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Activation of Racl, a member of the Rho family of GTPases, is associated with multiple cellular responses,
including membrane ruffling and focal complex formation. The mechanisms by which Racl is coupled to these
functional responses are not well understood. It was recently shown that ARF6, a GTPase implicated in
cytoskeletal alterations and a membrane recycling pathway, is required for Racl-dependent phagocytosis in
macrophages (Q. Zhang et al., J. Biol. Chem. 273:19977-19981, 1998). To determine whether ARF6 is required
for Racl-dependent cytoskeletal responses in macrophages, we expressed wild-type (WT) or guanine nucleotide
binding-deficient alleles (T27N) of ARF6 in macrophages coexpressing activated alleles of Racl (Q61L) or
Cdc42 (Q61L) or stimulated with colony-stimulating factor 1 (CSF-1). Expression of ARF6 T27N but not ARF6
WT inhibited ruffles mediated by Racl Q61L or CSF-1. In contrast, expression of ARF6 T27N did not inhibit
Racl Q61L-mediated focal complex formation and did not impair Cdc42 Q61L-mediated filopodial formation.
Cryoimmunogold electron microscopy demonstrated the presence of ARF6 in membrane ruffles induced by
either CSF-1 or Racl Q61L. Addition of CSF-1 to macrophages led to the redistribution of ARF6 from the
interior of the cell to the plasma membrane, suggesting that this growth factor triggers ARF6 activation. Direct
targeting of Racl to the plasma membrane did not bypass the blockade in ruffling induced by ARF6 T27N,
indicating that ARF6 regulates a pathway leading to membrane ruffling that occurs after the activation and
membrane association of Rac. These data demonstrate that intact ARF6 function is required for coupling
activated Rac to one of several effector pathways and suggest that a principal function of ARF6 is to coordinate
Rac activation with plasma membrane-based protrusive events.

Members of the Rho family of GTPases are capable of
triggering distinct cytoskeletal responses in a variety of cell
types. For example, activated alleles of Rac trigger membrane
ruffling in fibroblasts (39) and macrophages (2, 15) while acti-
vated alleles of Cdc42 trigger filopodium formation in fibro-
blasts (26). In contrast, activated Rho induces stress fiber for-
mation in fibroblasts (39). The molecular requirements
underlying these distinct shape changes are only partly under-
stood. Rho-dependent stress fiber formation occurs through
activation of Rho-kinase by Rho-GTP (3, 27). Activated Rho-
kinase phosphorylates myosin II and myosin phosphatase, ac-
tivating the former and inactivating the latter (4, 25). Cdc42-
mediated filopodial formation requires the participation of
N-WASP, a member of the Wiskott-Aldrich Syndrome Protein
(WASP) family, which induces free barbed ends of actin fila-
ments in the presence of Cdc42-GTP (31). For Racl, induction
of membrane ruffles is accompanied by activation of LIM-
kinase 1, which phosphorylates cofilin at Ser 3, leading to a
reversal of cofilin-induced actin depolymerization (6, 47). Ac-
tin reorganization by Rac and Cdc42 may also require partic-
ipation of WAVE/Scarl, a recently identified WASP family
member that interacts with the p21 subunit of the Arp 2/3
complex (29) and induces actin assembly through profilin (32).
All three Rho family members are capable of binding phos-
phoinositide kinases (14, 42) that may promote cytoskeletal
assembly by inducing actin filament uncapping (23). However,
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Rac-induced uncapping may also be phosphoinositide inde-
pendent (7), and many other components of the Rac effector
response have yet to be defined.

ARF6 is a brefeldin A-insensitive member of the ARF fam-
ily of GTPases (12, 35, 37). In HeLa cells overexpressing
ARF6, incubation with aluminum fluoride, an activator of het-
erotrimeric G proteins, leads to formation of membrane pro-
trusions enriched in both ARF6 and F-actin (37). In CHO
cells, expression of an activated allele of ARF6 leads to F-
actin-rich plasma membrane protrusions (18). These studies
suggest that ARF6 participates in cytoskeletal assembly, al-
though the spectrum of receptors to which it is coupled and its
precise mechanism of action are unknown. In the latter study,
evidence was presented that ARF6 triggers cytoskeletal
changes independently of Rac, and Rac-mediated cytoskeletal
alterations appeared to be independent of ARF6 function (18).

