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The GDP-bound form of Arf6 is located at the plasma
membrane
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Summary

The function of Arfé has been investigated largely by using localization of Arf6-GDP, we designed a new mutant,
the T27N and the Q67L mutants, which are thought to be Arf6(T44N). In vitro, this mutant has a 30-fold decreased
blocked in GDP- and GTP-bound states, respectively. affinity for GTP. In vivo, it is mostly GDP bound and, in
However, these mutants have been poorly characterized contrast to the wild type, does not switch to the active
biochemically. Here, we found that Arf6(T27N) is not an conformation when expressed with EFA6. This GDP-locked
appropriate marker of the inactive GDP-bound form  mutantis found at the plasma membrane, where it localizes
because it has a high tendency to lose its nucleotide in vitro with EFA6 and Ezrin in actin- and phosphatidylinositol
and to denature. As a consequence, most of the protein is (4,5)-bisphosphate-enriched domains. From these results,
aggregated in vivo and localizes to detergent-insoluble we conclude that the Arf6 GDP-GTP cycle takes place at
structures. However, a small proportion of Arf6(T27N) is  the plasma membrane.

able to form a stable complex with its exchange factor

EFAG6 at the plasma membrane, accounting for its Key words: Aggresomes, Arf6, Dominant-negative mutant,
dominant-negative phenotype. To define the cellular Endocytosis, Guanine-nucleotide-exchange factor

Introduction based on the localization of these two mutants, it has been

The ADP-ribosylation factors (Arfs) are small GTP-bindingProposed that Arf6 cycles between the plasma membrane
proteins that regulate intracellular vesicular transport alonfArf6-GTP) and a recycling endosomal compartment (Arf6-
secretory and endocytic pathways. Arfl and Arf6 are the bes&DP). In this model, Arf6-GDP would encounter its exchange
characterized proteins of this six-member family. Arfl isfactor at the surface of an internal compartment to promote the
involved in intra-Golgi transport by recruiting onto membranedormation of vesicles destined to the plasma membrane. This
the COPI coat that promotes the formation of transport vesiclégodel has been supported by the observation that expression
and the selection of cargo within these vesicles (Chavrier arféf the T27N mutant prolonged the accumulation of transferrin
Goud, 1999; Lanoix et al., 1999). Arfl is also required for thénside the cell (D'Souza-Schorey et al., 1995). Also, in HelLa
recruitment of the clathrin-coat adaptor AP1 to the trans-Golgiells, Arf6é has been involved in the recycling of the non-
network (TGN) (Stamnes and Rothman, 1993). In addition¢lathrin-dependent internalized interleukin-2 receptor
Arfl and Arf6 modulate lipid composition and membranesubunit to the plasma membrane (Radhakrishna and
curvature by activating lipid-modifying enzymes such asDonaldson, 1997). However, this hypothesis is challenged by
phospholipase D (Brown et al., 1993; Cockcroft et al., 1994¢ther observations. First, by using free-flow electrophoresis in
Massenburg et al., 1994) and phosphatidylinositol-(4)CHO cells, endogenous Arf6 has been found to localize
phosphate 5-kinase (Aikawa and Martin, 2003; Godi et algxclusively to the plasma membrane (Cavenagh et al.,1996).
1999; Honda et al., 1999; Krauss et al., 2003). Arf6 has bedsecond, in polarized epithelial cells, Arf6 has been found
implicated in endocytosis and actin rearrangements at the céfl regulate clathrin-dependent endocytosis of polymeric
periphery (Chavrier and Goud, 1999) but its precise functioimmunoglobulin A from the apical plasma membrane without
remains to be discovered. Two mutants of Arf6, Q67L andffecting its recycling (Altschuler et al., 1999), and to regulate
T27N, are considered to mimic the GTP- and GDP-bounthe basolateral endocytosis of E-cadherin (Palacios et al.,
forms, respectively, and have been used extensively $%002). Finally, we have cloned and characterized an Arf6-
apprehend the localization and the function of the protein. Botipecific exchange factor, EFAG, that is exclusively found at the
immunoelectron microscopy and immunofluorescence (IFplasma membrane, implying that Arf6-GDP should also be
analyses have revealed that the Q67L mutant is restricted to tfeand at the plasma membrane (Franco et al., 1999).

plasma membrane, whereas the T27N mutant is found on These different results regarding the localization of the
internal structures resembling endosomes (D’'Souza-Schoreyiaactive form of Arf6é led us to reconsider the use of the T27N
al., 1998; Peters et al., 1995; Radhakrishna et al., 1996). Thumutant as a marker for Arf6-GDP. The mutation of this
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conserved residue in the phosphate-binding P-loop is broadilyrough a 0.1uM pore size polycarbonate filter (Isopore; Millipore).
used to investigate the cellular function of the small G proteing/esicles of defined composition were prepared as previously
This mutation generally, but not always, yields a protein wittflescribed (Macia et al., 2000).

a dominant-negative cellular activity that can be explained

biochemically by the formation of a nucleotide-free compIexEXIOression and purification of recombinant proteins

vc\allltEthuanlne-nucleottlde(—jexcharI]gde_ facttohrs (GEt.F S)t.m Wh'fd}ktlhﬁlyristoylated ARF6 wild type (myrARF6-wt) and mutants were

