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EFAG6, a sec7 domain-containing exchange factor for
ARF6, coordinates membrane recycling and actin
cytoskeleton organization

ated in the control of various steps of endocytic trafficking

(Novick and Zerial, 1997). More recently, small G proteins

belonging to the Rho subgroup have also been implicated
in endocytic trafficking and are thought to coordinate the

dynamics of the peripheral membrane system and the
cortical actin cytoskeleton (Lamazg al., 1996; Murphy

et al, 1996).

In addition to Rab and Rho proteins, members of the
ADP-ribosylation factor (ARF) subfamily of small G
proteins are thought to function as regulators of membrane
trafficking. Several studies have demonstrated that activ-
ation of ARF1 is required for recruitment of the clathrin-
coat adaptor AP1 and the non-clathrin coat COPI to Golgi
membranes (Serafingt al, 1991; Orci et al, 1993;
Stamnes and Rothman, 1993; Traathal, 1993), as well
as recruitment of AP3 adaptor complex to endosomal
membrane structures (Oat al, 1998). Hydrolysis of
bound GTP triggers coat disassembly allowing vesicle
fusion with the acceptor membrane (Tanigaet al,
1993). These observations, together with the fact that
ARF activation is coupled with phospholipase D (PLD)
stimulation (Brownet al,, 1993; Cockcroftet al, 1994)
have led to the proposal that ARF1 is central to the process
of vesicle budding by coordinating coat recruitment and
membrane vesiculation with coat disassembly and vesicle
fusion (Bednarelet al, 1996). ARF6, on the other hand,
the least conserved ARF protein, is associated with and
controls the integrity of peripheral membranes and appears
to cycle between the plasma membrane and a recycling
endosomal compartment depending on its nucleotide status
(D'Souza-Schorewt al, 1995, 1998; Peterst al., 1995;
Radhakrishna and Donaldson, 1997). In Chinese hamster
ovary (CHO) cells, ARF6Q67L, a GTP-bound and con-
stitutively activated mutant of ARF6, is localized to the
plasma membrane where it induces extensive membrane
invaginations, decreases the rate of transferrin (Tfn)
internalization, and triggers a redistribution of Tfn recep-
tors (Tfn-Rs) to the cell surface (D’'Souza-Schoetyal.,
1995, 1998). In contrast, ARF6T27N is associated with a
pericentriolar tubulovesicular compartment that contains
A variety of macromolecules such as ligand-bound recep- Tfn-Rs and cellubrevin, and is morphologically reminis-
tors, plasma membrane proteins and solutes are internalcent of the recycling endosomal compartment (D’Souza-
ized by clathrin-dependent or -independent endocytic Schoreyet al, 1995, 1998; Peterst al, 1995). ARF6
pathways and are delivered to sorting endosomeshas also been implicated in cortical actin cytoskeleton
(reviewed in Gruenberg and Maxfield, 1995). In the rearrangements. Expression of ARF6Q67L induces the
sorting compartment, ligands and receptors destined forformation of actin-rich surface protrusions (Radhakrishna
degradation are segregated from those that recycle backet al, 1996; D’'Souza-Schoregt al, 1997) that can be
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We have identified a human cDNA encoding a novel
protein, exchange factor for ARF6 (EFA6), which
contains Sec? and pleckstrin homology domains. EFA6
promotes efficient guanine nucleotide exchange on
ARF6 and is distinct from the ARNO family of ARF1
exchange factors. The protein localizes to a dense
matrix on the cytoplasmic face of plasma membrane
invaginations, induced on its expression. We show that
EFA6 regulates endosomal membrane recycling and
promotes the redistribution of transferrin receptors to
the cell surface. Furthermore, expression of EFA6
induces actin-based membrane ruffles that are inhibi-
ted by co-expression of dominant-inhibitory mutant
forms of ARF6 or Racl. Our results demonstrate that
by catalyzing nucleotide exchange on ARF6 at the
plasma membrane and by regulating Racl activation,
EFA6 coordinates endocytosis with cytoskeletal
rearrangements.

Keywords actin/ARF6/endocytosis/guanine nucleotide
exchange factor/Racl

Introduction

to the plasma membrane (Ghosh al., 1994; Hopkins

inhibited by co-expression of deletion mutants of POR1

et al, 1994). Recycling to the plasma membrane may (D'Souza-Schoret al, 1997), a protein initially identi-

occur directly from the sorting endosome (Hopketsal,,
1994; Daroet al, 1996) or via a pericentriolar recycling
endosomal compartment (Hopkies$ al., 1994). Several

fied as a partner of the Rho GTP-binding Rac1 (Van Aelst
et al, 1996), and which has been shown to interact with
activated ARF6. The relationship between ARF6 function

Ras-related small G proteins of the Rab subgroup thatand actin cytoskeleton organization is further illustrated
localize to early endocytic compartments have beenimplic- by the finding that inhibitors of actin polymerization, such
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EFAG6, an exchange factor for ARF6

