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GDIs (GDP-dissociation inhibitors) bind to Rab
GTPases and mediate their membrane targeting and
recycling. In vitro, most Rabs can bind to either of the
major isoforms of GDI, leading to the assumption that
the proportion of each specific Rab/GDI complex in
vivo reflects the relative abundance of the « versus 8
forms of GDI. Here we show that when human terato-
carcinoma cells (Ntera2) are induced to differentiate
into postmitotic neurons (NT2N), there is a major
change in the proportion of GDIla«a relative to GDIB.
Under these conditions, certain Rab GTPases associ-
ate preferentially with either GDIla or GDI, irrespec-
tive of the relative abundance of the GDI isoform.
These findings suggest that heretofore unrecognized
functional specificity may exist between the two major
forms of GDI. © 2001 Academic Press
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In mammalian cells different Rab GTPases modu-
late vesicular transport between discrete intracellular
membrane compartments (1-4). It remains to be de-
termined exactly how Rab proteins control vesicle bud-
ding and/or fusion. However, accumulated evidence
suggests that the mechanism involves the active cy-
cling of the GTPases on and off membranes in a man-
ner that depends on their guanine nucleotide state (5).
Cytosolic proteins termed Rab GDP-dissociation inhib-
itors (GDIs), which form 1:1 complexes with Rab pro-
teins in the GDP-bound state (6—8), play a key role in
targeting Rab proteins to budding vesicles and recy-
cling inactive Rabs after vesicle fusion at the acceptor
membrane (9-12).

Cells are generally thought to contain between 30
and 40 different Rab proteins, but only a few distinct
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GDIs have been identified (13, 14). The mammalian
GDlIs can be subdivided into two general classes (« and
B), based on their mobilities on SDS polyacrylamide
gels and sequence similarities. The a« GDIs migrate at
50-55 kDa and include the original bovine Rab3A-GDI
(7, 14), rat GDI-«a (13), human GDI-« (15), and mouse
GDI-1 (16). The B GDIs migrate at 45-50 kDa and
include rat GDI-B (13), human GDI-B (13) and two
mouse proteins termed GDI-B (17) and GDI-2 (16). The
relative expression of the « and B forms of GDI varies
in different tissues. For example, GDla predominates
in brain and insulin-secreting cells, whereas GDIS is
the major form in liver and CHO cells (18). Most Rabs
are capable of associating with either the « or g form of
GDI (19), although it remains unclear whether the
resulting complexes are functionally equivalent. It has
been proposed that the proportion of each specific Rab-
GDI complex in a particular tissue reflects the relative
abundance of the « versus B forms of GDI expressed in
that tissue (18). In the present study, we tested this
hypothesis in the Ntera2 cell culture model, where
differentiation of the teratocarcinoma stem cells into
mature neurons is accompanied by a marked increase
in the proportion of GDIla relative to GDIB. Surpris-
ingly, we find that some Rabs associate preferentially
with either GDIl« or GDIB, even when the particular
GDI is not the predominant form expressed in the cells.
These findings contradict the prevailing notion that
Rab GTPases associate indiscriminately with GDIs
and raise the possibility that important functional dif-
ferences may exist between the GDI isoforms.

EXPERIMENTAL PROCEDURES

Antibodies. An affinity-purified rabbit 1gG was generated against
a peptide corresponding to amino acids 1-17 of bovine brain GDla as
described (20). This antibody is currently available from Zymed
Laboratories (South San Francisco, CA). Polyclonal antibodies
against the following Rab proteins were obtained from the indicated
sources: Rab1B and Rab3A (Zymed Laboratories), Rab5 and Rab6

(Santa Cruz Biotechnology, Santa Cruz, CA).
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Cell culture and fractionation. Ntera2 teratocarcinoma cells were
maintained in Dulbecco’'s modified Eagle medium containing 10%
(v/v) fetal bovine serum. The cells were induced to differentiate into
mature post-mitotic neurons by treatment with retinoic acid and
mitotic inhibitors as described (21). For immunoblot analysis of total
cellular GDI or Rab proteins, cells were harvested, collected by
centrifugation at 500g for 10 min, and disrupted directly in SDS—
PAGE sample buffer (22). Protein concentration was determined by
the method of Bradford (23), using the BioRad kit (Hercules, CA). To
obtain soluble and particulate fractions, pelleted cells were disrupted
in an equal volume of 100 mM Tris—HCI, pH 7.4, 1 mM MgCl,, 0.1
mM GDP with complete mini-EDTA free protease inhibitor cocktail
(Roche Molecular Biochemicals, Indianapolis, IN) and the lysate was
centrifuged at 100,000g for 30 min. Soluble and particulate fractions
were then mixed with SDS sample buffer and assayed for protein
concentration.

