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Inefficient recruitment of kinesin-1 to melanosomes precludes it
from facilitating their transport
Christopher L. Robinson1, Richard D. Evans1, Deborah A. Briggs1, Jose S. Ramalho2 and Alistair N. Hume1,*

ABSTRACT
Microtubules and F-actin, and their associated motor proteins, are
considered to play complementary roles in long- and short-range
organelle transport. However, there is growing appreciation that
myosin/F-actin networks can drive long-range transport. In
melanocytes, myosin-Va and kinesin-1 have both been proposed
as long-range centrifugal transporters moving melanosomes into the
peripheral dendrites. Here, we investigated the role of kinesin-1 heavy
chain (Kif5b) and its suggested targeting factor Rab1a in transport.
We performed confocal microscopy and subcellular fractionation, but
did not detect Kif5b or Rab1a onmelanosomes. Meanwhile functional
studies, using siRNA knockdown and dominant negativemutants, did
not support a role for Kif5b or Rab1a in melanosome transport. To
probe the potential of Kif5b to function in transport, we generated
fusion proteins that target active Kif5b to melanosomes and tested
their ability to rescue perinuclear clustering in myosin-Va-deficient
cells. Expression of these chimeras, but not full-length Kif5b,
dispersed melanosomes with similar efficiency to myosin-Va. Our
data indicate that kinesin and microtubules can compensate for
defects in myosin-Va and actin-based transport in mammals, but that
endogenous Kif5b does not have an important role in transport of
melanocytes due to its inefficient recruitment to melanosomes.
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INTRODUCTION
Actin and microtubule (MT) cytoskeleton tracks and their
associated motor proteins regulate intracellular organelle transport
in eukaryotes (Alberts et al., 2008; Barlan et al., 2013; Ross et al.,
2008). MTs emanate from the centrosome, or MT-organising
centre, with their fast-growing ‘plus’ ends oriented towards the
plasma membrane and their slow-growing ‘minus’ ends focused at
the centrosome. Thus minus-end-directed dynein and plus-end-
directed kinesin motors can transport cargo over long distances
(>1 µm) along these tracks (Hirokawa et al., 2009; Kardon and Vale,
2009). In contrast, the actin cytoskeleton in animal cells typically
appears to consist of a complex network of short (<1 µm) randomly
oriented filaments, suggesting that myosin motors tether or move
cargo only short distances (Woolner and Bement, 2009; Wu et al.,

1998). These observations are the cornerstone of the ‘highways and
local roads’ model for transport along MTs and actin tracks
(Woolner and Bement, 2009). Previously, this model has been
supported by studies of the transport of various intracellular cargoes,
including melanosomes in mouse melanocytes (Ross et al., 2008;
Goode et al., 2000; Hume et al., 2011; Fukuda, 2013; Hammer and
Sellers, 2012). Elegant studies that used the FKBP–rapamycin–
FRB interaction system (where FKBP is FK506-binding protein and
FRB is FKBP/rapamycin-binding protein) to specifically recruit
myosin, kinesin and dynein motors to peroxisomes in COS-7 cells
came to similar conclusions, i.e. MT motors drive long-range
organelle transport from the cell centre to the periphery, while
myosin motors move cargo locally at the cell periphery (Barlan
et al., 2013; Goode et al., 2000; Kapitein et al., 2013; Ross et al.,
2008). Nevertheless, there is also evidence from several systems that
actin and myosin networks can drive organelle transport and
positioning over long distances in the absence of MTs. For instance,
in yeast, Myo2 transports cargo, including vacuoles and secretory
vesicles, along actin bundles into the bud (Pruyne et al., 2004),
while in murine oocytes, endosomes organise a network of actin
filaments that allow myosin-Vb-dependent transport to the plasma
membrane (Schuh, 2011; Holubcova et al., 2013).

Skin melanocytes reside in the hair follicles and the basal layer of
the epidermis. There they synthesise pigment in lysosome-related
organelles, termed melanosomes, which they then distribute to
neighbouring keratinocytes via a network of dendrites (Fukuda,
2013; Hume et al., 2011; Raposo and Marks, 2007). Early studies
revealed that the dendrites of melanocytes derived from the myosin-
Va-null (dilute) mouse were devoid of pigment, suggesting that
myosin-Va has a role in transporting melanosomes into dendrites
(centrifugal transport) or tethering them there (Provance et al., 1996;
Wei et al., 1997). Later studies revealed that a subpopulation of
melanosomes in dilute melanocytes undertake bi-directional
transport along MTs that extend along the length of the dendrites.
However, this transport was insufficient to allow peripheral
accumulation of melanosomes, suggesting that myosin-Va tethers
(or ‘captures’) melanosomes at the dendrite tip by attaching them to
randomly oriented actin filaments and prevents them from returning
to the cell body (Wu et al., 1998). This ‘co-operative capture’model
for melanosome transport proposed that melanosomes accumulate
in dendrites by sequential long-range transport along MTs, and
myosin-Va- and actin-dependent tethering at the periphery. Follow-
up studies revealed that the small GTPase Rab27a and its effector
melanophilin recruit and activate myosin-Va at the melanosomes
(Wu et al., 2002; Hume et al., 2001; Fukuda et al., 2002). In line
with the co-operative capture model, other studies carried out at that
time also suggested that kinesin-1 and cytoplasmic dynein associate
with melanosomes and drive their MT-dependent movement and
transfer to keratinocytes (Vancoillie et al., 2000a,b; Byers et al.,
2000; Hara et al., 2000). More recent studies have revisited this topic
and have proposed that melanosomal recruitment of dynein andReceived 15 January 2016; Accepted 3 May 2017
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dynactin is regulated by Rab36, melanoregulin and the Rab7
effector protein Rab-interacting lysosomal protein (RILP) (Matsui
et al., 2012; Ohbayashi et al., 2012).
We previously tested the co-operative capture model by directly

