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ABSTRACT GAIP (G Alpha Interacting Protein) is a
member of the recently described RGS (Regulators of G-
protein Signaling) family that was isolated by interaction
cloning with the heterotrimeric G-protein Gea;; and was
recently shown to be a GTPase-activating protein (GAP). In
AtT-20 cells stably expressing GAIP, we found that GAIP is
membrane-anchored and faces the cytoplasm, because it was
not released by sodium carbonate treatment but was digested
by proteinase K. When Cos cells were transiently transfected
with GAIP and metabolically labeled with [3°S]methionine,
two pools of GAIP—a soluble and a membrane-anchored
pool—were found. Since the N terminus of GAIP contains a
cysteine string motif and cysteine string proteins are heavily
palmitoylated, we investigated the possibility that membrane-
anchored GAIP might be palmitoylated. We found that after
labeling with [*H]palmitic acid, the membrane-anchored pool
but not the soluble pool was palmitoylated. In the yeast
two-hybrid system, GAIP was found to interact specifically
with members of the Ga; subfamily, Gai, Gaiz, Gz, Gz, and
Ga,, but not with members of other Ga subfamilies, Ga, Gayg,
and Ga;z13. The C terminus of Ga;; is important for binding
because a 10-aa C-terminal truncation and a point mutant of
Gays showed significantly diminished interaction. GAIP in-
teracted preferentially with the activated (GTP) form of Ga;3,
which is in keeping with its GAP activity. We conclude that
GAIP is a membrane-anchored GAP with a cysteine string
motif. This motif, present in cysteine string proteins found on
synaptic vesicles, pancreatic zymogen granules, and chromaf-
fin granules, suggests GAIP’s possible involvement in mem-
brane trafficking.

Using the yeast two-hybrid system, we recently identified
GAIP, a human protein that specifically interacts with the
heterotrimeric G protein Gaiz (1). GAIP is a member of the
newly described RGS family (for Regulators of G-protein
Signaling) (1-5) whose ~15 members share an ~125-aa ho-
mologous core domain and are thought to regulate G-protein
signaling. This core domain, now referred to as the RGS
domain, is the site of interaction with the Ga subunit (1).
Mutants of two RGS family members, EGL-10 in Caenorhab-
ditis elegans and Sst2 in Saccharomyces cerevisiae, show a delay
in egg-laying behavior (3) and desensitization to pheromone
(6), respectively. Another family member, RGS4, was shown to
inhibit mitogen-activated protein (MAP) kinase activity stim-
ulated through G-protein-coupled receptors (2).

The recent demonstration that GAIP, RGS4, and other
RGS proteins function as GTPase-activating proteins (GAPs)
for Gaj subunits in vitro (7-9) indicates that these molecules
negatively regulate heterotrimeric G proteins by stimulating
their intrinsically low GTPase activity, returning them to the
inactive GDP-bound state. A number of GAPs have been
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isolated for the small GTP-binding proteins. The distribution
and interaction of rasGAP with ras is particularly well docu-
mented (10, 11). To date no information is available on the
distribution and the nature of the interaction with G proteins
for any member of the RGS family. In this paper we investi-
gated the distribution of GAIP and the nature of the GAIP/
Gays interaction in cells stably or transiently expressing GAIP
in vivo. We provide evidence that GAIP interacts preferen-
tially with the GTP-bound form of members of the G
subfamily. We also obtained the surprising finding that, in
contrast to most other GAPs, GAIP is membrane-anchored.

