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Summary 

Kinesin is a microtubule-based motor protein involved in 
organelle transport in neuronal and nonneuronal cells. 
Although a single kinesin motor has been thought to 
serve all cell types, we document here that neurons ex- 
press a second conventional kinesin heavy chain (nKHC) 
that is 65% identical in amino acid sequence to the ubiq- 
uitously expressed kinesin heavy chain (uKHC). By pre- 
paring antibodies which distinguish between the two 
KHCs, we demonstrate that nKHC is a nucleotide- 
dependent microtubule-binding protein which partially 
cofractionates with membrane organelles. lmmunolo- 
calization experiments show that nKHC is distributed 
throughout the CNS but is highly enriched in subsets of 
neurons. In hippocampal neurons in culture, uKHC is 
distributed uniformly throughout the neuron, whereas 
nKHC is selectively concentrated in the cell body. These 
results demonstrate that mammal ian neuronal tissue 
contains two conventional kinesin motors which may  
serve distinct functions in microtubule-based transport. 

introduction 

Kinesin, a mechanochemical  enzyme that moves to- 
ward the plus ends of microtubules in vitro, has been 
proposed to transport membranous organelles from 
the cell body toward the nerve terminal (anterograde 
fast axonal transport). A growing body of evidence 
substantiates this claim. First, immunocytochemical 
staining (Hirokawa et al., 1991) and biochemical stud- 
ies (Schnapp et al., 1992) indicate that at least a subset 
of the kinesin in axons is tightly associated with mem- 
brane vesicles. Second, antibodies to kinesin inhibit 
organelle transport along microtubules when added 
to squid axoplasm (Brady et al., 1990). Finally, muta- 
tions in the kinesin gene in Drosophila (Gho et al., 
1992), as well as reduction in kinesin levels by anti- 
sense oligonucleotide treatment (Ferreira et al., 1992; 
Amaratunga et al., 1993), produce phenotypic defects 
that are consistent with a role of kinesin in trans- 
porting macromolecules to the nerve terminal. 

The biochemical properties of kinesin have been 
characterized in great detail (for reviews see Schroer 
and Sheetz, 1991; Brady, 1991; Skoufias and Scholey, 
1993). Kinesin is a dimer of two identical heavy chains 

of -120 kDa; in addition, the majority of kinesin iso- 
lated from brain contains two light chains of -62 kDa 
(Kuznetsov et al., 1988; Bloom et al., 1988; Hackney 
et al., 1991; Cyr et al., 1991). The heavy chain contains 
three distinct domains: an N-terminal globular do- 
main that contains ATP- and microtubule-binding 
sites (Yang et al., 1989), a long a-helical coiled coil 
domain that enables the two heavy chains to dimerize 
(De Cuevas et al., 1992), and a small globular tail do- 
main at the C-terminus. The N-terminal domain ex- 
pressed as a fusion protein in Escherichia coli trans- 
ports microtubules along a glass surface, indicating 
that it serves as the functional motor domain of 
kinesin (Yangetal., 1990).Thefunctionsofthe remain- 
der of the molecule are still poorly defined, although 
the C-terminal globular domain as well as perhaps 
a portion of the a-helical coiled coil are thought to 
interact with the 60 kDa light chains (Hirokawa et al., 
1989), microtubules (Navone et al., 1992; Andrews et 
al., 1993), and perhaps a membrane-bound receptor 
(Toyoshima et al., 1992). Kinesin heavy chain (KHC) 
genes have now been completely sequenced in avari- 
etyof species including Drosophila (Yang et al., 1989), 
squid (Kosik et al., 1990), sea urchin (Wright et al., 
1991), mouse (Kato, 1990; Genbank accession number 
X61435), and human (Navone et al., 1992). 

Since the first KHC gene was sequenced (Yang et 
al., 1989), a variety of other genes have been identified 
that contain a region of homology (28%-50% amino 
acid identity) with the kinesin motor domain (for re- 
views see Goldstein, 1991; Endow and Titus, 1992). 
These newly described kinesin-like proteins, how- 
ever, show no amino acid homology outside of the 
KHC motor domain. For the sake of clarity, we use 
the term “conventional kinesin” to signify KHCs that 
exhibit homology throughout their length to the Dro- 
sophila KHC prototype which was first sequenced. 
The term “kinesin-related proteins” is used in refer- 
enceto proteinsthat share homologywith Drosophila 
KHC only within the motor domain. The majority of 
kinesin-related proteins characterized to date appear 
to be involved in force-generating events in mitosis 
and meiosis (Endow and Titus, 1992; Goldstein, 1993; 
Skoufias and Scholey, 1993); however, some kinesin- 
related proteins such as uric-104from Caenorhabditis 
elegans participate in axonal transport of organelles 
(Hall and Hedgecock, 1991). The superfamily of kinesin 
motors appears to be large, with at least 11 members 
present in a single organism (Drosophila) (Endow and 
Hatsumi, 1991; Stewart et al., 1991). 

Although many kinesin-related proteins have been 
documented, only one conventional kinesin gene has 
been uncovered within any given species. Hence, it 
has been believed that a single conventional kinesin 
motor powers anterograde organelle transport in a 
variety of cells and tissues. In this study, however, we 
show that mammals  contain two genes which encode 
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Figure 1. Alignment and Comparison of the Amino Acid Sequences of Human and Drosophila KHCs 

Hippocampal library KHC (nKHC) (N), human placental library KHC (uKHC) (U), and Drosophila KHC (D). Amino acids are numbered 
in the left margin. Asterisks represent amino acid identity to the hippocampai KHC (nKHC), and blank spaces represent gaps that 
were introduced to maximize homology. 

conventional kinesins. This is demonstrated by the 
cloning and sequencing of a second conventional hu- 
man KHC gene that is distinct from the human KHC 
gene which we characterized in a prior study (Navone 
et al., 1992). Unlike the previously described KHC 
gene, which is expressed in all tissues examined, this 
newly identified KHC gene is expressed only in neu- 
rons. By preparing polyclonal antibodies that react 
selectively with either the ubiquitous KHC (uKHC) 
or the neuronal KHC (nKHC), we show that both 
KHC proteins are present in mammalian brain in ap- 
proximately equal amounts, both exhibit nucleotide- 
dependent bindingto microtubules,and both cosedi- 
ment to a similar extent with membranous organelles. 
lmmunolocalization studies on frozen rat brain sec- 
tions showthat nKHC is presentthroughoutthe brain, 
but is particularly enriched in subsets of neurons. In 
hippocampal neurons in culture, nKHC is present in 
cell bodies, dendrites, and axons, but is less abundant 
in growth cones. This newly uncovered kinesin may 
be involved in microtubule-based transport activities 
that are unique to neuronal cells. 

Results 

Cloning and Sequencing of a Second 
Human KHC Gene 
We previously sequenced a cDNA encoding an entire 
conventional KHCfrom ahuman placental library(Na- 
vone et al., 1992). At approximately the same time, 
Adams et al. (1991) obtained a partial sequence (279 
bp) of a cDNA (EST257) derived from a human hippo- 
campal library; unexpectedly, we found that the se- 
quence of EST257 differed from that which we ob- 
tained from the corresponding region of our human 
KHC cDNA. These findings suggested either that 
there is a second conventional KHC gene or that these 
two distinct cDNAs were derived by alternative splic- 
ing of a single transcript. 

