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Pigment organelles, or melanosomes, are transported by kinesin,
dynein, and myosin motors. As such, melanosome transport is an
excellent model system to study the functional relationship between
the microtubule- and actin-based transport systems. In mammalian
melanocytes, it is well known that the Rab27a/melanophilin/myosin
Va complex mediates actin-based transport in vivo. However,
pathways that regulate the overall directionality of melanosomes
on the actin/microtubule networks have not yet been delineated.
Here, we investigated the role of PKA-dependent phosphorylation
on the activity of the actin-based Rab27a/melanophilin/myosin
Va transport complex in vitro. We found that melanophilin, specif-
ically its C-terminal actin-binding domain (ABD), is a target of PKA.
Notably, in vitro phosphorylation of the ABD closely recapitulated
the previously described in vivo phosphorylation pattern. Unexpect-
edly, we found that phosphorylation of the ABD affected neither the
interaction of the complex with actin nor its movement along actin
tracks. Surprisingly, the phosphorylation state of melanophilin was
instead important for reversible association with microtubules in
vitro. Dephosphorylated melanophilin preferred binding to micro-
tubules even in the presence of actin, whereas phosphorylated
melanophilin associated with actin. Indeed, when actin and micro-
tubules were present simultaneously, melanophilin’s phosphoryla-
tion state enforced track selection of the Rab27a/melanophilin/
myosin Va transport complex. Collectively, our results unmasked
the regulatory dominance of the melanophilin adaptor protein over
its associated motor and offer an unexpected mechanism by which
filaments of the cytoskeletal network compete for the moving
organelles to accomplish directional transport on the cytoskele-
ton in vivo.

melanophilin | myosin Va | intracellular transport | transport regulation

The timely and correct positioning of intracellular cargo is
a prerequisite to the proper functioning and survival of all

eukaryotic cells. Three types of molecular motors, the microtubule-
associated kinesin and dynein motors and actin-associated myosin
motors, actively drive these transport processes (1). Rather than
relying on one type of motor for a given transport process, cells
often use multiple types of motors to transport cargo (2, 3). The
presence of cooperating or even competing sets of motors on the
same cargo raises the question of how cells regulate the intricate
navigation of intracellular cargo on the actin and microtubule
networks.
One prominent example of cargo transport is found in melanin-

producing cells, which are called “melanocytes” in mammals.
Melanocytes are responsible for the production and packaging
of melanin into pigment organelles termed “melanosomes.” The
poorly understood transfer of melanosomes from melanocytes
into keratinocytes enables pigmentation in mammals and plays
essential roles in protection against UV irradiation of the skin
(4). Consequently, any failure of melanosomes to protect the
skin is linked to skin melanoma.

Previous work on melanocytes demonstrated that melanosomes
move on both the microtubule and actin networks (5–7). How-
ever, not much is known about the mechanism of microtubule-
based transport in melanocytes, including the contributions of the
microtubule-associated motors to the melanosome transport (5, 6,
8–10). In contrast, the actin-based transport of melanosomes has
been characterized in greater detail. Actin-based transport is
accomplished by a tripartite complex consisting of the Rab27a,
melanophilin (Mlph), and myosin Va (MyoVa) subunits. The
melanosome-bound small GTPase Rab27a associates in a GTP-
dependent manner with the adaptor protein Mlph. Mlph in turn
links MyoVa to the melanosome to form a tripartite transport
complex in vivo (11–18). Importantly, a functional tripartite
transport complex could be reconstituted from the Rab27a, Mlph,
and MyoVa in vitro (19).
Of the three subunits forming the tripartite complex, Mlph is

by far the most versatile, because it has been shown to associate
not only with Rab27a and MyoVa (20, 21) but also with actin and
the microtubule plus-end tracking EB1 protein via its C-terminal
actin-binding domain (ABD) (22–25). In vivo experiments ini-
tially argued for an important contribution of the ABD in the
efficient distribution of melanosomes on the actin network (24).
Subsequent work, however, reached the opposite conclusion
from rescue experiments in a melanocyte cell line lacking Mlph
(26). In these experiments, the previously observed deleterious
effects caused by the absence of the actin-binding capability of
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Mlph could not be recapitulated, and melanosomes were dis-
tributed on the actin network efficiently in the absence of the
ABD (reviewed in ref. 27). MyoVa function, on the other hand,
was indispensable for the peripheral distribution of melano-
somes on the actin network (5–7, 28, 29). Depolymerization
of the actin network or the absence of MyoVa resulted in a
microtubule-dependent clustering of melanosomes in the cell
center (28, 30, 31). However, the signaling pathway(s) that regulate
the directionality of the melanosome transport on the microtubule
and actin networks have not yet been delineated.
In contrast to mammalian melanocytes, the signaling pathways

that elicit reversible redistribution of melanosomes are better
characterized in amphibian melanophores. Here, melanosomes
are dynamically and reversibly distributed on the microtubule
and actin networks by kinesin-2, dynein-1, and myosin V motors
to adapt the skin color rapidly in response to environmental cues
(32–35). The minus-end–directed transport mediated by the
dynein-1 motor on the microtubule network clusters the mela-
nosomes in the cell center. This process is termed “aggregation.”
Kinesin-2 and myosin V motors, on the other hand, transport
melanosomes away from the center toward the periphery of the
cell on microtubules and actin cables to distribute the melano-
somes throughout the cytoplasm. This process is called “dispersion.”
Cultured melanophores treated with α-melanocyte–stimulating
hormone experience a burst of cAMP levels, which in turn activates
PKA and leads to the dispersion of melanosomes on the actin
network, a process responsible for the darkening the animal’s skin
color (36–38). The opposite process occurs during aggregation,
when cAMP levels are reduced and melanosomes are transferred
from the actin to the microtubule network to be clustered in the cell
center (36, 38, 39). Consistent with these observations, PKA was
found to associate with melanosomes and even to form complexes
with the respective motor proteins in melanophores (40, 41).
Whether any of these motor complexes are direct targets of PKA,
however, remains to be elucidated.
Here, we turned to the tripartite Rab27a/Mlph/MyoVa com-

plex from melanocytes, which is essential for the dispersion of
melanosomes on the actin network in vivo, and asked whether
PKA phosphorylates any of the subunits in vitro. We found that
PKA phosphorylated the Mlph adaptor protein, particularly
its ABD, but not Rab27a or MyoVa. Notably, the in vitro phos-
phorylation pattern of the ABD closely matched previously
identified phosphosites in cell-wide proteomic analyses. The phos-
phorylation of the Mlph showed no effects on the MyoVa-mediated
transport of this tripartite complex in vitro. Unexpectedly, however,
we observed that dephosphorylated Mlph interacted robustly with
microtubules. Dephosphorylated Mlph even preferred to bind to
microtubules over actin. PKA-dependent phosphorylation of the
ABD of Mlph blocked its interaction with microtubules and re-
stored its preference for binding to actin. Indeed, the reversible
phosphorylation of Mlph had functional consequences. In transport
assays, dephosphorylation of Mlph significantly enhanced the in-
teraction of the Rab27a/Mlph/MyoVa complex with microtubules,
with frequent back-and-forth switching of the complex between the
actin and microtubule networks. Remarkably, the tripartite com-
plex built with phosphorylated Mlph largely ignored microtubules
and displayed uninterrupted directional transport on the actin network.
In summary, our results unmasked an unexpected regulatory im-
pact of the adaptor protein on its associated motor. Importantly,
these results offer mechanistic insights into how cells may regulate
the overall directionality of moving cargo on the microtubule and
actin networks.

