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Summary 

Axonal transport has been intensively examined as a 
good model for studying the mechanism of organelle 
transport in cells, but it is still unclear how different 
types of membrane organelles are transported through 
the nerve axon. To elucidate the function of this mech- 
anism, we have cloned KIFIA, a novel neuron-specific 
kinesin superfamily motor that was discovered to be a 
monomeric, globular molecule and that had the fastest 
reported anterograde motor activity (1.2 lzm/s). To iden- 
tify its cargo, membranous organelles were isolated 
from the axon. KIFIA was associated with organelles 
that contained synaptic vesicle proteins such as sy- 
naptotagmin, synaptophysin, and Rab3A. However, 
this organelle did not contain SV2, another synaptic 
vesicle protein, nor did it contain presynaptic mem- 
brane proteins, such as syntaxin 1A or SNAP-25, or other 
known anterograde motor proteins, such as kinesin 
and KIF3o Thus, we suggest that the membrane pro- 
teins are sorted into different classes of transport or- 
ganelles in the cell body and are transported by their 
specific motor proteins through the axon. 

Introduction 

The nerve axon has been a good model system for study- 
ing the mechanism of organelle transport in cells. By fast 
axonal transport, membranous organelles are bidirection- 
ally transported through axons at 0.5-1.5 i~m/s. This trans- 
port is essential for neurons, because an axon lacks pro- 
tein synthesis machinery. The anterograde transport (from 
cell body to axon terminus) supplies materials consumed 
in both the axon and the synapse. Various types of mem- 
branes and membrane proteins, such as synaptic vesicles 
(SVs) and presynaptic plasma membranes (PMs), are 
transported, presumably in precursor forms. Kinesin 
(Brady, 1985; Brady et al., 1990; Hirokawa et al., 1991; 
Niclas et al., 1994; Vale et al., 1985a, 1985b) was identified 
as a candidate for the motor molecule of this transport. 
Now, it is widely accepted th at kinesin is a motor for antero- 
grade transport. 

However, it is still questionable whether the complex 
anterograde transports of various membrane organelles 
are solely dependent on kinesin. First, some membrane 
organelles move very fast ( -  1.5 I~m/s) in the axon. The 
velocity of these organelles is too fast compared with that 

of kinesin ( -0 .5  ~m/s), even in the assays, to minimize 
the possible artifacts (Berliner et al., 1994). Secondly, 
kinesin is not abundantly detected in the axon. Immunoflu- 
orescent studies do detect kinesin in the axon, but staining 
there was weaker than in the cell body (Hollenbeck, 1989; 
Niclas et al., 1994; Pfister et al., 1989). Lastly, kinesin- 
deficient mutants of Drosophila (Gho et al., 1992) or 
Caenorhabditis elegans (Patel et al., 1993) do not show 
significant perturbation in their supplies of SVs. Hence, 
we consider that other motors exist, aside from kinesin, 
for anterograde axonal transport. 

Recent molecular biological analyses revealed that 
many different classes of kinesin superfamily proteins 
(KIFs) exist, although their functions are still poorly under- 
stood (Endow, 1991; Goldstein, 1993; Hirokawa, 1993a, 
1993b; Hoyt et al., 1993). The majority of KIFs character- 
ized to date appear to be involved in force-generating 
events in mitosis and meiosis (Endow, 1991; Goldstein, 
1993; Hoyt, 1994). On the bases of both the complexity 
of the axonal transports and the multiplicity of cross bridge 
structures between membranous organelles and microtu- 
bules (Hirokawa, 1982), we surmised that several types 
of KIFs would exist in neurons and that they would serve 
as axonal transport motors. In fact, some KIFs are sup- 
posed to participate in axonal transport of organelles (Hiro- 
kawa, 1993a, 1993b; Kondo et al., 1994; Noda et al., 1995; 
Pesavento et al., 1994; Sekine et al., 1994). For example, 
unc-104 mutants of C. elegans show deficiencies in SV 
biogenesis (Hall and Hedgecock, 1991). As this locus en- 
codes a KIF (Otsuka et al., 1991), the unc-104 gene prod- 
uct (UNC-104) is hypothesized to participate in SV precur- 
sor transport. We also isolated five KIFs (KIF1 to KIF5) by 
systematic screening of murine brain cDNA (Aizawa et al., 
1992). Among these KIFs, brain kinesin (KIF5), KIF3, and 
KIF1A were abundantly or specifically expressed in neu- 
rons (Aizawa et al., 1992). We hypothesized that they 
serve as the axonal transport motors; each carries differ- 
ent types of organelles, with some potential redundancy. 

In this paper, we report on KIF1A. Biochemical and bio- 
physical analyses revealed that it is a unique monomeric, 
globular motor protein. It was the fastest anterograde mo- 
tor, a motor whose velocity agrees well with that of the 
fastest organelles in the axon. Furthermore, immunoisola- 
tion of axonally transported organelles from cauda equina 
demonstrated the existence of at least two different types 
of transport vesicles in the axon. One class of organelles 
contained various SV proteins, such as synaptophysin, 
synaptotagmin, and Rab3A. KIF1A was associated with 
these organelles, and it might serve as the motor for their 
transport. Other known anterograde motor proteins, such 
as kinesin and KIF3, were not detectable on these organ- 
elles. They would transport other organelles that are asso- 
ciated with another SV protein (SV2) and PM proteins, 
such as syntaxin 1A and SNAP-25. These results suggest 
that the membrane proteins are sorted into different 
classes of transport organelles in the cell body and are 
carried by their specific motor proteins through the axon. 
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Figure 1. Primary Structure of KIF1A and Its Analysis 
(a) Deduced amino acid sequence of KIFIA and its comparison with 
other KIFs (KIF1 B, UNC-104, and murine brain KHC). The conserved 
head motor domain (1-361) and PH domain (1572-1681) (Gibson et 
al., 1994) are indicated by stippling, and consensus sequences of KIF 
(IFAYGQT and LVDLAGSE) are shown in bold letters. 
(b) Diagonal dot matrix plot comparisons of KIFIA sequence with other 
KIFs. UNC-104 shows significant similarity throughout the molecule, 
while only the N-terminal half of KIF1B shows significant similarity. 
Other KIFs shows similarity only in the conserved head motor domain 
(only murine brain KHC is shown). 
(c) Predicted secondary structure of KIF1A compared with murine brain 
KHC. The upper panel shows predicted probability of coiled-coU forma- 
tion calculated by the standard algorithm (Lupas et al., 1991). The 
lower panel shows the predicted secondary structure by the methods 
of Chou and Fasman (CF), Robson and Gamier (RG), and their inter- 
section (CfRg). The central domain of KHC was predicted to be a long 
coiled-coil stretch with a break in the middle. However, neither a long 
coiled-coil stretch nor a long a-helical stretch was Predicted in KIF1A. 

Results 

Analysis of the Primary Structure of K I F I A  
As reported previously (Aizawa et al., 1992), we have iso- 
lated five cDNA fragments of KIFs (KIF1 to KIF5) by poly- 
merase chain reaction (PCR) amplification of a murine 
brain cDNA library. Using the KIF1 cDNA fragment as a 
probe, we screened the cDNA library and isolated several 
clones. Some clones were identical to the probe, while 
others were highly homologous but not identical. There- 
fore, we named the latter clones KIF1B (Nangaku et al., 
1994) and renamed the former KIF1 clones KIF1A. Using 
the region unique to KIF1A as a probe, we rescreened 
the cDNA library and isolated several independent KIF1A 
cDNA clones. 

Nucleotide sequence analysis of these clones revealed 

that the longest one contained a single 5085 nt open read- 
ing frame encoding 1695 amino acid residues (estimated 
Mr = 191,710; Figure la )  with the conserved motor do- 
main in its N-terminus. A homology search of the GenBank 
data base revealed that only KIFs showed significant simi- 
larity to KIF1A and that KIF1A was most similar to UNC-104 
(Otsuka et al., 1991) and KIF1B. 