To investigate this question further, we sought to 
obtain a full-length cDNA containing the EST257 se- 
quencefrom a human hippocampal cDNA library. Hy- 
bridization screenings using a 140 bp probe corre- 
sponding to the 5’ end of the 1.5 kb EST257 yielded 
two partial cDNA clones, 25 and lb?. Clone 25, a 
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2.7 kb cDNA, contained 2020 bp of an open reading 
frame and 590 bp of a 3’untranslated region that did 
not include a poly(A) tail. The sequence of this clone 
was identical to that of EST257 in the overlapping re- 
gion. Clone Ibl, a 2.6 kb cDNA, contained 148 bp of 
S-untranslated sequence and a start codon; the 3’end 
of clone lb1 was identical to the sequences of clone 
25 and EST257 in the overlapping region. Clone Ibl, 
however, suffered a 29 bp deletion (from comparison 
with the placental library KHC sequence) that created 
a frame shift in the sequence. To obtain the missing 
sequence (nucleotides 404-432), primers flanking the 
deletion were used to amplify this region from a hu- 
man whole-brain library using the polymerase chain 
reaction (PCR; see Experimental Procedures). To create 
a complete cDNA clone, the deleted region in clone 
lb1 was replaced with the PCR product prior to ligat- 
ing clones lb1 and 25 together via an Xhol site at 
position 2420. 

The hippocampal library cDNA encodes a predicted 
polypeptide of 1032 amino acids (the complete nucle- 
otide sequence is available in GenBank under acces- 
sion number U06698). The amino acid sequence of 
this gene is conserved throughout its length to the 
placental library KHC (65.3%) and Drosophila KHC 
(54%), indicating that this cDNA encodes a protein 
product that should be classified as a conventional 
KHC (Figure 1). A secondary structure prediction 
(Finer-Moore and Stroud, 1984) from the hippocampal 
library KHC amino acid sequence suggests that this 
protein, like the placental library KHC (Navone et al., 
1992), contains an N-terminal -410 amino acid globu- 
lar motor domain and an - 180 amino acid C-terminal 
globular domain separated by an amphipathic helix 
which is predicted to form an u-helical coiled coil. 
Several regions throughout the sequence, particularly 
in the motor domain, display long stretches of nearly 
complete amino acid identity. Characteristic features 
of conventional kinesin, such as the phosphate- 
binding loop of the ATP-binding site (86-102) and a 
helix-breaking proline that creates a hinge in the mid- 
dle of the a-helical coiled coil (amino acid 573), are 
also found in the hippocampal library KHC. A unique 
feature of the hippocampal library KHC sequence is 
that it contains a stretch of 69 amino acids at the very 
C-terminus which is absent in both the placental li- 
brary KHC and Drosophila KHC. 

Southern blot analysis and chromosome mapping 
experiments confirm that placental library KHC and 
brain library KHC are encoded by distinct genes. 
When Southern blots of restriction enzyme-digested 
HeLa DNA were hybridized with N-terminal or C-ter- 
minal domain probes from the two cDNAs, different 
patterns of bands were observed (data not shown). 
With certain restriction enzymes, single hybridization 
bands were observed for both cDNAs, implying that 
each is present as a single copy in the human genome. 
In chromosome mapping studies, the placental li- 
brary cDNA hybridized to a region on mouse chromo- 
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Figure2. Tissue-Specific Expression of the Two Human KHC 
Genes 

A Northern blot of HeLa poly(A)’ RNA (3 pg) and various rat total 
RNA samples (IO ug) were probed with the complete human 
placentalIibraryKHCcDNA(uKHC)(A),orwiththepartial human 
hippocampal library KHC cDNA, EST257(nKHC) (B). Lane 1, HeLa 
poly(A)’ RNA; lane 2, newborn brain; lane 3, adult brain; lane 4, 
adult liver; lane 5, adult kidney; lane 6, adult spleen; lane 7, adult 
heart; lane 8, adult lung. Molecular size standards (0.24-9.5 kb 
ladder) are indicated on the left side. 

some 18 which is syntenic with human chromosome 
18q (Justice et al., 1992). The hippocampal library 
cDNA, on the other hand, hybridized to a region on 
mouse chromosome 2 that is syntenic with human 
chromosome 2 (N. Jenkins and N. Copeland, National 
Cancer Institute, personal communication). 

Tissue-Specific Expression of the Two Human 
KHC Genes 
Northern blot analysis of total RNA from various rat 
tissues and poly(A)’ HeLa RNA revealed that the pla- 
cental and hippocampal library KHC genes have dif- 
ferent tissue expression patterns. Whereas the pla- 
cental library KHC gene is expressed in brain, liver, 
kidney, spleen, heart, lung, and HeLa cells, the hippo- 
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campal library KHC is expressed only in brain tissue 
(Figure2). Even longer exposures (7day) did not reveal 
an mRNA that hybridized with the hippocampal li- 
brary KHC cDNA in the nonneuronal tissues tested. 
Based upon thesefindings (aswell as immunoblotting 
and immunostaining experiments to be presented 
later), the placental library KHC and the hippocampal 
library KHC will be referred to as uKHC and nKHC, 
respectively. 

Both the uKHC and nKHC cDNAs hybridized most 
strongly to 6.2 kb mRNAs. In addition, the uKHC 
cDNA hybridized to 4.3 kb, 3.9 kb, and 1.7 kb tran- 
scripts in all tissues examined. The nKHC cDNA also 
hybridized, albeit less strongly, to these smaller size 
mRNAs in brain tissue. Probes corresponding to the 
N-terminal and C-terminal domains of uKHC hybrid- 
ized to the three largest transcripts (which are all large 
enough to encode a full-length KHC), whereas only 
the motor domain probe hybridized to the 1.7 kb spe- 
cies (data not shown). The finding that the cDNA 
probes hybridize with multiple RNA species, but only 
one genomic DNA fragment under similar hybridiza- 
tion conditions, suggests that the single uKHC and 
nKHC genes give rise to multiple transcripts. 

Preparation of Antibodies Specific 
for uKHC and nKHC 
To characterize the uKHC and nKHC proteins, anti- 
bodies that react specifically against each KHC were 
generated. The less conserved regions of the a-helical 
coiled coil domains of the two KHCs (amino acids 
523-773 of uKHC and amino acids 527-775 of nKHC) 
were cloned into the pMALcRl vector to create malt- 
ose-binding protein (MBP) fusions, which were then 
expressed in E. coli and used as antigens for immu- 
nization of rabbits. The polyclonal antisera raised 
against these purified antigens, however, reacted 
against both kinesin fusion proteins probably owing 
to the presence of anti-MBP antibodies as well as 
cross-reacting anti-KHC stalk antibodies. In addition, 
the anti-MBP-nKHC antiserum was found to react 
with both rat brain and kidney homogenates on im- 
munoblots indicating a lack of specificity. To remove 
cross-reactive antibodies, the anti-MBP-uKHC antise- 
rum was applied to a MBP-nKHC affinity column, 
whereas the anti-MBP-nKHC antiserum was applied 
to a MBP-uKHC affinity column. The flow-throughs 
from these columns were specific for their respective 
antigens (data not shown). 

