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The kinesin-3 family is one of the largest among the kinesin
superfamily and its members play important roles in a wide range
of cellular transport activities, yet the molecular mechanisms of
kinesin-3 regulation and cargo transport are largely unknown.
We performed a comprehensive analysis of mammalian kinesin-3
motors from three different subfamilies (KIF1, KIF13, and KIF16).
Using Forster resonance energy transfer microscopy in live cells,
we show for the first time to our knowledge that KIF16B motors
undergo cargo-mediated dimerization. The molecular mechanisms
that regulate the monomer-to-dimer transition center around the
neck coil (NC) segment and its ability to undergo intramolecular
interactions in the monomer state versus intermolecular interac-
tions in the dimer state. Regulation of NC dimerization is unique to
the kinesin-3 family and in the case of KIF13A and KIF13B requires
the release of a proline-induced kink between the NC and sub-
sequent coiled-coil 1 segments. We show that dimerization of
kinesin-3 motors results in superprocessive motion, with average
run lengths of ∼10 μm, and that this property is intrinsic to the
dimeric kinesin-3 motor domain. This finding opens up studies on
the mechanistic basis of motor processivity. Such high processivity
has not beenobserved for anyothermotor protein and suggests that
kinesin-3 motors are evolutionarily adapted to serve as the mara-
thon runners of the cellular world.
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Molecular motors of the kinesin and dynein superfamilies
are responsible for a variety of microtubule-based intra-

cellular functions such as vesicle transport, spindle assembly, and
cytoskeletal organization. Several features of the kinesin and dy-
nein mechanochemical cycles have been realized, yet much
remains unknown (1, 2). For kinesin motors, much of the current
knowledge is based on studies of kinesin-1, the founding member
of the kinesin superfamily, where alternating catalysis by the two
motor domains of the dimeric molecule results in unidirectional
processive movement (the ability to take successive steps along the
microtubule). Mechanochemical studies of other members of the
kinesin superfamily have revealed interesting evolutionary adap-
tations to the kinesin motor domain that enable, for example,
conversion of ATP hydrolysis into microtubule destabilizing ac-
tivity (kinesin-8 and kinesin-13 families) (3, 4).
The kinesin-3 family is one of the largest among the kinesin

superfamily and consists of five subfamilies in mammals (KIF1,
KIF13, KIF14, KIF16, and KIF28) (5). Kinesin-3 family mem-
bers are characterized by high sequence conservation within their
motor domains, a forkhead-associated domain, and in most cases
a C-terminal lipid-binding domain such as a pleckstrin homology
or Phox homology (PX) domain (5). The founding member of
kinesin-3 family, CeUNC-104, was identified in Caenorhabditis
elegans based on a mutation that severely affects the transport of
synaptic vesicles to the axon terminal (6, 7). Since that time,
mammalian kinesin-3 motors have been found to be associated
with diverse cellular and physiological functions including vesicle
transport (8–12), signaling (13, 14), mitosis (15–17), nuclear
migration (18), viral trafficking (19, 20), and development (21).

Defects in kinesin-3 transport have been implicated in a wide
variety of neurodegenerative, developmental, and cancer dis-
eases (22). However, a mechanistic understanding of this im-
portant class of cellular transporters is currently limited.
To date, mechanistic studies have focused on truncated ver-

sions of mammalian KIF1A and its homolog CeUNC-104, and
these studies have yielded contradictory results (23). For exam-
ple, murine KIF1A has been proposed to function as a monomer
that diffuses along the microtubule surface or as a processive
dimer. Furthermore, dimerization has been proposed to occur
before cargo binding or on the cargo surface (24–26). Thus,
despite their widespread functions and clinical importance, the
mechanisms of kinesin-3 motor regulation and motility remain
largely enigmatic. Based on extensive characterization at the
cellular and single-molecule levels of mammalian kinesin-3
motors from three subfamilies (KIF1, KIF13, and KIF16), we
now provide a general model for kinesin-3 motor regulation and
motility. We show that kinesin-3 motors are largely regulated by
a monomer-to-dimer transition on the cargo surface that results
in superprocessive motion for cargo transport.

