




















produced only a twofold increase at best, it did increase
the response to Q71LARF1 and reduce the variable na-
ture of the response. Overall, the results suggest that
ARF]1 regulates the delivery of paxillin to focal adhesions
whereas Rho controls actin stress fiber formation. How-
ever, the effects of the two GTP-binding proteins would
appear to be complimentary with ARF1 potentiating the
effects of RhoA and vice versa.

Leakage of ARF Proteins from
SL-O-permeabilized Cells Leads to Loss of
GTP~S-induced Paxillin Redistribution

to Focal Adhesions

A study of the rates at which ARF proteins and paxillin
leak out of SL-O-permeabilized cells shows that >80% of
ARF proteins have been lost within 16 min, whereas
>70% of paxillin is retained (Fig. 7 A). The leakage of
ARF is coincident with a significant reduction in the
GTPyS-induced redistribution of paxillin into SAM as
judged by wet cleavage and Western blotting (Fig. 7, B
and C). The re-addition of wild-type ARF1 resulted in a
complete restoration of the ability of GTPyS to induce
paxillin redistribution into SAM. Similarly, the ability of
GTP~S to induce the recruitment of paxillin into focal ad-
hesion-like structures (as judged by confocal microscopy)
was markedly reduced in cells that had been left for 16 min
after SL-O permeabilization (Fig 8, A and B). Re-addition
of ARF1 (Fig. 8 C), but not the NH,-terminal deletion mu-
tant of ARF1 (A17ARF1) (Fig. 8 D), restored the ability
of GTPS to induce recruitment of paxillin to these struc-
tures. Quantitative analysis showed the re-addition of ARF1
produced a threefold increase in the GTPyS-induced re-
cruitment of paxillin to the plane of adhesion (Fig. 8 F).
These results provide strong support to the conclusion that
ARF1 regulates the distribution of paxillin between a peri-
nuclear compartment and focal adhesions.

AI7ARF1 Inhibits the GTPyS-stimulated
Recruitment of Paxillin into Focal Adhesion-like
Structures and SAM

To explore the possibility that the A17ARF1 mutant might
act as a dominant-negative mutant, the effect of A17ARF1
on the GTPyS-stimulated recruitment of paxillin into focal
adhesions was investigated. The results showed that the
GTPyS-stimulated recruitment of paxillin into focal adhe-
sion-like structures at the ends of actin filaments (Fig. 9, A
and B) was almost completely blocked by A17ARF1 (Fig.
9, C and D). Quantitative analysis of confocal microscope
images confirmed this finding (Fig. 9 F). Similarly, the
A17ARF1 mutant markedly inhibited the ability of GTPyS
to stimulate the recruitment of paxillin into SAM as
judged by quantitative analysis of Western blots (Fig. 10,
A and B). However, A17ARF1 did not appear to affect the
formation of actin stress fibers (Fig. 9, C and FE), although
they were finer and stained less intensely with FITC-phal-
loidin than those produced in response to GTPyS alone
(Fig. 9, A and C). Analysis of the dose-inhibition curve for
A17ARF1 showed that it produced half-maximal inhibi-
tion of paxillin recruitment to the plane of adhesion at
~20 pg/ml (Fig. 9 G), which is very similar to the concen-
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Figure 7. Loss of GTPyS-induced paxillin redistribution into
SAM after ARF leakage, and reconstitution by ARF1 addition.
(A) Serum-starved Swiss 3T3 cells were incubated with SL-O on
ice for 10 min and permeabilized by incubation at 37°C in the
presence of 1 mM GDP. The paxillin and ARF remaining in the
cell monolayer was determined by Western blotting at various
times after permeabilization. (B) Cells were permeabilized for 16
min in the presence of 1 mM GDP. After this, 1 mM MgATP was
added for 8 min in the absence (0) or presence of 50 uM GTP~S,
with or without the addition of 100 wg/ml ARF1. SAM was then
prepared by wet cleavage at 4°C, and the paxillin content of SAM
from duplicate coverslips was determined by Western blotting.
(C) Quantitative analysis of the paxillin content of SAM was ob-
tained as for Fig. 4. These data represent the mean (= SEM) of
values obtained from four separate experiments.

tration of Q71LARF1 required to stimulate paxillin re-
cruitment (Fig. 5 K).

