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Rab GTPases regulate discrete steps in vesicular transport
pathways. Rabs require activation by specific guanine nucleo-
tide exchange factors (GEFs) that stimulate the exchange of
GDP for GTP. Rab27a controls motility and regulated exocyto-
sis of secretory granules and related organelles. In melanocytes,
Rab27a regulates peripheral transport of mature melanosomes
by recruitingmelanophilin andmyosin Va. Here, we studied the
activationofRab27a inmelanocytes.We identifyRab3GEP, pre-
viously isolated as a GEF for Rab3a, as the non-redundant
Rab27a GEF. Similar to Rab27a-deficient ashen melanocytes,
Rab3GEP-depleted cells show both clustering of melanosomes
in the perinuclear area and loss of the Rab27a effector Mlph.
Consistent with a role as an activator, levels of Rab27a-GTP are
decreased in cells lacking Rab3GEP. Recombinant Rab3GEP
exhibits guanine nucleotide exchange activity against Rab27a
and Rab27b in vitro, in addition to its previously documented
activity against Rab3. Our results indicate promiscuity in Rab
GEFaction and suggest thatmembers of related but functionally
distinct Rab subfamilies can be controlled by common
activators.

Rab proteins belong to the Ras superfamily of small GTPases
and regulate discrete steps in vesicular transport pathways (1).
More than 60 Rab family members are known in mammalian
cells. Different Rabs are localized to specific cellular compart-
mentswhere they are primary determinants ofmembrane iden-
tity and exert multiple local activities (2–4). Rab proteins are
posttranslationally modified by geranylgeranylation, which is
required for membrane association and proper function (5).
After prenylation, Rabs form a complex with Rab escort pro-
tein, which is dissociated upon membrane association of the
newly prenylated Rabs.
Regulation of Rab function is determined by the ability to

cycle between a GDP-bound inactive form and a GTP-bound
active form (6). Rabs are activated by specific guanine nucleo-

tide exchange factors (GEFs)3 that stimulate the release of GDP
and the binding ofGTP.Activated Rab-GTPbinds effector pro-
teins, which perform critical functions in the organization of
membrane traffic. GTPase-activating proteins return Rabs to
their inactive state by accelerating intrinsic Rab GTP hydroly-
sis. Once back in theGDP-bound form, Rabs are extracted from
membranes by Rab guanine dissociation inhibitor (7).
The regulation of Rab activation plays a crucial role in deter-

mining when and where a given Rab exerts its cellular activity.
In contrast to the large number ofGEFs known for theRas, Rho,
and Arf families, few Rab GEFs have been identified to date (8).
These include Sec2, the GEF for Sec4 (9); the Vps9 domain-
containing proteins Rabex-5, Varp, and the Rin family, which
catalyze nucleotide exchange on Rab5 and closely related Rab
familymembers (10–12); Rabin-3, a GEF specific for Rab8 (13);
and Rab3GEP; and GRAB as activators for Rab3 (14, 15).
To gain insight into the mechanisms of Rab activation, we

have studied these processes using Rab27a as a model Rab.
Rab27a controls organelle transport in melanocytes and cyto-
toxic T lymphocytes (4, 16) as well as regulated exocytosis in
secretory cells such as pancreatic � cells (17). It regulates these
diverse functions largely by interacting with a family of effector
proteins containing a conserved N-terminal Rab27 binding
domain (18, 19). In melanocytes, Rab27a recruits melanophilin
(Mlph) andmyosin Va to themelanosomemembrane, allowing
tethering of melanosomes to the actin cytoskeleton at the cell
periphery (4). The loss of any component of this tripartite com-
plex results in disruption of peripheral tethering and clustering
of melanosomes in the perinuclear area of the cell.
In this study, we took a candidate gene approach to identify

Rab27 GEFs and studied Rab27a activation using melanosome
transport in melanocytes as a model system. We identify Rab3-
GEP, previously isolated as aGEF for Rab3 (14), as the non-redun-
dant GEF required for the activation of Rab27a inmelanocytes.

