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Kinesin-like calmodulin-binding protein (KCBP), a member of the Kinesin-14 family, is a C-terminal microtubule motor with
three unique domains including a myosin tail homology region 4 (MyTH4), a talin-like domain, and a calmodulin-binding
domain (CBD). The MyTH4 and talin-like domains (found in some myosins) are not found in other reported kinesins. A
calmodulin-binding kinesin called kinesin-C (SpKinC) isolated from sea urchin (Strongylocentrotus purpuratus) is the only
reported kinesin with a CBD. Analysis of the completed genomes of Homo sapiens, Saccharomyces cerevisiae, Caenorhabditis
elegans, Drosophila melanogaster, and a red alga (Cyanidioschyzon merolae 10D) did not reveal the presence of a KCBP. This
prompted us to look at the origin of KCBP and its relationship to SpKinC. To address this, we isolated KCBP from a gym-
nosperm, Picea abies, and a green alga, Stichococcus bacillaris. In addition, database searches resulted in identification of KCBP in
another green alga, Chlamydomonas reinhardtii, and several flowering plants. Gene tree analysis revealed that the motor domain
of KCBPs belongs to a clade within the Kinesin-14 (C-terminal motors) family. Only land plants and green algae have a kinesin
with the MyTH4 and talin-like domains of KCBP. Further, our analysis indicates that KCBP is highly conserved in green algae
and land plants. SpKinC from sea urchin, which has the motor domain similar to KCBP and contains a CBD, lacks the MyTH4
and talin-like regions. Our analysis indicates that the KCBPs, SpKinC, and a subset of the kinesin-like proteins are all more
closely related to one another than they are to any other kinesins, but that either KCBP gained the MyTH4 and talin-like
domains or SpKinC lost them.

Members of the kinesin superfamily of microtubule
(MT) motor proteins have been identified in many taxa
ranging fromprotists to plants and animals (Reddy and
Day, 2001; Vale, 2003). The members of the kinesin
superfamily have a highly conserved motor domain
with ATP- and MT-binding sites. In addition, most
kinesins have a less conserved coiled-coil region that
is important for dimerization and a nonconserved tail
domain that is thought to interact with specific cargo
(see Fig. 1). Kinesins bindMTs and a variety of cargoes
andperform force-generating tasks such as transport of
vesicles and organelles, spindle formation and elonga-
tion, chromosome segregation, and MT organization
(Leopold et al., 1992; Sawin et al., 1992; Barton and
Goldstein, 1996; Moore and Endow, 1996; Wein et al.,
1996; Raich et al., 1998; Goldstein and Philip, 1999;
Manning and Snyder, 1999; Reddy, 2001). Analysis of
completed genome sequences of eukaryotes has re-
sulted in identification of a large number of kinesins
(Reddy and Day, 2001; Vale, 2003). Recently, all known
kinesins have been grouped into 14 families that were
designated as Kinesin-1 to Kinesin-14 (Lawrence et al.,
2004). One of these families (Kinesin-14) possesses a
C-terminalmotordomainwithminus-endmotility, and
the rest of the subfamilies have either an N-terminal or

an internal motor domain (Fig. 1) andmove toward the
plus-end of MTs (Reddy and Day, 2001; Vale, 2003;
Lawrence et al., 2004).

Plant kinesins were first identified in tobacco (Nico-
tiana tabacum) pollen tubes (pollen kinesin homolog)
and tobacco phragmoplasts (tobacco kinesin related
protein 125; Asada et al., 1991; Tiezzi et al., 1992; Cai
et al., 1993). Since then, many kinesins have been
identified in plants (Mitsui et al., 1993, 1994; Liu et al.,
1996; Reddy et al., 1996a; Asada et al., 1997; Tamura
et al., 1999; Barroso et al., 2000; Nishihama et al., 2002;
Reddy, 2003; Tanaka et al., 2004). In Arabidopsis
(Arabidopsis thaliana) alone there are at least 61 kinesins
(Reddy and Day, 2001). Using genetic and cell bi-
ological approaches, functions of some plant kinesins
have been reported (Reddy, 2003; Lee and Liu, 2004).
Functional studies with a few kinesins have shown
their involvement in mitosis and meiosis (Liu et al.,
1996; Bowser and Reddy, 1997; Lee and Liu, 2000; Lee
et al., 2001; Chen et al., 2002; Nishihama et al., 2002;
Strompen et al., 2002; Yang et al., 2003; Pan et al., 2004;
Ambrose et al., 2005), morphogenesis (Oppenheimer
et al., 1997; Lu et al., 2005), and oriented deposition of
cellulose myofibrils (Zhong et al., 2002). A kinesin that
interacts with a geminivirus replication protein has
also been reported in Arabidopsis (Kong and Hanley-
Bowdoin, 2002). Predicted mitochondrial targeting
sequences in two Arabidopsis kinesins mined from
the database were shown to direct a green fluorescent
protein fusion protein to mitochondria, suggesting
that these kinesins are likely to function in these
organelles (Itoh et al., 2001). A kinesin containing
a calponin homology domain has been shown to
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interact with actin microfilaments, suggesting the in-
volvement of some kinesins in coordinating actin and
MT cytoskeleton (Preuss et al., 2004). The motility
properties of only a few of these kinesins have been
reported (Asada and Shibaoka, 1994; Song et al., 1997;
Marcus et al., 2002).

