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Mutations in GDI1 are responsible for
X-linked non-specific mental retardation
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Flavia Valtorta2,8, William E. Balch7, Jamel Chelly4 & Daniela Toniolo1,2

Rab GDP-dissociation inhibitors (GDI) are evolutionarily conserved proteins that play an essential role in the recy-

cling of Rab GTPases required for vesicular transport through the secretory pathway. We have found mutations in

the GDI1 gene (which encodes αGDI) in two families affected with X-linked non-specific mental retardation. One

of the mutations caused a non-conservative substitution (L92P) which reduced binding and recycling of RAB3A,

the second was a null mutation. Our results show that both functional and developmental alterations in the neu-

ron may account for the severe impairment of learning abilities as a consequence of mutations in GDI1, emphasiz-

ing its critical role in development of human intellectual and learning abilities.
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Introduction
Mental retardation is a common condition affecting about 3% of
the human population. The disorder has a major genetic compo-
nent, and defining the genes involved would be a major advance
in terms of understanding brain functions important for devel-
opment of intellectual and learning abilities. X-linked forms of
mental retardation (XLMR) have been described1. In some cases,
the mental retardation phenotype is part of a complex syndrome,
but in many instances mental retardation is the only symptom
and is known as non-specific mental retardation (MRX). There is
no additional consistent feature to distinguish MRX patients
from unaffected relatives or affected males in different families.
The gene associated with the most common form of syndromic
mental retardation, the Fragile X-A (FRAXA) syndrome is FMR1
(ref. 2) and shown to account for 15−20% of all XLMR (ref. 3).
The remaining mentally retarded males, approximately 1 in 500,
are a very heterogeneous group1. Approximately 50 MRX loci
corresponding to individual families are mapped along the X
chromosome and can be grouped in 8−10 non overlapping
regions, suggesting the involvement of a minimum number of 8−
10 X-linked genes4. Only one gene involved in MRX has been
identified: loss of expression of FMR2, a gene of unknown func-
tion adjacent to the fragile X-E (FRAXE) site on Xq28, is consis-
tently correlated with FRAXE expansion5 in some mild mentally
retarded patients.

Six families affected with MRX have been mapped in a gene-
rich region of 8−9 cM in Xq28 (ref. 1). Among the genes within
this interval which are predominantly or highly expressed in
brain6 is GDI1, which encods αGDI, one of the closely related
isoforms of GDI. Members of the GDI family control the recy-
cling of the Rab GTPases involved in membrane traffic7,8. GDI
retrieves the GDP-bound form of Rab from the membrane to
form a heterodimeric complex which serves as a cytosolic reser-
voir for the reuse of inactive Rab during multiple rounds of vesi-
cle budding and fusion9. Because the Rab3 proteins play an

important role in neurotransmitter release and are substrates for
GDI10–16, GDI1 was a potential candidate for MRX.

Results
Mutation detection in GDI1
To test whether GDI1 is responsible for mental retardation, fami-
lies MRX3, MRX25, MRX28, MRX41 and MRX48 (ref. 1) were
examined. From the cDNA and genomic sequence of GDI1 (refs
6,17,18), the structure of the gene was established and primers
were designed for direct sequencing of all coding exons and exon-
intron junctions of PCR products prepared from RNA or
genomic DNA of one patient from each family.

Mutations in GDI1 were found in patients from two families,
MRX48 (ref. 19) and MRX41 (ref. 20) (Fig. 1). Affected and non-
affected relatives and obligate carriers were analysed and the
mutations were shown to segregate with the disease by sequence

Fig. 1 Mutations in patients MRX41 and MRX48. The upper panels show the
corresponding sequence from a normal individual; the lower panels are from
the patients. Numbers correspond to nucleotide positions in the cDNA. Arrows
point to the mutations.
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analysis and restriction enzyme digestion (a novel DdeI site is
introduced by the mutation in family MRX48; data not shown).
Sequencing of 100 normal chromosomes from different ethnic
groups demonstrated that the mutations were not common poly-
morphisms. The mutation in family MRX48 was a C→T transi-
tion at position 366 of the cDNA. The mutation introduced a
premature stop codon (TGA; R70X) and the truncated message
could possibly lead to synthesis of a putative peptide of 69 amino
acids in length (which is likely to be unstable and degraded).
Indeed, lymphoblasts from MRX48 did not have any band corre-
sponding to αGDI as determined by immunoblotting with anti-
αGDI antibodies21 (Fig. 2). The second mutation, in the MRX41
family, was a T→C transition at position 433 of the cDNA, caus-
ing a missense mutation and a non-conservative amino-acid
change (L92P). Protein expression in lymphoblasts was compa-
rable to normal individuals (Fig. 2).