Immunoblot analyses. Aliquots of whole-cell lysate, or soluble or
particulate fractions containing 30 ug of protein, were subjected to
SDS-PAGE and immunoblot analysis on Immobilon membranes
(Millipore Corp., Bedford, MA) using established procedures de-
scribed previously (24). In all cases, horseradish peroxidase-
conjugated goat anti-rabbit 1IgG and ECL reagent (Amersham Phar-
macia Biotech, Arlington Heights, IL) were used to detect bound
primary antibody on the blots.

Gel filtration chromatography. For size-exclusion chromatogra-
phy studies, soluble fractions derived from six 100-mm cultures of
NT2N neurons or three confluent cultures of Ntera2 cells were pre-
pared as described above. For each preparation, 100 pl of cytosol was
loaded on a 30 cm X 7.8 mm G2000SWXL column (TosoHass Inc.,
Montgomeryville, PA) on a Beckman System Gold HPLC system,
and proteins were eluted at flow rate of 1 ml/min. The elution buffer
was the same as the cell lysis buffer, except that it was supplemented
with 0.15 M NaCl. Fractions (0.5 ml) were collected and mixed with
0.1 ml of 5X SDS sample buffer. For each set of immunoblots, one
quarter of each fraction was subjected to SDS—-PAGE and the pro-
teins were transferred to Immobilon membrane. The top portion of
each membrane, containing proteins between 40 and 100 kDa, was
incubated with the antibody against GDI. The lower portion of the
same membrane was immunoblotted with antibody against Rab1B,
Rab3A, Rab5, or Rab6. Chemiluminescent signals were quantified
with a Lumi-Imager system (Roche).

RESULTS AND DISCUSSION

The bovine brain GDI, first isolated by Takai and
coworkers (7, 14, 25) binds specifically to Rab3A and
several other Rab proteins, but not to other Ras-related
GTPases (i.e., Rho, Cdc42) (9, 10, 19, 26). This GDI is
now regarded as the prototype for a family of related
proteins which are conserved among yeast, insects, and
mammalian cells (27). As mentioned earlier, the mam-
malian GDIs can be subdivided into two major forms («
and B), based on their mobilities on SDS polyacryl-
amide gels and their amino acid sequences.

To test the possibility that some Rabs may associate
preferentially with a specific form of GDI, we sought a
cell culture system where major physiological changes
occur in the relative abundance of GDla versus GDIS.
We chose to study the Ntera2 human teratocarcinoma
cell line, which can be induced to undergo neuronal
differentiation by treatment with retinoic acid (28, 29).
The differentiated cells (NT2N) extend arrays of ax-
onal and dendritic processes (Fig. 1A) (30) and exhibit
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FIG. 1. (A) Phase contrast micrographs showing the typical mor-
phology of Ntera2 teratocarcinoma cells and the mature NT2N neu-
rons after induction of differentiation by retinoic acid and selection
with mitotic inhibitors (see Experimental Procedures). The bar
equals 10 microns. (B) Relative expression of GDla and GDI deter-
mined by immunoblot analysis of 50 ug protein derived from Ntera2
or NT2N cell lysates, using an antibody that recognizes an amino
acid sequence found in both forms of GDI. Positions of the molecular
mass standards are indicated at the right of the panel.

many properties of mature postmitotic neurons (29, 31,
32). Unlike the Ntera2 stem cells, NT2N neurons also
express Rab3A and several other proteins involved in
synaptic function (synaptobrevin, SNAP-25, synapto-
physin and synapsin) (33).

