
Molecular Biology of the Cell
Vol. 9, 637–652, March 1998

KIF3C and KIF3A Form a Novel Neuronal Heteromeric
Kinesin That Associates with Membrane Vesicles
Virgil Muresan,* Tatiana Abramson,* Asya Lyass,* Dirk Winter,*
Elena Porro,* Filbert Hong,* Nancy L. Chamberlin,† and Bruce J. Schnapp*‡

*Department of Cell Biology, Harvard Medical School, Boston, Massachusetts 02115; and Department
of Neurology, Beth Israel Deaconess Medical Center, Harvard Institutes of Medicine, Boston,
Massachusetts 02115

Submitted October 6, 1997; Accepted December 1, 1997
Monitoring Editor: James A. Spudich

We have cloned from rat brain the cDNA encoding an 89,828-Da kinesin-related polypep-
tide KIF3C that is enriched in brain, retina, and lung. Immunocytochemistry of hip-
pocampal neurons in culture shows that KIF3C is localized to cell bodies, dendrites, and,
in lesser amounts, to axons. In subcellular fractionation experiments, KIF3C cofraction-
ates with a distinct population of membrane vesicles. Native KIF3C binds to microtu-
bules in a kinesin-like, nucleotide-dependent manner. KIF3C is most similar to mouse
KIF3B and KIF3A, two closely related kinesins that are normally present as a heteromer.
In sucrose density gradients, KIF3C sediments at two distinct densities, suggesting that
it may be part of two different multimolecular complexes. Immunoprecipitation experi-
ments show that KIF3C is in part associated with KIF3A, but not with KIF3B. Unlike
KIF3B, a significant portion of KIF3C is not associated with KIF3A. Consistent with these
biochemical properties, the distribution of KIF3C in the CNS has both similarities and
differences compared with KIF3A and KIF3B. These results suggest that KIF3C is a
vesicle-associated motor that functions both independently and in association with
KIF3A.

INTRODUCTION

Neurons are highly polarized cells containing an elab-
orate microtubule network upon which are trans-
ported many types of membrane vesicles involved in
the delivery of material to axonal and dendritic termi-
nals (Brady, 1991; Hirokawa, 1991; Schnapp, 1997).
Axonal microtubules are oriented uniformly with
their plus-ends pointed toward the synaptic terminal
(Heidemann et al., 1981), whereas dendrites contain
microtubules of mixed orientation (Baas et al., 1988). In
axons, transport toward microtubule minus-ends is
driven primarily by cytoplasmic dynein (Paschal and
Vallee, 1987; Schnapp and Reese, 1989; Schroer et al.,
1989) and, to a lesser extent, by the carboxy-terminal
type kinesin KIFC2 (Hanlon et al., 1997; Saito et al.,
1997). In dendrites the minus-end motor is less clear
and may include cytoplasmic dynein and KIFC2 (Saito
et al., 1997). Plus-end–directed transport is driven by

kinesin and at least ten kinesin-related proteins
(KRPs) (Vale et al., 1985b; Coy and Howard, 1994;
Kondo et al., 1994; Nangaku et al., 1994; Noda et al.,
1995; Okada et al., 1995). Unlike cytoplasmic dynein,
which may associate with many types of membrane
compartments (Lacey and Haimo, 1994; Muresan et al.,
1996), the different kinesin-related motors are pro-
posed to bind selectively to specific types of vesicles
(Coy and Howard, 1994; Hirokawa, 1996). This selec-
tive targeting is likely to be directed by amino acid
sequences that lie outside of the conserved ;350-
amino acid motor domain that defines the kinesin
superfamily (Stewart et al., 1991; Aizawa et al., 1992).

Most of the known neuronal kinesins are multisub-
unit protein complexes [see Hirokawa (1996) for re-
view]. Two of them, conventional kinesin and the
KIF3A/3B complex (Cole et al., 1992, 1993; Kondo et
al., 1994; Rashid et al., 1995; Wedaman et al., 1996;
Yamazaki et al., 1995; 1996), show striking similarities
in their structural organization [reviewed in Scholey‡ Corresponding author.
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(1996)]. Both are assembled from two kinesin or kine-
sin-related polypeptides, each containing a globular
motor domain, a central dimerization region, and a
globular carboxy-terminal domain to which accessory
polypeptides are attached. However, while kinesin
consists of two identical heavy chains and two asso-
ciated light-chain isoforms (Vale et al., 1985b; Bloom et
al., 1988; Kuznetsov et al., 1988; Hirokawa et al., 1989),
the KIF3A/3B complex is a heterotrimer consisting of
two distinct but related motor subunits (KIF3A and
KIF3B) and a single, larger accessory protein (KAP3)
(Cole et al., 1992, 1993; Yamazaki et al., 1995, 1996;
Wedaman et al., 1996). It has been suggested that the
KIF3A/3B motor complex functions as an anterograde
axonal motor for an otherwise uncharacterized vesicle
population (Kondo et al., 1994; Yamazaki et al., 1995);
the accessory protein might regulate the binding of the
motor to membranes (Wedaman et al., 1996; Yamazaki
et al., 1996). The functional importance of heterodimer-
ization of two different motor polypeptides (instead of
homodimerization, as in conventional kinesin) is un-
clear. Since no free KIF3A or KIF3B subunits were
found in vivo, it is assumed that most, if not all, of the
native KIF3A/3B motor is in the heterotrimeric form
(Cole et al., 1993; Cole and Scholey, 1995; Yamazaki et
al., 1995, 1996).

We have cloned and characterized from rat brain a
novel KRP, KIF3C, which is most closely related to
KIF3B. KIF3C exists in two different molecular com-
plexes. Like KIF3B, KIF3C is present in neurons in
association with KIF3A. Unlike KIF3B, KIF3C is also
part of another complex that does not include KIF3A.
These distinct biochemical properties of KIF3C are
likely to be related to the rather different localization
in the CNS of KIF3C compared with KIF3A and
KIF3B. Our results suggest that this heteromeric fam-
ily of kinesin motors has a broad and complex role in
vesicle transport in neurons and other cell types. In a
complementary study, Yang and Goldstein (1998) re-
port on the cloning and characterization of KIF3C
from mouse.

MATERIALS AND METHODS

Cloning and Analysis of Sequence and Secondary
Structure of KIF3C
A l-ZAP II rat forebrain cDNA library was screened with affinity-
purified anti-HIPYR antibody (Sawin et al., 1992), and two overlap-
ping clones (14 g and 17d) were found to encode together a novel
KRP which we named KIF3C (see below). The cDNA clones were
sequenced on both strands using the automated DNA sequencer of
the Sequencing Facility at Harvard Medical School (Boston, MA).
Sequence analysis of the cDNA and protein was done with the
LASERGENE Navigator DNA analysis software (DNASTAR, Mad-
ison, WI). The same software was used to compare protein se-
quences by diagonal dot matrix plot analysis. The probability of
coiled-coil formation was calculated by the algorithm of Lupas et al.
(1991), using the ISREC Bioinformatics Group coils software (Swiss

Institute for Experimental Cancer Research, Epalinges, Switzer-
land).

Fusion Protein Expression and Antibody Production
A 639-base pair (bp) fragment corresponding to amino acids 363–
576 from the coiled-coil region of KIF3C (which included a domain
highly divergent from both KIF3A and KIF3B) was subcloned into
pQE30 (Qiagen, Chatsworth, CA) to generate an amino-terminal
6-His–tagged fusion protein. Antibodies to the purified protein
were produced in rabbits (Berkeley Antibody, Richmond, CA) and
were affinity purified against the fusion protein according to Rodi-
onov et al. (1991) and stored in borate buffer at pH 8.4. Antibodies to
other regions of KIF3C were also generated but were not used in the
present study.

