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ABSTRACT: The GDP dissociation inhibitors (GDIs) represent an important class of regulatory proteins in
the functional cycle and recycling of Rab GTPases. Previous studies have demonstrated that GDI-1 can
operate with multiple Rab proteins. In this study we have addressed a plausible general activity of GDI-2
in supporting Rab membrane release and have analyzed the requirements of sequence-conserved vs variable
regions of GDI-2 in these functional interactions. The in vitro function of expressed recombinant GDI-2
wild-type-, point-, or deletion-mutant proteins was investigated toward several Rab family members,
divergent in structure, localized and operating on different membranes, including Rab2, Rab4, Rab5, Rab8,
Rab9, and Rab11. We demonstrate here a general and nearly invariant ability of GDI-2WT to release from
membranes this subset of diverse Rabs. Deletion of an 18-residue segment from the C-terminal variable
region yielded a fully functional or only slightly defective GDI-2. Conversely, substitution of Met at
position 250 of the conserved region markedly abrogated the activity toward all Rabs. Surprisingly, a
replacement of an adjacent conserved residue (Y249V) resulted in a selective Rab-dependent response
and a profound gain of function toward specific Rabs. To further test whether the endogenous GDI-2 can
adopt a gain-of-function conformation, we pharmacologically stimulated intact 3T3-L1 adipocytes to induce
GDI-2 tyrosine phosphorylation. We found a pronounced increase of the Rab4 soluble form and its soluble
complexes with the tyrosine-phosphorylated GDI-2. Together, these results indicate that (a) GDI-2 displays
a general activity to release Rabs from membranes, (b) GDI-2-conserved residues, but not the C-terminal
variable region, are essential for this activity, and (c) structural modifications in GDI-2 can enhance its
functional activity, directing selective interactions with individual Rabs.

Accumulated evidence over the past several years points
to a functional role for the Rab/YPT1/SEC4 gene subfamily
of p21 ras-like small GTP-binding proteins in the mecha-
nisms regulating membrane trafficking in yeast and mam-
malian cells (for recent reviews, see refs1-4). Reported data
are consistent with the notion that Rabs are essential in each
step of vesicular transport, including vesicle formation, vesi-
cle docking, and membrane fusion (4). We possess limited
knowledge about the specific function and molecular mech-
anism(s) of action for each individual Rab protein (more than
40 presently known members). It is largely accepted that
the distinct compartment specificity, a hallmark of the mam-
malian Rabs, predicts the transport step they regulate. Current
models suggest that Rab GTPases cycle between a cytosolic,
inactive, GDP-bound state, and a membrane-bound, active,
GTP-bound state. When the cytosolic form of Rabs is re-
cruited to the cytoplasmic leaflet of the donor organelle, it
is activated by the exchange of GDP for GTP. Once on a
carrier vesicle, activated Rabs regulate docking and fusion

by interacting with yet to be defined specific elements of
the membrane transport machinery (1-4). Studies in yeast
imply a role of Rabs in dissociating an inhibitory protein
that impairs vSNARE and tSNARE recognition, allowing
their assembly (5, 6). GTP hydrolysis is probably not
conditional on membrane fusion but rather acts as a timer
determining the frequency of docking/fusion events (7). After
fusion has occurred, Rabs are solubilized by GDP dissocia-
tion inhibitors (GDIs),1 a ubiquitous family of highly related
proteins, which escort them back to the donor membrane,
completing the cycle and allowing its multiple rounds (8).

Among the three presently known members of the GDI
protein class (GDI-1, also known as RabGDI or GDIR, GDI-
2, and GDIâ; refs9-13), GDI-1, the best-studied member,
appears crucial for progression through the membrane/cytosol
localization cycle and the recycling of all Rabs studied thus
far. In line with this requirement are the reported numerous
properties of GDI-1: formation of stable cytosolic complexes
with GDP-loaded prenylated Rabs (14-16); presentation of
functional Rabs to membranes contributing in the specific
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tion of Rab GDP/GTP exchange factor (18); its own
dissociation back into the cytosol, likely promoted by GDI
dissociation factor(s) (19) and/or a redox-dependent mech-
anism (20); and, finally, retrieval of “spent” Rab proteins
for returning them back to their membrane of origin (14). It
still remains to be determined whether this whole array of
different functions are shared by the other two members of
the mammalian GDI protein class, GDI-2 and GDIâ. Because
GDIs display a high degree of homology (86% and 96%
identity between GDI-2 and GDI-1, or GDIâ, respectively),
it is largely accepted, yet not proven, that they exhibit a
redundant function. Although several lines of biochemical
and morphological evidence suggest distinct functional roles
for GDI-1 and GDI-2 in the context of living cells (21-23),
no specificity toward an individual Rab or a subset of Rab
proteins has been documented thus far. Thus, in in vitro
assays, the three GDIs display similar abilities to bind and
solubilize membrane-associated Rab protein members in a
GDP/GTP-dependent manner, although this has been directly
demonstrated in a comparable fashion only for limited Rab
members (11). Concordantly, when overexpressed to com-
parable levels in living cells, GDI-1 and GDI-2 display
indistinguishable ability to solubilize individual Rabs (24).
Conceivably, in the context of intact cells, a given Rab can
form cytosolic complexes simultaneously with all three GDI
isoforms (23, 25).

Structural studies of GDI-1 combined with site-directed
mutagenesis demonstrated that two sequence-conserved
regions (SCRs), designated as 1 and 3B, common to GDIs
and to a closely related family of proteins supporting Rab
prenylation (the choriodermia gene products REP1 and
REP2), fold to form a plausible Rab-binding region at the
apex of the molecule (26). Several amino acids of the GDI-1
molecule, including Y39, E233, T248, Y249, and M250, are shown
critical in Rab interaction (26). While extensive structure-
function information has been obtained for GDI-1, virtually
nothing is known about the region of GDI-2 involved in Rab
interaction. As a first step toward understanding a plausible
GDI-2 general activity in the Rab cycle and identification
of key functional domains and residues, we generated
recombinant GDI-2 molecules that were truncated at the
highly variable carboxyl termini, or point-mutated at pre-
dicted key Rab-binding amino acids in the sequence-
conserved region 3B. Purified proteins were analyzed in
functional interactions with a diverse group of Rab proteins,
including Rab2, Rab4, Rab5, Rab8, Rab9, and Rab11. We
demonstrate here that GDI-2 can solubilize all of them with
similar efficacies. While a GDI-2 C-terminal deletion of 18
amino acids does not significantly affect Rab retrieval, a point
mutation at position 250 dramatically abrogates the functional
interactions with Rabs. Surprisingly, while GDI-2WT indis-
criminately retrieves all of the membrane Rabs examined
here, the substitution of Tyr249 results in profound differential
effects and a marked gain-of-function with particular Rabs.
We provide further experimental evidence suggesting that
GDI-2 tyrosine phosphorylation in living cells can selectively
modify its functional interaction with individual Rab proteins.

