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ABSTRACT Budding of transport vesicles in the Golgi
apparatus requires the recruitment of coat proteins and is
regulated by ADP ribosylation factor (ARF) 1. ARF1 activa-
tion is promoted by guanine nucleotide exchange factors
(GEFs), which catalyze the transition to GTP-bound ARF1.
We recently have identified a human protein, ARNO (ARF
nucleotide-binding-site opener), as an ARF1-GEF that shares
a conserved domain with the yeast Sec7 protein. We now
describe a human Sec7 domain-containing GEF referred to as
ARNO3. ARNO and ARNO3, as well as a third GEF called
cytohesin-1, form a family of highly related proteins with
identical structural organization that consists of a central
Sec7 domain and a carboxy-terminal pleckstrin homology
domain. We show that all three proteins act as ARF1 GEF in
vitro, whereas they have no effect on ARF6, an ARF protein
implicated in the early endocytic pathway. Substrate speci-
ficity of ARNO-like GEFs for ARF1 depends solely on the Sec7
domain. Overexpression of ARNO3 in mammalian cells re-
sults in (i) fragmentation of the Golgi apparatus, (ii) redis-
tribution of Golgi resident proteins as well as the coat
component b-COP, and (iii) inhibition of SEAP transport
(secreted form of alkaline phosphatase). In contrast, the
distribution of endocytic markers is not affected. This study
indicates that Sec7 domain-containing GEFs control intra-
cellular membrane compartment structure and function
through the regulation of specific ARF proteins in mammalian
cells.

The ADP ribosylation factor (ARF) proteins form a distinct
group within the Ras superfamily of low molecular weight
GTP-binding proteins. ARF1 initially was identified as a
cofactor for the ADP ribosyltransferase activity of the A
subunit of cholera toxin (CT-A) (1). The discovery that
Saccharomyces cerevisiae arf1-defective strains are impaired in
invertase secretion (2) provided evidence that ARF proteins
are involved in secretion. Indeed, various studies subsequently
have demonstrated that ARF1 is required for the recruitment
of cytosolic proteins on the cytoplasmic face of Golgi stacks to
form a coat (COP-I coat; refs. 3 and 4). The assembly of COP-I
coats leads to sorting of cargo and budding of transport vesicles
both in anterograde and retrograde directions (5). In addition,
ARF1 deactivation by GTP-hydrolysis triggers coat disassem-
bly, allowing uncoated vesicles to fuse with the acceptor
membrane (6). ARF1 also has been shown to regulate AP1-
adaptor recruitment onto trans-Golgi network membrane,
facilitating clathrin binding to the adaptor complexes and

budding of clathrin-coated vesicles (7, 8). These observations,
together with the fact that ARF activation is coupled with
phospholipase D stimulation and production of phosphatidic
acid (9, 10), have led to the proposal that ARFs are central to
the process of vesicle budding by coordinating coat recruit-
ment, membrane vesiculation, subsequent coat disassembly,
and vesicle fusion (11).

Like all G proteins, ARFs are only active when bound to
GTP, and activation is catalyzed by guanine-nucleotide ex-
change factors (GEFs). Brefeldin A, which interferes with coat
formation by preventing ARF1 binding on Golgi membranes
(12), inhibits GDPyGTP exchange on ARF1 (13–15). Several
GEF activities that stimulate GDPyGTP exchange on class I
ARFs (ARF1 and ARF3) have been described (15, 16), but the
significant breakthrough toward the identification of ARF1-
GEF came recently from a genetic approach using S. cerevisae.
This approach led to the cloning of two related ARF1-GEF
encoding genes, referred to as GEA1 and GEA2 (17), and
allowed the cloning of a human cDNA encoding ARNO (ARF
nucleotide-binding-site opener), which was shown to promote
guanine nucleotide exchange on human ARF1 (18). The
proteins encoded by the GEA1yGEA2 genes and ARNO share
a conserved region of roughly 200 aa with significant similarity
to a portion of the S. cerevisiae SEC7 gene product (Sec7
domain). The Sec7 protein (Sec7p) is required for vesicular
traffic through the Golgi apparatus in yeast (19), and overex-
pression of yeast ARF1 and ARF2 proteins can suppress sec7
mutant growth defect (20). Interestingly, the isolated Sec7
domain of ARNO is sufficient to promote ARF1 activation in
vitro (18), indicating that this domain is responsible for the
exchange activity (18). Two additional Sec7 domain-
containing ARF-GEFs of molecular mass '200 kDa (21) and
'47 kDa (22) have been isolated. The latter one, named
B2–1ycytohesin-1 (Ch-1) shows extensive homologies with the
predicted sequence of ARNO (84% identity) (23, 24). Finally,
another close relative of ARNO, called GRP-1 (general re-
ceptor for phosphoinositides), recently has been identified on
the basis of its high affinity for phosphoinositide-3,4,5-
trisphosphate [PtdIns(3,4,5)P3] (25). Interestingly, in addition
to a highly conserved Sec7 domain, ARNO, Ch-1, and GRP-1
share an almost identical pleckstrin homology (PH) domain.
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This domain is responsible for the high affinity of GRP-1 for
PtdIns(3,4,5)P3 and mediates PtdIns(4,5)P2-dependent stimu-
lation of ARNO GEF activity (18).