An antibody to rat KIF3B was obtained in a similar manner
against a fusion protein containing 135 amino acids from a region
close to the carboxy terminus of the molecule and was used after
affinity purification.

Control immunoglobulin G (IgG) fractions, depleted of specific
antibody, were produced by adsorbing IgG preparations obtained
from immune sera against the fusion protein used as antigen.

Preparation of Tissue and Cell Extracts
All buffers used in these studies were supplemented with 1 mM
dithiothreitol and a cocktail of protease inhibitors (Muresan et al.,
1996). Tissues were collected from 5-wk-old male Sprague Dawley
rats (killed by asphyxiation with CO2), placed in ice-cold phosphate-
buffered saline (PBS), pH 7.3, and homogenized immediately, or
frozen and stored in liquid N2 until further processing. Tissues were
homogenized with a Teflon homogenizer (20 strokes) in 10 ml/g
tissue of acetate buffer (100 mM K-acetate, 150 mM sucrose, 5 mM
EGTA, 3 mM Mg acetate, 10 mM K-HEPES, pH 7.4) (Niclas et al.,
1994). Crude homogenates were centrifuged for 10 min at 5,000 3 g.
Samples of supernatants were mixed 4:1 with 53 sample buffer,
boiled for 5 min, adjusted to equal protein concentration, and sub-
jected to SDS-PAGE and Western blotting. Optic nerve tissue and
freshly dissected retina were cut into small pieces, homogenized in
a minimal amount of buffer in an Eppendorf tube with a small
Teflon pestle, and then supplemented with an equal volume of 23
sample buffer and boiled.

Cells, grown in large dishes, were briefly rinsed with PBS, and
then collected in PBS and solubilized in sample buffer. DNA was
sheared by several passages through a 27G 1/2 needle before boil-
ing. Samples were analyzed by SDS-PAGE and Western blotting.

Subcellular Fractionation
Rat brains were collected in ice-cold PBS and homogenized with a
Teflon homogenizer in 10 volumes of either K-HEPES buffer (20 mM
HEPES, 100 mM K-aspartate, 40 mM KCl, 5 mM EGTA, 5 mM
MgCl2, pH 7.2) (Okada et al., 1995) or 0.25 M sucrose in BRB80 buffer
(80 mM piperazine-N,N9-bis(2-ethanesulfonic acid), 1 mM MgCl2, 1
mM EGTA, pH 6.8) containing protease inhibitors. All further steps
were conducted at 4°C. A postnuclear supernatant (S1) was obtained
by two consecutive 10-min centrifugations at 3000 3 g. S1 was then
fractionated into a medium speed (10-min, 14,000 3 g) pellet (P2)
and supernatant (S2). The latter was centrifuged for 90 min at
120,000 3 g to obtain a high-speed pellet (P3) and supernatant (S3).
In some cases, pellets were extracted for 1 h at 4°C with 1.25% Triton
X-100, in the presence or absence of 1 M KCl. The extracted material
was brought to 2.2 M sucrose and overlaid with 1.8 M sucrose and
buffer alone. After centrifugation for 90 min at 120,000 3 g, the
bottom, middle, and top layers were collected and processed for
SDS-PAGE.

For vesicle fractionation, the brain tissue was homogenized in 2
volumes of buffer, and the homogenate was separated into a pellet
and medium- to high-speed supernatant by centrifugation for 45
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min at 40,000 3 g. This step eliminated all heavy membranes and
unbroken synaptosomes from the supernatant, leaving behind the
lighter membranes, including transport vesicles. These membranes
were then recovered as a pellet after a 2-h centrifugation at
120,000 3 g. The pellet was briefly washed and resuspended in
buffer and adjusted to 35% Nycodenz (Sigma Chemical, St. Louis,
MO). This fraction was overlaid with six layers of buffer containing
decreasing Nycodenz concentrations (30%, 25%, 20%, 15%, 10%,
and 0%), and centrifuged for 17 h at 120,000 3 g. Twenty fractions
were collected from the bottom to the top, with fraction 1 corre-
sponding to the initial 35% Nycodenz load. Samples of equal vol-
ume from each fraction were precipitated with methanol/chloro-
form/water (Wessel and Flugge, 1984) and resuspended in SDS-
PAGE sample buffer.

Microtubule-binding Assay and Preparation of
Motor-enriched Fraction
Triton X-100 (2%)–extracted rat brain homogenate, prepared in
BRB80, was diluted 1:1 with BRB80 and cleared by a 45-min cen-
trifugation at 120,000 3 g. Taxol-stabilized microtubules (assembled
from phosphocellulose-purified bovine brain tubulin) were added
to the supernatant at final concentration of 0.5 mg/ml, and the
mixture was supplemented with taxol to 20 mM, 59-adenylyl imido-
diphosphate (AMP-PNP) to 5 mM, and MgCl2 to 5 mM. After a 1-h
incubation at 23°C, microtubules were sedimented through a 30%
sucrose cushion by centrifugation (1 h, 120,000 3 g, at 18°C). Pellets
were resuspended and incubated in BRB80 containing either 100
mM NaCl or 100 mM NaCl plus 7.5 mM ATP and MgCl2. Super-
natants and pellets of extracted microtubules were obtained after
centrifugation in the conditions described above. Samples from all
steps of the assay were analyzed by Western blotting. In some
experiments, ATP releases (i.e., motor-enriched fractions) were sub-
jected to sucrose density gradient centrifugation or two-dimen-
sional electrophoresis as described below.

Sucrose Density Gradient Sedimentation and
Immunoprecipitation
Sucrose density gradient centrifugation was performed according to
Martin and Ames (1961). Samples of a cytosolic fraction enriched in
microtubule motors (see above) were loaded over 5–20% sucrose
density gradients prepared in K-HEPES or BRB80 buffer and cen-
trifuged for 15 h, at 120,000 3 g (Beckman [Fullerton, CA] SW55Ti
rotor, 4°C). Fractions were collected from the bottom of the tube and
analyzed by Western blotting for the presence of different motor
proteins.

Immunoprecipitations from cytosol or sucrose density gradient
fractions were done with affinity-purified antibodies (for KIF3C and
KIF3B) or ascitic fluid (for KIF3A), in either native or denaturing
conditions. Coimmunoprecipitation experiments from cytosol were
performed according to the procedure of Elluru et al. (1995), em-
ploying 0.25% Triton X-100 during incubation with antibody and
washing of precipitated material with 0.5% Triton X-100, 0.01% SDS,
and 500 mM NaCl. In some cases, samples were solubilized in 1%
SDS, boiled for 10 min, and mixed with 9 volumes of buffer con-
taining 0.25% Triton X-100 before immunoprecipitation. These con-
ditions dissociated the KIF3C/3A complex. Immunoprecipitated
material was collected on Protein A-Sepharose-4B (Zymed Labora-
tories, South San Francisco, CA) and then processed for SDS-PAGE
and Western blotting.