To facilitate comparison of the major forms of GDI in
these cells by Western blot analysis, we generated an
antibody against an N-terminal peptide sequence that
is common to both GDIl«a and GDIB. Using this anti-
body, we found that the ratio of GDl« to GDIB under-
goes a remarkable change when the undifferentiated
Ntera2 cells are induced to differentiate into neurons
(NT2N). As shown in Fig. 1B, GDIB was clearly the
predominant isoform in the undifferentiated teratocar-
cinoma cells. However, when the cells were treated
with retinoic acid and mitotic inhibitors, the resulting
neurons showed a four- to fivefold increase in GDl«
and a two- to threefold decrease in GDIB. Thus, GDIl«
became the predominant isoform in the NT2N cells,
just as it is in the brain.

We next compared the expression and subcellular
distribution patterns for several widely-studied Rab
proteins in the Ntera2 cells and the NT2N neurons.
Three of the selected Rab proteins function in traffick-
ing pathways that occur in all cell types: Rab1B con-
trols ER — Golgi trafficking (34), Rab5 mediates early
steps of the endocytic pathway (35) and Rab6 appears
to function in retrograde transport within the trans-
Golgi network and medial Golgi (36). On the other
hand, Rab3A has a specialized function in the regu-
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FIG. 2. Expression and subcellular distribution of Rab proteins
in Ntera2 cells and NT2N neurons. (A) Equal aliquots of whole-cell
lysate were immunoblotted with monospecific antibodies against the
indicated Rab proteins as described under Materials and methods.
(B) Cells were partitioned by centrifugation into soluble (s) and
particulate (p) components, and Rab distribution was determined by
immunoblot analysis of 30 ng protein from each fraction. All of the
panels in the illustration are taken from the region of the blot
between the 21- and 30-kDa markers.

lated exocytosis of neurotransmitters in nerve termi-
nals (37). As expected, Rab3A was readily detected in
the NT2N neurons but was nearly absent from the
Ntera2 stem cells (Fig. 2A). Each of the other Rabs was
expressed at a similar level in the undifferentiated
cells compared with the differentiated neurons (Fig.
2A). In every case, at least half of the total Rab protein
was localized in the soluble fraction (Fig. 2B), consis-
tent with the typical presence of a large cytoplasmic
Rab/GDI pool in mammalian cells (7, 8, 38).

Previous studies have used membrane extraction as-
says (19) and ion-exchange chromatography (18) to
show that several different Rab proteins can associate
with either GDIla or GDIB. However, it is difficult to
establish quantitative recovery of different endogenous
Rab/GDI complexes by these methods. The use of co-
immunoprecipitation assays to detect different Rab
proteins bound to endogenous GDIs (39) is problematic
because the available antibodies against GDI do not
recover endogenous Rab/GDI complexes quantita-
tively, and the Rab/GDI complexes can be disrupted by
non-ionic detergents added to the immunoprecipitation
buffers to minimize non-specific protein interactions.
As an alternative approach, size-exclusion chromatog-
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raphy has been used to distinguish GDI-bound Rabs,
which elute as a broad peak around 80 kDa, from
monomeric Rab GTPases, which elute around 25 kDa
(10, 40). We recently developed a modified size-
exclusion method that can partially resolve the Rab/
GDIl« and Rab/GDIB complexes, based on their distinct
elution profiles (20). Therefore, we decided to use this
method to determine whether the partitioning of dif-
ferent Rabs between the GDla and GDIB pools might
change in relation to the marked alterations in GDI
isoform expression that occur in the Ntera2 versus
NT2N cells.