No mutations were found by sequence analysis of GDI1 in
patients from families MRX3, 25, 28 or in a patient affected with
mental retardation and progressive spastic paraplegia mapped to
Xq28 (patient OE; ref. 22). Levels of αGDI in lymphoblasts from
patients MRX3 and OE were very similar to those in control cells
(Fig. 2), thus excluding mutations in regulatory regions with dra-
matic consequences on expression. 

To determine the frequency of mutations in GDI1 among men-
tally retarded patients, an unmapped population of mentally

retarded FRAXA-negative males with normal karyotype was
studied: 34 were familial cases, 55 were sporadic. Primers were
used to amplify each exon for SSCP analysis, which was carried
out under two different experimental conditions. A common
polymorphism which did not change the amino-acid sequence
was repeatedly found in exon 3 (A377C), but no additional
mutations were found.

The missense mutation L92P alters RAB3A binding
The X-ray structure of αGDI (ref. 23) reveals that highly con-
served residues in the GDI family and the closely related choroi-
deremia (CHM) gene family involved in Rab prenylation24 form
a Rab-binding platform at the top of αGDI (refs 7,23; Fig. 3a).
Mutation of residues forming the platform can lead to a greater
than 60-fold decrease in Rab binding and concomitant loss of
function in Rab3 recycling. The L92P mutation found in the
MRX41 family affects a conserved residue in the α-helix beneath
the Rab-binding platform and adjacent to a hydrophobic pocket
potentially involved in binding of the geranylgeranyl group
attached to the C terminus of Rab proteins (Fig. 3a). To deter-
mine whether the L92P substitution affects interaction with
RAB3A, we generated mutant αGDI[L92P] by site-directed
mutagenesis, expressed it in Escherischia coli, purified it to homo-
geneity, and examined its ability to bind RAB3A in vitro23. The
protein was recognized by αGDI specific antibodies suggesting
its overall structure was intact. Whereas RAB3A binds to wild-
type αGDI with a Kd of 0.45 µM, the L92P substitution led to a
6.3 fold (Kd=2.8 µM) decrease in affinity for RAB3A (Fig. 3b).
This result suggested that the mutant αGDI may not be able to
efficiently recycle Rab proteins in vivo. Consistent with this, the
L92P mutant had reduced ability to extract Rab3a from rat brain
synaptosomes (Fig. 3c). Moreover, expression of a homologous
mutation in the yeast homologue Gdi1p (ref. 25) showed a reces-
sive phenotype in the presence of wild-type Gdi1p, but had a
moderate temperature-sensitive growth phenotype in a strain
lacking wild-type Gdi1p (∆gdi1) (S.K.W., P.L. & W.E.B., unpub-
lished observation). The observed temperature-sensitivity may
reflect decreased stability in protein folding at the elevated tem-
perature. The introduction of the helix-breaking proline residue
at position 92 may either indirectly destabilize the adjacent Rab-

Fig. 2 Western-blot analysis of αGDI in a normal individual and MRX patients.
Total proteins were extracted from approximately 3×106 lymphoblasts and
fractionated on 10% SDS-PAGE gels. The 52-kD band corresponds to αGDI. The
upper band is a non-specific band cross-reacting with the anti-αGDI antibody21.

Fig. 3 Effect of the L92P mutation on RAB3A binding and recycling. a, Residue
L92 (violet) is located in the α-helix (yellow) situated beneath the Rab-binding
region (green) containing residues Y39, E233 and R240 (highlighted) involved
in Rab binding. The surface adjacent to L92 towards the center of the protein
(the open area) is hydrophobic and potentially involved in binding C-terminal
prenyl groups. b, Comparison of binding of wild-type, L92P and R240A
mutant proteins to Rab3A in vitro. Wild-type Kd=0.45 µM; L92P Kd =6.8 µM;
R240A Kd =>30 µM (ref. 23). c, Effect of the L92P mutation on extraction of
RAB3A from purified rat brain synaptosome membranes.
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binding region or reduce the ability of αGDI to recognize the car-
boxy-terminal prenyl group required for high-affinity binding
during recycling (Fig. 3a).

