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Abstract

The mechanism(s) by which Rab GTPases are specifically recruited to distinct intracellular membranes remains elusive. Here
we used Rab27a localisation onto melanosomes as a model to investigate Rab targeting. We identified the a1 subunit of
Na*,K*-ATPase (ATP1a1) as a novel Rab27a interacting protein in melanocytes and showed that this interaction is direct with
the intracellular M4M5 loop of ATP1al and independent of nucleotide bound status of the Rab. Knockdown studies in
melanocytes revealed that ATP1al plays an essential role in Rab27a-dependent melanosome transport. Specifically,
expression of ATP1al, like the Rab27a GDP/GTP exchange factor (Rab3GEP), is essential for targeting and activation of
Rab27a to melanosomes. Finally, we showed that the ability of Rab27a mutants to target to melanosomes correlates with
the efficiency of their interaction with ATP1a1. Altogether these studies point to a new role for ATP1al as a regulator of
Rab27a targeting and activation.
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Introduction transfer to neighbouring keratinocytes [18-22]. Loss of any
member of the tripartite complex results in perinuclear clustering
of melanosomes [22—-24]. For further details on melanogenesis the
author directs the reader to the following reviews [25-27].
Previous work in our laboratory has investigated the involve-
ment of the aforementioned mechanisms in the targeting of
Rab27a to melanosomes in melanocytes. We demonstrated that
exchange of the C-terminal hypervariable domain of Rab27a with
Rabla or Rabba did not re-target the hybrid protein and similarly,
o : the Rab27a C-terminal domain was insufficient to retarget Rab5a
effector binding 8], GDI‘ displacement factor.s [971 1] and or Rabla [28]. Furthermore, exchange of the Rab Family (RabF)
Ral?GEFs [12—-15], all of which has been summarised in a recent and Rab SubFamily (RabSF) motifs [29] demonstrated that
review [16]. elements of the RabSF2 and RabSF3 motifs were crucial for
Rab27a regulates the transport and sccretion of lysosome- Rab27a targeting to melanosomes [28]. Importantly, the Rab27a

related organelles and secretory granules from a variety of cell mutant containing elements of the RabSF2 motif of Rab5
types including melanocytes, haematopoietic cells (T-lymphocytes,

mast cells, natural killer cells and neutrophils), endothelial cells,
platelets and neuroendocrine cells [17,18]. In melanocytes,

Rab GTPases are essential regulators of intracellular membrane
trafficking [1]. Key to this activity is their ability to associate with
specific membrane compartments within the cell [2]. Although
much progress has been made in assigning functions to individual
Rabs and identifying their downstream effectors, the mechanismy(s)
by which precise Rab targeting is achieved remains elusive [3]. A
number of mechanisms have been postulated including the
involvement of the C-terminal hypervariable domain [4-7], Rab

(Rab27a"") maintained interactions with known Rab27a effectors
yet failed to target to melanosomes [13], thus indicating that
effector binding is not sufficient for Rab27a targeting. This was

supported by the observation that a Rab27a mutant with the
Melanophilin (Mlph/Slac2-a/Exophilin 5), which binds the actin- RabSF1 and RabF4 motifs of Rab3 (Rab27a%""/™) failed to bind
based motor protein MyosinVa (MyoVa). The formation of the
Rab27a:Mlph:MyoVa tripartite complex is essential for the

Rab27a associates with melanosomes and recruits its effector

to any known Rab27a effector yet maintained its melanosomal

- VYO ! localisation showing that effector binding is not necessary for
peripheral distribution of melanosomes and efficient melanosome targeting [13]. Interestingly, depletion of Rab3GEP (R3G), the
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non-redundant Rab27a GEF in melanocytes [30], was able to
disrupt Rab27a targeting [13] suggesting a key role for GEF
activity. This is consistent with the results of a number of recent
studies showing that GEF activity is essential for targeting of Rabs
to specific membranes [3,15,31,32]. However, the Rab27a5™
mutant was found to be efficiently GTP-loaded by R3G in vitro
yet mis-targeted in melanocytes, therefore indicating that the GEF
activity alone is not sufficient for Rab27a targeting to melano-
somes in melanocytes [13]. More recently, work in yeast showed
that a Ypt7 mutant with improved nucleotide exchange activity
was still correctly localised in the absence of the GEF, thereby
supporting the concept that in addition to the GEFs, other factors
are required for Rab targeting [15]. Taken together, we
hypothesised that in combination with the role of R3G, Rab27a
may interact with additional putative ‘targeting factor(s)’ that
contribute to the recruitment of Rab27a to melanosomal
membranes. In this study we aimed to identify such targeting
factor(s) for Rab27a using a tandem affinity purification strategy.
Our results indicate the o-subunit of the Na*, K*-ATPase isoform
1 (ATPlal) as a key Rab27a targeting factor in melanocytes.

Materials and Methods
Antibodies

For Western blotting the following antibodies were used at the
concentrations indicated: mouse anti-Rab27a, 1:10000 [22];
rabbit anti R3G, 1:5000 (a kind gift of J. Myoshi and Y. Takai);
mouse anti-GST, 1:10000 (Sigma G1160); mouse anti-tubulin,
1:5000 (Sigma T6557); mouse anti-ATPlal, 1:5000 (Abcam
ab7671); rabbit anti-His, 1:1000 (Abcam ab9108); mouse anti
Pmell7, 1:500 (Dako M0634); goat anti-GPNMB, 1:1000 (R&D
Systems AF2330); rabbit anti-Annexin A2, 1:5000 (a kind gift from
J. Ayala-SanMartin CNRS/UPMN/ENS).

