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SUMMARY

Microtubules provide long tracks along which a broad range of organelles and vesicles are
transported by kinesin and dynein motors. Motor protein complexes also tether cargoes to
cytoskeletal filaments, helping facilitate their interaction and communication. The generation
of biochemically distinct microtubule subpopulations allows subsets of motors to recognize a
givenmicrotubule identity, allowing further organizationwithin the cytoplasm. Both transport
and tethering are spatiotemporally regulated through multiple modes, including acute mod-
ification of both motor–cargo and motor–track associations by various physiological signals.
Strict regulation of intracellular transport is particularly important in specialized cell types
such as neurons. Here, we review general mechanisms by which cargo transport is controlled
and also highlight examples of transport regulated by multiple mechanisms.
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1 INTRODUCTION

The ability of a cell to respond and adapt to changing phys-
iological cues relies on continual reorganization of the
contents of its cytoplasm. This is accomplished primarily
through active transport along cytoskeletal filaments by
molecularmotorproteins.The collectionof cargoespresent
in any given cell is vast and extremely varied—diversemem-

brane organelles, messenger RNA (mRNA) transcripts,
protein complexes, and viruses, among others. In compar-
isonwith this diversity, only a small numberof components
make up the intracellular transportmachinery—three fam-
ilies of motors and two types of tracks (Fig. 1). Remarkably,
this handful of building blocks can be combined and
adapted to create a myriad of finely tuned machines capa-
ble of transporting a full range of cellular cargoes.
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Figure 1. Membrane organelles require multiple motors and cytoskeletal filaments for their distribution. (A) In a
steady-state eukaryotic cell, the molecular motors kinesin and dynein transport cargo over long distances along
radially arranged microtubules (purple). Actin filaments (dark yellow) are denser near the cell periphery and
primarily support short-range transport events by myosinmotors. (B) The architecture of the cytoskeletal transport
machinery in a neuron is somewhat analogous, with bundles ofmicrotubules (purple tracks) extending from the cell
body into the axon and dendrites (not highlighted in this figure), and with actin concentrated in the growth cone at
the axon terminal. (C) Organelles are often moved by multiple motors, including motors of opposite polarity and
on different cytoskeletal tracks. (D)Microtubules and actin also provide scaffoldingwhere organelle interactions can
take place, as attachment to a filament restricts three-dimensional diffusion of organelles to movement in one
dimension. The activity of these motors, and the way in which individual cargoes are transported, is likely regulated
by molecular factors specific to individual organelles to allow for rapid changes in distribution and motility.
(Modified from Barlan et al. 2013b.) Note that the various motors, cargoes, and cellular constituents are not
illustrated here to scale.
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Molecular motors have two important, interdependent
functions in intracellular transport. Their primary func-
tion is to deliver cargoes to discrete cellular locations in
response to various physiological stimuli. But motors
also play a direct role in facilitating molecular exchanges
and chemical interactions between membrane organelles.
By tethering organelles to a cytoskeletal track, motors act
to limit three-dimensional diffusion to movement in one
dimension and thus influence when and where particu-
lar intermolecular associations occur and increase the effi-
ciency of component exchange between individual cellular
compartments.

Here, we focus on the various ways in which the micro-
tubule cytoskeleton supports the delivery and distribution
of cargoes and the types of physiological stimuli that con-
trol these events. Examples highlighting the acute regula-
tion of transport in space and time will also be discussed.

2 FUNDAMENTALS OF MICROTUBULE-BASED
TRANSPORT

2.1 Motor Proteins Power Cargo Transport along
Cytoskeletal Filaments

Microtubules and actin filaments together make up the
tracks along which cargoes can be transported, delivered,
and anchored (Fig. 1). As such, they are key components
crucial to organizing the rest of the cytoplasm in a cell. The
arrangement of each filament network is best suited for a
distinct kind of transport. These networks complement
one another to provide the architecture necessary to sustain
both directed transport events and organelle tethering.