The diagonal dot matrix comparison of KIF1A with other 
KIFs (Figure 1 b) and multiple alignment and phylogenetic 
analysis of conserved motor domain (Sekine et al., 1994) 
confirmed that KIF1A belongs to the UNC-104-type KIF 
subfamily along with KIF1B and UNC-104. Among them, 
KI F1 B was most homologous to KIFIA,  with 93 .2% similar- 
ity in its N-terminal half (1-650),  suggesting that they sham 
common properties in their motor activities, although their 
C-terminal halves showed no significant similarity. In con- 
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trast, UNC-104 showed 71.0% similarity throughout the 
whole molecule. Therefore, we consider that KIF1A is the 
murine homolog of UNC-104 and that KIF1B is closely 
related to KIF1NUNC-104 but is not their homolog. 

Regions in the C-terminal halves of KIF1A and UNC-104 
were highly conserved (>80% similarity; Figure lb), but 
were very different from those of KIF1B, an anterograde 
motor for mitochondria transport in the axon (Nangaku et 
al., 1994). Hence, we hypothesize that those C-terminal 
regions serve in specific binding to the cargo membrane. 
Among those regions, a pleckstrin homology (PH) domain 
(Gibson, et al., 1994) at the C-terminus of KIF1NUNC-104 
would be a good candidate for cargo binding or its regu- 
lation. 

KIFIA is a Monomeric, Globular Molecule 
All KIFs already reported are composed of three domains: 
a globular motor domain, a coiled-coil stalk domain, and 
a globular tail domain (Chandra et al., 1993; Hirokawa et 
al., 1989; Kondo et al., 1994; Sekine et al., 1994; Yang 
et al., 1989). Also, they form dimers through their stalk 
domain (de Cuevas et al., 1992; Hirokawa et al., 1989; 
Huang et al., 1994; Sekine et al., 1994; Yang et al., 1989). 
This stalk domain corresponds well with the region pre- 
dicted to form the coiled-coil structure. Most KIFs whose 
sequences are already reported are predicted to have a 
long stretch of coiled-coil stalk and are thought to form 
dimers through this region. The exceptions are the UNC- 
104 subfamily KIFs (KIF1A, KIF1B, and UNC-104) and 
nod. They were not predicted to have either a long m-helical 
stretch or a long coiled-coil stretch. For example, KIF1A 
had only two short segments that were predicted to form 
~-helical or coiled-coil structures (Figure lc). From this 
prediction, the structure of these molecules would be quite 
different from other KIFs: they might lack the long stalk 
region. There is a possibility that they might be monomeric, 
globular molecules. 

This prediction was partially confirmed with KIF1 B (Nan- 
gaku et al., 1994), which was concluded to be a mono- 
meric, globular protein. However, some ambiguities in the 
determination of its molecular weight and its molecular 
shape still remain. Furthermore, the studies with KIF1B 
do not imply that KIF1A is also a monomeric, globular 
motor, because the C-terminal halves of the two proteins 
are very different. Therefore, rigorous physicochemical 
analyses on the molecular structure of KIF1A are im- 
portant. 

Such analyses require concentrated, highly purified, ac- 
tive KIF1A protein. Therefore, we expressed recombinant 
KIF1A protein by a baculovirus-insect cell expression sys- 
tem. The polyhistidine tag introduced at its C-terminus 
enabled us to purify the recombinant protein by immobi- 
lized metal affinity chromatography (Figure 2a). The frac- 
tion thus derived (lane 5 in Figure 2a) contained 0.5-1.0 
mg/ml of >95% pure KIF1A (most contaminants are the 
degradative products). All the assays described below 
were performed with fresh samples to minimize denatur- 
ation by storage. 

First, we performed low angle rotary-shadowing electron 
micrography (EM) to analyze the single molecular struc- 

ture of the purified recombinant KIF1A protein. Unlike 
other KIFs, KIF 1A was a globular molecule with a diameter 
of 14 nm (Figures 2b and 2c). No clearly discernable tails 
were observed. This observation was also confirmed by 
negative staining EM (data not shown). 

Second, the molecular size of the recombinant KIF1A 
molecule was determined by several independent meth- 
ods. From sucrose velocity gradient centrifugation (SVG; 
Figure 2g) and gel permeation chromatography (GPC; Fig- 
ure 2d, DRI trace), its sedimentation coefficient and its 
Stokes' radius were determined as 6-7 S and 6-7 nm, 
respectively. The size estimated from this Stokes' radius 
(12-14 nm in diameter) was in good agreement with the 
size determined by EM. From these values, the Mr was 
calculated to be 220-280 kDa, suggesting that KIF1A is 
a monomer. 

However, the resolution of the SVG is limited, and the 
size estimation by GPC can be biased by the shape of 
the molecule or its affinity to the gel matrix. Therefore, we 
further analyzed GPC fractions by differential light scatter- 
ing (DLS). Unlike other methods, the GPC-DLS method 
absolutely determines the Mr of the polymer, unbiased by 
its shape or other properties (Wyatt, 1993). DLS itself is 
a very sensitive and accurate method for Mr measurement, 
and GPC effectively eliminates contaminating dusts and 
aggregates that interfere with the M, measurement by 
DLS. That is, GPC is only used as a prefilter for DLS, 
and the Mr iS measured absolutely and directly from DLS 
results, unbiased by the possible errors in the size estima- 
tion by GPC. As shown in Figures 2d-2f, the Mr of recombi- 
nant KIF1A was determined to be 180-220 kDa, in good 
agreement with the value determined by SVG-GPC. 
These results rigorously demonstrate that KIF1A is a mo- 
nomeric protein. Furthermore, the frictional ratio was cal- 
culated as 1.1-1.4 from this M, and the sedimentation coef- 
ficient by SVG, indicating that KIFIA is a globular protein 
as demonstrated by EM. 

Thus, recombinant KIF1A is firmly demonstrated to be 
a monomeric globular protein, but what about native 
KIF1A? To answer this question, we analyzed the molecu- 
lar structure of native KIF1A by using the recombinant 
protein as a marker. By both SVG and native polyacryla- 
mide gel electrophoresis (PAGE), no difference between 
native and recombinant KIFIA was detected (Figures 2g 
and 2h). This suggests that the native KIFIA molecule is 
also a monomeric globular protein. Indeed, the possibility 
was not completely excluded that native KIF1A is a hetero- 
oligomer with very small light chains, but at least it is not 
associated with the large subunit and is very unlikely to 
contain more than one motor domain. 

KIFIA Is the Fastest Anterograde Motor 
Most KIFs are dimeric motors, and it is controversial 
whether dimerization is essential for the motor function 
(Hackney, 1994). Therefore, it is an important issue to 
characterize the motor properties of this monomeric mo- 
tor, KIF1A. 

For that purpose, an in vitro motility assay was per- 
formed. Purified recombinant KIF1A (0.1 p.g = 3 x 1011 
molecules) was absorbed on the surface of the cover glass 
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Figure 2. Physicochemical Characterization of the Molecular Structure of KIF1A 
(a) Purification of recombinant KIFIA protein. Crude extract of insect cells infected with recombinant baculovirus (lane 1) was applied to immobilized 
NF + column. Lanes 2, 3, and 4 are flowthrough and two wash fractions, respectively. Lane 5 shows the eluent. This fraction was used in the 

following assays. 
(b) Low angle rotary-shadowing EM of recombinant KIF1A. Unlike other KIFs, it is a globular, tailless molecule. Scale bar, 50 nm. 
(c) Size distribution of recombinant KIFIA observed by EM. The diameter of recombinant KIF1A was 14.3 nm _+ 0.2 nm (mean _+ SEM, N = 

144). 
(d-f) M, determination by GPC-DLS. Typical light scattering chromatogram at 90 ° (LS) is contrasted with differential refractive index (DRI) signal 
(d). In this sample, bovine serum albumin (BSA) was added as an internal control. Calculated M~ of the solute in each fraction is overlaid on the 
DRI chromatogram (e). Results of three experiments are shown. These data are converted into differential M, distribution (f), clearly showing that 
the M, of recombinant KIFIA is -200 kDa and that it is a monomer. 
(g) SVG of recombinant (upper panel) and native (lower panel) KIF1A. Arrows show the peak position of aldolase (7.3 S) and BSA (4.6 S). 
(h) Native PAGE of native (lane 1) and recombinant (lane 2) KIF1A. Kinesin (380 kDa, lane 3) is shown for comparison. Both SVG and native 
PAGE indicate that native KIF1A is of similar size to the recombinant KIFIA. That is, native KIFIA would be also a monomer. 

