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Kinesins in the nervous system
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Abstract. Both the development and the maintenance of
neurons require a great deal of active cytoplasmic trans-
port. Much of this transport is driven by microtubule
motor proteins. Membranous organelles and other
macromolecular assemblies bind motor proteins that
then use cycles of adenosine 5'-triphosphate hydrolysis to
move these ‘cargoes’ along microtubules. Different sets
of cargoes are transported to distinct locations in the cell.
The resulting differential distribution of materials almost
certainly plays an important part in generating polarized

neuronal morphologies and in maintaining their vectorial
signalling activities. A number of different microtubule
motor proteins function in neurons; presumably they are
specialized for accomplishing different transport tasks.
Questions about specific motor functions and the func-
tional relationships between different motors present a
great challenge. The answers will provide a much deeper
understanding of fundamental transport mechanisms, as
well as how these mechanisms are used to generate and
sustain cellular asymmetries.
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Introduction

Many of the key signalling functions of neurons depend
on their extended and polarized morphologies. A simple
bipolar neuron can be modeled as: a dendritic tree that
gathers external signals, an elongated axon that transmits
signals to postsynaptic cells, and a cell body that helps
support the dendrites and axon through synthesis of new
cytoplasmic components (fig. 1). The development and
function of the dendrites, cell body and axon require an
asymmetric distribution of components. That distribu-
tion is achieved, at least in part, through selective cyto-
plasmic transport. A specific set of macromolecules and
organelles moves from the cell body into the dendrites
and a different but overlapping set moves into the axon.
A number of cytoplasmic asymmetries in neurons depend
on differential transport. For example, MAP2 (micro-
tubule-associated protein 2) mRNA is present in cell
bodies and dendrites but it is not seen in axons [1].
Conversely, other mRNA species are found in the axon
[2]. Consistent with this, translational machinery is abun-
dant in dendrites and has also been detected in axons
[reviewed in 3—5]. Although the mechanisms that move
mRNA and RNA protein complexes are not well under-
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stood, there is good evidence that microtubules and
microtubule motors are used [reviewed in 4]. It is also
evident that microtubules and motors are used for the
selective transport of synaptic proteins from the cell body
to the axon terminal [e.g. 6, 7—10]. There is little doubt
that cytoplasmic transport in mature neurons is selective
and well regulated [reviewed in 11].

Long-range transport in neurons involves two large
families of microtubule motor proteins, the cytoplasmic
dyneins and the kinesins. These force-generating enzymes
bind to vesicles, mitochondria, or other cargoes and then
pull them along microtubules, using the microtubules as
polar tracks. The polarity of the tracks derives from the
head-to-tail polymerization of «/f tubulin heterodimers
[12-14]. A given motor binds to a microtubule and
advances by stepping processively in one direction.
Known members of the dynein family walk toward the
minus (slow-growing) ends of microtubules [reviewed in
15, 16]. Some members of the kinesin family also walk
toward the minus ends of microtubules, but many walk
toward the plus (fast-growing) ends [reviewed in 17].
The organization of microtubules in neurons provides
some insight into how differential transport is accom-
plished (fig. 1). In axons, the plus ends of microtubules
are uniformly oriented away from the cell body [18].
Therefore, microtubule-based movement away from the
cell body, or anterograde axonal transport, is thought to
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Figure 1. Cartoon of a bipolar neuron. The postsynaptic dendritic tree is to the left. Microtubules are oriented in both polarities; plus
ends distal and minus ends distal. Dendrites contain mRNAs, polyribosomes, and other components of protein synthetic machinery.
The cell body, in the center, contains extensive synthetic machinery and the nucleus. The axon extends to the right. It has less extensive
synthetic machinery in comparison to dendrites. Axonal microtubules are uniformly oriented with their plus ends distal to the cell body.

be driven primarily by plus end-directed members of the
kinesin family. Microtubule-based movement back to-
ward the cell body, or retrograde axonal transport, is
thought to be driven by one or more members of the
dynein family and perhaps also by some minus end-
directed kinesins [reviewed in 16, 19].

Microtubules in dendrites are organized differently than
in axons (fig. 1). The plus ends of about half the
microtubules are oriented away from the cell body, while
the other half are oriented toward the cell body [20].
Organelle movement down an axon appears quite reso-
lute, usually proceeding for long distances without
changing direction [21], while organelle movement in
dendrites appears more saltatory with frequent pauses
and direction reversals [22]. Irresolute movement in
dendrites might reflect alternating activities of plus- and
minus end-directed motors on microtubules of a single
polarity. Alternatively, it might reflect the activity of just
one motor type that shifts between neighboring micro-
tubules of opposite polarity. In either case, the fact that
organelles and macromolecular assemblies get delivered
to distant parts of dendrites despite the random polarity
of the microtubule tracks presents an interesting puzzle.
Another puzzle has been revealed by the collective discov-
ery of a large number of microtubule motor proteins.
Why are there so many different motors? It is formally
possible that the microtubule-based transport processes
of cells could be accomplished using only two motors, one
plus end-directed and one minus end-directed. However,
this is not the case; even single-celled organisms have
many microtubule motors. For instance the genome of
the budding yeast Saccharomyces cerevisiae encodes one
cytoplasmic dynein and kinesins [reviewed in Saunders,

this volume and 23]. The genome of the nematode
Caenorhabditis elegans contains two dyneins and at least
17 kinesins (J. A. Powers, personal communication).
Genetic and molecular screens in the fruit fly Drosophila
melanogaster have uncovered one cytoplasmic dynein [24,
25] and 14 kinesins so far [26-28]. Molecular and
biochemical approaches in vertebrates have revealed as
many as 4 cytoplasmic dyneins [29-31] and 30 kinesins
[32-34].

Natural selection has presumably been the primary force
for the diversification of microtubule motor proteins, so
the advantages conferred by motor variations must be
significant. Focusing on the kinesin family, the N-termi-
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Figure 2. A cartoon of the kinesin holoenzyme. The heavy chains
(orange) dimerize via coiled-coil interactions between the alpha-
helical neck/stalk regions. The globular amino-termini hydroyze
ATP to generate processive stepping movements along the micro-
tubule toward the plus end. The light chains (yellow) may regulate
cargo binding and modulate mechanochemical activity of the
heavy chain. The question mark represents putative molecules
that are involved in the linkage of kinesin to cargo.
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nal ~350 amino acids that comprise the mechanochem-
ical or motor domain are highly conserved (fig. 2). In
many kinesins, the motor domain uses the hydrolysis of
ATP (adenosine 5'-triphosphate) and a cycle of micro-
tubule binding and release to generate progressive step-
ping movements. Amino acid differences in this motor
domain separate the kinesin family into a number of
subfamilies [28, 35]. (For a recent phylogenetic tree, see
[36].) Such differences almost certainly alter the mecha-
nisms by which different kinesins function. In fact, one
subfamily of kinesins has members that instigate micro-
tubule depolymerization [37]. Other kinesins do move at
different velocities, ranging from 0.02 to 1.5 microns (um)
per second in vitro (table 1). They also probably vary in
processivity; the relative number of steps made by a single
motor protein before it diffuses away from the micro-
tubule track. Differences in motor velocities may have
evolved to tune rates of material delivery to match rates
of consumption. Differences in processivity may provide
a means to vary both rates of delivery and concentrations
of free cargoes along the transport path.

Outside the motor domain, kinesins are not conserved
except in the case of orthologs, which are homologous
proteins that have equivalent functions in different spe-
cies [35]. It is reasonable to expect that different nonmo-
tor regions impart different functions to their motors.
Although relatively little information has been gathered
about the functions of nonmotor regions, they probably
are important for cargo docking and regulation of motor
domain activity. This suggests that the functions of
different microtubule motors could be distinct and not
overlap. However, some experimental results suggest that
motors which normally have distinct functions may,
under certain circumstances, be able to function in place
of one another. For example, single disruptions of the S.
cerevisiae kinesins CIN8p and KIPlp do not cause
dramatic phenotypes while the disruption of both causes
severe mitotic defects and lethality. These and other
observations indicate that the functions of CINSp and
KIPlp overlap substantially despite the fact that their
nonmotor domains have little or no sequence similarity
[38, 39]. In contrast, a study of the single mutant
phenotypes in real time with GFP labelled microtubules
and chromosomes revealed that these motors normally
do have separate functions in mitosis [40].

The large number of kinesins and the possibility of
overlap under certain cellular conditions suggest that
sorting out their functions will be challenging. At present,
speculation on motor functions draws on a variety of
information. First, expression patterns can provide clues
about the sort of processes in which a motor participates.
Obviously, the motors that drive mitotic movements
must be present during mitosis and those that drive
axonal or dendritic transport processes must be present
in postmitotic neurons. Second, the polarity and velocity
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of movement of a motor on microtubules in vitro can be
compared with the direction and velocity of transport
processes in cells. For instance, a kinesin that is minus
end-directed or moves very slowly is unlikely to partici-
pate in fast anterograde axonal transport. Third, pheno-
typic analyses of motor gene mutations and other
functional inhibition strategies can reveal processes and
movements that require a particular motor. Finally, an
association of a motor with specific molecules or or-
ganelles revealed by localization in cells or biochemical
fractionation can point to functional motor-cargo inter-
actions. For example, if a biochemical approach identifies
such an association, it can be pursued to reveal precise
motor-cargo docking mechanisms.

In the remainder of this review we discuss the properties
and potential functions of kinesins that are known or
suspected of having functions in postmitotic neurons. To
date, there is published evidence for the expression of 8
different kinesin subfamilies in neurons. Characteriza-
tion of a few kinesins has been extensive, while character-
ization of a number of others, discovered more recently,
is still in the early stages. Table 1 is a comparative chart
that outlines information on the structure, motility,
expression and potential roles of neuronal kinesins.
While this review is necessarily abridged, it identifies
some important features for motors from each subfamily
and gives references to other literature that can provide
more comprehensive information.

Conventional kinesin and the kinesin heavy chain
subfamily

The driving force behind the discovery of cytoplasmic
transport motors was curiosity about how organelles
move in axons. The discovery of the first kinesin (often
called ‘conventional kinesin’ but termed ‘kinesin’ for
brevity in this section) stemmed from the development of
video-enhanced differential interference contrast (VE-
DIC) microscopy and the discovery that squid axoplasm
can sustain organelle transport after being extruded from
the axon [21, 41-43]. VE-DIC microscopy of extruded
axoplasm allowed visualization of the movement of small
organelles along individual microtubules and tests of the
mechanism of movement with pharmacological agents. A
key observation was that organelles moving along micro-
tubules could be frozen in place by the nonhydrolyzable
ATP analog, AMP-PNP [44]. This led to the isolation of
microtubule/motor complexes, biochemical fractiona-
tion, and the reconstitution of microtubule-based motil-
ity in vitro [45, 46 and reviewed in 47]. The development
of in vitro motility assays and the isolation of kinesin had
a profound impact on the study of microtubule-based
motility. Research on the mechanisms of microtubule-
based movement has expanded and progressed tremen-
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Table 1. Characteristics of the neuronal kinesins.
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Kinesin Structure In vitro motility and Expression Disruption phenotype in ~ Proposed neuronal
subfamilies ligation analysis neurons cargos
Conventional Holoenzyme =tetramer: ~ Anterograde. Probably in most Inhibition of axonal In axons, anterograde
kinesin 2 identical motor eukaryotes. Not in S. transport. transport vesicles and per-
subunits (~ 110 kDa), 0.5-1.0 pm s~ cerevisiae. haps other
2 assoc. proteins membrane-bounded
(~65 kDa). Ligation: high conc. on In virtually all tissues. Organelle-filled axonal organelles.
proximal side, low swellings. 17, 28]
Motor subunit: conc. or absent on Relatively abundant. Reduced number of
N-term. motor domain,  distal side. [56, 82, 105-109] terminal boutons
central coiled-coil- [17, 46, 103, 104]
forming «-helices, Weak action potentials and
C-term. globular. weak transmitter release.
[17, 28] [6, 7, 9, 10, 107, 120-123]
Kinesin-IT Holoenzyme = trimer: 2 Anterograde. Reported in sea urchin,  osm-3 mutants in C. ele- In specialized dendrites,
diff. motor subunits ~0.3 um s~ 1, mouse, fly, nematode and gans fail to assemble den- axoneme components.

