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(Background: Rab36 is an uncharacterized small GTPase that is largely conserved in vertebrates.
Results: RILP family members and JIP3/4 contain a conserved RILP homology domain (RHD) that functions as an effector

Conclusion: RILP functions as a Rab36 effector that mediates retrograde melanosome transport in melanocytes.
Significance: Rab36 may regulate movements of Rab36-bearing vesicles/organelles through interaction with RHD-containing
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Small GTPase Rab functions as a molecular switch that drives
membrane trafficking through specific interaction with its
effector molecule. Thus, identification of its specific effector
domain is crucial to revealing the molecular mechanism that
underlies Rab-mediated membrane trafficking. Because of the
large numbers of Rab isoforms in higher eukaryotes, however,
the effector domains of most of the vertebrate- or mammalian-
specific Rabs have yet to be determined. In this study we
screened for effector molecules of Rab36, a previously unchar-
acterized Rab isoform that is largely conserved in vertebrates,
and we succeeded in identifying nine Rab36-binding proteins,
including RILP (Rab interacting lysosomal protein) family
members. Sequence comparison revealed that five of nine
Rab36-binding proteins, i.e. RILP, RILP-L1, RILP-L2, and JIP3/4,
contain a conserved coiled-coil domain. We identified the coiled-
coil domain as a RILP homology domain (RHD) and characterized
it as a common Rab36-binding site. Site-directed mutagenesis of
the RHD of RILP revealed the different contributions by amino
acids in the RHD to binding activity toward Rab7 and Rab36.
Expression of RILP in melanocytes, but not expression of its
Rab36 binding-deficient mutants, induced perinuclear aggrega-
tion of melanosomes, and this effect was clearly attenuated by
knockdown of endogenous Rab36 protein. Moreover, knock-
down of Rab36 in Rab27A-deficient melanocytes, which nor-
mally exhibit perinuclear melanosome aggregation because of
increased retrograde melanosome transport activity, caused
dispersion of melanosomes from the perinucleus to the cell
periphery, but knockdown of Rab7 did not. Our findings indi-
cated that Rab36 mediates retrograde melanosome transport in
melanocytes through interaction with RILP.
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When Rab-type small GTPase is in an active GTP-bound
state it functions as a molecular switch that drives membrane
trafficking by recruiting its specific effector molecules to spe-
cific membrane compartments (for review, see Refs. 1-3). The
number of Rab isoforms varies from species to species, e.g. from
11 Rabs in budding yeasts to ~60 Rabs in mammals (4). The
expansion of Rab isoforms in mammals is often regarded as
being attributable to the acquisition of specialized membrane
trafficking events in the specialized cell types of higher
eukaryotes, but because of their large numbers, the precise
function of most mammalian Rabs, especially of the mammali-
an-specific or vertebrate-specific Rabs, is largely unknown.

Rab36 is a previously uncharacterized Rab isoform that is
mostly present in vertebrates. Although possible associations
between Rab36 and human diseases, e.g. epilepsy, have recently
been reported (5, 6), nothing is known about the function of
endogenous Rab36 protein in membrane trafficking. The only
information available has been that overexpression of a constitu-
tive active mutant of Rab36 affects the spatial distribution of late
endosomes and lysosomes (7). The most important step in learn-
ing the molecular mechanism of Rab36-mediated membrane traf-
ficking is identifying its specific effector molecules (or its specific
effector domains). Although several Rab36-binding proteins have
recently been reported (7-9), whether they contain a common
Rab36-binding site or whether they actually regulate Rab36-de-
pendent membrane trafficking has never been investigated.

In this study we performed yeast two-hybrid screening for novel
Rab36 effector molecules and identified nine Rab36-binding pro-
teins, including seven novel ones. We also found that five of them,
Rab interacting lysosomal protein (RILP),? RILP-L1 (RILP-like 1),

3 The abbreviations used are: RILP, Rab interacting lysosomal protein; Appbp2,
amyloid 3 precursor protein-binding protein 2; CC, coiled-coil; CA, constitutive
active; CN, constitutive negative; EGFP, enhanced GFP; Ehbp1L1, EH domain
binding protein 1-like 1; GAPCenA, GAP and centrosome-associated; Gripap1,
GRIP1-associated protein 1;JIP3/4, JNK-interacting protein 3/4; Mreg, melano-
regulin; mStr, monomeric strawberry; RHD, RILP homology domain; SR,
shRNA-resistant; GTPvS, guanosine 5’-3-O-(thio)triphosphate.
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Identification of the RHD as a Novel Rab36 Effector Domain

RILP-L2, JIP3 (JNK-interacting protein 3), and JIP4, contain a
conserved coiled-coil (CC) domain, and we identified the
RILP homology domain (RHD) as a novel Rab36 binding
domain. Site-directed mutagenesis revealed the residues in
the RHD of RILP and in the switch II region of Rab36 are
crucial for the Rab36-RILP interaction. We also discovered
that Rab36 and its interaction with RILP are required for
retrograde melanosome transport along microtubules in
melanocytes. Based on these findings, we propose that Rab36
regulates movements of Rab36-bearing vesicles/organelles
through interaction with the RHD-containing proteins.

EXPERIMENTAL PROCEDURES

Materials—Horseradish peroxidase (HRP)-conjugated anti-
FLAG tag (M2) mouse monoclonal antibody and anti-FLAG tag
antibody-conjugated agarose were obtained from Sigma. HRP-
conjugated anti-T7 tag mouse monoclonal antibody and
anti-T7 tag antibody-conjugated agarose were purchased from
Merck. HRP-conjugated anti-HA tag mouse monoclonal anti-
body and anti-actin mouse monoclonal antibody were from
Roche Applied Science and Applied Biological Materials (Rich-
mond, BC, Canada), respectively. HRP-conjugated anti-red
fluorescent protein antibody, HRP-conjugated anti-GFP (green
fluorescent protein) antibody, and HRP-conjugated anti-
GAPDH (3H12) mouse monoclonal antibody were from MBL
(Nagoya, Japan). Anti-Rab7 rabbit polyclonal antibody and
anti-Rab11 mouse monoclonal antibody were from Cell Signal-
ing Technology (Danvers, MA) and BD Biosciences, respec-
tively. Anti-melanoregulin rabbit polyclonal antibody and anti-
RILP rabbit polyclonal antibody were prepared as described
previously (10). Anti-Rab36 rabbit polyclonal antibody was
produced by using purified glutathione S-transferase (GST)-
mouse Rab36 (11) and affinity-purified as described previously
(12). The specificity of the anti-Rab36 antibody was confirmed
by using recombinant FLAG-tagged Rab7, Rab34, and Rab36
expressed in COS-7 cells (Fig. 6A4). All other reagents used in
this study were analytical grade or the highest grade commer-
cially available.

