














These results indicate that the C-terminal half of Khc-73 con-
tains a cargo binding site for Rab5-containing early endo-
somes and that the CAP-Gly domain is not needed for direct-
ing Khc-73 to these membranes.

DISCUSSION

In this study, we have performed the first in vitro character-
ization of the motility of Khc-73, a member of the Kinesin-3

family. Khc-73 is well conserved in metazoans, but not found
in lower organisms, and appears to have important functions
in neuronal development (17, 18, 22), although it likely serves
additional roles as well. Although it has been controversial
whether Kinesin-3 family members are monomeric or dimeric
(10, 11, 14, 16), our results suggest that truncated Khc-73
constructs are in an equilibrium between monomers and
dimers and that the dimer is a fast and highly processive mo-

FIGURE 4. Khc-73 is enriched at the distal ends of microtubules and co-localizes with Rab5-GFP. A, Drosophila S2 cells were transiently transfected with
constructs containing mCherry-tagged 	-tubulin and GFP-tagged, full-length Khc-73 under the control of the metallothionein promoter (see “Experimental
Procedures”). Images shown are an individual frame of a time-lapse movie provided as supplemental Movie 1. Merged panel shows enlargement of boxed
regions in the image with Khc-73 puncta at the tips of microtubules. Top left corner corresponds to the box on the lower left, and top right corner corre-
sponds to the boxed region in the lower right. B, Drosophila S2 and BG2 cells were transiently transfected with constructs containing mCherry-tagged
Khc-73 under the control of the metallothionein promoter and GFP-tagged Rab5 under the control of the actin promoter. Images shown are individual
frames of time-lapse movies provided as supplemental Movies 2 and 3. C, enlargement of boxed region in the merged image of the BG2 cell from B is shown.
Arrowhead points to a motile puncta where both Khc-73-mCherry and Rab5-GFP co-localize.
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tor that generates forces comparable in magnitude to Kine-
sin-1. We also provide evidence that Khc-73 strongly associ-
ates with early endosomes in vivo, an interaction mediated
through its nonmotor domain. Collectively, these findings
provide new insight into the biophysical mechanism and cell
biological roles for this poorly understood kinesin.
Evidence that Kinesin-3 Can Form Dimers in Vitro and in

Vivo—The Kinesin-3 class of motors was originally consid-
ered to be “monomeric” based upon the initial biochemical
characterization of KIF1A as a monomer (10) and the finding
that Kinesin-3 members have lower propensity of predicted
CC formation compared with other kinesin classes. In addi-
tion, single-molecule studies suggested that monomeric
KIF1A might transport cargo by a biased diffusion mecha-
nism (12). In this work, a series of Khc-73 constructs of the
N-terminal, motor domain-containing half of the protein be-
have predominantly as monomers in hydrodynamic analysis.
However, a weak dimer might dissociate to a monomer dur-
ing these prolonged separation techniques. Indeed, our in
vitromotility experiments are most consistent with Khc-73
being in equilibrium between a monomer and dimer. In sup-
port of this idea, Khc-73 dimerized constitutively by fusion to
a C-terminal LZ shows longer run lengths and a much higher
(�20-fold) frequency of processive movement than a compa-
rable construct without the LZ, but the velocities of the LZ
and non-LZ constructs were nearly identical. These results
are most easily explained by a model in which the majority of
the expressed Khc-73 molecules are monomers that do not
exhibit processive movement, but a subpopulation of Khc-73
forms a dimer with identical motility properties to Khc-73-

LZ. Interestingly, comparably truncated Unc104 constructs
do not exhibit processive motility unless LZ-dimerized (14).
Unc104/KIF1A possess a long flexible hinge between two
helices next to the motor domain, which is thought to create
an autoinhibited conformation through the formation of an
intramolecular CC that must be broken to form a processive
motor dimer (43). Khc-73 appears to lack this flexible loop
(Fig. 1A), which may allow these helices to form intermolecu-
lar CCs more readily.
Our transfection data also suggest that Khc-73 can

dimerize in cells. In the presence of endogenous Khc-73, a
variety of different length Khc-73 constructs all co-localize
with Rab5-GFP. However, when cells are incubated with
RNAi constructs knocking down the endogenous Khc-73 pro-
tein, none of the motor-containing constructs that lack the
central domain between the CC and the CAP-Gly domain
co-localized with Rab5-GFP. This endogenous Khc-73-depen-
dent localization result suggests that endogenous Khc-73 is
responsible for recruiting the expressed motor constructs to
the surface of Rab5-containing vesicles. Although we cannot
rule out a scenario in which a higher order protein complex
dependent on full-length Khc-73 is responsible for this re-
cruitment, it seems most likely that the expressed proteins are
recruited to Rab5-containing vesicles by forming het-
erodimers with the endogenous full-length protein.
Collectively, our data suggest that in vitro and in vivo

Khc-73 exists in equilibrium between a monomer and dimer.
Our biochemical analysis of purified Khc-73 showing a pre-
dominant monomer species is in general agreement with pre-
vious results with KIF1A by the Hirokawa laboratory (11, 13).