A possible role of αGDI in neuronal development
In addition to their role in neurotransmitter release at the
synapse10–16, Rab proteins regulate vesicular traffic throughout the
exocytic and endocytic pathways26. This ubiquitous function sug-
gested that in neural tissues αGDI also may be necessary, and that
impairment of such a putative function may be the cause of mental
retardation. Furthermore, GDI1 expression is upregulated during
brain development in the postmitotic cell layers27, presumably
before synapses differentiate. We have compared the expression of
the mouse homologue of GDI1 with that of Rab3a by hybridiza-
tion to adjacent saggital and transverse embryo sections at differ-
ent stages of mouse development (Fig. 4a). Both Gdi1 and Rab3a
mRNA were first detectable at embryonic day (E) 9, when they
were expressed in the ventral spinal cord at the caudal part of the
embryo (Fig. 4a). From that stage on, both Gdi1 and Rab3a were
highly expressed in post-mitotic cells of neural tissues. Expression
of Rab3a was limited to the post-mitotic cell layer while faint

expression of Gdi1 could be detected also in the proliferating ven-
tricular zone (Fig. 4b). In postnatal brain (data not shown), the
two genes continued to show a superimposable distribution in
most of the brain regions characterized by high synaptic activity.

The pattern of Gdi1 expression during development is consis-
tent with a role in neuronal differentiation. To examine the
potential effects of the loss of αGDI in MRX48 patients, we sup-
pressed Gdi1 expression in cultured rat hippocampal neurons
using antisense oligonucleotides28,29. Two different oligonu-
cleotides complementary to sequences surrounding the initiation
of translation of the rat Gdi1 gene were able to reduce the levels of
expression of Gdi1 significantly, as judged by immunofluores-
cence (Fig. 5b, panels c and f). The faint residual signal in anti-
sense-treated neurons might be ascribed to the persistence of
βGDI, the ubiquitous form of the protein which is present in
neurons at low levels27. Treatment with the antisense oligonu-
cleotides did not affect viability of neurons, but the process of
neurite extension was severely impaired (Fig. 5a, panels b and c).
Thirty-six hours after plating, the total length of processes/cell
was 720±121 µm in control cells (or in cells treated with irrele-
vant oligonucleotides of the same length) and 294±156 µm in
antisense-treated cells (P<0.001; Student’s t test). The inhibition
was fully reversible. Thirty-six hours after withdrawal of the anti-
sense oligonucleotides, the total length of processes per cell
reached 907±283 µm (Fig. 5a, panels c and f). 

When neurons were allowed to develop for 48 hours before
adding the antisense oligonucleotides, we observed apparent
withdrawal of the already extended processes during the 48 hours
of antisense treatment (Fig. 5b, panels a and d). Under these con-
ditions, the total length of processes per cell was 48±7% of that
of control cells (600±94 µm versus 1231±111 µm; P<0.001;
Fig. 5c). Because at this stage of development hippocampal neu-
rons have already acquired a polarized phenotype, we investi-
gated whether withdrawal affected all neuronal processes
independently of their polarity. Neurons were fixed at various
time-points after the addition of the antisense oligonucleotides
and immunostained with antibodies against MAP2, a marker
specific for the somatodendritic compartment. The total length
of MAP2 processes per cell (Fig. 5c) appeared similar in anti-
sense-treated (361±79 µm) and in control cells (304±33 µm),
suggesting that upon suppression of Gdi1 expression, retraction
of developing processes occurred selectively for axons, leaving
elongation of dendrites unaffected. In control cells, αGDI was
ubiquitously distributed in cell bodies and developing processes,
independently of their polarity. In antisense-treated cells, MAP-2
positive processes showed a strongly reduced, albeit not abol-
ished, level of staining (Fig. 5b, panels c and f).