MATERIALS AND METHODS

Materials. Renaissance chemiluminescence detection kit
and 125I-protein A were purchased from New England
Nuclear (Boston, MA); glutathione-agarose beads were from

Sigma (St. Louis, MO); nitrocellulose or Immobilon P
transfer membranes (0.45µm pore size) were from Schle-
icher & Schuell (Keene, NH) and Millipore Corp. (Bedford,
MA); protein assay reagents were from BioRad (Hercules,
CA) or Pierce (Rockford, IL); horseradish peroxidase-
coupled anti-rabbit IgG and horseradish peroxidase-coupled
anti-mouse IgG were from Boehringer Mannheim Corp.
(Indianapolis, IN). Monoclonal anti-PY antibody (4G10) was
from UBI (Lake Placid, NY). Monoclonal antibodies against
Rab5 and Rab9 were gifts from M. Zerial and S. Pfeffer.
Polyclonal antibodies against Rab2, Rab4 (R10502), Rab8,
and Rab11 were gifts from M. Zerial and I. Mellman. Anti-
GDI-2 (R3361 and R3362) and anti-GDI-1 (R3357) antisera,
characterized previously (11, 21), were utilized as IgG
fractions purified on protein A-Sepharose columns. Perox-
ides of vanadate (pervanadate) were prepared by mixing
sodium metavanadate (40 mM) with H2O2 in a 1:2 molar
ratio for 15 min at 22°C as we previously described (27).

Cell Cultures. 3T3-L1 mouse fibroblasts, grown to con-
fluence (150 mm plate) in DMEM containing 10% calf
serum, 50 units/mL penicillin, and 50µg/mL streptomycin
sulfate, were differentiated into adipocytes as previously
described (11). Adipocytes were used between days 8 and
12 after the onset of differentiation. COS-7 cells were grown
to the indicated density (150 mm plate) in DMEM containing
10% FBS and the above antibiotics.

Generation of GDI-2 Point and Deletion Mutants. The
EcoRI fragment of pBluescript-mGDI-2 cDNA, consisting
of the entire coding region of mouse GDI-2 (11), was
subcloned into anEcoRI digest of pGEM-easy vector
(Promega) to avoid theKpnI andEcoRV restriction sites in
the polylinker. Point mutants of GDI-2 were constructed by
PCR combined with restriction digest. Specifically, to
generate mGDI-2Y249V cDNA, a standard PCR protocol was
performed using pBluescript-mGDI-2 cDNA (11) as a
template, and sense and antisense primers spanning nucle-
otides 735-760 (5′-TGGAGGTACCGTGATGCTGAA
TAAAC, changed triplet is underlined) and nucleotides
1062-1045 (5′-GCTGGCAATGGCGATGT), respectively,
of the GDI-2 nucleotide sequence (11). The amplified PCR
product (327 bp) was isolated and digested withKpnI and
EcoRV to release a 250 bp oligonucleotide, which was then
subcloned into theKpnI-EcoRV sites of pGEM-easy-
mGDI-2 cDNA. The cDNA of the mGDI-2M250Y point mutant
was constructed using principally the same strategy except
for a sense primer (5′-GGAGGTACCTACTACCTGAAT-
AAACCAAT, changed triplet is underlined). PCR products
corresponding to each mutant were sequenced with the
antisense primer to confirm the sequence and the desired
mutations. A C-terminal deletion mutant, GDI-2∆C18, was
generated by digesting the pCMV5-mGDI-2 cDNA with
BamH, which eliminated a 54-nucleotide fragment from the
C-terminus of the GDI-2 coding region.

Production of GST-GDI-2 Fusion Proteins. The entire
mGDI-2 protein was expressed as a GST fusion protein in
pGEX-1 vector (Amrad) as described elsewhere (11). GDI-
2Y249V and GDI-2M250Y cDNAs constructed as described
above were cloned into theEcoRI site of pGEX-1 in-frame
with the GST gene. TheEcoRI-SmaI fragment of the
C-terminal deletion mutant pCMV5-GDI-2∆C18 was sub-
cloned into theEcoRI-SmaI digest of pGEX4T-1 (Phar-
macia). The proper organization of the constructs was
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confirmed by restriction mapping.E. coli XA-90 strain was
used for transformations. Transformed cells were grown and
treated with 0.5 mM isopropyl-1-thio-â-D-galactopyranoside
for 4 h. The cells were collected, resuspended in a buffer
(50 mM Hepes, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1%
Triton X-100, 1 mM PMSF, 1 mg/mL benzamidine, 5µg/
mL aprotinin, and 5µg/mL leupeptin), and lysed with
lysozyme (1 mg/mL) at 4°C. Following several rounds of
freezing and thawing, the lysates were sonicated for 1 min
and centrifuged at 12000g for 25 min at 4 °C. The
supernatant was applied to glutathione-agarose beads that
were extensively washed with 50 mM Tris-HCl, pH 8.0,
containing 0.05% Triton X-100. GST-GDI-2 wild-type or
mutant fusion proteins were eluted with the same buffer,
containing 5 mM glutathione, which was removed thereafter
by repeating ultrafiltration in a Centricon 30 microconcen-
tration unit (Amicon). The concentrations and quality of the
purified proteins were determined electrophoretically by the
intensity of the Coomassie blue-stained protein bands relative
to BSA standards (Figure 1).