Thus, we are confronted with an expanding family encoding
for Sec7 domain-containing proteins, some of them with
demonstrated ARF-GEF activity. The targets of these GEFs
are most likely members of the ARF subgroup, which consists
of five closely related proteins in humans (26). Analysis of the
distribution of the different ARF proteins has shown that in
contrast to ARF1 and ARF3 (class I ARFs) and ARF4 and
ARF5 (class II), which are associated with intracellular com-
partments, ARF6 (class III) is localized at the plasma mem-
brane (27); two recent studies have independently come to the
conclusion that ARF6 is associated with the plasma membrane
and uncharacterized endosomal structures (28, 29). Therefore,
by analogy with Rab proteins (30), different ARF proteins may
be associated with distinct donor compartments where they
may regulate specific budding events. Sec7 domain-containing
GEFs may be responsible for this specificity by catalyzing
guanine nucleotide exchange on specific ARF substrate(s)
onto specific membrane compartments.

The aim of the present study was to define the substrate
specificity of ARNOyCh-1 GEFs and to determine their
function in membrane trafficking. We report on the cloning of
a third member of the human ARNOyCh-1 family, which we
refer to as ARNO3. We demonstrate that ARNO, Ch-1, and
ARNO3 act on ARF1, but are inactive toward ARF6, in vitro.
By overexpressing ARNO3 in mammalian cells we demon-
strate that ARNO3 is involved in the control of Golgi structure
and function in vivo.

EXPERIMENTAL PROCEDURES

Cloning of Human ARNO3 cDNA. BLAST search (31) iden-
tified a partial sequence of a human expressed sequence tag
(EST) from the Institute for Genomic Research (EST01394;
ref. 32), which shared homology with ARNO and Ch-1. A
650-bp NcoI fragment from EST01394 was used to probe a
human placenta cDNA library in lgt11 (CLONTECH). The
largest clone ('2.1-kb insert) was sequenced and found to
encode a predicted protein of 399 aa referred to as ARNO3.

Expression and Purification of Recombinant Proteins. Myr-
istoylated ARF1 and ARF6 were produced and purified as
described previously (33). As judged by SDSyPAGE, ARF
proteins were .95% pure, and the myristoylated forms rep-
resented at least 80% of the purified products (data not
shown). ARNO and Ch-1 cDNAs subcloned in pET11d (18)
and ARNO3 cDNA inserted in pET3a were transformed into
BL21 (DE3) Escherichia coli. Expression was induced by
addition of 0.2 mM isopropyl b-D-thiogalactoside to 1-liter
cultures (A600 ' 0.8 after '4 h at 37°C) for 2 h at 30°C. After
lysis of the bacteria, lysates were cleared by ultracentrifugation
(45 krpm for 90 min in Ti 60 Beckman rotor). The supernatants
that contained about 10–20% of GEFs (as judged SDSyPAGE
followed by Coomassie blue staining) were used directly as the
source of GEFs in all guanine-nucleotide exchange experi-
ments.

