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Abstract

Intracellular trafficking pathways, including endocytosis, autophagy and secretion, rely on
directed organelle transport driven by the opposing microtubule motor proteins kinesin and
dynein. Precise spatial and temporal targeting of vesicles and organelles requires the integrated
regulation of these opposing motors, which are often bound simultaneously to the same cargo.
Recent progress demonstrates that organelle-associated scaffolding proteins, including Milton/
TRAKS, JIP1, JIP3, huntingtin, and Hook1, interact with molecular motors to coordinate activity
and sustain unidirectional transport. Scaffolding proteins also bind to upstream regulatory proteins
including kinases and GTPases to modulate transport in the cell. This integration of regulatory
control with motor activity allows for cargo-specific changes in the transport or targeting of
organelles in response to cues from the complex cellular environment.
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Microtubule-Based Transport in the Cell

The spatial complexity of eukaryotic cells relies on the precise regulation of intracellular
trafficking. Long-distance organelle transport depends on microtubules, which serve as
polarized tracks for motility within the cell. Delivery of diverse cargos along microtubules
underlies many essential cellular functions, such as protein secretion, growth and injury
signaling, protein and organelle degradation, active distribution of mitochondria, and
trafficking of RNA granules. Furthermore, cells precisely regulate organelle transport by
coordinating motor activity with cellular demands and in response to changes in the cellular
environment.
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Microtubules are organized into a polarized array, with dynamic plus-ends oriented toward
the cell periphery and more stable minus-ends clustered toward the center in most cell types.
Anterograde transport, or motility toward plus-ends, is driven by members of the extended
kinesin superfamily including kinesin-1, kinesin-2, and kinesin-3 (Box 1); retrograde
transport, or motility toward minus-ends, is driven primarily by cytoplasmic dynein acting in
concert with its activator dynactin (Box 2). The biophysical properties of these motors, such
as velocity, run length, and stall force, have been studied in detail at the single-molecule
level [1]. However, less is known about how these motors are regulated when bound to
cargo in order to drive organelle-specific motility.

Recent progress on the roles of adaptor or scaffolding proteins is providing new insights into
motor coordination at the cellular level. Scaffolding proteins can effectively regulate the
activities of organelle-associated motors to control directionality. Scaffolding proteins also
bind to upstream regulatory elements, including kinases, phosphatases, Ca2*-signaling, and
G-proteins. This allows for the integration of diverse signals to yield organelle-specific
responses to the local cellular environment. Here, we focus on new developments in the
regulation of organelle-associated motors by scaffolding and adaptor proteins, including
Milton/TRAK, Miro, RILP, huntingtin, La, JIPs1-4, and Hook. Progress to date has
identified some common mechanisms, but also highlights the exquisite selectivity of
regulatory control that leads to cargo-specific and regionally-specific patterns of motility
within the cell.

MODELS FOR MOTOR REGULATION DURING INTRACELLULAR
TRANSPORT

The simplest model to describe cargo-specific regulation of organelle motility involves the
selective recruitment of either kinesin or dynein motors (Figure 1A). If kinesin is recruited,
the organelle will move toward the microtubule plus-end. However, if the bound kinesins
dissociate and dynein is recruited, then the cargo will move toward the microtubule minus-
end. This model would be predicted to yield unidirectional, highly processive matility. In
contrast to this simple model, increasing evidence from both in vitro and cellular studies
suggests that opposing kinesin and dynein motors are often bound simultaneously to cargos
moving along microtubules [2—7]. Two models have been put forth to describe the
interactions of opposing kinesin and dynein motors bound to the same cargo, and the
resulting patterns of maotility.

Many organelles in the cell exhibit bidirectional matility, characterized by brief excursions
toward either the microtubule plus- or minus-end punctuated with frequent directional
switches. A tug-of-war mechanism has been proposed to explain these observations. In this
scenario, the team of motors, either plus-end-directed or minus- end-directed, that produce
the greater force at any given time determines the direction of transport (Figure 1B). Force-
dependent detachment of the opposing motors from the microtubule track prevents
unproductive stalling. Stochastic motor release from the track allows for alterations in the
dominant motor type over time, leading to directional switching [8]. Experimental work in a
number of systems supports this model. For example, late endosomes and lysosomes along
neuronal axons exhibit bidirectional motility, characterized by short run lengths either
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toward or away from the cell body punctuated by frequent changes in directions.
Quantitative immunoblotting of purified vesicles indicates that each organelle binds few (1-
2) kinesin motors and a larger team (6-12) of dynein motors [3]. However, because kinesins
generally exhibit high unitary stall forces (~5-7 pN) whereas mammalian cytoplasmic
dynein has a low unitary stall force (~1 pN) [1], these opposing motors are actually present
near force balance on each organelle. The resulting stochastic tug-of-war between these
relatively evenly matched motor teams is thus predicted to cause frequent directional
switches and low net processivity [3].