Results and Discussion
KIF16B Motors Undergo Cargo-Mediated Dimerization to Drive Cargo
Transport. To directly examine the relationship between kinesin-3
motor dimerization and cargo transport, we used the kinesin-3
motor KIF16B, whose molecular and motility properties have
not been examined. We took advantage of the fact that wild-type
KIF16B motors are entirely cargo-bound (Fig. S1A and ref. 27),
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whereas introduction of two point mutations (L1248A and
F1249A, referred to as LF/AA) into the PX domain abolishes
cargo binding (Fig. S1B and ref. 28). We used Forster reso-
nance energy transfer (FRET) analysis of wild-type (cargo-
bound) and LF/AA (cytosolic) motors in live cells to assess the
monomeric versus dimeric state of these motors. The motors were
tagged with monomeric versions of the FRET donor cyan fluo-
rescent protein (mCFP) or the FRET acceptor Citrine (mCit)
either at the N terminus to measure the proximity of the motor
domains (motor-to-motor FRET) or at the C terminus to mea-
sure the proximity of the tail domains (tail-to-tail FRET).
For the cytosolic KIF16B(LF/AA) motors (Fig. S2 B and E),

very low levels of FRET were detected (Fig. 1 B and F and Fig.
S3 C and F), similar to the FRET levels of coexpressed mCFP
and mCit (negative control, Fig. 1F and Fig. S3I), suggesting that
non–cargo-bound motors exist in a monomeric state. In contrast,
the cargo-bound wild-type KIF16B motors (Fig. S2 A and D)
exhibited high FRET efficiencies, consistent with motor di-
merization, regardless of whether the FRET pairs were placed
on the motor (N-termini) or tail (C-termini) domains of the
molecule (Fig. 1 A and F and Fig. S3 B and E). Note that the
C-terminally tagged wild-type motors are active motors because
their recruitment results in cargo transport to the cell periphery

(Fig. S2A), whereas fusion of fluorescent proteins (FPs) to the N
terminus of KIF16B seems to hinder its motility because the early
endosomal cargoes remain clustered in the cell center (Fig. S2D).
To rule out the possibility that the high FRET efficiencies of

cargo-bound motors are due to clustering of monomeric motors
rather than dimerization, two control experiments were carried
out. First, we compared the average FRET efficiency (EAVE) of
the C-terminally tagged wild-type motors (tail-to-tail FRET) to
that of FRET donor and acceptor molecules targeted to the
cargo surface via the monomeric KIF16B-PX domain (aa 1182–
1317) (28). mCFP-PX and mCit-PX colocalized on the cargo
surface (Fig. S2C) and exhibited relatively high FRET efficien-
cies (Fig. 1 C and F and Fig. S3D), but the EAVE was significantly
lower than that of the C-terminally tagged wild-type KIF16B
motors (Fig. 1F, P < 0.0001). Importantly, FRET between mo-
nomeric donor (mCFP) and acceptor (mCit) molecules was
found to be concentration-dependent, whereas KIF16B tail-to-
tail FRET was found to be concentration-independent (Fig. 1G,
Upper). Thus, the C termini of KIF16B are closer together owing
to dimerization than are monomeric molecules clustered on the
same cargo. Second, we compared the average FRET efficiency
of the N-terminally tagged wild-type motors (motor-to-motor
FRET) to that of a nondimerizing mutant where the hydro-
phobic residues in the “a” and “d” positions of the neck coil
(NC) were changed to charged residues (NC mutant), as de-
scribed for CeUNC-104 (24). We also compared the motor-to-
motor FRET to that of monomeric FPs extended 30 nm from the
cargo surface via a single α-helix (SAH) domain (FP-SAH-PX
construct) (29). Both the KIF16B NC mutant and the FP-SAH-
PX constructs localized to the cargo surface (Fig. S2 F and G).
Significantly higher FRET efficiencies were obtained for the N-
terminally tagged wild-type KIF16B motor (Fig. 1A, Right and
Fig. 1F) than the nondimerizing NC mutant (Fig. 1 D and F and
Fig. S3G, P < 0.0001) or the monomeric FPs extended 30 nm
from the cargo surface (Fig. 1 E and F and Fig. S3H, P < 0.0001).
Importantly, a linear relationship between protein concentration
and FRET was observed for the control FP-SAH-PX construct
but not for KF16B (Fig. 1G, Lower). These results indicate that
the N termini of KIF16B are closer together owing to NC dimeri-
zation than are monomeric molecules clustered on the same cargo.
Taken together, these results demonstrate that KIF16B motors
exist in a dimeric state on the cargo surface to drive cargo
transport.
To verify that KIF16B motors exist in a monomeric state when