Immunoblotting and Two-Dimensional Gel
Electrophoresis
SDS-PAGE in 7.5% and 3–20% gradient gels, semidry protein trans-
fer onto 0.2-mm polyvinylidene difluoride membrane, and antibody
overlay were done as previously described (Muresan et al., 1996).
Antibody binding was visualized with 4-nitroblue tetrazolium chlo-

ride and 5-bromo-4-chloro-3-indolyl-phosphate. Two-dimensional
gel electrophoresis adapted to minigels was performed according to
a modification (Bennett and Reed, 1993) of the method of O’Farrell
(1975), using pH 3–10 ampholines (Bio-Rad Laboratories, Hercules,
CA). First dimension gels were run for 5 h at 500 V. Protein con-
centration of electrophoretic samples was determined with the dot-
METRIC protein assay (Geno Technology, St. Louis, MO).

Immunocytochemistry
Rat Brain Immunocytochemistry. Six male Sprague Dawley rats
(275–325 g) were deeply anesthetized with an i.p. injection of
chloral hydrate (7%, 1 ml/100 g body weight) and subsequently
perfused with 0.9% NaCl followed by 4% formaldehyde in 0.1 M
phosphate buffer (pH 7.4). The brains were removed from the
skulls and immersed in 20% sucrose overnight. A freezing mic-
rotome was used to cut 40-mm sections in the coronal plane. The
tissue sections were stored in PBS containing 0.02% sodium azide
and kept frozen until staining. Free floating sections were incu-
bated in solutions of affinity-purified antibodies appropriately
diluted in PBS containing 0.25% Triton X-100 and 3% normal goat
serum for 24 – 48 h at room temperature. After this and all other
incubation steps, the tissue sections were rinsed three times for
10 min each in PBS. Sections incubated with antibodies to KIF3C
and KIF3B were incubated in biotinylated goat anti-rabbit IgG
(Vector Laboratories, Burlingame, CA) diluted 1:500 in PBS plus
Triton X-100 and goat serum for 1–1.5 h at 23°C. For KIF3A
staining, biotinylated horse anti-mouse IgG was used in this step.
After rinsing in PBS, tissue sections were incubated in avidin-
peroxidase complex (Vector ABC Elite kit, Vector Laboratories)
diluted 1:500 in PBS for 1–1.5 h, and reacted in 0.05% diamino-
benzidine (Sigma) and 0.01% hydrogen peroxide.

After staining, sections were mounted on gelatin-coated glass
microscope slides, dehydrated in a graded series of ethanol solu-
tions, cleared in xylene, and coversliped with Permaslip (Alban
Science, St. Louis, MO). Slides were viewed under bright field
optics, and photomicrographs were taken with color slide film
(Kodak Ektachrome 100). After development, film was digitized
with a film scanner (Nikon coolscan). Images were edited for sharp-
ness and brightness with Adobe Photoshop and printed on a dye
sublimation printer (Kodak 8600) at 300 dpi.
Frozen Tissue Sections. Rat eyes were collected in ice-cold PBS,
enucleated, and placed in PBS containing 4% formaldehyde for 90
min at 23°C. Eyecups where washed in PBS, transferred succes-
sively to buffers containing increasing sucrose concentrations, and
finally embedded by freezing in a 2:1 mixture (vol/vol) of 20%
sucrose-PBS and Tissue-Tek O.C.T. compound (Miles, Elkhart, IN)
(Barthel and Raymond, 1990). Seven-micrometer sections were col-
lected on Superfrost/Plus microscope slides (Fischer Scientific,
Pittsburgh, PA), air-dried, and kept at 220°C until use.
Cultured Cells. Hippocampal neurons, cultured at low density on
coverslips, were fixed for 20 min in PBS containing 4% formalde-
hyde and 4% sucrose, permeabilized in ethanol (Goslin et al., 1988),
and stored in PBS at 4°C until use. In some cases, cells were first
extracted for 15 min at 37°C with BRB80 buffer containing 10 mM
EGTA, 5 mM MgCl2, 4% polyethylene glycol and either 0.02%
saponin or 1% Triton X-100, and then fixed for 15 min in methanol
at 220°C.

In preparation for immunolabeling, fixed cryosections and cul-
tured cells were blocked for 1 h at 23°C in PBS containing 1% BSA,
5% normal serum (goat or donkey), and 0.05% Triton X-100. Incu-
bations in primary antibodies, appropriately diluted in blocking
solution, were carried out overnight at 4°C. In double labeling
experiments, incubations with the additional primary antibody
were done for 1 h at 37°C. In all double labeling experiments,
combinations of a polyclonal and a monoclonal antibody were used.
Primary antibodies were detected with rhodamine- and fluorescein-
labeled secondary antibodies (1:200 dilution; Jackson ImmunoRe-
search Laboratories, West Grove, PA) (added simultaneously in
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double-labeling experiments). Control experiments were done with
preimmune IgG fractions or immune IgG fractions adsorbed
against the antigen, used at the same IgG concentration as im-
mune antibodies.

Digital micrographs were taken on a Zeiss Axiophot microscope
(Carl Zeiss, Thornwood, NY), equipped with a Sony color CCD
video camera, and collected using Northern Exposure image anal-
ysis software (Empix Imaging, Mississauga, Ontario, Canada). Im-
ages were transferred to Adobe Photoshop and edited for contrast
and brightness. Micrographs from control experiments were iden-
tically processed.

Antibodies
The following rabbit polyclonal antibodies were used: SK-394 (af-
finity purified), raised to the N-terminal 394 amino acids of squid
kinesin heavy chain (Muresan et al., 1996), cross-reacts with kinesin
heavy chain and several KRPs in rat tissues; anti-HIPYR antibody
(affinity purified), raised to a synthetic peptide corresponding to a
conserved region of the kinesin motor domain (Sawin et al., 1992)
(gift of Dr. Timothy Mitchison, Harvard Medical School); anticys-
teine strings protein 1 (CSP1), raised against recombinant CSP1
(Chamberlain and Burgoyne, 1996) (gift of Dr. Robert Burgoyne,
University of Liverpool, Liverpool, U.K.); anti-TRAP-a (endoplas-
mic reticulum marker; Hartmann et al., 1993) (gift of Dr. Tom
Rapoport, Harvard Medical School). Antibodies MC1 (anti-synap-
tophysin), MC17 (anti-synaptotagmin), MC21 (anti-SNAP25), and J
(anti-rabphilin) were a gift from Dr. Pietro De Camilli (Howard
Hughes Medical Institute, Yale University School of Medicine, New
Haven, CT). The following mouse monoclonal antibodies were
used: antisynaptobrevin (VAMP) (Cl 10.1) (Baumert et al., 1989), and
anti-rab3A/B/C (Cl 42.1), raised against recombinant rab3A (Mat-
teoli et al., 1991) (gift of Dr. Reinhard Jahn, Howard Hughes Medical
Institute, Yale University School of Medicine); K2.4, from mice
immunized with sea urchin kinesin II (Cole et al., 1993; Henson et al.,
1995), detects primarily the 85- kDa component of kinesin II, and
cross-reacts with a protein doublet corresponding to KIF3A in West-
ern blots of rat tissue extracts (gift of Dr. Jonathan Scholey, Univer-
sity of California at Davis, Davis, CA); anti-SV2 (Buckley and Kelly,
1985) (gift of Dr. Kathleen Buckley, Harvard Medical School; 5F9,
anti-MAP2 (dendritic marker; Kosik et al., 1984), and 5E2, anti-tau
(Galloway et al., 1987) (gift of Dr. Kenneth Kosik, Harvard Medical
School). A monoclonal antibody to heat shock protein 70 (HSP70)
was from Sigma.

