with the aberrant accu- 
mulation of actin cables (7) or ringlike fila- 
mentous actin structures (Fig. 1D), whereas 
expression of fragments lacking the FH1 or 
the FH2 had no effect (16). This requirement 
for the FH1 domain is consistent with an in 
vivo role for profilin in formin-mediated ac- 
tin assembly (7). Thus, the FH2 domain is an 
actin nucleator, and its NH2-terminal context 
is important for its activity in vitro and in 
vivo. 

The extent and rate of BnilpFH1FH2- 
stimulated nucleation increased with the ini- 
tial G-actin concentration (Fig. 2A) (15), with 
little or no nucleation within 5 min at or 
below 0.5 FLM G-actin (16). To determine 
whether GST-BnilpFH1FH2-induced as- 
sembly involved barbed-end growth, we 
compared the effects of cytochalasin B (CB), 
an inhibitor of barbed-end filament growth 
(21), on assembly from several different nu- 
cleators (15). Seeds of spectrin and actin, 
isolated from erythrocyte ghosts, assemble 
actin at both barbed and pointed ends (22). 
Isolated gelsolin (23) nucleates filaments in 
vitro that are capped at the barbed end and 
elongate exclusively from the pointed end 
(24). Spectrin-actin seeds, gelsolin-actin nu- 
clei, and GST-BnilpFH1FH2 were each 
incubated with 1.5 FLM G-actin (a concentra- 
tion favoring barbed- over pointed-end as- 
sembly -10-fold) (25). As expected, CB 
substantially inhibited the growth of spectrin- 
actin seeds (89%) but not that of gelsolin- 
capped filaments (2%) (Fig. 2B). GST- 

BnilpFH1FH2-stimulated filament growth 
was partially inhibited (63%), suggesting 
barbed-end growth of BnilpFH1FH2-nucle- 
ated filaments or, alternatively, that the 
BnilpFH1FH2 nucleation event was directly 
inhibited by CB (15). 

To investigate whether BnilpFH1FH2- 
induced nucleation was CB sensitive, we first 
examined the reversibility of CB-induced in- 
hibition on elongation (15). Because the crit- 
ical concentration for the pointed ends of 
actin filaments is -0.5 pLM G-actin (25), 
elongation of spectrin-actin seeds in 0.5 xLM 
G-actin occurs only at the barbed end, a 
reaction completely inhibited by 2 FJM CB 
(Fig. 2C). However, when seeds were prein- 
cubated with 2 FLM CB and then diluted into 
0.1 .M CB and 0.5 pIM G-actin, elongation 
occurred with an efficiency similar to that of 
seeds incubated in 0.1 IpM CB directly (Fig. 
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Fig. 3. Bni1pFH1FH2 nucleates the assembly of unbranched filaments and binds to the barbed end. (A) Assembly 
of 1.1 FLM G-actin for 30 min in the presence of GST. Filaments were visualized by electron microscopy after 
negative staining with uranyl acetate (15). (B) Assembly of 1.1 lVM G-actin for 30 min in the presence of 88 nM 
GST-Bni1pFH1FH2. (C) Antibodies to GST were bound to colloidal gold-conjugated protein A, then incubated with 
GST-Bni1pFH1FH2 before a 2-min assembly reaction in 1.1 FLM G-actin (15). Large arrow indicates gold particles 
associated with the filament ends. (D) Heavy meromyosin was included in the reaction (15). Small arrows indicate 
the heavy meromyosin "arrowhead" decoration. Bars, 100 nm. 

Fig. 4. BnilpFH1FH2 A -Sds 
slows barbed-end elon- - Seeds + 20 nM 
gation. (A) Spectrin- - Seeds + 60 nM 
actin seeds (0.8 nM) 9 S *Seeds + 600 nM 
were incubated with 
0.5 FiM pyrene-actin, 8- 
and the effect on elon- 
gation of the indica- , 7- 
ted concentration of , 
GST-Bni1pFH1FH2 was < 6- 
assessed (15). Under 
these conditions, GST- 5- 
Bni1pFH1FH2 did not e 
nucleate assembly. (B) 4 
The calculated rates of L 
actin assembly were 3 
plotted against GST- 
Bni1pFH1FH2 concen- 2 
tration, giving a maxi- 20 mum inhibition rate of 
-50% with a half-max- Time(s) 
imal inhibition Kd of 20 
nM GST-Bni1pFH1FH2. 