as cytochalasin D, block ARF6-mediated actin rearrange- observed that ARNO promotes exchange on ARF6 with
ments and induce a redistribution of ARF6 from the a much lower efficiency compared with ARF1 (Frank
plasma membrane to recycling endosomes (Radhakrishneet al, 1998). Finally, we and others have observed
and Donaldson, 1997). The above observations have ledthat overexpression of ARNO and ARNO3 results in a
to the speculation that ARF6 activation by GDP/GTP fragmentation of the Golgi apparatus and an inhibition of
exchange takes place intracellularly on the recycling Golgi function without affecting the endocytic pathway
endosome and drives the recycling of membrane to the (Franco et al, 1998; Monieret al, 1998). Therefore,
cell surface. It has also been postulated that ARF6 controlsthe regulatory function of ARNO-like GEFs on ARF1
plasma membrane remodeling by coordinating membraneactivation appears critical for maintaining the integrity of
flow from a pericentriolar recycling compartment with Golgi structure and for vesicle transport within the Golgi
cortical actin organization (Radhakrishred al., 1996; complex. The above findings support the contention that
D’Souza-Schorey et al, 1997; Radhakrishna and ARNO proteins function as GEFs preferentially for ARF1.
Donaldson, 1997). There are several observations that In order to identify GEFs involved in ARF6 activation,
support the conclusion that exit sites of recycling mem- we sought to isolate and characterize new Sec7 domain-
branes at the cell surface are polarized and correlate withcontaining ARF GEFs that could promote nucleotide
the formation of actin-based structures. For instance, exchange preferentially on ARF6. By analysis of the
recycling Tfn-Rs are targeted to specialized regions of the database, we have identified a human cDNA encoding a
plasma membrane at the leading lamellae of migrating protein that we have designated EFA6 (exchange factor
fibroblasts and in membrane ruffling areas (Hopldhal., for ARF6), which contains Sec7 and PH domains. EFA6
1994; Bretscher and Aguado-Velasco, 1998b). Whether promotes efficient guanine nucleotide exchange on ARF6
and how ARF6 regulation of membrane traffic is coordin- in comparison with ARF1. We have analyzed the subcellu-
ated with its effect on actin rearrangements is still lar localization of EFA6 in transfected cells and investi-
unknown. In addition, the site of activation of ARF6 by gated its effect on the peripheral plasma membrane/
nucleotide exchange has not yet been determined. endosome system. Our results suggest that EFA6 regulates
Activation of the low molecular weight GTP-binding two coordinated activities that remodel the cell periphery:
proteins is mediated by guanine nucleotide exchange (i) the outward flow of membrane from a recycling
factors (GEFs), which catalyze the replacement of bound endosomal compartment; and (ii) a redistribution of the
GDP with GTP. An important breakthrough toward the cortical actin cytoskeleton that may facilitate endosomal
identification of GEFs acting on ARF proteins was the membrane delivery to the cell surface. Furthermore, EFA6
cloning of two related ARF1 GEFs encoding genes in expression had no effect on the integrity of the biosynthetic
yeast, GEA1l and GEA2 (Peyrochet al, 1996). This and secretory apparatus.
made possible the cloning of a human cDNA encoding
ARNO (ARF nucleotide-binding-site opener), which pro- Results
motes guanine nucleotide exchange on human ARF1
in vitro (Chardinet al, 1996). These three proteins share EFA6 is a GEF for ARF6
a conserved region of ~200 amino acids which bears 42%We searched the database for new Sec7 domain-related
of sequence identity with a portion of ttf&gaccharomyces sequences that might code for ARF6-specific GEF(s).
cerevisiaeSEC7 gene product (Franzusoff and Schekman, Using the amino acid sequence of the ARNO Sec7 domain
1989) and is essential for GEF activity (Chardih al, as bait, a BLAST search (Altschet al, 1990) identified
1996). Two additional Sec7 domain-containing GEFs have several sequences homologous to the Sec7 domain of
been identified: cytohesin-1 and GRP-1/ARNO3, which ARNO, including a novel open reading frame encoding a
show extensive homology with the predicted sequence of 645 amino acid protein (data not shown). This cDNA
ARNO (Liu and Pohajdak, 1992; Klarlunet al., 1997; clone, originally called PSD and expressed in brain tissues
Francoet al, 1998). Similarities between the three ARNO- (Perlettiet al,, 1997), encodes an ARF6 GEF (see below)
family members are not restricted to the conserved Sec7which we have named EFAG6. Adjacent to the Sec7 domain,
domain but extend to an N-terminal coiled-coil sequence the predicted sequence of EFA6 contains a PH domain
as well as to a C-terminal pleckstrin homology (PH) (Figure 1A). Except for the conserved Sec7 and PH
domain. This PH domain encodes the high affinity of the domains, EFA6 and ARNO-related GEFs are divergent in
GEF for phosphoinositide-3,4,5-trisphosphates [Ptdins- primary sequence. As shown in Figure 1A, EFA6 contains
(3,4,5)R] (Klarlund et al, 1997) and mediates Ptdins- proline-rich regions at N- and C-terminal ends and a
(4,5)R-dependent stimulation of ARNO GEF activity putative coiled-coil forming sequence at the C-terminus.
(Chardinet al,, 1996). Recently, we analyzed the substrate Amino acid sequence comparison revealed that the Sec7
specificity of the ARNO family members and showed that domain of EFA6 exhibits 28 and 30% amino acid identity
all three proteins stimulate guanine nucleotide exchangewith the Sec7 domains of Sec7p and ARNO, respectively,
on ARF1 but are inefficient on ARF@n vitro (Franco compared with 42% amino acid identity between the Sec7
et al, 1998). Klarlundet al. (1998) also reported that domain of ARNO and Sec7p. The three-dimensional
GRP-1, the mouse homolog of human ARNO3, does not structure of the Sec7 domain of ARNO (Cherfds al,,
promote exchange on ARF6. In addition, cytohesin-1 1998; Mossessovat al, 1998) has demonstrated the
catalyzes nucleotide exchange on ARF1 and ARF3 but importance of two conserved motifs within the protein
not on ARF5 (Meacckt al, 1997). These findings from  sequence, motifs 1 and 2, which fold to form a hydrophobic
different laboratories are in contrast with those of Frank groove that has been proposed to interact with the switch
et al, who reported that ARNO can catalyze GDP/ regions of ARF1 (Beaud-Dufouret al, 1998; Cherfils
GTP exchange on ARFi vitro, although these authors et al, 1998; Mossessowet al, 1998). Interestingly, motifs
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A 5 n SFE— = & N (Figure 1C, closed triangles), whereas ARNO3 was unable
e Sec?domain " PH domain to catalyze nucleotide exchange on myrARF6 under the
arvo [ [ N\ same conditions. Conversely, nucleotide exchange on
Pro Sec7 domain PH domain Pro_cc. __ Pro myrARF1 was rapid and reached a maximal rate within

eras [ BT | [ NN\ 1] 5 min in the presence of ARNO3, while it was only

weakly accelerated in the presence of EFA6 (Figure 1D).
Analogous to ARNO-stimulated exchange on myrARF1
(Chardin et al, 1996), EFA6-catalyzed exchange on
B myrARF6 was unaffected by the addition of brefeldin A
B DL (data not shown). Motif 1 of all Sec7 domains identified
- i:;:ﬁ:ﬁ: so far has a conserved glutamate residue (Figure 1B,
o8 iﬂti’:?ﬁ arrow). Substitution of this glutamate residue by a lysine
bollly S i orn in the Sec7 domain of ARNO (ARNSse) reduces its
MOTIF 1 MOTIF 2 nucleotide exchange activity by at least 1000-foldréiRe-
Dufour et al, 1998; Mossessovat al., 1998). Similarly,
myrARF6 cene EFA6:.40k has lost GEF activity indicating that Glu242
. of EFAG6 is essential for catalytic activity (Figure 1C).
Finally, and as already shown for ARNO (Chardinal,
1996; Francet al,, 1998), the isolated EFA6 Sec7 domain
was sufficient to promote nucleotide exchange on ARF6
(data not shown). Therefore, we conclude that EFAG6
belongs to the family of Sec7 domain containing ARF
GEFs, and is the first ARF6-specific GEF identified so far.
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30 EFAG6 localizes to the plasma membrane and
induces invaginations
myrARF1 To determine the cellular localization and function of
EFA6, we epitope tagged the N-terminal end of EFA6
a o otARNOS with the vesicular stomatitis virus glycoprotein (VSV-G)
and transiently expressed the protein in TRVb-1 cells [a
CHO-derived cell line overexpressing the human Tfn-R
(McGraw et al, 1987)]. Confocal immunofluorescence
microscopy analysis with anti-VSV-G-tag antibody
showed that, analogous to the distribution of ARF6 (Figure
2A), EFAG6 localized to membrane ruffles (arrows) and
0 10 20 30 microvilli-like structures (arrowheads) that were induced
Time (min) at the periphery of TRVb-1 cells (Figure 2B). Noticeably,
Fig. 1. EFA6 catalyzes guanine nucleotide exchange preferentially on Membrane ruffles were more enhanced in EFA6-expressing
ARF6. (A) Schematic representation of ARNO and EFA6. Proline-rich  cells compared with ARF6-transfected cells. Membrane
regions (Pro), Sec7 domains, PH domains and coiled-coil regions (c.c.) association of overexpressed ARF6 and EFA6 was con-
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o shoun, Siuture of deleon mutris EBGardSect s | firmed by immunoblot analysis of membranes and cytosol
of Sec7 domains from human EFA6 (Perlettial., 1997), ARNO of_transfected cells, _frachonate_d by h|gh-speed (_:entnfL!g-
(Chardinet al, 1996), cytohesin 1 (Ch-1) (Liu and Pohajdak, 1992),  ation. As seen in Figure 2C, immunoblotting with anti-
ARNO3 (Franceet al, 1998),ArabidopsisGNOM (Shevellet al, hemagglutinin (HA) tag and anti-EFA6 antibodies revealed
1994), yeast Geal (Peyrocheal, 1996) and Sec7 (Achstettet al,, protein species of ~22 kDa (ARF6-HA) and ~70 kDa
1988) proteins. These motifs are thought to form a hydrophobic (VSV-G-EFAB), respectively. Both ARF6 and EFA6 were
groove that comes in contact with the switch regions of ARF to form . ! ’ .

