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N-Terminal Hydrophobic Residues of the G-Protein ADP-Ribosylation Factor-1
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ABSTRACT. GDP/GTP exchange modulates the interaction of the small G-protein ADP-ribosylation factor-1
with membrane lipids: if AREpp is mostly soluble, AREtp binds tightly to lipid vesicles. Previous
studies have shown that this GTP-dependent binding persists upon removal of the N-terminal myristate
but is abolished following further deletion of the 17 N-terminal residues. This suggests a role for this
amphipathic peptide in lipid membrane binding. In the ARFcrystal structure, the-213 peptide is
helical, with its hydrophobic residues buried in the protein core. When ARF switches to the GTP state,
these residues may insert into membrane lipids. We have studied the binding of ARF to model unilamellar
vesicles of defined composition. ARPBr binds weakly to vesicles through hydrophobic interaction of

the myristate and electrostatic interaction of cationic residues with anionic lipids. Phosphatidylinositol
4,5-bis(phosphate) shows no specific effects other than strictly electrostatic. By using fluorescence energy
transfer, the strength of the ARF—lipid interaction is assesseda the dissociation rate of ARfp/s

from labeled lipid vesicles. AR&rp, s dissociates slowlyrgs ~ 75 s) from neutral PC vesicles. Including

30% anionic phospholipids increasmesg by only 3-fold. Reducing the N-terminal peptide hydrophobicity

by point mutations had larger effects: F9A and L8A-F9A substitutions accelerate the dissociation of
ARFgTp/s from vesicles by factors of 7 and 100, respectively. This strongly suggests that, upon GDP/
GTP exchange, the N-terminal helix is released from the protein core so its hydrophobic residues can
interact with membrane phospholipids.

ARF! belongs to the superfamily of G-proteins that bind  Unlike ras, ARF is myristoylated at its N-terminus. The
guanine nucleotides and adopt two different conformations, myristate is accessible for interacting with the lipids even
depending on whether GDP or GTP occupies the nucleotidewhen ARF is in the GDP-bound state: wild-type, myristoyl-
site. In all G-proteins, the GTP-induced conformational ated ARRpp binds moderately to azolectin vesicles, while
change is the “on” signal that permits the G-protein to bind unmyristoylated AREpp Shows no binding at all (Franco et
to and activitate specific protein effector targets (Bourne et al., 1995). Furthermore, the presence of lipid vesicles allows
al., 1991). Substitution of GDP by GTP induces large some spontaneous GDP to GTP exchange to occur in wild-
increases in G-protein affinities for their cognate effectors type ARF but not in unacylated ARF. However, myristoyl-
(Otto-Bruc et al., 1993; Herrmann et al., 1995). The effectors ation alone cannot explain the GTP-dependent interaction
of ARF are not well-known. ARF is involved in the control of ARF with lipids: unacylated AREp binds to lipid
of vesicular traffic in the golgi and regulates both phospho- vesicles and to PEcholate micelles, whereas unacylated
lipase D and the binding of coatomer to budding vesicles ARFspp does not (Franco et al., 1993). All these observa-
(Moss & Vaughan, 1995). Despite the lack of information tions led to the hypothesis that ARF interacts with the
on ARF—effector interactions, there is no doubt that, as in membrane through two components: the myristate, which
ras, these interactions are regulated by a GTP-dependengives a basal affinity for lipid regardless of the protein
“effector domain” formed by a loophelix—loop motif, ~ conformation, and a protein region that becomes available
which switches the helix orientation upon GDP/GTP ex- for membrane binding only when ARF switches to the active,
change. Butin ARF, the GTP switch, besides controlling ARFs»conformation. The requirement of additional protein
the interaction with effectors, has another effect: it induces membrane interactions for the tight binding of singly

the binding of ARF to membrane lipidsin vitro, in the  myristoylated proteins to lipid membranes has been recently
presence of phospholipid vesicles, AkFis mainly found demonstrated (McLaughlin & Aderem, 1995).
in solution, whereas AREp binds tightly to the vesicles

(Walker et al., 1992; Franco et al., 1995). ARF displays a N-terminal extension that is not present

in ras and is different from that found in any other small
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been used as model membranes in many recent quantitative
studies of proteirmembrane or peptidemembrane interac-
tions (Peitzch & McLaughlin, 1993; Silvius & L’Heureux,
1994; Sigal et al., 1994; Vergeres et al.,, 1995; Lu &
Nelsestuen, 1996; Ktistakis et al., 1996). This will provide
comparisons between different proteins in their interaction
with membrane. To test our hypothesis that N-terminal
hydrophobic residues contribute specifically to the GTP-
dependent binding of ARF to membranes, we modulated the
hydrophobicity of the N-terminal amphipatic helix of ARF

) _ o by point mutations, replacing large hydrophobic residues with
Ficure 1: Ribbon diagram of AREpe. This figure was generated — z1anine. We tested the effects of such changes on the binding

by Molscript (Kraulis, 1991) using the coordinates of Amor et al. . . -
(1994). The N- and C-terminal helices are parallel and their axes of ARFgrp to the unilamellar lipid vesicles. The exchange

are perpendicular to the plane of the figure. tamd the three ~ Of GDP for GTP (or GTRS), which is also dependent on
phenylalanines & F°, and P3) of the N-terminal helix are shown.  the interaction of ARF with the lipids, was followed by
L8 and P have been mutated in this study. Note that these "eSidl_JeSmonitoring the associated change of tryptophan fluorescence.
f]‘re?iQIOtfﬁéVﬁghfxf’rﬁgghg‘#Sb“J]!eiglf %?gkithtgi{‘rﬁf‘d#&ﬁ}};ﬂm'”a'TO quantify the interaction of AR with lipids vesicles,
corresponds to TAY” in Gy belongs to the “switch II” domain W€ developed afluo_resce_nce energy transfer techmqqe which
that is found in all G-proteins and must be responsible, at least allowed us to monitor, in real time, the translocation of
partially, for the fluorescence change that is observed when GDP ARFgrp,s from fluorescent-labeled vesicles to unlabeled
is replaced by GTP. ones. Since the rate of ARfps desorption from lipid

o o ) vesicles reflects the “strength” of the interaction, the effects
to control the binding of AREre to lipids. How this ARF  of jipid composition, of lipid charge density, and of ARF
specific GDP/GTP switch works is not known. Does the point mutations or deletions on the interaction of AREs
N-terminal peptide bind directly to lipids as a consequence yith a lipid membrane can be quantified. Our results show
of the GTP-induced conformational change? Does it Simply that this interaction is mainly hydrophobic and suggest that
control the exposure of the covalently attached myristate? it js due to the insertion in the membrane lipid hydrophobic
Some confusion has arisen from the suggestion that this|ayer of the hydrophobic residues of the N-terminal helix of

N-terminal domain might also be involved in the interactions ARF that become exposed in the “active” GTP-bound state.
of ARF with its effector proteins, based on the observation

that the deletion affects also the activity of ARF on these MATERIAL AND METHODS
effectors proteins. But this is probably only a side effect of
the lack of binding oflA7JARFstp to membranes where
ARFgtp normally interacts with its effectors.