RESULTS

Cloning and Characterization of KIF3C, a Novel
Member of the KIF3 Family of Kinesin Motors
To identify novel neuronal KRPs, we screened a rat
forebrain cDNA library with a pan-kinesin peptide
antibody (Sawin et al., 1992). We isolated two overlap-
ping clones that encode a protein of 796 amino acids
(Mr 5 89,828 Da), which we call KIF3C. KIF3C has an
amino-terminal globular head containing a kinesin-
like motor domain (residues 1–374), a central stalk
domain (residues 375–634), and a globular tail domain
(residues 635–796) (Figure 1A). KIF3C shows the high-
est homology to mouse brain KIF3B (61.2% identical)
and KIF3A (40.6% identical) (Figure 1B), two closely
related kinesin polypeptides that exist as a het-
erodimer (Kondo et al., 1994; Yamazaki et al., 1995).
Within their motor domains, KIF3C is 70.9% similar to
KIF3B, and 56.1% similar to KIF3A. In the tail domain,
the similarity between KIF3A and KIF3B is low, while

KIF3C and KIF3B are 65.5% identical with the excep-
tion of a unique region of 79 amino acids at the car-
boxy terminus of KIF3C (Figure 1B). Analysis of the
stalk domain of KIF3C by the algorithm of Lupas et al.
(1991) indicated a high probability of forming an a-he-
lical coiled-coil (approximately between residues 375
and 634) (Figure 1C), suggesting that this region may
be involved in dimerization. As in the case of KIF3A
and KIF3B (Rashid et al., 1995), a small region situated
in a discontinuity of the coiled-coil domain contains
an unusual segregation of positively and negatively
charged amino acids that could create an electrostatic
repulsion between molecules that would prevent
KIF3C homodimerization. Interestingly, the distribu-
tion of charges in this region of KIF3C is similar to that
of the corresponding region of KIF3B and opposite to
the charge distribution in KIF3A (Figure 1D). There-
fore, electrostatic interactions would destabilize a
dimer of KIF3C and KIF3B but favor a KIF3C/KIF3A
dimer (see below).

We have raised an antibody against a polypeptide
containing amino acids 363–576 of KIF3C. In Western
blots of rat brain homogenate, cytosol, and a crude
membrane fraction, the affinity-purified antibody de-
tected a major band of approximately 100 kDa as well
as three minor bands that migrated at positions close
to KIF3A and KIF3B (Figure 2A). These faint bands
were not stained by antibodies to KIF3B (see Figure
3A) or KIF3A (see Figure 3B), nor did anti-KIF3C
antibodies stain the bona fide KIF3A polypeptides (see
Figure 3B). These results definitely rule out a possible
cross-reactivity of the anti-KIF3C antibody with
KIF3A and KIF3B. Although we cannot rule out the
possibility that these minor polypeptides that cross-
react with the KIF3C antibody are proteolytic frag-
ments of KIF3C, they may be additional members of
the KIF3 family of kinesins (see below).

In the presence of AMP-PNP, cytosolic KIF3C
bound to microtubules, from which it was released by
ATP and salt. Much less KIF3C was released by salt
alone (Figure 2B). This result suggests that native
KIF3C has kinesin-like, nucleotide-dependent micro-
tubule-binding activity. The three minor polypeptides
recognized by the anti-KIF3C antibody also bound to
and were released from microtubules in a nucleotide-
dependent manner (Figure 2B).

Analysis by two-dimensional electrophoresis
(O’Farrell, 1975) of a motor protein-enriched fraction
obtained from rat brain cytosol indicated that KIF3C is
composed of multiple isoelectric forms (Figure 2C),
possibly due to different phosphorylation states. Com-
pared with kinesin heavy chain as well as with the
other members of the KIF3 family of kinesins, KIF3C is
the most heterogeneous with respect to charge vari-
ants. The number and distribution of the major charge
isoforms of KIF3C were strikingly similar to those of
KIF3B (arrows in Figure 2C), suggesting similarities in
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posttranslational modification of these two related
motors.

KIF3C Forms a Complex with KIF3A in Vivo
The similarity of KIF3C to KIF3B in the distribution of
charges (Figure 1D) in the putative dimerization re-
gion suggested that KIF3C, like KIF3B, might be
present in brain as a heterodimer with KIF3A. To test

this hypothesis, we immunoprecipitated KIF3C and
KIF3B from separate samples of rat brain cytosol by
using highly specific, affinity-purified antibodies
raised against fusion proteins to each of these KRPs.
As shown in Figure 3A, KIF3B was only immunopre-
cipitated by the anti-KIF3B antibody. Similarly, KIF3C
was only immunoprecipitated by the anti-KIF3C anti-
body. However, KIF3A was detected in both immu-
noprecipitates. These results suggest that KIF3A is

Figure 1. KIF3C is a novel member of the KIF3 family of kinesins. (A) Amino acid sequence predicted from the full-length cDNA. The
sequence recognized by the anti-peptide antibody used in library screening is underlined. A 26-amino acid sequence from the motor domain
of KIF3C, missing in KIF3A and KIF3B, is shown in bold. The nucleotide sequence of KIF3C is available from GenBank/EMBL/DDBJ under
accession number AJ223599. (B) Comparison between the protein sequences of KIF3C and mouse brain KIF3A and KIF3B (diagonal dot
matrix plot at a window of size 8 and stringency of 60%). The highest divergence resides in the last 79 amino acids of KIF3C (not included
in the plots). A similar comparison between KIF3A (Aizawa et al., 1992) and KIF3B (Yamazaki et al., 1995) is also shown. Note that KIF3C is
more similar to KIF3B (middle plot) than it is to KIF3A (left plot) or KIF3A is to KIF3B (right plot). (C) Diagram showing the probability of
forming a coiled-coil calculated for KIF3C according to Lupas et al. (1991), using a window of 21 amino acids. (D) Sequence charge analysis
of KIF3C, KIF3A, and KIF3B in a restricted domain (underlined in C) from the expected region of dimerization. Charge distribution in KIF3C
indicates a low probability of either homodimerization or heterodimerization with KIF3B, but a high probability of dimerization with KIF3A.
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present in two distinct complexes: one with KIF3B,
and a second with KIF3C. Furthermore, KIF3B and
KIF3C are not present in a complex. The immunopre-
cipitation experiments do not prove a direct interac-
tion between KIF3C and KIF3A. However, based on
the similarities between KIF3C and KIF3B, it is likely
that KIF3C interacts directly with KIF3A via the
coiled-coil region, analogous to KIF3B (reviewed in
Scholey, 1996).

To test whether there is any KIF3C that is not asso-
ciated with KIF3A, we immunoprecipitated all KIF3A
from rat brain cytosol and analyzed the depleted cy-
tosol and precipitated material for the presence of
KIF3C. Only a fraction of KIF3C was coimmunopre-
cipitated with KIF3A (Figure 4A). This suggests that
KIF3C is present in at least two distinct forms in
cytosol. To test further this possibility, a rat brain
cytosolic fraction enriched in microtubule motors was
fractionated by sucrose density gradient centrifuga-
tion. It was apparent that, unlike KIF3A and KIF3B,
KIF3C sediments at two densities in the sucrose den-
sity gradient (Figure 4B), consistent with the idea that
KIF3C is part of two complexes that differ either in
their composition or conformation. One of these com-

plexes sediments similarly to KIF3B. Since KIF3C and
KIF3B are comparable in size, this result may suggest
that this fraction of KIF3C forms a complex similar to
that of KIF3B. Taken together with the immunopre-
cipitation experiments (Figure 3A), it is likely that this
complex also contains KIF3A. The more slowly sedi-
menting KIF3C complex does not copeak with KIF3A
and may not contain KIF3A. To test this hypothesis,
we have immunoprecipitated KIF3C from the two
peak fractions of the sucrose density gradient and
analyzed the immunoprecipitated material for the
presence of KIF3A. As expected, KIF3A was coimmu-
noprecipitated with KIF3C only from the lower frac-
tions (Figure 4C), confirming that only the faster sedi-
menting KIF3C complex contains KIF3A. Analysis of
the tissue distribution of the three members of the
KIF3 family, as detailed below, also supports the idea
that some of KIF3C is not associated with KIF3A.