A calmodulin-binding kinesin (kinesin-like calmod-
ulin-binding protein [KCBP]) has been characterized
from several flowering plants (Reddy et al., 1996a,
1996b; Wang et al., 1996; Abdel-Ghany and Reddy,
2000; Preuss et al., 2003). KCBP, like other kinesins, has
a motor domain, a stalk, and a tail domain. In addi-
tion, it has some unique domains. These include: (1) a
calmodulin-binding domain (CBD) at the C terminus
that is responsible for Ca21/calmodulin regulation of
its ATPase activity, interaction with MTs, and motor
activity (Narasimhulu et al., 1997; Song et al., 1997;
Deavours et al., 1998; Narasimhulu and Reddy, 1998),
and (2) the myosin tail homology region 4 (MyTH4)
and the talin-like region found in some myosins
(Reddy and Reddy, 1999). We have shown that the
MyTH4 and talin-like region has an MT-binding site
(Narasimhulu and Reddy, 1998). Recently, a similar
region in animal myosins has also been found to bind
MTs (Weber et al., 2004). Biochemical studies together
with the crystal structure of the KCBP motor domain
with the CBD indicate that calcium/calmodulin neg-
atively regulates KCBP activity by blocking the MT-
binding sites on the motor (Reddy and Reddy, 2002;
Vinogradova et al., 2004).

Immunolocalization studies and antibody injection
using antibodies specific to KCBP indicate that KCBP
has a role in cell division (Bowser and Reddy, 1997;
Smirnova et al., 1998; Vos et al., 2000). Consistent with
its role in cell division, the level of KCBP is cell cycle
regulated with a high amount in the mitotic phase
(Bowser and Reddy, 1997). KCBP is localized to the
plant-specific preprophase band, phragmoplast, and
to the spindle apparatus in dividing cells (Bowser and
Reddy, 1997; Smirnova et al., 1998; Preuss et al., 2003).
KCBP is capable of bundling MTs, suggesting the
involvement of KCBP in establishing mitotic MT
arrays during different stages of cell division (Kao
et al., 2000). Genetic studies have shown that KCBP is
essential for trichome morphogenesis, and KCBP
mutants (zwichel, zwi) have abnormal trichomes with
a shorter stalk and a reduced number of branches
(Oppenheimer et al., 1997; Reddy and Day, 2000). In
cotton (Gossypium hirsutum) fibers, KCBP was shown
to associate with cortical MTs as well as with mitotic
MT arrays (Preuss et al., 2003). In addition to calmod-
ulin, KCBP interacts with three other proteins (KCBP-
interacting Ca21 binding protein, ANGUSTIFOLIA,
and KCBP-interacting protein kinase), and two of
these are also involved in trichome morphogenesis
(Day et al., 2000; Folkers et al., 2002; Reddy et al., 2004).

Searches of the National Center for Biotechnology
Information (NCBI) and species-specific sequence
databases have not identified a homolog of KCBP in
the completely sequenced genomes of Saccharomyces

Figure 1. Types of motors found in eukaryotic organisms. Examples are given from Arabidopsis except for dynein that has not
been identified in the Arabidopsis genome. Domains are as shown in the key. Dynein, The protein interaction domain is
implicated in heavy chain-heavy chain interaction and other protein interactions. Myosin, The myosin IQ domain binds
calmodulin. Kinesins, Three major types of kinesins are represented: those with C-terminal, N-terminal, or internal-motor
domain.
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cerevisiae,Caenorhabditis elegans,Drosophila melanogaster,
Homo sapiens, Cyanidioschyzon merolae, orMus musculus
(Miki et al., 2001; Schoch et al., 2003; Matsuzaki et al.,
2004). However, a calmodulin-binding kinesin called
kinesin-C (hereafter called SpKinC), a member of the
C-terminal family, has been cloned from the sea urchin
(Strongylocentrotus purpuratus; Rogers et al., 1999). The
amino acid sequence of CBD of SpKinC shares 35%
identity with KCBP. Since SpKinC lacks the MyTH4
and talin-like regions found in plant KCBPs, it is not
classified as a KCBP.
The presence of KCBP in flowering plants but not

in fungal or animal genomes raises two questions. Is
KCBP found in photosynthesizing organisms but not
other eukaryote lineages, and what is the level of con-
servation of KCBP among phylogenetically divergent
eukaryotes? To answer these questions,we have cloned
and characterized KCBPs from a gymnosperm (Picea
abies) and a green alga (Stichococcus bacillaris). In addi-
tion, we searched NCBI sequence databases and other
databases of phylogenetically divergent photosynthetic
and nonphotosynthetic eukaryotes for KCBP (See
‘‘Materials andMethods’’). Gene tree analysis suggests
that the KCBP-like motor domain originated prior to
the divergence of plants and animals. However, the ad-
dition of the MyTH4 and talin-like domains appears to
be limited to the plant lineage. Our data suggest that
KCBP is highly conserved in landplants andgreen algae.

RESULTS AND DISCUSSION

Cloning, Characterization, and Identification of KCBPs

KCBP has been cloned from representative mem-
bers of monocots and dicots and is highly conserved
among angiosperms. In order to examine the presence
and the level of conservation of unique domains in
KCBP outside the angiosperms, we used PCR and
library screening to clone KCBP from a gymnosperm
(P. abies) and an alga (S. bacillaris). Primers correspond-
ing to the conserved ATP-binding site of kinesins and
the CBD of KCBPwere used in PCRwith P. abies cDNA
library or S. bacillaris genomic DNA. PCR products
from each species with sequences highly similar to
KCBP from angiosperms were used as probes to
screen the P. abies cDNA library and S. bacillaris library.
Clones from the screens were isolated and sequenced.
The predicted amino acid sequence (PaKCBP) of
the longest isolated P. abies cDNA showed from 75%
to 80.5% sequence identity to the motor domains of
KCBPs from angiosperms. This clone contained the
coding region for the motor domain and CBD. An S.
bacillaris genomic clone was isolated that coded for
a KCBP (SbKCBP, Fig. 2) with the unique KCBP
domains (CBD, MyTH4, and talin-like region).
Using both the full-length and motor domain se-

quences of Arabidopsis KCBP (AtKCBP), we searched
databases at NCBI, The Institute for Genomic Research
(TIGR), and the Joint Genome Institute (JGI) including