The crystallographic stucture of GDP-bound, unmyristoyl-
ated ARF has been recently solved (Amor et al., 1994;
Greasey et al., 1995). As expected, the N-terminal peptide
folds as an amphipathic helix that binds the protein cgae

hydrophobic contacts (Figure 1). The hydrophobic residues ;
N . . prepared as described (Franco et al.,, 1993, 1995). The
{hat doss ot seem o leave r0om fo the myrstats o fod 1UNCalEd mutant of ARFIVIARE, and the N-terminal
inside. Thus, when ARF is in the GDPystate these mutant [Tr§]ARF (FIARF), in which Phéis replaced by
) ' ’ a tryptophan, were prepared by polymerase chain reaction

lgl-tern}in_adl hygrophobli(_: reﬁiduiﬁ Ca!”f_‘oir:”tterad Wtirt]h n(;eDrlr;/ amplification of the bovine rARF1 cDNA. FJAYIARF,
rane lipids. Our working hypothesis is that, upon the the following primers were used:

GTP exchange, the N-terminal helix is released from the
protein core hydrophobic pocket and switches to expose its5-AAACATATGCGCATTCTCATGGTGGGCCTA-3
hydrophobic residues to the membrane. The insertion of the (oligonucleotide 1)
three repeats of hydrophobic residues (IF or LF) into the

lipid layer, in addition to the myristoyl group, would then S-ATGAGGATCCTCATTTCTGGTTCCGGAGCT-3
stabilize the association of AR with lipid membranes. (oligonucleotide 2)

So far, the interaction of ARF with membranes has been
studied by using DMPEcholate micelles or azolectin
(soybean lipid) large unilamellar vesicles as model mem-
branes. Therefore, little information concerning the physical
basis of ARF-membrane interaction is available. Some
effects of PIR on ARF have been reported, but they were
observed upon addition of high concentrations of pure PIP
to a PC/cholate mixture (Terui et al., 1994). In this study, 5-TATACCATGGGGAATATCTTTGCAAA-
we have used “extruded” unilamellar vesicles of defined size  CCTCTGGAAAGGCCTTTTT-3
and homogeneous composition in order to control and study
the contributions of hydrophobic, electrostatic, and possible  This primer includes ahlcd site and introduces the F/W
PIP, specific interactions in the binding of AREr and mutation and aistu site which does not change amino acid
ARFgrps to membranes. This type of vesicle has already sequence.

N-term. helix

Materials. Egg phosphatidylcholine (PC), egg phosphati-
dylglycerol (PG), brain phosphatidylserine (PS), and phos-
phatidylinositol 4,5-bis(phosphate) were purchased from
Sigma. -[3-(1,6-Diphenyl-1,3,5-hexatrienyl)propanoyl}-
palmitoyl+-a-phosphatidylcholine (DPH-PC) and other fluo-
rescent phospholipid analogs were from Molecular Probes.

Proteins. Myristoylated and unmyristoylated ARF were

Oligonucleotide 1 introduces lddd site at the initiating
codon, and oligonucleotide 2 includesBanH1 site after
the stop codon. Thildd-BanHI fragment was inserted in
the pET11a expression vector (Novagen Inc.).

For P"WIARF, oligonucleotide 2 was identical, and oligo-
nucleotide 1 was
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Two mutants, [AIEJARF (IFPAARF) and [Al&,Ala’]ARF
(L8A-FOAIARF), were prepared from tHEWIARF mutant by
replacing theNcd-Stu fragment by sense and antisense
oligonucleotides that include the desired mutation. Nhd-
BanHl fragment was inserted in the pET11d expression
vector (Novagen Inc.).

AMTIARF was expressed iBscherichia coliand purified
on an ACA 44 (Ultrogel) gel filtration column. Wild-type
ARF1 and the three mutant$®™ARF, [FPAIARF, and
LBA-FOAIARF, were expressed ifE. coli with yeast N-
myristoyl transferase and purified in the myristoylated form
as described (Franco et al., 1995). Briefly, myristoylated
ARF is purified through three steps: (i) precipitation at 35%
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of the one observed with heterotrimeric G-proteins (Higash-
ijima al., 1987; Faurobert et al., 1993). Fluorescence energy
transfer from the tryptophans of ARF to the fluorescent

phospholipid analog DPH-PC, was used to follow the binding

of ARF to vesicles.

All fluorescence measurements were performed with a
Shimadzu RF-5000 fluorimetem e 6 mmdiameter cylindri-
cal quartz cell. The sample (6Q0.) was thermostated at
37 °C and continuously stirred with a magnetic bar. Injec-
tions were done with Hamilton syringes. With vigorous
stirring, the mixing time was<0.5 s. The time constant of
the fluorimeter was set according to the kinetics studied,
down to 125 ms for fast kinetic measurements. The sample

saturation ammonium sulfate of the supernatant obtained aftetyffer was 50 mmM HEPES, pH 7.5, 120 mM KCI, 1 mM

bacteria lysis; (ii) DEAE-Sepharose chromatography; (iii)
MonoS chromatography (Pharmacia). Myristoylated ARF
is detected, by SDSPAGE, as a band of greater mobility
than that of unmyristoylated ARF. Myristoylated wild-type
and mutated proteins were95% pure. For each mutant,

MgCl,, and 2 mM DTT. When indicated, magnesium was
chelated by 2 mM EDTA ([M§']fee = 1 uM). As for other
small GTP-binding proteins such as ras or rab, the chelation
of magnesium accelerates the dissociation of GDP from ARF
and thus facilitates its replacement by G’B’(Antonny et

the N-terminal sequence of the unmyristoylated form was 5| 1991 Franco et al., 1993, 1995).

determined by Edman degradation. Protein concentrations

were determined by a coomassie assay.
Vesicle Preparation Unilamellar vesicles were prepared

by the extrusion method of Hope et al. (1985). These vesicles

are unilamellar, so that exactly half of their phospholipids

are accessible for protein binding, and thanks to their

relatively uniformly small size, light scattering is low; thus,
they do not interfere, even at high concentratiorm (.03
M) with fluorescence assays.

