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ABSTRACT Kinesin-73 cDNA was shown to encode a
kinesin heavy chain protein that contains an N-terminal
motor domain and a long central region that lacks extensive
coiled–coils. The amino acid sequence of the motor domain of
kinesin-73 protein is most closely related to the motor do-
mains of Caenorhabditis elegans unc-104 and mouse KIF1A.
The central region of kinesin-73 protein also is related to
unc-104 and KIF1A, but the homology is lower than that of the
motor domain. The C-terminal region of kinesin-73 protein
contains a cytoskeleton associated protein Gly-rich domain,
which is a putative microtubule binding site that is present in
some cytoskeleton or dynein-associated proteins. Kinesin-73
mRNA was shown by in situ hybridization to be maternally
expressed and widely distributed in the syncytial blastoderm
embryo. However, later in Drosophila embryo development,
expression of the kinesin-73 gene becomes restricted mostly to
the central and peripheral nervous systems.

Kinesin heavy chain proteins are molecular motors that
transport cellular organelles along microtubule pathways. In
recent years many genes or cDNAs that encode proteins of
the kinesin heavy chain superfamily have been identified (for
reviews, see refs. 1–5). Each kinesin heavy chain protein has
a motor domain '350 amino acid residues in length that
contains a putative ATP binding site and a microtubule
binding site. The native form of most kinesin molecules is a
tetrameric complex consisting of two kinesin heavy chains
and two kinesin light chains. However, some species of
kinesin heavy chain proteins form trimeric complexes (for
review, see ref. 4), and others, such as the unc-104 subfamily
of kinesin proteins, remain as monomers (6–8).
In Drosophilamore than 30 kinesin heavy chain genes have

been mapped on chromosomes (9), and the nucleotide
sequences of nucleic acids encoding 9 kinesin heavy chain
proteins have been reported (9–15). Different kinds of
kinesin proteins transport different cargoes and hence per-
form different functions. Among the functions of kinesin
proteins that have been identified are the anterograde
transport (toward the plus ends of microtubules) of synaptic
vesicle precursors (7, 16), mitochondria transport (8), spin-
dle function, and chromosome distribution (for reviews, see
refs. 1–5). Some kinesins, with C-terminal rather than N-
terminal motor domains, transport cargo in the opposite
direction—i.e., from the periphery toward the minus ends of
microtubules (9) in the cell soma.
We have used the enhancer trap method (17) to find genes

that are expressed in the nervous system of Drosophila
embryos. Drosophila genomic DNA fragments adjacent to
P-element insertion sites were cloned from transgenic lines
of Drosophila, and these DNA fragments then were used as

probes to clone the corresponding species of cDNA. In this
report kinesin-73 cDNA is described, which encodes a novel
kinesin heavy chain protein that becomes restricted primarily
to the central and peripheral nervous systems during the
course of embryonic development. Kinesin-73 is a member
of the Caenorhabditis elegans unc-104 (6–8) subfamily of
kinesin heavy chain proteins.

MATERIALS AND METHODS

Generation of Transgenic Fly Lines. Transgenic lines of
Drosophila were generated using P-lacW and the P-element
mobilization method described by Bier et al. (18), and
balanced using appropriate second or third chromosome
balancers.
Plasmid Rescue and Library Screening. Isolation of

genomic DNA from transgenic f lies and plasmid rescue were
performed as described by Pirrotta (19) with modifications.
DNA was digested with EcoRI, and DNA fragments were
circularized by ligation and used to transform Escherichia
coli XL-1 Blue competent cells. Genomic DNA fragments
f lanking P-element insertion sites were excised from plasmid
DNA by digestion with EcoRI and PstI simultaneously.
These fragments were used to screen lCharon 4 and
lGEM-11 (Promega) Drosophila genomic DNA libraries.
Genomic DNA fragments were excised from positive l
phages and used as probes to screen a 3- to 24-hr Drosophila
embryo cDNA library in lgt10. cDNA fragments from
positive clones then were subcloned into pBluescript vectors,
and both strands of DNA were sequenced using Sequenase
Version 2.0 DNA sequencing kits (United States Biochem-
ical). Wisconsin Sequence Analysis programs (Genetics
Computer Group, Madison WI) were used for sequence
analysis and DNA segment assembly.
In Situ Hybridization. A digoxigenin-labeled single-

stranded antisense RNA probe (nucleotide residues 568-
1658 shown in Fig. 2) was transcribed from a 1.1-kb kine-
sin-73 cDNA subclone (73C-8) using the Boehringer Mann-
heim Dig RNA labeling kit (SP6yT7) and the manufacturer’s
instructions. Wild-type Oregon R embryos were processed
for hybridization by the method of Tautz and Pfeif le (20).
Prehybridization, hybridization, and washes were performed
as described in Mellerick and Nirenberg (21).