A third model postulates that opposing motors are simultaneously bound to cargo, but their
motility is tightly coordinated by regulatory mechanisms. In this coordination model, both
kinesin and dynein motors remain continuously bound to the organelle, but are not
constitutively active (Figure 1C). Instead, motor activity may be specifically regulated by
post-translational modifications or by adaptor or scaffolding proteins. This model would
explain the motility of fast-moving processive cargos with few directional changes, such as
autophagosomes moving along neuronal axons. These organelles stably bind both kinesin
and dynein motors yet undergo primarily unidirectional transport toward the cell soma [4],
indicating that the associated kinesin motors are efficiently inhibited during dynein-driven
motility [9].

What is the advantage of maintaining simultaneous, stable associations with opposing
motors? In the case of the unregulated tug-of-war model, one possibility is that while the
stochastic directional changes produce less efficient long-distance motility, these properties
may be important for developing and/or maintaining stable distributions of organelles along
extended cellular processes such as the axon. In the coordination model, opposing motors
may allow for quick direction changes, perhaps to avoid roadblocks or traffic jams [10, 11].
Another major advantage of the simultaneous binding of opposing motors is to allow for
rapid responses to changes in the local cellular environment.

While cargo-specific regulation allows the cell to selectively modulate the motility of
different organelle populations, additional mechanisms also contribute to the regulation of
trafficking within the cell. There is strong data indicating track-specific regulation of
organelle transport via post-translational modification of microtubules [12— 15] or through
the binding of microtubule-associated proteins (MAPS) that may aid or hinder motor
processivity [10, 16-18]. Additionally, regionally-specific regulation of transport may result
from differences in the local organization of the cytoskeleton such as the enrichment of
dynamic microtubule plus-ends near the cell cortex, microtubule-microtubule intersections
[19], or the formation of dense actin filaments that can induce track switching or impede
motion (reviewed in [20]). Finally, given the crowded nature of the cellular environment,
there is growing evidence that many of the prominent pauses or directional changes
observed during organelle motility result from collisions with other cellular organelles,
much like cars colliding at rush hour on crowded highways [21, 22]. However, the strikingly
different types of motility observed for distinct cargos moving through the same region of
the cell indicate that cargo-specific regulation may be the dominant mechanism involved in
the control of organelle motility in vivo.
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SCAFFOLDING PROTEINS COORDINATE MOTOR ACTIVITY

Eukaryotic cells express a repertoire of scaffolding proteins, which act as binding platforms
to mediate multiple protein-protein interactions and to integrate diverse activities (Figure
1C, inset). Scaffolding proteins involved in the regulation of molecular motors generally
bind to multiple classes of proteins, including 1) membrane-associated cargo receptors; 2)
components of both kinesin and dynein motor complexes; and 3) signaling proteins such as
kinases or GTPases. In this manner, scaffolding proteins integrate on-board signaling
proteins to locally regulate cargo motility. Scaffolding proteins are often core components of
large complexes, interacting with additional accessory or adaptor proteins. Frequently,
scaffolding proteins form multiple distinct interactions with motors, which may enhance the
stability of the holo-complex. Here, we highlight some of the best-characterized motor-
scaffolding complexes and their regulatory schemes.

Retrograde Scaffolding Proteins: RILP Complex and Retromers

The scaffolding protein RILP (Rab7-interacting lysosomal protein) facilitates the retrograde
transport of late endosomes and lysosomes. As an early endosome matures into a late
endosome, activated GTP-Rab7 orchestrates the recruitment of RILP and ORP1L. RILP
then recruits dynactin via direct binding to the C-terminus of the p150¢!u€d subunit of
dynactin [23]. The RILP scaffolding complex makes an additional association with the late
endosome via the Arpl subunit of dynactin, which can bind to vesicle-associated pllI-
spectrin [24, 25].

The stoichiometry of RILP association has been suggested to play an important role in
recruiting teams of dyneins to lysosomes. In optical trapping experiments in rodent
macrophage cell lines, phagosomes exhibit bidirectional movement with measurable forces
generated by both kinesin and dynein [6, 26]. However, highly processive retrograde runs
exhibit higher stall forces that cluster in increments of 2 pN. Since mammalian dynein has a
unitary stall force of 1 pN, these results suggest that dynein motors are recruited onto
vesicles in pairs [26], consistent with recruitment of dimeric RILP by Rab7 [23].

