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ABSTRACT: ArfGAP1 (Arf GTPase activating protein 1) controls the cycling of the COPI coat on Golgi
membranes by catalyzing GTP hydrolysis in the small G protein Arfl. AfGAP1 contains a central motif
named ALPS (ArfGAP1 lipid-packing sensor) that adsorbs preferentially onto highly curved membranes.
This motif allows coupling of the rate of GTP hydrolysis in Arfl with membrane curvature induced by
the COPI coat. Upon membrane adsorption, the ALPS motif folds into an amphipeatigtix. This

helix contrasts from a classical membrane-adsorbing helix in the abundance of S and T residues and the
paucity of charged residues in its polar face. We show here that ArfGAP1 contains a second motif with
similar physicochemical properties. This motif, ALPS2, also forms an amphipath&lix at the surface

of small vesicles and contributes to the Golgi localization of ArfGAP1 in vivo. Using several quantitative
assays, we determined the relative contribution of the two ALPS maotifs in the recognition of liposomes
of defined curvature and composition. Our results show that ALPSL1 is the primary determinant of the
interaction of ArfGAP1 with lipid membranes and that ALPS2 reinforces this interaction 40-fold.
Furthermore, our results suggest that depending on the engagement of one or two functional ALPS motifs,
ArfGAP1 can respond to a wide range of membrane curvature and can adapt to lipid membranes of
various acyl chain compositions.

The COPI coat drives the budding of small transport Golgi by specific GTPase activating proteins (ArfGARNd
vesicles from the Golgi apparatus, @). Like other protein ArfGAP3 in mammals and Ges1p and Glo3p in yeast), must
coats, it shapes mechanically the lipid membrane into a be finely tuned and somehow linked to the completion of
spherical structure (diameter of ca. 60 nm) and selects cargovesicle formation in terms of both cargo recruitment and
proteins for transport. COPI assembly begins with the membrane shaping). Thus, if the concentration of cargo
translocation of the small G protein Arfl upon GBEBTP molecules is too low in a COPI-coated area, GTP hydrolysis
exchange, a reaction that is catalyzed by specific guanineMay serve to promote early coat disassembly before the
nucleotide exchange factors associated with Golgi mem- formation of a useless “empty” vesicle. On the other hand,
branes. Membrane-bound Arf1-GTP then recruits coatomer, if there are enough cargo molecules incorporated, GTP
a large cytosolic complex that is somewhat similar with hydroly5|§ should beltuned to permit coat disassembly only
clathrin and its adaptor$), After being recruited, coatomer ~ after vesicle formation. At the molecular level, several
polymerizes into a coat and interacts with the cytosolic Mechanisms for the control of GTP hydrolysis in Arfl have
extension of membrane proteins, thereby facilitating their been envisaged, which are based on the multiple interactions

incorporation into the nascent vesicle. In analogy with other thatt ArfGA_Pg ca_r':h r::]ake tm Ia CQPI-c_oatedf areal; with
protein coats, membrane deformation probably results from C?;girr?seré@_ 10;’ \;Vr'] q wi?hct);\gpliaizmrlrferriglrzrr;; (LT%T)] rane
the intrinsic curvature of the COPI lattice as well as the P ' P '

partial embedding of the N-terminal myristoylated amphi- asécr)chié\AtE;L irllsaa d;r11a5r-na}::mrrr]13n?12;jW?rfoti%“CGc?lrgoiu:;p;?;tus
athic helix of Arf1-GTP in the lipid bilayer4). i . 4
P o . p yerd) ) where it controls COPI coat cyclind 4, 15). The first 136
GTP hydrolysis in Arfl is required for the disassembly (egjques of AfGAP1 form the GAP catalytic domain, which
of the COPI coat. This reaction, which is catalyzed in the g pyilt on a characteristic Zn-finger fold and promotes GTP
hydrolysis on Arfl. After the GAP domain and up to the
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cular dichroism (CD) measurements suggest that the non-were cloned in a pGEX-2T expression vector (Pharmacia),
catalytic region of ArfGAP1 may be largely unfolde@, ( which includes a thrombin cleavage site. For protein
16). Itis in this poorly defined region where the information purification, transformed bacteria were resuspended in 50
for the targeting of ArfGAP1 to the Golgi apparatus resides mM Tris (pH 7.4) and 150 mM NaCl (TN buffer), supple-
(15, 17, 18). The molecular detail of this targeting is not mented with 1 mM PMSF, &M pepstatin, 1Q:M bestatin,
known, but a combination of interactions with transmem- 10 uM phosphoramidon, and a cocktail of anti-proteases
brane proteins, with the COPI coat, and with lipids is likely. (Roche) and broken with a French press. The supernatant
In vitro, the activity of AfGAP1 is highly sensitive to ~ Was incubated fol h with glutathione-Sepharose 4B beads
membrane curvature. Using model liposomes of a defined (Amersham). The beads were washed three times with TN
size, we showed that the rate of GTP hydrolysis in buffer, and the GST fusions were eluted in the same buffer
membrane-bound Arfl catalyzed by AfGAP1 increases by supplemented with 10 mM glutathione. Alternatively, the
up to 2 orders of magnitude as the |ipOSome radius decreasegeads were incubated with thrombin to allow the elution of
from ca. 150 to 30 nm, a range of curvature that is typical the ArfGAP1 peptides. The peptides were further purified
of coat-driven budding reaction9). Because the effect of by HPLC on a Chromolith C18 column (Merck) with an
membrane curvature on AfGAP1 activity also applies when acetonitrile gradient. The peptide identity was checked by
Arfl-GTP is engaged in the COPI coat, we Suggested amass SpeCtrometry. The ArfGAP1 peptides were Iyophlllzed
negative feedback loop where COPI assembly drives mem-and stored at-20 °C before being used.
brane curvature, which in turn prepares the coat for disas- NBD Labeling.The ALPS1 peptide (residues 19257)
sembly by recruiting and/or activating ArffGAP1, thereby and the ALPSTALPS2 peptide (residues 19304), both
promoting GTP hydrolysis in Arf119). We have recently ~ carrying the A236C mutation, were resuspended in 50 mM
identified a motif within the noncatalytic region of AfGAP1  Hepes (pH 7.2) and 120 mM potassium acetate (HK buffer)
that responds to membrane CUTV&tl]l’@).(ThiS motif of ~40 at a final concentration between 40 and ZM A 10-fold
residues named ALPS (for ArfGAP1 lipid-packing sensor) molar excess dfl,N'-dimethyHN-(iodoacetyl)N'-(7-nitrobenz-
is located at the center of the primary sequence, around2-0xa-1,3-diazol-4-yl)ethylenediamine (IANBD amide, Mo-
W211. In solution, the ALPS motif is not structured. lecular Probes) in dimethylformamide (stock solution at 5
However, at the surface of highly curved membranes, it MM) was added, and the mixture was incubated at room
forms an amphipathia-helix. The most noticeable feature ~temperature for 90 min. The reaction was stopped by the
of this a-helix is the abundance of serine and threonine addition of 10 mM dithiothreitol. The sample was further
residues in its polar facé(16). Because Ser and Thr cannot Purified on a Chromolith C18 column (Merck) using an
make electrostatic interactions with lipid polar heads, the acetonitrile gradient. Labeled products were detected by
adsorption and/or folding of the ALPS motif is driven solely measuring the absorbance at three wavelengths (220, 280,
by the insertion of hydrophobic residues between lipids and and 478 nm) followed by SDSPAGE analysis and direct
is thus strongly favored by the creation of lipid packing Visualization of the gel in a fluorescence imaging system
defects such as those introduced by high membrane curva{LAS 3000, Fuiji). The identity of the labeled peptides was
ture. Site-directed mutagenesis reveals that hydrophobicconfirmed by mass spectrometry.
residues in the ALPS motif are indeed critical for the  LiposomesLipids in chloroform were purchased from
association of AfGAP1 with model liposomes, for its activity Avanti Polar Lipids except egg PC (Sigma) and NBD-PE
toward membrane-bound Arf1-GTP as well as for its Golgi (Molecular Probes). A lipid film containing (mole percent)
localization (6, 18). Moreover, replacing S/T residues in €99 PC (50), liver PE (19), brain PS (5), liver Pl (10),
the polar face with basic residues makes the ALPS motif cholesterol (16), and, when indicated, NBD-PE (0.2) was
much less sensitive to membrane curvature for its adsorptionprepared by evaporation. The film was resuspended in HK
to negatively charged liposomes (G. Drin, personal com- buffer. After five steps of thawing and freezing in liquid