Tissue Distribution of uKHC and nKHC Proteins 
The levels of expressed protein from the uKHC and 
nKHC genes in newborn brain, adult brain, liver, kid- 
ney, spleen, heart, lung, and sciatic nerve tissue ho- 
mogenates were examined by immunoblot analysis. 
Consistent with the RNA analysis, anti-uKHC antise- 
rum reacted against an -120 kDa polypeptide in all 
of the above tissues (Figure 3A) as well as testes (data 
not shown). The anti-nKHC antiserum, on the other 
hand, reacted only against brain and sciatic nerve tis- 
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Figure 3. Tissue Distribution of the uKHC and nKHC Proteins 

lmmunoblots of various rat tissue extracts were probed with 
either anti-uKHC (A) or anti-nKHC (B) antiserum. The protein 
loaded per lane in (A) and (B) was 30 and 80 pg, respectively 
(except for the sciatic nerve lanes which contained - 40 pg). Lane 
1, newborn brain; lane 2, adult brain; lane 3, adult liver; lane 4, 
adult kidney; iane 5, adult spleen; lane 5, adu!t heart; lane 7, 
adult lung; lane 8, adult sciatic nerve. Levels of expression of 
the two KHCs in sciatic nerve cannot be compared with those 
of the other tissues since the sciatic nerve sampies were not run 
on the same immunoblol as the rest of the samples. Molecular 
size standards (kDaj are shown on the left side. In (C), immu- 
noblots of anti-uKHC (uKHC-IP) and anti-nKHC (nKHC-IP) im- 
munoprecipitates from rat brain high speed supernatants were 
probed with either affinity purified anti-uKHCanliserum or anti- 
nKHC antiserum at I:100 dilutions. Note that very little nKHC 
is present in the anti-uKHC immunoprecipitate, and very little 
uKHC is present in the anti-nKHC immunoprecipitate, implying 
that the two KHCs selectively form homodimers. 

sue as well as a low molecular weight band in heart 
tissue. In brain and sciatic nerve tissue, it recognized 
a doublet of - 120 kDa and -133 kDa (see Figure 5b). 
The<45 kDa band seen in heart is probably an artifact, 
since Northern blot analysis showed that nKHC is not 
expressed in this tissue. The anti-nKHC antiserum did 
not react with proteins from testes (data not shown). 
By combining the two antisera and immunoblotting 
brain and kidney tissue, it is clear that the lower poly- 
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Figure 4. CofractionationofuKHCand nKHCwith Microtubules 
and Membranes 
lmmunoblots of fractions from a rat neuronal kinesin prepara- 
tion (see Experimental Procedures for details) were blotted with 
either anti-uKHC (A) or anti-nKHC (B) antiserum. Lane 1, 40 )~g 
of brain homogenate; lane 2, 40 tug of Sl (low speed [27,000 x 
glhr] supernatant); lane 3, 40 tug of PI (low speed [27,000 x glhr] 
pellet); lane 4,40 pg of S2 (high speed [250,000 x g/hr] superna- 
tant); lane 5,40 vg pf P2 (high speed [250,000 x glhr] pellet); lane 
6,40 pg of S3 (microtubule-depleted SZ); lane 7, MT wash (20 pl 
of nucleotidefree buffer wash of microtubules); lane 8, ATP rel 
(release) (IO pl of supernatant after a 10 mM Mg-ATP incubation 
and centrifugation of microtubules); lane 9, MT (10 pl of resus- 
pended final microtubule pellet). Molecular size standards (kDa) 
are shown at the left. 

peptide recognized by anti-nKHC antiserum and the 
polypeptide recognized by anti-uKHC antiserum 
have the same mobility in SDS-polyacrylamide gels 
(data not shown). The lower band recognized by anti- 
nKHC antiserum, which varied somewhat in amount 
from preparation to preparation, was not a cross- 
reaction with uKHC, since a band of this size did not 
appear in the other tissues tested. Since the nKHC 
cDNA predicts a protein of 1032 amino acids versus 
963 amino acids for uKHC, the upper band most likely 
corresponds to the full-length product, whereas the 
lower band probably represents a degraded or specifi- 
cally processed product. 

The relative amounts of nKHC and uKHC in human 
adult brain tissue were determined by immunoblot- 
ting a human brain homogenate alongside known 
quantities of MBP-uKHC or MBP-nKHC fusion pro- 
teins. Quantitative densitometry of the signals re- 
vealed that adult human brain contains slightly more 
uKHC (3.6 pmol per mg total protein) than nKHC (2.4 
pmol of both 120 and 133 kDa polypeptide bands per 
mg total protein). 

We also examined whether nKHC and uKHC selec- 
tivelyform homodimers with their own polypeptides. 
To distinguish between homo- and heterodimer for- 
mation, nKHC and uKHC were immunoprecipitated 
from rat brain high speed supernatants, and the im- 
munoprecipitated material was immunoblotted with 
the anti-nKHC and anti-uKHC antibodies. Figure 3C 
shows that the material immunoprecipitated with 
anti-nKHC antibodies contained mostly nKHC and 
very little uKHC; the converse results were obtained 
with the material immunoprecipitated with anti- 
uKHC antibodies. Thus, both KHCs preferentially 
form homodimers. 

Cofractionation of uKHC and nKHC 
with Microtubules and Membranes 
To examine the association of nKHC and uKHC with 
membranes and microtubules, the partitioning of the 
two KHCs into membrane and microtubule fractions 
was monitored during thecourseof a kinesin purifica- 
tion from rat brain tissue. Figure 4 shows that similar 
amounts of uKHC and nKHC (38% and 22%, by densi- 
tometry) cosedimented with membranous organelles 
during a high speed (250,000 x  glhr) centrifugation. 
The majority of both KHCs (62% for uKHC; 78% for 
nKHC), however, remained in the supernatant. The 
supernatant was used to purify kinesin by microtu- 
bule affinity. Addition of microtubules to an ATP- 
depleted supernatant followed by centrifugation led 
to an almost quantitative depletion of both KHCs from 
the soluble fraction. Both microtubule-bound KHCs 
did not dissociate during an incubation with nucleo- 
tide-free buffer but were released after addition of 10 
mM Mg-ATP (Figure4). Quantitative immunoblotting 
and densitometry revealed that the ATP release frac- 
tion contained more uKHC (70 pmollmg) than nKHC 
(39 pmol/mg). These results demonstrate that both 
nKHC and uKHC are nucleotide-dependent microtu- 
bule-binding proteins and thus are likely to be bona 
fide motor proteins. 

Distribution of nKHC lmmunoreactivity in the CNS 
The distribution of nKHC in the CNS was examined 
by indirect immunofluorescence on frozen sections 
of rat brain using affinity purified antibodies that are 
specific for neuronal kinesin (Figure 5). A diffuse fluo- 
rescence could be detected in virtually all regions of 
the gray and white matter examined, which included 
the cerebral cortex, hippocampus, and diencephalon. 
This fluorescence depended upon antibodies directed 
against nKHC, since only a very weak fluorescence, 
almost indistinguishable from the autofluorescence 
of the tissue, was observed when the sections were 
treated with secondary antibodies alone (data not 
shown). Figures 5a and 5b show a frozen coronal sec- 
tion of the CA4-CA3 region of rat hippocampus in 
the area of the hilus which was double-labeled with 
the affinity purified antibody against nKHC and a 
monoclonal antibody against MAP2, a microtubule- 
associated protein found in the perikarya and den- 
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Figure 5. nKHC and MAP2 lmmunofluorescence in 10 pm Thick Coronal Sections of Rat Brain 
In this picture, immunoreactive material appears white. Sections were double-labeled with affinity purified anti-nKHC polycional 
antibodies (a, c, and e) and with the monoclonal anti-MAP2 antibody (b, d, and f). 
(a and b) A section of the hippocampus in the region of the hilus. The pyramidal celi layer of the CA4-CA3 region (PL), the dentate 
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Figure 6. Distribution of nKHC and uKHC in Primary Cultures of Hippocampal Neurons from Newborn Rats 