MATERIALS AND METHODS

Cloning Procedures. cDNAs encoding the full-length hu-
man GAIP and the fragment GAIP»3 17 were inserted into the
EcoRI (5') and Xhol (3") sites of mammalian expression vector
pCDNA3 (Invitrogen). An HA epitope (derived from hem-
agglutinin protein of human influenza virus) was fused to the
N terminus of GAIP by ligating autohybridized oligonucleo-
tides coding for the epitope (YPYDVPDYA) into the BamHI
(5') and EcoRI (3') sites of the above vector (pCDNA3
HA-GAIP1_217 and pCDNA3 HA-GAIP23_217). An HA
epitope was placed at the alternative splice site of the long form
of the rat Ga as previously described (12). The plasmids used
for coupled in vitro transcription—translation (Promega TnT
kit) and for production of glutathione S-transferase (GST)-
GAIP fusion protein were as described (1). Full-length Ga
subunit cDNA sequences were constructed in the pGBT9 bait
vector (Clontech) after PCR on their respective vectors as
templates. The rat Ga;3(Q204L) and Gaiz(G203A) mutants
were obtained from A. Spiegel (National Institutes of Health);
rat Gajp, mouse Gayg, and mouse Gayz, from P. Insel (Uni-
versity of California, San Diego); rat Gaj; and the rat
Gay(Q227L) mutant, from T. Kozasa (University of Texas,
Southwestern Medical Center); rat Ga, from E. Neer
(Brigham and Women’s Hospital); rat Ga,, from E. Ross
(University of Texas, Southwestern Medical Center); S. cer-
evisiae Gpal from J. Noel (Salk Institute); and rat Ges, from
H. Bourne (University of California, San Francisco). The
C-terminal 10-aa truncation mutant, Geaiz(A345-354) of Gas,
the Gag-Gaj3 C-terminal chimera, Goygyi33ss-3s4—a 10-aa
swap between Gaq and Gajz C termini, and the Gai3(G352N)
point mutant constructs were made by PCR with modifying
primers (sequences available upon request). All constructs
were verified by automated sequencing through the cloning
sites and through the mutated regions using 5" and 3’ pGBT9
sequencing primers.

Abbreviations: pB-gal, B-galactosidase; GAP, GTPase-activating pro-
tein; GAIP, Ga-interacting protein; GST, glutathione S-transferase;
GTP[+S], guanosine 5’'-[y-thio]triphosphate; HA, hemagglutinin pro-
tein of influenza virus; RGS, regulator of G-protein signaling.
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A rat GAIP ortholog (rGAIP) isolated from a rat pituitary
library (in pACT2 prey vector) by a yeast two-hybrid screen
with rat Gais as bait was used in some of the yeast two-hybrid
assays described below. No noticeable differences in interac-
tion levels were detected between the rat and human proteins
(data not shown).

Cell Culture and Transfections. Cos-7 monkey kidney cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM-
high glucose) supplemented with 10% (vol/vol) fetal calf
serum, penicillin G, and streptomycin sulfate. Murine AtT-
20/D-16v pituitary cells, obtained from Richard Mains (Johns
Hopkins University), were grown in DMEM-high glucose with
10% horse serum. For transient transfections of Cos-7 cells
with full-length GAIP, cells grown in 75-cm? flasks were
transfected with 5 ug of the pCDNA3 HA-GAIP; 7 or
pCDNA3 HA-Gas plasmids by using the DEAE-dextran
method (13). For stable transfections 50 pg of pCDNA3
HA-GAIP33 517 plasmid was transfected into AtT-20 cells by
using Lipofectin (GIBCO/BRL). After 3 days of nonselective
growth in complete medium, followed by 14 days of growth in
the same medium with geneticin (G418, GIBCO/BRL) at 500
wng/ml, clones were selected by serial dilution of surviving foci
and maintained in geneticin at 100 ug/ml. Expression of
GAIP23_217 was verified by immunoblotting, and eight clones
showing different levels of expression were obtained. A more
detailed analysis of the cell lines stably expressing GAIP»3_517
will be described elsewhere. Two of these clones (clones 1 and
14) were used in this study.

Antibodies. mAb 12CAS5 against the HA epitope was pur-
chased from Boehringer Mannheim. Polyclonal rabbit anti-
bodies against calnexin (14) and Cab45 (15) were obtained
from J. Bergeron (McGill University) and H. Lodish (White-
head Institute), respectively. Affinity-purified anti-B-COP
IgG, characterized earlier (16), was raised against the EAGE
peptide of Duden et al. (17).