munication).

Here we report that ArfGAP1 contains a second motif that
despite an amino acid sequence quite distant from the

originally described ALPS motif, shares the same general Natively, very sir . VETe preparet -4
with a titanium tip sonicator (Misonix). Titanium and lipid

physicochemical properties. This second ALPS motif also
forms an amphipathia-helix at the surface of highly curved
liposomes and contributes together with the first ALPS motif
to the recognition of membrane curvature by ArfGAP1.

MATERIALS AND METHODS

Protein Expression and Purificatioll point mutations
were introduced using the Quik-Change site-directed mu-

nitrogen, the liposome suspension was extruded sequentially

through (pore size) 0.4, 0.2, 0.1, 0.05, and 003

polycarbonate filters using a hand extruder (Avanti). Alter-
very small liposomes were prepared by sonication

debris were removed by centrifugation at 1009@6r 20
min to produce a homogeneous population of liposomes. The
liposome radius was estimated by dynamic light scattering
(DLS) using a Dyna Pro instrument. Liposomes were stored
at room temperature and used within 2 days.

Flotation ExperimentsProteins (0.51 uM) and NBD-
labeled liposomes (0-51 mM) were incubated in 50 mM
Hepes (pH 7.2), 120 mM potassium acetate, and 1 mM

tagenesis kit (Stratagene). The full-length sequence of ratMgCl, (HKM buffer) at room temperature for 5 min in a

ArfGAP1 (residues 1415) with silent mutations for expres-
sion in Escherichia coli(8) was PCR amplified and cloned
into the pET16b vector (Novagen) between Ndel and BamHI
sites. The protein was expressedtincoliand purified from
inclusion bodies as described for the construct of residues
1-257 (16). Fragments of ArfGAPL1 in a fusion with GST

total volume of 15QuL. The suspension was then adjusted
to 30% (w/v) sucrose and overlaid with 200 of HKM

buffer containing 25% (w/v) sucrose and with &0 of HKM
buffer containing no sucrose. The sample was centrifuged
at 24000@ in a Beckman swing rotor (TLS 55) for 1 h. The
100uL top fraction was collected manually using a Hamilton
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syringe and analyzed by SB®AGE using Sypro-orange [Pl &~ (0.55[R][L J)/(K, + 0.55[Ly]) (4)
staining (Molecular Probes). The gels were visualized in a
FUJI LAS-3000 fluorescence imaging system. K, is a partition coefficient and is expressed in molar. It

GTPase MeasurementBhe activity of AfGAP1 on Arfl  should not be considered as a true equilibrium constant for
was measured by a tryptophan fluorescence a@yThe  the binding of one peptide for one lipid but simply reflects
experiments were performed in a cylindrical quartz cuvette the concentration of exposed lipids at which 50% of the
(600uL) equilibrated at 37C and equipped with a magnetic  peptide is bound to the liposome surfa@®)( This experi-
bar for continuous stirring. Tryptophan fluorescence was mental partition coefficient can be converted irtg, a
measured at 340 nm (bandwidth of 10 nm) upon excitation dimensionless coefficient, which directly reflects the prefer-
at 297.5 nm (bandwidth of 1.5 nm) in a Shimadzu RF-5301- ence of the peptide for the lipid phase compared to the water
PC spectrofluorometer. The cuvette initially contained lip- phase K, = [H,0)/Ky). Thus, ifK, = 1 mM, K, = 55 500,
osomes of a defined size (20 lipids) in HKM buffer. meaning that the peptide has a 55500-fold preference for
At the indicated times, myristoylated Arf1-GDP (Q/), the lipid phase compared to the bulk water phase.