Regulation of motor association via membrane lipid composition is emerging as an
important yet understudied facet of vesicular transport. The oxysterol-binding protein
ORP1L, shown to be a cholesterol sensor, facilitates RILP/p150€!Ued binding to cholesterol-
rich lysosomes, which are then transported toward the nucleus. In contrast, cholesterol-poor
lysosomes remain at the cell periphery, because organelle-associated ORP1L undergoes a
conformational change to recruit the ER protein VAP, leading to dissociation of p150C!ued
[27]. The retromer complex, which facilitates the return of endosomal transmembrane
proteins to the trans-Golgi network (TGN), also relies on lipid composition to regulate
release of the retrograde motor. Once the vesicle reaches the Golgi, the retromer component
SNX6, which binds directly to p150¢!ued [28, 29], senses Golgi-enriched
phosphotidylinositol-4-phosphate (P14P) and releases dynactin [30].
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Mitochondrial Scaffolding Proteins: Milton/TRAKs and Miro

In neuronal axons, the majority of mitochondria (~60%) are either stationary or move
bidirectionally with frequent directional changes, while the remainder move robustly in
either the anterograde or retrograde directions [31] [32, 33]. In Drosophila, the Milton/Miro
complex mediates the binding of microtubule-based motors to mitochondria. Miro
(Mitochondrial Rho GTPase) associates with the outer mitochondrial membrane via a
transmembrane domain and recruits Milton, which binds directly to KHC in a KLC-
independent manner [34]; see Box 3.

At neuronal synapses, which have high local energy demands, elevated calcium levels
disrupt the association of KHC with mitochondria, leading to the effective local
sequestration of mitochondria. Miro has two calcium-sensing EF hand domains and is
suggested to regulate this response; two molecular mechanisms have been proposed. In one
model, high levels of calcium induce the binding of the KHC motor head to Miro, which
effectively prevents the head from processing along microtubules [35]. In another model,
calcium binding to Miro results in the release of KHC from Milton, likely by altering the
binding of Milton and Miro [36]. In addition to regulation by calcium sensing, Miro can be
phosphorylated by the PINK1 kinase upon mitochondrial damage or depolarization, and
then targeted for degradation by the ubiquitin ligase Parkin. This mechanism results in the
removal of the Milton/Miro complex and its associated motors from damaged mitochondria;
the resulting arrested motility has been proposed to facilitate clearance by mitophagy [37].

Recently, the mammalian homologues of Milton, TRAK1 and TRAK2, were shown to
associate with the retrograde motor complex via the p150C!Ued subunit of dynactin.
Interestingly, N-terminal TRAK binds to both dynactin and KHC (Figure 2A), which may
mediate bidirectional transport of mitochondria. Consistent with this possibility, artificially
induced recruitment of an N-terminal fragment of TRAK to peroxisomes results in
bidirectional motility [38]. In contrast, depletion of TRAKS results in arrest of the
anterograde- and retrograde-moving pools of mitochondria in both axons and dendrites,
suggesting that TRAKs mediate processive transport in a regulated manner that remains to
be fully elucidated.

Mitochondrial motility is also regulated by the mitochondrial docking protein syntaphilin,
which anchors stationary mitochondria along microtubules [39]. Consistent with the idea
that mitochondrial capture occurs at sites of high energetic demand, the LKB1/NUAK1
kinase pathway, which is necessary for axon branching, was recently shown to regulate
mitochondrial capture at presynaptic sites by syntaphilin [40]. It remains to be established
whether LKB1/NUAK?1 phosphorylates syntaphilin directly or acts indirectly via
intermediate effectors. Moreover, syntaphilin may compete with Milton for binding to
mitochondrial-associated kinesin. At high calcium concentrations, KHC tail dissociates from
Milton and binds to syntaphilin. Unlike other adaptor proteins that bind to KHC tail in order
to relieve autoinhibition and activate KHC activity (Box 1), the binding of KHC tail to
syntaphilin abrogates the ability of the motor domain to hydrolyze ATP, although the
mechanism is not yet clear [41].
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Huntingtin Scaffolds Kinesin-1 and Dynein Motors in Neurons

Huntingtin, best known for its causative role in Huntington’s disease when mutated, is a
large (350-kDa) organelle-associated protein that scaffolds both minus-end-directed and
plus-end-directed motors. Huntingtin binds directly to the intermediate chain of cytoplasmic
dynein, DIC [42]. Huntingtin also binds to the adaptor protein HAP1, which binds to KHC
[43] and to KLC [44]. HAP1 in turn interacts with the p150C!ued subunit of dynactin [45,
46], thus forming a secondary interaction between the huntingtin complex and the dynein
motor (Figure 2B).