Guanosine 5*-[g-thio]triphosphate ([35S]GTPgS) Binding
Assay. myrARF1 or myrARF6 (1 mM) were incubated at 37°C
in 50 mM Hepes-NaOH (pH 7.5), 1 mM MgCl2, 1 mM DTT,
100 mM KCl, 10 mM [35S]GTPgS ('1,000 cpmypmol, NEN)
supplemented with azolectin vesicles (1.5 gyliter, Sigma).
Soluble bacterial protein lysates containing the different GEFs
were added to a final concentration of 40 mgyml of total
proteins. The estimated GEF concentration in the assay was
'100–200 nM. For experiments performed in the presence of
the isolated ARNO Sec7 domain, the final concentration of the
purified domain was 80 nM. At different time points, samples
of 25 ml were removed, and radioactivity was measured as
described (33).

Transient Overexpression of mycARNO3 and Immunoflu-
orescence. To construct pGEM-mycARNO3, an NdeI site
spanning the initiation codon and an EcoRV site upstream of
the stop codon of ARNO3 were introduced by PCR with the
Pwo polymerase (Boehringer Mannheim) by using the primers
59-gatcgatccatatgGATGAAGACGCGGGC and 59-cgttcaaat-
gatatcgCTATTTTTTATTGGC, respectively (sites are under-
lined and ARNO3-derived sequences are in capital letters).
The NdeI–EcoRV PCR fragment was inserted downstream the
epitope for the anti-myc mAb 9E10 (34) in pGEM-1. For
transient overexpression studies, BHK-21 or HeLa cells plated
on 11-mm round coverslips were infected with T7 RNA
polymerase recombinant vaccinia virus (VT7) (35) and then
transfected with pGEM-mycARNO3 by using the Lipo-
fectamine reagent (GIBCOyBRL) as previously described
(36). Four hours after transfection cells were fixed in 3%
paraformaldehyde and then permeabilized with 0.5% saponin
as previously described (36). For b-COP and AP-2 labeling
cells were fixed at 220°C for 5 min in methanol, followed by
30 sec in acetone. Confocal microscopy was performed with a
Leica TCS 4D confocal microscope equipped with a mixed gas
argonykrypton laser (Leica Laser Teknik). The following
antibodies were used: mAb 9E10 against the myc-tag epitope
(34), mAb against giantin (37), rabbit anti-p23 antibodies (38),
rabbit anti-sec61b antibodies (provided by R. Hendriks, Zen-
trum für Molekulare Biologie der Universität, Heidelberg,
Germany), mAb anti-b-COP (clone mAD; ref. 39), mAb
anti-a-adaptin (clone AC1-M11 provided by M. S. Robinson,
University of Cambridge, United Kingdom), and rabbit anti-
ARNO antibodies raised against the purified recombinant
protein expressed in E. coli (crossreacting with all three
members of the ARNO family, data not shown). Texas red-
conjugated phalloidin was purchased from Molecular Probes.

Transport of SEAP. SEAP transport was studied in HeLa
cells as described (40). Briefly, after infection with vaccinia
VT7 virus, cells were cotransfected with pGEM-SEAP and
pGEM-ARNO3 or pGEM-ARNO (18) or empty pGEM-1
vector for 4 h and 15 min. Cells were incubated in medium
without methionine and cysteine for 15 min, pulsed for 10 min
with 150 mCiyml of 35S-Promix (Amersham) and chased for
2 h. Cells were solubilized in 20 mM TriszHCl (pH 8.0), 150
mM NaCl, 5 mM EDTA, 1% Triton X-100, and 0.2% BSA, and
SEAP was immunoprecipitated by using antialkaline phospha-
tase antibody (Tebu, Le Perray-en-Yvelines, France). SEAP
then was submitted to endoglycosidase H (endoH) digestion as
previously described (40). Samples were analyzed by SDSy
PAGE on 6–12% acrylamide gradient gels and autoradio-
graphed.