Microtubules are long polymers that are polarized both
in their intrinsic structure and also, usually, in their ar-
rangement in the cell. Typically their fast-growing plus
ends extend toward the cell periphery, whereas their minus
ends are located closer to the cell center and are often
anchored at the centrosome, near the nucleus. This well-
organized, radial arrangement of filaments provides tracks
for fast transport of cargoes by members of two classes
of molecular motor proteins (see Sweeney and Holzbaur
2016). Dynein motors move toward the minus ends of
microtubules, whereas most kinesins move toward the
plus ends. In contrast to microtubules, actin filaments are
shorter and, although the filaments themselves are polar-
ized, they typically form a more randomly oriented mesh-
work that is most dense near the cell cortex (see Svitkina
2016). Myosin motors move along actin filaments and pri-
marily contribute to localized, short-range movements of
cargoes.

Nowhere is the regulation of cargo delivery and distri-
bution more important than in the polarized axon of the
neuron. A diverse array of cargoes required for neuronal

function and synaptic activity must be transported along
microtubules from the cell body, where the cargoes are
synthesized, toward axonal synapses that can be many cen-
timeters away. The cytoskeletal architecture of the neuron is
analogous to that of other cells (Fig. 1). Bundled microtu-
bules extend along the axon shaft, with their plus ends
toward the axon terminal, and actin filaments are enriched
in the growth cone, a structure near the distal tip of the
axon, and at the synapses.

Understanding how molecular motors function in ax-
onal transport is key to our understanding of a range of
neurological diseases (Chevalier-Larsen and Holzbaur
2006; Hirokawa et al. 2010). Mutations in the most crucial
components of axonal transport are typically not found
in diseases as they are generally lethal. However, various
models of neurological disease have lent themselves to
the study of axonal transport regulation and have led to
the discovery of important accessory proteins (Bowman
et al. 2000; Smith et al. 2000; Stowers et al. 2002; Gindhart
et al. 2003). Because of the high physiological significance
and unique polarized architecture, the neuron has become
a popular and powerful model for investigating microtu-
bule-based transport.

Another model system used to study cargo transport
comes from the color-changing cells of amphibians and
fish. These animals use the regulated transport of pig-
ment-containing organelles, called melanosomes, as a
means for rapid color change. This behavior is often in-
duced by changes in the animal’s environment. Although
melanosomes constantly undergo indiscriminate short-
range movements, their motility becomes highly per-
sistent and synchronous in response to hormonal signals.
This results in a dramatic reorganization of pigment within
each individual cell and the lightening or darkening of the
animal’s skin or scales. Details of the regulation of mela-
nosome transport will be discussed below.

The cytoskeletal transport system can also be seized
by viruses to aid in their replication and spread. Vaccinia
virus, for example, replicates its genome and assembles
viral particles in the cytoplasm of cells, and then it uses
kinesin-dependent transport to shuttle these viral particles
to the plasma membrane for release from the cell (Leite
and Way 2015). The timing of viral particle association
with kinesin is regulated, in part, by the timing of viral
gene expression to ensure that only mature viral particles
are transported to the cell periphery. We will discuss an
example of viral particle transport below.

Each episode of cargo transport requires three distinct
processes: an interaction between motor and cargo, the
binding of the motor to a track, and the subsequent move-
ment of the motor along the track. Each one of these pro-
cesses is subject to a variety of regulatory mechanisms.
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2.2 Modification of Adaptor Proteins Enables
Cargo-Specific Regulation of Transport

Many motors use autoregulatory mechanisms—so-called
autoinhibition—to turn off their catalytic activity when
they are not involved in transporting cargo (Sellers et al.
2008; Verhey et al. 2011). Typically, autoinhibition is con-
ferred through intramolecular interactions, which prevent
the expensive hydrolysis of ATP and the jamming of cyto-
skeletal tracks by a large pool of motors not carrying cargo.
Binding to cargo is thought to be a key event relieving
autoinhibition, leading to microtubule binding and the
stimulation of the transport activity of both kinesins and
dyneins (Verhey and Hammond 2009; McKenney et al.
2014). Although some cargoes can bind directly to motors,
many require adaptor molecules to mediate these interac-
tions (Akhmanova and Hammer 2010). Because a single
class of kinesin, for example, contributes to the motility of
many dozens of distinct cargoes, regulation of specific mo-
tor–cargo interactions provides an efficient way to acutely
influence the transport of a single cargo type (Fu andHolz-
baur 2014).