S areé sequestered precluding the actvation or the pressed and purified as previously described (Chavrier and Franco,
endogenous substrates (Feig, 1999). As well as this activity, 501: Franco et al., 1995a). The myrARF6-wt and Q67L mutant
proteins carrying this mutation are often considered to be fjoteins were essentially purified as GTP-bound forms, whereas
approximation of their GDP-bound form and used to determingyrARF6(T44N) and T27N were purified in the GDP-bound form.
the localization of the inactive form. However, structuralEFA6 was purified as previously described (Macia et al., 2001).
studies show that the Ser/Thr-to-Asn mutation targets a set of

interactions that is common to both the GDP- and GTP-bou

forms of small G proteins. Thus, their mutant versions aSThe large increase in intrinsic fluorescence of ARF-GTP over ARF
predicted to have impaired interactions with both nucleotide (?;DP (Kahn and Gilman, 1986) was used to monitor in real time ARF6

xloetld#g}i”fg&;%%ﬂﬁéhf%trr?r]OUId trap the GEFs in the cell buactivation upon GDP to GTP exchange and ARF6 deactivation after

. . . ... GTP hydrolysis. All measurements were performed in HKM buffer
In this study, we set out to determine the precise localizatiog mm Hepes, pH 7.5, 100 mM KCI, 1 mM MgClL mM DTT)

of Arf6-GDP. In agreement with our prediction, we sypplemented with azolectin vesicles (final lipid concentration 0.4 g

demonstrate that Arf6(T27N) mutant could not mimic a GDP1{-2) at 37°C unless otherwise indicated.

bound form. Indeed, this mutation affects the binding of both

nucleotides and leads to instability and self-aggregation of ) _

Arf6. To investigate the cellular localization of Arf6-GDP, GPP or GTPYS dissociation assay _

we made a new mutation (T44N) based on the GDP-GTPhe GDP or GT#S dissociation assay was performed essentially as

structural cycle of Arf6 (Menetrey et al., 2000; Pasqualato efescribed before (Franco et al., 1996; Macia et al., 2001). Briefly,

al., 2001) t¥1at was re(dicted toylower the affinit qfor GTPMYARF proteins (~1QuM) were first loaded with*H]-GDP (150
oo ; predi Y M, 1000 cpm pmof) or [3°S]-GTR/S (1000 cpm pmal) by

selectively, without affecting that for GDP. We demonstrate‘*1 '

. i . ncubating them for 45 minutes at 37°C in HKM buffer containing 1
that this Arf6(T44N) mutant is locked and stable in the GDPyyy; free %Aga (1 mM MgCh and 2 mM EDTA). When maxima?

bound form. It iS not found on internal structures but instea%ading was reached’ the concentration of freéﬂ\ms raised to 1
at the plasma membrane, where it localizes to discrete sit@av to stop the reaction. This solution was diluted ten timgsM1
with the exchange factor EFA6. We conclude that the ArfGinal) in HKM buffer supplemented with lipid vesicles, and nucleotide

GDP-GTP cycle takes place at the plasma membrane. dissociation was monitored as a loss of protein-bound radiolabel
following addition of 1 mM unlabeled nucleotide.

[guorescence measurements

Materials and Methods Sedimentation analysis of the stability of Arf6(T27N) and
Cell culture, reagents and antibodies Arf6(T44N) mutants

Baby hamster kidney cells (BHK) were grown in BHK-21 medium Myristoylated purified Arf6(T27N) or Arf6(T44N) (~uM) was
(Gibco-BRL), containing 5% fetal calf serum (FCS), 10% tryptoseincubated with 5uM GDP in 50 mM Tris HCI, pH 8.0, 1 mM Mg¢gl
phosphate broth, 100 U mlpenicillin, 100ug mi-1 streptomycin =~ and 0.5 mM DTT. After a 2-hour incubation at 37°C, the P00
and 2 mM L-glutamine. The following antibodies were used: rat andample was ultracentrifuged (in a Beckman TLA 100.1 rotor) for 30
mouse monoclonal antibodies (mAbs) against hemagglutinin (HAinutes at 50,00@. The supernatant and the pellet which has been
epitope (clone 3F10 and 12CA5; Roche Diagnostics, Mannheinrtesuspended with 20Ql of the same buffer, were analysed by
Germany), mouse mAb against Myc epitope (clone 9E10), mous€oomassie-Blue-stained SDS-PAGE and densitometry.
mAb against Tfn-R (clone H68.4; Zymed, CA), rabbit antiserum
against Ezrin (provided by M. Martin, CNRS, Montpellier), rabbit ) . . o
antiserum against Arf6é (provided by V. Hsu, Harvard MedicalCell fractionation, Triton X-100 solubilization and
School, Boston, MA), mouse mAb against Arf6 (provided by S.immunoblotting
Bourgoin, Sainte-Foy, Quebec, Canada), mouse mAb againdlf BHK cells were transfected with Arf6-expressing vectors and, 40
Giantin (provided by H-P. Hauri, Basel, Switzerland), mousehours later, the cells were washed in PBS. For cytosol-membrane
monoclonal anti vimentin (clone V9; Sigma). Texas-Red conjugatedtactionation, the cells were homogenized in 250 mM sucrose, 3 mM
phalloidin and Texas-Red-conjugated wheat-germ agglutininmidazole, pH 7.4, with protease inhibitors. The post-nuclear
(WGA) were from Molecular Probes, FITC and Texas-Red-supernatant (PNS) was obtained by centrifugation of the cell lysate at
conjugated antibodies were from Jackson ImmunoResearch000g for 5 minutes at 4°C. The PNS was further centrifuged for 45
Azolectin and unlabelled nucleotides were from Sigma Chemical (Shinutes at 100,00Q) to separate the membrane and cytosolic
Louis, MO). B2P]-Orthophosphate3i]-GDP and §29] were from  fractions. For Triton X-100 solubilization, the cells were lysed in 20
Amersham Pharmacia Biotech (Uppsala, Sweden) #8¢-GTR/S mM Tris-HCI, pH 7.5, 1% Triton X-100, 120 mM NacCl, 1 mM MgCl
from NEN-Perkin Elmer. Nocodazol was from Calbiochem (Merkand protease inhibitors for 10 minutes at 4°C, and centrifuged for 30
Eurolab, France). minutes at 15,000 to separate Triton-X-100-soluble from -insoluble
fractions. Aliquots of the pellet and supernatant (one-sixth of the
) o ) pellet for the Triton-X-100-solubilization experiment) fractions were
Preparation of phospholipid vesicles loaded on a 15% sodium-dodecyl-sulfate (SDS) polyacrylamide gel
Large unilamellar vesicles of azolectin were prepared as describeohd analysed by immunoblot using anti-HA antibodies to detect
elsewhere (Szoka and Papahadjopoulos, 1978) and were extrudsRF6.
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Co-immunoprecipitation NaCl, 10 mM MgC4, 1% Triton X-100, 0.05% sodium cholate,
BHK-21 cells (%1CP cells in 100 mm tissue culture dishes) were 0-005% SDS, 10% glycerol, 2 mM DTT with protease inhibitors).
transfected or not (mock) with mycArf6T27N or EGFP-EFAG Lysates were clarified by centrifugation at 13,@0for 10 minutes
constructs or both. 48 hours after transfection, cells were lysed in 03 incubated with 0.5% bovine serum albumin andug0GST-