examining the role of MTs, F-actin and myosin-Va in melanosome
transport (Evans et al., 2014). We found that, although video-
microscopy reveals that ∼10% of melanosomes in wild-type
melanocytes move bi-directionally on MTs at steady-state, MT
integrity was only essential for centripetal (towards the cell body),
and not centrifugal, transport (Evans et al., 2014; Hume et al.,
2011). Instead, we found that centrifugal transport was driven by
myosin-Va working in concert with a pool of dynamic F-actin, and
that this process was accelerated in cells depleted of MTs,
suggesting that MT and F-actin transport mechanisms oppose one
another. Moreover isoform-specific adaptations, e.g. lever arm
length and dynamic interaction with F-actin, which allow myosin-
Va to move processively towards the plus-ends (barbed ends) of
F-actin in vitro, were essential for its function in melanocytes. These
observations indicate that myosin-Va is a transporter that works
with a dynamic F-actin network, polarised towards the cell
membrane, to move melanosomes to the cell periphery, and not a
tether as previously suggested (Wu et al., 1998). As MTs are tracks
for kinesin and dynein motors, our data also support an essential
role for cytoplasmic dynein in centripetal transport but not kinesin-1,
or other plus-end-directed motors, in centrifugal transport.
In contrast, two recent reports proposed that the small GTPase

Rab1a [previously shown to have a highly conserved function in
endoplasmic reticulum (ER)-to-Golgi transport; Tisdale et al., 1992;
Segev et al., 1988] can recruit the kinesin-1 heavy chain Kif5b to
melanosomes, via its effector SKIP (SifA- and kinesin-interacting
protein; also known as PLEKHM2, pleckstrin homology domain-
containing familyM2) and kinesin light chain 2 (KLC2), and thereby
regulate MT-dependent centrifugal melanosome transport (Ishida
et al., 2012, 2015). Consistent with this hypothesis these studies
showed that siRNA knockdown of these proteins individually
resulted in perinuclear melanosome clustering, although in only
20–40% of transfected cells. Meanwhile, co-expression of the
constitutively active Rab1a mutant (Rab1aQ70L) and SKIP resulted
in peripheral accumulation of melanosomes in 25% of cells. Overall,
these observations provide some support to the idea that Kif5b might
be a driver of centrifugal melanosome transport.
To try to resolve this controversy, here, we tested head-on the role

of Kif5b and Rab1a in melanosome transport by investigating their
localisation and function in melanocytes. Our results indicate that
neither protein is enriched at the melanosome membrane and that
neither plays a detectable role in melanosome transport. By contrast,
we found that fusion proteins that forcibly direct active Kif5b to
melanosomes can efficiently disperse clustered melanosomes along
MTs in myosin-Va-deficient melanocytes. We suggest that myosin-
Va, and not Kif5b, is the dominant centrifugal transport protein in
melanocytes, and that the limited capacity of melanosomes to recruit
Kif5b restricts its function in this process.

RESULTS
The distribution of Kif5b and Rab1a within melanocytes is
inconsistent with their proposed role in melanosome
transport
As a first step to investigate the possible role of Kif5b and
Rab1a in centrifugal melanosome transport, we investigated their
intracellular localisation in melanocytes. To do this, we transiently
expressed GFP–Rab1a and Kif5b–YFP fusion proteins in immortal
wild-type mouse melanocytes (melan-a) and then used confocal

immunofluorescence microscopy (CIFM) to examine their
localisation relative to melanosomes. Previous studies found that
GFP–Rab1a could rescue Golgi fragmentation in HeLa cells
depleted of endogenous Rab1a (Aizawa and Fukuda, 2015).
Meanwhile, Kif5b–YFP had the same localisation as MT1-MMP
(also known as MMP14), whose surface expression is regulated by
Kif5b, in MDA-MB-231 cells (Marchesin et al., 2015). These
observations indicate that these fusion proteins retain function. In
contrast to GFP–Rab27a, neither Kif5b–YFP nor GFP–Rab1a was
enriched in areas containing melanosomes, as detected using
phase-contrast microscopy and anti-tyrosinase staining (Fig. 1A,B,D).
Instead, much of the Kif5b–YFP, like GFP alone, appeared to be
distributed uniformly throughout the cytoplasm with a subset
accumulated in peripheral spots that are likely to correspond to the
fast-growing plus-tips of MTs, which are located in dendrite tips
(Fig. 1B,C) (Hume et al., 2007; Wu et al., 2005). This is consistent
with the ability of Kif5bmotor protein to move processively towards
the plus-ends of MTs (Hirokawa et al., 2009). In line with these
observations, colocalisation analysis revealed no significant
difference in the overlap between tyrosinase and Kif5b–YFP or
GFP alone [mean±s.d. Pearson’s correlation coefficient (PCC)=
0.457±0.07125 for Kif5b–YFP versus 0.3691±0.1183 for GFP]. In
contrast, and consistent with its role in melanosome transport,
Rab27a exhibited a significantly higher level of colocalisation with
tyrosinase (mean±s.d. PCC=0.701±0.084; Fig. 1F).