the active site of the GEF (Baud-Dufouret al, 1998; Mossessova predominantly membrane-bound while only a small frac-
et al, 1998). The invariant glutamate residue (ARNO/Glu156 and tion of these proteins was present in the soluble fraction.
EFA6/Glu242) which is involved in nucleotide exchange, is indicated In contrast, deletion of the 241 C-terminal amino acids of
with an arrowhead.§ and D) Measurement of3PS]GTR/S binding to EFAG, including the PH domain, led to a protein that was

myrARF6 (C) or myrARF1 (D) in the absence (circles) or the . . . .
presence of purified recombinant EFA6 (squares), EhA& mostly detected in the cytosolic fraction (Figure 1C, VSV-

(diamonds) or ARNO3 (triangles). Data shown are representative of ~ G-EFAGAPH), suggesting that the PH domain is required
three independent experiments. for membrane association of EFA6.
We have studied the peripheral rearrangements induced

1 and 2 of the Sec7 domain of EFAG are the least conservedon EFA6 expression at the ultrastructural level. Cryo-
(Figure 1B), suggesting that its substrate specificity may immunogold electron microscopy using antibodies directed
be distinct from ARNO-related Sec7 domains. against EFA6 revealed that the protein was localized to

To determine the substrate specificity of EFA6, we the plasma membrane, on folds and invaginations, that in
measured the ability of recombinant EFAG6 to catalyze the cross sections appeared as membrane enclosed structures
binding of guanosine’gy-thio]triphosphate §°S]|GTR/S) with an electroluescent lumen (Figure 3A). These
on recombinant myristoylated ARF6 (myrARF6) and structures resembled membrane alterations previously
myrARF1. As shown in Figure 1C, EFA6-catalyzed bind- observed in ARF6Q67L-expressing cells (Petetsal.,
ing of [3°S]GTR/S to myrARF6 was maximal after 10 min  1995) and that have been shown to be continuous with
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Fig. 2. Localization of overexpressed EFA6 by indirect immuno-
fluorescence microscopy. TRVb-1 cells were grown on coverslips and
transfected with expression plasmids encoding HA-tagged ARF6 (
or VSV-G-tagged EFABE). Cells were fixed and labeled with either
anti-HA (A) or anti-VSV-G (B) epitope antibody. Arrows indicate
labeling of plasma membrane ruffles at cell edges. Arrowheads in B
point to labeling for EFA6 on microvilli at the dorsal cell surface. Bar,
10 um. (C) The post-nuclear supernatants (PNS) of TRVb-1 cells
expressing either ARF6-HA, VSV-G-EFA6 or VSV-G-EFABH were
centrifuged at 100 00@ to give a membrane (P100) and a soluble
fraction (S100). Fractions prepared from ARF6-HA-expressing cells
were immunoblotted using anti-HA mouse monoclonal antibody
(upper panel). Fractions from VSV-G-EFA6 or VSV-G-ERN8H-
expressing cells were incubated with rabbit anti-EFA6 polyclonal
antibodies (lower panel). Molecular weights (kDa) of protein markers
are indicated.

EFAG6, an exchange factor for ARF6

Fig. 3. Localization of EFA6 by electron microscopy. TRVb-1 cells
expressing VSV-G-EFA6 were fixed and processed for cryoimmuno-
gold labeling. Sections were labeled with anti-EFA6 antibodies
followed by protein A—10 nm gold.A) In TRVb-1 cells

overexpressing EFAB, the plasma membrane exhibited extensive
membrane invaginations (i). Most of the cytoplasmic face of the
plasma membrane was coated by an electron-dense matrix. EFA6
localizes exclusively to this dense matrix (arrowhead) and regions of
the plasma membrane with no EFA6 are devoid of matrix (large
arrow). Small arrows depict cross sections across tubular structures
consisting of a sheath of electron-dense material surrounding a
membrane-bound electroluescent lumen. Bar, 200 BnRggions of
plasma membrane with little EFA6 labeling show a thinner matrix
(large arrowheads). EFA6 labeling is excluded from coated pits (small
arrowhead) and caveolae (arrows) as well as from the Golgi region of
the cell. m, mitochondria; i, invaginations; n, nucleus; asterisk,
untransfected cell. Bar, 500 nm.

the extracellular milieu (D’'Souza-Schorey al, 1998).
Strikingly, the cytoplasmic face of the plasma membrane
and of EFA6-induced invaginations exhibited a homo-
genous electron-dense matrix 50 nm thick. This dense
material was decorated with anti-EFA6 antibodies indicat-
ing that EFA6 was present on this matrix. Regions of
plasma membrane showing high levels of labeling with
anti-EFA6 antibodies had a thicker matrix (Figure 3A,
arrowheads). On the contrary, regions with little EFA6
labeling had only a thin matrix (Figure 3B, large arrow-
heads) and regions with no labeling were devoid of matrix
(Figure 3A, large arrow). Some of the EFA6-positive
structures appeared as cross-sections across sheathed
cables with an electron-dense sheath surrounding a core
electroluescent lumen enclosed within a membrane
(Figure 3A, small arrows). This electron-dense matrix
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Overexpression of EFA6 inhibits Tfn uptake and