not bound to cargo, we carried out photobleaching analysis at the
single-molecule level. To do this, the full-length motor was tag-
ged with three tandem copies of mCit. In our previous work, we
used this assay to determine the oligomeric state of KIF1A (26).
We thus used KIF1A as a control and also investigated the
oligomeric state of two additional kinesin-3 family members,
KIF13A and KIF13B, whose molecular mechanisms of motor
regulation and cargo transport are unknown. In photobleaching
assays, the majority of molecules bleached in two or three steps
(Fig. S4C), indicating that the full-length kinesin-3 motors exist
primarily in a monomeric state with some dimers in the pop-
ulation. The finding that full-length KIF1A is largely monomeric
differs from our previous work (26) where expressed full-length
motors were found to be in a predominantly dimeric state.
However, the previous photobleaching assays were carried out in
the presence of microtubules and adenylylimidodiphosphate and
therefore enriched for the subpopulation of dimeric motors (30).
Direct comparison of the photobleaching behavior of full-length
KIF1A motors in the soluble (adsorbed to the coverslip) versus
microtubule-bound state demonstrates that soluble motors are
largely monomeric (Fig. S4F). The full-length kinesin-3 motors
are also largely inactive for microtubule-based motility based on
their behavior in neuronal CAD cells (Fig. S4 A and B) and
single-molecule assays (Fig. S4 D and E). These findings are
consistent with the general model of kinesin autoinhibition (31),
yet these results indicate that for kinesin-3 family motors, the

Fig. 1. Full-length KIF16B motors dimerize on the cargo surface to drive
transport. (A–E) Live cell FRET microscopy. COS-7 cells coexpressing (A) wild-
type KIF16B tagged with FRET donor (mCFP) and acceptor (mCit) fluorescent
proteins or (B) the cargo-binding mutant LF/AA tagged with mCFP and mCit
were imaged by FRET microscopy. For tail-to-tail FRET (A and B, Left), FPs
were fused to the C termini of the motors, whereas for motor-to-motor FRET
(A and B, Right), FPs were fused to the N termini of the motors. (C–E) FRET
controls. COS-7 cells coexpressing (C) donor and acceptor FPs targeted to the
cargo surface via the monomeric KIF16B PX domain, (D) the N-terminally
tagged KIF16B NC mutant, or (E) donor and acceptor FPs extended 30 nm
from the cargo surface by a SAH between the FP and PX domains were
imaged by FRET microscopy. Representative images of the calculated aver-
age FRET efficiency (EAVE) are shown. Yellow dotted lines indicate the outline
of the cells. (Scale bars, 10 μm.) (F) Quantification of the FRET efficiencies in live
COS-7 cells. For a negative control, the FRET efficiency betweenmCFP and mCit
expressed as separate proteins was measured. For a positive control, the FRET
efficiency between linked mCFP and mCit proteins (mCit-16aa-mCFP) was
measured. n = 25–40 cells each over three independent experiments. The
data are presented as mean ± SD. P values were calculated using the two-
tailed t test. (G) Comparison of the FRET efficiency (EAVE) to protein con-
centration (measured as fluorescence intensity) on a cell-by-cell basis.
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mechanism of regulation involves both cargo binding and a
monomer-to-dimer transition.
To our knowledge, this is the first report to directly demon-

strate cargo-mediated dimerization for full-length kinesin-3
motors on a cellular cargo. We propose that the monomer-to-
dimer transition is a key regulatory mechanism for kinesin-3
motor activity. Although this mechanism of regulation is so far
unique among the kinesin superfamily, it is interesting to note
that several members of the myosin superfamily have been dem-
onstrated to undergo dimerization and activation upon cargo
binding (32–34). Thus, this work extends the parallels between
the kinesin and myosin superfamilies.

Regulation of the NC Controls the Dimerization and Activation of
Kinesin-3 Motors. The molecular mechanisms by which kinesin-3
motors are sequestered in a monomeric and inactive state until
cargo-mediated dimerization and activation are largely unknown.
For MmKIF1A/CeUNC-104, the monomer-to-dimer transition is
regulated by the NC segment that immediately follows the motor
domain (Fig. 2A). The dimerization potential of the KIF1A NC
segment seems to be weak and regulated by the subsequent coiled-
coil 1 (CC1) domain such that an intramolecular interaction be-
tween the NC and CC1 segments holds the motor in a monomeric
state (26, 35). An intermolecular NC–NC interaction on the cargo
surface would then result in a dimeric state.
We thus tested whether the dimerization potential of the NC