For immunofluorescence the following antibodies were used at
the concentrations indicated: rabbit anti-Rab27a, 1:200 (purified
by R. Singh, Imperial College, UK); mouse anti-ATPlal, 1:200
(Thermo MA1-16731); rabbit anti-Rabba, 1:50 (Abcam ab18211);
rabbit anti-Rab38, 1:100 (purified by C. Wasmeier, Imperial
College, UK [33]); rabbit anti-Mlph (purified by A. Hume,
Imperial College, UK [34])

For immunoprecipitation the monoclonal anti-HA (Roche
12CA5) and anti-FLAG (Sigma F3165) were used.

siRNA Oligonucleotides

All siRNA oligonucleotides were purchased from Dharmacon
(Thermo Scientific). Non-targeting (NT) ON-TARGETplus (D-
001810-02) was used as a negative control. siRNA oligos for Mlph
and R3G were detailed previously [13]. On-TARGETplus
SMARTpools for ATPlal (1.-052829-00), Pmell7 (L-063274-
01), GPNMB (L-040019-01), and Anxa2 (L.-061993-01) and
individual ON-TARGETplus ATP1Al1 oligos were purchased
and optimal ATPlal depletion was obtained using oligo 5'-
GUAUGAGCCUGCCGCUGUA-3’ (J-052829-06).

Plasmid Constructs

HTF-Rab27a constructs were generated by PCR amplification
of rat Rab27a™" and Rab27a°""** from pEGFP-C2 vectors
described previously [13] using primers designed to incorporate 5’
Nhel and 3" Sacl restriction sites. The PCR products were sub-
cloned into a cPSG5PL vector encoding a Hemagglutinin-
TEV-FLAG (HTF)-tag and Hygromycin-B resistance gene (a gift
from S. Baron; Stanford University) resulting in N-terminally
HTF-tagged Rab27a. GFP-tagged ORF c¢DNA for human
ATPlal was purchased from OriGENE. GST-ATPlal-M4M5
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was generated by PCR amplification of a 1269 bp fragment of
hATPlal (Lys354-Lys777) encoding the M4M5 loop. Primers
were engineered to introduce 5" EcoRI and 3" Sall restriction sites.
The PCR product was sub-cloned into a pGEX-4T1 vector.

Cell Culture

All tissue culture material was purchased from Invitrogen unless
otherwise specified. Mouse WT melanocytes (melan-INK4a) and
melan-ink4a-ashen (melan-ash2) [35] were maintained in RPMI
1640 (+L-Glutamine) supplemented with 10% fetal calf serum,
100 U/mL penicillin, 100 U/mL streptomycin, 200 nM Phorbol-
1,2-myristate-1,3-acetate (PMA; Calbiochem) and 200 pM Chol-
era Toxin (C'T; Sigma) (Complete RPMI medium). All cells were
cultured at 37°C under a humidified atmosphere containing 10%
COy. Cells and melanosome distribution was assessed using a light
microscope. For immunofluorescence experiments, cells were
grown on glass coverslips in 24-well plates. Transfection of
plasmid DNA was performed using FuGENE6 (Roche Diagnos-
tics) in a 1:3 ratio of pg of DNA to pl of FuGENESG, according to
the manufacturer’s recommendations. For each well of a 24-well
plate, 0.5 pg of DNA was mixed with 1.5 pl of FuGENEG6 in 25 ul
of serum-free medium OptiMEM. Following a 5 h incubation, the
medium was replaced with RPMI (+L-Glutamine) supplemented
with 10% (v/v) FBS. After overnight culture the medium was
replaced with complete RPMI medium. For siRNA analyses, cells
were transfected with siRNA to a final concentration of 100 nM
using Oligofectamine (Invitrogen) according to the manufacturer’s
instructions. Following 5 h incubation the medium was removed
and replaced with complete RPMI medium. For optimal siRNA
depletion the siRNA treatment was sometimes repeated after 72 h.
For membrane/cytosol fractionation experiments soluble (S100)
and insoluble (P100) fractions were separated by centrifugation at
100’000 xg of the PNS. The P100 was then resuspended in the
same volume of loading buffer as the total volume of S100. Equal
volumes of S100 and P100, relative to the protein concentration of
the PNS for each siRNA treatment, were loaded on the gel
Quantification of ECL signals was carried out using Image]
software.

Generation of Stable Mouse Melanocyte Cell Lines

Transfection of melan-ash2 was carried out as described above.
Two days post transfection, the medium was replaced with
complete RPMI medium supplemented with 100 ng/ml Hygro-
mycin B (Invitrogen). Cells were grown under selection for three
weeks before Hygromycin-resistant cells were sub-cultured to one
cell per well in a 96-well plate. The isolated clones were expanded
and sub-cultured to increasing culture volumes.