Studies by Radhakrishna and colleagues (36) and D’Souza-
Schorey and colleagues (17) support a model of ARF6 func-
tion in which the GTPase cycles between the plasma mem-
brane and an intracellular recycling compartment, depending
on its nucleotide status. In HeLa (36) and CHO (17) cells,
expression of ARF6 T27N, a guanine nucleotide binding-
deficient allele, leads to its accumulation in a pericentriolar
vesicular compartment, whereas expression of ARF6 Q67L, a
GTPase-deficient binding allele, leads to accumulation of the
GTPase at the plasma membrane or to membrane invagina-
tions contiguous with the plasma membrane. ARF6 partici-
pates in a recycling pathway of a subset of transmembrane
receptors, since expression of ARF6 T27N leads to inhibition
of the reappearance at the cell surface of receptors lacking
AP-2 binding sequences, following their downregulation by
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monoclonal antibodies (MAbs) (37). In addition, ARF6 colo-
calizes with cellubrevin in an intracellular vesicular compart-
ment, suggesting that this compartment may fuse with syn-
taxin-containing compartments, such as the plasma membrane

17).

We recently demonstrated that normal guanine nucleotide
cycling on ARF6 is required for Fc R-mediated phagocytosis
in macrophages (48). Inhibition of either Racl or ARF6 func-
tion produced the same phenotype in macrophages challenged
with immunoglobulin G (IgG)-coated particles: ablation or
marked impairment of focal F-actin accumulations beneath
nascent pseudopods (15, 48). These results suggest that, in
macrophages, ARF6 and Racl may lie on the same pathway
leading to cytoskeletal alterations and pseudopodial forma-
tion. Since inhibition of Racl function leads to impaired cy-
toskeletal responses mediated by multiple structurally unre-
lated surface receptors in macrophages (15), all of which result
in plasma membrane-based protrusions, we wondered whether
AREF®6 participates in Rac-dependent cytoskeletal responses in
general. In this study, we addressed whether inhibition of
ARF6 function affects functional responses of Racl and Cdc42
in macrophages.

MATERIALS AND METHODS

Cells and reagents. RAW LacR/FMLPR.2 cells, a clone derived from the
RAW 246.7 cell line (American Type Culture Collection, Bethesda, Md.), were
maintained in RPMI medium containing 10% fetal bovine serum, 100 U of
penicillin G per ml, and 100 pg of streptomycin per ml at 37°C in a CO,
incubator. Rabbit antiserum against ARF6 and pXS vectors containing various
ARF6 constructs were from Julie Donaldson (National Heart, Lung, and Blood
Institute, Bethesda, Md.). Myc-Racl Q61L and Myc-Cdc42 Q61L in pRKS were
from Gary Bokoch (Scripps Research Institute, La Jolla, Calif.). 16:7:Syk in
pCDMS was from Brian Seed (Massachusetts General Hospital, Boston, Mass.).
Rhodamine-phalloidin was from Molecular Probes (Eugene, Oreg.). MAb 9E10
against Myc was from Oncogene Science (Cambridge, Mass.). MAb 12CAS5
against hemagglutinin (HA) was from Boehringer Mannheim (Indianapolis,
Ind.). Rabbit antiserum against HA was from Medical and Biological Labora-
tories (Nagoya, Japan). F(ab’), fragments of fluorescein isothiocyanate-,
AMCA-, and rhodamine-conjugated anti-rabbit and anti-mouse IgG were from
Jackson ImmunoResearch (West Grove, Pa.). Rabbit anti-mouse IgG was from
DAKO (Carpinteria, Calif.). Gold-conjugated goat anti-rabbit and anti-mouse
IgG were from Amersham Nederland (’s-Hertogenbosch, The Netherlands).
Superfect transfection reagent was from Qiagen (Santa Clarita, Calif.).

A plasma membrane-targeted fusion protein consisting of the extracellular
domain of human CD16, the transmembrane domain of CD7, and an intracel-
lular domain consisting of Myc-Racl Q61L was constructed by PCR. A Mlul site
was engineered at the 5’ end of Myc-Racl Q61L and ligated in frame with
16:7:Syk in pCDM8 digested with Mlul and Apal to remove the Syk coding
sequence. All other constructs were transfected as noted above, except Myc-
Cdc42 Q61L was first subcloned into pCMV3R (15). A fusion protein containing
maltose binding protein and POR1 was kindly provided by Crislyn D’Souza
Schorey (University of Notre Dame, Notre Dame, Ind.).

Fluorescence microscopy. Adherent RAW LacR/FMLPR.2 cells were trans-
fected with the indicated constructs. Sixteen hours following transfection, cells
were serum starved for 1 h and incubated in the presence or absence of 10 ng of
colony-stimulating factor 1 (CSF-1) per ml for 5 min at 37°C and fixed in 0.1 M
phosphate buffer containing 3.7% formaldehyde. Indirect immunofluorescence
was performed as described (48). A ruffling index was quantitated as described
(48); the index varied from 0 (no ruffling present) to 200 (diffuse ruffling over
75% or more of the dorsal surfaces of 100 adherent macrophages). Filopodium
formation was quantitated in an analogous fashion (i.e., each cell was assigned a
score of 0 (three or fewer filopodia), 1 (three to six filopodia), or 2 (more than
six filopodia), and the filopodium index was calculated as the sum of the filopo-
dium scores of 100 cells. For each experiment, at least 50 to 100 cells in five or
more microscope fields were scored. All cells in a field were independently
scored for the presence of ruffling and filopodia.

