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ABSTRACT OF DISSERTATION

MOLECULAR AND PHYLOGENETIC ANALYSES OF A 

CALCIUM/CALMODULIN-REGULATED MICROTUBULE MOTOR PROTEIN 

FROM DIVERSE PHOTO SYNTHETIC EUKARYOTES

The kinesin -like calmodulin (CaM) binding protein (KCBP), a minus end- 

directed microtubule (MT) motor protein was previously cloned and characterized from 

dicot species. Like other members of the kinesin superfamily, KCBP has three domains 

(tail, stalk, and motor). KCBP is unique among all known kinesin-like proteins (KLPs) 

in having a myosin tail homology 4 domain and talin-like domain (present in some 

myosin) and a calmodulin-binding domain (CBD). The activity of KCBP has been 

shown to be negatively regulated by Ca2+/CaM. Genetic studies have indicated a role for 

KCBP in trichome morphogenesis. In addition, immunolocalization and microinjection 

studies with KCBP-specific antibody suggest a role for KCBP in plant cell division. 

Orthologs of KCBP have not been found in the completely sequenced genome of 

Drosophila melanogaster, Caenorhabditis elegans. and Saccharomyces cerevisiae. The 

involvement of KCBP in plant-specific functions and its absence in animals and fungi 

suggest that KCBP is a plant-specific motor protein. To investigate the origin and 

evolution of KCBP, I used various molecular approaches to clone and characterize KCBP 

orthologs from phylogenetically diverse photosynthetic species, including Zea mays 

(maize), a highly evolved flowering plant; Picea abies (spruce), a representative member 

of gymnosperms; a Stichococcus, a member of charaphyte algae, which are thought to be
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primitive living photosynthetic eukaryotes. Analyses of the structural organization of 

KCBP genes have shown that KCBP with its characteristic domains is conserved among 

all studied organisms, suggesting its origin along with or prior to the evolution of 

plastids. KCBP in all studied organisms is detected by affinity-purified KCBP antibody 

to the CBD, suggesting the topology conservation of their CBDs. The C-terminal region 

of KCBP with the motor domain and C BD was cloned into expression vectors and the 

fusion protein from these constructs w as bound to CaM in the presence of Ca2+.

Chelation of Ca2+ abolished CaM interaction with KCBP. Although the coding sequences 

of KCBP are highly conserved, the number, length, and the position of intervening 

sequences are highly diverged. DNA b lot analysis showed that KCBP is a single copy 

gene in all studied organisms, suggesting that this gene could be used in phylogenetic 

analysis to study the relationship am ong photosynthetic eukaryotes.

Salah E. Abdel-Ghany 
Department of Biology 

Colorado State University 
Fort Collins, CO. 80523 

Spring 2001
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INTRODUCTION

I. CYTOSKELETON AND MOLECULAR MOTORS

Much of cell behavior and architecture depends on the directed transport of 

macromolecules, membranes, chromosomes, organelles, and vesicles within the cytoplasm. 

Many of these processes depend on a complex interaction between linear polymers referred 

to as the cytoskeleton and a specialized class of cytoskeleton-associated protein called motor 

proteins. The cytoskeleton is a highly dynamic network that reorganizes continuously as the 

cell changes shape, divides or responds to hormonal and environmental signals and so the 

cytoskeleton provides the driving force for cells to move and divide (Reddy, 2001). The 

cytoskeleton of eukaryotes is made of three types of filaments: microfilaments (actin 

filaments), intermediate filaments, and microtubules (MTs). As the names suggest, the 

diameter of the intermediate filaments (10 nm) is intermediate between microfilament (5-9 

nm) and MTs (25 nm). The cytoskeletal elements are connected to one another by 

cytoskeletal-associated proteins (actin-binding proteins and MT-associated proteins, MAPS) 

(Yang et al., 1996; Fuchs and Cleveland, 1998; Hirokawa, 1998; Mermall et al., 1998; 

Reddy, 2001).

The molecular motors fall into three families of proteins: (i) myosins, which move 

toward the plus end of actin filaments; (ii) kinesins, which are either plus-end-directed or 

minus-end-directed MT motors; and (iii) dyneins, which are minus-end-directed MT motors 

(Hirokawa, 1998; Mermall et al., 1998; Brown, 1999). These proteins convert the chemical 

energy released from hydrolysis of nucleotide triphosphate (ATP or GTP) into kinetic energy 

for movement along a cytoskeletal polymer. Thus motor proteins act as molecular vehicles

2
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that travel along the cytoskeletal net work to transport cargo in various forms including 

vesicles, organelles, chromosomes, and cytoskeletal elements (Mountain and Compton, 

2000).

A. Actin cytoskeleton and Myosin motors

The actin cytoskeleton is a dynamic structure, which is involved in a variety of 

cellular activities. In plants, actin filaments are presumed to play essential roles in many 

important processes including cell division, cell elongation, establishment of cytoplasmic 

organization, cytoplasmic streaming, pathogen response, tropism, and pollen tube growth 

(Kost et al., 1998). A number of actin-based motors called myosins have been characterized 

from a number of eukaryotes. Myosins are a diverse class of related proteins that share a 

common domain with actin and ATP-binding sites (Fig 1). Each molecule of myosin consists 

of two heavy chains (HCs) and four light chains (LCs). Each HC is typically constructed of 

three functional subdomains, (i) a highly conserved motor domain at the N-terminus with 

actin- and ATP-binding sites, (ii) a neck domain that binds light chain or calmodulin (CaM), 

and (iii) a non-conserved tail domain which serves to anchor and position the motor domain 

and to interact with specific cargo (Seiler et al., 2000; Reddy, 2001). Light chains and CaM 

bind to a helical sequence in the neck region termed the IQ motif with the consensus 

sequence IQXXXRGXXXR (Wolenski et al., 1993; Wolenski, 1995). The number of IQ 

motifs in different myosins can vary between zero and six. Phylogenetic analysis based upon 

the motor domain groups myosins into 15 distinct classes. To date no class of myosins 

appears to be universally expressed in all tested phyla (Seiler et al., 2000). Myosins are 

regulated by multiple mechanisms including Ca2+/CaM regulation and protein phosphylation 

(for more information, see the recent review by (Reddy, 2001). Myosins are responsible for

3
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Associated
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Motor
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Motor Domain

Associated
polypeptides
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Fig. 1 Schematic diagram of three classes of molecular motors. The microtubule- 
based motors, conventional kinesin and cytoplasmic dynein, are on either side of the actin- 
based motor, myosin. All three motors consist of two heavy chains that form a dimer, and 
associated light chains. Heavy chains: the catalytic domans are shown in red and the stalk, 
which forms coiled-coils are shown in blue. The four light chains associated with skeletal 
muscle myosin, the two light chains associated with conventional kinesin, and the light- 
intermediate and light chains of dynein are all shown in white. Microtubule binding sites 
which are a part of the catalytic core of conventional kinesin and myosin, extend from the 
dynein head like 'antennae'. Figure modified from Woehlke and Schliwa, 2000, and 
prepared by Thomas et al., 2000.
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a variety of motile phenomena including cell growth, cell movement, transport of vesicles 

and organelles, cytokinesis, RNA transport, phagocytosis, organelle transport, and signal 

transduction (Moosekerand Cheney, 1995: Wolenski, 1995; Mermall et al., 1998; Walker et 

al., 2000).

B. Microtubules and MT-based motors

MTs are ubiquitous non-covalent polar cytoskeletal polymers composed of 

heterodimers of a-and (3-tubulin. Tubulin dimers assemble head-to-tail to form 13 linear 

protofilaments that comprise the wall of the hollow MT cylinder. Due to this head-to-tail 

assembly of asymmetrical tubulin subunits, MTs have an intrinsic polarity in which one end 

(the plus end) elongates 2-3 times faster than the other (minus end). Recent evidence 

indicates that the plus end is crowned by (3-tubulin and that the minus end is crowned by a - 

tubulin (Mitchison, 1993; Fan et al., 1996). MTs exist in dynamic equilibrium with tubulin 

subunits, growing and shrinking by addition or loss of tubulin dimers from the ends of the 

MTs (Kirschner and Mitchison, 1986). Individual MTs switch stochastically between phases 

of slow growth and fast shrinking so that in a MT population some will be growing and some 

will be shrinking, a property known as “dynamic instability” (Mitchison and Kirschner,

1984; Walker et al., 1988). The transition from elongation to rapid shortening is termed 

catastrophe, whereas the reverse is termed rescue (Walker et al., 1988). These two distinct 

morphogeneic features of MTs are central to many biological functions such as cell division, 

morphogenesis, motility, gravisensing and cellulose deposition in plants (Gunning, 1982). In 

addition to being dynamic polymers, the surface of the MTs polymer serves as a track on 

which motor proteins of the dynein and kinesin superfamilies transport cargoes throughout 

the cell.

5
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B -l. Dyneins

Dyneins are large multi-component MT-based molecular motors involved in many 

fundamental cellular processes including vesicular transport, mitosis, and ciliary/flagellar 

beating. All dyneins have ATP-ase activity and move along MT toward the minus end. 

Phylogenetic analysis groups dyneins into three subfamilies: the cytoplasmic dynein; and the 

outer and inner arm axonemal dyneins (Mountain and Compton, 2000). This genetic 

grouping correlates with the cellular functions of the proteins. Cytoplasmic dynein consists 

of two heavy chains (HCs), three intermediate chains (ICs), and four light intermediate 

chains (LCs) (Fig I). The intermediate and light intermediate chains associate with a protein 

complex called dynactin which assist in binding dynein to its cargo (Hirokawa, 1998). 

Dyneins motor activity is regulated by many mechanisms including direct 

phosphorylation/dephosphorylation of the HCs, phosphorylation of ICs and LCs, and ligands 

associated with HCs (King, 2000).

B-2. Kinesin superfamily

Members of the kinesin superfamily are responsible for a variety of intracellular MT- 

based transport functions, including organelle transport, chromosome movement during 

mitosis and meiosis, maintenance of endoplasmic reticulum and intermediate filament 

distribution, spindle formation and elongation, flagellar growth and positioning of 

developmental morphogenesis (Leopold et al., 1992; Goldstein, 1993; Sawin and Endow, 

1993; Bloom and Endow, 1994; Brady, 1995; Barton and Goldstein, 1996; Endow and 

Komma, 1996; Robb et al., 1996).

6
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(i) Structure of conventional kinesin

Conventional kinesin, the first kinesin identified, was first isolated from the squid 

optic lobe as an ATPase responsible for fast axonal transport in giant axons of the squid, 

Loligo pealei. Kinesin was subsequently purified and demonstrated to move unidirectionally 

on MTs toward the more dynamic plus ends (Brady, 1985; Vale et al., 1985). Biochemical 

studies of the native kinesin revealed that it is a tetramer consisting of two heavy chains 

(KHC) and two light chains (KLC) (Bloom et al., 1988; Kuznetsov et al., 1988). Sequence 

analysis, expression studies (Yang et al., 1989), and electron microscopic and 

crystallographic studies of kinesin heavy chains (Sack et al., 1997; Sablin etal., 1998;

Sablin, 2000; Vale et al., 2000) suggested that the molecule has three domains (Fig 2A): (i) a 

globular motor domain (-350 amino acids) at the amino terminus of the heavy chain with 

conserved ATP- and MT-binding sites, (ii) a central stalk region that facilitates dimer 

formation through an extended a-helical coiled-coil, (iii) and a globular carboxy-terminal tail 

domain that interacts with light chains and vesicles (Vale and Goldstein, 1990; Yang etal., 

1990). Detailed analyses of structure, sequence, and expression strongly suggest that the 

motor domain itself is composed of two major elements (Vale et al., 2000). One element is 

the “catalytic core” (-320 amino acid residues) which is conserved throughout the kinesin 

superfamily. The second element is the “neck region” (-45 amino acids) that emerges from 

the C-terminus of the catalytic core and includes two distinct parts. The first 10 residues 

“nick linker” is conserved among all amino-terminal, plus-end motors, and a subsequent 

“neck coiled-coil region” is conserved selectively among the conventional kinesin subfamily 

(Kozielski et al., 1997; Vale et al., 1997; Vale et al., 2000). Although kinesin heavy chains 

appear to be highly conserved in terms of primary amino acid sequence and structural

7
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(A)

325— KTTKNTVSVNLELTEEWKKKYEKEKEKNKALKSVIQHLEVELNRWRN— 372
963

NH2
Catalytic core Stalk

-COOH

Neck 'Neck
linker ̂ ^  coiled coil 

Neck

(B)

Fig. 2 Domain organization and crystal structure of human conventional kinesin.
(A) Conventional lanesin domain organization. The polypeptide chain forms four 
domains. A catalytic core (shown in red), contains both ATP-and MT-binding sites and is 
highly conserved among all kinesins. A class-conserved neck region (-45  residues) 
which includes two distinct parts: neck linker (-10 residues) (shown in green) that is 
highly conserved among all N-terminal motors, and neck coiled-coil (shown in black) 
that is conserved selectively among the conventional kinesin subfamily. The non­
conserved stalk region is shown in blue (B) Crystal structure of human kinesin motor 
domain in which the P-strands are shown in green, a-helices in purple, and loops in cyan. 
The ADP is shown as a ball-and-stick figure. The catalytic core of kinesin motor domain 
is composed of eight parallel strands of p-sheets that are flanked on each side by three a -  
helices and a small lobe composed of a three-stranded-P sheet (Kull et al., 1996).
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features, light chains of kinesin show considerable diversity (Bloom and Endow, 1994). 

Evidence from electron microscopy and biochemical studies suggests that the C-termini of 

light and heavy chains associate with membrane bound organelles (Hirokawa et al., 1989; 

Gauger and Goldstein, 1993; Rahman et al., 1998), suggesting that the specificity of a 

kinesin for its particular cargo resides in the C-terminus of the heavy and light chains.

(ii). Kinesin subfamilies

During the last decade, genetic, biochemical, and genome sequence projects have led 

to the identification of over 260 kinesin-like proteins (KLPs) from all the major eukaryotic 

kingdoms: protists, fungi, plants, and animals (Moore and Endow, 1996; Goldstein and 

Philip, 1999; Reddy, 2001). The completed genome sequence of Saccharomyces cerevisiae, 

Caenorhabditi elegans, Drosophila melanogaster and Arabidopsis thalania revealed six, 

nineteen, twenty-four, and fifty-eight different kinesins-like proteins respectively (Reddy and 

Day, 2001). Although all kinesins and KLPs are related in that both have a conserved motor 

domain, KLPs show considerable variation in the location of the motor domain and motility 

properties. Outside the motor domain, KLPs share little or no sequence similarity to the 

kinesin heavy chain or to each other (Bloom and Endow, 1994).

Phylogenetic analysis of the motor domain of kinesin proteins has shown that most 

members of the kinesin superfamily can be placed into one often subfamilies (Table 1) (Kim 

and Endow, 2000). However, some KLPs (orphans) do not fall into these ten subfamilies and 

could represent prototypes of additional subfamilies. Members of each subfamily, in 

addition to having more closely related motor domain sequences, usually share a common 

domain organization, exhibit sequence similarity outside the motor domain and have similar 

motility properties and cellular functions. One of these ten subfamilies (a C-terminal

9
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Table 1. Kinesin subfamilies and their functions

K inesin subfam ily M otor polarity1’ Function

BimC Plus Cell division (required for spindle pole separation, 
centrosome separation, bipolar spindle 
formation and maintanance)

Kip2 ND'1 NDa
Chromokinesin/KIF4 Plus Cell division (binds DNA, required for 

chromosomes congression to plate, spindle 
stabilization)

C-terminal motor Minus Cell division (spindle formation and integrity, 
karyogamy and trichome morphogenesis)

KHC Plus intracellular transport of membrane- 
binded vesicles and organelles.

KRP58/95 Plus Anterograde vesicle transport, flagellar - 
assembly and maintenance

MCAK/KIF2 Plus Vesicle transport and cell division 
(separation of sister centromeres, chromosome 
congression, poleward chrom osome movement, 
and regulation of microtubule dynamics)

MKLP1 Plus Anaphase B spindle elongation, position of 
midbody for cytokinesis, pole formation, 
centosome separation, and bipolar spindle formation

Unci 04 Plus Vesicle and organelle transport
Ungrouped Plus Cell division and flagellar beating

a Not determined
'’Based on in vitro  motility assays of representative members of the particular subfamily 

(From Goldstein, 1999; Reddy, 2001)



subfamily) posses C-terminal motor domain with minus-end motility whereas the N-terminal 

subfamilies are plus-end motors (McDonald and Goldstein, 1990; Walker et a l ,  1990; 

Endow et al., 1994a; Kuriyamaef a/., 1995). Six subfamilies have been shown to be 

involved in some aspects of cell division, three subfamilies are involved in organelle/vesicle 

transport and one subfamily (MCAK/KIF2 subfamily) is involved in both vesicle transport 

and cell division (Moore and Endow, 1996). Since the focus of my research is on a KLP that 

belongs to the C-terminal subfamily, a summary of the work that has been done with some 

members of this subfamily follows 

(a) C-terminal subfamily

The Drosophila melanogaster non-claret disjunction (DmNcd), Saccharomyces 

cerevisia kinesin-related protein (ScKar3) and Arabidopsis thaliana kinesin-like CBD 

(AtKCBP) are the most extensively characterized members of the C-terminal subfamily. C- 

terminal motors have been found in fungi, plants, and animals, and multiple members of this 

subfamily exist in some species. Members of the C-terminal subfamily have a C-terminal 

motor domain, a basic, proline-rich N-terminal tail, and a central stalk that forms the coiled- 

coil domain. Ned was the first kinesin shown to move towards the minus ends of MTs 

(Walker et al., 1990). Ned is implicated in organizing/focusing MTs activity required for 

pole formation since null mutants show multi-polar and diffuse spindles (Hatsumi and 

Endow, 1992). Ned motor also function in meiosis Et spindle assembly in oocytes by 

recruiting or anchoring 8-tubulin to the spindle and stabilizing newly nucleated MTs (Endow 

and Waligora, 1998). Truncated Ned protein that includes only the N-terminal tail is capable 

of cross-linking MTs in ATP-independent manner (Chandra and Endow, 1993).
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Kar3, a meiotic motor, was identified in yeast mutants that are defective in 

karyogamy, where it facilitates the movement of zygotic nuclei toward one another (inward- 

directed movement) (Endow et al., 1990; Meluh and Rose, 1990). Kar3 shows the unusual 

ability of destabilizing MTs at their minus ends (Endow et al., 1994b), an effect that can be 

suppressed by treatment of cells with the MT destabilizing drug, benomyl (Saunders et al., 

1997). Beside Kar3 and Ned, three other C-terminal motor kinesins, AtKCBP, CgCH02, 

and SpoPkll, have been shown to be minus-end motors (Pidoux and Cande, 1993; Kuriyama 

et al., 1995; Song et al., 1997) and perform similar roles in spindle pole function in plants, 

vertebrate cells, and fission yeast respectively

(iii) Crystal structure of kinesin motor domain

Kinesin motor domain, -350 amino acid, is the smallest molecular motor domain 

when compared to that of myosin (-850 amino acids) and dynein (-1000 amino acids). 

During the last few years, the structure of the motor domain of several kinesins have been 

solved by X-ray diffraction. The conformational variability among all of them is 

concentrated in six areas, most of which are functionally important either in MT binding or in 

linking the core motor to the stalk (Sack et al., 1999). The crystal structure of the human 

conventional kinesin motor domain, for example, (amino acids 1-349) complexed with 

MgATP is determined (Kull et al., 1996). The catalytic core (amino acids 7-325) is 

composed of eight strands of (3-sheets, mostly parallel, that are flanked on each side by three 

a-helices and a small lobe composed of a three-stranded P-sheets (Fig 2B). The first P- 

strand (Pi) marks the point at which sequence conservation begins among all motors of the 

superfamily with consensus sequence “I/VXVXXRXRP”. Sequence conservation 

throughout the superfamily terminates by the end of the last helix (a6) with the consensus
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sequence “ETXXTLXFAXR” (Vale et al., 2000). The phosphate-binding loop (P-loop) 

(amino acids 84-92) lies towards the front side in the upper part of the motor domain and is 

identical in structure to the P-loops of adenylate kinase, transducin, GTPases, Ras, RecA, and 

myosin, while the ATP-binding site lies on the rear surface. The catalytic core is followed by 

a neck linker region, composed of two short P strands (|39 and (310, residues 325-338), and 

the neck coiled-coil which is composed of one helix (a7, residues 339-370). These two 

secondary structural elements are connected by short loops. Dimerization is usually achieved 

by the coiled-coil interaction between the two neck helices a7 (Sack et al., 1999).

Although kinesins and myosins do not have any amino acid sequence similarities 

seven of the eight core P strands (P5 being the exception) and all six major helices of the 

kinesin motor domain are superimposable with corresponding elements in the myosin motor 

domain in the area around the P-loop (Fig 3A&B) indicating that these two motor classes 

may have evolved from a common ancestor (Kull et al., 1998). In addition to the structural 

overlap, they are identical to the G-protein in the mechanism by which the two “switches" 

sense whether NTP or NDP is present in P-loop, and influence the protein conformation 

(Mountain and Compton, 2000). The size difference in the motor domain of the two motors 

is likely due to genetic insertions in a common ancestor of the kinesin and myosin families. 

Myosin has two larger insertions compared to kinesin: residues 270-450 (insertion 1), which 

correspond to a smaller insertion in kinesin (amino acids 138-173) and residues 506-649 

(insertion 2), which correspond to L12 in kinesin (amino acid 272-280) (Fig 3C) (Kull et al., 

1996).

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(C)
Myosin

In se r tio n  I

■ ■
a  [*a2 a3 a-o.5a6  

P ! P2 P3 P 4 P 6P ? (38

Am ino Acid N um ber
I------------1------------ 1------------ 1 I I------------ I------------ 1 1-----1

100 200 300 400 500 600 700 800

Fig. 3 Comparison of kinesin motor domain structure with myosin motor domain. The
overlap was achieved by aligning nine a-carbon atoms in the P-loops of the two structures.
(A) Front view of the molecule, showing overlapping (3-sheets and the three front a-helices.
(B) Rear view of the molecule showing overlapping P-sheets and the three rear a-helices. 
P-sheets are shown in yellow for kinesin and in green for myosin, a -  helices are shown in 
blue for kinesin and purple for myosin. (C) Placement of corresponding sructural elements 
in the linear sequence of kinesin and myosin. Helices and strands are shown in purple and 
green, respectively. Insertions in the core motor domain are shown in yellow. In myosin,these 
insertions contain elements that interact with actin. Lines connect overlapping structural 

elements; broken lines indicates structural elements that are in a different relative location in the 
primary sequence; asterisks indicate the position of the P-loops. (from Kull et al., 1996).
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(iv). Determinants of kinesin directionality

Kinesins have been classified based on the directionality of their movement (towards 

the plus or minus end of MTs), the position of the motor domain in the polypeptide chain (N- 

terminal, internal, or C-terminal), and the polypeptide chain composition (monomers, 

homodimers, heterodimers, trimers, tetramers, etc.) (Sack et al., 1999).

All of the C-terminal motors, for which motility has been determined, are minus-end- 

directed, while the N-terminus motors, as conventional kinesin, are plus-end-directed kinesin 

(Endow, 1999). The directionality of the internal kinesins has not been determined.

However, they may not be traditional transport motors, but instead act as ATP-dependent MT 

depolymerizing agents (Vale et al., 1997; Desai et al., 1999). Based on three-dimensional 

models of monomeric and dimeric kinesin and Ned bound to MTs, it was concluded that the 

neck region, not the conserved catalytic core, is responsible for directionality of the motor. 

Motility studied with truncated and chimeric kinesins have indicated that the direction of 

motion is not determined by the catalytic core, but rather by the adjacent neck region 

(Stewart et al., 1993; Vale, 1996; Case et al., 1997; Henningsen and Schliwa, 1997; Endow 

and Waligora, 1998). Additional domains (e.g. coiled-coil and hinge regions) most certainly 

augment motility in terms of velocity or processivity. Mutagenesis studies in the neck region 

of conventional kinesin and Ned also indicated that the neck region serves as a mechanical 

amplifier for motility via coupling the ATP hydrolysis and energy into directional motion 

along the MT (Vale et al., 2000). Additionally, the directed movement requires interaction 

of the neck and motor core. Endow and Higuchi, (2000) showed that a single amino acid 

change in the neck region of Ned (a minus-end motor) caused the motor to move with the 

wild-type velocities towards the plus or minus end directions. Also mutation of a motor core
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residue that touches the neck residues in crystal structures resulted in movement in both 

directions. Sequence analysis of the conserved neck regions generates a phylogenetic tree 

that is similar to the one produced using the entire catalytic domain suggesting that the 

catalytic cores and necks have co-evolved (Case et al., 2000).

B-3. Plant kinesins and KLPs

Compared with animal cells and fungi, little is known about KLPs in plants (Asada 

and Codings, 1997). However there are ample reasons to assume that KLPs are ubiquitous in 

plants and perform similar functions as in other systems and some plant-specific functions. 

For example, aside from the organization and operation of the mitotic apparatus, motor 

protein-related activities may govern the directed accumulation of secretory vesicles 

necessary for tip growth in root hairs and pollen tubes, the deposition of localized wall 

thickenings in a variety of cell types, and formation of the cell plate during cytokinesis (Liu 

et al., 1996). In addition, plants contain several unique MT arrays such as the preprophase 

band and phragmoplasts that may require unique KLPs (Staehelin and Hepler, 1996; Granger 

and Cyr, 2001).

To date, nine kinesin-like proteins have been characterized at the molecular level 

from plants (Reddy, 2001). The first indication for the presence of MT-dependent motors in 

plants came with the finding that phragmoplast MTs in BY-2 cells could translocate with 

respect to each other in the presence of ATP or GTP (Asada et al., 1991). Subsequently, 

using a monoclonal antibody raised against the kinesin heavy chain from bovine brain, a 100 

kDa pollen kinesin homologue (PKH) from tobacco pollen tube was identified and partially 

characterized (Tiezzi et al., 1992; Cai et al., 1993). By immunocytochemical analysis using 

antibodies against conventional kinesin (Cai et al., 1993), PKH was colocalized with MTs in
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the apex of pollen tube, a place rich in Golgi-vesicles (Tiezzi et al., 1992). Biochemical 

studies have shown that the 100 kDa polypeptide retained some kinesin properties, such as 

MT-activated ATPase activity, and ATP-sensitive MT binding ability (Cai et al., 1993). A 

kinesin-related protein has also been isolated from a Golgi vesicles-enriched fraction from 

Corylus avellana pollen (Liu et al., 1994).

125 kDa and 120 kDa MT motor proteins with plus-end-directed motor activity were 

isolated from phragmoplasts of tobacco BY-2 cells (Asada and Shibaoka, 1994). TKRP125 

(tobacco kinesin-related polypeptide of 125 kDa) was shown to co-Iocalize with cortical MTs 

in the S phase, preprophase band MTs in prophase, the spindle in metaphase and anaphase, 

and the phragmoplast during telophase and cytokinesis, (Asada et al., 1997). Immunoblots 

of synchronized BY-2 cells showed cell-cycle dependent expression of TKRP125, with a low 

level in the S phase and increased in G2 reaching the highest levels in the M phase, but no 

detectable expression in G l. TKRP125 is closely related to Eg5 of Xenopus and other BimC 

subfamily KLPs.

Very recently, in a MT cosedimentation experiment, a MT-based motor protein was 

characterized from tobacco pollen tubes (Cai et al.. 2000). The purified 90 kDa motor 

protein induced MTs to glide in vitro and co-fractionated with MT-activated ATPase activity. 

The 90-kDa ATP-MAP cross-reacted specifically with a peptide antibody directed against a 

highly conserved region in the motor domain of the kinesin superfamily. In 

immunolocalization studies, the 90 kDa motor protein bound to organelles associated with 

MTs in the cortical region of the pollen tube, suggesting an organelle transport role for this 

protein in the pollen tube (Cai et al., 2000). Recently, another plus-end motor, DcKRP 120-2,
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belong to Bim-C subfamily was cloned from carrot cells and strongly decorates the 

phragmoplast mid-line where the plus-end of MTs overlap (Barroso et al., 2000).

(i) Arabidopsis kinesin-Iike proteins (AtKLPs)

Using primers corresponding to conserved regions of the kinesin motor domain, a kat 

gene family (katA, katB, katC, katD, and katE) encoding kinesin-like proteins in Arabidopsis 

thaliana has been characterized (Mitsui et al., 1993; Mitsui et al., 1994; Tamura et al., 1999). 