GTP (50uM), and EDTA (2 mM) were sequentially added  When a peptide adsorbs significantly at low lipid concen-
to promote the replacement of GDP with GTP. When trations, the approximation [L4 0.55[L] is no longer valid
nucleotide exchange was complete, 2 mM Mg@as added,  because bound peptides occupy a large fraction of the
followed by the addition of ArfGAP1 (50 nM) to initiate  liposome surface. In that case, it is easier to consider a
GTP hydrolysis. scheme where each bound peptide occupies a membrane

Tryptophan Fluorescence Measurements of the Partition- patch consisting of lipids with an apparent equilibrium
ing of ALPS Peptides on Liposomd® assess the binding  constantKq (23):

of the various ArfGAP1 peptides to liposomes, the decrease
in tryptophan fluorescence at 370 nm of a solution containing
1 uM peptide in HK buffer was measured upon stepwise
additions of sonicated liposomes from a concentrated stock
solution. The experiments were performed at°&7 in a
cylindrical quartz cuvette while the sample was continuously . _
stirred. The added liposomes scattered light and slightly [Pl = [PL,] = 0.5{[P] + 0.55[L}/n + Ky = [([P] +

diluted the sample. To correct for these effects, two control 0.55[L)/n + K)? — 2.2[R]IL J/n*3 (5)
experiments were performe@1), one in which the lipo-

somes were added to the buffer and a second in which theNote thatK, = nKq andK,' = [H,0]/(nKy).

liposomes were added to a solution of tryptophan in the Equations 4 and 5 with the proportionality factdy ére
zwitterionic form, which remains soluble. Afteradditions used to fit the data. Equation 4 is used for peptides having
of liposomes, the fluorescence levels in the experiments with a low avidity for membranes as it has only two parameters

K
—PL,

P+L

n

The corresponding quadratic equation is

the peptide, with the buffer, and with tryptophan &eL;, (K, andf). When eq 4 fails to fit the data, eq 5 is used,
andWi, respectively. giving three parametery, n, andf.
The specific fluorescence change due to liposome binding NBD FluorescenceNBD-labeled ALPS peptides (4M)
is were incubated at 37C with Golgi-mix liposomes (602M)
of defined radius in HK buffer supplemented with 1 mM
AF; = (F — L)IWY/(W, — L)] — Fo 1) DTT. Emission fluorescence spectra were measured from

520 to 680 nm (bandwidth of 5 nm) upon excitation at 505
nm (bandwidth of 5 nm) in a small quartz cell (total volume
of 100uL). Control spectra were acquired in the absence of
AF =1[P.] ) peptide to subtract the light scattering signal from the
liposomes. The corrected fluorescence intensity at 529 nm

The following equation describes the partitioning of a peptide Was plotted as a function of liposome radius.

This change is proportional to the amount of liposome-bound
peptide:

between the aqueous phase and the liposome surface: CD Spectroscopyyophilized peptides were resuspended
in 10 mM Tris (pH 7.5) and 150 mM KCI and ultracentri-
[Pl = (IPJILD/(K, + [L]) (3) fuged to eliminate aggregates. The absorbance at 280 nm

was used to determine the peptide concentration in the
where [R] is the total concentration of peptide, [Pis the supernatant. CD measurements were performed at room
concentration of peptide that is bound to the lipid membrane, temperature in a quartz cell with an optical path length of
and [L] is the concentration of lipids that is accessible to 0.05 cm. Spectra were recorded on a Jasco J-815 spectrom-
the peptide. When the liposomes are monolamellar and wheneter at a scan speed of 50 nm/min and with a bandwidth of
the concentration of lipids is large enough that the liposome 1 nm. The spectra that are shown are the average of two to
surface covered by the peptide can be neglected comparedour recordings and were corrected for the buffer or liposome
to the total liposome surface, [L] can be estimated as background. Secondary structure analysis was performed
approximately one-half of the total lipid concentration (0.5- using three methods: SELCON3, CONTILL, and CDSSTR
[L{]) because only the outer monolayer is accessible. Becausg24).
very small liposomes were used in these titration experiments Cell Transfection and Fluorescence Microscophhe
(R, = 25 nm), there is a slight excess of lipids in the outer procedures that were employed have previously been de-
leaflet, and therefore, a better approximation is $P.55- scribed (8). Briefly, ArfGAP1 (residues 143415) and
[L{. Thus, one obtains mutants thereof were cloned into eGFP-C2 (Clontech). The
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Ficure 1: Identification of a second putative ALPS motif in the ArfGAP1 sequence. (A) Localization of the ALPS1 and ALPS2 maotifs

in ArfGAP1. (B) HCA plot of the central region of ArfGAP1. The primary sequence is written along parallel and nearly vertical lines and

is duplicated. P, G, S, and T residues are represented by symbols as indicated. Yellow areas represent hydrophobic clusters (F, I, L, M, V,
W, and Y). A horizontal cluster is indicative of arthelix as this corresponds to the regular spacing of hydrophobic residues every three

or four residues. The ALPS1 and ALPS2 motifs include such a cluster and are also characterized by the abundance of S and T residues
(mauve squares). (C) Sequence alignment of ALPS1 and ALPS2 obtained with Clustal W. Note the low level of amino acid identity. (D)
Projections of the ALPS1 and ALPS2 motifs on a helical wheel. The resemblance between the two motifs is obvious in this representation:
the segregation between S/T residues (mauve) and hydrophobic residues (yellow). Basic and acidic residues are colored blue and red,
respectively. The hydrophobic residues that have been mutated into Asp in this study are denoted.

GFP fusions were transfected into HelLa cells and visualized regular distribution of hydrophobic residues with a periodicity
24 h later under a Leica DMIREZ2 inverted fluorescence of three to four amino acids, a feature suggestive of an

microscope at a 49 magnification. amphipathiax-helical structure as illustrated by helical-wheel
projections (Figure 1D). Second, among the polar residues
RESULTS that are intercalated between the hydrophobic residues, many

Identification of a Second Putag ALPS-like Motifinthe  are Ser and Thr residues. In contrast, basic and acidic residues
ArfGAP1 SequenceUsing HCA [Hydrophobic Cluster — are rare. Consequently, the polar face of the putativelix
Analysis (http://bioserv.rpbs.jussieu.fr/RPBS)], which high- should be weakly charged (Figure 1D). Third, both sequences
lights the regular distribution of hydrophobic residues in contain several glycine residues=< 4), which should favor
protein sequences and is used to predict the propensity of astructural flexibility and notably a switch from a random coil
region to form secondary structure®s), we noticed that,  to ano-helix conformation. We demonstrated previously that
despite a low level of amino acid identity, the region between such a conformational change is coupled to the adsorption
1264 and S295 of ArfGAP1 shows some similarities with of the ALPS motif to highly curved membraneks]. In the
the ALPS motif, defined as F199%5234 (Figure 1A-C). following, we will refer to the new region as ALPS2, whereas
Three points are noteworthy. First, both sequences exhibit athe original ALPS motif will be called ALPS1.
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Ficure 2: Binding and folding of the ALPS1 and ALPS2 motifs on model liposomes of a defined size. (A) For flotation experiments, GST
constructs (0.7%M) containing the ALPS1 or ALPS2 motif of ArfGAP1 were incubated with Golgi-mix liposomes (0.75 mM lipids) of

a defined size or with no liposome. When indicated, a residue in the hydrophobic face of the puthéilne was replaced with an Asp
residue (see Figure 1D). Liposome-bound proteins were recovered at the top of sucrose cushions and analyzeBAGEIEft panels).