Cell Treatment. Prior to experiments, 3T3-L1 adipocytes
were serum-starved for 3 h in DMEM and then treated with
pervanadate (100µM) or insulin (100 nM) in DMEM for
20 min at 37°C. The cells were then washed with PBS at
room temperature. The cells were then scraped and homog-
enized at 4°C in the “homogenization buffer” (20 mM
Hepes, pH 7.4, 255 mM sucrose, 1 mM EDTA), supple-
mented with 5 mM MgCl2, 1 mM GDP, 1× phosphatase
inhibitor mixture (25 mMâ-glycerophosphate, 100 mM NaF,
2 mM sodium orthovanadate), and 1× protease inhibitor
mixture (1 mM PMSF, 0.5 mg/mL benzamidine, 5µg/mL
leupeptin, 5µg/mL aprotinin, and 1µg/mL pepstatin). The
cytosolic fractions were then obtained by centrifuging 17000g
supernatants for 24 min at 200000g in a Beckman TLA 100.3
rotor. Equal amounts of protein (typically between 1 and
1.5 mg; determined by bicinchoninic acid protein assay) were
immunoprecipitated with anti-Rab4, or with preimmune IgG
cross-linked to protein A Sepharose Fast Flow.

In Vitro Dissociation Assay. COS-7 cells (serum-starved
for 5 h before the experiment) were washed twice prior to
homogenization at 4°C in the “homogenization buffer”,
supplemented with 1× protease inhibitor mixture. Post-
nuclear membrane fraction was obtained after two consecu-
tive centrifugations: 10 min at 800g, and 15 min at 200000g
(Beckman TL-100 Ultracentrifuge). Equal amounts (typically
100µg of membrane protein) were incubated for 30 min at
30 °C in the presence of either GST-GDI-2WT, mutant fusion
proteins, or GST alone at concentrations indicated in the
figure legends in a reaction buffer consisting of 50 mM
Hepes/KOH, pH 7.6, 5 mM MgCl2, 1 mM DTT, and
supplemented with 1× protease inhibitor mixture. Where
indicated, prior to the above-described incubation, the
membranes were pretreated for 45 min at 30°C with GTPγS
or GDP (each 1 mM). The reaction mixtures were pelleted
(10 min, 200000g), and the membranes and the soluble
fractions were analyzed for Rab2, Rab4, Rab5, Rab8, Rab9,
and Rab11 contents by SDS-PAGE and immunoblotting
with the corresponding antibodies.

Immunoprecipitation and Western Blotting. Rab4 immu-
noprecipitation was achieved on anti-Rab antibody cross-

linked to Protein A Fast Flow as we described previously
(23). Coupled IgG fractions equivalent to 14 ofµL packed
beads (∼50µg of IgG) were incubated with fractionated 3T3-
L1 adipocyte cytosols in the presence of 1 mM GDP for 40
min at 4°C. The beads were then quickly washed twice with
1.4 mL portions of “cytosol washing buffer”, consisting of
20 mM Tris/HCl, pH 7.5, 0.1% Triton X-100, 2 mM EDTA,
25 mM NaCl, 5 mM MgCl2, 0.8 mM GDP, 25 mM
â-glycerophosphate, 25 mM NaF, 2 mM sodium orthovana-
date, and 1× protease inhibitor mixture by spinning down
for 30 s at 10 000 rpm at 4°C each time. The beads were
then eluted stepwise as we previously described (23). Briefly,
Rab4-associated proteins were first eluted for 20 min at 37
°C with 50 µL of RIPA buffer (20 mM Tris/HCl, pH 7.5,
containing 1.2% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, 2 mM EDTA, 132 mM NaCl, 5 mM MgCl2,
and the above phosphatase and protease inhibitors). Follow-
ing centrifugation, 40µL aliquots were decanted, reduced
with Laemmli sample buffer (28), and analyzed by SDS-
PAGE and Western blotting with anti-GDI-2 or anti-PY
antibodies. In the second step, Rab4 was dissociated from
the immunoaffinity columns by boiling in Laemmli sample
buffer, and, following protein resolution by SDS-PAGE,
was detected by Western blotting with anti-Rab4 antiserum.
In some experiments, GDI-2 was immunoprecipitated from
lysates of 3T3-L1 adipocytes using anti-GDI-2 antiserum
(R3362; ref21). The immunoprecipitates were washed with
RIPA buffer, reduced in Laemmli sample buffer, and, after
SDS-PAGE, detected by immunoblotting with anti-GDI-2
and anti-PY antibodies.

For Western blotting, aliquots of the samples (15-70 µg
of protein) were analyzed by SDS-PAGE under reducing
conditions (28). Following electrophoretic separation, the
proteins were electro-transferred to a nitrocellulose mem-
brane. Membranes were blocked by incubation with 3%
nonfat dry milk and 2% BSA or only 2% BSA (for 4G10
antibody) in 30 mM Tris, pH 7.4, 150 mM NaCl, 0.05%
Tween 20 (“wash buffer”). The blots were incubated for 16
h at 4°C with the antibodies indicated in the figure legends.
Blots were then washed 5 times with “wash buffer” for 15
min each time. Bound antibodies were detected with
horseradish peroxidase-bound anti-rabbit or anti-mouse IgG
and chemiluminescence as indicated in the figure legends.
In some experiments, bound antibodies were detected with
125I-protein A (1 h at 25°C) and autoradiography.

Protein levels on the blots were quantified on a laser
densitometer (Molecular Dynamics) by area integration
scanning. Several exposures of each blot were quantified to
ensure that the chemiluminiscence exposures were within
the linear range of the film. Additionally, immunoreactivity
was quantified by cutting rectangular strips from125I-protein
A-detected blots, corresponding to the band of interest, and
analyzing their radioactivity on a Beckman 5500γ-counting
system. The between-assay variation coefficient for the in
vitro dissociation assay calculated as described elsewhere
(29) was 11.6%.

