Molecular underpinnings of cytoskeletal cross-talk
Angela Oberhofera,1, Emanuel Reithmannb,c,1, Peter Spielera, Willi L. Steppa, Dennis Zimmermannd, Bettina Schmide,
Erwin Freyb,c,2, and Zeynep Öktena,2
a

Physik Department E22, Technische Universität München, D-85748 Garching, Germany; bArnold Sommerfeld Center for Theoretical Physics, LudwigMaximilians-Universität München, D-80333 München, Germany; cCenter for NanoScience, Department of Physics, Ludwig-Maximilians-Universität München,
D-80333 München, Germany; dKoch Institute for Integrative Cancer Research, Massachusetts Institute of Technology, Cambridge, MA 02139; and eGerman
Center for Neurodegenerative Diseases, D-81377 München, Germany

Cross-talk between the microtubule and actin networks has come
under intense scrutiny following the realization that it is crucial for
numerous essential processes, ranging from cytokinesis to cell
migration. It is becoming increasingly clear that proteins longconsidered highly specific for one or the other cytoskeletal system
do, in fact, make use of both filament types. How this functional
duality of “shared proteins” has evolved and how their coadaptation enables cross-talk at the molecular level remain largely unknown. We previously discovered that the mammalian adaptor
protein melanophilin of the actin-associated myosin motor is one
such “shared protein,” which also interacts with microtubules
in vitro. In a hypothesis-driven in vitro and in silico approach, we
turn to early and lower vertebrates and ask two fundamental
questions. First, is the capability of interacting with microtubules
and actin filaments unique to mammalian melanophilin or did it
evolve over time? Second, what is the functional consequence of
being able to interact with both filament types at the cellular
level? We describe the emergence of a protein domain that confers
the capability of interacting with both filament types onto melanophilin. Strikingly, our computational modeling demonstrates that
the regulatory power of this domain on the microscopic scale alone
is sufficient to recapitulate previously observed behavior of pigment
organelles in amphibian melanophores. Collectively, our dissection
provides a molecular framework for explaining the underpinnings
of functional cross-talk and its potential to orchestrate the cell-wide
redistribution of organelles on the cytoskeleton.
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interaction of MmMlph’s C-terminal FBD with the two filament
types ultimately sufficed to regulate the track selection of its
MmMyoVa motor within the tripartite complex at reconstituted
microtubule–actin crossings in vitro (Fig. 1A).
By contrast, in the mammalian model dynamic switching of
pigment organelles between the two cytoskeletal networks is
physiologically irrelevant (4). To unmask the molecular underpinnings and the functional relevance of such Mlph-mediated
track selection, here we turn to physiologically relevant model
organisms and seek to answer two key questions. What is the
molecular “origin” of Mlph’s regulatory power over its MyoVa
motor? Moreover, is the capability of Mlph to force its actinassociated MyoVa onto the “wrong” track sufficient to give rise
to functional cross-talk on the cellular scale?
Results and Discussion
We traced back the functional origins of Mlph-regulated track
selection from mammals to early and lower vertebrates using the
zebrafish and Xenopus as well-established in vivo models. Contrary
to the mammalian model, these two model organisms are in fact
proposed to make use of cross-talk in order to reversibly distribute
their melanosome organelles in a PKA-regulated manner in melanophore cells (1, 19, 20) (Fig. 1B). The latter allows fish and
amphibians to actively control their skin color, a fascinating trait
that is lost in mammals. Despite these species-specific differences,
however, previous in vivo studies implicated that early and lower
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Significance
Long considered independent, the microtubule and actin network
systems are now known to engage in functional cross-talk to
drive essential cellular processes such as whole-cell migration,
mitotic spindle positioning, or cell-wide organelle transport.
However, molecular details of cytoskeletal cross-talk remain
largely elusive. Here, we combine bottom-up reconstitution and
theoretical approaches to systematically dissect the underlying
mechanistic principles of cytoskeletal cross-talk using the example
of cell-wide organelle transport. We show that a small regulatory
protein domain is sufficient to establish cross-talk on the microscopic scale and prompt a global reorganization of organelles on
the microtubule–actin cytoskeleton on the cellular scale. Indeed,
this analytical approach can reproduce the previously observed
redistribution of organelles in vivo with remarkable accuracy.
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ver the past decades it has become increasingly clear that
the functional cross-talk between the microtubule and the
actin components of the cytoskeleton underlies many essential
cellular processes such as mitosis, cell migration, and intracellular cargo distribution (1–5). Consistent with this notion,
well-known accessory proteins of the microtubule or the actin
network systems have been found to interact with both filament
types in vitro and in vivo (6–8). The underlying molecular principles of how these “shared proteins” establish and/or regulate
cross-talk between the two cytoskeletal systems remain largely
mysterious.
We previously discovered that one well-characterized protein
of the actin cytoskeletal system—mammalian melanophilin from
mouse (MmMlph)—is such a “shared protein,” as demonstrated by
its interaction with microtubules in vitro (9). MmMlph was originally identified as an essential adaptor, recruiting the myosin Va
(MmMyoVa) motor to the pigment-containing organelles or melanosomes via the Rab27a GTPase. This forms one of the few wellcharacterized motor–cargo complexes in vivo (10), the tripartite
MmRab27a/MmMlph/MmMyoVa complex (Fig. 1A) (11–16). It is
also well established that mammalian MmMlph interacts with actin
filaments via its C terminus (11, 17, 18). We have recently shown
that, in vitro, the dephosphorylated C-terminal filament-binding
domain (FBD) of MmMlph clearly favored microtubules over actin filaments, while phosphorylation by the prototypical protein kinase A (PKA) restored its preference for actin (9). This competitive
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Fig. 1. (A) Illustration of the mammalian MmRab27a/MmMlph/MmMyoVa
complex and the MmMlph-regulated track selection. To form the tripartite
complex, the membrane-bound MmRab27a recruits the MmMlph adaptor in
a guanosine triphosphate-dependent manner that in turn recruits the
MmMyoVa motor to the surface of the organelle. Dependent on its phosphorylation state, the C-terminal FBD of MmMlph enforces a track selection
by overriding the inherent preference of its MmMyoVa for actin filaments
(AF), redirecting the motor onto microtubules (MT). (B) Illustration of the
dynamic redistribution of melanosomes in melanophore cells that is proposed to be brought about by the functional cross-talk between the microtubule and actin network systems. As a result, organelles are toggled
back and forth between the actin and microtubule networks. While the
presumed Rab27a/Mlph/MyoVa tripartite complex ultimately enables dispersion on the actin network (Left), the minus-end-directed dynein motor
aggregates the organelles in the cell center on the microtubules (Right). The
underlying molecular principles of this proposed cross-talk between the two
cytoskeletal systems are largely unknown.