RESULTS

ARNO and Ch-1 are two closely related GEFs (84% identity)
that act on ARF1 and ARF3 (18, 22). Both factors harbor a
central domain of roughly 200 aa, showing extensive sequence
homologies (42% identity) with a region of Sec7p (23, 41). By
database search for new Sec7 domain-related sequences we
have identified a human EST corresponding to a third member
of the ARNO subfamily. The EST clone was used to probe a
human placenta cDNA library, leading to the cloning of a
2,100-bp cDNA. This cDNA comprised an ORF coding for a
deduced protein of 399 aa highly similar to ARNO and Ch-1,
which we have referred to as ARNO3. Amino acid sequence
comparison of ARNO, Ch-1, and ARNO3 showed that the
three human proteins are highly conserved and consist of
almost identical Sec7 and PH domains (Fig. 1). The most
divergent portion among the three proteins is the N-terminal
region, which contains a potential coiled coil-forming se-
quence (ref. 18 and Fig. 1). ARNO3 is probably the human
homolog (99% identity) of the recently identified mouse GRP1
(25) and rat mSec7–3 (42) proteins. As reported for ARF-
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encoding genes that are expressed in all tissues (26), Northern
blot analyses performed on total RNA from several human
tissues revealed that ARNO and Ch-1 are ubiquitously ex-
pressed as a main transcript of 1.6 and 3.2 kb, respectively (data
not shown). ARNO3 appeared to be expressed as a unique
4.5-kb transcript that was almost absent from liver, thymus, and
peripheral blood lymphocytes (not shown). In conclusion, the
ARNO family of SEC7-related genes comprises at least three
members that are broadly expressed in various human tissues
and encode for structurally very conserved proteins.

Because ARNO and Ch-1 are GEFs that act on class I ARFs
(18, 22), we first examined whether ARNO3 showed similar
activity. The data presented in Fig. 2 indicate that similar to
ARNO (Fig. 2A) and Ch-1 (Fig. 2B), ARNO3 stimulated
[35S]GTPgS binding on myrARF1 in the presence of azolectin
vesicles (Fig. 2C). ARF6 is a member of the ARF subgroup but
is structurally and functionally most distant from ARF1.
Therefore it was important to examine the activity of ARNO-
like GEFs toward ARF6. At physiological Mg21 concentration
(1 mM) and over a 20-min reaction period at 37°C, myrARF6
underwent a slow nucleotide exchange (Fig. 2 A–C, E). Nu-
cleotide exchange was strongly accelerated by lowering the free
Mg21 concentration to '1 mM, indicating that recombinant

myrARF6 was functional (Fig. 2A, ‚). In physiological con-
ditions (1 mM free Mg21) none of the three ARNOyCh-1
family members showed any guanine-nucleotide exchange
activity toward myrARF6, demonstrating a specificity for
ARF1 (Fig. 2 A–C, F). We next investigated whether the Sec7
domain could be responsible for this specificity. Indeed, the
ARNO Sec7 domain is sufficient to promote guanine-
nucleotide exchange on ARF1 (18) but its contribution to class
I ARF specificity has not been assessed. Notably, ARNO-like
proteins contain a PH domain that also could be involved in
substrate specificity. This issue was addressed by assaying the
activity of the ARNO Sec7 domain toward myrARF1 and
myrARF6. As shown in Fig. 2D, the isolated ARNO Sec7
domain was active only on myrARF1, indicating that this
domain is responsible for both the catalytic activity and the
specificity for class I ARF proteins.

Overexpression of ARF1Q71L, a mutant that is preferen-
tially in the GTP-bound form, results in morphological alter-
ations of the Golgi apparatus in vivo (43–45). Therefore we
have investigated the possibility that ARNO3 may regulate

FIG. 3. Overexpression of mycARNO3 induces fragmentation of
the Golgi apparatus and b-COP redistribution. BHK-21 cells were
transfected with the mycARNO3 construct and processed for immu-
nofluorescence. Cells were double-labeled with anti-ARNO antibod-
ies (A and E) or anti-myc tag mAb (C and G) in combination with
anti-giantin (B), anti-p23 (D), anti-b-COP (F), and anti-sec61b (H).
The arrows indicate mycARNO3-expressing cells. (Bar 5 15 mm.)

FIG. 1. Amino acid sequence alignment of the deduced sequences
of ARNO, Ch-1, and ARNO3. Amino acid positions corresponding to
nonconservative changes are highlighted. The coiled-coil (dashed
line), Sec7 (thick line), and PH (double line) domains are indicated.