ml of lysis buffer [20 mM Hepes, pH 7.4, 1% NP-40, 100 mM NaCl,GGAs(1-226) bound to glutathione-Sepharose beads (Amersham
1 mM MgCh, 0.25 mM PMSF and a tablet of protease inhibitorsPharmacia Biotech) for 40 minutes. The beads were washed three
(Roche)]. Lysates were clarified by centrifugation at 13@6@fr 30  times in lysis buffer and bound proteins eluted inuBGDS-PAGE
minutes, aliquots of each supernatants were kept for analysis. Therpg@mple buffer. Normalized amounts of total Arf6é from the starting
Hg of 9E10 antibody and 20l protein-A/Sepharose-CL4B were lysates were loaded on the gel and assessed for the presence of Arf6-
added for 4 hours at 4°C. The beads were then washed in lysis buffef P by western blot using an anti-Arf6 antibody.

and immunoprecipitated proteins were separated by 15-10% SDS-

polyacrylamide-gel electrophoresis (SDS-PAGE) and transferred t

nitroceliulose membranes. (Q,onfocal immunofluorescence microscopy

BHK cells plated on 11 mm round glass coverslips were transiently
transfected with pCDNA3 or pEGFP-N1/C1 constructs using the
Determination of the GDP/GTP ratio Fugene 6 transfection reagent as described by the manufacturer
BHK cells were seeded in 100 mm tissue culture dishes14f 2ells (Roche). Unless otherwise stated, the cells were washed twice in PBS
per dish. The following day, the cells were transfected with the varioud4 hours after transfection, then fixed in 3% paraformaldehyde and
Myc-tagged Arf6 constructs alone or in combination with a plasmid?rocessed for IF analysis as described previously (Franco et al., 1998).
encoding EGFP-EFA6 using the Fugene 6 transfection reagefor vimentin labelling, cells were fixed at —20°C for 4 minutes in
according to the manufacturer instructions (Roche Diagnosticgn€thanol followed by 30 seconds in acetone. For surface staining,
Mannheim). 32 hours after transfection, the cells were transferred &lls were incubated for 2 minutes on ice with|@ant-* Texas-Red-
phosphate-free and serum-free Dulbecco’s modified Eagle’s mediufPhjugated WGA before fixation. Confocal microscopy analysis was
(ICN, Costa Mesa, California) supplemented with 0.25 mCilmi carried out with a Leica TCS-SP microscope equipped with a mixed-
[32P]-orthophosphate for 16 hours. The cells were washed three timg@s argon/krypton laser (Leica Microsystems).
with cold PBS and then lysed in lysis buffer [20 mM Hepes, pH 7.4,
1% NP-40, 100 mM NacCl, 1 mM Mggl0.25 mM PMSF and a tablet
of protease inhibitors (Roche)]. After centrifugation at 15,§@0r Results
30 minutes, the supernatant was subjected to immunoprecipitatiggtructural analysis of the roles of Thr27 and Thr44
with 5 ul of 9E10 ascites fluid and 20 protein-A/Sepharose-CL4B residues in Arf6é nucleotide binding

for 2 hours at 4°C. The beads were then washed five times in lysi§, 57 is 4 conserved residue in the P-loop that interacts with

buffer. 20ul of elution buffer (75 mM KHPQ4, pH 3.4, 5 mM EDTA, . ; o
0.1% SDS, 1.5 mM GDP, 1.5 mM GTP) was added to the beads afd P-Phosphate of the nucleotide and the magnesium ion in

the mixture was heated to 85°C for 3 minutes. After centrifugatior?Oth conformations (Fig. 1). We thus predicted that the Thr27
(15,000 g, 2 minutes) 5ul of supernatants were spotted onto Mutation would result in a lowered affinity for both
polyethyleneimine (PEI)-cellulose thin-layer chromatography plategiucleotides. We looked for an alternative mutation that would
(Merck), which were developed for 2 hours in 0.65 MaRE4, pH  only decrease GTP binding, without affecting the affinity for
3.4. After autoradiography, separated guanine nucleotides we®DP. Arf6, like other members of the Arf family, features a
visualized with ultraviolet light, cut from the chromatography platesynique nucleotide conformational switch, one aspect of which

(Beckman). 2002). Unlike Ras, Rho and Rab proteins, switch 1 in Arf-GDP
forms an extrg-strand remote from the GDP nucleotide, and
Pull-down assay for Arf6-GTP undergoes a large rearrangement upon binding of GTP that