vertebrates most likely use tripartite complexes homologous to
those found on mammalian organelles to mediate motility on the
cytoskeleton (1, 20, 21) (Fig. 1A). If true, the latter represents an
unmatched opportunity to trace back the functional origins of
Mlph-mediated track selection to early and lower vertebrates.
To directly test these hypotheses, we set out to reconstitute the
presumed tripartite complexes from early and lower vertebrates
using recombinantly expressed subunits to assess if they indeed
form functional MyoVa-driven tripartite complexes. To this end,
we turned to Rab27a, Mlph, and MyoVa homologs from zebrafish
and Xenopus, respectively (SI Appendix, Fig. S1A; see SI Appendix
for details). In particular, we expressed three different Mlph
proteins from zebrafish with distinct C-terminal FBDs: DrMlph-a,
DrMlph-b (paralog of DrMlph-a), and DrMlph-bX2 (isoform of
DrMlph-b), which most probably arose from a gene duplication
event (SI Appendix, Fig. S1B) (21). We also expressed one isoform
from Xenopus, as the functionally relevant FBDs are fully conserved among the respective isoforms (SI Appendix, Fig. S1C). To
confirm that the Mlph homologs from zebrafish and Xenopus
function as adaptor proteins for tripartite complex formation, as
we had demonstrated previously with the mammalian MmMlph
(Fig. 1A), we turned to single-molecule motility assays in vitro.
Briefly, we labeled the respective Rab27a and MyoVa subunits
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from zebrafish and Xenopus with two different fluorophores and
followed their directional movement on surface-attached actin
filaments in a TIRF (total internal reflection fluorescence) microscope. Only in the presence of Mlph (unlabeled) did Rab27a
and the MyoVa motor move together along the filaments as part
of a tripartite complex (Movies S1 and S2, Top). In the absence of
Mlph, by contrast, the Rab27a subunit no longer displayed directional movement, and only the MyoVa motor moved along the
actin filaments (Movies S1 and S2, Bottom). Together, our reconstitution assays demonstrate that the Mlph homologs from
zebrafish and Xenopus function as an adaptor between the Rab27a
and MyoVa subunits as described previously for the mammalian
model (Fig. 1A).
We next screened the respective Mlph homologs from zebrafish and Xenopus for the functional phosphorylation sites that we
had previously characterized in the mammalian model (9). Because the highly conserved phosphorylation site S498 in the
mammalian FBD was also the most pronounced phosphorylation
target in our in vitro assays (9), we focused our attention on the
corresponding sites within the various FBDs from zebrafish and
Xenopus (SI Appendix, Fig. S2A). While a corresponding site
appeared to be present in the Xenopus XtMlph (S492), no such
conserved recognition site for phosphorylation was evident in
any of the zebrafish sequences (SI Appendix, Fig. S2A). Mass
spectrometry analyses of in vitro-phosphorylated Mlph proteins,
however, revealed several PKA-phosphorylated sites in the respective FBDs from zebrafish and Xenopus (SI Appendix, Fig.
S2A and Tables S1–S4). Importantly, and in agreement with our
previous findings with the mammalian MmMlph (9), phosphorylation and dephosphorylation of the Mlph proteins from
zebrafish and Xenopus had no effect on the velocity and processivity of the respective MyoVa motors in the tripartite complexes (SI Appendix, Table S5). Having verified the functional
integrity of the respective phosphorylated and dephosphorylated
Mlph homologs, we next assessed their role in regulating track
selection at reconstituted microtubule–actin crossings.
Melanophilin Proteins from Zebrafish Fail to Mediate Track Selection
In Vitro. First, we investigated whether the Mlph homologs from