segment is a key mechanism that regulates the oligomerization
and activity of kinesin-3 family members. We started by analyz-
ing the primary sequence of KIF13A, KIF13B, and KIF16B by
the COILS program (Fig. S5) and heptad net plots (36, 37) (Fig.
2 B–E) to identify potential NC segments and then generated
several truncations for each motor based on this analysis. To
rapidly screen truncated constructs for processive motility, mCit-
tagged versions were expressed in neuronal CAD cells (Fig. S6).
COILS analysis of the KIF16B sequence indicated the pres-

ence of a short coiled-coil segment that could function as a NC
for dimerization (Fig. S5D). A heptad net plot shows that the
potential NC segment contains a hydrophobic core (leucine
zipper) with a number of flanking ionic interactions (Fig. 2C).
Truncations within and following the NC segment resulted in
processive motors with strong accumulation at neurite tips,
whereas truncations after the subsequent CC1 segment resulted
in nonprocessive motors that remained in the cell body (Fig. S6
D and H and Table S1, summarized in Fig. 2 A and C). Analysis
of the oligomeric state of the KIF16B constructs showed that
nonprocessive motors exist in a monomeric state, whereas pro-
cessive motors exist in a dimeric state (Fig. S7 and Table S1),
similar to previous work onMmKIF1A and CeUNC-104 (26, 35).
These results suggest that KIF16B is regulated in a manner similar
to KIF1A in which an intramolecular interaction between the NC
and CC1 segments inhibits intermolecular motor dimerization
via the NC segments.
Analysis of the KIF13A and KIF13B sequences suggested the

presence of a NC with strong coiled-coil potential (Fig. S5 B and
C); however, truncations within or after the predicted NC
resulted in monomeric motors with little to no processive mo-
tility in CAD cells or single-molecule assays (Figs. S6 B, C, F, and
G and S7 and Table S1, summarized in Fig. 2 A, D, and E). The
only exception was KIF13B(1–412), which accumulated at neu-
rite tips in some cells (e.g., Fig. S6C) and showed rare motility
events in single-molecule assays, similar to previous work on
DmKhc-73, a Drosophila ortholog of KIF13 (38). The inability of
truncated KIF13A and KIF13B motors to undergo processive
motility was surprising. Further analysis of the secondary struc-
ture predictions revealed a CC1 segment immediately following
but out of register with the NC, as if the hinge between the NC
and CC1 segments has been truncated or deleted (Fig. 2 D and
E). Furthermore, a proline residue (P390 and P391 in KIF13A
and KIF13B, respectively) is found at the junction of the NC–CC1
segments (highlighted in yellow in Fig. 2 D and E). Proline res-
idues are commonly found at the start of α-helices; when found

at internal positions in α-helices and coiled-coil domains, they
introduce a helix-destabilizing kink of about 30°. We therefore
considered the possibility that the proline residue restricts the
conformational mobility of the NC and CC1 segments and thereby
prevents dimerization and thus processive motility. To explore
this, we created two mutants of the truncated KIF13A(1–411)
and KIF13B(1–412) motors in which the proline residue was
either mutated to alanine (A) or deleted (Δ). When expressed
in CAD cells, the alanine mutants remained monomeric and in-
active, identical to the wild-type motors. Surprisingly, deletion
of the proline residue resulted in dimeric motors that showed
robust processive motility in CAD cells and single-molecule
assays (Figs. S6 B, C, F, and G and S7 and Table S1, summarized
in Fig. 2 A, D, and E). These data suggest that a proline residue
at the NC–CC1 junction plays a critical role in regulating the
dimerization potential and processive motility of KIF13A and
KIF13B motors.
The proline-induced offset of the NC–CC1 segments that

regulates KIF13A and KIF13B motor function is a novel mech-
anism that has not been observed for any other motor protein.
To gain a structural understanding of how this proline residue
regulates the dimerization of KIF13A and KIF13B, we used
I-TASSER to predict the structural conformation of the NC–CC1
segments (39). The wild-type NC–CC1 sequences are predicted
to form anti-parallel coiled-coils with the proline residues re-
sponsible for the tight turn between NC and CC1 (Fig. S8 A and
D). Mutation of proline to alanine is not predicted to alter this
conformation (Fig. S8 B and E), consistent with the mutants
remaining monomeric and inactive. In contrast, proline deletion