Huntingtin has been shown to facilitate dynein-mediated organelle trafficking of organelles
including late endosomes/lysosomes in HeLa cells [42, 47]. In neurons, huntingtin depletion
inhibits the axonal transport of cargos including synaptic vesicles [48], BDNF- and APP-
positive vesicles [49, 50], and autophagosomes [51]. Huntingtin also mediates the dendritic
transport of B-actin mMRNA [52] and TrkB receptors [53]. The binding of huntingtin and
HAP1 to dynein and dynactin may enhance the stability of the active motor complex and
thus enhance processive motility, while HAP1 may modulate kinesin autoinhibition [51],
although the specific molecular mechanisms involved remain to be determined.
Phosphorylation of huntingtin has been proposed to act as a molecular switch to regulate
direction of transport on microtubules, as the phosphorylation of huntingtin at S421 by the
Akt kinase promotes the anterograde transport of BDNF-positive vesicles [50].

Huntingtin may be uniquely poised to integrate adaptors for both microtubule-based and
actin-based motors. Huntingtin binds to the myosin VI adaptor optineurin [54] and
knockdown experiments in HeLa cells suggest that huntingtin may be necessary for the
transition of endosomes and lysosomes from actin tracks to microtubule tracks at the cell
periphery [47]. Indeed, another huntingtin-binding adaptor, HAP40, also binds to the early
endosomal marker Rab5; thus it has been proposed that huntingtin alternates between two
states — a HAP40/optineurin/myosin complex that facilitates actin-based motility of early
endosomes and a HAPZ1/kinesin/dynein complex that facilitates microtubule-based transport
of late endosomes and lysosomes [55].

Importantly, pathogenic polyglutamine expansion of N-terminal huntingtin causative for
Huntington’s disease disrupts the transport of multiple organelle cargos in neurons [43, 48,
49, 51, 56]. These observations may link defects in the scaffolding of motor proteins to the
pathogenesis of neurodegenerative disease. Motor activity may also be altered more directly
in pathological conditions. Mutant huntingtin induces the aberrant activation of neuronal-
specific JINK3, a kinase that can phosphorylate KIF5C at S176 in vitro [57, 58]. Studies on
phosphomutants (at the conserved KIF5B S175 site) indicate that while ATPase activity,
microtubule-binding, and processivity are not altered, there is some enhanced autoinhibition
of the phosphorylated kinesin motor that may favor minus-end-directed over plus-end-
directed motility [59]. Thus, direct phosphorylation of molecular motors may also contribute
to the tuning of transport, and this tuning may be altered in disease.
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La Scaffolding Protein in RNA Transport

Another bidirectional scaffolding protein involved in RNA trafficking is the RNA-binding
protein La, which facilitates the binding of anterograde and retrograde motors to RNA
granules in axons. La can be covalently modified at residue K41 by addition of small
ubiquitin-like modifying polypeptide (SUMO). Sumoylated La associates with DIC but not
with KHC, suggesting that sumoylation of La may preferentially promote retrograde RNA
transport. Indeed, live-cell imaging shows that wild type La-GFP moves in both anterograde
and retrograde directions along axons whereas La-GFP containing a K41R mutation only
moves in the anterograde direction, indicative of failure to associate with dynein in the
absence of sumoylation [60]. Importantly, these results imply that SUMO ligases may be
enriched or preferentially activated in the distal axon. This work was one of the first clear
demonstrations that the post-translational modification of a scaffolding protein results in a
switch in transport direction for an intracellular cargo, in support of the coordination model
proposed above (Figure 1).

JNK Binding Scaffolds: JIP3 and JIP4

JNK-interacting proteins (JIPs) are scaffolds identified through their ability to bind to
multiple kinases in the c-jun N-terminal kinase (JNK) pathway. The four mammalian JIPs
all share a similar INK-binding domain. However, the domain structure common to JIP1 and
JIP2 is distinct from that shared by JIP3 and JIP4 [61]. JIP1 and JIP3/JIP4 have been shown
to function as scaffolding proteins for microtubule motors, but these proteins exhibit distinct
regulatory mechanisms and modulate different cellular pathways.

JIP3, originally identified as Sunday Driver in Drosophila, was subsequently characterized
as an adaptor that associates with dynein/dynactin during the transport of axonal injury
signals in neurons [62]. Mass spectrometry of isolated JIP3-positive vesicles identified two
distinct classes — an endocytic population of large vesicles likely involved in initial
retrograde injury signaling to the cell body and a pool of small vesicles containing synaptic
proteins suggested to play a role in axonal outgrowth and guidance [63]. JIP3 is a
bidirectional scaffolding protein capable of binding to both kinesin-1 and dynein motor
complexes. Binding of JIP3 to the tail of KHC relieves autoinhibition (Box 1) and activates
KHC matility in single molecule assays [64]. The JIP3 homologue in C. elegans, UNC16,
has also been shown to bind to both kinesin-1 and dynein light intermediate chain (DLIC;

[65]).