Tissue Distribution and Subcellular Localization of
KIF3C
We have investigated the expression of KIF3C protein
in tissues of the adult rat. The highest level of KIF3C
was detected in brain, followed by retina and lung

Figure 2. Characterization of KIF3C protein. (A) KIF3C is both present in cytosol and associated with membranes. A 120,000 3 g
supernatant (cytosol) and membrane fraction were prepared from rat brain postnuclear supernatant. Samples of equal protein concentration
were analyzed by Western blotting with antibodies to KIF3A, KIF3B, and KIF3C. The large arrow points to KIF3C. Note that, similar to
mouse KIF3A (Kondo et al., 1994), rat KIF3A is detected as a doublet in cytosol. (B) Nucleotide-dependent microtubule binding and release
of cytosolic KIF3C protein. Rat brain cytosol was incubated with microtubules in the presence of 5 mM AMP-PNP. The mixture was
separated by centrifugation into a supernatant (depleted cytosol) and a microtubule pellet. Microtubules were extracted with either 100 mM
NaCl or 100 mM NaCl plus 7.5 mM ATP. Supernatants (S) and pellets of the extracted microtubules (P) were obtained by centrifugation.
Equivalent volumes from each fraction were analyzed by Western blotting with anti-KIF3C and anti-KIF3B antibodies. Note that both KIF3C
and KIF3B (arrows) are released by ATP and salt. Much less KIF3C and KIF3B are released by salt alone. (C) Isoelectric forms of KIF3C. A
microtubule motor protein-enriched fraction obtained from rat brain cytosol was analyzed by two-dimensional gel electrophoresis and
Western blotting. Note the high number of charge variants of KIF3C compared with the other motor molecules tested (KHC, kinesin heavy
chain). Arrows show the major charge isoforms in KIF3C and KIF3B. The positions of molecular size markers (in kilodaltons) are indicated
at left. Note that the affinity-purified anti-KIF3C antibody also detects three minor polypeptides (arrowheads in A), which show nucleotide-
dependent binding to and release from microtubules similar to KIF3C (arrowheads in B).
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(Figure 5, A and C). Lower levels of the protein were
found in the testes, pancreas, and kidney, and only
trace amounts were found in the other tissues inves-
tigated. The hippocampus contained amounts of
KIF3C similar to those in whole brain. The distribution
of KIF3C differed from that of KIF3A and KIF3B only
by its relatively low expression in the testes (Figure
5A) and high expression in the optic nerve (Figure 5C).
In the testes, however, the anti-KIF3C antibody de-
tected in Western blots an additional protein band of
higher electrophoretic mobility than the bona fide
KIF3C protein; this may represent a homologue or an
alternatively spliced isoform of KIF3C.

The high level of expression of KIF3C in lung sug-
gested that it may be present in cells of nonneuronal
origin. We have tested for the presence of KIF3C in
several cell lines, including fibroblasts and epithelial
cells (Figure 5B). As expected, KIF3C was found at
high levels in cultured hippocampal neurons and
PC12 cells. A particularly high level of expression was
also seen in MDCK cells, while smaller amounts were
detected in BHK cells.

The expression of KIF3C during postnatal develop-
ment was investigated in the retina. No significant
differences were seen in the level of KIF3C throughout
these stages of development (Figure 5C).

The localization of KIF3C protein was examined in
transverse brain sections from adult rats (Figure 6).
Anti-KIF3C antibodies labeled neuronal cells in the
cerebellum, cerebral cortex, and the hippocampus.
The labeling was particularly intense in Purkinje cells
of the cerebellum (Figure 6A). Here, the staining was
cytoplasmic and prominent throughout the Purkinje
dendritic trees. In the hippocampus, the labeling ap-
peared localized mainly to cell bodies of pyramidal
cells. Although variable, some labeling of axon bun-
dles in different regions of the cerebrum was also seen
(Figure 6B). The overall distribution of KIF3C in the
brain was mostly similar to that of KIF3A (our unpub-
lished results) and KIF3B (Figure 6, D–F), with a few
important differences. For example, the anti-KIF3B an-
tibody occasionally appeared to stain subsets of cere-
bellar Purkinje cells (Figure 6D). Also, the staining for
KIF3A and KIF3B was less intense than for KIF3C, but
this could be due to differences in reactivity of the
antibodies.

In the retina, KIF3C immunoreactivity was detected
primarily in the optic nerve fiber layer (Figure 7B). In
addition, the most proximal row of perikarya in the
inner nuclear layer was brightly labeled by the anti-
body. From their position and distribution, these neu-
rons are likely to be amacrine cells. Labeling was also
seen in the outer plexiform layer (Figure 7B), which
contains the synapses between the photoreceptors and
horizontal and bipolar neurons. In contrast to what
was found in the brain sections, there was no clear
overlap between the labeling patterns obtained with

anti-KIF3C (Figure 7B), anti-KIF3A (Figure 7C), and
anti-KIF3B (our unpublished results) antibodies in the
retina. This suggests that KIF3C may be present in
retinal cells that express little if any KIF3A or KIF3B.
In support of this conclusion, KIF3C, but not KIF3A or
KIF3B, was enriched in the optic nerve, which is
formed from the axons of the retinal ganglion cells
(Figure 5C).

To investigate further the subcellular localization of
KIF3C, we have studied its distribution in cultured
hippocampal neurons. The anti-KIF3C antibody
stained the cell bodies intensely and, to a somewhat
lesser extent, both MAP2-positive (Figure 8A-C) and
Tau-positive (our unpublished results) processes of
neurons, indicating the presence of this motor mole-
cule in both dendrites and axons, respectively. The
level of KIF3C appeared to be higher in dendrites than
in axons. The labeling was mostly diffuse throughout
the cell but occasionally revealed fine punctate struc-
tures, especially when cells were permeabilized with
saponin before fixation (Figure 8I). Since most of this
punctate labeling was sensitive to extraction with Tri-
ton X-100 (Figure 8J), these structures possibly corre-
sponded to small cargo vesicles (see below). A resid-