Preparation and Analysis of Membrane Fractions. Conflu-
ent cultures of AtT-20 clones 1 and 14 stably expressing
HA-GAIP,3 517 were harvested by scraping into ice-cold phos-
phate-buffered saline (PBS) containing protease inhibitors (1
mM phenylmethanesulfonyl fluoride, 2 mg/ml aprotinin, 0.5
mg/ml leupeptin, and 5 mM EDTA). Cells were passed 10
times through a 30-gauge needle, and the lysate was centri-
fuged (600 X g for 3 min at 4°C) in a microcentrifuge to pellet
unbroken cells and nuclei. The supernatant was centrifuged at
100,000 X g for 1 hr at 4°C in a Beckman TLA45 rotor. The
pellet (crude membrane fraction) was resuspended in ice-cold
PBS containing protease inhibitors and divided into aliquots
(=75 pg of protein). Some aliquots were treated with 0.1 M
Na,CO; (pH 11.3) for 30 min at 4°C and centrifuged again at
100,000 X g for 1 hr (18). Others were treated with 50 ug/ml
proteinase K (GIBCO/BRL) for 25 min at 4°C. Proteins from
all fractions—i.e., supernatants and untreated and treated
pellets—were separated by SDS/PAGE (19) and transferred
to poly(vinylidene difluoride) (PVDF) membranes (Milli-
pore), using a semidry blotter (Millipore). Immunoblotting
was performed for epitope-tagged GAIP using mAb 12CAS
(2-hr incubation, dilution 1:80) and for Cab45, calnexin, and
B-COP using polyclonal rabbit antibodies (1-hr incubation,
dilutions 1:3000, 1:10,000, and 1:3000, respectively). Secondary
antibodies consisted of horseradish peroxidase (HRP)-
conjugated goat anti-mouse or anti-rabbit IgG (Bio-Rad) (1-hr
incubation, dilution 1:3000). The ECL (enhanced chemilumi-
nescence) kit from Amersham was used for detection of
immunoreactivity. The bands corresponding to GAIP were quan-
tified by laser scanning densitometry (Ultra Scan XL, LKB).

Metabolic Labeling and Immunoprecipitation. For labeling
with [*H]palmitic acid, Cos-7 cells in 75-cm? flasks were
transfected 48 hr earlier and incubated in DMEM-high glucose
for 2 hr, after which the medium was changed to 5 ml of
DMEM-high glucose containing 1% dimethyl sulfoxide and
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2.5 mCi of [9,10-3H]palmitic acid (specific activity 60 Ci/mmol;
American Radiolabeled Chemicals; 1 Ci = 37 GBq), and
incubation was resumed for 1 hr. For labeling with [3*>S]me-
thionine, cells were incubated 1 hr in DMEM-high glucose
(methionine-free) containing 200 wCi of Met->>S-Label per ml
(1175 Ci/mmol; American Radiolabeled Chemicals). Cells
were washed three times in PBS and harvested by scraping in
homogenization buffer [5 mM Hepes, pH 7.4/1 mM EDTA/
100 mg/ml soybean trypsin inhibitor/0.5 mg/ml leupeptin/2
mg/ml aprotinin/0.7 mg/ml pepstatin/10 milliunits/ml ao-
macroglobulin (Boehringer Mannheim)]. The cell suspension
was centrifuged (5 min at 180 X g) at 4°C and the cell pellets
were homogenized by passing them through a 25-gauge needle
25 times. Crude membrane and soluble fractions were pre-
pared as described for the AtT-20 cells except the crude
membrane fraction was resuspended in homogenization
buffer. Immunoprecipitation was performed on either 1 mg of
protein from the [*H]palmitic acid-labeled cells or 100 pg of
protein from the [3*S]methionine-labeled cells in 1 ml of
solubilization buffer (50 mM Tris-HCl, pH 7.5/150 mM
NaCl/1% Triton X-100/0.2% SDS/1 mM EDTA). One mi-
crogram of the 12CA5 mAb or 10 pg of nonimmune rabbit IgG
was added, and the samples were incubated overnight at 4°C
with gentle mixing. The immunoprecipitates were recovered
by incubation for 2 hr with protein A-Sepharose CL-4B
(Pharmacia LKB) and washed twice in solubilization buffer
and once in the same buffer without detergents. After cen-
trifugation (8000 X g for 10 min) the immunoprecipitate was
solubilized in Laemmli gel loading buffer (19), separated by
SDS/PAGE on 8-16% gradient Tris—glycine gels (Novex),
and prepared for autoradiography using EN>HANCE (Du-
Pont/New England Nuclear) and Biomax-MR film (Kodak).
The labeled products were quantified by densitometry using
SCAN ANALYSIS (Biosoft, Cambridge, U.K.) software.
Two-Hybrid Assays. Filter and liquid B-galactosidase (3-gal)
assays were as described (1) except that yeast strain SFY526
was used on selective medium (Clontech). Transformations of
yeast were performed according to Schiestl and Gietz (20).
In Vitro Interactions. Purified GST-GAIP was prepared,
immobilized on glutathione-agarose beads (Pharmacia LKB),
and incubated with 3°S-labeled in vitro translated Gajs as
described (1), except that 5 uM guanosine 5'-[y-thio]triphos-
phate (GTP[yS]) or AlIF; was added to some aliquots of the
in vitro translated Ga;z and to the washes before incubating the
sample with GST-GAIP. The labeled products were identified
and quantified by autoradiography using a PhosphorImager
(Molecular Dynamics) and IMAGEQUANT software.