Immunofluorescence microscopy shows that uKHC (a and b) is uniformly distributed in the perikaryon and the neurites, whereas 
nKHC (c and d) is more abundant in the cell body. White halos that appear in the background represent nonspecific staining of cellular 
fragments and dirt on the slide. These white halos are particularly evident in (c) and (d), where they may be due to fragments of 
astrocytes which display uKHC, but not nKHC, immunoreactivity. Bars, 17 pm. 

drites (De Camilli et al., 1984). A uniform distribution 
of nKHC immunoreactivity was found in the pyrami- 
dal cell layer, in the dentate gyrus, and throughout 
the neuropile (Figure 5a). A few neurons located just 
below the granule cells of the dentate gyrus stand out 
owing to the intense f luorescence of their perikarya 
and dendrites. These cells, some of which can be 
clearly recognized in the same section immunola- 
beled for MAP2 (Figure 5b), are likely to be the cells 
of the hilus of the dentate gyrus (Amaral and Witter, 
1989). Figures 5c and 5d show a frozen section of the 
cerebral cortex double-labeled with anti-nKHC and 

anti-MAP2 antibodies, respectively. In contrast with 
MAP2 staining, which is similar in most cell bodies, 
neuronal kinesin immunoreactivity is particularly 
strong in a subset of cortical neurons. The fine pro- 
cesses that arise from the basal portion of the pyrami- 
dal neurons and that are intensely fluorescent with 
the anti-nKHC antibody are probably axons. Figures 
5e and 5f show a frozen section of the diencephalic 
region of rat brain situated ventral to the thalamus. 
All neurons are intensely stained by anti-nKHC anti- 
bodies, and a uniform immunoreactivity is also evi- 
dent in the surrounding neuropile. nKHC immunoflu- 

gyrus (DC), and a blood vessel (v) are indicated. Below the dense granule cell layer in the dentate gyrus are the cells of hilus, which 
show a bright immunofluorescent signal for nKHC (arrows); they can also be recognized in (b), which is stained for MAPL. 
(c and d) A group of pyramidal cells in layer V of the cerebral cortex. nKHC is particularly concentrated in some pyramidal cells, where 
it is evident in the cell bodies, the thick apical dendrites (arrows), and the fine axonal processes that arise from the basal portion of 
the perikarya (double arrows). Specific, although less intense, nKHC immunoreactivity is also present in the neuropile. MAP2 staining 
in (d) reveals the location of neuronal cell bodies and apical dendrites. v, unstained blood vessel. 
(e and 0 A section of the diencephalon situated ventral to the thalamus. The distribution of MAP2 immunoreactivity shows that neuronal 
cell bodies are surrounded by a network of dendritic processes (arrow) as well as tracts of white matter &V) that are MAP2 negative. 
nKHC immunoreactivity is homogeneously distributed throughout the gray and white matter, but is particularly intense in neuronal 
perikarya and the proximal portion of neuronal dendrites (double arrows). Bars, 40 vrn (a and b); 30 pm (c-f). 
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orescence is present in MAP2-positive cell bodies and 
dendrites aswell as MAPZnegative bundles of myelin- 
ated axons. 

localization of uKHC and nKHC in Primary 
Cultures of Hippocampal Neurons 
To obtain more information on the subcellular distri- 
bution of nKHC and uKHC, isoform-specific antibod- 
ies were used to stain cultured newborn hippocampal 
neurons. Whereas uKHC was distributed uniformly 
throughout the cell body and processes (Figures 6c 
and 6d), nKHC was distinctly more concentrated in 
the soma than in the neurites (Figures 6a and 6b; Fig- 
ures 7a, 7c [right panel], and 7e). Within the cell body, 
nKHC appeared to be concentrated in the perinuclear 
region; this is particularly evident in neurons with rel- 
atively large and flat cell bodies, such as the one 
shown in Figure 7c (right panel). 

The subcellular distribution of nKHC was further 
explored by comparing its localization with that of 
well-known markers for different subcellular com- 
partments of neurons by double-label immunofluores- 
cence. Staining of newborn rat hippocampal cultures 
with an anti-tubulin antibody (Figure 7b) revealed the 
outlines of a pyramidal neuron cell body surrounded 
by an intricate meshwork of axons and dendrites; 
astrocytes that lie beneath the neurons in these cul- 
tures can also be seen (Figure 7b, asterisk). Concomi- 
tant staining with the anti-nKHC antibody revealed 
immunoreactivity in pyramidal neurons but not in 
glial cells (Figure7a), indicating that nKHC is a neuron- 
specific protein. Anti-uKHC antibodies, on the other 
hand, stained the glial cells in this culture (data not 
shown). Colocalization of nKHC and MAP2 shows that 
MAP2 is present in higher amounts in dendritictrunks 
than in cell bodies, whereas the converse was true 
for nKHC (Figures 7c and 7d). The anti-nKHC antibody 
also stained slender, MAP2-negative processes that 
are likely to be axons (double arrows in Figure 7c, 
right panel). To verify that nKHC is in both dendrites 
and axons, nKHC was localized in embryonic rat hip- 
pocampal neurons which extend morphologicallydis- 
tinguishable axons and dendrites in vitro (Banker and 
Cowan, 1977; Bartlett and Banker, 1984; Matteoli et 

Figure 7. Double lmmunofluorescence Micrographs Comparing the Distributions of nKHC with Tubulin, MAP2, and Synaptotagmin 

The primary cultures of hippocampal neurons in (a)-(f) were from newborn rats, whereas (g) and (h) show neurons isolated from 
embryonic rats. 
(a) shows nKHC labeling of a neuronal cell body (arrow) and its processes, but does not reveal specific staining of an astrocyte (asterisk) 
which can beseen by anti-tubulin staining in (b). The network of immunofluorescent processes superimposed on the glial cell originates 
from neurons located outside of the photographic field. 
Double-labeling with nKHC and MAP2 in (c) and (d) show that MAP2 is more abundant in dendritic processes (small arrow) than in 
the cell body, whereas nKHC is more concentrated in the perikaryon. The flat neuron in the right side of(c) shows that nKHC is more 
concentrated in the perinuclear area of the cytoplasm. Double arrows indicate a fine neuronal process that is stained by anti-nKHC, 
but not by anti-MAP2, antibodies (see right panel in [d]) and hence is probably an axon. 
(e) and (f) reveal distinct distributions of nKHC and of synaptotagmin, a synaptic vesicle membrane protein. Double arrows indicate 
a portion of a neuronal process where immunoreactivity for nKHC is uniformly distributed, whereas synaptotagmin immunoreactivity 
shows a punctate pattern. 
(g) and (h) show an embryonic hippocampal neuron double-labeled with anti-nKHC and anti-tubulin antibodies. The growth cone- 
like structure delineated by the tubulin staining shows only a very faint immunofluorescence for nKHC. Bars, 22 urn. 

al., 1992) (Figures 7g and 7h). Anti-tubulin staining out- 
lines an embryonic neuron that has several shorter 
dendrites and a long axon that terminates in agrowth 
cone-like structure (Mundigl et al., 1993). nKHC is 
concentrated in the cell body, but is also detectable 
in the axon and dendrites. However, staining is weak 
or absent in the lamellae of the growth cone-like 
structure itself. Consistent with this observation, the 
distribution of nKHC differs from that of synaptotag- 
min (Matthew et al., 19&l), a synaptic vesicle-associ- 
ated protein which is concentrated at axo-somatic 
and axo-dendritic contacts (Figures 7e and 7f). 