Figure 3. (A). Coimmunoprecipitation of KIF3A but not KIF3B
with anti-KIF3C antibodies. KIF3C and KIF3B were immunoprecipi-
tated from two identical samples of rat brain cytosol with affinity-
purified antibodies. The immunoprecipitated material was analyzed
by Western blotting for the presence of KIF3 family members.
KIF3A was detected in both immunoprecipitates, but KIF3B and
KIF3C did not coimmunoprecipitate with each other. Note that the
anti-KIF3C antibody does not cross-react with KIF3B or KIF3A as
seen in the sample immunoprecipitated with anti-KIF3B antibody
(lane 6 from the left), but does detect, faintly, three additional
polypeptides only in the sample immunoprecipitated with anti-
KIF3C antibody (lane 5, arrowheads). The positions of molecular
size markers (in kilodaltons) is indicated at right. (B) Immunopre-
cipitation after dissociation of the KIF3C/3A complex by SDS shows
absence of cross-reactivity of anti-KIF3C antibody with KIF3A. Be-
fore immunoprecipitation with antibody to KIF3C, the sample was
solubilized and boiled in SDS and then diluted in Triton X-100–
containing buffer. Note that all KIF3A remained in the supernatant
(supe, KIF3A blot) and was not detected in the KIF3C blot. How-
ever, the anti-KIF3C antibody detects a protein doublet of electro-
phoretic mobility similar to KIF3A in the immunoprecipitated ma-
terial (KIF3C blot, arrow).
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ual labeling with anti-KIF3C antibody was seen in
Triton X-100 extracted specimens (Figure 8J) and may
correspond to cytoskeleton-bound motor. KIF3B was
localized mainly to cell bodies, and only weakly to the
processes (Figure 8F), as reported previously
(Yamazaki et al., 1995). The distribution of KIF3A re-
sembled that of KIF3C, although the labeling of the
cell processes was, by comparison, less intense. Glial
cells detected occasionally on the coverslip were also
stained with the anti-KIF3C antibody, although less
intensely than neurons.

KIF3C Is Associated with Membrane-bound Vesicles
The data presented so far suggested that KIF3C is both
soluble and membrane-associated. To determine the
proportion that is membrane-associated, we used dif-
ferential centrifugation to fractionate a brain post-
nuclear supernatant. KIF3C was present in both the
medium-speed pellet P2 (containing unbroken synap-
tosomes and heavy membranes) and the high-speed
pellet P3 (Figure 9A). Since only a relatively small
fraction of KIF3C appeared to cosediment with mem-
branes, we have asked whether this truly represents
membrane-associated motor or cytosolic motor
present as an impurity in the pellet. First, we have
analyzed in the same fractions the distribution of
HSP70, a cytosolic protein (Pelham, 1988), and of rab-
philin, a protein that is both cytosolic and membrane
bound (Li et al., 1994). A higher proportion of KIF3C

was detected in the membrane-containing pellets than
either HSP70 or rabphilin (Figure 9A). Second, we
have separated pelleted rat brain membranes from
residual, soluble proteins by flotation on sucrose gra-
dients. As shown in Figure 9B (left lanes), most of
KIF3C was recovered in the upper fraction. When the
pellet was extracted with Triton X-100 before flotation,
essentially all KIF3C remained in the bottom fraction
(Figure 9B, right lanes), suggesting that it was indeed
associated with detergent-soluble membranes.

To investigate whether KIF3C is associated with a
particular vesicle population, we subjected the high-
speed pellet to separation by flotation through a Ny-
codenz density gradient and compared the distribu-
tion of KIF3C with that of various vesicle membrane
markers. This membrane fraction was devoid of un-
broken synaptosomes and heavy membrane compart-
ments (which were pelleted in the medium-speed cen-
trifugation step) and would be expected to include
vesicles in transit through neuronal processes as well
as synaptic vesicles from broken synaptosomes. As
shown in Figure 9C, KIF3C was recovered in three
overlapping peaks. KIF3A and KIF3B showed slightly
broader, but overall similar distribution to KIF3C and
to each other in the Nycodenz gradient. Kinesin heavy
chain was restricted to the denser fractions. Several
membrane-associated proteins known to be trans-
ported within axons were contained in the KIF3C-
positive fractions, but their distribution only partially

Figure 4. KIF3C is present in
two different complexes in vivo.
(A) All of KIF3A, but only a frac-
tion of KIF3C, from cytosol is
coimmunoprecipitated with anti-
KIF3A antibodies. Starting mate-
rial (cytosol), depleted cytosol
(supe), and anti-KIF3A–immuno-
precipitated material (IP) were
probed for the presence of KIF3A
and KIF3C. (B) KIF3C does not
cosediment with KIF3B in sucrose
density gradients. A rat brain cy-
tosolic fraction enriched in micro-
tubule motors (see MATERIALS
AND METHODS) was centri-
fuged over a 5–20% sucrose-den-
sity gradient for 15 h at 120,000 3
g. Fractions were collected from
the bottom of the tube (left side of
the blot) and analyzed by West-
ern blotting for the presence of
KIF3 motors. Note that KIF3C has
a different sedimentation profile
than KIF3A and KIF3B. KIF3C
peaks at two separate densities

of the gradient (arrowheads), suggesting that it is present in two different complexes or forms. Under these conditions, kinesin heavy chain
peaks in fractions 13 and 14. (C) The slowly sedimenting KIF3C is not associated with KIF3A. KIF3C was immunoprecipitated from fractions
14–15 and 18–19 (see B) with anti-KIF3C antibodies, and equivalent volumes from the starting material (start), depleted sample (supe), and
immunoprecipitated material (IP) were analyzed by Western blotting for the presence of KIF3C and KIF3A. Note that KIF3A was
coimmunoprecipitated only from fraction 14–15.
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overlapped that of KIF3C. The closest overlap was
between KIF3C and synaptobrevin. These data sug-
gest that KIF3C may serve as a motor for a yet un-
characterized vesicle population that includes vesicles
carrying synaptobrevin.

DISCUSSION

This paper reports the identification and cloning of a
novel member of the KIF3 family of kinesins, KIF3C,
which is expressed primarily in brain and nerves but
is also present in significant amounts in certain tissues
and cells of nonneuronal origin. Its distribution is
similar to that of KIF3A and KIF3B in most of the
brain, but differs in the retina. Like KIF3B, KIF3C
associates with KIF3A. Unlike KIF3B, a significant
fraction of KIF3C is not in association with KIF3A,
suggesting that KIF3C is part of two different motor
complexes. These findings imply that KIF3 motors
may play a more complex and extensive role in neu-
ronal membrane trafficking than previously thought
(Kondo et al., 1994; Yamazaki et al., 1995; Hirokawa,
1996). Consistent with this idea, we find that: 1) the
KIF3C and KIF3B polypepeptides exhibit an unusu-
ally large number of isoelectric forms that could reflect
posttranslational modifications or additional isoforms;
and 2) affinity-purified antibodies against KIF3C rec-
ognize additional kinesin-like polypeptides in the size
range of the known KIF3 motors. These findings sug-
gest that additional members of the KIF3 family are
likely to be expressed in neurons.

An Additional Member of the KIF3 Group of Kinesin
Motors
The KIF3 family of kinesins includes pairs of interact-
ing polypeptides identified in Drosophila melanogaster
(KLP64D and KLP68D) (Pesavento et al., 1994), mouse
(KIF3A and KIF3B) (Kondo et al., 1994; Yamazaki et al.,
1995), and sea urchin (SpKRP85 and SpKRP95) (Cole
et al., 1992, 1993; Rashid et al., 1995). In addition, the
protein products of the Chlamydomonas reinhardtii
Fla10 gene (Walther et al., 1994) and the Caenorhabditis
elegans Osm3 gene (Shakir et al., 1993; Tabish et al.,
1995) belong to this family. KIF3A and SpKRP85, on
the one hand, and KIF3B and SpKRP95, on the other
hand, share similar biochemical and functional prop-
erties (Scholey, 1996). In mouse and sea urchin, these
pairs of KIF3 members form heterodimers via coiled
coils of similar size in their central domains (Rashid et
al., 1995; Yamazaki et al., 1995); these dimers associate
with a third polypeptide (KAP3) to form the hetero-
trimeric kinesin-like holoenzyme (Wedaman et al.,
1996; Yamazaki et al., 1996). We also cloned KIF3A and
KIF3B from rat, and our results show that these are
part of a complex of similar size to the mouse KIF3A/
KIF3B/KAP3 complex.