individual databases of species whose genomes are
either completely sequenced or are being completed
(see ‘‘Materials and Methods’’ for list of genomes
searched), as well as expressed sequence tag (EST)
databases, for the presence of KCBP homologs. KCBP
sequences were identified only in land plants and
green algae genomes (Table I). Using BLAST searches,
full-length KCBPs were found in rice (Oryza sativa)
and Chlamydomonas reinhardtii at NCBI and JGI, re-
spectively. The rice amino acid sequence (OsKCBP)
shows 90% similarity to Zea mays KCBP (ZmKCBP).
The C. reinhardtii amino acid sequence (CrKCBP, Fig. 2)
has the conserved-motor domain, CBD, coiled coil,
MyTH4 region, and talin-like region found in other
KCBPs. The sequence was originally generated from
an unannotated scaffold (scaffold_633) DNA sequence
using a splice site prediction program, two EST se-
quences, and comparison to the KCBP sequence. JGI
has now annotated this sequence, and their annota-
tion is in agreement with our generated sequence
except that our sequence contains an additional se-
quence of about 100 amino acids at the N terminus,
which is similar to other KCBPs. A scaffold sequence
for a KCBP, which included the MyTH4, talin, coiled-
coil, motor, and CBD domains, was also identified for
Populus trichocarpa. Its sequence was closest to cotton
KCBP. A KCBP-like sequence was found at http://
moss.nibb.ac.jp/ for the moss Physcomitrella patens.

Fungi genomes including yeasts and plasmodium
do not have a KCBP. It has been previously reported
that KCBP is not present in the human, Drosophila, or
C. elegans genomes (Miki et al., 2001; Reddy and Day,
2001; Siddiqui, 2002). Searches of other animal ge-
nomes (mouse, rat, dog, etc.) at http://www.ncbi.
nih.gov/Genomes/index.html did not identify aKCBP
in these species. Searches of the genomes at JGI
resulted in identification of scaffold sequences with
similarity to the KCBP motor domain (but did not
contain the domains unique to KCBP) in the water
molds Phytophthora sojae and Phytophthora ramoru and
the diatom Thalassiora pseudonana. A scaffold sequence
from Ciona intestinalis showed closest similarity to sea
urchin SpKINC. The predicted Giardia lamblia amino
acid sequence (G. lamblia kinesin-like protein [GlKLP];
Fig. 2) encodes a region of coiled coil followed by
a kinesin motor domain that in BLAST searches
showed the most similarity to KCBP motor domain
from angiosperms. However, it does not contain the
MyTH4, talin-like region, or CBD domain. A partial
kinesin sequence in the protozoan Tetrahymena thermo-
phila in TIGR also showed similarity to KCBP motor
domain but lacked the CBD. Proteins were named
KCBP if they were placed in the KCBP clade in our
gene tree analysis (see below) and contained MyTH4,
talin-like region, and CBD. Proteins that have motor
domains most similar to KCBPs, but (1) lack MyTH4
and talin-like regions and (2) are not nested within the
KCBP clade are not considered to be KCBPs.

A region that defines kinesin class specificity is the
neck region, an approximately 45-amino acid-long
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segment that emerges from the catalytic core of the
motor domain (Vale and Fletterick, 1997). Carboxy-
terminal kinesins as a group share a short conserved
sequence (ELKGNI) in their neck region. The sequence
of the neck region has been shown to be critical
for directionality of motor movement (Endow and
Waligora, 1998). The neck in KCBPs contains a con-
served sequence (EDMKGIRV) that diverges slightly
from other Kinesin-14 proteins (Fig. 3A). With the ex-
ception of SbKCBP (EDL) and GlKLP (EEM), all of
the KCBPs and kinesins with a KCBP-like motor have
an initial EDM sequence, whereas it is not conserved
in other Kinesin-14 proteins.

A comparison of the sequence following the motor
domain of known KCBPs and the KCBP-like proteins

reported here is shown in Figure 3B. All reported
KCBPs have a conserved CBD (70%–87% similar to
AtKCBP) in this region. PaKCBP and CrKCBP show
a high level of similarity to angiosperm CBDs (65%
and 61%, respectively), while the SbKCBP sequence is
more diverged (48%). A bacterially produced protein
encompassing the CBD and motor domain of PaKCBP
was shown to bind 35S calmodulin in the presence
of Ca21 but not in the presence of EGTA (data not
shown). The sequence for the moss (P. patens) KCBP-
like protein (PpKLP) shows 58% similarity to the CBD
of AtKCBP. The sea urchin kinesin (SpKinC) showing
similarity to the KCBP motor domain also contains
a CBD, but the sequence is less conserved than the
CBDs of angiosperm KCBPs (30% identical to

Figure 2. Schematic diagram of representative KCBPs and proteins with motors most similar to the KCBP motor. Domains are as
shown in the key. Amino acid numbers are given at each domain transition. The SbKCBP lacks some amino acids at theN terminus.
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AtKCBP). However, the bacterially expressed SpKinC
has been shown to bind calmodulin (Rogers et al.,
1999). A kinesin from C. intestinalis (CiKLP) also has
a CBD that is 30% identical to AtKCBP and is similar to
SpKinC (Fig. 3B). Although the binding of CiKLP to
calmodulin has not been shown, it is likely that it also
binds to calmodulin. The sequences following the
motor domain in the T. thermophila and G. lamblia
kinesin sequences have little similarity to the CBD of
angiosperm KCBPs (9% and 13% identity to AtKCBP).