Tandem Affinity Purification

Three 150 cm” flasks of stable HTF-Rah27a expressing melan-
ash2 cells were harvested by trypsinisation, washed in PBS and the
pellets flash frozen in liquid nitrogen. Cell pellets were resus-
pended in 300 pl Buffer A (50 mM Tris pH 7.5, 150 mM NaCl,
5 mM MgCly, 1 mM DTT and protease inhibitor cocktail (PI)
(Roche)) and lysed by passage through a 25G needle. CHAPS was
added to a final concentration of 1% (Buffer A*“M4) and the
sample incubated for 1 h at 4°C, rotating. The soluble fraction
(S100) was isolated by centrifugation at 100,000 xg for 1 h at 4°C.
The S100 was pre-cleared by incubation with 100 pl pre-
equilibrated Protein A/G Ultralink Resin (beads; Thermo
Scientific) for 1 h at 4°C, rotating. 50 pg of mouse anti-HA
antibody was added to the pre-cleared S100 and incubated for 2 h
at 4°C, rotating. This was added to 250 pl pre-equilibrated beads
and incubated for 2 h at 4°C, rotating. The beads were washed 3
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times in Buffer A*CTAPS and resuspended in 200 pl Buffer
AYCHAPS ipcluding 10 pl (10 U) AcTEV Protease (Invitrogen)
and incubated overnight at 4°C, rotating. The supernatant was
1solated and incubated with 13.6 pg of mouse anti-FLAG antibody
for 2 h at 4°C, rotating. This was added to 50 ul pre-equilibrated
beads and incubated for 2 h at 4°C, rotating. The beads were
washed 3 times in Buffer A" and resuspended in 100 pl
Buffer ATCMATS including 45 g of FLAG peptide (Sigma) and
incubated for 2 h at 4°C, rotating. The eluted sample was then
isolated. Multiple TAPs were performed with lysates of HTF-
Rab27a™" and HTF-Rabh27a%""/™ expressing melan-ash2 cell
lines and untransfected melan-ash2 cells; the samples were pooled
and sent for Mass Spectrometry analysis at Dundee Cell Products.

Silver Staining of SDS Polyacrylamide Gels

The SDS polyacrylamide gel was fixed in Fixer (50% MeOH,
12% Acetic Acid, and 0.05% Formalin) for 2 h at room
temperature. The gel was then washed 3 times for 20 min in
35% EtOH before sensitising in 0.02% NaySoO5 for 2 min, then
washing 3 times for 5 min in HyO. The gel was stained in Silver
Nitrate (0.2% AgNOs3, 0.076% Formalin) and washed twice for
1 min in Hy,O before adding to Developer (6% NayCOs, 0.05%
Formalin, and 0.0004% NaySoOs). Developing was stopped by
transferring to Stop Solution (50% MeOH, 12% Acetic Acid) for

5 min.

Recombinant Proteins

Recombinant GST-tagged ATPlal-M4M5 was expressed in
Escherichia coli BL21-codon plus (DE3) RILP (Stratagene) and
purified using a method adapted from [36]. In brief, 600 ml Luria
Broth was inoculated with an overnight culture to obtain
Agop =0.1 and grown for 3 h until Aggo=0.6. Isopropyl B-D-1-
thiogalactopyranoside (VWR) was added to a final concentration
of 0.1 mM and the culture grown for an additional 4 h. The
bacterial pellet was washed in PBS then stored at —20°C before
resuspension in lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl,
5 mM MgCly, 1 mM DTT, 1 mg/ml Lysozyme and PI). This was
incubated on ice for 30 min before sonication. The soluble
proteins were separated from cell debris by centrifugation
12,000xg for 10 min. The bacterial lysate was incubated with
1.5 ml Glutathione Sepharose (GE Healthcare) for 2 h at 4°C,
rotating. The Sepharose was washed with Buffer A before eluting
GST-ATPlal-M4M5 with elution buffer (50 mM Tris pH 7.5,
500 mM NaCl, 5 mM MgCl,, ] mM DTT, 10 mM Glutathione).
Eluted fractions containing protein as assessed using Bradford
Reagent (Pierce), were dialysed (Snakeskin Pleated Dialysis
Tubing, 10,000 MWCO, Thermo) in 1000x volume of wash
buffer overnight and the buffer replaced for an additional 4 h
dialysis. GST and GST-SIpl [30] and hisg-tagged Rab27a, -
Rabba and -Rab27a mutant variants [37] were as described
previously.

GST Pulldown

5%10° melan-INK4a cells per condition were resuspended in
500 pl Buffer A and lysed by passing 20 times through a 25G
needle. The lysate was cleared by centrifugation at 700 xg for
5 min at 4°C. CHAPS was added to a final concentration of 1%
and incubated for 30 min at 4°C, rotating. The soluble fraction
was isolated by centrifugation at 100,000 xg for 40 min at 4°C.
400 pmol of GST or GST-ATPlal-M4M5 was added to the
soluble fraction with 50 pl equilibrated glutathione-Sepharose and
incubated overnight at 4°C, rotating. The Sepharose was washed
5 times with 1 ml Buffer A*“™" Bound proteins were eluted by
boiling the Sepharose in SDS loading buffer, and the proteins were
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separated by SDS-PAGE and analysed by immunoblotting using
antibodies specific for Rab27a and GST.