Discussion 

Expression of Two Conventional KHCs 
in Mammalian Brain 
In this study, we have characterized a human KHC 
cDNA that is distinct from the human KHC cDNA 
which we previously isolated (Navone et al., 1992). 
The two human KHCs, which display a high degree 
of amino acid identity in their motor and nonmotor 
domains, are clearly encoded by different genes 
based on Southern blotting, chromosome mapping, 
and sequence analysis. The isolation of the nKHC 
gene represents the first clear evidence that there is 
more than one conventional KHC within the kinesin 
superfamily of motor proteins. 

The two human KHCs differ dramatically in their 
tissue expression patterns. Whereas the uKHC gene 
is expressed in all tissues examined, the nKHC gene 
is expressed only in neurons. Surprisingly, however, 
the patterns of transcripts from nKHC and uKHC 
genes are very similar to one another (6.2,4.3,3.9, and 
1.7 kb in size). This suggests that the nKHC and uKHC 
genes most likely arose from a duplication of a com- 
mon ancestral gene and that nKHC acquired neu- 
ronal-specific promoter elements while maintaining 
similar transcription initiation/processing signals. 

The three larger transcripts of the two KHC genes 
could potentially encode complete nKHC or uKHC 
proteins; differences between these mRNAs may re- 
side in the untranslated regions, since heterogeneity 
in the coding region was never encountered in several 
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nKHC and uKHC cDNAs that were isolated and se- 
quenced. The 1.7 kb mRNA, on the other hand, does 
not hybridize to KHC probes that do not include the 
N-terminal motor domain. Interestingly, the dilute 
gene from mouse (which encodes a putative myosin 
motor) also has several transcripts, including one that 
corresponds only to the motor region of the protein 
(Mercer et al., 1991). The Drosophila KHC gene, on 
the other hand, only produces a 4 kb mRNA (Yang et 
al., 1988), implying that the mammal ian KHC genes 
have acquired the capability for more complex tran- 
scriptional and/or translational control. 

The human nKHC gene characterized in this study 
resembles other kinesin cDNAs isolated from mouse 
brain libraries. In a screen for cDNA clones with spe- 
cific expression patterns in mouse brain, Kato (1990) 
isolated a cDNA (DN40) that was expressed predomi- 
nantly in the cerebral and cerebellar cortices and the 
motortrigeminal nucleus. Subsequent sequencing by 
Kato revealed that DN40 encodes a conventional KHC 
(unpublished but available via Genbank accession 
number X61435). This mouse KHC is more homolo- 
gous to human nKHC (94% amino acid identity) than 
human uKHC (71% amino acid identity) and also con- 
tains the additional C-terminal stretch of 69 amino 
acids that is present in nKHC but not in uKHC. DN40 
may  therefore represent the mouse homolog of hu- 
man nKHC, although it was not established whether 
DN40 is expressed exclusively in neuronal tissue. In 
another study by Aizawa et al. (1992), a PCR fragment 
was isolated that encodes 156 amino acids of a mouse 
gene(KlF5)which isexpressedonlyin brainandwhich 
demonstrates 88.5% and 98.7% amino acid identity to 
the motor domains of human uKHC and human 
nKHC, respectively. KIF5, which is clearly not the 
mouse homolog of uKHC based on its expression pat- 
tern, also differs from mouse DN40 (93.6% amino acid 
identity in the overlapping region). These results sug- 
gest that there may  be two neuron-specific KHC 
genes, although it is still unclear whether the KIF5 
gene truly encodes a conventional KHC since its non- 
motor domain has not been sequenced. 

Properties of the nKHC and uKHC Proteins 
To obtain more information on the amounts and 
properties of the two KHCs in the CNS, it is essential 
to have antibodies that distinguish between these two 
isoforms. In this study, we have prepared polyclonal 
antibodies against the a-helical coiled coil domains 
of the two KHCs and removed the cross-reactive anti- 
bodies using KHCaffinitycolumns; the resultant poly- 
clonal antibodies are highly selective for their re- 
spective KHCs. lmmunoblot analysis shows that the 
anti-uKHC antiserum reacts against a single polypep- 
tide of 120 kDa in all tissue homogenates examined, 
whereas anti-nKHC antiserum reacts against poly- 
peptides of 133 kDa and 120 kDa only in brain and 
sciatic nerve homogenates. The 133 kDa polypeptide 
probably corresponds to the full-length product, 

whereas the 120 kDa polypeptide may  represent a 
processed or degraded product. 

In membrane and microtubule fractionation stud- 
ies,thenKHCanduKHCgeneproductsdisplaysimilar 
properties. The majority of both KHCs are present in 
the soluble fraction although both KHCs also cosedi- 
ment with membranes in a high speed centrifugation. 
The relative amounts of the two kinesins that partition 
between the high speed supernatant (78% of nKHC; 
62% of uKHC) and pellet (22% of nKHC; 38% of uKHC) 
are consistent with the estimates of soluble and mem- 
brane-bound kinesin documented in other studies 
(Hollenbeck, 1989; Leopold et al., 1992). Whether the 
two KHCs interact with different types of membranes 
cannot be ascertained from this limited subcellular 
fractionation study. In addition, both uKHC and 
nKHC are depleted from high speed supernatants by 
microtubule affinity under conditions of ATP deple- 
tion and adenylyl-imidodiphosphate addition, and 
both KHCs require ATP to be released from the micro- 
tubules. These properties suggest that both KHCs are 
microtubule-based motor proteins. 

Previous work has suggested that purified kinesin 
from neuronal tissue contains a mixture of heavy 
chain isotypes. In SDS-polyacrylamide gel electro- 
phoresis, KHC often runs as a doublet, and two- 
dimensional gel electrophoresis reveals several KHC 
species that differ in charge as welt as molecular 
weight (Wagner et al., 1989). Although some of these 
differences are probably caused by posttranslational 
modifications, it is clear from this study that KHC di- 
versity observed in purified kinesin preparations is 
also generated by the presence of two different gene 
products which differ in size and charge (predicted 
pls of 5.53 for nKHC and 6.05 for uKHC). The presence 
of two distinct KHCs in most neuronal kinesin prepa- 
rations should be considered as a factor that can po- 
tentially complicate the quantitative analysis of kine- 
sin’s ATPase, motility, and binding interactions with 
microtubules and membranes. 

Distribution and Biological Roles of KHCs 
in the Nervous System 
lmmunostaining of frozen brain sections shows that 
nKHC is found in neurons throughout the CNS, al- 
though subpopulations of neurons are particularly 
enriched in this motor protein. lmmunoblot analysis 
also reveals the presence of nKHC in peripheral 
nerves indicating that nKHC serves a general function 
in the nervous system. Clia, at least in primary tissue 
culture, express uKHC but not nKHC, indicating that 
the latter protein is indeed neuron specific. We  have 
also found that uKHC and nKHC have different sub- 
cellular distributions within hippocampal neurons. 
Most notably, nKHC is concentrated in the cell body, 
in particular in the perinuclear region, whereas uKHC 
is more uniformly distributed between the cell body 
and the processes. These findings suggest that the 
two kinesins might bind to and transport distinct 
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types of organelles, although immunoelectron mi- 
croscopy will be needed to explore this issue further. 