In parallel, we used immunoblotting to test the relative abundance
of endogenous Kif5b in a melanosome-enriched (P17,000) fraction
of melan-a cells, using Kif5b-specific antibodies. Blotting using
anti-tyrosinase antibodies, and comparison of the intensity of bands
in the P17,000 and S17,000 fractions confirmed melanosome
enrichment in the P17,000 fraction relative to the S17,000 fraction.
Meanwhile comparison of the intensities of Kif5b-specific bands in
the P17,000 and S17,000 fractions revealed the opposite,
i.e. that Kif5b was enriched in a fraction containing low-density
organelles and cytosol (S17,000) and not in the tyrosinase- and
melanosome-enriched P17,000 fraction. The reciprocal intensities
of the bands for Kif5b and tyrosinase in these fractions indicates
that, at most, only a small fraction of Kif5b associates with
melanosomes at steady state (Fig. 1G).

CIFM revealed that GFP–Rab1a was mostly distributed in the
perinuclear cytoplasm, consistent with its highly conserved role in
regulating ER-to-Golgi transport (Fig. 1D,E) (Tisdale et al., 1992;
Nuoffer et al., 1994). In support of this, we found that the intracellular
distribution of GFP–Rab1a correlated significantly more closely with
that of endogenous giantin, a Golgi matrix protein, than tyrosinase
(mean±s.d. PCC=0.795±0.084 for giantin, versus 0.443±0.087 for
tyrosinase; Fig. 1E,H) (Linstedt and Hauri, 1993).

Thus, our data indicate that Rab1a and Kif5b are unlikely to
strongly associate with melanosomes in melanocytes. Given that
proteins, e.g. Rab27a and myosin-Va, which have well-established
roles in regulating melanosome transport, colocalise with these
organelles (Fig. 1F) (Hammer and Sellers, 2012; Hume and
Seabra, 2011), the lack of apparent association between
melanosomes, Rab1a and Kif5b argues against a direct role for
these proteins in melanosome transport. In line with this, we found
that a motor-less version of Kif5b (GFP–Kif5bΔ350) distributed in
a filament-like pattern throughout the cytoplasm (that may correlate
with MTs), while Myc-tagged SKIP accumulated in the peripheral
cytoplasm, consistent with its previously reported Kif5b-dependent
dispersion (Rosa-Ferreira and Munro, 2011; Navone et al., 1992).
Thus, neither displayed obvious colocalisation with melanosomes
(Fig. S1A).
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Functional disruption of Kif5b affects centrifugal transport
of mitochondria, but not melanosomes, in melanocytes
To test the function of Kif5b in transport, we used siRNA to
deplete Kif5b in melanocytes and then examined the effects of this
on two read-outs of centrifugal transport: (1) maintenance of
dispersed melanosome distribution in melan-a cells, and (2)
myosin-Va-dependent dispersion of perinuclear melanosome
clustering in myosin-Va-null (melan-d1) cells. Western blotting
confirmed that several pairs of siRNA oligonucleotides were
effective in depleting Kif5b protein (Fig. 2A). [These siRNA

included sequences used previously to deplete these targets (Ishida
et al., 2012, 2015; Gupta et al., 2008; see Materials and Methods
for details)].

In the first centrifugal transport assay (maintenance of dispersed
melanosome distribution in melan-a cells), control siRNA depletion
of Rab27a resulted in perinuclear melanosome clustering in a
significant majority of melan-a cells [Fig. 2B,C; cells with clustered
melanosomes=85.26±9.038% for Rab27a, versus 13.88±15.60%
for non-targeted (NT) control siRNA transfected cells; mean±s.d.],
while Kif5b-specific siRNA did not. This indicates that, unlike

Fig. 1. The intracellular distribution of Kif5b and Rab1a in mouse melanocytes.melan-a cells were transiently transfected with plasmid vectors allowing the
expression of the indicated GFP or YFP fusion proteins. Cells were fixed after 48 h, stained with the indicated organelle marker-specific antibodies, and the
intracellular distribution of GFP or YFP and organelle markers was observed using a confocal microscope (as described in the Materials and Methods).
(A–E) Single confocal z-sections showing the distribution of GFP–Rab27a (A), Kif5b–YFP (B), GFP (C) and GFP–Rab1a (D,E) relative to organelle markers.
Tyrosinasemarks melanosomes (A-D) and giantin marks the Golgi apparatus (E), respectively. Phase-contrast and transmitted-light images show the distribution
of pigmentedmelanosomes. Inmerge images,GFP is coloured green and organellemarkers are colouredmagenta; thus, white pixels indicate colocalisation. The
white squares in the phase images indicate the part of the cell that is presented in the high-magnification panels below. Arrows in A and E highlight areas of
colocalisation, while the arrows in B indicate the accumulation of Kif5b–YFP at the peripheral plus-tips of MTs. Scale bars: 20 µm. (F,H) Scatter plots showing the
extent of colocalisation (measured using the PCC) between tyrosinase and Rab27a (n=6), Kif5b (n=8) and GFP (n=7) (F), and between GFP-Rab1a and
tyrosinase (n=8) or giantin (n=7) in melan-a cells (H). Horizontal bars show themedian and 25th and 75th percentile of each population.P-values were determined
by one-way ANOVA for differences in PCC values (ns, not significant). (G) Western blot showing the expression of Kif5b and tyrosinase in subcellular fractions of
melan-a cells (as described in Materials and Methods).
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Rab27a and its effectors (melanophilin and myosin-Va), Kif5b does
not play a significant role in centrifugal transport.
Similarly, in the second centrifugal transport assay [myosin-Va-