Gene Tree Analysis of KCBP-Like Proteins

Supplemental data, consisting of the DIALIGN
alignment, the data matrices, and the complete Bayes-
ian and parsimony trees, are available online (Sup-
plemental Figs. 1–5). The grouping of Arabidopsis
kinesins in the complete trees is consistent with the
earlier tree presented by Reddy and Day (2001). Both
the Bayesian and parsimony analyses support all
KCBPs as more closely related to one another than
they are to any other kinesin family. The unrooted
Bayesian tree for the kinesin superfamily, based on
their motor domains, is presented in Figure 4. All
families other than Kinesin-14 (C terminal) are repre-
sented as single branches in the abbreviated tree. The
members of each group are provided in the supple-
mental figures. Consistent with the inferred phylog-
eny of plants (Melkonian and Surek, 1995; Lewis and
McCourt, 2004) the KCBPs of the two chlorophyte
algae are resolved as a clade, sister to KCBPs from the
seed plants, and all angiosperm KCBPs are resolved as

a clade sister to the P. abies KCBP. TtKLP is resolved as
the sister group to the plant KCBPs, but it is poorly
supported as such in both the parsimony and Bayesian
analyses; no conclusion can be made about its in-
clusion or exclusion from the KCBP lineage. Sequences
from the water molds (PrKLP and PsKLP), the sea
squirt (CiKLP), sea urchin (SpKinC), and cyanophora
(CpKLP) and the diatom (TpKLP) are resolved as
closely related to the KCBP group. Based on the
inferred phylogeny of the eukaryotes (Baldauf, 2003),
the resolution of GlKLP as the sister group of the
remaining KCBP-like proteins suggests that the KCBP-
like motor was present in the ancestral eukaryotic
lineage prior to the diversification of the major extant
groups of eukaryotes.

Evolution of KCBP

Kull et al. (1998) used several criteria to evaluate the
evolutionary relationships between motor proteins
and concluded that the motor domain of kinesins
and myosins may have evolved from an ancestral
protomotor by divergent evolution. A hypothetical
ancestor was proposed that was possibly shared with
G proteins. The three proteins are proposed to have
diverged from a common core nucleotide-binding
motif (Kull et al., 1998). Distinct families of kinesins
are thought to have evolved from the protokinesin.
Using G. lamblia as a representative of the early de-
rived extant eukaryotes, Iwabe and Miyata (2002)
addressed the question of whether the subfamilies
might have arisen early in eukaryotic evolution. They

Table I. KCBPs and kinesins with KCBP-like motor domain

Species Protein Accession No./Index No. Domains Present Reference

Arabidopsis AtKCBP AAC49901 MyTH4, talin, CCa, Neck, MDb, CBD Reddy et al. (1996a)
C. reinhardtii CrKCBP BI996794 MyTH4, talin, CC, Neck, MD, CBD

BI723056
C_1030008c

C. intestinalis CiKLP Scaffold_28d Neck, MD (others NDe)
C. paradoxa CpKLP AY515315 MD, possible CBD (others ND) Abdel-Ghany et al. (2000)
G. lamblia GlKLP EAA38074 CC, Neck, MD; No MyTH4, talin, or CBD
Cotton GhKCBP AAP41107 MyTH4, talin, CC, Neck, MD, CBD Preuss et al. (2003)
M. truncatula MtKCBP TC79642f Neck, MD, CBD (others ND)
Tobacco NtKCBP AAC49393 MyTH4, talin, CC, Neck, MD, CBD Wang et al. (1996)
Rice OsKCBP CAE03597 MyTH4, talin, CC, Neck, MD, CBD
P. abies PaKCBP AY515262 Neck, MD, CBD (others ND)
P. ramorum PrKLP 141193d CC, Neck, MD; No MyTH4, talin, or CBD
P. sojae PsKLP 84468d CC, Neck, MD; No MyTH4, talin, or CBD
P. trichocarpa PtKCBLP Scaffold LG_XId MyTH4, talin, CC, MD, CBD
S. tuberosum StKCBP AAB37756 MyTH4, talin, CC, MD, CBD Reddy et al. (1996b)
S. bacillaris SbKCBP AY515314 MyTH4g, talin, CC, Neck, MD, CBD
Sea urchin SpKinC AAF04841 CC, Neck, MD, CBD; No MyTH4, talin Rogers et al. (1999)
T. thermophila TtKLP AAQ16681 Neck, MD (others ND)
T. pseudonana TpKLP Scaffold_16d Neck, MD (others ND)
Z. mays ZmKCBP AAG13460 MyTH4, talin, CC, Neck, MD, CBD Abdel-Ghany and Reddy (2000)

aCoiled coil. bMotor domain. cSequence available at http://genome.jgi-psf.org/chlre1/chlre1.home.html. dSequences available at
http://genome.jgi-psf.org/. eNot determined because full-length sequenced is not available. fSequence available at http://www.tigr.org.
gMyTH4 sequence is truncated.
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cloned 13 G. lamblia kinesins and four kinesins from
four different metazoan species and analyzed them
along with the motor domain of 142 kinesins in the
databases. They concluded that most gene duplica-
tions that gave rise to different kinesin subfamilies
had been completed before the earliest divergence of
extant eukaryotes (Iwabe and Miyata, 2002). Based
on their study of the kinesins in filamentous asco-
mycetes, Schoch et al. (2003) concluded that the
founding members of most kinesin subfamilies were

present before fungi, metazoans, and plants diverged.
Gene tree analysis of the uncoordinated-104 family
suggested that the divergence of the members of the
kinesin family by gene duplications seems to have
occurred intermittently. Iwabe and Miyata (2002) sug-
gest three active periods: before the separation of G.
lamblia, after the separation from fungi and plants
but before the parazoan-eumetazoan split, and early
in the evolution of vertebrates before the cyclostome-
gnathostome split. A study of the kinesins in the

