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Proteins of the cytohesin/Arno/Grp1 family of Arf activators
are positive regulators of the insulin-signaling pathway and
control various remodeling events at the plasma membrane.
Arno has a catalytic Sec7 domain, which promotes GDP to
GTP exchange on Arf, followed by a pleckstrin homology (PH)
domain. Previous studies have revealed two functions of the
PH domain: inhibition of the Sec7 domain and membrane tar-
geting. Interestingly, the Arno PH domain interacts not only
with a phosphoinositide (phosphatidylinositol 4,5-bisphos-
phate or phosphatidylinositol 3,4,5-trisphosphate) but also
with an activating Arf family member, such as Arf6 or Arl4.
Using the full-length membrane-bound forms of Arfl and Arf6
instead of soluble forms, we show here that the membrane
environment dramatically affects the mechanism of Arno
activation. First, Arf6-GTP stimulates Arno at nanomolar
concentrations on liposomes compared with micromolar
concentrations in solution. Second, mutations in the PH do-
main that abolish interaction with Arf6-GTP render Arno
completely inactive when exchange reactions are reconstituted
on liposomes but have no effect on Arno activity in solution.
Third, Arno is activated by its own product Arfl-GTP in addi-
tion to a distinct activating Arf isoform. Consequently, Arno
activity is strongly modulated by competition with Arf effec-
tors. These results show that Arno behaves as a bistable switch,
having an absolute requirement for activation by an Arf pro-
tein but, once triggered, becoming highly active through the
positive feedback effect of Arf1-GTP. This property of Arno
might provide an explanation for its function in signaling
pathways that, once triggered, must move forward decisively.

Guanine nucleotide exchange factors (GEFs)® promote the
exchange of GDP by GTP on small G proteins (1). In many
GEFs, the catalytic domain responsible for the nucleotide ex-
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change activity is flanked by domains that promote binding to
cellular membranes. Membrane targeting is favorable for the
exchange reaction because most small G proteins are an-
chored to lipid membranes. In addition, GEFs integrate inputs
of different nature through quaternary conformational
changes. The combination of membrane translocation and
quaternary conformational changes is a recurrent theme in
signaling molecules that interact with small G proteins (2—
10). However, only a few examples have been dissected so far,
given the difficulty in handling multidomain proteins and
lipid-modified G proteins on reconstituted membranes.

Arno proteins (Arno, cytohesin, and Grpl) are the simplest
GEFs for Arfs, a subfamily of small G proteins involved in
membrane traffic (11-13). Arno contains a N-terminal coiled-
coil region, a central Sec7 domain and a C-terminal pleckstrin
homology (PH) domain. Numerous studies suggest a clear
division of labor between the Sec7 domain, which is responsi-
ble for the exchange activity, and the PH domain, which pro-
motes membrane recruitment. The Sec7 domain of Arno is
among the most efficient GEFs in vitro (k_,/K,, ~10° M~
s~ 1), and the mechanism by which it expels GDP from Arfl is
known in great detail (14-16). The interaction of the PH do-
main of Arno with lipids is also well understood. It contains a
basic pocket for phosphoinositides, and splice variants that
differ by a unique glycine residue are either specific for phos-
phatidylinositol 3,4,5-trisphosphate (PIP;) or bind equally
well to phosphatidylinositol 4,5-bisphosphate (PIP,) or PIP,
(17-19). In addition, a polybasic region downstream of the
PH domain interacts with negatively charged lipids, such as
phosphatidylserine (PS) (20 -22).

The respective roles of the Sec7 and PH domains of Arno in
exchange activity and membrane binding are clearly estab-
lished. However, their biochemical properties lead to a di-
lemma when considered in a cellular context. The PH domain
binds to a combination of lipids (PS + PIP, or PIP;) that is
found at the plasma membrane (18, 19), whereas the Sec7
domain is much more active on Arfl, localized predominantly
to the Golgi, than on Arf6, which is found at the cell periphery
(17, 23). To explain this discrepancy, one hypothesis is that
the preference of Arno for Arfl versus Arf6 in vitro is coun-
teracted by additional factors in the cell and notably by sub-
cellular localization effects (24). Alternatively, Arno might
activate Arfl at the plasma membrane under specific circum-
stances. For instance, it has been reported that Arfl translo-
cates to the plasma membrane in response to insulin or EGF
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and also has a role in some endocytic events (25-28). In any
case, tight control mechanisms are required to prevent ran-
dom Arf1 activation.

Recent studies reveal two types of mechanism that, in addi-
tion to the recognition of phosphoinositides, could regulate
Arno: (i) autoinhibition of the Sec7 domain by the PH domain
and (ii) binding of Arf6-GTP of Arl4-GTP to the Arno PH
domain (29-33). A crystal structure of the Sec7-PH tandem
of Grp1 reveals that this very close Arno homologue adopts
an autoinhibited conformation in solution, where a C-termi-
nal helix downstream of the PH domain covers the Arf-bind-
ing site of the Sec7 domain (30). This implies that Arno family
members open at the surface of lipid membranes through
quaternary conformational changes to become active. A sec-
ond unexpected finding is that the PH domain of Arno inter-
acts not only with lipids but also with some Arf proteins (Arf6
and Arl4) in the GTP-bound conformation (29, 31-33). Thus,
Arno has a dual character, being not only an exchange factor
for Arf proteins through its Sec7 domain but also an Arf effec-
tor through its PH domain.