Results and Discussion
PKA Phosphorylates the Adaptor Protein Mlph of the Tripartite
Transport Complex. Mlph/MyoVa and Rab27a/Mlph/MyoVa
complexes were previously reconstituted by mixing the individ-
ually purified components (19, 22). To test the role of PKA-

dependent phosphorylation in regulation of the MyoVa-dependent
transport, we optimized a strategy to assemble the Rab27a/Mlph/
MyoVa complex in vitro (Fig. 1 A and C). To this end, we
coexpressed 6×His-SNAP–tagged wild-type Rab27a or Rab27a-
Q78L (42) with FLAG-tagged Mlph and tandem-purified the
resulting complex via the 6×His and FLAG affinity tags. We then
added purified FLAG-tagged MyoVa [the melanocyte-specific
isoform (18, 43, 44)] to the preformed Rab27a/Mlph complex
that was immobilized on Ni-nitrilotriacetic acid (NTA) affinity
resin. The tripartite complex was subsequently eluted from the
Ni-NTA resin (Fig. 1C, lane I).
As detailed above, the C-terminal region of Mlph in mouse

contains an ABD (Fig. 1B) (23, 24). Of note, several conserved
serine/threonine residues that also represent potential cAMP-
dependent protein kinase consensus sites in the ABD were
found to be phosphorylated in proteomic analyses (Fig. S1) (45,
46). To test whether the ABD is a direct target of PKA and to
assess its functional importance in vitro, we deleted the ABD
(Mlph 1–400, referred to as “Mlph ΔABD,” and Mlph 1–444).
Importantly, ABD-deleted Mlph retained its ability to form the
tripartite transport complex, demonstrating the structural integrity
of the deletion constructs (Fig. 1C, lanes II and III).
We next assessed whether the PKA directly phosphorylated

any of the individually expressed subunits of the transport
complex. The full-length MyoVa motor was previously shown to
adopt a compact, inactive conformation in which the C-terminal
tail domain interacted with the N-terminal head domains (47–50).
To exclude the possibility that a folded conformation of MyoVa
hampers effective phosphorylation, we additionally phosphory-
lated a C-terminally truncated MyoVa (MyoVa HMM, residues
1–1,109) and the tripartite Rab27a/Mlph/MyoVa complex in which
the MyoVa motor is C-terminally bound to the Mlph subunit and
is released from its folded, inactive state (51, 52). Phosphorylation
assays with all individual constructs described above and the
reconstituted tripartite complex revealed that Mlph was the only
target of PKA (Fig. 1D and Fig. S2). Consistent with previous
proteomic analyses (45, 46), removal of the ABD substantially
decreased the phosphorylation of Mlph in vitro (Fig. 1D). To
identify the phosphorylated residues of the ABD, we used quan-
titative mass spectrometry. Table S1 shows that the great majority
of the phosphosites previously identified in proteome-wide studies
(45, 46) have indeed been phosphorylated by PKA in our in vitro
assays. The conserved and strong PKA-consensus site S498 con-
tributed most to the overall phosphorylation within the ABD (Fig.
S1 and Table S1).

Interaction with Actin Is Independent of Mlph’s Phosphorylation
State. First we assessed whether phosphorylation of Mlph’s
ABD affected its association with actin. To this end, we used the
Rab27a/Mlph complex that is capable of recruiting the MyoVa
motor, as we demonstrated earlier (Fig. 1C). To visualize the
interaction, we fluorescently labeled the SNAP-tagged Rab27a
subunit of the complex and the actin filaments using two dif-
ferent fluorophores. The phosphatase-treated complex (green
channel) efficiently decorated the actin network (red channel),
as did the PKA-treated complex, suggesting that the phosphor-
ylation state of Mlph did not significantly affect actin binding
(Fig. 2A). Consistent with previous results (19), Mlph lacking its
ABD no longer interacted with actin filaments (Fig. 2A).
Next we assessed quantitatively whether the phosphorylated

or dephosphorylated Mlph preferentially associated with actin.
To this end, we performed competitive-binding experiments
with PKA- and phosphatase-treated Rab27a/Mlph complexes
that were fluorescently labeled with Alexa Fluor 647 and Alexa
Fluor 488 fluorophores, respectively. To account for the intensity
differences in the fluorescence signal, we additionally swapped
the fluorophores. The quantification of the actin-associated
fluorescence signals from the PKA- and phosphatase-treated
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Rab27a/Mlph complexes showed no phosphorylation-dependent
association of Mlph with actin (Fig. 2B and Fig. S3). We con-
clude that Mlph’s phosphorylation state does not affect actin
binding.

The Role of Mlph’s Phosphorylation in the MyoVa-Dependent
Transport of the Tripartite Complex. The binding of Mlph to
MyoVa was suggested to activate the ATPase of the auto-
inhibited motor (51, 52). The presence of ABD was further
shown to increase the run frequencies and the run length of
MyoVa on the actin filaments (19, 22). Interestingly, however,
MyoVa bound to Mlph displayed decreased velocities compared
with MyoVa alone in vitro (22). To assess the potential role(s) of
Mlph phosphorylation on the MyoVa-dependent transport, we
turned to single-molecule total internal reflection fluorescence
(TIRF) microscopy assays (53). To this end, we assembled three
Rab27a/Mlph/MyoVa tripartite complexes that were all fluo-
rescently labeled via the SNAP-tagged Rab27a subunit. Specifi-
cally, we compared the single-molecule transport parameters of
the tripartite complexes formed with Mlph and Mlph ΔABD,
respectively (Fig. 3 A vs. B and C and Fig. S4). We additionally
determined the transport parameters of the phosphorylated and
dephosphorylated tripartite complexes to assess the role of Mlph
phosphorylation on the MyoVa-dependent transport (Fig. 3 B vs.
C). The velocities and run lengths of the respective tripartite
complexes were independent of the presence or absence of the
ABD (Fig. 3). Similarly, we did not observe any considerable
impact of Mlph’s phosphorylation state on the transport prop-
erties of the tripartite complex (Fig. 3 B and C). In fact, the
velocities of all three tripartite complexes were fully consistent
with the previously measured velocities of the full-length MyoVa
or the C-terminally truncated MyoVa motors in single-molecule
TIRF assays and were not consistent with previously reported
effects of Mlph on MyoVa velocity or run length (22, 54).
Taking these findings together, we conclude that PKA-

dependent phosphorylation of Mlph, particularly its ABD, does
not impact the actin-related processes such as actin binding (Fig.
2) or MyoVa-dependent transport (Fig. 3) in vitro. These results
are consistent with the previous finding that ABD deletion did
not affect the MyoVa-dependent distribution of the melano-
somes on the actin network in vivo (26).

Phosphorylation of PKA Consensus Sites in Mlph’s ABD Regulates
Binding to Microtubules. One of the crucial tasks of the Rab27a/
Mlph/MyoVa tripartite complex is to switch from the microtu-
bule to the actin network to enable efficient dispersion of me-
lanosomes in melanocytes (6). We therefore asked whether
Mlph associates with microtubules. To this end, we performed
filament decoration experiments with microtubules as described
above for actin filaments (Fig. 2). Surprisingly, Mlph interacted
with microtubules (Fig. 4).
Unexpectedly, and in stark contrast to actin, the phosphory-

lation state of Mlph was critical for the interaction with the
microtubules. Although phosphatase-treated Mlph decorated
microtubules robustly, this association was not detectable with
PKA-treated Mlph (Fig. 4). Notably, ABD deletion diminished
the interaction between Mlph and microtubules regardless of
Mlph’s phosphorylation state (Fig. 5A).
To probe directly whether PKA-dependent phosphorylation of

the ABD was indeed responsible for the regulated interaction of
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Fig. 1. The Mlph subunit of the tripartite complex is specifically phos-
phorylated by PKA. (A) Schematic illustration of the MyoVa-dependent tri-
partite transport complex on the melanosome surface. The Rab27a GTPase
resides in the melanosome membrane and recruits Mlph in a GTP-dependent
manner. Mlph in turn recruits the MyoVa motor to form the tripartite
transport complex. (B) Domain structure of the adaptor protein Mlph. The
Rab27a-binding domain (Rab27a-BD) is located at Mlph’s N terminus (42, 43).
MyoVa binds to Mlph’s middle domain with its globular tail domain and the
melanocyte-specific alternatively spliced exon F (MyoVa-BD) (15, 65, 66). The
C terminus of Mlph harbors an ABD (23, 24). (C) Tripartite complex recon-
stituted with 6×His-SNAP–tagged Rab27aS-H, FLAG-tagged MyoVaF, and full-
length (lane I) or C-terminally truncated (lanes II and III) FLAG-tagged MlphF

purified by Ni-NTA affinity purification. As a control for nonspecific binding,
FLAG-tagged MyoVaF was also subjected to Ni-NTA affinity purification (lane
IV) (see Materials and Methods for details). MW, molecular mass marker.