The 100% lane was used to determine the protein ratio in the top fraction. The right panels show the quantifistdiotia¢d error) of

four independent experiments using different batches of liposomes. (B) Far-UV CD spectra of the ALPS1 and ALPS2 peptiMgs1(40
solution or with increasing concentrations of small DOPC/DOPS (70:30) liposdRies 16 + 7 nm) obtained by sonication. From the
lightest to the darkest curves, the lipid concentration was 0, 1.9, 1.75, 3.33, and 4.75 mM. Note the well-defined isodichroic point at 203
nm, which suggests a simple two-state equilibrium between a random-coil conformation in solution artelical conformation on
liposomes. (C) Change in mean residue ellipticity (MRE) at 222 nm as a function of lipid concentration for the four peptides that were
tested. Also shown are the results obtained with the AL-PEIPS2 peptide [residues 19304 (- - -)].

Membrane Partitioning and Folding of the Isolated ALPS2 than ALPS1. In addition, the dependency on liposome size
Motif. To determine if the ALSP2 motif can act as a sensor was not as sharp as that observed for ALPS1.
of membrane curvature, we expressed and purified the Next, we used CD spectroscopy to determine the second-
fragment of residues 257304 of ArfGAP1 in a fusion with  ary structure of the ALPS2 peptide (residues-2304) either
GST (GST-ALPS2) and assessed its avidity for liposomes in solution or bound to liposomes. A first CD spectrum of
of a defined size by a flotation assay. As a control, the samethe peptide was recorded in buffer followed by measurements
experiment was carried out with GSRLPSL (residues  atincreasing concentrations of small DOPC/DOPS liposomes
192—-257 of ArfGAP1). The liposomes contained a mixture made by sonication. As judged from the disappearance of
of lipids that mimics the Golgi composition (Golgi-mix) and  the minimum at 200 nm and the appearance of two minima
were calibrated in size by extrusion through polycarbonate at 208 and 222 nm, the ALPS2 peptide, like ALPS1, switches
filters of a defined pore size (from 400 to 30 nm). With this from a random coil structure in solution to am-helix
method, we could vary the average liposome radius from conformation once bound to liposomes (Figure 2B). Plotting
130 to 30 nm as estimated by dynamic light scattering (DLS). the mean residue ellipticity (MRE) at 222 nm against lipid
The protein was mixed with liposomes at a protein:lipid concentration (Figure 2C) suggested, however, that ALPS2
molar ratio of 1:1000, and the liposomes were then recoveredhas less avidity for lipid membranes than ALPS1, in
at the top of sucrose cushions by ultracentrifugation. The agreement with the results of the flotation assay.

fraction of_ liposome-bound protein was quantified by SBS Because of their amphipathic nature, tvéelices formed

PAGE using the fluorescent dye Sypro-orange. by ALPS1 and ALPS2 should lie parallel to the lipid bilayer
As shown in Figure 2A, GSTALPS2 bound to Golgi-  with the nonpolar face embedded in the hydrocarbon core

mix liposomes and exhibited a preference for smBjl € of the membrane. Thus, replacing one hydrophobic residue

38 nm) versus largeR, = 87 nm) liposomes. This suggests in the nonpolar face of ALPS1 or ALSP2 with a negatively
that ALPS2 can function, like ALPS1, as a sensor of charged amino acid should strongly perturb the membrane
membrane curvature. However, as compared to 6ST partitioning and folding of these peptides. L207D and V279D
ALPS1, less protein was recovered in the liposome fraction, mutations were introduced into the ALPS1 and ALPS2
suggesting that ALPS2 has less avidity for lipid membranes constructs, respectively. As expected, the V279D mutation
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nearly abolished the adsorption of GSALPS2 regardless

of liposome size (Figure 2A). Moreover, the addition of small
liposomes to the corresponding mutated ALPS2 peptide
induced no increase in helicity (Figure 2B). The L207D
mutation in the ALPS1 motif had a less drastic effect. First,
substantial binding of GSTALPS1[L207D] to small lipo-
somes could be detected (Figure 2A). Second, a clear increase
in the helicity of the corresponding mutated peptide was
observed upon addition of sonicated liposomes (Figure 2B).
However, plotting the change in ellipticity at 222 nm against
lipid concentration suggests that the mutation markedly
weakens the avidity of the ALPS1 peptide for lipid mem-
branes as no saturation of the CD signal could be observed
within the range of liposomes used in the experiments, in
co_ntrast to what was observed with the wild-type form 143-415 V279D
(Figure 2C).

Taken together, the experiments shown in Figure 2 suggest
that ArfGAP1 contains two motifs, ALPS1 and ALPS2, of
~35 amino acids that share similar physicochemical proper-
ties. These motifs show no well-defined structure in solution
but adopt aro-helical conformation at the surface of lipid
membranes. Furthermore, the partitionitfglding process
is favored by reducing the size of the liposomes, suggesting
that each motif can act as a sensor of membrane curvature.
However, for a given liposome radius, it seems that the
ALPS1 motif adsorbs more readily than the ALPS2 motif.