FIG. 2. GEF specificity of ARNOyCh-1-like proteins for ARF1
versus ARF6. Measurement of GTPgS-binding to myrARF1 (h, ■) or
myrARF6 (E, F) proteins (1 mM) in the absence (h, E) or the presence
(■, F) of bacterially expressed GEF (40 mgyml of total soluble E. coli
protein). (‚), spontaneous GTPgS binding on myrARF6 in low free
Mg21 concentration (1 mM). (A) ARNO, (B) Ch-1, (C) ARNO3, (D)
purified isolated ARNO Sec7 domain (80 nM). Data shown are
representative of three independent experiments.
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Golgi membrane structure by activating ARF1 in vivo. The
consequences of ARNO3 expression on the morphology of the
early secretory pathway were analyzed in BHK-21 cells trans-
fected with N-terminally myc epitope-tagged ARNO3 (myc-
ARNO3). After transfection, cells were fixed and double-
labeled with anti-ARNO or anti-myc antibodies to visualize
mycARNO3-expressing cells in combination with antibodies
specific for various endoplasmic reticulum-Golgi resident pro-
teins. Labeling with anti-ARNO (Fig. 3 A and E) or anti-myc
antibodies (Fig. 3 C and G) gave a diffuse immunofluorescence
staining throughout the cytoplasm, most likely representing a
cytosolic protein. This assumption could be confirmed by
permeabilizing the cells with saponin before fixation. In these
conditions, excess of exogenous protein was washed out and
mycARNO3 was detected only in vesicular structures that were
spread in the entire cytoplasm (data not shown). We first
looked at the intracellular distribution of giantin, a 400-kDa
membrane protein that localizes to the Golgi complex (37). As
shown in Fig. 3B, in nonexpressing cells, anti-giantin mAb
decorated typical Golgi structures. In contrast, cells expressing
mycARNO3 displayed a dispersed giantin staining that ap-
peared in perinuclear aggregates that were heterogeneous in
size (Fig. 3B, arrows). When cells were permeabilized before
fixation, giantin-positive structures were negative for my-
cARNO3 staining (data not shown). In addition, overexpres-
sion of untagged ARNO3 induced a similar redistribution of
giantin regardless of the presence of the myc tag (not shown).
p23, a member of the p24 family of transmembrane proteins
that associates with the cis-Golgi networkyintermediate com-
partment of BHK cells (38), was similarly redistributed into
perinuclear and vesicular structures in transfected cells (Fig.
3D, arrows). The observed change in Golgi morphology
prompted an examination of the distribution of COP-1 coat
proteins in ARNO3-overexpressing cells. As shown in Fig. 3F,
b-COP became diffusely distributed in BHK-21 cells trans-
fected with mycARNO3 (arrows), in contrast to its typical
Golgi distribution in untransfected neighboring cells. By con-
focal microscopy, it was difficult to conclude whether this
diffuse staining corresponded to b-COP redistributed to the
cytosol or to small vesicular structures. Contrasting with this
effect on Golgi structure, overexpression of mycARNO3 did
not alter the distribution of sec61b, a resident endoplasmic
reticulum marker (Fig. 3H).

Altogether, these results indicate that ARNO3 overexpres-
sion induces major morphological alterations of the Golgi
apparatus. We next investigated whether Golgi function also
was altered. SEAP, used as a marker of the exocytic pathway,
was coexpressed with mycARNO3 or ARNO, and the sensi-
tivity of intracellular SEAP to endoH was monitored by
pulse–chase experiments. In control cells, two forms of SEAP
were resolved (Fig. 4). The upper band was endoH resistant
and represents mature SEAP molecules that have passed

cisymedial Golgi compartments (40). The lower band was fully
sensitive to endoH and corresponds to high mannose oligo-
saccharide-containing molecules still present in compartments
before the cisymedial Golgi. In contrast, in cells expressing
mycARNO3 or ARNO, no endoH-resistant form could be
detected, indicating that SEAP did not reach cisymedial Golgi
compartments. These observations indicate that overexpres-
sion of ARNO or ARNO3 leads to similar inhibition of
transport and maturation of secreted proteins.

To investigate whether ARNO3 overexpression affected
specifically secretory compartments, we analyzed the intracel-
lular distribution of different markers of the endocytic path-
way. As shown in Fig. 5, the distribution of plasma membrane
AP-2 adaptor complexes and of the transferrin receptor
(Tfn-R) appeared unaffected by overexpression of my-
cARNO3 (Fig. 5 B and D). In addition, cell shape and actin
cytoskeleton organization were unchanged in mycARNO3-
expressing cells (Fig. 5F). Altogether, these findings indicate
that overexpression of ARNO3 affects Golgi morphology
without affecting other intracellular compartments.