RESULTS

The enhancer trap method (17) was used to find genes that
are expressed in the nervous system of Drosophila embryos.
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Approximately 500 transgenic lines of Drosophila were gen-
erated using the P-lacW vector and the P-element mobiliza-
tion method of Bier et al. (18). P-lacW contains the initial
portion of the P-element transposase gene fused to a b-ga-
lactosidase reporter gene. The time and pattern of b-galac-
tosidase expression during development usually are deter-
mined by nearby regulatory sequences of the gene that
contains the newly inserted P-element DNA. Eighty-two
transgenic f ly lines were obtained that express b-galactosi-
dase in embryos only in the nervous system, and additional
lines were found that express b-galactosidase both in the
nervous system and in one or more other tissues. We cloned
and characterized Drosophila genomic DNA adjacent to the
P-element insertion site and corresponding cDNA from
some of these transgenic lines.
A 3.0-kb genomic DNA fragment adjacent to the P-lacW

DNA inserted in chromosome 2 ofDrosophila transgenic line
73 was cloned and used as a probe to screen a pGEM-11
Drosophila genomic DNA library. The genomic DNA insert
from a positive pGEM-11 recombinant clone [73(1)-1, 12-kb
DNA insert] then was used to screen a 3- to 24-hr Drosophila
embryo cDNA library in lgt10. cDNA clone 73C-1 was
obtained with a DNA insert 247 nucleotide residues in
length. Nucleotide sequence analysis showed that clone
73C-1 cDNA encodes a protein homologous to part of the
motor domain region of kinesin heavy chain protein. Addi-
tional screening of the cDNA library yielded a set of
overlapping cDNA clones that are shown in Fig. 1. Kine-
sin-73 cDNA is 7.1 kb in length. A partial map of restriction
sites also is shown.
The nucleotide sequence of kinesin-73 cDNA and deduced

amino acid sequence of kinesin-73 heavy chain protein are
shown in Fig. 2. Kinesin-73 cDNA is 7107 nucleotide residues
in length without the poly(A) tail and encodes a protein 1921
amino acid residues in length with a calculatedMr of 215,047
and a pI of 5.62. The 59-untranslated region contains ter-
mination codons in each of the three reading frames. Eight
of the 12 nucleotide residues f lanking the ATG codon for
initiation of kinesin-73 protein synthesis fit the Cavener and
Ray (22) consensus sequence (CACAACCAACATGGC)
f lanking ATG codons initiating protein synthesis in Dro-
sophila. Kinesin-73 protein contains a motor domain 359
amino acid residues in length in the N-terminal region of the
protein. A conserved ATP binding site (23) and a putative
microtubule binding site (amino acid residues 244–255) are
present within the motor domain. A conserved amino acid
sequence termed a CAP-Gly domain (residues 1826–1868) is
present in the C-terminal region of kinesin-73 protein.
CAP-Gly domains are present in some cytoskeleton- or
dynein-associated proteins such as human restin (24) also
termed CLIP-170 (25), Drosophila Glued (26), rat dynactin
(27), C. elegans MO1A8.4 (28), and BIK1 of Saccharomyces
cerevisiae (29). The amino acid sequence, Arg-Gly-Asp-Ser,
near the C terminus of kinesin-73 is a putative fibronectin
binding site (30). The 39-untranslated region of kinesin-73
cDNA contains a polyadenylylation signal, AATAAA, 21

nucleotide residues upstream from the poly(A) tail [the
poly(A) tail is not shown in Fig. 2].
Most kinesin heavy chain proteins are composed of three

domains: a globular motor domain '350 amino acid residues
in length with binding sites for ATP and microtubules, a
central stalk domain with many a-helical heptad repeats that
form extensive coiled–coils that enable some kinesin heavy
chain molecules to form dimers, and a globular tail domain
that is thought to bind to organelles that are transported along
microtubule tracks.
Coiled–coils predicted for kinesin-73 protein by the algo-