EXPERIMENTAL PROCEDURES

Cell Culture—Mouse wild-type melanocytes (melan-ink4a)
and Rab27a-deficient ashen melanocytes (melan-ash2) (20)
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calf serum, 2 mM L-glutamine, 100 units/ml penicillin, 100
units/ml streptomycin, 200 nM phorbol 12-myristate 13-ace-
tate, and 200 pM cholera toxin at 37 °C under a humidified
atmosphere containing 10%CO2. HEK-293 cells were grown in
Dulbecco’s modified Eagle’s mediumwith 10% fetal calf serum,
100 units/ml penicillin, and 100 units/ml streptomycin.
Antibodies—The following antibodies were used at the dilu-

tions indicated: anti-Rab3GEP rabbit polyclonal antibody (a
kind gift of J. Myoshi and Y. Takai), 1:5000; anti-actin mouse
monoclonal antibody (MP Biomedicals), 1:10,000; anti-V5
mouse monoclonal (Invitrogen), 1:200; anti-GFP rabbit poly-
clonal (Abcam), 1:1000; anti-Rab3 (a/b/c/d)mousemonoclonal
(Synaptic Systems), 1:1000; anti-Rab27a mouse monoclonal
4B12 (described previously), 1:10,000; anti-calnexin rabbit
polyclonal (Stressgen), 1:10,000; and anti-melanophilin goat
polyclonal (Everest Biotech), 1:1000 for immunoblotting and
1:200 for immunofluorescence.
Small Interfering RNAs (siRNAs)—siRNA oligonucleotides

were purchased from Dharmacon. Sense sequences for indi-
vidual duplexes targeting mouse Rab3GEP were as follows:
Rab3GEP-1, gcgagaagacgacaccauuuu; Rab3GEP-2, gccc-
agacccacuacuauauu; Rab3GEP-3, gcacacacguacccugcgauu;
Rab3GEP-4, uuacuugacuaucucgucauu; and targeting mouse
Mlph, gggcaaaauacaaaaggaguu. GRAB-specific and Rab3a-, b-,
c-, or d-specific siRNAs were pools of four oligonucleotides
(siGENOME SMARTpool). A pool of four non-targeting oligo-
nucleotides was used as a negative control.
Plasmid Constructs—Human Rab3GEP was amplified by

PCR from expressed sequence tag BC63386 using flanking
primers containing BglII and SacII restriction sites and was
subcloned into pENTR vectors modified as described in Ref. 21
and additionally containing an N-terminal GFP or V5 tag to
generate pENTR/GFP-human Rab3GEP and pENTR/V5-hu-
man Rab3GEP. To generate pFastBacHT-B-Rab3GEP, the 5�
4.3-kb coding sequence of rat Rab3GEP was amplified by PCR
using flanking primers containing SalI and Psp1406I restriction
sites and pCMV-Rab3GEP4.3 (a kind gift of J. Myoshi and Y.
Takai) as a template, and blunt end-ligated into pCR-BluntII-
TOPO (Invitrogen). The 3� 516-bp coding sequence was ampli-
fied by PCR using Image clone 7373574 as template. The PCR
product was digested using Psp1406I and NotI and ligated into
pCR-BluntII-TOPO-Rab3GEP4.3. The resulting full-length
4.8-kb Rab3GEP cDNA (in pCR-Rab3GEP) was digested using
SalI and NotI and subcloned into pFastBacHT-B (Invitrogen).
pEGFP-GRAB and pFastBacHT-B-GRAB were gifts from V.
Lopes. pGEX-4T-1-Slp11–200 (amino acids 1–200 of Slp1) (19),
pET14b-Rab1a, pET14b-Rab3a, pET14b-Rab5a, pET14b-
Rab27a, and pET14b-Rab27b were described previously.
pET44a-Rab8 was a gift from V. Lopes.
Transfection—Melanocyteswere seeded intowells or onto glass

coverslipsat�30%confluency thedaybeforeandwere transfected
with siRNA oligonucleotides and Oligofectamine (Invitrogen)
according to themanufacturer’s protocol. For a 16-mmwell, 0.625
�l of Oligofectamine and a final concentration of 50 nM siRNA
oligonucleotide was used. HEK-293 cells were transfected with
siRNAoligonucleotides as described formelanocytes, followed by
transfection with plasmid DNA and FuGENE6 (Roche Applied
Science) according to themanufacturer’s instructions.