UNC-104/KIF1’s

KIF2 and
KIN I

(1~85 kDa plus 1~
95 kDa), 1 assoc.
protein (~110 kDa).

Motor subunits:
N-term. motor domains,
central coiled-coil-
forming «-helices,
C-terms. globular.

[see Cole this volume
and 126, 143]

UNC-104/KIF1A
Holoenzyme = monomer:
1 motor subunit

(~190 kDa).

Motor subunit: N-term.
motor domain, C-term.
globular.

[8, 144, 146]

KIFIB

Holoenzyme = monomer:
1 motor subunit

(~131 kDa).

Motor subunit: N-term.
motor domain, C-term.
globular.
[124, 150]

KIF1D

Holoenzyme = monomer?:
Motor subunit 122 kDa.
Motor subunit: N-term.
motor

domain, C-term. globular.
[187]

KIF2

Holoenzyme = dimer?: 2
identical motor subunits
(~80 kDa).

Motor subunit: N-term.
Globular, central motor
domain, C-term. «-helical.
[37, 124, 153, 155]

Ligation: high conc. on
proximal side, low conc.
or absent on distal side.

[125, 128, 130-132]

Anterograde.

0.9-1.5 pm s~ L.
Ligation: high conc. on
proximal side, low conc.
on distal side.

(8]

Anterograde.
~0.6 um s 1
Ligation: not reported.

[150]

Hypothesized to be
anterograde.
[187]

Murine KIF2: Antero-
grade.

~0.5 pm s~
Ligation: high conc. on
proximal side, low conc.
on distal side.

Xenopus KIF2: Micro-
tubule depolymerizing
activity.

[37, 153]

Chlamydomonas.

Found in most tissues.
Higher conc. in brain and
testes.

[see Cole this volume and
126, 143]

Reported in human,
mouse and C. elegans.

Found in neuronal tissues.
[8, 144, 146]

Reported in mouse.
Found in all tissues
assayed.

[124, 150]

Reported in rat.

mRNA expressed in tis-
sues throughout the brain
and high levels of expres-
sion in epidermal secretory
cells of the choroid plexus.
[187]

Reported in mouse.

dritic axonemes in
chemosensory neurons.
[186]

Reduced number of termi-
nal boutons.

Reduced number of syn-
aptic vesicles in boutons.
Increased number of
transport vesicles in
neuronal cell bodies.
Neuronal degeneration.
[145, 148]

KIF1B antibodies block
movement of mitochondria
on microtubules in vitro.
[150]

Not reported.

Antisense oligonucleotides

In axons, anterograde
transport vesicles.

[see Cole this volume and
126, 143]

In axons, anterograde vesi-
cles bearing proteins re-
quired for synaptic vesicle
formation at terminals.

[8, 145, 148]

Mitochondria.
[150]

In choroid plexus, possibly
involved in secretion of
cerebrospinal fluid.

[187]

In growing axons: 100-120

Found in axons of young inhibited neurite outgrowth nm membrane-bounded or-

neurons. Low expression
in other tissues.
[124, 153]

and blocked accumulation
of a specific protein in
growth cones.

[154]

ganelles or other antero-
grade cargoes important
for differentiation.

[153, 154]
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Table 1. (Continued).
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Kinesin Structure In vitro motility and Expression Disruption phenotype in ~ Proposed neuronal
subfamilies ligation analysis neurons cargos
KIF4 and KIF4 Anterograde. Reported in mouse. Not reported. In mitosis, spindle asso-

Chromokinesin

MKLP1

Holoenzyme = dimer?: 2 0.03 pm s~ '.

identical motor subunits Ligation: not reported.

(140 kDa). [164]

Motor subunit: N-term.

motor domain, central o-

helix, C-term. globular.

[164]

MKLP1/CHO1 Anterograde.
Holoenzyme = 362 kDa ~0.06 pm s—'.

multimer: possibly 2 mo-
tor subunits (~110
kDa), undefined acces-
sory proteins.

Motor subunit: N-term.
motor domain, central «-
helical domain, C-term.

Ligation: not reported.
[167]

Found in young neurons
and other neonatal
mouse tissues and in
adult spleen

[164]

Reported in human,
hamster, flies and ne-
matodes

Found on centrosomes
of interphase cells; on
spindles and midbodies
of mitotic cells.

Found in cell bodies
and dendrites of postmi-

Antisense oligonucleotides
inhibited formation of den-
drites by cultured cells.
[175, 176]

ciated membrane-
bounded organelles.

In axons, membrane-
bounded anterograde or-
ganelles.

[164]

In cell body and den-
drites, microtubules.
[175, 176]

globular.
[167, 169-173]

KIFC2 Hypothesized to be
Holoenzyme = dimer: 2 retrograde.

identical motor subunits Velocity: none reported.
(~97 KDa). Ligation: accumulates
Motor subunit: C-termi- on both proximal and
nal motor «-helical stalk. distal sides.

[184, 185] [184, 185]

C-terminal motor

Reported in mouse.
Found in neuron cell
bodies, dendrites and
axons.

[184, 185]

totic cultured cells.
[167-171, 174]

In dendrites, novel class
In axons, retrograde or
of multivesicular bodies.
ganelles.

[184, 185]

Not reported.

dously. Now, a variety of novel mechanochemical tests
and high resolution structural data for kinesin and
NCD (non-claret disjunctional), a kinesin-related mo-
tor, provide a rich context for thinking about how
motor proteins work [reviewed in 17, 48—50]

The physical composition of kinesin is well understood.
Each holoenzyme is composed of two identical
mechanochemical subunits, usually called heavy chains
(KHCs), and two tightly bound nonmotor subunits,
usually called light chains (KLCs) [51, 52]. Among the
wide variety of eukaryotes in which kinesin has been
identified, the heavy chains range in size from 92 to 117
kDa while the light chains range from 57 to 70 kDa [26,
28]. A cartoon of the organization of the heavy and
light chains in the kinesin quaternary structure is de-
picted in figure 2.

As mentioned, KHC is responsible for the
mechanochemical activity of kinesin. The gene encoding
KHC was first cloned from D. melanogaster and subse-
quently from a number of other organisms, allowing
good predictions of important secondary and tertiary
structures [53—59]. KHC has a globular motor domain
at the N-terminus, two central «-helices separated by a
proline hinge and a globular region at the C-terminus

[54, 60-62]. The motor domain is the site of ATP
hydrolysis, microtubule binding, and is sufficient for
anterograde movement on microtubules [52, 63]. The
central o-helical ‘stalks’ of two heavy chains form
coiled-coils to dimerize in parallel [64]. Thus, each ki-
nesin holoenzyme has a pair of motor domains at one
end.

The mechanochemical activity of kinesin is being stud-
ied in great detail. The use of VE-DIC microscopy, laser
optical traps, and high-resolution tracking methods al-
lows testing of the activities of individual motors on
millisecond time scales. A single kinesin motor can step
along microtubules for long distances following the
path of a single protofilament [65, 66]. The dual-headed
character of kinesin is likely to contribute to this highly
processive behavior [66, 67]. It has been proposed that
the two heads step alternately along a protofilament
from one tubulin dimer to the next, at 8 nanometers
(nm) per step [reviewed in 68, 69]. The step cycle is
coupled to the ATP hydrolysis cycle of the motor do-
main with a ratio of one step per ATP [70-72].

The tail domain of kinesin is thought to be the site for
the attachment of cargoes. At the C-termini of dimer-
ized KHCs, the globular regions and the distal stalk,
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form the binding sites for two KLCs. This complex is
collectively referred to as the tail of kinesin (see fig. 2).
KLC possesses coiled-coil-forming regions at its N-ter-
minus that interact with KHC [73-80]. The C-terminus
of KLC has 6 tetratrico repeats (TPRs) that may medi-
ate further protein-protein interactions [81]. The respec-
tive contributions of the KHC C-termini and KLCs to
kinesin function are not clear. There has been one
report of a vertebrate KLC isoform that localizes to
mitochondria perhaps to direct mitochondrial transport
[82]. In addition to cargo binding, the tail may serve to
regulate the KHC motor domains.

How might the tail of kinesin regulate the motor activ-
ity of the heads? In vitro, kinesin has been observed to
exist in two distinct conformations, folded (at the pro-
line hinge) and extended. The two forms are favored by
low and high ionic strength, respectively. The ATPase
activity of the motor appears to be much greater in the
unfolded state. This leads to a model in which the tail of
an active kinesin motor is extended and bound to cargo.
When released from the cargo, the tail contacts and
represses the mechanochemical activity of the head [83].
This is a particularly appealing model because it sug-
gests coordinate regulation of cargo-binding and motor
activities. Recently, studies comparing coexpression of
KLC and KHC to KHC overexpression alone suggests
that KLC and a portion of the KHC tail do indeed
inhibit microtubule binding activity of the motor do-
main [84].

Mechanisms for kinesin regulation are likely to involve
phosphorylation [reviewed in 85]. Both KHC and KLC
are phosphoproteins [86—88] and the results of several
experiments suggest that changes in kinesin activity
correlate with differential phosphorylation although
these experimental results are not wholly consistent [86,
88-92]. Additional evidence suggests that a slight shift
to lower pH may trigger activation of kinesin motor
activity by relieving the inhibition by the tail [84]. Fur-
ther study into the influence of differential phosphoryla-
tion states and local pH levels on kinesin function will
lead to a better understanding of the transitions be-
tween cargo-bound, active states and soluble, inactive
states of kinesin [83, 84, 89].

How might motors select and bind to cargoes? It is
known that membrane-binding sites for kinesin have
protease-sensitive components and the binding of ki-
nesin to membranes is saturable [92—-94]. These data
support the idea that the kinesin tail targets the holoen-
zyme to membrane-associated docking proteins [re-
viewed in 95, 96]. The vertebrate protein, kinectin, is a
good candidate for a docking protein on endoplasmic
reticulum (ER) [97-101]. Antibodies to kinectin pro-
duce punctate staining patterns in the cell bodies and
proximal dendrites of motor neurons. Similar kinectin
staining is not seen in axons despite the presence of
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strong kinesin staining [102]. This suggests that different
proteins must be used to link kinesin to its axonal
cargoes. Motor-cargo linkage mechanisms remain
largely unexplored and constitute an important area for
future research.

Which neuronal cargoes are transported by kinesin?
When axonal transport is physically blocked by liga-
tion, anterograde cargoes accumulate on the cell body-
proximal side and retrograde cargoes accumulate on the
distal side of the ligation. Immunolocalization data
indicate that kinesin accumulates on the proximal sides
of axon ligations, along with small vesicles, mitochon-
dria, and smooth ER. In contrast, very little kinesin
accumulates on the distal sides of ligations [103, 104].
This suggests that kinesin is an anterograde axonal
transport motor. It also suggests that kinesin does not
make the return trip to the cell body but is instead
degraded at the axon terminal [103, 104]. Neuronal
cargoes of kinesin then could include small vesicles,
mitochondria, and smooth ER. Consistent with this,
kinesin has been detected in association with vesicles,
mitochondria, ER, and coated vesicles by various im-
munocytological approaches [56, 82, 105-109]. Bio-
chemical fractionation of organelles suggests that
kinesin can bind to the membranes of small vesicles
[110, 111]. However, as with any data indicating a
physical association of a motor and an organelle, the
possibility that the motor may be a passive cargo in
some instances needs to be kept in mind.

Function inhibition studies have also been used to
search for kinesin cargoes. Both classical genetic and
other inhibition approaches have been used to reduce or
eliminate kinesin activity. A consistent conclusion is
that kinesin indeed has a role in axonal transport. It
also appears to function in a wide variety of cytoplas-
mic motility processes in nonneuronal cells [112—-119].
We focus below on the disruption of kinesin function in
neurons.