The ALPS2 Motif Contributes to the Golgi Localization
of A_rfGAPl.HaVIng demonstrated that the isolated ALPS2 IGURE 3: ALPS2 contributes to the Golgi localization of ArfGAPL1.
m0t|f Ca_n act_ as_ a s_ensor of membrane Cl_Jrvature, we t_este he noncatalytic region of ArfGAP1 (residues H4&15) fused to
its functionality in vivo. It was shown previously that point  GFpP was transiently expressed in HelLa cells. The V279D single
mutations of conserved hydrophobic residues in the ALPS1 mutation in the ALPS2 motif causes a strong reduction in the level
motif redistribute ArffGAP1 from the Golgi to the cytosol, of perinuclear localization.
thus providing the first in vivo evidence of the importance
of the ALPS1 motif in the localization of ArfGAP11§). ArfGAP1 to membrane curvature in vitro. For this, the
Furthermore, the effects observed for several mutations were-207D and/or the V279D mutations, which perturb the
compatible with a model in which the ALPS1 motif directly membrane partitioning of the isolated ALPS1 and ALPS2
interacts with the lipid membrane through hydrophobic Motifs, respectively (see Figure 2A), were introduced in full-
interactions {8). However, it was also noticed that the length ArfGAP1. The various ArffGAP1 proteins containing
ALPS1 motif is not sufficient for Golgi targeting since the @ hexahistidine tag at the N-terminus were purified by nickel
minimal construct that shows Golgi localization encompasseschromatography followed by MonoQ chromatography. The
residues 203334 and thus includes both ALPS motifs?( wild-type form and the three mutants (L207D, V279D, and
18). In addition, deletion of residues 25280 was found to ~ L207D/V279D) exhibited similar background GAP activity
abrogate Golgi localization, pointing to a possible role of in solution on a soluble form of Arfl1-GTPAQL7-Arfl),
ALPS2 in this process1@). To test this possibility, we  suggesting that the catalytic machinery residing in the
assessed the effect of the V279D mutation, which essentiallyN-terminal part was not affected by the mutations (data not
abolished the binding of the isolated ALPS2 motif to Shown).
liposomes (Figure 2), on the subcellular distribution of the  Figure 4A shows that the L207D mutation and the V279D
noncatalytic region of ArfGAP1 (residues 14315). In mutation caused a significant decrease in the level of
agreement with previous studies, the noncatalytic region of adsorption of ArfGAP1 to Golgi-like liposomes, which
ArfGAP1, which was fused on its N-terminus to the carboxy remained however sensitive to liposome size. Importantly,
terminus of GFP, showed a strong perinuclear staining, which combining the two mutations caused a more severe defect,
is characteristic of the Golgi apparatus(18). In contrast, suggesting that adsorption of ArfGAPL1 to lipid membranes
the V279D mutant exhibited more diffuse localization, is governed by both motifs. It should be noted, however,
indicating a significant decrease in its level of interaction that ArfGAP1[L207D/V279D] exhibits residual binding to
with the Golgi (Figure 3). Other Asp mutations of hydro- small liposomes, which may be due to the fact that the
phobic residues within the ALPS2 sequence (W287D and L207D mutation does not completely abolish the binding of
V290D) also caused a strong decrease in the level ofthe ALPS1 motif to membranes (see Figure 2A).

ArfGAP1 Golgi localization (data not shown). Thus, the The contribution of the two ALPS motifs was confirmed
ALPS2 motif contributes to the Golgi targeting of AfGAP1. by measuring the GAP activity of the various mutants on

The ALPS2 Motif Contributes to the Senéiji of AfGAP1 liposome-bound Arf1-GTP (Figure 4B). GTP hydrolysis in
to Membrane Curature. Next we wished to determine the  Arfl can be readily followed by tryptophan fluorescence
contribution of the ALPS2 motif to the sensitivity of because of the large difference between the fluorescence of

143-415
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FiGUure 4: Synergy between the ALPS1 and ALPS2 motifs for the membrane adsorption of ArfGAP1 and its activity on Arf1-GTP. (A)
Flotation experiments. Full-length AfGAP1 carrying the indicated mutations in ALPS1 and/or ALPS2 was incubated with Golgi-mix
liposomes of a defined size or with no liposome. Liposome-bound proteins were recovered at the top of sucrose cushions. The left panel
shows the SDSPAGE of a typical experiment. The right panels compile the results of two independent experiments using different batches
of liposomes. (B) GAP assay. Arf1-GDP (injection a) was first incubated with small (left) or large (right) liposomes and converted to the
GTP-bound form by the addition of an excess of GTP (b) and by the addition of 2 mM EDTA (c, giviMyfiee Mg?"). Thereafter, an

excess of MgGlwas added (d), and GTP hydrolysis was initiated by the addition of 50 nM ArfGAP1 bearing the indicated mutations.

Arf1-GTP (high fluorescence) and Arfl-GDP (low fluores- function of lipid concentration to determine the partition
cence). With small liposome&{= 36 nm), where the time  coefficient of the peptides (filled symbols in Figure 5B). For
course of GTP hydrolysis induced by wild-type ArfGAP1 ALPS1, we could fit the data with a hyperbolic function
was very fastty, = 6 s), the L207D mutation and the V279D  giving an apparent partition coefficiery) of ca. 290uM
mutation caused modest decreases in the rate of GTPlipid. For ALPS2, we could have only a rough estimate of
hydrolysis .. = 29 and 15 s, respectively). However, when the partition coefficient since the fluorescence change showed
the two mutations were combined, GTP hydrolysis was no saturation within the range of lipid concentrations that
dramatically slowedt{,, = 558 s). This apparent synergy was used K, in the millimolar range). Strikingly, the
between the two mutations was also observed with large fluorescence change observed for the ALP81PS2 pep-
liposomes R, = 115 nm), where the rate of GTP hydrolysis tide was markedly different from that observed for the

induced by wild-type ArfGAP1 was very slowip =99s).  individual ALPS peptides. First, at any lipid concentration,
However, in that case, the effect of the individual mutations the decrease in intensity was larger than the sum of the
was more pronounced. decreases measured for ALPS1 and ALPS2. Second, the

Quantitatie Analysis of the Contribution of ALPS1 and dose-response curve showed a sharp shape with a saturation
ALPS2 to Membrane Adsorptiohlaving established that at lipid concentrations of 250 «M, which contrasted with
both ALPS motifs contribute to the binding of full-length the smoother doseresponse curves observed for the indi-
ArfGAP1 to lipid membranes, we wished to study in a more vidual ALPS peptides. This suggested that the ALPS1
guantitative manner the synergy between the two motifs. For ALPS2 peptide has a much higher avidity for the lipid
this, we used spectroscopic assays by which one can comparenembrane than the isolated ALPS motifs. For the ALPS1
the lipid binding properties of the individual ALPS peptides ALPS2 peptide, we could not fit the data with a classical
(residues 192257 and residues 25804) with that of a hyperbolic function because the concentration of free lipid,
construct including the two motifs in tandem (residues-192  which should be used in this equation, can no longer be
304). approximated by the total lipid concentration. In other words,