(D) The individually expressed full-length subunits of the tripartite complex
along with C-terminally truncated Mlph and MyoVa HMM constructs were
treated with PKA and radiolabeled ATP. Autoradiography showed specific
phosphorylation of Mlph. Deletion of the C terminus of Mlph significantly
decreased the phosphorylation levels. A FLAG-mock purification was in-
cluded to control for unspecific phosphorylation.
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Mlph with microtubules, we created three derivatives with muta-
tions in the three phosphorylated clusters within the ABD (Fig. S1
and Table S1): T443A/S445A/T446A, S491/498A, and S544/546/
547A (Fig. S5). As a negative control, we mutated an exceptionally
serine/threonine-rich stretch (T392A/S393/396/398/399A/T400A/
S401A) that bears no resemblance to a PKA consensus site, which
we termed the “Dephos control mutant” (Fig. S1 and Fig. S5)
(55). If PKA targets any of the respective consensus sites to re-
lease Mlph from microtubules, the corresponding mutant will be
predicted to decorate microtubules even after PKA treatment.
The mutant proteins and wild-type Mlph were purified side by

side, were treated with PKA or phosphatase as needed, and were
tested in filament decoration assays. Strikingly, the PKA-treated
T443A/S445A/T446A, S491/498A, and S544/546/547A mutants
decorated the microtubules (Fig. 5B), but the Dephos control
mutant did not (Fig. 5B). As expected from the results shown
above (Fig. 4), wild-type Mlph associated strictly with micro-
tubules in its dephosphorylated state (Fig. S6). Collectively,
these results demonstrate that the residues mutated in the ABD

are necessary for the PKA-dependent release of Mlph from
microtubules.
In contrast, all mutants decorated actin filaments similar to the

wild-type Mlph (Fig. S7), indicating a nonoverlapping binding of
Mlph’s ABD to microtubules and actin, respectively. Indeed, a
positively charged stretch (K493, R495, R496, K497) in the ABD
of Mlph was previously shown to be responsible for the interaction
between Mlph and actin (22, 24). Therefore, the binding of the
ABD to actin relies on electrostatic interactions, as described
previously, whereas the binding to microtubules takes place in a
phosphorylation-dependent manner, as delineated in this work.
To assess the individual contributions of the respective non-

phosphorylatable alanine mutations, we assessed the levels of
PKA-dependent phosphorylation of all mutants with respect to
wild-type Mlph. Consistent with our previous quantification of
the ABD phosphorylation (Table S1), the S491/498A mutant
suppressed the phosphorylation of Mlph more robustly than the
T443A/S445A/T445A and S544/546/547A mutants (Fig. 6A).
The robust suppression of Mph phosphorylation by the S491/

498A mutant led us to predict that the S491/498A mutant would
display the most pronounced rescue of microtubule binding upon
phosphorylation; we next tested this prediction in microtubule
cosedimentation assays (Fig. 6B and Fig. S8). As expected from
our previous results (compare Figs. 4 and 5A), Mlph lacking its
ABD and the phosphorylated Mlph largely failed to interact with
microtubules (Fig. 6 B, I and II). In contrast, dephosphorylated
wild-type Mlph and all three (phosphorylated) mutants cosedi-
mented with microtubules (Fig. 6B, III–VI and Fig. S8). Of all
phosphorylated mutants, the Mlph derivative with the alanine
substitution of the highly conserved S498 displayed the most ro-
bust microtubule binding (Fig. 6B, IV and Fig. S1). Collectively,
both in vitro phosphorylation and microtubule cosedimentation
assays highlighted the predominant role of the conserved S498 in
mediating the PKA-dependent binding of Mlph to microtubules.
We conclude that PKA-dependent phosphorylation regulates the
ABD-dependent binding of Mlph to microtubules. In contrast, the
phosphorylation state of Mlph does not impact the association
with actin, Rab27a, or MyoVa.

Microtubules Compete Efficiently for Mlph Binding in the Presence of
Actin. So far, we have shown that the ABD is able to interact not
only with actin, as shown previously (22–24), but also with mi-
crotubules (Fig. 4). The interaction of Mlph with microtubules—in
contrast to its interaction with actin—was strictly phosphorylation
dependent (Figs. 2 and 4). To clarify which filament dominated
Mlph binding, we performed competitive filament-binding assays
using three-color TIRF microscopy. To this end, we fluorescently
labeled actin filaments and microtubules with different fluo-
rophores and decorated this mixed network with phosphorylated
or dephosphorylated Rab27a/Mlph complex labeled with a third
fluorophore. As expected from our previous findings (Fig. 4), the
phosphorylated Rab27a/Mlph complex largely ignored the micro-
tubules and associated with the actin filaments, consistent with
phosphorylated Mlph having a higher affinity for actin than for
microtubules (Fig. 7A and Fig. S9). The dephosphorylated
Rab27a/Mlph complex, on the other hand, interacted with both
the actin and the microtubules (Figs. 2A and 4). Remarkably,
however, dephosphorylated Mlph bound predominantly to mi-
crotubules rather than to actin under the competitive conditions
(Fig. 7B and Fig. S9). Our in vitro dissection of the Rab27a/Mlph/
MyoVa complex thus unmasked an unexpected feature of the
Mlph adaptor protein. Instead of regulating actin-dependent
processes, such as actin binding or MyoVa-dependent transport,
the phosphorylation of Mlph switched the affinity of Mlph
toward actin from microtubules. This switch in affinity was
sufficient to relocalize the Mlph competitively from the actin to
the microtubule network.

A

B

Fig. 2. Mlph’s phosphorylation state does not interfere substantially with
actin binding. (A) Actin decoration experiments were performed with
surface-immobilized and Atto488-labeled actin filaments (red). Filaments
were incubated with the complex formed between Mlph and Alexa Fluor
647-labeled Rab27a (green). Dephosphorylated (Dephos; Left) and the
phosphorylated (Phos; Right) Mlph decorated actin filaments similarly well.
Removal of the C-terminal ABD of Mlph (Rab27a/Mlph ΔABD) abolished this
interaction regardless of Mlph’s phosphorylation state. (B) The dephos-
phorylated, Alexa Fluor 488-labeled Rab27a/Mlph complex was mixed in
equal amounts with the phosphorylated, Alexa Fluor 647-labeled Rab27a/
Mlph complex and was incubated with surface-attached, Atto565-labeled
actin filaments. The quantification of the actin-associated fluorescence sig-
nals from the respective PKA- and phosphatase-treated Rab27a/Mlph com-
plexes showed that the phosphorylation state of Mlph did not substantially
interfere with actin binding. Error bars represent SD. (Scale bars: 3 μm.)
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The ABD of Mlph Enforces the Track Selection on the Microtubule and
Actin Networks. To test the functional consequences of Mlph’s
phosphorylation-dependent association with the microtubule on
the MyoVa motor, we immobilized the respective networks on a
glass surface, as described above, and assessed the behavior of
the Rab27a/Mlph/MyoVa tripartite complex built with phosphor-
ylated and dephosphorylated Mlph, respectively. As intuitively
expected from the actin-based MyoVa motor, the tripartite com-
plex built with the phosphorylated Mlph largely ignored the micro-
tubules and displayed directional movement on the actin network
(Movie S1). Remarkably, however, dephosphorylation of Mlph
was sufficient to redirect the complex substantially from the actin
to the microtubule network (Fig. S10 and Movie S2).
Inspection of the movies showed that some complexes

switched the filament type at intersections (Fig. S11 and Movies
S3 and S4). Indeed, the switching probabilities of the complexes
depended on the phosphorylation state of the Mlph. The tri-
partite complex containing dephosphorylated Mlph had a pro-
nounced propensity to switch from actin to microtubules (Fig.
8A). Phosphorylation of Mlph completely abolished transfer to
the microtubules (Fig. 8B).