dependent dispersion of perinuclear melanosome clustering in
myosin-Va-null (melan-d1) cells] siRNA-mediated depletion of
Rab27a significantly reduced myosin-Va-dependent dispersion of
perinuclear clustered melanosomes compared with that seen in
control siRNA-transfected cells, while Kif5b-specific siRNA did not
(Fig. 3A,B; the mean±s.d. percentage rescued cells is 13.45±6.426%
for Rab27a siRNA versus 89.41±5.428% for cells with NT
siRNA).
This further indicates that expression of Rab27a (and its effectors

melanophilin and myosin-Va), but not Kif5b, is required for
centrifugal melanosome transport in melanocytes (Fukuda, 2013;
Hume et al., 2011). To confirm that the level of Kif5b knockdown
was sufficient to block its function, we examined the distribution of
mitochondria and GFP–SKIP in siRNA-transfected melanocytes.
Previous studies revealed perinuclear accumulation of mitochondria
in knockout cells and reduction in accumulation of GFP–SKIP at the
cell periphery in Kif5b-depleted HeLa cells, indicating that Kif5b
functions in centrifugal transport of mitochondria and GFP–SKIP
(Dumont et al., 2010; Tanaka et al., 1998). Consistent with this,
we observed perinuclear clustering of MitoTracker-labelled
mitochondria and a reduction in the amount of peripheral
localised GFP–SKIP in wild-type melanocytes transfected with
Kif5b, but not Rab27a or control (NT), siRNA (Fig. 2B, Fig. S1C).

Functional disruption of Rab1a affects the integrity of the
Golgi but not centrifugal melanosome transport in
melanocytes
To probe the role of Rab1a in melanocytes, we tested the effect of
overexpression of mutants that alter its GDP–GTP exchange and
GTPase activity, namely, Rab1aN124I (nucleotide-free form) and

Rab1aQ70L (constitutively GTP-bound form). We found that
expression of the inactive Rab1aN124I mutants, but not wild-type
or constitutively active (CA) Rab1aQ70L, resulted in fragmentation
of the Golgi in a significant proportion of cells (44.22±9.584% for
Rab1aN124I versus 2.564±4.441% for GFP; mean±s.d.). This is
consistent with the reported ability of this mutant to disrupt Rab1a
function in ER-to-Golgi trafficking (Wilson et al., 1994).
Conversely, we found that expression of CA Rab1aQ70L, but not
wild-type Rab1a or inactive Rab1aN124I, triggered melanosome
clustering in a significant proportion of cells, albeit with
significantly lower efficiency than the Rab27a-binding domain
(RBD) of melanophilin (Mlph-RBD; 90.88±13.26% versus
Rab1aQ70L at 65.05±11.8%; Fig. 4).

Overall, these data do not support a positive role for Kif5b or
Rab1a in driving melanosome dispersion. Indeed, the ability of the
Rab1aQ70L mutant to cause melanosome clustering, shown here and
previously, support the possibility that Rab1a functions in a process
that opposes centrifugal transport (Ishida et al., 2012, 2015).

Forced targeting of Kif5b to melanosomes drives their MT-
dependent dispersion
As an alternative approach to investigate the function of Kif5b in
transport, we tested the effect of GFP–Kif5b expression in
myosin-Va-deficient melan-d1 cells. We found that GFP–Kif5b
did not colocalise with, or disperse melanosomes to a significantly
greater extent than GFP alone (mean pigment area=25.32±6.356%
for GFP-Kif5b, versus=32.02±5.325% for GFP; mean±s.d.;
Fig. 5A,B). This further suggests that Kif5b does not transport
melanosomes.

One possible explanation for the lack of effect of Kif5b on
transport is that there is an essential requirement for actin or myosin-
Va in centrifugal transport that cannot be overcome by kinesin- and
MT-dependent transport. Alternatively, melanosomes may have