RESULTS

GDI-2 Solubilizes a Variety of Rabs with Similar Ef-
ficiency. Several laboratories including our own have shown
that exogenously added GDI-1 is capable of solubilizing a
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wide range of membrane-bound Rab proteins. Intriguingly,
GDI-1 performs this function with equal efficacy, despite
the fact that individual Rabs are structurally distinct, and
are localized on different membrane organelles in a context
of a different intracellular membrane environment (11, 14,
30-32). With regard to GDI-2, available data provide limited
information, and only three Rab family members, i.e., Rab1B,
Rab4, and Rab5, have been studied thus far (11, 32). To
examine whether GDI-2, like GDI-1, operates with a diverse
group of Rab proteins, we analyzed the functional ability of
recombinant GDI-2 to extract several Rab species utilizing
an in vitro assay with isolated COS-7 cell membranes (11).
Paired comparison of Rab-deduced amino acid sequences
demonstrated only a limited homology among them (Table
1). GDI-2 used in this study was produced as a GST fusion
protein in bacterial hosts and was affinity-purified on
glutathione-agarose beads to near-homogeneity as evident
by the single protein band of 76 kDa detected on Coomassie
blue-stained gels (Figure 1, lane 1). Increasing concentrations
of the recombinant GDI-2 protein were incubated with
isolated and washed COS membranes preloaded with GDP.
Upon completion of the incubation, the levels of immunore-
active Rabs were detected in both the soluble and membrane

fractions, following protein resolution by SDS-PAGE.
Figure 2 shows an experiment in which we examined the
ability of GST-GDI-2WT to bind and solubilize GDP-loaded
Rab2, Rab4, Rab5, Rab8, Rab9, and Rab11 from isolated
COS membranes. In the absence of GST-GDI-2, no
detectable levels of Rabs were documented in the soluble
fraction (Figure 2A, lane 1). However, increasing amounts
of added recombinant GDI-2 progressively increased the
amounts of Rabs released into the soluble fraction (Figure
2A, lanes 2-7); this in turn was accompanied by proportion-
ally decreasing the levels of membrane-bound Rab popula-
tions (data not shown). As expected, substitution of GDP
for GTPγS largely inhibited this effect (see below). Densi-
tometric scans of control immunoblots demonstrated a linear
relationship between the amount of each one of the antigens
analyzed here and the signal detected by chemiluminescence

Table 1: Amino Acid Identities between the Indicated Rab Proteinsa

Rab2 Rab4 Rab5 Rab8 Rab9 Rab11

Rab2 100
Rab4 56 100
Rab5 39 41 100
Rab8 46 43 40 100
Rab9 38 38 39 40 100
Rab11 54 48 41 42 38 100

a The table was produced by pairwise comparison of the human
sequences by using the Basic Logic Alignment Search Tool (BLAST).
The amino acid sequences used for the analyses are obtained from the
following Swiss-Prot accession numbers: Rab2, P08886; Rab4A,
P20338; Rab5B, P35239; Rab8, P24407; Rab9, P51151; Rab11A,
P24410.

FIGURE 1: Purity of generated recombinant GST-GDI-2WT or
mutant proteins. Indicated mutants were generated by PCR com-
bined with restriction digestion. The cDNAs of GDI-2WT, GDI-
2Y249V, or GDI-2M250Y were subcloned in pGEX-1, and that of GDI-
2∆C18, in pGEX4T-1.E. coli strain was transformed, and the GST-
fusion proteins were produced and purified as described under
Materials and Methods. Purified proteins were analyzed by SDS-
PAGE as indicated. Coomassie blue-stained gels demonstrate highly
pure products with practically no proteolyzed fragments in all four
constructs.

FIGURE 2: Effect of GST-GDI-2WT in solubilizing membrane Rabs.
Isolated COS-7 postnuclear membranes were preloaded with 1 mM
GDP and were then incubated for 30 min at 30°C in the presence
of the indicated concentrations of GST-GDI-2WT (0-10µM). The
reaction mixtures were centrifuged, and soluble fractions were
analyzed by SDS-PAGE and immunoblotting with the indicated
anti-Rab antibodies. (A) Chemiluminescence detections of repre-
sentative immunoblots. (B) Quantification of their densitometric
scans expressed as a percentage of the intensity at the highest GST-
GDI-2WT dose (10µM) for each Rab, and plotted as a function of
the GST-GDI-2WT concentration. The standard error of the mean
for three to four independent experiments for each individual Rab
was<11% of the reported values.
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at relatively short exposed films (23, and data not shown).
These results provide experimental evidence supporting the
idea that GDI-2, like GDI-1 in similar assays, could recognize
and dissociate various GDP-loaded Rabs, regardless of their
structural variations, different intracellular membrane local-
ization, and specific function.

To determine whether GDI-2 solubilizes different Rabs
with equal efficacies, we analyzed the substrate saturation
curves presented in Figure 2B. These analyses revealed that
saturating concentrations of GDI-2 were similar for all Rabs
examined, ranging from 3 to 4µM. The half-maximal
effective concentrations of GDI-2 (EC50) were also found
to be close for all Rabs, ranging between 0.66 and 1.0µM
(Figure 2 and Table 2). These data support the notion that a
nonmodified/resting conformation of the recombinant GDI-
2WT protein does not significantly discriminate between the
different Rabs but rather displays a general extraction
phenotype for all Rab family members examined in this
study.

Although saturation in the GDI-2WT potency to extract
Rabs from membranes has been established for each
individual member as documented in Figure 2A, significant
portions of Rabs remained membrane-associated under these
conditions. Thus, at 1µM concentration of GST-GDI-2WT,
the amounts of Rabs released into the soluble fraction
amounted to only 27-38% of the total levels of membrane-
associated Rabs (Table 2). This phenomenon has also been
reported for a bacterially produced recombinant GDI-1
protein, which displays a partial Rab extraction even at
saturating concentrations (11, 26, 31, 33, 34). Together these
results are consistent with the notion that, under the condi-
tions of the in vitro functional assays, recombinant GDIs
are probably not fully active and suggest the possibility for
posttranslational modifications in regulating their activity in
living cells.