Because the ABD mediated the interaction with both actin
and microtubules (Fig. 2 and 5A), a tripartite complex lacking
the ABD should reveal the preference of MyoVa for switching
filament type. As expected from an actin-based motor, the ABD-
deleted complex switched preferentially from microtubules back
to the actin network independent of Mlph’s phosphorylation
state (Fig. 8 C and D). Indeed, the propensity of the tripartite
complex to switch from actin to the microtubules in the absence
of the ABD closely matched the previously reported probability
of the C-terminally truncated MyoVa HMM to switch between
the respective filaments (56).
Collectively, our results unmasked the surprising regulatory

power of an adaptor protein over its associated motor. Although
the MyoVa motor in complex with phosphorylated Mlph and the
motor in complex with Mlph ΔABD preferred the actin filaments
over microtubules, this balance was markedly shifted toward the
microtubule network in the presence of a dephosphorylated ABD.
How can such Mlph-mediated regulation benefit directional

cargo transport on the microtubule/actin networks in vivo?
Previous in vivo tracking of melanosomes from different organ-
isms revealed common features of the motor protein-dependent
transport. For example, during aggregation of melanosomes in
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Fig. 3. Transport parameters of the tripartite complex on surface-attached actin filaments in single-molecule TIRF assays. The tripartite complex assembled
with Mlph that lacked its ABD (A) and the complexes assembled with phosphorylated (B) and dephosphorylated (C) Mlph all moved at consistent velocities.
The absence of ABD (A) or the phosphorylation state of the Mlph (B vs. C) did not interfere with the velocities and run lengths of the respective complexes.
The majority of the complexes displayed a single-step photobleaching of the SNAP-tagged Rab27a subunit as shown in A–C, Right, demonstrating that the
transport parameters are derived from single molecules of Rab27a (also see Fig. S4).
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mouse melanocytes and Xenopus laevis melanophores, the dy-
nein/microtubule system counteracts the MyoVa/actin system,
forcing the melanosomes to switch from the actin to the micro-
tubule network so they can be transported toward the cell center
(3, 57). In contrast, when melanosomes disperse toward the cell
periphery, the MyoVa/actin system wins over the dynein/micro-
tubule system and switches melanosomes to the actin network (3,
38, 58). However, regulatory mechanisms that govern the direc-
tionality of the transport between the two cytoskeletal networks
remained unclear.
In our in vitro study, we uncovered a surprising phosphoryla-

tion-regulated interaction between Mlph and microtubules that
was mediated by Mlph’s C-terminal ABD. Importantly, the
phosphorylation state of Mlph competitively directed the Rab27a/
Mlph as well as the tripartite Rab27a/Mlph/MyoVa complex to-
ward the actin or microtubule network. Our findings thus argue
that this regulated competition serves to bias the overall di-
rectionality of the moving melanosomes on the actin/microtubule
cytoskeleton in vivo (Fig. 9). Taken together, our in vitro dissec-
tion of the components involved in the actin-dependent transport
of melanosomes in mouse melanocytes delivered unexpected
mechanistic insights which deserve further scrutiny in future in
vivo studies.

Materials and Methods
Reagents. All reagents were the highest purity available and were obtained
from Sigma-Aldrich unless stated otherwise.

DNA Constructs. All constructs were cloned into the vector pFastBacI for
subsequent expression in the baculovirus system (Life Technologies). A
number of constructs were codon-optimized for expression in insect cells and
were synthesized commercially (GenScript).

Rab27a (accession no. NM_023635.4; used for Fig. 1) and the constitutively
active Rab27a-Q78L [used for all TIRF assays (42)] with a C-terminal SNAP-tag
followed by a 6×His-tag, Mlph (accession no. NM_053015.2) with an
N-terminal FLAG-tag, and MyoVa (accession no. NM_010864.1) with an
N-terminal FLAG-tagwere commercially synthesized (GenScript). The C-terminal
truncated Mlph constructs with an N-terminal FLAG-tag were obtained by PCR
with the primer pairs 5′-aggggatccctcgagatggactacaaagatgacgacgataaaggcg-
gtggaaaaagattggacc-3′ and 5′-gcctggaggaattgacatccaacatcagcggaagttcgacgta-
aggtaccaagcttata-3′ or 5′-cgcaaccctcgttcacccggaaacccagctaggccgacaaagtaaggt-
accaagcttata-3′. Four point-mutated and N-terminally FLAG-tagged Mlph
constructs mimicking the dephosphorylated state by substituting serine or
threonine with alanine residues were synthesized (GenScript). The following
point mutants were generated: Mlph T443A/S445A/T446A, Mlph S491/498A,
Mlph S544/546/547A, and the Mlph Dephos control mutant T392A/S393/
396/398/399A/T400A/S401A. An N-terminal truncation construct of MyoVa
(MyoVa HMM, 1–1,109) was generated with the primers 5′-aggggatccctcgag-
atggattacaaagacgatgatgataaaggcggagcggcttcgg-3′ and 5′-ggaaatgaccttgatgctg-
aacgtgcctaagcccggctaaggtaccaagcttata-3′.

Protein Expression. All proteins were expressed using the baculovirus ex-
pression system in insect cells (Spodoptera frugiperda, Sf9) according to the
manufacturer’s instructions (Life Technologies). Proteins were FLAG- or
6×His-tagged to facilitate purification. Protein purification was carried out
as described in SI Materials and Methods and was analyzed by SDS/PAGE.

Reconstitution of the Tripartite Complex. The 6×His-tagged Rab27a and FLAG-
tagged Mlph were coexpressed in Sf9 cells. This complex was purified first
via the 6×His-tag, followed by FLAG-tag affinity purification. MyoVa was
expressed separately and purified as described above. The Rab27a/Mlph
complex was reattached to Ni-NTA beads and was incubated for 1.5 h; then
beads were washed before purifiedMyoVa was added. After 1.5 h of incubation
with purified MyoVa, beads were washed with His wash buffer, and the tri-
partite complex was eluted with the His elution buffer. As a control, purified
FLAG-tagged MyoVa was incubated with plain Ni-NTA beads to exclude the
possibility of unspecific binding to agarose beads.

In Vitro Phosphorylation Assay with Isotope-Labeled ATP. Two hundred nano-
molar PKA (catalytic subunit from bovine heart) was mixed with 1.2 μM of
substrate in kinase buffer [25 mM imidazole (pH 7.5), 25 mM KCl, 10 mM MgCl2,
10 mM DTT]. Fifty nanomolar radiolabeled ATP diluted with 10 μM cold ATP
was added to start the reaction and was incubated at 30 °C in a thermo

A

B

Fig. 5. Mlph interacts with microtubules via its ABD, and mutations in
candidate phosphorylation sites of Mlph prevent PKA-induced dissociation
of Mlph from microtubules. (A) Microtubule decoration experiments were
performed as in Fig. 4. Removal of the ABD (Rab27a/Mlph ΔABD) abolished
the interaction of Mlph with microtubules. (B) PKA-treated Mlph mutants
T443A/S445A/T446A, S491/498A, and S544/546/547A all decorated microtubules,
but the Dephos control mutant (T392A/S393/396/398/399A/T400A/S401A) did
not. (Scale bars: 3 μm.)

Fig. 4. Mlph interacts with microtubules in a phosphorylation-dependent
manner. In microtubule decoration experiments Atto488-labeled microtu-
bules (red) were incubated with the Alexa Fluor 647-labeled Rab27a/Mlph
complex (green). Decoration of microtubules was strictly dependent on
the phosphorylation state of Mlph. The fluorescent background from the
phosphorylated and dephosphorylated Rab27a/Mlph complex seen in the
green channel was comparable, indicating similar amounts of protein. (Scale
bar: 3 μm.)
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mixer (Eppendorf) for 15 min. The reaction was stopped by adding SDS sample
buffer. To determine the stoichiometry of ABD phosphorylation, 0.5 μM of sub-
strate was mixed with 200 nM PKA and was incubated at 30 °C for 20 min. SDS
gel electrophoresis was performed, and the gel was placed against a phosphor
storage screen overnight. The screen was scanned with a PhosphorImager
(Typhoon 9200, Molecular Dynamics), and digital images were used for analysis.

Analysis of the Stoichiometry of Mlph ABD Phosphorylation. Digital images of
scanned phosphor storage screens were analyzed using ImageJ software (59).
The mean gray value of each band representing wild-type or point-mutated
Mlph was measured using the polygonal selection tool with constant area.
For background subtraction, the mean gray values of four different parts of
the gel with area identical to that of the Mlph proteins were averaged and
subtracted from the mean gray values of the different Mlph proteins. The
acquired values were corrected for applied protein amounts determined
with the corresponding Coomassie-stained SDS/PAGE. The value obtained
for wild-type Mlph was set to 100%, and values of different Mlph point
mutants were compared with the wild-type Mlph value.

Fluorescent Labeling of Proteins. The SNAP-tagged Rab27a was labeled during
the protein purification. Before the elution of the protein from the Ni-NTA
beads, the wash buffer was supplemented with 20 μM SNAP-tag substrate
SNAP-Surface Alexa Fluor 647 or SNAP-Surface Alexa Fluor 488 (New England
Biolabs) and was added to the Ni-NTA beads. The labeling reaction was carried
out for 30 min at room temperature in the dark on a rotator. The beads were
washed extensively with wash buffer to remove excess dye before elution.