Many motor–cargo interactions are regulated by the
switch-like behaviorof GTPases.When these enzymes cycle
between GTP-bound and GDP-bound states, they often
change structural conformations, which results in state-
specific association with motors or organelles. Dynein
adaptor proteins Bicaudal-D1 and Bicaudal-D2 mediate
the association of dynein with Golgi membranes through
specific interaction with the GTP-bound form of the small
GTPase Rab6 (Matanis et al. 2002). Another dynein adap-
tor, Golgin160, requires GTP-bound Arf1 for Golgi locali-
zation. Although Golgin160 links dynein to the Golgi
during interphase, its dissociation frommembranes during
mitosis prevents dynein-mediated membrane retention
near the microtubule-organizing center and allows disper-
sal of Golgi membranes. Cell-cycle regulation of this mo-
tor–adaptor interaction, possibly through Arf1 GTP
hydrolysis, therefore ensures proper segregation of Golgi
membranes between daughter cells following cell division
(Yadav et al. 2012). Site-specific phosphorylation and Ca2+

binding can also influence the interaction of an adaptor
withmotor proteins, microtubules, or cargo. Below we dis-
cuss examples of such adaptormodifications that influence
cargomotility, including that of mitochondria and viruses.

2.3 Subpopulations of Microtubules Create
Specific Compartments for Organelle
Transport and Interaction

Although all microtubules are polymers comprising ab

tubulin dimers, not all microtubules are functionally iden-
tical. Multiple isoforms of both a and b tubulin subunits

can combine to form a variety of molecularly distinct mi-
crotubules. In vitro experiments show that differences in
tubulin isoforms found in the microtubule polymer can
influence motor binding, motor velocity, and the overall
run length (Sirajuddin et al. 2014). Although the underly-
ingmechanisms are not well understood, multiple congen-
ital neurological disorders have been linked to mutations
in specific tubulin isoforms (Tischfield and Engle 2010),
suggesting that isoform specificity has physiological con-
sequences as well. In addition to isoform differences, mi-
crotubules can be made biochemically distinct through a
number of posttranslational modifications and the binding
of various microtubule-associated proteins (MAPs) (see
Goodson and Jonasson 2016). These accessory changes
can create a variety of microtubule subpopulations that
serve specific roles in the cell.

Numerous posttranslational modifications can be
made to the ab-tubulin heterodimer in the microtubule
polymer, including detyrosination, acetylation, phosphor-
ylation, palmitoylation, polyglutamylation, and polygly-
cylation of the carboxy-terminal tail of both a and b

tubulin subunits (Westermann and Weber 2003; Janke
2014). Of these, detyrosination and acetylation have been
consistently shown to affect the binding andmotility of the
kinesin-1 motor, specifically (Liao and Gundersen 1998;
Reed et al. 2006; Cai et al. 2009; Konishi and Setou 2009;
Hammond et al. 2010). Although kinesin-1 prefers to bind
andmove alongmicrotubulesmarked with these particular
posttranslational modifications, neither kinesin-2 nor ki-
nesin-3 family members have been found to show a pref-
erence for modified microtubules (Cai et al. 2009). The
acetylation modification is, curiously, predicted to be on
an amino acid residue located in the lumen of the micro-
tubule (Szyk et al. 2014). How a lumenal modification
translates to an effect on the binding andmotility of motor
proteins, which bind to the microtubule surface, is still
unknown. Most likely, lumenal acetylation results in a
subtle change of the microtubule surface that affects kine-
sin-1 function. It should be noted that it is not strictly
known whether the posttranslational modifications of
tubulin described above directly affect interactions of mi-
crotubules with motors. It could be that other properties
ofmicrotubules, such as whether tubulin dimers are bound
to GTP or GDP, affect microtubule conformation (Mori-
kawa et al. 2015), which in turn has an effect on both
posttranslational modifications of tubulin and microtu-
bule interactions with motor proteins.

The differences in motor recruitment to microtubules
conferred by posttranslational modifications compart-
mentalize various cellular processes. Mitochondrial divi-
sion sites are determined, in part, through contact with
endoplasmic reticulum (ER) (Friedman et al. 2011). Both
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mitochondria and ER are transported by kinesin-1; thus,
acetylated microtubules are the preferred track for ER–mi-
tochondria contacts (Barlan and Gelfand 2010; Friedman
et al. 2010).