Adenovirus Production and Infection of Melanocytes—Ex-
pression cassettes containing cDNA sequences assembled in
pENTR were incorporated into the adenovirus packaging vec-
tor pAd/BLOCK-iT-DEST (Invitrogen) through recombination
between pENTR attL sites and pAd/BLOCK-iT-DEST attR sites
by usingLRclonase II (Invitrogen) according to the supplier’s pro-
tocol. pAd plasmids were linearized with PacI restriction enzyme
and transfected into HEK-293 producer cells using FuGENE6.
Viral particles were harvested after lysis of infected cells 11 days
later andwere subjected toone roundof amplification inHEK-293
cells.Cell lysateswerepreparedby three roundsof freeze-thawing,
clearedbycentrifugationat 2000� g for 15min, andused to trans-
ducemelanocytes seeded the day before infection.
Microscopy—Cells grown on coverslips were rinsedwith phos-

phate-buffered saline (PBS), fixed with 3% (w/v) paraformalde-
hyde in PBS for 20min, and rinsedwith PBS. For immunofluores-
cence, fixed cells were permeabilized with 0.05% saponin in PBS
with0.5%bovine serumalbumin for 15min.Coverslipswere incu-
bated with primary antibody, washed, incubated with Alexa Fluor
488- orAlexa Fluor 568-conjugated secondary antibody (Molecu-
lar Probes), and washed again in the same buffer. Coverslips were
mounted withMoviol mounting medium (Calbiochem) and sub-
jected tophase contrast and fluorescencemicroscopyusing aDM-
IRBE confocal microscope (Leica) fitted with 40 � 1.0 NA oil-
immersion Fluotar objective lens. All images are single sections in
the z-plane. Images were processed with Leica TCS-NT and
Adobe Photoshop software.
S. frugiperda Virus Production—pFastBacHT-B-Rab3GEP

and pFastBacHT-B-GRAB were used to transform DH10Bac
Escherichia coli (Invitrogen) for transposition intobacmid accord-
ing to the manufacturer’s protocol. The production of recombi-
nant baculovirus was performed according to the manufacturer’s
instructions (Invitrogen). Briefly, 2�g of bacmid diluted in 100�l
of unsupplemented Grace’s medium were mixed with 10 �l of
Cellfectin diluted in 100 �l of unsupplemented Grace’s medium.
The reactionmixturewas used to transfect Spodoptera frugiperda
cells (9 � 105 cells/well in 6-well plates) and incubated for 96 h at
27 °C to isolate a P1 viral stock. Viral stocks were amplified and
diluted at 1:100 into 1 liter of S. frugiperda cell culture (2 � 106
cells/ml). After 96 h, the cells were pelleted at 800� g, snap frozen
in liquid nitrogen, and stored at �80 °C.
Recombinant Proteins—His6-tagged Rab1a, Rab3a, Rab5a,

Rab27a, Rab27b, and NusA-His6-Rab8a were expressed in
E. coli BL21-codon plus (DE3) RIPL (Stratagene). His6-
Rab3GEP and His6-GRAB were prepared from S. frugiperda
cell pellets. Recombinant proteins were purified on a nickel-
Sepharose column by fast protein liquid chromatography as
described previously (22). Recombinant GST-Rab27a, GST,
and GST-Slp11–200 (amino acids 1–200) were expressed in
E. coli BL21 and purified on glutathione-Sepharose beads.
Subcellular Fractionation—Cells were washed with PBS and

disrupted by sonication in 50 mM Tris-HCl, pH 7.5, 10 mM

NaCl, 5 mMMgCl2, 1 mM dithiothreitol, and protease inhibitor
mixture (Roche Diagnostics). Homogenates were cleared by
centrifugation at 800� g for 10min at 4 °C and used for immu-
noblot analysis. Alternatively, samples were subjected to ultra-
centrifugation at 100,000� g for 1 h at 4 °C. Equivalent volumes
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of the cytosolic soluble fraction and the resuspended pellet
were analyzed by immunoblotting.
Immunoblotting—Protein samples were separated on SDS-