Figure 3. Alignments of conserved-neck region
and CBD (see Fig. 2 for the location of these
domains). A, A conserved region in the neck (883–
894 in AtKCBP) from representative C-terminal
kinesins (Kinesin-14 family) was aligned using
DNA Star Megalign. The last four sequences are
from non-KCBP Kinesin-14 family members. B,
The region corresponding to the CBD of AtKCBP
(1,217–1,239)was alignedwith the representative
C-terminal kinesins using DNA Star Megalign.
Identical amino acids are shown by reverse letter-
ing. At, Arabidopsis; Gh, cotton; Nt, tobacco; Mt,
Medicago truncatcula; St, S. tuberosum; Pt, P.
trichocarpa;Os, rice; Zm,Z.mays; Pa,P. abies; Cr,
C. reinhardtii; Sb, S. bacillaris; Sp, sea urchin; Ci,
C. intestinalis; Pr, P. ramorum; Tt, T. thermophila;
Gl, G. lamblia; Ce, C. elegans; Dm, D. mela-
nogaster.
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Figure 4. Unrooted Bayesian tree for the kinesin family based on their motor domains. Bayesian posterior probabilities for clades
are listed above the branches; parsimony jackknife values are listed below the branches. Clades resolved on the Bayesian tree
that were not resolved on the parsimony jackknife tree are indicated by the ‘‘–’’ symbol below the respective branches. Clades of
non-Kinesin-14 sequences that have been previously named are indicated by the ‘‘<’’ symbols. See the supplemental figures for
members of these clades included in this analysis. Kinesin-14 family, which contains C-terminal kinesins, is shown on the right
side of the figure. Kinesin-13 family members contain an internal-motor domain. The members of the other families have an
N-terminal motor domain. At, Arabidopsis; An, Aspergillus nidulans; Ce, C. elegans; Cg, Cricetulus griseus; Ci; C. intestinalis,
Cp, Cyanophora paradoxa; Cr, C. reinhardtii; Dm, D. melanogaster; Gh, cotton; Gl, G. lamblia; Hs, H. sapiens; Mm, M.
musculus; Mt,M. truncatula; Nt, tobacco; Os, rice; Pa, P. abies; Pr, P. ramorum; Ps, P. sojae; Pt, P. trichocarpa; St, S. tuberosum;
Sc, S. cerevisiae; Sb, S. bacillaris; Sp, sea urchin; Spo, Schizosaccharomyces pombe; Tp, T. pseudonana; Tt, T. thermophila; Xl,
Xenopus laevis.
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Arabidopsis genome suggests duplication events in
the kinesin families in plants after their separation
from animals (Reddy and Day, 2001).

KCBP orthologs with the MyTH4, talin-like region,
and CBD have been isolated from phylogenetically
divergent land plants and green algae including Ara-
bidopsis, tobacco, Solanum tuberosum, Z. mays, cotton
(Reddy et al., 1996a, 1996b; Wang et al., 1996; Abdel-
Ghany and Reddy, 2000; Preuss et al., 2003) and S.
bacillaris (a cholorophyte alga). Sequences retrieved
from databases for the alga C. reinhardtii and rice also
contain these domains. The genome for the red alga
C. merolae has been sequenced and five kinesins were
reported (Matsuzaki et al., 2004; http://merolae.biol.
s.u-tokyo.ac.jp/). However, none of them contain
domains unique to KCBP. ESTs for several partial
sequences from flowering plants and from the moss
P. patens contain the motor domain and CBD that is
similar to KCBP. However, kinesins from Tetrahymena
and G. lamblia that showed the closest similarity to
KCBP motor domain did not have a conserved CBD.

The only reported KCBP-like motor domain outside
photosynthetic organisms is SpKinC isolated from sea
urchin (Rogers et al., 1999). Searches of the genomes of
fungi, invertebrates, and vertebrates have not identi-
fied a KCBP ortholog (Miki et al., 2001; Iwabe and
Miyata, 2002; Schoch et al., 2003). However, our
database searches revealed the presence of a kinesin
with a KCBP-like motor domain in two protozoans, T.
thermophila and G. lamblia. The G. lamblia kinesin was
not included in the study by Iwabe and Miyata (2002).
Gene tree analysis using the motor domain sequence
resolved the sea urchin, Ciona intesnialis, P. ramorum, P.
sojae, and G. lamblia proteins as members of the KCBP
subfamily of the C-terminal kinesins (Fig. 4). While the
motor domains of SpKinC, GlKLP, PrKLP, and PsKLP
show a close relationship, the proteins do not contain
the conserved N-terminal MyTH4 and talin-like re-
gions found in KCBPs. The sequences for CiKLP,
TpKLP, and TtKLP are not full length so the presence
of these domains cannot be determined.

Our results show that complete KCBP with the
N-terminal MyTH4 and talin-like regions, C-terminal
motor, and CBD is found only in land plants and green
algae. These results are consistent with the phylogeny
of the eukaryotes, with the land plants and the green
algae supported as a monophyletic group. (Baldauf,
2003; Philippe et al., 2004). In a review of kinesins
functioning in intracellular transport, Vale (2003) sug-
gested that kinesin motors expanded in higher eukar-
yotes through gene duplication, alternative splicing,
and the addition of associated subunits. KCBP appears
to be an example of a kinesin motor to which the
MyTH4 and talin-like domains were added after the
divergence of the green algae. These observations
suggest that KCBP, with its characteristic domains,
may have evolved early in the plant lineage from
a single common ancestor to perform plant-specific
functions.

KCBP Function

Functional studies with KCBP in flowering plants
have shown its involvement in trichome morpho-
genesis and cell division (Bowser and Reddy, 1997;
Oppenheimer et al., 1997; Smirnova et al., 1998). Since
unicellular algae do not have trichomes, the presence of
KCBP in these taxa suggests that it is likely to play a role
in cell division. In dividing cells of flowering plants, the
KCBP is localized to preprophase band, mitotic spin-
dle, and phragmoplast (Bowser and Reddy, 1997;
Smirnova et al., 1998; Preuss et al., 2003). However,
the mode of cell division in some members of green
algae (e.g. Chlamydomonas and Stichococcus) differs
considerably from flowering plants in that they form
a phycoplast in place of the phragmoplast during
cytokinesis (Pickett-Heaps, 1976; Stewart and Mattox,
1984). The presence of KCBP in these taxa indicates
that it may have a role in the formation of phycoplast
also. Localization of KCBP in members of green
algae that form either a phycoplast or phragmoplast
should provide insights into the function(s) of this
protein.