Microinjection of ARF Proteins

into Serum-starved Swiss 313 Cells Regulates
Paxillin Recruitment to Focal

Adhesion-like Structures

To investigate whether the effects of ARF1 on paxillin lo-
calization could be demonstrated in intact cells, Q71LARF1
was microinjected into serum-starved Swiss 3T3 cells, and
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Figure 8. Loss of GTPyS-induced paxillin redistribution into the
adhesion plane after ARF leakage; reconstitution by ARF1 addi-
tion. Cells were permeabilized for 16 min in the presence of 1
mM GDP. After this 1 mM MgATP was added in the absence (A;
BASAL) or presence of 50 pM GTPyS (B-D) for 8 min. 100 pg/
ml ARF1 (C) or A17ARF1 (D; GTPyS+A17) was included with
the GTPyS challenge. Paxillin was visualized by indirect immu-
nofluorescence and its distribution analyzed by confocal micros-
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Figure 9. A17ARF1 inhibits the ability of GTP~S to recruit paxil-
lin to focal adhesions. Serum-starved Swiss 3T3 cells were incu-
bated with SL-O on ice for 10 min and permeabilized by incuba-
tion at 37°C for 8 min in the presence of 1 mM GDP without (A
and B) and with (C and D) 100 pg/ml A17ARF1. After this, 1
mM Mg ATP and 50 uM GTPyS were added in the continued ab-
sence (A and B) or presence of (C and D) of A17ARFI1. FITC-
phalloidin staining (A and C) is presented as an extended focus
image, whereas paxillin staining (B and D) is presented as an op-
tical section corresponding to the plane of adhesion. Cells were
then scored for the presence of actin stress fibres (E) and the per-
centage of total cellular paxillin found in the plane of adhesion
was determined (F). Data represents the mean of four indepen-
dent experiments (= SEM). A dose inhibition curve showing the
ability of A17ARF1 to oppose the GTPyS-induced recruitment
of paxillin to the plane of adhesion is presented as the mean
(= SEM) of three separate experiments (G). Bar, 40 pm.

the cells stained 10 min later for paxillin (Fig. 11, A, C, E,
and G) or F-actin (Fig. 11, B, D, F, and H). Microinjection
of Q71LAREF1 lead to the appearance of paxillin in large
focal adhesion-like structures (Fig. 11 C) whereas micro-
injection of buffer alone had no such effect (Fig. 11 A).
The response to V14RhoA was much less pronounced
(Fig. 11 E), but when Q71LARF1 and V14RhoA were mi-
croinjected together, the cells assembled numerous large

copy. An optical plane centered 0.5 wm above the surface of the
coverslip (adhesion-plane) is presented. (E) The fluorescence in-
tensity from the adhesion plane was expressed as a percentage of
the total cellular fluorescence as for Fig. 2. These data represent
the mean (= SEM) of values obtained from 4 separate experi-
ments. Bar, 20 pm.
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Figure 10. A17ARF1 inhibits the ability of GTPyS to increase the
paxillin content of SAM. Serum-starved Swiss 3T3 cells were in-
cubated with SL-O on ice for 10 min, and permeabilized by incu-
bation at 37°C for 8 min in the presence of 1 mM GDP, without
and with 100 pg/ml A17ARF1. After this, permeabilized cells
were treated with 1 mM Mg ATP for 8 min with or without 50
pM GTP«S in the continued absence or presence of A17ARF1.
SAM was then prepared by wet cleavage at 4°C, and the paxillin
content of SAM from duplicate coverslips was determined by
Western blotting. (B) Quantitative analysis of the paxillin con-
tent of SAM was obtained as for Fig. 4. These data represent the
mean (* SEM) of values obtained from four separate experi-
ments.

paxillin-containing focal adhesion-like structures (Fig. 11
G). Q71LARF1 did not stimulate the assembly of actin
stress fibers although it lead to the marked accumulation
of F-actin at highly localized sites just under the plasma
membrane (Fig. 11 D). As expected V14RhoA stimulated
stress fiber formation (Fig. 11 F). However, Q71LARF1
markedly potentiated the effect of V14RhoA on the as-
sembly of actin stress fibers, and these stained much more
intensely with FITC-phalloidin (Fig. 11 H) than those pro-
duced in response to V14RhoA alone (Fig. 11 F), reinforc-
ing the idea that ARF1 might contribute to the regulation
of the actin cytoarchitecture.