The preference of kinesin-1 for modified microtubules
is also important for axon specification in developing neu-
rons, which extend multiple microtubule-rich processes
(called neurites) from the cell body. Initially these neurites
are indistinguishable, but ultimatelyone becomes the axon,
whereas the others are converted to dendrites. The axon
and dendrites then act as separate compartments, each
associated with a unique set of motors and cargoes. More
kinesin-1 is found in the developing axon compared with
dendrites; this is likely induced by increased posttransla-
tional modifications of axonal microtubules and the pref-
erence of kinesin-1 binding to these modified tracks
(Jacobson et al. 2006; Hammond et al. 2010).

Many of the myriad nonmotor MAPs that bind micro-
tubules (Hughes et al. 2008) are beginning to be recognized
for their ability to influencemotor activity and cargo trans-
port. For example, tau, a widely studied neuronal MAP,
decreases the frequency at which kinesin-1 motors bind to
microtubules (Seitz et al. 2002) and reduces the distance
microtubule-bound kinesin-1 travels in in vitro experi-
ments (Dixit et al. 2008). These findings on tau led to the
longstanding assumption that MAPs inhibit microtubule-
based transport either by saturating motor-binding sites
along themicrotubule or acting as “roadblocks” formotors
(Baas and Qiang 2005; Leduc et al. 2012). Indeed, two ad-
ditional MAPs, protein kinase Darkener of apricot (DOA)
and its substrate, translational elongation factor EF1g, in-
hibit the transport of multiple classes of organelles in both
directions along microtubules (Serpinskaya et al. 2013).

However, not all MAPs inhibit transport on microtu-
bules. For example, ensconsin/MAP7 recruits kinesin-1 to
microtubules (Sung et al. 2008) and is required for subse-
quent cargo transport (Barlan et al. 2013a). Interestingly,
ensconsin does not require its microtubule-binding ability
to promote cargo transport, although its binding tomicro-
tubules is likely important for preventing nonproductive
activation in the absence of microtubule tracks (Barlan
et al. 2013a).

Combinations of various tubulin isoforms, posttrans-
lational modifications, and MAPs create a variety of mi-
crotubules with different affinities for molecular motors.
These subpopulations of microtubules might act as sepa-
rate compartments for the transport of specific cargoes.
Restricting particular classes of cargo to a microtubule
subpopulation increases the likelihood that the cargoes
could interact and communicate, providing further order
throughout the cytoplasm. Although cytoskeletal filaments
primarily function as the tracks alongwhich cellularcargoes

are transported, we will also discuss below another impor-
tant function for cytoskeletal filaments in retaining the car-
goes at their destinations once they have been delivered.

2.4 Motor–Track Interactions Can Influence
Cargo Transport Indirectly

In addition to specific, directed transport, motors can also
influence cargo distribution indirectly through rearrange-
ment of cytoskeletal tracks. Both kinesin-1 and dynein can
slide microtubules against each other or the actin cortex
(Jolly et al. 2010; Lu et al. 2013; Tanenbaum et al. 2013; del
Castillo et al. 2015). This behavior is important to build the
long, polarized axon during neurite outgrowth (Lu et al.
2013; del Castillo et al. 2015) and also to rebuild this struc-
ture following repairable injury (Lu et al. 2015). Organelles
that are associated with a given microtubule can thus be
moved indirectly as a result of the motor-dependent move-
ments of the track itself (Kulic et al. 2008).

Active cytoskeletal rearrangements by motors also con-
tribute to diffusional movements of organelles throughout
the cytoplasm. Inhibition of myosin II activity by treat-
ment with the drug blebbistatin limits the cytoplasmic
diffusion of organelle-sized beads (Guo et al. 2014). This
suggests that random, active, motor-induced rearrange-
ment of the actin cytoskeleton can contribute to the dif-
fusive mobility of large particles throughout the cell. It is
easy to imagine that fluctuations of cytoskeletal filaments
are also important during directed, motor-dependent
transport of large organelles and vesicles through the high-
ly crowded cytoplasm.

Just as motor–cargo interactions are important for
cargo transport and distribution, so are motor–track in-
teractions. Furthermore, motor–track interactions can in-
fluence cargo distribution indirectly, even in the absence of
specific motor–cargo associations. Each of these types of
associations might be independently regulated by multiple
inputs to allow for precise control over the rate and direc-
tion of transport, as well as the type of cargo.