Fig. 2. Knockdown of Kif5b in melanocytes
affects the distribution of mitochondria but
not melanosomes. melan-a cells were
transfected with the indicated siRNA, and
protein levels and melanosome clustering were
measured (as described in Materials and
Methods). (A) Western blot showing the level of
Kif5b and GAPDH (loading control) proteins in
lysates of siRNA-transfected cells. R27a,
Rab27a. The blot displayed is representative of
three independent blots from three independent
transfections. (B) Representative bright-field
and fluorescence images (left and right panels)
showing the subcellular distribution of
melanosomes andmitochondria, respectively, in
fields of siRNA-transfectedmelanocytes. Traces
indicate cell borders to highlight clustering of
mitochondria in Kif5b versus Rab27a and
control siRNA-transfected cells. Scale bar:
20 µm. (C) A scatter plot showing the
percentage of melanocytes manifesting
perinuclear clustered melanosomes for each
siRNA. Data are from the independent
transfections each performed in triplicate on
different pools of cells. Plotted points represent
the mean percentage of cells with perinuclear
clustered melanosomes from each experiment
(as described in the Materials and Methods).
Bracketed numbers indicate the total number of
cells analysed. Bars show the median and 25th
and 75th percentile of each population.
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limited capacity to recruit Kif5b. To investigate these possibilities,
we generated fusion proteins between Kif5b, myosin-Va and other
melanosome-targeting proteins, and tested their function and
localisation in melan-d1 cells. A similar approach, where fission
yeast kinesin-7 (Tea2) was re-tasked to transport type V myosin
(Myo52) cargo along MTs, has been used to show that transport on
MTs can restore polarised growth and viability in cells lacking actin

cables, which are the physiological tracks for Myo52 cargo (Lo
Presti and Martin, 2011).

To target active Kif5b (an N-terminal fragment, amino acids
1–810, containing the motor, neck, linker and stalk regions, but
lacking the C-terminus cargo-binding/regulatory tail) to
melanosomes we used two strategies (Fig. 5A). First, we modified
the previously described ‘mini-myosin’ (mini-Va) vector such that

Fig. 3. Knockdown of Kif5b does not
compromise myosin-Va-driven centrifugal
melanosome transport. melan-d1 cells were
transfected with the indicated siRNA, then 72 h
later infected with GFP–myosin-Va-expressing
adenovirus, and fixed and stained with anti-GFP
antibodies to reveal the expression of myosin-Va
(as described the Materials and Methods).
(A) Representative low-power bright-field and
corresponding fluorescence images showing the
subcellular distribution of melanosomes and
expression of GFP–myosin-Va in fields of siRNA-
transfected and/or GFP–myosin-Va-expressing
melan-d1 cells. R27a, Rab27a siRNA. Scale bar:
100 µm. (B) A scatter plot showing the percentage
of melanocytes manifesting perinuclear clustered
melanosomes for each siRNA. Data are from 9
independent transfections, each performed in
triplicate on different pools of cells. Plotted points
represent the mean percentage of cells with
perinuclear clustered melanosomes from each
experiment (as described in the Materials and
Methods). Bracketed numbers indicate the total
number of cells analysed. Horizontal bars show
the mean and 25th and 75th percentile of each
population. ****P≤0.0001 relative to NT cells (one-
way ANOVA); no other significant differences were
observed.
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the myosin-Va S1 (motor and lever arm)-encoding fragment was
replaced by active Kif5b. This protein, termed ‘mini-K5b’, targets to
melanosomes via the RBD of Rab27a effector synaptotagmin-like
protein 2 (Sytl2) (Fig. 5A–C). Secondly, we generated a Kif5b and
myosin-Va (hereafter K5b–MVa) fusion protein, comprising (from
the N-terminus): GFP, active Kif5b and the melanosome-binding
tail fragment of myosin-Va (Strom, 2002; Fig. 5A). K5b–MVa, like
myosin-Va, targets to melanosomes via the interaction of the
myosin-Va tail with endogenous melanophilin. [Consistent with
this K5b–MVa and full-length myosin-Va, in contrast to mini-Va
and mini-K5b, were non-functional in melanophilin-deficient

melan-ln cells (Fig. S2).] In parallel, we engineered the reciprocal
MVa–K5b fusion protein comprising (from the N-terminus):
(1) GFP, (2) the myosin-Va S1, and (3) motor-less Kif5b (i.e. a
fragment that contains the neck, linker, stalk and cargo- and light-
chain-binding tail) (Fig. 5A).

In linewith previous studies, we found that full-length myosin-Va
and mini-Va localised to, and significantly dispersed, melanosomes
in melan-d1 cells compared with GFP alone (mean pigment
area; myosin-Va 87.21±6.94% and mini-Va 76.59±11.97%;
mean±s.d.; Fig. 5D; Evans et al., 2014). In contrast, MVa–K5b
did not rescue melanosome distribution or localise to melanosomes,

Fig. 4. Expression of a dominant-negative
Rab1aN124I mutant affects Golgi integrity but
not melanosome distribution. melan-a cells
were infected with adenovirus vectors allowing
expression of the indicated proteins, and were
then fixed and stained with giantin-specific
antibodies to reveal the structure of the Golgi (as
described in the Materials and Methods).
(A) Representative micrographs showing the
distribution of GFP or GFP-tagged protein and
giantin (Golgi) (fluorescence images), and
melanosomes (bright-field) in infected
melanocytes. For the Rab1aN124I mutant, the
arrow and arrowhead indicate the cells
expressing mutant protein. Scale bar: 40 µm.
(B) A scatter plot showing the percentage of
melanocytes in which melanosomes were
clustered in the perinuclear cytoplasm for cells
expressing each protein. Data are from three
(GFP and Mlph-RBD) or five (Rab1a and
mutants) independent experiments. Plotted
points represent the mean percentage of cells
with perinuclear clustered melanosomes from
each experiment (as described in the Materials
and Methods). Total number of cells analysed
were: GFP=73, Rab1aWT=153, Rab1aQ70L=196,
Rab1aN124I=132 and Mlph-RBD=167. Horizontal
bars show the mean and 25th and 75th percentile
of each population. **P≤0.01, ****P≤0.0001
(one-way ANOVA); arrows indicate compared
datasets, no other significant differences were
observed.
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and instead localised to the actin-rich cell periphery, where it
accumulated at the distal tips of filopodia-like extension, confirming
the activity of the myosin-Va fragment (Fig. 5B,C). This is
consistent with the lack of colocalisation between melanosomes and

GFP–Kif5b and motor-less Kif5b (GFP–Kif5bΔ350) (Fig. S1A;
Fig. 5B,C), and suggests that the function of Kif5b in melanosome
transport is restricted by the limited capacity of melanosomes to
recruit this motor.