Mutations in metazoan kinesin genes and the resulting
neuronal phenotypes have been reported only in D.
melanogaster. The fly Kinesin heavy chain (Khc) and
light chain (Klc) genes are essential. Animals bearing
Khe or Klc null mutations exhibit distal paralysis then
die during the larval stages of development [120, 121].
As distal paralysis develops, the posterior segments
often curve up and over the back of the animal. This
tail-flipping phenotype may be due to either strong
tonic contraction of dorsal muscles or poor contraction
of abdominal muscles [10, 121]. Eventually the entire
animal becomes paralyzed and dies. The cause of the
paralysis is a loss of neuron function [122]. The early
distal paralysis probably occurs because the longest
axons, which innervate the posterior muscles, are most
sensitive to a loss of kinesin function. When compared
to short axons, long axons in K/ic mutants suffer more
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severe reductions in both terminal size and neurotrans-
mitter secretion [10, 122].

The underlying cause of the neuronal defects in Khc and
Klc mutant larvae is a disruption of both anterograde
and retrograde axonal transport. Electron microscopy
of mutant nerves shows axonal swellings packed with
vesicles, mitochondria, multivesicular bodies, and other
membranous organelles [10]. It is thought that these
organelle jams form when anterograde transport vesi-
cles are stranded due to nonprocessive movement.
While stalled, they hinder the passage of other cargoes,
occasionally causing a massive pile-up of both antero-
grade and retrograde organelles. If this organelle jam
hypothesis is correct, then the organelles that initiate
the jams must be cargoes of kinesin. These initiator
organelles have not yet been distinguished from inno-
cent passers-by that are trapped by steric hindrance [10,
121].

Other inhibition studies also provide evidence that ki-
nesin is important for fast axonal transport. For exam-
ple, antisense KHC oligonucleotides injected into rabbit
eyes were found to suppress the axonal transport of
certain proteins destined for synaptic vesicles, secretory
vesicles, and the plasma membrane [7, 9]. When applied
to cultured hippocampal neurons, antisense KHC
oligonucleotides caused abnormal accumulation of the
terminal proteins GAP-43 and synapsin I in cell bodies
[6]. These results and others support the hypothesis that
kinesin acts as an anterograde motor for transport
vesicles. However, the possibility remains that some of
the antisense effects are due to global disruptions of
axonal transport similar to those seen in D.
melanogaster Khc mutants.

A cell-free axonal transport system has been used to
search for specific cargoes of kinesin. Antibodies that
bind squid KHC, when applied to extruded squid axo-
plasm, inhibited all vesicle movement in both antero-
grade and retrograde directions [107]. In a second
study, antibodies against two different regions of KLC
were used [123]. One was directed against the second
tandem repeat of the TPR region, which is highly con-
served and hypothesized to be involved in cargo bind-
ing. When applied to extruded squid axoplasm, it
inhibited bidirectional organelle movement by appar-
ently dissociating the organelles from microtubules. The
second antibody, which was directed against a con-
served region in the N-terminal region of KLC, did not
interfere with organelle movements [123]. These data
raise an interesting question. Since cytoplasmic dynein
and probably other kinesins are present in the axo-
plasm, why does the inhibition of kinesin stop all move-
ment? One possibility is that microtubule motors are
highly interdependent and coordinately regulated which
reveals further challenging questions to be answered in
the study of motor regulation and cargo transport.

Kinesins in the nervous system

To study the role of kinesin in vertebrate neurons, it is
possible to conduct gene disruption experiments in
mice. It has been found that mice, like humans, have
multiple KHC genes. Some of these KHC genes are
expressed in all tissues while others are restricted to
neuronal expression patterns [33, 57, 59, 124]. Disrup-
tion of the ubiquitously expressed mouse KHC gene,
KIF5B, leads to an early embryonic lethal phase which
is too early to assess phenotypes in the nervous system
[119]. Tissue-specific KHC gene disruptions should
provide an exciting way to determine functions of the
ubiquitous KHC and neuronal KHC isoforms in the
mouse nervous system. In addition, such approaches
have the potential to provide important insights into the
relationship between kinesin and neurodegenerative dis-
orders in humans.

Kinesin II subfamily

Motors of the kinesin II subfamily have been found in
a number of organisms [reviewed by Cole, this volume
and 126]. The KRP85 and KRP95 motor subunits of
sea urchin kinesin II were originally identified by bio-
chemical purification of the holoenzyme [127, 128]. In-
dependently, putative orthologs in vertebrates (KIF3A,
KIF3B and KIF3C) and in D. melanogaster (KLP64D
and KLP68D) have been identified based on their con-
served kinesin motor domain or homology to KIF3s
from other organisms [124, 125, 129-136]. Two other
members of the kinesin II subfamily, encoded by the
fla10 gene of Chlamydomonas rheinhardtii [137] and the
osm-3 locus of C. elegans [138, 139], were discovered
using classical genetic strategies followed by cloning
and sequencing.

The structure of the kinesin II holoenzyme, a trimer, is
distinct from conventional kinesin. The mechanochemi-
cal unit is two-headed, as is conventional kinesin, but it
is a heterodimer [128, 132]. Although distinct, the ki-
nesin II motor subunits are closely related. The motor
domains are at the N-termini and are followed by long
o-helices with coiled-coil-forming potential. It is likely
that the specification for heterodimer formation resides
in these «-helices [128, 132]. The tail of the heterodimer
binds to a globular nonmotor subunit of approximately
110-115 kDa called the kinesin accessory protein or
KAP [140, 141]. KAP may function in cargo binding
and mechanochemical regulation of kinesin II motility
[126, 140, 141]. Multiple isoforms of KIF3A and the
mouse kinesin associated protein, KAP3, are expressed
[124, 131, 132, 141]. Also, it has been shown that
KIF3A is able to pair with either KIF3B or KIF3C [28,
35, 125, 128, 132-136, 142]. It is thought that the
kinesin II structural diversity derived from mixing and
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matching different KIF3 and KAP3 isoforms imparts
functional diversity.

The heterodimeric nature of the kinesin II motor might
produce mechanochemical characteristics that are dis-
tinct from those of conventional kinesin. However, tests
with sufficient temporal resolution to uncover such dif-
ferences have not been reported. Kinesin II monomer
motor subunits, heterodimers, or the holoenzyme all
drive plus end-directed microtubule motility at about
0.5 pm per second [128, 130, 132]. A shift from low to
high ionic strength solution conditions causes a reduc-
tion in the sedimentation velocity of kinesin II. As with
conventional kinesin, this suggests a conformational
change from a folded to an extended state. It is not yet
known if these changes alter mechanochemical activity
as is observed with the conformational changes of con-
ventional kinesin [140].

What are the neuronal cargoes of kinesin I1? Extensive
genetic, biochemical and cell biological studies of vari-
ous kinesin II components have revealed that these
motors transport protein assemblies required for con-
struction and maintenance of nonmotile cilia in den-
drites of sensory neurons. This rich area of research has
recently been reviewed [in Cole, this volume and 143].
Are there axonal transport cargoes of kinesin II?
KIF3A and B are expressed strongly in the nervous
systems and testes of mice, frogs and flies but they are
also expressed to a lower extent in other tissues [130—
132]. KIF3C is expressed in the nervous systems of
mice, rat, human and frog, with a particularly strong
expression in eye tissues [125, 134, 135]. KIF3A, B and
C accumulate by immunolocalization on the proximal
side of an axon ligation and to a lesser extent on the
distal side [125, 131, 132]. Yamazaki et al., have iden-
tified a class of 60 to 160 nm vesicles as possible
neuronal cargoes of KIF3B [132] and KIF3C purifies
with an anonymous class of vesicles as well [134]. These
observations are intriguing and consistent with the hy-
pothesis that kinesin II also transports vesicles in
anterograde axonal transport.

UNC-104/KIF1 subfamily

UNC-104 was the first neuronal kinesin-related protein
to be identified. It was discovered via screens for unco-
ordinated mutations in C. elegans followed by cloning
and sequencing [144, 145]. Subsequently, KIF1A, the
murine ortholog of UNC-104, was identified in a PCR-
based screen for neuronally expressed genes with ki-
nesin motor domain homology [8, 124]. The predicted
amino acid sequences of KIFIA and UNC-104 are
~ 70% identical in their motor domains and 71% simi-
lar along their entire lengths, suggesting similar func-
tions [8]. A putative human UNC-104 ortholog has also
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been identified [146]. Most of our knowledge of the
structure and function of these motors comes from
studies of the nematode and mouse proteins.

The UNC-104 holoenzyme is distinct from conventional
kinesin and kinesin II. Results from rotary shadowing
and sedimentation analyses showed that KIF1A exists
as a globular 14 nm monomer [8]. Sequence analysis
indicates that the motor domain is at the N-terminal
end, followed by a region predicted to form «-helix.
This putative helical region does not show the heptad
repeat organization characteristic of a coiled-coil-form-
ing structure. The C-terminal region is basic and con-
tains pleckstrin homology domains, which highlights
the possibility of protein-protein interactions [8, 144].
However, no proteins have been found to copurify with
native KIFIA [8].

Mechanochemical tests with KIF1A purified from a
heterologous expression system indicate that it is indeed
a microtubule motor. It drives plus end-directed motil-
ity at 0.9—-1.5 pm per second; faster than conventional
kinesin or kinesin II [8]. These data pose an interesting
question. How can a monomeric motor be processive?
The ATP-driven stepping mechanism predicted for
KHC requires alternation of microtubule-bound and
unbound states. Two-headed holoenzymes like conven-
tional kinesin can achieve processivity by coordinating
their motors; one head is bound to the microtubule
while the other seeks the next binding site. A single
headed holoenzyme would need either a very different
stepping mechanism or a nonmotor region that acts as
a microtubule tether. Alternatively, processive move-
ment could be achieved by cooperative operation of
multiple monomers on a single cargo. Recently, high
resolution tests of monomeric KIF1A fusion protein
have shown that the motor domain can move proces-
sively and may employ electrostactic interactions to
retain close contact with the microtubule after a step
[147]. Further analyses into the differences and similari-
ties between the mechanochemistry of different kinesin
motors will be very exciting.

What are the neuronal cargoes of UNC-104? First, both
UNC-104 and KIF1A appear to be expressed primarily
in the nervous system [8, 145]. Immunolocalization data
indicate that KIF1A accumulates strongly on the proxi-
mal sides of axon ligations and faintly on the distal
sides. As with conventional kinesin and kinesin II, this
is consistent with the activity of an anterograde axonal
transport motor. KIF1A antibodies have been used to
copurify KIF1A, small vesicles, and the synaptic termi-
nal proteins synaptophysin, synaptotagmin and Rab3A.
Other synaptic terminal proteins, SV2, syntaxin 1A, and
SNAP-25, did not copurify with KIF1A [8]. These data
support the notion that UNC-104 and KIF1A act as
anterograde transport motors for vesicles that carry a
subset of synaptic terminal proteins.
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Hall and Hedgecock [145] provided the first indication
that UNC-104 was responsible for the proper delivery
of synaptic vesicle precursors to nerve terminals. Muta-
tions in the unc-104 gene cause behavioral defects that
suggest impaired function of motor neurons, interneu-
rons and possibly sensory neurons [145]. Ultrastructural
analysis revealed axons with reduced numbers of synap-
tic swellings (boutons en passant) and reduced concen-
trations of synaptic vesicles within those boutons.
Furthermore, neuron cell bodies contained higher than
normal concentrations of small vesicles. Other mem-
brane-bounded organelles, such as mitochondria, ap-
peared to have relatively normal distributions in the
mutant neurons [145]. Mutations in a vertebrate ho-
molog give comparable phenotypes. Disruption of the
KIF1A gene in mice leads to recessive lethality in new-
born animals. Before death, these animals exhibited
motor and sensory defects that were attributable to a
retention of small vesicles and synaptic proteins in neu-
ron cell bodies and neuronal degeneration [148]. Thus,
UNC-104 and KIF1A appear to be motors for the
anterograde transport of vesicles that are important for
the formation of synaptic vesicles at axon terminals.
KIF1B belongs to the UNC-104 subfamily but is not an
ortholog of UNC-104. The KIF1B motor has been
identified by PCR based on its expression in mouse
brain and a rat myogenic cell line [124, 149]. Its motor
domain is at the N-terminal end and has a high degree
of similarity to the motor domains of UNC-104 and
KIF1A [124, 149, 150]. However, outside the motor
domain the KIF1B sequence is unique. Rotary shadow-
ing and sedimentation analysis of expressed KIF1B and
the mobility of the native enzyme on gels suggest that it
is a globular monomer, possibly with a short stalk.
Mechanochemical tests indicate that it is a microtubule
motor. It drives plus end-directed movement at approx-
imately 0.7 pum per second [150]. These observations on
a second member of the UNC-104 subfamily reinforce
the hypothesis that these kinesins function as
monomeric motors.