Activation levels of expressed Arf6 proteins were assayed essentiafStores a nucleotide binding site similar to that of other
as described by Niedergang et al. (Niedergang et al., 2003). Briefffamilies of small GTP-binding proteins (Fig. 1). Thus, residues
24 hours after transfection, BHK cellsx(®® per condition) were In switch 1 that interact with GTP make excellent candidates
lysed at 4°C in 1 ml lysis buffer (50 mM Tris HCI, pH 8.0, 100 mM for designing Arf mutants trapped in the GDP-bound form. We

Fig. 1. Representation of the structural positions
of the Thr27, Thr44 and GIn67 residues of Arf6 in
both GDP and GTP conformations based on

‘Y crystallographic studies of Arf6-GDP (PDB entry
Q67 T44 1EOS) (Menetrey et al., 2000) and Arf6-G/BP
T (PDB entry 1HFV) (Pasqualato et al., 2001).

Thr27 residue (in green) is involved in the binding
of the magnesium ion (in copper) and fhe
phosphate of the two nucleotides. GIn67 (in

brown) from the switch Il region and Thr44 (in
purple) from the switch | region undergo a large
conformational change between the two states that
repositions them near tlyghosphate in the GTP
state. Thr44 is involved in the binding of the
Arf6-GDP Arf6-GTP YS phosphate and the magnesium ion.

h_g..(:.;

T27
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selected Thr44, an invariant residue of small GTP-binding A
proteins, because it is exposed to the solvent in Arf6-GDF
whereas it interacts with thephosphate, M& and Thr27 in

the P-loop in Arf6-GTP (Fig. 1). We thus predicted that
replacement of Thr44 by a bulkier residue would result in thi
inability of switch 1 to adopt a GTP-bound conformation
without affecting its conformation in Arf6-GDP. In
consequence, the improper coordination of GTP by the muta
would effectively trap the protein in the GDP-bound form. In

fact, it has been previously reported that the mutation of th
equivalent residue in Rap2 protein (Thr 35) resulted in 0 10
decreased affinity for GTP without affecting GDP binding Time (min)
(Lerosey et al., 1991). B

O Arf6-WT .
O Arf6-T44N
® Arf6-T27N

kexch (min-T)
=]
n

e |

[BH]GDP bound (%)
g

N T27N
1 1 1 1

O Arf6-WT
0O Arf6-T44N 02r
In vitro, the T27N mutation affects both GDP and GTP
binding, whereas the T44N mutation affects solely GTP
binding
We purified from bacteria the myristoylated proteins wild-type
Arfé, Arf6(T27N) and Arf6(T44N). It is noteworthy that Arfé-
wt is produced by the bacteria as a GTP-bound form, where:
Arf6(T44N) is found essentially associated with GDP. The
purification of Arf6(T27N) could only be achieved in the 0 10 20 30
presence of a large excess of GDP (0.1 mM) in all buffer Time (min)
to prevent its denaturation and sedimentation during th C
centrifugations.

The effect of the T27N mutation on the GDP dissociation rat
was analysed in vitro at physiological Ktgoncentration in the
presence of phospholipids (Fig. 2A). Myristoylated Arf6
proteins (mutant and wild type) were first loaded witH]{
GDP; GDP dissociation was then measured after addition of ¢
excess of unlabelled GDP. We observed that the T27N mutatic
increased the GDP off-rate nearly fivefold compared with Arf6.
wt. We conclude that the mutation of Thr27 results in a lowe o
affinity for GDP. We tried to determine the impact of the 0 10 20 30 40 50 60
mutation on the affinity for GTP but we could not find any Time (min)
experimental conditions enabling us to load the T27N mutar D
with [35S]-GTR/S. This observation indicates that the T27N Arf6-T27N Arf6-T44N
mutation dramatically decreases the affinity for GTP. The fac 's pl I's Pl
that the T27N substitution decreases the affinity of the protei : i
for the nucleotides raises the question of its stability in solutior P >~ |
This was assessed directly by looking at the stability of th : ‘
association between the nucleotide and the protein. Arf6(T270 % : |55145] 19575

was first loaded with3H]-GDP at low Mg+ concentration to , .
accelerate nucleotide exchange. When maximal loading wi9: 2. T27N mutation decreases the affinity of Arf6 for both GDP
attained, the M was raised up to physiological concentrationi{")‘.mij.GTW](S and dEbStab'"Zefs the protein. Tf44N m“tatf'on affect: the
(2 mM) and the radioactivity bound to the proteins monitoreco'rnA'r?g_%fl\ng? Wgﬁen%a%ecé?g z(lgli)irﬁ;tgsvg%ﬁéev-vﬁrﬂ\l( )
as a function of time. After a 1-hour incubation at 37°C, morGpp (a) or £5S]-GTR/S (B) in the presence ofuM free Mp*.
than 50% of Arf6(T27N) had lost its nucleotide (Fig. 2C). TheThen, the free M concentration was raised to 1 mM af]f
stability of Arf6(T27N) was also investigated in a sedimentatiorGDP and $5S]-GTR/S dissociations were initiated by adding 1 mM
experiment. After a 2-hour incubation at 37°C, about half of thunlabeled GDP or GTYS, respectively. The curves are best fits
protein was found in the pellet (Fig. 2D). Altogether, theseassuming first-order kinetics for nucleotide dissociation; nucleotide
results indicate that the T27N mutant is unstable and has a hidissociation rates are shown on the left. (C) Arfé T28)dr T44N
tendency to lose its nucleotide. (0)) were loaded at 37°C witRH]-GDP in the presence ofiiM
When the T44N mutant was examined for its nucleotideffee M&". Then, the free Mij concentration was raised to 1 mM