Collectively, these findings raise novel hypotheses for the
spatiotemporal activation of Arf proteins by Arno. The inter-
action of its PH domain with defined Arf subtypes suggests
cascades, akin to Rab cascades (34), in which Arno could
serve to change the repertoire of Arf subtypes bound to a
membrane. The fact that Arno adopts an autoinhibited con-
formation suggests that its response to phosphoinositides, PS,
and Arf subtypes could be highly synergistic because these
membrane determinants could cooperate in opening the
structure. These putative mechanisms, which are intimately
linked to the membrane environment, have been previously
inferred from experiments using minimal soluble components
(lipid polar headgroups and truncated forms of Arfs) (30, 31).
Here we have studied the mutual regulation between full-
length Arno and two myristoylated Arf subtypes, Arfl and
Arf6, at the surface of model liposomes. Our results reveal
that Arno is very sensitive to the surface density of not only
Arf6-GTP but also its own product, Arfl1-GTP, and competes
with Arf effectors. These results suggest a model in which
Arno behaves as a bistable switch, mobilizing a large amount
of Arf molecules only under specific circumstances. This
model should help in understanding the physiological func-
tion of Arno.

EXPERIMENTAL PROCEDURES

Proteins—Full-length human Arno (“three-glycine” form)
and its PH domain (amino acids 261-400) were expressed in
a pET-8c vector and purified by nickel-NTA chromatography
(Qiagen). After elution with imidazole, Arno was dialyzed
against 20 mm Tris, pH 7.2, 100 mm NaCl (500 mu in the case
of the PH domain), 1 mm MgCl,, 1 mm DTT, and 10% glyc-
erol, followed by ultracentrifugation to remove aggregates.
Mutants were generated with the QuikChange kit (Strat-
agene). Myristoylated Arfl-GDP was purified from Esche-
richia coli co-expressing bovine Arfl and N-myristoyltrans-
ferase through ammonium sulfate precipitation, DEAE
chromatography, and MonoS chromatography (35). Myris-
toylated Arf6 with a C-terminal hexahistidine tag was purified
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by nickel-NTA chromatography. In pilot experiments, we
compared this form with a non-tagged version of myristoy-
lated Arf6-GTP (36) and observed similar activation of Arno
on liposomes. Chromatography on a MonoQ column after
protein denaturation showed that purified Arfl was in the
GDP-bound state, whereas Arf6 was in the GTP-bound state.
The effect of GDP or GTP addition on the fluorescence of the
two proteins confirmed this difference.

Liposomes—Egg phosphatidylcholine, liver phosphati-
dylethanolamine, brain PS, and brain phosphoinositides were
from Avanti Polar Lipids. All liposomes contained 20 mol %
phosphatidylethanolamine, 0 or 30 mol % PS, and the indi-
cated percentage of PIP, or phosphatidylinositol 4-phosphate
(up to 5 mol %). The remaining lipid was phosphatidylcholine.
Lipids in chloroform were first mixed in pear-shaped glass-
ware. The glassware was attached to a rotary evaporator and
immersed in a water bath at 34 °C for 5 min before evapora-
tion. This step improves PIP, homogenization with other lip-
ids (37). A lipid film was produced by rapid evaporation of
chloroform under vacuum. The lipid film was resuspended in
50 mMm Hepes, 120 mMm potassium acetate, pH 7.2. The suspen-
sion (4 mM lipids) was submitted to five cycles of freezing/
thawing and extruded through polycarbonate filters (pore
size = 0.1 um). Liposomes were stored at room temperature
and used within 2 days.

Nucleotide Exchange Assays—Nucleotide exchange on Arfl
was followed by tryptophan fluorescence (excitation, 297.5
nm; emission, 340 nm) or by FRET between Arfl and mant-
nucleotides (excitation, 297.5 nm; emission, 455 nm). The
fluorimeter was equipped with injection and stirring instru-
ments. Experiments were performed at 37 °C in 50 mm Hepes,
120 mM potassium acetate, 1 mm MgCl,, 5 um CaCl,, 100 um
EGTA, 1 mMm DTT, pH 7.2. Calculations suggest that, at the
protein/lipid ratio used in the experiments, the majority of
the liposome surface should remain accessible. Therefore, the
kinetics should not be affected by crowding effects. An Arf
molecule (4.8 X 3.8 X 3.7 nm®) occupies a surface of ~15
nm? corresponding to a monolayer of ~20 lipids. At the high-
est concentration of Arfl and Arf6 used here (0.4 and 0.9 uMm,
respectively) the two proteins should cover ~30 um lipids (i.e.
30% of the liposome surface, assuming that half of the lip-
ids are in the external leaflet (total lipid concentration =
200 pm)).

Data Analysis—The activation of Arfl by Arno on lipo-
somes follows complex kinetics because of the involvement of
a positive feedback loop. The rate constant shown in the plots
corresponds to the initial rate, which was determined from
the slope of the initial fluorescence increase or from a semilog
plot. When Arf6-GTP was present, the reaction followed first
order kinetics, and the rate constant was determined from a
monoexponential fit. For very slow reactions, we took into
account the slow decay in fluorescence that arises from pho-
tobleaching. Most experiments were performed on liposomes
containing limiting amounts of PIP, (0.5 or 1 mol %). We no-
ticed large variations (up to 5-fold) in the absolute activity of
wild-type Arno on different preparations of liposomes with
the same limiting amount of PIP, despite the use of protocols
to improve its distribution in liposomes (37). The origin of
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these variations is not well understood but is probably linked
to the liposomes because the kinetics of [A17]Arf1 activation
in solution in the presence of Arno was very reproducible
(=10%). Note that on a relative scale, the variations observed
between different batches of liposomes were minor compared
with the overall range of Arno activity on liposomes of differ-
ent composition (3 orders of magnitude; see supplemental
Fig. S1A). Each figure panel presents kinetics recordings per-
formed the same day with the same liposome batch. When
independent experiments were compared, the exchange activ-
ity of wild-type Arno was arbitrarily set at 1.

Flotation Experiments—Protein binding to liposome was
assessed by a flotation assay (38). The protein of interest (1
uM) was incubated at 37 °C, for 15 min with liposomes (1 mw,
containing 0.2% fluorescent lipid 4-nitrobenzo-2-oxa-1,3-
diazole-phosphatidylethanolamine) in the same buffer as that
used in fluorescence experiments. Thereafter, the suspension
was adjusted to 33% (w/v) sucrose and overlaid with two
cushions of decreasing density (25 and 0% sucrose, respec-
tively). The sample was centrifuged at 55,000 rpm in a swing
rotor (Beckman TLS 55) for 1 or 2 h. The bottom, middle, and
top fractions were collected using a Hamilton syringe and
analyzed by SDS-PAGE using Sypro Orange staining. 4-Nitro-
benzo-2-oxa-1,3-diazole fluorescence of the various fractions
showed that about 95% of the lipids was recovered in the top
fraction.