Solutions of PC, PG, and PS in chloroform and FPiP
chloroform:methanol:kD:HCI (1N) (20:9:1:0.1) were mixed
in the required proportion. When RIRvas used, the
chloroform:methanol 2:1 ratio was maintained in the mixture
to allow homogenous mixing of the RIBnd the other lipid

For tryptophan fluorescence, the excitation and emission
wavelengths were 297.5 and 340 nm, respectively. Artifac-
tual contributions from light scattering by unilamellar vesicles
were subtracted. For fluorescence transfer measurements,
unilamellar vesicles containing 5% of DPH-PC were used.
Tryptophans were excited at 280 nm, and the emission of
DPH-PC was monitored at 460 nm. The fluorescence energy
transfer is expressed as a percentage change from the
fluorescence of the vesicles before the binding of ARF and
due to the direct excitation of the DPH-PC probe by 280
nm light.

For all fluorescence measurements, large emission band-
widths (16-30 nm) and small excitation bandwidths (5

solutions. A film was formed in a rotavapor and resuspended M) were used to maximize the signal:noise ratio.

in 50 MM HEPES pH 7.5 and 100 mM KCI. The suspension
was vortexed for 20 min and then freezbawed five times.

Nucleotide Binding AssayThe binding of °S]|GTP/S
(1200 cpm/pmol) to ARF was measured as described by

Unilamellar vesicles were produced by extrusion through a Franco et al. (1995) under experimental conditions (buffer,

0.1 um pore size polycarbonate filter (isopore, Millipore)

vesicles) identical to those used for fluorescence measure-

using an extrusion apparatus similar to the one described byments.
MacDonald et al. (1991). For sucrose-loaded vesicles, the pata Analysis. All kinetics data were fitted to single

same procedure was used except that the buffer was 22Quxponentials. In some fluorescence transfer experiments, a

mM sucrose, 20 mM Tris, pH 7.5, and that Quh pore

negative slope was added to the fit to account for the slow

size polycarbonate filters were used. After extrusion, the decay of the fluorescence (probably due to photobleaching).
sucrose-loaded vesicles were diluted five times in 20 MM gmg| variations € +£10%) in the value of the time constant

Tris, pH 7.5, and 120 mM NacCl, centrifuged for 10 min at

(Tor) for ARFgrp s transfer from labeled to unlabeled vesicles

40000@, and resuspended in the same buffer before use.\ere observed when determined from duplicate or triplicate
The phospholipid concentration was determined using aexperiments using the same batch of vesicles. Larger

Fiske—Subbarow phosphorus assay.

Sedimentation Experiment®\RFgpe (2 ©M) either myris-
toylated or not was incubated for 15 min at 26 with
sucrose-loaded vesicles in 20 mM Tris, 120 mM NacCl, 1
mM MgCl,, 1 mM DTT, and a submicellar concentration
of Thesit [dodecyl poly(ethyleneglycol etherdO uM] to

(<125%) variations were observed when different prepara-
tions of vesicles of the same composition were used.
Therefore, we consider that thesg values are known with

a precision of+25%. Since each mutant was compared to
the wild-type protein by using the same batch of vesicles,
the ratio oftqs values for wild-type and each mutant is known

prevent ARF retention on the tube walls. The tubes were yjith an accuracy of about-10%.

centrifuged for 10 min at 4000@0and 25 °C. The
percentage of AREppin the supernatant was determined by
densitometry of SDSPAGE.

Fluorescence Measurementdryptophan fluorescence

ARF activation as a function of phospholipid concentration
can be seen as a partitioning process between the soluble
ARF¢pp form and the membrane-bound AR, s form. This
can be analyzed with the following equilibria:

was used to follow ARF conformational change upon GDP
to GTP exchange. A large increase in the intrinsic fluores-
cence of ARF occurs when GDP is exchanged for GTP or

K
ARFgpp+ PL+ GTFﬁ/S<=l> ARFgrp,s—PL + GDP
GTPyS (Kahn & Gilman, 1986). This signal is reminiscent

(reaction 1)
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K.
ARFgpp+ PL, + GTPyS<=2> ARFg1p,s—PL, + GDP
(?eaction 2)

The corresponding equations are

[ARFg1p,s—PL] = A¢[PL]ed (K; + [PL]fred) ~
Ar[PL] i/ (Ky + [PLIeg) (2)

[ARFgrp,s—PL)] = 0.5{Ar + [PL]g/n + K, —
[(Ar + [PLIg/n + Kp)* = 4A[[PLL /N "3 (2)

Ar is the total concentration of ARF, [Pl is the

concentration of surface-exposed phospholipids (half of the

total concentration), and [Pkl is the concentration of

Antonny et al.
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Ficure 2: Binding of myristoylated and unmyristoylated ARlp

to neutral or charged lipid vesicles. ABbp, either myristoylated
(O, m, ®) or not @), was incubated with sucrose-loaded vesicles
countaining 100% PCX) or 70% PC and 30% PQx( @, ¢) and

in the presence®) or in the absence{, B, ®) of 0.5 mM GDP.

10

surface-exposed phospholipids that are free, i.e., not maskedfter centrifugation, the percentage of ARF in the supernatant was

by an ARFRstp,s molecule. In reaction 1, ARF is assumed
to interact with one phospholipid (PL) and with an equilib-
rium constantK;. This constant corresponds to a molar

partition coefficient between the aqueous phase and the
membrane phase. Its value can be compared to that obtaine(fio

for other membrane-associated proteins or pepfidegua-

tion 1 can be used when the phospholipid concentration is
several orders of magnitude higher than that of the protein

([PLlee = [PL]esf). However, when the molar ratio of
phospholipids versus ARF that allows ARF activation and
binding is relatively low (16-100), the membrane surface
occupied by each ARF molecule lowers the concentration
of accessible phospholipids ([Rld < [PL]e). Therefore,

a more realistic scheme for the interaction of ARF with the |
membrane must be considered, where ARF interacts in a

1:1 stochiometry with a membrane patch formed by n
phospholipids (P}) and with an equilibrium constariK;
(reaction 2). Fitting the doseresponse curve with the
corresponding quadratic equation (eq 2) gives the two
parameterst andK,. The molar partition coefficienK; is
determined byK; = nK;,. Note that reactions 1 and 2 decribe
a partitioning process between two different conformations.
Therefore K; andK; do not give the real “affinity” of the
GTPyS bound form of ARF for lipids but rather an upper
limit for the the molar partition coefficient of this form.

RESULTS

Roles of the Myristate and of Electrostatic Interactions in
the Binding of AREpp to Phospholipids The binding of
ARFgpp to phospholipid vesicles was studied by its cosedi-
mentation with sucrose-loaded vesicles (Figure 2). ARF
binding to vesicles is significant only at high lipid concentra-
tions (millimolar) and depends on both myristoylation and
vesicle surface charge density. No significant binding is
detectable when ARF is not myristoylated or when no anionic
lipids (PG) are included in the vesicles. Thus, the interaction
of the GDP-bound form of ARF with membranes is weak
and involves both chargecharge interactions and the
hydrophobic interaction of the myristate with the bilayer.
Similar results were obtained in the presence of a high
concentration (50@M) of GDP to prevent the formation of
the empty state. This suggests that ARF remains predomi

determined and plotted as a function of the concentration of surface-
exposed lipids (50% of total). Error bars correspond to two
independent experiments.