Plasmid Construction and Ala-based Site-directed Muta-
genesis—cDNAs encoding an open reading frame of the mouse
Rab36-binding proteins, RILP-L2 (gene ID: 80291), Gripapl
(gene ID: 54645), EhbplL1 (gene ID: 114601), and Appbp2
(gene ID: 66884) were amplified from Marathon-Ready mouse
whole brain and/or testis cDNAs (Clontech-Takara Bio Inc.,
Shiga, Japan) by PCR with specific pairs of oligonucleotides
essentially as described previously (13). cDNAs of JIP3/
mKIAA1066 and JIP4/mKIAA0516 were obtained from Dr.
Takahiro Nagase (Kazusa DNA Research Institute, Chiba,
Japan), and their open reading frame was similarly amplified by
PCR. The sequences of the oligonucleotides used are available
from the authors on request. Purified PCR products were
directly inserted into the pGEM-T Easy vector (Promega, Mad-
ison, WI) and verified with an automated sequencer. The
c¢DNAs were excised from the pGEM-T Easy vector with appro-
priate restriction enzymes and then subcloned into the pEF-T7
tag mammalian expression vectors modified from pEF-BOS as
described previously (13, 14). The cDNAs of RILP, RILP-L1,
and RILP-L2 were also subcloned into the pGAD-C1 vector
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(15) and into the pEF-HA tag mammalian expression vectors
(13, 16). pSilencer 2.1-U6 neo vector (Ambion, Austin, TX)
expressing short hairpin RNA (shRNA) against Rab36 (named
pSilencer-Rab36; 19-base target site, 5'-AGACTAGCCT-
CATTCACAG-3') was constructed as described previously
(17). pEF-FLAG-Rab7, pEF-FLAG-Rab34, pEF-FLAG-Rab36,
pEGFP-C1-Rab36, pmStr-C1-RILP, pEF-T7-GAPCenA, pSi-
lencer-Rab7, pSilencer-RILP-stl, and pSilener-Mreg-stl were
prepared as described previously (10, 18 —20).

A Rab36 mutant carrying a Lys-to-Ala mutation at amino
acid position 120 (K120A) or K120A/C121A mutations and
RILP mutants (F222A, E226A, L231A, E233A, R234A, and
N235A) were prepared by conventional PCR techniques with
mutagenic oligonucleotides as described previously (21). An
shRNA-resistant (SR) mutant of Rab36 was similarly prepared
by PCR with a mutagenic oligonucleotide. The sequences of the
mutagenic oligonucleotides used are also available from the
authors on request. The mutant Rab36 fragments were sub-
cloned into the pEF-FLAG tag vector (13) and pEGFP-C1 vec-
tor (Clontech-Takara Bio Inc.), and the mutant RILP fragments
were subcloned into the pEF-T7 tag vector and pmStr-C1 vec-
tor (10).

Yeast Two-hybrid Assays—pGBD-C1-Rab36(Q116L)ACys
(8) was used as bait to screen mouse testis and mouse embryo
mixed ¢cDNA libraries (oligo(dT)-primed) according to the
manufacturer’s instructions (Clontech-Takara Bio Inc.), and
~1 X 10® colonies were investigated. After DNA sequencing
and data base searching, the Rab binding specificity of positive
clones was further investigated by using a panel of 60 different
constitutive active/negative (CA/CN) mutants of Rabs lacking a
C-terminal geranylgeranylation site essentially as described
previously (8,22, 23). The clones that we used to determine Rab
binding specificity are indicated by solid lines in Fig. 1. Because
RILP family members are relatively small proteins, full-length
constructs were also used to determine Rab binding specificity,
and they yielded the same results as in the short clones obtained
by the two-hybrid screening. The yeast strain, medium, culture
conditions, and transformation protocol are described in James
et al. (15). The materials used for the two-hybrid assay in this
study were: yeast strain pJ69 —4A, pGAD-C1, or pAct2 plasmid
(Clontech-Takara Bio Inc.) for expression of the activating
domain fusion protein, pGBD-C1 plasmid for expression of the
DNA binding domain fusion protein, a synthetic complete
medium lacking leucine and tryptophan (SC-LW medium;
0.67% yeast nitrogen base without amino acids, 2% glucose, 2%
Bacto agar, 0.02% adenine, 0.01% uracil, 0.01% histidine, 0.015%
lysine, and 0.01% methionine), and a synthetic complete
medium lacking adenine, histidine, leucine, and tryptophan
(SC-AHLW medium) as the selection medium.

Sequence Analyses—Multiple sequence alignment of the
Rab36 binding domain of RILP, RILP-L1, RILP-L2, JIP3, and
JIP4 was performed by using the ClustalW program (version
1.83) set at the default parameters. The domain structures of
the Rab36-binding proteins identified in this study were ana-
lyzed with the Simple Modular Architecture Research Tool
(SMART) program and the Coils program using the MTIDK
matrix with 2.5-hold weighting of positions a and d (Version
2.2). Sequence alignment of the switch II region of mouse or
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FIGURE 1. Schematic representation of mouse Rab36-binding proteins identified in this study. Amino acid numbers are shown on both sides. Solid lines
indicate the constructs obtained by the yeast two-hybrid assays (see Fig. 2). The JIP3 construct and Ehbp1L1 construct contain a small deletion (gray region on
the solid lines), and the JIP3 construct also contains an insertion. The domain structures of the Rab36-binding proteins identified were analyzed with the SMART
program or Coils program (for Appbp2) as described under “Experimental Procedures.” A homology search analysis revealed the presence of a conserved
region (referred to as the RILP homology domain, RHD) in RILP, RILP-L1, RILP-L2, JIP3, and JIP4. CC, coiled-coil domain (black boxes); CH, calponin homology
domain (open box); PTB, phosphotyrosine binding domain (hatched box); TBC, Tre-2/Bub2/Cdc16 (shaded box).

human Rabs was performed by using the GENETYX-MAC
software program (Version 15.0.1; GENETYX Corp., Tokyo,
Japan).