The in vitro GST pull-down method was adapted from [38].
Briefly, 100 pmol hisg-Rab was mixed with either 100 pmol GST
or GST-ATPlal-M4M5 in Buffer A*“"" and incubated for
30 min at RT, rotating. Equilibrated glutathione-Sepharose
(20 ul) was added to each reaction and incubated for 30 min at
room temperature, rotating. The Sepharose was pelleted by
centrifugation and washed five times with 1 ml Buffer ATCHAPS,
Bound proteins were eluted by boiling the Sepharose in SDS
loading buffer, and the proteins were separated by SDS-PAGE
and analysed by immunoblotting using antibodies specific for
Rab27a, GST or His. Nucleotide loading of Rab27a was as
described previously [39]. Briefly, 100-ul aliquots of Ni**-agarose
beads were incubated with 2 nmol of hisg-Rab27a in Buffer A for
20 min at room temperature. The beads were then washed twice
with Buffer A before the bound nucleotide was eluted by washing
with 1 M Guanidine-HCI, and followed by two washes with ice-
cold Buffer A. The immobilized hisg-Rab was nucleotide loaded
by incubation for 10 min on ice in 200 pl of Buffer A
supplemented with 200 pM of either GTPyS or GDP. The beads
were then washed rapidly, three times with Buffer A, before the
hisg-Rab was eluted from the Ni**-agarosc beads by incubating for
15 min at room temperature with 2 bed volumes of Elution Buffer
(600 mM imidazole, 400 mM NaCl). The eluted Rab was then
diluted 4-fold in Buffer A4 and 0.5 mM GTPYS or GDP,
and incubated with GST fusion proteins in the presence of 20 pl of
glutathione-Sepharose beads for 20 min at room temperature,
rotating. The beads were then washed 4 times in Buffer A*HATS
containing the appropriate nucleotide. Bound proteins were eluted
by boiling the Sepharose in SDS loading buffer, and the proteins
were separated by SDS-PAGE and analysed by immunoblotting
using antibodies specific for Rab27a and GST.

Effector Pulldown Assay

Melan-INK4a cells were plated in a 6-well plate and treated
with NT, ATPlal and/or R3G siRNA. Following siRNA
depletion, the cells were washed in PBS then 150 ul Buffer A
was added. Cells were harvested by scraping and lysed by passage
through a 25 G needle. PNS was isolated by centrifugation at
800xg for 10 min at 4°C. 25 pg total protein PNS, 20 ul pre-
equilibrated glutathione-Sepharose and 20 uM GST or GST-SIpl
were combined. Samples were incubated for 45 min at room
temperature, rotating. Sepharose was washed three times with
Buffer A. Bound proteins were eluted by boiling the Sepharose in
SDS loading buffer, and the proteins were separated by SDS-
PAGE and analysed by immunoblotting using antibodies specific
for Rab27a and GST. Band intensities were measured using
Image J. Rab27a band intensities were normalised to GST-SIp
band intensities and then measured relative to N'T siRNA control.
The experiment was repeated five times and the mean values
relative to N'T controls presented with standard errors of the
mean.

Immunofluorescence Microscopy

Cells plated on coverslips were washed in PBS and fixed with
4% (w/v) paraformaldehyde (PFA) in PBS for 20 min. They were
washed twice in PBS and once with 50 mM NH,CI in PBS, and
then permeabilised in PBS containing 2% FBS and 0.05%
Saponin (PFS). Permeabilised cells were incubated with primary
antibody diluted in PFS, washed three times in PFS and incubated
with the appropriate fluorescently-conjugated secondary antibody
(Molecular Probes) diluted 1:400 in PFS. The coverslips were
washed three times in PFS; twice in PBS and once in HyO, then
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Figure 1. Generation of melan-ash2 cell lines stably expressing HTF-Rab27a"'" or HTF-Rab27a°""/" and their use for TAP. Melan-ash2
cells were stably transfected with HTF-Rab27a for TAP. A) The cells indicated were grown on coverslips and fixed with 4% PFA. Cells were
permeabilised and blocked with FBS before immunostaining with mouse anti-HA antibody and Alexa-488 conjugated anti-mouse secondary
antibody. Phase contrast panels (A, D, G, J) show melanosome distribution. Panels B, E, H and K show HA immunostaining. Pigment is inverted and
pseudo-coloured red to aid colocalisation with HA (green) in the merge panels (C, F, I, L). Insets are a higher magnification of the boxed area. Arrows
indicate colocalisation. Scale bar represents 10 um. B,C) HTF-Rab27a"" or HTF-Rab27a° "™ and associated proteins were purified from stably
transfected Melan-ash2 cells by solubilising in 1% CHAPS followed by TAP involving HA immunoprecipitation, TEV cleavage, FLAG
immunoprecipitation and FLAG peptide elution steps. B) Immunoblotting for Rab27a of equivalent volumes of each stage of the TAP shows the
purification of HTF-Rab27a. C) Silver stained gel shows the final eluted samples (50 pg) of the pooled HTF-Rab27a"’", HTF-Rab27a°""/* and
untransfected Melan-ash2 TAPs. S100, soluble fraction; P100, pellet fraction; HA, hemagglutinin; TEV, TEV Protease; pep, FLAG peptide. * indicates

possible Rab27a interacting proteins.
doi:10.1371/journal.pone.0102851.g001

mounted on microscope slides with either ImmunO-fluore
mounting medium (MP Biomedicals) or Prolong Gold antifade
reagent (Invitrogen). Microscopy was performed in the Facility for
Imaging Light Microscopy (FILM) at Imperial College London.
Immunofluorescence images were acquired at room temperature
on a Zeiss AxioVert 200M laser scanning inverted confocal
microscope ((LSM)-510) using Plan-Apochromat 63x 1.40 Oil
DiC M27 objective, Zeiss AxioCam HRm camera and LSM 510
acquisition software. Images were processed with LSM Image
Browser and Adobe Photoshop 8.0 software before compiling in
Adobe Illustrator.