It has been proposed that ARF has a specific binding site
r PIP, and that this phospholipid acts as a guanine
nucleotide exchange factor for ARF by stabilizing its empty
conformation (Terui et al., 1994). We looked for an effect
of PIP, on the binding of AREppto vesicles. The inclusion

of 5% PIR in either pure PC or PC:PG 70:30 vesicles did
not significantly increase the binding of AREp (data not
shown).

Stimulation of GDP/GTP Exchange on ARF by Lipid
Vesicles ARF cannot switch to the active GTP-bound state
in the absence of membrane. This reflects the fact that the
GTP-bound state is stable only when associated to membrane
lipids (Walker et al., 1992; Franco et al., 1995; Randazzo et
al., 1995). Thus, as a preliminary to the study of the ARF
lipid interaction, we have studied the dependency of ARF
activation, upon GDP/GTFS exchange, on the composition
and on the concentration of the lipid vesicles. The final
extent of GDP/GTRS exchange must depend on the
“tightness” of the interaction between ABF,s and lipids.

In addition, the initial rate of GDP/GTP exchange also
depends on the interaction of the GDP-bound form of ARF
with membrane lipids, since this weak interaction favors GDP
release (Franco et al., 1995). ARF conformational change
upon GDP to GTRS exchange was followed in real time
by monitoring the correlated increase in ARF tryptophan
fluorescence (Kahn & Gilman, 1985). This signal is prob-
ably due to Trp?, which corresponds to the conserved
tryptophan of the switch Il domain of G-protetnsubunits
whose fluorescence is increased upon GTP binding (Fau-
robert et al., 1993).

In Figure 3A, ARRsppis injected in a fluorescence cuvette
containing various concentrations of unilamellar PC vesicles.
A 20-fold excess of GTPS is then added, followed by the
addition of 2 mM EDTA. Lowering the concentration of
free magnesium from the millimolar to the micromolar range
facilitates GDP dissociation and hence guanine nucleotide
exchange. Inthe absence of vesicles, the addition of EDTA

nantly in the GDP-bound state when interacting with vesicles.

3 In addition to Trp 78, other tryptophans may also contribute to the
fluorescence change. In the structure of ARk Trp 78 is not solvent-
exposed as in the case of transddginbut is very close to another

2For a discussion on the coefficients that are used to characterize Trp at position 66 (Amor et al., 1994). The relative movement of the
the partitioning of peptides and proteins onto membranes, see Peitzschwo Trp 66 and 78 upon GDP to GTP exchange could modify the

and McLaughlin (1993) and Silvius and I'Heureux (1994).

reciprocal quenching between these two residues.
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Ficure 3: Stimulation of GDP/GTP exchange in myristoylated
ARF by lipid vesicles. (A) GDP to GT¥S exchange was monitored
by the correlated variation in tryptophan fluorescence. ARF0.25
uM) was injected in a fluorescence cuvette containing various
amounts of PC vesicles in buffer with 1 mM MgCIAt the
indicated times, GT#S (20uM) and EDTA (2 mM) were added

to promote GDP release and its substitution by @$PFor each
measurement, the concentration of accessible phosphatidylcholin
(50% of total) is given. Light scattering from vesicles was

subtracted. (B) The amplitude of the fluorescence change upon GDP
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neutral PC vesicles through the insertion of the myristate
and exhibit apparent affinities for PC in the millimolar range.

The fact that a much lower concentration of PC suffices for
ARF activation by GTP suggests that the tight binding of
ARFgrpto neutral vesicles involves hydrophobic amino acids
in addition to the myristate.

The effect of acidic phospholipids was then investigated
(Figure 3B). With 30% phosphatidylglycerol (PG) and 70%
PC, the dosereponse curve is shifted t&5 times lower
concentrations of lipid, compared with that obtained with
pure PC vesicles. This suggests the involvement of elec-
trostatic interactions between ARfp, s basic residues and
acidic phospholipids. These interactions are not specific of
the PG polar head since similar results are obtained when
PS is added instead of PG (data not shown). Fitting the
dose-response curve with an equation describing the
interaction of ARk1p,s With membrane (see Materials and
Methods) shows that each ABfs,s occupies a membrane
area corresponding to ~ 20—25 phospholipids, that is
~15-20 nn?. Given the size of ARF (4.& 3.8 x 3.7 nn¥,
Greasey et al., 1995), this corresponds to a very close packing
of the proteins on the membrane surface.

Since ARF activation is rate-limited by GDP release, any
effect of phospholipids on the activation rate must be due to
the interaction of AREpp with lipids. This rate depends on
lipid concentration as well as on composition. At high
phospholipid concentrations (4Q(M accessible phospho-
lipids), ARF activation is complete even with pure PC
vesicles (Figure 3B); thus, only the rate of ARF activation
can be affected by vesicles composition. Incorporating 30%
of the anionic lipid PG increases guanine nucleotide ex-
change rate 3-fold (Figure 3C). This suggests that some
€harge-charge interactions between AgJ and the mem-
brane facilitate GDP release. On this time scale, nearly no

to GTP/S exchange was plotted as a function of PC concentration hucleotide exchange is detected with nonmyristoylated ARF,

(open circles). The filled circles show the desesponse curve

in agreement with our earlier observation (Franco et al.,

according to eqs 1 or 2 (see Materials and Methods), and the

following parameters were found: PC vesicle3),(K; (molar
partion coefficientj= 30 uM; PC:PG vesicles®), n = 22,K, =
0.16uM andK; = 3.6 uM. (C) Effect of lipid surface charge density
on the rate of myrARF activation. ARF activation upon GDP to

ARFgpp Wwith the membrane and favors ARF activation. Thus,
both myristate and charges are involved in AJgFmem-
brane interaction, confirming the results of sedimentation
experiments.