While JIP3 has been most clearly implicated in injury signaling in neurons, growth factors
such as nerve growth factor (NGF) or brain-derived neurotrophic factor (BDNF) are also
actively transported from the distal axon back to the soma. This trafficking proceeds via the
endosomal pathway, in which endosomes mature from Rab5-positive early endosomes to
Rab7-positive late endosomes [66]. One downstream effector of the activated NGF receptor
TrkB is extracellular signal-regulated kinase (ERK), which may directly phosphorylate
dynein intermediate chain (DIC) at the S80 site to efficiently recruit dyneins for the
retrograde transport of signaling endosomes [67]. Interestingly, TrkB can directly bind to the
scaffolding protein JIP3 [68]. This raises the possibility that phosphorylation of DIC at S80
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may enhance dynein recruitment to signaling endosomes in a scaffolding-protein-dependent
manner.

Both of the homologous proteins JIP3 and JIP4 are effectors of the endosomal membrane
protein ADP-ribosylation factor 6 (ARF6). While JIP3 is primarily expressed in neuronal
cells, JIP4, is more widely expressed, and has been shown to interact with ARF6, Kinesin-1,
and dynactin to regulate the trafficking of recycling endosomes during cytokinesis [69].
GTP-ARF6 binds directly to the LZII (leucine zipper 1) region of JIP3 and JIP4, where it
blocks the association with the TPR domain of KLC and thus favors binding to dynactin
[69]. However, KHC tail binds to JIP3 at an N-terminal region distinct from the KLC-
binding domain (Figure 2C), and thus it remains unclear whether the binding of ARF6 to
JIP3 effectively inhibits kinesin motor activation.

JIP1 Regulates Highly Processive Organelle Transport

The scaffolding protein JIP1 mediates the axonal transport of organelles that move
processively toward both microtubule plus-ends and minus-ends, including mitochondria,
synaptic vesicles [70], and APP-positive vesicles [71, 72]. JIP1 also regulates the transport
of a more unidirectional cargo, the autophagosome [9]. JIP1 is thus a bidirectional
scaffolding protein that interacts directly with both kinesin and dynein motor complexes [72,
73]. JIP1 also binds to transmembrane cargo protein APP [74, 75] and to upstream kinases
and phosphatases, including INK [76, 77].

JIP1 regulates Kinesin-1 motor function via distinct binding interactions with both the stalk
and tail domains of KHC (Figure 2D). JIP1 binding relieves KHC autoinhibition, leading to
activation of kinesin motility in single molecule studies in vitro. JIP1 also interacts with the
dynein motor complex via direct binding to the C-terminal domain of p150¢!ued, Because
JIP1 cannot simultaneously bind to both KHC and dynactin, it assembles into two mutually
exclusive complexes that mediate either plus-end-directed or minus-end-directed transport
[72]. This mechanism ensures processive transport in either direction.

In addition to direct interactions with KHC, JIP1 also binds directly to KLC, which may act
as an additional autoinhibitory clamp on the Kinesin-1 motor (Box 2). Activation of KHC in
the presence of KLC requires the KHC-binding protein FEZ1, which is also found in a
complex with JIP1 [78]. Thus, in addition to sustaining transport, JIP1 may facilitate the
initial formation of an active transport complex for APP-positive vesicles. Consistent with
this possibility, depletion of JIP1 leads to a significant decrease in the number of APP
vesicles in the axon [72].

Phosphorylation of JIP1 by JNK kinase acts as a directional switch for APP transport in
axons. Phosphorylation at S421, within the KHC-tail-binding domain of JIP1, stabilizes the
JIP1-kinesin complex and preferentially enhances plus-end-directed APP transport [72]. In
contrast, expression of a nonphosphorylatable mutant of JIP1 (S421A) favors the minus-
end-directed motility of APP vesicles in axons. JIP1 can also bind to the MKP phosphatase
[77], suggesting that a complete regulatory mechanism for directional control is integrated
by this scaffolding protein.
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JIP1 can homodimerize via its SH3 (src homology) domain [79] and additionally can
heterodimerize with JIP2 and JIP3. It is unclear if JIP1 and JIP3 binding forms a
heterodimer or a heterotetramer, but the JIP1/JIP3 complex can be co-transported [80] and
may function to facilitate APP transport. Immunostaining and coimmunoprecipitation
experiments suggest that JIP1 preferentially associates with phosphorylated APP [71] and
the additional association of JIP3 with this complex may sustain phosphorylation of APP
[81].

SCAFFOLDS AND ADPATORS REGULATING OTHER KINESINS

While Kinesin-1 is a major motor for intracellular transport, other members of the extended
kinesin superfamily also have established roles in vesicle trafficking (Box 1). Both
Kinesin-2 and Kinesin-3 are regulated by autoinhibition [82, 83], but much less is known
about how the activity of these kinesins is coordinated with that of opposing dynein motors.