Cell Cultures and Transfections—The immortal mouse mela-
nocyte cell lines melan-a, derived from a black mouse, and
melan-ash, derived from an ashen mouse, both generous gifts of
Dorothy C. Bennett (St George’s Hospital Medical School, Lon-
don, UK), were cultured on glass-bottom dishes (35-mm dish;
MatTek, Ashland, MA) (24-26). Plasmids were transfected
into melanocytes by using FUGENE 6 (Roche Applied Science)
according to the manufacturer’s instructions. Two days after
transfection, cells were fixed in 4% paraformaldehyde and
examined for fluorescence with a confocal fluorescence micro-
scope (Fluoview; Olympus, Tokyo, Japan), and the images were
processed with Adobe Photoshop software (CS4). For immu-
nostaining of RILP, RILP shRNA-transfected melan-a cells
were fixed in 4% paraformaldehyde, permeabilized with 0.3%
Triton X-100, and stained with anti-RILP rabbit antibody (6.9
pg/ml) as described previously (10). The RILP antibody was
visualized with anti-rabbit Alexa Fluor 594-conjugated IgG
(Invitrogen) and examined for fluorescence with a confocal flu-
orescence microscope as described above. Melanosome distri-
bution assays (i.e. perinuclear aggregation versus peripheral dis-
tribution) were performed as described previously (n > 50 from
three independent dishes) (26), and the data are expressed as
the means and S.E. Statistical analyses were performed by Stu-
dent’s unpaired ¢ test.

Immunoaffinity Purification of Mature Melanosomes—Im-
munoaffinity purification of melanosomes with anti-tyrosinase
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IgG-conjugated magnetic beads was performed essentially as
described previously (17). In brief, melan-a cells (one 10-cm
dish of confluent cells) were homogenized in a homogenization
buffer (5 mm HEPES-KOH, pH7.2, 5 mMm EGTA, 0.03 M sucrose,
and appropriate protease inhibitors). After centrifugation at
800 X g for 10 min, the supernatant obtained was incubated for
2 h at 4 °C with anti-tyrosinase rabbit polyclonal antibody or
control rabbit IgG coupled with Dynabeads M-280 (Invitrogen)
in the presence of 1% bovine serum albumin. After washing the
beads twice with PBS, the bound fractions were subjected to
10% SDS-PAGE followed by immunoblotting with the antibod-
ies against Rab36 and a variety of organelle markers as
described previously (10).

Miscellaneous Procedures—In vitro binding experiments
between two proteins, e.g., between HA-RILP and FLAG-
Rab36, in COS-7 cells, direct binding experiments between
purified GST-Rab36 and T7-RILP/T7-RILP-L1/T7-RILP-L2,
SDS-PAGE, and immunoblotting were performed as described
previously (13, 27).

RESULTS

Identification of Novel Rab36-binding Proteins by Yeast Two-
hybrid Screening—We performed yeast-two hybrid assays
with a GTP-locked, constitutive active mutant of Rab36
as bait, and we obtained eight different positive clones.
Sequence analysis revealed them to be RILP-L1, RILP-L2,
JIP3, JIP4, Gripapl (GRIP1-associated protein 1), Ehbp1L1
(EH domain binding protein 1-like 1), GAPCenA (GAP and
centrosome-associated), and Appbp2 (amyloid 8 precursor

JOURNAL OF BIOLOGICAL CHEMISTRY 28621
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FIGURE 2. Rab binding specificity of the Rab36-binding proteins identified in this study. Rab binding activity of mouse RILP, RILP-L1, and RILP-L2 (top row);
JIP3, JIP4, and Gripap1 (middle row); Ehbp1L1, GAPCenA, and Appbp2 (bottom row). Yeast cells containing pGBD plasmid expressing a constitutive active form
(CA, which mimics the GTP-bound form) (8, 19) or a constitutive negative form (CN, which mimics the GDP-bound form) (22, 23) of Rab (positions are indicated
in the left panels) and pGAD plasmid expressing the full-length RILP, RILP-L1, or RILP-L2 or pAct2 plasmid expressing the fragment of JIP3, JIP4, Gripap1,
Ehbp1L1, GAPCenA, or Appbp2 (see solid lines in Fig. 1). The yeast cells expressing the Rab36-binding proteins indicated were streaked on SC-AHLW medium
andincubated at 30 °Cfor 1 week. Positive patches are boxed. Note that JIP3, JIP4, and Appbp2 specifically recognized the CA form of Rab36, whereas the other
Rab36-binding proteins also bound the CA and/or CN form of Rabs other than Rab36.

protein-binding protein 2) (Fig. 1). Interaction between
GAPCenA and Rab36 had already been demonstrated by
GST pulldown assays (9), but the others are novel Rab36-
binding proteins. Protein motif analysis indicated that all of
these proteins contained one or more CC domains, which
often function as Rab binding domains (8), suggesting that
these Rab36-binding proteins might contain a common
Rab36-binding site. To investigate this possibility, the ClustalW
program was used to perform a detailed sequence comparison
between them, with particular focus on the CC domains. As
expected, four Rab36-binding proteins, RILP-L1, RILP-L2,
JIP3, and JIP4, were found to contain conserved CC domains.
By contrast, none of the CC domains of Gripapl, Ehbp1L1,
GAPCenA, and Appbp2 showed any clear sequence homology
with each other. Moreover, data base searching revealed the
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presence of a similar conserved CC domain (~40 amino acids)
in RILP that has recently been shown to bind Rab36 in vitro (7).
We, therefore, named this conserved region in RILP, RILP-L1,
RILP-L2,JIP3, and JIP4 the RILP homology domain (RHD; dot-
ted box in Fig. 1).

Because RILP was originally identified as a Rab7 effector (28,
29), it was thought that the RHD might primarily function as a
Rab7 binding domain rather than as a Rab36 binding domain.
To rule out this possibility, we compared the Rab binding spec-
ificity of RILP, RILP-L1, RILP-L2, JIP3, and JIP4 by yeast two-
hybrid assays with the panel of 60 different Rab CA/CN
mutants (Fig. 2). As expected, none of them except RILP bound
Rab7, and all of them bound the CA form of Rab36 but not its
CN form. It should be noted that both JIP3 and JIP4 specifically
bound Rab36. By contrast, RILP, RILP-L1, and RILP-L2 each

VOLUME 287 +NUMBER 34+AUGUST 17,2012
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bound several Rabs, i.e. Rab7/34/36, Rab12/34/36, and Rab34/
36, respectively, and their Rab36 binding activity appeared to be
the strongest (i.e. the growth rate of yeast cells expressing
Rab36 was relatively fast). These results indicated that the RHD
of the RILP family members and JIP3/4 is likely to function as an
effector domain for Rab36.