We first took advantage of the fact that each ALPS motif We have to take into account the fact that each bound peptide
carries a tryptophan residue (W211 in ALPS1 and W287 in occupies a membrane patch wflipids that is no longer
ALPS2), which should experience a change in environment available for the binding of other peptides (see Materials and
upon membrane binding and thus act as an intrinsic Methods). Fitting the fluorescence change by a quadratic
fluorescence probe of this event. Figure 5A shows the equation indicates that the ALPSALPS2 peptide binds to
emission spectra of the ALPS1, ALPS2, and ALP&LPS2 a membrane patch of 108)(lipids with an apparent affinity
peptides in the absence or presence of sonicated liposome$Ky) of 0.067xM. This gives for the corresponding partition
(Rn= 24+ 12 nm). In all cases, a blue shift was observed, coefficient () a value of 108« 0.067= 7 uM. Compared
suggesting that the tryptophan groups are shifted from anto values of 29Q:M for ALPS1 and ca. 1 mM for ALPS2,
aqueous environment to a nonpolar environment. The this indicates that the combination of ALPS1 and ALPS2
fluorescence decrease at 370 nm was then plotted as aesults in a 46-100-fold increase in membrane binding.
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peptide. Interestingly, the Phe mutants allow a better
observation of the synergy between the two ALPS maotifs.
This can be seen by comparing the fluorescence changes
observed for ALPS2 £) and for the ALPS1[W211F
ALPS2 peptide 4) in Figure 5B. In both cases, W287 of
the ALPS2 motif is solely responsible for the fluorescence
signal, yet W287 partitions weakly in the bilayer when
present in isolated ALPS2 but much more efficiently when
ALPS1 was linked to ALPS2. This suggests that the
partitioning of ALPS1 on lipid membranes greatly facilitates
the partitioning of ALPS2. The same reasoning can be made
by comparing ALPS1 with ALPSTALPS2[W287F] pep-
tides.

The synergy between the two ALPS motifs was confirmed
by CD spectroscopy. Titration experiments similar to that
shown in Figure 2B for the individual ALPS peptides were
performed with the ALPS2ALPS2 peptide, and the results
are compiled in Figure 2C (dashed line). If there was no
synergy between the ALPS1 and ALPS2 motif for their
folding onto small liposomes, the MRE value of the ALPS1
ALPS2 peptide should be between the values observed for
the individual ALPS1 and ALPS2 peptides. In contrast, at
any lipid concentration, the MRE value at 222 nm was even
more negative than that observed for ALPS1, hence confirm-

ing a mutual help between the two ALPS motifs for their
folding and/or adsorption at the liposome surface (Figure
2C). In the presence of 4.75 mM DOPC/DOPS sonicated
liposomes, theo-helical content of the ALPSIALPS2
peptide was estimated to be 80% compared to 65% for

Ficure 5: Quantitative measurements of the affinity of the ALPS
motifs for small liposomes by tryptophan fluorescence. (A)
Fluorescence emission spectra of the ALPS1, ALPS2, and ALPS1

ALPS2 peptides (kM) in buffer (gray traces) and after the addition ALPS1 and 36% for ALPS2.
of small Golgi-mix liposomes (500m) obtained by sonication, Estimation of the Contribution of ALPS2 to the Response

= 25 nm (black traces)]. The corresponding blank spectra (buffer {0 Membrane Curature. Tryptophan fluorescence is a
alone or liposomes alone) have been subtracted, and a scale factolgonvenient way to follow the binding of ALPS peptides to
calculated from an experiment with tryptophan in the zwitterionic small liposomes. However, it was difficult to perform similar
form, was applied to the spectra observed in the presence Ofexperiments using liposomes of larger size as they strongly

liposomes to correct for the loss of excitation and emission light : . : oS
by scattering. (B) Corrected fluorescence change at 370 nm inducedScattered UV light. To circumvent this, we used an extrinsic

by the stepwise addition of sonicated liposomes to the indicated fluorescence probe, NBD, which, like tryptophan, shows a
peptides, which are schematized at the left. The solid lines are blue shift in its emission spectrum upon moving from a polar
quadr_atic fits, whereas the dashed Iir}es are hyperbolic fits (seetg a nonpolar environment, but absorbs and emits in the
Materials and Methods). (C) Schematic view of the results. The ;qiha spectrum where the contribution of light scattering
membrane (thickness and curvature) and the helices are showrb | i . LT h NBD lentl
approximately to scale. The partition coefficienkg,) have been y large liposomes is small. To attac covalently, we
estimated from the fits shown in panel B, can be converted into ~ replaced Ala236 in ALPS1 and in the ALPSALPS2
Ky, a dimensionless coefficient, which directly reflects the prefer- peptide with a cysteine. Ala236 is at the C-terminus of the
ence of the peptide for the liposome surface compared to the wateraAl PS1 motif, and a NBD group at this position should
phase. experience a change in environment when the peptide adsorbs
and folds at the membrane surface.

Both W211 in ALPS1 and W287 in ALPS2 should The fluorescence emission spectra of ALPS1-NBD and
contribute to the overall fluorescence signal observed for the ALPS1-NBD—-ALPS2 peptides were recorded in solution or
ALPS1-ALPS2 peptide. To estimate their relative contribu- in the presence of Golgi-mix liposomes (6QM) of
tion, we prepared two mutated forms of the ALPSHL PS2 decreasing size. Figure 6 shows that when incubated with
peptide in which either W211 or W287 was replaced with large Golgi-mix liposomesR, = 120 nm), both peptides
phenylalanine. We reasoned ttaaW to Fmutation should exhibited an emission spectrum close to that observed in
have a minor impact on membrane adsorption but would solution, suggesting that they remained essentially soluble.
make the corresponding ALPS motif “silent” in terms of However as the liposome size decreases, a sharp increase in
fluorescence. Figure 5B shows that the fluorescence change®BD fluorescence was observed, further illustrating that
observed for the mutated ALPSALPS2 peptides were  ALPS motifs function as acute sensors of membrane
approximately one-half of those observed for the wild-type curvature. Importantly, the peptides did not respond to the
form but that the shape of the desesponse curves was same range of membrane curvature: the response of the
very similar. Quadratic fits give indeed very similar values ALPS1-ALPS2 peptide to the radius of the liposomes was
of Kg andn. Therefore, we conclude that W211 in ALPS1 shifted by about+-20 nm as compared to the response of
and W287 in ALPS2 contribute approximately equally to the ALPS1 peptide. This suggests that the presence of ALPS2
the fluorescence change observed for the ALPSIPS2 in tandem with ALPS1 is not required for the detection of
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A 192 257 192 304 We compared the results of the NBD fluorescence assay
| Sehe | asec | with GAP activity measurements performed with the wil_d-
[aces1[_] [TALPs1] [aLPs2] ] type fprm of ArfGAPl an_d V\_nth the V279D mutant. As this