- . . - 3 and, without isotopic dilution, the radioactivity bound to the proteins
binding properties, we first observed that its GDP off-rate W8, a5 measured over time. (D) Arf6-T27N or Arf6-T44NA@) was

unchanged and similar to that of Arf6-wt (Fig. 2A). Second;, . bated in the presence of 5Bl GDP and 1 mM free Mg for 2

we found that the GTP off-rate was about 30-fold higher than, s at 37°C. After ultracentrifugation, pellet (P) and supernatant
for the wild-type protein (Fig. 2B). From these experiments(s) were analysed by SDS-PAGE and Coomassie Blue staining. The
we conclude that the Thr44 residue does not participate in tldistribution (as percentages) of Arf between pellet and supernatant is
binding of GDP but is strongly implicated in the interactionindicated.

kexch (min-1)
(=]

[35S]GTPyS bound (%)

L — s
WT T44N

m]

1S)

(u]

O Arf6-T44N
& Arf6-T27N

™ o]
(=} (=]
T T

[3H]GDP bound (%)
3

[\
S
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between Arf6 and the-phosphate of the GTP. Third, we into specialized structures named aggresomes (Garcia-Mata,
determined that the T44N mutant was stable in solutior2002). These structures are Triton X-100 insoluble and formed
because more than 95% of the protein was still soluble (Fidny the condensation of mini-aggregates, transported and
2D) and associated to its nucleotide GDP after a 1-houegrouped in a microtubule-dependent manner in a perinuclear
incubation at 37°C (Fig. 2C). Therefore, Arf6(T44N), inregion, probably the microtubule organizing centre. In some
contrast to Arf6(T27N), is a stable GDP-bound protein. cases, the presence of aggresomes induces the formation of a

vimentin cage surrounding the aggregates. In agreement with

_ _ previous studies (Peters et al., 1995; Radhakrishna et al., 1996),

Expression of Arf6(T27N) leads to the formation of using a GFP-coupled Arf6(T27N) protein expressed in BHK
aggregated structures reminiscent of aggresomes cells, we located the mutant predominantly in intracellular dots
Our in vitro data demonstrate that Arf6(T27N) is an unstableispersed throughout the cells. Interestingly, these dots became
protein that easily loses its nucleotide leading to itdarger and more concentrated around the nucleus over time
denaturation. We therefore analysed its behaviour whefFig. 3Ca-c). In addition, a 2-hour incubation with nocodazole
expressed in cells. We compared the distribution of thénduced the redistribution and dispersion of these juxtanuclear
different Arf6 proteins following cytosol-membrane Arf6(T27N)-positive  structures  (Fig. 3Cd). Similar
fractionation of transfected BHK cells. Overexpressed Arf6-wbbservations were made when Arf6(T27N) was HA-tagged and
distributes almost equally between pellet and soluble fractiorsxpressed in HeLa and CHO cells (data not shown). At high
(Fig. 3A). Arf6(T44N) displays a very similar distribution. As levels of expression, we observed that Arf6(T27N) perturbed
for Q67L and T27N mutants, both are essentially in the pellethe vimentin cytoskeleton, leading to the formation of a ring
However, when transfected BHK cells were lysed in thearound the Arf6(T27N)-labelled structures (Fig. 3Ce-g).
presence of Triton X-100, a nonionic detergent used to Altogether, these results indicate that cellular expression of
solubilize the membranes at 4°C, Arf6(T27N) was still foundArf6(T27N) leads to the formation of structures reminiscent of
in the pellet, whereas Arf6-wt and the two other mutants weraggresomes. We conclude that the T27N mutant should not be
solubilized and mostly recovered in the supernatant (Fig. 3Blused to determine the cellular localization of the GDP-bound
We noticed that Arf6(T27N) was still Triton X-100 insoluble form of Arf6.
when the cells were treated with cytochalasin D, suggesting
that Arf6(T27N) is not associated with the actin cytoskeleton S o .
(data not shown). It has been reported recently that misfoldedf6(T27N) inhibits in vitro activation of Arf6-wt by its
and aggregated proteins could be intracellularly sequester&ichange factor EFA6

However, several studies have shown that, in vivo, the

A [WT] [T27N] [T44N] [Q67L] expression of Arf6(T27N) mutant could affect Arfé function.
e o e o e s We suspected that this mutant, which has impaired interaction
kDa with nucleotides (Fig. 1) could be stabilized by the formation
PN of a nucleotide-free complex with the GEF. Thus, the T27N
21 W ey = mutant would sequester the GEF, inhibiting the activation of
membrane/cytosol fractionation endogenous Arf6. To demonstrate such a dominant-negative
effect, we have tested the ability of Arf6(T27N) in vitro to
B [WT]  [T27N] [T44N] [Q67L]
T s i s i s i s
kDa Fig. 3. Arf6(T27N) localizes to detergent-insoluble structures reminiscent of
| e - - - aggresomes. (A,B) When expressed in cells, Arf6(T27N) is essen_tially inso!uble even
B i e in the presence of detergent. Cells were transfected with expression plasmids
Triton TX100 solubility encoding HA-tagged Arf6-wt and the T27N, T44N and Q67L mutants. (A) The cells

were homogenized and the post-nuclear supernatants were centrifuged at §00,000
to give a membrane (m) and a cytosolic (c) fraction. (B) BHK-21 cells were lysed at
4°C in Triton-X-100-containing buffer
and centrifuged to separate Triton-X-
100-soluble (s) and -insoluble (i)
fractions. The different fractions were
immunoblotted using anti-HA mouse
monoclonal antibody. (C) Expression