We also determined the Rab binding specificity of
Gripapl, Ehbp1L1, GAPCenA, and Appbp2 (Fig. 2). In con-
trast to the RHD described above, however, Gripapl,
EhbplL1, and GAPCenA bound a CN form of several Rabs
and exhibited different Rab binding specificity. For example,
Gripapl bound Rab36(CA), Rab41(CA), and Rab5A(CN), and
EhbplL1 bound Rab36(CA), Rab30(CN), and Rab40(CN).
Because no clear sequence homology was found between
Gripapl, Ehbp1L1, GAPCenA, and Appbp2, each of these
proteins may have a unique Rab36 binding domain. We,
therefore, focused on the RHD as a candidate Rab36 effector
domain and attempted to characterize the RHD of three
members of the RILP family, RILP, RILP-L1, and RILP-L2, in
greater detail.

GTP-dependent and Direct Interaction of RILP with Rab36—
To determine whether the interaction between the full-
length RILP family members and Rab36 occurs in mamma-
lian cultured cells, co-immunoprecipitation assays in COS-7
cells were performed in the presence of 0.5 mm GTP+S (or 1
mM GDP) as described previously (13, 27). Consistent with
the results of the yeast two-hybrid assays (Fig. 2), RILP
bound Rab36 more preferably in the presence of GTPyS than
in the presence of GDP (Fig. 34, right panels). Similarly,
RILP also bound Rab7 in a GTP-dependent manner (28, 29),
whereas neither RILP-L1 nor RILP-L2 bound Rab7 even in
the presence of GTPYS (Fig. 34, left panels). Direct interac-
tion between the RILP family members and Rab36 was fur-
ther investigated by using purified components, i.e. T7-RILP
and GST-Rab36. As expected, T7-RILP (T7-RILP-L1 or
T7-RILP-L2) directly bound GST-Rab36 (Fig. 3B, lanes 6, 8,
and 10), but not GST alone. We, therefore, concluded that
the RILP family members are GTP-dependent and direct
binding partners of Rab36 in mammalian cells.

Identification of the Critical Residues Responsible for Rab36
Binding of RILP—To identify the structural determinants of the
RHD-Rab36 interaction, we first compared the amino acid
sequence of the five RHDs (Fig. 4A4), and the results showed that
six amino acids, Phe-222, Glu-226, Leu-231, Glu-233, Arg-234,
and Asn-235, were conserved in all of the RHDs (asterisks in Fig.
4A). We considered these residues to be candidates for the res-
idues that specifically recognize Rab36, and we, therefore, per-
formed an Ala-based site-directed mutagenesis (arrowheads in
Fig. 4A). As shown in Fig. 4B, these residues contributed differ-
ently to the recognition of Rab7, Rab34, and Rab36. Neither the
RILP(L231A) mutant nor the RILP(R234A) mutant bound
Rab7, Rab34, or Rab36 at all, indicating that Leu-231 and Arg-
234 are required for Rab7/34/36 binding. Glu-226 and Asn-235,
on the other hand, are required for Rab34 binding, and Glu-233
is required for Rab7/34 binding.

We then performed co-immunoprecipitation assays in
COS-7 cells to validate the effect of these mutations on Rab36
binding in mammalian cells. Consistent with the results of the
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FIGURE 3. Rab36 binding activity of the RILP family members. A, GTP-
dependent interaction between the RILP family members and Rab7 or
Rab36 is shown. The association between HA-tagged RILP/RILP-L1/
RILP-L2 and FLAG-tagged Rabs in COS-7 cell lysates was evaluated by
co-immunoprecipitation assays with anti-FLAG tag antibody-conjugated
agarose beads as described previously (13, 27). Co-immunoprecipitated
HA-RILP/RILP-L1/RILP-L2 (middle panels) and immunoprecipitated (/P)
FLAG-Rab7/36 (bottom panels) were detected with HRP-conjugated
anti-HA tag antibody and HRP-conjugated anti-FLAG tag antibody,
respectively. Under our experimental conditions, RILP appears to prefer-
entially bind Rab7 rather than Rab36. Input means 1/80 volume of the
reaction mixture used for immunoprecipitation (top panels). B, shown is
direct interaction between the RILP family members and Rab36. Agarose
beads coupled with purified T7-RILP/RILP-L1/RILP-L2 were incubated with
GST-Rab36 or GST alone as a control. Proteins bound to the beads were
detected with Coomassie Brilliant Blue R-250 (CBB) staining (lanes 3-10).
Input means 1/80 volume of the reaction mixture used for the binding
assay (lanes 1 and 2). The positions of the molecular mass markers (in
kilodaltons) are shown on the /eft.

yeast two-hybrid assays (Fig. 4B), neither the RILP(L231A)
mutant nor the R234A mutant exhibited Rab36 binding
activity, whereas both the RILP(E233A) mutant and the
RILP(N235A) mutant bound Rab36, the same as the wild-type
protein, despite the loss of Rab7/34 binding activity and Rab34
binding activity, respectively (Fig. 4C).