Fig. 2. The NC is a key regulatory element for kinesin-3 motor dimerization
and processive motility. (A) Domain organization of kinesin-3 motors ana-
lyzed in this study. Truncations are indicated by black tick marks with the
amino acid number. Truncations in green text indicate processive motors,
whereas truncations in red text indicate nonprocessive motors based on
analysis of motor behavior in CAD cells (Fig. S6) and/or single molecule assays
(Fig. 3). CC, coiled-coil; FHA, forkhead-associated; MD, motor domain; NC,
neck coil; PH, pleckstrin homology; and PX, Phox homology. (B–E) Heptad
net plots of the NC–CC1 regions (gray shaded rectangles in A) of the kinesin-3
motors. The helix has been cut and opened flat to give a 2D representation
of the amino acid residues and their potential interactions in the helix. The N
terminus is at the top right. Acidic residues are shown in red, basic in blue,
and all others in black. Preferred ionic interactions are shown as solid lines
and alternative interactions are shown as dotted lines. Every seventh residue
is repeated on the right of the plot (in brackets) so that all interactions can
be shown. The violet dotted line defines the orientation of the α-helix axis.
The light gray circles indicate ‘‘a’’ positions and the dark gray circles indicate
‘‘d’’ positions of the hydrophobic seam in the CC. Residues circled in green
indicate truncations that yield processive motors and residues circled in red
indicate truncations that yield nonprocessive motors.
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is predicted to result in the formation of a single long coil con-
taining the NC and CC1 segments (Fig. S8 C and F), consistent
with the fact that the ΔP mutants are capable of dimerization and
processive motility. An important question for the future is to
determine how the intramolecular NC–CC1 interactions are re-
lieved upon cargo binding, especially for the proline-induced NC–
CC1 interaction. One possibility, based on the fact that proline
residues are typically found at the end of pi-helices (40), is that the
KIF13 NC forms a pi-helix rather than an α-helix and that the pi-
helix is compatible with dimerization. Alternatively, adaptor mol-
ecules involved in motor-cargo binding could play a role in
isomerizing the proline conformation and allowing the NC and
CC1 helices to come in register with each other. Interestingly,
isomerization of a key proline residue has been demonstrated to
control autoinhibition of the Crk adaptor protein (41, 42).
These findings support two general principles of kinesin motor

biochemistry. First, the NC segment is the minimal unit for di-
merization of kinesin motors, and second, dimerization is a fun-
damental requirement for processive motion (1). However, our
results indicate that the kinesin-3 motors use a unique mecha-
nism of regulation in which the dimerization potential of the NC
is regulated to ensure that cargo binding and processive motility
are tightly linked.

Dimeric Kinesin-3 Motors Are Superprocessive. To characterize the
motility properties of the dimeric kinesin-3 motors, we per-
formed single-molecule motility assays using total internal re-
flection fluorescence (TIRF) microscopy. All truncated dimeric
kinesin-3 motors underwent diffusion along the microtubule
surface in the presence of ADP (Fig. S9 C and D) and processive
motility in the presence of ATP (Fig. 3). Surprisingly, the
KIF13A, KIF13B, and KIF16 motors were superprocessive, with
average run lengths of ∼10 μm (Fig. 3 C–E and Table S2), which
is nearly 10 times more processive than the well-characterized
kinesin-1 motor (Fig. 3F). Such high processivity was surprising
because KIF1A(1–393) motors are only moderately processive
with an average run length of ∼2 μm (Fig. 3A, Table S2, and ref.
26). We wondered whether the apparently limited processivity of
truncated dimeric forms of KIF1A is due to the presence in the
population of both monomeric motors undergoing diffusive motility
and weakly dimeric motors undergoing short processive motion, as
suggested for DmKhc-73 (38) and the weak propensity of the
KIF1A NC to form a stable dimer (Fig. S7 A and F). To test this
possibility, we stabilized the NC by fusing the leucine zipper (LZ) of