2.5 Regulatory Mechanisms Are Influenced
by Cellular Context

The degree to which cargo transport is regulated, and to
some extent the mode of regulation used, is largely deter-
mined by the cellular context and physiological environ-
ment in which a transport event occurs. Observations of
differences in cargo motility across cell types allow us to
speculate on the biology behind the mechanisms that con-
trol these processes.

In a cell in the steady state, in which the main objective
is homeostasis, organelles are shuttled back and forth to
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maintain a distribution characteristic of each organelle
class. A change in net displacement is likely determined
by the relative activity of multiple motors attached to
each organelle type. Kinesins and dyneins work against
one another, as in a tug-of-war, and a change in the direc-
tion of transport occurs when one motor gains an advan-
tage in numberover the other. In the absence of cellular and
environmental signals, mechanisms regulating directional
control are not engaged and very little net displacement
of organelles is observed. In the case of stimulated trans-
port, a physiological signal, such as a hormone or growth
factor, induces cargo motility. This type of regulation is
usually specific for a given cargo type and is oftenmediated
through modification of the subset of motors associated
with that specific cargo.

The strictest regulation of cargo transport is required
in specialized, highly polarized cell types, such as embryos
and neurons. The architecture of neurons, in particular,
demands that motor-driven cargo delivery be efficient
enough to span long distances into and out of the axon,
while remaining flexible enough to undergo rapid changes
during high levels of synaptic activity.

3 EXAMPLES OF REGULATED TRANSPORT

3.1 Neuronal Maturation of Autophagosomes
Requires Long-Range, Dynein-Driven Transport

Autophagy is a mechanism through which cytoplasmic
proteins, as well as organelles, can be degraded and their
biochemical building blocks recycled. Cells use specific or-
ganelles, called autophagosomes, to act as the degradation
machinery (Xie and Klionsky 2007). Two adaptor proteins,
JIP1 and LC3, control the direction of autophagosome
transport (Fu et al. 2014). LC3 localizes to the autophago-
some during its biogenesis in the distal tip of the axon and
recruits JIP1 to the organelle. JIP1 interacts with either plus
end–directed kinesin or minus end–directed dynein/dy-
nactin, but not both at the same time (Blasius et al. 2007;
Fu and Holzbaur 2013). Site-specific phosphorylation of
JIP1 regulates which motor JIP1 binds and thus acts as a
molecular switch that determines the direction of cargo
transport (Fu and Holzbaur 2013).

The switch-like behavior of JIP1 in this system is regu-
lated by multiple inputs. Although JIP1 does not influence
autophagosomemotility in the distal axon tip, it is essential
for uninterrupted, dynein-driven transport once the or-
ganelle enters into the distal axon. However, both in vitro
and in vivo experiments have shown that interaction with
JIP1 stimulates kinesin motility (Blasius et al. 2007; Fu and
Holzbaur 2013), making its requirement for dynein-medi-
ated movement seemingly paradoxical. On autophago-

somes, JIP1-mediated activation of kinesin is inhibited by
LC3. This allows dynein activity to predominate and power
the organelles proximally down the axon. Furthermore, the
phosphatase MKP1 colocalizes with JIP1 on autophago-
somes and might function to keep JIP1 in its dephosphor-
ylated state, which would further bias its association with
dynein, rather than kinesin (Fu et al. 2014). During auto-
phagosome transport, then, the motor-activating activity
of JIP1 is influenced bymultiple inputs specific to one class
of cargo. The end result is a highly regulated mechanism of
directed, long-range cargo transport down the axon.

This mode of transport is especially important for au-
tophagosome function. In neurons, the direction of auto-
phagosome transport is closely related to the maturation
of the organelle. After their generation in the axon distal
tip, autophagosomes undergo long-distance dynein-de-
pendent transport, which is largely uninterrupted by kine-
sin-mediated motility events. As they move toward the cell
body, autophagosomes interact and fuse with endo/lyso-
somal compartments, completing their maturation into
fully acidified compartments. Only when autophagosomes
are completely mature do they again display bidirectional
and/or plus end–directed motility (Maday et al. 2012;
Maday and Holzbaur 2014). Because these interorganelle
interactions do not occur in the distal tip, translocation
toward the cell body appears to be required for autopha-
gosome maturation and the ultimate degradation of their
contents (Maday et al. 2012).