2C). Because dilution rapidly reversed CB- 
induced inhibition of elongation, we were 
able to test whether BnilpFHlFH2-induced 
nucleation was CB sensitive (15). GST- 
BnilpFH1FH2 was preincubated with 3 rpM 
G-actin to allow nucleation, either in the pres- 
ence or absence of 2 FLM CB, and then the 
reactions were diluted to a final concentration 
of 0.1 M CB and 0.5 pLM G-actin, an actin 
concentration permitting barbed-end growth 
of formed nuclei but preventing new nucle- 
ation (Fig. 2D). In both cases, GST- 
BnilpFH1FH2 stimulated nucleation as com- 
pared with actin alone. Thus, CB must have 
exerted its effects by inhibiting elongation, 
and BnilpFH1FH2-induced filaments grew 
largely from the barbed end (15). 
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Examination of GST-BnilpFH1FH2- 
stimulated structures by electron microsco- 
py (15) revealed a profusion of long (>1 to 
2 [Lm), unbranched filaments (Fig. 3, A and 
B). To localize BnilpFHlFH2 with assem- 
bling filaments, GST-BnilpFHlFH2 was 
bound to colloidal gold-conjugated protein 
A via GST-specific antibody before dilu- 
tion into purified 1.1 .IM G-actin. After 2 
min of polymerization, a subset (mean + SD, 
28 ? 2.2%) of filaments had colloidal gold 
associated with one end (Fig. 3C), whereas 
controls lacking anti-GST showed a signifi- 
cantly lower fraction of end labeling (mean + 
SD, 3.0 + 2.2%). These findings raised the 
possibility that BnilpFHlFH2 associates 
with a particular filament end. To visualize 

the polarity of the actin filaments, they were 
decorated with heavy meromyosin. We found 
a significant bias for the gold-labeled GST- 
Bni pFH1FH2 fragment to label the barbed 
end (mean + SD, 83.5 + 3.0%) (Fig. 3D), 
whereas in the absence of the antibody the 
residual nonspecific labeling showed no 
predisposition (mean + SD, 49.3 ? 4.6% 
barbed end). When the background level of 
endlabeling observed in the control was 
accounted for (15), all end-associated GST- 
BnilpFH1FH2 appeared to reside at the 
barbed end. 