Carboxyl Terminus of GDI-2 Is Not InVolVed in Rab
Membrane Release. As a first step toward determining key
regions of GDI-2 responsible for its functional interactions
with Rabs, a truncation of the C-terminal 18-residue segment

was performed. This region displays the highest sequence
variations vs GDI-1 (11), suggesting the possibility that it
could provide a mechanism for a distinct Rab-binding
specificity between those two isotypes. Similarly to the wild
type, the recombinant GST-GDI-2∆C18 deletion mutant
protein, produced in bacterial host and affinity-purified on
glutathione-agarose beads, displayed a high level of purity
with negligible proteolyzed fragments (Figure 1, lane 4). On
SDS-polyacrylamide gels, GST-GDI-2∆C18 moved slightly
faster than GST-GDI-2WT, corresponding to the introduced
deletion (Figure 1). The ability of the GST-GDI-2∆C18

deletion mutant protein to stimulate the release of Rab
proteins from the membrane bilayer was assayed relative to
GST-GDI-2WT. As demonstrated in Figure 3, the C-terminal
truncated mutant demonstrated nearly wild-type activity
levels with all of the Rabs examined here, as evident by the

Table 2: Half-Maximal Effective Concentration of GST-GDI-2WT

and Capacity of GST-GDI-2WT To Retrieve Rabsa

EC50

(µM)
GST-GDI-2WT Rab retrieval capacity

(% of total membrane levels)

Rab2 0.92 36
Rab4 1.00 27
Rab5 0.90 29
Rab8 0.91 31
Rab9 0.87 36
Rab11 0.66 38
a The EC50 values for different Rabs were calculated from the

saturation curves presented in Figure 2B, by determining the concentra-
tion of GST-GDI-2WT necessary to achieve 50% of its maximal effect.
The capacity of GST GDI-2WT to dissociate each individual Rab from
membranes was estimated by comparing the portion of solubilized
Rab vs its total membrane-associated levels. For this purpose, isolated
COS-7 membranes were incubated or not incubated with GST-GDI-
2WT (1 µM) in the presence of GDP (1 mM) as described under
Materials and Methods. Following incubation and centrifugation, the
initial membrane fractions and the soluble fractions were analyzed by
SDS-PAGE and immunoblotting with anti-Rab antibodies. Chemilu-
minescence-detected Rab protein bands were quantified by densito-
metric scanning. Values are expressed as a percentage of the total
membrane-associated Rabs.

FIGURE 3: GST-GDI-2∆C18 deletion mutant displays only slightly
reduced GDI-2WT activity in solubilizing Rabs. Postnuclear mem-
branes isolated from COS-7 cells were preloaded with either GDP
or GTPγS (each at 1 mM) for 45 min at 30°C and were then
incubated in the presence of GST-GDI-2WT (1 µM) or GST-GDI-
2∆C18 (1 µM) for 30 min at 30°C. The reaction mixtures were
pelleted, and soluble fractions were analyzed by SDS-PAGE and
immunoblotting with the indicated anti-Rab antibodies. Shown are
chemiluminescence detections of representative immunoblots (A)
and the quantification of densitometric scans (B) from three to four
experiments for each individual Rab. Values are expressed as a
percentage of the response measured with GST-GDI-2WT in the
presence of GDP and represent the mean( SE.
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equal or only slightly decreased intensities (up to 30%) of
the immunodetected Rab protein bands on the chemilumi-
nescence exposures. As with GDI-2WT, GDP contributed only
slightly to the effect observed in its absence, since Rabs are
presumably already in their GDP-bound form upon mem-
brane isolation (Figure 3). Similarly to GDI-2WT, the
truncated protein was much less effective in Rab retrieval
in the presence of GTPγS (Figure 3A, lanes 3 and 6). No
immunoreactive Rabs were detected in the soluble fractions
of control COS membranes incubated with only GST in the
presence of either GDP or GTPγS (data not shown).
Together, these findings demonstrate nearly wild-type activity
for the GST-GDI-2∆C18 mutant, indicating that the 18-
residue segment of the GDI-2 carboxyl-terminal region
neither is substantially involved in direct interaction with
Rabs nor serves as a structural scaffold of a GDI-2 Rab-
binding domain.

Point Mutations within the GDI-2 Sequence-ConserVed
Region. Crystallographic studies of GDI-1 revealed that
sequence-conserved regions are clustered on one face of the
molecule, and mutagenesis confirmed some of the surface
residues in this region as candidate Rab-binding amino acids
(26). The close similarity between the primary sequences of
GDI-1 and GDI-2 suggests the possibility that the structural
architecture of the GDI-2 Rab-binding region may be similar
to that of GDI-1. To begin understanding the role of
individual GDI-2 residues in Rab functional binding, we
introduced two point mutations within the SCR 3B: Y249V
and M250Y. Mutant proteins were produced as GST fusions
and were purified to near-homogeneity on glutathione-
agarose beads as demonstrated in Figure 1. To determine
the effect of the introduced substitutions on the GDI-2
functional property to release Rabs from membranes, the
mutant proteins were incubated with isolated and washed
COS-7 membranes. In addition, to examine whether the
mutants retain the wild-type ability to sense GDP- or GTP-
bound conformations of Rabs, aliquots of the membranes
were analyzed in the presence of GDP or GTPγS. After
incubation, the reactions were pelleted, and the soluble
fractions were subjected to immunoblot analysis to determine
the content of the Rab proteins. As shown in Figure 4,
substitution of Met at position 250 for Tyr resulted in a
mutant protein with dramatically abrogated abilities to
retrieve all GDP-loaded Rabs examined in this study,
including Rab2, Rab4, Rab5, Rab8, Rab9, and Rab11. The
slight differences in the extent of inhibition among the
individual Rabs were not statistically significant (Figure 4B).
Intriguingly, although the activity of GDI-2M250Y was pro-
foundly inhibited, on overexposed films we were able to
detect further inhibition in the presence of GTPγS, consistent
with the retained property of this mutant of preferentially
recognizing the GDP-bound forms of Rabs. When GTPγS
substituted for GDP, practically no detectable amounts of
solubilized Rabs were documented (Figure 4A,B). These
results demonstrate that GDI-2M250Y is largely defective in
extracting all of the GDP Rabs examined here and suggest
a crucial role of position 250 in the functional GDI-2-Rab
interactions.