Figure 3 illustrates the chromatography assay, using
cytosol derived from NT2N neurons. Immunoblots per-
formed on individual fractions with the common GDI
antibody revealed two well-separated bands corre-
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FIG. 3. Size exclusion chromatography assay to detect endogenous
Rab/GDI complexes in NT2N cells. A 100-ul aliquot of cytosol was
subjected to chromatography as described under Materials and Meth-
ods. Individual fractions were subjected to SDS-PAGE and immunoblot
analysis. The upper portion of the blot was incubated with an antibody
that recognizes the « and g forms of GDI. The lower portion of the blots
were probed with a monospecific antibody to Rab1B. Elution positions
of chymotrypsinogen (25 kDa), bovine serum albumin (67 kDa), and
alcohol dehydrogenase (150 kDa) or dextran blue (=150 kDa) are indi-
cated at the top of the blot. Early fractions above 150 kDa did not
contain immunoreactive proteins. The relative elution positions of each
protein are represented graphically in the lower panels: The peak
heights do not reflect the actual quantities of the proteins, since the
scale for each protein was normalized by setting the maximum chemi-
luminescent signal for that protein to 100, and relating the signals in all
other fractions to the maximum value. Symbols are as follows: GDl«
(@), GDIB (m), RablB (#).
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FIG. 4. Chromatographic distributions of Rab3A, Rab5, and
Rab6 in differentiated NT2N neurons. Cytosol was subjected to size-
exclusion chromatography as described in the legend to Fig. 3. Equal
aliquots were removed from each fraction and subjected to SDS—
PAGE and immunoblot analysis, using antibodies against Rab3A
(A), Rab5 (m), and Rab6 (®). The upper panel shows the elution
profiles of GDla (®) and GDIB (m) from the same column fractions.

sponding to GDla (55 kDa) and GDIB (46 kDa). Al-
though the two forms of GDI were not completely sep-
arated by on the column, their elution profiles were
staggered, with the « isoform eluting earlier than the g
isoform. When the same column fractions were immu-
noblotted with an antibody against Rab1B, no mono-
meric protein was observed; i.e., all of the Rab1B in the
cytosol was eluted in fractions containing GDI. The
similar elution patterns of Rab1B and GDIl« suggested
that most of the RablB was associated with the «
isoform (fractions 15 and 16). Although GDIg is also
present in fraction 16, it does not appear that much
Rab1B is associated with the B isoform, since fraction
17 contains nearly the same amount of GDIg, but very
little Rab1B.

Using the same method, we also examined the dis-
tributions of Rab5, Rab6 and Rab3A in the NT2N neu-
rons (Fig. 4). As in the case of Rab1B, Rab6 was found
predominantly in the earlier fractions containing
GDla. In contrast, the shifted elution profile of Rab5
suggested that it was associated mainly with GDIg,
despite the fact that the B isoform is far less abundant
than the « isoform in the neurons (see Fig. 1B). The gel
filtration profile of Rab3A differed from that of the
other Rabs insofar as the GTPase was eluted as a broad
peak that spanned fractions containing both GDl« and
GDIB. Thus, Rab3A may exist in complexes with both
GDI isoforms.
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We next asked whether RablB, Rab5 and Rab6
might be distributed differently between the two GDI
pools in the undifferentiated Ntera2 cells, where the
ratio of GDIla to GDIS is essentially inverted in com-
parison to the NT2N neurons (see Fig. 1B). The results
shown in Fig. 5 underscore the following points: First,
in contrast to the NT2N neurons, where Rab1B was
co-eluted with GDIl«a, Rab1B in the Ntera2 cells was
found predominantly in fractions containing GDIgS.
Second, unlike the distribution of Rab1B, which shifted
with the change in the relative abundance of GDIB
versus GDle, the distribution of Rab6 was unchanged.
That is, Rab6 still eluted with GDle«, despite the fact
that GDIB was the most prevalent isoform in the
Ntera2 cells. Finally, the elution profile of Rab5, which
paralleled that of the minor GDIg isoform in the NT2N
cells, was the same in the Ntera2 cells, where GDIS
was the major isoform.

Although the preceding gel filtration studies cannot
completely rule out the possibility that the Rab pro-
teins eluting in the fractions with GDl« and GDIg are
physically associated with proteins other than GDI, we
believe that this is unlikely. Such unidentified proteins
would need to be sufficiently abundant to bind the
majority of cytosolic Rab proteins and would have to
form a complex that is coincidentally the same size as
Rab/GDI. The only other endogenous soluble proteins
known to form cytosolic complexes with Rabs are the
Rab Escort Proteins (REP), which function transiently
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FIG. 5. Chromatographic distributions of RablB, Rab5, and
Rab6 in undifferentiated Ntera2 teratocarcinoma cells. Cytosol was
subjected to size-exclusion chromatography as described in the leg-
end to Fig. 3. Equal aliquots were removed from each fraction and
subjected to SDS-PAGE and immunoblot analysis, using antibodies
against Rab1B ([J), Rab5 (m), and Rab6 (®). The upper panel shows
the elution profiles of GDla (®) and GDIB (m) from the same column
fractions.
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in the prenylation reaction (41). However, REP is
larger than GDI, and the Rab/REP complex typically
elutes around 150 kDa on size exclusion columns
(24, 41).