The association of BnilpFH1FH2 with the 
barbed end indicated it might also function as a 
capping protein. Proteins that cap barbed ends, 
such as villin (26), gelsolin (24), and CapZ 
(27), also show actin nucleating activity in 
vitro. We examined the effect of including in- 
creasing amounts of BnilpFH1FH2 on the 
barbed-end growth of spectrin-actin seeds (15). 
GST-BnilpFH1FH2 inhibited filament elon- 
gation in a dose-dependent manner (Fig. 4, A 
and B), but with a maximal inhibition of only 
-50%, even at the highest levels of GST- 
BnilpFH1FH2 (600 nM), where -95% of the 
barbed ends were predicted to be associated 
with this fragment (16). The half-maximal in- 
hibition indicated a dissociation constant (Kd) 
of 20 nM GST-BnilpFH1FH2 for the capping 
activity. This "partial" capping is in marked 
contrast to all other known barbed end-binding 
proteins, which abolish barbed-end elongation 
(24, 27). Rather, under physiological condi- 
tions, where the concentration of G-actin is 
expected to be low, BnilpFH1FH2-nucleated 
filaments are predicted to grow exclusively 
from their barbed ends. 
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Thus, the Bnilp FH2 domain is an actin 
nucleator with unique properties for polarizing 
growing filaments. In vitro, BnilpFHlFH2 
stimulates assembly of unbranched filaments 
and associates with their barbed ends, yet still 
permits barbed-end growth. In vivo, yeast 
formins direct assembly of actin cables (7, 8) 
that radiate from discrete regions of the grow- 
ing cell cortex (28) where the formins are lo- 
calized (2, 29-31). Unidirectional movements 
of a cable-dependent myosin-V indicate that 
cable filaments are oriented with their barbed 
ends directed toward the growing cortex (32), 
and in vivo actin cable dynamics have shown 
that cables assemble at these sites (33). Our 
observations suggest that Bnilp directly nucle- 
ates cable filaments and tethers them by their 
growing barbed ends, establishing their polari- 
ty. Conservation of this mechanism may ex- 
plain the roles of formins in the assembly of 
unbranched filamentous actin arrays in other 
eukaryotes. 
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Recycling of the mu opioid receptor to the plasma membrane after endocytosis 
promotes rapid resensitization of signal transduction, whereas targeting of the 
delta opioid receptor (DOR) to lysosomes causes proteolytic down-regulation. 
We identified a protein that binds preferentially to the cytoplasmic tail of the 
DOR as a candidate heterotrimeric GTP-binding protein (G protein)-coupled 
receptor-associated sorting protein (GASP). Disruption of the DOR-GASP in- 
teraction through receptor mutation or overexpression of a dominant negative 
fragment of GASP inhibited receptor trafficking to lysosomes and promoted 
recycling. The GASP family of proteins may modulate lysosomal sorting and 
functional down-regulation of a variety of G protein-coupled receptors. 
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Ligand-induced endocytosis contributes to the 
physiological regulation of a wide variety of 
signaling receptors. Many G protein-coupled 
receptors (GPCRs) are endocytosed by a mech- 
anism involving receptor phosphorylation, in- 
teraction with nonvisual (beta-) arrestins, and 
concentration in clathrin-coated pits [reviewed 
in (1, 2)]. However, the functional consequenc- 
es of GPCR endocytosis through this conserved 
cellular mechanism are diverse. Trafficking of 
internalized GPCRs by a rapid recycling path- 
way restores the complement of functional re- 
ceptors in the plasma membrane and promotes 
resensitization of receptor-mediated signal 
transduction (1, 3, 4). In contrast, the sorting of 
internalized GPCRs to lysosomes promotes 
proteolytic down-regulation of receptors, lead- 
ing to a prolonged attenuation of cellular signal 
transduction (3, 5, 6). Furthermore, the post- 
endocytic sorting of certain GPCRs can itself be 
regulated under physiological conditions (7). 
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are structurally homologous GPCRs that me- 
diate the actions of endogenously produced 
opioid neuropeptides and exogenously ad- 
ministered opiate drugs. Both receptors are 
endocytosed via clathrin-coated pits after ag- 
onist-induced activation, phosphorylation, 
and association with cytoplasmic beta-ar- 
restins (8, 9). However, previous studies sug- 
gest that endocytosis causes different effects 
on MOR as compared to DOR (6, 10-12). A 
FLAG epitope-tagged DOR [DOR-1 (13)] 
expressed in stably transfected human embry- 
onic kidney (HEK) 293 cells (14) exhibited 
pronounced down-regulation within 3 hours 
of exposure to opioid peptide agonist, where- 
as FLAG-tagged MOR [MOR-1 (15)] ex- 
pressed at similar levels did not down-regu- 
late (Fig. 1A) (16). A biochemical assay that 
specifically measures the fate of surface-bi- 
otinylated receptors (12, 17, 18) indicated 
that DOR but not MOR was rapidly proteo- 
lyzed after agonist-induced endocytosis (Fig. 
1B). Fluorescence microscopy indicated that 
exposure of cells to agonist for 90 min caused 
DORs to concentrate in membranes located 
in the perinuclear region of the cells, many of 
which colocalized with the late endosome 
and lysosome markers LAMP1 and LAMP2 
(Fig. 1C) (19). In contrast, MOR was local- 
ized under these conditions in vesicles dis- 
tributed throughout the cytoplasm that failed 
to colocalize substantially with LAMP1 and 
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