Cell Transfection—Arno with mCherry at the N terminus
was constructed in a pmCherryC1 vector. Arfl with a GFP at
the C terminus was constructed in a pEGFP-N1 vector. Arf6
with an HA tag at the C terminus was in a pcDNA3 vector
(gift of Michel Franco). Telomerase-immortalized human
retinal pigment epithelial (RPE) cells were grown in DMEM
plus glutaMAX medium (Invitrogen) supplemented with 10%
serum and antibiotics. Cells were transfected with Lipo-
fectamine 2000 reagent and processed for immunofluores-
cence 18 h after transfection. Cells were fixed in 3% parafor-
maldehyde during 25 min in PBS, treated with 0.5% saponin
in PBS, and then treated with 10% horse serum, 0.05% sapo-
nin in PBS. Arf6-HA was revealed by an anti-HA 3F10 anti-
body (Roche Applied Science) and an anti-rat Fluoprobe642
antibody (Interchim). The cells were examined under a
Leica SP5 confocal microscope. For morphological analy-
sis, we focused on cells expressing comparable levels of
wild-type and mutated forms of Arno. Three independent
experiments were used to compare the distribution of
Arfl-GFP in cells cotransfected with wild-type Arno or the
triple AAE mutant, and about 300 —400 cells were exam-
ined in each experiment.

RESULTS

The Exchange Activity of Arno on Membranes Cannot Be
Explained by Current Models—Fig. 1A shows a schematic
representation of the Sec7-PH tandem of Arno based on the
crystal structure of the close homologue Grp1, which is 85.5%
identical in primary sequence with Arno (30). In this confor-
mation, Arno cannot promote nucleotide exchange on Arf
because the catalytic site of the Sec7 domain is covered by the
C-terminal helix. However, as schematized in Fig. 14, this
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conformation is compatible with membrane recruitment; the
phosphoinositide-binding site of the PH domain is accessible,
and residues of the PH domain (e.g. Lys®*°) that are believed
to contact Arf6-GTP or Arl4-GTP (29, 31, 32) are solvent-
exposed. Moreover, the relative position of these two binding
sites seems compatible with a dual interaction; the PH do-
main could simultaneously engage a “bottom” contact with
PIP, and a “side” contact with membrane-bound Arf6-GTP.
How these contacts cooperate in opening Arno structure is
not known, but these considerations suggest that a membrane
surface should provide a favorable environment for the stimu-
latory effect of Arf6-GTP on Arno.

To test the effect of the lipid membrane environment on
the activity of Arno, we performed nucleotide exchange reac-
tions on liposomes of defined composition using myristoy-
lated Arf1-GDP as a substrate of Arno and myristoylated
Arf6-GTP as a potential activator. The three-glycine variant
of Arno, which recognizes PIP,, was used in all experiments
(17-19). We followed GDP to GTP exchange on Arfl by tryp-
tophan fluorescence. Because Arf6 was already in the GTP-
bound conformation, it did not contribute to the fluorescence
change, and its fluorescence level was subtracted for clarity.
Fig. 1B and supplemental Fig. S1 show three sets of experi-
ments aimed at testing the effect of Arf6-GTP on the activity
of full-length Arno in a minimal membrane environment.
Opverall, these experiments show that Arf6-GTP acts in syn-
ergy with anionic lipids (supplemental Fig. S1, A and B) and
that Arf6-GTP is a much more potent activator of Arno on
lipid membranes than in solution. On liposomes containing
0.5 mol % PIP, and 30 mol % PS, the half-maximal stimulatory
effect of Arf6-GTP was 43 *+ 10 nm (Fig. 1B). This value cor-
responds to a 300-fold increase in efficiency compared with
what has been reported for [A12]Arf6-GTP in solution (half-
stimulatory effect of 14 um) (30). In line with this, [A13]Arf6-
GTP at submicromolar levels had no effect on Arno in our
liposome system (Fig. 1B). We conclude that the membrane
environment strongly facilitates the stimulatory effect of
Arf6-GTP on Arno.

The strong synergy between membrane-bound Arf6-GTP
and phosphoinositides were compatible with the model of Fig.
1A. However, other observations were more disconcerting.
Fig. 1C compares exchange reactions performed with wild-
type Arno and with a mutant (K336A) lacking a lysine of the
PH domain critical for Arf6-GTP binding (31). The liposomes
contained 30 mol % PS and 1 mol % PIP,. Under these condi-
tions, wild-type Arno displayed robust exchange activity on
Arfl, which was further increased 6-fold by the addition of
Arf6-GTP. If, as schematized in Fig. 14, Lys®*® of Arno was
solely involved in Arf6-GTP binding, the K336A mutation
should abolish the stimulatory effect of Arf6-GTP (red traces)
without changing the activity level of Arno in the absence of
Arf6-GTP (blue traces). Surprisingly, however, the K336A
mutation rendered Arno inactive regardless of the presence of
Arf6-GTP (Fig. 1C). This observation was puzzling because
the K336A mutant was indistinguishable from wild type
Arno in other biochemical assays (Fig. 1, D and E). Al-
though mostly autoinhibited, Arno displays some activity
in solution on a soluble form of Arfl ([A17]Arf1). This ac-
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FIGURE 1. The K336A mutation preserves the basic biochemical properties of Arno but abolishes its activity on liposomes regardless of the pres-
ence of Arf6-GTP. A, schematic representation of the Sec7-PH tandem of Arno according to the crystal structure of the close homologue Grp1 (30) (Protein
Data Bank entry 2R0OD). A possible orientation of the Sec7-PH tandem toward a lipid membrane is shown. B, dose-response curve for the effect of Arf6-GTP
or [A13]Arf6-GTP on the activity of Arno in the presence of liposomes containing 30 mol % PS, 0.5 mol % PIP,. The hyperbolic fit gives a half-effect of 43 =
10 nm for Arf6-GTP. C, time course of GDP to GTP exchange on myristoylated Arf1 (400 nm) catalyzed by wild type Arno or the K336A mutant (7.5 nm each)
on liposomes. The liposomes (200 um lipids) contained 1% PIP, and 30% PS and were supplemented (red) or not (blue) with 300 nm myristoylated Arf6-GTP.
D, time course of GDP to GTP exchange on [A17]Arf1 (1 um) in solution catalyzed by wild-type Arno, [K336A]Arno, or the Sec7 domain of Arno (each at 100
nm). E, binding of wild type Arno or mutants (1 um) to liposomes (1 mm lipids) with the indicated percentage of anionic lipids. Error bars, S.E. A.U., arbitrary