Relationship between KCBP and SpKinC

All reported KCBPs from land plants and green
algae and SpKinC from sea urchin have a CBD at the
C terminus that is responsible for regulating the in-
teraction of the motor domain with MTs in a Ca21-
dependent manner (Song et al., 1997; Deavours et al.,
1998; Narasimhulu and Reddy, 1998; Rogers et al.,
1999; Kao et al., 2000). Over 250 KLPs have been
characterized from various eukaryotes. However,
kinesin-heavy chains other than KCBP and SpKinC
are not known to bind calmodulin (Matthies et al.,
1993; Reddy et al., 1996b; Rogers et al., 1999). In the
kinesin gene tree (Fig. 4), SpKinC is resolved as nested
within the clade of KCBP-like proteins. Outside the
motor domain, there is no sequence similarity between
KCBPs and SpKinC, whereas, as stated above, the
KCBP tail is highly conserved among land plants and
green algal KCBPs. Two evolutionary propositions
may explain the relationship between KCBPs and
SpKinC. First, KCBP and SpKinC are not closely
related and the CBD was added to both of them
independently (convergent evolution) during the
course of evolution (e.g. as a result of gene transfer
[Smith et al., 1992] or domain swaps [Doolittle and
Bork, 1993]) to confer Ca21/calmodulin regulation.
The arguments in support of this proposition include
the fact that the conserved MyTH4 and talin-like
regions present in the N-terminal region of all charac-
terized KCBPs are not present in SpKinC (Fig. 1). A
second argument in support of this proposition is that
KCBP orthologs are not found in the completely
sequenced genomes of C. elegans, D. melanogaster, and
S. cerevisiae, or in the draft human genome. Also,
fusion of the CBD from Arabidopsis to the motor
domain of C-terminal or N-terminal kinesin of
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Drosophila confers calmodulin-binding property to
these motifs (Reddy and Reddy, 2002).
The second proposition is that the common ancestor

of KCBPs and SpKinC with a CBD existed before the
divergence of plants and animals, which is believed to
have occurred about 1.5 billion years ago (Wang et al.,
1999). The differences in domain organization between
KCBP and SpKinC could have occurred through
domain insertion or deletion at the amino-terminal
region of the motor in order to carry specific cargoes
or to confer plant-specific functions. One argument
in support of this notion is that the motor domain of
SpKinC is resolved in a well-supported clade that
includes the KCBPs in both the Bayesian and parsi-
mony analyses (Fig. 4). In addition, the class-specific
coiled-coil linker, a short motif that links the catalytic
core of the motor domain to the coiled-coil region, is
mostly identical in SpKinC and KCBPs and is diverged
from other C-terminal KLPs (Fig. 2A). The class-
specific cluster of residues in the kinesin motor do-
main is found in the neck linker and not within the
catalytic core (Case et al., 2000). However, based on the
inferred phylogeny of the metazoa (Halanych and
Passamaneck, 2001) this proposition would require at
least three independent losses (one in the S. cerevisiae
lineage, a second in the Ecdysozoa prior to the di-
vergence of the arthropods and nematodes, and a third
in the chordates [and perhaps fourth in the oomy-
cetes]). Although, we cannot exclude either of these
propositions based on our results, we favor the second
proposition based on the resolution in our gene tree
and the presence of a CBD in both KCBPs and SpKinC.

MATERIALS AND METHODS

Materials

Stichococcus bacillaris was grown in sterilized lake water enriched with

Algo-Gro concentrate solution (Carolina Biological, Burlington, NC) at 18�C in

a 16:8-h light/dark cycle. After 10 d, cells were collected by centrifugation and

kept at 280�C for DNA isolation. Picea abies seeds, kindly provided by Dr.

Peter Hedley (Scottish Crop Research Institute, Invergowire, UK) were

germinated and grown on moist vermiculite in a growth chamber at 25�C
for 3 weeks in white light (16 h light, 8 h dark). Seedlings were collected and

stored at 280�C until use.

KCBP Motor Domain Amplification and Cloning

The KCBPmotor domains of S. bacillaris and P. abieswere amplified by PCR

using either a cDNA library or genomic DNA as templates. Two degenerate

primers, sense (5#-ATT/C/ATTT/CGCITAT/CGGICAA/GAC-3#) and anti-

sense (5#-CIGCT/CTGT/CTCT/CTTCCAG/ATA-3#), based on conserved

motifs in the ATP and CBD in KCBP, were used to amplify approximately

2 kb and approximately 450 bp from S. bacillaris genomic DNA and P. abies

cDNA, respectively. Sense and antisense primers contained restriction sites for

EcoRI and BamHI, respectively. PCR reactions were performed in a final

volume of 50 mL. The reaction mixtures were preheated at 94�C for 4 min and

cooled to 50�C, and Taq polymerase was added to initiate the amplification

reactions. Thirty-five cycles of amplification were performed in an Eppendorf

Mastercycler Gradient (Eppendorf Scientific, Westbury, NY) followed by

a final extension for 10 min. Each amplification cycle consisted of 1 min of

denaturation at 94�C, 1 min of annealing at 50�C, and 2 min of extension at

72�C. After separation on an agarose gel, the PCR products were purified with

Qiagen PCR purification kit (Qiagen USA, Valencia, CA), cloned into EcoRI/

BamHI sites of Bluescript-KS1 vector (Stratagene, La Jolla, CA), verified by

sequencing, and used as probes for library screening.