affects the distribution of the Tfn-R

Overexpression of ARF6Q67L, a mutant locked in the
GTP-bound conformation decreases the rate of Tfn uptake
in TRVb-1 cells (D’'Souza-Schoregt al, 1995). Since
overexpression of EFA6 should increase the pool of ARF6
in a GTP-bound state, we anticipated that the Tfn cycle
should be similarly affected in EFA6-transfected cells. To
this end, we examined the internalization of fluoresceinated
human Tfn in TRVb-1 cells expressing HA-tagged
ARF6Q67L. In untransfected cells, Tfn internalized for
20 min at 37°C, accumulated in a single discrete patch in
the pericentriolar region of the cells as well as in vesicular
structures spread throughout the cytoplasm. Similar to that
observed in cells expressing ARF6(Q67L) (Figure 5A),
uptake of Tfn was dramatically inhibited in EFA6-
expressing cells with little or no accumulation of Tfn after
a 20 min incubation (Figure 5B). Conversely, expression
of myc-ARNO3, an ARF1 GEF, had no effect on Tfn
uptake (Figure 5C), indicating that the inhibitory effect
of EFA6 on the Tfn cycle is mediated by activation of
Figia‘;-t%?ggz Gm?}’g\‘;[)afl‘ecgslgc’ec)iaﬁfsnsg ”ES;;SS? 3;‘&2;1”9;'3"69;?50“"6 ARF6-n vivo. Cryoimmunogold labeling with antibodies
;méeletion of thé entire Sec7 nucllzeotide gxchange éjomain,?/vere fixed directed against Tfn-R revealed that in mOCk'tranSf_(:"Cted
and processed for cryoimmunogold labeling as described in the legend TRVD-1 cells most of the Tfn-R label (74%) resides
of Figure 3. Q) In low-level expressor, EFABSec? is localized to the intracellularly in a tubular and vesicular compartment in
plasma membrane that does not show morphological alteration and is  the pericentriolar region (Table 1). On the contrary, a
devoid of matrix. Labeling is also detected on intracellular endocytic majority of the Tfn-Rs (79%) were detected on the plasma

structures (e).R) In high level expressing cell, EFA&ec? is b d | b fold d . .
associated with the plasma membrane on thin and long extensions. ~ Mémbrane and on plasma membrane folds and vaginations

Plasma membrane appears uncoated. B¥S%&&7 is also detected in of TRVb-1 cells expressing EFAG (Table ). Taken together,
the cytosol. e, endosome; G, Golgi apparatus; m, mitochondria; these findings indicate that expression of EFA6 induces a
n, nucleus; p, plasma membrane. Bar, 200 nm. redistribution of Tfn-Rs from the perinuclear endosomal

recycling compartment to plasma membrane.

. o In order to investigate whether the effects of EFA6
may represent polymerized actin filaments beneath theeypression were restricted to the peripheral plasma mem-
surface of plasma membrane invaginations (see below). yrane/endosomal system, we analyzed the intracellular
As shown in Figure 3B, EFAG label was excluded from jstribution of markers of the secretory and late endocytic
clathrin coated pit and caveolae profiles at the plasma pathways in EFA6-expressing cells. The distribution” of
membrane and from the Golgi. _ p23 [acis-Golgi network-associated protein (Rogt al,

In order to investigate whether these morphological 1997)] and of secl (a resident ER marker) was not
effects were dependent on guanine nucleotide exchangemodified by EFA6 overexpression (data not shown).
catalyzed by EFA6, TRVb-1 cells overexpressing a GEF- Fyrthermore, the distribution of the lysosomal marker
defective mutant form of EFA6 were analyzed by cryo- | AMP-1 remained unperturbed in EFA6-expressing cells
immunogold electron microscopy. Figure 4 shows labeling (not shown). Thus, expression of EFA6 results in a

for EFAG in TRVb-1 cells expressing low (Figure 4A) or  gpecific and profound remodeling of the peripheral plasma
hlgh levels (Flgure 4B) of EFABSec7, a Sec7 domain membrane/endosomal system.

deletion mutant. In low-level expressors, most of the EFA6

labeling was detected at the plasma membrane, which EFA6 overexpression induces rearrangements of
exhibited normal unperturbed morphology and was devoid the actin cytoskeleton

of matrix (Figure 4A). Occasionally, EFA¥Sec7 was also  |n addition to the regulation of peripheral membrane
associated with intracellular endocytic structures but was trafficking, ARF6 has also been demonstrated to regulate
absent from Golgi, nucleus and ER profiles. At a higher the assembly and organization of the cortical actin cyto-
level of expression (Figure 4B), EFAGec7 was localized  skeleton (Radhakrishnat al, 1996; D’'Souza-Schorey
to the plasma membrane on thin and long extensions thatet al,, 1997). These studies, together with our observation
were morphologically distinct from the invaginations seen that a dense cytoskeletal-like matrix accumulated at the
in wild-type EFA6-expressing cells. The plasma membrane cell surface upon EFA6 expression, prompted us to investi-
of EFAGASec7-expressing cells was devoid of matrix. gate the consequences of EFA6 expression on the actin
Some EFA@Sec? label was also detected in the cytosol. cytoskeleton in HelLa cells. We have found that cells
Taken together, these findings indicate that EFAG localizes expressing wild-type EFA6 showed a marked accumulation
predominantly to the plasma membrane and that this of F-actin in peripheral membrane ruffles (Figure 6A).
distribution is independent of its activity as an ARF6- EFA6-induced ruffles at the peripheral edges of the cell
specific GEF. Plasma membrane association of cata-were more prominent compared with actin rearrangements
lytically active EFA6 induces membrane invaginations observed in ARF6Q67L-expressing cells (not shown).
and the formation of a dense matrix. Double labeling for EFA6 with anti-VSV-G tag antibody
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Fig. 5. Transferrin accumulation is blocked in EFA6-expressing cells.
TRVb-1 cells expressing ARF6Q67L-HA], VSV-G-EFA6 B) or the
ARF1-GEF myc-ARNO3 €) were incubated at 37°C with iron-
saturated fluoresceinated human transferrin (FITC-Tfn) for 20 min,
fixed and processed for immunofluorescence microscopy. ARF6Q67L,
EFA6 and ARNO3 were detected with anti-HA, anti-VSV-G and with
anti-myc tag antibodies, respectively. Panels show superimposition of
FITC-Tfn with epitope-tagged protein labeling. In untransfected cells,
FITC-Tfn is predominantly present in the pericentriolar recycling
compartment. In ARF6Q67L- (A) or EFA6-expressing (B) cells there
is no accumulation of FITC-Tfn. In contrast, overexpressed ARNO3
(C) has no effect on Tfn distribution. Bar, 10n.

revealed that EFA6 co-localized with F-actin in the mem-

EFAG6, an exchange factor for ARF6

Table I. Quantitation of the intracellular distribution of transferrin
receptors in control and EFA6-overexpressing TRVb-1 cells

TRVb-1 cells Plasma membrane Pericentriolar vesicles
and invaginations and tubules

Mock-transfected 26% 74%

EFA6-transfected 79% 21%

TRVb-1 cells on monolayers were mock-transfected or transfected
with EFA6-expressing vector, fixed and processed for cryoimmunogold
labeling and labeled with anti-EFA6 antiserum followed by protein A—
10 nm gold. The data presented represent percentages of 10 nm gold
particle count of the total number of gold particles per cell, obtained
from 40 random cross-sections of cells.