GTPyS exchange was measured as in panel A in the presence of We also looked for an effect of PJ@n the activation of

PC vesicles with increasing percentages of PG or,.PThe
concentration of phospholipid was held constant (40Daccessible
phospholipids). Inset: rate constant of ARF activation as a function
of percent PG or PIP

has no effect except for a smalk10%) instantaneous

ARF. Including 5% PIRin PC vesicles slightly accelerates
ARF activation (Figure 3C), but this effect is weak and
similar to that observed with-510% of any other anionic
lipids (PG, PS). Thus, P}RIoes not act as a specific opener
of ARF guanine nucleotide site. We have shown elsewhere

fluorescence increase, which probably reflects the dissocia-(Chardin et al., 1996) that Pifhcreases indirectly the rate
tion of magnesium from the nucleotide site. In the presence of ARF activation by promoting the binding to membranes

of PC vesicles, the addition of EDTA promotes a fluores-

of ARNO, the exchange factor of ARF. Other lipids,

cence increase with a typical exponential shape whosephosphatidylethanolamine, phosphatidic acid, diphosphati-

kinetics correlates with that of G}/ binding as measured
under the same conditions with radiolabeled GERsee
below). Thus, ARF can switch to the G¥8-bound state

dylglycerol, ceramides, diacylglycerol, and cholesterol, were
also incorporated at 280% in PC vesicles and tested for
their effects on ARF activation. Some effects on the rate

in the presence of neutral phosphatidylcholine vesicles. Theand/or on the extent of ARF activation were observed. But
amplitude of the fluorescence change is proportional to the these effects are always weak (less than a factor of 2).

amount of ARF that has switched to the G/3bound state

Fluorescence Transfer Measurements of ARF Binding to

and is plotted as a function of the concentration of exposedand Dissociation from Lipid VesiclesTo quantify the

lipids (Figure 3B). Half-maximal activation is observed with
30uM PC. This concentration is low when compared with
that required for the binding of two well-studied myristoyl-
ated proteins, MARKCS and Src (Kim et al., 1994; Vergeres

interaction of ARke,s With membranes, we developed a
fluorescence energy transfer assay to follow in real time the
binding of ARF to vesicles. We labeled the lipid vesicles
with a few percent fluorescent phospholipid analogs. We

etal., 1994; Sigal et al., 1994). These proteins interact with tested several phospholipid probes, either extrinsic (dansyl-
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A —400 labeled and unlabeled vesicles compete equally for the
1% 3 binding of ARF-GTR'S.
8 | arroop a00 & The rate at which ARF binds to the vesicles corresponds
SR | oos g to the rate at which it switches to the active GB2bound
~§ a fem _200§ state. Tracd in Figure 4A shows the time course of ARF
2"0 ' 2 activation. The experimental conditions are identical to those
2 100 ! - used for the previous fluorescence transfer measurement,
20s. = except that the vesicles are not labeled and ARF activation
b A is monitored by direct tryptophan fluorescence. The two
B fluorescence recordinga &ndb) exhibit exponential changes
& [AT7JARF-GDP —300 with indistinguishable characteristic times. Thus, the con-
BT ot b =4 formational change of ARF upon GDP to Gji®exchange,
*‘;‘jm 4 ] EDTA _Qoog as monitored by tryptophan_ fluorescence, and the binding
@ 2 of ARF to vesicles, as monitored by fluorescence transfer,
%100 2 =100 é are strictly correlated in time.
2 0. g Further control experiments were carried out VAHIARF
b pd (Figure 4B). This mutant lacks the myristate and the 17

<

) .. _N-terminal residues and has been shown to remain soluble
FiIcure 4: Fluorescence energy transfer measurement of the binding

of ARF to phospholipid vesicles. (A) Traeshows the time course  Whatever the bound nucleotide and to display guanine
of ARF binding to vesicles as monitored by fluorescence energy nucleotide exchange activities that are independent of the
transfer from ARF tryptophans to the fluorescent phospholipid presence of phospholipids (Kahn et al., 1992; Randazzo et
probe, DPH-PC (excitatiorr 280 nm, emissior 460 nm) Trace al., 1995). Upon additions of GBS and EDTA, a large

b shows the time course of ARF conformational change measured, oy 5 cement it 7IARF tryptophan fluorescence is observed
under the same experimental conditions, by intrinsic tryptophan S . .
fluorescence (excitatiom 297.5 nm, emmission 340 nm). Myris- ~ ({raceb), confirming that the mutant switches to the active
toylated ARRspe (0.5 #M) was injected in a fluorescence cuvette GTPyS state. But no corresponding fluorescence transfer
containing PC:PG vesicles (30% PG) labeled (t@cer not labeled is detected from thE17JARF tryptophans to the lipid probes
(traceb) with 5% DPH-PC in buffer with 1 mM MgGl The total (tracea), asi*ARFgrp,s does not bind to the vesicles. This

E%S&Z‘g'%‘lﬁoggggga;ﬁg s iﬁzﬁgﬁpeeécissgfiw;&oWas confirms the importance of the N-terminal residues for the

triggered by the addition of 2 mM EDTA. To facilitate kinetics G TP-dependent binding of ARF to membranes.
comparison, traceb was scaled by an appropriate factor and  The rate of ARRErps dissociation from vesicles was

superimposed on trace (B) The same eXperimentS7]61$ in panel A determined by monitoring the translocation of ARfs from
were carried out with the truncated mutant of ARF/IARF. The DPH-PC-labeled vesicles to an excess of unlabeled vesicles.

same scale factor as in panel A was used to superimpose the - . . . . .
fluorescence transfea) and trytophan fluorescench)ecordings. A typical experiment is shown in Figure SA. ARF is

[ATIARF is activated by GDP/GTS exchange (trads) but does ~ activated by GTPS at low [Mg] and its binding to neutral,
not bind to the fluorescent labeled vesicles (trake PC:DPH-PC (95:5) vesicles is monitored by fluorescence

transfer to the lipid probe (tracg Figure 5A). When the

PE) or intrinsic [(diphenylhexatriene)-PC and dipyrene-PC exchange is complete, magnesium is added back to stabilize
derivatives]. These probes exhibit excitation spectra that the bound GTRS. At the time indicated, a 5-fold excess
overlap the tryptophan emission spectrum and hence couldof unlabeled vesicles is added: this addition induces a
be excited by ARF tryptophans, when ARF becomes fluorescence decay with an amplitude equal to that of the
membrane bound. With all these probes, a fluorescence“binding” signal and with a time constant of 26 15 s. A
transfer was detected. The largest signal was observed withsecond injection of unlabeled vesicles has no effect except
DPH-PC, which was used in all the experiments shown. for a light scattering injection artifact. We have checked