KIF3C is the third and largest member of the KIF3
family of kinesins. It shares higher sequence similarity
with KIF3B than with KIF3A both in the a-helical
coiled-coil region and in the globular tail domain (Fig-
ure 1B). The similarity between KIF3C and KIF3B
extends also to the distribution in a pH gradient of the
main charge isoforms of the two polypeptides. The

Figure 5. Detection of KIF3C in rat tissues and cultured cells. Samples of equal protein content from several adult (panel A and right lanes
in panel C) and neonatal (left lanes in C) rat tissue extracts and from cells in culture (B) were probed by Western blotting for the presence
of kinesin motors. KIF3C is preferentially expressed in brain, retina, and lung (A and C), and its level is constant during postnatal
development (C) (P0 and P7 indicate day 0 and 7 after birth). Note also the high level of expression of KIF3C but not KIF3A and KIF3B in
MDCK cells (B) and optic nerve (C). Kinesin heavy chain (KHC) was detected with the SK-394 antibody.
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highest divergence between KIF3C and KIF3B occurs
in the 79-amino acid segment at the carboxy terminus
of the molecule. The carboxy terminus of KIF3C con-
tains a proline-rich domain. Since such domains have
been implicated in protein–protein interactions (Ren et
al., 1993; Linial, 1994), this region of KIF3C may par-
ticipate in binding of a putative accessory subunit of

the KIF3C complex, or of a cargo-associated receptor.
The larger size of KIF3C compared with its relatives is
primarily due to a 26-amino acid glycine-rich region
within the motor domain (amino acid residues 260–
285), which is absent in both KIF3A and KIF3B (Figure
1, A and B; see also Aizawa et al., 1992; Yamazaki et al.,
1995). By comparison of the KIF3C motor domain with

Figure 6. Immunolocalization of KIF3C and KIF3B in rat brain. Labeling of KIF3C (A–C) and KIF3B (D–F) in cryosections from adult rat
brain. KIF3C is highly expressed in the cell bodies and dendritic trees of Purkinje cells in the cerebellum (A). KIF3B, but not KIF3C,
occasionally stains subsets of Purkinje cells (compare D with A). Bundles of axons immunoreactive for KIF3C (B) and KIF3B (E) are seen cut
in cross-section (arrowheads) in the spinal trigeminal tract (sp 5). In the cerebral cortex, KIF3C stains many neurons (C), whereas KIF3B
immunoreactivity is weaker (F). Affinity-purified antibodies were diluted 1:500 (A and B) or 1:50 (C–F). Labeling was absent when an
immune IgG fraction depleted of the anti-KIF3C antibody by adsorption against the antigen was used instead of the affinity-purified
anti-KIF3C antibody (our unpublished results). Bar, 100 mm (A, B, D, and E) and 50 mm (C and F).
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that of human conventional kinesin, the glycine-rich
insert would be situated in loop 11 of the crystal
structure of the kinesin motor domain (Kull et al.,
1996). It is believed that this loop is part of the “switch
II” region that undergoes conformational change dur-
ing the mechanochemical cycle of kinesin (Sablin et al.,
1996; Vale, 1996).

Secondary structure predictions suggest that KIF3C
might form dimers with a suitable partner through a
coiled-coil interaction of the stalk domain similar to
that found in the KIF3A/3B dimer. In accordance with
the distribution of charges in a region proposed to be
critical for dimerization (Rashid et al., 1995), we have
found that KIF3C forms a complex with KIF3A, but
not with KIF3B. It remains to be established whether
the KIF3C/3A complex identified in this study con-
tains associated polypeptides similar to KAP3 from
mouse.

We have shown that cytosolic KIF3C binds to mi-
crotubules in a nucleotide-dependent manner charac-
teristic of kinesins. Since we were not able to express
in soluble form either the full-length protein or its
motor domain, we could not directly demonstrate the
motor activity and directionality of movement of
KIF3C. However, based on its precise structural re-
semblance with KIF3A and KIF3B, it is likely that
KIF3C is a plus-end directed motor itself.

A Novel Vesicle-associated Motor
Similar to conventional kinesin (Vale et al., 1985a; Hol-
lenbeck, 1989; Schnapp et al., 1992) and to the other

members of the KIF3 family of motors (Yamazaki et al.,
1995), KIF3C is present in both soluble and mem-
brane-bound pools. About 30% of KIF3C was recov-
ered in heavy and light membrane fractions, both in
isotonic (K-HEPES) and hypotonic (BRB80) buffers,
and most of this KIF3C copurified with the mem-
branes upon flotation, suggesting a stable interaction
of this motor with membranous particles.

It is assumed that the numerous neuronal kinesins
are responsible for the long-range intracellular trans-
port and sorting of organelles to different targets
within axons and dendrites (Coy and Howard, 1994;
Hirokawa, 1996). The current view is that the different
KRPs interact via specific receptors with different pop-
ulations of vesicles. In very few cases, however, have
the cargoes been clearly identified. Genetic and bio-
chemical evidence indicate that the unc104 protein in
C. elegans (Hall and Hedgecock, 1991) and its mam-
malian homologue KIF1A (Okada et al., 1995) trans-
port synaptic vesicle precursors to the axon terminal.
Mouse KIF1B (Nangaku et al., 1994) and the D. mela-
nogaster KLP67A (Pereira et al., 1997) appear to trans-
port mitochondria. The cargoes for the other neuronal
kinesins, including the KIF3A/3B complex, are not
known (Sekine et al., 1994; Noda et al., 1995; Yamazaki
et al., 1995). In the case of mouse KIF3A and KIF3B,
data are consistent with a role in the fast axonal trans-
port of a population of vesicles that differ from syn-
aptic vesicle precursors (Yamazaki et al., 1995). KIF3A
accumulates with anterogradely moving organelles af-
ter ligation of peripheral nerves, and antibodies to

Figure 7. Immunolocalization of KIF3C (B) and KIF3A (C) in the adult retina, showing their distinct distribution. KIF3C is detected
primarily in the ganglion cell and optic nerve fiber layer and in a subpopulation of neurons in the inner nuclear layer (arrows in B). Labeling
is also present in the outer plexiform layer. By contrast, KIF3A is detected only in the outer and inner plexiform layers (C). (A) Background
labeling of the retina when preimmune IgG was used instead of the anti-KIF3C antibody. (D, E, and F) Corresponding phase-contrast
micrographs. RPE, retinal pigment epithelium; OIS, outer and inner segments of photoreceptor cells; ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell and optic nerve fiber layers. Bars, 50 mm.
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Figure 8. Immunocytochemistry of cultured hippocampal neurons. Formaldehyde-fixed and permeabilized cells (A–H) and cells fixed in
methanol (I and J) after extraction with either saponin (I) or Triton X-100 (J) were stained with antibodies to KIF3B (F) or KIF3C (I and J), or
double stained with anti-KIF3C (A and D) and either anti-MAP2 (dendritic marker) (B) or anti-KIF3A (E) antibodies. Fluorescein isothio-
cyanate-labeled secondary antibodies were used to detect KIF3C or KIF3B (green). Antibodies to MAP2 and KIF3A were detected with
rhodamine-labeled secondary antibodies (red). The image shown in panel C was obtained by simultaneous visualization of both fluorophores
through a broad-band filter. KIF3C is diffusely distributed to cell bodies, as well as to dendrites (stained in yellow-orange in C) and axons
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KIF3A and KIF3B reveal a punctate labeling pattern
in neuronal cell bodies and processes (Kondo et al.,
1994; Yamazaki et al., 1996). An antibody to KIF3B
immunoprecipitates some uncharacterized vesicles
(Yamazaki et al., 1995).