First, expression of the GEF-defective mutant, EEA6«
(see Figure 1C), did not induce membrane ruffling, but
instead led to the formation of numerous actin-rich mem-
brane extensions (Figure 6C, arrowheads). Similarly,
expression of EFAASec7 also resulted in plasma mem-
brane extensions (Figure 6E and F). EBSgc7 and
EFA6:,4, localized predominantly at the cell surface,
confirming the ultrastructural analysis (Figure 4). Expres-
sion of a C-terminal deletion mutant, EFAG, generated

by deletion of the 124 C-terminal amino acids of EFAG,
including a putative coiled-coil sequence and proline-rich
region (Figure 1A), abolished the capacity of EFA6
to trigger F-actin reorganization (Figure 6G and H).
Furthermore, deletion of this C-terminal region in
EFAGzo40k (EFAB40kAC) also abolished membrane
extension formation (Figure 61 and J), suggesting that the
C-terminal domain may be required for interaction with
other factors required for cytoskeletal rearrangements.
Altogether, these results indicate that EFA6-induced mem-
brane ruffling depends on a functional Sec7 domain and
an intact C-terminal end.

The Rho GTP-binding protein, Rac1, is involved in
EFA6-induced cytoskeletal rearrangements
Co-expression of EFA6 and ARF6T27N abolished EFA6-
mediated membrane ruffling in doubly transfected HelLa
cells (Figure 7A and B). Interestingly, these cells
exhibited membrane extensions similar to those observed
in cells expressing EFA6 mutants defective in GEF
activity. These extensions were absent in HelLa cells
expressing only ARF6T27N (not shown). Since the
Rho-family proteins Racl and CDC42 regulate the
organization of actin filaments at the cell cortex to
induce membrane ruffling and filopodium formation,
respectively, we investigated the effects of the dominant-
negative mutants of these proteins on EFA6-induced
ruffling. When EFA6 was co-expressed with GDP-bound
RaclT17N, membrane ruffling was inhibited and co-
transfected cells exhibited numerous F-actin rich mem-
brane extensiongFigure 7C and D) that were not
detected in cells transfected with Rac1N17 only (not
shown). On the contrary, co-expression of EFA6 with
GDP-bound CDC42T17N had no effect on EFAG6-
induced membrane ruffling (Figure 7E and F, arrows).
In addition, expression of CDC42N17 had no effect on
membrane extensions induced upon expression of the

brane ruffles (Figure 6B). To determine structural domains GEF-defective mutants, EFA&,,x and EFA@Sec? (data
of EFAG6 involved in peripheral rearrangements, various not shown). These results suggest that EFA6-induced
mutants of EFA6 were transiently expressed in HeLa cells. membrane ruffling is independent of CDC42 and that
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EFA6AC EFA6ASEC7 EFA6E242K EFA6

EFA6E242kAC

Fig. 6. Effects of EFA6 and EFA6 mutants on actin cytoskeleton
rearrangements. HelLa cells were transfected VSV-G-tagged wild-type
EFA6 (A, B), the nucleotide exchange-defective mutants ERA&

(C, D) and EFA&Sec? E, F), the C-terminal deletion mutant

EFABAC (G, H) and the double mutant EFA&,5AC (1, J). After

40 h, cells were fixed and labeled with Texas Red-conjugated
phalloidin to visualize actin rearrangements (left panels). Right panels
show the superimposition of the phalloidin labeling (red) and anti-
VSV-G staining (green). Cells overexpressing EFA6 exhibit increased
staining for F-actin in membrane ruffles (A). EFA6 colocalizes with
F-actin in these ruffles (B). Overexpression of GEF-defective mutant
forms, EFAG4ok (C, D) and EFA@&Sec7 (E, F), induces the

extension of filopodia. Deletion of the C-terminal region of EFA6
abolishes EFA6-induced membrane ruffling (G, H) and EEAS«
mediated filopodia extension (I, J). Bar, fufn.

EFAG6 triggers the activation of Racl which is required
for EFA6-induced membrane ruffling. However, it should

on Racl in vitro, as shown using the nucleotide
exchange assay described above (data not shown).

The effect of EFA6 on Tfn cycling is independent of
EFA6-mediated cytoskeletal reorganization

We were interested in determining whether the regulatory
activity of EFA6 on membrane dynamics was dependent
on EFAG6-induced actin cytoskeleton reorganization. To
this end, TRVb-1 cells expressing EFAG, which does
not affect F-actin distribution, were incubated with
fluoresceinated Tfn for 20 min. As shown above for
wild-type EFAB6, overexpression of EFAE prevented
intracellular accumulation of Tfn (compare Figure 5A
with 8A). In contrast, cells expressing EF&6,AC, a
double mutant defective for GEF activity, did not perturb
Tfn endocytosis and the distribution of internalized Tfn
was similar to that observed in untransfected cells (Figure
8B). Thus, the effects of EFA6 on Tfn cycling requires
ARF6 activation by a functional Sec7 domain but is
independent of EFA6-induced actin cytoskeleton
remodeling which appears to require the C-terminal end
of EFAG.

Discussion

In contrast to the other ARF family members that are
associated with the secretory pathway (Donaldson and
Klausner, 1994; P.J.Peters, unpublished observations),
ARF6 is associated with the peripheral plasma membrane/
endosome system where it regulates membrane trafficking
from an internal fusion competent recycling compartment
to the plasma membrane (D’'Souza-Schoetyal, 1995,
1998; Peterset al, 1995; Radhakrishna and Donaldson,
1997). Overexpression studies have led to the proposal
that ARF6 activation by GDP/GTP exchange is required
for the delivery of membrane to the cell surface
(Radhakrishna and Donaldson, 1997; D’Souza-Schorey
et al, 1998). Recycling to the surface would be facilitated
by remodeling of the underlying actin cytoskeleton that
is also dependent on ARF6 activation (D’Souza-Schorey
et al, 1997; Radhakrishna and Donaldson, 1997). Since
ARF6T27N, a mutant thought to be locked in the GDP-
bound conformation, localized to the recycling compart-
ment, it was speculated that ARF6 activation takes place
intracellularly, on the recycling compartment itself or on
putative recycling vesicle intermediates en route to the
cell surface (Radhakrishna and Donaldson, 1997; D’Souza-
Schorey et al, 1998). However, this model was still
speculative due to the lack of an ARF6-GEF. In the
present study, we describe a new Sec7 domain containing
GEF, EFAB, which promotes efficient GDP/GTP exchange
on ARF6. In addition to EFA6, mammalian cells express
three highly related GEFs, ARNO, cytohesin-1 and
ARNO3/GRP-1, and a 200-kDa GEF, all of which contain
a Sec7 domain and promote preferential GDP/GTP
exchange on ARF1 (and ARF3) (Chardat al, 1996;
Meacciet al, 1997; Morinageet al, 1997; Franceet al,
1998; Klarlund et al, 1998). Thus, EFA6 is the first
ARF6-specific GEF reported to date. We show that exo-
genous EFAG is associated with a dense matrix underlying
plasma membrane domains that are extensively invagin-
ated. Plasma membrane alterations induced on EFA6

be noted that EFA6 did not catalyze nucleotide exchange expression are accompanied by a reorganization of cortical
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Actin EFA6