The neuronal cargo of KIF1B may be mitochondria. It
is expressed in many tissues including brain, is enriched
in mitochondrial fractions of cytoplasm, and it colocal-
izes with mitochondria in cultured cells stained with
KIF1B antibodies [150]. Most impressive, Nangaku et
al. have reconstituted mitochondrial movement on mi-
crotubules with purified KIF1B. Mitochondria alone
did not move on microtubules. The addition of KIF1B
stimulated some mitochondria to move and addition of
an antibody to KIFI1B blocked that movement [150].
The consequences of in vivo inhibition of KIF1B have
not been reported. Other microtubule and microfila-
ment-based motors may participate in mitochondrial
movement [119, 151, 152]. If KIF1B inhibition proves
to halt or hinder mitochondrial movement in vivo, the
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case for KIFIB as a mitochondrial motor will be very
strong.

The list of proteins in this subfamily continues to ex-
pand. Another neuronal member, KIFID, was iden-
tified by a PCR screen for kinesins expressed in rat
oligodendrocytes and optic nerve [187]. Its motor do-
main is ~ 70% identical to murine KIFIA and B.
Outside the motor domain, KIF1D has more similarity
to KIF1B and contains predicted structural features of
a monomeric motor. The characterization of KIF1D is
in the early stages. The rat gene is expressed in a variety
of tissues throughout the brain. Additionally, high lev-
els of expression are detected in epidermal secretory
cells of the choroid plexus. This tissue secretes cere-
brospinal fluid for the CNS [187]. Based on this expres-
sion pattern, it will be of interest to explore KIF1D’s
relationship to secretion from the choroid plexus and
other possible functions in the CNS.

KIF2 and the KIN I (internal motor) subfamily

Differentiation of a neuron requires the assembly of
massive amounts of new cytoplasm, expansion of the
plasma membrane and reorganization of the peripheral
cytoskeleton. This places heavy demands on transport
and requires close regulation of cytoskeletal dynamics.
The discovery and characterization of the mouse KIF2
protein suggest that vertebrates may use some special-
ized microtubule motors during neuron differentiation
[124, 153, 154]. There is a Xenopus homolog, XKIF2,
which is 90% identical overall with the murine KIF2
[155]. Other kinesin-related proteins grouped with KIF2
based on motor domain sequences include the mitotic
motors XKCM1 and MCAK [155, 156]. Thus, members
of this subfamily appear to participate in diverse cellu-
lar processes. We will focus on the murine KIF2 with
some comparisons to what is known of other KIN I
proteins.

KIF2 is clearly distinct from other neuronal kinesins.
The motor domain of KIF2 and other KIN I proteins is
located in the center of the polypeptide [37, 124, 155—
158]. The KIF2 N-terminal nonmotor flank is predicted
to be globular while the C-terminal flank is predicted to
be «-helical [124]. There is evidence that KIF2 and
other KIN I motors form homodimers [37, 153, 155].
Native KIF2 isolated from mouse brain extract with
antibodies had no detectable associated proteins and
electron micrographs of rotary shadowed, expressed
KIF2 suggest a globular structure [153]. Murine KIF2
has been reported to drive plus end-directed micro-
tubule movement at about 0.5 pm per second [153]. In
contrast, no microtubule motility was observed in tests
of the related Xenopus kinesins, XKIF2 and XKCMI
[37, 155]. Instead, these proteins have been shown to
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exhibit microtubule depolymerizing activity [37, 155]. It
will be of interest to see which motor properties are
common to these proteins when direct comparisons of
biochemical activity are available.

The expression pattern and subcellular location of
KIF2 in rodents is consistent with a role in axonal
transport during neuronal development. KIF2 is ex-
pressed at low levels in several tissues but strongly in
the axons of young, postmitotic neurons [153]. Expres-
sion of KIF2 in most adult neurons is low with the
exception of the olfactory bulbs which continue to grow
throughout adulthood [153]. KIF2 staining accumulates
very slowly at axon ligations in adult mice. Most is seen
on the proximal side of the ligation but some is also on
the distal side [153]. The majority of KIF2 in cells is
membrane bound and it is especially enriched in growth
cone particles purified from embryonic mouse brain
[153]. Beads coated with murine KIF2 antibodies pre-
cipitated 100 to 120 nm membrane-bounded organelles
from vesicle fractions of rat brain. These KIF2-associ-
ated organelles lacked synaptic terminal proteins, al-
though such proteins were abundant in the starting
membrane fractions. Some of the organelles had char-
acteristics of multivesicular bodies [153]. This is a sur-
prising association for a putative anterograde motor
because multivesicular bodies are generally thought to
be retrograde cargoes. It is possible that KIF2 is trans-
ported as a passive cargo on a class of multivesicular
bodies.

One inhibition study supports the hypothesis that KIF2
is involved in neuronal differentiation. The f,. subunit
of the insulin growth factor-1 receptor protein, which is
important for neuron differentiation, is enriched in the
growth cones of developing neurites of PC12 cultured
cells and in differentiating rat brain [159, 160]. Inhibi-
tion of KIF2 expression by antisense oligonucleotides in
PC12 cells inhibited neurite outgrowth, prevented f,.
accumulation in growth cones, and caused abnormal
accumulation of S, in the cell body [154]. Two addi-
tional observations imply that this effect is specific.
First, other terminal proteins including synaptophysin,
synapsin I, and GAP-43 accumulated normally in the
growth cones of KIF2 antisense-treated cells. Second,
antisense inhibition of KHC (conventional kinesin) did
not prevent the accumulation of f, in growth cones
[154]. These data support the model that KIF2 is a
motor for the anterograde transport of organelles bear-
ing f,.. However, the conflict remains that other KIN I
proteins, including XKIF2, exhibit control of micro-
tubule dynamics in vitro. This suggests a novel function
for these kinesins in developing neurons. Control of
microtubule dynamics at the growth cone may be a key
element of the a growing axon’s response to guidance
cues. If KIF2 were involved in such a process, then
depletion of KIF2 could result in disruption of down-
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stream events such as proper sorting of S, to the axon
compartment. Further tests of murine KIF2 activities
and examination of the expression of XKIF2 in the frog
nervous system will eventually resolve the role of KIF2
in young neurons.

KIF4 and chromokinesin subfamily

KIF4 has been implicated in both neuronal differentia-
tion and mitotic division. It was identified in the Aizawa
et al. PCR screen for mouse neuronal kinesins [124]. As
detailed below, KIF4 is expressed in young neurons and
it may have neuronal transport functions. However, the
amino acid sequence of KIF4 is about 60% similar to
the other vertebrate motors, Xklpl (Xenopus laevis) and
chromokinesin (chicken), which appear to be involved
in mitosis and germ plasm localization in Xenopus
oocytes [161]. Since the similarity extends over both the
motor and nonmotor regions, they are likely to be
orthologs [28, 162—164]. Thus, KIF4 may have multiple
cellular functions.

The predicted structures of KIF4 and the other chro-
mokinesins are similar to the structure of KHC; an
N-terminal motor domain followed by a long «-helical
stalk and a globular C-terminus [162—-165]. Recombi-
nant KIF4 can dimerize. The presumed dimers, when
examined by rotary shadowing and electron mi-
croscopy, appear to have an extended stalk with two
heads at one end [164]. Associated proteins may bind to
the tail of native KIF4 but none have been reported yet
[164].

KIF4 could be a motor for anterograde transport in
young postmitotic neurons. Mechanochemical tests us-
ing single microtubules have been complicated by a
microtubule bundling activity. However, when purified
flagellar axonemes were used for the tests, bundling was
not a problem and plus end-directed movement oc-
curred at approximately 0.2 pm per second [164]. Both
KIF4 protein and mRNA have been localized in the
neurons of neonatal mice, as well as in other tissues.
The protein was not found in the neurons of adult mice.
Subcellular immunolocalization of KIF4 in cultured
cells suggest that it associates with microtubules and
with some small organelles. This sort of fibrous plus
punctate localization was seen in mitotic cells but also
strongly in growth cones and interphase cell bodies.
Thus, KIF4 was proposed as a motor for anterograde
transport in differentiating neurons [164].

The hypothesis that KIF4 has mitotic function is based
in part on its predicted structural similarity and partial
coincidence of immunolocalization with the suspected
mitotic motors, Xklpl and chicken chromokinesin. The
sequence similarities include a putative nuclear localiza-
tion domain at a conserved position in the stalk region
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and a weak zinc-finger domain in the C-terminal region
[28]. Sekine et al., reported general KIF4 immunolocal-
ization on mitotic microtubules and weak staining in
interphase nuclei of mouse cells. In contrast, Xklpl in
Xenopus appears strongly concentrated in interphase
nuclei, in various parts of the spindle, and on mitotic
chromosomes [162]. Chromokinesin has also been local-
ized to mitotic chromosomes in chicken neuronal cells
[163]. The contrasts in the localization patterns may be
due to differences in fixation protocols. Vernos et al.,
reported that they lost most Xklpl localization from
spindles and all staining of mitotic chromosomes when
they used fixation conditions similar to those used by
Sekine et al. [162, 164].

Multiple functions for Xklpl in Xenopus also lead to
the supposition that KIF4 participates in multiple cellu-
lar motility processes. Depletion of Xklpl from frog egg
extracts leads to defects in the maintenance of spindle
structure and reduces chromatin-spindle associations
[166]. Additionally, Xklpl is necessary for the micro-
tubule-dependent process of germ plasm aggregation in
Xenopus oocytes [161]. An evaluation of possible Xklpl
expression and function in developing frog neurons
would be of interest. Overall, it is difficult to distinguish
between three possibilities: KIF4 could be primarily an
axonal transport motor used in young postmitotic neu-
rons; it could be primarily a mitotic motor with a
residual presence in postmitotic neurons; or it could be
both a mitotic and interphase neuronal motor. It is
evident that further characterization of KIF4, including
inhibition studies in neurons, will be required to distin-
guish between these possibilities. Due to the prediction
of nucleic acid binding by members of this subfamily
and the role in germ plasm aggregation, it would be
interesting to test if KIF4 is involved in RNA traffick-
ing in developing neurons.

MKLP1 subfamily

Recent studies of MKLP1 (CHOI1) support the notion
that some kinesins may indeed function as both mitotic
and postmitotic neuronal motors. MKLPI was discov-
ered in an antibody-based search for novel spindle
proteins [167, 168]. Monoclonal antibodies were gener-
ated against mitotic spindles isolated from Chinese
hamster ovary cells [168]. Cloning and sequencing of
the CHOI1 antigen gene from human cells revealed a
new kinesin which was named mitotic kinesin-like
protein 1 or MKLP1 [167]. Beyond vertebrates, MKLPs
have now been identified in C. elegans (CeMKLP1) and
D. melanogaster (pavarotti) [169—172].