Cryoimmunogold electron microscopy. Adherent RAW LacR/FMLPR.2 cells
were transfected with the indicated constructs. Sixteen hours following transfec-
tion, cells were serum starved for 1 h and incubated in the presence or absence
of 10 ng of CSF-1 per ml for 5 min at 37°C. Transfected cells were fixed for 2 h
in a mixture of 0.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.2) and pelleted in 10% (wt/vol) gelatin in phosphate-buffered
saline. Ultrathin frozen sections were incubated at room temperature with the
indicated antibodies and 5- and/or 10-nm-diameter gold conjugates as described
previously (11). In cells transfected with the HA-ARF6 wild type (WT) alone,
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FIG. 1. Effect of ARF6 T27N on Racl- and Cdc42-mediated cytoskeletal
alterations in macrophages. Adherent RAW LacR/FMLPR.2 cells transfected
with Myc-Racl Q61L (Rac), Myc-Cdc42 Q61L (Cdc42), ARF6 WT, or ARF6
T27N were fixed and stained with a MAb against Myc (to detect either Rac or
Cdc42), rabbit antiserum against ARF6, and rhodamine-phalloidin (to detect
F-actin). Confocal fluorescence micrographs showing rhodamine-phalloidin flu-
orescence micrographs of representative cells are shown. Bar = 10 pm.

cryosections were incubated with polyclonal anti-HA followed by anti-rabbit
1gG-10-nm-diameter gold. In cells transfected with Myc-Rac Q61L alone, cryo-
sections were incubated with mouse anti-Myc and anti-mouse IgG-10-nm-diam-
eter gold. In cells cotransfected with Myc-Rac Q61L and HA-ARF6 WT, cells
were labeled sequentially with mouse anti-HA, rabbit anti-mouse IgG, and anti-
rabbit IgG-5-nm-diameter gold, incubated with 1% glutaraldehyde for 10 min
followed by incubation with mouse anti-Myc and anti-mouse IgG-10-nm-diam-
eter gold. After immunolabeling, cryosections were embedded in a mixture of
methylcellulose and uranyl acetate and examined with a CM10 electron micro-
scope (Philips, Eindhoven, The Netherlands).

Quantitation of immunogold labeling. We quantitated the relative distribution
of HA-ARF6 in ruffling and nonruffling areas of plasma membrane in cells
transfected with HA-ARF6 WT and incubated in the presence or absence of
CSF-1. We also quantitated the relative distribution of Myc-Rac Q61L in ruffling
and nonruffling areas of plasma membrane in cells transfected with Myc-Rac
Q61L alone or together with ARF6 T27N. In cells transfected with HA-ARF6
WT alone, cross sections of cells that were lightly labeled with rabbit polyclonal
anti-HA and anti-rabbit IgG-10-nm-diameter gold were chosen and photo-
graphed. The number of gold particles associated with 3 to 7 wm of ruffling
plasma membrane and the same lengths of adjacent, nonruffling regions of
plasma membrane in each cell were counted. Because we could not obtain a
cotransfection efficiency of Myc-Rac Q61L and HA-ARF6 T27 that was suffi-
ciently high for quantitation, we transfected cells with either Myc-Rac Q61L
alone or Myc-Rac Q61L together with ARF6 T27N. Parallel immunofluores-
cence studies demonstrated that the cotransfection efficiency of Myc-Rac Q61L
and ARF6 T27N was >90%. In cells transfected with Myc-Rac Q61L alone or
together with ARF6 T27N, cross sections of cells that were lightly labeled with
5-nm-diameter gold particles were chosen and photographed.

We also evaluated the relative plasma membrane enrichment of (i) HA-ARF6
on cryosections of cells transfected with HA-ARF6 and incubated in the pres-
ence or absence of CSF-1 and (ii) Myc-Rac Q61L in cells expressing both
Myc-Rac Q61L and ARF6 T27N. To determine the relative labeling of HA-
ARF6 associated with either the plasma membrane or the cytosol and intracel-
lular vesicles, gold particles associated with 7.7 um of plasma membrane were
counted and gold particles associated with 7.25 pm? of cytosol and associated
intracellular vesicles were counted. These numbers were chosen for ease of
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FIG. 2. Quantitation of membrane ruffling or filopodia formation of Racl Q61L (A)- or Cdc42 61L (B)-expressing macrophages also expressing the indicated ARF6

alleles. Data represent the means = SEM (n = 4).

counting. The resultant ratio was calculated and defined as the plasma mem-
brane labeling index. This parameter thus normalized for cell-to-cell variations in
either levels of expression of the individual constructs or cell volume and surface
areas.