zebrafish and Xenopus are able to interact with microtubules and
actin filaments in a phosphorylation-dependent manner in vitro.
To this end, we attached both microtubules and actin filaments
(labeled with two different fluorophores) to a glass coverslip and
used a three-color TIRF microscope to probe the binding capability of the Rab27a/Mlph complexes (labeled with a third fluorophore on the Rab27a subunit) to the respective filaments. While
the amphibian XtMlph interacted readily with both filament types
(SI Appendix, Fig. S2B), all Mlph proteins from zebrafish (DrMlph-a,
DrMlph-b, and DrMlph-bX2) failed to interact with microtubules
(SI Appendix, Fig. S2 C–E). Only DrMlph-bX2 interacted with
actin filaments (SI Appendix, Fig. S2C), but not DrMlph-a or DrMlph-b
(SI Appendix, Fig. S2 D and E).
The failure of the zebrafish DrMlph proteins to directly interact
with microtubules raised the question of whether these proteins
are at all able to regulate the track selection of their DrMyoVa
motor at microtubule–actin crossings in vitro. To visualize the
behavior of the respective tripartite complexes in a TIRF microscope, we labeled the Rab27a subunit, together with the microtubules and actin filaments, with three different fluorophores. In
this way, a tripartite complex will either move directionally toward
the barbed end of actin filaments (22) or display one-dimensional
diffusion on microtubules as demonstrated previously (9, 23, 24).
We then monitored whether or not, upon arrival at a crossing, a
given complex would switch from one to the other filament type,
or would simply ignore the crossing and continue on its way (SI
Appendix, Fig. S3A and Movie S3). In stark contrast to our previous findings with the mammalian complex (9), the switching
behavior of the phosphorylated and dephosphorylated complexes
Oberhofer et al.

its MmMyoVa motor that may not yet exist in the early vertebrate zebrafish. If, however, the FBD-mediated regulation is
autonomous, the sole presence of the mammalian FBD will be
expected to prompt a PKA-dependent response from the unresponsive zebrafish complex at microtubule–actin crossings.
To test this hypothesis, we fused the last ∼100 residues of the
mammalian FBD containing the S498 phosphorylation site to the
zebrafish DrMlph-b (SI Appendix, Fig. S2A; see SI Appendix for details). The presence of this distantly related mammalian FBD alone
was sufficient to confer a capacity for phosphorylation-regulated
switching at reconstituted microtubule–actin crossings onto the
zebrafish complex. This behavior resembled that of the mammalian
complex remarkably well (Fig. 2 B, B′, D, and D′) (9). Compared to
the unregulated zebrafish complex, which switched with essentially
the same probabilities from microtubules onto actin filaments irrespective of its phosphorylation state (Fig. 2A, Phos. vs. Dephos.), the
switching probabilities of the chimeric complex containing the
mammalian FBD differed substantially between phosphorylated and
dephosphorylated states (Fig. 2B, Phos. vs. Dephos.). Strikingly, the