Using antibodies against two peptides in the MT binding domain, KatA (89kDa) protein has 

been shown to be a minus-end directed motor and localized to the mitotic spindle and the 

phragmoplast (Liu et al., 1996). Similar protein has been found in tobacco BY-2 cells and 

carrot suspension culture. The predicted secondary structure of the KatA, KatB, and KatC 

proteins indicate the presence of long a  helical coiled-coil region with heptad repeats (Mitsui 

et al., 1993; Mitsui et al., 1994). However, the predicted secondary structure of KatD 

revealed the lack of an a-helical coiled-coil structure suggesting that KatD may function as a 

monomeric motor. The central region of the KatD polypeptide shares sequence similarity to 

the motor domain of kinesin heavy chain. The amino-terminal region of KatD shares marked 

sequence similarity with the calponin homology domain, whereas the ~240-residue carboxy- 

terminal region shows no significant homology to other known proteins. KatD is a flower- 

specific motor protein suggesting that KatD may function in transport or cytoskeleton 

organization in pollen (Tamura et al., 1999).

Recently, an phragmoplast-associated kinesin-related protein (AtPAKRP 1) has been 

cloned and characterized from Arabidopsis (Lee and Liu, 2000). Immunolocalization studies 

showed that AtPAKRP 1, an amino-terminal KLP, associates with MT arrays in a cell-cycle 

dependent manner. AtPAKRP 1 was shown to accumulate along MTs towards the spindle
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midline during late anaphase and telophase and once the phragmoplast MT array was 

established, AtPAKRP 1 was localized to MTs near the future cell plate. Similar localization 

pattern has been shown in dividing rice root cells (Lee and Liu, 2000). In phylogenetic 

analyses based on the motor domain sequence, AtPAKRP 1 was divergent from Arabidopsis 

KLPs and also divergent from major kinesin/KLP subfamilies but was most closely related to 

an ungrouped X1KLP1 from Xenopus levis. Another candidate of the Arabidopsis KLPs, 

KCBP, was the focus of this research

Arabidopsis thaliana genome is the first plant genome and the fifth eukaryotic 

organism after Saccharomyces cerevisiae (Goffeau et al., 1996), Saccharomyces pombe, 

Caenorhabditis elegans (Consortium, 1998). Drosophila melanogaster (Adam, 2000), to be 

completely sequenced. Using the motor domain of the plant kinesin, KCBP, Arabidopsis 

database (www.Am/>t#op.ris.org/agi.htinl/) was searched using BLASTP and TBLASTN 

programs (Reddy and Day, 2001). Fifty-eight sequences that contain a kinesin-like motor 

domain were identified (AtKLPs) (Table 2). As a percentage of genes, AtKLPs represents 

0.23% of the total genes as compared to 0.1%, 0.17%. 0.11%, and 0.18% in S. cerevisiae, S. 

pombe. C. elegans and D. melanogaster respectively. The 58 AtKLPs are distributed on all 

five A. thaliana chromosomes. The Arabidopsis KLPs have been analyzed by the domain 

prediction program SMART (Reddy and Day, 2001). In addition to the motor domain and 

coiled-coil domain (CC), which are present in most of them (56 AtKLPs), many of the 

AtKLPs contain other predicted domains (Fig 4). Six of the KLPs have a calponin homology 

domain (CH domain) which is an actin-binding domain. Three KLPs contain putative 

Armadillo/beta-cateinin-like repeats that form a superhelix of helices and mediate protein 

interaction. Three KLPs have transmembrane domains. Five KLPs contain spectrin repeats
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T ab ic  2. A rab idopsis  thaliana  kinesin-likc proteins.

No. Gene/protein name Motor
location

# o f
aa

Protein ID # o f
introns

C hr
No.

Motility Cellular
localization

Other
Domains

References

1 AtKatA (F7J7) C-terminal 793 1170619 8 4 Minus'* Mitotic M T 
arravs

CC (Mitsui el al. ,  1993; 
Liu e/r t/ . .1996)

2 AtKatB (T24A18) C-terminal 745 1170620 15 4 ND ND CC (Mitsui et al. ,  1994)
3 A lK atC  (F5F14) C-lerniinal 754 1170621 15 5 ND ND CC (Mitsui e ta l . ,  1994)
4 AlKalD  (F2P16) Internal1’ 987 3421378 17 5 ND ND CM (Tamura et at.,  1999)

5 A lK C B P (K 141320) C-terminal 1259 237101 20 5 Minus
PPB, spindle. 
Spindle poles, 

Phragmoplast

CC, M yT H 4 
T’alin-I ike, 
CBD, PEST

(Reddy et al.,  1996; 
O ppenhe im er e ta l . ,  
1997)

6 AtKRP125a (F3G5) N-terminal 1022 4056495 17 2 ND ND CC AtDB
7 A lK R P125b (F9C22) N-terminal 1056 4510356 22 2 ND ND CC AtDB
8 AtKRP125c (T8018) N-lerminal 1076 4580395 18 2 ND ND C C .R hoG EF AtDB
9 Aid 13205w (FCA1) N-terminal 959 2244790 9 4 ND ND CC AtDB
10 AIT19F6.3 N-lerminal 995 2262101 12 4 ND ND CC AtD B
11 A tT 3 2 N 1 5 .10 Internal1’ 767 2392771 14 3 ND ND CC AtD B
12 AIT30B22.20 Internal1’ 861 2529677 14 2 ND ND cc.cn AtDB
13 A tT 1 2 M 4 .14 Internal1' 1032 3249113 18 1 ND ND CC.CII AtDB
14 AIT5A14.3 N-lerminal 887 4204259 9 1 ND ND CC A tD B
15 Al'1’9122.5 Internal1’ 1068 4314358 18 2 ND ND CC AtD B
16 AIF191122.50 N-lerminal OO -U 4539314 11 4 ND ND CC AtDB
17 AlF’191122.150 N-terminal 1121 4539324 22 4 ND ND CC.TM AtD B
18 A1F3K23.6 N-lerminal 581 4567265 9 2 ND ND CC AtDB
19 AIF3K23.14 N-terminal 857 4567271 18 2 ND ND CC, TM AtDB
20 AIF8K7.17 N-lerminal 909 5263326 22 1 ND ND CC AtDB
21 A1F28P10.150 N-terminal 1070 5541717 20 3 ND ND CC, A RM AtDB
22 AIF14P13.9 Internal 897 6056195 16 3 ND ND CC.CH AtDB
23 AIF14P 13.22 N-terminal 459 6056206 11 3 ND ND CC AtDB
24 AIF24D 7.171 Internal 1056 6456171 19 1 ND ND CC.CII AtDB
25 A IZCF1252 N-lerminal 823 6526979 17 1 ND ND CC,TOP4c, AtDB

26 AIT9C5.240 N-lerminal 813 6561941 14 3 ND ND CC AtD B

27 A tF25P22.28’ C-terminal 1050 6692749 17 1 ND ND CC.M A AtD B
28 A lF l 51118.10 C-terminal 1162 6714287 17 1 ND ND CC AtD B
29 A lF l  5 H 18.12 N-terminal 1003 6714288 11 1 ND ND CC A tD B
30 A IF24M12.190 N-lerminal 968 6782245 13 3 ND ND CC AtD B
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31 AT4g05190 (C17L7) C-lerminal 777 7267279 17 4 ND ND C C .H R l AtDB
32 AIF16L2.60 N-terminal 1058 7339486 21 3 ND ND C C.M A AtDB
33 A tT l E 22 .130 N-terminal 664 7406433 10 5 ND ND AtDB
34 AIMAA21.110 N-tcrminal 439 7573331 11 3 ND ND CC AtDB
35 AIT15B3.190 N-terminal 1229 7594566 20 3 ND ND CC AtD B
36 A lF l 1C1.80 N-lcrminal 1075 7630025 21 3 ND ND C C AtDB
37 AIF7K 15.60 N-terminal 932 7649361 13 3 ND ND FM2.CC AtDB
38 A lF l 2 B 17.180 N-lerminal 1273 7671456 22 5 ND ND CC AtDB
39 AtF22M8.8 N-terminal 885 8570446 18 1 ND ND C C.A R M , 

T O P E U 1
AtDB

40 A tPA K R P4 (FCA0) N-terminal 1292 8745333 24 4 ND Spindle niid/.one 
Pliragmupla.si

CC |I .ee  and Liu, 2 0 0 0 1 
AtDB

41 A tF 5 0 11.15 N-lerminal 895 8778646 16 1 ND ND C C .A R M AtDB
42 AIT20II2.17 N-terminal 923 8778993 21 1 ND ND A AA AtD B
43 AtM GL6.9 Internal 799 9229563 12 3 ND ND CC AtD B

44 AlMC.D8.20 N-lerminal 2158 9229980 30 3 ND ND C C .S P F C .T M AtD B
45 AtK 13 E 13.17 N-lcrminal 2756 9280323 34 3 ND ND C C .S PE C AtD B
46 At MAL21.18 N-lerminal 1103 9293972 16 3 ND ND CC AtD B
47 AtMSL1.9 Internal 706 9294452 12 3 ND ND CC AtD B
48 AIMDB19.16 N-terminal 1268 9294524 14 3 ND ND C C .H R l AtDB
49 A IM D H 9.I9 N-lerminal 1087 9759485 9 5 ND ND AtD B
50 AtM NA5.20 N-terminal 1264 9759626 22 5 ND ND CC AtD B
51 A lF 2 5I1 6 .l l N-terminal 703 9795601 3 1 ND ND CC AtD B
52 A tT 2 1 B I4 . I5 s N-terminal 956 10092474 22 3 ND ND CC AtDB
53 AtMSL.3.5 N-terminal 1335 10177316 24 5 ND ND CC AtD B
54 A1K1L20.9 N-terminal 1037 10177425 13 5 ND ND CC AtD B
55 AtK 1013,11 Internal1' 967 10177775 19 5 ND ND CC.CH AtD B
56 AtF15M7.20 N-terminal 997 10178123 22 5 ND ND CC AtD B
57 AIMCA23.16 N-terminal 1032 10177918 22 5 ND ND CC
58 AIT9N14.6 Internal1’ 1195 10645376 17 1 ND ND CC, SPEC AtD B

'also called A tF2K l 1 .1 ,2also called AIT30H16.9, 'also called I’’2P9.27, 'genomic prediction A td l31 15 c ,  "also called AlMF.C 18.1 5 /b y  indirect assay, ' 'Although 
the motor is in the middle, it groups into C-terminal family; CC - coiled coil, CI1 - calponin homology domain, MyT114 - dom ain  present in m yosin tail region, 
Talin-like -  talin-like dom ain  found in some myosins and band 4.1 superfamily, C B D  -  calmodulin b inding domain, PHST-Motif rich in proline, glutamine, 
serine and threonine residues, TM - transmembrane segment, R hoG E F -  guanine nucleotide exchange factor for R ho/Rac/Cdc42-like GTPases, A R M  -  
Armadillo/beta-calenin-like repeats, MA - Methyl-accepting chemolaxis-like domains (chemotaxis sensory transducer), HR1 -  Protein kinase C-relatcd kinase 
homology region 1 homologues, FU 2- Formin H omology 2 Domain, T O PE U c - DNA Topoisom erase  I (cukaryota), T O P4c  - D N A  Topoisom erase  IV, SP FC  -  
spectrin repeals. ND- not determined (From Reddy and Day, 2001),



Fig. 4 Schematic diagram of all Arabidopsis kinesin-like proteins (KLPs).
Arabidopsis database was searched with the conserved motor domain of the plant 
kinesin, KCBP, using BLASTP and TBLASTN. The 58 KLPs have been analyzed by 
domain prediction program, SMART. Motor domain, coiled-coil domain, calponin 
homology domain, and armadillo,'beta-caten in-1 ike repeats are color coded as in the key. 
Myosin tail homology4 (MyTH4), talin-like domain , and calmodulin-binding domain 
(CBD) characteristic for KCBP are shown in purple, green, and black respectively. 
RhoGEF. guanine nucleotide exchange factor for Rho/Rac/Cdc-42-like GTPase; Spec, 
spectrin repeat; HRI, Protein kinase C-related kinase homology region 1 homologues; 
FH2, Formin homology 2 domain. Different domains are drown to scale. (Modified from 
Reddy and Day, 2001).
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(SPEC). One KLP (KCBP) has a CaM-binding domain (CBD) (Reddy etal., 1996a: Reddy 

et al., 1998), and a myosin tail homology-4 (MyTH4) and talin-like domain characteristic of 

myosin.

In phylogenetic analyses, the 58 AtKLPs fall into seven of the ten recognized 

subfamilies of KLPs (Table 3 and Fig 5). Arabidopsis does not have any Kip2, KRP85/95, or 

Uncl04/KIF1 type of KLPs subfamilies. Twenty-five AtKLPs do not fall into any subfamily 

and in many cases a group of AtKLPs forms a branch within the major subgroup in which 

they fall, suggesting that there are some families unique to Arabidopsis and also may be 

unique to plants. Nineteen AtKLPs fall into the C-terminal group including some KLPs that 

have internal motor domain like KatD. The C-terminal and BimC subfamilies are the only 

ones having at least one representative in each of the five completely sequenced organisms 

(Table 3). Out of the 58 AtKLPs, only six KLPs have been reported in the literature.

(ii) Kinesin-Iike Calmodulin-Binding Protein (KCBP)

KCBP: Structural features

In a protein-protein interaction-based screening of Arabidopsis expression library 

using labelled CaM as a probe, a cDNA encoding a novel kinesin-like CBD was isolated 

(Fordham-Skelton et al., 1994; Reddy et al., 1996a). Arabidopsis KCBP (AtKCBP) consists 

of 1261 amino acids (140 kDa protein) (Fig 6A). The C-terminal region of KCBP (-350 

amino acids) has the motor domain typical of kinesin superfamily members and showed the 

higher sequence similarities with KIFC3 similarity (43% identity and 56% similarity), a C- 

terminal motor (Reddy and Reddy, 1999). The KCBP motor domain contains the conserved 

motifs present in all KLPs, including ATP- and MT-binding sites. Outside the motor 

domain, AtKCBP contains a globular domain in the N-terminus and a putative coiled-coil
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Table 3. Number of KLPs in each subfamily in the completely sequenced genomes of

five eukaryotic organisms3.

Subfamily A. thaliana D. melanogaster C. elegans S. pombe S .cerevisiae

BimC 4 1 1 1 2

Kip2 NR NR NR NR 1

Chromokinesin 3 2 1 NR NR

C-terminal 19 1 4 2 1

KHC 1 1 1 NR NR

KIP3 2 1 NR 2 1

KRP58/95 NR 2 2 NR NR

MCAK/KIF2 2 2 1 NR NR

MKLP1 2 1 1 NR NR

Uncl04 NR 4 3 NR NR

Ungrouped 25 9 5 4 1

Total 58 24 19 9 6

• 3 Modified from Reddy and Day, (2001)

• NR = not represented according to our phylogenetic analysis.
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Fig. 5 Phylogenetic tree of kinesin superfamily based upon the conserved motor 
domain. The amino acid sequences of 171 kinesins and KLPs were retrieved from 
Arabidopsis thaliana database (www.arabidopsis.org/agi.htmI), NCBI 
(http://www.ncbi.n!m.nih.gov:80/entrez/query.fcgi?db=Protein). and kinesin home page 
(http:www.blocks.fhcrc.org/'kinesin/). The phylogenetic tree was obtained using the 
PAUP (v.4.0b2) maximum parsimony program, with random stepwise addition and tree 
bisection-reconnection (TBR) branch swapping. The tree built from 500 replicates and 
rooted using the most diverged kinesin, ScSmyl as an outgroup protein. Abbreviations 
of sequences are as follows: Aspergillus nidulans (An): AnBIMC, AnKLPA: Arabidopsis 
thaliana (At): AtKRP125b. AtKRP125a. AtF16L2.60. AtKRP125c, At4g05190, 
AtKATA, AtKATB, AtKATC, AtF12B17.180, AtMNA5.20, AtT9I22.5, AtT9N14.6, 
AtF14P13.9, AtF15H18.10, AtF25P22.28, AtF24D7.17, AtK1013.11. AtKATD, 
AtT12M4.14, AtT30B22.20, AtT32N15.10. AtMSL3.5, AtKCBP, AtT5A14.3, 
AtTlE22.130, Atdl3205w, AtT20H2.17. AtMAA21.110, AtF22M8.8, AtF5011.15, 
AtF28P10.150, AtMGL6.9, AtMSL1.9, AtF25I16.11. AtT9C5.240, A tFllC1.80, 
AtMCA23.16, AtF15M7.20, AtT21B14.15, AtF8K7.17. AtF19H22.150, AtF3K23.14, 
AtFl4P13.22. AtZCF125, AtF15H18.12, AtF7K15.60. AtF19H22.50, AtF3K23.6. 
AtF24M12.190. AtKlL20.9. AtT19F6.3, AtMDH9.19, AtK13E13.17. AtMGD8.20, 
AtT15B3.190, AtMAL21.18. AtMDB19.16, AtPAKRP: Bombyx mori (Bm): BmKRP: 
Cenorhabditis elegang (Ce): , CeF23B12.8, CeKLP, CeC41G7.2, C eM O lE ll, 
CeW02B12, CeLF22F4. CeF20C5. CeOSM3. CeUNC104, CeLR144. CeKHC. 
CeM03D4.1, CeKlld9.C, C eTO lG l, CeY43F4B, CeC06G3.2, CeLC33H5: 
Cylinderothecafusiformis (Cf): CfDSKl; Cricetulusgriseus (Cg): CgCH02 . CgCHOl , 
CgMCAK , Ggchrkin: Chlamydomonas reinhardtii (Cr): CrKLPl , CrFLAlO; 
Dictyostelium discoideum (Dd): Ddk7; Drosophila melanogaster (Dm): DmICHC. 
Dm38B. Dmklp3A. DmKlp73. DmKLP61F. DmKlp67A. DmKlp68D. DmNCD. Dm- 
NOD. DmPACKLP; Gallus gallu (Gg): Ggchrkin: Homo sapiens (Hs): HsATSV. 
HsbKIFlC. HsCENPE. HsCH02. HsCMKRP, FIsKHC. HsKid. HsKIF3. HsKIF3B, 
HsKIF3C. HsKIF4. HsKIFC3. HsKin2. HsKSP. HsMCAK. HsMKLPl. HsnKHC, 
HsxKHC: Leishmania chagasi (Lc): LcKIN: Leishmania major: (Lm): LmKIN; Loligo 
pealii (Lp): LpKHC; Mus musculus (Mm): MmKHC. MmKHCS, MmKHCx,
MmKIFlA. MmKIFlB. MmKIF2. MmKIF3A. MmKIF3B. MmKIF3C. MmKIF4, 
MmKIF5c. MmKIFCl. MmKJFC2. MmKIpl74; Morone saxatilis (Ms): MsFKIF2: 
Neurospora crassa (Nc): NcKHC; Nectria haematococca (Nh): NhKinl; Nicotiana 
tabacum (Nt): NtKCBP. NtKRP125: Solanum tuberosum (St): StKCBP; Rattus 
norvegicus (Rn): RnKIFlB. RnKIFlD. RnKIF3C. RnKRP2; Saccharomyces cerevisiae 
(Sc): ScVII607, ScCIN8. ScKAR3, ScKIPl, ScKIP2. ScKIP3, ScSMYl; 
Strongylocentrotus purpuratus (Sp): SpKHC. SpKIN2A. SpKIN95, SpKinesinC; 
Schiiosaccharomycespombe (Sp): SpoBC2F12.13. SpoBC649.01C, SpoCUT7, 
SpoKLP2, SpoPKLl; Syncephalastrum racemosum (Sv): SyKinl; Ustilago maydis (Um): 
UmKinl, UmKin2; Xenopus laevis (XI): X1CTK1. X1CTK2. XlEg5, XlEg52. X1KCM1, 
X1KCM2, Xlklpl, Xlklp2, XlKlp3. (Modified from Reddy and Day, 2001).
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Fig. 6 Comparision of the structural features of Arabidopsis KCBP and sea urchin kinesin C.
Kinesin C is a calmodulin-binding domain (CBD)-containing KLP. In phylogenetic analysis kinesin 
C grouped with KCBPs from dicot plants within the C-terminal subfamly of KLPs.CBD of kinesin 
C shares 35% sequence identity to die KCBP CBD. Outside the motor domain, kinesin C does not 
share any sequence similarity to KCBP. CC of kinesin C spans about 70 % of the protein compared 
to 20 % in KCBP. Kinesin C does not have myosin homology4 (MyTH4) (shown in cyan) or talin- 
like regions (shown in green) characteristic to KCBP, myosin Vila and X. Different domains are 
drawn to sale. CC, coiled-coil region (shown in blue). MD, motor domain (shown in red). CBD, 
calmodlin-binding domain (shown in black). Neck regions are shown in yellow. Numbers indicate 
the amino acid residue.
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region in the middle (amino acids residues 610-890). Further analysis of KCBP showed that 

it may be a rapidly mm over protein (Reddy et al., 1996b). AtKCBP is a single gene in the 

genome (Reddy et al., 1996b; Oppenheim ereta/., 1997) and contains 21 exons and 20 

introns. Exons 1-9 contained the coding region for the tail domain. The coiled-coil region is 

encoded by exon 10-15, and the conserved motor domain is encoded by exons 16-20. The 

CaM-binding domain unique to KCBP is encoded by the last exon. In contrast, Ned, another 

C-terminal KLP from Drosophila, has 2 short exons, one in the tail region, the second in the 

coiled-coil region, and none in the motor domain (Endow et al., 1990). KCBP is expressed 

in all plant organs and that the mRNA levels vary, with the highest expression in actively 

dividing cells (Reddy et al., 1996b).

A homologue of AtKCBP from potato and tobacco (Reddy et al., 1996b; Wang et al.,

1996), showed identical structural organization suggesting that KCBP is ubiquitous and 

conserved in dicot plants. KCBP specific antibodies directed against the CBD have detected 

a protein of expected size in two monocot species (Haemanthus endosperm and Tradescanta 

stamen hair cells,) (Smirnova et al., 1998; Vos et al.. 2000). In phylogenetic analysis, KCBP 

from different plant species forms a unique group within the C-terminal subfamily of KLP 

(Reddy, 2001). A KCBP homologue has not been found in the completely sequenced 

genomes of S. cerevisia, C.elegans, and Drosophila suggesting that KCBP is unique to plants 

(Reddy. 2001). However, recently a CaM-binding KLP called kinesin-C, a member of the C- 

terminal subfamily, has been isolated from sea urchin (Rogers et al., 1999). The CaM- 

binding region of Kinesin-C shares 35% identity with the KCBP. Outside the motor domain 

there is no sequence similarity between kinesin-C and KCBP suggesting that KCBP and 

kinesin-C are two distinct CaM-binding kinesins. The coiled-coil region spans about 20% of
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the KCBP, however, in kinesin-C, the coiled-coil region spans about 70% of the protein (Fig 

6B).

KCPB is unique and a molecular hybrid

Analysis of the 58 KLPs in the Arabidopsis genome sequence database with SMART 

program for domain prediction (Reddy and Day, 2001) and also comparison with all known 

KLPs showed that KCBP, unlike other known KLPs, has two unique features, suggesting that 

it is a new member of the kinesin superfamily. First, KCBP contains a CaM-binding domain 

that is mapped to a 23 amino acids stretch located near the C-terminus of the protein (Reddy 

et al., 1996b). This CBD does not bear any sequence similarity to the CaM-binding IQ 

repeats of the myosin.

CaM, a Ca2+-binding regulatory protein, is known to play a pivotal role in Ca2+ 

signaling in eukaryotes. CaM is ubiquitous and is considered to be multifunctional because 

of its ability to interact and regulate the activity of a number of other proteins known as 

CaM-binding proteins (CaMBPs) (Poovaiah et al., 1987: Poovaiah and Reddy, 1993:

Snedden and Fromm, 1998: Zielinski, 1998; Reddy, 2001). CaMs are stretches of 16-35 

amino acids which form an a-helical wheel representation and show a segregation of basic 

and polar residues on one side and hydrophobic amino acids on the other side (James et al., 

1995). Upon binding, Ca2+ CaM becomes activated via a conformational change and is able 

to regulate the activity of its target proteins.

Among motor proteins, the heavy chain of unconventional myosins binds CaM. The 

IQ motifs in myosins, unlike most CaM-binding proteins, bind CaM in the absence of Ca2+. 

Ca2+ induces the dissociation of CaM light chains from myosins resulting in inhibition of 

motility (Hasson and Mooseker, 1995). On the other hand CBD of KCBP binds CaM in the
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presence of Ca2+ and this binding inhibits the interaction with the MT (Song err al., 1997). 

Therefore, Ca2+ stops the motility of KCBP and myosins by two very differen t mechanisms. 

In in vitro experiments KCBP binds to bovine CaM and 3 CaM isoforms of A rabidopsis 

CaM (CaM-2, 4, and 6) (Reddy et al., 1999). CaM2 has the highest affinity armong all the 

CaM isoforms tested. Kinesin C has CBD at the C-terminus and is shown to tbind to a 

calmoduilin-affinity column in a Ca2+-dependent fashion (Rogers et al., 1999) .

The amino-terminal tail (aa 121-612) another interesting unique featur-e of KCBP, 

which has not been found in any known members of the kinesin superfamily, ^showed 

significant sequence similarities to the myosin tail homology 4 (MyTIM) and talin-like 

region present in myosin Vila and X (29% identity and 49% similarity in the !MyTH4 domain 

and 29% identity and 49% similarity in the talin-like region of Homo sapiens rmyosin Vila) 

(Fig 7) (Chen et al., 1996; Reddy et al., 1996b; Reddy and Reddy, 1999). Therefore, KCBP 

appears to be a molecular hybrid consisting of a motor domain from MT-basead motors and a 

tail region of some actin-based motors. The tail of myosin Vila has two long rrepeats (-460 

amino acids per repeat) and that of myosin X has one repeat (Chen et al., 1996). Each repeat 

contains a MyTH4 domain (-110 aa) and a talin-like (-350 aa) domain. MyTHM domain and 

the talin-like regions exist singly in some myosins. Kinesin C does not have tsalin or MyTH4 

domains (Fig 6). The functional significance of MyTH4 and talin-like region :is not known. 

Ca2+/CaM regulation

Bacterial expression of KCBP motor domain with part of the coiled-co-il region forms 

a dimer revealing that the coiled-coil region is involved in dimerization (Deav*ours et al., 

1998b). In blot overlay assay, the motor domain of KCBP binds tubulin subunits in a 

concentration-dependent manner (Narasimhulu etal., 1997) and exhibits MT —stimulated
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Fig. 7 Schematic diagrams and alignment of Arabidopsis KCBP, human KIFC3, and 
Myosin V ila  tail regions. Stars and plus symbols indicate identical and similar amino 
acids, respectively. Dashes indicate gaps, introduced into sequence for alignment. 
Numbers at left indicate amino acid residue. (A) Alignment o f KCBP and KIFC3 head 
domains. (B) Alignment of KCBP tail region with the two repeats of MyoVIIa tail 
region. (C) Schematic diagram o f MyoVIIa, KCBP. and KIFC3 proteins. Color 
representation is as follows: cyan = myosin tail homology 4 regions, green = talin-like 
domain, red = conserved motor domain of KCBP and KIFC3. blue = coiled-coil region, 
pink = motor domain of MyoVIIa. and black = calmodulin binding domain (CBD) 
characteristic for KCBP.
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ATPase activity (Deavours et al., 1998b). Cosedimentation assays with MTs indicate that 

the N terminus region of KCBP has an ATP-independent MT-binding site (Song et al.,

1997). An ATP-independent MT-binding site is also present in the tail domain of Ned, Kar3, 

and kinesin heavy chain (Meluh and Rose, 1990; Navone et al., 1992; Chandra et al.. 1993).

In vitro motility studies, blot overlay assays, pelleting assays, and MT bundling, are 

four independent sets of experiments that provided insight into Ca27CaM regulation of 

KCBP association with MTs. In vitro motility studies with GST-KCBP that consists partly 

of a coiled-coil region (-70 residues), the entire motor domain and CBD shows movement 

along MTs towards their minus end. However, KCBP preincubated with bovine CaM and 

Ca2+ does not bind or translocate MT but MTs are observed floating in solution (Song et al..

1997). KCBP binds to tubulin subunits in the presence of either Ca2+ or CaM alone, but in 

the presence of Ca2+/CaM, KCBP dissociates from MTs. This Ca27CaM regulation of KCBP 

interaction with MT was abolished in the presence of antibodies raised against CBD. 

Additionally, a bacterially expressed construct, which is missing the CBD, has the ability to 

bind MTs but is insensitive to Ca27CaM (Narasimhulu et al., 1997; Narasimhulu and Reddy,

1998). Ca27CaM prevents the MT binding in a cosedimentation assay and inhibits MT- 

stimulated ATPase activity (Deavours et al., 1998a). In an MT bundling experiment, the C- 

terminal and N-terminal tail of KCBP promote bundling of MTs into cables, indicating that 

there are two regions within KCBP that are directly capable of MT bundling (Kao et al.,

2000). Ca27CaM disassociates preformed KCBP-MT rigor complexes formed in the 

presence of AMP-PNP (Kao et al., 2000). Together, these results indicate the functional 

importance of CBD on the regulation of KCBP affinity and the effect of Ca27CaM on the 

motor affinity for MTs. The proposed scenario is that cytosolic Ca2+ increased in response to
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some signals binds CaM, and the activated CaM interacts with CBD of KCBP thereby 

reducing the affinity of motor to MTs, and preventing its interaction with MTs.