For all quantitative studies, n refers to the number of cells quantitated. Stu-
dent ¢ tests were performed on quantitative immunogold data.

RESULTS

Effects of expression of a guanine nucleotide binding-defi-
cient allele of ARF6 on Racl- and Cdc42-mediated cytoskeletal
changes in macrophages. Untransfected cells displayed no
membrane ruffles and contained only rudimentary filopodia.
Expression of Racl Q61L led to the appearance of prominent
membrane ruffles over the entire dorsal surfaces of RAW
LacR/FMLPR .2 cells. Coexpression of ARF6 did not alter the

Anti-Myc

Rac Q61L

Rac Q61L/
ARF6 T27N

appearance of the Rac-mediated ruffles. In contrast, coexpres-
sion of ARF6 T27N led to cell spreading, the conspicuous
absence of membrane ruffles, and an increase in the number
and prominence of filopodia present in untransfected cells
(Fig. 1). This appearance resembled that of cells transfected
with Cdc42 Q61L (Fig. 1) and was due to coexpression of both
Rac and ARF6 T27N, because expression of ARF6 T27N
alone in these cells did not lead to altered morphology (refer-
ence 47 and data not shown). Expression of ARF6 T27N did
not impair the induction of filopodia in cells transfected with
Cdc42 Q61L (Fig. 1). The inhibition of Racl-mediated ruffling
but not Cdc42-mediated filopodium formation by ARF6 T27N
(Fig. 2) indicates that inhibition of ARF6 function specifically
affects Racl- rather than Cdc42-mediated shape changes in
macrophages.

Anti-phosphotyrosine

FIG. 3. Effect of ARF6 T27N on focal complex formation induced by Racl Q61L in macrophages. Adherent RAW LacR/FMLPR.2 cells transfected with the
indicated constructs were fixed and stained with a MADb against Myc (to detect Myc-Racl Q61L), rabbit antiserum against ARF6 (to detect cells expressing ARF6
T27N), and MADb PY-99 (to detect phosphotyrosine). Representative confocal micrographs showing Myc (left panels) and PY-99 staining (right panels) are shown. Note
prominent phosphotyrosine-rich focal complexes in cells expressing Myc-Racl Q61L but not in surrounding nonexpressors. Bar = 10 um.
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Rhodamine-phalloidin

FIG. 4. Effect of ARF T27N on CSF-1-induced membrane ruffling in macrophages. Adherent RAW LacR/FMLPR.2 cells transfected with the indicated constructs
were incubated in the presence or absence of 10 ng of CSF-1 per ml for 5 min at 37°C, fixed, and stained with anti-ARF6 and rhodamine-phalloidin. Representative

confocal fluorescence micrographs are shown. Bar = 10 um.

Racl-mediated focal complex formation is not inhibited by
expression of a guanine nucleotide binding-deficient allele of
ARF6. The above data support a role for ARF6 in Rac-medi-
ated cytoskeletal alterations that culminate in membrane ruf-
fling. To determine whether another function of Rac is affected
by inhibition of ARF6, we examined the effect of expression of
ARF6 T27N on Rac-induced focal complex formation. Expres-
sion of an activated allele of Racl induced the formation of
focal complexes. These were readily apparent in cells stained
for phosphotyrosine, which accumulates in these structures.
Racl induced the appearance of well-formed focal complexes
which were otherwise rudimentary or absent in macrophages
not expressing the activated Rac allele (Fig. 3). In contrast to
Rac-induced focal complexes in Swiss 3T3 fibroblasts (34), the
morphology of Rac-induced focal complexes in macrophages
was less punctuate and resembled focal adhesions in other cell
types, confirming results in another macrophage cell line (2).
Coexpression of ARF6 T27N did not inhibit the appearance of
these structures and often accentuated them (Fig. 3). Thus,
expression of ARF6 T27N inhibits Rac-induced membrane
ruffling but not Rac-mediated focal complex formation in mac-
rophages.

Inhibition of ARF6 function blocks Racl-dependent ruffling
by CSF-1. c-Fms, the receptor for CSF-1 on myeloid cells, is
structurally homologous to the platelet-derived growth factor
receptor. Both are receptor tyrosine kinases that trigger the
formation of membrane ruffles when ligated by their respective
ligands (9, 29, 32). Membrane ruffling induced by either plate-
let-derived growth factor or CSF-1 is inhibited by expression of
guanine nucleotide binding-deficient alleles of Racl (2, 15, 39)
or expression of a GAP domain for Racl (15). To determine
whether intact ARF6 function is required for membrane ruf-
fling mediated by a physiological stimulus in macrophages,