Phosphorylation and Dephosphorylation of Recombinant Mlph. Recombinantly
expressed Mlph protein was dephosphorylated or phosphorylated after the
purification procedure. To phosphorylate Mlph, 400–900 nM PKA (catalytic
subunit from bovine heart) and 10,000 units PKA (catalytic subunit; New
England Biolabs) in kinase assay buffer [25 mM imidazole (pH 7.5), 25 mM
KCl, 10 mM MgCl2, 10 mM DTT] with 0.25 mM ATP were incubated with
purified Mlph for 1 h at room temperature on a rotator. The phosphatase
inhibitor mixture PhosSTOP (Roche) was included during phosphorylation to
protect Mlph from dephosphorylation. For dephosphorylation, 30–60 units
of Antarctic Phosphatase (New England Biolabs) and 30 units of human
protein phosphatase 2A (Cayman Chemical) in phosphatase buffer [25 mM
imidazole (pH 7.5), 25 mM KCl, 11 mM MgCl2, 10 mM DTT, 50 mM Bis-Tris-
Propane-HCl, 0.1 mM ZnCl2] were incubated with purified Mlph protein for
1 h at room temperature on a rotator. Kinase and phosphatases were re-
moved by reattaching Mlph to FLAG-beads and washing the beads four
times with the respective wash buffer before elution.

Mlph Binding to Actin Filaments. Biotinylated G-actin (0.25 μM) and G-actin
(4.75 μM) were polymerized with 5 μM Atto488-phalloidin in assay buffer
(AB) [25 mM imidazole (pH 7.5), 25 mM KCl, 1 mM EGTA, 4 mM MgCl2,
10 mM DTT] for 30 min at room temperature. Biotinylated BSA was flowed
into a 10-μL flow chamber and was incubated for 3 min. The glass surface
was blocked with 8 mg/mL BSA in AB. Streptavidin was bound to biotinylated
BSA for 3 min followed by a wash step with 8 mg/mL BSA in AB. Biotinylated
actin filaments were attached to the Biotin-Streptavidin layer, and unbound
filaments were washed out with 8 mg/mL BSA in AB. Alexa Fluor 647-labeled

A

B

Fig. 6. Phosphorylation of S491/498A is the main contributor to phosphorylation-dependent binding of Mlph to microtubules. (A) Nonphosphorylatable
alanine mutations in three predicted phosphorylation sites reduced PKA-dependent phosphorylation. In vitro phosphorylation assays (Lower: autoradio-
graph; Upper: corresponding Coomassie-stained SDS/PAGE as loading control) with wild-type Mlph and its mutants showed that the S491/498A mutant
suppressed the PKA-dependent phosphorylation of Mlph more efficiently (26%) than the wild-type (100%) or mutants containing weaker and less conserved
PKA consensus sites (76% and 57%). (B) Microtubule cosedimentation assays were performed side by side with the truncated Mlph that lacked its ABD (I,
ΔABD), phosphorylated wild-type Mlph (II, 1–590 Phos), dephosphorylated wild-type Mlph (III, 1–590 Dephos) along with phosphorylated Mlph that carried
the respective nonphosphorylatable alanine mutations (IV–VI). The total reaction (T), supernatant (SN), and pellet (P) were analyzed with SDS/PAGE. As expected
from the results shown in Figs. 4 and 5, Mlph that lacked its ABD and the phosphorylated wild-type Mlph failed to display a pronounced interaction with the mi-
crotubules (N/D and 4%, I and II, respectively). Also, in line with results from Fig. 5, the dephosphorylated wild-type Mlph and all rescue mutants displayed significant
pelleting with microtubules [27%, 17%, 8%, and 9% (III–VI), respectively]. The mutant S491/498A containing the strong and most conserved PKA consensus site
S498 also demonstrated the most pronounced effect of rescue (IV). Percentages are obtained from two independent assays ± SD. N/D, not determinable.

E4720 | www.pnas.org/cgi/doi/10.1073/pnas.1619473114 Oberhofer et al.

www.pnas.org/cgi/doi/10.1073/pnas.1619473114


Rab27a/Mlph complex diluted in AB was infused into the flow chamber. The
chamber was washed with AB supplemented with 0.4% glucose, 0.18 mg/mL
glucose-oxidase, and 0.06 mg/mL catalase, and image acquisition of the sealed
chamber was performed at room temperature using a commercially built TIRF
microscope (Leica AF6000 Modular Systems; Leica) equipped with an HCX PL
Apo 100×/1.47 TIRF objective. Images were acquired with an iXon Ultra X-9360
EMCCD camera (Andor) controlled by the Leica Application Suite Advanced
Fluorescence. Acquired images were processed further using ImageJ software.

Quantification of Mlph Binding to Actin Filaments. For quantification of the
Mlph–actin interaction, 400 nM of phosphatase-treated, Alexa Fluor 488-
labeled Rab27a/Mlph complex and PKA-treated, Alexa Fluor 647-labeled
Rab27a/Mlph complex (or complexes with swapped fluorescent dyes) were
perfused into the flow chamber with surface-attached Atto565-labeled actin
filaments. The color swap on the Rab27a/Mlph protein controlled for in-
herent intensity differences of the Alexa Fluor 647 and Alexa Fluor 488 flu-
orophores. The association of dephosphorylated or phosphorylated Mlph to
actin filaments was evaluated using a colocalization analysis script imple-
mented in MATLAB (MathWorks). The filament images were binarized using
a common threshold algorithm (60). The available binding area of actin
filaments was determined after crossing or overlapping sections of filaments
were deleted from the binary images. The background in each Rab27a/Mlph
image was calculated as the mean of the image without the actin area and
was subtracted from the images. A normalization parameter was introduced
to account for differences in the imaging parameters for the two Rab27a/
Mlph channels (488 and 647 nm). The images were normalized ignoring a

percentage of pixels that was given by the parameter. A check over the
parameter space provided a value where both the original and the color
swap experiment resulted in the same (inverse) ratio of decoration. This
ratio of bound Rab27a/Mlph was calculated from the intensity observed in
the actin area for the phosphorylated channel divided by the intensity in the
dephosphorylated channel. Data were analyzed from 30 images for the
combination of dephosphorylated Alexa Fluor 488–Rab27a/Mlph and phos-
phorylated Alexa Fluor 647–Rab27a/Mlph complexes and from 44 images for
the combination of phosphorylated Alexa Fluor 488–Rab27a/Mlph and
dephosphorylated Alexa Fluor 647–Rab27a/Mlph complexes. Errors are given as
the SD between ratios for the single images analyzed for each experiment.

Single-Molecule TIRF Assay with Tripartite Complex on Actin Filaments. Detailed
descriptions of the single-molecule TIRF assay with the tripartite complex and
subsequent data analysis are provided in SI Materials and Methods.

Photobleaching Assay. All tripartite complexes used for single-molecule TIRF
assays were also subjected to photobleaching assays to ensure that transport
parameters were obtained mainly from single tripartite complexes and not
fromoligomeric complexes. For this purpose, Rab27a/Mlph/MyoVa complexes
(Single-Molecule TIRF Assay with Tripartite Complex) were diluted in AB and
unspecifically bound to the glass surface of a flow chamber. The time-lapse
recordings were performed at 80% laser power and 200-ms exposure time.
Spots for analysis were chosen for all constructs by intensity over mean intensity,