Tracea in Figure 4A shows a typical fluorescence transfer that the decay in fluorescence energy transfer after the first
measurement. The fluorescence of PC:PG:DPH-PC vesiclesaddition of unlabeled vesicles monitors the translocation of
(65:30:5, total phospholipid concentratien 125 uM) is the GTH/S bound form of ARF from labeled to unlabeled
continuously monitored with tryptophan excitation at 280 vesicles and not the replacement of GBPby GDP in
nm and DPH-PC emission at 460 nm. As expected, the ARF: recordings of ARF tryptophan fluorescence and of
addition of ARFspp has no effect: at this lipid concentration, [**S]GTPyS binding under experimental conditions similar
ARFgpp remains essentially in solution (see Figure 2) and to those used for fluorescence energy transfer show no
therefore cannot transfer energy to the lipid probe. Activa- change in the fluorescence of the protein and in the binding
tion of ARF is then triggered by the sequential additions of of GTPyS when the 5-fold excess of vesicles is added.
GTPyS and EDTA. The addition of GTFS induces an Similar experiments were carried out with vesicles con-
instantaneous fluorescence decrease due to its UV absortaining anionic phospholipids, and the off rates are shown
bance. After the addition of EDTA, an exponential increase in Figure 5B. In the presence of 30% PG or PS, ARFs
is observed. Several lines of evidence show that this signaldissociation from the vesicles is slowed down by a factor of
is due to fluorescence energy transfer from ARF tryptophans ~3 (t = 225+ 25 s). PIR (10%) has an effect comparable
to the phospholipid probe. First, no fluorescence change isto that of PS or PG.
detected when the phospholipid probe is directly excited at Mutations of the N-Terminal Helix: Effects on the GDP/
350 nm. Second, the signal amplitude is proportional to the GTP Exchange and on the Dissociation of Afks from
concentration of ARF used. Third, the amplitude is reduced Lipid Vesicles The observation that ARfp,s dissociates
by ca. 50% when unlabeled vesicles are added in the assawglowly even from neutral vesicles prompted us to examine
in the same amount than labeled vesicles, showing thatwhether hydrophobic residues, besides the myristate, could
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A myristoylated ARF: (i) they undergo GDP to GTP exchange
0,400J; e only in the presence of lipids; (ii) they become membrane
e = bound upon GTPS binding. However, several quantitative
S20r b §esie ¢ o g differences are observed. Wh&MWARF binds to DPH-

ny
(=3
(=1

PC vesicles upon GDP/GJ8 exchange, fluorescence
energy transfer to the lipid probe increases by 2-fold, as
compared to wild-type ARF (Figure 6A). This is not due
to a difference between the amounts of wild-type ARF and
[FWIARF that bind GTRS and become membrane bound.
The relative protein concentrations used in Figure 6A were
adjusted according to @B]GTP/S binding assay carried
b T out ur)der the same experimental conditions._ Therefo_re,
time, seconds replacing Ph&by a tryptophan leads to a 2-fold increase in
fluorescence transfer to the lipid probe. A similar effect was
observed with all fluorescent probes tested (dansyl-PE and
dipyrene-PC derivatives). The amplitude of the fluorescence
transfer signal for the binding dPAARF was significantly
lower, whereas that of the double mutéit-FAARF was
nearly equal to that observed for wild-type ARF. However,
L0 15 30; 30 10 for theFPA/ARF mutants, and in contrast to what is observed
An;(:ic phos;ilipisl(ﬁ/z) for FYWIARF, this amplitude change is not due to a difference
° in the efficiency of transfer to the phospholipid probe but
FIGURE5: ARFgtpy s dissociation from vesicles. (A) Trageshows correlates with a reduced extent of GDP/G'BPexchange,

a typical measurement of the dissociation of AREs (0.5 uM) i 3 indi
from PC vesicles. Myristoylated ARF (O:8M) was inc/:ubated with as monltor_ed_ by a*S|GTR/S binding assay (data not
40 uM GTPyS and PC vesicles labeled with 5% DPH-PC (total shown). Significant effects of the mutations on the rate of

phospholipid concentration: 160M) in buffer with 1 mM MgCh. GDP to GTR'S exchange kinetics were also observed.
ARF activation was triggered by the addition of 2 mM EDTA, and Exchange kinetics are 1.5 times fasterf¥ARF, 13 times

ARF binding to vesicles was followed by fluorescence energy slower forlPAJARF, and 3 times slower for the double mutant
transfer, as in Figure 4. When indicated, the concentration of free (LBAFOAIARF than observed with wild-type ARF. These

magnesium was raised back to 1 mM, by adding 2 mM Mgi@l I . .
order to stabilize the GTS-bound conformation. Then, a 5-fold variations probably reflect conformational changes induced

excess of unlabeled vesicles was injected (white arrow) to follow by the mutations in the N-terminal domain of AR, which
the dissociation of ARErp,s from the fluorescent labeled vesicles may affect unpredictably the rate of GDP release.
and its recruitment by the unlabeled vesicles. The decrease in  The effect of the mutations on the dissociation of ARRFs

fluorescence transfer can be fitted to a single exponential decay : : i .
with 7o¢ = 90 s. A second injection of unlabeled vesicles has no from the vesicles is much more significant: As shown above,

effect. In the upper part of the panel, the binding®B8]GTP/S to wild-type ARFsreys dissociates from vesicles containing 30%
ARF (@) and the intrinsic tryptophan fluorescence of ARF (trace anionic phospholipids with a characteristic time constant of
b) were measured under experimental conditions identical to that ~225 + 25 s. Under the same ConditioﬁEQ,W]ARFGTp/s
used in tracea except that unlabeled vesicles were used. These gissociation was slowed down by a factor of 1.6. By

control experiments demonstrate that (i) the tryptophan fluorescence . . .
change observed at low [Mg] correlates exactly with the binding contrast, the FOA mutant dissociates 7 times faster €

of [¥S]GTPYS under the same conditions; (ii) upon raising [Mg] 30 & 5 s) and the double mutant, L8A-F9A, does so 100
to 1 mM, ARRsps is stabilized and does not release its bound times faster{ys = 2.5+ 0.2 s) (Figure 6B). Similar relative
GTPyS at a measurable raté¥§]GTPyS, tryptophan fluorescence,  changes are observed when neutral (PC) vesicles are used
and fluorescence transfert traces are all stable); (jii) upon the instead of PC:PG vesicles. Thus. when the N-terminal helix

addition of the 5-fold excess of unlabeled vesicles, S emains . p . ; . .
stable in ARF, ARF remains in the active conformation (trace I Modified by point mutations, the interaction of A&¥,s

shows no change in ARF tryptophan fluorescence), but &RE with the membrane changes according to the hydrophobicity
dissociates from the labeled vesicles as it is recruited by the of the mutated residues (Figure 6C).

excessed unlabeled vesicle (decay of trackB) Effect of anionic

phospholipids on the rate of ARp,s dissociation from vesicles. DISCUSSION

ARFg1ps dissociation from fluorescent labeled vesicles containing

MgClo unlabeled {30
vesicles

Trp fluore:
© GTPyS bound (%)