EFA6 + RaclTi’7N EFA6 + ARF6127N

EFA6 + Cdc42T17N

Fig. 7. Racl is involved in EFA6-induced actin rearrangements. HelLa cells were co-transfected with constructs expressing VSV-G-EFA6 in
combination with ARF6T27N-HAA, B), myc-RaclT17NC, D) or myc-CDC42T17NE, F). Left panels show Texas Red—phalloidin staining of
F-actin. Right panels show superimposition of Texas Red—phalloidin labeling and anti-VSV-G tag labeling. In contrast to EFA6 which induces
membrane ruffling (see Figure 9A and B), coexpression of EFA6 together with ARF6T27N (A, B) or Rac1T17N (C, D) leads only to filopodia
extension. Cdc42T17N does not affect EFA6-induced membrane ruffling (E and F, arrows). Bam, 10

actin, with the formation of membrane ruffles. The latter remodeling by catalyzing GDP/GTP exchange on ARF6

response appears to involve activation of the Rho protein, and by activating Racl, respectively.

Racl. Consistent with previous observations in cells At the ultrastructural level, overexpressed EFA6 was

expressing a constitutively activated mutant of ARF6, found exclusively on the cytoplasmic side of the plasma

(ARFQ67L), EFA6 expression affects the Tfn cycle and membrane and on numerous plasma membrane invagin-
is accompanied by a redistribution of Tfn-R from the ations that were induced on EFA6 expression. Furthermore,
recycling compartment to the cell periphery. These results the effects of EFA6 on membrane traffic and organelle

suggest that EFA6 coordinates membrane and actinstructure were restricted to the endosomal and plasma
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intermediates or the recycling endosome) are incompetent
for fusion with the plasma membrane until EFA6 converts
ARF6 into its GTP-bound active conformation. The initial
step of this cascade requires (i) the close proximity of the
two membrane systems and (ii) the activation of ARF6
by EFA6 at the interface between these two membrane
systems. Regulation of this step could be achieved by
controlling EFA6 recruitment to the cell periphery. The
PH domain of EFA6 may play an important role in this
process since PH domains have been shown to be required
for translocation of protein to the plasma membrane
(Lemmonet al, 1997). In agreement with this hypothesis,
we have observed that deletion of the PH domain of EFA6
leads to a protein which is mostly cytosolic. Overexpres-
sion of EFA6 should induce a massive accumulation of
ARF6-GTP at the plasma membrane. Normally, GTP
hydrolysis that probably involves a plasma membrane-
associated GAP should allow the return of GDP-bound
ARF6 to recycling endosomes via the endocytic pathway
(D’Souza-Schoreet al, 1998), and EFA6 may be released
from the membrane into the cytosol. However, in EFAG-
expressing cells, GAP-stimulated GTP hydrolysis may
become limiting, preventing membrane internalization and
thereby blocking Tfn-R internalization and Tfn uptake as
also observed in ARF6Q67L-expressing cells.

An interesting finding from the ultrastructural analysis
is that EFA6 induces the formation of and is associated

I * e | with a dense matrix that coats the cytoplasmic face of
: T , - plasma membrane invaginations. We have also observed
- ' > that EFAG induces the projection of actin-based membrane
- . EFAGACE242K prol

ruffles in which F-actin and EFA6 co-localize. Itis possible
Fig. 8. EFA6-mediated inhibition of Tfn accumulation does not require  that the dense matrix observed by electron microscopy is
EFAG_-induced actin cytoskeleton reorganizatio_n but requires a composed of actin filaments polymerized beneath the
functional Sec7 domain. TRVb-1 cells expressing VSV-G-EABGA) plasma membrane. Plasma membrane-associated matrix

or VSV-G-EFAG:42AC (B) were incubated for 20 min with . . . .
fluoresceinated transferrin as described in Figure 5. Panels show the ~@nd invaginations, as well as membrane ruffling formation

superimposition of fluoresceinated Tfn with VSV-G labeling. In depends on a functional sec7 domain. In contrast, GEF-
EFABAC-expressing cells (A), there is no accumulation of FITC-Tf.  defective mutant forms of EFA6 lead to the projection of
In contrast, overexpression of GEF-defective EEABAC (B) hasno  |gng actin-rich membrane extensions. Consistent with this

effect on Tfn uptake. Bar, 1Qm. .= . . .
finding, extensions are also induced upon co-expression

of EFA6 and ARF6T27N that should result in dominant

inhibition of EFA6 exchange activity. Moreover, co-
membrane system. Indeed, we observed that EFAG perturbsexpression of EFA6 with Rac1T17N, a dominant-inhibi-
the Tfn cycle and redistributes TfnR-containing compart- tory mutant of Racl, also results in membrane extension.
ments to the cell surface without affecting the morphology Finally, deletion of the carboxy end of EFA6 abolished
of the Golgi apparatus, endoplasmic reticulum and EFA6-induced actin cytoskeleton reorganization. Based
LAMP-1-positive lysosomes. The observation that the on these observations, it is tempting to speculate how
distribution of EFAG is at the plasma membrane has some EFA6 could control actin cytoskeleton reorganization via
important implications for the GDP/GTP cycle of ARF6. the coordinated activation of ARF6 and Racl (Figure
One possibility was that EFA6-catalyzed exchange takes9). We propose that Sec7 domain-catalyzed nucleotide
place on the recycling compartment where GDP-bound exchange on ARF6 allows the engagement of specific
ARF6 accumulates (Petees al., 1995; D'Souza-Schorey  effectors such as PLD, which is stimulated by ARF6
et al, 1998). However, according to this proposal, GEF- in vitro (Massenburget al, 1994) andin vivo during
defective mutants such as ERAG, or EFABASec? exocytosis in chromaffin cells (Caumoet al, 1998).
should accumulate on recycling endosome together with PLD may be involved in membrane dynamics at the
GDP-bound ARF6. Cryoimmunogold electron microscopy interface between plasma membrane and recycling endo-
and confocal microscopy analyses contradict this predic- some by stimulating the production of fusogenic lipids.
tion, since overexpressed ERAGxand EFA&Sec7 have  On the other hand, GTP-bound ARF6 has been shown to
the same distribution as wild-type EFA6 at the plasma interact with POR1 (D’'Souza-Schorest al, 1997), a
membrane, demonstrating that plasma membrane localiz-protein initially identified as a Racl effector involved in
ation of EFA6 does not require GDP/GTP exchange on membrane ruffing (Van Aelstet al, 1996). Since
ARF6. Therefore, our data favor the alternative possibility Rac1T17N does not inhibit ARFQ67L-induced actin
that EFA6 activates ARF6 at the plasma membrane. In rearrangement (D’Souza-Schorelyal,, 1997), it is likely
this model, recycling membranes (recycling transport that ARF6 and Racl are not engaged in a linear pathway
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plasma membrane

et al, 1997), and together with the Racl-specific GEF,
‘ Tiam-1, it affects neuronal morphology (Lt al, 1996;
Kozmaet al, 1997; Leeuweret al, 1997). While ARF6