Inhibition of uKHC and/or nKHC will be important 
for determining whether the two KHCs have distinct 
or overlapping functions in the nervous system. To 
investigate kinesin function, anti-kinesin antibodies 
have been used for inhibition studies (Brady et al., 
1990) and antisense oligonucleotides have been used 
to inhibit KHC expression in hippocampal neurons 
in vitro (Ferreira et al., 1992) and retinal ganglion cells 
in vivo (Amaratunga et al., 1993). The preparation and 
characterization of reagents for such experiments 
have been predicated on the notion of there being 
only one KHC. In light of the present findings, how- 
ever, the specificity of antibodies and antisense oligo- 
nucleotides for the two isoforms must be determined 
to establish whether one or both KHCs are affected 
in such experiments. Genetic analysis constitutes an- 
other approach toward resolving the respective roles 
of the two KHCs. At present, mutations in a Drosoph- 
ila KHC, which appears more closely related to uKHC 
than nKHC based upon its size, sequence homology, 
and tissue distribution, have been generated. These 
mutant flies display impaired action potential propa- 
gation and neurotransmitter release at neuromuscu- 
lar junctions, but are still capable of transporting cer- 
tain membranes, including synaptic vesicles, to the 
nerve terminal (Gho et al., 1992). It will be interesting 
to determine whether a neuron-specific KHC is also 
present in Drosophila and what role it may have in 
neuronal morphology and axonal transport. 

Experimental Procedures 

Cloning and Sequencing of Neuronal KHC 
The EST257 clone (Adams et al., 1991) was obtained from the 
American Tissue Culture Collection (#37774). To obtain a cDNA 
that contained the entire coding sequence, a 140 bp EcoRI-Apal 
DNA fragment from the Send of EST257 was radiolabeled using 
the random priming protocol (Feinberg and Vogelstein, 1983) 
and used as a probe to screen by plaque hybridization (Sam- 
brook et al., 1989) the same human hippocampal library (Stra- 
tagene, La Jolla, CA) from which EST257 was isolated. Of the 
cDNAsisolated,twoclones,clones25and lbl,werefuIlycharac- 
terized and sequenced. 

The region of the nKHC gene that was deleted from clone lb1 
(nucleotides 404-432; see Figure 1) was isolated subsequently 
from a whole human brain LgtlO cDNA library (obtained from 
R. Myers, Stanford University) using PCR (Mullis et al., 1986). 
The 5’ oligonucleotide consisted of nucleotides 79-99 (see se- 
quence in GenBank, accession number U06698) with a change 
at position 85 from an A to a T to create an Spel site for cloning 
purposes. The 3’oligonucleotide consisted of the reverse com- 
plement of nucleotides 496-516. The reaction was carried out 
by combining 2 x IO’ pfu of the cDNA library, 660 pmol of each 
oligonucleotide, and 0.2 U of Taq polymerase (Amplitaq; Cetus, 
Emeryville, CA) in 10 mM Tris (pH 8.3), 50 mM KCI, 2 mM MgCb, 
0.2% gelatin, and 0.2 mM dNTP. The reaction was first incubated 
at 94OC for 10 min and then for 30 cycles at 94°C (60 s), 50°C 
(60 s), and 72OC (60 s). The PCR products were then cloned into 
pBluescript SK (Stratagene) at the Spel and EcoRl sites. Two 
clones obtained from different PCR reactions were sequenced 
and found to be identical. 

A complete cDNA (pWBC7) was created using the following 
strategy. To restore the deleted region, clone lb1 was digested 

with Nsil (at nucleotide 191) and ApaLl (at nucleotide 466) and 
then ligated to the corresponding Nsil-ApaLI fragment from the 
PCR product. The corrected clone lb1 (5’ half of the gene) was 
ligated together with clone 25 (the 3’ half of the gene) at the Xhol 
site (at nucleotide 2420) resulting in a 3.8 kb cDNA containing 
the entire coding sequence. 

Sequencing templates of the clones isolated in the library 
screen were made by using exonuclease III to generate nested 
deletions (Henikoff, 1987). Both strands of the clones isolated 
were sequenced by dideoxy chain termination method (Sanger 
et al., 1977) using the Sequenase kit (United States Biochemicals, 
Cleveland, OH). 

Southern Blot Analysis 
Genomic HeLa cell DNA (10 ug; obtained from Bruce Cree, Uni- 
versity of California, San Francisco) was digested with either 
BamHI, EcoRI, or Sac1 and run on a 0.7% agarose gel. The gel 
was treated with 0.25 M  HCI for 20 min; 0.5 M  NaOH, 1.5 M  NaCl 
for30min;0.5MTris-HCI(pH7.5),1.5MNaClfor30minandthen 
blotted onto Hybond N nylon (Amersham,Arlington Heights, IL) 
with 20 x SSC (3 M  NaCI, 0.3 M  Na-citrate). The blot was ultravio- 
let cross-linked (0.12 Jlcm2) using a Stratalinker (Stratagene) and 
then prehybridized (55°C) in 3x SSCP (68 mM NaP04 [pH 6.81, 
45 mM Na-citrate, 0.36 M  NaCI), 10x Denhardt’s solution (0.2% 
[w/v] Ficoll400,0.2% [w/v] polyvinylpyrrolidone, 0.2% bovine se- 
rum albumin), 0.5% SDS, 250 mglml denatured salmon sperm 
DNA. Hybridization was performed in the same buffer as prehy- 
bridization but with 10% dextran sulfate (Pharmacia; Piscataway, 
NJ) and the radioactive probe at a concentration of 5 x 106 cpm/ 
ml. Placental library KHC (Navone et al., 1992) probes were as 
follows: N-terminal domain probe, Xmal-Sac1 fragment (nucleo- 
tides -137 to 1094); and C-terminal domain probe, Fspl-EcoRI 
fragment (nucleotides 2399 to end of cDNA). Hippocampal li- 
brary KHC probes were as follows: N-terminal domain probe, 
Pstl-Pstl fragment (nucleotides -37 to 1466); and C-terminal do- 
main probe, Hindlll-Hindlll fragment (nucleotides 2231-3061). 
Blots were hybridized overnight at 55”C, washed at 65OC in 0.2x 
SSC, 0.1% SDS, and then exposed to Kodak XAR-5 film with inten- 
sifying screens at -8OY. 

RNA Isolation and Northern Blot Analysis 
RNAwas isolated from monolayers of HeLa cells with guanidine 
isothiocyanate followed by purification using ultracentrifuga- 
tion through a cesium chloride cushion (Sambrook et al., 1989). 
The poly(A)+ mRNA fraction was selected using oligo(dT)-cellu- 
lose chromatography (In Vitrogen Inc., San Diego, CA). RNA 
isolation from rat tissues (brains of l-day-old rats as well as brain, 
liver, kidney, spleen, heart, and lung from adult rats) was per- 
formed according to the acid guanidinium thiocyanate-phenol- 
chloroform extraction method (Chomczynski and Sacchi, 1987) 
with modifications(Puissant and Houdebine, 1990). RNAconcen- 
tration and purity were quantitated spectrophotometrically. 
HeLa cell poly(A)’ mRNA (3 ug per lane) and rat tissue total RNA 
samples (IO ug per lane) were electrophoresed on 1% agarose, 
0.37 M  formaldehyde gels. RNA size standards were obtained 
from BRL Life Technologies, Inc. (Caithersburg, MD). Ethidium 
bromide staining was used to confirm that RNA samples were 
not degraded and that the expected amount of RNA was loaded. 
After electrophoresis, gels were treated with 50 mM NaOH for 
25 min, 1 M  Tris-HCI (pH 7.5) for 30 min, and 20x SSC for 15 
min and then transferred to Hybond N nylon (Amersham) with 
20x SSC. After transfer, blots were ultraviolet cross-linked (0.15 
J/cm*) by a Stratalinker (Stratagene) and then prehybridized 
(55°C) in the same solution as for the Southern blots. Hybridiza- 
tion was performed in the same buffer as prehybridization but 
with 10% dextran sulfate (Pharmacia) and the radioactive probe 
(either the complete cDNA clone for uKHC [Navone et al., 19921) 
or clone EST257 for nKHC) at a concentration of 5 x 106 cpmlml. 
Domain-specific probes for uKHC were made by the following 
restriction digests: N-terminal domain probe, Xmal-Sac1 frag- 
ment (nucleotides -137 to 1094); a-helical coiled coil domain 
probe, Sacl-Fspl fragment (nucleotides 1095-2398); and C-ter- 
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minal domain probe, Fspl-EcoRI fragment (nucleotide 2399 to 
the end of the cDNA). Blots were hybridized at 55°C overnight, 
washed at 55OC in 0.2x SSC, 0.1% SDS, and then exposed to 
Kodak XAR-5 film with intensifying screens at -8OOC. 