DISCUSSION

In this study we report on the identification of ARNO3, a
member of a family of human proteins that includes the closely
related ARNO and Ch-1 (18, 22). These three proteins are
highly related (77% of identical positions within the three
primary sequences) and show a similar overall organization
consisting of (i) an amino-terminal domain of '40 aa, which
may adopt a coiled-coil structure involved in homodimeriza-

FIG. 4. mycARNO3 and ARNO overexpression inhibit intracel-
lular transport of SEAP. HeLa cells were cotransfected with pGEM-
SEAP and pGEM-mycARNO3 or pGEM-ARNO or pGEM-1 plas-
mids. Cells were pulsed for 10 min, chased for 2 h, and solubilized.
SEAP was immunoprecipitated and treated or not with endoH. m, the
mature form of SEAP (endoH-resistant); i, the immature form still
associated with the endoplasmic reticulum; s, the endoH-digested
immature form, and s9, the endoH-digested form detected only in
ARNO3- and ARNO-expressing cells, which probably is O-
glycosylated.

FIG. 5. mycARNO3 overexpression has no effect on the endocytic
pathway. BHK or HeLa (C and D) cells were transfected with
mycARNO3. Cells were double-labeled with anti-ARNO3 antibodies
to visualize the transfected cells (A, C, and E) in combination with
antibodies against the a-adaptin component of plasma membrane
AP-2 adaptor complexes (B), to anti-transferrin receptor (Tfn-R)(D),
or with phalloidin to visualize F-actin distribution (F). The arrows
indicate mycARNO3-expressing cells. (Bar 5 15 mm.)
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tion (18) and possibly heterodimerization; (ii) a 200-aa central
domain homologous to a portion of Sec7p, a protein involved
in secretion that is genetically linked to ARFs in S. cerevisiae
(20, 41); (iii) finally, a carboxy-terminal PH domain that
mediates PtdIns(4,5)P2-dependent stimulation of ARNO ex-
change activity (18) and shows high affinity for PtdIns(3,4,5)P3
in the case of GRP-1, the mouse homolog of ARNO3 (25). By
using bacterially expressed proteins and an in vitro GTP-
binding assay, we observed that all three members of the
ARNO family activate ARF1 but are ineffective on ARF6 or
on the more distantly related RhoA, Rac1, and CDC42Hs Rho
family GTP-binding proteins (data not shown). In addition, we
demonstrated that substrate specificity of ARNO-like GEFs
resides solely in the Sec7 domain, which is also the catalytic
domain that stimulates guanine-nucleotide exchange (18).
These findings, together with the observation that Ch-1 is a
GEF active on ARF3 but not on ARF5 (class II ARF) (22),
indicate that ARNO-like GEFs are specific for class I ARF
proteins.

ARF1 is associated with Golgi membranes (2, 46) as well as
Golgi-derived COP-coated vesicles (3), and its role in coat
formation on early secretory compartments is firmly estab-
lished (for review see ref. 47). In addition, expression of
ARF1Q71L, a mutant form defective for GTP hydrolysis,
leads to Golgi vesiculation (44) by preventing coat dissociation
and vesicle fusion (6). Therefore, we investigated the possi-
bility that ARNO3 overexpression could result in some alter-
ations of the Golgi complex by activating ARF1 in vivo. Indeed,
we observed that Golgi resident proteins—giantin, p23, and
coat components (b-COP)—are redistributed into large ve-
sicular structures in ARNO3-ovexpressing cells. Concomitant
to its effect on Golgi morphology, ARNO3 overexpression was
accompanied by an inhibition of intracellular transport of
SEAP. Therefore, the Golgi remnants that are formed in
ARNO3-expressing cells and that do not contain exogenous
mycARNO3 (data not shown) are unable to support matura-
tion and transport of secreted proteins.