3.2 Numerous Physiological Stimuli Regulate
Mitochondrial Motility

Axonal mitochondrial transport provides a beautiful ex-
ample of how multiple physiological stimuli influence or-
ganelle movement through distinct mechanisms (Fig. 2).
Two proteins, the mitochondrial receptor Miro and its
interaction partner Milton, an adaptor protein, recruit ki-
nesin to mitochondria (Glater et al. 2006). Milton makes
mitochondrial transport sensitive to glucose, whereasMiro
transduces responses to intracellular Ca2+ levels.

Mitochondrial motility in axons is sensitive to glucose
levels through the activity of the enzyme O-GlcNAc trans-
ferase (OGT). OGT, whose activity depends on glucose
availability, is recruited to mitochondria by Milton. OGT
catalyzes the addition of moiety-acetyl glucosamine to res-
idues of numerous cellular substrates, including Milton;
this process is called O-GlcNAcylation (OGA). When the
glucose concentration is high, OGTmediates OGA of Mil-
ton, which results in the arrest of mitochondrial motility
(Fig. 2) (Pekkurnaz et al. 2014). ThusMilton is an example
of an adaptor protein that recruits both a motor and reg-
ulatory factor to the organelle. Although the mechanism
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Figure 2. Multiple physiological inputs regulate the transport of mitochondria in neurons. (A,B) Kymographs
showing mitochondria moving in axons of mouse hippocampal neurons. The y-axis of each kymograph represents
time, and the x-axis depicts the position of the organelles such that stationary organelles appear as vertical lines,
whereas moving organelles are diagonals. The first frame of a time-lapse movie is shown above each kymograph.
Scale bars in kymographs are 10 mm and 100 sec. Mitochondria motility is arrested in response to (A) increased
glucose, as a result of the activity of O-GlcNAc transferase (OGT) on the kinesin-binding protein Milton, and (B)
treatment with the ion-carrier antibiotic calcimycin, which increases intracellular Ca2+ levels. (C) Cartoon showing
how Ca2+ inhibits the transport of mitochondria. When Ca2+ is bound to the mitochondrial protein Miro, the
interaction of Miro with the kinesin motor domain prevents kinesin from binding to the microtubule. (D) Sche-
matic showing some of the numerous factors regulating mitochondrial motility in neurons, including the E3
ubiquitin ligase Parkin, the serine/threonine-protein kinase PINK1, OGT, the receptorMiro and its partnerMilton,
and the mitochondria-associated protein syntaphilin. (Images courtesy of Gulcin Pekkurnaz and Tom Schwarz; a
portion of the figure was modified from Wang and Schwarz 2009, with permission from Elsevier.)
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through which Milton OGA affects transport is not yet
known, Milton allows OGT to function as a sort of mito-
chondrial glucose sensor and might help mitochondria
“park” in glucose-rich regions to promote efficient ATP
synthesis using glucose as a carbon source.

Miro regulates mitochondrial motility in response to
intracellular Ca2+ by controlling the association of kinesin
with the microtubule. At physiological Ca2+ levels, Miro
interacts with the tail of kinesin; this interaction strictly
depends on Milton. At high Ca2+ levels, Ca2+ binding to
the twoEF-hand domains ofMiro induces a conformation-
al change that enables Miro to interact with the motor
domains of kinesin independently of Milton (Fig. 2C).
This interaction prevents kinesin from binding to micro-
tubules and results in the arrest ofmitochondriamovement
(Wang and Schwarz 2009). Similar to the glucose example
above, this sensitivity to Ca2+might allowmitochondria to
“park” in regions with low ATP concentrations, in which
Ca2+-transport mechanisms falter and cytoplasmic Ca2+

accumulates. Importantly, even in areas of elevated Ca2+,
kinesin remains bound to the mitochondria through its
cargo-binding association with Milton, enabling transport
of the organelle to resume immediately once Ca2+ levels
return to normal.