The tail domain of the Kinesin-2 motor KIF17 interacts with the PDZ domain of the
scaffolding protein Mint1. Mintl in turn binds to NMDA receptor subunit 2B to mediate
trafficking in dendrites [84]. Ca2*/calmodulin-dependent protein kinase (CaMKII) directly
phosphorylates KIF17 tail to disrupt its association with Mintl, thus releasing the cargo
from the motor [85]. Modulation of this interaction contributes to synaptic plasticity, and
targeted disruption of this interaction in mice leads to deficits in both behavior and memory
[86]. Kinesin-2 has also been shown to bind directly to dynactin [87, 88], raising the
interesting possibility that dynactin may serve to coordinate bidirectional motility, but more
work is required to unravel the mechanisms involved.

Kinesin-3 interacts with the DENN/MADD protein, a Rab3 GDP-GTP exchange factor
(GEF) that binds to the stalk region of the Kinesin-3 motors KIF1A and KIF1 Bf. This
regulates the axonal transport of Rab3-positive synaptic vesicle precursors [89]. Though it
has not been demonstrated that direct binding of DENN/MADD is sufficient to activate
KIF1B motility in vitro, DENN/MADD likely act as a scaffolding protein that mediates the
regulated activity of motors on cargos in the cell.

Recent work provides insight on the coordinate regulation of kinesin-3 motors and dynein
during endosomal transport in filamentous fungi. In both Ustilago maydis and Aspergillus
nidulans, a Hook protein is required for the transport of early endosomes. While the C-
terminal domain of Hok1/HookA mediates binding to endosomes, the N-terminal domain is
required to recruit dynein and dynactin to endosomes to drive minus end-directed motility
along the microtubule [90, 91]}, that can counteract the activity of the plus end-directed
kinesin-3 motor [91]. It remains to be determined if motors bind to Hok1/HookA directly or
if additional binding partners mediate these interactions.

In mammalian cells, three Hook proteins are expressed and differentially localized within
the cell; all three can associate with microtubules either directly or indirectly via a conserved
N-terminal domain [92]. Hook1 has been shown to associate with tubular endosomes via its
C-terminal domain and is required for cargo sorting into tubular endosomes in conjunction
with Rab22 [93], while Hook2 is implicated in ciliogenesis and Hook3 is enriched at the
Golgi. All three mammalian Hook proteins have been implicated in vesicle trafficking
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and/or fusion [94], but it is not yet clear if these proteins interact with kinesin or dynein
motors to regulate organelle transport along microtubules.

CONCLUDING REMARKS

Live cell imaging continues to reveal the complex dynamics of intracellular trafficking
though many mechanistic questions remain (Outstanding Questions Box). Distinct organelle
populations move with characteristic patterns of motility, some highly processive, others
displaying frequent directional switching. This diversity is enabled by cargo-specific
regulation of motility, integrated via organelle-bound scaffolding proteins. By binding to
molecular motors either directly or via adaptor proteins, scaffolding proteins coordinate the
activities of opposing motors. The additional interactions of scaffolding proteins with
regulatory proteins such as kinases and GTPases favor the formation of an organelle-specific
regulatory module. This compartmentalized integration of signaling and motility may be
essential for the sustained transport of organelles over long distances, such as transport
along the axons of human motor neurons that can reach a meter in length. Vesicle and
organelle motility also varies with the local cellular environment and in response to
extracellular stimuli. The ability of scaffolding proteins to fully integrate upstream signaling
with downstream responses such as activation of motility, or induction of directional
switching allows rapid and effective responses to these stimuli.

A comparison of the diverse mechanisms by which scaffolding proteins function suggests
some common themes, such as the simultaneous association but selective activation of
opposing motors, and the important role for autoinhibition of kinesins. However, each type
of cargo is likely governed by distinct mechanisms that provide specific regulatory control
over organelle transport in the cell. Multi-protein binding platforms such as scaffolding
proteins thus facilitate both integrated and specific regulation of intracellular motility.
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Box 1. Kinesins and Regulation by Autoinhibition

The kinesin superfamily includes a diverse collection of motors that are encoded by more
than 45 genes. The majority of kinesins move toward microtubule plus-ends though some
move toward minus-ends (reviewed in [95]). Kinesin motors share a homologous motor
domain that is fused to more diverse domains mediating specific protein and organelle
associations.

Though multiple kinesin families are involved in organelle transport [95], kinesin-1,
kinesin-2, and kinesin-3 motors have been best studied to date. Kinesin-1 consists of a
KHC (kinesin heavy chain) dimer, which usually associates with two light chains (KLC;
Box 3). Mammalian KHC is encoded by three different genes — KIF5A, KIF5B, and
KIF5C; while KIF5B is ubiquitously expressed, KIF5A and KIF5C are enriched in
neurons [96]. Interestingly, different KIF5’s may selectively transport certain cargos, as
KIF5A preferentially binds to the GABA receptor adaptor GABARAP in yeast-two
hybrid assays [97]. Kinesin-2 is also a two-headed motor formed from either homo-
dimerization or heterotrimerization (with a nonmotor subunit). Kinesin-3 motors are
found as either monomers or dimers [83]. Kinesins not associated with cargo can be
autoinhibited by intramolecular interactions [82, 83, 98]. Kinesin autoinhibition likely
has two essential cellular functions — to prevent the unnecessary crowding of kinesins on
microtubules (i.e. traffic jams) and to prevent wasteful ATP hydrolysis in the absence of
associated cargo [98].