Control experiments were performed with sense oligonu-
cleotides to either αGDI or βGDI. Sense oligonucleotides were
completely ineffective when added to neurons after 48 hours of
culture. Conversely, for unknown reasons, when added immedi-
ately after plating, sense oligonucleotides to αGDI, but not to
βGDI, caused cell death.

Discussion
We report that GDI1, one of the genes involved in the control of
cycling between active and inactive state of the Rab family, has a
major role in mental disorder. Evidence for this hypothesis comes
from the identification of two different mutations in GDI1 in two
familial cases of MRX, previously mapped to the same chromo-
somal localization, in Xq28 (ref. 6).

Sequence and protein analysis have identified one mutation (in
family MRX48) which disrupts synthesis of αGDI by introducing
a premature stop codon in the open reading frame. The mutation
has a dominant phenotypic effect as carrier females in the family

Fig. 4 Gdi1 expression during mouse brain development. a, Gdi1 and Rab3a
expression in mouse sagittal sections. Developmental age is indicated. Anterior
is to the left. Lower panels are bright field views of the sections above counter-
stained with cresyl violet. b, Gdi1 and Rab3a expression in mouse transverse
sections through an E13.5 brain at the level of the telencephalic vesicles. Ante-
rior is up. A bright-field view of one of the sections counterstained with cresyl
violet is also shown. While Rab3a is spatially restricted to the post-mitotic
regions in the telencephalic cortex (cp, cortical plate), Gdi1 is faintly expressed
also in the proliferative layer (vz, ventricular zone). Sense probes gave no spe-
cific hybridization signals (data not shown).
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are also affected18. The second mutation (MRX41) alters a con-
served residue (L92) in the α-helix beneath the Rab-binding plat-
form and adjacent to the hydrophobic pocket potentially involved
in binding of the geranylgeranyl group of Rab proteins23. The
mutation L92P alters Rab recognition by αGDI as it reduces
RAB3A binding more than sixfold and RAB3A extraction from
rat brain synaptosomes. As carrier females in the family are not
affected19, it is likely that the residual αGDI activity in cells where
the mutated X chromosome is active is sufficient for some vesicle
cycling. Male phenotypes were similar in the two families.

Proteins of the GDI family bind to and retrieve the GDP-
bound Rab proteins from membranes. In the brain, it is likely
that the predominant role of αGDI is to bind RAB3A and
RAB3C, the Rab3 proteins specific for or highly enriched in
synapsis10–16. As a consequence, the major effect of both muta-
tions could eventually be to greatly decrease the pool of Rab pro-
teins available for synaptic vesicles cycling and neurotransmitter
release. Ca2+-triggered fusion of synaptic vesicles is altered in
mice lacking Rab3a, due to a higher-than-usual number of exo-
cytic events taking place after stimulation30,31. Our data suggest
that mutations in GDI1 could eventually also alter the exocytic
events accompanying synaptic transmission.

The rather mild phenotype caused by the two mutations
described here is consistent with the presence of other GDI iso-
forms which can perform a housekeeping role in Rab recycling,
emphasizes a specialized role for αGDI in neurons and possibly
in specific brain areas, and suggests that αGDI is essential for the

normal function of Rab3 isoform(s). The striking, rather specific
effects of loss of αGDI expression in the brain leading to MRX is
not unlike the loss of the GDI-related protein CHM1 in choroi-
deremia, a disease leading to selective retinal degeneration and
blindness32,33. CHM1 is essential for the geranylation of a specific
Rab protein (Rab27) required for maintenance of the pigmented
retinal epithelium33, while the second isoform, CHM2, may play
a housekeeping role.

Our data also suggest an alternative or additional role for
αGDI. Up regulation of expression of αGDI and RAB3A at the
onset of brain differentiation, before any synaptic activity is
detectable, and the specific inhibition of axonal (not dendritic)
outgrowth in hippocampal neurons treated with Gdi1 antisense
oligonucleotides, suggest that αGDI may be essential for neu-
ronal differentiation during brain development. The ubiquitous
role of αGDI in vesicular traffic and its interaction with RAB3A
as well as with other proteins of the Rab family can account for
such an explanation. Lack of gross anatomical alterations in
brain of MRX patients18,19 do not exclude minor morphological
but functionally important alterations in neuronal development.