Construction of S. bacillaris Genomic Library

S. bacillaris genomic DNAwas prepared from frozen cells using the urea-

phenol-containing buffer method (Golovkin and Reddy, 1996). High-Mr DNA

was partially digested with Sau3A1 and size fractionated on a 0.8% agarose

gel. Fragments of 9 to 20 kb were excised from the gel and purified using low-

melting-point-agarose method and ligated into Lambda DASH II vector

predigested with BamHI (Stratagene). The ligated DNA was packaged using

Gigapack III packaging extract and transferred into Escherichia coli XLI-blue

MRA(P2).

Library Screening

A P. abies cDNA library (kindly provided by Dr. Peter Engstrom) had been

constructed from female strobilus RNA using a cDNA synthesis kit (Pharma-

cia Biotech, Piscataway, NJ) in lgt10 cloning vector. For screening, approxi-

mately 5 3 105 recombinant plaques from the P. abies cDNA library and the

S. bacillaris genomic libraries were transferred to Hybond N1 (Amersham,

Piscataway, NJ) membranes according to the manufacturer’s procedures.

Membranes were hybridized to a 32P-labeled, PCR-amplified product at 60�C
in a solution containing 0.5 M sodium phosphate, pH 7.2, and 0.7% w/v SDS.

These membranes were washed twice in 23 SSC, 0.1% SDS for 10 min at room

temperature, then twice with 13 SSC, 0.1% SDS for 15 min at 60�C. After three

rounds of screening, phage DNA from each clone was prepared using Qiagen

Lambda purification kit and sequenced.

DNA Sequencing and Sequence Analysis

PCR-amplified products as well as cDNA and genomic clones were

sequenced using double-stranded DNAs as templates. Primer walking was

used to obtain the complete sequences. Sequence analysis was performed

using Sequencer (Genescale, Ann Arbor, MI) and Mac Vector sequence

analysis software (International Biotechnologies, New Haven, CT). Searches

for sequence similarity using nucleotide- and predicted-amino acid sequences

were performed using the BLAST network service provided by the National

Library ofMedicine (http://www.ncbi.nlm.nih.gov). Splice sites were predicted

using the NetplantGene (http://genome.cbs.dtu.dk/services/NetPGene/).

Alignments were performed using MegAlign (DNASTAR, Madison, WI).

Protein secondary structure and domain analyses were performed using

Simple Modular Architecture Research Tool (SMART v.3.1, http://smart.

embl-heidelberg.de/) and InterProScan (http://www.ebi.ac.uk/InterProScan/).

Database Searches

Searches were done using AtKCBP full-length sequence at NCBI

(www.ncbi.nlm.nih.gov/BLAST/) and the databases available at

www.ncbi.nlm.nih.gov/Genomes/index.html (Aspergillus, bee, cat, chicken,

chimp, cow, dictyostelium, dog, frog, fruit fly, human, malaria, microbes,

mosquito, mouse, nematode, pig, plant genomes, rat, sea urchin, sheep, and

zebrafish). The dictyostelium database search site included the following

species (*completed genomes): Cryptosporidium hominis, Cryptosporidium par-

vum, Plasmodium berghei strain ANKA, Plasmodium chabaudi, *Plasmodium

falciparum 3D7, Plasmodium yoelii yoelii, Theileria annulata, Toxoplasma gondii,

Giardia lamblia ATCC 50803, Entamoeba histolytica, Entamoeba histolytica HM-1:

IMSS, Aspergillus fumigatus, Aspergillus nidulans FGSC A4, Aspergillus terreus

ATCC 20542, Coccidioides immitis RS, Coccidioides posadasii C735, Gibberella zeae

PH-1, Magnaporthe grisea 70-15, Neurospora crassa, Candida albicans SC5314,

*Candida glabrata CBS138, *Debaryomyces hansenii CBS767, *Eremothecium

gossypii, *Kluyveromyces lactis NRRL Y-1140, Eremothecium gossypii, Kluyver-

omyces waltii NCYC 2644, Naumovia castellii NRRL Y-12630, Saccharomyces

bayanus 623-6C, Saccharomyces bayanus MCYC 623, *Saccharomyces cerevisiae,

Saccharomyces kluyveri NRRL Y-12651, Saccharomyces kudriavzevii IFO 1802,

Saccharomyces mikatae IFO 1815, Saccharomyces paradoxus NRRL Y-17217,

*Yarrowia lipolytica CLIB99, *Schizosaccharomyces pombe, Coprinopsis cinerea

okayama7#130, Cryptococcus neoformans var grubii H99, Cryptococcus neofor-

mans var neoformans B-3501A, Cryptococcus neoformans var neoformans

JEC21, Cryptococcus neoformans var neoformans JEC21, Phanerochaete chryso-

sporium RP-78, Ustilago maydis 521, *Encephalitozoon cuniculi, Anopheles gambiae

str. PEST, Apis mellifera, Bombyx mori, *Drosophila melanogaster, Drosophila
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pseudoobscura, Drosophila yakuba, *Sea squirt (Ciona intestinalis), Ciona savignyi,

Gallus gallus, Takifugu rubripes, Tetraodon nigroviridis, Brugia malayi, Caenorhab-

ditis briggsae, *Caenorhabditis elegans, *Leishmania major, Trypanosoma brucei, and

Trypanosoma cruzi. Databases representing animal, protista, fungi, and plant

species at TIGR Sequence Search (http://tigrblast.tigr.org/tgi/) were

searched using the Arabidopsis (Arabidopsis thaliana) KCBP motor domain

sequence. The sequences at TIGR are tentative consensus and singleton EST

sequences. Searches at the JGI (http://genome.jgi-psf.org/) included the

following organisms: C. reinhardtii, C. intestinalis, Fugu rubripes, Homo sapiens,

P. chrysosporium, Phytophthora ramorum, Phytophthora sojae, Populus trichocarpa

Thalassiosira pseudonana, and Xenopus tropicalis.