The effects of microinjecting A17ARF1 into serum-
starved Swiss 3T3 cells on the LPA-induced assembly of
actin stress fibers and paxillin-containing focal adhesion
was also examined. Whereas cells microinjected with buffer
alone assembled numerous paxillin-containing focal adhe-
sions in response to LPA (Fig. 12 A), this response was
almost completely blocked in cells microinjected with
A17ARF1, although uninjected neighboring cells showed
strong staining for paxillin in focal adhesions (Fig. 12, C
and E). Microinjection of A17ARF1 did not block LPA-
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induced actin stress fiber assembly, although the stress fi-
bers formed stained much less intensely for F-actin (Fig.
12, D and F) than those seen in uninjected neighboring
cells or cells injected with buffer alone (Fig. 12 B). The re-
sults obtained using Q71LARF1 and A17ARF1 in micro-
injection studies are very similar to those obtained using
permeabilized cells, and provide strong evidence that
ARF1 plays a role in the recruitment of paxillin to focal
adhesion-like structures.

Discussion

We have used serum-starved Swiss 3T3 cells permeabi-
lized with SL-O to investigate the relationship between
the assembly of actin stress fibers and the recruitment of
vinculin and paxillin to focal adhesions. Whereas addition
of GTPyS at the time of permeabilization stimulated the
recruitment of vinculin and paxillin from a perinuclear lo-
cation to focal adhesion-like structures at the ends of actin
stress fibers, this coordinated response was lost with time.
Thus, when GTPyS was added 8 min after permeabiliza-
tion, paxillin but not vinculin was recruited to the ends of
actin stress fibers. GTPyS also stimulated the recruitment
of paxillin and vinculin into SAM, and again the vinculin
response decayed much more rapidly than that for paxil-
lin. These results suggest that paxillin and vinculin target-
ing to focal adhesions are regulated by different mecha-
nisms. Experiments with C3 transferase showed that the
GTPyS-stimulated recruitment of paxillin into focal adhe-
sion-like structures was largely independent of Rho, al-
though Rho was required for the assembly of actin stress
fibers. However, the small GTP-binding protein ARF1
(Q71LARF1) was able to support the GTPyS-stimulated
recruitment of paxillin into focal adhesion-like structures
and SAM, without promoting actin stress fiber assembly.
Moreover, the A17ARF1 mutant blocked these effects.
The role of ARF1 in regulating paxillin recruitment to fo-
cal adhesion-like structures was confirmed by microinjec-
tion of Q71LARF]1 into serum-starved cells, and by the
demonstration that microinjection of A17ARF1 blocked
the LPA-induced recruitment of paxillin to focal adhe-
sions. Interestingly, the V14RhoA-induced assembly of
actin stress fibers was potentiated by Q71LARF1. These
results suggest that these two small GTP-binding proteins
activate complimentary pathways that together lead to the
formation of paxillin-rich focal adhesions at the ends of
prominent actin stress fibers.

Mechanism of Rho Action

The mechanisms by which Rho exerts its effects on the as-
sembly of actin stress fibers and focal adhesions are slowly
being elucidated (Machesky and Hall, 1996; Ridley, 1996;
Burridge et al., 1997). Rho has been shown to activate an
S/T kinase (Leung et al., 1995; Amano et al., 1996) which
phosphorylates myosin light chain phosphatase leading to
its inactivation (Kimura et al., 1996). Rho kinase has also
been shown to phosphorylate myosin light chain directly
(Amano et al., 1996). Both pathways are likely to con-
tribute to increased myosin light chain phosphorylation,
which is known to result in activation of the myosin ATP-
ase and the assembly of bipolar myosin filaments (Bur-
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ridge and Chrzanowska-Wodnicka, 1996). Studies with
myosin light chain kinase inhibitors and the myosin ATP-
ase inhibitor 2,3 butanedione monoxime are consistent
with a hypothesis in which the tension exerted by the acto-
myosin contractile apparatus in adherent cells results in
the alignment of actin filaments into stress fibers (Chrza-
nowska-Wodnicka and Burridge, 1996). Indeed, recent
data suggest that Rho-induced stress fiber formation in-
volves little new actin polymerization (Machesky and Hall,
1997) and is due largely to rearrangement of actin fila-
ments. The signaling pathways required for Rho-depen-
dent actomyosin contraction have been shown to be re-
tained in escin-permeabilized smooth muscle cells for =30
min after permeabilization (Noda et al., 1995), and it is
likely that such pathways contribute to the appearance of
actin stress fibers in response to the addition of GTPyS
in the present study. Thus, the GTPyS-induced assem-
bly of actin stress fibers in SL-O-permeabilized Swiss
3T3 cells was (a) completely blocked by C3-transferase,
(b) activated by the addition of V14RhoA, and (c) re-
tained =16 min after permeabilization.
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Figure 11. Microinjection of
Q71LARF1 into serum-starved
cells induces the formation of
paxillin-containing focal ad-
hesion-like structures. Serum-
starved Swiss 3T3 cells were
microinjected with  buffer
alone (A and B), Q71LARF1
(C and D), V14rhoA (E
and F) or Q71LARF1 plus
V14rhoA (G and H). Needle
concentrations of proteins
were 500 pg/ml. TRITC-Dex-
tran was included in the mi-
croinjection buffer to iden-
tify injected cells. Cells were
fixed 10 min after injection
and stained for either paxillin
(A, C, E, and G) or F-actin
(B, D, F, and H). Microin-
jected cells are indicated by
arrowheads. Staining of the
nucleus and cell body in the
paxillin channel is bleed-
through from the TRITC-
Dextran, and aids identifica-
tion of microinjected cells.
Bar, 10 pm.