JOURNAL OF BIOLOGICAL CHEMISTRY 28623



Identification of the RHD as a Novel Rab36 Effector Domain

A

JIP3 EROIAVR-WTEMERASRE 560
JIP4 EOHAVR-WTEMIRASIY 539
RILP-L2 LYOHAFLOCYRSGLLPPIR 159
RILP-L1 IANELLKSKVFIRLOPELAYYKSEEIEE 333
RILP N¥FLKHIEA YEOREEL.TDH 259
WT
F222A
E226A
o
=| L231A
o
E233A
R234A
N235A
c T7-RILP
¥ oX ¥ X ¥ oX ¥ X X oX ¥ X
NP D S N P o (5 N P
S PPELE S PPILE S PPIFLE
(kDa) ———rtns (kDa) o (kDa) e e
S0- e—— | 50— 50~ emmemmam—— | 510! 2017
 Swaie (input
50 = B 50— 50 = Blot: anti-T7
- - - B - iFLAG
Pl e o o aveseepee P00 A
25 25 m IP: anti-FLAG
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
FLAG-Rab7 FLAG-Rab34 FLAG-Rab36

FIGURE 4. Identification of critical residues responsible for Rab36 binding in the RHD of RILP by site-directed mutagenesis. A, shown is sequence
alignment of the RHD of mouse RILP, RILP-L1, RILP-L2, JIP3, and JIP4. |dentical residues and residues conserved in more than three of the sequences are
shown against a black background and a gray background, respectively. The asterisks indicate the positions of six highly conserved amino acids in the
RHD that were the focus of the Ala-based site-directed mutagenesis (arrowheads). B, yeast two-hybrid assays revealed that the Leu-231 and Arg-234 of
RILP in the RHD are critical for Rab7/34/36 binding. Yeast cells containing the pGAD plasmid expressing one of the RILP mutants indicated and pGBD
plasmid expressing one of the Rab(CA) mutants indicated were streaked on SC-LW (left panel) and SC-AHLW (selection medium; right panel) and
incubated at 30 °C for 1 day and 1 week, respectively. Note that Glu-226 and Asn-235 are required for Rab34 binding,Glu-233 is required for both Rab7
binding and Rab34 binding, and Leu-231 and Arg-234 is required for binding of all three Rabs. C, Rab binding activity of RILP mutants is shown.
Associations between T7-tagged RILP wild-type (WT) or mutants and FLAG-tagged Rab7, Rab34, or Rab36 in the presence of 0.5 mm GTPYyS were
analyzed by co-immunoprecipitation assays with anti-FLAG tag antibody-conjugated agarose beads as described previously (13, 27). Co-immunopre-
cipitated T7-RILP (middle panels) and immunoprecipitated FLAG-Rabs (IP; bottom panels) were detected with the antibodies indicated. input means 1/80
volume of the reaction mixture used for immunoprecipitation (top panels). The positions of the molecular mass markers (in kilodaltons) are shown on

the left.

Identification of the Critical Residues Responsible for RILP
Binding of Rab36—Next, we attempted to identify the critical
residues that are responsible for RILP binding of Rab36. To do
so, we focused on the switch II sequence of Rab36, because the
switch IT region of other Rabs has been shown to be required for
the specific recognition of effector molecules, e.g. the Rab3-
rabphilin interaction (30), Rab27-Slac2-a interaction (16, 31),
and Rab32/38-Varp interaction (32). Sequence comparison of
the switch I region of 60 different Rabs indicated that the Lys-
120 and Cys-121 of Rab36 are conserved only in Rab36 and
Rab34 (supplemental Fig. S1, red background), the most closely
related isoform of Rab36 in the phylogenetic tree (33) that also
binds RILP (Fig. 2) (29). Involvement of these residues in RILP
binding was also evaluated by Ala-based site-directed muta-
genesis combined with yeast two-hybrid assays (Fig. 54, arrow-
heads). As shown in Fig. 5B, both Rab36(K120A) and
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Rab36(K120A/C121A) clearly exhibited weaker RILP binding
activity than the wild-type Rab36. Essentially the same results
were obtained by co-immunoprecipitation assays in COS-7
cells (Fig. 5C). The Rab36(K120A/C121A) mutant hardly inter-
acted with RILP at all, whereas the wild-type Rab36 strongly
interacted with RILP.

Involvement of Rab36 Together with RILP in Retrograde
Melanosome Transport in Melanocytes—In the final set of
experiments we sought to determine whether Rab36 actually
functions together with RILP in a particular membrane traffick-
ing pathway. To do so, we first investigated the profile of Rab36
protein expression in a variety of mouse tissues and cell lines by
immunoblotting with an isoform-specific antibody (Fig. 6A). In
contrast to the ubiquitous and abundant expression of Rab11,
Rab36 was found to exhibit restricted expression patterns in
mouse tissues and cell lines, e.g. mouse testis, brain, melan-a
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FIGURE 5. Identification of critical residues responsible for RILP binding
in the switch Il region of Rab36 by site-directed mutagenesis. A, shown is
the sequence alignment of the switch Il region of mouse Rab33A, Rab34,
Rab35, and Rab36. Identical residues are shown against a black background.
Two highly conserved amino acids in the switch Il region of Rab34 and Rab36
are shown against a gray background (see also supplemental Fig. S1). The
arrowheads indicate the positions that were the focus of the Ala-based site-
directed mutagenesis. B, yeast two-hybrid assays revealed that the Lys-120
and Cys-121 of Rab36 are critical for RILP binding. Yeast cells containing the
pPGAD plasmid expressing RILP and pGBD plasmid expressing one of the
Rab(CA) mutants indicated were streaked on SC-LW (upper panel) and SC-
AHLW (selection medium; lower panel) and incubated at 30 °C for 1 and 2
days, respectively. C, shown is RILP binding activity of the Rab36(K120A/
C121A) mutant. Associations between T7-tagged RILP and FLAG-tagged
Rab36 in the presence of 0.5 mm GTP+S were analyzed by co-immunoprecipi-
tation assays with anti-FLAG tag antibody-conjugated agarose beads as
described previously (13, 27). Co-immunoprecipitated T7-RILP (middle panel)
and immunoprecipitated (IP) FLAG-Rab (bottom panel) were detected with
the antibodies indicated. Input means 1/80 volume of the reaction mixture
used for immunoprecipitation (top panel). The positions of the molecular
mass markers (in kilodaltons) are shown on the left.