For KHC, direct binding between the N-terminal motor head and a conserved basic IAK
motif in the C-terminal tail results in autoinhibition [99]. In vitro motility experiments
indicate that full-length KHC has little motor activity, whereas truncation of the stalk and
tail leads to a constitutively active motor [100]. In early micrographs of KHC, the tail
appeared to fold back onto the head via bending of the stalk [101]. Deletion of the “hinge
2” motif in the stalk blocks autoinhibition, indicating that the flexibility of this element
may be pivotal for bending of the tail to meet the head [100]. Interestingly, scaffolding
proteins may relieve autoinhibition by binding to both KHC stalk and tail. In vitro, the
binding of a JIP1 fragment to the stalk domain is sufficient to activate KHC motility [72],
though full activation in vivo may require binding of JIP1 to both the stalk and tail
domains.

A single KHC tail is sufficient to autoinhibit a KHC head dimer [102]. One KHC tail
peptide binds to the cleft between the two motor heads where it likely prevents ADP
release by restricting the movement of the motor domains [103]. This “double lockdown”
model has an important cellular implication — relief of KHC autoinhibition requires that
both tails of KHC dimer be blocked from binding to the motor domains. Interestingly,
scaffolding proteins known to activate KHC motility in vitro via tail binding, including
JIP1 and JIP3, exist as dimers [64, 72]; thus, dimerization of scaffolding proteins may be
required for full activation of KHC in the cell.
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Box 2. Cytoplasmic Dynein and Dynactin

Cytoplasmic dynein is the major minus-end-directed microtubule motor for organelle
transport in eukaryotic cells. The enormous (~1.5 MDa) dynein complex consists of two
dynein heavy chains (DHC; ~500 kDa), two dynein intermediate chains (DIC; ~74 kDa),
two light intermediate chains (DLIC; ~33-59 kDa), and several dimers of light chains
(DLC/LC7/roadblock, LC8, and TcTex1; ~10-14 kDa). The catalytic DHC is an AAA-
protein that folds to form a large asymmetric ring that includes the primary ATPase
domain; the microtubule-binding domain is localized to a stalk projecting from this ring
[104]. While DHC is both necessary and sufficient for motor activity, additional subunits
contribute to complex stability and cargo interactions.

Single molecule studies show that mammalian dynein is a weak motor with stall force of
~1pN and a variable step size of 8-24 nm [1]. Unlike kinesin, dynein can sidestep to
move laterally onto adjacent protofilaments. While single molecules of mammalian
dynein can move bidirectionally along microtubules in vitro [105], in the cell dynein
functions as a robust minus-end-directed motor. Dynein interacts directly with dynactin
as well as other activator or adaptor complexes, including Bicaudal D (BicD),
lissencephaly 1 (Lis1) and nuclear distribution protein E (NudE) or NudE-like (NudEL)
[104, 106]. These activators may act in concert to enhance efficient minus-end-directed
transport.

Dynactin is a large ~1-MDa complex that interacts directly with dynein via its largest
subunit, p150©!ued, named for its size (~150 kDa) and its homology to the Drosophila
Glued gene [107]. The N-terminus of p150C!ued contains the CAP-Gly microtubule-
binding domain [108], followed in some isoforms by a lower affinity microtubule-
binding domain enriched in basic amino acid residues [109]. p150¢!ued forms a dimer,
and also binds directly to the DIC subunit of cytoplasmic dynein, via a coiled-coil (CC1)
domain [110-112]. A second coiled-coil domain (CC2) in p150¢!ued interacts with actin-
related protein 1 (Arpl), which forms a short actin-like filament at the base of the
dynactin complex. Additional dynactin subunits include p62, dynamitin (p50), pArpl1,
CapZ, p27, p25 and p24 [113]. There is a cargo-binding domain (~AA 1049-1278) at the
C-terminus of p150C!ued that binds to a growing list of vesicular adaptors, such as the
Rab7-interacting lysosomal protein (RILP [24]), huntingtin-associated protein 1 (HAP1
[45]), the retromer sortin nexin 6 (SNX6 [28, 29]), and JIP1 [72].
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Box 3. Kinesin Light Chain — Autoinhibitory Clamp or Cargo Adaptor?