Table 1. GAIP interacts specifically with Ge; subfamily members

B-gal
Bait Filter Liquid, %
Gajr +++ 55
Gajp + 6.3
Gais +++ 100
Gag +++ 52
Ga, + 5.0
Gas — <1
Gay(Q224L) — <1
Gag — <1
Gais — <1

The B-gal filter assay was performed on (Leu~, Trp~) plates, and
intensity of color was scored after 8 hr. —, no color; +, weak color;
+++, strong color. For the B-gal liquid assay (Leu~, Trp~), the
Gai3/GAIP interaction [12.5 Miller units (23)] was taken as 100%.
Yeast cotransformed with void bait and prey vectors were taken as
background. Baits were constructed in pGBT9, and GAIP prey vector
was pACT2-rGAIP. For each experiment three colonies were picked.
Values represent the mean of three independent experiments.
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Table 2. GAIP interacts with the C terminus of Gajs

B-gal
Bait Filter Liquid, %
Gais +++ 100
Gagq — <1
Gais(A345-354) + 14
Gai3(G352N) 4 80
Goayg/iz(345-354) — <1
Gpal +++ 160

Footnotes are as for Table 1. Values represent the mean of five
independent experiments.

BLAST Searches. Online BLAST searches were performed
through the National Center for Biotechnology Information at
the National Institutes of Health, Bethesda, MD (21).

RESULTS

GAIP Interacts with the Ga; Subfamily. We have shown
previously that GAIP interacts specifically with Gaisz but not
with Gag, Using the yeast two-hybrid system (22), we investi-
gated the specificity of GAIP for all Ga subfamilies. As shown
in Table 1, Gaj1, Gajz, Gajs, Gay, and Gay, all considered Ge;
subfamily members (24), interacted with GAIP in the two-
hybrid assay although not to the same degree (Gaiz > Gaiy,
Ga, > Gag, Gaip). Other G-protein subfamilies such as Ga,
an activated Ga,(Q227L) mutant (25), Gag, and Gay3 showed
no interaction. These results demonstrate the specificity of
GAIP for the Ga; subfamily.

The C Terminus of Gz Is Important for Interaction with
GAIP. The fact that GAIP interacts specifically with the Go;
subfamily led us to investigate the importance of the C
terminus of Gays for interaction with GAIP in more detail,
because the two signatures for the Go; subfamily—i.e., per-
tussis toxin sensitivity (26) and the glycine residue in the third
position from the C terminus (27, 28)—are located there, and
the last 10 amino acids of Ga subunits have been implicated
in specific receptor interaction (29). Using the two-hybrid
system, we tested a C-terminal deletion mutant of Guas,
truncated by 10 amino acids [Ga;i3(A345-354)]. As shown in
Table 2, deletion of 10 amino acids at the C terminus of Ga;3
is sufficient to significantly reduce its interaction with GAIP.
Previous studies have shown that Gaq does not interact with
GAIP (1), and Gog has an asparagine instead of a glycine three
residues from the C terminus. We also investigated the im-
portance of the glycine residue (G352) in the third position
from the C terminus of Gajs by replacement of G352 with the
corresponding asparagine residue (N357) in Gag. We observed
a small but significant drop in the degree of interaction
between Gajz and GAIP (G352N) (Table 2). We also con-
structed a Gag/Gayz chimera [Gag/iz34s-354)], in which we
replaced the 10 C-terminal amino acids of Gaq with those of
Gajs. As shown in Table 2, the Goygyi3345-354) chimera did not
interact with GAIP. The yeast homolog Gpal, which can be
considered a Ge; family member based on the fact that it
contains the signature glycine residue (30), showed the stron-
gest interaction with GAIP in the B-gal liquid assay (Table 2).
The above results suggest the importance of the C terminus of