Fig. 5. Forced targeting of Kif5b to
melanosomes can drive centrifugal
melanosome transport in
melanocytes. melan-d1 cells were
infected with adenovirus allowing
expression of the indicated GFP fusion
proteins then fixed 24 h later, processed
for immunofluorescence and imaged
using a confocal microscope (as
described in the Materials and Methods).
(A) Schematic representation of the
domain organisation and expected
oligomeric state of Kif5b (red and grey
shapes), myosin-Va (green and grey
shapes) and fusion proteins. RBD
(orange shape) indicates the Rab27a-
binding domain of murine Sytl2 [as
described previously; Evans et al.
(2014)]. (B) Pairs of confocal
fluorescence and phase-contrast
(transmitted light) images showing the
distribution of GFP fusion proteins and
melanosomes, respectively, in
representative fields of infected cells.
Scale bar: 50 µm. (C) High-magnification
images of cells within the borders of the
white boxes in lower magnification
images phase-contrast images as shown
in B, indicating the areas shown that
highlight association between fusion
proteins (green) and F-actin (for MVa–
K5b) or melanosomes (other fusion
proteins), both shown in magenta. (D) A
scatter plot showing the pigment
distribution as reported by percentage
pigment coverage (pigment-filled area/
total cell area), calculated as described
previously (Hume et al., 2006).
Horizontal bars show the median and
25th and 75th percentile of each
population. The significance of
differences in pigment coverage for each
population compared with the GFP and
wild-type myosin-Va are displayed below
and above each scatter point.
****P≤0.0001 (one-way ANOVA); no
other significant differences were
observed. Data are from one of three
independent experiments and are
representative of the results of all
experiments. Number of cells analysed;
GFP=14, Kif5b=12, myosin-Va=14, mini-
K5b=10, mini-Va=9, k5b-mva=12 and
mVa-k5b=11.
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In accordance with this, we observed that mini-K5b and
K5b-mVa both localised to, and dispersed melanosomes with
similar efficiency to myosin-Va and mini-Va (mean pigment
area; mini-K5b=80.18±14.26% and K5b-MVa=86.37±11.33%).
However, in contrast to myosin-Va and mini-Va, and in line with the
role of Kif5b as a MT motor, their activity was dependent upon
MT integrity (mean pigment area in MT-depleted cells; mini-
K5b=46.84±12.05%, K5b-MVa=47.82±3.271%, GFP=36.45±
9.469% versus myosin-Va=78.42±9.144% and mini-Va=57.5±
16.55%; Fig. S3). Further supporting the MT dependence of
mini-K5b- and K5b-MVa-driven transport, we observed that, in
many cells expressing these proteins, melanosomes accumulated in
the tips of dendrites and were relatively depleted in the central cell
cytoplasm (see Fig. S4A for an example). This is consistent with the
role of Kif5b as a plus-end-directed motor and the peripheral
distribution of MT plus-ends in melanocytes.
Collectively, these data indicate that Kif5b can disperse

melanosomes with similar efficiency to myosin-Va, but that its
capacity to do so is restricted by the limited ability of its cargo-
binding tail to associate with melanosomes.

DISCUSSION
Here, we probed the role of Kif5b and Rab1a in centrifugal
melanosome transport in melanocytes, and revealed two main
findings.
First, we were unable to find evidence that Kif5b or Rab1a

contribute to centrifugal melanosome transport. By using several
pairs of siRNA oligonucleotides, we found that knockdown of
Kif5b (the most abundant kinesin-1 heavy chain in melanocytes)
did not affect the usual dispersed distribution of melanosomes in
wild-type melanocytes or the ability of GFP–myosin-Va to rescue
melanosome clustering in myosin-Va-deficient melan-d1 cells, both
read-outs of centrifugal transport (Figs 2, 3). Meanwhile, disruption
of Rab1a function by expression of the dominant-negative mutant
Rab1aN124I did not affect melanosome distribution in wild-type
melanocytes, arguing against its role in promoting their centrifugal
transport (Fig. 4). The latter possibility is further undermined by the
observation that expression of the constitutively active Rab1aQ70L