(3 cm 2 = 3 x 108 p.m 2) and was washed with motility buffer. 

Only 5 % - 1 0 %  of KIFIA remained on the cover glass sur- 
face, and 9 0 % - 9 5 %  of KIF1A was recovered in this wash 
fraction. Thus, the density of KIF1A molecule on the cover 
glass surface was at most 100 molecules/p.m 2. On this 
surface, more than 90% of the microtubules moved 
smoothly and unidirectionally at 0.9-1.5 pro/s, more than 
twice as fast as conventional kinesins (Figures 3a and 3c). 
This speed is the fastest among those already reported 

for kinesins and KIFs and is the only value that corre- 
sponds well with the speed of the fastest organel les in the 

intact axon. 
Along with all the N-terminal motor domain- type KIFs 

already reported, KIFIA was an anterograde, plus end -  
directed motor. More than 95% of Chlamydomonas axo- 
nemes moved smoothly on the KIFIA lawn toward their 
compact (minus) ends at 0.6-1.2 p.m/s, and the rest 

showed no movement (Figure 3b). 
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Figure 3. In Vitro Motility Assay of Recombinant KIF1A 
Movement of microtubules (a) and axoneme (b) is shown. Microtubules 
moved smoothly at 0.5-1.5 I~m/s (c), and almost all axonemes moved 
toward their compact (minus) ends. Consequently, KIF1A is the fastest 
anterograde (plus end-directed) motor. Scale bar, 10 p.m. 
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K I F 1 A  Is Spec i f i ca l l y  E x p r e s s e d  in N e u r o n s  

and  Is E n r i c h e d  in A x o n s  

Many KIFs have been identif ied by homology  cloning, and 
each single cell expresses several  dif ferent classes of KIFs 
(Aizawa et al., 1992). If these var ious classes of KIFs are 
considered to p lay dif ferent roles, then what  is the function 
of KIF1A? 

KIF1A mRNA local izes specif ical ly in neurons (Aizawa 
et al., 1992), whi le  other KIFs abundant  in adult  neurons, 
such as convent iona l  kinesin (Hol lenbeck, 1989; Niclas 
et al., 1994) and KIF3 (Aizawa et al., 1992), are also ex- 
pressed in o ther  tissues. Thus, KIF1A is supposed to have 
some neuron-specific roles. To specify the KIF1A function, 
we raised KIF1A-specific ant ibody and analyzed its local- 
ization in vivo. 

Western blot analysis using this ant ibody detected a 
single, or occasional ly  a doublet,  band around 200 kDa 
in neuronal  t issues (brain and spinal cord) and very faint ly 
in adrenal g land (Figures 4a and 4b). Note that this anti- 
body showed no cross-react ivi ty to spectr in or other PH 
domain-con ta in ing  proteins, which guarantees the speci- 
ficity of this ant i-KIF1A PH domain  ant ibody. Thus, K IF IA  
protein is specif ical ly expressed in neuronal  tissues. 

Figure 4. Localization of KIF1A 
(a) Tissue distribution of KIFIA. Proteins (20 I~g) extracted from adult 
mouse tissues were analyzed by immunoblotting with anti-KIF1A anti- 
body. Purified recombinant KIF1A is loaded for comparison (recombi- 
nant lane). 
(b) shows its longer exposure. KIF1A was abundantly expressed in 
brain and spinal cord and faintly in adrenal gland, confirming our previ- 
ous result (Aizawa et al., 1992) that KIF1A is specifically expressed 
in neuronal tissues. 
(c-h) Localization of KIF1A in neuron. Adult mouse spinal cord was 
cross-sectioned and was stained with anti-KIFIA antibody. (c) shows 
lower magnification view of anterior horn and ventrolateral column. 
All axons in the white matter were strongly stained, but only faint stain- 
ing was detected in gray matter. (d) shows negative control with control 
antibody. (e) and (f) show higher magnification view of anterior horn. 
Anti-synaptophysin antibody (f) strongly stained synapses (arrow) 
around cell bodies of motor neurons (arrowhead), while these struc- 
tures were only faintly stained by anti-KIF1A antibody (e). Only axons 
in the white matter were strongly stained by this antibody. (g) and (h) 
show cross-sectioned axons in the sciatic nerve. Axoplasm was 
stained with anti-phosphorylated neurofitament-H antibody (h). The 
staining with anti-KIF1A antibody (g) showed clear overlap with this 
axoplasm staining, indicating that KIF1A is abundantly expressed in 
all axons. Scale bars, 100 p_m. 
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Figure 5. Association of KIF1A with Anterogradely Transported Or- 
ganelles in the Axon 
(a) Ligated sciatic nerve was stained with anti-KIFIA antibody. After 
1 hr ligation, KIF1A significantly accumulated at the proximal region 
(left panel) of ligation, while almost no accumulation was observed at 
the distal region (right panel). Scale bar, 50 p.m. Arrows show the 
position of ligation. In this experiment, anti-KIFIA antibody was used 
at higher dilution than in Figure 4c to contrast with the accumulation 
of KIF1A. Some axons appear to lack KIFIA staining, but this is due 
to bad penetration of antibody through the myelin sheath in the longitu- 
dinal sections of axons. All axons show significant accumulation when 
observed in the cross-sectioned sample (data not shown). 
(b-d) Higher magnification optically sectioned view of the proximal 
region double stained with anti-synaptophysin antibody (b), anti-SV2 
antibody (c), and anti-syntaxin 1A antibody (d). Orientation is the same 
as the left panel of (a). Right panels show anti-synaptophysin, anti-SV2, 
or anti-syntaxin 1A staining, and left panels show anti-KIF1A staining. 
Synaptophysin and SV2 apparently colocalized well with KIFIA, while 
syntaxin 1A (arrows) accumulated more distally than KIF1A (arrow- 
heads) with some overlap. These results show that these membrane 
proteins are anterogradely transported in the same axons where KIF1A 
is moving anterogradely. The differential accumulation pattern of syn- 
taxin 1A and KIF1A suggests that syntaxin 1A might not be transported 
by KIF1A, but it should be noted that the apparent colocalization of 
KIF1A with synaptophysin or SV2 does not necessarily mean that they 
are transported on the same organelles. Scale bar, 25 I~m. 

To analyze the localization of KIFIA in vivo, we stained 
murine neuronal tissues with anti-KIF1A antibody. As 
shown in Figures 4c-4h, axons were strongly stained. 
Perinuclear and synaptic regions were also stained, but 
much weaker than the axons (Figures 4e and 4f). There- 
fore, KIF1A is suggested to play its role in the axon, a 
neuron-specific structure. All the cross-sectioned axons 
in the white matter of spinal cord or sciatic nerve were 
equally strongly stained (Figures 4c-4h), suggesting that 
the function of KIF1A is not restricted to some specific 
class of axon. KIF1A is expressed in all axons and plays 
Jts role there. 