Melanosome Purification

Melanosome purification was adapted from [40]. siRNA treated
Melan-INK4a were grown until confluent in a 150 ¢cm? flask and
then harvested by trypsinisation. Washed cells were then
resuspended in 5 ml of chilled Homogenisation Buffer (HB)
(250 mM  Sucrose, 50 mM Imidazole, 1 mM EDTA, 10 mM
MgCly, 0.15 mg/ml Casein, 1 mM DTT and PI) and, lysed on ice
using a cell cracker. PNS was then collected by centrifugation at
600x g for 5min at 4°C. The PNS was then centrifuged
3x10 min at 2500 g at 4°C and the pellets collected and pooled
(P2500). The P2500 was resuspended in 2 ml of chilled HB and
500 pul aliquots layered on top of 500 ul 50% Percoll in
microcentrifuge tubes. The sample was then centrifuged 20 min
at 8000 x g at 4°C. The pellets were collected, pooled and diluted
up to 1.5 ml HB and centrifuged 10 min at 5000x g at 4°C. The
final pellet was resuspended in 200 ul HB.

For immunofluorescence analysis, the purified melanosomes
were diluted 1:500 in HB then 500 pl aliquoted onto coverslips in
a 24-well plate. The plate was centrifuged 1500 x g for 5 min at
4°C. Coverslips were fixed in 4% PFA and immunostained as
described above.

Immunofluorescence images were taken on a fluorescent
confocal microscope as described above. The images were then
analysed using Simple PCI Software (Hamamatsu) to measure the
average fluorescence intensity of each melanosome. For each
experiment five images of melanosomes was taken. The mean
fluorescence intensity of the melanosomes in a field of view (60 X)
was measured and then the average from five images was
normalised to experimental N'T siRNA controls. The experiment
was repeated five times and the mean of the five experiments
presented with standard error of the mean.

Results

Purification of novel Rab27a interacting proteins from
melanocytes

To identify protein(s) involved in targeting of Rab27a to
melanosomal membranes, a tandem affinity purification (TAP) of
epitope tagged Rab27a from melanocytes was performed. To this
end, Rab27a null melanocytes (melan-ash2) were transfected with
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vectors allowing stable expression of tagged Rab27a (HTF-
Rab27a; see Material and Methods), either wild-type or the
Rab272%""™ mutant. The latter was used as it targets to
melanosomes, but does not interact with known Rab27a/b
effectors e.g. Slp/Slac and Muncl3-4 proteins [13], and thus
would increase the likelihood of identifying novel Rab27a binding
partners that may act as a targeting factor. Confocal immunoflu-
orescence (Figure 1 A) revealed that these proteins were expressed
at near physiological levels, were targeted to the cytoplasmic face
of melanosomes and, in the case of HTF-Rab27"T, rescued
melanosome transport defects in Rab27a null melanocytes. These
observations indicate that it is highly likely that HTF-Rab27a
proteins expressed in Rab27a null melanocytes interact with a
group of proteins similar to that encountered by the endogenous
Rab27a in wild-type melanocytes.

HTF-Rab27a proteins were purified from these cell lines by
sequential immunoprecipitations (sequential steps depicted by
Western blot in Figure 1 B) and co-purified proteins were
visualised by silver staining (Figure 1 C) before identification
using nano-liquid chromatography mass spectrometry (as de-
scribed in Material and Methods). This revealed a large set of
Rab27a interacting proteins which were filtered based on the
following criteria; i) presence in both HTF-Rab27a™" and HTF-
Rab27a°"""™* TAPs and absence from the negative non-
transfected melan-ash2 control TAP, ii) presence in previous
proteomic studies of melanosomes from melanoma and retinal
pigment epithelial cells [41-43]. This resulted in a short-list of
candidate Rab27a targeting factors including Pmel-17, Glycopro-
tein non-metastatic protein B (GPNMB), the o-subunit of Na,
K*-ATPase isoform 1 (ATPlal) and Annexin A2 (Anxa2). Of
note, based on the candidate size, ATPlal (113 kDa) and Anxa2
(36 kDa) could be assigned to two of the bands observed on the
silver stained gel (Figure 1 C).

The a-subunit of Na*,K™-ATPase isoform 1 (ATP1a1)

regulates melanosome transport

To test the role of these candidates in Rab27a targeting and
function, melanosome distribution, a read-out of Rab27a function
(see Introduction), was examined in wild-type melanocytes in
which these proteins were individually depleted using siRNA
oligonucleotide pools. This revealed that knockdown of ATPlal,
but not other candidates, redistributed melanosomes from
peripheral to perinuclear accumulation suggesting that ATPlal
functions in Rab27a-dependent melanosome transport (Figure 2
A-B). Similar results were obtained using the single siRNA pairs
that comprise the ATPlal-specific pool (Figure 2 C-D). Notably
oligonucleotide pair 3 failed to deplete protein expression and
similarly failed to induce melanosomal clustering whilst oligonu-
cleotide pair 2 was 94% efficient in depleting ATPlal protein and
caused extensive clustering, and was thus used for subsequent
experiments. Quantification of the clustering phenotype found
that ATPlal depletion resulted in 56*7% clustered cells
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Figure 2. Candidate protein depletion and effects on melanosome distribution. Melan-INK4a cells were treated with siRNA pools for NT,
Pmel17, GPNMB, Anxa2, ATP1a1 (A+B) or individual siRNAs for NT, ATP1a1 (1-4) or Miph for 72 h (C+D). A) Candidate protein depletion was assessed
by immunoblotting the PNS with antibodies for the candidate protein and using tubulin or Rab27a as a loading control. B) Melanosome distribution
was visualised using a light microscope. Mlph siRNA depletion was used as a positive control for melanosomes clustering. Arrows indicate cells with
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clustered melanosomes. Scale bar represents 100 um. C) ATP1a1 depletion was assessed by immunoblotting the PNS with antibodies to ATP1a1 and
Tubulin. Depletion was quantified by measuring band intensities using ImagelJ, normalised to tubulin loading control and the percentage protein
quantified relative to NT siRNA control. D) Melanosome distribution was visualised using a confocal microscope. Miph was used as a positive control
for melanosomes clustering. Arrows indicate cells with clustered melanosomes. Scale bar represents 10 um. E) The percentage of clustered cells was
quantified from three independent experiments, 2 separate coverslips per condition and counting a minimum of 100 cells per coverslip. Error bars are