rithm of Lupas et al. (31) are shown in Fig. 3. Kinesin-73
protein does not contain a central region with long a-helices
and extensive coiled–coils, but does contain two or three short
a-helices that probably form stable coiled–coils. Further work
is required to determine whether the putative short coiled–
coils interact with other protein molecules. The central region
of kinesin-73 protein therefore resembles the central regions of
mouse kinesin heavy chain proteins KIF1A (6) and KIF1B (7),
which also have several short putative coiled–coils in the
central region and C. elegans unc-104 (8) that are thought to
function as monomers.
The amino acid sequence of kinesin-73 protein is most

closely related to the amino acid sequences of C. elegans
unc-104 (8), mouse KIF1A and KIF1B (7), and human H-
ATSV (axonal transporter of synaptic vesicles) (32), which is
97% homologous to KIF1A. Regions of homology between
kinesin-73 and unc-104, KIF1A, and KIF1B, revealed by dot
matrix analysis, are shown in Fig. 4 A–C, respectively. The
amino acid sequence of the motor domain of kinesin-73
protein (residues 1–359) is 59%, 62%, and 50% identical to the
motor domains of unc-104, KIF1A, and KIF1B, respectively.
Kinesin-73 amino acid residues 360 to'607 also exhibit strong
homology to the corresponding regions of unc-104, KIF1A,
and KIF1B although some gaps appear. Short segments of
homology separated by larger segments that are not homolo-
gous are present between amino acid residues 608 to 1246 of
kinesin-73 and the corresponding regions of unc-104 and
KIF1A, but these segments of homology are not present in
KIF1B. Some additional regions of similarity were detected
between kinesin-73 amino acid residues 1246 to 1767 and the
corresponding regions of unc-104 and KIF1A that are not
shown here. Amino acid sequence homology between kine-
sin-73 and Drosophila KHC (10) or KLP68D (14) is restricted
to the motor domain (data not shown). These results suggest
that kinesin-73 protein is a member of the unc-104 subfamily
of kinesin heavy chain proteins.
A search of the GenBank database for additional homology

revealed a 43 amino acid residue CAP-Gly domain (33) in the
C-terminal region of kinesin-73. A comparison of the amino
acid sequence of the CAP-Gly domain of kinesin-73 with five
other proteins that contain CAP-Gly domains is shown in Fig.
5. Human restin (24), also termed cytoplasmic linker protein-
170 or CLIP-170, contains two CAP-Gly domains that bind to
microtubules (25). Restin links endocytic vesicles to microtu-
bules (24). Both Drosophila Glued (26) and rat dynactin (27)
are associated with 20S complexes involved in cytoplasmic
dynein-mediated vesicle transport. A CAP-Gly domain also is
present in MO1A8.4 protein of C. elegans (28) and BIK1
protein of S. cerevisiae (29). BIK1 apparently is required for the
formation or stabilization of microtubules during mitosis and
for spindle pole body fusion during conjugation (29). The
identity between the amino acid sequence of the CAP-Gly
domain of kinesin-73 and those of the other proteins shown inFig.
5 ranges from 60% to 41%. Twelve of the 43CAP-Gly amino acid
residues are invariant, and only 1 or 2 amino acid replacements
are present at 8 additional amino acid positions. Conservative
amino acid replacements are present at 12 positions.
In situ hybridization with an antisense RNA probe showed

that kinesin-73 is a maternal mRNA that is evenly distributed

FIG. 1. Overlapping kinesin-73 cDNA clones and partial map of
restriction sites of the composite kinesin-73 cDNA. B, BamHI; E,
EcoRI; H, HindIII; S, SacI; X, XbaI.
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FIG. 2. Nucleotide sequence and the deduced amino acid sequence of the composite kinesin-73 cDNA. The number of nucleotide residues and
the number of amino acid residues are shown on the right. The motor domain (amino acid residues 1–359) is indicated with a dashed line. The
phosphate-binding loop (P-loop) of the ATP binding site is shown using boldface amino acid residues. Underlined amino acid residues (1819–1874)
correspond to the cytoskeleton-associated protein Gly-rich domain (CAP-Gly domain). Double underlining indicates a fibronectin cell attachment
amino acid sequence (RGDS). The polyadenylylation signal (AATAAA) of kinesin-73 cDNA also is underlined.
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in the syncytial embryo (not shown). As shown in Fig. 6A,
kinesin-73 mRNA is expressed in the germ band and part of
the procephalic region in a stage 9 embryo. Kinesin-73 mRNA is
prominently expressed in the central nervous system of a Stage 13
embryo (Fig. 6B).Kinesin-73mRNA is present in both the central
and peripheral nervous systems of stage 17 Drosophila embryos
(Fig. 6 C and D). These results show that the kinesin-73 gene is
widely expressed in early Drosophila embryos; however, later in
embryonic development expression of the gene is restricted
mostly to the central and peripheral nervous systems.