Based on the preceding observations, we conclude
that contrary to the commonly accepted view, certain
Rab proteins may interact preferentially with either
GDl« or GDI, even when the particular isoform is not
the predominant GDI species expressed in a given tis-
sue or cell type. Rab5 represents a good example inso-
far as it co-migrates on the size exclusion column with
GDIp, regardless of whether GDIg is the major isoform
(as in the Ntera2 cells) or is only a small fraction of the
total GDI (as in the NT2N neurons). Rab6 shows the
opposite specificity, associating mainly with GDlq, ir-
respective of large differences in the relative abun-
dance of the « isoform in NT2N versus Ntera2 cells.
Nevertheless, it is important to note that preferential
association of specific Rabs with specific GDIs is not a
general rule. This is clearly illustrated by the behavior
of Rab1B, which seems able to associate with either
GDl« (in differentiated NT2N cells) or GDI (in undif-
ferentiated Ntera2 cells), depending on which isoform
is most abundant.

Although various Rab proteins have been success-
fully reconstituted in GDIla complexes that can deliver
the Rabs to appropriate membranes in vitro (9-11, 19),
GDIB complexes have not been widely used for this
purpose. The present findings suggest that preferential
association of certain Rabs with specific forms of GDI
occurs in intact cells, raising the possibility that « and
B GDI/Rab complexes may have distinct roles in Rab
targeting and/or recycling in vivo.

REFERENCES

1. Chavrier, P., Simons, K., and Zerial, M. (1992) The complexity of
the rab and rho GTP-binding protein subfamilies revealed by a
PCR cloning approach. Gene 112, 261-264.

2. Simons, K., and Zerial, M. (1993) Rab proteins and the road
maps for intracellular transport. Neuron 11, 789-799.

3. Martinez, O., and Goud, B. (1998) Rab proteins. Biochim. Bio-
phys. Acta 1404, 101-112.

4. Novick, P., and Zerial, M. (1997) The diversity of Rab proteins in
vesicle transport. Curr. Opin. Cell Biol. 9, 496-504.

5. Nuoffer, C., and Balch, W. E. (1994) GTPases: Multifunctional
molecular switches regulating vesicular traffic. Annu. Rev. Bio-
chem. 63, 949-990.

6. Araki, S., Kikuchi, A., Hata, Y., Isomura, M., and Takai, Y.
(1990) Regulation of reversible binding of smg p25A, a ras p21-
like GTP-binding protein, to synaptic plasma membranes and
vesicles by its specific regulatory protein, GDP dissociation in-
hibitor. J. Biol. Chem. 265, 13007-13015.

7. Sasaki, T., Kikuchi, A., Araki, S., Hata, Y., Isomura, M., Kuroda,
S., and Takai, Y. (1990) Purification and characterization from
bovine brain cytosol of a protein that inhibits the dissociation of
GDP from and the subsequent binding of GTP to smgp25A, a ras
p21-like GTP-binding protein. J. Biol. Chem. 265, 2333-2337.

8. Shapiro, A. D., and Pfeffer, S. R. (1995) Quantitative analysis of
the interactions between prenyl Rab9, GDP dissociation

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

inhibitor-«, and guanine nucleotides. J. Biol. Chem. 270, 11085—
11090.

. Dirac-Svejstrup, A. B., Soldati, T., Shapiro, A. D., and Pfeffer,

S. R. (1994) Rab-GDI presents functional Rab9 to the intracel-
lular transport machinery and contributes selectivity to Rab9
membrane recruitment. J. Biol. Chem. 269, 15427-15430.

Peter, F., Nuoffer, C., Pind, S. N., and Balch, W. E. (1994)
Guanine nucleotide dissociation inhibitor is essential for Rabl
function in budding from the endoplasmic reticulum and trans-
port through the Golgi stack. J. Cell Biol. 126, 1393-1406.