KCBP functions

Immunolocalization, antibody injection studies, yeast two-hybrid screening, and 

genetic analysis have provided insights into cellular functions of KCBP (Bowser and Reddy, 

1997; Oppenheimer et al., 1997; Smirnova et al., 1998; Day et al., 2000), and (Thomas,

2001). Affinity purified KCBP-Ab recognizes a single polypeptide (molecular mass 140 

kDa) in protein gel blots of total protein extracts from Arabidopsis seedlings and suspension 

cells and tobacco BY-2 suspension cells. KCBP-Ab does not cross-react with other CBDs 

from potato, suggesting that the antibody is specific to KCBP and does not recognize other 

CBDs (Bowser and Reddy, 1997).

(a) Cell division

High levels of KCBP mRNA in meristematic and suspension cultures (Reddy et al., 

1996a; Reddy et al., 1996b) suggest that KCBP has a role(s) in cell division. Cell division in 

plant cells differs from that in animal cells in the following aspects. (1) In late G2, just prior 

to prophase, cortical MTs rearrange to form a band of MTs called the preprophase band 

(PPB), that encircles the cell just below the cell membrane (Gunning and Wick, 1985; Baskin 

and Cande, 1990; Goddard et al., 1994). PPB determines the location of the future cell plate 

(Torres-Ruiz and Jurgens, 1994; Traas et al., 1995). (2) Bipolar spindles are formed in 

absence of well-defined centrosomes, which are MT organizing centers in animals (Smirnova 

and Bajer, 1994; Franklin and Cande, 1999). (3) Cytokinesis occurs via the formation of a 

cell plate that expands centrifugally between daughter nuclei (Staehelin and Hepler, 1996; 

Sylvester, 2000). Formation and growth of a cell plate between daughter nuclei is controlled
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by the phragmoplast which consists of two sets of MTs and actin with their plus ends 

interdigitating on the equatorial plane (Hepler and Jackson, 1968; Euteneur et al., 1982; 

Wick, 1991).

In immunolocalization studies with Arabidopsis suspension cells, KCBP colocalizes 

with MTs in metaphase cells to either side of the chromosomes. In late anaphase, KCBP was 

associated with the interzone between separating chromosomes, and between the daughter 

nuclei in cytokinetic cells except in the midzone where a slightly unstained region was 

observed (Bowser and Reddy, 1997). Similar patterns of staining were observed in tobacco 

BY-2 cells. In BY-2 cells, the KCBP-Ab and (3 tubulin-Ab colocalize to the preprophase 

band also. In synchronized BY-2 cells, KCBP was abundant in M-phase cells and declined 

as the cells entered interphase. Localization of KCBP in Haemanthus also showed 

localization to mitotic MT arrays with some differences. KCBP appears first in association 

with the prophase spindles (Smirnova et al., 1998). During metaphase, KCBP decorates 

MTs of kinetochore-fibers on either side of chromosomes. By mid-anaphase, the protein 

redistributes and accumulates at the spindle pole regions. In telophase, KCBP relocates 

towards the phragmoplast and cell plate.

Microinjection studies of KCBP into living stamen hair cells of Tradescantia 

virginiana during all phases of cell division also supports the roles of KCBP in cell division 

(Vos et al., 2000). Ca2+/CaM inhibit the interaction of KCBP with MTs. However, in the 

presence of antibodies to CBD, the regulation is abolished (Narasimhulu and Reddy, 1998) 

and so the injection of these antibodies is thought to activate KCBP constitutively (Vos et al., 

2000). The outcome of the antibody injections depends on the timing of the injections. The 

injections with KCBP-Ab differentially affect specific phases during cell division but not the
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cytoplasmic streaming or cell viability during interphase. Microinjection of KCBP-Ab 

during late prophase results in the premature breakdown of the nuclear envelope and early 

onset of prometaphase. However, these cells subsequently arrest in late prometaphase or 

metaphase and do not enter anaphase. Instead, the chromosomes became disoriented 

throughout the center of the cell. Injection of KCBP-Ab into late metaphase or early 

anaphase cells does not affect anaphase morphology and transition time. On the other hand, 

injection of KCBP-Ab during mid-anaphase causes aberrant formation of the phragmoplast 

and cell plate, and completion of cytokinesis is delayed or inhibited.

Localization of KCBP in the phragmoplast suggests the involvement of KCBP in 

phragmoplast function and/or cell plate formation. The polarity of MTs and microfilaments 

in the phragmoplast (Euteneur et al., 1982; Staehelin and Hepler, 1996) indicated that plus- 

end motors are likely to be involved in the transport of vesicles to the cell plate. TKRP125, a 

plus-end motor, localizes to the phragmoplast and is shown to be involved in phragmoplast 

organization (Asada et al., 1997). KCBP, a minus-end motor, is not likely to be involved in 

transporting vesicles to the cell plate since the MTs are oriented with their plus ends facing 

the cell plate. One intriguing possible function of KCBP could be recycling of Golgi vesicles 

membranes from the expanding cell plate, a process which would require a minus-end 

directed motor protein (Reddy, 2001). Furthermore, KCBP may also be involved in forming 

the phragmoplast by cross-linking MTs, a property associated with C-terminal motors in 

yeast and animals (McDonald and Goldstein, 1990; Chandra et al., 1993; Endow etal., 

1994b). The finding that the amino-terminus of KCBP possesses a functional ATP- 

insensitive MT-binding site and the ability of KCBP to bundle MTs support this idea 

(Narasimhulu and Reddy, 1998; Kao et al., 2000). Localization of KatA, a minus-end motor,
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in the phragmoplast (Liu et al., 1996) suggests that it may also perform similar functions to 

KCBP but without Ca27CaM regulation.

(b) Morphogenesis

The final shape of a plant cell is the result of a precisely guided cell wall expansion. 

The plant cytoskeleton is known to play a pivotal role in determining the direction of cell 

wall expansion, in part by controlling the orientation of the microfibrils (Giddings and 

Staehelin, 1991; Fowler and Quatrano, 1997; Nicol and Hofte, 1998). Trichomes are 

specialized cell types that are present on the surface of nearly all land plants (Johnson, 1975). 

However, the morphology and pattern of trichomes vary greatly depending on the species. In 

Arabidopsis, wild type trichomes have a genetically defined shape consisting of a stalk 

topped by three or four branches (Oppenheimer et al., 1997). The process of trichome 

development is complex and over 40 genes regulate their spacing, density, and morphology 

in Arabidopsis (Oppenheimer, 1998; Szymanski et al., 2000).

ZWICHEL (ZWI) gene encodes KCBP and the zwichel (zwi) mutant is characterized 

by trichomes with a short stalk and only two branches suggesting a role for KCBP in 

trichome morphogenesis (Oppenheimer et al., 1997). It is hypothesized that KCBP 

participates in reorganizing and/or stabilizing the MT array prior to branch initiation. In an 

elegant study, Mathur and Chua, (2000) tested this hypothesis by treating zyvichel mutants, 

expressing GFP-MT-associated protein4 fusion protein, with the MT stabilizing drug, taxol. 

Taxol-stabilization of MTs in zyvichel mutants leads to the initiation of new branch points 

Mathur and Chua, (2000). Furthermore, trichomes treated with oryzalin, a MT destabilizing 

drug, do not undergo trichome branching (Mathur et a l, 1999). Several alleles of zyvi have 

been characterized (Oppenheimer et al., 1997). Three of them have been described below
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and all of them are recessive. The T-DNA insertion in the rvw-5002 mutant is located 

between the ATP-binding and the putative MT-binding regions of the motor domain. This 

insertion is likely to result in a ZWI product without the motor activity. The T-DNA insertion 

in the zw-4673 mutant is located approximately 2 kb downstream from the polyadenylation 

site, suggesting that the regulatory elements may have been affected in this mutant. The third 

allele (zwi-9310-7), the strongest phenotype, was generated by fast neutron mutagenesis, and 

contained an insertion of about 500 bp of DNA at the N-terminal tail. Analysis of zwi-3 by 

RT-PCR and subsequent sequencing of the resulting cDNA revealed that the zwi protein is 

truncated at the amino acid position 522 and lacks the coiled-coil region and the motor 

domain. The truncation is due to a novel 5’ splice donor in intron 8 resulting in a new 

reading frame with stop codon in exon 9.

Interestingly, all zwi mutants appear to grow normally with only the defect in 

trichome morphogenesis (Oppenheimer et al., 1997; Krishnakumar and Oppenheimer. 1999). 

The lack of a phenotype in other tissue suggests that either ZWI is nonessential or another 

motor with overlapping function may substitute for KCBP function in other tissues. 

Functional redundancy amongst KLPs has been reported in other non-plant system 

(Goldstein and Philip, 1999). Similar to ZWI, the lack of Ned in Drosophila causes a defect 

in meiosis, whereas most mitotic divisions are not affected (Yamamoto et al., 1989). In all 

the zwi mutants the N-terminal region of the protein is not affected. This raises the 

possibility that the N-terminal region of KCBP may perform some functions in cells other 

than trichomes whereas trichome development requires the full-length protein (Reddy, 2001). 

In a suppressor screen with zwi-3 mutant, Krishnakumar and Oppenheimer, (1999) isolated 

three extrageneic suppressors, suzl, suz2, and suz3 (suppressors of zwichel-3) that rescued
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trichome number defect but not the short stalk defect. The failure of the suppressors to 

rescue the stalk defect may be due to the inability of the suppressors to completely rescue 

zwi-3 mutant or the stalk height may be regulated separately from branch initiation, and these 

two processes may require different levels of KCBP function, or different functions of the 

KCBP protein (Krishnakumar and Oppenheimer, 1999). Also, the branch-position function 

of KCBP may be regulated by a different set of interactions and SUZ proteins may play no 

role in branch position. Another hypothesis is that the trichome position may require motor 

function that is lacking in zwi-3 mutants. Both of suzland suz2 mutants are completely 

recessive, but the suz3 mutation is weakly dominant (Krishnakumar and Oppenheimer,

1999). All three suppressors were found to be allele-specific and belong to the group of 

“interactional suppressors” in which particular alleles of one gene are suppressed by the 

suppressor mutation. Genetic studies have shown that SUZ2 may interact not only with ZWI 

but also with FURCA1, a gene involved in trichome branching. The suzl zwi-3 double 

mutants are male sterile due to a defect in pollen germination and pollen tube growth, 

suggesting a role for these genes in pollen germination and tube growth (Krishnakumar and 

Oppenheimer, 1999). These suppressor studies suggest that at least three gene products 

likely interact with the tail region of KCBP. Using the yeast two-hybrid method to screen an 

Arabidopsis expression library with the tail of KCBP, the N-terminal tail region of KCBP has 

been found to interact with a plant-specific protein kinase, KIPK (KCBP-Jnteracting Protein 

Kinase) (Day et al., 2000). Coprecipitation assays confirmed KCBP/KIPK interaction. The 

association of KEPK with KCBP suggests regulation of KCBP or KCBP-associated proteins 

by phosphorylation and/or KCBP is involved in targeting KIPK to proper cellular function 

(Reddy, 2001). Recently, in similar screening, (Thomas, 2001) identified and characterized a
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small Ca2+-binding protein, KIC (Kinesin Interacting Centrin-like protein) that interacts with 

the motor domain of KCBP (Thomas, 2001). KIC was found to interact with KCBP in vitro 

in a Ca2+ -independent manner, to bind to phenyl sepharose column in the presence of Ca2+. to 

exhibit heat stability, and to be expressed predominately in leaf, fruit and flower tissues.

II. MOLECULAR PHYLOGENY OF PLANTS

Molecular phylogenetics is the study of evolutionary relationship among organisms or 

genes by a combination of molecular biology and statistical techniques. The molecular 

approach to systematics was initiated by using serological cross-reactions to study the 

phylogenetic relationships among various groups of animals. The advent of various 

recombinant DNA techniques and the development of the polymerase chain reaction (PCR) 

have made molecular systematic studies even easier, resulting in an unprecedented high level 

of activity in phylogenetic reconstruction. During the past 10-15 years, molecular 

phylogenetics has dramatically reshaped our view of organismal relationships and evolution. 

This impact has been manifested at all taxonomic levels, from species to kingdom. For 

example, molecular studies have revealed that charaphyte green algae are the closest relatives 

of the land plants (Graham, 1993; Kranz et al., 1995) and suggested that Amborella, a single 

species of which lives on the South Pacific island of New Caledonia, is the first branching 

angiosperm lineage (Mathews and Donoghue, 1999; Soltis et al., 1999; Barkman et al., 2000) 

and contradicts the anthophyte hypothesis (Doyle, 1998) in which the closest living relatives 

of angiosperms are believed to be the gentales, a small and enigmatic group of gymnosperms. 

About a year ago, the New York Times reported that “evolutionary biologists have at least 

answered a question so difficult that Darwin himself called it the "abominable mystery"
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(Yoon, 1999). Actually the article referred to a consensus, based on molecular data, that 

Amborella and water lilies are at the base of the flowering plants.

Among the genes and gene families that have been extensively us-ed for molecular 

evolution are the actins and actin gene families in addition to ribosomal RNA genes. These 

studies are focused on the origin, evolution, intron position, and domain consevation of the 

genes (Shah et al., 1983; Bagavathi and Malathi, 1996; Bhattacharya and Weber, 1997; 

Bhattacharya et al., 1998; An et al., 1999; Keeling etal., 1999). These studies have revealed 

that there are at least 25 intron positions distributed at different locations in the coding 

regions of actin genes in a wide range of organisms from yeast to humans (Bagavathi and 

Malathi, 1996). Furthermore, these data suggest that the numerous introras found in all actins 

are of ancient origin and that they are highly conserved although the coding sequences are 

not (Shah et al., 1983), suggesting a possible functional significance of irttrons in present day 

actin genes (Bagavathi and Malathi, 1996).

Other criteria for determining the evolutionary relationships between proteins 

showing little or no sequence similarity is the secondary structure topology, comparison of 

functional domains, and active site chemistry (Kull et al., 1998). Motor proteins of the 

kinesin and myosin superfamilies are examples of such group of proteins. Both types of 

motors hydrolyze ATP to generate force for their movement on cytoskeletal elements.

Recent studies have shown surprising structural similarities between the m otor domains of 

kinesin and myosins, although there is no amino acid sequence similarity (Kull et al., 1996). 

This raises an important question: Did the members of kinesin and myosin superfamilies 

evolve from a common ancestor through divergent evolution or from separate proteins 

through independent pathways (Convergent evolution)?. Structure topolo«gy and active site

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



chemistry studies have shown that kinesin and myosin and possibly G proteins are directly 

related via divergent evolution from a common core nucleotide-binding motif (Kull et al..

1998). The sequence similarities between the tails of KCBP and myosin V ila and X support 

the hypothesis that the molecular motors have evolved from a common ancestral protein. 

Origin of plastids and evolution of photosynthetic eukaryotes

Plant molecular evolution has been dominated by studies of plastids (the organelles in 

which photosynthesis occurs). Phylogenetic analyses have revealed that they arose aeons 

ago from bacteria that set up home within unicellular eukaryotic organisms (Palmer, 2000).

It was first proposed that there were five independent origins of plastids from different 

photosynthetic bacteria (Mereschkowsky, 1910), but now it is widely agreed that plastids 

originated only once (Cavalier-Smith, 1987; Cavalier-Smith, 1995; Kohler et al.. 1997; 

Martin and Herrmann, 1999). Photosynthetic eukaryotes have two fundamentally different 

types of plastids. Primary plastids, the double-membrane-bound products of a symbiotic 

relationship between eukaryotic cells and cyanobacteria (Palmer, 2000) and are found in 

green algae, land plants, red algae, and the glaucophytes such as, Cyanophora paradoxa 

(Bhattacharya and Medlin, 1998) (Fig 8). Secondary plastids were acquired by the 

subsequent uptake of one of these primary phototrophs by a second eukaryotes and these 

plastids are recognized by the presence of extra plastid membranes (Keeling et al., 1999). 

There are two lines of secondary symbiogenesis (Cavalier-Smith, 2000). The first occurred 

with a red algal endosymbiont to produce the chromophytes (a collective term for algae with 

chlorophyll c), including dinoflagellates, sporozoans, cryptomonads, and chromobiotes. The 

second occurred with a green algal endosymbiont to generate euglenoid and chlorarachnean
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Fig. 8 The symbiotic origin of plastids. Plastids arose monophyletically from a cyanobacterium with 
phycobilins and chlorophyll a and b that was phagocytosed by a biciliate protozoan host that convert it to 

organelles. Someof the cyanobacterium genes were transferred to the host during the course of the evolution. 
In the ancestral plant, the food vacule membrane was lost. Therefore, plant plastids have only a double 
envelope: Green plant lost phycobilisomes and evolved thylakoids, whereas red algae and glaucophyta 
lost chlorophyll b, possibly independently. Modified from Cavalier-Smith, (2000).
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algae (Cavalier-Smith, 2000). In both cases the endosymbiont genome was reduced and 

genes were transferred to the host nucleus (Bhattacharya and Medlin, 1995; Gilson and 

McFadden, 1996).

Red algae and glaucophytes (collectively termed biliphytes because they retained the 

ancestral cyanobacterial phycobilisomes and unstacked thylakoids) have plastids that closely 

resemble cyanobacteria, whereas the ancestor of the angiosperms lineage, which includes 

green algae, bryophytes, and vascular plants lost phycobilisomes and evolved stacked 

thylakoids (Cavalier-Smith, 1982). Evidence from plastid genes (Martin, 1998) and retention 

of a bacterial cell wall by glaucophyte plastids (termed cyanelles) supports the hypothesis 

that glaucophytes represent the first branch of plastid evolution.

It is well established that the land plants are monophyletic and that “bryophytes” are 

the most primitive land plants (Graham, 1993; Mishler, 1994; Kenrick and Crane, 1997) and 

evolved at least 450 million years ago (Waters and Vierling, 1999). Molecular data currently 

support the monophyletic origin of gymnosperms, which evolved from fems about 300 MYA 

(Goremykin et al., 1996; Samigullin et al., 1999; Soltis et al., 1999). Angiosperms are 

evolved from gymnosperms and then diverged into monocots and dicots (Wolfe et al., 1989) 

(Paterson et al., 1996). Molecular evidence from mitochondrial and plastid genomes support 

the evolution of flowering plants from non-flowering seed plants and also demonstrate that 

Ambroella, water lilies (Nymphaeales) and Austrobaileya represent the first stages of 

angiosperm evolution. These molecular data are supported by physiological and anatomical 

data such as self-incompatibility, carpel closure, and structure of vessels. Similar evidence 

also was obtained from nuclear genes such as the homeobox gene family, MADS-box gene 

family and phytochromes gene-pair (PHYA, PHYB/D, PHYC, and PHYE). MADS-box
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genes in flowering plaants encode transcription factors that control both flower meristem 

formation and organ identity in the developing flower. Homologues of these genes have 

been found in the Norway spruce, a gymnosperm, (Tandre et al., 1995). Some of these genes 

are expressed only in tlie  male and female strobili and control the identity of the sexual 

organs. The four phytochrome genes were found in most angiosperms examined, whereas 

only two gene lineages; (PHYC and PHYB/D) related to these genes are known from other 

seed plants (Mathews an d  Donoghue, 1999). However, there is little agreement as to when 

angiosperms arose or e=ven from which branch of the gymnosperms they originated (Wolfe et 

al., 1989). The fossil record of the flowering plants extends back at least 130 million years 

(Donoghue and Doyle, 2000), however several lines of molecular evidences do not rule out 

an earlier origin of the ; angiosperms, approximately 200 million years ago (Graham and 

Olmstead, 2000).

The divergence between monocots and dicots represents a major event in higher plant 

evolution, yet the date oof this occurrence has remained enigmatic for over a century. Using 

two independent approsaches, the rate of synonyous and nonsynonymous nucleotide 

substitution with plasticd DNA sequence, led to an estimation of the monocot-dicot 

divergence at 200 milli*on years ago with an uncertainty of about 40 million years. This 

supports the theory than angiosperms existed for a considerable period of time before coming 

to dominate the Earth’s; flora (Wolfe et al., 1989). This estimate is also supported by analysis 

of the nuclear genes thaat encode large (26S) and small (18S) subunit ribosomal RNAs. In 

other controversial estiimates based on the nuclear gene, glyceraldehyde-3-phosphate 

dehydrogenase (called gapC  in plants), monocots and dicots diverged about 320 million
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years ago, which is long before angiosperms appeared in the fossil record (Martin et al., 

1989).

Although monocot and dicot genes and gene families are derived from a single 

ancestral origin, many of their nuclear and organelle genes show considerable variation in 

their copy number, conserved motifs, and transcription regulation. For example, analysis of 

the consensus sequences of the mitochondrial promoter around the transcription initiation 

sites exhibits several differences between monocot and dicot mitochondria (Fey and 

Marechal-Drouard, 1999). These consensus sequences are highly conserved in dicots, while 

they show more plasticity in monocots. Furthermore, analysis of the small single-copy 

(SSC) region of the plastid genome of the non-photosynthetic flowering plant, Epifagus 

virginiana, showed that there were differences among dicots, monocots, and bryophytes 

(Wolfe et al., 1992). A protein of 1738 codons in Epifagus virginiana is equivalent to a 

single open reading frame (ORF) of 1901 codons in tobacco (dicot), to a severely truncated 

pseudogene in rice (monocot), and to two genes of 1068 and 464 codons in Marchantia 

(Bryophyta). Other examples came from the nuclear genes of the catalase gene family 

(Frugoli et al., 1998). Monocot and dicot plants have three catalase genes, CAT1, CAT2, and 

CAT3, and they have conserved introns in novel positions as well as lost introns. This was 

explained by gene duplication before divergence of monocots and dicots followed by intron 

loss and gain (Frugoli et al., 1998). Similar observations were made for the actin gene 

family in angiosperms (Moniz de Sa and Drouin, 1996).

Phylogenetic analyses of kinesin and myosin superfamilies are used to classify them 

into subfamilies. However, the origin and evolution of any particular member of the kinesin 

superfamily has not been investigated. Therefore it will be of interest to study the origin,
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evolution and gene structure of KCBP, a unique motor protein, among phylogenetically 

diverged species. KCBP, a plant-specific KLP, has been studied extensively in the dicot 

plant, Arabidopsis. KCBP is unique among all known KLPs in having CBD at the C- 

terminal region and MyTH4 and talin-like region in the N-terminal region. Kinesin C, CBD- 

containing KLP, has been cloned from sea urchins. Outside the motor domain, kinesin C 

does not show any sequence similarity to KCBP. A homologue of KCBP has not been found 

in the completely sequenced genomes of S.cerevisia, C.elegans, and Drosophila, suggesting 

that it is unique to plants. One major objective of this research was to investigate the origin 

of KCBP and to test whether KCBP co-evolved with the formation of phragmoplasts or if it 

is ubiquitous in all photosynthetic eukaryotes. A second purpose of this research was to 

investigate the gene structure, exon/intron organization, intron position, and domain 

conservation and function of KCBP among different photosynthetic eukaryotes, ranging from 

a most primitive photosynthetic, unicellular eukaryotes, to highly evolved monocots. Using 

different molecular approaches, such as PCR and library screening, KCBP homologs were 

cloned and characterized from representative species of phylogenetically diverged groups, 

including monocotyledons (Zea mays), gymnosperms (Picea abies), a green alga 

{Stichococcus) and the endosymbiotic glaucophyte Cvanophora paradoxa. The results show 

that the coding regions of KCBP are highly conserved among phylogenetically diverged 

organisms. However, the gene structure, size and organization of introns/exons, and GC 

content are highly variable. Two unique domains of KCBP, the MyTH4 and talin-like 

regions and the CBD are also conserved in all KCBPs. The data also suggest a tendency for 

reduction in the number of introns per coding sequence throughout the course of evolution. 

The CBD is interrupted by an extra intron in green algae and glaucophyta, which is not
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present in the angiosperms. KCBP in all tested organisms is recognized by polyclonal 

KCBP-Ab that was raised against the CBD of Arabidopsis KCBP.

KCBP is negatively regulated by Ca27CaM, and the KCBP mutant (zwz) has 

unbranched trichomes or trichomes with two only branches. Therefore, it is of interest to 

manipulate the cytosolic Ca2+ level using ionophores and ionomyceins to investigate the 

resulting phenotypes. The results show high cytosolic Ca2+ produces different levels o f zwi 

phenotypes in addition to phenotypes of other trichome mutants.
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MATERIALS AND METHODS

I. Materials

Cyanophora paradoxa Korschikoff and Stichococcus bacillaris were grown in 

sterilized lake water enriched with Algo-Gro concentrate solution (Carolina Biological Co.. 

Burlington. NC) at 18 °C in a 16:8 h light/dark cycle. After 10 days, cells were collected by 

centrifugation and kept at -80 °C for DNA, RNA and protein extraction.

Cyanophora paradoxa cDNA library prepared in pBluescript vector was kindly 

provided by Dr.Wolfgang Loeffelhardt, Universitat Wein. Vienna, Austria.

A spruce cDNA library, in Lambda gtlO, was prepared from female strobilus RNA. 

This library was provided by Dr. Annika Sundas, Uppsala University, Uppsala, Sweden.

Spruce (Picea abies L. Karst) 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 -80  °C until use.

A maize genomic library prepared from young maize seedlings in the Lambda 

EMBL3-3SP6/T7 vector was purchased from Clonetech. Other genomic DNA libraries used 

to isolate KCBP were as described later.

A. Cloning of KCBP from phylogenetically diverged species 

A -l Cloning of KCBP from monocotyledons (Zea mays), ZmKCBP
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(i). Screening of a maize genomic library

A maize genomic library was prepared from maize seedlings. The DNA was partially 

digested with Sau3A, size fractionated, and cloned into the BamHl site of the EMBL- 

3SP6/T7 vector (CLONTECH). For primary screening, approximately 5 X 105 recombinant 

plaques were plated on 15 cm plates at a density of about 40,000 pfu per plate using NZCYM 

medium {one liter contains 5 g NaCl, 2 g M gS04.7 H20 , 5 g yeast extract, 10 g NZ amine 

(casein hydrolysate), 15 g agar, pH 7.5} and E. coli XLI-blue MRA (Stratagene) as the host 

strain Sambrook et al., (1989). The plates were incubated at 37 °C for 8 hours until clear 

plaques were visible, then chilled at 4 °C for at least 1 hour. Plaques were lifted on duplicate 

Hybond-N+ (Amersham) membranes according to the manufacturer’s instructions. The 

phage DNA was denatured for 2 min in denaturing solution (1.5M  NaCl, 0.5 M NaOH), 

followed by neutralization for 5 min in neutralization solution (1.5 M NaCl, 0.5 M Tris-HCl, 

pH 8.0). Membranes were rinsed in 2X SSC (2X= 0.3 M NaCl, 0.03 M sodium citrate) 

buffer for 5 min and then dried at room temperature for 10 min. The DNA was fixed on 

membranes by exposing to UV light in a Stratalinker (Stratagene), followed by baking in an 

oven for 1 hour at 60 °C. Membranes were incubated in pre-hybridization solution (0.5 M 

sodium phosphate and 0.7% w/v SDS) for three hours at 60 °C and then in a hybridization 

solution [pre- hybridization solution with a 32P-Iabelled PCR-amplified 812-bp cDNA of 

Arabidopsis KCBP containing the coding region for the motor and CaM-binding domains 

(Reddy et al., 1996b) for 18 hours. Radioactive probe was synthesized with an oligolabelling 

kit from Amersham using nanonucleotide random primers. After hybridization, membranes 

were washed in 2X SSC containing 0.1 % SDS (w/v) at room temperature followed by
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washing for 15 min each at 60 °C in IX SSC containing 0.1 % SDS (w/v) and 0.1X SSC 

containing 0.1 % SDS (w/v). Membranes were wrapped with Saran wrap, exposed to X-ray 

film and developed using X-ray film processor (AFP Imaging Corp). Fourteen putative 

positive clones were picked and put in 1 ml of SM (5.8 g NaCl, 0.977 g MgS04, 0.1 g 

gelatin, 50 ml 1 M Tris-HCl pH 7.5, and water to 1 liter) plus 50 pi of chloroform. After 

elution for one hour at room temperature, serial dilutions were made of each sample (1:100, 

1:1000, and 1:10,000) and 10 pi was added to XLl-blue cells and plated, on 9 cm plates. Pfu 

in each plate were counted and aliquots containing about 1000 pfu were used for second 

screening (Fig 9). Plaques lifting and hybridization was done as above and two positive 

plaques were picked from each plate and placed in 1 ml SM plus 50 pi chloroform. The 

positives were confirmed by a third round of screening.