Gene Tree Construction

The sequences included in this analysis are those from Reddy and Day

(2001) matrix, with the addition of GhKCBP, MtKCBP, ZmKCBP, OsKCBP,

PaKCBP, SbKCBP, CrKCBP, PtKCBP, CpKLP1, CiKLP, PrKLP, PsKLP, TpKLP,

TtKLP, and GlKLP. A total of 189 sequences were included in this study.

Alignment of amino acid kinesin motor domain sequences was performed

online (http://bibiserv.techfak.uni-bielefeld.de/dialign/submission.html) us-

ingDIALIGN2.2.1 (Morgenstern, 1999)with thedefault settings (threshold5 0;

regions of maximum similarity 5 5). In contrast to programs such as ClustalX

(Thompson et al., 1997), which perform global alignments, DIALIGN finds

regions of local similarity without necessarily aligning the entire sequences

with one another (Morgenstern et al., 1998). DIALIGN has been shown to

perform well relative to other alignment programs in aligning conserved

domainswithin rapidly evolving (with respect to both indels and substitutions)

regions (Thompson et al., 1997; Lassmann and Sonnhammer, 2002).

Amino acids from individual sequences that DIALIGN did not align were

replaced with gaps. All gap-only positions were then removed from the

alignment using ClustalX. The resulting alignment of 780 positions was then

exported into MacClade 4.03 (Maddison and Maddison, 2001), which was

used to exclude seven regions (511 positions) from all genes. Zurawski and

Clegg’s (1987) alignment criterion, in which gaps are considered as characters

and similarity is maximized, was applied to exclude regions from individual

genes (65 cells) that appeared to be ambiguously aligned, and realign regions

that appeared to be suboptimally aligned. Of the 269 included amino acid

characters, 234 (87%) were parsimony informative. Among the parsimony-

informative characters, 1,291 cells (2.5%) were either missing data or gaps. Six

parsimony-informative gap characters in conserved domains that were un-

ambiguously aligned according to DIALIGN (i.e. flanked by aligned amino

acids at both the amino and carboxy termini) were coded as additional

characters using modified complex indel coding (Simmons and Ochoterena,

2000; K. Müller, unpublished data) for the parsimony analysis.

Gene tree analyses were performed using amino acid characters. Al-

though amino acid characters have problems with a type of convergence

(Simmons, 2000; Simmons et al., 2002a) and composite coding (Simmons and

Freudenstein, 2002) that nucleotide characters are not subject to, they are

expected to perform relatively better when high genetic distances occur

among closely related terminals included in the analysis (Simmons et al.,

2002b), as is the case here. This expectation is based on silent substitutions

undergoing saturation (i.e. multiple hits along individual branches).

Gene tree inference was performed using both parsimony and Bayesian

(Rannala and Yang, 1996; Yang and Rannala, 1997) approaches. Parsimony

tree searches were performed using PAUP* (Phylogenetic Analysis Using

Parsimony, version 4.0, Sinaur Associates, Sunderland, MA; Swofford, 1998)

with all characters assigned equal weights. Jackknife analyses (Farris et al.,

1996) were performed using 1,000 replicates with each replicate consisting of

10 tree-bisection-reconnection heuristic searches and a maximum of 10 trees

held per search. Following Farris et al. (1996), the deletion probability for each

character was set at 36.7879% and Jac resampling was emulated, resulting

in support values nearly equivalent to those provided by the bootstrap

(Felsenstein, 1985).

Bayesian tree searches were performed using MrBayes 3.0b4 (Huelsenbeck

and Ronquist, 2001) with a mixed-amino acid model. Two independent

Bayesian analyses were performed, with four chains per analysis, and each

analysis consisting of seven million generations with trees sampled every 100

generations. Both analyses reached the same stationarity within the first

500,000 generations. The combined 130,000 trees from the two analyses that

were sampled at stationarity were used to infer the posterior probabilities for

individual clades. Majority-rule consensus trees were calculated using PAUP*.

Note that although Bayesian analyses appear to be more efficient than

parsimony analyses (Simmons andMiya, 2004), they also can produce inflated

support values (Suzuki et al., 2002; Cummings et al., 2003; Simmons et al.,

2004). Maximum likelihood analyses (Felsenstein, 1973) were not performed

because they are not currently computationally tractable for a matrix of this

size (Sanderson and Kim, 2000).

The rooting of the kinesin family used by Goodson et al. (1994), Kim and

Endow (2000), andReddy andDay (2001) is arbitrary. Outgroups sequences are

to be selected such that all members of the ingroup are more closely related to

one another than any one of them is to the outgroups (i.e. the ingroup should be

monophyletic relative to the outgroup; Nixon and Carpenter, 1993). Although

ScSMY1 is ‘‘a highly divergent kinesin protein’’ (Kim and Endow, 2000), this

does not satisfy the criterion of selecting an outgroup. See Lawrence et al. (2002)

for an alternative rooting, wherein ScSMY1 is nested within the Kinesin-I

family. Following Hirokawa (1998), Miki et al. (2001), Iwabe andMiyata (2002),

and Schoch et al. (2003), our gene trees are presented as unrooted.

Upon request, all novel materials described in this publication will be

made available in a timely manner for noncommercial research purposes,

subject to the requisite permission from any third party owners of all or parts

of the material. Obtaining any permission will be the responsibility of the

requestor.

Supplemental Material

Supplemental data, consisting of the DIALIGN alignments, the data

matrices and the complete Bayesian and parsimony jackknife trees are

available online.

Sequence data from this article have been deposited with the EMBL/

GenBank data libraries under accession numbers AY515262 (PaKCBP) and

AY515314 (StKCBP).
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