standard deviation.
doi:10.1371/journal.pone.0102851.g002

compared to 5*3%, 68£9% and 85=5% for NT, R3G and Mlph
depleted cells respectively (Figure 2 E). The specificity of the effect
of ATPlal depletion on melanosome distribution was confirmed
by the observation that the subcellular distribution of Rabb
positive endosomes was not significantly altered in knocked-down
cells, which were identified by perinuclear melanosomal clustering
and loss of ATPlal immunostaining (Figure 3). These data
indicate that ATPlal may regulate Rab27a function in melano-
some transport.

The Na",K*-ATPase functions as an ion pump exchanging 3
Na* for 2 K* following hydrolysis of ATP or as a receptor for
cardiotonic steroids [44]. It is a heterodimeric transmembrane
complex consisting of a 10-transmembrane domain o-subunit and
a single transmembrane regulatory B-subunit [45]. Four isoforms
of the a-subunit have been identified [46,47], with the al isoform
(ATP1al) being ubiquitously expressed [48]. To date, ATPlal has
not been associated to any membrane trafficking event.

The intracellular M4M5 loop of ATP1a1 interacts directly
with Rab27a

Having shown an in vivo interaction between Rab27a and
ATPlal by TAP and established a functional link in melanosome
transport, the mechanism by which ATPlal regulates Rab27a-
dependent melanosome transport was investigated. As a first step
to address this, the nature of the interaction between Rab27a and

Rab5

Phase Contrast

NT siRNA

ATP1a1 siRNA

Figure 3. Rab5a-positive vesicle distribution is unaffected
following ATP1a1 depletion. Melan-INK4a cells were treated with
either NT or ATP1a1 siRNA and cultured for 72 h. Cells were fixed with
PFA, permeabilised and immunolabelled with antibodies to Rab5a.
Phase contrast panels show melanosome distribution (A and C), panels
B and D show Rab5a staining. Scale bar represents 10 um.
doi:10.1371/journal.pone.0102851.g003
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ATPlal was characterised in greater detail. To do this, pull-down
experiments that measure the ability of GST-tagged ATPlal to
stably associate with either native Rab27a from melanocyte
lysates, or hisg-tagged Rab27a purified from bacteria were
performed (see Materials and Methods). For these experiments
the large intracellular loop of ATPlal that lies between trans-
membrane domains 4 and 5 (henceforth ATPlal-M4M35) was
used, as previous studies have shown that this loop mediates the
assoclation with intracellular proteins [36,49-53]. Consistent with
the results of the TAP experiments (described above), in both
instances Rab27a was precipitated by GST-ATPlal-M4M5 but
not GST alone (Figure 4 A-B). The specificity of this was further
underlined by the lack of interaction between hisg-Rab5a and
GST-ATPlal-M4M5 (Figure 4 B). These observations indicate
that Rab27a and the intracellular M4M5 loop of ATPlal interact
specifically and directly. These data, together with apparently
similar effects of knockdown of either protein (Figure 2 and
previous data [38]), suggest that Rab27a and ATPlal work
together to regulate melanosome transport.

ATP1a1 depletion reduces the level of active Rab27a in
melanocytes

To further explore this idea, the effect of ATPlal depletion on
Rab27a protein expression and activity was investigated. Western
blotting of lysates from siRNA transfected melanocyte (from five
independent experiments) indicated that overall Rab27a expres-
sion, relative to tubulin, was not strongly affected by ATPlal
knockdown (densitometric measurements normalised to NT
siRNA were 1.04%0.39, 1.20+0.38 and 1.01%0.6 for ATPlal,
R3G or ATP1al+R3G depleted cells, respectively; Figure 5 A). In
contrast, Rab27 effector pull-down assays, which report the level
of active GTP-bound Rab27a in melanocyte lysates, revealed a
50% reduction in the level of active Rab27a in ATPlal depleted
versus control NT transfected cells (Figure 5 C-D; data
representative of 5 independent experiments). This suggests that
ATPlal regulates the level of active Rab27a. Previous studies
revealed a similar reduction in active Rab27a in melanocytes
depleted of R3G [30], however Western blotting revealed that
R3G expression levels are normal in ATPlal depleted cells and
vice versa indicating that the reduction in activity did not result
from reduction in R3G expression (Figure 5 A). Considering the
comparable reduction in active Rab27a in cells depleted of
ATPlal and R3G either individually or in combination, this
suggests that ATPlal and R3G may work together to regulate the
levels of active Rab27a in melanocytes.