FIGURE 5. RNAi-mediated knockdown of endogenous Khc-73 identifies Rab5 vesicle-targeting domain in Khc-73. Drosophila BG2 cells were sub-
jected to 7-day RNAi treatment with an RNAi construct targeting the 3�-UTR of Khc-73 or mock treated. On day 4, cells were transfected with constructs
containing the mCherry-tagged portion of Khc-73 shown under the control of the metallothionein promoter and GFP-tagged Rab5 under the control of the
actin promoter. On day 6, cells were incubated with 50 mM copper sulfate for 16 h. On day 7, time-lapse imaging was performed.
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However, the Hirokawa laboratory did not report or suggest
the possibility that a subpopulation of this kinesin can self-
associate to create a dimer. In a contrasting story, Hammond
et al. propose that KIF1A is constitutively dimerized, based
upon co-immunoprecipitation from lysate, chemical cross-
linking, intracellular FRET, co-migration with conventional
kinesin by gradient centrifugation, and single-molecule motil-
ity (16). It is important to note, though, that while our current
in vitro work with Khc-73 and the previous work on KIF1A
used bacteria- and baculovirus-expressed constructs (11, 13),
the recent study by Hammond et al. used KIF1A from cell
lysate from cell lines expressing KIF1A constructs for in vitro
studies. This presents the possibility that there is a cellular
component that stabilizes the Kinesin-3 dimer, which is con-
sistent with our in vivo data with Khc-73. Future studies are
targeted toward identifying this potential cellular factor.
Khc-73 and Rab5-containing Endosomes—We observed a

striking in vivo co-localization of Khc-73 with Rab5-GFP, a
marker of early endosomes (38, 39). Khc-73 co-localized with
Rab5-GFP at the tips of microtubules as well as on a pool of
motile intracellular puncta. By co-expressing various con-
structs of Khc-73 with Rab5 in vivo, we found the Rab5-con-
taining vesicle targeting domain to be between the CC do-
main and the CAP-Gly domain in a region of the protein that
has no predicted conserved domains. There is precedence of a
Kinesin-3 family member binding to Rab5-containing vesi-
cles, as one of the mammalian homologs, KIF16B, transports
early endosomes to the plus end of microtubules (44). How-
ever, in the case of KIF16B, a C-terminal pleckstrin homology
domain (not found in Khc-73) was shown to be important for
the recruitment and transport of Rab5-containing endosomes
by KIF16B. In addition, although KIF16B was shown to be
necessary for the normal localization of early endosomes in
HeLa cells (44), we have found that Rab5-GFP-containing
endosomes continue to move after RNAi-mediated knock-
down of Khc-73 in Drosophila S2 and BG2 cell lines (supple-
mental Fig. 5). This result might suggest that although Khc-73
is recruited to early endosomes, it does not transport endo-
somes along microtubules and might serve some other role.
However, it also could be that Khc-73 transports early endo-
somes but that a redundant kinesin also moves early endo-
somes, thereby accounting for their continued motility after
Khc-73 knockdown. Another possibility that cannot be ex-
cluded is that residual Khc-73 after RNAi treatment (supple-
mental Fig. 5) might suffice for early endosome motility.
A critical question that remains is how the biophysical

properties and endosomal localization of Khc-73 might be
related its biological functions in the living animal. The clear-
est biological activity ascribed to Khc-73 is its mitotic role in
spindle orientation in Drosophila neuroblasts (21). Through
its interaction with Discs Large, Khc-73 induces the cortical
polarity of the Pins/G	i complex that is necessary for asym-
metric cell division. The Khc-73 homolog in mammals also
has been found to bind to membrane scaffolding proteins (18,
45). In our study, Khc-73 also localizes to early endosomes at
the tips of microtubules that are very close to the cell cortex.
In summary, there are now several results implicating Khc-73
with functions of microtubules/cargo at the cell cortex, but its

exact activity and mechanism remain unclear and constitute
an interesting topic for future investigation.
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