units.

tivity is detectable at higher concentration than on lipo-
somes (100 and 7.5 nM, respectively) and gives, when com-
pared with the activity of the isolated Sec7 domain, an
estimate of the inhibitory constraint imposed by the PH
domain (30). In solution, both wild-type Arno and the
K336A mutant displayed 7% of the exchange activity of the
isolated Sec7 domain (Fig. 1D), suggesting that the muta-
tion did not induce gross structural defects in Arno. In line
with this, we observed no difference between wild-type
Arno and the K336A mutant by size exclusion chromatog-
raphy and limited proteolysis (supplemental Fig. S2). Lipo-
some-binding experiments also showed that the K336A
mutant bound to PIP, plus PS liposomes as well as wild-
type Arno (Fig. 1E). In conclusion, the K336A mutation is
puzzling because it totally prevents Arno from activating
Arfl on a membrane surface, whereas it affects neither the
interaction of Arno with lipids nor the level of autoinhibi-
tion as tested in solution.

The surprising behavior of Arno K336A prompted us to
examine other mutants. We focused on three surfaces of Arno
PH domain (Fig. 24). Region 1 corresponds to the phospho-
inositide-binding site (18). Region 2 includes K336 and other
neighboring residues, such as Ile*°%, that are important for the
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interaction of the isolated PH domain with Arf6 and Arl4 (29,
31, 32). Region 3 is opposite to region 2 but forms a binding
site for Arf1-GTP in the PH domain of ARHGAP21, the sole
PH domain whose structure in complex with an Arf protein
has been solved (39). As a control, we used the E156K mutant,
which lacks the glutamic finger of the Sec7 domain that serves
to expel GDP from Arfl (14-16).

In agreement with DiNitto et al. (30), all mutants harboring
mutations in region 1, 2, or 3 behaved as wild-type Arno when
tested on [A17]Arfl1-GDP in solution, suggesting similar levels
of autoinhibition (Fig. 2B). When these mutants were tested
on Arfl in the presence of liposomes displaying a favorable
composition (30 mol % PS + 1 mol % PIP, = Arf6-GTP),
marked differences emerged (Fig. 2C). Mutants in region 3
(E313A and D315A) were indistinguishable from wild-type
Arno, whereas mutants in region 2 (I303E, K336A, K336R,
and Y290A) except for the conservative mutant Y290F
showed a strong defect in activity. Importantly, no mutation
in region 2 specifically affected the response of Arno to Arf6-
GTP. Instead, we observed a general decrease in activity, and
two mutants, I303E and K336A, appeared as inactive as
E156K lacking the catalytic glutamic finger or K268A defec-
tive in PIP, binding (Fig. 2C). These results emphasized the
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FIGURE 2. The region around Lys*3¢ in the PH domain plays an essential role in the exchange activity of Arno at the surface of liposomes. A, three
regions of the PH domain of Arno were selected for mutagenesis and are shown in the autoinhibited structure of the close Arno homologue Grp1 (Protein
Data Bank entry 2R0OD) (30). For simplicity, the amino acid numbering of Arno is used. B and C, activity measurements. Kinetics experiments in solution (B)
were performed with 1 um [A17]Arf1-GDP, 40 um GTP, and 100 nm Arno. Kinetics experiments on membranes (C) were performed with 400 nm Arf1-GDP, 40
um GTP, and 7.5 nm Arno and with (red bars) or without (blue bars) Arf6-GTP (300 nm). The liposomes (200 um lipids) contained 30% PS and 1% PIP,. The ini-
tial rates in B and C were normalized to the values observed for wild-type Arno in solution and on liposomes, respectively. Data are represented as mean *

S.E. (error bars) (n = 3). All values below 5% of the activity of wild-type Arno are roughly equal to the rate of spontaneous exchange (e.g. see Fig. 1C). The
large error bar in this region indicates the difficulty in measuring very slow activation kinetics by tryptophan fluorescence.
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FIGURE 3. Arno is activated by a positive feedback loop at the surface of liposomes. To test the influence of membrane-bound Arf1-GTP on the activity
of Arno, a two-stage protocol was used. In the first stage, various amounts of Arf1 were activated by Arno (7.5 nm) and GTP (40 uMm) at the surface of lipo-
somes (200 wm) containing 1% PIP, and 30% PS. In the second stage, 400 nm Arf1-GDP was further added. The rate of activation of this second pool of Arf1
increased with the amount of Arf1-GTP that had formed during the first stage. In addition, the activation kinetics loses its sigmoidal shape and becomes

more exponential (inset). A.U., arbitrary units.

key but enigmatic role of region 2 in the activity of Arno at
the surface of lipid membranes.