of Arf6(T27N)-EGFP induces the
formation of punctate structures that

are regrouped near the nucleus over
time in a microtubule-dependent
manner. BHK-21 cells were transfected with Arf6(T27N)-
EGFP constructs and fixed at different time points. Cells were
treated for 2 hours with 30M nocodazole before fixation (d).
48 hours after transfection, cells were probed with anti-
vimentin antibodies (e-g). At high expression levels,
perinuclear Arf6(T27N)-EGFP structures (e) are surrounded
with a vimentin ring (f, arrowheads). A merged image is
presented (Q).
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inhibit the activation of Arf6-wt by the specific exchange factorEFA6. After co-expression in BHK cells, we examined the
EFA6. As previously shown (Macia et al., 2001), addition oflocalization of the two proteins. As previously reported (Franco
purified EFA6 to GDP-bound Arf6-wt strongly increased theet al., 1999), their co-expression induced many long, thin
GDP-GTP exchange rate as monitored in real time bgxtensions of the plasma membrane. Interestingly, Arf6(T27N)
tryptophan fluorescence (Fig. 4A). The addition of purifiedno longer appeared in large intracellular structures but was
Arf6(T27N) inhibited in a dose-dependent manner the EFA6redistributed together with EFAG to the cell surface where they
catalysed activation of Arf6-wt (Fig. 4A) but had no effect oncolocalized (Fig. 4Bc,d). Co-immunoprecipitation experiment
spontaneous exchange (not shown). From these results, @emonstrates that, in vivo, the two proteins are associated (Fig.
conclude that, in vitro, the Arf6(T27N) mutant, not yet4C). This result indicates that the two molecules form a
denatured, can inhibit the activation of Arfé-wt by its GEF. complex by which EFA6 prevents the denaturation and the
accumulation of Arf6(T27N) in aggresomes.

_ o Altogether, these results demonstrate for the first time that
EFA6 expression redistributes Arf6(T27N) to the cell the Arf6(T27N) mutant acts both in vivo and in vitro as a
surface together with EFA6 dominant-negative form by sequestering the exchange factor. In
Next, we tested whether Arf6(T27N) could act in vivo as aaddition, it suggests that, because the complex is found at the
dominant-negative protein by forming a stable complex wittplasma membrane, this is where the activation of Arfé occurs.

A In vivo, the Arf6(T44N) mutant is locked in the inactive

- conformation

2 12f +EFAB il Our results demonstrate that, in vivo, a proportion of the

512 = ; » a prop

§ % Arf6(T27N) mutant is engaged in a high-affinity nucleotide-

S 11| GTP sS4 free complex with the exchange factor, whereas most denatures

z +EFAG+AIB[T27N] % and accumulates into aggresomes. Thus, the Arf6(T27N)

2l - 2 mutant cannot be used to localize the inactive GDP-bound form

i1l Arf6 alone 2 of Arf6. Our in vitro experiments (Fig. 2) indicated that the

[ eI TIGRIE ol Arf6(T44N) mutant would better mimic the inactive form. We
e 2 4 o = = .- S S e verified in vivo that Arf6(T44N) is GDP bound. BHK cells

Time (min) Arf6[T27N] - - 0.25 0.50 1.00 (M) transfected with the Arf6 constructs were radiolabelled

with  [32P]-orthophosphate. The Arf6 proteins were
immunoprecipitated and the associated nucleotide was
analysed by thin-layer chromatography. We observed that the
T44N mutant, like the wild-type protein, was essentially GDP
bound. Interestingly, when the exchange factor EFA6 was co-

o

Fig. 4. Arf6(T27N) acts as a dominant-negative mutant both in vitro
and in vivo by trapping the exchange factor EFA6. (A) In vitro
Arf6(T27N) inhibits EFA6-catalysed activation of Arf6-wt. Kinetics
of GDP to GTP exchange on Arf6é were monitored by the correlated
c | ARF6[T27N]-HA ¢ variation in tryptophan fluorescence. Purified Arf6é was preloaded

: ; with GDP and injected at OJ8M in the fluorescence cuvette
containing azolectin vesicles (0.478)lin HKM buffer at 30°C. When
indicated, purified EFA6 (100 nM) and increasing concentration of
Arf6(T27N) (0-1uM) were injected, followed by the addition of GTP
(200uM). For better clarity, we have only represented the curve at 1
UM of Arf6(T27N). For each experiments the value of the fold
stimulation is plotted. The fold stimulation is the ratio of the EFA6-
catalysed over the spontaneous exchange rate. (B) Co-expression with
VSV-G-EFAG induces the redistribution of Arf6(T27N) to the plasma

-

c membrane. BHK-21 cells were transfected with VSV-G-EFA6 (a) or
EFAG6-GFP o e Arf6(T27N)-HA (b) or both (c,d). After fixation, the cells were
Arf6[T27TN]-myc - + - + probed with anti-VSV-G antibody to detect EFA6 (a,c) and with anti-
kDa IP: anti-myc HA annbody to detect Arf6 (b,d). The co-expression of Arf6(T27N)
—_ i and EFA6 induces plasma membrane extensions where they
il WB: anti-GFP colocalize. Arrows indicate some zones of costaining. (C) EFA6 co-
Immunoprecipitate immunoprecipitates with Arf6(T27N). Lysates of BHK-21 cells

untransfected or transiently expressing Arf6(T27N)-Myc, EGFP-
EFAG6 or both were immunoprecipitated (IP) with an anti-Myc

- | WB: anti-GFP

. R antibody. Immunoprecipitates were resolved on SDS-PAGE, blotted
on nitrocellulose membranes and probed with an anti-GFP antibody
2 == .| WB: anti-myc to detect EGFP-EFAG. 5% of the input (cell lysates) was also

immunoblotted with anti-GFP and anti-Myc antibodies to ensure that
Input EGFP-EFA6 and Arf6(T27N) respectively were expressed.
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transfected, no significant GTP binding was observed othe Arf6 GDP-bound form, we set out to determine the cellular