In the brain, KIF3C is localized to most neurons, as
are KIF3A, KIF3B, and conventional kinesin (our un-
published results). The presence of KIF3C was espe-
cially prominent to large neurons, where it appears
concentrated in cell bodies and dendrites. Generally,
axonal staining in brain sections was less frequently
seen, but this could be due to their smaller size com-
pared with cell bodies and dendrites. In hippocampal
neurons in culture, KIF3C was clearly detected in
axons, although at lower levels than in the cell bodies
and dendrites. Biochemical and morphological data
indicate that KIF3C was also concentrated in the axons
of retinal ganglion cells.

Interestingly, in the retina, KIF3C was present at
locations that showed little or no immunoreactivity
toward KIF3A or KIF3B. Although this result may be
explained by differences in the sensitivity of antibod-

Figure 9. Association of KIF3C with vesicle membranes. (A) Subcellular fractionation of rat brain homogenate by differential centrifugation.
The homogenate (H), postnuclear supernatant (S1), 14,000 3 g supernatant (S2) and pellet (P2), and 120,000 3 g supernatant (S3) and pellet
(P3) were probed for KIF3C, KIF3A, HSP70, and markers for various membrane compartments. Note that most of the membrane-associated
KIF3C is found, together with the synaptic vesicle marker synaptotagmin, in the high-speed pellet (P3); a lower amount cofractionates with
the medium-speed pellet (P2), enriched in endoplasmic reticulum (TRAP a) and synaptosomal plasma membrane (SNAP25). Also note that
the cytosolic marker HSP70 is essentially absent from the P3 fraction. (B) Vesicle-bound KIF3C is solubilized by Triton X-100 extraction.
Pelleted brain membranes were resuspended in buffer without or with Triton X-100 and separated by flotation from residual cytosolic
proteins (left lanes) or detergent-solubilized proteins (right lanes). T and B are top (membrane) and bottom fractions after flotation. (C)
Cofractionation of KIF3C with rat brain vesicles. A crude membrane fraction depleted of heavy membranes (see MATERIALS AND
METHODS) was fractionated by flotation through a Nycodenz gradient. Samples from each fraction were analyzed by Western blotting for
the presence of motor molecules and various vesicle markers. The broad distribution of the markers is typical for this type of vesicle
fractionation. Note that the distribution of KIF3C partially overlaps with that of several synaptic vesicle membrane proteins, but most
resembles that of synaptobrevin. Dots indicate peaks in the distribution of KIF3C and synaptobrevin. KHC, kinesin heavy chain.

Figure 8 (cont). (stained in green in C), with occasional localiza-
tion to fine punctate structures (I). Arrows in panels A–C point to
some axonal processes, which are not stained with the anti-MAP2
antibody. Note that KIF3C staining is largely removed by preextrac-
tion of the cells with Triton X-100 (J). Also note that, compared with
KIF3C (D) and KIF3A (E), KIF3B is detected in lower amounts in
processes (F). An IgG fraction depleted of the anti-KIF3C antibody
produced only background staining (G). (H) Phase-contrast micro-
graph corresponding to panel G. Micrographs shown in panels A–C
and panels D and E are from double-labeling experiments. Bars, 50
mm (A–H) and 10 mm (I and J).
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ies used in immunocytochemistry, it raises the intrigu-
ing possibility that KIF3C may have functions inde-
pendent of its association with KIF3A. Such an
interpretation is supported by the biochemical data
showing that KIF3C exists in two forms, only one of
which contains KIF3A.

Several observations are consistent with a role of
KIF3C in intracellular vesicular transport. First, in
spite of its mostly diffuse distribution (which could be
due to the high level of soluble motor), occasionally
punctate labeling patterns could be detected by im-
munocytochemistry, suggesting an association with
small vesicles. Second, the distributions of KIF3C and
synaptobrevin overlap in a membrane fraction that
was separated by flotation through a Nycodenz den-
sity gradient. Synaptobrevin and its homologues are
thought to be on vesicles destined for membrane fu-
sion (Sollner et al., 1993; Pfeffer, 1996), and some of
these could be transported by a KIF3C motor. Al-
though the overlap between KIF3C and synaptobrevin
was less obvious by immunocytochemistry (our un-
published results), this could be in part explained by
the presence of a large soluble pool of KIF3C, which
could mask the distribution of membrane-associated
KIF3C. Third, the high concentration of KIF3C in the
optic nerve is consistent with a role in fast axonal
transport.

In addition to its high level of expression in brain,
retina, and optic nerve, KIF3C was biochemically de-
tected in significant amounts in kidney, pancreas, and
especially lung. Epithelial cells grown in culture, such
as MDCK cells, also contained relatively high levels of
KIF3C, which were comparable to those in cultured
hippocampal neurons. It is known that vesicular trans-
port pathways in epithelial cells utilize microtubule
motors to selectively deliver lipid and protein compo-
nents to different regions (i.e., apical and basolateral)
of the polarized plasmamembrane (reviewed in Lafont
and Simons, 1996). The fact that components of the
SNARE machinery similar to those characterized in
neurons are present in MDCK cells (Low et al., 1996)
suggests that motors similar to neuronal kinesins
could participate in intracellular membrane traffick-
ing, sorting, and targeting in epithelial cells.

Multiple Complexes of a Kinesin-related
Polypeptide
In mouse and sea urchin, the KIF3A/3B holoenzyme
is a heterotrimer of two motor subunits and a nonmo-
tor polypeptide, which fractionates as a single peak by
sucrose density centrifugation and gel filtration (Cole
and Scholey, 1995; Yamazaki et al., 1995). Unlike
KIF3A or KIF3B, KIF3C sediments in sucrose density
gradients at two distinct densities, suggesting that it
may be part of two different complexes. One of these
copeaks with KIF3A and KIF3B; the other has a

smaller sedimentation coefficient. It is possible that the
two peaks may correspond to different conformations
of the same complex; this has been shown for conven-
tional kinesin and the sea urchin KIF3 complex, both
of which undergo ionic-strength–dependent confor-
mational changes that change their sedimentation
properties (Hackney et al., 1992; Wedaman et al., 1996).
Since our experiments were performed in conditions
of low ionic strength (in which both conventional
kinesin and KIF3A/3B sedimented as single peaks), it
is unlikely that the KIF3C peak, which we observe at
lower density, is the result of such a salt-induced
conformational change of the molecule. It is possible
that the slower sedimenting complex lacks a putative
accessory subunit or that it contains a smaller acces-
sory subunit. It is more likely that this form of KIF3C
may not be associated with the KIF3A subunit, as is
suggested by the sedimentation pattern of KIF3A,
which does not show a corresponding second peak,
and by experiments of coimmunoprecipitation from
the two KIF3C peak fractions of the sucrose density
gradient (see Figure 4). If so, this would be evidence
that some of the native KIF3C may exist and function
independently of KIF3A. Future work will be required
to investigate the composition of these complexes,
what regulates their formation, and what is the func-
tional relationship between them.
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