While the structure of MKLP1 appears similar to that
of the heavy chain of conventional Kkinesin, its
mechanochemical function is quite different. The pre-
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dicted structure includes an N-terminal motor domain
followed by an «-helical stalk and a C-terminal globular
region [167, 169—173]. Kuriyama et al. report that the
native hamster holoenzyme is 362 kDa, perhaps com-
posed of two 110 kDa motor polypeptides and one or
more accessory proteins [173]. Mechanochemical tests
of expressed human MKLP1 indicate that it drives plus
end-directed movement at 0.06 pm per second; one-
tenth the rate of KHC driven movement. Furthermore,
it can crosslink microtubules of opposite polarity and
slide them past one another [167].

The CHOIl and other anti-MKLP1 antibodies have
been used to localize MKLPI in a variety of organisms
and cell types. The hallmarks of MKLPI1 localization
often include centrosome staining in interphase and
early mitosis, increased staining at the spindle equator
and interzone during metaphase and anaphase, and
midbody localization during telophase and cytokinesis
[167—171, 174]. Mitotic mutant phenotypes for MKLP1
suggest a requirement of the motor for central spindle
function and cytokinesis [169—171, 174]. There is also
good evidence of MKLP1 expression in neurons. CHOI
antibody stains the dendrites and cell bodies of mouse
neuroblastoma cells and rat cultured neurons [175, 176].
The staining is initially diffuse in the cell bodies of
differentiating neurons that lack dendrites. The staining
develops into elongate patches in the cell bodies and
newly forming dendrites [175]. Experiments to define
the subcellular localization of MKLP1 more precisely
have not been successful. However, treatment of differ-
entiated neurons with an antimicrotubule agent caused
MKLPI1 antibody reactivity to resume a diffuse staining
pattern in dendrites and cell bodies [175]. Thus,
MKLP1 localization in dendrites appears to be depen-
dent on its association with microtubules [175].

The effects of inhibition of MKLP1 have been studied
in postmitotic neurons and the results suggest a role for
MKLPI1 in organization of dendritic microtubules. An-
tisense oligonucleotides, when applied to cultured neu-
roblastoma cells and neurons, inhibited the
development of dendrites [175, 176]. In addition, Sharp
and colleagues observed that the expression of MKLPI
motor domain in cultured insect cells stimulated the
formation of dendrite-like processes. These extensions
contained microtubules with the bipolar organization
characteristic of proximal dendrites; plus ends were
both distal and proximal relative to the cell body [173,
177]. Tt has been proposed that such bipolar organiza-
tion is generated by sliding transport of microtubules
[178]. In this model, microtubules nucleated by the
centrosome in the cell body are freed from the centro-
some and some portion are then transported into den-
drites with their minus ends leading to generate the
bipolar array. The mechanochemical activity of
MKLPI, its localization in developing neurons, and the
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effects of inhibition and overexpression have led to the
hypothesis that it is a motor for sliding microtubules
into dendrites [173, 175-177]. However, the mecha-
nisms that generate dendritic and axonal microtubule
arrays are still under some debate [discussed in 11,
179-181]. Also, it should be kept in mind that MKLPI
may transport cargoes other than microtubules. Based
on MKLP1’s role in cytokinesis, such cargoes might be
molecules important for cytoskeletal reorganization
that would serve to direct the assembly of dendritic
microtubule arrays.

MKLP1’s neuronal function opens up the possibility
that other mitotic motors might be involved in organi-
zation of neuronal microtubule arrays. The vertebrate
mitotic plus end-directed motor, Eg5, has been localized
to postmitotic neurons and is then available to be
involved in dendritic microtubule organization [182].
Additionally, expression in Sf9 cells of a minus end-
directed mitotic kinesin-like motor, CHO2, causes
growth of axon-like processes [183]. This suggests that
indeed, multiple mitotic motors may be available for
further function in neuronal differentiation.

C-terminal motor subfamily

To date, minus end-directed kinesins share the charac-
teristic of having C-terminal motor domains. The first
C-terminal motors identified, NCD and KAR3, and
most of the other members of this most divergent ki-
nesin subfamily appear to function in mitosis and meio-
sis [19, 28]. However, other C-terminal kinesins have
been identified in mouse. KIFC2 is expressed in mouse
neurons and KIFC3 is ubiquitously expressed [34, 184,
185]. Thus, these neuronal kinesins have the potential to
act as retrograde motors.

The structural and mechanochemical characterization
of KIFC2 is still in progress. The amino acid sequence
indicates clearly that it has a C-terminal motor domain.
The nonmotor region is predicted to be o-helical with
coiled-coil forming capability [184, 185]. Sedimentation
and coimmunoprecipitation analyses of native KIFC2
purified from mouse brain suggest that it exists as a
homodimer in vivo [185].

Because of its C-terminal motor domain, KIFC2 is
expected to drive minus end-directed microtubule motil-
ity. However, when expressed in heterologous systems,
it has failed to produce microtubule motility of any sort
[184, 185]. KIFC2 may still be a microtubule motor;
reconstitution of microtubule-based movement with
some kinesins is quite difficult. Biochemical tests of
truncated forms of the protein suggest that the motor
domain can bind microtubules and hydrolyze ATP
[185]. In addition, KIFC2 purified from mouse brain
extract binds microtubules. However, the binding is not
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sensitive to ATP [184]. Thus, KIFC2 acts as a micro-
tubule associated protein and an ATPase. Whether or
not it acts as a microtubule motor remains to be seen.
With the assumption that KIFC2 is a minus end-di-
rected microtubule motor, it has been proposed to carry
retrograde cargoes in axons and dendrites. Immunolo-
calization suggests that KIFC2 is present in axons,
dendrites, and cell bodies of neurons but not in mitotic
cells [184, 185]. Hanlon et al. reported that at axon
ligations, KIFC2 accumulates on both proximal and
distal sides. This is consistent with a motor that is
synthesized in the cell body, transported as passive
cargo down the axon, and then activated to transport
material back toward the cell body [184]. Indepen-
dently, Saito et al. focused on the possibility that
KIFC2 functions in dendrites [185]. They reported that
one-third of KIFC2 in mouse and rat brain homogenate
cofractionates with a novel class of multivesicular body-
like organelles; presumably components of an endocytic
or some other prelysosomal pathway. KIFC2 also
cofractionated with a complex of tubulin and various
unidentified proteins [185]. Resolving the differences
between these various studies will undoubtedly reveal
more about this C-terminal kinesin and its potential
role in axonal and dendritic transport.

Concluding remarks

Cytoplasmic transport is complex, even when one con-
siders only transport by the kinesins in postmitotic
neurons. The full complement of neuronal kinesins is
yet to be defined in any one organism. As it currently
stands, at least 8 are present in mice, 3 in flies, and three
in nematodes. More certainly await discovery in these
model systems. Furthermore, counting the number of
different neuronally expressed kinesin-related genes un-
derestimates motor diversity because multiple isoforms
of motor subunits and associated proteins can be ex-
pressed from single genes. As various genome sequenc-
ing projects are completed, identification of the full
complement of neuronal motors for each system should
be relatively straightforward. The greatest challenges
will be found in identifying the functions of each motor
and learning how those functions are controlled.

Pioneering investigations of the last two decades have
mapped out a set of information that should be gath-
ered for each kinesin. This includes: subunit composi-
tion; structure; mechanochemical characteristics;
expression pattern; association with cytoplasmic com-
ponents; inhibition/overexpression phenotypes; modes
of cargo-linkage; and regulatory mechanisms. Other
neuronal motors, dyneins and myosins, have been and
will continue to be discovered and characterized by
similar approaches. An understanding of the mecha-
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nisms that coordinate the activities of multiple motor
types will be particularly important for a complete
understanding of cytoplasmic transport.

Axonal transport provides a good context for consid-
ering questions of motor coordination. Different mo-
tor types must be associated with the same cargoes.
For instance, cytoplasmic dynein and other retrograde
motors must employ anterograde motors for transport
to distal parts of the axon. During this delivery, their
retrograde activity needs to be overcome. Perhaps
anterograde motors like conventional kinesin simply
overpower constitutively active retrograde motors. Al-
ternatively, retrograde motors may be silenced during
their delivery. After reaching the terminal, the antero-
grade motors are probably silenced by degradation or
other regulatory mechanisms and the retrograde mo-
tors engage their specific cargoes for the return trip to
the cell body.

Another question regarding motor coordination in ax-
ons is posed by the initial observation that transport
organelles can move along both microtubules and
actin filaments in axoplasm [188]. It has also been
shown that mitochondria can move on both filament
types in neurons [151, 189]. One interesting hypothesis
is that the actin cytoskeleton facilitates short, local
transport while microtubules direct long distance
transport. Several excellent reviews discuss actin-based
motility and the cytoplasmic myosins thought to be
involved in this process [190-192]. It has been found
recently that conventional kinesin heavy chain and a
cytoplasmic myosin, MyoV, directly interact [193]. It
will be of great interest to determine the underlying
mechanisms that coordinate motility on microtubules
and actin filaments.

Acknowledgments. The authors thank Susan Strome for critical
evaluation of this manuscript, Claire Walczak for helpful discus-
sions, and Jim Powers for sharing information prior to publica-
tion. The authors’ research is supported by a National Institutes
of Health (NIH) grant (W.M.S.), an NIH postdoctoral fellowship
(M.A.M.), and an Established Investigatorship from the Ameri-
can Heart Association (AHA) with funds contributed in part by
the AHA Indiana Affiliate, Inc. (W.M.S.).

1 Garner C., Tucker R. and Matus A. (1988) Selective local-
ization of messenger RNA for cytoskeletal protein MAP2 in
dendrites. Nature 336: 674677

2 Chun J. T., Gioio A. E., Crispino M., Giuditta A. and
Kaplan B. B. (1996) Differential compartmentalization of
mRNAs in squid giant axon. J. Neurochem 67: 1806—1812

3 Steward O. (1997) mRNA localization in neurons: a multi-
purpose mechanism? Neuron 18: 9-12

4 Bassell G. and Singer R. (1997) mRNA and cytoskeletal
filaments. Curr. Opin. Cell Biol. 9: 109115

5 Koenig E. and Giuditta A. (1999) Protein-synthesizing ma-
chinery in the axon compartment. Neurosci. 89: 5

6 Ferreira A., Niclas J., Vale R., Banker G. and Kosik K.
(1992) Suppression of kinesin expression in cultured

21

22

23

24

25

26

27

28

29

Kinesins in the nervous system

hippocampal neurons using antisense oligonucleotides. J.
Cell. Biol. 117: 595-606

Amaratunga A., Morin P., Kosik K. and Fine R. (1993)
Inhibition of kinesin synthesis and rapid anterograde axonal
transport in vivo by an antisense oligonucleotide. J. Biol.
Chem. 268: 17427-17430

Okada Y., Yamazaki H., Sekine-Aizawa Y. and Hirokawa
N. (1995) The neuron-specific kinesin superfamily protein
KIF1A is a unique monomeric motor for anterograde trans-
port of synaptic vesicle precursors. Cell 81: 769-780
Amaratunga A., Leeman S., Kosik K. and Fine R. (1995)
Inhibition of kinesin synthesis in vivo inhibits the rapid
transport of representative proteins for three transport vesi-
cle classes into the axon. J. Neurochem. 64: 2374-2376
Hurd D. and Saxton W. (1996) Kinesin mutations cause
motor neuron disease phenotypes by disrupting fast axonal
transport in Drosophila. Genetics 144: 1075-1085

Sheetz M. P., Pfister K. K., Bulinski J. C. and Cotman C.
W. (1998) Mechanisms of trafficking in axons and dendrites:
implications for development and neurodegeneration. Prog.
Neurobiol. 55: 577-594

Amos L. and Klug A. (1974) Arrangement of subunits in
flagellar microtubules. J. Cell Sci. 14: 523-549

Bergen L. and Borisy G. (1980) Head-to-tail polymerization
of microtubules in vitro. Electron microscope analysis of
seeded assembly. J. Cell. Biol. 84: 141150

Margolis R., Wilson L. and Keifer B. (1978) Mitotic mecha-
nism based on intrinsic microtubule behaviour. Nature 272:
450-452

Holzbaur E. and Vallee R. (1994) DYNEINS: molecular
structure and cellular function. Annu. Rev. Cell Biol. 10:
339-372