DISCUSSION

Kinesin-73 cDNA was cloned and sequenced and shown to
encode a novel kinesin heavy chain protein. Kinesin-73
protein consists of 1921 amino acid residues and contains a
motor domain with a putative ATP binding site and a
microtubule binding site in the N-terminal portion of the
protein. The amino acid sequence of the motor domain and
the central region of kinesin-73 show that kinesin-73 is a
member of the unc-104 subfamily of kinesin heavy chain
proteins, which include C. elegans unc-104 (6), mouse
KIF1A, (7) and KIF1B (8), and human H-ATSV (32). The
stalk domains of most kinesin heavy chain proteins are
thought to form coiled–coil structures that enable kinesin
heavy chain molecules to form dimers. Kinesin-73, KIF1A,
and KIF1B (7) apparently have only a few short coiled–coils

in their stalk domains, and, together with unc-104, lack
extensive coiled–coils in the central regions of these proteins.
The C-terminal region of kinesin-73 protein contains a

CAP-Gly domain that is similar to the CAP-Gly domains of
some cytoskeleton associated proteins and dynein-associated
proteins such as restin (24) [CLIP-170 (25)], which links
endocytic vesicles to microtubules (24); Drosophila Glued

FIG. 3. The probability of forming stable coiled–coils predicted by
the algorithm of Lupas et al. (31) plotted against the amino acid
residues of kinesin-73. Possible regions with stable coiled–coils are
amino acid residues 594–622, 668–695, and 734–761.

FIG. 4. Dot matrix amino acid sequence comparisons of kinesin-73
with unc-104 (A), KIF1A (B), and KIF1B (C). Amino acid sequence
comparisons were performed using the Genetics Computer Group
program COMPARE (window 5 30, stringency 5 16), and then plotted
using DOTPLOT.

FIG. 5. Amino acid sequence alignment of the CAP-Gly domain of kinesin-73 protein with CAP-Gly domains of other proteins. Species
abbreviations are as follows: d,Drosophila; h, human; r, rat; ce, C. elegans; and y, the yeast S. cerevisiae. A dash shown in white on a black background
corresponds to the same amino acid residue as shown for kinesin-73. The column of numbers on the right corresponds to the percent of amino
acid residues that are identical to those shown for kinesin-73. Amino acid residues shown in black on a shaded background correspond to conservative
amino acid replacements, defined as follows: S, T, G, A, PyL, I, M, VyE, D, Q, NyK, R, HyF, V, Wy, and C (34). The symbol ‘‘.’’ corresponds
to the absence of an amino acid residue. The CAP-Gly domain of the proteins correspond to the following amino acid residues: kinesin-73,
1826–1868; restin CAP-Gly domain-1, 78–120; restin CAP-Gly domain-2, 232–264; Glued, 56–98; dynactin, 47–89; MO1A8.4, 39–81; BIK1, 26–69.
References are as follows: restin (24), Glued (26), dynactin (27), MO1A8.4 (28), and BIK1 (29).
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(26) and rat dynactin (27), which are involved in cytoplasmic
dynein-mediated vesicle transport; and C. elegans M01A8.4
protein (28) and yeast BIK1 protein (29). CLIP-170 contains
two CAP-Gly domains that have been shown to bind to
microtubules (25). Only the CAP-Gly domain of kinesin-73
protein exhibits homology with these proteins. Kinesin-73
protein is the only kinesin heavy chain protein that has been
reported thus far that contains a CAP-Gly domain. The
presence of a CAP-Gly putative microtubule binding site in
the tail region of kinesin-73 protein suggests that kinesin-73
may be a motor protein for anterograde axonal transport of
tubulin oligomers andyor microtubules along microtubule tracks.
Microtubules elongate by addition of tubulin to the plus ends

of the microtubules. Axonal microtubules are oriented so that
the elongating plus ends point away from the cell body toward
the axon tip. In addition to microtubule assembly by addition
of tubulin subunits to the plus ends of microtubules in axons,
evidence for tubulin or microtubule transport in axons from
neuronal soma toward axon tips has been reported (for a review
see ref. 35). Further work is needed to determine whether the
function of kinesin-73 involves microtubule transport.
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