Phage DNA isolation

Phage DNA was isolated using the PEG precipitation method (Chisholm, 1989):

• 100 ml of NZCYM medium was inoculated with 100 pi of XLI-Blue MRA cells and 

grew to an O.Dgoo of about 0.2-0.3

• Cells were spun down at 4 °C and resuspended in 10 mM M gS04 to a final OD of 1.0

• 10-100 p.1 of eluted phages were added to 500 pi of host cells and incubated at 38 °C for 

30 min for adsorption

• The preadsorbed phage was added to 50 ml of NZCYM in 250 ml Erlenmeyer flasks, 

grown at 38 °C for 12-16 hour with gentle shaking (200 rpm) until complete lysis 

occurred, and then 100 pi chloroform was added with continous shaking for an extra hour
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(B)

Fig. 9 Screening of maize genomic library. Maize genomic library 
was screened with 32P-labelled 812-bp PCR-am pIified cDNA of 
Arabidopsis KCBP that contained the coding region for the domain and 
calmodulin-binding domains. 5X105 pfu were screened and 14 putative 
positives clones were picked and purified by two additional rounds of 
screening. A,B, and C represent the first, second, and third screening, 
respectively.
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• 370 p.1 of nuclease solution {50 mg DNase 1 (Sigma), 50 mg RNase A(Sigma) in 10 ml

of 50% glycerol, 30 mM sodium acetate, pH 6.8} were added, incubated at 37 °C for one

hour, 3 g of NaCl was added, and mixed gently until dissolved

• After spinning for 20 min at 7,000 rpm using Sorvall HS-4 rotor at 4 °C, 5 g of 

polyethylene glycol (6,000-8,000 molecular weight) was added, gently dissolved by 

mixing, and kept on ice for at least one hour

• Centrifuged as before, suspended in 500 pi of SM, transferred to microfuge tube and 

extracted with chloroform

• To the aqueous phase 20 p.1 of 0.5 M EDTA, 5p.l of 20% SDS, and 10 p.1 of proteinase K 

(2.5 mg/ml) was added and incubated at 65 °C for 30 min

• The solution was extracted once with an equal volume of phenol and once with an equal

volume of chloroform. Then one seventy pi of 6 M ammonium acetate was added to the 

aqueous phase and the DNA was precipitated by adding 700 p.1 of isopropanol

• The mixture was spun down for 15 min in a microfuge at 4 °C

• The pellet was washed with 70% ethanol, dried in Speed Vac and dissolved in a small 

volume of TE (100-300pl).

Subcloning

Restriction analysis, together with Southern blotting using probes from both 3’ and 5’ 

ends of Arabidopsis thaliana (AtKCBP) indicated that two clones (clone 6 and 13) contained 

the complete gene. Digestion of clones with SaUJEcoRl and XbaUSaR yielded 6 kb and 7 kb 

hybridizing fragments, respectively. Digested fragments were separated on a 0.8% agarose 

gel the DNA was isolated by low-melting point (L.M.P.) agarose method (Faison, 1992). A 

window was prepared in the gel in front of the fragment. A 1 % solution of L.M.P. agarose
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(Life Technologies) was poured in the window around the gel piece containing the DNA and 

kept at 4 °C for 15 min. DNA was run into the L.M.P. agarose and then the gel pieces 

containing DNA were excised under long wavelength UV light. Equal volume of TE (10 

mM Tris-HCl, pH 8.0, 1 mM EDTA) buffer was added and the mixture was kept at 65 °C to 

melt the agarose. After cooling to room temperature an equal volume of equilibrated phenol 

was added, vortexed, and centrifuged for 3 min at 12,000 rpm. One-tenth volume of 4 M 

LiCl was added to the supernatant, and the mixture was placed on ice for 3 min, centrifuged 

for 5 min as above and the supernatant was collected. Then 2.5 volumes of 95% cold ethanol 

and 1 pi of molecular grade muscle glycogen (20 mg/ml) were added, and the entire mixture 

was kept at —20 °C for 30 min before centrifugiation at 4 °C for 30 min. The pellet was 

washed twice with 70% ethanol, dried in a Speed Vac and re-suspended in 20 pi of H20. 

pBluescript KS+ was cut with the same enzymes, separated on agarose gel and purified as 

above. Ligation was done in a 20 pi reaction containing digested vector and fragments (1:6 

molar ratio). 4 pi of 5X T4 ligase buffer (Gibco BRL) [250 mM Tris-HCl (pH7.6), 50 mM 

MgCl2, 5 mM ATP, 5 mM dithiothreitol. 25 % (w/v) polyethylene glycol], 1 pi of T4 DNA 

ligase (1 unit/pl) (Gibco BRL). Ligation was left at room temperature for 1 hour and then 

kept at 4 °C overnight. The ligation reaction was brought to 100 pi with water, extracted 

with an equal volume of phenol/chloroform (50:50 v/v) and then with chloroform. One-tenth 

volume of 3 M sodium acetate, pH 5.2 and 2.5 volumes of ethanol were added to the aqueous 

phase, kept at —20°C for 1 hour and centrifuged at 4 °C for 30 min. The pellet was washed 

two times with 70% ethanol, dried and dissolved in 5 pi H20  for transformation.
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T ransformation

Fresh electrocompetent E. coli DH5a cells were prepared by inoculating 5 ml of 

YENP medium (0.75% Bact Yeast Extract, 0.8% Bacto Nutrient broth) with a single big 

colony of E. coli DH5a and grown overnight at 37 °C with shaking. One liter of YENP 

medium was inoculated with the 5 ml culture and grown at 37 °C with shaking to an O.Deoo =

0.4-0.5. Cells were chilled on ice, collected by centrifugation for 10 min at 4 °C, washed two 

times with 1/10 volume sterile distilled cold H20  and one time with 1/50 volume of cold 10% 

glycerol. Then cells were re-suspended in a final volume of 3 ml of 10% glycerol, aliquoted 

into sterile microcentrifuge tube, and stored at — 80 °C. Cells were electroporated with 1.5 

and 3.5 (il of ligated DNA at 200 volts, added to I ml of SOB (0.5% Bact Yeast Extract, 2% 

Bactotryptone, 10 mM NaCl, 2.5 mM KC1, 10 mM MgCl2. and 10 mM M gS04) medium and 

grown for 1 hour at 37 °C with shaking. Aliquots of 10 and 100 pi were spread on LB 

ampicilin plates (one liter contains 10 g NaCl. 10 g tryptophane, 5 g yeast extract, 20 g agar, 

pH 7.0 and 80 p.g/ml ampicilin, the antibiotic was added after autoclaving) that were 

previously spread with 40 pi X-Gal (20 mg/ml) and 34 pi IPTG (100 mM). White colonies 

were selected for plasmid DNA preparation.

Plasmid DNA isolation

White colonies were grown overnight in 3 ml LB medium containing 50 pg/ml 

ampicilin and the plasmid DNA was isolated using a Q1AGEN miniprep isolation kit 

according to the instructions provided by the manufacturer. The plasmid DNA was eluted in 

50 pi H20  for sequencing and further analysis.
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B. Cloning of KCBP from Gymnosperms, spruce (Picea abies)

B -l. PCR amplification of KCBP motor domain from spruce cDNA library

KCBP motor domain of spruce was amplified from a cDNA library using PCR. Two 

degenerate primers, sense [5’-ATT/C/ATIT'/CGCUAT/CGCICAA/GAG-3’] and antisense 

[5’-CIGCT/CTGT/CTCT/CTTCCAG/ATA-3’ ] corresponding to the conserved ATP- 

binding site and CBD, respectively in KCBP were used to amplify a C-terminal region of 

PaKCBP (-900 bp) from spruce cDNA library. Sense and antisense primers contained 

restriction sites for EcoRl and BamHl, respectively. The PCR reactions were performed in a 

final volume of 50 (J.1. 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 followed by a 

final extension for 10 min at 72 °C. 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. PCR 

amplified products were separated on an agarose gel, purified with QIAGEN PCR 

purification kit (QIAGEN), cloned into pGEM-Teasy cloning vector following the 

instructions provided (Stratagene, La Jolla. CA), verified by sequencing and used as a probe 

for cDNA library screening.

B-2. Screening of spruce cDNA library

Approximately 5 x 105 recombinant plaques from amplified spruce cDNA library 

were screened for KCBP following the protocol described above (see section 1-1) with some 

modification. The probe was 32P-Iabelled 900 bp PCR amplified fragment from the spruce 

cDNA library. After purification and confirmation of positive plaques, phage DNA from 

nine positive clones was digested with the cloning site EcoRI, and the clone with the biggest

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



insert was chosen for subcloning. The digested insert was purified and cloned into EcoRI site 

of pBluescript KS+ for sequencing as described previously.

(C) Cloning of KCBP from green alga, Stichococcus bacillaries

C -l. PCR amplification o f KCBP motor domain from Stichococcus DNA

KCBP motor domain of Stichococcus was amplified by PCR using genomic DNA as 

a template. Sense and antisense primers with restriction sites were similar to those used for 

spruce PCR amplification. The PCR conditions were similar to the previous conditions 

except that the extension time was three minutes for each cycle. The PCR product was 

purified, cloned into pBluescript, confirmed by sequencing and used as a probe for screening 

Stichococcus genomic library.

C-2. Extraction of high-molecular weight genomic DNA

Genomic DNA was isolated from frozen Stichococcus cells using a modified urea- 

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

• About 0.5 g frozen cells were ground in liquid nitrogen and poured into 5 ml of lysis 

buffer {50 ml contains 215 g urea; 3.5 ml 5M NaCl; 2.5 ml 1M Tris-HCl, pH 8.0; 2 ml

0.5M EDTA; 2.5 ml of 20% sarkosyl; and 2.5 ml phenol (added freshly before use)}

• To the extract, 5 ml of phenol/chloroform/isoamyl alcohol (25:24:1 v/v/v), 0.5 ml of 10% 

SDS (w/v) was added and mixed gently but continuously for 30 min on a rocking 

platform

• The sample was spun for 15 min in a clinical centrifuge at 3000-4000 rpm for 15 min and

the aqueous phase was collected and treated with 100 pg/ml RNase-free DNase for 1 

hour at 37 °C
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• The aqueous phase was extracted two more times with phenol/chloroform/isoamyl 

alcohol

• One-tenth volume of 3M sodium acetate pH 5.2, 2.5 volume of ethanol was added to the 

aqueous phase, and the DNA was spooled out with a fire-polished pasture pipette

• The spooled DNA was washed with 70% ethanol, dried and dissolved in 250 pi o f TE.

• The DNA was precipitated by adding one volume of 5 M ammonium acetate, 2 volumes 

of ethanol and the DNA was spooled out as above.

• The DNA was washed two times with 70% ethanol, dried in a Speed Vac, dissolved in 

TE and the quality of the high molecular weight DNA was tested by running an 0.8% 

agarose gel.

C-3. Construction and screening of Stichococcus genomic library

For construction of a genomic library, genomic DNA was partially digested with 

SauSA  enzyme (Stratagene), and 9-20 kb fragments were collected and described as follows: 

180 pg DNA were dispensed into 900 pi of IX Sau3A reaction buffer and aliquoted into nine 

sterile microfuge tubes. The first tube contained 200 pi and the last tube was empty. To the 

first tube 1.5 pi (5 units/pi) of Sau3A  was added and mixed well. Half of the first tube 

mixture was transferred to the second tube, mixed and this serial dilution was continued 

through the remaining tubes. The DNA in tubes 1 to 9 was incubated at 37 °C for 3, 10, 15, 

30, 45, 60, 75, 90, and 120 min respectively. After incubation, the reaction was quickly 

stopped by adding diethylpyrocarbonate (DEPC) and EDTA to a final concentration o f 0.1% 

and 10 mM, respectively. Samples were incubated at 65 °C for 5 min. Five pi from each 

tube were removed and run in 0.8% agarose gel to check the digestion (Fig 10). Digested 

DNA in all tubes was mixed, extracted once with phenolxhloroform (50:50 v/v) and once
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M 1 2 3 4 5 6 7  8 9
(A)

bp 
23,130—

9416 —
6557—

2322—
2027—

(B)

bp

23.130—

9416 — 
6557 —

2322—
2 0 2 7 -

Fig. 10 Partial digestion of genomic DNA. (A) Genomic 
DNA was partiaiy digestes with SauJA. (B) 9-20 kb genomic 
fragment used in preparing the library. The digested fractions 
were extracted with phenohchloroform, and then with chloroform. 
Digested DNA was fractionated in 0.8% agarose gel and fragments,
9-20 kb were purified by low melting point agarose (LMPA) method. 
Purified fragments were run in 0.8% agarose gel along with digested and 
undigested Lambda DNA. DNA size maker is shown at the left in bp.
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with chloroform, precipitated with ethanol in the presence of 1/10 volume sodium acetate 

(pH 5.2), washed with 70% ethanol and dissolved in 200 jil H20 . DNA was size-fractionated 

on a 0.8% agarose gel at 20 V for 48 hour. Fragments of 9 to 20 kb were purified by the low 

melting point agarose method as previously described, dissolved in H ,0  at 0.5 fig/p.1 

concentration and ligated into Lambda DASH BE replacement vector (Fig 11) that was 

predigested with BamHl, according to the instructions provided by Stratagene (La Jolla, CA). 

The ligated DNA was packaged using Gigapack III packaging extract (Startagene) and 

transformed into Escherichia coli XLI-blue MRA(P2). Approximately 2 X 10s pfu of an 

unamplified library were screened using 32P-labelled PCR amplified product as described 

previously except, that XL 1-Blue MRA (P2) E. coli cells were used as a host stain. Phage 

DNA from seven positive plaques was prepared using QIAGEN Lambda Midi preparation kit 

(QIAGEN), digested with Notl and the clone with the biggest insert was used for sequencing.

(D) Cloning of KCBP from Glaucophytes, Cyanophora paradoxa 

D -l. PCR amplification of Cyanophora paradoxa KCBP motor domain

Motor domain of Cyanophora kinesin was amplified by PCR using cDNA library as a 

template. Two degenerate primers, sense [5’ -ATT/C/ATTT/CGCITAT/CGCICA-A/GAG- 

3 ’] and antisense [5’-A/GAGIG/CA/TICCIGCIAG/AA/G-3’ ] corresponding to the 

conserved motifs in the motor domain of kinesin-like proteins (KLPs) were used to amplify a 

fragment (-450 bp) from Cyanophora. PCR reaction was carried out as described previously 

for the spruce cDNA library. PCR product was purified with QIAGEN PCR purification kit 

(QIAGEN), cloned into EcoRVBamHl sites of pBluescript-KS+ vector (Stratagene, La Jolla, 

CA) and verified by sequencing and used as a probe to screen genomic library.
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(A )
Stuffer fragment

Xba I $a [ i Not i T3 Promoter
5’-TCTAGAGAGCTGTCGACGCGGCCGCGGAATTAACCCTCACTAAAGGGA^C

EcoR I BamH I Hind III Sac I Xho I Xba I
G A ATTCGG ATT C AAGCCTG AGCT CCT CG AG A A ATT CT CT AG A -3'

Xba I Xho I Sac I Hind III BamH I EcoR I
5'-TCTAGAGAATTTCTCGAGGAGCTCAAGCTTGGATCCGAATTC

< ________ T7 Promoter  Not I Sal I Xba I
TTCGCCCTATAGTGAGTCGTATTACGCGGCCGCGTCGACAGCTCTCTAGA-3'

Fig. 11 Map (A) and multiple cloning sites (B) of Lambda DASH II replacement vector.
Lambda dash phage (WT) contains active red+ and gam+ genes and so unable to grow 
on XLl-Blue MRA(P2). Lambda phages without these genes are able to grow on P2 
lysogenic strains. The red and gam genes in the Lambda DASH II DNA are located on 
the stuffer fragment (shown in hatches), therefore after ligation only recombinant Lambda 
Dash II (red* gam*) can grow on P2 lysogen strain and the ones without insert can not grow. 
Target DNA cloned into BamH I sites can be removed by digestion with flanking unique 
enzymes such as Not I and Sail. T3 and T7 primer regions can be used for sequencing.
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D-2. Genomic library construction and screening

Genomic DNA was extracted from frozen Cyanophora cells as described previously. 

A genomic library was constructed and screened as described for Stichococcus except that 

the probe was a 32P-labelled PCR amplified product from a Cyanophora cDNA library. Nine 

putative positive clones were analyzed by restriction digestion, and phage DNA from the 

biggest clone was prepared by QIAGEN kit, subcloned into pBIuescript (KS+) and used for 

sequencing

IQ. DNA sequencing and sequence analysis

All the clones isolated in this study were sequenced by the dideoxynucleotide chain 

termination method using either double strand plasmid or phage DNA as a template (The 

Bioplymer Laboratory, University of Maryland). Universal primers, T3 and T7 were used 

for the first run and primer walking was used to obtain the complete sequences of the clones. 

Sequence analysis was performed using the Sequencher and Mac Vector sequence analysis 

software (International Biotechnologies, Inc). Searches for sequence similarity were 

performed with the BLAST network service provided by the National Library of Medicine 

(http://www.ncbi.nlm.nih.gov). Splicing sites were predicted using the Netplantgene, 

(http://genome.cbd.dtu.dk/htbin/nph-webface), a program that predicts the splice site in plant 

genes, and by comparing the deduced amino acid sequence with Arabidopsis KCBP. 

Alignment analyses were performed using MegAlign (DNASTAR). Protein domains were 

analyzed using the Simple Modular Architecture Research Tool (SMART) (V3.1) and 

PROSITE at http:Expasy tools.
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IV. Phylogenetic analysis

To determine the phylogenetic relationship among different KCBPs cloned from 

phylogenetically diverged species and with other C-terminal KLPs, as well as some 

representative members of other KLP subfamilies retrieved from kinesin database 

(http://www.blocks.fhcrc.org/-kinesin/index.html), the conserved motor domains were used 

in phylogenetic analysis. Proteins were aligned by the Lasergene Megalign program using 

the Clustual method. The aligned sequences were used to build a phylogenetic tree using the 

PAUP (version 4.0b2) heuristic search method with tree bisection-reconnection branch 

swapping (Swofford, 1993). Bootstrap analysis with 100 random replicates was carried out 

using the heuristic method.

V. Southern Blotting

Genomic DNA from maize seedlings and from frozen Cyanophora cells was prepared 

as described previously for Stichococcus using modified urea-phenol-containing buffer 

(Golovkin and Reddy, 1996). Spruce genomic DNA was prepared from three-week old 

seedlings according to the procedure of Murray and Thompson, (1980) with modifications:

1. One g of tissue was ground in liquid nitrogen with a pestle and mortar. To the ground 

tissue 250 mg insoluble polyvinyl polypyrilidone (PVPP) was added and blended 

thoroughly

2. Ten ml extraction buffer { 2% (w/v) CTAB (cetrimethylammonium bromide) 100 mM 

Tris-HCl (pH 8.0), 1.4 M NaCl, 20 mM EDTA, and 0.4% P-mercaptoethanol} was added 

to the ground powder and incubated at 55-60 °C for 45 min with occasional shaking

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://www.blocks.fhcrc.org/-kinesin/index.html


3. After cooling the extract to room temperature, an equal volume of 

chloroformrisoamylalchol (24:1 v/v) was added, incubated for an additional 20 min with 

periodic mixing and centrifuged at 6,000 rpm in a table top centrifuge for 15 min at room 

temperature

4. The aqueous phase was transferred to a new tube, l/l 0 volume of CTAB solution (10% 

CTAB and 0.7 M NaCl) was added, extracted with equal volume of chloroform: isoamyl 

alcohol as previously discussed, and centrifuged at 11,000 rpm (Sorvall SS34 rotor) at 20 

°C for 10 min

5. The aqueous phase was split equally into two tubes, with one tube used for RNA 

extraction, as described later, and the second one used for DNA extraction

6. The DNA was precipitated by adding 2.5 volume of 95% cold ethanol and then kept 

overnight at —20 °C

7. The pellet was washed with 70% ethanol, dried, dissolved in TE, treated with RNase (100 

ug/ml) at 37 °C for 1 hour, and extracted with phenolxhloroform (50:50 v/v) and then 

with chloroform

8. One-tenth volume of 3 M sodium acetate (pH 5.2), 2.5 volume cold ethanol was added 

and the pelleted DNA was collected by centrifugation at 12,000 rpm for 30 min at 4 °C

9. The pellet was washed twice with 70% ethanol, dried the and dissolved in TE.

Ten |ig of genomic DNA was digested with different restriction enzymes, Sphl, Sstl,

Ncol, Kpnl (for maize), Bgfll, EcoRl, Kpril, Xbal (for spruce), BamHl, EcoRl, Xhol (for 

Stichococcus), and EcoRl, HindUl, Kpnl, Pstl, Xhol (for Cyanophora). Digested DNase 

were fractionated on a 0.8% agarose gel. In order to facilitate the transfer of the DNA from 

the gel to the membranes, the DNA was depurinated by treating the gels with 0.25 N HC1 for
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10 min. Gels were denatured in denaturing solution (1.5 M NaCI, 0.5 M NaOH) for one hour 

followed by neutralization in a neutralization solution (1.5 M NaCI. 0.5 M Tris-HCl, pH 8.0) 

for another hour. DNA was transferred to nylon membranes (Hybond N; Amersham) by the 

conventional capillary method using 10X SSC (1.5 M NaCI, 0.125 M C6H5N a,07.2H20 ) 

(Ausubel et a l, 1987). The transferred DNA was fixed on membranes by exposing to UV 

light in a Stratalinker (Stratagene), followed by incubation in oven for 1 hour at 60 °C. 

Membranes were pre-hybridized (0.5 M sodium phosphate and 0.7% w/v SDS) for three 

hours at 60 °C and then hybridized [pre- hybridization solution with a 32P-labeIled probe] for 

18 hours. The PCR amplified products that were used in library screening were used as 

probes. Radioactive probe was synthesized with an oligolabelling kit from Amersham using 

nanonucleotide random primers. Membranes were washed as described previously in the 

library screening procedure, except that there was a final wash with 0.1X SSC containing 1% 

SDS (w/v) at 68 °C for 10 min. Membranes were exposed and developed as before.

VT. Northern Blotting and Reverse Transcriptase (RT) PCR

A. RNA isolation by TRIAZOL method

Total RNA was isolated from 7-day-old maize seedling using TRIZOL (phenol and 

guanidine isothiocyanate) method (Life Technologies)

I. One gm of tissue was ground in liquid nitrogen, 10 volumes of TRIZOL reagent were 

added to the powder, and incubated at room temperature for 5 minutes.

• Then 0.2 ml of chloroform per 1 ml of TRIZOL was added and the tubes were shaken 

vigorously by hand for 15 seconds and incubated at room temperature for 3 minutes.
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• After centrifugation at 12,000g for 15 minutes at room temperature isopropyl alcohol (0 .5  

ml per 1 ml of TRIZOL reagent used for the initial homogenization) was added, 

incubated at room temperature for 15 minutes and centrifuged at 12.000g for 15 minute: s 

at room temperature.

• The RNA pellet was washed with 75% ethanol, air-dried and dissolved in DEPC-treated 

H20  for poly (A)+ isolation.

Poly (A)+ RNA was isolated from the total RNA using oligo (dT)-cellulose according too 

(Sambrook et al„ 1989). Total RNA was heated at 65 °C for 5 min and cooled to room 

temperature. An equal volume of loading buffer (IX = 50 mM Tris-HCl, pH 7.5, 0.4 M 

NaCI, 0.2% SDS) was added, applied onto oligo-(dT) cellulose column and washed 

extensively with loading buffer, followed by washing buffer (50 mM Tris-HCl, pH 7.5, 0.2F% 

SDS, 0.1 M NaCI). Finally, poly (A)+ RNA was eluted with pre-heated (50 °C) elution buffver 

containing 10 mM Tris-HCl, pH 7.5, 0.2% SDS, precipitated with 3 volumes ethanol, dried 

and dissolved in formamide

B. Isolation of RNA from spruce seedlings

Total RNA from three week-old spruce seedlings was prepared following the procedure 

used for genomic DNA extraction through the step 6 and then continued as follows:

• For RNA extraction, total nucleic acid was precipitated from aqueous phase by adding 

2.5 volume of 95% ethanol and kept overnight at -20 °C.

• The pellet was washed with 70% ethanol, air dried and dissolved in DEPC-treated H20

• Four volumes of 4 M cold LiCl was added to the nucleic acid solution and kept on ice 

overnight.

• RNA was precipitated by centrifugation at 11,000 rpm for 10 min at 4 °C.
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• The pellet was washed with cold 2 M LiCl, air dried and dissolved in DEPC-treated 

water.

• Total RNA was re-precipitated with 2.5 volume ethanol in the presence of 0.3 M sodium 

acetate.

Maize Poly (A)+ RNA and spruce total RNA samples were electrophorosed on denaturing 

I % agarose gel containing 4 % formaldehyde. Gels were washed three times in DEPC- 

treated H20 , 5 min each, followed by one wash in DEPC-treated 10 X SSC for 15 min. RNA 

was transferred overnight to a nylon membrane (Hybond N, Amersham) using DEPC-treated 

10 X SSC buffer. Membranes were prehybridized in pre-hybridization solution {50% 

formamide, 5X SSPE, 5X Dennardt’s solution, 0.1% SDS (w/v) and 100 (lg/ml salmon 

sperm D N A } for 4 hours at 42 °C and then in hybridization solution (pre-hybridization 

solution plus 32P-labelled probes) for 24 hours at the same temperature. PCR amplified 

products that were used for library screening and for Southern were used for Northern. 

Radioactive probes were synthesized with an oligolabelling kit as described previously. 

Following hybridization, the membranes were washed with IX SSC buffer containing 0.1% 

w/v SDS at 65 °C for 15 minutes followed by a wash with 0.1X SSC buffer containing 0.1% 

w/v SDS at the same temperature and for the same time and then exposed to X-ray film.

C. Reverse transcription PCR (RT-PCR)

Total RNA from different maize tissues (roots, shoots, and whole seedlings) was 

isolated by TRIZOL Method (Life Technologies) as described previously. Total RNA was 

treated with deoxyribonuclease I, amplification grade, (Life Technologies) before being used 

as a template for RT-PCR. One microgram of DNase-treated total RNA was used to 

synthesize first strand DNA with an oligo (dT) primer and avian myeloblastasis virus (AMV)
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reverse transcriptase in a 20 pi volume using Promega “Reverse Transcription System” 

(Madison, WT). Sense primer (5'-ATACCTTGCAATCTGAAC-G-3') and antisense primer 

(5'-CTAAAAAGTTCAGATG-TGTGG-3') were used to amplify 1014 bp sequence from 

cDNA. The PCR reactions were performed in a final volume of 50 pi using the “Expand™ 

long template PCR system” according to the instructions provided by the manufacturer, 

Roche Molecular Biochemicals. PCR parameters were similar to those used for previous 

PCR amplification (section 2-1). The amplified products were resolved by electrophoresis in 

1 % agarose gel, blotted onto a nylon membrane (Hybond-N, Amersham) and probed with 

j2P-labelled 6 kb fragment (SalUEcoRT) of ZmKCBP, which contains the coding region for 

the motor and the coiled-coil domains. The nylon membrane was prehybridized and 

hybridized as described previously in Southern blotting.

VH. Western analysis and Expression of KCBP

A. Protein preparation

Crude proteins were prepared from maize seedlings and from frozen cells of 

Cyanophora as described earlier (Bowser and Reddy. 1997). Samples were ground in liquid 

nitrogen and extracted in 50 mM Tris-HCl, pH 7.4, 5mM DTT, 10 ng ml'1 N-a-P-tosyl-L- 

arginine methyl ester (TAME; Sigma), and complete protease inhibitor cocktail. After 

spinning at 100,000 g for 20 min, the supernatant was collected and used for SDS-PAGE. 20 

pi of samples plus 10 pi of 3X sample loading buffer (0.1875 M Tris-HCl, pH 6.8, 6% SDS, 

15% mercaptoethanol, 30% glycerol, and 0.0225% bromophenol blue) were run for 1 h at 

200 V on an 8 % SDS-PAGE. Proteins were transblotted onto a nitrocellulose membrane 

(Life Science Products, Inc) using a BioRad transfer cell. KCBP was detected using affinity- 

purified antibody that was raised against CaM-binding domain (Bowser and Reddy, 1997).
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B. Immunodetection with affinity-purified KCBP antibody

The nitrocellulose filters were blocked with 3% gelatin in TBS (20 mM Tris-HCl, pH 

7.5, 0.5 M NaCI,) for 2 h at 30 °C with gentle shaking. After rinsing three times with TBST 

(TBS containing 0.05 % Tween-20), the membranes were incubated with affinity-purified 

KCBP antibody (1:400) (Bowser and Reddy, 1997) for 2 hrs at 30 °C in TBS containing I % 

gelatin. The membranes were then washed in TBST as before and incubated for 1 hr at 30 °C 

with alkaline phosphatase-conjugated goat anti-rabbit IgG (1:4000 dilution) in TBS 

containing 1 % gelatin. Immunoreactive bands were detected colorimetrically by immersing 

the filter in 10 ml of AP buffer (100 mM Tris-HCl, pH 9.5, 100 mM NaCI, 5 mM MgCU) 

containing 45 pi nitroblue tetrazolium chloride (NBT, 75 mg/ml) and 30 pi 5-bromo-4- 

chlorep-3-indoIylphosphate p-toluidine salt (BCIP, 50 mg/ml).