Arf6(T44N) protein, in contrast to the wild-type (Fig. 5A).

localization of the membrane-associated fraction by confocal

This result was confirmed in a pull-down assay using thé microscopy. First, Arf6(T44N) was co-transfected with

Arf/GTP-binding domain of GGA fused to GST protein

Rab5 or Rab7, markers for early and late endosomes,

(Niedergang et al., 2003). In the absence of expression ofspectively (Gruenberg, 2001). We did not find any significant

EFAB, only Arf6(Q67L) was able to bind to GST-G&rig.

co-staining between Arf6(T44N) and these two endosomal

5B). When EFA6 was co-expressed, Arf6-wt bound to GSTproteins (Fig. 6). Arf6(T44N) was also absent from the Tfn-R-

GGAgz, whereas Arf6(T44N) did not. We conclude that, in vivo,

the T44N mutant is locked in the inactive conformation.

Arf6-GDP accumulates in actin, ezrin and
phosphatidylinositol (4,5)-bisphosphate (PIP2)-enriched
structures of the plasma membrane

positive recycling compartment. However, both proteins were
frequently colocalized at the cell surface (Fig. 6). Interestingly,
the Arf6(T44N) present at the plasma membrane stained using
fluorescent WGA, was also observed in areas devoid of clathrin
(Fig. 6). These results suggest that Arf6é is probably not
involved in the formation of recycling vesicles from the
recycling compartment but might participate at a stage of the

After having demonstrated that the Arf6(T44N) mutant mimicsTfn-R endocytosis that precedes its incorporation into clathrin-
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Fig. 5.1n vivo, expression of EFA6 leads to the activation of Arf6-wt
but not of Arf6(T44N). (A) BHK-21 cells were transfected with
expression plasmids encoding Myc-tagged Arf6-wt, or Arf6(T44N)
alone or in combination with a plasmid encoding EGFP-EFA6 and
grown in the presence oi?P]-orthophosphate. After
immunoprecipitation with the anti-Myc monoclonal antibody, the
bound nucleotides were determined by thin-layer chromatography

and subjected to autoradiography. The position of GDP and GTP are

indicated. (bottom) Quantification of the results from two
independent experiments (mean + SD). (B) BHK-21 cells were
transfected with different Arfé constructs alone or in combination

coated pits.

In addition to its role in endocytosis, Arf6 stimulates the
cortical actin rearrangement. Confocal sectioning through the
upper part of the cell revealed that Arf6(T44N) localized with
F-actin in many cell surface structures, such as large membrane
folds and small membrane extensions (Fig. 6). It should be
realized that Arf6 is never detected at the ventral cell surface
facing the substratum. Ezrin belongs to the ERM protein
family, which serve as cytoskeleton-membrane linkers. We
compared the distribution of ezrin to Arf6(T44N) and found
that both are highly enriched and are remarkably colocalized
in the same membrane structures (Fig. 6). Several studies
suggest that ezrin could bind selectively toRParret et al.,
2000; Niggli et al., 1995), we asked whether these membrane
domains were enriched in specific lipid species. We examined
the cellular distribution of PEPby monitoring the PH domain
of the PL®, which has a high affinity for PH# Cells co-
transfected with plasmids encoding R:-BH-GFP and
Arf6(T44N) exhibited a strong co-localization of the two
proteins at the cell surface confined within the microvilli and
large domain folds described above (Fig. 6). We also noticed
that PLG-PH-GFP labelling was not modified by the
expression of Arf6(T44N), suggesting that (as expected) this
inactive Arf6 mutant did not affect the phosphatidylinositol-
(4)-phosphate 5-kinase activity (not shown). The PH domain
of EFA6 being entirely responsible for its plasma membrane
attachment (Derrien et al., 2002; Franco et al., 1999), we used
an EFA6-PH-GFP construct to compare EFA6 and Arf6(T44N)
localizations. We observed that both proteins accumulated in
the same areas at the cell surface, indicating that Arf6 and its
exchange factor EFA6 encounter one another in discrete
plasma membrane domains enriched in cortical actin, ezrin and
PIP..

Discussion

Mutations of conserved residues in the nucleotide binding site
of small GTP-binding proteins that trap or alter specific steps
along their GDP-GTP cycle have proved to be invaluable tools
to investigate their cellular functions. One of the most popular
mutations involves the replacement of a conserved Ser/Thr
fesidue in the phosphate-binding P-loop by an Asn (Thr27 in
Arf6), which results in the improper coordination of tie

phosphate of nucleotides and the associated*Mm, and

with EGFP-EFA6. Arf6-GTP was isolated by incubation with a GST thereby a lowered affinity for GDP and GTP. However, G

fusion containing an ARF6 effector domain.

proteins with this mutation are often called ‘GTP-binding-
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clathrin

Giantin

Fig. 6. Arf6-GDP localizes with EFA6
and ezrin in actin- and Pienriched
structures of the plasma membrane.
BHK-21 cells were transfected with
Arf6(T44N)-HA alone or with GFP-
Rab5, GFP-Rab7, PH-PIOSGFP or
PH-EFA6-GFP. After fixation, the cells
were probed with anti-HA antibody to
detect Arf6, in combination with
phalloidin, anti-Giantin, anti-ezrin, anti-
Tfn-R or anti-clathrin-heavy-chain
antibodies and analysed kyor xz (for
WGA and anti-Giantin labelling)
confocal sectioning. The cell surface
was stained using Texas-red-conjugated
WGA. Arrows indicate some zones of
co-staining. Scale bars, .