Only two of the five families studied with linkage to Xq28 pre-
sented mutations in GDI1. While we cannot exclude that the phe-
notype of families MRX25 and MRX28 is related to mutations in
regulatory regions of GDI1, protein analysis of lymphoblasts
from the MRX3 and OE patients argues against such mutations
and suggested at least one other MRX gene exists in Xq28. There
are no obvert phenotypic differences between patients from these

Fig. 5 Inhibition of axonal outgrowth of hippocampal neurons treated with Gdi1
antisense oligonucleotides. a, Gdi1 antisense oligonucleotides inhibit neurite
extension. Panels A−C, rat hippocampal neurons cultured for 0 h (A), 36 h (B) and
72 h (C) under control conditions; panels D−F, hippocampal neurons cultured in
the presence of antisense oligonucleotides to Gdi1 message for 0 h (D), 36 h (E)
and 36 h followed by 36 h recovery (F). Bar, 35 µm. b, Addition of Gdi1 antisense
oligonucleotides causes selective retraction of growing axons. Hippocampal neu-
rons were grown for 96 h under control conditions (A−C) or for 48 h under control
conditions, followed by 48 h of treatment with Gdi1 antisense oligonucleotides
(D−F). A,D, Phase contrast. B,E, MAP2 immunostaining. C,F, αGDI immunostaining.
Arrowheads indicate processes which are negative for MAP2, thus identified as
axons. Note the absence of such processes in antisense-treated neurons and the
low level of αGDI immunoreactivity in these neurons. Bar, 50 µm. c, Quantitation
of the effect of Gdi1 antisense oligonucleotides on axon length. 
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five families, which suggests that the number of MRX genes may
be higher than the 8-10 loci previously proposed. Such hetero-
geneity correlates quite well with the low frequency of mutations
in GDI1 among mentally retarded patients. We did not find
mutations in the coding regions of GDI1 among 89 male patients
analysed by SSCP and Bienvenue et al. (personal communica-
tion) found one mutation among almost 200 patients analysed.
The most common form of mental retardation, FRAXA,
accounts for about 15% of all patients. The frequency of muta-
tions in the genes responsible for all the remaining cases is likely
to be very similar to that found for GDI1, namely less than 1%.

In summary, our data show that membrane traffic leading to
neural development and function of the synapse is dependent on
a specific role for αGDI. Disruption of its function leads to men-
tal retardation in patients. Together with the genes associated
with FRAXA and FRAXE, GDI1 is one of the few genes shown to
be involved in determining human intellectual abilities and the
first that is not associated with a fragile site.

Note added in proof: While this manuscript was in press, dis-
ruption of a similar gene was reported in another set of MRX
patients42. 

Methods
Sequence analysis. The entire coding region of the GDI1 cDNA of patient
MRX48 was amplified using primers P9 and 13 using the Expand Long
Template PCR System (Boehringer) according to the manufacturer’s
instructions. RT-PCR was done as described34. Sequences of the MRX41
patient were deduced from PCR products of genomic DNA. Primers P9
and 17 were used to amplify the 5’ moiety, primers 19 and 13 to amplify
the 3’ moiety, with the Expand Long Template PCR System. PCR condi-
tions: 30 s at 96 °C, 30 s at 61°C or 63 °C, 3 min at 68 °C, 40 cycles. The
PCR products from both amplification conditions were purified and
sequenced directly using the primers listed below. Sequence reactions
were run in Perkin Elmer 373A Automated Sequencer, and analysed by use
of SeqEd and Sequence Navigator software34. PCR primers: P9, 5´−
GAAGAGGCGGGACTCTTTGACGCGG−3´; 17, 5´−CTTGATGCG-
GTTGACGGTCTC−3´; 19, 5´−CAAGACCTTTGAGGGCGTTGAC−3´;
13, 5´−TGGTCAGTGGATCAATGAGGTG−3´. Sequencing primers: P10,
5´−GGCCGACGCGCCGCCATCTTT−3´; GD1, 5´−GCAGAAGATGGC-
AGTGACCAGAGG−3´; GD2, 5´−GAACAAATCAGGTCTGCTGGTAG-
GAG−3´; GD3, 5´−GTGGAAGTAGCTCCCCAGGTGCCTG−3´; M8, 5´−
GCCGAGACTGGAATGTTGACCTG−3´; M9, 5´−GGGAATCAGGTC-
AACATTCCAGTC−3´; 18, 5´−AAAGCTGCCCTCCACCACCT−3´; GD4,
5´−CCTTATTCTGGACAGCCACCCATC−3´; GD5, 5´−GATCACAGG-
ACAGCTGGGCTGTGAG−3´; GD6, 5´−GGTGAGCCTGTGGCTGAGTA-
CAAG−3´; GD7, 5´−GGTGGGAAGACTGGCCTGGTACCTG−3´; GD8,
5´−CAAGGATGGAGTGAAGTAAATGAAGAGCAC−3´; GD9, 5´−GAG-
GAAGGGTGCAGTGGAATTGG−3´; GD10, 5´−CAGTCATGACTCTGA-
AGACTTCTGGAC−3´; GD11, 5´−GCTGCCTGCCCTTGCTGTGAGCG−
3´; GD12, 5´−GCAGGGAGCTCCCACACTGATG−3´; GD13, 5´−CTCT-
GCGTATGGCCAGCGCCTC−3´; 20, 5´−GCAATAGCTATGTACTTGCC-
CTG−3´; GD15, 5´−CCTGGTCCCTAAGCCCAGCTGC−3´; GD14, 5´−
GGATACCTGTCTGACTCACCCTG−3´.