Ullrich, O., Horiuchi, H., Bucci, C., and Zerial, M. (1994) mem-
brane association of Rab5 mediated by GDP-dissociation inhib-
itor and accompanied by GDP/GTP exchange. Nature 368, 157—
160.

Wu, S.-K., Luan, P., Matteson, J., Zeng, K., Nishimura, N., and
Balch, W. E. (1998) Molecular role for the Rab binding platform
of guanine nucleotide dissociation inhibitor in endoplasmic re-
ticulum to Golgi transport. J. Biol. Chem. 273, 26931-26938.

Nishimura, N., Nakamura, H., Takai, Y., and Sano, K. (1994)
Molecular cloning and characterization of two rab GDI species
from rat brain: Brain-specific and ubiquitous types. J. Biol.
Chem. 269, 14191-14198.

Hori, Y., Kikuchi, A., Isomura, M., Katayama, M., Miura, Y.,
Fujioka, H., Kaibuchi, K., and Takali, Y. (1991) Posttranslational
modifications of the C-terminal region of the rho protein are
important for its interaction with membranes and the stimula-
tory and inhibitory GDP/GTP exchange proteins. Oncogene 6,
515-522.

Bachner, D., Sedlacek, Z., Korn, B., Hameister, H., and Poustka,
A. (1995) Expression patterns of two human genes coding for
different rab GDP-dissociation inhibitors (GDIs), extremely con-
served proteins involved in cellular transport. Human Mol. Gen.
4, 701-708.

Shisheva, A., Sudhof, T. C., and Czech, M. P. (1994) Cloning,
characterization, and expression of a novel GDP dissociation
inhibitor isoform from skeletal muscle. Mol. Cell. Biol. 14, 3459 —
3468.

Janoueix-Lerosey, 1., Jollivet, F., Camonis, J., Marche, P. N., and
Goud, B. (1995) Two-hybrid system screen with the small GTP-
binding protein Rab6. J. Biol. Chem. 270, 14801-14808.

Yang, C., Slepnev, V. I, and Goud, B. (1994) Rab proteins form
in vivo complexes with two isoforms of the GDP-dissociation
inhibitor protein (GDI). J. Biol. Chem. 269, 31891-31899.
Ullrich, O., Stenmark, H., Alexandrov, K., Hubar, L. A., Kaibu-
chi, K., Sasaki, T., Takai, Y., and Zerial, M. (1993) Rab GDP
dissociation inhibitor as a general regulator for the membrane
association of rab proteins. J. Biol. Chem. 268, 18143-18150.
Erdman, R. A., Shellenberger, K. E., Overmeyer, J. H., and
Maltese, W. A. (2000) Rab24 is an atypical member of the Rab
GTPase family. Deficient GTPase activity, GDP dissociation in-
hibitor interaction, and prenylation of Rab24 expressed in cul-
tured cells. J. Biol. Chem. 275, 3848-3856.

Cook, D. G., Lee, V. M., and Doms, R. W. (1994) Expression of
foreign proteins in a human neuronal system. Methods Cell Biol.
43, 289-303.

Laemmli, U. K. (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227, 680—-685.
Bradford, M. M. (1976) A rapid and sensitive method for the
gquantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72, 248-254.
Overmeyer, J. H., Wilson, A. L., Erdman, R. A., and Maltese,
W. A. (1998) The putative “switch 2” domain of the Ras-related
GTPase, RablB, plays an essential role in the interaction with
Rab escort protein. Mol. Biol. Cell 9, 223-235.

Matsui, Y., Kikuchi, A., Araki, S., Hata, Y., Kondo, J., Teranishi,



Vol. 282, No. 1, 2001

26.

27.

28.

29.

30.

31.

32.

Y., and Takai, Y. (1990) Molecular cloning and characterization
of a novel type of regulatory protein (GDI) for smgp25A, a ras-
like GTP-binding protein. Mol. Cell Biol. 10, 4116-4122.
Regazzi, R., Kikuchi, A., Takai, Y., and Wollheim, C. B. (1992)
The small GTP-binding proteins in the cytosol of insulin-
secreting cells are complexed to GDP dissociation inhibitor pro-
teins. J. Biol. Chem. 267, 17512-17519.