Engineering Regulated Track Selection In Vitro. It is conceivable that
the mammalian MmMyoVa complex has evolved specific features to enable a regulatory control of the MmMlph adaptor over
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from zebrafish at microtubule–actin crossings was essentially indistinguishable (Fig. 2 A and A′ and SI Appendix, Fig. S3 B–C′). In
fact, the zebrafish complexes largely reproduced the switching
behavior of the unregulated mammalian tripartite complex that
lacked its regulatory FBD (9). Together, these results show that
the DrMlph proteins from zebrafish are unable to regulate the
switching behavior of the DrMyoVa-based tripartite complex at
cytoskeletal crossings in vitro. Indeed, the zebrafish DrMyoVa
motor alone behaved in essentially the same way irrespective of
whether or not DrMlph was present and faithfully replicated the
switching behavior of the respective zebrafish complexes (SI Appendix, Fig. S3 D and D′). Because none of the zebrafish DrMlph
proteins were able to regulate track selection at microtubule–actin
crossings, we decided to investigate whether it is possible to engineer a “regulatable” zebrafish complex.
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Dephos.
Fig. 2. (Top) Illustration of tripartite complexes employed in experiments. Left column: Respective switching directions and phosphorylation states (Phos. and
Dephos.) of the complexes. Values (mean over experiments ± SD) above the pie charts represent the color-coded switching probabilities in percent that
correspond to the switching direction (Left). (A and A′) The respective switching probabilities of the zebrafish tripartite complex assembled with the DrMlphbX2 protein showed no dependence on DrMlph’s phosphorylation state (compare respective values for Phos. vs. Dephos.), largely recapitulating the switching
behaviors shown in SI Appendix, Fig. S3. (B and B′) When the mammalian FBD was fused to the zebrafish DrMlph-b, switching of the chimeric complex onto
actin increased upon phosphorylation and decreased upon dephosphorylation (B, 87% for Phos. vs. 40% for Dephos.) relative to the unregulated wild-type
zebrafish complex (A, ∼66% for Phos. and Dephos.). (B′) Dephosphorylation increased the switching of the chimeric complex onto microtubules approximately fivefold from 4 to 22% (B′, Phos. vs. Dephos.). (C) Preventing PKA-dependent phosphorylation of the S498 significantly suppressed the switching onto
actin (B vs. C, Phos. states) as expected, while dephosphorylation still efficiently suppressed the switching onto actin (B vs. C, Dephos. states). (C′) The point
mutation S498A abolished the capability to up-regulate switching onto microtubules (B′ vs. C′), reproducing the behavior of the unregulated zebrafish
complex (A′ vs. C′). n = number of events from three independent sets of experiments. (D and D′) Switching probabilities of the mammalian complex to
facilitate comparison (replotted from ref. 9). AF, actin; MT, microtubule.
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Fig. 3. Amphibian XtMlph regulates cross-talk at microtubule–actin crossings (for a description of illustrations on the left see Fig. 2). (A) Phosphorylated and
dephosphorylated Xenopus complexes displayed largely indistinguishable switching behaviors from microtubules onto actin filaments (Phos. vs. Dephos.). (A′)
Upon dephosphorylation, the complex displayed a considerably enhanced switching from actin filaments onto microtubules (Phos. vs. Dephos.). (B) The
mammalian MmMyoVa motor under the regulatory control of the amphibian XtMlph displayed a substantially reduced switching from ∼100% (9) to ∼50%,
largely recapitulating the behavior of the amphibian XlMyoVa (A). (B′) The switching from actin onto microtubules, on the other hand, was enhanced under
the regulatory control of the amphibian XtMlph as previously observed with its mammalian homolog. (C) The surprisingly low switching probabilities of the
amphibian complex to switch onto its actin filament have been significantly increased when the amphibian XlMyoVa switched under the control of the
phosphorylated mammalian MmMlph (compare A vs. C, Top). Moreover, as observed with the mammalian complex (Fig. 2D), dephosphorylation also suppressed the switching of the complex onto actin filaments (compare C vs. Fig. 2 D, Bottom). Therefore, the switching behavior of the amphibian XlMyoVa
under the regulatory control of the mammalian MmMlph resembled the mammalian complex as shown in Fig. 2D rather than the amphibian complex (A). (C′)
As expected, the mammalian MmMlph was capable of enhancing the switching of the amphibian XlMyoVa onto microtubules upon dephosphorylation
(compare C′ vs. Fig. 2D′). n = number of events from three independent experiments for A and A′ and two independent experiments for B to C′. AF, actin; MT,
microtubule.