PAGEgels and transferred topolyvinylidenedifluoridemembrane
(Millipore).Membraneswere blocked in 5%nonfat driedmilk and
0.1% Tween 20 in PBS (PBS-T), incubated with primary antibody
in PBS-T, washed three times with PBS-T, incubated with horse-
radish peroxidase-labeled secondary antibodies (Dako, 1:10,000),
andwashed as above. Bound antibodywas detected using the ECL
PlusWestern blotting detection system (AmershamBiosciences).

GST Pulldown Assay—Melano-
cytes treated with siRNAs were
lysed 72 h after transfection in
buffer containing 50 mM Tris-HCl,
pH 7.2, 1 mM dithiothreitol, 150mM
NaCl, 1% CHAPS, and protease
inhibitor mixture (Roche Diagnos-
tics). Cell lysates were clarified by
centrifugation at 12,000 � g for 15
min at 4 °C. 20 �g of total protein
was incubated with 2 �M GST or
GST-Slp1 and 20 �l of glutathione-
Sepharose 4B beads for 45 min at
room temperature in a reaction vol-
ume of 100 �l. Beads were washed
three times in lysis buffer, resus-
pended in SDS-PAGE sample
buffer, and boiled for 5 min. Sam-
ples were subjected to immunoblot
analysis with anti-Rab27a mono-
clonal antibody. The results were
quantified by densitometry using
Fuji Film Intelligent Dark Box LAS-
3000 and Aida Image Analyze 3.52
software. To visualize GST and
GST-Slp1, polyvinylidene difluo-
ride membranes were incubated for
1 min in Amido Black staining solu-
tion (Sigma).
GDP/GTP Exchange Assay—

Rab3GEP activity was assayed by
measuring the association of
[35S]GTP�S with His-tagged Rab1a,
Rab3a, Rab5a, Rab8a, Rab27a, and
Rab27b. For time course exchange
assays, 480 pmol of His-Rab was
incubated at 30 °C with 0 or 60 pmol
of recombinant Rab3GEP in a 300-�l
reaction volume containing 50 mM
Tris-HCl,pH7.5,12mMMgCl2, 2mM
EDTA, 0.2mg/ml bovine serumalbu-
min, 0.6 pmol of [35S]GTP�S (Amer-
shamBiosciences), and 959.4 pmol of
GTP�S (Fluka) (1562.5 dpm/pmol).
At each time point, a 50-�l aliquot
was removed, and the reaction was
stopped by snap freezing in liquid
nitrogen. Protein samples were

applied to nitrocellulose filters (Whatman) pre-equilibrated in
ice-cold wash buffer (50 mM Tris-HCl, pH 7.5, 10 mMMgCl2, 0.2
mg/ml bovine serum albumin). Filters were washed twice with 2
ml of ice-coldwash buffer. Protein-bound radioactivitywas deter-
mined by scintillation counting.

RESULTS

Down-regulation of Rab3GEP in Melanocytes Results in
Melanosome Aggregation—To identify the GEF for Rab27 in
mammalian cells, we took a candidate gene approach. We