Table 3. GAIP interacts with the GTP-bound form of Gajs

B-gal
Bait Filter Liquid, %
Gajz +++ 100
Ga;3(Q204L) +++ 110
Gai3(G203A) + 5

Footnotes are as for Table 1. GAIP prey vector was pGADGH-
GAIP;.217. Values represent the mean of two experiments.
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FiG. 1. GAIP interacts with the GTP-bound form of Gays in vitro.
GST-GAIP fusion protein bound to glutathione-agarose beads was
incubated with in vitro translated Gais for 2 hr in the presence or
absence of GTP[yS] and AlF, . The bound products were separated by
SDS/10% PAGE and detected by autoradiography. 3°S-labeled in vitro
translated Geys binds to GST-GAIP beads 4-5 times more efficiently
in the presence of GTP[yS] (lane 2) or AlIF,; (lane 3) than in their
absence. Lane 4, control beads with GST alone. Lane 5, 33S-labeled in
vitro translated Gajz (arrow). Molecular mass markers (kDa) are
indicated on the left.

the Ga; subfamily in their interaction with GAIP. However,
based on the lack of interaction with the Geay/is chimera, we
conclude that the extreme C terminus of Ga;s is not the only
site of binding to GAIP.

GAIP Interacts with the GTP-Bound Form of Geajs. To
determine whether GAIP preferentially interacts with the
GTP- or GDP-bound form of Gajs in vivo, we assessed the
interaction between GAIP and point mutants of Geys, using
the yeast two-hybrid system. In the filter assay (Table 3), the
interaction between GAIP and Gai3(G203A), the inactivated
(GDP) form of Gajs, was significantly weaker than that
between GAIP and Ga;3(Q204L), the activated (GTP) form
(25, 31, 32). These results were quantitated by the B-gal liquid
assay (Table 3), where the interaction between GAIP and
Gai3(G203A) was at least 20 times weaker than that between
GAIP and Ga;3(Q204L). The yeast two-hybrid results were
reinforced by results of an in vitro assay. GST-GAIP fusion
protein bound to glutathione-agarose beads interacted with in
vitro transcribed—translated Geais (Fig. 1, lane 1), and this
interaction was enhanced 4-fold in the presence of GTP[yS]
(Fig. 1, lane 2) and 5-fold in the presence of AlF; (Fig. 1, lane
3). GTP[4S], a nonhydrolyzable analog of GTP, maintains the
Ga subunit in its activated state. AlF; also activates GDP-
bound heterotrimeric G proteins by mimicking the GDP-to-
GTP transition state during GTP hydrolysis (33, 34). These
results indicate that GAIP interacts preferentially, if not
exclusively, with the GTP-bound state of Ga;s.

GAIP Is a Membrane Protein. Most GAPs for small GTP-
binding proteins are cytosolic proteins (8), with one possible
exception—i.e., rasGAP (35). To determine whether GAIP is

PN P S
32.7-
- - -+
GAIP

F1G. 2. GAIP is present in both membrane and soluble fractions.
A postnuclear supernatant (PN) from AtT-20 cells stably expressing
GAIP (clone 14) was centrifuged at 100,000 X g to yield a crude
membrane fraction (P) and a soluble fraction (S). These fractions were
immunoblotted with 12CAS mAD (anti-HA) and detected by ECL, and
the amount found in the membrane and cytosolic fractions was
quantified by densitometry. Most of the GAIP (80-90%) is associated
with the membrane pellet, but the remainder is found in the soluble
fraction.
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A. B.