Garrett, M. D., Kabcenell, A. K., Zahner, J. E., Kaibuchi, K.,
Sasaki, T., Takai, Y., Cheney, C. M., and Novick, P. (1993)
Interaction of Sec4 with GDI proteins from bovine brain, Dro-
sophila melanogaster, and Saccharomyces cerevisiae. Conserva-
tion of GDI membrane dissociation activity. FEBS Lett. 331,
233-238.

Andrews, P. W. (1984) Retinoic acid induces neuronal differen-
tiation of a cloned human embryonal carcinoma cell line in vivo.
Dev. Biol. 103, 285-293.

Pleasure, S. J., and Lee, V. M. Y. (1993) NTera 2 cells: A human
cell line which displays characteristics expected of a human
committed neuronal progenitor cell. J. Neurosci. Res. 35, 585—
602.

Trojanowski, J. Q., Mantione, J. R., Lee, J. H., Seid, D. P, You,
T., Inge, L. J., and Lee, V. M. (1993) Neurons derived from a
human teratocarcinoma cell line establish molecular and struc-
tural polarity following transplantation into the rodent brain.
Exp. Neurol. 122, 283-294.

Younkin, D. P., Tang, C.-M., Hardy, M., Reddy, U. R, Shi, Q.-Y.,
Pleasure, S. J., Lee, V. M. Y., and Pleasure, D. (1993) Inducible
expression of neuronal glutamate receptor channels in the NT2
human cell line. Proc. Natl. Acad. Sci. USA 90, 2174-2178.
Wolf, B. A., Wertkin, A. M., Jolly, C., Yasuda, R. P., Wolfe, B. B.,
Konrad, R. J., Manning, D., Ravi, S., Williamson, J. R., and Lee,
V. M. (1995) Muscarinic regulation of Alzheimer’s disease amy-
loid precursor protein secretion and amyloid B-protein produc-

33.

34.

35.

36.

37.

38.

39.

40.

41.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

tion in human neuronal NT2N cells. J. Biol. Chem. 270, 4916—
4922.

Sheridan, K. M., and Maltese, W. A. (1998) Expression of Rab3A
GTPase and other synaptic proteins is induced in differentiated
NT2N neurons. J. Mol. Neurosci. 10, 121-128.

Tisdale, E. J., Bourne, J. R., Khosravi-Far, R., Der, C. J., and
Balch, W. E. (1992) GTP-binding mutants of rabl and rab2 are
potent inhibitors of vesicular transport from the endoplasmic
reticulum to the Golgi complex. J. Cell Biol. 119, 749-761.

Bucci, C., Parton, R. G., Mather, I. H., Stunnenberg, H., Simons,
K., Hoflack, B., and Zerial, M. (1992) The small GTPase rab5
functions as a regulatory factor in the early endocytic pathway.
Cell 70, 715-728.

Martinez, O., Schmidt, A., Salamero, J., Hoflack, B., Roa, M.,
and Goud, B. (1994) The small GTP-binding protein rab6 func-
tions in intra-Golgi transport. J. Cell Biol. 127, 1575-1588.

Geppert, M., Goda, Y., Stevens, C. F., and Sudhof, T. C. (1997)
The small GTP-binding protein Rab3A regulates a late step in
synaptic vesicle fusion. Nature 387, 810-814.

Shisheva, A., Buxton, J., and Czech, M. P. (1994) Differential
intracellular localizations of GDP-dissociation inhibitor iso-
forms. J. Biol. Chem. 269, 23865—23868.

Steele-Mortimer, O., Grenberg, J., and Clague, M. J. (1993)
Phosphorylation of GDI and membrane cycling of rab proteins.
FEBS Lett. 329, 313-318.

Soldati, T., Riederer, M. A., and Pfeffer, S. R. (1993) Rab GDI: A
solubilizing and recycling factor for rab9 protein. Mol. Biol. Cell
4, 425-434.

Shen, F., and Seabra, M. C. (1996) Mechanism of digeranylgera-
nylation of Rab proteins. Formation of a complex between
monogeranylgeranyl-Rab and Rab escort protein. J. Biol. Chem.
271, 3692-3698.



	EXPERIMENTAL PROCEDURES
	RESULTS AND DISCUSSION
	FIG. 1
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5

	REFERENCES