caused melanosome clustering in wild-type cells (Fig. 4; Ishida
et al., 2012). Taken together, with the lack of obvious association
between Kif5b or Rab1a and melanosomes (Fig. 1), these data
suggest that Kif5b and Rab1a are less important than myosin-Va to
centrifugal transport. This chimes with our previously published
data showing: (1) that MT integrity is not essential for centrifugal
transport driven by myosin-Va and dynamic actin, and (2) that only
10% of melanosome movements in wild-type melanocytes were
MT dependent (Evans et al., 2014; Hume et al., 2011). Similar
results have been reported regarding the contribution of MTs to
centrifugal transport in amphibian melanophores, indicating that
myosin-Va and F-actin likely play an important role in melanosome
transport in multiple species (Gross et al., 2002; Rogers and
Gelfand, 1998; Schliwa and Euteneuer, 1978). Furthermore, in
preliminary experiments, we found that transfection of wild-type
melanocytes with siRNA pools targeted against each of the 46
mouse kinesin heavy chains genes had no detectable effect on
melanosome dispersion (A.N.H., I. Meschede and M. Seabra,
unpublished observations). Taken together, the data presented here
and previously suggests that MTs and plus-end-directed kinesins
(e.g. Kif5b) are not the main drivers of centrifugal transport.
Secondly, we found that the role of Kif5b in transport is limited

by the capacity of melanosomes to recruit the motor. We saw that
although an active Kif5b motor and stalk fragment could disperse

melanosomes in melan-d1 cells when artificially targeted there
through replacement of the endogenous tail with the Rab27a-
binding domain of Sytl2a (mini-K5b) or the melanophilin-binding
tail of myosin-Va (K5b–MVa), this was not the case for proteins
containing the endogenous Kif5b tail (Figs 1 and 5; Fig. S1A). The
latter finding is consistent with the negative results of our functional
studies of Kif5b and Rab1a in melanosome transport, and suggests
that a dearth of targeting factors limits Kif5b function in this process
(Figs 2–4).

Interestingly, in many cases, expression of artificially
melanosome-targeted Kif5b protein resulted in hyper-accumulation
of melanosomes in the peripheral cytoplasm (Fig. S4A). A similar
phenomenon, termed ‘peripheral melanosome aggregation’, was
observed in other studies in a subset (∼25%) of melan-a cells in
which Rab1aQ70L and SKIP were co-expressed (Ishida et al., 2015).
In contrast, as shown here and previously, individual expression of
Rab1aQ70L and SKIP causes melanosome clustering and dispersion
of lysosomes, respectively (Ishida et al., 2012, 2015; Rosa-Ferreira
and Munro, 2011; Dumont et al., 2010) (Fig. 4; Fig. S1B). In
lysosome dispersion, SKIP acts as an adaptor allowing Arl8b to
recruit Kif5b to lysosomes. Recent data, showing that SKIP interacts
with Rab1aQ70L, suggests that a similar mechanism underlies SKIP-
driven dispersion of the Golgi (i.e. SKIP acting as an adaptor
allowing active Rab1a to recruit Kif5b to the Golgi). Although the
mechanism of Rab1aQ70L-mediated melanosome clustering is
unclear, it was previously shown (and confirmed here) that
Rab1aQ70L can associate with melanosomes and thus could
disperse melanosomes by recruiting SKIP and Kif5b (Ishida et al.,
2012, 2015) (Fig. S4B). However, the observation that dual SKIP
and Rab1aQ70L expression is required for dispersion suggests that
physiological levels of SKIP in melanocytes are insufficient to allow
melanosomal active Rab1a to recruit enough Kif5b to disperse
melanosomes. Conversely, the finding that SKIP expressed alone
does not localise to, or affect the distribution of melanosomes,
suggests that melanosomes contain low levels of active Rab1a
compared with those seen in the Golgi. This further supports the idea
that the Rab1a/SKIP/KLC2/Kif5b axis does not play a significant
role in transport in the absence of overexpression.

Finally, how do we reconcile our conclusion that Kif5b is not a
significant melanosome transporter with previous studies, which
proposed that Kif5b, recruited by Rab1a, SKIP and KLC2, regulates
MT-dependent centrifugal melanosome transport (Ishida et al.,
2012, 2015)? One possibility is that the level of knockdown achieved
in our study, although sufficient to affect transport of mitochondria
and GFP–SKIP, was insufficient to affect Kif5b function in
melanosome transport. This might be the case if relatively few
motors are required to move melanosomes compared with other
cargo. Another possibility is that the cells used here and previously
(Ishida et al., 2012, 2015) differ in their ability to recruit Kif5b to
melanosomes. While we cannot exclude this possibility, it is
noteworthy that neither of the previous studies directly tested the
ability of Kif5b to associate with melanosomes nor did they directly
test the requirement for Kif5b in melanosome dispersion. Leading
from this, while we agree that melanosome clustering seen in the
previous studies in cells depleted for Kif5b, SKIP, Rab1a and KLC2
is consistent with a role for these proteins in MT-dependent
centrifugal transport, we consider that caveats remain regarding this
conclusion. Firstly, it is not clear that the observed clustering is due
to defects in MT-dependent transport rather than an indirect effect of
disrupting the F-actin and/or myosin-Va transport system. We
suggest that to conclude that results are a direct effect of defects in
MT-dependent transport, it would be essential to test whether the
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rescue of clustering, i.e. centrifugal melanosome transport, is MT
dependent. Secondly, if Kif5b is an essential regulator of centrifugal
melanosomes transport, it is not clear why clustering was observed in
only 20–40% of depleted cells. In contrast, depletion of Rab27a
results in clustering in 80–100% of transfected cells (Figs 2–3).
Indeed, the low proportion of clustering observed in Kif5b-depleted
cells is particularly surprising given that the depletion of the siRNA
target proteins seen in western blotting appears to be greater than 20–
40% (Ishida et al., 2015). Thirdly, we were unable to reproduce the
melanosome clustering observed in those previous studies using the
same cell line and the same oligonucleotides. In conclusion, while
we cannot totally exclude a role for Kif5b in melanosome transport,
our data presented here and previously do not support the idea that is
has an essential role in this process.