Cytoplasmic kinesin-1 is typically depicted as an inactive heterotetrameric complex with
two KHCs bound to two KLCs. The tetratricopeptide repeat (TPR) domain of KLC binds
to C-terminal KHC (AA 771-810) in a region distinct from the autoinhibitory KHC tail
[114, 115]. Experiments with full-length proteins demonstrate that KHC homodimers are
more robustly autoinhibited in the presence of KLC. Indeed, KHC/KLC heterotetramers
have decreased microtubule-binding ability compared to KHC homodimers [114].
Moreover, when compared to the infrequent runs made by KHC, addition of KLC leads
to ~30% decrease in run frequency and velocity and ~60% decrease in run length [100],
consistent with a role for KLC in maintaining KHC autoinhibition.

Cargo-associated KHC may not always be associated with KLC. Sucrose density gradient
centrifugation has identified three separate pools of kinesin — a low-density pool
containing only KLC, a high-density pool containing KHC and KLC, and a higher-
density pool containing KHC alone [116]. Recent experiments also found that a pool of
naked KHC in high-density sucrose gradient fractions [64], consistent with the ability of
many scaffolding proteins or cargo to bind to KHC in a KLC-independent manner,
including JIP3 [64], Milton [34], and RNA granules in Drosophila [117]. In contrast,
KLC acts as an adaptor that mediates the binding kinesin-1 to other cargos, such as
bacteria-containing lysosomes [118, 119] and the neuronal cargo calsyntenin [120].

We propose a unifying hypothesis whereby soluble kinesin-1 exists as a KHC/KLC
heterotetramer that is robustly autoinhibited. Activation of this complex involves relief of
KHC autoinhibition, likely by a scaffolding protein. For some cargos, KLC is not
necessary for this activation step. For others cargos though, KLC may function as an
obligate cargo adaptor by binding to cargo-associated proteins.
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Figure 1. Three current models for the regulation of microtubule motors bound to vesicular and

organelle cargo

(A) In the selective recruitment model, only one type of motor, either kinesin (KHC) or

dynein-dynactin, are bound to cargo at time. If kinesin is bound, the cargo will move

unidirectionally in the anterograde direction toward the plus-end of the microtubule. If
dynein-dynactin is bound, the cargo will move unidirectionally in the retrograde direction,
toward the microtubule minus-end.
(B) In the tug-of-war model, both kinesin and dynein-dynactin motors are bound to the
cargo simultaneously. The cargo will move bidirectionally along the microtubule, depending
on stochastic variations in the dominant motor type. Note that for simplification, this figure
only illustrates one dynein-dynactin complex per vesicle, but that likely 6-8 dynein-dynactin

complexes are on each vesicle to reach force balance with one kinesin.

(C) In the coordination model, kinesin and dynein are bound to the cargo simultaneously,
but the activities of these motors are governed by a scaffolding protein that coordinates the
engagement of dynein-dynactin with the autoinhibition of kinesin. Inset — Generalized
model for the integration of upstream signaling with downstream motility by scaffolding
proteins. Scaffolding proteins interact with vesicle/organelle linker proteins, upstream
signaling proteins, and molecular motors, forming an integrated regulatory unit. While

scaffolding proteins may also mediate the association of motors with the vesicle or

organelle, this is not always the case.
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Figure 2. Schematic of binding interactions between bidirectional scaffolding proteins with
motor and regulatory proteins
(A-D) One feature of bidirectional scaffolding proteins is that binding domains of

anterograde and retrograde motors often are located in close proximity or are overlapping.
TRAK binds to Miro, KHC, Miro and p150C!u¢d dynactin. Huntingtin binds to dynein
intermediate chain (DIC), optineurin, HAP40, and HAP1, which binds to KLC and
p150C!ued and can be phosphorylated at S421. JIP3 binds to JINK, ARF6, KHC tail, KLC,
and p150©!ued, JIP1 binds to JINK, KHC tail and stalk, KLC, and p150€!ued, |Z: leucine
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zipper, JBD: JNK-binding domain; SH3: src homology domain; PTB: phosphotyrosine-
binding domain.
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Figure I (inset, Box #2). Schematic of binding domains in the p150Glued subunit of dynactin

Several scaffolding proteins share a binding site on C-terminal p150C!ued,
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Figure 11 (inset, Outstanding Questions Box). Scaffolding proteins may regulate organelle
motility by multiple different mechanisms

The scaffolding proteins known to regulate organelle motility are diverse, and may function
through diverse mechanisms. In the motor recruitment model, a soluble scaffolding protein
may mediate the association of the motor with its cargo. In a selective activation/
inactivation model, scaffolding proteins do not recruit motors to cargo, but function instead
to regulate motor activity, selectively activating or inactivating one of the vesicle-bound
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motors. In a third scaffolding protein activation model, vesicle- bound scaffolding proteins
become activated to tightly control activity of vesicle-bound motors.
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