C. Detection of KCBP with biotinylated CaM

Nitrocellulose membranes were blocked with 3% gelatin in TBS/Ca/Mg (50 mM 

Tris-HCl, pH 7.5, 50 mM MgCU, 200 mM NaCI, and 0.5 mM CaCU) for 2 hours at 30°C. 

After rinsing the membranes three times with TBST/Ca/Mg (TBS/Ca/Mg containing 0.05% 

Tween-20), they were incubated with 60 nM of biotinylated CaM in TBST/Ca/Mg containing 

1% gelatin (Reddy et al., 1996a). The blots were washed twice with TBST/Ca/Mg and 

incubated with Vectastain ABC.HRP (Vector Laboratories, Burlingame, CA) in 

TBST/Ca/Mg for 30 min. After washing three times with TBST/Ca/Mg, the CBDs were 

detected colorimetrically by immersing the filters in a substrate solution (0.8 mg/ml 

diaminobenzidine, 0.4 mg/ml NiCl, and 0.009% H20 2 in 100 mM Tris-HCl, pH 7.5). To 

determine the Ca2+ dependency of CaM binding, a duplicate blots was proceeded as above 

except that Ca2+ is replaced by 5 mM EGTA in all solutions (Fordham-Skelton et al., 1994).
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D. Expression of KCBP in E.coli

The C-terminal region of maize KCBP (ZmKCBP) and spruce KCBP (PaKCBP) 

were expressed in E.coli for further characterization. The C-terminal region of ZmKCBP 

(1329 bp fragment) containing the motor domain and the CBD was amplified from first 

strand cDNA by PCR using sense (5 ’ -GCAGAATTCAATGCTGAGGTTGATAGC-TTGC- 

3’) and antisense (5 ’ -CCC AAGCTT AGT CAT GCG ATT GT CT GAT CT C-3 ’) primers with 

restriction sites for EcoRl and HindlH, respectively. The PCR reactions were performed in a 

final volume of 50 pi. The PCR parameters were denaturation for 1 min at 94 °C followed by 

35 cycles of 30 sec denaturation at 94 °C, 1 min annealing at 60 °C, and 2 min extension at 72 

°C, with a final extension for 10 min at 72 °C. The amplified product was digested with 

EcoRl and HindUl, run in 1% agarose gel, excised and purified by L.M.P. agarose method as 

described previously (section 1-3). Expression vectors, pET 32a and pET 28a (Novagen), 

were digested with the same enzymes, mn in gel and purified as mentioned before. Ligation 

was performed in a 20 pi reaction containing the digested vector and fragments (1:3 and 1:6 

molar ratios), 4 pi of 5X T4 ligase buffer (Gibco BRL), and 1 pi of T4 DNA ligase (Gibco 

BRL). Ligation was performed at room temperature for 1 hour and kept at 4 °C overnight 

and then used for transformation.

E. Transformation

Fresh heat shock competent E. coli BL21 (DE3) cells were prepared by inoculating 5 

ml of SOB medium (0.5% Bact Yeast Extract, 2% Bactotryptone, 10 mM NaCI, 2.5 mM 

KC1, 10 mM MgCL, and 10 mM M gS04) with single big colony of E. coli BL21 (DE3) and 

grown overnight at 37 °C with shaking. One liter of SOB medium was inoculated with the 5 

ml culture and grown at 37 °C with shaking to an O.D600 = 0.3-0.4. Cells were chilled on ice,
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collected by centrifugation at lOOOg for 10 min at 4 °C and suspended in 1/3 volume of cold 

RF1 solution (100 ml contains 1.2 g RbCl, 0.99 g MnCl2.4 H20 , 3 ml of 1 M potassium 

acetate, pH 7.5, 0.15 g CaCl2.2H20 , and 15 g glycerol). After 15 minutes on ice with gentle 

shaking, cells were centrifuged as before and re-suspended in 1/12.5 volume of RF2 (100 ml 

contains 2ml of 0.5 M MOPS, pH 6.8, 0.12 g RbCI, 0.11 g CaCl2.2H20 , and 15 g glycerol), 

aliquoted into microcentrifuge tubes, quick frozen and stored at -80  °C and thawed as 

needed. Five pi of ligation mixture was added to 75 pi of cells which were kept on ice for 5 

minutes, heat shocked at 42 °C for 45 sec and then cooled on ice for 1 min. One ml of SOB 

medium was added and cells were incubated for 1 hour at 37 °C with shaking. Aliquots of 

100 pi were spread on LB ampicilin (80 pg/ml) plates for pET32a and on Kan (30 pg/ml) 

plates for pET28a.

F. Protein induction

BL21 (DE3) cells transformed with either pET32a KCBP or pET28a KCBP (Fig 12), 

were cultured in 100 ml of LB medium with the appropriate antibiotic to an O.Deoo of about 

0.6. Ten ml of culture was removed as the uninduced control. Expression of the protein was 

induced in the remaining 90 ml by adding 0.2 mM isopropyl (3-D-thiogalactopyranoside 

(IPTG). Induced cells were grown for 8 hours at 30°C with shaking at 200 rpm. Cells were 

harvested, re-suspended in extraction buffer [50mM Tris-HCl, pH 7.5 and 150 mM NaCI 

supplemented with protease inhibitor cocktail (Roche Molecular Biochemicals) and 200 

pg/ml lysozyme (Sigma)] and incubated on ice for 1 hr with shaking. Samples were
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t a a t a c g a c t c a c t a t a g g g g a a t t g t g a g c g g a t a a c a a t t c c c c t c t a g a a a t a a t t t t g t t t a a c t t t a a g a a g g a g a

N col H is-Tag_____  N de l  N hel T7-tag______
TATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAGCATGACTGGTGGACAGCAA

  BamHI SacI H indlll X hol His-tag
ATGGGTCGCGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACTAGATCCGGCTGCTAACAAAGCCC

EcoRl S a il E agl

B pul 1021_____NotI_________ T7 terminaor_____________
GAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

< --------------------
T7 term inato r prim er

Fig. 12 pET28a expression vector used to express ZmKCBP. Motor domain and 
CBD of ZmKCBP was amplified by PCR using first strand cDNA as a template. 1329 bp 
fragment was directionaly cloned into pET 28a between EcoRl and Hindlll 
clonning sites. The recombinant plasmid was transformed into BL21 (DE3) E.coli for 
fusion protein expression in the presence of IPTG. Figure modified from Novagen Catalog.
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sonicated 5 times, 10 sec each, in an ice water bath and centrifuged at l2,Q00g for 15 minutes 

at 4 °C. The supernatant and pellet of the induced and uninduced cultures were analyzed 

using SDS-PAGE. Twenty pi of samples plus 10 pi of 3X sample loading buffer were run 

for 1 h at 200 V on a 10 % SDS-PAGE. Three gels were prepared, one gel was stained with 

Coomassie Blue staining (0.25% Coomassie blue R250, 7.5% acetic acid, and 42.5% 

methanol) and the others were blotted to a nitrocellulose membranes (Life Science Products, 

Inc) and detected with either KCBP-Ab or biotinylated CaM as described previously 

(sections VII-2 and VII-3).

G. Purification of KCBP by CaM Sepharose column

For purification of KCBP from Cyanophora, the crude extract was spun at 100,000 g, 

and the supernatant was adjusted to 2 mM CaCL and loaded onto a CaM-Sepharose 4B 

column that was prepared and equilibrated according to the manufacturer’s  instructions 

(Pharmacia Biotechnology). After extensive washing with 10 volumes of washing buffer (50 

mM Tris HC1, pH 7.5, 150 mM NaCI plus 2 mM CaCL), the bound protein was eluted with 

the elution buffer (50 mM Tris HC1, pH 7.5, 150 mM NaCI and 2 mM EGTA). Eluted 

fractions were electrophoresed either directly or after concentration using Biomax 0.5 

Ultrafree filters (Millipore Corp., Bedford, MA). Proteins were transblotted onto 

nitrocellulose membranes as above and detected with either KCBP-Ab or biotinylated CaM 

as described previously (sections VII-2 and VTI-3).

BL21 (DE3) cells transformed with pET28a ZmKCBP (Fig 12) construct showed the 

highest amount of induced protein in the soluble fraction, therefore these cells were used for 

further induction experiments. Cells were grown and the fusion protein was induced and 

extracted as described above with the following modifications. The sonicated extracts were
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spun at 100,000 g for one hour to separate the soluble and insoluble protein fractions. The 

resulting supernatant was supplemented with 2 mM CaCl2 (final concentration), loaded onto 

a CaM-Sepharose 4B column, washed and eluted as described previously (sections VII-7). 

The eluted fractions were ran in 10% denaturing gel, blotted onto nitrocellulose membranes, 

and probed with KCBP antibody or biotinylated CaM in the presence of 1 mM CaCl2 or 2 

mM EGTA.

To express the C-terminal region of spruce KCBP, we transferred 1.6 kb fragment 

containing the coding region for motor domain and CaM-binding domain from pBluescript 

vector into pET 32a and pET 28a (Novagen) expression vectors. The recombinant plasmids 

were introduced into E.coli BL21 (DE3) strain for expression. Expression was monitored by 

probing protein blots of uninduced and induced cultures with either KCBP-antibody or 

biotinylated CaM (Fordham-Skelton et al., 1994; Bowser and Reddy, 1997) as described for 

ZmKCBP protein. The soluble protein fraction from pET 28a was purified using CaM- 

Sepharose 4B column (Narasimhulu and Reddy, 1998). The eluted fractions were 

electrophoresed on SDS-PAGE, blotted and probed with KCBP-Ab (Bowser and Reddy,

1997) and 35S CaM in the presence of 1 mM CaCl2 or 2 mM EGTA (Saido et al., 1992).

H. Immunodetection of KCBP in soluble and microsomal fractions

To detect the presence of KCBP in microsomal fractions, soluble and microsomal 

proteins from a twelve-day old Arabidopsis suspension culture were prepared as described 

previously with the following modifications. A 100 ml cell suspension culture was filtered to 

harvest the cells. Cells were ground in liquid nitrogen to a fine powder and extracted as 

above in extraction buffer supplemented with 250 mM sucrose. Homogenate was spun at 

12,000 g for 20 min to remove the suspended particles. The clear supernatant was
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centrifuged at 120,000 g for 1 hour to obtain the soluble and microsomal fractions. The 

pellet (microsomal fraction) was washed with the extraction buffer one time, centrifuged 

again, and the pellet was suspended in IX SDS sample buffer. Proteins from the supernatant 

and pellets were run on a SDS-PAGE, transblotted onto nitrocellulose membranes and 

detected with KCBP antibodies as described previously.
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RESULTS

Cloning and characterization of KCBP from phylogenetically 

d i v e r g e d  photosynthetic eukaryotes

Part of this work has been published as “A Novel Calcium/Calmodulin-Regulated Kinesin- 
Like Protein is Highly Conserved Between Monocots and Dicots” Salah E. Abdel-Ghany and 
A.S.N. Reddy. DNA and Cell Biology, 19 (9): 567-578 (2000).

Kinesin-like CBP (KCBP), a novel Ca2+/CaM-regulated microtubule (MT) motor 

protein, has been isolated and characterized recently from several dicot plants. Although it is 

highly conserved among dicots, it is not known if it is present in monocots, other seed plants 

(gymnosperms) and primitive photosynthetic eukaryotes. The main objective is to 

investigate the presence of KCBP homologs in a range of photosynthetic eukaryotes ranging 

from the most primitive unicellular protists to highly evolved monocots.

The cloning strategies used in my research are based on the fact that kinesin-like 

proteins (KLPs) in many organisms, ranging from primitive protists to highly evolved plants 

have a motor domain with a highly conserved ATP-binding site and putative MT-binding 

sites. In addition, KCBP from dicot plants has a characteristic CaM-binding domain (CBD), 

which does not have any sequence similarity to any protein in the database. Based on this 

information we designed degenerate primers that encode these conserved regions and 

performed PCR at different conditions using either genomic DNAs or cDNA libraries as 

templates to clone the KCBP motor domain from phylogenetically diverged species. PCR- 

amplified products were cloned into vectors and confirmed to be KLP motor domains by 

sequencing. These PCR-amplified products were then used as probes for screening either
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cDNA or genomic libraries to obtain the full length KCBP genes. The motor domains along 

with the CBD of cloned KCBPs were cloned into expression vectors and the expressed 

proteins were characterized. The data presented here provide strong evidence for the 

presence of KCBP in all photosynthetic eukaryotes and conservation of important functional 

domains in KCBPs in the organisms studied. However, KCBP gene structure varies 

considerably between algae and angiosperms.
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I. Cloning and characterization of KCBP from monocots: Z e a  

m a y s  KCBP (ZmKCBP)

In a protein-protein interaction-based screening of Arabidopsis expression library 

using biotinylated CaM as a probe, a novel Ca27CaM regulated C-terminal motor (AtKCBP) 

has been cloned (Reddy et al., 1996b). Homologs of KCBP have been cloned from two other 

dicot species (Reddy et al., 1996a; Wang et al., 1996). However, a homologue of KCBP had 

not been reported in monocots. To determine if KCBP is ubiquitous in all flowering plants, 

the degree of conservation and the phylogenetic relationship between those two groups of the 

angiosperms clade, we have screened a genomic library prepared from maize, a 

representative member of monocots. A partial cDNA that contained the coding region of the 

motor and CaM-binding domains of (CBD) Arabidopsis KCBP (Reddy et al., 1996a) was 

used to screen the maize library. Fourteen positive clones were isolated after three rounds of 

screening at moderate stringency conditions (see methods section). Restriction digestion 

analysis of isolated clones indicated that all clones contained the overlapping regions of the 

same gene. Two genomic clones that contained the complete gene, as judged by Southern 

blotting with 5’ and 3' regions of Arabidopsis KCBP cDNA, were selected to generate 

subclones for sequence analysis.

Nucleotide sequence of ZmKCBP

The nucleotide sequence of the genomic clone and the predicted amino acid sequence 

of the ZmKCBP gene are shown in Fig (13). This sequence is also available in the Gene 

Bank under the accession number AF223412. Analysis of the nucleotide sequence using 

NetPlantGene (http://genome.cbs.dtu.dk/htbin/nph-webface), a program that
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A.TTGATTGAT TAGTTGATGA ATTGTTTGAT TAACGATTAA TGATTGAATG A CAAA TTGGT CAGTTTGTTG 7 C
ATGGGTTGAA CAAA CAAACC TTTGAAACCA GCTGCTTTGT TTGTCAAACG GATCATTCGA CGAATTCGCC 1 40
CAAGTTGATG CTAAACAATC ACAAAAACAA ACAATCGAAC AATTGTGAGC AAACAATATC AGAAAATTGT 21 G
GGGTTGGTCG ATTGATTGAT TGTAGTATGG CCGTAATAAT TGGCGGATCT TGACTGAAGA TGAGTCGAGC 280
ATACTGCATG TGAATTCGAT CGATCACTTT AAATGAAAGA ATATCCAACA CTGGTTGATT 250
TGGAATTTTT TAACTTTAGC ATCGAGACAA ATGCATTATT CTTGTTTA TG GTTTGCACGA AAGTCGAAA.G 4 2 0
GTACCCCTAG TTGTCAGTTT GGTGGAAACA AAAACGAGGT AGGGTGTTAT GACCGGCCGC CACTACA GGC 4 9 0
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CATAAGGAAA CTATACATCA CTATGTTACA ATTCAAATAG ACTGTAACAA GCATAATGTC GATTAGTCCT 91 0
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g g r c r g g c r r g t g a a g r t a c a c r g e r g c a c r r g r r r c a a c r r a r e r r r c r r c r a a a c r r c r a r g g r a a a g 16 1 0
c r r a a g g r c a a r a r c r c a c a L -sa S w C a c a r c r a r c a r r r r g r r c r g c r a a r r r g r r g a r r c r r r r r a r c 1 6 8 0
r c c r g c a g G A TTCTACTCCA ACTTCATTAC TAAAGATAAG CAATGAC CTT GTAAGCCGCT CGATT AAGTT 1750

S I P T S L L X I S N D I V S R S I K L 76
GTTCCATGTC A.TACTAAAGT AC AT GGGCA.T CGATTCACCA GCAATAATTA GTTTGGAGGA GAGAATAGAA 1 8 2 0

? K V I L K Y M G I D S P A l l S L E E R I E 99
TTTGTTGAGA AGCTCTACAA GCATACGTTA AAGCGTTCTG AACTTCGAGA TGAACTCTTT ■)* tv <■“» ^  m m m  

-  -  - 1 8 9 0
E V E V f  7 a Q I 1 2 2

CAAAA.CAA-AC ACGTAACAAT CCTGA.TA.Gg r g a g r r g a g e  r r c r c a r g g a r g g c a a g c a r a r g r g r a r a c c 1 9 6 0
S K Q T R N N P D R 1 3 2
a c r g r a g g a a r r a r a r r r r a r r g c a c c r g c agGGGTTGGT CAATAAGAGC TTGGGAGCTT ATGTACCTGT 2 0 3 0

G W S I R A W E L M Y L 1 4 4
GTGCATCATC CA.TGCCACCA. AGCAAAGATA. TTGGGGCATA CTTGTCTGAG TATATT CACT TTGTTGCCCA 21 00
C A S S M P P S X D I G A Y L S E Y  I H E V A K 1 6 8
TGGAGCCACA ACTGATGCTG ATGTTCGAGT TCTAGCACTG AACACACTAA ATGCATTAAA ACGATCAGTC 2 1 7 0

G A T T D A D V R V L A. L N T L N7 A L X R S V 191
AAGGCGGGTC CTAGGATTAC AATTCCTGCA T GGGAGGAAA TAGAAGCTCT CTTAACAAGC CGGAAGCTTA 2 2 4 0

K A G ?  R I  T I  P A W E E I  E A L L T S R X L 21 4
CAACAATTGT ^  r p r r > r p  rT̂  /**> GAT GAAACAT TTGAA.GA.GAT CACCTATGAC ATGGCAACAA CTGTTGCTGA 231 0
T T I V F F L G E T E E E I T Y D M A T T V A D 2 3 8
TGCTGTTGAG g r a a a C g c a r t" tC C C L ua^ c c s o t a g c t t t a g a a r r g a r a r a r g c r c a a r a c e r r c a a a 2 3 8 0

A V E 241
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a a t c r t t r a g a a g a a c g t a a c a t t g r r g t t g g a a t c c a g c g a a a a c a t a t a t a a t a t a a g t g g c c r g r g r 245C
g a a g r g c r c c u g a a r a t r g r g c t a t r a a t t a g g a c g r g g t a a g c a a a a a a r g c t c i a t t g c t c t g t c a L a 25 2G
g a a t g c a g g c a c a t t t a c a c c a g c a g a r g c a g t c t a a a a t t r a a a c t t t c c a a a g a r g t t g t a a c n g r a 2590
q c z z g a z g z z g r a a a g a r g c a g c c r a a a a t t t a a a c t t * c c a a a g a i g a c g r a a a g a t g c a g i c a a g a a g 2650
c a c a a a a a c r c t g a c c c r c g g a a a g r c g a g c r g a c c t c c a ZZ3.3£.B.ZZci g g t t a ' a t a L o.u&'ca.iS.wCi. 237 0
r a g i g t g a g c a c c r t c c r g g c i r c a a c c c a a c c t r g c a a a g&zgzzgzaa. c t t g r a g c r t t a t g c c a c a a 280C
t g c c a c a r g g G uggcgcg::  t r t g g i t a c t g t c c a c c r g c t a z z z z z z z z g t r g t i r g a a L L c t a g a a c c a 2 870
a c g o a a t t c i g r g a c t g a c c g a a a t a t  u gti L L t a c t r c c a a t t c t c t g g a g t a g c * t t a t c c c r c c t r t t 2 9 4 0
C u C t g i r g g c a a g r g g c a t a t a t r c a g c c g c a t r a c a a a a g c c c a g r g c r a t g r g a r g a r a i r r a i c r g t 30 1 0
u a  z  s c  z q z  z  g r a c t - c c c r • a a a c a g r L c r g r c a r a a g a c c c g r r g c a c a c i z z z z z z q z z c r r r r  c c r .c g 30 80
a r c a c g c a g r a g a g c t g c a c a i c a t t a c a u c a a g a a a g g a a a g g t c c a a a a l a g a c c g a a 3 .Z  a c a a a g c c 31 50
c c g g a g g g c a g a a a a a c a a a c a c r g g a c c c g a c r g c a a c c t c t c g t g a a c t * " g c a a a i t t a c a a r a z c a 3 2 2 0
l u t g a a a " l a c a a u g t a c t a a t g a a a c a a a a t i a a t c g a t  t u a a ~ g a ~ a g G AACTTGCTGG CATTAT CAAA 329 0

E L A G I I K 2 4 8
CTTTCAGTGT ATTCTAGCTT CAGCCTATTT GAATGTCGGA AGGTTGTTAA TGGATCGAAG T CTTCAGAGA 3 360

L S V y s s  f S L F E C R K V V N* G S K S S E 271
TTGGCAATGg “ a a u t a c c a a L c c a c a t i g : z z z z z c z z z z c t a t : t c a a a a r t t a a t c a a r g c a c g r g g t . 3 4 3 0
I  G N 2 7 4
c r g g a r a r c a “ g g a g c a g g a g g a a a c a t  a g q z g & z z z z q z a g a a a a a t t t c a a g t a a c c g g t g c a t ’ t c t 350 0
zza.zc:zozza. cargcagA G G AATACATTGG ATTAGATGAT AACAAATATA TTGGTGACTT GCTATCTGAA 3 5 7 0

E E Y I G L D D N K Y I G D L L S E 2 9 2
TTCAAATCAG CTAAGGATCG CAACAAAGGA GAAATTCTTC ATT GC - ~ ^ GGTATTCAAG AAACGTCTCT 3 5 4 0

F K S A K D R N K G E I L H C K L V F K K R L 3 1 5
TCCGTGAGTC G\jr*-T GAGGCT GT GACT GAT C £  q /̂ r n * TATGTCCAGg r a c ' c g g ' c c g a 371 0
F R E S D E A V T D P M F V Q L S Y V Q 3 3 5
r a g r a r t c a t a g c t a g c i a a c c g a a g g a c r g c c a g r r c g i g z g z z a z z g z t a c i c a a g r a a c a a t g t r r c 3 7 8 0
c a g a a t a g a r c r a a c a a a a a : c a c : : : : c : gcagTTGCAA CATGATTACA TTTTGGGAAA CTATCCTGTC 3 8 5 0

T Q H D Y I L G N Y ?  V 3 4 7
GGCAGGGATG ATGCTTCACA A. f̂?CT; ’̂rT'r:Crr CTTCAGATCT TGGTTGAGAT TGGATTCATT GATAATCCTG 3 9 2 0

G R D D A S Q L S A L Q r  L V E I G F I D N P 3 7 0
AGTCCTGTGT qz5iS.qzG.zzz c : i a a g g c c c I H C d G d G t ' c c c a z g z c a z a a r r c a g c g t a g t a a t a c c g 3 9 9 0
E S C V 3 7 4
g r g c r a a a c a a a a t a a t g c c c c c c c a g c r r m n g t t c r c accagTGAAT GGATAT CACT TTTAGAGAGA 4 0 6 0

E W I  S  L L E R 3 8 2
r j i  rftry»  m  r p  f*"* ̂ ^ r7*1 GACAAGTGGC /-»  »  rr»rr» ^  '  

u r . i  - GCAAAGCGAG ACT GGGAGCT TGACATCATT TCACGCTTTC 41 30
F L ? R Q V A I T R A X R C W E L D I x 3 R F 4 0 5

AGTTAATGgt: a t i t c ^ c c a i c : c c : g a a c : CCaCaUTITLaC ~ a g w c c g c c g a t a r a a t t a c a a t L i g c g ~ t 4 2 0 0
Q L M 4 0 8
c a c a c r g g t a a a g c c r c g r t a g a a c r c a a g c : t a c c * g a g a a c i c ' g ; - : g a c c c c a g G A AC ACTTAT CA 4 2 7 0

£ K L S 41 2
AAGGACGAT G CA.CGGCAACA ATTTCT CAGA ATCTTAAGGA * *”» TGGGAACTCT ggT^TCTTCA 4 3 4 0

K D D A R Q Q F L R I L R T L P Y G N S V F F 4 3 5
GTGTTCGGAA GATTGATGAT CCAATAGGAT TGCTACCTGC- AAAAATTATT TTGGGGATCA ACAAACGAGG 441 0
S V S K I D D P I G L L P G K T T 'Z ~ M K R G 4 5 9
G g c c r g a r c ~ c g a c c a t g t a a t g g a a g c r t c a t a t t c t r a c n g c t a a g : a a a a c r g a c c : t g a a t a t c n g 4 4 8 0
c a t g a a t g c a gGTTCACTTT TTCCGCCCGG TTCCCAAGGA ATATCTTCAT TCTGCAGAAC TAAGAGACAT 4 5 5 0

V H F F R P V ? K E Y L H S A E L R D I 4 7 9
CATGCAATTT GGTAGCAGCA ATACTGCTGT CTTCTTTAAA ATGCGGGTTG CTGGTGTTCT TCATATCTTT 4 6 2 0

M Q F G S S N T A V F F K M R V A G V L Ei X F 5 0 2
CAATTTGAAA CAAAGCAGgc a t t c t a a a g c z z c g a g g c a a c a g ’Cwi.a'caa t a c a g c c g a " c c a g a r a t a t 4 6 9 0
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Q r E T K Q
c a r c c a r a g c t g t t a g a a t a a c g a t g a c t t tttagG G C G A

AAATGATGTC ATGCTCCGCA GATATTCAAA AGCACGCTCT
N D V M L R R Y 3 K A R 3

AACCAAGCAT ATAAGCCACC AAATATCGAA a t g t t t g a a a

N Q A Y K ?  ? N I £ M F £
AGGATTCTCA GAAGAAAGCA GATCAGgraa c r a c a r r r g c
E D S Q K K A D Q
g e t a g r g r a a c t t g a a a t t t c r a g a c r a r r r c r r r g c a r r
a a t t g a a t c a a a t a t c g t c c r c c r g g c c r a r t a a a a r a t a
a c r r c g r g r g t r “ g e t c a t a a t g a c a a a a r g a c a a r r a a c
c a t t c c a c t t c t t g t t a a t a a a r a a r c r g c c c g a c r a g r a
c a g g r a g g c a a t a a t t g a t a a a r a r r g g r r a a r a r g g c r a
a t a a a g a a t a t c i r t t i a g g r g  r r c  g  r a g  a g r a c c c a a a r
a t g t g a g t g c g g c c a c a g g a c a r e r r r g a a c c r a r c r r r r

a a a a g t .g r  a c a r r r a a r a c a r g r a r a a c a g
c c t a t t a t g t rragTTGCGA GAAGATTTAC AGTTGAAGAC

1 R E D L Q L K T
GGAA.GGGCT.A AGAGATACCT TGCAATCTGA ACGACAAAGT

E G L R D T L Q £ E R Q S
CTAAAATCTC T AT GT GAT GA GAAAGAAT CT GCTTTGCAGg

L K S L C C E K E S A L Q
c a r e r g a e t t r c c a r r r r r a  ̂ .a ---'o

A ^
ACTA.GTGGCC AGGGCCGTGA GAGAGATACA TTGACAACTG

T S G Q G R E R D T r -r ^
c t g t g a c c t g r r r a r a a c r r c r r r g r c c a c a c r r a r r r c r
t a c t c t t t t g r g c c r a a a a g A * ^ ̂  .  i  -j'- t.r.