cells, and PC12 cells expressed Rab36, but mouse embryonic
fibroblast cells and HeLa-S3 cells did not (Fig. 6, B and C). We
especially focused on one of the Rab36-expressing cell lines,
melan-a cells (a melanocyte cell line derived from a black
mouse) (24), because melan-a cells also endogenously express
RILP (10). Because we previously showed that overexpression
of RILP in melan-a cells often induced perinuclear melanosome
aggregation by promoting microtubule-based retrograde mela-
nosome transport (10), we next investigated whether Rab36 is
also involved in this process. When enhanced green fluorescent
protein (EGFP)-tagged Rab36 was expressed in melan-a cells,
~50% of the Rab36-expressing cells exhibited perinuclear
melanosome aggregation (Fig. 7, C and D) the same as the
monomeric strawberry (mStr)-tagged RILP-expressing cells
had (Fig. 7, A and B). When EGFP-Rab36 alone was expressed
in melan-a cells, most of it was located around the perinuclear
region (presumably the Golgi) (7) (Fig. 7C), whereas when
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FIGURE 6. Expression of Rab36 protein in mouse tissues and in a variety of
cell lines. A, the specificity of the anti-Rab36 antibody is shown. Total cell
lysates expressing either FLAG-tagged Rab7, Rab34, or Rab36 were analyzed
by 10% SDS-PAGE followed by immunoblotting with anti-Rab36 antibody (1
rg/ml) and HRP-conjugated anti-FLAG tag antibody (1/10,000 dilution). Note
that anti-Rab36 antibody specifically recognized Rab36 (lane 3) but did not
recognize Rab7 (lane 1) or Rab34, a closely related isoform of Rab36 (lane 2).
B, restricted expression patterns of Rab36 protein in mouse tissues are shown.
Tissue homogenates (25 ug each) of mouse brain, heart, lung, liver, kidney,
spleen, and testis were analyzed by immunoblotting with anti-Rab36 anti-
body (1 ng/ml, upper panels) and anti-Rab11 antibody (1/200 dilution, lower
panels). Note that Rab36 was expressed abundantly in the testis, moderately
in the brain, and very weakly in the other tissues. The higher immunoreactive
band in the mouse liver presumably corresponds to a nonspecific band or a
post-translational modified form of Rab36 protein (asterisk). C, restricted
expression of Rab36 protein in mouse, rat, or human cell lines is shown. Total
lysates of the cells indicated were analyzed by immunoblotting with anti-
Rab36 antibody (1 wg/ml, upper panel) and anti-GAPDH antibody (1/10,000
dilution, lower panel). Note that abundant expression of Rab36 protein was
found in mouse testis, melan-a cells (melanocytes), and PC12 cells (neuroen-
docrine cells). The positions of the molecular mass markers (in kilodaltons) are
shown on the left.

EGFP-Rab36 and mStr-RILP were co-expressed in melan-a
cells, they were often found on mature melanosomes (Fig. 74,
insets in the far left panels). The presence of endogenous Rab36
protein on mature melanosomes and the presence of RILP pro-
tein on mature melanosomes were confirmed by immunoaffin-
ity purification of mature melanosomes (supplemental Fig.
S2A) and by immunofluorescence analysis (supplemental Fig.
S2B), respectively.

To determine whether Rab36 actually functions together
with RILP, we evaluated the effect of different RILP mutants
with different Rab binding specificities (Fig. 4B) on the distri-
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bution of melanosomes in melan-a cells. Interestingly, both the
RILP(E233A) mutant, which binds Rab36 alone, and the
RILP(N235A) mutant, which binds both Rab7 and Rab36,
behaved in the same way as the wild-type RILP (Fig. 7B). By
contrast, two Rab36 binding-deficient mutants, RILP(L231A)
and RILP(R234A), did not efficiently induce perinuclear mela-
nosome aggregation (~20% of the transfected cells exhibited
the aggregation phenotype; **, p < 0.01, in comparison with the
cells that expressed the wild-type RILP) (Fig. 7B). Rab36-de-
pendent perinuclear melanosome aggregation was much more
evident when both Rab36 and RILP (wild-type or mutants) were
co-expressed in melan-a cells (Fig. 7, A and B). Expression of
both Rab36 and wild-type RILP additively increased the pro-
portion of cells that exhibited the melanosome aggregation
phenotype (more than 70% of the transfected cells). Co-ex-
pression of Rab36 with the Rab36 binding RILP mutant
RILP(E233A) or RILP(N235A) also efficiently induced perinu-
clear melanosome aggregation, whereas the Rab36 binding-de-
ficient mutants RILP(L231A) and RILP(R234A) did not exhibit
any additive effect even when co-expressed with Rab36 (~40%
of the transfected cells exhibited the aggregation phenotype).
These results clearly indicated that the perinuclear melano-
some aggregation phenotype induced by RILP is entirely
dependent on its Rab36 binding ability and that it is not
dependent on its Rab7 binding ability or Rab34 binding ability.

If Rab36 actually induces perinuclear melanosome aggre-
gation through a direct interaction with RILP (Fig. 3B), a
Rab36 mutant (K120A/C121A) with reduced RILP binding
activity should not efficiently induce the perinuclear mela-
nosome aggregation phenotype. As expected, expression of
Rab36(K120A/C121A) in melan-a cells induced perinuclear
melanosome aggregation less effectively than the wild-type
Rab36 did (Fig. 7, C and D). Taken together the results of the
mutational analyses of RILP and Rab36 described above indi-
cated that formation of the RILP-Rab36 complex mediates peri-
nuclear melanosome aggregation in melanocytes. Consistent
with these results, RILP-induced perinuclear melanosome
aggregation was clearly suppressed by knockdown of endoge-
nous Rab36 protein, although RILP still had the ability to
induce perinuclear melanosome aggregation even in Rab36-
deficient cells (Fig. 8, A and B). We hypothesized that its resid-
ual activity is mediated by melanoregulin (Mreg, a dilute sup-
pressor (dsu) gene product), another RILP-binding protein
recently identified as a cargo receptor for retrograde melano-
some transport (10), and consistent with our hypothesis, dou-

ble knockdown of Rab36 and Mreg by specific shRNAs inhib-
ited the perinuclear melanosome aggregation induced by RILP
much more strongly than knockdown of either Rab36 or Mreg
alone (Fig. 8).

To directly determine whether endogenous Rab36 protein is
actually involved in retrograde melanosome transport, we con-
ducted knockdown experiments on melan-ash cells, which nor-
mally exhibit perinuclear melanosome aggregation due to
increased retrograde melanosome transport activity (25),
because we had previously shown that functional disruption of
the retrograde melanosome transport complex in melan-a cells
has no effect on peripheral melanosome distribution (10). In
contrast to the results of the overexpression study, knockdown
of endogenous Rab36 protein by the specific SARNA restored
peripheral melanosome distribution, i.e. dispersion of melano-
somes from the perinucleus to the cell periphery (Fig. 9, A and
B), the same as RILP knockdown had done as described previ-
ously (10), whereas consistent with our previous report (10),
knockdown of Rab7 had no effect on perinuclear melanosome
aggregation. The effect of Rab36 knockdown in melan-ash cells
cannot have been attributable to an off-target effect of the
shRNA used, because re-expression of an SR form of Rab36 in
Rab36-deficient melan-ash cells restored the perinuclear mela-
nosome aggregation phenotype (Fig. 9, A and B). It should be
noted that the mutant Rab365%(K120A/C121A), which exhib-
ited reduced RILP binding activity (Fig. 5), was unable to restore
perinuclear melanosome aggregation. These results allowed us
to conclude that Rab36 regulates retrograde melanosome
transport in melanocytes through interaction with RILP.