defective mutants’ and considered to be an approximation @kllular response to the presence of aggregated and undegraded
their GDP-bound state. Here, we have analysed both in vitqoroteins. We propose that at least a proportion of the
and in vivo the impact of this mutation on Arf6. We perinuclear localized Arf6(T27N) represents aggresomes
demonstrated that Arf6(T27N) mutant cannot be used to mimimistaken for the perinuclear recycling compartment. The
the GDP-bound form. However, the mutant is particularly welinstability of the dominant-negative form of ARF6 could be a
suited to inhibiting endogenous Arf6 activation by trapping thgghenomenon general to the other small G-proteins designed on
exchange factor. the same model. Hence, the intracellular localization of these
We observed that the T27N mutation decreased the affinitjmutants should be interpreted with caution.
of Arf6 for both GDP and GTP leading to the occurrence of a However, we found that Arf6(T27N) could still act as a
nucleotide-free and hence unstable protein. It has been knowlominant-negative protein. A general feature of GEF catalytic
for the past decade that removing the nucleotide from a Gnechanisms is the formation of a G-protein/GEF complex with
protein in vitro leads to a so-called ‘comatose’ proteinlow affinity for nucleotide. For example, in vitro and in the
(Ferguson and Higashijima, 1991). As a consequence, tlasence of nucleotide, there is formation of a stable nucleotide-
T27N mutant forms aggregates both in vitro and inside the celiree complex between Arfl and the isolated Sec7 domain of
In vivo, the T27N mutant is essentially localized in non-ionicArno or Gea2. This complex is disrupted by the addition of
detergent insoluble structures that are characteristic ofucleotide (Paris et al., 1997; Goldberg, 1998). The lowered
aggresomes (Johnston et al., 1998). The formation dffinity of the T27N mutant for both nucleotides explains the
aggresome in a juxtanuclear region is proposed to be a genef@mation of a complex between Arf6(T27N) and EFA6 even
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in the presence of nucleotide in the medium. In addition, oumight also control the docking and/or fusion with the plasma
immunolocalization and co-immunoprecipitation analysesnembrane. This could be achieved by a modification in
demonstrate that a dominant-negative mutant traps ifgshospholipid composition of the plasma membrane as well as
exchange factor in vivo. The localization at the plasma reorganization of the underlying actin cytoskeleton.
membrane of this intermediate state in the activation We found a significant colocalization of Arf6-GDP with the
mechanism informs us about the site of Arf6 activation. It ha3fn-R at the plasma membrane but outside the area labelled for
recently been shown in epithelial cells that Arf6(T27N)clathrin. As Arf6 is involved in Tfn-R endocytosis (D’'Souza-
localizes both to internal punctate structures and to adhereBghorey et al., 1995), we would speculate that the GDP-GTP
junctions (Palacios et al., 2001). In light of our results, theycle of Arf6 is required for the recruitment of the Tfn-R into
fraction of Arf6(T27N) found at the junctions might representthe clathrin-coated pits. In a similar manner, it has been
the fraction in complex with the endogenous exchange factoproposed that the GTP hydrolysis by Arfl is needed for the
leading to the inhibition of E-cadherin endocytosis (Palacios etcruitment of the cargo into COPI-coated vesicles (Lanoix et
al., 2002). al., 1999; Yang et al., 2002). Interestingly, a recent study on G-
In order to determine the genuine cellular localization of therotein-coupled-receptor endocytosis suggested a role for Arf6
inactive GDP-bound form of Arf6, we designed a new mutantby interacting directly with th@-arrestin (Claing et al., 2001).
Arf6(T44N), based on the three-dimensional structure of Arferhis latter protein would promote Arf6 activation at the plasma
in GDP- and GTP-bound conformations. Our approach proveshembrane by recruiting Arf6-GDP and its GEF. Once
to be correct because the T44N mutant has the same GDé&ttivated, Arfé would trigger clathrin translocation onto the
binding properties as the wild-type protein but displays amembrane. ThuB-arrestin would act as a linker between the
marked reduction in affinity for GTP. This mutant is essentiallyreceptor and the recruitment of the coat mediated by Arf6
GDP bound when expressed in BHK cells, even when caactivation 3-Arrestin should be restricted to G-protein-coupled
expressed with the GEF, demonstrating that the T44N mutatiaeceptors. One could speculate that an equivalent protein will
locked the protein in the GDP-bound form. Moreover, thecouple Arf6 activation to endocytosis of other groups of
absence of interaction between this T44N mutant and sevenraceptors.
Arfé effectors (Fig. 5B and data not shown) demonstrate that In conclusion, we have demonstrated that the GDP-GTP
this locked conformation is inactive. Arf6(T44N) distributescycle of Arf6 takes place at the plasma membrane, implying
almost equally between cytosol and membrane fractions (Fighat Arf6 is essentially involved in the regulation of plasma-
3). The membrane fraction of Arf6(T44N) is found in specificmembrane-related processes. Identification of partners and
regions of the plasma membrane enriched in actip &B  molecular analysis in reconstituted model is now necessary to
ezrin, an actin- and P#binding protein. The Arf6é-specific understand the multiple functions of Arf6 at the plasma
exchange factor EFA6 localizes with Arf6 in these regionsmembrane.
suggesting that these microvillus-like structures of the plasma
membrane are the sites of Arf6 activation. The fact that The authors are grateful to S. Bourgoin, T. Dubois, A. Galmiche,
ARF6(T44N) is expressed in large excess of the endogenotis P- Hauri, V. Hsu and M. Martin for reagents. B. Antonny, M.
EFAG6 suggests the existence of a specific protein and/or ”plghabre, C. Favard, S. Paris, P. J. Peters and K. Singer are thanked for
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partners of Arf-GDP (Claing et al., 2001; Franco et al., 1995b; g g ¢

Galas et al., 1997). In light of the above, it would be interesting
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