MATERIALS AND METHODS
Cell culture and transfection
Cultures of immortal melan-a, melan-d1 and melan-ln melanocytes were
maintained, and transfected with plasmid and siRNA oligonucleotides, as
described previously (Evans et al., 2014; Hume et al., 2007). For depletion
of MTs, cells were cultured in growth medium supplemented with 10 µM
nocodazole (Sigma, product code M1404). For details of the sequences of
siRNA used in this study see Table S1.

Plasmid and virus constructs
Generation of plasmid vectors pEGFPC3-Rab27a and pEGFPC3-Rab1a
and adenovirus allowing expression of GFP–Rab27a, GFP–Rab1a and
GFP–myosin-Va (melanocyte isoform) in melanocytes has been previously
described (Evans et al., 2014; Hume et al., 2001). pENTR-GFPC2-
KIf5bΔ350 and pENTR-GFPC2-SKIP allowing expression of GFP–
KIf5bΔ350 and GFP–SKIP were generated in the course of this study.
pEYFPN1-KIF5B, allowing expression of human Kif5b at the N-terminus
of YFP, was generated by Dr Chen Gu (Ohio State University, OH) as
described previously (Gu et al., 2006), and gifted to us by Dr Stefan Linder
(Hamburg, Germany). pENTR-myc-SKIP allowing expression of SKIP
tagged at the N-terminus with the Myc epitope was gifted to us by Dr Sean
Munro (MRC-LMB, Cambridge, UK). To investigate the role of Kif5b and
Rab1a in melanosome transport and its targeting to melanosomes,
adenovirus vectors were generated that allow expression of the following
fusion proteins in melanocytes: GFP–Kif5b, mini-K5b, K5b–MVa, MVa–
K5b, GFP–Rab1a, GFP–Rab1aQ70L and GFP–Rab1aN124I, as described
previously (Hume et al., 2006). Adenoviruses allowing expression of
melanophilin–RBD, mini-Va and full-length myosin-Va, containing the
melanocyte-specific exons D and F, were as previously described (Evans
et al., 2014; Hume et al., 2006). Primer sequences and further details of the
cloning procedures used are available on request.

Immunoblotting
Immunoblotting was performed as described previously (Hume et al., 2007)
using goat anti-Kif5b (Everest Biotech EB05492; 1:1000), goat anti-GAPDH
(Sicgen Ab0049-200; 1:5000) and rabbit anti-tyrosinase (PEP7, a kind gift
from Dr Vincent Hearing, NCI-NIH, USA; 1:1000) primary antibodies, and
IRDye 800CW-conjugated secondary antibodies (Odyssey 926-32214;
1:10,000). Signal was detected using a Li-Cor infra-red scanner (Odyssey).

Microscopy and image analysis
Cells for immunofluorescence were paraformaldehyde fixed and stained,
and fluorescence and transmitted-light images of melanocytes were then
collected using a Zeiss LSM710 confocal microscope fitted with a 63×1.4
NA oil immersion Apochromat lens. All images presented are single
sections in the z-plane. Antibodies and stains were used as indicated: mouse
monoclonal anti-GFP antibody (Roche 11814460001; 1:300), rabbit anti-
tyrosinase antibody (kindly supplied by Dr Vincent Hearing; 1:100), rabbit-
anti-giantin antibody (Abcam 24586; 1:1000), mouse-anti-tubulin clone
DM1a antibody (Calbiochem cp06; 1:100), goat anti-mouse-IgG
conjugated to Alexa Fluor 488 and goat anti-rabbit-IgG conjugated to

Alexa Fluor 568 secondary antibodies (Invitrogen A-11001 and A-11011;
both 1:500). For live-cell visualisation of mitochondria, melanocytes in µ-
slide 8-well glass-bottomed chamber slides (Ibidi IB-80827) were incubated
for 30 min with medium containing 200 nM MitoTracker® Red CMXRos
(Invitrogen M7512). For analysis of melanosome clustering, siRNA
transfections were carried out in triplicate (i.e. three wells of a 24-well
plate for each siRNA in each experiment). After 72 h phase-contrast images
of three different randomly-selected fields of cells in each well were
captured using Axiovision 4.8 software associated with a Zeiss Axiovert
100S inverted microscope fitted with a 10× objective and an Axiocam CCD
camera. Images were then randomised, and the number of cells with
clustered melanosomes in each field was counted by a researcher blinded to
the identity of the siRNA transfected into each field of cells. Cells in which
pigmented melanosomes were contained within the perinuclear cytoplasm
(<50% of the total cytoplasmic area) were defined as containing clustered
melanosomes. Measurement of the function of chimeric Kif5b fusion
proteins in melanosome transport (Fig. 5) was based on manual
measurement of the proportion of cell area occupied by pigmented
melanosomes as previously described (Hume et al., 2006).
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