Hirokawa N. (1998) Kinesin and dynein superfamily
proteins and the mechanism of organelle transport. Science
279: 519-526

Vale R. and Fletterick R. (1997) The design plan of kinesin
motors. Annu. Rev. Cell Biol. 13: 745-777

Heidemann S., Landers J. and Hamborg M. (1981) Polarity
orientation of axonal microtubules. J. Cell. Biol. 91: 661
665

Schnapp B. (1997) Retroactive motors. Neuron 18: 523526
Baas P., Deitch J., Black M. and Banker G. (1988) Polarity
orientation of microtubules in hippocampal neurons: unifor-
mity in the axon and nonuniformity in the dendrite. Proc.
Natl. Acad. Sci. USA 85: 8335-8339

Allen R., Metuzals J., Tasaki 1., Brady S. and Gilbert S.
(1982) Fast axonal transport in squid giant axon. Science
218: 1127-1129

Overly C., Rieff H. and Hollenbeck P. (1996) Organelle
motility and metabolism in axons vs dendrites of cultured
hippocampal neurons. J. Cell Sci. 109: 971-980

Stearns T. (1997) Motoring to the finish: kinesin and dynein
work together to orient the yeast mitotic spindle. J. Cell.
Biol. 138: 957-960

Gepner J., Li M., Ludmann S., Kortas C., Boylan K.,
Iyadurai S. J. et al. (1996) Cytoplasmic dynein function is
essential in Drosophila melanogaster. Genetics 142: 865-878
Rasmusson K., Serr M., Gepner J., Gibbons I. and Hays T.
(1994) A family of dynein genes in Drosophila melanogaster.
Mol. Biol. Cell 5: 45-55

Goldstein L. (1993) With apologies to scheherazade: tails of
1001 kinesin motors. Annu. Rev. Genet. 27: 319-351
Endow S. and Hatsumi M. (1991) A multimember kinesin
gene family in Drosophila. Proc. Natl. Acad. Sci. USA 88:
4424-4427

Moore J. and Endow S. (1996) Kinesin proteins: a phylum
of motors for microtubule-based motility. Bioessays 18:
207-219

Vaisberg E., Grissom P. and McIntosh J. (1996) Mammalian
cells express three distinct dynein heavy chains that are
localized to different cytoplasmic organelles. J. Cell. Biol.
133: 831-842



CMLS, Cell. Mol. Life Sci.

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

Vol. 56, 1999

Criswell P., Ostrowski L. and Asai D. (1996) A novel
cytoplasmic dynein heavy chain: expression of DHCIb in
mammalian ciliated epithelial cells. J. Cell Sci. 109: 18911898
Criswell P. and Asai D. (1998) Evidence for four cytoplasmic
dynein heavy chain isoforms in rat testis. Mol. Biol. Cell 9:
237-247

Hirokawa N. (1996) Organelle transport along microtubules
— the role of KIFs. Trends Cell Biol. 6: 135-141
Nakagawa T., Tanaka Y., Matsuoka E., Kondo S., Okada Y.,
Noda Y. et al. (1997) Identification and classification of 16 new
kinesin superfamily (KIF) proteins in mouse genome. Proc.
Natl. Acad. Sci. USA 94: 9654-9659

Yang Z., Hanlon D. W., Marszalek J. R. and Goldstein L.
S. (1997) Identification, partial characterization, and genetic
mapping of kinesin-like protein genes in mouse. Genomics 45:
123-131

Goodson H. V., Kang S. and Endow S. (1994) Molecular
phylogeny of the kinesin family of microtubule motor
proteins. J. Cell Sci. 107: 1875-1884

Kim A. and Endow S. (1999) KinesinTree. Kinesin home
Page:  http://www.blocks.fhcrc.org/ ~ kinesin/KinesinTree.
html

Desai A., Verma S., Mitchison T. J. and Walczak C. E. (1999)
Kin I kinesins are microtubule-destabilizing enzymes. Cell 96:
69-78

Roof D., Meluh P. and Rose M. (1992) Kinesin-related
proteins required for assembly of the mitotic spindle. J. Cell.
Biol. 118: 95-108

Hoyt M., He L., Loo K. and Saunders W. (1992) Two
Saccharomyces cerevisiae kinesin-related gene products re-
quired for mitotic spindle assembly. J. Cell. Biol. 118: 109120
Straight A. F., Sedat J. W. and Murray A. W. (1998)
Time-lapse microscopy reveals unique roles for kinesins dur-
ing anaphase in budding yeast. J. Cell. Biol. 143: 687—694
Inoue S. (1981) Video image processing greatly enhances
contrast, quality, and speed in polarization-based microscopy.
J. Cell. Biol. 89: 346-356

Allen R., Travis J., Allen N. and Yilmaz H. (1981) Video-en-
hanced contrast polarization (AVEC-POL) microscopy: a new
method applied to the detection of birefringence in the motile
reticulopodial network of Allogromia laticollaris. Cell Motil.
1: 275-289

Brady S., Lasek R. and Allen R. (1982) Fast axonal transport
in extruded axoplasm from squid giant axon. Science 218:
1129-1131

Lasek R. and Brady S. (1985) Attachment of transported
vesicles to microtubules in axoplasm is facilitated by AMP-
PNP. Nature 316: 645-647

Brady S. (1985) A novel brain ATPase with properties
expected for the fast axonal transport motor. Nature 317:
73-75

Vale R., Reese T. and Sheetz M. (1985) Identification of a
novel force-generating protein, kinesin, involved in micro-
tubule-based motility. Cell 42: 39-50

Salmon E. (1995) VE-DIC light microscopy and the discovery
of kinesin. Trends Cell Biol. 5: 154-158

Trayer I. and Smith K. (1997) Motoring down the highways
of the cell. Trends Cell Biol. 7: 259-263

Howard J. (1997) Molecular motors: structural adaptations to
cellular functions. Nature 389: 561-567

Mandelkow E. and Johnson K. (1998) The structural and
mechanochemical cycle of kinesin. Trends Biochem. Sci. 23:
429-433

Bloom G., Wagner M., Pfister K. and Brady S. (1988) Native
structure and physical properties of bovine brain kinesin and
identification of the ATP-binding subunit polypeptide.
Biochem. 27: 3409-3416

Kuznetsov S., Vaisberg E., Shanina N., Magretova N.,
Chernyak V. and Gelfand V. (1988) The quaternary structure
of bovine brain kinesin. EMBO J. 7: 353-356

Yang J. T., Saxton W. and Goldstein L. (1988) Isolation and
characterization of the gene encoding the heavy chain of

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

Multi-author Review Article 213

Drosophila kinesin. Proc. Natl. Acad. Sci. USA 85: 1864—
1868

Yang J., Laymon R. and Goldstein L. (1989) A three-domain
structure of kinesin heavy chain revealed by DNA sequence
and microtubule binding analyses. Cell 56: 8§79—-889

Kosik K., Orecchio L., Schnapp B., Inouye H. and Neve R.
(1990) The primary structure of the squid kinesin heavy chain.
J. Biol. Chem. 265: 32783283

Wright B., Henson J., Wedaman K., Willy P., Morand J. and
Scholey J. (1991) Subcellular localization and sequence of sea
urchin kinesin heavy chain: evidence for its association with
membranes in the mitotic apparatus and interphase cyto-
plasm. J. Cell. Biol. 113: 817-833

Navone F., Niclas J., Hom-Booher N., Sparks L., Bernstein
H., McCaffrey G. et al. (1992) Cloning and expression of a
human kinesin heavy chain gene: interaction of the COOH-
terminal domain with cytoplasmic microtubules in transfected
CV-1 cells. J. Cell. Biol. 117: 1263-1275

Patel N., Thierry-Mieg D. and Mancillas J. (1993) Cloning by
insertational mutagenesis of a cDNA encoding Caenorabditis
elegans kinesin heavy chain. Proc. Natl. Acad. Sci. USA 90:
9181-9185

Niclas J., Navone F., Hom-Booher N. and Vale R. (1994)
Cloning and localization of a conventional kinesin motor
expressed exclusively in neurons. Neuron 12: 1059-1072
Amos L. (1987) Kinesin from pig brain studied by electron
microscopy. J. Cell Sci. 87: 105111

Scholey J., Heuser J., Yang J. and Goldstein L. (1989)
Identification of globular mechanochemical heads of kinesin.
Nature 338: 355-357

Hirokawa N., Pfister K., Yorifuji H., Wagner M., Brady S.
and Bloom G. (1989) Submolecular domains of bovine brain
kinesin identified by electron microscopy and monoclonal
antibody decoration. Cell 56: 867878

Yang J. T., Saxton W., Stewart R., Raff E. and Goldstein L.
(1990) Evidence that the head of kinesin is sufficient for force
generation and motility in vitro. Science 249: 4247

de Cuevas M., Tao T. and Goldstein L. (1992) Evidence that
the stalk of Drosophila kinesin heavy chain is an alpha-helical
coiled coil. J. Cell. Biol. 116: 957-965

Ray S., Meyhofer E., Milligan R. and Howard J. (1993)
Kinesin follows the microtubule’s protofilament axis. J. Cell.
Biol. 121: 1083-1093

Berliner E., Young E., Anderson K., Mahtani H. and Gelles
J. (1995) Failure of a single-headed kinesin to track parallel
to the microtubule protofilaments. Nature 373: 718-721
Hancock W. and Howard J. (1998) Processivity of the motor
protein kinesin requires two heads. J. Cell. Biol. 140: 1395—
1405

Schnapp B. (1995) Molecular motors. Two heads are better
than one. Nature 373: 655-656

Block S. (1995) Nanometres and piconewtons: the macro-
molecular mechanics of kinesin. Trends Cell Biol. 5: 169—175
Schnitzer M. and Block S. (1997) Kinesin hydrolyses one ATP
per 8-nm step. Nature 388: 386—390

Hua W., Young E., Flemming M. and Gelles J. (1997)
Coupling of kinesin steps to ATP hydrolysis. Nature 388:
390-393

Coy D., Wagenbach M. and Howard J. (1999) Kinesin takes
one 8-nm step for each ATP that it hydrolyzes. J. Biol.
Chem. 274: 3667-3671

Cyr J., Pfister K., Bloom G., Slaughter C. and Brady S.
(1991) Molecular genetics of kinesin light chains: generation
of isoforms by alternative splicing. Proc. Natl. Acad. Sci.
USA 88: 10114-10118

Gauger A. and Goldstein L. (1993) The Drosophila kinesin
light chain. Primary structure and interaction with kinesin
heavy chain. J. Biol. Chem. 268: 13657—13666

Wedaman K., Knight A., Kendrick-Jones J. and Scholey J.
(1993) Sequences of sea urchin kinesin light chain isoforms.
J. Mol. Biol. 231: 155-158



214

76

71

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

M. A. E. Martin, D. D. Hurd and W. M. Saxton

Cabeza-Arvelaiz Y., Shih L., Hardman N., Asselbergs F.,
Bilbe G., Schmitz A. et al. (1993) Cloning and genetic
characterization of the human kinesin light-chain (KLC)
gene. DNA Cell Biol. 12: 881-892

Beushausen S., Kladakis A. and Jaffe H. (1993) Kinesin light
chains: identification and characterization of a family of
proteins from the optic lobe of the squid Loligo pealii. DNA
Cell Biol. 12: 901-909

Fan J. and Amos L. (1994) Kinesin light chain isoforms in
Caenorhabditis elegans. J. Mol. Biol. 240: 507-512
Rahman A., Friedman D. S. and Goldstein L. S. (1998) Two
kinesin light chain genes in mice. Identification and charac-
terization of the encoded proteins. J. Biol. Chem. 273:
15395-15403

Diefenbach R. J., Mackay J. P., Armati P. J. and Cunning-
ham A. L. (1998) The C-terminal region of the stalk domain
of ubiquitous human kinesin heavy chain contains the bind-
ing site for kinesin light chain. Biochem. 37: 16663—16670
Gindhart J. and Goldstein L. (1996) Tetratrico peptide re-
peats are present in the kinesin light chain. Trends Biochem.
Sci. 21: 52-53