M 1 A
AGCTTGA.GGA

rr,rzr' 1 11 GAGGTCTCAA i g i i G C " — — T GT T G GAa AA G

C/1< £  V S K K L M L £ K
GAAAGAATGA AAAAT GAAGA G g r r a r r c r t a r r g r r c c r r

H E M K N E E
a g a g t t a a a a g r r r a r r c a r r r c a r a r r r e r g a a a r a r g g

AAAAGGTTTA T GC GGAT GAA TGCTGTAAAC T G AAAT CT C A.
E K V Y A D £ C C K L K S Q
TGCTACACGA T C C T T AAA T G TGGCTGAATC TCrTimGCrT’

A T R S L N V A R S N* L A
AATAGTCTGA AA G AA. C T T G A TGAGCTAAGA GAGTTCAAAG

N S L K E L D E L R E E K
—  c r a t g r c r r r c a g a a a g r a a r a c a c r c r • r c a t c t t g c

ACAGACTGTT GAGATTCTTA AAAGGCAAGG A.GCACAATTG
Q T V £ t r K R Q G A Q L

CAGGTTCTAC GAAAGCGTTA CTATAATACA ATT GAAGg t. a
Q V L R K R Y Y N T 1 I

g g c r a r g a r g r r r r g r g a r g a a t t g a c c a r g a c  r r a g r  r c

5 0 8
GGAAATATGT GTAGCACTTC AAACACATAT 4 7 6 0

E I C V A L Q T H I 5 2 0
GGTAATAGTG TTACATCACA AAAT GAT GTT 4 8 3 0

G N  S V T S Q N* D  V 5 4 3
AACGTGTCCA AGAACTGACA AAAACAGCCG 4 9 0 0
K R V Q £ L T K T A. 5 6 6
a a c g a a c a a a a c r g g c a a c c r a a r g r a r r r 4 9 7 0

5 7 5
r g g a r r r c c r g  w g o  a g  g  u r g c r r  c a g r  r 5 0 4 0
c r g r r c r g r a g r g g c r a a a a ar r a c a g a r c 5 '  1 G
c g a a a a g a a a c r r g r a c a g a r r c a r r r r g r 5 1 8 0
g a c r a a a a r r r c c a g a a c a c c a r a r r r a g r 5 2 5 0
a a c r r c a r g a r r c a r g a a c a t e r t a r c g r c 53 20
c c g r r r a c a a r r g c c a c r r a c a c r g r a g r c 5 3 9 0
g r c r a a r g c a r a g e  r  a a g a a a a r g g a a a r g 5 4 6 0
r acrac a r  c  r  r g r  r g  a c g a a a r a a r r g r g r r 5 5 3 0
AAAACAAGAA ACAGAGATGC AAGAAGAGTT 5 6 0 0

K Q £ T £  M Q S E L 5 9 5
TCCAAAGACA TAAAAAATGA GCTTGATAAG 5 6 7 0

5 K D I K N £ L D  K 61 7
r a a g g r g a r a g g r r g c a g a r r r a g  r  r  a a a  a 57 40  

6 3 0
ATGGAAAAAA GTAGACTTGA AACCAGA.TTA 5 8 1 0

M £  K 3 R L £ T R L 6 4 3
TAGGCAGCAT CAAT AA.T GA.C ATTGA.Ggtac 5 8 8 0
V G S £ N N D I E 6 6 5
g c a a a g r r g r r a c a a a c r r c t a a t g c a t r t 5 9 5 0
GGAGTT GAAA T CA.TA.CC AAA. AAGAGCTTGA 6 0 2 0

E L K S Y Q K S L D 6 8 2
AA.TA.TTCTT G A.GCAGAAAGT i '_AAA.GGCTT 6 0 9 0

N I L C Q K V Q R L 7 0 5
r r r r a r g c r a r ; " : t : r c i g Z Z Z Z G S . Z Z Z C 6 1 6 0  

71 2
r r r a r a r g a r r a t g c a g A A A AGCGCAA.TGG 6 2 3 0

K S A. M 71 4
QlT’TQC'Trtr 2. TTGGAGCAGA AA.TTGG.AAGT 6 3 0 0

I A. £ L E Q K L E V 7 4 0
GTAAGAAATG CT GAGGTT GA TAGCTTGCAA 6 3 7 0

V R N A E V D S L Q 7 6 3
C G g ta c g a g a c g z a c a a r a g n g c a t  L i g t 64  4 0
A 7 7 7
a t r g r c r c a g GATGTTGACA GAAAGAATCA 651 0

D V D O V 1̂7 iO 
"mi 7 8 4

GTGGAACTTG A.GAATCTTTA. TAAGCAAGAA 6 5 8 0
V E L E N L Y K Q E 8 0 7

a a c c a g a a r r t a a i g L L n g L g c r c a g t a a t 6 6 5 0
8 1 9

c a a c c c r r r a C  agATATGAA AGGAAAAATA 6 7 2 0
D M K G K I 8 2 5
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AGAGTTTTTT GTCGCTTGCG CCCTCTAAGC GACAAGGAAC TTTCTTTTGA oGAGAAAAAT AT A.GT T T GCA. 67  90
R V F C R L R ? L S D K E L S F E E K N :  v  c 8 4 8

GTCCTGATGA ATTTACAATT T CACAT CC AT GGAAAGATGA AAAGTCAAAG CAACATATAT AT GAT C GT GT 6 8 6 0
S P D F F T I S K ? W K D E K S K Q H I Y D R V 8 7 2
TTTTGATGCA AACACAAGTC AAG AAGAAGT CTTTGAGGAT ACTAAGgtg;a a c a c c c c a a a  c g c c a c c c c c 6 S 3 0

F D A N T S Q E E V F E D T K 8 8 7
c g t g r c g a c g c c g t c g g t a a c a c a a a t t t c a c c t c r a a g a c c g c c g g c c c c a c a c g a c c c g t t g a a c r t a 7 0 0 0
t g t t c f i L t t u g g g c t t c a t a c g a t c c g t c g a a t r t a r g r g acgcag*TA.TC TGGTACAATC AGCTGTTGAT 7 0 7 0

A T P - b i n d i n g  s i t e Y Y V Q S A V D 8 9 5
GGATATAATG T CT GTATAT T TGCGTATGGC CAAACTGGTT CTGGAAAGAC TT'TCA cta rr,rr' ,T i  fT,GG,,T,rn̂ ' i  g 7 1 4 0

G Y N V C I  F A Y G Q T G S G K T p  ^  T Y G S 9 1 8
AAAACAATCC TGGTCTTACT CCAAGGGCCA CATCTGAACT TTTTAGGGTG ATAAAGCGCG ATGGAAACAA 721 0
E N N ? G E T ? R A T S E L F R V I K R □ G N K 9 4 2

rrrrT' Q £. 'CT'T TCTTT GAAGg r a g g a g g a a c 2 . z g z g z z z g z c a c g c c a c g c a c a c g c c c c g t t c a c t c g t a 7 2 8 0
Y S F S L R 9 4 8

t c i g t i a a t c t t g g c c c a r t a a c c c g c a c c g r r g a c a a g r a c c c c g c c c c c g c a c c c c a c a c g  g c c r g a g 7 3 5 0
a a c c a c a a a a L g a c t t a c a t t c a c a c c c g a c a c t c r c a c a c a c c c c a a c a c g c c c c c c a g a t c c a a g t a t 7 4 2 0
qcc. z~cza. za L t a t c c : : a a acccrgcti'c.r. a c a c g c a g G C ATAT AT GGT G GAGCTTTATC AAGATAATCT 7 4 9 0

a. Y M V E Y Y Q D N C 9 5 9
TGTGGACCTG TTATTGCCCA GAAATGCAAA GCAGCTGAAG TTAGAGATAA AAAAA G A T T C CAAGg t  a t  a  a 7 5 6 0

V D L Y I P R N A K Q L K Y E I K K D S K 9 8 0
g a c t ^ a L t t t c c l a a c t e c e a t a L u c a i L t a a c c c a c r  e g r r c r r a c a g r g c a c r g g a e a zgc. zs . cccz  a. 7 6 3 0
c c : : : : : ; : : g c a i a c c c g a ” a c i " i " c t c a c g c a c c c c g c c c c g c c c c c c a g g a a c a g z a g c a z c c a g 77C0
a  l. q  u w q w g  ̂ c c c a i a c c c a g t t a g t t g c t a g g a c a r g c a g c c a a c c c a c c c c a c c c c c c g a c a c z a a g g 7 7 7 0
c r c c r g r r r g g a a g c a a c c c a g c c c c c a a g a a a c c g g : r c c c a c c c c c c a g c r a g g a g a g g g c a g c t t c c 7 8 4 0
i g g t u t u ' a a g a a a c c g g g a a : c : a a : : t c c a c a a a c c g a g g c a c a a a a c g c e a r g e e zg g a a c c a c c c c 791 C
dG L*lCCSlS a a c c a g c c c c c c a g a a a c c c g  >— g c  u. c  v— a a a c a a g c c c c a a a c a a c c c g c c c c a g c a c c 7 9 8 0
r r n c g c a c a g z z z q z z z c z q c a r e r c c a r a a c a a c t c c g t c c a a a c c c c g a a a c a c c c a c a c c t g c c a g c 8 0 5 0
a g L a a t c c a a a c g a a c c a c c a c c : r g a r c r g r g c a g r e r e c a e e g g g a a c c c c a c a a g c g c c c c c c c c c a 81 20
c c a a t g : a c a a c c t t c a c a c r c a c g g g r r a a r c  a a t c a c c c g a c a c c a c : ccccagGGTG TT GTTA.CCGT 8 '  90

G V V T V 9 8 5
T GAAAAT GTA A.CAGTTGTGA GCATTTCAAG TACT GA G GAR CT GAGGGCTA TAATCT CAAG AGGTTCTGAG 8 2 6 0

E N V T V V s : s s -  i .  r . 1 R A I -  S R G S E 1 0 0 9
AGGAGGCACA 1YT C ’ * G GAA C GAATATGAAT GATGAGAGTT CAAGGTCT CA. - n m r p  " i m ^ n r p TCAATCATrp A 8 3 3 0

R R H T A G T X w m D E S S R S H Y I Y S I I 1 0 3 1
TT GAAAGTAC AAATCTCCAA A CT CAAT CAT ATGCAAGAGG CAAGg e a  z gz c a g g a e g a a g c c g c g a a c c c 8 4 0 0

I S S T N Y Q T  C1 v  b Y A R G K 1 0 4 6
SaCCCCaQLl c g a r c g a g r c r a g r g a c a a r a c c c c c a c c c a c a a c a a c g a a a c a a a a a c a c c g a a c g c c c 84 7 0
: g c c : c c c t g L a a a a a t a t c a r a a g r a c t r c c a r g c a c a c c g c c g a a c c c r r g c a r g c e g c a g a a a a c a c 8 5 4 0
t a c a c c t g c g a z z z g a z g g a g g c r g r r a c e g a a c a c c a c c c g g a a a a c a c a c c c c a a c c a g c c g c a c c c c 861 0
a a i t g t t c c s c a a g a i t a a a c a a t r a r g r g c c c c c c g c a g c a c c c c g g c c c c c g a c a g c c c a a a c c a t c c 8 6 8 0
s r a t g a c g i t tg a a L C C c a c c a c c a r r r r r c c a a c a c c a c g c a a c a e g c g t c c c a g r g c a c g t c c c a a t c 875G
r c g t g t g c g a c c c a a c a t g a a g c a c a c a g c c  i_ g c  u c g e g e g a a g e e c r r e g z g z z g z z e e c c  c c &g c cg<3 8 8 2 0
" a t g 5 L " 3 t “ - c a a a ^ a g a ^ a a c c r  crcaca a a a c a c c g c g c a c c c a a c a a a a g a g a c c a a u a c g c e g c a g 8 8 9 0
a c a g c t c t r r g g g a a a g r a g t g a c c r c c c a c a c c c c c g c c g g a a c e a a a g t c c t t g a g c t g c c g c a a c c a 8 9 6 0
a r g t c c a a g i c r g r t t c a c a r r a a a g g g a a g a a r e g a c a g z g z z z c z c z q t r c g a a c a g C TAAGTTTTGT 9 0 3 0

L S F V 1 0 5 0
GGACCTTGCT GGTTCTGAGA GGGTGAAAAA ATCAGGTTCA GCA.GGAAA.GC AATTGAAAGA AGCGCAAAGT 91 00

D L A G S E R V K K S G S A G K Q L K E A Q S 1 0 7 3
ATAAATAAAT CTCTTTCTGC TTTGGCTGAT GTTATTGGTG T GAT GGACAA CATATACCTT 91 70
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TGGGCAG.AA T ACAGTGGTCT GTGCAACTAA. CATCAA.GTTG 1 0 2 9 0
ACAA.TAAGCA GCACAAAAAT A.-2- GA '^^(2C.rrr- A.GTCGCA.CGA 1 0 3 60
GTAGA.TTGTC ACGGCAAGAA CAACCGAA.TTC 1 0 4 2 0

Fig. 13 Nucleotide and deduced amino acid sequence of Maize KCBP gene (ZmKCBP). Exons are 
shown in upper case and introns are presented in lower-case. Nucleot ide sequence preceding the 
translation initiation codon and following the translation termination codon are shown in uppercase and 
italic. The predicted amino acid sequence is shown under the nucleotide sequence. The start codon is 
indicated with a shadow line and the stop codon is indicated with an asterisk. Numbers at right 
correspond to nucleotides and deduced amino acids (in bold). Amino acids sequences in bold denote 
putative PEST sequences as predicted by PESTfind program. The three hyperconservative sequences 
characteristic to all kinesins and KLPs as well as the amino acid residues (EDMKGKI) conserved in C- 
terminal KLPs and identical in KCBPs are shown in bold and underlined. The boxed region 
corresponds to the calmodulin-binding domain. The nucleotide sequence and the predicted amino acid 
sequence are available in the Genebank under the accession number A.F223412.
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predicts splice sites in plant genes, and comparison of the deduced amino acid sequence of 

the ZmKCBP with its homolog from Arabidopsis revealed the presence of twenty-two exons 

and twenty-one introns (Fig 13 and Table 4& 5). The predicted ZmKCBP consists of 1200 

amino acids with a calculated molecular mass of 138 kDa compared to its dicot homolog 

from Arabidopsis, tobacco, and potato of 1261,1265, and 1265 amino acids respectively. 

Comparison of the exons in maize and Arabidopsis KCBP (Reddy et al., 1998) showed that 

all exons except the first three exons have the same number of nucleotides/exon (Table 5). 

Three exons, which encode part of the tail region, are variable between maize and 

Arabidopsis KCBP gene. There is a deletion in the first exon of ZmKCBP and the third exon, 

which is the largest one in Arabidopsis KCBP (567bp), is interrupted by an intron in 

ZmKCBP gene (Table 4). The extra intron (# 2a) is 74 bp in length and it is most likely an 

intervening sequence because: i) all reading frames in this region have stop codons, ii) the 

predicted amino acid sequence in this region has no sequence similarity with other KCBPs 

from dicots; iii) this intron follows the GU-AG rule for 5' and 3' splicing sites that is 

maintained in all introns, and the percentage of prediction of splicing at the donor and 

acceptor sites using Netplant gene is 100 percent. Acquiring novel introns is a characteristic 

feature of some genes in monocots. Catalase gene one (CATI) of Oryza sativa (rice, a 

monocot) acquired an intron in a novel position that is not present in its homologue from 

dicots (Frugoli et al., 1998).

Although the length of KCBP exons is conserved between monocots and dicots, the 

introns are highly variable in length (62-949 nt) in ZmKCBP compared to AtKCBP (76-320 

nt) (Table 4). Unlike AtKCBP introns where all introns are rich in A and T nucleotides 

(fourteen out of twenty introns contain 70% or more AT) (Reddy et al., 1998), all introns of
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Table (4) Comparison of intron’s length and AT content of both Arabidopsis and maize

KCBP genes and 5' and 3' splice site junctions of introns in maize KCBP gene.

No.
Length (bp) AT Ratio (%) 5' Splice Site 3' Splice site

Arab. Maize Arab. Maize
Maize KCBP splice junctions

Exon Intron Intron Exon

1 108 271 65 64 CAA GTTAAG GAACAG GTC
2 76 301 54 55 AAG GTGATG CTGCAG GAT
2a ** 74 ** 62 TAG GTGAGT CTGCAG GGG
3 88 949 64 67 GAG GTAAAT TGATAG GAA
4 83 148 65 70 ATG GTAATT ATGCAG AGG
5 76 115 70 66 CAG GTACTG CTGCAG TTG
6 112 105 68 63 TGT GTAAGT CACCAG TGA
7 120 120 62 66 ATG GTATTT TTCCAG GAA
8 109 80 74 61 GGG GTCTGA ATGCAG GTT
9 85 87 72 66 CAG GTATTC TTTTAG GGC
10 262 618 71 67 CAG GTAAGT GTTTAG TTG
11 79 62 75 68 CAG GTAAGG TTTTAG GCT
12 99 94 72 67 GAG GTATCT TAAAAG ATG
13 85 106 73 76 GAG GTTATT ATGCAG AAA
14 124 78 71 68 GCG GTACGA TCTCAG GAT
15 80 86 76 66 AAG GTAAAC TTACAG ATA
16 85 140 71 69 AAG GTGAAT ATGCAG TAT
17 70 229 71 68 AAG GTAGGA ACGCAG GCA
18 86 622 73 66 AAG GTATAA TTTTAG GGT
19 320 645 70 67 AAG GTATGT GAACAG CTA
20 98 422 73 67 AAT GTATGT CTGTAG GTA

• Splice junctions were predicted with NetPlantGene (http://genome.cbs.dtu.dk/nph- 
webface) and by comparing the maize KCBP gene with the coding sequence of 
Arabidopsis KCBP gene.

• The consensus sequences at 5' and 3’ splice junctions are AG/GTAAGT and 
TGY(A/C)AG/GT, respectively Goodall et al., (1991). Nucleotides that are identical 
to consensus sequences are underlined.

• ** = Intron that is not present in the Arabidopsis KCBP gene.
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Table (5): Comparison of exons length ant AT content of both Arabidopsis and
maize KCBP genes.

No.
Length (bp) AT Content (%) Region coded by 

ExonsArab. Maize Arab. Maize
1 189 ND 51 ND Tail region
2 211 132 48 59 Tail region
3 567 230 57 63 Tail region

3 a ** 328 ** 57 Tail (MyTH4) region
4 97 100 65 60 Tail (Talin-like) region
5 182 182 67 62 Tail (Talin-like) region
6 116 116 54 58 Tail (Talin-like) region
7 103 103 55 58 Tail (Talin-like) region
8 153 153 56 59 Tail (Talin-like) region
9 147 147 58 59 Tail (Talin-like) region
10 201 201 63 61 Tail(Talin-like) region
11 165 165 61 63 Coiled-Coil region
12 105 105 57 55 Coiled-Coil region
13 138 138 68 63 Coiled-Coil region
14 195 195 66 61 Coiled-Coil region
15 127 127 65 64 Coiled-Coil region
16 203 203 64 66 Motor domain
17 183 183 61 62 Motor domain
18 96 96 66 63 Motor domain
19 198 198 59 62 Motor domain
20 272 272 58 60 Motor domain
21 365 ND 63 ND CaM-Binding domain

• Splice site junctions were predicted with NetPIantGene Database 
(http://genome.cbs.dtu.dk/htbin/nph-webface) and by comparing the maize 
KCBP gene with the coding sequence of Arabidopsis KCBP gene.

• Exon that is not present in Arabidopsis KCBP gene.
• ND = not determined.
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ZmKCBP except the fifth intron, have less than 70% AT content (Table 4). High AT content 

is a feature of plant introns (Goodall et al., 1991). All the introns have the conserved GU and 

AG dinucleotides at their 5' and 3' ends, respectively (Table 4), thereby conforming to the 

GU-AG rule for 5' and 3' splice sites (White et al., 1992: Brown et al., 1996).

Functional domains in ZmKCBP

Secondary structure, probability of coiled-coil regions, and structural features of 

ZmKCBP based on its primary sequence are shown in Fig (14) and Table (5). Most kinesins 

have three distinct structural and functional domains: a globular tail, a coiled-coil region and 

a motor domain. Exons 1-10 contained the coding region for the tail region. The coiled-coil 

region is coded by exons 11-15 and the conserved motor domain is coded by the exons 16-21 

(Table 5). The CaM-binding domain unique to KCBP and kinesin-C is coded by the last 

exon suggesting that KCBP may have evolved by fusion of an exon coding for a CaM- 

binding domain with a KLP gene. Domain fission and fusion have been recorded in both 

prokaryotics and eukaryotics. Multifunctional proteins in vertebrates that are composed of 

different domains correspond to separate gene products in E.coli (McCarthy et al., 1983; 

Schweizer and Datta, 1989).

The deduced protein sequence of ZmKCBP were compared with both AtKCBP from 

a dicot and motor domain of kinesin-C from sea urchin. The motor domain of ZmKCBP 

(amino acids residues 823-1155) shares about 79% similarity with the motor domain of its 

homolog from dicot and about 51% with the motor domain of kinesin-C. This motor domain 

contained the conserved ATP-binding sequence (Yang et al., 1989). Furthermore, ZmKCBP 

has the three hyperconserved motor sequences (Fig 13 shown in bold and underlined) found 

in all kinesin motor domains, and a fourth unique sequence (EDMKGKI) located in the
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Fig. 14 Predicted secondary structural features of maize (Zea mays) KCBP 
(ZmKCBP). (A) The secondary structure of ZmKCBP as predicted by Robson-Gamier 
and Chau-Fasman methods. Regions predicted to be a-heiices (HIx), (3-sheets (Sht) or (3- 
tums (Tm) are indicated by solid boxes. (B) Probability of formation alpha-helical 
coiled-coil is determined using the coiled-coil program (Lupus et al., 1991). They-axis 
indicates the probability of coiled-coil formation; thex-axis designates the amino acid 
position along the length of the polypeptide starting from the amino terminus. (C) 
Schematic diagram of predicted domains of ZmKCBP. Color representation is as 
following: red = motor domain, blue = coiled-coil region, green = talin-like region, cyan 
= myosin-tail homology4 (MyTH4). black = calmodulin-binding domain. All figures are 
drawn to scale.
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“neck” region upstream of the motor domain that is highly conserved among the carboxy- 

terminal kinesins and identical among the KCBPs (Saito et al., 1997). The amino acid 

residues 553-822 of ZmKCBP predicted to forms the alpha-helical coiled-coil is shown in the 

secondary structure (Fig 14A) and as predicted by Lupus plot (Fig 14B) (Lupas et al.. 1991). 

This coiled-coil region is responsible for dimerization and is not highly conserved among 

KLPs. It shows about 43% sequence similarity to the AtKCBP coiled-coil region. This less 

conserved coiled-coil region spans about 22% of the KCBP, however in kinesin-C the coiled 

-coil region spans about 70% of the protein. Another domain that defines kinesin class 

specificity is the “neck” region, (ten to fourteen amino acids stretch ) that connects the 

conserved catalytic core to the less conserved coiled-coil “stalk” domain (Vale. 1987; Endow 

and Waligora, 1998; Sablin et al., 1998). The neck sequence of ZmKCBP is identical to that 

of both AtKCBP and kinesin-C. However, it displays a slight divergence from the neck of 

other C-terminal members (Saito et al., 1997), suggesting that these KLPs form distinct class 

within the C-terminal subfamily. Sequence comparisons and mutagenesis studies have 

shown that “neck” regions are class conserved, responsible for directionality of the motor, 

and function as mechanical amplifiers that couple the ATP hydrolysis and energy into 

directional motion along the MT (Vale et al., 2000).

The amino-terminal tail region (amino acid residues 95-533) of ZmKCBP showed 

significant similarities to the MyTH4 (~110 aa) and talin-like (-350 aa) regions present in 

myosin Vila and X (29% identity and 49% similarity in the MyTH4 domain and 29% 

identity and 49% similarity in the talin-like region of Homo sapiens myosin Vila). The 

MyTH4 domain and talin-like region are characteristic features of KCBP and have not been 

found in any other kinesin members of the kinesin superfamily. Kinesin C does not have

95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



myosin and talin-like regions characteristic for KCBPs in plants. KCBP with its myosin and 

talin features is unique to plants and is highly conserved among angiosperms.

In many CaM target proteins, the CaM-binding domain has been shown to reside in a 

stretch of 18-20 amino acid residues that form a helix with the predominance of basic 

residues on one face and hydrophobic residues on the other. The previous characterized 

CBD (a 23 aa stretch) in Arabidopsis KCBP is highly conserved in maize KCBP (amino acid 

residues 1156-1179). CBD of ZmKCBP share 90% identity to CBD of AtKCBP and 35 % 

identity with the CBD of kinesin-C. This region, like CBD in AtKCBP, forms amphiphilic 

alpha helix with basic residues on one side and hydrophobic residues on the other side. CBD 

of ZmKCBP also has tryptophan residue which is characteristic for most of CBDs. The CBD 

is responsible for Ca2+-dependent CaM-binding to these KLPs and the CBD confers 

Ca2+/CaM regulation of KCBP activity (Reddy et al., 1996a; Rogers et al., 1999).

ZmKCBP is coded by a single gene and is expressed in all tissues

To determine the approximate copy number of ZmKCBP, genomic DNA was 

digested with four different restriction endonucleases (Ssphl, Ssrl, Ncol, and Kpnl) and 

probed with 6 kb SaHJEcoRl fragment of ZmKCBP. With each restriction enzyme digestion, 

the expected number and size of bands were detected (Fig 15). suggesting that ZmKCBP is 

encoded by a single gene. The ZmKCBP homologue from Arabidopsis was shown to be a 

single gene (Reddy et al., 1996b) and this was confirmed recently by the completion of the 

Arabidopsis genome sequence. Low stringency washes did not yield any additional bands, 

suggesting that the KCBP does not cross hybridize with other kinesin-like genes. Consistent 

with this finding, a Blastn search with ZmKCBP did not show any significant sequence 

similarity with other KLPs.
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Fig. 15 Southern blot analysis of maize genomic DNA. Genomic DNA 
(10 pg) was digested with different restriction enzymes {Kpnl, Ncol. Sstl, Sphl). 
The digested DNA was electrophoresed in an 0.8% agarose gel, transferred 
onto a Hybond N-membrane, and probed with 3-P-labelled 6-kb Sall/EcoRl 
genomic fragment which contains the motor domain, calmodulin-binding domain 
and part of the coiled-coil region. DNA size mass markers are shown on the left, 
kb = kilobase pairs.
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In poly(A)+ RNA blot analysis, a single transcript of about 5 kb hybridized with the 

ZmKCBP probe (Fig 16A). To examine the expression of ZmKCBP in different tissues, RT- 

PCR was performed with DNase treated RNA from root, shoot and whole seedling. Sense 

and anti-sense primers that correspond to exon 11 and exon 17 were used to amplify the 

cDNA. The expected size fragment (1014 bp) was amplified from all tissues (Fig 16B). 

These results, together with the RNA blot analysis of Arabidopsis, potato, and tobacco 

(Reddy et al., 1996a; Reddy et al., 1996b; Wang et al., 1996) suggest that KCBP is expressed 

in all plant organs and that the mRNA levels vary with the highest expression in the actively 

dividing cells. Our RT-PCR data indicate that introns between exon 11 and exon 17 do not 

undergo alternative splicing.

Maize KCBP is detected by an affinity-purified antibody to Arabidopsis KCBP

CBD of ZmKCBP shares 90% identity with the CBD of Arabidopsis. The expression 

of ZmKCBP protein in maize tissue was examined by immuonoblot analysis using affinity- 

purified antibodies raised against the CBD of Arabidopsis KCBP (Bowser and Reddy, 1997). 

Two bands (-104 and 92 kDa) were detected in total protein extract of young maize 

seedlings (Fig 17). The molecular mass of the detected bands is smaller than the estimated 

molecular mass, which is about 138 kDa. It is likely that the smaller size of the protein is 

due to partial degradation of KCBP. Consistent with this finding, analysis of ZmKCBP with 

the PESTfind program, which predicts the PEST motifs, which are targets for proteolysis, 

identified five PEST sequences with significant scores (shown in bold, Fig 13). Moreover, it 

has been shown previously that KCBP as well kinesin C are highly susceptible to proteolytic 

degradation (Bowser and Reddy, 1997; Smirnova et al., 1998; Rogers et al., 1999).

Extraction of KCBP in the absence of protease inhibitors or delay in preparing blots results in
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Fig. 16 Expression of ZmKCBP in different tissues. (A) Northern blot analysis.
Poly (A)+ RNA was isolated from maize seedlings, electrophoresed through 
formaldehyde-containing agarose gel, transferred onto a Hybond-N membrane, 
andprobed with ^2P-labelled 1.3 kb ZmKCBP cDNA that codes for the motor 
domain and calmodulin-binding domain. Numbers on the left indicate the size of 
28S (4.7 kb) and 18S (1.9kb) ribosomal RNAs. Arrow indicates ZmKCBP transcripet.
(B) Expression of ZmKCBP in different tissues. Total RNA from root, shoot and young 
seedling was used as a tmplate for RT-PCR. Amplified products were resolved by 
electrophoresis (left), blotted and probed with 6 kb genomic fragment (right). Maize 
DNA (DNA) and total RNA (-ve) were used as positive and negative controls 
respectively. Numbers indicated the length of size markers in (kb).
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a smaller band (75 kDa) with increasing intensity (Bowser and Reddy, 1997; Smirnova et al., 

1998).