A B

Fig. 7. Dephosphorylation is sufficient to relocate Mlph from actin to mi-
crotubules efficiently. Surface-immobilized and Atto565-labeled actin fila-
ments (red; Upper) and Atto488-labeled microtubules (red; Lower) were
incubated with phosphorylated (A) and dephosphorylated (B) complex
formed between Mlph and Alexa Fluor 647-labeled Rab27a (green). (A) The
phosphorylated Rab27a/Mlph complex largely ignored microtubules (MT)
and associated with actin filaments (17 ± 4% vs. 83 ± 4%). (B) Upon de-
phosphorylation, the behavior of the Rab27a/Mlph complex was reversed,
and the microtubule binding clearly dominated (76 ± 4%) over the actin
binding (24 ± 4%). Error bars represent SD. (Scale bar: 3 μm.)
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Fig. 8. Phosphorylation state of Mlph’s ABD dictates the directionality of
switching at the actin–microtubule intersections. The movement of the tri-
partite complex on actin and microtubules is represented by single- and
double-headed black arrows, respectively. Cyan arrows depict switching
from actin to microtubules; red arrows indicate switching from microtubules
to actin. (A and B) The tripartite complex reconstituted with dephosphory-
lated Mlph displayed a significantly higher probability of switching from
actin to microtubules at the interfilament intersections (A). Although 32.3%
of complexes switched from actin to microtubules (67.7% continued di-
rectional movement on actin; A), the propensity of switching from actin to
microtubules was abolished when the tripartite complex was assembled with
phosphorylated Mlph (B). The phosphorylated complex completely ignored
the interfilament intersections (0% switching) and continued its directional
movement on the actin (100%; B). Conversely, dephosphorylated Mlph signif-
icantly suppressed the probability of the complex switching from microtubules
to actin (26.1%; A) comparedwith the complex built with phosphorylated Mlph
(100%; B). Indeed, the phosphorylated complex rarely interacted with the mi-
crotubules, substantially decreasing the probability of switching events from
microtubules to actin (Movie S1). (C and D) In contrast, tripartite complexes
assembled with dephosphorylated Mlph ΔABD (C) and phosphorylated Mlph
ΔABD (D) displayed similar probabilities of switching between the two filament
types, confirming that phosphorylation outside Mlph’s ABD does not interfere
with the switching behavior of the tripartite complex. N indicates the number
of events for each switching direction.
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and the intensity values for a 3 × 3 pixel windowwere summarized. Observation
of the spot intensities over time resulted in bleaching curves. A gliding t-value
test with a corresponding threshold identified the bleaching steps (61).

Mlph Binding to Microtubules. Tubulin was prepared from porcine brain as
described previously (62). Biotinylated and Atto488-labeled tubulin was
polymerized in BRB80 buffer [80 mM Pipes (pH 6.9), 2 mM MgCl2, 1 mM
EGTA, 5 mM DTT] supplemented with 1 mM GTP. To stabilize filaments, 5 μM
taxol were added after 30 min of incubation at 35 °C. Microtubules were
attached to the surface via the Biotin–Streptavidin bond as described pre-
viously. Wash steps were performed with BRB80 buffer supplemented with
8 mg/mL BSA. Alexa Fluor 647-labeled Rab27a/Mlph complex diluted in
BRB80 buffer was flowed into the flow chamber, and excess protein was
removed by a wash step with BRB80 buffer supplemented with 0.4% glucose,
0.18 mg/mL glucose-oxidase, and 0.06 mg/mL catalase. Sealed chambers were
imaged at room temperature as described above. Acquired images were
processed further using the ImageJ software.

Microtubule Cosedimentation Assay with Mlph Proteins. Cosedimentation as-
says with 3 or 5 μMof the respective Mlph protein and 2 μMmicrotubules are
described in SI Materials and Methods.

Competitive Mlph Binding to Microtubules and Actin Filaments. Competition
experiments with mixed networks (microtubules and actin filaments)
were performed with biotinylated, Atto488-labeled microtubules and bio-
tinylated, Atto565-labeled actin filaments. Surface attachment of filaments
was performed via the Biotin-Streptavidin layer in BRB80 buffer (see Mlph
Binding to Microtubules, above). Actin filaments were flowed into the
prepared flow chamber first, followed by microtubules. After unbound fil-
aments were removed with a wash step with 8 mg/mL BSA in BRB80 buffer,
Alexa Fluor 647-labeled dephosphorylated or phosphorylated Rab27a/Mlph
protein was infused into the flow chamber, and image acquisition was per-
formed as described above.

Quantification of Competitive Mlph Binding to Microtubules and Actin Filaments.
Competitive Mlph binding to microtubules and actin filaments was evaluated
using a colocalization analysis script implemented in MATLAB as described for
Materials and Methods, Quantification of Mlph Binding to Actin Filaments.
The available binding area for each filament type was determined as detailed

previously. The channel for Mlph-associated fluorescence was also thresholded
to avoid the influence of the background intensity on the data. The sum of the
previously detected Mlph-associated intensity in the area of filaments was
normalized to the total binding area of this filament type, yielding a binding
parameter B_filament. The binding proportion for each filament was then
calculated as B_filament1/(B_filament1 + B_filament2). Data from 17 images for
the dephosphorylated Rab27a/Mlph complex and 29 images for the phos-
phorylated Rab27a/Mlph complex were analyzed. The actin:microtubules ratio
of the binding area for the competition experiments with the dephosphorylated
Rab27a/Mlph complex was 4.87 ± 1.58. The actin:microtubules ratio of the
binding area for the competition experiments with the phosphorylated Rab27a/
Mlph complex was 2.78 ± 1.46. Error bars were calculated from the SD occurring
when data from all images were averaged.

Single-Molecule TIRF Assay with the Tripartite Complex on Microtubules and
Actin Filaments. Single-molecule TIRF assays with the Alexa 647-labeled tri-
partite complex on networks of Atto488-labeled microtubules and Atto565-
labeled actin filaments were carried out as described in SI Materials and
Methods.

Sequence Alignment. MmMlph (NP_443748.2), HsMlph (NP_077006.1),
FdMlph (XP_010624436.1), ClMlph (NP_001096689.2), OaMlph (NP_001139743.1),
and XtMlph (NP_001120194.1 were aligned using ClustalX 2.1 (63). Alignment
figures were prepared using the BioEdit Sequence Alignment Editor (64).

LC-MS/MS Analysis. A complete description of the mass spectrometry analysis
is provided in SI Materials and Methods.
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SI Materials and Methods
His-Tag Affinity Purification. Sf9 cells were infected with the re-
spective virus(es) and grown for 72 h. Cells were harvested by
centrifugation and resuspended in His lysis buffer [20 mM Tris
(pH 8.0), 300 mM NaCl, 10 mM imidazole, 1 mM MgCl2, 1 mM
DTT, 0.5% Triton X-100, and Complete EDTA-free protease
inhibitor mixture (Roche)]. Cell debris was removed by centri-
fugation at 40,000 × g for 10 min at 4 °C. The supernatant
containing the 6×His-tagged target protein was incubated with
Ni-NTA agarose beads (Qiagen) for 1.5 h at 4 °C. Beads were
washed six times with His wash buffer [50 mM Tris (pH 8.0),
500 mM NaCl, 40 mM imidazole, 1 mM MgCl2, 1 mM EGTA,
1 mM DTT, 0.1% Tween 20]. His-tagged protein was eluted with
the His elution buffer [50 mM Tris (pH 7.5), 150 mM NaCl,
500 mM imidazole, 1 mM MgCl2, 1 mM EGTA, 1 mM DTT,
0.05% Tween 20].

FLAG-Tag Affinity Purification. Purification of FLAG-tagged pro-
teins was carried out as described for 6×His-tag affinity purifi-
cation using a different set of buffers [FLAG lysis buffer: 20 mM
Tris (pH 7.5), 300 mM NaCl, 1 mM MgCl2, 1 mM DTT, 0.5%
Triton X-100, protease inhibitor mixture; FLAG wash buffer
1: 50 mM Tris (pH 7.5), 500 mM NaCl, 1 mM MgCl2, 1 mM
EGTA, 1 mM DTT, 0.1% Tween 20; FLAG wash buffer
2: 50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM MgCl2, 1 mM
EGTA, 1 mM DTT, 0.05% Tween 20; FLAG elution buffer:
FLAG wash buffer 2 plus 0.2 mg/mL FLAG peptides]. Anti-
FLAG M2 affinity agarose gel was added to the cleared lysate
and incubated for 1.5 h at 4 °C. Before elution, beads were first
washed three times with FLAG wash buffer 1 and then were
washed three times with FLAG wash buffer 2.