g, Y mutation abt_)llsh_ed the binding and/or foIdmg of_the |sola_1ted
ALPS2 motif (Figure 2), a mutant bearing this mutation
should rely only on ALPS1 for its interaction with lipid
200 200 192-304[NBD) membranes, and its behavior in the GAP assay was thus
3 expected to match the behavior of the ALPS1 peptide in the
3100 Rt NBD fluorescence assay. In contrast, the sensitivity to
= 15 |(nm) ~ 3 () membrane curvature of wild-type ArfGAP1, with two
150+ a m& o 2 functional ALPS motifs, should better fit with the behavior
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of the ALPSI-ALPS2 peptide in the NBD fluorescence
assay. Figure 6B reports the rate of Arfl-GTP hydrolysis

catalyzed by wild-type ArfGAP1 or by the V279D mutant
on Golgi-mix liposomes with various radii. Clearly and as
expected, the V279D mutation does not abolish the sensitivity
to membrane curvature but shifts the response to shorter radii.
Thus, one can estimate that when the ALPS2 motif is made

100+

NBD fluorescence at 529 nm (a.u.)

2 nonfunctional by the V279D mutation, the threshold for the
response of the GAP activity to membrane curvature is

_________________________ shifted to anR of ~60 nm, compared to aR of ~80 nm
0 ’ for the wild-type form. Taken together, the NBD fluorescence

0 20 40 60 80 100 120 140

( ( assay and the GAP assay suggest that the engagement of
Liposome radius (nm)

two ALPS motifs versus one determines the range of
curvature at which ArfGAP1 responds. It should be noted,
however, that the response of full-length ArfGAP1 to
membrane curvature (as judged from the GAP assay) was
even sharper than that observed for the ALP8LPS2
peptide measured by the NBD fluorescence assay. As
proposed for other members of the ArfGAP familgg),
intramolecular interactions within the entire AffGAP1 mol-
ecule affecting the availability of the ALPS motifs and/or
the activity of the catalytic Zn-finger fold could explain this
difference.

Adaptation to Lipid Membranes with Different Lipid
CompositionsArfGAP1 is sensitive not only to membrane
curvature but also to the geometry of lipids1{-13, 19).

This dual sensitivity has the same cause: the ALPS motifs
adsorb preferentially on membranes that display defects in
lipid packing because such defects facilitate the insertion of
i : ( - i . hydrophobic residues. Therefore, a conical lipid in a flat
0 20 40 60 80 100 120 140 membrane is somehow equivalent to a cylindrical lipid in
Liposome radius (nm) the outer leaflet of a curved membrane: the mismatch
FIGURE 6: ALPS2 modulates the response of ArfGAP1 to between the lipid geometry and the actual curvature of the
membrr]ane ?UW(?I_I#LE- (A) l:lBI%fluores_celnce assay. Thetconﬂ\fllégsmembrane leaves some space for the insertion of hydrophobic
are schematized. e Insets snow ICal emission spectra O - H H i H
labeled ALPS1 and ALPS—]ALPSZt{)_gpt_idE_s in soluti%n (dashed :_e S|dueds. VYeb:e?ﬁoned that (Ialepeln?mg ?nht h_e lipid (;omi)_osp
curves) or in the presence of Golgi-mix liposomes of a defined lon and notably the average level ol acyl chain unsaturation,
radius. The fluorescence intensity at 529 nm was plotted as athere could be an advantage of having one or two functional
function of liposome radius. The data shown are from five ALPS motifs. The ALPS1 motif may be sufficient for
independent experiments. The horizontal and vertical bars showdetection of a change in curvature of membranes with a high
the standard deviation of the liposome hydrodynamic radius and level of acyl chain unsaturation, whereas two functional

of the NBD fluorescence intensity, respectively. The horizontal - . ; S
dashed line indicates the fluorescence level of the NBD peptides ALPS motifs may be required for detection of a similar

in solution. (B) GAP assay. GTPase measurements similar to thosechange for membranes with a low level of unsaturated lipids.
shgv¥n iréI Figdure 4B &/vleredpzrforr;]ﬂedfwith Golgi-mi>;] Iigoslomes of  To test this hypothesis, we replaced a fraction (30%) of
a defined radius and loaded with Arf1-GTP. GTP hydrolysis was the most abundant lipids in our liposome formulation (e
initiated by the addition of 50 nM AfGAP1 (wild-type or V279D). . P - 1Ipe . (egg
The half-time {1,) of GTP hydrolysis was determined graphically PC and liver PE) with synthetic dioleoyl species (C18.'].'/
from the tryptophan fluorescence decay. The plot shows the rate C18:1/PC and C18:1/C18:1/PE) and used the GAP activity
(14y) + the variation of GTP hydrolysis as a function of liposome assay to evaluate the response of ArfGAP1 to membrane
radius for two independent experiments. curvature. As expected, the incorporation of dioley! lipids
shifted the membrane curvature response toward larger
membrane curvature per se but tunes this detection towardiposome radii. As a result, the response to membrane

larger radii (lower level of curvature). curvature of the V279D mutant, in which only ALPS1 is
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functional, resembles that of the wild-type form in the bound conformation of the entire ALPSALPS2 region and

presence of classical Golgi-mix liposomes. to better define the boundaries of the ALPS motifs. Such
approaches have been successfully applied-synuclein,
DISCUSSION a small presynaptic protein, whose misfolding is associated

. i with Parkinson’s disease. Interestingly;synuclein also
We have shown that mammalian AffGAP1 contains a hings preferentially to highly curved membranes through the
second motif, ALPS2, similar in terms of physical chemistry adsorption and folding of its first 90 amino acids into a

to the previously identified ALPS1 motif. Both motifs are g cture composed of twa-helices joined by a flexible
intrinsically unstructured but fold in a synergic manner into oiner 07—-30).
amphipathica-helices at the surface of curved membranes Several lines of evidence suggest a synergy between the

(Figure 2). They differ from classical membr_ane-adsorbing two ALPS motifs for their folding and adsorption onto highly
a-helices by the abundance of S/T residues in the polar facecurved liposomes. First, the ALPSALPS? peptide binds