Arno Is Activated by Arfl-GTP through a Positive Feedback
Loop—We noticed that, in the absence of Arf6-GTP and at a
moderate percentage of PIP,, the kinetics of Arfl activation
by Arno displayed a slight sigmoidal shape (blue trace in Fig.
1C). To explain this observation, we envisaged that Arno
could be activated by a positive feedback loop in which new
Arfl-GTP molecules produced by the exchange reaction acti-
vate in turn the exchange factor. This model, which resembles
that of Sos, a Ras GEF with no homology to Arno (7, 40), was
appealing because it offered an explanation for the key role of
region 2 of Arno PH domain; if the robust activity of Arno on
liposomes involves not only the recognition of anionic lipids
but also a feedback effect of Arfl-GTP, mutations in Arno
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that were expected to solely reduce its sensitivity to exog-
enously added Arf6-GTP should also prevent the feedback
effect of Arfl-GTP.

To test the positive feedback loop hypothesis, we used a
two-stage protocol (Fig. 3). During the first stage, we activated
increasing amounts of Arfl1-GDP (0-400 nMm) in the presence
of Arno, liposomes, and GTP. Once this first pool of Arfl was
activated, we added a second pool of Arfl-GDP (400 nm).
Strikingly, the rate of activation of this new pool increased up
to 13-fold with the amount of Arfl-GTP that had formed dur-
ing the first stage. In addition, the characteristic sigmoidal
curve observed in the absence of preformed Arfl1-GTP disap-
peared when Arfl-GTP was present (Fig. 3, inset). Therefore,
Arfl-GTP, the product of the exchange reaction, apparently
favors the activity of Arno toward its substrate, Arf1-GDP.
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FIGURE 4. Modulation of the exchange activity of Arno on liposomes by the nature of the added nucleotide and by the addition of an Arf1 effector.
A, binding of mant-GDP or mant-GTP (7.5 um) to Arf1-GDP (1 um) upon the addition of Arno (7.5 or 15 nm) or EDTA (2 mwm) in the presence of liposomes (200
M) containing 1% PIP, and 30% PS. Mant-GTP binds more rapidly than mant-GDP when the reaction is catalyzed by Arno. B, time course of Arf1-GDP (400
nm) activation by Arno (7.5 nm) on liposomes containing 1% PIP, and 30% PS in the presence of the C-terminal region of the golgin GMAP-210 (GMAP_;,,,)
or a slightly shorter form that does not interact with Arf1-GTP (GMAP_,.,.)- A.U., arbitrary units.

Interestingly, we also noticed that the shape of the activation
kinetics became more sigmoidal when we decreased the lipo-
some concentration while keeping the protein concentration
constant (supplemental Fig. S3). This observation, which sug-
gests that Arno is sensitive to the surface density rather than
the volume concentration of Arfl-GTP, highlights the interfa-
cial character of the exchange reaction.

A prediction of the positive feedback loop model is that
futile GDP to GDP exchange on Arfl by Arno should be less
favorable than GDP to GTP exchange (7). To test this predic-
tion, we used mant-derivatives of GDP and GTP and followed
their binding to Arfl (initially in the GDP-bound state) by
FRET between Arfl tryptophans and the mant moiety. Mant-
GTP bound about 4 times faster than mant-GDP when ex-
change reactions were conducted with full-length Arno, Arfl-
GDP, and liposomes (Fig. 44, black curves). In contrast, the
two nucleotides showed similar binding kinetics when reac-
tions were conducted on liposomes using EDTA to stimulate
GDP release (Fig. 44, red curves) or in solution using Arno
Sec7 domain and [A17]Arf1-GDP (supplemental Fig. S4). It
should be noted that the comparison between mant-GDP and
mant-GTP binding kinetics is complex because Arfl-GTP is
tightly bound to liposomes in contrast to Arfl-GDP. Thus,
the presence of liposomes favors the formation of the GTP-
bound form at the expense of the GDP-bound form, an effect
that does not occur when a soluble form of Arfl is used. In
addition, reactions on interfaces are extremely sensitive to the
rate by which enzymes associate with and dissociate from the
membrane (“scooting” versus “hopping” modes (41)). How
the membrane context interferes with the dissociation of
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Arno when nucleotide exchange in Arfl occurs in the forward
or backward direction is difficult to predict (42). Therefore,
the above results are compatible with the positive feedback
loop model but do not prove it in an unequivocal manner.

To circumvent these difficulties, we tested the feedback
loop model by a third strategy. We performed exchange reac-
tions in the presence of Arf effectors. By binding to Arfl-
GTP, they should prevent Arfl-GTP from stimulating Arno.
This strategy does not have the previously mentioned caveats,
because it permits the control of surface density of free Arfl-
GTP without changing the total protein and lipid concentra-
tions and without changing the direction of the reaction (in
contrast to the first and the second strategies, respectively).
As an effector, we first chose the C-terminal region of the
coiled-coil protein GMAP-210, which forms a stoichiometric
complex with Arfl-GTP at the surface of liposomes (43). This
construct (GMAP_ ,,,,) decreased 10-fold the rate of Arfl
activation by Arno on liposomes, whereas a slightly shorter
construct that does not bind to Arfl-GTP on liposomes
(GMAP_y,0r), had almost no effect (Fig. 4B). GMAP( .,
affected neither the activation of [A17]Arfl by Arno in solu-
tion (supplemental Fig. S5A) nor the activation of Arfl by
EDTA on liposomes (supplemental Fig. S5B).