SSCP analysis. SSCP analysis35 was performed as follows. The 11 exons of
the GDI1 gene were amplified in 10 fragments using the sequencing primer
pairs P9/GD1, GD2/M9, GD3/GD4, GD5/GD6, GD7/GD8, GD9/GD10,
GD11/GD12, GD13/GD15 and GD14/13. Two additional primers were
prepared to amplify exon 10: GD15R (5´−GCAGCTGGGCTTAGGGAC-
CAGG−3´) and GD14R (5´−CAGGGTGAGTCAGACAGGTATCC−3´).
PCR products (4 µl of each) were denatured and electrophoresed on 6%
polyacrylamide gels (acrylamide/bisacrylamide: 62.5:1) in TBE buffer at
RT and 35 W for 3 h. Alternatively, gels containing 10% glycerol were run
at 4 °C, for 6−8 h. After electrophoresis, gels were stained for 20 min in 12
mM AgNO3, developed in 0.28 M Na2CO3 and 40% formaldehyde, fixed in
10% acetic acid and dried.

Western-blot analysis. Whole cell lysates were fractionated on 10% SDS-
PAGE and transferred to nitrocellulose membranes. After incubation

with the polyclonal anti-αGDI antibody21 (1:1000 dilution), the mem-
brane was incubated for 1 h with alkaline phosphatase-conjugated sec-
ondary antibody (Promega). Proteins were detected with BCIP/NBT
substrate (Promega).

In situ hybridization. Embryos were collected from outbred CD-1 female
mice (Charles River) at E8.5−E14.5, fixed over night in 4% paraformalde-
hyde in PBS and embedded in paraffin. Serial sections of 7 µm were
mounted on gelatin coated slides. Brains from older animals (E18.5 and
postnatal) were dissected out, fixed over night in 4% paraformaldehyde in
PBS, incubated over night in a 20% sucrose gradient at 4 °C, moved to
OCT embedding compound (Tissue-Tek), frozen in liquid nitrogen and
stored at −70 °C until use. Serial sections (10 µm) were mounted on
gelatin-coated slides. When different probes were compared, adjacent sec-
tions were used. Two alternative series were used for each probe. Paraffin
sections were dewaxed, rehydrated in ethanol, and processed for in situ
hybridization as described36.

Probes were prepared by RT-PCR from total RNA from mouse or human
brain, reverse transcribed as described using random examers34. A fragment
of 300 bp of the coding region of Gdi1 (primers BOV1AH, 5´−TGACCATG-
GACGAGGAATACGAC−3´ and 18), and a fragment of 500 bp of Rab3a
(primers RAB1, 5´−ACTCTCGATATGGGCAGAAGGAG−3´ and RAB2, 5´−
TGCAAGGTCTGCAGTATCTAGGG−3´) were cloned in Bluescript-T. [γ-
35S]-CTP−labelled sense and antisense RNA probes were synthesized with
T7 or T3 polymerases (Riboprobe Kit, Promega) from linearized plasmids,
and used as described35. Autoradiography was performed with Kodak
NT/B2 emulsion. Exposure times were between five and twelve days.