In a second, distinct regulatory mechanism, Miro
completely dissociates from mitochondria, disrupting the
entire kinesin–adaptor complex. The mechanism involves
two proteins—PINK1 and Parkin—whose mutations have
been linked to Parkinson’s disease. Together, these proteins
target Miro for degradation in response to mitochondrial
damage. The PINK1 serine/threonine-protein kinase
phosphorylates Miro; this modification allows Parkin, an
E3 ubiquitin ligase, to designate Miro for removal from the
mitochondrial membrane and destruction in the protea-
some. Mitochondria-lacking Miro cannot bind kinesin,
and so their motility stops. Thus, in normally functioning
neurons, the PINK1–Parkin pathway prevents kinesin-me-
diated transport of damaged mitochondria, possibly as a
way of conserving resources andmarking the organelles for
degradation (Wang et al. 2011).

Mitochondrial biology also relies on a population of
stationary organelles to perform chemical reactions in par-
ticular locations within the neuron. Insight into theways in
whichmitochondria are anchored along the axon has come
from studies of the mitochondria-associated protein syn-
taphilin. Syntaphilin appears to immobilize mitochondria
in two ways. First, it uses a microtubule-binding domain
to tether the organelle to the cytoskeletal track and prevent
its movement (Kang et al. 2008). Second, syntaphilin can
bind kinesin directly and appears to compete with Milton
for motor association, ultimately leading to the detach-
ment of kinesin from mitochondria (Chen and Sheng

2013). Whether they are and how the associations of syn-
taphilin with microtubules and kinesin are coordinated
or regulated remains to be determined. Nonetheless, im-
mobilization of mitochondria in the axon has clear impli-
cations for neuronal physiology. Demyelinated axons, such
as those in patients with multiple sclerosis, appear partic-
ularly sensitive to the distribution of mitochondria. When
demyelinated, axons contain more stationary mitochon-
dria than normal; this effect is dependent on syntaphilin.
These stationary mitochondria might provide a protective
effect, as demyelinated axons degenerate faster in the ab-
sence of syntaphilin-mediated mitochondria tethering
(Ohno et al. 2014).

3.3 Melanosome Distribution Requires
Distinct Roles for Both Microtubules
and Actin

The distribution of pigment granules in cells called mela-
nocytes elegantly shows how the distinct arrangements of
microtubules and actin filaments allow for complementary
forms of cargo transport and delivery. Melanocytes synthe-
size andmaintainmelanin pigment in dedicated organelles
called melanosomes. After synthesis, melanosomes under-
go fast transport along microtubules into the distal pro-
cesses (called dendrites) of melanocytes. There, a tripartite
complex comprisingmyosin-Va, the small GTPase Rab27a,
and the adaptor protein melanophilin anchors them to
actin filaments in the cell periphery (Hume and Seabra
2011). The tethering of melanosomes in melanocyte den-
drites is essential for their function; ultimately, melano-
somes are transferred from dendrites to neighboring
keratinocytes, where they provide visible pigmentation in
the skin and offer protection from damaging ultraviolet
light. Disruption of the tethering complex results in a
loss of melanosomes from dendrites (Fig. 3) (Wu et al.
1997, 2002) and, consequently, a lack of pigment transfer
into keratinocytes. Indeed, the importance of organelle
tethering in melanocytes was first discovered through ex-
amination of coat-color mutants in mice. Disrupted mela-
nosome transfer produces a lightening effect in the coats of
mutants, which led to the naming of the mutant genes
dilute (myosin-Va), ashen (Rab27a), and leaden (melano-
philin) (Fig. 3). In humans,mutations in these proteins can
lead to ocular and/or cutaneous albinism, in addition to
other neurological disorders.

In contrast to mammalian systems, hormones acutely
regulate melanosome transport in lower vertebrates (fish
and amphibians). In response to hormone secretion, me-
lanosomes are transported synchronously toward or away
from the cell center, which changes the pigment distribu-
tion in individual cells. Cyclic AMP (cAMP)-dependent

K. Barlan and V.I. Gelfand

8 Cite this article as Cold Spring Harb Perspect Biol 2017;9:a025817



protein kinase (PKA) is the key upstream regulator of me-
lanosome distribution in these cells; the effectors down-
stream of PKA are not known (Reilein et al. 1998; Sheets
et al. 2007). The hormones melatonin and epinephrine
induce a decrease in cytoplasmic cAMP concentration,
which reduces PKA activity. This causes dynein motors to
aggregate melanosomes toward the cell center. Conversely,
melanocyte-stimulating hormone increases cAMP concen-
trations and PKA activity, which promotes kinesin-2-me-
diated dispersion of the pigment organelles throughout the
cell. As in mammalian cells, the actin-dependent tethering
complex complements the microtubule cytoskeleton and is
required to maintain a uniform melanosome distribution
throughout the cell.