KIFIA Is Associated with Some Class of 
Anterogradely Transported Organelles 
in the Axon 
What then is the role of KIFIA in the axon? Its motor activity 
suggests that it serves as a motor for the fast anterograde 
axonal transport. This was confirmed by an axonal ligation 
experiment (H irokawa et al., 1991; Smith, 1980). A mouse 
was sacrificed 1 hr after ligation of its sciatic nerves. Thus, 
organelles transported anterogradely or retrogradely by 
fast axonal transport were accumulated at the proximal 
or distal regions to the ligation, respectively. Stationary or 
slowly transported organelles do not accumulate on either 
side. This sample was stained with anti-KIFIA antibody. 
As shown in Figure 5a, gradational staining was observed 
on the proximal side (left panel), becoming stronger in the 
regions closer to the ligated portions. In contrast, staining 
in regions distal to the ligated parts was significantly 
weaker (Figure 5a, right panel). In control samples, preab- 
sorbed antibody supplemented with preimmune immuno- 
globulin G (IgG) was used as the primary antibody, and 
only much fainter background staining occurred. This 
means that the KIF1A in the axon is moving fast in the 
anterograde direction, strongly suggesting that it serves 
as a fast anterograde transporter. The lack of significant 
accumulation at the distal regions means that none or only 
very small fraction of KIF1A is transported retrogradely. 
Considering that KIFIA is not enriched in the synapse, 
KIF1A may be degraded there after traveling down the 
axon.  

Which organelles are transported by KI F1A? To answer 
this question, we performed double staining of accumu- 
lated organelles at the proximal end of ligation. For this 
purpose, antibodies to several SV proteins (SV2, synapto- 
tagmin, and synaptophysin) and a PM protein (syntaxin 
1A) were used. All of them showed clear accumulation 
on the proximal side (Figures 5b-5d). No, or only weak, 
accumulation was observed on the distal side (data not 
shown). Thus, the major population of these proteins is 
demonstrated to be transported anterogradely. 

All these markers accumulated in the same axon in 
which KIF1A showed accumulation, but did not necessar- 
ily colocalize perfectly with KIF1A. For example, synapto- 
physin (Figure 5b), SV2 (Figure 5c), and other SV proteins 
appeared to colocalize with KIF1A, but syntaxin 1A accu-  

mulated at more proximal regions than KIF1A, with some 
overlap (Figure 5d). This suggests that KIF 1A is not associ- 
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Figure 6. Analysis ofAxonallyTransported Or- 
ganelles 

(a) Fractionation by differential centrifugation. 
KIF1A, kinesin, and KIF3 were mostly (>800/o) 
recovered in the P3 fraction, and only a very 
small fraction (<5%) was recovered in the P2 
or $3 fraction. This means that most of these 
motors are associated with small membranous 
organelles, but not or only barely associated 
with larger membranous organelles such as 
the mitochondria recovered in the P2 fraction. 
(b) Fractionation by isopicnic SDG. KIF1A, 
kinesin, and KIF3 were recovered in 0.3-0.6 
M sucrose fractions. Synaptophysin was also 
recovered in these fractions, while SV2 was 
recovered in denser fractions (0.4-1.0 M). Syn- 

texin 1A was recovered as a broad peak. This suggests that synaptophysin, SV2, and syntaxin 1A are transported in different cargoes. 
(c) Immunoisolation with anti-KiF1A (K1A) or anti-synaptophysin (p38) antibody. With anti-KIFIA or anti-synaptophysin antibody, KIFIA, synaptotag- 
min, and synaptophysin were quantitatively recovered in immunoisolated (11) fraction. This immunoisolated fraction abundantly contained Rab3A, 
while kinesin, KIF3, syntaxin 1A, SNAP-25, and SV2 remained on the remaining organelles (RO). These proteins were not recovered in II fraction 
with preimmune (Pre) or nonspecific mouse IgG (NMIg). 

ated with syntaxin 1A-containing organelles. They might 
be transported by a slower motor than KIF1A. 

KIFIA Is Associated with 
Synaptophysin-Containing Membrane 
Organelles in the Axon 
From the results of the ligation experiments, it was sur- 
mised that KIF1A might transport SV-precursor rather than 
PM-precursor organelles. However, the resolution of light 
microscopy is limited. It is impossible to conclude that 
synaptophysin, SV2, and KIF1A are transported on the 
same membrane organelles. There is a possibility that 
they are on different organelles that are transported at 
similar velocities and, thus, accumulate similarly. To clar- 
ify this point, we performed biochemical analyses of axo- 
nally transported organelles collected from adult rat cauda 
equina. 

First, they were roughly fractionated by differential cen- 
trifugation (Figure 6a). Nearly 90% of KIF1A was recov- 
ered in the P3 (high speed pellet) fraction, and about 80% 
of both kinesin and KIF3 was also recovered in this frac- 
tion. Only <10% was detected in the P2 (medium speed 
pellet) and $3 (high speed supernatant) fractions. 

This P3 fraction was further fractionated by isopicnic 
sucrose density gradient centrifugation (SDG). Organelles 
were pelleted from these fractions and were analyzed by 
immunoblotting. None of the proteins probed here were 
detected in the supernatant, confirming that they were not 
dissociated by this fractionation. Most organelles were col- 
lected in a single broad peak (Figure 6b). Syntaxin 1A 
(HPC-1 antigen), a presynaptic PM integral protein (Ben- 
nett, et al., 1992), was recovered in the broad peak (0.2- 
1.5 M sucrose fractions), while SV2, a SV membrane inte- 
gral protein (Buckley and Kelly, 1985), was concentrated 
there in denser fractions (0.4-1.0 M). Synaptophysin, an- 
other SV membrane integral protein (Jahn et al., 1985; 
Wiedenmann and Franke, 1985), was in lighter fractions 
(0.3-0.6 M) in which KIF1A was also recovered. These 
results suggest that there exist at least two different 
classes of organelles that contain SV membrane integral 

proteins. One contains SV2, and the other contains synap- 
tophysin. The former is unlikely to be transported by 
KIF1A. KIF1A is a good candidate for the motor of the 
synaptophysin-containing organelles; however, from this 
fractionation, definite conclusions cannot be drawn on the 
motor for these organelles, because the synaptophysin- 
enriched fractions abundantly contained other KIFs (kin- 
esin and KIF3). It was unclear whether these KIFs are all 
on the same organelle or whether they are on different 
organelles with similar density. The relation between syn- 
taxin 1A-containing organelles and the two classes of or- 
ganelles containing SV membrane proteins was also un- 
clear. 

To clarify these points, immunoisolation of organelles 
from the $2 fraction was performed (Figure 6c). KIF1A- 
containing organelles were isolated by beads conjugated 
with anti-KIF1A antibody (Figure 6c, lanes KIA). The re- 
maining organelles were recovered by pelleting from the 
supernatant fraction. With this method, the KIF1A-contain- 
ing organelles were quantitatively collected. In this immu- 
noisolated organelle fraction, synaptophysin and synapto- 
tagmin were quantitatively recovered. Rab3A was also 
abundant in this fraction; about half of Rab3A was coimmu- 
noisolated with KIF1A, and the rest remained in the super- 
natant soluble fraction (data not shown). In contrast, kin- 
esin, KIF3, SV2, syntaxin 1A, and SNAP-25 either were 
not, or were only barely, detectable in this fraction. These 
proteins were quantitatively recovered in the remaining 
organelle fraction. They were not detected in the superna- 
tant fraction after pelleting these remaining organelles, 
effectively ruling out the possibility that the lack of these 
proteins in the KIF1A-organelle fraction is due to the dis- 
sociation during the immunoisolation process. Control 
fractions isolated with beads conjugated with preimmune 
IgG contained only trace amount of proteins (Figure 6c, 
lanes Pre). 

These results clearly and directly demonstrate that 
KIFIA is associated with a class of membrane organelles 
that contains SV proteins, such as synaptotegmin, synap- 
tophysin, and Rab3A. These $V proteins are on the same 
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membrane organelles, because immunoisolation with anti- 
synaptophysin antibody quantitatively recovered these 
proteins (Figure 6c, lanes p38). These organelles, putative 
SV precursors, will be anterogradely transported by KIF1A. 
Interestingly, these KIF1A-organelles do not contain SV2. 
SV2 was not recovered on the organelles immunoisolated 
with anti-KIF1A beads or anti-synaptophysin beads, though 
synaptic vesicles immunoisolated from. synaptosomal 
membranes with anti-synaptophysin beads abundantly 
contain SV2 (data not shown). Also, the KIF1A organelles 
were not associated with PM proteins (syntaxin 1A and 
SNAP-25). They may be transported on the same or differ- 
ent organelles by motors other than KIF1A. 