DISCUSSION

In this study we identified nine putative Rab36 effector pro-
teins, including seven novel ones, by yeast two-hybrid screening
and identified the RHD as a novel GTP-dependent Rab36 bind-
ing domain (Figs. 2 and 3). However, the Rab binding specificity
of the RHDs differs slightly among the RILP family members
and JIP3/4: RILP interacts with Rab7, Rab34, and Rab36;
RILP-L1 interacts with Rab12, Rab34, and Rab36; RILP-L2
interacts with Rab34 and Rab36; JIP3/4 interacts with Rab36
alone. Although RILP has been extensively characterized as a
Rab7 effector that regulates lysosomal trafficking in various cell
lines (28, 29, 34, 35), phagosome maturation in RAW264.7 cells
(36), and lytic granule movement in cytotoxic T-lymphocytes
(37), our results clearly indicated that RILP regulates retrograde
melanosome transport in melanocytes through interaction

FIGURE 7. Effect of expression of RILP mutants or a Rab36 mutant on melanosome distribution in melan-a cells. A, expression of Rab36-binding mStr-RILP
mutants, but not of Rab36-binding-deficient mStr-RILP mutants, together with EGFP-Rab36 in melan-a cells efficiently induced perinuclear melanosome
aggregation. Typical images of mStr-RILP (WT or mutants)- and EGFP-Rab36-expressing cells and their corresponding bright-field images are shown (low
magnification views of typical bright-field images are also shown in supplemental Fig. S5). mStr-RILP (WT, E233A, or N235A)- and EGFP-Rab36-expressing cells
with perinuclear melanosome aggregation are outlined with a broken red line. The insets show magnified views of the boxed areas. Arrowheads indicate
colocalization between Rab36, RILP, and melanosomes. Note that RILP mutants that failed to form the Rab36-RILP complex did not efficiently induce perinu-
clear melanosome aggregation. The level of protein expression of mStr-RILP mutants is shown in supplemental Fig. S6A. Scale bars, 10 wm. B, the number of
melanocytes showing perinuclear melanosome aggregation is expressed as a percentage of the number of transfected melanocytes shown in A. **, p < 0.01
by Student’s unpaired t test. C, expression of WT Rab36, but not a K120A/C121A mutant, in melan-a cells efficiently induced perinuclear melanosome
aggregation. EGFP-Rab36 (WT or K120A/C121A) was transfected into melan-a cells. Typical images of EGFP-Rab36 (WT or K120A/C121A)-expressing cells and
their corresponding bright-field images are shown. EGFP-Rab36-expressing cells with perinuclear melanosome aggregation are outlined with a broken red line.
Note that the Rab36(K120A/C121A) mutant that failed to form the stable Rab36-RILP complex did not efficiently induce perinuclear melanosome aggregation.
The level of protein expression of EGFP-Rab36 (WT and K120A/C121A mutant) is shown in supplemental Fig. S6B. Scale bars, 10 um. D, the number of
melanocytes showing perinuclear melanosome aggregation is expressed as a percentage of the number of transfected melanocytes shown in C. **, p < 0.01
by Student’s unpaired t test.
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FIGURE 8. Inhibition of RILP-induced perinuclear melanosome aggrega-
tion by knockdown of Rab36 and Mreg in melanocytes. A, shown are typ-
ical images of RILP-expressing and Rab36-knockdown and/or Mreg-knock-
down melan-a cells. Melan-a cells were transfected with Rab36 shRNA and/or
Mreg shRNA together with mStr-RILP. Bright-field images show the melano-
some distribution. mStr-expressing cells with perinuclear melanosome
aggregation are outlined with a broken red line. Note that simultaneous
knockdown of Rab36 and Mreg by specific sShRNAs suppressed the perinu-
clear melanosome aggregation induced by RILP much more than knockdown
of either Rab36 or Mreg alone did. Scale bars, 10 um. B, the number of mela-
nocytes showing perinuclear melanosome aggregation is expressed as a per-
centage of the number of melanocytes bearing mStr fluorescence shown in A.
*,p < 0.05; **, p < 0.01, Student’s unpaired t test. C, knockdown of endoge-
nous Rab36 protein and/or Mreg protein in melan-a cells by specific ShRNAs is
shown. The shRNAs and pmStr-C1-RILP were transfected into melan-a cells,
and their cell lysates were subjected to 10% SDS-PAGE followed by immuno-
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with Rab36 and not with Rab7 (Figs. 7-9). Because RILP also
interacts with Mreg, which regulates retrograde melanosome
transport, and the Mreg-binding site overlaps the Rab-binding
site (10), Rab36 and Mreg are likely to function as independent
cargo receptors for a dynein-dynactin motor complex. Actu-
ally, the knockdown effects of Rab36 and of Mreg were additive
(Fig. 8). Our findings in regard to the two cargo receptors
explain the reason for the discrepancy between our recent
report that knockdown of Mreg in melan-ash cells restored
peripheral melanosome distribution and a previous report that
dsu/dilute double mutant (Mreg- and myosin Va-deficient) did
not reverse the dilute phenotype of perinuclear melanosome
aggregation (38). Rab36 presumably functions as an alternate
cargo receptor for retrograde melanosome transport in dsu/
dilute double mutant mice.