In another set of experiments, we used the isolated PH do-
main of Arno as a competitor (Fig. 54). Under these condi-
tions, strong inhibition of the exchange reaction was ob-
served, an effect that was abolished by the K336A mutation
(Fig. 5, compare B and C). These observations suggest that the
PH domain inhibited the exchange reaction by specifically
titrating Arf1-GTP but not PIP,, which was present in excess
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FIGURE 5. The activation of Arf1 by Arno is delayed in the presence of
Arno PH domain. A, schematic diagram of the experiment. B and C, fluores-
cence recordings. The liposomes (200 uMm) contained 1 mol % PIP, and 30
mol % PS and were supplemented with increasing amounts of Arno PH do-
main (B, K336 mutant; C, wild type). The fluorescence level of the PH do-
main was subtracted. Arf1 (400 nwm) activation was induced by the addition
of 40 um GTP and 7.5 nm Arno. D, semi-log representation of the experi-
ments shown in C. E, plot of slow phase duration as a function of PH domain
concentration. A.U., arbitrary units.

over the PH domain (2 um and 0—0.6 uMm, respectively). Inter-
estingly, Arno PH domain also caused a marked distortion of
the activation kinetics; the exchange reaction started very
slowly and, after a lag phase, switched abruptly to a 15-fold
faster regime. This second phase had a rate close to that ob-
served in the absence of the PH domain (Fig. 5D). Because the
duration of the lag phase increased according to the amount
of PH domain added (Fig. 5E), we concluded that the PH do-
main titrated newly formed Arf1-GTP molecules at the ex-
pense of Arno. Once Arfl-GTP surpassed the buffering ca-
pacity of the PH domain, it could activate Arno.

The PH domain of Arno and GMAP_ ,,,,, seem to act in a
similar way: they bind to newly produced Arfl-GTP mole-
cules, thereby reducing the stimulatory effect of Arfl-GTP on
Arno. However, these two effectors might have different affin-
ities for Arf1-GTP. Moreover, the PH domain has also the
advantage of interacting with PIP,. As a consequence, the PH
domain probably titrates Arfl1-GTP at the surface of PIP,-
containing liposomes better than GMAP_ ,,,,. This tighter
titration explains the abrupt burst in the activity of Arno that
was observed when Arf1-GTP exceeded the amount of PH
domain present, which contrasted with the smoother change
that was observed when GMAP ,,,,, was present (compare
Figs. 4B and 5C).

Communication between the PH Domain and the Sec7
Domain—The above experiments show that the robust activ-
ity of Arno on liposomes containing PS and PIP, is “contami-
nated” by an Arf6-GTP-like effect of the Arfl-GTP that is
being formed during the exchange reaction. Together with
the lack of activity on liposomes of Arno mutants in region 2
of the PH domain (Fig. 2C), these experiments suggest that in
all circumstances, binding of a GTP-bound Arf molecule to
region 2 of Arno PH domain is essential for Arno activation.

Region 2 is remote from the interface with the Sec7 do-
main. Therefore, a binding event at this region could activate
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Arno only if coupled to disruption of inhibitory contacts be-
tween the Sec7 domain and the C-terminal helix (Fig. 6A4). We
reasoned that weakening such inhibitory contacts could make
Arno less dependent on the presence of Arf6-GTP and on the
feedback effect of Arf1-GTP. To test this hypothesis, we se-
lected three hydrophobic residues at the heart of the Sec7-PH
domain interface (Phe®®°, Leu®®%, and Phe®*”) and mutated
them sequentially such as to gradually weaken the interdo-
main contact (Fig. 64).

The exchange activity of the various mutants in solution
varied according to the number of mutations; the simple
(E380A), double (F380A-L384A), and triple (F380A-L384A-
F257E) mutants were 2.7-, 6.5-, and 8-fold more active on
[A17]Arfl than wild-type Arno, respectively (Fig. 6B). These
results were in agreement with the autoinhibitory mechanism
described previously (30). Next, we performed GDP to GTP
exchange reactions on Arfl in the presence of liposomes.
Each mutant was tested under three conditions: with PS +
PIP, liposomes, with the same liposomes supplemented with
Arf6-GTP, or with the same liposomes supplemented with
the PH domain of Arno. This last condition should reveal “by-
pass” mutants (i.e. mutants displaying robust initial activity
because their activation is not conditioned by the accumula-
tion of free Arfl1-GTP at the liposome surface). The results
are summarized in Fig. 6C, which also compares typical kinet-
ics for wild-type Arno and for the triple F380A/L384A/F257E
mutant. In the presence of the PH domain, all interdomain
mutants showed higher initial activity than wild-type Arno.
Strikingly, the time course of Arfl activation showed no lag
phase, in contrast with what was observed with wild-type
Arno (compare the green traces in Fig. 6C). When the ex-
change reaction was performed on naked liposomes or on
liposomes supplemented with Arf6-GTP, the various mutants
did not differ markedly from wild-type Arno; they kept a sig-
nificant sensitivity to Arf6-GTP, suggesting that the binding
site for Arf-GTP (region 2 of the PH domain) is not affected
by the interdomain mutations.

Perturbation of Arfl Localization in Cells Expressing a
“Loose” Arno Mutant—The results shown in Fig. 6 suggest
that the critical priming step whereby Arno senses through its
PH domain the presence of effector-free Arf-GTP (Arf6 or
even Arfl) can be bypassed, at least partially, by loosening the
autoinhibitory conformation of the Sec7-PH tandem. We
tested this model by performing co-expression experiments in
RPE1 cells. Arno was N-terminally fused with the red fluores-
cent protein mCherry, whereas Arfl and Arf6 were C-termi-
nally fused with GFP or an HA tag, respectively. In HeLa cells,
coexpression of Arf6 with Arno diverts Arfl from the Golgi to
the plasma membrane and large vacuolar structures (31). This
key observation, which led to the Arf cascade model, could be
reproduced in RPE1 cells (Fig. 7A4). When Arno displayed the
K336A mutation (Fig. 7B) or when wild-type Arno was ex-
pressed in the absence of Arf6 (Fig. 7C), Arfl-GFP maintained
a characteristic perinuclear Golgi localization. A different pic-
ture was observed in many cells expressing a “loose” interdo-
main Arno mutant (F380A/L384A/F257E); here, patches of
intense Arfl-GFP staining were found scattered within the
cell (Fig. 7, D and E). Some of these elements contained
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FIGURE 6. Alleviating the inhibitory contact between the Sec7 domain and the PH domain decreases the requirement for Arf1-GTP or Arf6-GTP.
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ics experiments in solution with 1 um [A17]Arf1-GDP, 40 um GTP, and 100 nm Arno or the indicated single, double, or triple mutant. C, kinetics experiments
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posomes with Arf6-GTP (300 nm); green traces, liposomes with Arno PH domain (150 nm). The characteristic lag phase observed for wild-type Arno essentially
disappeared with the mutants, suggesting that the requirement for Arf1-GTP is, at least partially, bypassed. Data are represented as mean * S.E. (n = 3).