Chrzanowska-Wodnicka and Burridge (1996) have also
reported that myosin light chain kinase inhibitors and the
myosin ATPase inhibitor 2,3 butanedione monoxime in-
hibit the formation of focal adhesions, and they have pro-
posed that contraction of actomyosin is responsible for
clustering of integrins in the plane of the membrane lead-
ing to the formation of focal adhesions (Burridge and
Chrzanowska-Wodnicka, 1996). Whereas this is an attrac-
tive hypothesis, other mechanisms may also contribute to
focal adhesion formation. If the process were driven solely
by actomyosin contraction, it should not be possible to ob-
tain such structures in the absence of actin stress fibers.
However, Nobes and Hall (1995) have reported that
V14RhoA will drive the formation of focal adhesion-like
structures in the presence of concentrations of cytocha-
lasin D that block stress fiber formation. An additional
reservation about the above hypothesis is that 2,3 butane-
dione monoxime would also be expected to inhibit uncon-
ventional myosins. At least some of these are thought to
be involved in vesicular transport (Titus, 1997), and it is
becoming apparent that transport of membrane vesicles to
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Figure 12. Microinjection of A17ARF1 inhibits the LPA-induced
assembly of paxillin-containing focal adhesions. Serum-starved
Swiss 3T3 cells were microinjected with buffer alone (A and B) or
A17ARF1 (C-F) at a needle concentration of 900 pg/ml. After 20
min, the cells were stimulated with 1 pg/ml LPA for 15 min, fixed
and stained for either paxillin, by indirect immunofluorescence
(A, C, and E), or F-actin with FITC-phalloidin (B, D, and F). Mi-
croinjected cells are indicated by arrowheads. The nuclear and
cell body staining in the paxillin channel is bleed-through from
the TRITC-Dextran used to aid identification of the microin-
jected cells. The F-actin staining has been deliberately overex-
posed to show the weaker actin fibers in cells microinjected with
A17ARF1. Bar, 10 pwm.

the leading edge of cells forms part of the locomotory re-
sponse (Bretscher, 1996), and may be involved in the polar-
ized delivery of integrins to lamellipodia. Indeed, several
studies have noted that disturbance of the endocytic—
exocytic cycle leads to the disassembly of polarized focal
adhesions (Altankov and Grinnell, 1993; Tranqui et al.,
1993). It is interesting that Cdc42, which stimulates forma-
tion of filopodia and associated small focal adhesion-like
structures (Nobes and Hall, 1995), is localized in the Golgi
apparatus (Erickson et al., 1996), and that in Dictyostelium
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discoideum, it activates a kinase that phosphorylates the
myosin I heavy chain (Lee et al., 1996).