Cell cultures. Low density primary cultures of hippocampal neurons were
prepared from rat embryos (E18) essentially as described34. Cells were
maintained in MEM without serum, supplemented with 1% N2 supple-
ment (Life Technologies), 2 mM glutamine, 0.1% BSA, 4 mM glucose, and
1 mM Na-pyruvate. At time zero, antisense oligonucleotides to Gdi1
mRNA (45 µM) were added to the cultures. At intervals of 12 h, additional
oligonucleotides (22 µM) were applied. Two different antisense oligonu-
cleotides were used in different sets of experiments: 5´−CCTTGGTAC-
CAGCGCCCGCTCTTC−3´ (corresponding to the inverse complement of
the rat Gdi1 sequence, nt 51−27) and 5´−CATGGTCAGGCCTTGGTA-
CCAGCGC−3´ (corresponding to the inverse complement of rat Gdi1
sequence, nt 62−37). The ATG is at nt 60−62.

To measure neurite length, images were acquired directly from coverslips
using a Zeiss upright microscope equipped with two digital video cameras
(C2400-8 SIT and C2400-7, Hamamatsu). The microscope was connected
to a MacIntosh IIci via a data translation frame grabber card (DT-2255−50
Hz). The image analysis program NIH Image (http://rsb.nih.gov/nih-
image) was used. Different numbers of images were used according to the
statistical significance of the results. The total length of processes per cell
was determined by measuring all the processes present in a field (from the
beginning of the process to the tip, when visible, or to the end of the process
on the edge of the image), divided by the number of cell bodies present in
the field. The data were statistically analysed using Excel 5.0 (Microsoft).

Double immunofluorescence was carried out as described37 using mono-
clonal anti-MAP2 antibodies (Jackson Laboratories) and a rabbit polyclonal
anti-αGDI serum20 followed by Texas-Red conjugated goat anti-rabbit and
fluorescein-conjugated goat anti-mouse IgGs (Jackson Laboratories).

Site-directed mutagenesis and analysis of Rab-binding. Point mutations
were introduced into bovine GDI1 by PCR site-directed mutagenesis as
described38. Sequence-verified mutants were subcloned into the bacterial
expression vector pET11d (Novagen) containing a 5´-six histidine tag.
After induction with IPTG, mutants were expressed in E. coli strain
BL21(DE3) and purified on NTA-agarose (Qiagen), followed by Sephacryl
S100 and Mono-Q-HR 5/5 (Pharmacia) as described39. Propagation of
recombinant Autogapha californica nuclear polyhedrosis virus (AcM-
NPV), and growth and expression of RAB3A in Sf9 cells was carried out as
described23. Prenylated RAB3A was expressed and extracted from
Spodoptera frugiperda (Sf9) membranes as described23. The sample was
loaded on a Q-Sepharose Fast Flow (Pharmacia) and eluted by washing
the column with buffer A. The fractions containing purified RAB3A were
pooled, concentrated five-fold and stored in aliquots at −70 °C. To deter-
mine dissociation constants (Kd) for complexes of prenylated RAB3A and
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wild-type or mutant αGDI, a range of concentrations (10−50 nM) of
prenylated RAB3A were incubated with fixed concentrations of αGDI
(100 nM−2 µM) in 200 µl of buffer A (ref. 23) supplemented with 0.1%
Lubrol at RT for 1 h. Each sample was applied to a Q-Sepharose Fast Flow
column and washed with buffer A (10 ml) to remove free (unbound)
RAB3A. Buffer A (1 ml) containing 500 mM NaCl was used to elute GDI-
bound RAB3A. Fractions containing the complex were pooled and precip-
itated with TCA for 2 h. The precipitate was analysed by SDS-PAGE,
transferred to nitrocellulose and the amount of RAB3A in the complex
was determined using quantitative western blotting with a polyclonal
anti-RAB3A antibody as described23.

RAB3A extraction. Synaptosomes were purified40 and permeabilized as
described41. Following incubation with 2 µM αGDI or the indicated

mutant for 30 min on ice, membranes were pelleted and the amount of
extracted RAB3A determined using quantitative western blotting.
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