presence of the mammalian FBD alone sufficed to force the
zebrafish DrMyoVa motor onto the “wrong” track, by significantly
up-regulating the switching of the chimeric complexes from actin
filaments onto microtubules upon dephosphorylation (Fig. 2B′, Phos.
vs. Dephos.). We were able to eliminate this up-regulation by
replacing the S498 phosphorylation site with a nonphosphorylatable
alanine (S498A) (Fig. 2C′, Phos. vs. Dephos.).
This result underscores the regulatory dominance of the
conserved serine residue S498 and suggests that incorporation of
only a few functional phosphorylation sites may in fact suffice to
4 of 9 | www.pnas.org/cgi/doi/10.1073/pnas.1917964117

regulate track selection at microtubule–actin crossings in vitro.
The fact that the zebrafish DrMlph proteins lack the ability to
simultaneously interact with microtubules and actin filaments
suggests that at least this particular early vertebrate cannot upregulate the microtubule preference of its associated DrMyoVa
motor. Contrary to zebrafish, the amphibian XtMlph, which
appeared later in evolution, is capable of interacting with both
filament types. This suggests that the amphibian XtMlph may in
fact be capable of regulating the switching behavior of its
XlMyoVa motor at microtubule–actin crossings.
Oberhofer et al.
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Fig. 4. Illustration of the computational (in silico) model. (A) Melanophores
were modeled as two-dimensional circular cells (radius 30 μm) that contained straight actin filaments and microtubules with an intrinsic orientation
(indicated by the arrows). The distribution of actin filaments was assumed to
be homogeneous and isotropic in both position and orientation. The lengths
were chosen from an exponential distribution (mean 1.5 μm). Microtubules
were arranged radially (length ∼30 μm) and extended from the center of the
cell (minus ends) to the periphery (plus ends). (B) The dynamics of melanosomes (Top) were assumed to be directed toward the barbed end when
bound to actin filaments, bidirectionally but with a bias toward the minus
end when bound to microtubules, and diffusive in two dimensions when
unbound. (Bottom) At any given crossing between filaments, melanosomes
could either continue to move along the same filament or switch onto the
other filament with respective switching probabilities pAF→MT , pMT →AF , and
pAF→AF (blue arrows indicate direction of movement). For further details on
the model and its robustness, see SI Appendix, Table S6 and Figs. S6–S9. AF,
actin; MT, microtubule.
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Amphibian XtMlph Regulates Cross-Talk at Microtubule–Actin
Crossings. As observed with the zebrafish complexes (Fig. 2A

and SI Appendix, Fig. S3 B and C, Phos. vs. Dephos.), phosphorylated and dephosphorylated complexes from Xenopus
switched with largely indistinguishable probabilities from microtubules onto actin filaments (Fig. 3A, Phos. vs. Dephos.).
Strikingly, however, switching in the opposite direction—from
actin filaments onto microtubules—was significantly increased
upon dephosphorylation, which we had not observed with the
zebrafish complexes (Fig. 3A′, Phos. vs. Dephos., Fig. 2A′, and SI
Appendix, Fig. S3 B′ and C′, Phos. vs. Dephos.). Consistent with
its role of regulating the track selection of its XlMyoVa motor,
removal of the FBD abolished this up-regulation (SI Appendix,
Fig. S4A′, Phos. vs. Dephos.). Interestingly, when compared to
the phosphorylated mammalian complex that switched onto
the actin filament at microtubule–actin crossings with a probability of ∼100% (Fig. 2D, Phos.) (9), ∼50% of the amphibian
complexes did not switch onto the actin filament and continued on the microtubule (Fig. 3A, Phos.). To gain a further
Oberhofer et al.