we expressed either ARF6 or ARF6 T27N in RAW LacR/
FMLPR.2 cells and determined the extent of membrane ruf-
fling induced by CSF-1. Addition of CSF-1 induced the forma-
tion of F-actin-rich membrane ruffles in nearly all of the
untransfected control macrophages (reference 15 and data not
shown). Expression of ARF6 T27N led to inhibition of CSF-
1-induced membrane ruffling, whereas expression of ARF6
WT did not affect the extent of CSF-1-induced membrane
ruffling (Fig. 4 and 5). Thus, in mouse macrophages, intact
ARF6 function is required for Racl-dependent cytoskeletal
alterations mediated by at least two structurally unrelated re-
ceptors, Fc R III (15) and c-Fms.
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FIG. 5. Quantitation of membrane ruffling induced by CSF-1 in macrophages
expressing the indicated constructs in nonexpressing controls. Data represent the
means = SEM (n = 5).
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FIG. 6. Effect of CSF-1 on the localization of ARF6 in macrophages. Adherent RAW LacR/FMLPR.2 cells transfected with HA-ARF6 were incubated in the
absence (A) or presence (B) of 10 ng of CSF-1 for 5 min at 37°C. Ultrathin cryosections were labeled with monoclonal anti-HA followed by rabbit anti-mouse IgG and
anti-rabbit IgG-10-nm-diameter gold. ARF6 localized to the plasma membrane (p) and intracellular vesicles and scattered throughout the cytosol. There is also some
labeling in the mitochondria (m). Membrane ruffles (r) are apparent in cells incubated with CSF-1 (B). Note that the density of ARF6 labeling is the same for the ruffles

and the adjacent areas of the plasma membrane. n, nucleus. Bars = 500 nm.

Effect of CSF-1 on the subcellular distribution of ARF6 in
macrophages. Activation of many cellular signaling pathways
leads to alterations in the distribution of multiple components
that participate in these pathways. Activation of Rho family
GTPases correlates with enhanced binding of GTP and trans-
location to the membrane (1, 8, 19) and, in the case of Cdc42,
the cytoskeleton (16). For ARF6, expression of the activated
allele (ARF6 Q67L) correlates with localization at the plasma
membrane, whereas expression of a GTP binding-deficient al-
lele (ARF6 T27N) leads to accumulation of ARF6 in a jux-
tanuclear compartment (17, 36). To determine whether CSF-1
induces an alteration in the subcellular localization of ARF6,
we expressed epitope-tagged versions of ARF6 in RAW LacR/
FMLPR.2 cells, incubated the transfectants in the presence or
absence of CSF-1, and processed cells for cryoimmunogold
electron microscopy. In unstimulated cells, ARF6 was local-
ized to the plasma membrane and to various intracellular

membrane compartments, including those adjacent to the nu-
cleus and others that were more peripheral in location (Fig.
6A). Some of these resembled macropinosomes, which are
plentiful in these and other macrophages. Addition of CSF-1
led to the accumulation of membrane ruffles which stained
prominently for ARF6 (Fig. 6B). There was no enrichment of
ARF6 on the ruffles when compared with adjacent areas of the
plasma membrane not involved in ruffling (Fig. 6B and Table
1). However, the relative accumulation of ARF6 on the plasma
membrane was increased by 30% in cells incubated with CSF-1
(Table 1). These data indicate that ARF6 undergoes dynamic
redistribution to the plasma membrane upon addition of
CSF-1, suggesting that CSF-1 triggers ARF6 activation. In
addition, intact ARF6 function is required for CSF-1-mediated
membrane ruffling.

Effect of expression of a GTPase-deficient allele of Rac on
the distribution of ARF6. To determine whether expression of
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TABLE 1. Quantitation of labeling density of HA-ARF6 WT in
transfected macrophages”

Parameter Absence of Presence of
CSF-1 (n) CSF-1 (n)
Gold particles per um of ND 39254 (5)
nonruffling plasma
membrane
Gold particles per pm of ND 37.5 £ 6.0 (5)°

ruffling plasma membrane
Plasma membrane labeling
index‘

0.57 = 0.004 (41)  0.74 = 0.006 (41)¢

“ Adherent macrophages transfected with HA-ARF6 were serum starved for
1 h and incubated in the presence or absence of 10 ng of CSF-1 per ml. Cells were
fixed and processed for cryoimmunogold electron microscopy as described in
Mgterials and Methods. Data represent the means = SEM. ND, not determined.

P = 0.84.

¢ Relative distribution of gold label on the plasma membrane versus intracel-
lular vesicles and cytosol. For details, see Materials and Methods.