Altogether these findings indicate that the effects of
ARNO3 on both morphology and function of the Golgi are
mediated by activation of ARF1 on Golgi membranes. Inter-
estingly, it has been shown that overexpression of wild-type
ARF1 has no effect on Golgi morphology, arguing that this
abundant cellular protein is not a limiting component of the
budding machinery (44). A reasonable hypothesis is that ARF1
activation by GDPyGTP exchange is a limiting step in the
budding process. Overexpression of ARNO3 should result in
ARF1-GTP accumulation onto Golgi membranes. Incubation
of Golgi membranes in the presence of ARF1Q71I and GTP
enhances membrane association of b-COP in vitro (45). Sim-
ilarly, ARNO3-mediated ARF1 activation may induce COP-1
coatomer binding and favor the budding of coated vesicles,
leading to the observed fragmentation of the Golgi compart-
ment that is typical of both ARF1Q71L-transfected (44) and
ARNO3-transfected cells. Therefore, ARNO3 overexpression
could modify the balance between budding and fusion events
that is required for maintaining the integrity of the Golgi
complex. The novel equilibrium that is reached in ARNO3-
overexpressing cells and results in Golgi fragmentation may be
fixed by other limiting steps of the system such as GTP
hydrolysis that involves a Golgi-associated ARF1-GAP (48). A
complete interpretation of the effects of ARNO3 overexpres-
sion is complicated by the fact that COP-I-coated vesicles
operate in transport both in anterograde direction across Golgi
stack (ref. 49 and references herein) and in retrograde retrieval
of endoplasmic reticulum residents (49, 50). In addition, we
cannot exclude the possibility that ARF3, which is a potential
substrate for ARNO3, also may participate in some effects of
ARNO3 overexpression in vivo.

Surprisingly, Frank et al. (51) recently have reported that
ARNO promotes nucleotide exchange on ARF6 in vitro. These

findings contradict our own observations as well as recent data
by Klarklung et al. (52) showing that ARNO-like GEFs
activate ARF1 but not ARF6. In addition, Frank et al. de-
scribed an association of ARNO with the cell periphery that
was interpreted to mean that ARNO is involved in regulating
ARF6 activity in vivo (51). However, we think that this latter
observation has to be taken with caution because analysis of
the distribution of ARNO was performed on cells that were
fixed before permeabilization, in conditions where the major
pool of ARNO is cytosolic, making it difficult to analyze the
membrane association of ARNO. Overexpression of ARF6 or
ARF6Q67L induces a redistribution of the transferrin receptor
(Tfn-R) to the cell surface (28) and triggers extensive plasma
membrane invaginations and actin cytoskeletal rearrange-
ments (29, 53, 54). On the contrary, ARF6 overexpression has
no effect on b-COP distribution (29). These observations are
consistent with a role for ARF6 in regulating endocytosis and
actin cytoskeleton at the cell periphery. We have examined the
distribution of endocytic markers (AP-2, Tfn-R) and actin
cytoskeleton organization in ARNO3-transfected cells and did
not observe any significant modification. In conclusion, our
morphological, functional, and biochemical data indicate that
ARNO3 does not activate ARF6 at the cell periphery but
regulates ARF1 function in the secretory pathway.

Many questions remain to be answered. First, the effects of
ARNO3 overexpression are restricted to Golgi compartments,
suggesting that ARF1 activation by ARNO3 occurs specifically
on Golgi membranes. What are the determinant(s) of this
specificity? ARNO-like GEFs share a conserved PH domain
that interacts with membrane phosphoinositides (18, 25) and
may be involved in transient association of the GEFs with
intracellular membrane targets. Protein–protein interactions
also may contribute to this specificity. In this respect, it is worth
mentioning that whereas brefeldin A inhibits ARF1 activation
on Golgi membranes (13, 14) it does not inhibit the exchange
activity of recombinant ARNO-like GEFs (18). This finding
suggests that brefeldin A-sensitive component(s) associate
with ARNO-like GEFs in vivo to allow specific association of
the GEFs with Golgi membranes. Second, expression analyses
reveal that the three ARNO-like genes are widely expressed in
different human tissues, suggesting that there may be cell
type(s) expressing more than one ARNO-like GEF. Biochem-
ical (GEF activity) and functional (SEAP transport) analyses
indicate that ARNO-like proteins play overlapping roles. The
existence of several ARF1-GEFs may be related to the fact
that ARF1 controls the recruitment of different coats (AP1-
adaptors, COP-I coat) to distinct compartments of the early
exocytic pathway. Finally, the biological function of ARF3,
which is also a substrate of Ch-1 (22), and its involvement in
vesicular transport have not yet been addressed. Each ARNO-
like GEF family member may be involved in the activation of
ARF1yARF3 at distinct intracellular locations to control the
recruitment of specific coat proteins. A detailed and compar-
ative analysis of the intracellular distribution of ARNO, Ch-1,
and ARNO3 should help to clarify these important issues.
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