ATP1al depletion reduces Rab27a targeting to
melanosomes in melanocytes

The above observations together with previous reports of R3G
as a regulator of Rab27a targeting to melanosomes [13] raised the
interesting possibility that ATPlal might play a similar role. To
test this possibility, the subcellular distribution of endogenous
Rab27a in ATPlal-depleted wild-type melanocytes was investi-
gated using confocal immunofluorescence microscopy (Figure 6).
In control (NT) oligonucleotide transfected (Figure 6 A, panels
A-C) and Mlph-depleted cells (Figure 6 A, panels D-F), the
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Figure 6. ATP1a1 depletion disrupts endogenous Rab27a targeting to melanosomes. A) Melan-INK4a cells were plated on coverslips and
treated with NT (A-C), Miph (D-F), ATP1a1 (G-l), R3G (J-L) or ATP1a1+R3G (M-0) siRNA for 72 h before repeating the treatment. After a total of 7
days, cells were fixed with PFA, permeabilised and immunolabelled with an antibody to Rab27a. Phase contrast panels show melanosome
distribution (A, D, G, J, M); panels B, E, H, K, N show Rab27a localisation. In the merge panels (C, F, |, L, O) the pigment is inverted and pseudo-coloured
red to aid co-localisation with the green Rab27a signal. Insets are a higher magnification of the boxed area. Arrows indicate co-localisation. Scale bar
represents 10 um. B) Melan-INK4a cells were treated with NT, Miph, R3G or ATP1a1 siRNA and cultured for 3 days. The PNS was then separated into
the insoluble (I) and soluble (S) fraction by centrifugation at 100,000 xg. Rab27a and Tubulin partitioning were assessed by immunoblotting with the

antibodies indicated.
doi:10.1371/journal.pone.0102851.9g006

distribution of anti-Rab27a staining and melanosomes was closely
correlated, indicating that Rab27a associates with melanosomes.
In contrast, anti-Rab27a staining in ATPlal depleted cells
revealed a redistribution of Rab27a from melanosomes to
punctate structures that, in contrast to the perinuclear accumu-
lated melanosomes, appeared uniformly distributed throughout
the cytoplasm (Figure 6 A, panels G—I). This distribution pattern
was similar to that observed for Rab27a in R3G and ATPlal+
R3G-depleted cells (Figure 6 A, panels J-O). Complementary
biochemical separation of the post-nuclear supernatant of siRNA
transfected melanocytes into membrane and cytosol fractions
indicate that these punctate structure likely represent a population
of intracellular vesicles (Figure 6 B). This is similar to findings
presented here and previously [13] that Rab27a targeting to total
cellular membrane is unaffected by R3G knockdown. The effect of
ATPlal depletion on the association of Rab27a with melano-
somes appears specific as Rab38 immunostaining maintains co-
localisation with melanin in the perinuclear region in ATPlal
depleted cells (Figure 7 A-F).

In order to quantify the endogenous Rab27a associated with
melanosomal membranes, melanosomes were purified from
siRNA treated melan-INK4a as described previously [40] then
analysed by immunofluorescence microscopy. Quantification of
the levels of Rab27a immunofluorescence associated with individ-
ual purified melanosomes observed significant reductions after
ATPlal (—22%5%), R3G (—33%=10%) and ATPlal+R3G
(—50%5%) siRNA depletion. The same was repeated to analyse
Rab38 association and a trend towards an increase was observed
following ATPlal (+26%8%) or R3G (+21*=16%) that was only
significant after dual depletion (+46*21%). Crucially, Mlph
measurements saw significant reductions following ATPlal
(—62%7%), R3G (—=79%£3%) and ATPlal+R3G (—72%3%)
siRNA depletion supporting the previous data showing a reduction
in active Rab27a (Figure 5 C-D)

These results support a role for ATPlal in targeting Rab27a to
melanosomes.

A RabSF2 dependent, nucleotide independent
Rab27a:ATP1a1l interaction is essential for Rab27a

targeting to melanosomes

To characterise the significance of the direct Rab27a:ATPlal
interaction in Rab27a targeting to melanosomes, the ATPlal-
M4M} pull-down assay was used to measure the ability of targeted
and mis-targeted Rab27a mutants to interact with ATPlal in
vitro. This revealed that while both Rab27a"" and the targeted
mutant (Rab272%""™) interacted with ATPlal with similar
efficiency, the interaction was reduced approximately ten-fold
for the non-targeted mutant (Rab27a*) (Figure 8 A). This
suggests that the RabSF2 motif'is necessary for Rab27a binding to
the large cytoplasmic loop of ATPlal and subsequent targeting of
Rab27a to melanosomes.

As current models indicate that Rabs initially associate with
target membranes in a GDP-bound state [54], this assay was
repeated using Rab27a pre-loaded with either GTPyYS or GDP to
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determine whether the Rab27a:ATPlal interaction is dependent
upon the nucleotide/activation status of Rab27a. Strikingly, GST-
ATPlal-M4M5 interacted equally efficiently with either GTPyS-
or GDP-loaded Rab27a (Figure 8 B). This was in marked contrast
to GST-SIpl which, as expected, interacted more strongly with
GTPyS- than GDP-loaded Rab27a (Figure 8 B). As there is yet to
be a consensus on whether Rabs are recruited in a GTP- or GDP-
loaded state, our data would support a hypothesise that a Rab
would first be recruited in the GDP-bound state and presented to
the GEF for GTP-loading and subsequent retention on the
membrane. Therefore the factor responsible for this would need to
be able to associate with the Rab in both nucleotide bound states.