Discussion 

We have cloned KIF1A, a novel neuron-specific kinesin- 
type motor. We analyzed its molecular structure and its 
motor activity in vitro. Unexpectedly, KIF1A was discov- 
ered to be a monomeric, globular protein. It showed the 
fastest reported anterograde motor activity. These fea- 
tures of this molecule seems suitable for the study of mech- 
anochemical transduction. Furthermore, we examined its 
function in vivo by using immunocytochemistry of axons 
after ligation and immunoisolation of axonally transported 
organelles. The ligation experiments strongly suggested 
that KIF1A really works as an anterograde motor for fast 
membrane organelle transport, and the immunoisolation 
enabled clear identification of KIF1A cargo. KIFIA was 
abundantly expressed in all axons, in which it associated 
with putative SV precursor organelles. These organelles 
do not contain SV2, syntaxin 1A, SNAP-25, or other KIFs 
(kinesin and KIF3). This result not only suggests the cargo 
of KIFIA, but also provides evidence for the sorting and 
transport mechanism of membrane proteins in the axon. 
These issues are discussed below. 

KIFIA Might Serve as a Model Motor Molecule for 
the Study of Mechanochemical Transduction 
To elucidate the function of the mechanism for mechano- 
chemical transduction in the motor molecule, measure- 
ment of a single motor activity is very informative. Kinesin 
has been precisely analyzed as such a model molecule 
(Hunt et al., 1994; Malik et al., 1994; Svoboda and Block, 
1994; Svoboda et al., 1993). However, there remain ambi- 
guities in the interpretation of the results because kinesin 
has two heads. The simplest way to overcome this problem 
is to use a single-headed kinesin; however, despite at- 
tempts by several research groups, active recombinant 
single-headed kinesin constructs have not yet been re- 
ported. K339-SP (Stewart et al., 1993) might be a candi- 
date, but nothing has been reported on its molecular struc- 
ture. KIF1A is a monomeric kinesin-type motor, and it has a 
highly active motor activity. Under the conditions reported 
here, each microtubule is estimated to be associated with 
at most ten KIFIA molecules. Several preliminary experi- 
ments support this estimation, and we consider that it 
would be possible to make precise measurements of the 
motor activity by a single KIF1A monomer. Such trials are 
now underway. Furthermore, a fairly large amount of ac- 

tive KIF1A can be purified by the baculovirus-insect cell 
expression system. This allows us to perform intensive 
sophisticated biochemical, physicochemical, and struc- 
tural analyses. Therefore, we consider that KIF1A will 
serve as the ideal model motor protein to solve the myster- 
ies in the mechanochemical transduction. 

Axonally Transported Organelles Are the 
Better Material for the Analysis of 
Motor-Cargo Association 
Along with its biophysical characterization, we also stud- 
ied the in vivo function of KIF1A. For those analyses, we 
used axonally transported organelles collected from 
cauda equina. In the past, biochemical studies on the sub- 
cellular localization of motor proteins, organelles derived 
from the homogenate of total brain, or cultured cells were 
analyzed. They contain vast amounts of membranes such 
as PM, ER, Golgi, or SV. The transport organelles may 
constitute only a small fraction. Furthermore, as we have 
demonstrated in the previous studies (Sato et al., 1992; 
Okada et al., 1995), there exists a decommission mecha- 
nism at the axon terminus that dissociates kinesin from 
its cargo. We consider that these factors caused the dis- 
crepancies in the previous studies on the subcellular local- 
ization of kinesin. In fact, from the analyses with organelles 
derived from total brain homogenate, we could only obtain 
variable results. 

Therefore, we used cauda equina organelles. In this 
way, we can collect transport organelles free from the cell 
body or the synaptic organelles, because cauda equina 
does not contain cell bodies or synapses, but instead con- 
tains only axons. Furthermore, we screened for a suitable 
buffer to maximize the recovery of motor proteins in a 
cargo-bound form. In conventional buffers for subcellular 
fractionation (0.3 M sucrose buffered with Tris or HEPES), 
motor proteins gradually dissociated from membranes, 
and only variable results were obtained. Using IM-D buffer 
(see Experimental Procedures for the buffer composition), 
motor proteins remained on organelles even after 24 hr 
incubation followed by ten times washing. We also noticed 
that motor proteins, especially KI F1A, were very suscepti- 
ble to proteolysis; hence, it was essential to supplement 
the buffer with protease inhibitors. With these improve- 
ments, we could reproducibly recover more than 80% of 
motor proteins in a cargo-bound form. This preparation 
will serve for many biochemical assays on motor-cargo 
association. 

Immunoisolation Is Necessary for the Fractionation 
of Axonally Transported Organelles 
In our previous paper (Kondo et al., 1994), we tried to 
identify the KIF3 cargo by SDG fractionation, but as shown 
in Figure 6b, almost all axonally transported organelles 
were recovered in the same or adjacent fractions, and they 
were not well separated. This is not surprising, because 
anterogradely transported organelles are of similar size 
and shape (Hirokawa et al., 1991). Thus, these organeiles 
would have similar density and would be unable to fraction- 
ate by SDG or SVG. 

Therefore, we performed immunoisolation to isolate the 



KIF1A: A Monomeric Motor for Synaptic Vesicle Precursors 
777 

KIF1A cargo from other organeiles, interestingly, this 
KIF1A cargo contained synaptophysin, synaptotagmin, 
and Rab3A. SV2, syntaxin 1A, SNAP-25, kinesin, or KIF3 
were not detectable on the KIF1A organelles. The lack 
of coimmunoisolation of these proteins could have many 
different causes,although most of them are not consistent 
with the results reported here. 

First, there is a possibility that these proteins dissociated 
from the KIF1A cargo during the immunoisolation process. 
This is unlikely because the proteins were quantitatively 
recovered in an organelle fraction pelleted from the 
flowthrough fraction after immunoisolation. None of them 
were detectable in the supernatant fraction. 

It is also unlikely that the bulk of these proteins are ex- 
pressed in axons other than those expressing KiF1A and 
synaptophysin, because KIF1A was equally strongly de- 
tected in all axons (Figures 4c-4h), and the proteins unde- 
tectable on KIF1A organelles accumulated in the same 
axons in which KIF1A accumulated (Figure 5d). 

Furthermore, this ligation experiment effectively con- 
firmed that all the marker proteins we probed here are 
anterogradely transported by fast axonal transport. That 
is, the lack of the coimmunoisolation of SV2 or PM proteins 
would not be caused by the possibility that the bulk of 
these proteins are in stationary form or in retrogradely 
transported form and that the anterogradely transported 
population is too small to detect by immunoblotting with 
the antibody we used here. 

Thus, it is interpretable from the results of our immunoi- 
solation experiment that KIF1A is associated with a class 
of organelles that contains SV proteins, such as synapto- 
tagmin, synaptophysin, and Rab3A. SV2, syntaxin 1A, and 
SNAP-25 are not associated with these KIF1A organelles. 
They may be transported on another class(es) of organ- 
elles through the axon. 

The KIF1A organelles were not associated with kinesin 
or KIF3. Most of these motor proteins were recovered in 
almost the same fractions with KIF1A organelles in SDG 
or SVG experiments, suggesting that these motors are 
also associated with some class(es) of membrane organ- 
eiles of similar size and density with KIF1A organelies. 
In fact, immunoisolation with anti-KiF3 antibody isolated 
membranous organelles (H. Y. et ai., unpublished data). 
The characterization of organelles immunoisolated with 
anti-kinesin antibody is now underway. 