Surprisingly, substitution of the adjacent residue at posi-
tion Y249 resulted in an unexpected differential effect on the
ability to solubilize Rabs. As illustrated in Figure 4A, the
ability of GDI-2Y249V was strictly dependent upon Rab

protein, and an array of different effects could be observed:
a profound to moderate gain-of-function (Rab9 and Rab5),

FIGURE 4: Effect of GDI-2 point mutations at positions 249 and
250 on Rab retrieval. Postnuclear membranes isolated from COS-7
cells were preloaded with either GDP or GTPγS (each at 1 mM)
for 45 min at 30°C. Incubations were continued for 30 min at 30
°C in the presence of either GST, GST-GDI-2WT, GST-GDI-
2Y249V, or GST-GDI-2M250Y as indicated, each protein at 1µM.
The reaction mixtures were centrifuged, and soluble fractions were
analyzed by SDS-PAGE and immunoblotting with the indicated
anti-Rab antibodies. Shown are chemiluminescence detections of
representative immunoblots (A) and the quantification of densito-
metric scans (B,C) from three to four independent experiments for
each individual Rab. Values are expressed as a percentage of the
response measured with GST-GDI-2WT in the presence of GDP
and represent the mean( SE.
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no change (Rab8 and Rab11), and a slight to moderate
inhibition (Rab2 and Rab4), as compared to GDI-2WT. Thus,
at 1µM concentration, the activity of GDI-2Y249V to retrieve
Rab9 from membranes increased to 220-250% compared
to the wild-type activity (Figure 4A,C). Rab5 membrane re-
trieval was also increased, although to a lesser extent (150%
over the wild type) (Figure 4A,C). Conversely, the mutant
protein was less effective than the wild-type toward Rab4,
and a decrease of∼45% was documented (Figure 4A,C).
Importantly, GDI-2Y249V retained the ability to discriminate
between GDP- and GTPγS-loaded forms of Rabs (Figure
4A,C). These results demonstrate, first, that substitution at
position 249 of GDI-2 yields a gain-of-function conformation
and, second, that this conformation markedly discriminates
among membrane-bound Rabs, resulting in more than a
5-fold difference in the efficiency of their membrane
retrieval.

The increased efficiency of Rab9 retrieval by GDI-2Y249V

documented in Figure 4 was observed for all concentrations
analyzed here and amounted to a 2-4-fold increase over the
wild type. Intriguingly, unlike GDI-2WT (Figure 2), no
saturation was achieved even at concentrations as high as
10 µM GDI-2Y249V (Figure 5). Instead, the amounts of
retrieved Rab9 were gradually increased with the increase
of GDI-2Y249V concentrations (Figure 5), reaching as high
as 75% depletion of the total membrane-bound Rab9 (data
not shown). These results indicate that the amounts of
retrieved Rab9 from membranes could be substantially
increased upon substitution of Tyr249 in GDI-2.

Tyrosine Phosphorylation of GDI-2 Enhances Its Func-
tional Interactions with Rab4. The observation that GDI-
2Y249V exhibits higher capability for functional coupling to
specific membrane-bound Rabs than the wild type suggests
the possibility that yet to be identified conditions in living
cells may induce conformational changes in the GDI-2
molecule, thereby enhancing its functional interactions with
Rabs. Our previous studies in 3T3-L1 adipocytes indicated
that the endogenous GDI-2, like GDI-1, is not significantly
phosphorylated at the basal state, nor is the phosphorylation
state modulated upon acute treatment with insulin, known
to activate membrane trafficking (21, 23). While one could
argue that the optimal conditions to document physiologically
relevant GDI phosphorylation in this cell type have not yet
been found (35), in this study we have exploited the ability
of pervanadate, a well-known insulin-mimetic agent (27, 36),
to drastically increase phosphotyrosine content in proteins,
and particularly that of GDI-2. As we have demonstrated
previously, this effect of pervanadate is primarily due to a
potent inhibition of the intracellular tyrosine phosphatase
activity (27). Thus, similarly to the effect in primary rat
adipocytes (27), a short treatment of 3T3-L1 adipocytes with
freshly prepared pervanadate (100µM) resulted in a pro-
found accumulation of tyrosine-phosphorylated proteins as
demonstrated by immunoblotting analysis of total cell lysates
with anti-PY antibody 4G10 (data not shown). By immu-
noprecipitating GDI-2 from these lysates and reprobing the
blot consecutively with 4G10 and specific anti-GDI-2
antibodies, we were able to document that GDI-2 is among
the tyrosine-phosphorylated proteins under these conditions
(Figure 6A, lanes 2 vs 4). To determine whether such
posttranslationally modified GDI-2 adopts a conformation
which could facilitate interactions with Rabs, we isolated
cytosolic GDI-2-Rab4 complexes from pervanadate-treated
or control 3T3-L1 adipocyte by immunoprecipitating with
anti-Rab4 antibodies, as we described previously (23). As a
negative control, similar analysis was performed with cyto-
sols of 3T3-L1 adipocytes acutely treated with insulin, which
results in an enhanced retrieval of membrane Rab4 in a GDI-
2-independent manner, as we have demonstrated previously
(23) and confirmed here. Thus, as illustrated in Figure 6B-
D, similarly to insulin (23), pervanadate treatment causes
an increase of soluble forms of Rab4, as compared to
nontreated cells, which could be readily documented by
immunoprecipitating and/or Western blotting of the cytosolic
fractions with anti-Rab4 antibodies. Importantly, probing of
these Rab4 immunoprecipitates with anti-GDI-2 antibodies
revealed significantly higher levels (up to 3-fold) of co-
precipitated GDI-2 following pervanadate stimulation of
3T3-L1 adipocytes which correlated with the increased
Rab4 levels (Figure 6C-E). Probing with the 4G10 antibody
confirmed tyrosine phosphorylation of the coprecipitated
GDI-2 from pervanadate-stimulated cells (Figure 6C). By
contrast, GDI-1, which failed to accumulate phosphate in
its tyrosines at a detectable level upon pervanadate treat-
ment, coprecipitated at levels comparable to control cells
(Figure 6C). Consistent with our previously published
observations, the level of GDI-2 in Rab4 immunoprecipi-
tates was virtually unaltered upon insulin treatment of
these cells, nor was GDI-2 tyrosine-phosphorylated under
these conditions (Figure 6C). Similarly, no detectable ty-
rosine phosphorylation of Rab4 was documented upon

FIGURE 5: Effect of different doses of GST-GDI-2Y249V on Rab9
membrane retrieval. Postnuclear membranes isolated from COS-7
cells were preloaded with GDP (1 mM) for 45 min at 30°C.
Incubation was continued for an additional 30 min at 30°C in
the presence of increasing concentrations of GST-GDI-2Y249V

(0-10 µM). The reaction mixtures were centrifuged, and the
soluble fractions were analyzed by SDS-PAGE and immuno-
blotting with anti-Rab9 antibody. (A) Shown is a chemilumines-
cence detection of a representative immunoblot out of three sep-
arate experiments with identical results. (B) Quantification of
the densitometric scans expressed as a percentage of the inten-
sity at the highest GST-GDI-2Y249V dose (10µM) and plotted
as a function of the GST-GDI-2Y249V concentration (mean
( SE).
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either pervanadate or insulin treatment of this cell type (23,
and data not shown). Together these results indicate, first,
that GDI-2 is capable of undergoing tyrosine phosphorylation

in living cells and, second, that tyrosine-phosphorylated
GDI-2 adopts a conformation exhibiting higher affinity
toward Rab4.