Khodjakov A., Lizunova E. M., Minin A. A., Koonce M. P.
and Gyoeva F. K. (1998) A specific light chain of kinesin
associates with mitochondria in cultured cells. Mol. Biol.
Cell 9: 333-343

Hackney D., Levitt J. and Suhan J. (1992) Kinesin under-
goes a 9S to 6S conformational transition. J. Biol. Chem.
267: 86968701

Verhey K. J., Lizotte D. L., Abramson T., Barenboim L.,
Schnapp B. J. and Rapoport T. A. (1998) Light chain-depen-
dent regulation of kinesin’s interaction with microtubules. J.
Cell. Biol. 143: 1053-1066

Haimo L. (1995) Regulation of kinesin-directed movements.
Trends Cell Biol. 5: 165-168

Hollenbeck P. J. (1993) Phosphorylation of neuronal kinesin
heavy and light chain in vivo. J. Neurochem. 60: 2265-2275
Matthies H., Miller R. and Palfrey H. (1993) Calmodulin
binding to and cAMP-dependent phosphorylation of kinesin
light chains modulate kinesin ATPase activity. J. Biol.
Chem. 268: 1117611187

Lindesmith L., Mcllvain J., Argon Y. and Sheetz M. (1997)
Phosphotransferases associated with the regulation of ki-
nesin motor activity. J. Biol. Chem. 272: 22929-22933

Lee K. and Hollenbeck P. (1995) Phosphorylation of kinesin
in vivo correlates with organelle association and neurite
outgrowth. J. Biol. Chem. 270: 56005605

Mcllvain J., Burkhardt J., Hamm-Alvarez S., Argon Y. and
Sheetz M. (1994) Regulation of kinesin activity by phospho-
rylation of kinesin-associated proteins. J. Biol. Chem. 269:
1917619182

Okada Y., Sato-Yoshitake R. and Hirokawa N. (1995) The
activation of protein kinase A pathway selectively inhibits
anterograde axonal transport of vesicles but not mitochon-
dria transport or retrograde transport in vivo. J. Neurosci.
15: 3053-3064

Sato-Yoshitake R., Yorifuji H., Inagaki M. and Hirokawa
N. (1992) The phosphorylation of kinesin regulates its bind-
ing to synaptic vesicles. J. Biol. Chem. 267: 23930-23936
Skoufias D., Cole D., Wedaman K. and Scholey J. (1994)
The carboxyl-terminal domain of kinesin heavy chain is
important for membrane binding. J. Biol. Chem. 269: 1477—
1485

Yu H., Toyoshima I., Steuer E. and Sheetz M. (1992)
Kinesin and cytoplasmic dynein binding to brain micro-
somes. J. Biol. Chem. 267: 20457-20464

Vallee R. B. and Sheetz M. P. (1996) Targeting of motor
proteins. Science 271: 15391544

Burkhardt J. (1997) In search of membrane receptors for
microtubule-based motors — is kinectin a kinesin receptor?
Trends Cell Biol. 6: 127—131

Toyoshima I., Yu H., Steuer E. and Sheetz M. (1992)
Kinectin, a major kinesin-binding protein on ER. J. Cell.
Biol. 118: 11211131

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

Kinesins in the nervous system

Kumar J., Yu H. and Sheetz M. (1995) Kinectin, an essential
anchor for kinesin-driven vesicle motility. Science 267:
1834-1837

Futterer A., Kruppa G., Kramer B., Lemke H. and Kronke
M. (1995) Molecular cloning and characterization of human
kinectin. Mol. Biol. Cell 6: 161-170

Yu H., Nicchitta C., Kumar J., Becker M., Toyoshima I.
and Sheetz M. (1995) Characterization of kinectin, a kinesin-
binding protein: primary sequence and N-terminal topogenic
signal analysis. Mol. Biol. Cell 6: 171-183

Leung E., Print C., Parry D., Closey D., Lockhart P.,
Skinner S. et al. (1996) Cloning of novel kinectin splice
variants with alternative C-termini: structure, distribution
and evolution of mouse kinectin. Immunol. Cell Biol. 74:
421-433

Toyoshima I. and Sheetz M. (1996) Kinectin distribution in
chicken nervous system. Neurosci. Lett. 211: 171-174
Hirokawa N., Sato-Yoshitake R., Kobayashi N., Pfister K.,
Bloom G. and Brady S. (1991) Kinesin associates with
anterogradely transported membranous organelles in vivo. J.
Cell. Biol. 114: 295-302

Dabhlstrom A., Pfister K. and Brady S. (1991) The axonal
transport motor ‘kinesin’ is bound to anterogradely trans-
ported organelles: quantitative cytofluorimetric studies of
fast axonal transport in the rat. Acta Physiol. Scand. 141:
469-476

Leopold P., McDowall A., Pfister K., Bloom G. and Brady
S. (1992) Association of kinesin with characterized mem-
brane-bounded organelles. Cell Motil. Cytoskel. 23: 19-33
Hollenbeck P. (1989) The distribution, abundance and sub-
cellular localization of kinesin. J. Cell. Biol. 108: 2335-2342
Brady S., Pfister K. and Bloom G. (1990) A monoclonal
antibody against kinesin inhibits both anterograde and retro-
grade fast axonal transport in squid axoplasm. Proc. Natl.
Acad. Sci. USA 87: 1061-1065

Pfister K., Wagner M., Stenoien D., Brady S. and Bloom G.
(1989) Monoclonal antibodies to kinesin heavy and light
chains stain vesicle-like structures, but not microtubules, in
cultured cells. J. Cell. Biol. 108: 1453—1463

Neighbors B., Williams R. J. and McIntosh J. (1988) Local-
ization of kinesin in cultured cells. J. Cell. Biol. 106: 1193—
1204

Muresan V., Godek C., Reese T. and Schnapp B. (1996)
Plus-end motors override minus-end motors during transport
of squid axon vesicles on microtubules. J. Cell. Biol. 135:
383-397

Schnapp B., Reese T. and Bechtold R. (1992) Kinesin is
bound with high affinity to squid axon organelles that move
to the plus-end of microtubules. J. Cell. Biol. 119: 389-399
Hollenbeck P. and Swanson J. (1990) Radial extension of
macrophage tubular lysosomes supported by kinesin. Nature
346: 864866

Rodionov V., Gyoeva F. and Gelfand V. (1991) Kinesin is
responsible for centrifugal movement of pigment granules in
melanophores. Proc. Natl. Acad. Sci. USA 88: 4956—4960
Steinhardt R., Bi G. and Alderton J. (1994) Cell membrane
resealing by a vesicular mechanism similar to neurotransmit-
ter release. Science 263: 390-393

Lippincott-Schwartz J., Cole N., Marotta A., Conrad P. and
Bloom G. (1995) Kinesin is the motor for microtubule-medi
ated Golgi-to-ER membrane traffic. J. Cell. Biol. 128: 293~
306

Bi G., Morris R., Liao G., Alderton J., Scholey J. and
Steinhardt R. (1997) Kinesin- and myosin-driven steps of
vesicle recruitment for Ca?*-regulated exocytosis. J. Cell.
Biol. 138: 9991008

Meng Y., Wilson G., Avery M., Varden C. and Balczon R.
(1997) Suppression of the expression of a pancreatic beta-cell
form of the kinesin heavy chain by antisense oligonucle-
otides inhibits insulin secretion from primary cultures of
mouse beta-cells. Endocrinology 138: 19791987



CMLS, Cell. Mol. Life Sci.

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

Vol. 56, 1999

Minin A. (1997) Dispersal of golgi apparatus in nocodazole-
treated fibroblasts is a kinesin-driven process. J. Cell Sci.
110: 2495-2505

Tanaka Y., Kanai Y., Okada Y., Nonaka S., Takeda S.,
Harada A. et al. (1998) Targeted disruption of mouse con-
ventional kinesin heavy chain, KIF5B, results in abnormal
perinuclear clustering of mitochondria. Cell 93: 1147-1158
Saxton W., Hicks J., Goldstein L. and Raff E. (1991)
Kinesin heavy chain is essential for viability and neuromus-
cular functions in Drosophila, but mutants show no defects
in mitosis. Cell 64: 10931102

Gindhart J. J., Desai C., Beushausen S., Zinn K. and
Goldstein L. (1998) Kinesin light chains are essential for
axonal transport in Drosophila. J. Cell. Biol. 141: 443-454
Gho M., McDonald K., Ganetzky B. and Saxton W. (1992)
Effects of kinesin mutations on neuronal functions. Science
258: 313-316

Stenoien D. and Brady S. (1997) Immunochemical analysis
of kinesin light chain function. Mol. Biol. Cell 8: 675-689
Aizawa H., Sekine Y., Takemura R., Zhang Z., Nangaku M.
and Hirokawa N. (1992) Kinesin family in murine central
nervous system. J. Cell. Biol. 119: 1287-1296

Yang Z. and Goldstein L. S. (1998) Characterization of the
KIF3C neural kinesin-like motor from mouse. Mol. Biol.
Cell 9: 249-261

Scholey J. (1996) Kinesin-II, a membrane traffic motor in
axons, axonemes, and spindles. J. Cell. Biol. 133: 1-4
Cole D., Cande W., Baskin R., Skoufias D., Hogan C. and
Scholey J. (1992) Isolation of sea urchin egg kinesin-related
protein using peptide antibodies. J. Cell Sci. 101: 291-301
Cole D., Chinn S., Wedaman K., Hall K., Vuong T. and
Scholey J. (1993) Novel heterotrimeric kinesin-related
protein purified from sea urchin eggs. Nature 366: 268—270
Stewart R., Pesavento P., Woerpel D. and Goldstein L.
(1991) Identification and partial characterization of six mem-
bers of the kinesin superfamily in Drosophila. Proc. Natl.
Acad. Sci. USA 88: 8470-8474

Pesavento P., Stewart R. and Goldstein L. (1994) Character-
ization of the KLP68D kinesin-like protein in Drosophila:
possible roles in axonal transport. J. Cell. Biol. 127: 1041—
1048

Kondo S., Sato-Yoshitake R., Noda Y., Aizawa H., Nakata
T., Matsuura Y. et al. (1994) KIF3A is a new microtubule-
based anterograde motor in the nerve axon. J. Cell. Biol.
125: 1095-1107

Yamazaki H., Nakata T., Okada Y. and Hirokawa N.
(1995) KIF3A/B: a heterodimeric kinesin superfamily
protein that works as a microtubule plus end-directed motor
for membrane organelle transport. J. Cell. Biol. 130: 1387
1399

Nakajima T., Miura 1., Kashiwagi A. and Nakamura M.
(1997) Molecular cloning and expression of the KIF3A gene
in the frog brain and testis. Zoolog Sci. 14: 917-921
Muresan V., Abramson T., Lyass A., Winter D., Porro E.,
Hong F. et al. (1998) KIF3C and KIF3A form a novel
neuronal heteromeric kinesin that associates with membrane
vesicles. Mol. Biol. Cell 9: 637652

Sardella M., Navone F., Rocchi M., Rubartelli A., Viggiano
L., Vignali G. et al. (1998) KIF3C, a novel member of the
kinesin superfamily: sequence, expression, and mapping to
human chromosome 2 at 2p23. Genomics 47: 405-408
Telford E. A., Wightman P., Leek J., Markham A. F., Lench
N. J. and Bonthron D. T. (1998) ¢cDNA cloning, genomic
organization, and chromosomal localization of a novel hu-
man gene that encodes a kinesin-related protein highly simi-
lar to mouse Kif3C. Biochem. Biophys. Res. Commun. 242:
407-412

Walther Z., Vashishtha M. and Hall J. (1994) The Chlamy-
domonas FLA10 gene encodes a novel kinesin-homologous
protein. J. Cell. Biol. 126: 175-188

Tabish M., Siddiqui Z., Nishikawa K. and Siddiqui S. (1995)
Exclusive expression of C. elegans osm-3 kinesin gene in