A Model for the Sorting and Transport Mechanism 
of Membrane Proteins in the Axon and Synapse 
The results derived from the analyses of axonally trans- 
ported organelles suggest a model for the sorting and 
transport mechanism of membrane proteins in the axon 
and synapse. Our results show at least two different 
classes of anterogradely transporting organelles in the 
axon. SV proteins such as synaptotagmin, synaptophysin, 
and Rab3A are transported on the same organelles. Inter- 
estingly, SV2, another SV protein, is on different organ- 
elles. This differential behavior of SV2 is consistent with 
some previous results describing differential localization 
of SV2 and synaptophysin in the axon (Mundigl et al., 
1993; Schmidle et al., 1991). This differential behavior 

might reflect the functional difference of these SV proteins: 
the proteins on KIF1A organelles are all believed to be 
involved in membrane fusion, while SV2 is a putative vesic- 
ular transporter. 

Syntaxin 1A and SNAP-25, presynaptic PM proteins, 
are also on different organelles. From the results of SDG 
fractionation, syntaxin 1A and SV2 would be on different 
organelles, but we cannot definitely conclude whether 
these SV2 organelies are the same or different from syn- 
taxin 1A and SNAP-25 organelles. At least, our results 
definitely rule out the possibility that membrane proteins 
in the synaptic region are transported on the same organ- 
elles to the synapse where they are sorted to their specific 
destinations. Membrane proteins are already sorted in the 
cell body to their specific cargo organelles. These organ- 
elles will be transported by their specific motors to their 
destinations. It should be noted that this idea does not 
contradict with the widely believed idea that exocytotic- 
endocytotic cycling at the synapse is essential for the syn- 
aptic vesicle biogenesis (Bauerfeind and Huttner, 1993; 
Matteoli et al., 1992; Regnier-Vigouroux et al., 1991). 
Rather, we consider that this membrane cycling at the 
synapse redistributes SV2 and other SV proteins to the 
same SV. 

This model will be tested by further intensive analyses 
using the experimental paradigm reported here coupled 
with gene disruption and other techniques. Such an ap- 
proach will hopefully solve many important questions on 
membrane dynamics in the neuron. 

Experimental Procedures 

Cloning of KIFIA and Its Analysis 
KIF1A cDNA was cloned and sequenced by standard methods as 
previously described (Aizawa et al., 1992; Kondo et al., 1994; Nangaku 
et al., 1994; Sekine et al., 1994). KIF sequences were aligned by a 
program package Clustal V (Higgins et al., 1992). Diagonal dot matrix 
plot analysis and secondary structure prediction were performed with 
MacVector DNA analysis software package (International Biotechnolo- 
gies, Incorporated). Coiled-coil probability was calculated by the stan- 
dard algorithm (Lupas et al., 1991). 

Purification of Recombinant KIFIA Protein from Insect Cells 
Recombinant baculovirus for the expression of KIFIA was obtained 
as described (Nangaku et al., 1994; Sekine et al., 1994). A polyhistidine 
tag was introduced at the C-terminus of the molecule. Synthetic oligo- 
nucleotide (GATCTGGATCCGCG CAGATGCGGGTCGGGGGTTCT- 
CATCATCATCATCATCATATGCGGGTCTGAATTC) was inserted at 
the Bglll site (5185), resulting in an additional 12-residue (GGSHHH- 
HHHMRV) insert at the C-terminus. After infection (66 hr), IPLB- 
Sf21AE cells were homogenized in 109 mM PIPES (pH 7.2) supple- 
mented with protease inhibitors. The clarified supernatant was applied 
to an immobilized NF + column (chelating Sepharose FF, Pharmacia). 
The column was washed first with 100 mM PIPES and then with 30 
mM imidazole (pH 6.9). Recombinant KIF1A was eluted with 509 mM 
imidazole (pH 6.6) and was diluted 10-fold with 10 mM imidazole 
(pH 6.6). 

Physicochemical Analyses on the Molecular Structure of KIFIA 
Low angle rotary-shadowing EM was performed as described (Hiro- 
kawa et al., 1989; Kondo et al., 1994; Nangaku et al., 1994; Sekine 
et al., 1994). For GPC and GPC-DLS, a Shodex GPC-DLS system 
(Shoko Company Limited) was used. Separation was achieved with 
KW804 and KW803 Shodex HPLC columns in imidazole buffer con- 
taining 0.01% Triton X-100. DRI and DLS were measured with Shodex 
RI-71 and DAWN DSP-F (Wyatt Technology), respectively. M, was 
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calculated by DAWN software assuming the dn/dc of KIFIA as 0.18. 
SVG and native PAGE were performed as described (Nangaku et al., 
1994). KIFIA was detected by immu noblotting with anti-KIF1A antibody. 

In Vitro Motility Assay 
Recombinant KIF1A was diluted with motility buffer (50 mM imidazole, 
1 mM EGTA, 1 mM MgCI2, 0.10/o Triton X-100 [pH 6.6]) to the final 
concentration of 10 ~g/ml. This solution was introduced into the motility 
chamber, and 5%-10% of KIF1A was absorbed to the cover glass 
surface. The surface was washed with motility buffer, and taxol- 
stabilized microtubules or Chlamydomonas axonemes were intro- 
duced. Their movement was observed as described (Sekine et al., 
1994; Okada et al., 1995) in the presence of 5 mM Mg-ATP. 

Antibody Production 
Anti-KIF1A antibody was raised by injecting a PH domain (indicated 
in Figure la) polypeptide into a rabbit (number 60). The antigen was 
expressed as a G ST-fusion protein using baculo-G EX vector (Davies 
et al., 1993). Polypeptide in the C-terminal half of KIF1A (717-937) 
was also expressed as a GST-fusion protein using pGEX2T vector 
(Pharmacia) in Escherichia coil (JM109) and was injected into two 
other rabbits (numbers 91 and 92). Antibodies were affinity purified 
with recombinant KIF1A protein expressed by insect cells. To obtain 
the control antibody, these affinity-purified antibodies were passed 
through this recombinant KIFIA protein column, and the flowthrough 
fractions were supplemented with IgG fractions purified from preim- 
mune sera. All three antibodies (60, 91, and 92) gave the same results 
in immunoblotting, immunohistochemistry, and immunoisolation. 
Therefore, only results derived by using the number 60 antibody (anti- 
KIFIA PH domain antibody) are presented. 

Immunoblotting and immunohistochemistry were performed as de- 
scribed previously (Sekine et al., 1994; Okada et al., 1995). 

Nerve Ligation Experiment 
Ligation of sciatic nerves and immunofluorescent staining were per- 
formed as described (Hirokawa et al., 1991). Samples were observed 
with a Olympus BMAX microscope or a Bio-Rad MRC-1000 confocal 
laser scanning microscope. 

Isolation of Axonally Transported Organelles 
from Cauda Equina 
Axonally transported organelles were collected by the method de- 
scribed previously (Okada et al., 1995) with slight modifications. In 
brief, the cauda equina was dissected from two adult rats and was 
cut into <10 ~m fragments with fine scissors in 1 ml of internal medium 
(IM-D: 20 mM HEPES, 100 mM K-aspartate, 40 mM KCI, 5 mM EGTA, 
5 mM MgCI2, 2 mM Mg-ATP, 1 mM DTT [pH 7.2]) supplemented with 
protease inhibitors (10 ~.M phenylmethylsulfonylfloride, 10 ~g/ml leu- 
peptin, 1 ~g/ml pepstatin A, 10 p.g/ml tosylarginylmethylester, and 0.25 
rnM benzamidine). After a 10 min incubation on ice, the debris was 
removed by centrifugation (1000 rpm for 5 min). Then, large organelles 
(P2 fraction) were spun down (10,000 rpm for 10 min). From the super- 
natant ($2 fraction), small organelles (P3 fraction) were pelleted by 
ultracentrifugation (75,000 rpm for 30 min), and the remaining superna- 
tant was the soluble fraction ($3). To avoid aggregate formation by 
pelleting, this $2 fraction was used for SDG or immunoisolation. 