understanding of this considerable difference between the amphibian and mammalian tripartite complexes (Fig. 2 D and D′ vs.
Fig. 3 A and A′), we investigated whether it is the Mlph adaptor
or the MyoVa motor that dominates the switching behavior at
microtubule–actin crossings. To this end, we characterized the
switching of the mammalian MmMyoVa under the regulatory
control of the amphibian XtMlph and the amphibian XlMyoVa
under the control of the mammalian MmMlph. Remarkably, the
mammalian MmMyoVa under the control of the amphibian
XtMlph largely reproduced the switching behavior of the amphibian XlMyoVa (Fig. 3 B and B′ vs. Fig. 3 A and A′) and vice
versa (Fig. 3 C and C′ vs. Fig. 2 D and D′). This demonstrates the
regulatory power of the Mlph adaptor protein over the MyoVa
motor, irrespective of evolutionary origin. Such regulatory
dominance suggests that the C-terminal FBD of the Mlph
adaptor protein may represent a functionally dominant “command center” for cross-talk regulation.
To assess the cell-wide impact of Mlph-mediated track selection, we turned to computational modeling to simulate the
dynamic redistribution of melanosomes as illustrated in Fig. 1B.
Specifically, we addressed the following questions. Are the
experimentally determined switching probabilities from our
reconstitution assays capable of mediating any significant redistribution of these organelles on the cellular scale? If so, is
there a specific functional purpose for regulating switching
from actin filaments onto microtubules ðpAF→MT Þ but not the
reverse direction ðpMT→AF Þ, as observed in our assays (Fig. 3A
vs. Fig. 3A′)?
Simulation of Melanosome Motion in Amphibian Melanophores. To
simulate the stochastic motion of melanosomes on a cell-wide
scale, we developed a computational model as illustrated in Fig.
4 (see SI Appendix for details on the model and the impact of
filament length, density, and distribution as well as dwell times of
melanosomes on microtubule and actin filaments on simulated
melanosome redistribution, SI Appendix, Figs. S6–S9). Because
our aim was to translate the switching behavior of individual
melanosomes at a single filament crossing to the intracellular
organization of these organelles, we explicitly modeled cytoskeletal networks composed of individual actin and microtubule
filaments. Such explicit modeling of filament networks has recently unmasked previously inaccessible theoretical aspects of
intracellular transport (25–31), while effective, continuous
models yielded first fundamental insights into cytoskeletondependent transport processes (32–36). In order to study the
impact of interfilament switching on intracellular melanosome
distribution in Xenopus melanophores, we varied the switching
probabilities only, leaving the velocities of simulated melanosomes on the microtubule and actin networks unchanged. Specifically, we set the motility of melanosomes on microtubules to a
constant, minus-end-directed velocity corresponding to the
dynein-dominated activity that clusters melanosomes in Xenopus
melanophores (37) (Fig. 1 B, Right), as detailed in SI Appendix.
We chose this implementation for two reasons. First, it represents the “worst-case” scenario for our interrogation of whether
regulation of switching probabilities alone would suffice to reversibly distribute melanosomes throughout the cell (i.e., explicitly without regulating the microtubule-based motion).
Second, it is well known that in amphibian melanophores, depolymerization of the actin network aggregates melanosomes at
the minus ends of microtubules, even if the organelles were
initially dispersed throughout the cell (37, 38).
Regulation of Switching Alone Prompts Redistribution of Melanosomes
in Virtual Melanophore Cells. One intriguing finding obtained with

the Xenopus model was that the switching probabilities from
actin filaments onto microtubules ðpAF→MT Þ were phosphorylationdependent, while the switching probabilities from microtubules
PNAS Latest Articles | 5 of 9
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Fig. 5. Changes in pAF→MT alone are sufficient to enable redistribution of melanosomes in virtual melanophores. (A) In our computer simulations, a continuous decrease of pAF→MT suffices to darken the appearance of the virtual melanophores (top portion, left to right). Each average distance of melanosomes
(avg. radial distance) from the cell center at a specific pAF→MT approaches a stationary value d over time. This value quantifies how broadly melanosomes are
dispersed throughout the cell (bottom portion depicts increasing values from left to right). As initial conditions we chose a homogeneous distribution of
melanosomes throughout the cell. (B) The values for d obtained from simulations based on the computational model vary considerably within the range of
experimentally determined pAF→MT values (shaded area) for the Xenopus complex (2 to 29%, Fig. 3A′ Phos. vs. Dephos.). In contrast, perturbations of pMT →AF
close to the value determined for the Xenopus transport complex (∼46%, Fig. 3A) have only minor effects on d. Data correspond to an average over 35
cytoskeletal networks. Error bars reflect the SEM. Refer to SI Appendix for further details. AF, actin; MT, microtubule.

onto actin filaments ðpMT→AF Þ were unregulated (Fig. 3A vs.
Fig. 3A′). We therefore first investigated whether up-regulation
of pAF→MT impacts the melanosome distribution per se. As
expected, a strong switching bias toward microtubules (large
pAF→MT ) led to clustering of melanosomes in the cell center
(Fig. 5 A, Left). Strikingly, however, our computer simulations
showed that reducing pAF→MT alone was sufficient to disperse
the melanosomes throughout the cell (Fig. 5 A, Middle and
Right and Movies S4 and S5). There was no need to additionally down-regulate the minus-end bias of melanosome motion
(i.e., the dynein-dependent motion; see Fig. 1 B, Right) on the
microtubules.
To quantify the extent of melanosome dispersion throughout
the virtual melanophores with a single number, we used the
average stationary distance d of melanosomes to the cell center.
Put simply, large values of d correspond to a broad distribution
of melanosomes throughout the whole cell, while d decreases
with the degree of clustering in the cell center (Fig. 5A). For each
melanophore and each set of switching probabilities, pAF→MT and
6 of 9 | www.pnas.org/cgi/doi/10.1073/pnas.1917964117