These data indicate that ATPlal is not a Rab27a effector and
provide further support for the hypothesis that ATPlal regulates
Rab27a targeting.

Discussion

In this study we investigated the mechanism of Rab targeting to
intracellular compartments using Rab27a targeting to melano-
somes in melanocytes as a model. We present findings that
strongly support an essential role for ATPlal in the targeting of
Rab27a to melanosomes. Firstly, using tandem affinity purification
we identified ATPlal as a Rab27a interacting protein in
melanocytes. In vitro we then showed that the large intracellular
loop of ATPlal (ATPlal-M4Mb5) directly interacts with Rab27a.
Furthermore, we showed that this interaction is Rab27a specific,
independent of the Rab27a nucleotide-bound state and that the
ability of Rab27a mutants to interact with ATPlal correlates with
their ability to target to melanosomes. Crucially, we showed that
siRNA depletion of ATP1al resulted in mis-localisation of Rab27a
to non-melanosomal membrane structures, which coincided with a
reduction in Rab27a GTP-loading and Mlph association with
melanosomes. Based on these findings we propose a working
model for Rab27a targeting in which a direct interaction between
ATPlal and Rab27a, involving the RabSF2 motif and ATPlal-
M4M5, targets Rab27a to the melanosome, whereupon it
becomes G'TP-loaded by R3G. Rab27a-GTP may then interact
with effectors e.g. Mlph/MyoVa, and function in melanosome
transport.

While our proposed model advances our understanding of the
mechanism targeting Rab27a to melanosomes, it also raises
interesting questions about how ATPlal contributes to this
process. Foremost among these i1s whether a melanosome
associated pool of ATPlal functions like a receptor mediating
the first contact between the melanosome membrane and Rab27a.
In support of this, two previous studies reported ATPlal to be
present in melanosomes purified from melanoma and RPE cells
[41,42]. However, in contrast to those studies and the results of
our Rab27a TAP studies, we were unable to observe significant
co-localisation between endogenous ATPlal and pigmented
melanosomes using immunofluorescence microscopy (Figure 7
G-L). These observations suggest cither that the melanosomal
pool of ATPlal is below the detection limit of IF or that Rab27a
must interact with ATPlal, present in other membranes, en route
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Figure 7. Rab38 localisation to melanosomes is unaffected following ATP1a1 depletion. Melan-INK4a cells were treated with either NT or
ATP1a1 siRNA and cultured for 72 h. Cells were fixed with PFA, permeabilised and immunolabelled with antibodies to Rab38 or ATP1al. Phase
contrast panels show melanosome distribution (A, D, G, J), immunostaining is shown for Rab38 (B and E) and ATP1a1 (H and K). In the merge panels
(C, F, 1, L) the pigment is inverted and pseudo-coloured red to aid co-localisation with the green immunoflrescence signals. Insets are a higher
magnification of the boxed area. Arrows indicate co-localisation between pigment and Rab38 (C and F). Scale bar represents 10 um.

doi:10.1371/journal.pone.0102851.9g007

to the melanosome. Consistent with the latter possibility most
studies indicate that the majority of Na*,K*-ATPase is present at
the plasma membrane and may be enriched in caveolae [55]. This
might suggest that melanosomes, or other membranes through
which Rab27a transits en route to melanosomes, must be in close
proximity to the plasma membrane at the time of Rab27a
recruitment. Such a mechanism would fit with current models of
melanosome transport in which Rab27a, and its effectors Mlph
and MyoVa, tethers melanosomes within peripheral dendrites via
interaction with F-actin. Indeed, the restriction of Rab27a
recruitment to occur in close proximity of the plasma membrane
might provide additional regulation of melanosome transport.

A direct protein-protein interaction-type functional link be-
tween plasma membrane ATPlal and intracellular organelles has
been shown previously. Work in rat renal proximal tubules showed
that ATPlal and inositol 1,4,5-trisphosphate (IP3) receptor (IP3R)
interact in response to ouabain, resulting in release of Ca* from
ER stores independent of IP3 [56]. Moreover, this study reported
a direct interaction between the intracellular N-terminus 95 amino
acids of ATPlal and IP3R in vitro. These observations support
the idea that ATPlal at the plasma membrane may regulate the
function of intracellular proteins and organelles via direct
protein:protein interactions.

Another interesting question is the extent to which Na®,
K*-ATPase ion pump function might regulate melanosomal
Rab27a recruitment via regulation of melanosomal ion homeo-
stasis. It is likely that the luminal ion environment would influence
the conformational state of ATPlal. This conformational state
could relay across the melanosomal membrane the maturation
stage of the melanosome and subsequent ability to recruit Rab27a.
A precedent for ion transporters recruiting small GTPases comes
from work showing recruitment of Arf6 and its GEF ARNO on to
maturing endosomes is dependent on luminal pH and an
interaction with the V-ATPase [57]. Alternatively, ion homeostasis
could influence Rab27a targeting indirectly via regulation of R3G
activity. Furthermore, previous studies have suggested that ion
transporters play a role in regulating melanogenesis [58-60].
Therefore, the Na",K*-ATPase may additionally contribute to
melanosomal ion homeostasis and subsequent melanosome
maturation.

This is the first reported incidence of a Rab protein interaction
required for correct localisation involving a protein with no known
Rab regulatory or effector function. Further work should unravel
the precise mechanism by which ATPlal regulates Rab27a
targeting and how this is coordinated with R3G activity.
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