I

FIGURE 1. Loss of Rab3GEP results in perinuclear clustering of melanosomes. A–G, melan-ink4a melano-
cytes were depleted of Rab3GEP by transfection with Rab3GEP-specific siRNA oligonucleotides Rab3GEP-1 (A),
Rab3GEP-2 (B), Rab3GEP-3 (C), Rab3GEP-4 (D), Mlph siRNA (E), or non-targeting (NT) siRNAs (F). Cells were fixed
72 h after transfection, and melanosome distribution was observed using phase contrast microscopy. Results
are representative of three independent experiments. Scale bar � 10 �m. Rab27a-deficient melan-ash mela-
nocytes are shown in G. H, quantification of melanosome clustering in melan-ink4a cells transfected with
non-targeting, Rab3GEP-specific, or Mlph-specific siRNA oligonucleotides is shown. Melanosome distribution
was analyzed 48 h (gray) and 72 h (black) after transfection (mean � S.E., n � 3, 50 cells/condition). I, Rab3GEP
siRNA down-regulates Rab3GEP protein in melanocytes. Melan-ink4a cells were transfected with non-target-
ing or Rab3GEP-specific siRNA oligonucleotides (Rab3GEP-2). 72 h after transfection, cells were lysed, and 50
�g of extract was immunoblotted for Rab3GEP or actin as indicated. Brain lysate (5 �g) and recombinant
Rab3GEP (50 ng) were used as positive controls.
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hypothesized that GEFs for the closely related Rab3 proteins
could function as Rab27 GEFs. We examined two previously
identified Rab3 GEFs, Rab3GEP (14) and GRAB (15). To gain
insight into the function of these GEF proteins in melanocytes
and investigate their putative roles as Rab27a GEFs, we used
siRNA. Immunoblotting revealed that endogenous Rab3GEP
was efficiently depleted by mouse Rab3GEP-specific siRNAs
but not by non-targeting siRNAs in mouse melanocytes (Fig.
1I). Depletion of Rab3GEP with four different siRNA oligonu-
cleotides resulted in clustering of melanosomes in the perinu-
clear area as opposed to the even distribution observed in con-
trol cells transfected with non-targeting siRNAs (Fig. 1, A–D
and F). All four duplexes were similarly efficient at inducing
aggregation of melanosomes (Rab3GEP-1, 81%; Rab3GEP-2,
83%; Rab3GEP-3, 87%; and Rab3GEP-4, 82% of cells 72 h after
transfection) (Fig. 1H). The number and morphology of mela-
nosomes were similar to control cells. The melanosome aggre-
gation phenotype resembles that observed in mouse melano-
cytes lacking functional Rab27a (ashen) (Fig. 1G), Mlph

(leaden), or myosin Va (dilute) (4)
and in cells treated with Mlph-spe-
cific siRNA (Fig. 1E).
Melanosome clustering was

induced by depleting cells of
Rab3GEP using Rab3GEP-1 siRNA,
and Rab3GEP activity was subse-
quently reintroduced using adeno-
viruses expressing tagged human
Rab3GEP or GFP as a control (Fig.
2). Human Rab3GEP contains five
nucleotides that differ from the cor-
responding mouse sequence in the
target region for Rab3GEP-1 and is
thus resistant to siRNA-mediated
knockdown. In cells transduced
with virus carrying GFP alone,
melanosome distribution was not
altered (Fig. 2, C and D), with mela-
nosome clustering seen in 65% of
Rab3GEP siRNA-treated cells.
However, expression of exogenous
GFP-tagged or V5-tagged human
Rab3GEP rescued the observed
phenotype (Fig. 2, E–H), dramati-
cally reducing the number of cells
with clustered melanosomes to 8 or
9%, respectively. As expected,
expression of human Rab3GEP did
not reverse the clustering of mela-
nosomes induced by depletion of
Mlph (Fig. 2, I and J).
This suggests that Rab3GEP plays

a role in melanosome transport and
functions in the same pathway as
Rab27a/Mlph/myosin Va. A puta-
tive role for Rab3GEP as a GEF for
Rab27a in melanocytes would be
consistent with these results. Fur-

thermore, our data suggest that Rab3GEP activity is not redun-
dant in melanocytes.
Similar experiments using GRAB-specific siRNAs did not

show any effect on melanosome distribution (Fig. 3, A–C). To
exclude the possibility that the function of Rab3GEP in mela-
nocytes could be mediated via one of the isoforms of Rab3, we
also depleted cells of Rab3. Rab3a, b, c, and dwere targetedwith
specific siRNAs, either separately (data not shown) or simulta-
neously (Fig. 3, D and E). Immunoblotting with an antibody
reactive with all four isoforms demonstrated loss of Rab3 in the
transfected melanocytes, but no effect on melanosome trans-
port was observed.
Loss of Rab3GEPReduces the Levels of Activated Rab27a—To

address whether down-regulation of Rab3GEP induces mela-
nosome aggregation by preventingRab27a activation, we deter-
mined the level of endogenous Rab27a in the GTP-bound form
in cells transfected either with Rab3GEP siRNA or with control
siRNAs. We used the Rab27-binding domain of Slp1, tagged
with GST, to pull down Rab27-GTP from cell lysates, followed