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

Multi-author Review Article 215

chemosensory neurons open to the external environment. J.
Mol. Biol. 247: 377-389

Shakir M., Fukushige T., Yasuda H., Miwa J. and Siddiqui
S. (1993) C. elegans osm-3 gene mediating osmotic avoid-
ance behaviour encodes a kinesin-like protein. Neuroreport
4: 891-894

Wedaman K., Meyer D., Rashid D., Cole D. and Scholey J.
(1996) Sequence and submolecular localization of the 115-
kD accessory subunit of the heterotrimeric kinesin-11
(KRP85/95) complex. J. Cell. Biol. 132: 371-380
Yamazaki H., Nakata T., Okada Y. and Hirokawa N.
(1996) Cloning and characterization of KAP3: a novel ki-
nesin superfamily-associated protein of KIF3A/3B. Proc.
Natl. Acad. Sci. USA 93: 8443-8448

Rashid D., Wedaman K. and Scholey J. (1995) Heterodimer-
ization of the two motor subunits of the heterotrimeric
kinesin, KRP85/95. J. Mol. Biol. 252: 157-162
Rosenbaum J., Cole D. and Diener D. (1999) Intraflagellar
transport: the eyes have it. J. Cell. Biol. 144: 385-388
Otsuka A., Jeyaprakash A., Garcia-Anoveros J., Tang L.,
Fisk G., Hartshorne T., Franco R. and Born T. (1991) The
C. elegans unc-104 gene encodes a putative kinesin heavy
chain-like protein. Neuron 6: 113—-122

Hall D. and Hedgecock E. (1991) Kinesin-related gene unc-
104 is required for axonal transport of synaptic vesicles in C.
elegans. Cell 65: 837847

Furlong R., Zhou C., Ferguson-Smith M. and Affara N.
(1996) Characterization of a kinesin-related gene ATSV,
within the tuberous sclerosis locus (TSC1) candidate region
on chromosome 9Q34. Genomics 33: 421-429

Okada Y. and Hirokawa N. (1999) A processive single-
headed motor: kinesin superfamily protein KIF1A. Science
283: 11521157

Yonekawa Y., Harada A., Okada Y., Funakoshi T., Kanai
Y., Takei Y. et al. (1998) Defect in synaptic vesicle precursor
transport and neuronal cell death in KIF1A motor protein-
deficient mice. J. Cell. Biol. 141: 431-441

Faire K., Gruber D. and Bulinski J. (1998) Identification of
kinesin-like molecules in myogenic cells. Eur. J. Cell Biol. 77:
27-34

Nangaku M., Sato-Yoshitake R., Okada Y., Noda Y., Take-
mura R., Yamazaki H. et al. (1995) KIF1B, a novel micro-
tubule plus end-directed monomeric motor protein for
mitochondria transport. Cell 79: 12091220

Morris R. and Hollenbeck P. (1995) Axonal transport of
mitochondria along microtubules and F-actin in living verte-
brate neurons. J. Cell. Biol. 131: 1315-1326

Pereira A., Dalby B., Stewart R., Doxsey S. and Goldstein
L. (1997) Mitochondrial association of a plus end-directed
microtubule motor expressed during mitosis in Drosophila. J.
Cell. Biol. 136: 1081-1090

Noda Y., Sato-Yoshitake R., Kondo S., Nangaku M. and
Hirokawa N. (1995) KIF2 is a new microtubule-based
anterograde motor that transports membranous organelles
distinct from those carried by kinesin heavy chain or
KIF3A/B. J. Cell. Biol. 129: 157-167

Morfini G., Quiroga S., Rosa A., Kosik K. and Caceres A.
(1997) Suppression of KIF2 in PC12 cells alters the distribu-
tion of a growth cone nonsynaptic membrane receptor and
inhibits neurite extension. J. Cell. Biol. 138: 657—669
Walczak C., Mitchison T. and Desai A. (1996) XKCMI1: a
Xenopus kinesin-related protein that regulates microtubule
dynamics during mitotic spindle assembly. Cell 84: 37-47
Wordeman L. and Mitchison T. (1995) Identification and
partial characterization of mitotic centromere-associated ki-
nesin, a kinesin-related protein that associates with cen-
tromeres during mitosis. J. Cell. Biol. 128: 95-104

Wein H., Foss M., Brady B. and Cande W. (1996) DSK1, a
novel kinesin-related protein from the diatom Cylindrotheca
fusiformis that is involved in anaphase spindle elongation. J.
Cell. Biol. 133: 595-604



216

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

M. A. E. Martin, D. D. Hurd and W. M. Saxton

Sperry A. and Zhao L. (1996) Kinesin-related proteins in
the mammalian testes: candidate motors for meiosis and
morphogenesis. Mol. Biol. Cell 7: 289-305

Mascotti F., Caceres A., Pfenninger K. and Quiroga S.
(1997) Expression and distribution of IGF-1 receptors con-
taining a #-subunit variant (8,.) in developing neurons. J.
Neurosci. 17: 1447-1459

Quiroga S., Garofalo R. and Pfenninger K. (1995) Insulin-
like growth factor I receptors of fetal brain are enriched in
nerve growth cones and contain a f-subunit variant. Proc.
Natl. Acad. Sci. USA 92: 4309-4312

Robb D., Heasman J., Raats J. and Wylie C. (1996) A
kinesin-like protein is required for germ plasm aggregation
in Xenopus. Cell 87: 823-831

Vernos 1., Raats J., Hirano T., Heasman J., Karsenti E.
and Wylie C. (1995) Xklpl, a chromosomal Xenopus ki-
nesin-like protein essential for spindle organization and
chromosome positioning. Cell 81: 117-127

Wang S. and Adler R. (1995) Chromokinesin: a DNA-
binding, kinesin-like nuclear protein. J. Cell. Biol. 128:
761-768

Sekine Y., Okada Y., Noda Y., Kondo S., Aizawa H.,
Takemura R. et al. (1994) A novel microtubule-based mo-
tor protein (KIF4) for organelle transport, whose expres-
sion is regulated developmentally. J. Cell. Biol. 127:
187-201

Williams B., Riedy M., Williams E., Gatti M. and Gold-
berg M. (1995) The Drosophila kinesin-like protein KLP3A
is a midbody component required for central spindle as-
sembly and initiation of cytokinesis. J. Cell. Biol. 129:
709-723

Walczak C. E., Vernos I., Mitchison T. J., Karsenti E.
and Heald R. (1998) A model for the proposed roles of
different microtubule-based motor proteins in establishing
spindle bipolarity. Curr. Biol. 8: 903-913

Nislow C., Lombillo V., Kuriyama R. and Mclntosh J.
(1992) A plus-end-directed motor enzyme that moves an-
tiparallel microtubules in vitro localizes to the interzone of
mitotic spindles. Nature 359: 543-547

Sellitto C. and Kuriyama R. (1988) Distribution of a ma-
trix component of the midbody during the cell cycle in
Chinese hamster ovary cells. J. Cell. Biol. 106: 431-439
Powers J., Bossinger O., Rose D., Strome S. and Saxton
W. (1998) A nematode kinesin required for cleavage fur-
row advancement. Curr. Biol. 8: 1133-1136

Raich W., Moran A., Rothman J. and Hardin J. (1998)
Cytokinesis and midzone microtubule organization in
Caenorhabditis elegans require the kinesin-like protein
ZEN-4. Mol. Biol. Cell 9: 2037-2049

Adams R., Tavares A., Salzberg A., Bellen H. and Glover
D. (1998) pavarotti encodes a kinesin-like protein required
to organize the central spindle and contractile ring for
cytokinesis. Genes Dev. 12: 1483-1494

Schmid K. and Tautz D. (1998) Sequence and expression
of DmMKLPI, a homolog of the human MKLPI kinesin-
like protein from Drosophila melanogaster. Dev. Genes.
Evol. 208: 474-476

Kuriyama R., Dragas-Granoic S., Mackawa T., Vassilev
A., Khodjakov A. and Kobayashi H. (1994) Heterogeneity
and microtubule interaction of the CHOI1 antigen, a mito-
sis-specific kinesin-like protein. Analysis of subdomains ex-
pressed in insect Sf9 cells. J. Cell Sci. 107: 3485-3499
Nislow C., Sellitto C., Kuriyama R. and Mclntosh J.
(1990) A monoclonal antibody to a mitotic microtubule-as-

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

Kinesins in the nervous system

sociated protein blocks mitotic progression. J. Cell. Biol.
111: 511-522

Sharp D., Yu W., Ferhat L., Kuriyama R., Rueger D. and
Baas P. (1997) Identification of a microtubule-associated
motor protein essential for dendritic differentiation. J. Cell.
Biol. 138: 833-843

Yu W., Sharp D., Kuriyama R., Mallik P. and Baas P.
(1997) Inhibition of a mitotic motor compromises the for-
mation of dendrite-like processes from neuroblastoma cells.
J. Cell. Biol. 136: 659668

Sharp D., Kuriyama R. and Baas P. (1996) Expression of
a kinesin-related motor protein induces Sf9 cells to form
dendrite-like processes with nonuniform microtubule polar-
ity orientation. J. Neurosci. 16: 4370-4375

Baas P. and Yu W. (1996) A composite model for estab-
lishing the microtubule arrays of the neuron. Mol. Neuro-
biol. 12: 145-161

Bray D. (1997) The riddle of slow transport — an intro-
duction. Trends Cell Biol. 7: 379

Baas P. and Brown A. (1997) Slow axonal transport: the
polymer transport model. Trends Cell Biol. 7: 380—384
Hirokawa N., Terada S., Funakoshi T. and Takeda S.
(1997) Slow axonal transport: the subunit transport model.
Trends Cell Biol. 7: 384-387

Ferhat L., Cook C., Chauviere M., Harper M., Kress M.,
Lyons G. E. et al. (1998) Expression of the mitotic motor
protein Eg5 in postmitotic neurons: implications for neu-
ronal development. J. Neurosci. 18: 78227835

Sharp D. J., Kuriyama R., Essner R. and Baas P. W.
(1997) Expression of a minus-end-directed motor protein
induces Sf9 cells to form axon-like processes with uniform
microtubule polarity orientation. J. Cell Sci. 110: 2373-—
2380

Hanlon D., Yang Z. and Goldstein L. (1997) Characteriza-
tion of KIFC2, a neuronal kinesin superfamily member in
mouse. Neuron 18: 439-451

Saito N., Okada Y., Noda Y., Kinoshita Y., Kondo S.
and Hirokawa N. (1997) KIFC2 is a novel neuron-specific
C-terminal type kinesin superfamily motor for dendritic
transport of multivesicular body-like organelles. Neuron
18: 425-438

Perkins L., Hedgecock E., Thomson J. and Culotti J.
(1986) Mutant sensory cilia in the nematode Caenorhabdi-
tis elegans. Dev. Biol. 117: 456487

Rogers K., Griffin M. and Brophy P. (1997) The secretory
epithelial cells of the choroid plexus employ a novel ki-
nesin-related protein. Brain Res. Mol. Brain Res. 51: 161—
169

Kuznetsov S., Langford G. and Weiss D. (1992) Actin-de-
pendent organelle movement in squid axoplasm. Nature
356: 722725

Hollenbeck P. (1996) The pattern and mechanism of mito-
chondrial transport in axons. Front Biosci. 1: D91-D102
Atkinson S., Doberstein S. and Pollard T. (1992) Moving
off the beaten track. Curr. Biol. 2: 326—328

Langford G. (1995) Actin- and microtubule-dependent or-
ganelle motors: interrelationships between the two motility
systems. Curr. Opin. Cell Biol. 7: 82-88

Titus M. (1997) Unconventional myosins: new frontiers in
actin-based motors. Trends Cell Biol. 7: 119-123

Huang J., Brady S., Richards B., Stenoien D., Resau J.,
Copeland N. et al. (1999) Direct interaction of micro-
tubule- and actin-based transport motors. Nature 397:
267-270