SDG Fractionation of Axonally Transported Organelles 
For SDG, 0-2.0 M continuous or discontinuous sucrose density gradi- 
ent formed in IM-D was used. Better separation was achieved with 
discontinuous gradient, and its result is shown. $2 fraction was layered 
on the gradient and was spun at 40,000 rpm for 24 hr. Fractions col- 
lected from the bottom were diluted with IM-D, and organelles were 
collected from each fractions by ultracentrifugation (75,000 rpm for 
30 rain). 

Immunoisolation of KIFIA-Containing Organelles 
For immunoisolation, anti-KIF1A antibody, anti-synaptophysin anti- 
body, or control antibody was covalently attached to beads. Antibody 
was absorbed on protein A-Sepharose FF (Pharmacia) and was cova- 
lently cross-linked by dimethylpimelimidate. S2 fraction was incubated 
with these beads at 4°C for 4-12 hr, and the beads were recovered 
by oentrifugation (5000 rpm for 10 s), and washed with IM-D (1 ml, 

three times). The supernatant was spun down (75,000 rpm for 30 min) 
to collect the remaining organelles. Immunoblotting was performed 
as described (Sekine et al., 1994; Okada et al., 1995) using affinity- 
purified antibodies against KIF1A and KIF3, and monoclonal antibod- 
ies against conventional kinesin (H2) (Pfister et al., 1989), synaptotag- 
min (CI41.1) (Brose et al., 1992), synaptophysin (SY38 [Wiedenmann 
and Franke, 1985] or 171B5 [Obata et al., 1986]), Rab3A (Mizoguchi 
et al., 1989), syntaxin 1A (HPC-1) (Barnstable et al., 1985), SNAP-25 
(Oyler et al., 1989), and SV2 (Buckley and Kelly, 1985). 

Acknowledgments 

N. H. is the corresponding author for this work. We are grateful to 
Drs. K. M. Buckley (Harvard Medical School) and R. Kelly (University 
of California, San Francisco), Dr. P. De Camilli (Yale University), Dr. 
G. S. Bloom (University of Texas), Dr. R. Jahn (Yale University), Dr. 
M. Williams (Scripps Research Institute), Drs. T. Shirao and K. Obata 
(Gumma University), Dr. Y. Takai (Osaka University), and Drs. A. Da- 
vies and I. Jones (Institute of Virology and Environmental Microbiology) 
for generously supplying us with anti-SV2 antibody, anti-syntaxin 1A 
antibody (HPC-1), anti-kinesin antibody (H2), anti-synaptotagmin anti- 
body (CI41.1), anti-SNAP-25 antibody, anti-synaptophysin antibody 
(171 B5), anti-Rab3A antibody, and baculo-GEX vectors, respectively. 
We would also thank to Dr. N. R. Lomax (National Cancer Institute) 
for supplying uswith taxol; Mrs. M. Nakamura and T. Matsuzaki (Shoko 
Company Limited) for their technical assistance in GPC-DLS experi- 
ments; Mr. S. Ijuin (Bio-Rad Japan) for his technical assistance in 
confocal microscopy; Dr. J. Meehan for the program for coiled-coil 
prediction; Dr. K. Yoshimura (University of Tokyo) for his generous 
gift of Chlamydomonas. Finally, we thank Drs. T. Nakata, R. Sato- 
Yoshitake, T. Funakoshi, S. Terada, and other members of Hirokawa 
lab for stimulating discussions and invaluable advice throughout, and 
Ms. Y. Kawasaki and H. Sato for their technical and secretarial assis- 
tance. 

This work was supported by a Special Grant-in-Aid for Scientific 
Research from the Japan Ministry of Education, Science and Culture 
and by a grant from the Institute of Physical and Chemical Research 
(RIKEN) to N. H.; Y. O. was supported by JSPS Research Fellowship 
for Young Scientists. 

Received January 20, 1995; revised March 27, 1995. 

References 

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. 

Barnstable, C. J., Hofstein, R., and Akagawa, K. (1985). A marker of 
early amacrine cell development in rat retina. Brain Res. 352, 286- 
290. 

Bauerfeind, R., and Huttner, W. B. (1993). Biogenesis of constitutive 
secretory vesicles, secretory granules and synaptic vesicles. Curr. 
Opin. Cell Biol. 5, 628-635. 

Bennett, M. K., Calakos, N., and Scheller, R. H. (1992). Syntaxin: a 
synaptic protein implicated in docking of synaptic vesicles at presynap- 
tic active zones. Science 257, 255-259. 

Berliner, E., Mahtani, H. K., Karki, S., Chu, L. F., Cronan, J. J., and 
Gelles, J. (1994). Microtubule movement by a biotinated kinesin bound 
to streptavidin-coated surface. J. Biol. Chem. 269, 8610-8615. 

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

Brady, S. T., Pfister, K. K., and Bloom, G. S. (1990). A monoclonal 
antibody against kinesin inhibits both anterograde and retrograde fast 
axonal transport in squid axoplasm. Proc. Natl. Acad. Sci. USA 87, 
1061-1066. 

Brose, N., Petrenko, A. G., SLidhof, T. C., and Jahn, R. (1992). Synapto- 
tagmin: a calcium sensor on the synaptic vesicle surface. Science 
256, 1021-1025. 

Buckley, K., and Kelly, R. B. (1985). Identification of a transmembrane 
glycoprotein specific for secretory vesicles of neural and endocrine 
cells. J. Cell Biol. 100, 1284-1294. 



KIF1A: A Monomeric Motor for Synaptic Vesicle Precursors 
779 

Chandra, R., Salmon, E. D., Erickson, H. P., Lockhart, A., and Endow, 
S. A. (1993). Structural and functional domains of the Drosophila ncd 
microtubule motor protein. J. Biol. Chem. 268, 9005-9013. 

Davies, A. H., Jowett, J. B. M., and Jones, I. M. (1993). Recombinant 
baculovirus vectors expressing glutathione-S-transferase fusion pro- 
teins. Biotechnology 11,933-936. 

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

Endow, S. A. (1991). The emerging kinesin family of microtubule motor 
proteins. Trends Biochem. Sci. 16, 221-225. 

Gho, M., McDonald, K., Ganetzky, B., and Saxton, W. M. (1992). Ef- 
fects of kinesin mutations on neuronal functions. Science 258, 313- 
316. 

Gibson, T. J., Hyvonen, M., Musacchio, A., and Saraste, M. (1994). 
PH domain: the first anniversary. Trends Biochem. Sci. 19, 349-353. 

Goldstein, L. S. (1993). With apologies to Scheherazade: tails of 1001 
kinesin motors. Annu. Rev. Genet. 27, 319-351. 

Hackney, D. D. (1994). Evidence for alternating head catalysis by 
kinesin during microtubule-stimulated ATP hydrolysis. Proc. Natl. 
Acad. Sci. USA 91, 6865-6869. 

Hall, D. H., and Hedgecock, E. M. (1991). Kinesin-related gene unc-104 
is required for axonal transport of synaptic vesicles in C. elegans. Cell 
65, 837-847. 

Higgins, D. G., Bleasby, A. J., and Fuchs, R. (1992). CLUSTAL V: 
improved software for multiple sequence alignment. Comp. Appl. 
Biosci. 8, 189-191. 

Hirokawa, N. (1982). The crosslinker system between neurofilaments, 
microtubules and membranous organelles in frog axons revealed by 
quick freeze, freeze fracture, deep etching method. J. Cell Biol. 94, 
129-142. 

Hirokawa, N. (1993a). Mechanism of axonal transport: identification 
of new molecular motors and regulations of transports. Neurosci. Res. 
18, 1-9. 

Hirokawa, N. (1993b). Axonal transport and the cytoskeleton. Curr. 
Opin. Neurobiol. 3, 724-731. 

Hirokawa, N., Pfister, K. K., Yorifuji, H., Wagner, M. C., Brady, S. T., 
and Bloom, G. S. (1989). Submolecular domains of bovine brain 
kinesin identified by electron microscopy and monoclonal antibody 
decoration. Cell 56, 867-878. 