The C-terminal region of ZmKCBP contains a CBD

CaM binds and regulates the activity of many CBDs through Ca2+. Analysis of the 

deduced amino acid sequence in the C-terminal region of the ZmKCBP showed a potential 

CaM binding site (1156-1179 amino acid residues). In addition, ZmKCBP is recognized by
e

an antibody raised against the Arabidopsis CBD (Fig 17) suggesting that ZmKCBP is a CBD.

To determine if ZmKCBP interacts with CaM in a Ca2+-dependent manner, a 1329 bp 

cDNA that contained the motor domain and the putative CaM-binding domain was expressed 

in E. coli using pET 28a and pET 32a expression system and tested the bacterially expressed 

protein for its ability to bind to CaM. Soluble and insoluble protein fractions from an 

induced culture showed the presence of a fusion protein, which bound to biotinylated CaM. 

Furthermore, the fusion protein was detected by the AtKCBP antibody also (Fig 18). The size 

of the fusion protein corresponds to the predicted size of the protein from the gene fusion. - 

ZmKCBP fusion protein from soluble fraction was purified by CaM-Sepharose column. 

Fusion protein bound to CaM Sepharose column in the presence of Ca2+ (2 mM) was eluted 

from the column by adding 2 mM EGTTA. The eluted fractions were detected by KCBP-Ab 

and by biotinylated CaM (BioCaM) (Fig 19). Eluted fractions bound to BioCaM in the 

presence of Ca2+ and failed to bind in presence of EGTA (Fig 19). These results indicate that 

ZmKCBP is a CBD and the CaM-binding is a Ca2+-dependent.

KCBP is present in both soluble and microsomal fractions
X

Our previous studies have shown that KCBP is present in the soluble fraction and is 

highly susceptible to proteolytic degradation (Bowser and Reddy, 1997; Smirnova et al.,
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Fig. 17 W estern blot analysis of maize KCBP. Immunodetection of 
KCBP using affinity-purified KCBP antibody raised againstthe calmdulin- 
binding domain of Arabidopsis KCBP (Bowser and Reddy. 1997). Proteins 
from maize seedling were fractionated on 8%SDS-containing polyacrylamide 
gel and either stained (left) or blotted and detected with KCBP antibody (right). 
Arrowheads represents two bands of molecular mass of about 104 and 92 kDa. 
Molecular mass markers are shown at the left in kDa.
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Fig. 18 Expression of ZmKCBP in E.coli. Partial ZmKCBP cDNA (1329 bp) 
containing the coding region for the motor and calmodulin-binding domains 
was amplified from first strand cDNA using PCR. The amplified fragment was 
cloned into expression vectors (pET 28a and pET 32a) and expressed in E.coli,
BL21 (DE3). Fusion protein was expressed as described previously (Reddy et al., 
1996b). Soluble (S) and pellet (P) fractions from induced (I) and uninduced (UI) 
cultures were separated by SDS-PAGE. Proteins were either stained with Coomassie 
blue (stained) or blotted and detected with affinity-purified KCBP-Ab (KCBP-Ab) or 
biotinylated calmodulin (BioCaM). The C-terminal region of Arabidopsis KCBP was 
used as a positive control (+ve). Molecular mass markers are shown at left in kDa. 
Location of fusion protein is indiated by arrows.
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Fig. 19 Purification of recom binant ZmKCBP by calmoduIin-Sepharose 
column. The cocentration of Ca2+_ in soluble protein from induced culture of 
pET 28a was adjusted to 2 mM C aC b and loaded onto CaM-Sepharose column. 
Column was washed with several volumes of binding buffer (see methods section) 
and the bound protein was eluted by replacing the CaClz with 2 mM EGTA. Elut­
ed fractions (F2-F7) were eiectrophoresed, trasferred onto nitrocellulose membranes, 
and probed with biotinylated calmodulin in the presence of 1 mM CaCb 
(BioCaM/CaCb), 2 mM EGTA (BioCaM/EGTA), or with KCBP-Ab. Molecular mass 
markers are shown at left in kDa. Location of the right size of the fusion protein is 
indicated by arrow heads.

103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1998). Hence, in most cases, the size of the detected band is smaller than the calculated 

molecular weight of the protein. Because of punctuate staining of KCBP observed in some 

cases (Bowser and Reddy, 1997) it is of interest to test if KCBP is present in the microsomal 

fractions. To test this, soluble and microsomal protein fractions from Arabidopsis suspension 

culture were prepared and probed with KCBP antibody. As shown in Fig (20), a single band 

with a molecular size of about 140 kDa was detected in the microsomal fraction. This band 

corresponds to the size of the predicted protein. On the other hand, a band with a molecular 

size of about 101 kDa was detected in the soluble fraction. These results indicate that KCBP 

protein is present in both soluble and microsomal fractions and that KCBP in the microsomal 

fractions is protected from proteolytic degradation during the extraction process.
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Fig. 20 Detection of KCBP in soluble and microsomal fractions. Crude 
protein extract from Arabidopsis suspension culture centifuged at 12,000g. 
to separate cell depris (D). The supernatant (SI) was collected and recentrifuged 
at 120,000g to separate the microsomal fraction (M) from the soluble one (S2). 
Soluble and microsomal fractions were separated on a SDS-PAGE and stained 
with Coomassie blue (upper) or blotted and probed with KCBP-Ab (lower).
(C) represents the crude protein extract as a control. Molecular mass marker are 
shown at left in kDa. Arrows indicate the KCBP bands.
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n . Cloning and characterization of KCBP from a gymnosperm, 

Norway spruce, Picea abies (L.) Karst

Part of this work is included in a paper “Molecular evolution of a Ca27CaM-regulated MT 
motor protein from phylogenetically diverged eukaryotes”. Saiah E. Abdel-Ghany, Paul 
Kugrens, and A.S.N. Reddy. Molecular Biology and Evolution. (In preparation)

Gymnosperms, an non-flowering seed plants, that evolved from ferns about 300 

million years ago (MYA), and they gave rise to the angiosperm clade (Goremykin et al., 

1996; Samigullin et al., 1999; Soltis et al., 1999). They dominated the land flora throughout 

most of the Mesozoic era until about 100 MYA, just before the dominance of the flowering 

plants. There are four divisions of gymnosperms with living representatives: Cycadophyta 

(cycads), Ginkophyta (ginkgo), Coniferophyta (conifers), and Gentophyta (gentophytes). By 

far the most numerous, most widespread, and most ecologically important of the 

gymnosperms are the Coniferophyta. KCBP has been cloned from representative members 

of monocots and dicots and is highly conserved among angiosperm members. In order to 

examine the presence and the level of conservation of KCBP outside the angiosperms, we 

used PCR and cDNA library screening to clone KCBP from a conifer Norway spruce. 

Isolation of a  KCBP from spruce (PaKCBP)

The kinesin superfamily is defined by a motor domain that contains a highly 

conserved ATP-binding site. KCBPs from angiosperms have a characteristic CBD at the C- 

terminus with highly conserved stretch of amino acid residues (Fig 21). To isolate KCBP 

gene from spruce, two degenerate primers corresponding to these conserved regions were 

synthesized (Fig 21). Approximately 900 bp and 1 kb fragments were amplified from cDNA 

library (Fig 22). The amplified products were purified and cloned into pBluescript vector
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(A)

ATP-binding site
AtKCBP Wm
Kar3 a n
Kata n n
DmNcd Q H

(B) CaM-bining region in KCBPs
A tK C B P  
StK C B P  
N tK B P  
ZmKCBP

(C)
Sense primer

BaniHl
5'-GCAGGATCC

I
ATT

C
A

F
TTT

C

A Y G Q
GCI TAT GCI CAAAC-3'

Antisense primer

EcoRl 
5 '-GC AG A ATT C C

A Q E K W Y
IGC TTG TTC TTT CCA GTA -3'

Fig. 21 (A) Alignment of the conserved ATP-binding site in different C-terminal KLPs.
(B) Alignment of CBD in different KCBPs from angiosperms. AtKCBP CArabidopsis thaliana), 
Kar3 (Saccharomyces cerevisiae), Kata (Arabdopsis), DmNcd (Drodophila melanogaster), 
StKCBP (Potato), NtKCBP (Tobacco). (C) Sequences of degenerate primers used to amplify 
spruce motor domain with calmodulin-binding domain. Inosine (I) is included in the sequence 
if the 3rd base in a codon has all four bases. Amino acids corresponding to thr nucleotide 
sequence shown over the nucleotide sequence in bold. Restriction sites are underlined.
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Fig. 22 Agarose gel electrophoresis of PCR-amplified product 
from spruce cDNA library using degenerate primers corresponding to 
ATP-binding site of different KLPs and calmodulin-binding sdomain 
(CBD) of KCBPs from dicots. 5 x 10 5 pfu were used for PCR reaction. 
(B) Agarose gel electrophoresis of purified PCR-product. Size markers 
are shown to left in bp.
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and sequenced (Fig 22). Analysis of the deduced amino acid sequence of both clones using 

Blastp search showed that the sequence of the small fragment (900 bp) is highly similar to 

KCBP sequence from angiosperms (75 and 80.5% similarity to the KCBPs from maize and 

potato respectively). This PCR-amplified product was used as a probe to screen the cDNA 

library. Nine positive clones were obtained after three rounds of screening. DNA from these 

clones was digested with the cloning enzyme (EcoR 1) and they fall into three groups with 

different inset lengths. Inserts from the longest clone (2.4 kb) were subcloned into 

pBluescript for sequencing.

Sequence analysis and domain organization of PaKCBP

The nucleotide and deduced amino acid sequence of PaKCBP was shown in Fig (23). 

Analysis of PaKCBP sequence using Blastp and comparing it with the KCBPs from 

angiosperms revealed that the isolated cDNA (2220 bp) encodes for amino acid residues that 

are similar to KCBPs from angiosperms with 64% similarity to the AtKCBP along the 

available sequence. Secondary structure, probability of coiled-coil formation and domain 

organization based on the primary sequence are shown in Fig (24). KCBPs from 

angiosperms have the three characteristic domains. In addition KCBP has unique domains 

(CBD, My TIM and talin-like region). PaKCBP has the same structural features. The CBD, 

amino acid 685-707, is located at the C-terminus region with percent identity of 60.9, 65.2, 

78.3, and 78.3 to CBD of ZmKCBP, AtKCBP, NtKCBP, and StKCBP, respectively. The 

amino acid sequence of PaKCBP (352-684) showed about 75-80.5% sequence identity to the 

motor domains of KCBPs from angiosperms. On the other hand, the percent of identity of 

PaKCBP motor domain to the motor domain of other C-terminal KLPs ranged between 31- 

42 indicating that PaKCBP is a distinct KLP and is closer to KCBPs more than to other C-
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terminal KLPs. This was supported by phylogenetic analysis, where PaKCBP was grouped 

as a member of KCBP subgroup in the C-terminal subfamily. The PaKCBP motor domain 

contained the conserved ATP-binding consensus sequence as well as four highly conserved 

peptide motifs of all KLPs motor domains that are implicated in MT-binding (Yang et al.. 

1989). Another domain that defines kinesin class specificity is the “neck” region, a -45 

amino acid residue segment that emerges from the catalytic core of the motor domain (Vale 

and R.J., 1997). C-terminal kinesins as a group share a short conserved sequence (ELKGNI) 

in their neck region (Saito et al., 1997). In all KCBPs including PaKCBP, this sequence 

display a slight divergence and they have their conserved sequence (EDMKGLIR) indicating 

that they form a distinct group within C-terminal subfamily.

In the region outside the motor domain (1-348), PaKCBP did not show any 

significant sequence similarity to other KLPs and poor similarity to the KCBPs from 

angiosperms and kinesin C (29.9-34.7% to KCBPs from angiosperms and 15.1% to kinesin 

C). Secondary structure and analysis of the predicted amino acid sequence has revealed that 

the region from amino acid 70 to 350 has extremely high probability to form coiled-coil 

structure (Lupas et al., 1991) (Fig 24A & B). The presence of the coiled-coil region implies 

that PaKCBP may form a dimer. This less conserved coiled-coil region spans slightly less 

than the motor domain as in KCBP from angiosperms and is different from the coiled-coil 

region of kinesin C from sea urchin where it spans about 70% of the protein. Surprisingly, 

although the coiled-coil region is not conserved even among KCBPs, a phylogenetic tree of 

KCBPs including coiled-coil sequences is identical to a tree obtained using motor domains 

where PaKCBP is shown as the origin of angiosperms KCBPs and separated from kinesin C 

(Discussed later in section V). Outside the coiled-coil region, PaKCBP showed sequence
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GCG GAT AAC AAT TTC ACA CAG GAA ACA GCT ATG ACC ATG ATT 4 2
A D N N F T Q E T A M T M X 1 4

ACG CCA AGC TCG AAA TTA ACC CTC ACT AAA GGG AAC AAA AGC 8 4
T P S S K L T L T K G N K S 2 8

TGG AGC TCC ACC GCG GTG GCG GCC GCT CTA GAA CTA GTG GAT 1 2 6
W S s T A V A A A L E I. V D 4 2

c c c CCG GGC TGC AGG AAT TCG CGG CCG CTT GAA AAG CGT GTA 1 6 8
p P G C R N S R P L E K R V 5 6

CAA GAG ATG TCC AAA ATC ATA GAA GAA ACT CAA AGA AAG ACG 2 1 0

Q E M s K I I E E T Q R K T 7 0
GAT CAG CTT TCG GAA GAG CTT CAT GCA AGG GAA ATA AGG GAG 2 5 2

D Q L S E E L H A R E I R E 8 4
ACA GAA CTT GCA GAA GAA CTG GAA GGC CTG AAA GAC TCC TTG 2 9 4

T E L A E E L E G I. K D S L 9 8
CAA GAA GAA CTG GAA GGC CTG AAA GAC TCC TTG CAA GCA GAG 3 3 6

Q E E L E G L K D S L Q A E 1 1 2

AGG CGT GCT TTA TCT GAA GTT GTT CAA GAT CGC GAC AAG TTC 3 7 8
R R A L S E V V Q D R D K F 1 2 6

CGT GCA TTG TTT GCT GAA AAA GAA TCT GCT TTT CAG ATG GCA 4 2 0
R A L F A E K E S A Q F M A 1 4 0

CTT TCA GAT AAG GGT TCT GCA GCA AGT CCG GCC AAT GAG CAC 4 6 2
Ii S D K D S A A S P A N E H 1 5 4

AAT GGA AAT TTA GAT TTG GAG AAC ACT CCT ACA AAA GCT TCC 5 0 4
N G N L D L E N T P T K A S 1 6 8

CTG GCG TCA TTA AGT AGA AGG GAT AGA GAT CTT CCA TTC ACA 5 4 6
L A S L S R R D R D L P F T 1 8 2

GAT AAA GGC AGA GTG TCA CAA AAT CAA AAC TTG AAT TCA CAG 5 8 8
D K G R V S Q N Q N L N S Q 1 9 6

GCA CAA ATT AAG GAA CTG AGG AAT GAA TTG AAG ACG CGG ACA 6 3 0
A Q I K E L R N E L K T R T 2 1 0

GAT GAT CTT CAT TCA GCA GAA GAA ATG TGC AAG AAA CTC TCC 6 7 2
D D L H S A E E M C K K L S 2 2 4

AAT GAA AAG CAA TTG CTT GAG CAG AAA GTT AGT CGC CTT GAG 7 1 0
N E K Q L L E Q K V S R L E 2 3 0

AAG AAG AAA ACA AAT GAG ACA CNG ACT TTG GAA AGG AAG TTT 7 5 6
K K K T N E T X T L E R K F 2 5 2

GAG CAA GAA CGT GAT GCG CTT AGA GTG CGA GTA GCT GAA TTG 7 9 8
E Q E R D . A I. R V R V A E L 2 6 6

GAG AAA AAG CTT ACT GAG AGG ACT CAA GAA TTG AGT GTT ACA 8 4 0
E K K L T E R T Q E L S V T 2 8 0

GAG TCT ACA TTA GCA GTT AGG ACT TCT GAA TTG GAT GCA GTT 8 8 2
E S T L A V R T S E L D A V 2 9 6
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CAA GGC AGC TTA AAG GAG CTG GAA GAG TTA CGA GAA ATG AAA 9 2 4
Q G S It K E L E E It R E H K 3 0 8

GAG GAC ATT GAT AGG AAG AAT GCA CAA ACA GCT TCA CTT TTG 9 6 6
E D I D R K N A Q T A S It L 3 2 2

AAG AAA CAA GCT GAA CAG TTA GCT GAG ATG GAA GTT CTT TAT 1 0 0 8
K K Q A E Q L A E M E V It Y 3 3 6

AAG GAG GAG CAA GTC CTT AGA AAG CGA TAC TTC AAC ATG ATG 1 0 5 0
K E E Q V L R K R Y F N M M 3 5 0

GAA GAT ATG AAA GGT a Ag A tC A(j A GTT TAT TGT CGC TGG CGA 1 0 9 2

U !D Id © 2 31 V '2 2 W R 3 6 4

C. r. > CTT' a G'T GAG AAA Ga g AcA GAG AAA CAA a GG AGT GTT 1 1 3 4
p L s E K E T F E K Q R S V 3 7 8

ATT ATC GCA CCA GAT GAA TTT ACA GTG GAG CAC c c c TGG AAG 1 1 7 6
X I A P D E F T V E H p W K 3 9 2

GAT GAT AAG CCA AAG CAA CAT CAA TTT GAT CAT GTT TTT GAT 1 2 1 8
D D K P K Q H Q F D H V F D 4 0 6

AGT AAT GCT ACC CAA GAC GAA GTT TTT GAG GAT ACA AGG TAT 1 2 6 0
S N A T Q D E V F E D T R Y 4 2 0

CTG GTA CAG TCA GCA GTT GAT GGA TAT AAT GTT TGT ATA TTT 1 3 0 2
L V Q S A V D G Y N V C 2 2* 4 3 4

GCA TAT GGG CAA ACT GGC TCA GGC AAA ACA TTC ACT GTC TAT 1 3 4 4

A. 2 Q Q ■0? © zj S fl? T V Y 4 4 8
GGT TCA GAT AGA AAT CCA GGT CTA ACC CCA AGG GCT ATT GGG 1 3 8 6

G S D R N P G Ii T P R A I G 4 6 2
GAG CTT TTT AAA ATT CTG AGC CGG GAC AGT AAC GAG TTC TCC 1 4 2 8

E L F K I L S R D S N E F S 4 7 6
TTT CTG TTA AAG GTG TAT ATG GTG GAG TTA TAC CAG GAC TCA 1 4 7 0

F It L K V Y M V E L Y Q D S 4 9 0
CTT GTA GAT TTG CTT CTG CCA AAG AAT GGA AAG CGA TTG AAA 1 5 1 2

L V D L L L P K N G K R L K 5 0 4
CTT GAT ATT AAG AAA GAT GCA AAG GGA ATG GTT ATG GTG GAG 1 5 5 4

L D I K K D A K G M V M V E 5 1 8
AAT GTT ACT CTT GTA ACT ATA TCT ACA TTT GAA GAG CTG GAA 1 5 9 6

N V T L V T I S T F E E It E 5 3 2
GCT ATT GTT TGT AAA GGG ATA GAA AGG CGA CAC ACT TCT GGA 1 6 3 8

A X V C K G I E R R H T S G 5 4 6
ACT CAG ATG AAT GCA GAA AGT TCA AGA TCA CAC TTA ATA CTT 1 6 8 0

T Q M N A E U ZJ i i -JZJ Tsl I. I It 5 6 0
TCT ATA ATT ATA GAG AGC ACA AAT CTT CAA ACT CAG GTC CAA 1 7 2 2

S I I I E S T N Zj Q T Q V Q 5 7 4
GTC AAG GGA AAG CTA AGC TTT GTC GAT CTT GCG GGA TCT GAG 1 7 6 4
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V K G K X S F T7 S A *\» 3tl 5 8 8
AGG GTG AAG AAA TCA GGA TCA ACA GGC AAT CAA TTG AAA GAG 18 0 6

R V K K S G S T G N Q. h K E 6 0 2
GCT CAA AGT ATC AAC CGG TCT CTT TCA GCC CTG GGT GAT GTT 1848

A Q S X N R S L S A L G D V 6 1 6
ATT AGT GCA CTG GCT TCT GAA GGG CAA CAT ATA c c c TAC AGA 1890

X S A L A S E G Q H I p Y R 6 3 0
AAT CAC AAG CTC ACG ATG CTC ATG AGT GAT TCA CTT GGT GGC 1932

N H K L T M L M S D S L G G 6 4 4
AAT GCC AAA ACC CTG ATG TTT GTT AAT ATA TCC CCA GCA GAA 1974

N A K T L M F V N I s P A E 6 5 8
TTT AAT TTG GAT GAG ACC CAT AAT TCC CTT TCA TAT GCT ACT 2 0 1 6

F N I. D E T H N S L S Y A T 6 7 2
CGA GTT CGC TCA ATT GTA AAT GAT GCA AGC AAA AAT GTG ACC 2 0 5 8

R V R S I V N D A S K N V T 6 8 6
ACC AAG GAA GTT GCT AGG CTG AAG AGA ATG GTA GCT TAC TGG 210 0

T K E V A R L K R M V A Y W 7 0 0
Aa a  La U UCa  GGT a Ua  AAG GCA GAC GAA GAG GAa  Atu* b M  214 2

K E Q A  G R K A  D E E E M E 7 1 4
GAA ATC ACC GAG GAT CGA AAT ACC AGA GAC AAG AAC GAT GGA 2 1 8 4

E I T E D R N T R D K N  D G 7 2 8
CGC TCG TAG ACATGATTCTAAACTTGCAGAGGGAAA 222 0

R S ♦ 7 3 0

Fig. 23 Nucleotide and deduced amino acid sequence of spruce (Picea abies) KCBP gene.
The predicted amino acid sequence is shown under the nucleotide sequence in bold. The stop 
codon is indicated with a diamond. The conserved regions in all kinesin-like proteins motor 
domain are shown in shadow format. The unique sequence (EDMKGKIRV) located in the 
“neck” region upstream of the motor domain that is highly conserved among the carboxy- 
terminal kinesins and identical among KCBPs (Saito et ciL, 1997) is boxed. The calmodulin- 
binding region characteristic for KCBPs is underlined. Numbers at right correspond to 
nucleotides and deduced amino acids (in bold).

113 Fig. 23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C 100 200 300 400 500 600 700o
o Amino cid residues

to

(B)

0 5<D
O
CJ

0 . 6

o
CJ

vfc—o
0 . 4

-Q
CO

_QO
□_

0 1 0 0 800200 300 400 500 700600

Amino acid residues

(C)

co
CO
N

CO
0 7

100 a.a

NH2'

TO
EoQ

OOH

Coiled-coil region Motor Domain A

CaM-binding domain (CBD)

Fig. 24 Predicted secondary structural features off spruce (Picea abies) KCBP (PaKCBP).
(A) The secondary structure of PaKCBP as predicted by Robson-Gamier and Chau-Fasman 
methods. Regions predicted to be a-helices (Hbt), p-sheets (Sht) or P-tums (Tm) are indicated 
by solid boxes. (B) Probability of formation alpha-helical coiled-coil is determined using the 
coiled-coil program (Lupus et al., 1991). The y-axis indicates the probability of coiled-coil 
formation; the x-axis designates the amino acid position along the length of die polypeptide start­
ing from the amino terminus. (C) Schematic diagram of predicted domains of PaKCBP. All fig­
ures are drawn to scale.
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similarity to a talin-like region present in some myosins and characteristic for KCBPs. 

However, we do not have complete N-terminal sequence. Based on the conservation of other 

domains we predict that, mostly, the N-terminal region is conserved among all land plants 

and the evolution of KCBP proceeds the evolution of land plants.

PaKCBP transcript size is close to AtKCBP

To determine the size of the transcript and the expression of PaKCBP, RNA from 

three-week old spruce seedlings was probed with the two EcoRl fragments that correspond to 

CBD, motor domain and coiled-coil region of PaKCBP. A single transcript of about 4kb was 

found to hybridize with the cDNA (Fig 25). Hence, the isolated cDNA clone is partial. A 

single KCBP transcript of about 4 kb was detected in the RNA blot from Arabidopsis 

flowers, leaves, root, and suspension culture (Reddy et al., 1996a). On the other hand, a 

single KCBP transcript of about 4.5 and 5 kb were obtained from RNA blots of tobacco and 

maize tissues respectively (Wang et al., 1996; Abdel-Ghany and Reddy. 2000).

To determine the approximate copy number of PaKCBP, genomic DNA from spruce 

seedlings digested with different restriction enzymes (BglII, EcoRI, Kpnl, and XbaD was 

probed with PaKCBP cDNA. Depending on the enzyme, three to four bands hybridized to 

PaKCBP clones Fig (26). From the restriction map of PaKCBP (Fig 26A), extra bands were 

obtained with all digestions. This is most likely due to the presence of introns with these 

restriction sites. So far, all studied KCBPs in different plants coded by a single gene and 

expressed in all tissues with high a level of expression in actively dividing cells.

The PaKCBP is a CaM-binding protein

CaM-binding domain of KCBPs from angiosperms were shown to be regulated by 

Ca27CaM (Narasimhulu and Reddy, 1998; Abdel-Ghany and Reddy, 2000). To demonstrate
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Fig. 25 Northern blot analysis of spruce (Picea abies). Total RNA 
was extracted from three-week old spruce seedlings and electrophoresed 
in 1 % denaturing agarose gel and either stained (A) or blotted and probed 
with spruce 1.6 kb cDNA fragment (B). Arrow head indicates the size o f  
the hybridized band. RNA size markers are shown at left in kb.
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Fig. 26 Restriction map and Southern blot analysis of spruce (Picea abies) 
genomic DNA. (A) Restriction map of PaKCBP cDNA showing the position 
of the restriction enzymes used for digestion. (B) Southern blot analysis.
Genomic DNA (10 p.g) from three-weekold seedlings was digested with restriction 
endonucleases (Xbal, Kpnl, EcoRl, BgUI), and probed with 1.6 kb cDNA fragment 
that encodes for motor domain and CBD. Size markers are shown at left in kb.
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Fig. 27 Confirmation of sense (+) and antisense (-) constructs of PaKCBP. A
cDNA fragment (1.6 kb) that encodes the motor domain and calmodulin-binding 
domain of PaKCBP was cloned into EcoRl site of pET 32a and pET 28a. Clones 
were digested with Xhol to relase 1450 bp fragment in antisense orientation (arrow 
head) and 250 bp fragment in the sense orientation (arrow). Clone number 3 is a 
nonrecombinant vector. Size markers are shown at left in kb.
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Ca2+/CaM-binding activities of PaKCBP, a 1.6 kb cDNA fragment that encodes the CBD and 

motor domains of PaKCBP was cloned into pET 28a and pET 32a expression vectors. Sense 

and antisense orientation of the clones was confirmed by restriction digestion with Xhol (Fig 

27). Protein from soluble and pellet fractions of induced and uninduced cultures of both 

vectors were blotted and probed with affinity-purified KCBP-Ab that was raised against the 

CBD of AtKCBP (Bowser and Reddy, 1997). Specific bands were observed in both fractions 

of the induced cultures with a high proportion in the pellet fraction (Fig 28). The size of the 

fusion protein corresponded to the predicted size of the protein from gene fusion. A soluble 

protein fraction from pET 28a was bound to CaM-Sepharose column in the presence of 2 

mM CaCl2 and eluted in the presence of 2 mM EGTA. The eluted fractions were blotted and 

detected with 35S CaM as well as KCBP-Ab (Fig 29). The eluted fractions bound to ,5S 

CaM in the presence of Ca2+ but not in the presence of EGTA (Fig 29C&D). These results 

indicate that PaKCBP is a CBD and that the CaM binding is a Ca2+-dependent.
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Fig. 28 Expression of PaKCBP in E.coli. Partial PaKCBP cDNA (1600 bp) 
containing the coding region of the motor and calmodulin-binding domains 
was cloned into expression vectors (pET 28a and pET 32a) which transformed into 
BL21 (DE3) E.coli. Fusion protein was expressed as described previously (Reddy et 
al., 1996b). Soluble (S) and pellet (P) fractions from induced (I) and uninduced (UI) 
cultures were separated by SDS-PAGE. Proteins were eitherstained with Coomassie 
blue (A) or blotted and detected with affinity-purified KCBP-Ab (B). The C- 
terminal region of Arabidopsis KCBP was used as a positive control (+ve). Arrow 
indicates the fusion protein. Molecular mass markers are shown at left in kDa.
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Fig. 29 Purification of recombinant PaKCBP by calmodulin-Sepharose colum n.
Soluble protein from induced culture of pET 28a was adjusted to 2 mM C aC b and  loaded 
onto CaM-Sepharose column. Column was washed with several volumes o f binding buffer 
(see methods section) and the bound protein was eluted by replacing the C aC b w ith 2 mM 
EGTA in binding buffer. Eluted fractions (E1-E9) were electrophoresed, stained with 
Coomassie blue (A), trasferred onto nitrocellulose membranes, and probed with KCBP-Ab
(B), or with 35S-labelled calmodulin in the presence of 1 mM C aCb (C), or in the presence 
of 2 mM EGTA (D). Molecular mass markers are shown at left in kDa.
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HI. Cloning and characterization of KCBP from S t i c h o c o c c u s  

b a c i l l a r i s , a member of Charaphycean alga

Part of this work is included in a paper “Molecular evolution of a Ca2+/CaM-reguIated MT 
motor protein from phylogenetically diverged eukaryotes”. Salah E. Abdel-Ghany. Paul 
Kugrens, and A.S.N. Reddy. Molecular Biology and Evolution. (In preparation)

KCBP homologues have been cloned and characterized from gymnosperms and 

angiosperms and found to be highly conserved. This result prompted us to search for KCBP 

homolog in a representative member of the land plants ancestor group. Stichococcus 

bacillaries.