GM130, whose localization was severely perturbed (supple-
mental Fig. S6), indicating that expression of mutant Arno
leads to Golgi dispersal. A similar phenotype is observed
when the function of the Golgi Arfl GEF, GBF1, is inhibited
(44), suggesting that the expression of unregulated mutant
Arno activates Arfl at the expense of endogenous Golgi Arfl
GEFs. These results are also consistent with those of a previ-
ous study (45), in which effects on the structure of the Golgi
were observed in cells expressing a much higher level of wild-
type Arno. We conclude that the tight autoinhibitory confor-
mation of Arno is key for preventing Arno from indiscrimi-
nately activating Arfl without the guidance effect of Arf6.
Further investigation will be needed, however, to assess the
relative contribution of Arf6 and Arf1 as activators and/or
substrates of Arno in a cellular context.

DISCUSSION

Arno and its homologues have been instrumental for struc-
tural studies (15, 16, 18, 30). In contrast, their functions are
not clear cut because they do not fit well with simple models
whereby a bona fide GEF is active on one Arf subtype at one
subcellular location and for one given function. The recent
discovery that Arno proteins are not only GEFs for Arf pro-
teins but also Arf effectors suggests complex circuits involving
several Arf subtype (31-33). Our study on model liposomes
reveals that such circuits display remarkable kinetics features.
These features might help in understanding the function of
Arno proteins in a cellular context.

Our analysis focuses on a circuit where Arno is allowed to
sense, through its PH domain, Arf6-GTP on an artificial
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membrane and to promote GDP to GTP exchange on Arfl
through its Sec7 domain. This cascade has been described
recently in transfected cells (31). Because other cascades in-
volving different Arf subtypes are possible (32, 33), a complete
analysis would require the testing of all combinations of Arf
proteins both as an input and as an output. The difficulty in
purifying some myristoylated Arf-like species (e.g. Arl4)
makes this aim challenging. Given the better affinity of the PH
domain of Arno for Arf6 versus Arfl (31) and the higher ex-
change activity of its Sec7 domain on Arfl versus Arf6 (23),
the pathway studied here should be considered as a reasona-
ble but not unique model. However, the underlying mechanisms
probably apply for any Arf/Arno cascade because they are based
on the general properties of Arno. Note also that the “2G” vari-
ant of Arno, which was not studied here and which is subject to
an additional layer of control by the rare lipid PIP;, is also sensi-
tive to Arf6-GTP (31, 32). As such, it should be also regulated by
the various mechanisms reported here.

Arf6-GTP is a very potent activator of Arno on synthetic
membranes. The half-maximum effect (43 = 10 nm; Fig. 1B)
is 300-fold lower than the value reported for a truncated form
of Arf6 in solution (30) and corresponds to a surface concen-
tration of ~0.05 mol % (43 nMm protein versus 100 um accessi-
ble lipid). Assuming that an Arf molecule occupies a patch of
20-25 lipids, this implies that Arno is sensitive to the cover-
age of 1% of the membrane surface by Arf6-GTP. Through its
PH domain, Arno is thus a very good surface sensor of both
anionic lipids and Arf6-GTP and integrates these inputs in a
combinatorial manner (supplemental Fig. S1).

ASEVE VOLUME 286+ NUMBER 5+FEBRUARY 4, 2011


http://www.jbc.org/cgi/content/full/M110.145532/DC1
http://www.jbc.org/cgi/content/full/M110.145532/DC1
http://www.jbc.org/cgi/content/full/M110.145532/DC1

Activation of Arno by a Positive Feedback Loop

Arf1-GFP overlay

Arf1-GFP overlay

A Arno3G-mCherry WT
B Arf6-HA (far-red) Arno3G-mCherry K336A
E C Arno3G-mCherry WT
S

S

= 30 7

2 I

]

220 1

£

<<

©

o

© 10 A D

®

(o]

w

© [—1—‘

F 0 T |

i ArmoWT  ArnoAAE

Ko

(&)

Arf1-GFP overlay

Arf1-GFP overlay

FIGURE 7. Effect of a “loose” interdomain mutant of Arno on the subcellular distribution of Arf1-GFP. A and B, in RPE1 cells, coexpression of Arno (N-
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In the absence of Arf6-GTP, Arno is very active on lipo-
somes, provided that the levels of PS and PIP, are high
enough (supplemental Fig. S1) (11). This longstanding obser-
vation has remained puzzling because these lipids are present
on the plasma membrane, which is generally poor in Arfl un-
der resting conditions. Our experiments suggest that this situ-
ation corresponds to a more complex mechanism than ini-
tially thought. The high exchange activity of Arno on anionic
liposomes lacking Arf6-GTP seems to be due to a feedback
effect of Arfl-GTP (Fig. 3). The importance of the positive
feedback loop in the functioning of Arno is highlighted by the
very specific defect induced by some mutations. Arno mu-
tants in region 2 of the PH domain (e.g. K336A) appear nor-
mal when tested for basic properties (Figs. 1, D and E, and 2B
and supplemental Fig. S2), yet they are essentially inert when
tested for their exchange activity on liposomes (Figs. 1C and
2C) and for their effect on the subcellular localization of Arfl
(Fig. 7B). Thus, in any circumstance, it seems that the activa-
tion of Arno is contingent on the presence of a stimulatory

FEBRUARY 4, 2011 +VOLUME 286-NUMBER 5

Arf-GTP molecule. This strict requirement is also under-
scored in Fig. 6C, where, despite the presence of PS and PIP,,
the activity of wild-type Arno varied 50-fold depending on
whether Arf6-GTP was present or newly formed Arfl-GTP
molecules were diverted from Arno. Note that a full and
quantitative explanation of these variations awaits further
investigation because they depend on many equilibrium and
kinetics constants, which are presently unknown (e.g. K, val-
ues for the interaction of Arfl1-GTP or Arf6-GTP with various
effectors and Arno).