FIGURE 2. Expression of exogenous Rab3GEP restores normal melanosome distribution in Rab3GEP-
depleted cells. A–J, melanocytes were treated with siRNAs specific for Rab3GEP (Rab3GEP-1) (A–H) or Mlph (I
and J). After 48 h, cells were infected with adenovirus expressing GFP (C and D), GFP-humanRab3GEP (E and F),
or V5-humanRab3GEP (G–J). 24 h later, cells were fixed and where indicated were permeabilized and labeled
for V5. Phase-contrast images are shown in B, D, F, H, and J; GFP fluorescence (green) in C and E; and V5 labeling
(red) in G and I. K, melanosome distribution in Rab3GEP-1-transfected cells transduced with virus expressing
GFP, GFP-humanRab3GEP, or V5-humanRab3GEP was scored as either clustered (black) or dispersed (gray) and
plotted as a percentage of the total number of cells counted (n � 150 cells in each case).
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by immunoblot analysis for Rab27a (19). Depletion of Rab3GEP
in melanocytes led to a substantial decrease (�65% of total) in
the amount of endogenous Rab27a pulled down by GST-Slp1
compared with treatment with non-targeting or Mlph siRNA
(Fig. 4A). This decrease supports a GDP/GTP exchange activity
for Rab3GEPonRab27a. The fraction of Rab27a still interacting
with Slp1 (�35% of total) may result from non-transfected cells
(�20%). Additionally, although the Rab27 binding domain of
Slp1 shows preferential interaction with the GTP-bound form
of Rab27a, a low level of binding to Rab27a-GDP has also been
observed (19).
To further examine the activation state of Rab27a in

Rab3GEP-depleted cells, we analyzed the expression and sub-
cellular localization of the Rab27 effector Mlph by immuno-
blotting and immunofluorescence (Fig. 4, B–H). In Rab27a-
deficient ashen melanocytes, a dramatic decrease in Mlph
levels is observed in comparison with wild-type cells, sug-
gesting that Mlph requires interaction with Rab27a-GTP for
stability (23). Therefore, we hypothesized that loss of Rab27-
GTP in Rab3GEP-depleted cells would result in Mlph desta-
bilization. Consistent with this, Mlph was no longer detect-
able in cells depleted of Rab3GEP by immunoblotting (Fig.
4B) or by immunofluorescence (Fig. 4, E and H), similar to
what was observed in cells treated with Mlph siRNA (Fig. 4,
B, D, and G). These results support the idea that in
Rab3GEP-depleted cells, Rab27a is predominantly in the
GDP-bound form, precluding interaction with Mlph and
resulting in its destabilization.

Rab3GEP Is a GEF for Rab27a—
To confirm that Rab3GEP does
indeed possess Rab27a GEF activity,
we performed in vitro GDP/GTP
exchange assays with recombinant
Rab3GEP produced in insect cells
using the baculovirus expression
system. Rab3GEP was assayed for
the ability to stimulate [35S]GTP�S
incorporation into bacterially
expressed His6-tagged Rab1a,
Rab3a, Rab5a, Rab27a, and Rab27b
and NusA-His6-Rab8a. Purified
Rab3GEP catalyzed the binding of
[35S]GTP�S to Rab3a, Rab27a, and
Rab27b in a time-dependent man-
ner, but not to Rab1a, Rab5a, and
Rab8a (Fig. 5A). This analysis sug-
gests that Rab3GEP is aGEF specific
for the related Rab3 and Rab27 sub-
families. We also performed in vitro
GDP/GTP exchange assays with
recombinant GRAB protein. GRAB
showed exchange activity toward
Rab3a but did not catalyze nucleo-
tide exchange on Rab27a (Fig. 5B).