Fluo. transfer

o 4— EDTA —

300
200

100
0

Toff seconds

various amount of PG, PS, or RBlvas measured as in panel A. The first aim of this study was to quantify the interaction
Error bars correspond to duplicate experiments with the same batchbetween myristoylated ARF, either in the GDP state or in
of lipid vesicles. the GTP state, with unilamellar phospholipid vesicles of well-

be involved in the interaction of ARfre,s with membrane. defined composition. We showed that ARF displays no
Since the N-terminal peptide of ARF is essential for linking marked specificity for any lipid, including P}Pand interacts
the conformational change of ARF to its binding to lipid with membrane through a combination of hydrophobic and
vesicles (Kahn et al., 1992 and see above), it was temptingnonspecific electrostatic interactions. Moreover, we showed
to assume that the hydrophobic residues of this amphipathicthat the dramatic enhancement in its affinity for membrane,
helix contribute to the binding of ARKp,s to lipids. To which is correlated with the GTP-induced conformational
test this hypothesis, we replaced some of these largechange, is due to membrane exposure of its N-terminal
hydrophobic residues by tryptophan, to further increase their hydrophobic residues. These results can be analyzed in light
hydrophobicity, or by alanines, to reduce it. Three mutants of recent reports on the interaction of lipid-modified proteins
[FOWIARF, FAIARF, and-8AFAIARF were constructed, and  or model peptides with membrane.

the myristoylated form was purified. These mutants exhibit  The inactive, GDP-bound form of ARF binds weakly to
properties that are qualitatively similar to that of wild-type lipid vesicles. This interaction requires the myristoylation
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MgCl v as Src or MARCKS (Sigal et al., 1994; Kim et al., 1994;
¢ Vergeres et al., 1995), the combination of the insertion of
the myristate into the lipid bilayer and of nonspecific
electrostatic interactions between cationic residues and
negatively charged phospholipid heads leads to membrane
binding. However, whereas Src and MARCKS display high
affinity for charged vesicles (partition coefficients in the
micromolar range), the affinity AREpp for such vesicles is
1000 times lower (Figure 2). This difference could be
explained by the accessibility of the myristoyl group and
the number of basic residues that are involved in the
interaction. Src displays a partition coefficient onto neutral
membrane (100% PC) in the millimolar range due to the
insertion of the myristate into the bilayer. By contrast,
ARFgpp does not bind significantly to neutral vesicles even
at high PC concentration (10 mM PC), suggesting that the
myristoyl group of ARRpp is less available for membrane
insertion. A weak adsorption of myristate on the protein
surface could be responsible for this effect. In the structure
of ARFgpp, five basic residues, including two lysines close
100t — iy o to the N-terminal helix, form a patch of solvent-exposed
1000s. e OS: positive charges that could interact with anionic phospho-
lipids (Amor et al., 1994). In the case of Src and MARCKS,
at least six and thirteen basic residues are known, respec-
tively, to be involved in the interaction with membrane.
Two lines of evidence suggest that the dramatic enhance-
ment in the affinity of ARF for membrane that occurs upon
GDP to GTP exchange is mainly provided by hydrophobic
residues. First, relatively low PC concentratior30 uM)
are sufficient for ARF to switch from the GDP to the GTP
state (Figure 3). At such concentrations, the insertion of the
myristate is barely sufficient to anchor a simple myristoylated
(; : 2' : 4' : peptide into the membrane and, due to entropic cost, is
AAG, keal / mol insufficient to anchor myristoylated proteins such as MARCKS
FIGURE 6: Effets of point mutations in the N-terminal helix of ARF or Src (Pelech &. !\/IcLaughll_n, 1993’ Buser et a.ll" 1994)'
on its binding to and dissociation from vesicles. Three mutants, 1 herefore, in addition to the insertion of the myristate into
IFWIARF, FPAIARF, andl-8A-FOAIARF, were compared to wild-type ~ the bilayer, other additional hydrophobic interactions must
AREF for their binding to vesicles upon GDP to GI® exchange, be involved. But this argument is indirect: the activation
and, in GTR'S-bound form, for their kinetics of dissociation from  of ARF is a complex mechanism which physiologically

vesicles. The proteins were incubated with PC:PG:DPH-PC 665: ; ; ;
30:5 vesicles in the presence of GI® At the indicated time, requires an exchange factor and which was studied here

EDTA (2 mM) was added and the binding of ARF to vesicles upon Under artificial conditions (at micromolar magnesium). The

GDP to GTR'S exchange was followed by fluorescence energy direct argument in favor of an interaction between some ARF
transfer. Upon completion of the exchange, 2 mM Mg@is added  hydrophobic residues and the bilayer is given by the kinetics
(IMg?"]ree = 1 mM) and a 5-fold excess of unlabeled vesicles was of ARFgrp,s dissociation from neutral lipids vesicles.

injected (white arrow head) to follow ARfre,s dissociation from . : . . g
fluorescent-labeled vesicles. The kinetics [W®MARFgrp,s and ARFgrrs dissociates from pure PC vesicles with a charac

[8A—FINARFrpy s dissociation from fluorescent-labeled vesicles are teristic time of 75+ 15 s (Figure 5). Thisor, which depends
shown on an expanded time scale. The time course of only on the strength of hydrophobic interactions since no
(LeA—FSAIARFg1p,s dissociation is very fast but is slower than the anionic lipids are present, cannot be explained by the sole
mixing time in the fluorescence cuvette which is about 0.5 s and jnsertion of myristate into the bilayer. The rates at which

which was measured here by the absorption signal of GTP when . . . . o
added to fluorescent labeled vesicles (thin trace). The protein model peptides, carrying either one or two lipid modifica-

concentration was 0.%M (A) or 1 uM (B), and the lipid ti_ons, dissociate from _un_ilamellar vesicles have been _e>_<ten-
concentration was 126M (A) or 250 uM (B). Vesicle batches  sively documented (Silvius & L’Heureux, 1994; Shahinian
used in panels A and B are different. (C) Rate of AREs & Silvius, 1995). All known lipid modifications were
dissociation from vesicles as a function of N-terminus hydrophobic- examined. either alone or in combination. On the one hand
ity. Characteristic timeszq;, of ARFgrp,s dissociation from PC: . ! . . L e . ’
PG:DPH-PC 65:30:5 vesiclea @ndv, corresponding to different pept_ldes (?arry'ng a S'“Q'e IIp]d modification bind to, as well
batches of lipid vesicles) or PC:DPH-PC 95:5 vesicle$ ére as dissociate from, vesicles in the subsecond range. On the
plotted as a function of the change in hydrophobicityAG) other hand, peptides carrying two lipid modifications show
induced by each mutation. This change is calculated according todesorption times from hours to a few days. ARF carries
the data of Fauchere and Pliska (1983)value of-8A-FAIARFgp,g . P .
Qis_soc_iation from PC vesicles is an upper limit due to instrumental ?n.lé/ on%!}pldtmodlf:‘catlon ?nt(?’ as compallred Wltlh ;the oth%r
limitation. ipid modifications (. arnesylation, geranylgeranylation, an
palmitoylation), myristoylation is the least hydrophobic motif
of ARF and the presence of anionic phospholipids (Figure (Shahinian & Silvius, 1995). Therefore, the fact that
2). Thus, as in the case of other myristoylated proteins, suchARFgrp,s dissociates from PC membranes in about 1 min

p

Fluo. transfer
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=
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o

Fluo. transfer
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the added tryptophan might be in the vinicity of the
membrane. In addition to the insertion of hydrophobic
residues, the two lysines that follow the N-terminal helix
(K*® and K% may also contribute to membrane binding when
anionic lipids are present and could be responsible for the
moderate effect of electrostatic interactions on the rate of
ARFgrp,s dissociation from lipid vesicles.