4P < 0.02 (presence of CSF-1 versus absence of CSF-1).

activated Racl alters the subcellular distribution of ARF6, we
transfected epitope-tagged versions of either ARF6 WT or
ARF6 T27N in the presence or absence of Myc-Racl Q61L
and performed cryoimmunogold electron microscopy. Expres-
sion of Myc-Racl Q61L led to the appearance of prominent
plasma membrane ruffles of variable size. Labeling for both
Myc-Racl Q61L and HA-ARF6 WT was detected in the ruffles
and in adjacent areas of the plasma membrane (Fig. 7). The
extent of labeling of Myc-Rac Q61L on areas of plasma mem-
brane which demonstrated ruffling was no different from that
of adjacent areas of nonruffling plasma membrane (6.50 = 0.74
versus 6.75 £ 0.93 particles/m; means * standard error of the
means (SEM), n = 6). Similarly, the extent of labeling of
HA-ARF®6 on areas of plasma membrane which demonstrated
ruffling was no different from that of adjacent areas of nonruf-
fling plasma membrane (36.2 = 10.5 versus 38.9 = 10 particles/
pm; means = SEM, n = 4). Thus, expression of Myc-Racl
Q61L led to the appearance of ruffles which contained ARF®6,
but there was no apparent enrichment in the ruffles for either
Racl Q67L or ARF6. In cells expressing both Myc-Racl Q61L
and HA-ARF6 T27N, membrane ruffles were conspicuously
absent. Labeling for Myc-Racl Q61L appeared at the plasma
membrane, while labeling for HA-ARF6 T27N appeared
mainly in intracellular vesicles (Fig. 8). This distribution of
ARF6 T27N is similar to results obtained in 293 (35) and CHO
(17) cells. The extent of plasma membrane localization of
Myc-Racl Q61L was not affected by coexpression of ARF6
T27N; the plasma membrane labeling index for Myc-Racl
Q61L in the absence or presence of ARF6 T27N was 1.4 =
0.08 and 1.4 = 0.10, respectively (means = SEM, n = 10).
Targetting of Rac to the plasma membrane does not bypass
the blockade of ARF6 T27N of membrane ruffling. Since inhi-
bition of ARF6 function inhibits Rac-mediated ruffling in mac-
rophages (Fig. 1 and 2) and ARF6 regulates a recycling path-
way in other cells (17, 36), we considered the possibility that
ARF6 functions to recruit Rac to the plasma membrane. To
eliminate the contribution of cytosol-to-membrane recruit-
ment of Racl in Rac-mediated ruffling, we constructed a
plasma membrane-targeted version of Racl Q61L which ef-
fectively bypasses changes in subcellular distribution as a con-
tributing factor to its function. We expressed a fusion protein
bearing a CD16 ectodomain and a cytosolic domain encoding
Racl Q61L in macrophages and assessed surface expression of
the fusion protein and cellular morphology. In cells expressing
the construct 16:7:Myc-Racl Q61L, surface expression was
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confirmed by staining with MAb 3GS8 in unpermeabilized cells;
these cells displayed diffuse membrane ruffles that resembled
those of cells expressing Myc-Racl Q61L (compare Fig. 9 with
Fig. 1). Membrane ruffling induced by the fusion protein re-
quired Rac in the cytosolic domain because substitution with
other proteins, such as Lck or Fyn, did not induce membrane
ruffling (data not shown). Ruffling mediated by 16:7:Myc-Racl
Q61L was not due to proteolytic fragments of the fusion pro-
tein containing Racl because immunoblotting demonstrated
only intact 16:7:Myc-Racl Q61L (data not shown). Coexpres-
sion of ARF6 T27N but not ARF6 WT led to a phenotype
characterized by the absence of membrane ruffles and the
appearance of well-spread processes that resembled filopodia
(compare Fig. 9 with cells expressing either Cdc42 or Rac plus
ARF6 T27N in Fig. 1). Therefore, regardless of whether ARF6
contributes to the subcellular distribution of endogenous Racl,
inhibition of ARF6 function interferes with events that culmi-
nate in membrane ruffling downstream of Rac activation and
membrane targeting. These data suggest that ARF6 regulates
one or more events that couple activated Rac to protrusive and
cytoskeletal events occurring at the plasma membrane.