pMT→AF , d approached a (unique) stationary value over time
(Fig. 5B).
We then investigated the impact of the experimentally determined switching probabilities on the degree of melanosome
dispersion throughout the cell as quantified by d. Remarkably, a
systematic analysis of this parameter over the full range of
pAF→MT showed that varying this switching probability changes d
most substantially within the range of the experimentally determined values (Fig. 3A′ Phos. vs. Dephos., Fig. 5B, shaded
area, and SI Appendix, Fig. S5). In fact, beyond these values, d
did not change considerably as a response to variations of
pAF→MT . These analyses thus support our hypothesis that solely
regulating the switching of the Xenopus complex from actin onto
microtubules, as reconstituted in our assays, may alone be sufficient to cause cell-wide melanosome redistribution (Fig. 5A).
However, in contrast to variations of pAF→MT , even comparatively
strong perturbations of pMT→AF close to the experimentally determined probabilities failed to have any substantial effect on the
degree of melanosome dispersion throughout the cell (Fig. 5B).
Oberhofer et al.

Taken together, our simulations support the notion that
regulation of pAF→MT alone would indeed provide a robust and
efficient means to regulate the reorganization of melanosomes on a cell-wide scale. While additional regulation of
microtubule-associated motors may support rapid transitions
between dispersion and aggregation of melanosomes in vivo
(Fig. 1 B, Left vs. Right), our simulations show that it is per se
not required and that it can be compensated by solely regulating the cytoskeletal cross-talk (Movie S5 and SI Appendix,
Fig. S5).
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the experimentally determined value of ∼46% did not have
any substantial impact on the degree of dispersion (Fig. 5B).
We therefore wondered whether changes in the switching
from microtubules onto actin filaments ðpMT→AF Þ can prompt
any relevant redistribution of melanosomes at all. To this end,
we systematically evaluated changes in d over the full range of
possible values for pAF→MT and pMT→AF to obtain a complete
relation dðpMT→AF , pAF→MT Þ for any arbitrary pair of values
(Fig. 6A; see SI Appendix for details). The result confirmed
that the degree of melanosome distribution d is largely unresponsive to changes of pMT→AF (Fig. 6A, red vs. yellow arrows).
To quantitatively demarcate the functionally relevant range in
which the melanosomes can be redistributed effectively by
changing either pAF→MT or pMT→AF , we determined the regulatory sensitivities of dðpMT→AF , pAF→MT Þ with respect to such
variations. Specifically, regulatory sensitivity was computed as
the magnitude of the slope of dðpMT→AF , pAF→MT Þ. As indicated
in Fig. 6B, the regions of sensitive regulation by changes of
pMT→AF was much more limited compared to pAF→MT . Strikingly, the region of switching probabilities that is irrelevant for
an effective regulation in virtual melanophores covers the
experimentally determined (unregulated) probabilities of the
zebrafish and Xenopus complexes to switch from microtubules
onto actin (Fig. 6 B, Right). In stark contrast to the unregulated pMT→AF (Fig. 3A, Phos. vs. Dephos.), the regulated
pAF→MT as displayed by the Xenopus complex (Fig. 3A′, Phos.
vs. Dephos.) was positioned well within the regulatory-sensitive
region (Fig. 6B, Left, black arrow).
Taken together, our computational model provides a compelling rationale for two aspects of our experimental findings.
First, by demarcating the regime of most efficient organelle
redistribution in virtual melanophores, our simulations underline the functional significance of regulating the switching from
actin onto microtubules, but not the other way around, to enforce cross-talk (Fig. 3A vs. Fig. 3A′). Second, the striking
agreement between the experimentally determined magnitudes
of switching probabilities (Fig. 3A′, Phos. vs. Dephos.) and the
range of regulatory sensitivity that is predicted by our computational model (Fig. 6) provides strong support that regulation
of cross-talk alone would in principle be sufficient to efficiently
and reversibly redistribute melanosomes on a cell-wide scale
(Fig. 1B).
Together with our previous dissection of the mammalian
model (9), we have unmasked an intriguing trajectory of how
cross-talk may have been established through evolution.
While DrMlph proteins from the early vertebrate zebrafish
cannot regulate switching in either direction, the amphibian
XtMlph acquired the ability to up-regulate the switching of its
XlMyoVa motor from actin filaments onto microtubules. The
mammalian MmMlph, on the other hand, is capable of upregulating both, switching onto microtubules and switching
onto actin filaments (9). We plotted a simple phylogenetic
tree to assess whether the evolutionary relationships between
the Mlph sequences and the respective organisms correlate
(SI Appendix, Fig. S10). As expected and consistent with