44.1- "I" -
GAIP
Cab45

Fic. 3. GAIP behaves as an integral membrane protein. Mem-
brane fractions (100,000 X g pellet) from AtT-20 cells stably expressing
GAIP (clone 14) were treated with Na,COs. Proteins were separated
by SDS/12% PAGE and immunoblotted. (4) GAIP remains associ-
ated with the membrane fraction (P) after Na,COj treatment and is
not detected in the soluble fraction (S). (B) Cab45, a soluble luminal
Golgi protein, is released from the membrane fraction (P) and appears
in the supernatant (S) after Na,COj3 treatment.

a membrane protein or a cytosolic protein, we assessed the
distribution of GAIP in crude membrane (100,000 X g pellet)
and cytosolic (100,000 X g supernatant) fractions prepared
from AtT-20 cells stably expressing GAIP. We found that
80-90% of the GAIP pelleted with the membrane fraction
(Fig. 2). When this fraction was treated with 0.1 M Na,CO3
(pH 11.3) to strip peripheral membrane proteins (18), GAIP
remained associated with the membrane fraction (Fig. 34),
indicating that it behaves as an integral membrane protein. By
contrast, sodium carbonate treatment resulted in release of
Cab45 (Fig. 3B), a soluble luminal protein of the Golgi (15),
into the cytosolic fraction, indicating that the high pH treat-
ment was effective. Digestion of the membrane pellet with
proteinase K resulted in complete digestion of GAIP (Fig. 44)
and B-COP (Fig. 4B), a peripheral coat protein that faces the
cytoplasm (17). Under the same conditions calnexin, an inte-
gral membrane protein that faces the lumen of the endoplas-
mic reticulum (14), was protected (Fig. 4C). Taken together,
the above results show that (i) there are two pools of GAIP,
a membrane and a soluble pool, and (i) the membrane-
associated pool faces the cytoplasm.

GAIP Has a Cysteine String Motif and Is Palmitoylated.
GAIP lacks a signal peptide and from its hydropathy plot has
no evident transmembrane domain (1). A BLASTP search (21)
of the N-terminal 79 residues (exclusive of the RGS domain)
of GAIP revealed that GAIP possesses a cysteine-rich region
(8 of 11 residues are cysteines) between residues 39 and 49,
analogous to those in cysteine string proteins (Fig. 5). Cysteine
string proteins are a family of proteins found on synaptic
vesicles in Drosophila, Torpedo, and rat brain (36-38). The fact
that cysteine string proteins are heavily palmitoylated on their
cysteine string motif (39, 40) suggested that GAIP might also

A. B.

(-) (+) (-)

144-,
32.7-

~—— -+ 87-

»

GAIP

-7‘ 87_-"
B-cop
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be palmitoylated. To investigate this possibility we metaboli-
cally labeled HA-GAIP-transfected Cos cells with [*H]palmi-
tate or [*>S]methionine and immunoprecipitated HA-GAIP
from the membrane and cytosolic fractions with anti-HA
mAb. 33S-labeled HA-GAIP was found in both the superna-
tant (80%) and the membrane pellet (20%) (Fig. 64). The
increased amount of GAIP in the soluble fraction of the Cos
cells compared with AtT-20 cells may be due to a greater level
of overexpression with transient transfection. By contrast,
SH-labeled HA-GAIP was present exclusively in the mem-
brane pellet (Fig. 6B). The fact that there are two pools of
GAIP and that the palmitoylated form is found exclusively in
the membrane pellet in transfected Cos cells suggests that
GAIP is anchored to membranes by means of palmitoylation.
To compare levels of [*H]palmitate incorporation, cells were
also transfected with HA-tagged Gos because this protein has
only one site of palmitoylation (41). While the amount of
35S-labeled HA-Ga; was equivalent to the amount of the
35S-labeled HA-GAIP in the membrane pellet, the amount of
3H-labeled HA-GAIP was much greater than the H-labeled
HA-Gos (data not shown), suggesting that GAIP is more
heavily palmitoylated than Ga.