The fact that ARErpdisplays a very slow desorption rate
from vesicles is interesting in view of the role of ARF in
Ficure 7: Model of the GTP-dependent binding of ARF to vesjcular traffic. With artificial charged vesicles (PC:PG or
membranes. In the GDP state, ARF is mostly soluble but interacts p~.pg 70:30), myristoylated ARFyis trapped on the same
transiently with membrane. Myristate inserts into the bilayer and a . T - ) -
some basic residuest] interacts electrostatically with acidic ~ vesicle for 3-4 min. Vesicular transport in the Golgi occurs
phospholipids such PS or PG-), This weak interaction favors  at time scale of about 1 min (Rothman & Wieland, 1996).
the interaction of AREpp with the exchange factor. In the GTP-  Therefore, our results suggest that ARFremains associated
bound state, ARF is tightly bound to membranes. This long-lived \yith the same vesicle throughout the transport between two

interaction is due to exposure of ARF N-terminal hydrophobic : :
residues. These residues, which are buried in the GDP-bound statecompartments, whereas AB#p is rapidly released.

and on the same face of an amphipatic helix (Amor et al. 1994), Whereas hydrophobic and, to a lesser extent, nonspecific
become available for anchor to the lipid bilayer when the protein electrostatic interactions of ARF lysines with charged lipid
switches to the GTP state. They provide the additional binding polar heads are involved in the interaction of ARF with
energy that, in addition to nonspecific electrostatic interactions and membranes, we have no evidence for a specific interaction

insertion of the myristoyl group, permits a stable association of .
ARF with the membrane. The large white arrows indicate that of ARF with PI.. We show that PlPhas no effect, other

several regions must be affected by the conformational change: thethan strictly electrostatic, in (i) the weak binding of ARJp
classical “switch” domains, which control the binding to effectors, to membranes, (ii) the spontaneous activation of ARF (Figure
and the N-terminal helix, which controls the binding to membrane. 3C), and (iii) the tight interaction of ARFp s With mem-
brane (Figure 5B). These results are in marked contrast with
implies that hydrophobic residues are involved, in addition that of Terui et al. (1994), who reported large effects of,PIP
to myristate, in the binding to membranes. on the activation rate of ARF. Differences between experi-
We show here that two hydrophobic residues of the mental conditions could explain these contradictory results.
N-terminal helix, Leé and Ph& which are buried in the ~ We use PIR as a minor component (up to 5%) homoge-
protein in the ARkpp form, participate directly with the  neously dispersed in unilamellar PC vesicles, whereas Terui
membrane binding by the active ABfr,s form. Replace- et al. added large quantities of pure Pt® PC-cholate
ment of one or two of these hydrophobic residues with micelles. In a recent study on the effect of PIBn
alanines accelerates the dissociation of ARfs from G-protein-coupled receptor kinases, Pitcher et al. (1996) have
vesicles by 1 or 2 orders of magnitude, whereas substitutionshown that such differences in the manner in which, P
of Phé by Trp slows down ARErp,s dissociation by a factor ~ presented can lead to opposite results. Since only few
of 1.6+ 0.1. Alinear correlation is observed between these percent of PIR are present in membranes, the use of pure
off rates and the calculated changes in hydrophobic binding PIP, or high mole fraction of this highly charged lipid is
energy with both neutral and charged lipid vesicles (Figure questionable. Indeed, our recent characterization of the PIP
6C). Thus, the “strength” of the interaction between sensitive ARF nucleotide exchange factor ARNO (Chardin
ARFgtr,s and membrane is directly correlated with the et al., 1996) has allowed us to show that Piinvolved
hydrophobicity of these residues in the N-terminal helix. In indirectly, rather than directly, in the control of the GDP/
addition, the weak contribution of nonspecific electrostatic GTP cycle of ARF. This exchange factor binds through a
interactions in the binding of AREp,s to lipid membrane  N-terminal PH domain to Plcontaining vesicles. Incor-
is not affected by the mutations: as in the case of wild-type porating a few percent of Piih PC:PG vesicles dramatically
ARF, introducing 30% PG in PC vesicles slows down the increases the activity of ARNO on ARF. This increase in
dissociation of each mutant by a factor of &. activity is probably not due to a P#hduced conformational
The structure of AREpp shows that Letiand Phéas well change but rather to a reduction in dimensionality, as in the
as most of the hydrophobic residues of the N-terminal helix case of PLO (Ferguson et al., 1995; Garcia et al., 1995).
are buried in a hydrophobic pocket (Figure 1). The fact that Membrane binding of ARNO, through P#PPH domain
they contribute to the binding of ARfp,s to membranes  interaction, and of AREpp, through myristate insertion,
suggests that the GTP-induced conformational change pro-would favor the interaction between these two proteins and
motes the release of the N-terminal helix from its pocket hence facilitates ARF activation (Franco et al., 1996; Chardin
and hence permits the insertion of three clusters of hydro- et al., 1996).
phobic residues {F°, L8F°, and L*2F9) into the lipid bilayer The binding of myristoylated proteins to membranes can
(Figure 7). We speculate that the helix lies parallel to the be controlled by several mechanisms. In the case of
bilayer and that its hydrophobic residues insert at the level recoverin, exposure of myristate is directly controlled by a
of phospholipid acyl chains. It has been shown that the Ca&*-dependent conformational change (Tanaka et al., 1995;
peptide corresponding to the 13 N-terminal residues of ARF Hugues et al., 1995). In the case of MARCKS, phosphor-
adopts a helical conformation when mixed with-P&holate ylation weakens electrostatic interactions of the basic domain
micelles (Kahn et al., 1992). Moreover, introduction of a with acidic phospholipids and induces MARCKS desorption
single tryptophan in lieu of PRdeads b a 2 times larger ~ from membranes (Kim et al., 1994). For hisactophilin, a
fluorescence transfer to various lipid probes (Figure 6A). cluster of histidine residues permits a pH-dependent binding
Since wild-type ARF has four tryptophans, this suggests that to lipid membranes (Hanakam et al., 1996). ARF provides
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a fourth type of mechanism, in which membrane binding is Hope, M. J., Bally, M. B., Webb, G., & Cullis, P. R. (1985)

controlled by a GTP-dependent exposure of hydrophobic

residues.
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