Preparation of Antibodies from MBP-Human KHC 
Fusion Proteins 
DNA fragments encoding portions of the stalk region of nKHC 
and uKHC were synthesized using PCR. For the stalk construct 
of nKHC, the 5’ PCR oligonucleotide included an EcoRl site and 
the 18 nucleotides encoding amino acids 527-532, and the 3’ PCR 
oligonucleotide included the 18 nucleotides encoding amino 
acids T/O-775, a stop codon, and a Hindlll site. For the stalk 
construct of uKHC, the!? PCRoligonucleotide included an EcoRl 
site and the 18 nucleotides encoding amino acids 523-528, and 
the 3’PCRoligonucleotide included the 18 nucleotides encoding 
amino acids 768-773, a stop codon, and a Sal1 site. The PCR 
reaction was carried out as described earlier. The PCR products 
were then cloned into pMALcRl (New England Biolabs, Beverly, 
MA) at the EcoRl and either the Hindlll or the Sall sites. 

Cells were grown at 37OC in 1 liter of Luria broth plus 0.2% 
glucose to ODma = 0.5, then induced with 3 ml of 0.1 M  isopropyl- 
P-n-thiogalactopyranoside and grown for an additional 2 hr at 
37°C. The cells were centrifuged at 4,000 x g, 4OC for 20 min 
and resuspended in 50 ml of TNED (IO mM Tris [pH 7.4],200 mM 
NaCI, 1 mM EDTA, 5 mM dithiothreitol). The resuspended cells 
were frozen overnight at -2OOC and thawed at 16’C before they 
were broken by a French press. The resulting extract was centri- 
fuged at 8,000 x g for 30 min at 4’C. The supernatant was diluted 
I:5 in TNED before loading onto an amylose resin column (New 
England Biolabs, Beverly, MA) at the rate of 1 mlimin. The column 
was washed with 8 column volumes of TNED, and the fusion 
protein was eluted with 50 ml of 10 mM maltose in TNED. The 
peak fractions were pooled and dialyzed in ‘IO mM HEPES (pH 
6.9), 50 mM NaCI, and 1 rnM dithiothreitol for 8 hr at 4OC. 

Polyclonal antibodies against the MBP-kinesin stalk proteins 
were prepared by injecting rabbits initially with 1 mg of antigen 
in complete Freund’s adjuvent followed by 3 boosts with 9.5 mg 
antigen in incomplete Freund’s adjuvent at 3 week intervals. To 
remove antibodies that reacted against either uKHC or nKHC, 
affinity columns of MBP-kinesin stalk proteins were prepared 
by coupling 80 mg of fusion protein to 4 ml of Affigel-15 resin 
with overnight incubation at 4OC. The uncoupled protein was 
removed with several washes of IO mM HEPES (pH 6.9), 50 mM 
NaCI, and a final wash with 10 mM Tris (pH 7.5). The rabbit 
polyclonal antisera were heated to 65OC for 15 min and then 
diluted IO-fold in 10 mM Tris (pH 7.5), and 1 resin volume of 
diluted antiserum was combined with 1 volume of resit, (anti- 
uKHC antiserum was applied to a resin of MBP-nKHC stalk pro- 
tein and vice versa). The mixture was incubated overnight at 
4OC, and then the resin was removed from the supernatant by 
sedimentation in a clinical centrifuge. 

Affinity purified anti-nKHC and anti-uKHC antibodies were 
isolated by incubating the anti-nKHC and anti-uKHC superna- 
tants with MBP-nKHC and MBP-uKHC resins, respectively, for 
12 hr at 4°C. The resins with bound antibodies were washed 
once with 10 mM Tris (pH 7.5), 0.5 M  NaCl followed by 3 washes 
with 10 mM Tris (pH 7.5). The antibodies were then eluted with 
100 mM glycine (pH 2.5) and immediately neutralized with I/IO 
volume of 1 M  Tris (pH 8). 

Tissue Preparations, Polyacrylamide Gel Electrophoresis, 
and lmmunoblotting 
Tissues (6-8 g of adult brain, liver, kidney, spleen, heart, lung, 
testes, and newborn brain from rats as well as adult human brain; 
obtained from R. Myers, Stanford University) were added to 20 
ml of acetate buffer (100 mM KAc, 150 mM sucrose, 5 mM EGTA, 
3 mM MgAc, IO mM K-HEPES [pH 7.41) and homogenized by 20 
strokes with a type B pestle followed by 20 strokes with a type 
A pestle in a Wheaton homogenizer. Crude homogenates were 
either frozen in liquid nitrogen for later use or centrifuged at 
5,000 x g for 10 min to make low speed supernatants which 
were also frozen in liquid nitrogen and stored at -80°C. Adult 

rat sciatic nerve tissue extracts were prepared by boiling nerve 
fragments in SDS gel sample buffer. Protein concentration was 
approximated by comparing this extract to other crude extracts 
of known concentrations on a Coomassie blue-stained poly- 
acrylamide gel. 

The proteins were separated on 8% polyacrylamide gels under 
denaturing and reducing conditions (Laemmli, 1970). Immu- 
noblotting (Towbin et al., 2979) was performed by transferring 
to nitrocellulose at 0.5 A for 1 hr. Blots were usually blocked for 
at least 2 hr in TBST-5% nonfat dry milk (TBST: 20 mM Tris [pH 
7.5],150 mM NaCI, 0.1% Tween-20). Primary antibody incubaiion 
(I:1000 dilution for anti-uKHC antibody and I:500 dilution for 
anti-nKHC antibody) was performed in ihe same solution over- 
night at 4OC. Biots were then washed 4 x 30 min in TBST and 
then 1 x 15 min in TBST-5% nonfat dry milk followed by a 1 hr 
incubation with horseradish peroxidase-conjugated donkey 
anti-rabbit immunoglobulin (Amersham) at a 2: lOOO dilution in 
TBST-5% nonfat dry milk. After washing 4 x 30 min in TBST, 
blots were developed using the ECL Western blotting detection 
kit (Amersham) and exposed to Kodak XAR-5 film. For quantita- 
tive immunoblotting, samples were run alongside a range of 
known quantities of either MBP-uKHC or MBP-nKHC. Determi- 
nations were made using signals in the linear range. Densitome- 
try of the images was performed using the NIH Image i.44VDM 
program (Wayne Rasband, National Institutes of Health). 

lmmunoprecipitation of KHCs 
Twenty microliters of either affinity purified anti-nKHC antise- 
rum or anti-uKHC antiserum was added to 0.4 ml of rat brain 
high speed supernatant (250,000 x g, 30 min) containing 10 mg/ 
ml bovine serum a!bumin. After incubation for 1 hr on ice, 0.2 
ml of 10% (v/v) protein A beads (Zymed Laboratories, South San 
Francisco, CA) were added and incubated for 1 hr at 4°C. Eeads 
were washed once with 10 mM Tris (pH 7.5), 0.S M  NaCl, then 
3 times with TBST, and were finally boiled in SC;S gel loading 
buffer (50 mM Tris [pH 6.81, 100 mM dithioth:eitol, 2% SDS, 10% 
glycerol). 