DISCUSSION

Numerous studies have documented an essential role for
Racl in cytoskeletal responses triggered by many structurally
unrelated agonists (reviewed in reference 22). Collectively,
these studies assign a central role to Racl in many cellular
events that require plasma membrane-based cell motility, such
as chemotaxis, phagocytosis, and formation of cadherin-depen-
dent cell-cell contact in polarized cells (5, 10, 15, 46). Progress
in understanding of Rac function is hampered by a lack of
cell-free systems that reconstitute Rac-based motility, similar
to those for ActA (42) and Cdc42 (28, 49). However, clues to
Racl function are suggested by the distinct morphology of
Rac-based protrusions. They appear as extended linear accu-
mulations of F-actin-rich cortical cytoplasm underlying plasma
membrane protrusions in a pattern often referred to as ruffles.
This appearance suggests that Rac-triggered actin assembly is
coordinated with alterations in the distribution of plasma
membrane constituents. In contrast, Cdc42-directed filopodia
are associated with only limited areas of plasma membrane
deformation (i.e., at the tips of filopodia). The regulation of
plasma membrane protrusions caused by either GTPase is
likely to be highly complex, involving elements of the actin-
based cytoskeleton and proteins that govern specific mem-
brane trafficking events. The importance of ARF proteins in
membrane trafficking events in general and the subcellular
distribution of ARF6 identify ARF6 as a candidate that regu-
lates elements in common between the cytoskeleton and
plasma membrane. The data presented here are consistent
with a role for ARF6 in Racl-mediated ruffling but not Cdc42-
mediated filopodium formation. Our data differ from those of
an earlier study (18) in which the authors found that expression
of ARF6 T27N did not inhibit membrane ruffling induced by
an activated allele of Rac in CHO cells. There are several
possible explanations for these differences. First, CHO cells
may utilize ARF6-independent pathways for Rac activation,
although a recent study (36) found that ARF6 T27N inhibited
Rac-mediated ruffling in CHO cells, similar to results of the
present study. Alternatively, the levels of expression of ARF6
T27N with Sindbis virus (18) may be less than those we ob-
tained in the present study, leading to less effective inhibition
of endogenous ARF6 function. Regardless of the reasons for
these discrepancies, there are clear differences between CHO
cells and macrophages, not the least of which is the inability of
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FIG. 7. Localization of ARF6 and Racl in cells coexpressing Myc-Racl Q61L and HA-ARF6 WT. Cryosections of adherent RAW LacR/FMLPR.2 cells transfected
with the indicated constructs were double labeled with mouse anti-HA followed by rabbit anti-mouse IgG and anti-rabbit IgG-5-nm-diameter gold and with mouse
anti-Myc followed by anti-mouse IgG-10-nm-diameter gold. Labeling with Racl (10-nm-diameter gold) can be seen on the plasma membrane (p) and on the membrane
of the ruffles (r). The insets show a higher magnification of the marked areas showing the labeling with ARF6 (5-nm-diameter gold) and Racl (10-nm-diameter gold).
The intensity of both labels on the membrane ruffles and on adjacent nonruffling areas of the plasma membrane is equivalent. Bars = 300 nm.

activated alleles of ARF6 to induce in macrophages (48) actin of activating GTP exchange activity on any ARF protein. We
rearrangements similar to those seen in CHO cells (18). could not address this question directly for ARF®6, since studies

One of the questions that arises from this study is whether of GTP exchange with epitope-tagged ARF6 in **P orthophos-
ARF6 GTPase activity is triggered or constitutive. To date, phate-labeled cells have been unsuccessful, possibly due to the
there is no evidence that any physiological stimulus is capable intrinsically high constitutive GTPase activity of ARF6 (data
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FIG. 8. Localization of HA-ARF6 T27N in cells coexpressing Myc-Racl Q61L. Cryosections of adherent RAW LacR/FMLPR.2 cells transfected with the indicated
constructs were double labeled with a mixture of rabbit anti-HA and mouse anti-Myc followed by a mixture of goat anti-rabbit IgG-10-nm-diameter gold and goat
anti-mouse IgG—5-nm-diameter gold. (A) Low magnification of a cell expressing both constructs. n, nucleus. (B) Higher magnification of marked area in panel A
showing the plasma membrane labeled only with Racl (5-nm-diameter gold) (arrows). (C) Higher magnification of the marked area in panel A showing endocytic
vesicles (e) labeled for both ARF6 (10-nm-diameter gold) (large arrows) and Racl (5-nm-diameter gold) (small arrows). m, mitochondria. Bars = 1,000 nm (A), 100

nm (B), and 200 nm (C).

not shown). However, we have demonstrated that addition of
CSF-1 leads to a redistribution of epitope-tagged ARF6 from
an intracellular source to the plasma membrane. Together with
evidence presented here and elsewhere that the subcellular

localization of ARF6 depends on its nucleotide status (i.e., that
GTP-bound ARF6 localizes to the plasma membrane and that
GDP-bound or nucleotide-free ARF6 localizes to an intracel-
lular vesicular compartment), these data suggest that CSF-1
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Rhodamine-phalloidin

FIG. 9. Effect of ARF6 T27N on membrane ruffles induced by expression of a plasma membrane-targeted fusion protein containing Racl Q61L in macrophages.
RAW LacR/FMLPR.2 cells were transfected with either 16:7:Myc-Racl Q61L or 16:7:Myc-Racl Q61L and ARF6 T27N. Expression of 16:7:Myc-Racl Q61L at the
plasma membrane was confirmed by cell surface staining of CD16 (left panels); F-actin was visualized following subsequent permeabilization and staining with

rhodamine-phalloidin (right panels). Bar = 10 wm.