Sec7 PH
EFA6 [EEL e o is ubiquitously expressed (Tsuchiyet al, 1991; Yang

? et al, 1998), the human PSD gene coding for EFA6 is
Racl-GEF mainly expressed in brain (Perledti al, 1997). Whether
ARES i A Rl - EFAG, by its coordinated action on ARF6 and Racl, may
/ be involved in neuronal secretion or axonal elongation is
PLD 2 POR1 pre_sently un.known, but WO.u|d be an interesting subject
of investigation. By screening for EFAG6-like genes, we
+ + have isolated a cDNA encoding a Sec7 and PH domain-
membrane membrane containing protein showing high similarity with the
dynamics ruffling corresponding domains of EFA6 (M.Franco and

B.Chavrier, unpublished). Interestingly, this EFA6-like
gene is expressed in a wide range of tissues. The availabil-
ity of these cDNAs will help in clarifying the function of
Fig. 9. Model of EFA6-regulated actin reorganization. We propose that EFAB6-like GEFs in various cell types.

targeting of the PH domain of EFA6 to the plasma membrane allows

Sec7 domain-catalyzed nucleotide exchange on ARF6. GTP-bound

ARF6 interacts with and activates specific downstream effectors at the M aterials and methods
plasma membrane. Activation of PLD leads to the generation of

polarized recycling

fusogenic lipids involved in the fusion of recycling membranes with Cells and antibodies

the plasma membrane. In parallel, EFA6 allows Racl activation by TRVb-1 cells, a CHO-derived cell line overexpressing the human
recruiting a Racl-specific GEF. The ARF6 and Racl pathways transferrin receptor (McGrawt al,, 1987), were grown in Ham's F-12
converge at the level of PORL1 that interacts with both GTP-bound medium, 5% fetal calf serum (FCS), penicillin/streptomycin, and 100
ARF6 and Racl to control membrane ruffling. Recycling of membrane pg/ml G418. HelLa cells were grown in Dulbecco’s modified essential
occurs at discrete sites of the plasma membrane that coincide with medium supplemented with 10% FCS and antibiotics.

areas of membrane ruffling. The different domains of EFA6 are The following antibodies were used for the studies described: mouse
schematically represented as in Figure 1A. monoclonal antibody (mAb) against VSV-G epitope (clone P5D4,

Boehringer Mannheim) and rat mAb against HA epitope (clone 3F10,

_ . A Boehringer Mannheim); mouse mAb against myc epitope (clone 9E10;
(ARF6 GTP promoting Racl aCtlvatlon)’ but are rather Evanet al, 1985); mouse mAb anti-Tfn-R (clone H68.4; Zymed, CA);

functioning on paral!el pathways that may converge at t_he rabbit antiserum against p23 (Raoal, 1997); rabbit antiserum against

level of POR1. Noticeably, ARF6Q67L stimulates actin Secép (provided by R.Hendriks, ZMBH, Heidelberg, Germany); rabbit

reorganization but does not induce the formation of the antiserum against LAMP-1 (provided by S.Meresse, CIML, Marseille,

dense matrix we observed in EFAG-expressing cells (PeterSFrance); and anti-EFA6 rabbit antiserum raised against the purified
, ! recombinant protein.

et al, 1995; D’'Souza-Schoregt al., 1998). An interpret- ! protel

ation of these remarkable phenotypic differences may be construction of EFA6 expression plasmids

that the mere engagement of the ARF6-dependent pathwayEFA6 was cloned from a human brain cDNA library (Clontech) by

by ARF6Q67L, in the absence of Racl engagement, leadshigh fidelity PCR using two oligonucleotide primers\EFA6 primer

: ; (5'-GATCGATCCATATGCCTCTCAAGTCACCTG-3, which con-
Only toa partlal response. Since EFAG does not Catalyze tains aNdd linker, the ATG start codon and’ Sucleotides of EFAB,

nucleotide exchange on the Rho-family proteins (M.Franco ,nq 3era6 primer (3-GGGCGGCGGAAGCCCTGAGTCAACGGAT-

and P.Chavrier, unpublished observations), we pProposeccTAAGTACA-3'), which contains aBarrHI linker, TAG stop codon
that EFA6-dependent Racl activation is mediated by a and 3 complementary nucleotide residues of EFAG. Primer sequences
Rac1-specific GEF. A possibility is that the C-terminus of ?Sgﬁgt'ggtE;Aig‘;‘ée;f ‘%ﬁi‘%‘g‘é f;)%“dhhcet 5\/‘;@'?::&23%32 Zg’éaiqgﬁgce
EFAG which contains COIqu_COII ar.]d. Pro_nc.h regions  sgy expres‘sion vectors with a N-terminal VSV-G tag usMdd and
known to participate in protein—protein interactions, regu- garHi restriction sites.

lates this Racl GEF. Hence, deletion of the C-terminus EFA6z.4« Was constructed by two-stage overlap-extension PCR.
of EFA6 by prevention of Racl engagement would inhibit The first-stage reaction products were generated using complementary

. ; ; ; overlapping end primers containing an oligonucleotide-directed point
the actin-based ruffling response. Exocytosis of recycling mutation; the N-terminal product was generated with tHeFA6 primer

memb_rane occurs at the 'ead'”g edge of migrating cells described above and the primerGCTGGGTCTTACCCATTAAG-3
(Hopkins et al, 1994, for a review see Bretscher and (EFA6E242K-1). The C-terminal product was generated with the primer
Aguado-Velasco, 1998a). Recently, EGF treatment of KB 5-CTTAATGGGTAAGACCCAGG-3  (EFA6E242K-2) and the
cells has been shown to induce the formation of membrane 3 EFA6 primer E_Frff‘? CDNA was used as(;emp'ate- Secloﬂd'Stagle PCR
. . ) B was carried out with first-stage reaction products to anneal the overlapping
ruffles that are eanChed in Tfn-Rs, and Tfn .RS are also ends, followed by amplification. The full-length EFA6E242K PCR
targeted to Racl-induced membrane ruffles in these cellsproduct was cloned in theNdd and BanHi restriction sites of
(Bretscher and Aguado-Velasco, 1998b). We believe that, pGEM1VSV-G and pSRVSV-G expression vectors. o
by its coordinated actions on both Racl- and ARF6-driven EFAGAC and EFAG,4oAC were constructed by PCR amplification
pathways, EFA6 allows to couple membrane ruffling and of corresponding EFA6 and EFA§,,x cDNAs in pGEM1VSV-G using

b fusi di . fthe pl b the SEFA6 primer and the primer STGTACTAAAGCTTCTACTGGG-
membrane fusion at discrete sites of the plasma membran€\gacccGGGTGG-3 (EFABAC) obtained by substituting glutamate

in a polarized fashion. 522 of EFA6 with a stop codon. Similarly, EFABH was obtained by
ARF6 has been shown to co-purify along with PCR using the £FA6 primer and the primer STGTCTAAAGCTTTC-
chromaffin granules (Galast al, 1997) and controls AGCCCCGCTTGCCCCGAGG-3EFABAPH) substituting tryptophane