GCN4 to the C terminus of KIF1A(1–393), as was done previously
for CeUNC-104 and DmKhc-73 (25, 38). The resulting KIF1A(1–
393)-LZ motors exhibited fast and highly processive motion with an
average run length of 9.80 ± 0.14 μm (Fig. 3B and Table S2).
In addition, strongly dimeric KIF1A(1–393)-LZ motors displayed
only processive motion, whereas weakly dimeric KIF1A(1–
393) motors displayed both diffusive and processive motion
(Fig. S9 A–C). Thus, we conclude that all dimeric kinesin-3
motors are capable of superprocessive motility.
The extremely high processivity of the kinesin-3 motors was

surprising. Indeed, these run lengths are the highest reported for
any motor protein to date. It is important to note that the ability
to undergo highly processive motion is intrinsic to the dimeric
kinesin-3 motors because the truncated constructs consist of only
the core motor and NC domains. This is important because other
motors initially reported to be highly processive [kinesin-7 (CENP-
E) and kinesin-8 (mammalian KIF18A and yeast Kip3p)] were later
found to contain microtubule-binding sites in their tail domains that
prevent dissociation from the microtubule surface (43–46).
What are the molecular mechanisms that enable kinesin-3

motors to undergo superprocessive motion? One mechanism
proposed to influence motor processivity is a gating mechanism
based on the length of the neck linker that connects the motor
and NC domains (47–50). However, this mechanism cannot ex-
plain the remarkable processivity of the kinesin-3 motors be-
cause their neck linker lengths are similar to that of kinesin-2,
a mildly processive motor (run lengths ∼1 μm). An alternative
possibility is that the NC engages in electrostatic interactions
with the microtubule to increase motor processivity, as shown for
kinesin-1 (51). This mechanism also seems unlikely to explain the
superprocessivity of kinesin-3 motors because the net charge
of their NC regions is predicted to be neutral or net-negative.
Nonetheless, to exclude an influence of electrostatic interactions
on kinesin-3 processivity, we compared the motility of the motors
in low- versus physiological-ionic-strength buffers. Interestingly,
higher-ionic-strength buffers had no effect on kinesin-3 or kinesin-1
velocities and run lengths (compare Fig. S10 to Fig. 3) but did
cause a decrease in the number of motility events (Fig. S11).
Together, these results indicate that the high processivity of
kinesin-3 motors is intrinsic to their core motor domains. That
kinesin-3 motors are superprocessive was previously unknown
and opens the door to understanding how a motor can maintain
an interaction with its track for thousands of steps. Clearly,
further work is required to determine the molecular, mechanical,

Fig. 3. Truncated kinesin-3 motors are superprocessive. Truncated kinesin-3 motors tagged with three tandem mCit FPs (3xmCit) at their C termini were
expressed in COS-7 cells. Cell lysates were used for single-molecule motility assays. Histograms of the velocities (Upper) and run lengths (Lower) were plotted
for each population of motors and fit to a single Gaussian. The peak represents the average velocity and run length of (A) KIF1A(1–393), (B) KIF1A(1–393)-LZ,
(C) KIF13A(1–411ΔP), (D) KIF13B(1–412ΔP), (E) KIF16B(1–400), and (F ) KHC(1–560), a well-characterized truncated kinesin-1 motor used as a motility control.
Data are the averages from at least two independent experiments. The mean ± SEM and N values for each motor are indicated in the top right corners.
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and structural features that have evolved to enable kinesin-3
motors to achieve superprocessive motion.

Kinesin-3 Motors Function As the Marathon Runners of the Cellular
World. Together, this work indicates that kinesin-3 family motors
are regulated by a unique mechanism in which non–cargo-bound
motors are monomeric and inactive whereas cargo-bound motors
are dimeric and undergo extremely long processive motion for
transport. To verify this model, we tested whether the NC/CC1
regulatory mechanism is critical for preventing dimer formation
and highly processive motion in the context of the full-length
molecules. For KIF1A, recent structural analysis identified key
residues at the C terminus of the CC1 segment (L478, M481, and
V483) whose mutation results in motor activation in cells (52,
53). For KIF13A and KIF13B, our analysis of the truncated
motors identified the proline residue at the NC/CC1 junction as
critical for motor regulation. We thus directly compared the
oligomeric state and motility properties of the inactive wild-type
motors to that of the active mutants for full-length KIF1A,
KIF13A, and KIF13B.
In CAD cells, mutation of L478Q/M481Q or V483N in full-