Melanosome distribution can be further fine-tuned by
other regulatory modes that work in parallel to hormone
secretion. For example, in Xenopus melanophores, the
ubiquitous microtubule-binding protein MAP4 inhibits
dynein activity. However, site-specific phosphorylation of
MAP4 reduces its ability to bind microtubules and inhibit
dynein activity. Aggregation-inducing signals increase

MAP4-specific phosphorylation, releasingMAP4 frommi-
crotubules, and allowing dynein to aggregate melanosomes
toward the cell center (Semenova et al. 2014).

3.4 Protein Kinase A–Dependent Cargo
Switching

Although the molecular details underlying PKA-mediated
regulation of melanosomes are not well understood, site-
specific PKA-dependent phosphorylation has been shown
to mediate a cargo-switching phenomenon during viral
infection (Scherer et al. 2014). Viruses use cytoskeletal
transport mechanisms to reach their replication sites
and as a route for newly assembled viral particles to exit
the infected cell (Greber and Way 2006). The motility of
viruses is controlled in much the same way as host cellular
cargoes.

During adenovirus infection, PKA phosphorylates dy-
nein light intermediate chain 1 (LIC1), one of the cargo-
binding subunits of dynein. This modification to LIC1 has
two reciprocal effects. Phosphorylated LIC1 mediates the

A B C D

E F G H

Figure 3. Obtaining a uniform distribution of melanosomes in cultured melanocytes requires a tripartite actin-
tethering complex. The two rows are matched bright-field (A–D) images showing pigmented melanosomes, and
phase-contrast (E–H ) images showing the shapes of the cells. Melanocytes are from (A,E) wild-type mice, (B,F)
ashenmice with a mutation in the small GTPase Rab27a, (C,G) leadenmice with a mutation of the adaptor protein
melanophilin, and (D,H ) dilute mice with a mutation of the motor myosin-Va. Melanosomes are uniformly
distributed in melanocytes from wild-type mice, but are not anchored to actin filaments in the cell periphery of
melanocytes from the mutant mice. This change in pigment distribution compromises melanosome transfer from
melanocytes to keratinocytes and results in a lightening of the coat colors of mutant mice. Bar, 12 mm. (Images
courtesy of Xufeng Wu and John Hammer. This work originally appeared in Wu et al. 2002; G, reprinted, with
permission from Macmillan Publishers Ltd., from Wu et al. 2002.)
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interaction between dynein and adenovirus by binding to
the viral capsid protein hexon. This interaction promotes
viral transport toward the nucleus. LIC1 phosphorylation
also dissociates LIC1 from the lysosomal adaptor protein
RILP (Rab7-interacting lysosomal protein). This release
from dynein causes lysosomes, which normally cluster
near the nucleus, to disperse outward toward the cell pe-
riphery. The acute transport of these degradative organelles
might show a specific effort by the host cell to combat the
effects of infection (Scherer et al. 2014). Additional studies
are needed to determine how widespread PKA-dependent
cargo switching is and what other types of interactions
PKA-mediated phosphorylation influences. Interestingly,
melanosomes are a special derivative of lysosomes. It would
be interesting to see whether dynein LIC phosphorylation
also regulates melanosome transport.

4 CONCLUSION

Motor proteins and their cytoskeletal tracks are essential
for organizing membrane compartments and other com-
ponents within a cell. Multiple molecular mechanisms reg-
ulate both tracks and motors, and it is likely that many
more examples of regulation over individual motors will
be uncovered. Some of these mechanisms include multiple
levels of regulation and more than one input. The studies
detailed here show how changes in transport can result
from specific changes in the cellular environment and
illustrate that modifying one component of a transport
pathway often has multiple downstream effects. There is
mounting evidence to suggest that specific pathways regu-
late each motor–cargo combination independently, and
that these regulatory pathways can be further fine-tuned
for specific types of cells and, in particular, physiological
situations. Through the use of multiple layers of control,
the distribution and trafficking of individual membrane
compartments can be precisely honed to allow the cell to
adapt to ever-changing environments.
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