Hirokawa, N., Sato, Y. R., Kobayashi, N., Pfister, K. K., Bloom, G. S., 
and Brady, S. T. (1991). Kinesin associates with anterogradely trans- 
ported membranous organelles in vivo. J. Cell Biol. 114, 295-302. 

Hollenbeck, P. J. (1989). The distribution, abundance and subcellular 
localization of kinesin. J. Cell Biol. 108, 2335-2342. 

Hoyt, M. A. (1994). Cellular roles of kinesin and related proteins. Curr. 
Opin. Cell Biol. 6, 63-68. 
Hoyt, M. A., He, L., Totis, L., and Saunders, W. S. (1993). Loss of 
function of Saccharomyces cerevisiae kinesin-related CIN8 and KIP1 
is suppressed by KAR3 motor domain mutations. Genetics 135, 35- 
44. 

Huang, T. G., Suhan, J., and Hackney, D. D. (1994). Drosophila kinesin 
motor domain extending to amino acid position 392 is dimeric when 
expressed in Escherichia coli. J. Biol. Chem. 269, 16502-16507. 

Hunt, A. J., Gittes, F., and Howard, J. (1994). The force exerted by a 
single kinesin molecule against a viscous load. Biophys. J. 67, 766- 
781. 

Jahn, R., Schiebler, W., Quimet, C., and Greengard, P. (1985). A 
38,000 dalton membrane protein (p38) present in synaptic vesicles. 
Proc. Natl. Acad. Sci. USA 82, 4137-4141. 

Kondo, S., Sato, Y. R., Noda, Y., Aizawa, H., Nakata, T., Matsuura, 
Y., and Hirokawa, N. (1994). KiF3A is a new microtubule-based antero- 
grade motor in the nerve axon. J. Cell Biol. 125, 1095-1107. 

Lupas, A., Van, D. M., and Stock, J. (1991). Predicting coiled coils 
from protein sequences. Science 252, 1162-1164. 

Malik, F., Brillinger, D., and Vale, R. D. (1994). High-resolution tracking 
of microtubule motility driven by a single kinesin motor. Proc. Natl. 
Acad. Sci. USA 91, 4584-4588. 

Matteoli, M., Takei, K., Perin, M. S., SQdhof, T. C., and De Camilli, 
P. (1992). Exo-endocytotic recycling of synaptic vesicles in developing 
processes of cultured hippocampal neurons. J. Cell Biol. 117, 849- 
861. 

Mizoguchi, A., Kim, S., Ueda, T., and Takai, Y. (1989). Tissue distribu- 
tion of smg p25A, a ras p21-1ike GTP-binding protein, studied by use 
of a specific monoclonal antibody. Biochem. Biophys. Res. Commun. 
162, 1438-1445. 

Mundigl, O., Matteoli, M., Daniell, L., Thomas-Reetz, A., Metcalf, A., 
Jahn, R., and De Camilli, P. (1993). Synaptic vesicle proteins and early 
endosomes in cultured hippocampal neurons: differential effects of 
Brefeldin A in axon and dendrites. J. Cell Biol. 122, 1207-1221. 

Nangaku, M., Sato-Yoshitake, Y., Okada, Y., Noda, Y., Takemura, R., 
Yamazaki, H., and Hirokawa, N. (1994). KIF1B: a novel microtubule 
plus end-directed monomeric motor protein for mitochondria trans- 
port. Cell 79, 1209-1220. 

Niclas, J., Navone, F., Horn, B. N., and Vale, R. D. (1994). Cloning 
and localization of a conventional kinesin motor expressed exclusively 
in neurons. Neuron 12, 1059-1072. 

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

Obata, K., Nishiye, H., Fujita, S. C., Shirao, T., Inoue, H., and Uchi- 
zono, K. (1986). Identification of a synaptic vesicle-specific 38,000- 
dalton protein by monoclonal antibody. Brain Res. 375, 37-48. 

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

Otsuka, A. J., Jeyaprakash, A., Garcia, A. J., Tang, L Z., 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. 

Oyler, G. A., Higgins, G. A., Hart, R. A ,  Battenberg, E., Billingsley, 
M., Bloom, F. E., and Wilson, M. C. (1989). The identification of a 
novel synaptosomal-associated protein, SNAP-25, differentially ex- 
pressed by neuronal subpopulations. J. Cell Biol. 109, 3039-3052. 

Patel, N., Thierry, M. D., and Mancillas, J. R. (1993). Cloning by inser- 
tional mutagenesis of a cDNA encoding Caenorhabditis elegans 
kinesin heavy chain. Proc. Natl. Acad. Sci. USA 90, 9181-9185. 

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

Pfister, K. K., Wagner, M. C., Stenoien, D. L., Brady, S. T., and Bloom, 
G. S. (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. 

R~gnier-Vigouroux, V. A., Tooze, S. A., and Huttner, W. B. (1991). 
Newly synthesized synaptophysin is transported to synaptic-like mi- 
crovesicles via constitutive secretory vesicles and the plasma mem- 
brane. EMBO J. 10, 3589-3601. 

Sato, Y. R., Yorifuji, H., Inagaki, M., and Hirokawa, N. (1992). The 
phosphorylation of kinesin regulates its binding to synaptic vesicles. 
J. Biol. Chem. 267, 23930-23936. 

Schmidle, T., Weiler, R., Desnos, C., Scherman, D., Fischer-Colbrie, 
R., Floor, E., and Winkler, H. (1991). Synpatin/synaptophysin, p65 and 
SM2: their presence in adrenal chromaffin granules and sympathetic 
large dense core vesicles. Biochim. Biophys. Acta 1060, 251-256. 

Sekine, Y., Okada, Y., Kondo, S., Aizawa, H., Takemura, R., and 
Hirokawa, N. (1994). A novel microtubule-based motor protein (KIF4) 
for organelle transports whose expression is regulated developmen- 
tally. J. Cell Biol. 127, 187-202. 

Smith, R. S. (1980), The short term accumulation of axonally trans- 
ported organelles in the region of localized lesions of single myelinated 
axons. J. Neurocytol. 9, 39-65. 

Stewart, R. J., Thaler, J. P., and Goldstein, L. S. (1993). Direction of 
microtubule movement is an intrinsic property of the motor domains 
of kinesin heavy chain and Drosophila ncd protein. Proc. Natl. Acad. 



Cell 
780 

Sci. USA 90, 5209-5213. 
Svoboda, K., and Block, S. M. (1994). Force and velocity measured 
for single kinesin molecules. Cell 77, 773-784. 

Svoboda, K., Schmidt, C. F., Schnapp, B. J., and Block, S. M. (1993). 
Direct observation of kinesin stepping by optical trapping interferome- 
try. Nature 365, 721-727. 

Vale, R. D., Reese, T. S., and Sheetz, M. P. (1985a). Identification of a 
novel force-generating protein, kinesin, involved in microtubule-based 
motility. Cell 42, 39-50. 
Vale, R. D., Schnapp, B. J., Mitchison, T., Steuer, E., Reese, T. S., 
and Sheetz, M. P. (1985b). Different axoplasmic proteins generate 
movement in opposite directions along microtubules in vitro. Cell 43, 
623-632. 
Wiedenmann, B., and Franke, W. W. (1985). Identification and localiza- 
tion of synaptophysin, an integral membrane glycoprotein of Mr 38,000 
characteristic of presynaptic vesicles. Cell 41, 1017-1028. 
Wyatt, P. J. (1993). Light scattering and the absolute characterization 
of macromolecules. Anal. Chim. Acta. 272, 1-40. 

Yang, J. T., Laymon, R. A., and Goldstein, L. S. (1989). A three-domain 
structure of kinesin heavy chain revealed by DNA sequence and micro- 
tubule binding analyses. Cell 56, 879-889. 

GenBank Accession Number 

The accession number for the KIF1A sequence reported in this paper 
is D29951. 