(Figure 1), a feature that explains their preference for 1, ool liposomes and adopts amhelical conformation
membranes with packing def.eCtS such as those mt_Jluc_ed BYnuch more readily than the individual motifs (Figures 2C
membrane curvature (G. Drin, personal communication). o4 5). Second, whereas the introduction of a membrane
Although Fhe _sharp response of ArfGAPl to memprane repulsive charge in a single ALPS motif results in a modest
curvature is primary due to the folding and/or adsorption of decrease in the activity of full-length AfGAP1, the combi-

the ALPS1 motif, our results suggest that the combinat(_)ry nation of two mutations, one in each matif, leads to a more
use of two ALPS motifs tunes the range of curvature at which severe inhibition (Figure 4B). As explained above, it is

AIfGAP1 responds and/or adapts ArfGAP1 to membranes unlikely that the two ALPS motifs form a single continuous

of various lipid compositions. helix, and therefore, it is hard to imagine how the folding of
ALPS2 displays less avidity for highly curved lipid one motif could propagate up to the second motif. Thus, the
membranes than ALPS1 does (Figures 2 and 5). Although apparent synergy between the two ALPS motifs for their
the physical chemistry of the two motifs seems similar folding and adsorption onto curved membranes probably
(Figure 1), subtle differences may explain this observation. results from a reduction of dimensionality, an effect that
First, bU|ky hydrophobic residues (e.g., W, L, and |) are more app"es to many membrane-binding modu@g)(When one
abundant in the nonpolar face of ALPS1 than in the cognate ALPS motif binds, the neighboring ALPS motif is confined
face of ALPS2, which contains five Val residues (Figure in the vicinity of the membrane and therefore experiences a
1C). Second, the ALPS1 motif may be longer than ALPS2. much higher lipid concentration as compared to an isolated
In the helical-wheel representations shown in Figure 1C, we ALPS motif. Therefore, even if the intrinsic avidity of ALPS2
assume that ALPS1 spans residues-1284. These limits  for a curved lipid membrane is low, this is sufficient to drive
were suggested by a sequence alignment with the yeasktrong binding, provided that ALPS1 is already bound.
homologue Ges1plE). However, the C-terminus of ALPS1 What could be the advantage of having two ALPS motifs
may extend beyond residue 234. First, the sequence betweegersus one? This issue is not obvious considering the fact
residues 235 and 251 of ArfGAPL, although not as hydro- that ArfGAP1 remains highly sensitive to membrane cur-
phobic as the sequence of residues 1894, keeps a  yature when the ALPS2 motif is entirely deleted, such as in
reasonable amphipathic character and is rich in S/T residueshe construct of residues—p57 (16) or when it is made
(Figure 1B). Second, we noticed previously that the fragment nonfunctional by the highly perturbing V279D mutation
of residues 192257 displays more robust liposome binding  (Figures 6B and 7). Moreover, several proteins of the
than the fragment of residues 19231 (16). Last, at a  AffGAP1 subfamily lack the ALPS2 motif. The yeast
saturating concentration of small liposomes, the level of homologue of ArfGAP1, Geslp, contains a region homolo-
helical structure of the peptide of residues +3P4 estimated gous to ALPS1 but not to ALPS216). In mammals, an
by CD measurements is80%, corresponding to 90 amino  apundant isoform of AfGAP1 has been found in the brain,
acids (Figure 2C), which is more than the sum of the length \which differs from the original AfGAP1 protein by a large
of the ALPS1 and ALPS2 sequences suggested in Figure lgeletion in the ALPS2 motif4A259—280) and by an insertion
(36 and 32 residues, respectively). of 10 residues downstream from the ALPS1 mati){ One
Whatever the exact C-terminus of ALPS1, it is likely that intriguing model, is suggested by the activity measurements
there is some structural discontinuity between ALPS1 and shown in Figure 7: changing the number (or length) of the
ALPS2. Indeed, a continuous straigithelix consisting of ALPS motifs could be a way for ArfGAPL1 to adapt to the
ALPS1 and ALPS2 seems to be ruled out since it could not lipid composition of membranes. The response of ArfGAP1
interact with a curved membrane all along its length. Kinks to membrane curvature is very sharp as decreasing the
are required to accommodate the curvature of the membranediameter of Golgi-like liposomes from 80 to 40 nm results
and this could be the role of a Pro residue (P254) betweenin a 20-fold increase in the activity of wild-type ArfGAP1
the two motifs, which should interrupt or at least distort the (Figure 6B). During the budding of a COPI-coated vesicle,
helical conformation locally. In addition, the sequence around such an almost all-or-none response should be advantageous,
this proline is not “in phase” with the proposed ALPS as Arfl molecules would be lost by GTP hydrolysis only
o-helices, since a continuoushelix would put negatively ~ when membrane curvature has reached a given threshold.
charged residues such as E257 and E261 in the nonpolaiThis threshold can be considered as the morphological limit
face. In the future, additional mutations and structural between a young and shallow bud, for which coat stability
approaches such as NMR or site-directed spin labeling would be compromised if too many Arf molecules were lost,
combined with electron paramagnetic resonance spectroscopynd a mature bud, more curved and ready for fission, for
will be required to gain a precise picture of the membrane- which coat disassembly must be programmed. However, the
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Ficure 7: Changing the average acyl chain composition of the
membrane shifts the response of AfGAP1 to membrane curvature.
GAP experiments similar to those shown in Figure 6B were
performed with wild-type ArfGAP1 or with the V279D mutant on
Golgi-mix liposomes in which a fraction (30 mol %) of egg PC
and liver PE was replaced with dioleyl lipids. For comparison, the
results from Figure 6 with the standard Golgi-mix composition are

shown in gray.

very sharp response of ArfGAP1 to membrane curvature is
also highly dependent on the lipid composition (Figure 7)
(11, 16, 19). This is because defects in lipid packing depend
on both the actual curvature of the bilayer and the lipid
geometry 81). Therefore, to keep the response within a
defined range of curvature (say between 80 and 40 nm), the
adsorption energy of ArfGAP1 has to be adjusted according
to the lipid composition of the membrane and notably to the
ratio between conical and nonconical lipids. As this ratio
differs not only between organisms but also between tissues
(e.g., the brain contains more unsaturated lipids than the
liver), the existence of tissue-specific AfGAP1 isoforms that
differ essentially by the length and number of functional
ALPS motifs (L8) could be a way to adapt to different lipid

environments.
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