length KIF1A or mutation of the proline residues in full-length
KIF13A and KIF13B resulted in accumulation at the tips of
neurite processes (Fig. 4A and Fig. S12), indicative of processive
motility. In single-molecule motility assays, the mutant full-
length motors were found to be dimeric and to undergo fast,
superprocessive motion with average run lengths of ∼10 μm (Fig.
4 B–D and Table S2). Note that these motility properties are
strikingly similar to those of the respective truncated stable
dimers KIF1A(1–393)-LZ, KIF13A(1–411ΔP), and KIF13B(1–
412ΔP) (Fig. 3 B–D and Table S2), suggesting that mutations that
alter the NC–CC1 conformation resulted in the complete acti-
vation of full-length motors in cells. Thus, we conclude that
kinesin-3 motors are regulated by a monomer-to-dimer transition
that occurs upon cargo binding and enables highly processive
transport of cellular cargoes. The key mechanism regulating this
monomer-to-dimer transition involves regulating whether the NC

helix forms an intramolecular interaction with the CC1 segment
or an intermolecular interaction with another NC helix (Fig. 5).
In conclusion, we have shown that kinesin-3 motors use a

regulatory mechanism unique among the kinesin family in which
motor dimerization is prevented by either a self-interaction of

Fig. 4. Dimerization of full-length kinesin-3
motors results in superprocessive motion. The
oligomeric state and motility properties of full-
length kinesin-3 mutants KIF1A(L478Q/M481Q),
KIF1A(V483N), KIF13A(ΔP390), and KIF13B(ΔP391)
were compared with that of an active dimeric
kinesin-1 [KHC(1–560)] motor. (A) CAD cell assay
to measure motor processivity in cells. Represen-
tative images of differentiated CAD cells expressing
C-terminal mCit-tagged full-length mutant kinesin-3
motors or KHC(1–560). Expressing cells are outlined
with a yellow dotted line. Arrowheads indicate
neurite tips. Asterisks indicate nuclei of expressing
cells. (Scale bars, 20 μm.) (B) TIRF single-molecule
photobleaching assay to measure oligomeric state.
The fluorescence intensity over time was measured
by TIRF microscopy for individual 3xmCit-tagged
motors walking along the microtubule in COS-7 cell
lysates. The number of bleaching events per molecule
was plotted in a histogram for the population. (C and
D) TIRF single-molecule motility assays; 3xmCit-tag-
ged motors in COS-7 cell lysates were added to po-
lymerized microtubules in a flow chamber and
observed by TIRF microscopy. The measured (C) ve-
locities and (D) run lengths of each population were
plotted in a histogram. The averages of each pop-
ulation are from at least two independent experi-
ments. The mean ± SEM and N values for each motor
are indicated in the top right corners.

Fig. 5. Molecular mechanisms of kinesin-3 motor regulation. Kinesin-3
motors use a unique mechanism of regulation in which dimerization and
processive motility are tied to cargo binding. Maintaining the monomeric
state of cytosolic motors is due to intramolecular interactions between the
NC and CC1 segments. (A) For KIF1A, the NC–CC1 region is proposed to form
a parallel coiled-coil based on structural studies of CeUNC-104 (35). (B) For
KIF16B, the shorter linker between the NC and CC1 helices results in the
formation of an anti-parallel coiled-coil. (C and D) For KIF13A and KIF13B,
the hinge between NC and CC1 is absent; however, the two segments
maintain an anti-parallel coiled-coil conformation owing to the presence of
a proline residue at the NC–CC1 junction. (E) Cargo binding increases the
effective concentration of the motor such that intermolecular NC–NC in-
teractions are favored, resulting in dimerization and highly processive mo-
tility. CG, Cap-Gly; PH, Pleckstrin homology; and PX, phox homology.
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NC and CC1 segments (KIF1A and KIF16B) or a proline-
mediated shift in the NC–CC1 axis (KIF13A and KIF13B). To
our knowledge, we provide the first direct demonstration that
cargo binding results in dimerization and subsequent cargo trans-
port. Furthermore, we show that active dimeric kinesin-3 motors
are fast and remarkably processive, with run lengths longer than
those of any other motor protein. Because these motility prop-
erties match the velocities and run lengths of known kinesin-3
cargoes transported in cells (54–57), we suggest that kinesin-3
motors have been evolutionarily adapted to drive long-distance
intracellular and axonal transport. Thus, kinesin-3 motors seem
to be the marathon runners of the cellular world.

Materials and Methods
A complete description of the materials and methods used is given in SI
Materials and Methods.

All single-molecule assays were performed at room temperature using
a Nikon Ti-E objective-type TIRF microscope with a 100× 1.49 N.A. CFI APO
TIRF objective, and an EMCCD camera (iXon+ DU897; Andor). Motors in cell
lysates were tracked on polymerized microtubules at 20 frames per second.
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