Fig. 6. Degree of melanosome dispersion throughout a cell is regulated
efficiently by changing the switching probability from actin filaments to
microtubules ðpAF→MT Þ but not by altering the switching probability in the
reverse direction ðpAF→AF Þ. (A) The degree of melanosome dispersion d
throughout the cell was determined for 121 pairs of values for pAF→MT and
pMT →AF (closed symbols). Each of the data points corresponds to an ensemble average over 35 cytoskeletal networks. We interpolated these
data points with a two-dimensional spline (gray surface) to obtain a
functional relation dðpMT →AF , pAF→MT Þ over the full range of possible values
for the switching probabilities. The shading of the surface indicates
whether a virtual melanophore would appear dark or bright. (B) Regulatory sensitivity as quantified by the magnitudes of the slopes in the respective directions. Regulatory sensitivity (dark-colored areas) is substantially
more pronounced for changes in pAF→MT than pMT→AF . Red and yellow
arrows indicate changes in the pAF→MT and pMT→AF direction, respectively,
and are located at the same positions in A and B to guide the eye. The
black arrow refers to experimentally determined switching probabilities
of the Xenopus complex shown in Fig. 3 A and A′. The black point is located at the switching probabilities determined for zebrafish complexes
(Fig. 2 A and A′ and SI Appendix, Fig. S3 B–C′). For details, refer to SI
Appendix. AF, actin; MT, microtubule.

previous reports (21, 39), a gene duplication occurred in the
fish lineage leading to multiple Mlph proteins in fish but not
in land animals or amphibians. Furthermore, the evolutionary
relationships between the Mlph proteins correlated with the
relationships between the organisms.
What might be the mechanistic rationale for the up-regulated
switching of the actin-associated XlMyoVa motor onto microtubules in the amphibian model? Our systematic mechanistic
dissection now provides a straightforward, simple explanation.
We find that up-regulation alone is fully sufficient for a cell-wide
redistribution of melanosomes in silico (Fig. 5 and Movies S4
and S5), which mediates physiological color change in vivo (1, 20).
PNAS Latest Articles | 7 of 9
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As such, a microscopic parameter (switching probabilities between filaments) dictates the collective behavior of melanosomes, which leads to a macroscopically observed change in
phenotype.
The failure of zebrafish DrMlph proteins to regulate any
switching probabilities of their DrMyoVa motor (Fig. 2 A and A′
and SI Appendix, Fig. S3 B–C′), on the other hand, provokes the
question of whether the MyoVa/actin system is involved in a
regulated cross-talk between the microtubule and actin networks in the fish model. Indeed, the most conspicuous difference between fish and amphibians is the use of the actin system.
It is long established that in the absence of the actin network
the microtubule system alone is sufficient to ensure redistribution of melanosomes in the fish model (40). In stark contrast,
removal of the actin network in amphibian melanophores
prevents such cell-wide redistribution, and melanosomes cluster irreversibly in the cell center (38). The latter underscores
the necessity of both, the actin and microtubule systems, in
reversible melanosome redistribution to bring about a physiological color change in the amphibian model (Fig. 1B). In line
with these observations, we have been able to reconstitute
regulated cross-talk at microtubule–actin crossings with the
amphibian but not the zebrafish model in vitro (Fig. 2 A and A′
vs. Fig. 3 A and A′).
Based on our systematic dissection and previous in vivo findings described above, we therefore propose that in the fish model
regulated cross-talk between the microtubule and actin network
systems via the MyoVa/actin is not yet evolved, whereas crosstalk in the amphibian model is required to ensure cell-wide redistribution of melanosomes for physiological color change
in vivo. We provide a molecular explanation for the specific
regulation of the switching from actin filaments onto microtubules and demonstrate that switching in the opposite direction is
insufficient to regulate the redistribution of melanosomes (Fig.
6B). In agreement with our proposed model, previous in vivo

studies on intact melanosomes suggested that the switching of
melanosomes onto the actin network is not regulated in fish
melanophores (32).
Two aspects of our systematic mechanistic dissection of Mlphmediated cross-talk deserve further scrutiny in the future. Can
functional cross-talk be engineered into zebrafish in vivo as we
demonstrate here in vitro? Furthermore, why does the mammalian model regulate switching probabilities even though crosstalk appears to be irrelevant for physiological color change (4)?
Last but not least, given that the vast majority of myosin, kinesin,
and dynein motors are recruited to their designated cargo via
adaptor proteins, it will be interesting to see if other adaptors
interfere with the motor-dependent transport regulation in a way
similar to that observed for Mlph.
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