The results of the site-directed mutagenesis of RILP indi-
cated that Leu-231 and Arg-234, both of which are conserved in
all of the RHDs, are crucial for Rab36 binding activity (Fig. 4).
These residues presumably contribute to recognition of the
specific sequence (e.g. Lys-120 and Cys-121; supplemental Fig.
S1) of the switch II region of Rab36, i.e. an effector interaction
site. Actually, a switch II mutant of Rab36(K120A/C121A)
exhibited dramatically less binding activity toward all of the
RHD-containing proteins except RILP-L1 (Fig. 5 and supple-
mental Fig. S3). Interestingly, however, the Rab36(K120A/
C121A) mutant bound other non-RHD Rab36-binding
proteins (Gripapl, GAPCenA, Ehbp1L1, and Appbp2; supple-
mental Fig. S3) normally, suggesting that their Rab36 recogni-
tion mechanisms differ from that of the RHD. Because interac-
tion between Rab36 and the full-length Gripapl, GAPCenA,
and Appbp2, but not with the full-length EhbplLl, was
observed in mammalian cultured cells (supplemental Fig. S4),
these non-RHD Rab36-binding proteins may also function as a
Rab36 effector in certain membrane trafficking events. Further
work will be necessary to identify their Rab36-binding site and
their roles in Rab36-dependent membrane trafficking.

Why does Rab36 bind a variety of molecules, including
the RILP family members? Because Rab36 is selectively
expressed in particular cell lines, one possible answer is that
Rab36 interacts with one of the Rab36-binding proteins and
functions in a cell type-specific manner, as has been shown
in regard to the roles of the Rab27 effector proteins Slp,
Slac2, and Munc13-4in different types of secretory cells and
melanocytes (1, 39). Because RILP-L1, JIP3, and JIP4 as well

blotting with anti-red fluorescent protein (RFP) antibody (1/1000 dilution; top
panel; mStr-RILP), anti-Rab36 antibody (1 wg/ml; second panel), anti-Mreg
antibody (0.4 wg/ml; third panel), and anti-actin antibody (1/10,000 dilution;
bottom panel). The intensity of the Rab36 bands and Mreg bands on the x-ray
film was captured and quantified with IMAGEJ software (Version 1.440; NIH).
After shRNA-mediated knockdown of Rab36, the band intensity was signifi-
cantly reduced to 40 = 1% (means and S.E,; lane 2) and 32 = 1% (lane 4), in
comparison with the control (lane 1). Similarly, after knockdown of Mreg, the
band intensity was significantly reduced to 55 = 3% (lane 3) and 40 = 1%
(lane 4), in comparison with the control (lane 1) (both p < 0.05, Student’s
unpaired t test). The blots shown are representative of three independent
experiments. The residual melanosome aggregation activity of Rab36 and
Mreg double knockdown melan-a cells that had been transfected with pmStr-
C1-RILP may be attributable to the relatively week knockdown efficiency of
Rab36 shRNA or its low transfection efficiency. The positions of the molecular
mass markers (in kilodaltons) are shown on the /left.
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FIGURE 9. Involvement of endogenous Rab36 protein in retrograde melanosome transport in melan-ash cells. A, knockdown of endogenous Rab36
protein with a specific shRNA in melan-ash cells caused melanosomes to disperse from around the nucleus to the cell periphe?/. Melan-ash cells were
transfected with a control shRNA, Rab7 shRNA, or Rab36 shRNA together with pEGFP-C1 as a transfection marker or pEGFP-C1-Rab36°F (WT or K120A/C121A).
Bright-field images show the melanosome distribution. EGFP-expressing cells with perinuclear melanosome aggregation are outlined with a broken red line.
Note that knockdown of Rab36, but not of Rab7, in melan-ash cells restored the peripheral melanosome distribution and that this effect was reversed by
coexpression of Rab36 shRNA with shRNA-resistant Rab36 (Rab36°F) but not with Rab36°%(K120A/C121A). Scale bars, 10 um. B, the number of melanocytes
showing perinuclear melanosome aggregation is expressed as a percentage of the number of melanocytes bearing EGFP fluorescence shown in A. **, p < 0.01
in comparison with the control (Student’s unpaired t test). NS, not significant in comparison with the control. C, shown is knockdown of endogenous Rab36
protein or Rab7 protein in melan-ash cells by the specific ShRNA as revealed by immunoblotting with the specific antibody as described in the legend of Fig.
8C.D, an shRNA-resistant mutant of Rab36 is shown. pEGFP-C1-Rab36 (lanes 1 and 2), pEGFP-C1-Rab36°F (lanes 3 and 4), pEGFP-C1-Rab36(K120A/C121A) (lanes
5and 6), or pEGFP-C1-Rab36°%(K120A/C121A) (lanes 7 and 8) was co-transfected into COS-7 cells together with pSilencer-Rab36 or a control vector. Cell lysates
were subjected to 10% SDS-PAGE followed by immunoblotting with anti-GFP antibody (1/5000 dilution; top panel) and anti-actin antibody (1/10,000 dilution;
bottom panel). The positions of the molecular mass markers (in kilodaltons) are shown on the left.

as RILP are capable of associating with a kinesin and/or port, both of which are mediated by a JIP3-kinesin I complex
dynein motor complex (40 —44),* Rab36 may be more gen- (40, 43, 44). The possible functions in neurons of Rab36 and its
erally involved in the movement of Rab36-bearing vesicles/ binding partners identified in this study are now under investi-
organelles in specific cell types other than melanocytes. The  gation in our laboratory.

function of Rab36 in neurons is particularly worth investigating In conclusion, we identified the RHD of RILP family mem-
in the future, because Rab36 is expressed in mouse brain (Fig.  bers and JIP3/4 as a novel Rab36 binding domain. Although
6B), and its absence has been proposed to be associated with  RyLp was originally characterized as a Rab7 effector, our find-
epilepsy (6). Because EGFP-Rab36 is selectively targeted to the ings indicated that RILP also functions as a Rab36 effector that
axons in hippocampal neurons and not targeted to the den-  ,ooyjates retrograde melanosome transport in melanocytes
drites (45), Rab36 is presumably involved in axon-specific traf- . ¢p0r than functioning as a Rab7 effector. Although the regu-
ficking events, e.¢. synaptic vesicle transport and TrkB trans- latory mechanism responsible for RILP using the two different
Rab isoforms, Rab7 and Rab36, in different membrane traffick-
#T. Matsui and M. Fukuda, unpublished observations. ing events, i.e. in lyososome transport and in retrograde mela-
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nosome transport, respectively, remains to be determined, the
series of Rab binding-deficient mutants of RILP produced in
this study is an ideal and powerful tool for determining which
Rab functions together with RILP in particular membrane traf-
ficking events, e.g. phagosome maturation (36) and lytic granule
movement (37), in the future.
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