DISCUSSION

Our main finding is that GAIP is membrane-anchored. In
AtT-20 cells stably expressing GAIP we found 80-90% of the
GAIP in a crude membrane fraction (100,000 X g pellet).
Resistance to stripping with Na,CO3 and susceptibility of the
membrane fraction to digestion with proteinase K showed that
GAIP is membrane-anchored and faces the cytoplasm. A
BLAST search revealed that GAIP has a cysteine string motif,
which is heavily palmitoylated in cysteine string proteins. We
further demonstrated that GAIP can be palmitoylated in vivo
and that palmitoylated GAIP is located solely in the mem-
brane-associated pool, suggesting that membrane anchoring
occurs by palmitoylation. Palmitoylation (the addition of a
16-carbon saturated fatty acid) is a reversible posttranslational
modification on cysteine residues and is considered a rapid and
dynamic regulatory event on many signal transduction pro-
teins, including G-protein « subunits (reviewed in ref. 42); it
enhances membrane binding and can also alter protein activity.
GAIP lacks other features involved in membrane anchoring,
such as a transmembrane domain, a consensus N-myristoyl-
ation site at its N terminus, a CaaX prenylation box found at
the C terminus of several small GTP-binding proteins (43), or
a polyleucine C terminus (44). Our finding that the membrane-
associated pool of GAIP is palmitoylated suggests two possi-
bilities whereby palmitoylation might regulate its activity, (i) by
targeting a part of the cytosolic pool of GAIP to the membrane
and/or (ii) by directly modifying the conformation of GAIP
and hence its activity.

Although the exact function of cysteine string proteins is still
unclear, they have been detected on synaptic vesicles in brain

C.
(+) () (+)

144-
-+

Calnexin

F1G. 4. GAIP faces the cytoplasm. Membrane fractions (100,000 X g pellet) from AtT-20 cells stably expressing GAIP (clone 14) were treated
with proteinase K (+) or buffer alone (—), after which the membranes were solubilized, separated by electrophoresis on SDS/12% polyacrylamide
gels, and immunoblotted. Detection was by ECL. (4) GAIP is digested and not detectable after proteinase K treatment. (B) B-COP, a peripheral
coat protein facing the cytoplasm, is also digested by proteinase K. (C) Calnexin, a membrane protein facing the lumen of the endoplasmic reticulum,

is protected from proteinase K digestion.
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Dros. Csp29 and 32 114

Torpedo Csp 112
Rat Csp 112
Bovine Cspl and 2 112

Human (T60736)
Human (R73789)

Human GAIP 39
Yeast YBW3 78
Yeast HRC131 56
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CCAVITGCCCCCCCCCCCNFCCGKF 138
FCGVITGCYFCCCLCCCCNCCCGKC 136
VCGLLTCCYCCCCLCCCFNCCCGKC 136
FCGLLTCCYCCCCLCCCFNCCCGKC 136

GYCCCCceeeceeeceecce
CCCCCCCCCCCCCYGGGRRR
CCLCWCCCCSCWNQERRR 56
CFVCCCCCCsC 88
TCCCCCCCCLCRDSC 70

Fi16. 5. GALIP has a cysteine string motif. The alignment shows the cysteine string motifs in six cysteine string proteins (Csp) from Drosophila,
Torpedo, rat, and bovine origin, two human expression sequence tags (GenBank number given) that are putative cysteine string proteins, human
GAIP, and two yeast proteins of unknown function. Alignment of cysteine string motifs was based on BLASTP and BLASTN searches in
GenBank/SwissProt with GAIP’s cysteine-rich domain (amino acids 39-49) as query. The number of cysteines in the motif varies from 8 in GAIP

and yeast YBW3 to 16 in human T60736.

(37) and on pancreatic zymogen granules (45) and chromaffin
granules (46) and are thought to be involved in exocytosis
and/or membrane fusion (47). It has been shown that cysteine
string proteins undergo extensive palmitoylation—on up to 11
cysteine residues (39). The increased incorporation of
[*H]palmitate into GAIP in comparison to Gas, which under-
goes palmitoylation on only one site (41), is a strong indicator
that GAIP is palmitoylated at more than one site, probably on
its cysteine string motif. Although the increased 3H signal
could also be explained by a faster turnover of palmitoylation
on GAIP, the short labeling period (1 hr) with [*H]palmitic
acid renders this possibility unlikely. It is not yet known
whether palmitoylated GAIP activates or inactivates the pro-
tein in its interaction with Gais. The activity of GAP-43, a
protein that increases GTP binding of the G, subunit (48), is
regulated by palmitoylation and gives rise to an inactive,
membrane-associated pool of the protein (49). The behavior of
specific point mutants of GAIP in and around the cysteine
string motif is likely to provide answers to some of these
questions.