FIGURE 6: Effect of pervanadate treatment of 3T3-L1 adipocytes on GDI-2 tyrosine phosphorylation and Rab4 membrane release. Differen-
tiated 3T3-L1 adipocytes (150 mm dish) were serum-deprived for 3 h and then stimulated for 20 min at 37°C with pervanadate (100
µM) or insulin (100 nM) as indicated. (A) The cells were lysed in RIPA buffer and immunoprecipitated with anti-GDI-2 (R3362) or
preimmune sera as indicated. After washings in RIPA buffer, the proteins were resolved by SDS-PAGE and immunoblotted consecu-
tively with anti-PY antibody (4G10) and anti-GDI-2 IgG (R3361) with a stripping step in between. Shown are chemiluminescence detec-
tions of a representative experiment out of two with identical results. (B-D) The cells were homogenized and then fractionated to
obtain the cytosol. (B) Cytosolic proteins (70 mg) were analyzed by SDS-PAGE, immunoblotted with polyclonal anti-Rab4 antiserum
(1:1000), and detected by chemiluminescence. (C and D) Cytosolic proteins (1.5 mg) were immunoprecipitated (45 min at 4°C) in the
presence of 1 mM GDP with nonimmune IgG or anti-Rab4 IgG cross-liked to protein A-Sepharose Fast Flow. After two washes, GDI
proteins associated with Rab4 were eluted with RIPA buffer and analyzed by SDS-PAGE and sequential immunoblotting with anti-PY
antibody 4G10, anti-GDI-2 (R3361), or anti-GDI-1 (R3351) IgG with a stripping step in between as indicated. Only GDI-2, but not the
GDI-1 band (indicated by arrows), coincides to a tyrosine-phosphorylated protein band. Immunodetection of Rab4 was achieved following
its dissociation from the affinity columns by boiling in Laemmli sample buffer, resolution by SDS-PAGE, and immunoblotting with
anti-Rab4 antiserum as indicated. Shown are chemiluminescence detections of immunoblots from a representative experiment (C) and an
autoradiogram of125I-protein A-detected immunoblots (D). (E) Quantitation of the blots in panels B and D on the basis of radioactive
counting (D) or densitometric scanning (B) of the indicated bands from three independent experiments (in duplicates) with different cytosols
(mean( SE).
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DISCUSSION

Recent studies demonstrate that while other proteins
besides GDIs could support the initial delivery of nascent
Rabs to the appropriate intracellular compartment, Rabs’
return to the cytosol could be performed only by GDIs (32).
Rab GTPases represent a rather diverse group of proteins,
differing in structure, intracellular membrane localization,
and regulated transport step, yet GDI-1 has been shown to
indiscriminately retrieve most, if not all, membrane-bound
Rab species (for a review, see ref8). The aim of this study
was, first, to examine whether the functional ability of GDI-2
to bind and solubilize membrane Rab proteins is restricted
to a set of Rabs and, second, to identify structural elements
within the GDI-2 molecule that are responsible for Rab
functional retrieval. To this end, we have used an in vitro
functional assay and tested the activity of GDI-2WT or mutant
proteins in modulating the membrane dissociation of various
GDP-loaded Rabs exploiting membranes isolated from COS
kidney cells, a source especially rich in the Rab species
analyzed here. Thus, we have evaluated not only GDI-2
binding to Rabs but also its ability to recognize and access
them in the context of a membrane microenvironment of a
particular organelle, a system more closely resembling the
complexity of membrane interactions in living cells. The
members of the Rab family selected for analyses in this study
represent prototype markers of different intracellular mem-
brane compartments and transport steps (reviewed in refs
1-4). Thus, Rab4, Rab5, and Rab11 operate in the endocy-
totic/recycling pathway, being associated with clathrin-coated
vesicles and early endosomes (Rab5), endocytic vesicles
(Rab4), or perinuclear recycling endosomes (Rab11). Rab9
is found in late endosomes, playing a role in the transport to
Golgi. Rab2 and Rab8 support the biosynthetic pathway, and
are localized to the ER (Rab2) and the trans Golgi network
(Rab8). Despite their quite divergent structure (Table 1), the
distinct intracellular membrane localization, and the different
transport route of regulation displayed by the Rabs selected
here, GDI-2WT appeared to bind and retrieve their GDP-
bound forms with similar capacity. In agreement with our
data are recent studies demonstrating that the Rab8 and
Rab11 differential sensitivity to extraction by GDIs observed
in living cells stems from the relative differences in the
proportion of their GDP-bound forms (24). These results
indicate that, similarly to GDI-1WT (8, 10, 11, 14, 30-33),
GDI-2WT is capable of accessing, recognizing, binding, and
solubilizing numerous members of the Rab protein family,
as we have predicted in our previous studies (11). Thus,
despite the characteristic intracellular localization pattern of
GDI-2, shown associated with distinct pericentriolar mem-
brane compartments (21, 22), and the possibility for the two
isotypes to operate with a distinct subset of Rabs, we found
no evidence for any Rab-specific function of GDI-2WT in
the in vitro functional assay exploited here. An important
conclusion of these experimental data is that GDI-2 may, at
least in part, substitute for the absent function of GDI-1.
Human studies documented mutations in theGDI-1 gene in
two families affected with X-linked nonspecific mental
retardation (37). The rather mild phenotype caused by a null
mutation in theGDI-1 gene is consistent with the ubiquitous
presence of GDI-2 or GDIâ which can apparently take over
the lost function, thus preventing cellular dysfunction

throughout the body. That the GDI proteins are critical in
coordinating and maintaining accurate intracellular mem-
brane trafficking events is substantiated by the studies
demonstrating that an in vivo depletion of the only GDI gene
in the budding yeastS. sereVisiaeresults in multiple defects
in intracellular transport (38).