Recruitment of Paxillin to Focal Adhesions: Role
of ARF1

Immediately after permeabilization, the ability of GTPyS
to recruit both vinculin and paxillin to focal adhesion-like
structures decreases rapidly. This suggests that signaling
components necessary for their recruitment are rapidly
lost from the cells. The kinetics of this initial run-down
phase are very similar for both vinculin and paxillin sug-
gesting that there may be mechanisms for recruiting com-
plexes containing both vinculin and paxillin (possibly
bound to each other) to focal adhesions. However, the
run-down Kkinetics of paxillin recruitment are clearly bi-
phasic and contain a second component that runs-down
more slowly (Figs. 2 D and 4 B). The ability of GTP~S to
elicit this phase of paxillin recruitment to focal adhesion—
like structures is only partially blocked by C3-transferase,
and is only weakly stimulated by V14RhoA. This supports
the conclusion that contraction of the actomyosin network
is not the only mechanism involved in focal adhesion
assembly, and implicates other GTP-binding proteins in
this process. The results described here provide strong
evidence that ARF1 regulates, at least in part, the re-
cruitment of paxillin to focal adhesion-like structures.
Thus, in SL-O-permeabilized, serum-starved Swiss 3T3
cells, Q71LARF1 caused a dramatic redistribution of pax-
illin from the perinuclear region to focal adhesion-like
structures, and lead to a marked increase in the paxillin
content of SAM. Loss of ARF proteins after permeabiliza-
tion was coincident with a reduction in GTPyS-induced
paxillin recruitment to focal adhesions and SAM, and the
system could be resensitized by addition of wild-type
ARF1. Conversely, A17ARF1 inhibited the GTPyS-stimu-
lated recruitment of paxillin to focal adhesions and SAM.
A role for ARF1 in regulating the localization of paxillin
was confirmed in intact cells by microinjection experi-
ments. It is interesting that even in the intact cell, micro-
injection of Q71LARF1 induced the assembly of paxil-
lin-rich focal adhesions that were poor in vinculin (not
shown). This indicates that paxillin recruitment can be reg-
ulated independently from that of other focal adhesion
proteins. The idea that recruitment of some components
of focal adhesions may be controlled independently of
others is well established. For example, the incorporation
of talin into focal adhesion precursors precedes that of vin-
culin (DePasquale and Izzard, 1991), and PDGF treat-
ment of Balb/c 3T3 cells resulted in a more rapid loss of
vinculin from focal adhesions than talin (Herman and
Pledger, 1985). Studies using beads coated with integrin
antibodies suggest that integrin cross-linking is sufficient
to recruit tensin and pp125FAK to the cytoplasmic face of
integrins (Miyamato et al., 1995), whereas the recruitment
of other cytoskeletal proteins required both integrin ag-
gregation and ligand occupancy.

The nature of the protein—protein interactions that tar-
get paxillin to focal adhesions has not been fully resolved.
Paxillin has been reported to bind directly to Bl-integrin
cytoplasmic domain peptides (Schaller et al., 1995), and to
the focal adhesion proteins vinculin (Wood et al., 1994)
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and pp125FAK (Bellis et al., 1995). However, De Nichilo
and Yamada (1996) have shown that paxillin can be re-
cruited to focal adhesions in the absence of pp125F4K, Re-
cent studies have shown that neither the pp125¥4X or vin-
culin-binding sites in paxillin are able to direct the protein
to focal adhesions, and that the major determinant is con-
tained within the LIM3 domain (Brown et al., 1996). At
present, the binding partner for this domain has not been
identified, but the authors suggest that LIM3 binds to
NPXY motifs of B integrins, and paxillin could be a pas-
senger on the vesicles delivering integrins to sites of adhe-
sion.

Mechanisms of ARF1 Action in Paxillin Recruitment

AREF1 is required for coatamer assembly on Golgi trans-
port vesicles (Serafini et al., 1991) and is known to act syn-
ergistically with Rho to activate PLD1. It is possible,
therefore, that the mechanism underlying the effects of
AREF1 observed in the present study could be mediated by
PLD. However, this seems unlikely because Q71LARF1,
which stimulates paxillin recruitment to focal-adhesion—
like structures does not activate PLD in COS7 cells (Park
et al., 1997), or in permeabilized HL60 cells (Jones, D.H.,
A. Fensome, and S. Cockcroft, submitted for publication).
Moreover, A17ARF1, which is a potent inhibitor of paxil-
lin recruitment both in SL-O-permeabilized and intact
Swiss 3T3 cells, is unable to inhibit PLD activity in HL60
cells, although it does block recruitment of coatamer to
Golgi-derived vesicles (Jones, D.H., A. Fensome, and S.
Cockcroft, submitted for publication). The small GTP-
binding protein, Cdc42 (Erickson et al., 1996), which
drives the formation of filopodia, is colocalized with ARF1
in the Golgi apparatus. Cdc42 is able to trigger the assem-
bly of small focal adhesion-like structures at the ends of
filopodia that contain many of the same components as
the larger focal adhesions found at the ends of actin stress
fibers (Nobes and Hall, 1995). Whether there is any cross-
talk between ARF1 and Cdc42 has not been established.
However, the possibility that ARF1 and Rac signal through
a common pathway is raised by the finding that Arfaptin 2,
a recently identified ARF1-binding protein (Kanoh et
al., 1997), is almost identical to the Rac-binding protein
PORI1, which has been implicated in Rac-induced mem-
brane ruffling (Joneson et al., 1996). A role for ARF1 in
the control of integrin-mediated cell adhesion is indicated
by recent studies on the proteins GRP1 and cytohesin-1
that contain a domain capable of stimulating both guanine
nucleotide exchange on ARF1, and the activation of B2-
integrins (Kolanus et al., 1996; Klarlund et al., 1997).