Previously we have shown that GAIP specifically interacts
with Gajs. In this study we extended our survey by analyzing
GAIP’s interaction with members of all four subclasses of Ga
subunits (24). We found that GAIP interacts specifically with
members of the Go; subfamily in the yeast two-hybrid assay,
while the other subclasses—i.e., Gas, Gag, and Gajzi3—do
not. The fact that neither wild-type Gos nor its activated form
Ga,(Q227L) (25, 50) gave a positive result in this assay suggests
that adoption of an activated conformation by any G protein
is not sufficient for interaction, and other determinants must
be involved.

We found that the C terminus of Ge; subunits plays an
important role in the binding to GAIP. Both a C-terminal
deletion mutant Gai3(A345-354) and a point mutant
Ga;i3(G352N) show reduced—but not abolished—interaction
with GAIP. The importance of the C-terminal region of the
Go; subunits is again indicated by the strong GAIP/Gpal
interaction, because Gpal is most homologous to the G
subfamily in the C-terminal region (30). However, the C
terminus of Ga;; is not sufficient for maximal interaction with
GAIP, because the Goygyiz34s5-354) chimera gave a negative
result in our assay. Regions other than the C terminus must
also be involved in the binding to GAIP, because G interacts
much more strongly than Ga;p, although both have identical
C-terminal decapeptide sequences. The C-terminal region of
Ga subunits has also been demonstrated to be important for
the specificity of receptor-Ga interactions (27, 29), and,
interestingly, this region is disordered in crystals of Ga; (51),
suggesting structural mobility of that region. Perhaps by com-
peting for the same domain on Ga;, GAIP might be able to
interrupt contacts between Go; subunits and serpentine re-
ceptors. Interruption of receptor-G-protein interaction has
already been described for the rhodopsin—-rhodopsin kinase—

arrestin complex in visual light transduction and for the
B:-adrenergic receptor system. In the latter systems the targets
for interruption are the receptors themselves, not the Ga
subunits (52).

Our results show that GAIP interacts preferentially with the
activated (GTP-bound) form of Geis. Recent reports show
that GAIP has GTPase-activating activity on Gai; and other
members of the Goy subfamily, indicating GAIP is a GAP
(7-9). Though not obtained by a direct GTPase assay, our data
from in vivo and in vitro assays are consistent with these
observations. They are also consistent with the hypothesis that
GAIP is a downstream target of Gajsz, much as rasGAP has
been suggested to be a downstream effector of ras (53, 54).

GAIP is a composite molecule containing an RGS domain
and a cysteine string motif, suggesting that it could display
more than one function. Its RGS domain binds Geq; subunits
and enhances their GTPase activity. The presence of a cysteine
string motif, also found in cysteine string proteins localized to
synaptic vesicles (37), suggests that GAIP might be involved in
membrane trafficking. Although GAIP has a cysteine string
motif, it cannot be considered a cysteine string protein because
it lacks the dnaJ domain—a putative HSP70 interacting do-
main—present in all cysteine string proteins isolated so far
(55). The recent findings that cysteine string proteins are

A

[35S]methionine [3H]palmitate
%
o
43-
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F16. 6. GAIP is palmitoylated in vivo. COS cells were transfected
with pCDNA3 vector alone (V) or with pCDNA3 HA-GAIP.217
vector (GAIP) and radiolabeled 48 hr later with either [3>S]methi-
onine (4) or [*H]palmitic acid (B). The cells were homogenized and
membrane (P) and soluble (S) fractions were prepared as described for
Fig. 2. Samples, 100 pg of the [*>S]methionine-labeled proteins and 1
mg of the [*H]palmitate-labeled proteins, were immunoprecipitated
with the 12CAS5 mAb and analyzed by SDS/PAGE and fluorography.
The film was exposed at —70°C for 7 days (4) or 30 days (B). GAIP
is distributed into two pools: 20% of the [**S]methionine-labeled
GAIP sediments with membrane fraction (P), and 80% is present in
the cytosolic (S) fraction. Palmitoylated GAIP is detected only in the
membrane fraction (P).
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expressed outside the brain (56), are found on zymogen
granule membranes in the pancreas (45), and are associated
with chromaffin granules (46) suggest a more general involve-
ment of this class of proteins in exocytosis. Localization of
GAIP to specific membranes will be required to provide clues
as to which step(s) of the trafficking process, if any, GAIP is
involved.
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