FLAG-Tag Affinity Purification of Recombinant MyoVa. Purification
of FLAG-tagged MyoVa was performed as previously described
(67) with minor modifications. Untagged calmodulin 1 from
Mus musculus was always coexpressed with MyoVa. Briefly,
cells were harvested after 72 h of incubation with the viruses.
The cell pellet was flash-frozen in liquid nitrogen, resuspended
in MyoVa lysis buffer [10 mM 3-(N-morpholino)propanesulfonic
acid (Mops) (pH 7.0), 200 mM NaCl, 10 mM MgCl2, 1 mM
EGTA, 2 mM ATP, 0.1 mM PMSF, 1 mM DTT, protease in-
hibitor mixture], and homogenized using a glass homogenizer for
5 min on ice. The suspension was cleared by centrifugation at
47,000 × g for 10 min at 4 °C. The supernatant was incubated with
anti-FLAG M2 resin for 1.5 h at 4 °C. Beads were washed on a
Poly-Prep chromatography column (Bio-Rad) with 2 mL each,
successively, of MyoVa wash buffer 1 [10 mM Mops (pH 7.0),
500 mM NaCl, 0.1 mM EGTA, 1 mM DTT, 0.1 mM PMSF],
MyoVa wash buffer 2 [10 mM Mops (pH 7.0), 500 mM NaCl,
0.1 mM EGTA, 1 mM DTT, 0.1 mM PMSF, 1 mM ATP, 5 mM
MgCl2], MyoVa wash buffer 1, MyoVa wash buffer 3 [10 mM
Mops (pH 7.0), 0.1 mM EGTA, 1 mM DTT, 0.1 mM PMSF,
1 mM EDTA], MyoVa wash buffer 4 [10 mM Mops (pH 7.0),
500 mM NaCl, 0.1 mM EGTA, 1 mM DTT, 0.1 mM PMSF,
1 mM EDTA], MyoVa wash buffer 3, and MyoVa wash buffer 1.
MyoVa was eluted with MyoVa elution buffer [10 mM Mops
(pH 7.0), 200 mM KCl, 0.1 mM EGTA, 1 mM DTT, 0.1 mM
PMSF, 0.3 mg/mL FLAG peptides].

Single-Molecule TIRF Assay with Tripartite Complex on Actin
Filaments. The tripartite MyoVa transport complex Rab27a/
Mlph/MyoVa was reconstituted and labeled with Alexa Fluor 488

or 647 on the SNAP-tagged Rab27a subunit as described above.
Biotinylated G-actin (0.25 μM) and G-actin (4.75 μM) were
polymerized with 5 μM Atto488- or Atto647N-phalloidin in AB
for 90–120 min at room temperature and then were stored on
ice. Actin filaments were attached to the glass surface via Biotin-
Streptavidin (see Materials and Methods, Mlph Binding to Actin
Filaments in the main text), and wash steps were carried out with
AB supplemented with 1 mg/mL BSA. The glass surface was
blocked with 8 mg/mL BSA in AB after incubation with actin
filaments. Reconstituted tripartite complex diluted in AB sup-
plemented with 0.4% glucose, 0.18 mg/mL glucose-oxidase,
0.06 mg/mL catalase, 2 mM ATP, and 0.06 mg/mL bovine cal-
modulin (Calbiochem) was flowed into the chamber. Sealed
chambers were imaged at room temperature using the TIRF
microscope setup described previously. Acquired images and
movies were processed further using ImageJ software.

Data Analysis of the Single-Molecule TIRF Assay with the Tripartite
Complex on Actin Filaments. Movies were recorded at a cycle time
of 238 ms and were analyzed using a custom routine implemented
in the MATLAB development environment. Spots were selected
automatically according to their brightness compared with the
mean brightness in each frame. The position of the spots was
determined with subpixel accuracy using a radial center approach.
A list of spots for each frame was generated, and the distances of
spots in each subsequent frame were compared. The connection
of each spot to the closest spot in the next frame (with a cutoff
maximal distance) resulted in tracking traces for each spot. The
distance to the first position of each spot over time was fitted with
a linear model. Smooth runs that resulted in a linear fit with an r2

value higher than 97% and that had a length of at least 10 frames
were chosen for speed and run length measurements. For run
length measurements an additional threshold of 1 μm was ap-
plied. The speed was calculated from the slope of the performed
fit, and the run length was calculated from the maximal distance
of the spot from its original position. Missing run lengths were
accounted for in the histogram fit by truncating the single-
exponential model.

Microtubule Cosedimentation Assay with Mlph Proteins. Tubulin was
polymerized at 35 °C in BRB80 buffer supplemented with 1 mM
GTP. Taxol (5 μM) was added after incubation for 30 min at 35 °C,
and polymerized microtubules were kept at 35 °C overnight. Mi-
crotubules were centrifuged through a sucrose cushion (40% su-
crose in BRB80) and were resuspended in BRB80 buffer
supplemented with 5 μM taxol. Cosedimentation assays were car-
ried out in BRB80 buffer with 2 μMmicrotubules and 3 or 5 μM of
the respective Mlph protein. Reactions were mixed thoroughly and
incubated at room temperature for 15 min. Microtubule–Mlph
mixes were carefully pipetted onto a sucrose cushion and centri-
fuged at 279,000 × g for 15 min at 22 °C. Supernatant was gently
removed, and the sucrose cushion was washed with BRB80. The
sucrose cushion was removed, and the pellet was washed twice with
BRB80. The pellet was resuspended in BRB80, and equal volumes
of total reaction, supernatant, and pellet were prepared and ana-
lyzed with SDS/PAGE.

Analysis of the Microtubule Cosedimentation Assay with Mlph
Proteins. Digital images of total, supernatant, and pellet of
each reaction on Coomassie-stained SDS gels were analyzed with
ImageJ and MATLAB, respectively. To calculate the relative
degrees of microtubule-bound protein fraction, a semiautomatic
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routine was implemented using MATLAB. The area containing
the peak of interest was chosen manually from an intensity lane
profile of the gel created with ImageJ. By binning the intensity for
a histogram and using the upper limit of the heaviest populated
bin as a threshold, the peak data were separated from the base
line. To account for a linear variation of the base line, a straight
line was fitted to the separated base line data. The peak area was
calculated integrating the intensity data between the first inter-
ceptions of this line with the profile data before and after the peak.
Resulting area values were used, and percentages of microtubule-
bound protein compared with total protein were calculated. The
relative degree of microtubule-bound Mlph ΔABD fraction was
not determinable because of the close proximity of protein and
tubulin peaks.

Single-Molecule TIRF Assay with Tripartite Complex on Microtubules
and Actin Filaments. Microtubules and actin filaments were pre-
pared as described previously. Briefly, Atto488-labeled micro-
tubules and Atto565-labeled actin filaments, both biotinylated,
were used in this experiment. Microtubules were first attached to
the surface of a flow chamber, followed by actin filaments. Wash
steps were performed using BRB80 buffer. After the actin filaments
were perfused into the flow chamber, the surface was blocked with
10 mg/mL BSA in AB. Alexa Fluor 647-labeled dephosphorylated
or phosphorylated Rab27a/Mlph/MyoVa complex was diluted in
AB supplemented with 0.4% glucose, 0.18 mg/mL glucose-oxidase,
0.06 mg/mL catalase, 2 mM ATP, and 0.06 mg/mL bovine cal-
modulin and was flowed into the chamber. Time-lapse movies with
a cycle time of 223 ms were acquired using the previously described
TIRF microscope. To analyze the switching behavior of the
MyoVa transport complex on mixed networks, only complexes in
close proximity to a microtubule–actin intersection were taken into
account. The number of complexes that switched filament at an
intersection or passed the intersection without changing the fila-
ment was counted manually. The percentage of switching com-
plexes or passing complexes was calculated for dephosphorylated or
phosphorylated Rab27a/Mlph/MyoVa complexes with and without
Mlph’s ABD.