DISCUSSION

In this study we used a candi-
date gene approach to identify a

nucleotide exchange factor for mammalian Rab27. We find
that Rab3GEP, a protein described previously as a GEF for
Rab3 proteins (14), acts as the non-redundant Rab27 GEF
activity in melanocytes. We show that Rab3GEP has guanine
nucleotide exchange activity for Rab27a and Rab27b as well
as Rab3 proteins, but not for Rabs belonging to other sub-
families. Consistent with a key role for Rab3GEP as a Rab27
activator, siRNA-mediated knockdown of Rab3GEP expres-
sion in epidermal melanocytes results in the perinuclear
clustering of melanosomes, a phenotype similar to that
observed in melanocytes lacking Rab27, such as those iso-
lated from the ashen (Rab27a-deficient) mouse. Depletion of
Rab3 isoforms, on the other hand, does not affect melano-
some distribution, suggesting that melanosome clustering
induced by the loss of Rab3GEP is due to a reduction in
Rab27 activation rather than Rab3 function.
Rab3GEP was initially purified from rat brain by Takai and

co-workers (14) as a Rab3a GEF. It is a ubiquitously expressed
protein of �200 kDa that has been shown to be active on all
four Rab3 isoforms (24). Rab3GEP plays an important role in
neurotransmitter release and synaptic vesicle trafficking (25,
26) and affects stimulated secretion from neuroendocrine
cells (27, 28).
The Caenorhabditis elegans Rab3GEP orthologue AEX-3

shows substantial levels of sequence homology over extended
regions of the molecule. Studies in aex-3 mutants also impli-
cated this protein in the regulation of synaptic transmission and
linked its function to that of RAB-3 (29). However, aex-3

FIGURE 3. Loss of GRAB or Rab3 does not affect melanosome distribution. A, melan-ink4a cells were trans-
fected with GRAB-specific siRNA oligonucleotides and observed after 72 h. B, melanosome clustering was
quantified in melan-ink4a cells transfected with non-targeting (NT), GRAB-specific, Rab3GEP-specific, or Mlph-
specific siRNA oligonucleotides (n � 2, 100 cells/condition). C, HEK-293 cells were transfected with non-target-
ing or GRAB-specific siRNA oligonucleotides. After 24 h, cells were transfected with GFP-GRAB and lysed after
an additional 24 h. 25 �g of extract was immunoblotted for GFP to detect GFP-GRAB. n.s., a nonspecific band as
loading control. D, melan-ink4a cells were transfected with a mixture of siRNA oligonucleotides targeting Rab3
isoforms a, b, c, and d (Rab3a-d) and observed after 72 h. E, melan-ink4a cells were transfected with non-
targeting or Rab3a-d specific siRNA oligonucleotides. 72 h after transfection, cells were lysed, and 10 �g of
extract was immunoblotted for Rab3.
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mutants show a more severe phenotype than rab-3 mutants,
and more recent morphological, behavioral, and electrophysi-
ological studies suggested that AEX-3 regulates both RAB-3
and RAB-27 function in C. elegans (30).
Rab27 and Rab3 represent closely related subfamilies that

both belong to the same Rab functional group of exocytotic
Rabs (31). In many cell types, Rab3 and Rab27 proteins exhibit
extensive overlap in their subcellular distributions, localizing to
dense-core secretory granules in neuroendocrine cells (17) and
melanosomes in melanocytes (32). Moreover, they are able to
interact with a subset of common effectors, including rabphi-
lin-3, granuphilin/Slp4, and Noc2 (33). Despite these shared
features, Rab27 and Rab3 perform distinct, non-redundant cel-
lular functions. For example, Rab3 cannot restore the melano-
some transport defect in melanocytes deficient in Rab27a, pre-
sumably because of its inability to interact with melanophilin/
Slac2-a (33). In a range of neuroendocrine cell lines, increasing
the levels of active Rab27 leads to an enhanced secretory
response (34, 35), suggesting a positive role for Rab27 in regu-