The mechanism by which Arno opens at the membrane
surface remains to be determined. The structural analysis of
Arno and our study suggest a pathway starting from the bind-
ing of Arf1/6-GTP to region 2 of the PH domain and resulting
in disruption of inhibitory contacts between the Sec7 and PH
domains (Fig. 8A4). The synergy between Arf6-GTP and ani-
onic lipids (supplemental Fig. S1) suggests that this pathway
combines with a “lipid” pathway that starts with binding of
region 1 of the PH domain to phosphoinositides and then
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FIGURE 8. Structural and functional aspects of Arno activation on lipid
membranes. A, proposed conformational changes in Arno at the surface of
lipid membranes. The switch to an active membrane-bound conformation
depends not only on the presence of anionic lipids (e.g. PS + PIP,) but also
on the presence of a free Arf-GTP molecule. B, model of Arno response. In
resting cells, Arno remains inert because no membrane contains both ani-
onic lipids and free Arf-GTP. Notably, the plasma membrane, which con-
tains PS and PIP,, might not be suitable for Arno activation when active Arf
species (e.g. Arfé) are engaged in interaction with classical effectors and for
constitutive functions. Ignition of Arno requires a burst of active Arf6 or Arl4
at the plasma membrane that exceeds the buffering capacity of effectors.
After this initiation step, Arno is engaged in a sustained self-activating path-
way through the feedback effect of newly formed Arf-GTP molecules (e.g.
Arf1) and remains active even if some initial inputs disappear. The proposed
circuit is not restricted to Arf6 and Arf1 and could also apply when Arno is
activated by a different Arf subtype (e.g. Arl4).

involves displacement of the autoinhibitory region through
the movement of positive charges of the C terminus toward
the negatively charged membrane surface. These interdepen-
dent conformational changes allow Arno to vary its activity
500-fold, depending on the proteins and lipids present on the
membrane (supplemental Fig. S1). Note that this model does
not integrate the role of the coiled-coil region of Arno, which
mediates homodimerization in vitro but which may interact
with other proteins in vivo (28, 46 —51). However, experi-
ments with a truncated form of Arno lacking the coiled-coil
region show that this form keeps all features of full-length
Arno. This includes (i) stimulation by nanomolar concentra-
tion of Arf6-GTP, (ii) sigmoidal kinetics, and (iii) inhibition
by Arno PH domain (data not shown).

Positive feedback loops are frequently observed when
cells change their behavior because they assure that a given
reaction moves forward decisively (52). This property
might help to better delineate the functions of Arno. This
exchange factor, which exists only in metazoa, does not
seem to fulfill constitutive membrane traffic functions. In-
stead, Arno participates in cell migration (53, 54), phagocy-
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tosis (55), macropinocytosis (31), and organism growth
controlled by insulin (56) (i.e. events that require the sud-
den remodeling of an unusually large amount of cellular
membrane). We propose that the functioning of Arno in a
switch-like manner through the combinatory effects of the
positive feedback loop and competition by effectors is
adapted to these functions. In resting cells, the levels of
Arf-GTP subtypes on membranes probably vary within
well defined limits to sustain elementary functions, such as
PIP, synthesis at the plasma membrane through Arf6 or
COPI vesicle formation at the Golgi apparatus through
Arfl. Under these conditions, Arno would remain dormant
due to its autoinhibitory conformation and the competi-
tion effect of Arf effectors. In line with this, Arno is gener-
ally found in the cytosol despite bearing a PH domain
adapted to the plasma membrane. Ignition of Arno proba-
bly requires a large burst of Arf6-GTP or Arl4-GTP (i.e.
exceeding the amounts of effectors) at the plasma mem-
brane, which is rich in PS and PIP, (Fig. 8B). Then, by acti-
vating new Arf molecules and notably Arfl, which is much
more abundant than Arf6 (57), Arno could sustain its own
activity thanks to the feedback effect of Arfl1-GTP and be-
came more permissive with regard to Arf6-GTP.

In the proposed circuit, neither the PH domain nor the
Sec7 domain needs to display an absolute specificity. The
preference of the PH domain for Arf6 over Arfl and the
preference of the Sec7 domain for Arfl over Arf6 should
simply ensure gradual enrichment in Arfl1-GTP versus
Arf6-GTP. The cascade might be even more robust if the
specificity of the two domains of Arno is not too pro-
nounced because different pathways could sequentially
occur (e.g. Arf6 to Arf6, Arf6 to Arfl, and last Arfl to
Arfl). However, in any circumstance, stimulation of Arno
requires the presence of PS and phosphoinositides (supple-
mental Fig. S1). This should prevent Arno from being acti-
vated by Arfl-GTP at the Golgi. Note that the model fits
also quite well with the general idea that Arf subtypes work
in pairs in cells, with specific combinations displaying a
unique profile of activities (58).

Our model also highlights the difficulty in studying Arno in
vivo. First, the fact that Arno not only activates Arf proteins
but is also activated by them complicates the interpretation of
studies using overexpressed proteins (including the present
work). Any Arno pathway should be exquisitely sensitive to
the relative amounts of expressed proteins. Second, bioprobes
engineered to detect a given Arf-GTP species might paradoxi-
cally inhibit the production of this species if Arno is the GEF
involved because they should prevent the feedback effect of
Arf-GTP.

In conclusion, the behavior of Arno on artificial liposomes
with two Arf species and effectors suggests that this exchange
factor is tuned to sense the presence of an unusual excess of
activated Arf6 (or Arl4) at the plasma membrane and to con-
vert this input into a sustained autoamplified reaction
through Arfl. Because other exchange factors combine two
binding sites for small G proteins, one regulatory and one cat-
alytic (34, 40), the mechanisms described here might be quite
general.
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