: : - : - 404 of EFA6 with a stop codon. EFARe.; was constructed by
exocytosis during regulated secretion in chromaffin cells two-stage PCR amplification of EFAG6 with the A6 primer and

(Caumonetal, 1998). Raclis also implicated inregulated the primer 5-GTCGGCCAACTCAGACAGGCTGTCCAGCTCTGA-
exocytosis in mast cells (Normaet al., 1996; Guillemot GTC-3 (EFA6-S156), and with the primer &B5ACTCAGAGCTGGAC-
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[?5S]IGTPyS binding assay

Myristoylated ARF1 and ARF6 were produced and purified as described
previously (Francet al, 1995). Recombinant EFA6 and ARNO3 were
produced from pET3a-transformed BL21 (DEBcherichia colias
described previously (Francet al, 1998). For §°S]GTR/S binding,
measurements were carried out as follows: MyrARF1 or myrARF6
(1 uM) were incubated at 37°C in 50 mM HEPES-NaOH pH 7.5, 1 mM References

MgCl,, 1 mM dithiothreitol (DTT), 100 mM KCI, 10uM [3°S]GTRS
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Actin cytoskeleton analysis Chem, 273 1373-1379.

HelLa or TRVb-1 cells plated on 11 mm round glass coverslips were Chardin,P., Paris,S., Antonny,B., Robineau,S., raBe-Dufour,S
infected with T7 RNA polymerase recombinant vaccinia virus (VT7) Jackson C.L. and Chabre.M ’(ié%) A humé\n.’exchange factor for

(Fuerstet al, 1986) and then transfected with pPGEM constructs using the ARE contains Sec7- and pleckstrin-homoloay domahiature 384
Lipofectamine Reagent (Gibco-BRL) as described previously (Guillemot 481-484 P 24 E '

et al, 1997). Four hours after transfection cells were fixed in 3%  ~paris 3 Menetrey,J., Mathieu,M., Le Bras,G., Robineau,S., Beraud-
paraformaldehyde, stained with Texas Red-phalloidin (Molecular ~p o o Antonn)’/ B. and Chardin,P. (199;8) 'Structure of the Sec?
Probes), and then processed for immunofluorescence analysis (Franco g, o-it of the Arf e’xchange factor ARN(Blature 392 101-105

et al, 1998). For co-transfection experiments, we used ARFET27N-, cqcycroft,S.et al. (1994) Phospholipase D: a downstream effector of
RaclN17- or CDC42N17-encoding constructs in twice the amount as ~ ypr in’gr'anulc;c(ytess)ciencegfia 223—526.

compared with EFA6-encoding plasmid. Co-transfection efficiency was Daro E.. Van der Sluii ;

h ; ) > ) E., js,P., Galli,T. and Mellman,l. (1996) Rab4 and
>95% as judged ‘by double labeling with anti-EFAG _and_antl-HA cellubrevin define different early endosome populations on the pathway
(ARF6T27N) or anti-myc (RacIN17 and CDC42N17) antibodies. of transferrin receptor recyclingProc. Natl Acad. Sci. USA93,

9559-9564.

Cryoimmunogold electron microscopy procedures _ Donaldson,J.G. and Klausner,R.D. (1994) ARF: a key regulatory switch
Cells were fixed, scraped and collected. Cells were then embedded in  jn membrane traffic and organelle structu@airr. Opin. Cell Biol, 6,

gelatin and processed for cryosectioning as described previously 527-532.

(D'Souza-Schoreyet al, 1998). Ultrathin cryosections were cut at  p'Souza-Schorey,C., Li,G., Colombo,M.l. and Stahl,P.D. (1995) A
—120°C in a cryo-ultramicrotome (Leica), transferred onto formvar-  regulatory role for ARF6 in receptor-mediated endocytoSisience
coated copper grids, and processed for cryoimmunogold labeling as 267 1175-1178.

described (D'Souza-Schoreyt al, 1998). Briefly, sections were incub-  p'Souza-Schorey,C., Boshans,R.L., McDonough,M., Stahl,P.D. and Van
ated with primary antibody (anti-EFA6 or anti-Tfn-R), followed by Aelst,L. (1997) A role for POR1, a Racl-interacting protein, in ARF6-
incubation with protein A-gold. Labeled sections were contrasted with  mediated cytoskeletal rearrangeme@MBO J, 16, 5445-5454.

uranyl, embedded in cellulose and viewed with a JOEL 1010 electron D'Souza-Schorey,C., van Donselaar,E., Hsu,V.W., Yang,C., Stahl,P.D.

Internalization of FITC-conjugated transferrin

CHO cells plated on 11 mm round glass coverslips were transiently
transfected with pS® constructs using the Fugene 6 transfection reagent
as described by the manufacturer (Boehringer Mannheim). Forty hours
after transfection, cells were pre-incubated in serum-free medium con-
taining 1% bovine serum albumin (BSA) for 30 min at 37°C and then
incubated for 20 min in the same medium supplemented withdgl

of iron-loaded FITC-conjugated human transferrin (Molecular Probe).
Cells were then washed once in ice-cold phosphate-buffered saline (PBS),
fixed in 3% paraformaldehyde and processed for immunofluorescence
analysis as described previously (Fraretaal., 1998). Confocal micro-
scopy was carried out with a Leica TCS 4D microscope equipped with
a mixed gas Argon/Krypton laser (Leica Laser Teknik).

microscope at 80 kV. and Peters,P.J. (1998) ARF6 targets recycling vesicles to the plasma
membrane: insights from an ultrastructural investigatibrCell Biol,
Cell fractionation and immunobloting 140 603-616.

TRVb-1 cells (5<10F) were transfected with VSV-G-EFA6- or ARF6- Dutartre,H., Davoust,J., Gorvel,J.P. and Chavrier,P. (1996) Cytokinesis
HA-expressing vectors, and 40 h after transfection, cells were washed arrest and redistribution of actin-cytoskeleton regulatory components
in phosphate buffer and homogenized in 250 mM sucrose, 3 mM in cells expressing the rho GTPase CDC42Hs.Cell Sci, 109
imidazole pH 7.4 with protease inhibitors. The post-nuclear supernatant  367-377.

(PNS) was obtained by centrifugation of the cell lysate at 1§Gor Evan,G.l., Lewis,G.K., Ramsay,G. and Bishop,J.M. (1985) Isolation of
5 min at 4°C. An aliquot of the PNS was further centrifuged for 45 min monoclonal antibodies specific for humanmgc proto-oncogene

at 100 000g to separate membrane and cytosolic fractions. Aliquots of product.Mol. Cell Biol,, 5, 3610-3616.
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