directly or indirectly activates ARF6. Similar to other GTPases,
activation of ARF6 in vivo is likely to be accomplished by
specific guanine nucleotide exchange factors (GEFs). Two can-
didate GEFs for ARF6 have been identified to date; one is
ARNO, a protein containing a Sec7 domain and a PH domain
capable of binding PIP; in vitro (13, 21, 45). Another GEF for
ARF6 is EFA6, which has a similar domain structure to
ARNO and is even more efficient at catalyzing guanine nucle-
otide exchange on ARF6 (20). Whether or not ARNO or
EFAG serve to activate ARF6 following addition of CSF-1 in
macrophages is unknown, but it is interesting to note that
inhibitors of phosphatidylinositol 3-kinase block CSF-1-medi-
ated actin assembly in mouse macrophages (14a). Perhaps lipid
products of phosphatidylinositol 3-kinase couple ligated CSF-1
receptors to ARF6 activation through recruitment and/or ac-
tivation of ARNO or EFA6. One confounding feature of this
model, which will require experimental verification, is that
ARNO and EFAG6 are localized predominantly to the plasma
membrane (20, 21), which would be expected to contain
ARF6-GTP, rather than ARF6-GDP, the predicted target of
ARF6 GEFs.

A potential criticism of the approach used here to identify
the ultrastructural distribution of ARF6 and Racl (i.e., using
epitope-tagged constructs) is that these constructs may not
reflect the normal function or distribution of endogenous pro-
teins. We could not address the ultrastructural localization of
either endogenous protein because available antisera and
MAbs against Rac or ARF6 do not stain cells fixed with alde-
hydes used in cryoimmunogold electron microscopy (data not
shown). However, immunofluorescence studies in NRK cells
(41) and mouse macrophages (21a) are consistent with ARF6
localizing to intracellular membrane vesicles and the plasma
membranes, similar to what is reported here with an epitope-
tagged version of ARF6. Furthermore, the very fact that CSF-1
induced a redistribution of HA-ARF6 to the plasma mem-
brane argues that this fusion protein is responsive to a physi-
ologically relevant stimulus. The simultaneous recruitment of

HA-ARF®6 to the plasma membrane by CSF-1 but its apparent
lack of enrichment in membrane ruffles suggests that mere
localization of ARF6 to the plasma membrane is insufficient to
promote membrane ruffling. Likewise, the diffuse plasma
membrane distribution of Myc-Rac Q61L corresponded to ruf-
fling and nonruffling regions of the plasma membrane. To-
gether, these data indicate that Rac and ARF6 are necessary
but not sufficient for plasma membrane ruffling.

One unexplained finding of this study is the induction of
filopodia by coexpression of Myc-Rac Q61L and ARF6 T27N.
Since ARF6 T27N alone does not induce filopodia in RAW
LacR/FMLPR.2 cells (48), this suggests that Racl has the
capacity to induce filopodia in macrophages under some con-
ditions (e.g., when ARF6 function is inhibited). We have also
observed rudimentary filopodia in unstimulated macrophages
(Fig. 1) and well-formed filopodia in a small percentage of
macrophages expressing grossly elevated levels of activated
alleles of Rac in the absence of ARF6 T27N (unpublished
results). At this point, we can only speculate that the cytoskel-
etal rearrangements triggered by Racl may require coupling to
dynamic changes in trafficking to the plasma membrane and
that ARF6 may participate in this trafficking by promoting
membrane recycling (37). Of course, filopodium induction by
coexpression of Myc-Rac Q61L and ARF6 T27N may well be
a very indirect effect of Rac expression.

An important finding of this study is that the forced local-
ization of Racl to the plasma membrane does not bypass the
blockade in membrane ruffling induced by ARF6 T27N. While
this does not directly address whether Racl1 distribution is itself
influenced by the state of ARF6 activation or whether the
distribution of Racl and ARF6 overlap in vivo, it points to a
more central role for ARF6 in events occurring downstream of
Rac activation. We have not identified the precise molecular
targets of ARF6 in the cell but predict that one or more of
these are localized to the plasma membrane in an ARF6-
dependent fashion and are essential components of a Racl-
but not a Cdc42-directed pathway leading to cytoskeletal as-
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sembly. One candidate protein is POR1, a protein identified in
a yeast two-hybrid screen that interacts with both Racl and
ARF6 in vitro (18, 24, 44). It is not known whether these two
GTPases compete with each other for binding POR1 nor is it
known whether POR1 interacts with either protein in vivo.
Using POR1-containing fusion proteins, we have been unable
to demonstrate an association between POR1 and activated
alleles of either ARF6 or Racl derived from transfected cells
(data not shown). This may be due to a relatively low affinity of
PORL1 for both GTPases. Cell lysates may contain multiple
proteins that interact more effectively with POR1 than ARF6
or Racl. We are currently attempting to identify other com-
ponents of the putative ARF6 compartment that participate in
Rac-dependent cytoskeletal functions.
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