LC-MS/MS Analysis. Wild-type Mlph was FLAG-affinity purified
and phosphorylated while bound to FLAG-affinity resin. Purified
protein was analyzed by the Mass Spectrometry Service of the
Max Planck Institute of Biochemistry (Martinsried, Germany)
using the following procedure: Protein samples were denatured
by adding 4 M guanidium hydrochloride solution (final concen-
tration). The proteins were reduced and alkylated using 10 mM
Tris(2-carboxyethyl)phosphine hydrochloride and 40 mM chlor-
oacetamide, respectively. Samples were then diluted to a final
concentration of 0.4 M guanidium hydrochloride using a 50 mM
ammonium bicarbonate solution. These reduced and alkylated
protein samples were digested overnight with trypsin (1 μg trypsin
for 50 μg protein). After overnight digestion, peptides were
desalted using a C18 StageTip (68) and were used for LC-MS/MS
analysis. Peptides were loaded on a 15-cm-long 75-μm i.d.
reversed-phase C18 column packed with 1.9-μm beads via the
autosampler in the Thermo Easy LC 1000. The peptides were
separated over a 120-min linear gradient with 0.1% formic acid
(buffer A) as the loading buffer and 0.1% formic acid and 80%
acetonitrile (buffer B) as the eluting buffer. Separated peptides
were directly electrosprayed into a Q Exactive HF benchtop
Orbitrap mass spectrometer (69). The mass spectrometer was
operated in data-dependent mode, with up to the top 15 pre-
cursors selected for fragmentation. The full scans were acquired
at 120,000 resolution (m/z = 200) with up 3E6 charges accu-
mulated in the C-trap, and the higher-energy collision dissocia-
tion (HCD) fragmentation spectra were recorded at 15,000
resolution with up to 1E5 charges of the precursor ions. The raw
data were processed with MaxQuant computation platform (70)
version 1.5.2.22 using the Andromeda (71) search engine. Pre-
cursor and fragment ions were searched with 4.5 and 20 ppm
mass tolerance, respectively, with the false-discovery rate set to
1% at both the protein and the peptide levels. Carbamidome-
thylation of cysteine was set as fixed modification, and oxidation
of methionine, protein N-terminal acetylation, and phosphory-
lation on serine, threonine, and tyrosine were used as variation
modifications in the database search.
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Fig. S1. Alignment of Mlph ABDs from mouse (Mm), human (Hs), Fukomys (Fd), dog (Cl), sheep (Oa), and Xenopus (Xt). Sequence alignment of selected Mlph
ABDs revealed numerous conserved serine/threonine residues that represent potential PKA targets. Serine and threonine residues that were found to be
phosphorylated in vivo are in bold. Boxes indicate conserved phosphorylatable serine residues. Numbers represent the residue numbers according to MmMlph.
Asterisks, colons, and dots indicate positions that are fully, partially, or weakly conserved, respectively.

Fig. S2. Mlph is the sole phosphorylation target of the reconstituted tripartite complex. (A) Coomassie-stained SDS/PAGE image of the reconstituted Rab27a/
Mlph/MyoVa transport complex that was subjected to in vitro phosphorylation. (B) PKA specifically phosphorylated Mlph in the presence of Rab27a and MyoVa
(autoradiograph).
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Fig. S3. Mlph’s phosphorylation state does not interfere substantially with actin binding. Dephosphorylated Alexa Fluor 647-labeled Rab27a/Mlph complex
(cyan) was mixed in equal amounts with phosphorylated, Alexa 488-labeled Rab27a/Mlph complex (green) and was incubated with surface-attached, Atto565-
labeled actin filaments (red; dye swap control for Fig. 2B). The quantification showed results identical to those demonstrated in Fig. 2B: Phosphorylation of
Mlph does not alter the interaction between Mlph and actin filaments. Error bars represent SD. (Scale bar: 3 μm.)
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Fig. S4. Bleaching step analysis of the Rab27a/Mlph ΔABD complex labeled on the Rab27a subunit dependent on the laser intensity. For each laser intensity,
112 frames with a frame rate of 223 ms were acquired and analyzed according to the procedure described in Materials and Methods. With decreasing laser
intensity, the zero-step population increased strongly relative to the one-step population, as is consistent with photobleaching but not dissociation of the
complex from the surface.
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Fig. S5. Mutated serine and threonine residues in conserved regions within the ABD of Mlph. Serine and threonine residues in three conserved regions (Fig.
S1) were mutated to alanines to mimic the dephosphorylated state. Mutated residues are shown in bold letters. A serine- and threonine-rich stretch outside the
ABD was mutated as a negative control.
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Fig. S6. Dephosphorylated wild-type Rab27a/Mlph decorates microtubules in vitro, but phosphorylated wild-type Rab27a/Mlph does not. The Rab27a/Mlph
complex (green) reconstituted with wild-type Mlph was purified side by side with the Rab27a/Mlph complex containing the point mutations in Mlph’s ABD (see
Fig. 5) and used as a control. Consistent with Fig. 4, the dephosphorylated complex decorated microtubules (red), but the phosphorylated Rab27a/Mlph
complex failed to decorate microtubules. (Scale bar: 3 μm.)

Fig. S7. Mutations in candidate phosphorylation sites of Mlph do not interfere with F-actin binding. Decoration of fluorescently labeled F-actin (red) with the
constructs used in Fig. 5 shows that the interaction of all Rab27a/Mlph complexes containing the respective point mutations (green) with F-actin was similar to
the interaction of the wild-type complex with F-actin. (Scale bar: 3 μm.)

Fig. S8. Cosedimentation assay of microtubules (2 μM) with a reduced amount (3 μM) of dephosphorylated wild-type Mlph (1-590 Dephos). Forty-seven
percent of the total amount of Mlph protein pelleted with microtubules, noticeably more than in Fig. 6, where excess Mlph (5 μM) was used and only 27%
pelleted. These observations suggested that binding sites for Mlph on microtubules become limiting when Mlph exceeds the concentration of microtubules.
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Fig. S9. Dephosphorylation is sufficient to relocate Mlph from actin to microtubules efficiently. Alternative analysis of decoration assays with phosphorylated
(Left) or dephosphorylated (Right) Rab27a/Mlph complex on both microtubules and actin. The Mlph intensity bound to each filament type was normalized to
the total length of this filament type present in the channel. Error bars represent SD. a.u., arbitrary units.

Fig. S10. Dephosphorylated Rab27a/Mlph/MyoVa complexes (green) in the presence (Left) or absence (Right) of ATP on surface-attached networks of actin
(blue) and microtubules (red) in vitro. (Scale bar: 10 μm.)

Fig. S11. Examples of switching events at the actin/microtubule intersections. (A) Example of a tripartite complex (green) that diffused on a microtubule (red)
and switched to an intersecting actin filament (blue) (Movie S3). (B) Example of a tripartite complex that moved directionally on the actin filament and
switched to an intersecting microtubule (Movie S4). (Scale bars: 3 μm.)
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Table S1. Identification of phosphorylated residues and their quantification in the ABD of
wild-type Mlph in vitro

Modified amino acid Localization probability Phospho (STY) probabilities Score Occupancy, %

400 0.708 ISGSST(0.708)SSEDE 183 18.1
401 0.949 SGSSTS(0.949)SEDET 208 37.1
416 0.999 TFLGGS(0.999)PKVCT 186 51.1
435 1.00 ERNPRS(1.00)PGNPA 128 60.9
443 0.386 NPARPT(0.386)KSTDE 51 ND
445 0.989 ARPTKS(0.989)TDEEL 122 18.9
446 0.988 RPTKST(0.988)DEELS 92 8.46
451 0.999 TDEELS(0.999)EMEDR 214 26.9
491 0.999 LTVKPS(0.999)GKPRR 145 ND
498 1.00 KPRRKS(1.00)GIPIF 150 99.7
517 1.00 DRIPKT(1.00)PPADP 137 22.2
537 0.999 TTAVPS(0.999)LLRRK 49 ND
544 0.999 LRRKYS(0.999)PSSQG 185 49.2
546 0.836 RKYSPS(0.836)SQGVD 126 ND
554 0.994 GVDSGS(0.994)FDRKS 143 ND
559 0.972 SFDRKS(0.972)VYRGS 100 ND
564 0.982 SVYRGS(0.982)LTQRN 89 ND

The residues found to be phosphorylated in proteomic analyses are highlighted in bold letters as in Fig. S1.
The highly conserved residue S498 that also represents the strongest cAMP-dependent protein kinase consensus
site was quantitatively phosphorylated in vitro. ND, not detected.

Movie S1. Tripartite complex assembled with phosphorylated Mlph (green) assayed on a surface-attached network of microtubules (red) and actin filaments
(blue) in vitro. The transport complex largely ignores the microtubules and displays directional movement on the actin network. The movie is displayed at 7.4×
speed. (Scale bar: 10 μm.)

Movie S1

Movie S2. Tripartite complex reconstituted with dephosphorylated Mlph assayed on a surface-attached network of microtubules and actin filaments in vitro.
Colors are as in Movie S1. Dephosphorylation of Mlph is sufficient to redirect the MyoVa-dependent transport complex from the actin to the microtubule
network. The movie is displayed at 7.4× speed. (Scale bar: 10 μm.)

Movie S2
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Movie S3. MyoVa transport complex switching from a microtubule onto a crossing actin filament in vitro. Microtubules are shown in red, actin filaments in
blue, and the protein complex in green. The movie is displayed at 2.2× speed. (Scale bar: 3 μm.)

Movie S3

Movie S4. Tripartite complex switching from an actin filament onto a crossing microtubule in vitro. Colors are as in Movie S3. The movie is displayed at 2.2×
speed. (Scale bar: 3 μm.)

Movie S4
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