lated secretory granule exocytosis.
Rab3, on the other hand, may play
an inhibitory role, with overexpres-
sion leading to a decrease in evoked
secretion in most cases (17, 27).
These observations raise the possi-
bility that Rab3GEP may be
involved in differentially activating
Rab27 and Rab3 within the same
cell and potentially on the same sub-
cellular membranes. In this way it
could play a role in fine-tuning the
spatiotemporal control of vesicular
transport events to ensure that
exocytosis of different storage
organelles occurs with kinetics
appropriate for the biological func-
tion of their secretory products.
Only a small number of RabGEFs

have been identified to date. These
proteins are diverse in sequence
and structure. Unlike the ex-
change factors for Rho or Ras
GTPases that are characterized by
conserved RhoGEF or RasGEF
domains, Rab GEFs do not appear
to possess a common catalytic
domain (8). Different GEF families
employ a variety of strategies to
promote nucleotide exchange and
to achieve specificity for their sub-
strate GTPases (8, 36–38). The
GEF domain in Rab3GEP has not
been defined yet, and the struc-
tural determinants in Rab27 and
Rab3 required for recognition by
Rab3GEP are not known. Future
mapping studies should provide
an insight into the molecular

mechanism of Rab3GEP interaction with its Rab substrates.
The regulation of two related Rab subfamilies, Rab3 and

Rab27, by a common exchange factor is similar to what is
observed for the Vps9 domain-containing family of Rab GEFs.
At least some Vps9 proteins, such as Rabex-5, recognize multi-
ple members of the same Rab functional group, consisting of
the Rab5 isoforms, Rab21, and Rab22 (36). Thus, a pattern may
be emerging for the Rab family whereby a large number of Rab
proteins are activated by a much smaller number of Rab GEFs
with some substrate promiscuity. This is in marked contrast to
the Rho family, in which a relatively small set of �20 Rho
GTPases are activated by a large number of at least 70RhoGEFs
(39). An intriguing question is how a small number of RabGEFs
could regulate the many Rab family members involved in con-
trolling diverse and dynamic intracellular trafficking pathways
under awide variety of conditions. To gain a better understand-
ing of this, much more will need to be learned about how the
activity of Rab exchange factors themselves is regulated. Many
are multi-domain proteins that, in addition to the Rabs, might

FIGURE 4. Down-regulation of Rab3GEP results in reduced levels of activated Rab27a. A, Rab3GEP-de-
pleted melanocytes contain lower levels of Rab27a in the GTP-bound form. Cell lysates of melan-ink4a
melanocytes transfected with either non-targeting (NT), Mlph-specific, or Rab3GEP-specific siRNA oligo-
nucleotides were incubated with GST or GST-Slp11–200 in the presence of glutathione-Sepharose. Rab27a
pulled down by GST-Slp1 was detected by immunoblot analysis with antibody to Rab27a. Recombinant
GST or GST-Slp1 proteins were visualized by Amido Black staining. Results are representative of three
independent experiments. B, reduced levels of melanophilin in Rab3GEP-depleted melanocytes are
shown. Melan-ink4a cells were transfected with non-targeting, Mlph-specific, or Rab3GEP-specific siRNA
oligonucleotides. After 72 h, cells were homogenized and separated into soluble (S) and pellet (P) fractions
by centrifugation at 100,000 � g. The presence of melanophilin and calnexin (as a loading control) was
analyzed by immunoblotting. C–H, melan-ink4a melanocytes treated with non-targeting (C and F), Mlph-
specific (D and G), or Rab3GEP-specific (E and H) siRNA oligonucleotides were fixed 72 h after transfection
and labeled with antibodies to Mlph (F–H). Panels C–E show the corresponding phase contrast images.
Arrows indicate siRNA-transfected cells. Scale bar � 10 �m.
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interact with a variety of intracellular regulatory molecules. A
further interesting example is the yeast TRAPP complex, which
shows GEF activity for two different Rab GTPases, Ypt1 and
Ypt31/32, with a switch in substrate specificity dependent on
binding of a subset of its components (40). Rab3GEP, in partic-
ular, is a large protein likely to consist of multiple functional
domains (24, 28), and a more detailed analysis of its properties
and intracellular binding partners should provide valuable new
insights into Rab protein activation and nucleotide cycling and
the mechanisms governing their regulation.
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