Regulation of Vinculin Targeting

The ability of GTPyS to stimulate vinculin recruitment
to focal adhesion-like structures in SL-O—permeabilized
Swiss 3T3 cells is lost within 5 min of permeabilization.
This is not because the protein itself has leaked out of the
cell, and ~80% of the cytoplasmic focal adhesion proteins
such as vinculin, paxillin, pp125F4K, and talin are retained
up to 20 min after permeabilization (data not shown).
Presumably, the GTPyS-activated signaling pathways nec-
essary for vinculin targeting to focal adhesions are com-
promised within 5 min of permeabilization. Using digito-
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nin-permeabilized Swiss 3T3 cells, Mackay et al. (1997)
have shown that the ability of GTPvyS to stimulate recruit-
ment of vinculin to focal adhesions, was lost over a similar
time course. Interestingly, they went on to show that the
addition of moesin and other members of the ERM family
of proteins resensitized the digitonin-permeabilized cells
to GTPvS, although the moesin did not leak out of the
cell. The authors speculate that endogenous moesin be-
comes inactive shortly after digitonin permeabilization.
ERM proteins and vinculin exhibit intramolecular interac-
tions that are relieved by PIP2 (Niggli et al., 1995; Hirao et
al., 1996), and both are consequently activated in the pres-
ence of the lipid (Gilmore and Burridge, 1996; Weekes et
al., 1996; Hirao et al., 1996). It is possible therefore, that
signaling pathways leading to GTPyS-induced PIP2 syn-
thesis become inactivated shortly after permeabilization
(Fensome et al., 1996).

ARF1 Potentiates the Ability of rho to Induce Actin
Stress Fibers

Whereas Q71LARF1 (in the absence of rho) does not lead
to stress fiber formation in either SL-O permeabilized or
intact Swiss 3T3 cells, it does cause the appearance of ill-
defined actin-rich structures at the cell periphery. These
are particularly noticeable in microinjected cells (Fig. 11
D). However, Q71LARF1 does markedly potentiate the
ability of rho to induce the formation of stress fibers that
stain intensely for F-actin (compare Fig. 11, F and H).
Conversely, microinjection of A17ARF1 into serum-starved
Swiss 3T3 cells dramatically reduces the FITC-phalloi-
din staining of the LPA-induced stress fibers, although
A17ARF]1 does not seem to inhibit the formation of stress
fibers per se (Fig. 12, D and F). These findings are consis-
tent with the hypothesis that rho acts to stimulate the con-
traction and alignment of pre-existing actin filaments
whereas ARF1 potentiates this effect by inducing actin po-
lymerization. Based on the established role of ARF1 in the
assembly of the coatomer complex on Golgi-derived vesi-
cles (Serafini et al., 1991), it is tempting to speculate that it
might also promote the assembly of a complex of proteins
on a population of vesicles that are able to initiate actin
polymerization after delivery to sites of substrate adhesion
at the ventral plasma membrane. Interestingly, the Sec6/8
complex has recently been shown to be recruited to cell-
cell contacts, and this then directs Golgi-derived transport
vesicles to the baso-lateral membrane in polarized epithe-
lial cells (Grindstaff et al., 1998).

In conclusion, this study establishes the potential of us-
ing SL-O-permeabilized serum-starved Swiss 3T3 cells to
study the assembly of focal adhesions. The selective loss of
cytosolic components and the inactivation of certain cellu-
lar responses has allowed us to dissociate several events
that are normally coordinately regulated. Thus, we have
shown that the recruitment of paxillin from a perinuclear
compartment to focal adhesion-like structures is regulated
by ARF1, and that this can occur independently of vincu-
lin recruitment and the Rho-dependent assembly of actin
stress fibers.

We thank A. Hall (University College London) for the VI4RhoA and C3-
transferase expression plasmids, and A. Ridley for helpful discussion of
the manuscript.
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