The most significant variations in the amino acid sequence
of GDI-1 vs GDI-2/â are concentrated in the C-terminal
region. In fact, there are 2 segments of about 18-21 residues,
i.e., from amino acid 387 to 403 and from 426 to 447, which
display less than 50% homology between the isotypes. These
variable regions were initially thought to serve as basis for
a Rab-selective interaction of GDI-1 vs GDI-2 (11). More-
over, studies in yeast indicate that a temperature-sensitive
allele of S. sereVisiae GDI, sec 19-1, which displays a
phenotype of severe membrane trafficking disorders, encodes
a version of yeastGDI differing only by a 17-residue segment
C-terminal truncation (39). YeastGDI is highly homologous
to mammalian GDIs and displays principally similar archi-
tecture and function (38). Our observation that deletion of
the C-terminal 18-residue segment of GDI-2 converts the
molecule to nearly fully functional GDI (Figure 3) indicates
that a large segment of the C-terminal variable region is
excluded from GDI-2 Rab-retrieving elements. Together with
the data in yeastsec 19-1 allele, our results further imply
that the variable C-terminal regions of mammalian and yeast
GDI are likely engaged in other yet to be determined key
interactions necessary for correct intracellular membrane
trafficking to occur.

The notion that the variable C-terminal region is excluded
from candidate GDI-2 Rab-interacting elements is further
supported by the observation that only a single amino acid
substitution at position M250 within the sequence-conserved
regions causes a dramatic decrease in the efficiency of GDI-
2M250Y to dissociate all membrane-bound Rabs examined here
(Figure 4A,B). This finding agrees with previous mutagenesis
studies of GDI-1, where introduction of an identical mutation
rendered a GDI-1M250Y mutant incapable of binding Rab3A
and Rab1A (26, 34). Together these results indicate Met at
position 250 as a common residue in candidate GDI-1 and
GDI-2 Rab-binding regions. The fact that substitution at this
position still retains the GDI-2WT ability to detect differences
between GDP- and GTPγS-bound Rab forms indicates that
Met250 should be distal to the GDI-2-sensor elements for the
GDP load in Rabs.

One unexpected finding made in our study is the observa-
tion that certain conformations of the GDI-2 molecule are
associated with a gain-of-function in retrieval of specific
Rabs. We provide experimental evidence both in vitro and
in intact cells for two structural modifications in the GDI-2
molecule which potently convert the relaxed conformation
of the wild-type or nonmodified endogenous GDI-2 to a more
functionally active conformation, resulting in a more efficient
Rab membrane release. The first one is achieved by a single
amino acid substitution at position Y249 within the sequence-
conserved region 3B in GDI-2 (Figure 4A,C). The second
modification is induced upon treatment of intact adipocytes
with the tyrosine phosphatase inhibitor pervanadate yielding
tyrosine-phosphorylated endogenous GDI-2 (Figure 6). While
a detailed examination of the issue of GDI-2 tyrosine
phosphorylation with respect to an individual tyrosine is
beyond the scope of the present study, an important inference
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can be drawn, namely, that the tyrosine-phosphorylated
GDI-2 adopts a conformation facilitating the in vivo Rab4
membrane retrieval. The molecular basis for the marked and
selective enhancement in Rab extraction elicited by these
two structural modifications in GDI-2 is presently unknown.
However, these observations are consistent with the idea that
the resting conformation of GDI-2, and likely GDI-1, is not
fully active, and suggest a plausible regulation of GDI
activity in the context of intact cells, to modulate spatially
and temporally the extent of retrieved Rabs. Moreover,
certain discrepancies between the activities of bacterially
produced vs native purified GDI-1 are reported (34, 40). It
is conceivable that the wild-type GDIs or a pool of
endogenous forms in resting cells display limited ability to
access, recognize, and/or bind membrane-bound Rabs. This
hypothesis is further reinforced by the findings that, typically,
50-60% of the total Rab membrane amounts could be
dissociated even at saturating concentrations of GDI-1WT or
GDI-2WT as documented in in vitro or semi-intact cell assays
(11, 26, 31, 33, and this study). Next, an insulin-induced
increase of GDI-1-dependent Rab4 membrane retrieval (23
and this study) also implies regulation of GDI functional
activity in living cells. Finally, reports of phosphorylation
(35) and isoelectric shift of GDIs (41) add further support
to this hypothesis.

Another important observation made in our study is that
a single amino acid replacement in GDI-2 differentially
affects Rab membrane retrieval. Thus, while the GDI-2Y249V

mutant displayed increased functional activity for Rab9 and
Rab5, its efficiency toward Rab4 was significantly compro-
mised (Figure 4). Noteworthy, a recent study, published while
this paper was at a final stage of preparation (34), has
demonstrated that a single amino acid substitution at position
39 within SCR 1 in the GDI-1 molecule yields a mutant
protein which also displays distinct effects in Rab3A
(inhibition) and Rab1A (no change) retrieval from mem-
branes. Together, these results imply that structural elements
of GDI molecules could discriminate the functional interac-
tions with individual Rabs. It is tempting to speculate that
in living cells GDIs can undergo subtle organelle-dependent
modification(s) that can direct selective interactions with
different Rab species, allowing a preferential retrieval and
recycling of one Rab over others when they are present
together in a given organelle. Our finding that the GDI-2Y249V

mutant adopts a conformation that facilitates Rab5 release
from endosomal membranes, being less effective toward
Rab4, is consistent with this idea. Further insights into this
issue should be forthcoming as we learn more about crystal
structures of GDI-2 complexed with Rab proteins.

In summary, while GDI-2 displays nearly equal ability to
extract GDP bound forms of a diverse group of Rab proteins,
substitution of Tyr249 differentially modulates Rab membrane
retrieval, resulting in a gain-of-function conformation toward
specific Rab species. We have identified Met250 as being
critical for the interactions with all Rabs tested in this study,
whereas the C-terminal 18 amino acids were irrelevant.
GDI-2 could be tyrosine-phosphorylated in 3T3-L1 adipo-
cytes under certain treatment, a modification that yields a
protein with higher Rab4-retrieval activity. We conclude that
certain yet to be identified conditions in intact cells may
induce conformational changes in the GDI-2 molecule that
would facilitate a selective Rab membrane release.
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