Kinesin Preparation from Rat Brains 
Rat brains (70 g; 36 rats) were homogenized in 1 volume of ho- 
mogenization buffer (HB: 80 mM K-PIPES [pH 6.8],5 mM MgCi,, 
1 mM EGTA, I mM phenylmethylsulfony~ fluoride) with 20 
strokes of a type B pestle followed by 20 strokes with a type A 
pestle in a Wheaton homogenizer. The crude extract was centri- 
fuged at27,OOO x gfor30min at4”Cgiving riseto SI (supernatant 
1) and PI (pellet 1). 51 was spun at 250,000 x g for Z hr at 4OC, 
creating S2 and P2. Taxol (a generous gift from the Nationai Can- 
cer Institute) was added to S2 to a final concentration of 70 PM. 
Bovine microtubules preassembled for 20 min in HB, i mM Mg- 
GTP and 10 PM taxol at 37OC were added to a final concentration 
of 100 pgiml. After a 10 min incubation at 20°C, hexokinase (60 Ui 
ml), glucose (IO mM), and adenylyl-imidodiphosphate (0.2 mM) 
were added. Twenty minutes later, the microtubules were sedi- 
mented through sucrose cushions (HE, 20% sucrose, 5 pM taxol) 
by centrifuging for 30 min at 100,000 x g at 20°C. The microtu- 
bule pellet was resuspended in l/20 volume (compared with S2) 
of HB containing 10 FM taxol and then spun again through 20% 
sucrose cushions as above. The microtubule pellet was then 
resuspended in l/40 volume of HB containing IO FM taxol, 
0.1 M  KCI, and 10 mM Mg-ATP, incubated for 20 min at 20°C, 
and centrifuged at 40,000 x g for 30 min (ATP release). The final 
microtubule pellet was resuspended in 1140 volume of HB. 

lmmunostaining of Frozen Tissue Sections 
Sprague-Dawley albino rats 175-200 g were anesthetized and 
fixed by transcardial perfusion as previously described (De 
Camilli et al., 1983). In brief, animals were perfused for 5 min 
with ice-cold 120 mM sodium phosphate buffer (pH 7.4) and 
then for IO-15 min with fixative (4% formaldehyde [w/v] freshly 
prepared from paraformaldehyde) in the same buffer. Following 
perfusion, brains were removed, cut into small blocks, and im- 
mersed in the same fixative for 3 hr at OOC. Excess fixative was 
removed by several washes in 120 mM sodium phosphate buffer, 
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and the tissue specimens were infiltrated with sucrose by pass- 
ing them through a series of increasing concentrations of su- 
crose (12%, 15%, and 18% w/v) in the same buffer. Tissue was 
then frozen in isopentane chilled with liquid nitrogen and sec- 
tioned at a thickness of 10 urn with a Reichert-Jung (Vienna, 
Austria) cryostat. Sections were then mounted on glass micro- 
scope slides, which were previously treated with 0.5% gelatin 
and 0.05% chromium potassium sulfate solution to obtain good 
adhesion of the sections. 

lmmunostainingof the sections was performed by an indirect 
immunofluorescence procedure as described (De Camilli et al., 
1983) with minor modifications. Frozen sections were first 
washed in low salt PBS (150 mM NaCI, IO mM NaP04 [pH 7.41) 
and then incubated for 30 min in the presence of 0.1 M  glycine 
buffered at pH 7.4with Tris base. Sections were incubated subse- 
quently for 30-40 min with goat serum dilution buffer (0.8% 
[w/v] Triton X-100,0.45 M  NaCI, 0.02 M  sodium phosphate buffer 
[pH 7.41 containing 6-fold diluted normal goat serum) followed 
by an incubation for 2-3 hr with the affinity purified, rabbit anti- 
nKHC antibody (I:50 dilution) and anti-MAP2 monoclonal anti- 
body (Boehringer Mannheim) diluted in goat serum dilution 
buffer. The sections were then washed 4 x 15 min in high salt 
PBS (450 mM NaCI, 20 mM NaPOl [pH 7.41) containing 0.3% Triton 
X-100, followed by an incubation for 45 min with Texas Red- 
conjugated, affinity purified goat anti-rabbit IgC and fluores- 
cein-conjugated, affinity purified goat anti-mouse IgC (Jackson 
ImmunoResearch Laboratories, Inc., West Grove, PA) diluted in 
goat serum dilution buffer. Sections were then washed as before 
in high salt PBS containing 0.3% Triton X-100 followed by low 
salt PBS and then 5 mM NaP04 (pH 7.4). All antibody solutions 
were spun for 4 min in an Eppendorf microfuge to remove ag- 
gregates. At the end of the immunostaining, the glass slides were 
mounted with 70% glycerol (v/v) in PBS containing 1 mg/ml 
p-phenylenediamine (Sigma Chemical Co., St. Louis, MO), ob- 
served with a Zeiss Axioplan equipped with epifluorescence op- 
tics with a 20x Plan Neofluar objective, and photographed with 
T-Max 400 ASA film (Eastman Kodak Co., Rochester, NY). 

Hippocampal Cell Culture and lmmunostaining 
Primary neuronal cultures were prepared from hippocampi of 
IB-day-old fetal rats (4 day cultures shown in Figures 7g and 7h) 
asdescribed by Banker and Cowan (1977) and Bartlett and Banker 
(1984). Cultures from newborn rats (in Figures 7a-7f) were pre- 
pared by dissecting hippocampal regions CA3-CA1 from 2- to 
Cday-old rat brains according to Malgaroli and Tsien (1992). 

Hippocampal cultures were fixed by immersing glass slides 
for 20-30 min in a 4% formaldehyde solution (freshly prepared 
from paraformaldehyde) in 120 mM NaPO, (pH 7.4) buffer con- 
taining 4% sucrose (prewarmed to 37OC) (Matteoli et al., 1992). 
After fixation, cells werewashed extensively with PBS. Fixed cells 
weredetergent permeabilized and immunolabeled according to 
the same protocol described for tissue sections except that the 
wash steps were in high salt PBS without Triton X-100. Primary 
antibodies used in this study were affinity purified rabbit poly- 
clonal antibodies against nKHC (I:50 dilution), the rabbit antise- 
rum against uKHC (depleted of nKHC antibodies; 1:20 dilution), 
the mouse anti-MAP2 monoclonal antibody from Boehringer 
Mannheim, a mouse anti-tubulin monoclonal antibody (DMla; 
I:1000 dilution; a gift from Dr. M. Kirschner, Department of Cell 
Biology, Harvard Medical School, Boston, MA), and a mono- 
clonal antibody against synaptotagmin (160 dilution; a gift from 
Dr. A. Malgaroli). Secondary antibodies and microscopy were 
the same as described above for the immunostaining of frozen 
brain sections, except that a Zeiss 63x, 1.4 numerical aperture 
Planapochromat objective was used for imaging. 
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