Taxonomic position and evolutionary features of Stichococcus

Stichococcus is a unicellular charaphyte, but short filaments consisting of a few cells 

may sometimes be observed (Fig 30). This organism is commonly identified in collections 

made from terrestrial habitats and air (Prescott, 1951), inhabiting limestone walls or growing 

on bark or wood (Graham et al., 1981), rooftops (Brook, 1968), or rock surfaces (Allen,

1971) and may occur as a phycobiont in lichens (Tschermak-Woess, 1988). Stichococcus is 

one of three genera of Order Klebsormidiales. Class Charaphyceae (Lee, 1999). Based on 

ultrastructural survies of cytokinesis, zoospores, meiospores, and gametes, the members of 

this order are regarded as more primitive than other the three orders of Charaphyceae, the 

Zygnematales, the Coleochaetales, and the Charales (Graham, 1993). Reproduction in the 

order occurs primarily asexually by filaments fragmentation into pieces, each developing into 

a new filament. Sexuality has not been found in the members of the group. Unlike other 

charaphytes, cell division in the Klebsormidiales occurs through formation of a cleavage 

furrow, but apparently neither a phragmoplast nor a cell plate is
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Fig. 30 Light microscopic picture of Stichococcus. The organism can be unicellular 
or the cylinderical cells jointed to form short or, less commonly, long unbranched filaments. 
Cells have partial chloroplasts. Reproduction is a sexual since sexuality has not been found 
in this organism. (Adopted from Canter-Lund and Lund, 1995).
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formed. Still in many ways cytokinesis is similar to that in the zygnematales and for this 

reason a close relationship between the two orders has been suggested. Members of this 

order are also characterized by biflagellate zoospores that exhibit multilayered structures 

(MLSs) associated with their flagella, they produce the enzyme glycolate oxidase (Frederick 

et al., 1973). they produce class I aldolase (Jacobshagen and Schnarrenberger, 1990). and 

they have open and persistent spindle during cytokinesis, (deJesus, 1989). All these 

characters are regarded as markers for relationship to land plants and also support the 

charaphyte origin of land plants.

Cloning of KCBP homolog from Stichococcus bacillaries (SbKCBP)

Two degenerate primers corresponding to conserved regions in the ATP-binding site 

of KLPs and CaM-binding domain of KCBPs were used to amplify KCBP motor domain and 

CBD from Stichococcus genomic DNA. A PCR amplified product of about 2kb was 

purified, cloned and sequenced. The sequence o f the amplified product showed significant 

sequence similarity to KCBPs from angiosperms and gymnosperms, and it has all the 

conserved motifs characteristic for KCBP motor domain and CBD. To get the full-length 

KCBP, a genomic library prepared from Stichococcus in Lambda Dash II cloning vector was 

screened with the PCR amplified product. Seven putative positive clones, confirmed by 

Southern blots, were digested with restriction enzymes (EcoR I and Bgl II). To find out the 

clone that has the upstream sequence of the motor domain, two Southern blots were prepared 

with the isolated clones and probed with a 250 bp PCR-amplified genomic fragment, either 

from the N-terminal region or from the C-terminal region of the motor domain. The clone (# 

4/1) that has the longest insert hybridizing with the N-terminal probe, but not with the C- 

terminal probe was used for subcloning and sequencing.
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Nucleotide sequence of SbKCBP

The nucleotide sequence of StKCBP gene and the predicted amino acids are shown in 

Fig (31). Splice site predictions were made using the NetPlantGene program and by 

comparison of the deduced amino acid sequence of SbKCBP with its homolog from land 

plants. This analogy revealed the presence of twenty-eight exons and twenty-seven introns, 

compared to 20 exons and 19 introns in the corresponding region of its homolog from maize 

and 19 exons and 18 introns in its homolog from Arabidopsis. The higher number of exons 

and introns in StKCBP was compensated by a fewer number of nucleotides per exons and 

introns (Table 6), where the longest exon is 237 nt compared to 567 nt in AtKCBP and the 

longest intron is 225 nt compared to 949 nt in ZmKCBP. SbKCBP exons size are ranged 

between 29 nt to 237 nt and the introns size are ranged from 45 nt and 225 nt.

Unlike exons and introns of KCBP in flowering plants where all introns are rich in A 

and T nucleotides (most have 60% AT or more with the higher percent of 76 in AtKCBP 

introns and 68 in AtKCBP exons), the SbKCBP exons and introns are rich in G and C 

nucleotides. Twenty-one of twenty-eight exons contains less than 40% AT with the lowest 

percent of 29.3 (exon 21). Although the SbKCBP introns have low AT content, the AT 

content of introns is slightly higher than the exons with the lowest percent of 32 (intron 16) 

and the highest percent of 54.8 (intron 14) (Table 6). All the predicted introns have the 

conserved GU and AG dinucleotides at their 5’ and 3’ ends, respectively, thereby conforming 

to the consensus GU-AG rule for 5’ and 3’ splice sites (White et al., 1992; Brown et al., 

1996).
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ACAGGATGTGATCCCCACATCGACTGGTCAAGACTGGGGTCAGACAAGCTCAGG 5 4 
CGCGCGCCGTCAAAAATGTTTAGGGNAGTGCAGAAGTACATGGGCATCGACGGA 108
TGGGGGCGGCGAGCAGCTGCCAGATGCCATGCTCGTGGAGGTGGCCGCGAAGCT 153

E V A  A  K h  6
CATGCATCAGGCCATCAAGCGGCCAGAGCTGCGGGATGAGCTGTACATGCAGg t  207

M H Q A I K R P E L R D E L Y M Q  23
g a t c g c c t g a c t g c a t g c a t t c c a c t t f c t t g a g c a g c t g a c t g a t g t t g t g g c a  2 6 1
g c a g a a c c t g c t t c g t g t g a g c g t c t t t g a t c g a c t a g c t t c a t t g t c a a t c g c  3 1 5
ggCTGCTGAAGCAGACGCGCGGCAGCACAGCGGGCCTACAGACAGTGCGCGCAT 3 69

L L K Q T R G S T A G L Q T V R A  40
GGCAGCTGTTCTATTTGCTGGCGTGCCTTGCACCGCCGGGAAGGGCGTTCGTGG 423
W Q L F Y L L A C I i A P P G R A F V  58
CCCTGGTGTGCGAGTATGTGCACTCAGCGGGGGCAACAGGGGCAATGGGCGCCC 477
A L V C E Y V H S A G A T  G A M G A  78
CTGGCGAGGCGCGCGACTGGGCCGCCAAGACCTGGGCTGCGCTGAAGCGCTCAA 531
P G E A R D W A A K T W A A L K R S  94
CAAAGTCTGGGCCGCGGCGCCAGgtgcgcagcgtggcaagcacagctgtgcagc 5 8 5
T K S G P R R Q  1 0 2
g a c a a c c a t c t g c c a a a g t c c a t t g t a g c t g t g c a t g c t t g c t g c a a g c c a t g g  6 3 9
c c t g g c t g c t g g a c c g c c a t g a g a c a t t g c c a c t g t a a c a c c g t c a c c c a t t g a  6 9 3
tcgtgcagCAACCCACAGCAGAGGAGATCGAGGCGCAGCTGAGCGGGCGGGCGC 7 4 7

Q P T A E E  I E A Q L S G R A  1 1 7
TGACAGCCGTGGTCTTCTTCCTGGACGAGACGTTCGAGGAGATTGCCTGGGACA 801
L T A V V F F L D E T F E E I A W D  1 3 5
TGTCCACCACTGTGGTGGACGCCAACATGCAGCTGGCAGGCCTCATCAAGCTCA 8 5 5
M S T T V V D A N  M Q E . A G L X K L  1 5 3
CCAACTACGAGACCTTCACCCTATTCGAATCCCGCAAGgtgagcgacgaagcca 9 0 9
T N Y E T F T L F E S R  K 1 6 6
g a c c g t a a a g c t g t g a a g c g g t a c a c a a a t c a t c a g a c a t c g c t c t g c t g t g c t  9 63
gcctfcagatacgctggcagtcgcgctgfcgcagGTGCCGGGCAAGGGCGAGGACG 1 0 1 7

V P G K G E D 1 7 3
GGCAGCCGGCAGGGCTTGTGGAGGAGACAGTCCTGCTGGACGACCACAGgtgcc 1071
G Q P A G L V E E T V E i L D D H R  1 9 0
a t c a g a c g t a g c c a t c c c t g g c t c a a g g a c t c g c a c a t g c t a g c t a c a c a t g a g  1125
t t g a c a c g t c c a t t c t c a c g a c g t t a a c g c t t a g c a g t g g c c g c t g a c c a g g a g  1179
acatgcgtgcagGTACATTGCAGATGTGTTGGCAGAGGGCCGGGTGGCACGGGA 1233

Y X A D V L A E G R V A R E  2 0 4
GGCGGCTGGCGGCGATGCGGCCCGGCTGCTGTTCAAGAAGCGCATGTTCCGCGA 12 87

A A G G D A A R L L F K K R M F  R E  2 2 2
GACGGACGAGGCCATCAGCGAGCCCATCTTCATCAGCCTATCCTTCGTGCAGGC 1341

T D E A I S E P I F I S L S F V Q A  2 4 0
G C A G C A C G A C T A C C T G G A G gtacatcctggtgcaactcgcacacatgctgcatc 13 9 5
Q H D Y L E 2 4 6
g c g c c c a t g t a a a a g t c t t t g t g a a c t t c a g c t c a t a c a a t g a c a c a c c g t g g a  1449
ctgtatgtactggcactgtagGGCAACTATCCGGTAGTCATGGAGGATGCTGCG 1503

G N Y P V V M E D A A  2 5 7
CAGATGGCGGCANTGCAGATCCACGCAGAGTTTGGGTCAACACTGCTGAACAAT 1557

Q M A A X Q X H A E F G S T L L N N  2 7 5
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GCAGAAGCAATGGAGGGTGCCATTGAGCGTTTTGTCACGAAGCAGg t g a  t  g a a g  1611  
A E A M E G A X E R F V T K Q  2 9 0

t g t g g c c g g t a n a c g g a a g g c t g c a t g c c g g t g c a n a t g c t t c t a g t g a n c a g c  1665  
g a c a c c tg tc a a a c n a a tg ta c c a tg a c a c tttg c a tg c a g G T G T T G A T G T C C C  1719

V  L M S 2 9 4
GGCCGAGAGAGGAATGGGTGCACAACATTGAGTCGCGCTATAAGGCACTAGAGA 1773  
R P R E E W V H N I E S R Y K A L E  3 1 2
ACTTCACACAGGAGGATGCTCGCCTTCAGTTCCTGCGCATTCTGCGTTCCCTGC 1827  
N F T Q E D A R L Q F L R I L R S L  3 3 0
C C T A C G g t g t g c a t g t a c t t g t g c c g g c c a a t n g c a t c t g g a a c a t n a t a c a t g  18 81 
P Y 3 3 2
c t g g a a g t t a c c c a c t g a c a t g g c n a a c t a t g c t c a a g t g c a a g t g t a c a c t t t  193 5 
cgcagGCAACTCTACATTCTTCTTCGTGAGGCGGATCGAGGACCCCATTGCACT 198 9 

G N S T F F F V R R I E D P I A L  3 4 9  
GCTGCCCAACAAGCTGATCCTGGGCATCAACAAGCGgtgcgcatgcc tg c a g a g  2043  

L P N K I i X Z i G X N K R  3 6 1
g g t g a a c a c t g g c a g a c g c a g c a g a a g c a a t c g t t t c t c g a a a t a g t g c t c t g c  2097  
c g g c tg a a a g tg c g tg c a g c a g tc a g c a g g tg tc a t tg tc a ta c a g G G G C G T G C  2151

G V 3 6 3
ACTTCTTCCGGCCGGTGCCCAAAGAGTACCTGCACTCGGCGGAGCTGCGCGACA 22 05 
H F F R P V P K E Y L H S A E L R D  3 8 1
TCATGCAGTTCGGTTCCAGCTCCTCTGCGGTCTTCTTCAAGATGCGCGTGGCTG 2259  
I M Q F G S  S S S A V F F K M R V A  3 9 9
GCGTGCTGCACGTCTTCCAGTTCGACACACGCCAGgtgctgcaccaggttcaga 2313  
G V L H V F  Q F D T R Q  4 1 1
t g a t t g g t t a c t a t t a a t g a t a g c g g c c c c a t g c t g t c t a g c g t t g a t g a c g t t  2367  
tca ta g ca a a ca g ca ca ctg a ca g g a tg g ccg cc tg tg ca g G G C G A G G A C A T C T  2421

G E D X 4 1 5
GCATGGCGCTGCAGACGCACATCAACGATATCATGATGAAGCGGCTGACGAAGG 2475  
C M A L Q T H I N D I M M K R I i T K  4 3 3
CCAAGGCCGCAATGGTGGCCGATGGCGGCGCCGGTGCAACAGCGTCGCAGGGCG 2 529  
A K A A M V A D G G A G A T A S  Q G  4 5 1
CCCTGGCAGCTGGCGGCGACGGCGGCTATGGCCCGCGCTATGAGgcgcatatca 2 583  
A L A A G G D G G Y G P R Y E  4 6 6
g c g a g a t g c a g g c c a a a c t g g a c a c t g c c a a c a a c a a g t a a g c a c g c t g c c a c g  2 637 
g c t g t g c a t a g t g c a g a a a c a t a t g a a c c t a c c a t c g c t t g a g a c c a g c g g g g c  2 691  
a t tg tg c c a a a a n g c c g c a g a tc g tg a a tg tc tc a a g c tc c c a g a a g G T G C A C C  2745

V H 4 6 8
TTCAAACTGTCGTTTGCCTCTGCAGGGTGGAGCAGCTGCAGGCATCGCTGACGG 2799  
L Q T V V C L C R V E Q L Q A S L T  4 8 6
CGCAGGCAGCTAAGCAGGCCAGCCTCGAGGAGCAGCTTGCAGAGGCCCAGGAGC 2 853  
A Q A A K Q A S L E E Q I i A E A Q E  5 0 4
GGCTTGCCATGGAGGACGGCAACAAGgtacat.ggtccctcgcat.tacttgacaa 2907  
R L A M E D G N K  5 1 3
t a t c t g c t g t t c a g c t c t g c a c a c a t g t c c c a a a t g t g t g g c g c t g t c a c c c c c  2961  
c a a a c ttc c a ccc tg cg g a tg a tg g c g tc c tg a a ta a ca g G C A T C A G A C C T G G A  3 015

A  S D L D 5 1 8
CCGGCTGGATCACTTGGCCAGCGACTGCGAGGCCCTGACCAAGGAGCTGATGGC 3 069
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R L D H L A S D C E A L T K E L M A  5 3 6
A G C A C g ta a tc g c c t tg c g a a g a g c g a g a a g g a c a a g c a tc a g g tg tg g a g a a c  3123  

A  5 3 7
t c a g a t c a g t g t c t a t t t c c t g c a g c g g g t t g a g g g c a a t a t a t g c c c a t t g c g  3177  
tg tc a c a c g tc a c tc tg ttg c a tg c tg a tg tg c g a ta tg a g C G C T T T T C T G C T G  323 1

A L F C W 5 4 2
GAATTCTGGGTGGCGCATGGTGTGCAGGCGGTCCAGATTGCAGTCACAGCAGCA 3 285  

N S G W R M V C R R S R I i Q S Q Q Q  5 6 0  
GTTGCAGAGGCTACGGCGCCGCCGCCGCCACCGCCAGAGCGCACCCGCGAGCTG 3 3 3 9 
L Q R L R R R R R H R Q S A P A S W  5 7 8
G A G G A C A A G A T C g tg g cg ctg a ccg ca g a g ctca a g g ctg cca a tg a ca a g tg c  3 3 93 
R T R S 5 8 2
g g t t g a a g g c c a c a a c a c g a t g t t t t c g c c a t g t g c c c a g g a g a t g g t c c c t g a  3 447  
t c a c g c a t t g g c a a c c a t g t g a c g g c a g c t g c t g c t g c a t a t a a a g a c a a a c c g  3 501  
a t g t a g g t a t c a g a t g a c a t c a t g c c t g a t g t g t t c a t t g c g t g g t c a a c a g G C  3 55 5

L 5 8 3
TGCGGGCACAGGAAGTGGCGGTGCGCGATGCCAAGCAGGAGGCGGAGCTGCTCC 3 609 

R A Q E V A V R D A K Q E A E L L  6 0 0
AGAGCAAGCTCACTCGGCAGGCCGCAGCACGCGAGGCAGAGGTGGCCAATGCCA 3 663  
Q S K L T R Q A A A R E A E V A N A  6 1 8
C C G C T G A G g ta c a t t c a a g c g t t tg c g c a tg t ta t t tg a g t tg c a c a c c g a g a a  3 717  
T A E 6 2 1
a t g t t g a t c g t t g a a t t g a g a t t c t g t g g c a t g t g t t g a c a c g g c a t g c a t n t g  3 771  
atgtgCgggaagcaatgccactagGTGTCCGCCATGCGGTCGGAGCTGAGGGAC 3 82 5

V S A M R S E L R D  6 3 1  
CAGCTGACGGCCAAGGACGGCCAGATCAACGGGCTGGTGCAGGAGCAGGCCCCC 3 879  

Q L T A K D G Q I N G L V Q E Q A P  6 4 9  
ATGCAGTCGCAGCTCAGCGAGGCACAGTCCCAGCTGCAGCAGgtgtgccctcat 3 93 3 
M Q S Q L S E A Q S Q L Q Q  6 6 3
a a c g c a t a g c a t a g t a t g c t c a a a c c a c g c t g t g c c g c c t g t c t c t g c a t t g a a  3 9 87 
g c g c t c c a t c a t c t g g c a g c t . c a g c a t g t c c a t . t a a g t .g c a c g c t c c c a t . t g t g  404 1  
t c t c a c c g g t a a c a t g t c a c a g t a a c c a a c a c a c c a g c a a t t a a t c t g g c g t a c  4 095  
tgcagTTCAAGGGTGACATCACGGAGCTGGAGGAGCTGCGGGAGCTGAAGGAGG 4149  

F K G D I  T E L E E L R E L K E  6 7 9
A C g tg a c g c g g c a g c a g c a g g c g c a g g c g a c g c tc a tc c a g tc a c a g G C A C G C G  42 03 
D A R 6 8 1
GTGTCGGCGGCAATATGCAACACATTGCCAAAGAGTCCgtaaaatgcaaatcgt 42 57 

G V G G N M Q H I A K E S  6 9 4
t g t c a a g a c g t g c a a a t c c c a g a c t g t a g c a a a t g c a g c g c t g a a c a t g g t a t g  4 3 1 1  
gtacattgtcgcagGCCAAGCGGCTGGATGAGCTGGACCGCCTGTATCGCGACG 43 65 

A K R L D E L D R L Y R D  7 0 7
AGGCGCTCGCCCGCAAGAAAACCCACAATGCCATGGAGGATCTCAAGgtgggct 4419  
E A L A R K K T H N A M  E D L K 7 2 3
g a c a c c a g t g c g c t g c g a c a c c c g c c c c t g g a t c a a c a g t g t c a c c a g c c t g c t  4473  
t c t t g a t c a g c a c t t g c a a c t t c c t t g c g g c c c g a g a t t g t g g g t c t t t a a g t g  4527  
g g a t a g g a g c a c c a a g g c t g c c a a c t g a a c a g g t a g t g c tg a t t g c tg c a g G G T  4 5 8 1

G 7 2 4
AAGATCAGGGTGTTCGCACGCATTCGGCCAATCATGGAGTTCGAGAAGGCCAAG 463 5
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K I R  V  F A R I  R P  I M E F E K A K  7 4 2
GGGCAGACAGCAGTGCTGAACGTGCCGGATGAGCTCACGATCACGCACCTGTGG 4689

G Q T A V L N V P D E L T I T H L W  7 6 0
AAGGGCGCGCCCCGCGAGTACAGCTTTGACACCGTCTTCTCACCCGAGGCCTCC 4743

K G A P R E Y S  F D T V F S  P E A S  7 7 8
C A G G A G C A G g tg a a c c g a tg c tt t fc c g g g c a a ta a ta g c a g c a g a tg c tg c g a g  47 9 7

Q E Q 7 8 1
a g a g g g t c g t a t g a a a g t a t a t g c c t g t g g c t g t c a g c t g t a t g a t a c c t g c t t  4 8 5 1
t  c  t c g g a c  tgcagGTGTTTGAGGACACAAAGCACCTGGTGCGCTCAGCGGTGGA 4905

V F E D  T K H L V R  S A V ' D  7 9 5
CGGCTACAATGTGTGCATCTTCGCGTACGGCCAGACCGGCTCAGgtgcgcac t c  49 59

G Y N V C I  F A Y G Q T G S  8 0 9
t g c c a t a c a a g c a a a c a c g g c a g c a a a g t c a t g c a t a c g t t g t a a t t g g c a g c c  5013
g g g c t a a g a c a g t g t g c c a a g a c c a t g c t g a a g a g t g c c g g t g c g c g c a c a g G C  50 67

G 8 1 0
AAGACACACACGATGGCGGGCAACCCCACGGCGCCTGGCCTGGCACCCCGCGGC 512 1

K T H T M A G N P T A P G L A P R G  8 2 8
G T A G A G G A G C T C T T C C G A G gtaacgacagcaaagacgtgctggtcatgagcatg 5175

V  E E L F R 8 3 4
c c a c c c a a c t g t g t g c c a a a t g c a t g t g a t g t a a c t g t g t t g c t g a g a t t c a c t  5229
gcgcagTCCTGAATGCGGACGCACGGAAGGCCAGCTTCTCGGTGTCAGCCTACA 52 83

V L i N A D A R K A S F S V  S A Y  8 5 0
TGCTGGAGCTGTACCAGGATGACCTGTGCGACCTGCTGCGGCCCGCTGACACCT 53 37
M Z j E L Y Q D D I i C D I i I i R P A D T  8 6 8

C C C G C A A G G G T G G C G A G gtgcgcaaaatgtgt.tagcagctgaatgt:t:gagtagc 53 91
S R K G G E 8 7 4
t t t g g c a g a t t g t g c c a t c g c t g a a g g t a c g t t g a c a t c t a t g t g g g g g t t c g a  5445
g g t c t a c c a g c g t g g c c a t t c g a c a t g c a g a t c g g c a c a t t a c a t a t g a g a c g c  5499
c t g c t g c g t g a t a t t c c a g a a a g c g c a a a g c c c t t t g c a t g t g a c c t t t g c t g c  55 53
agccggtcaagccgccaaagctggagATCAAGAAGGACGCCAAGGGCATGGTCA 5 607

I K K D A K G M V  8 8 3
CGGTGCCGGGCGCGACGGTGGTGGAGGTCACCTCCGGCAAGCAGCTGTGGGCTG 5 6 6 1
T V P  G A T V V E  V T  S G K Q  L W A V  9 0 2
TCATCGAGGCTGGGCAGAAGAACCGCCATGTGGCGGCCACCCAggtacctgcgc 5715

X E A G Q K N R H V A A T Q  9 1 6
c t g c a t g t a g c g g c t t g c c c t c t a c t g a c c c g t g c t c t g g t a g g g c c c g g c t c t  57 69
c t g t g g a a g c t c c t t t g t a g t g g a t c g g c t t a a c a t c c c g a t t t g a t a t g t t g c  5 823
agATGAACCGAGAGTCGAGCCGCAGCCACCTGATCGTGTCGATCATCGTCACGT 5 877

M N R E S S R S H L I V S I I V T  9 3 3
CCACAAACCTGCAGACACAGAATGTCACCCGCGGCAAGCTCAGCTTCGTGGATC 593 1
S T N L Q T Q N V T R G K L S  F V D 9 5 1
T T G C A G G C T C T G A G C G gtaggcatttgcat.a tagtttccacagaat.gat.a tgt.g  59 85
L A G S E R 9 5 7
t g c a a g a c c c a a c a g c a c t a a g g c g t g c t a g t g t c t t c c t c g g c g c t a a t c a c a  603 9
g a tg a g tg t t c c a g tg c a a c a a a g a c a g c tc t c tg c tg t tg c g g c a g G G T G A A G  6093

V  K 9 5 9
AAGAGTGGCAGTGCGGGGGAGCAGCTGAAGGAGGCGCAGGCCATCAACAAGTCG 6147

K S G S A G E Q I i K E A Q A X N K S  9 7 7
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CTCTCGGCGCTGGGCGACGTCATCGCCGCCCTTGCCGGCGACTCGgtgcgcatc
L S A L G D V I A A L A G D S

t g c a g a t a t c a c t g c c a t c t c g c c c a c t c a g c a t a c c t c c c g g a g t g g t t g c t g

c a g a a a c a t t g c g a g t a t c g t c a g a t c t g c a t t c a t g t c t g c g c t t g t a a a c c t

t t . c g t . t c a g g t t a c c a g c c c g c g t g t . t c t g c a c g g c t g c a g G C G C A C A T C C C G T
A  H I  P

ACCGCAACCACAAGCTCACGATGCTGATGAGCGACAGCCTGGGCGGGACCGCCA 
Y R N H K L T M L M S  D S L G G T A  
AGACGCTCATGTTTGTCAACGTGTCGCCCACCGACTCCAACCTGGATGAGACGC 
K T L M F V N V S P T D S N L D E T  
A G A C C T C G C T G C A G g tg cg a cca ca tccc tg ccg ccg ca tcg ca cg g ca g ctca  
Q T S L Q
c t g t g c a t t g a a c t t c c a g t g c a g a a a g a t g t g a c g c c t t g c t a t c t g c g c a c c
c g tg a c c g c a tg a a g tg g fc g c tc a tg t t :g g c g c c t .c a tg a c g c g tg c a g T A C G C

Y A
AACACGGGTGCKCflCCRTPAAr,aarnarCTCTrrrr;raATP;Ar,pTranraar.r.a

R N N
C p T rA T C A A G rT O C G C ;rA G C A G crt-c r1 -rr t-a t-rT rr< ---1 -1 -C T c-r^ fT l-1 -,= i < - :t - r i- r < - - ;^ l - r r r - a a

V I  K L R Q Q
t ’a g c a c c a t c g c a t g g c c g c c g c t c t c t g t t g c a a c c t a c t a c g t c g t t t g a g g
caatjacaatqactajatCTagCTatgcaaGTGGAGTACTGGAAAGAACAAGCCGG

V E Y W K E Q A G
CCTGTCGCCCGCTCAGCGTGCGGCTGTdGAGCTGOAGGTOCAACAGOGGTGGCT 

P | a  q r a a v e l q Q Q w
G T T T G G G C A G C A G A C C G T A T G T G C C T A C T T T G T C A C A A A T T A T G A G G C T G C C C A

F G Q Q T V C A Y F V T N Y E A A H
C G C A T G G TC C C A G TG G C G C A G TG G C C A A A G C C C TTC TG TG G TG G TG C A G G A TA T 

A W S Q W R S G Q S P S V V V Q D I  

C G A G G A A CA A CG G A G A G CC CCC A G C CC G G A CA CC CC G C CG CA G TA A G CTA TG CG  

E E Q R R A P S P D T P P Q 4  
CACG CAG CCTCGCCAACAGAATGCAGACACGTCATCTGCAGTCTTATTCGGTTT  
CAAATTGATAAGCAGCACAGCGGCACGGCTCACTGCAGGATGAAGCCTAGGATG  
GTTG CAA C C  CAA TA TCAAA TCA TCA C TA GAAA C  TA CCG GA T  TA TGA CA TTAAA. T  
GAA TA TA TAA TA TTAA TA T T T  A  T T T  A  G TA T T T A A  TGA TAA TA TG TGA TA TGAAA  
TCA TCA C TA  CA CCGAAGGAAAA TGTAA CAA TTG TG  TGGCACTTGGA CCTTGA CG 
AACCCCCGTGGTTAATGGACATTCCTGGTCAACAAGGAACAGCATGCTTCGAAA
t t t t n g c t g c c t c g t c n a a t c t t t g c c c g t g a a c t t t t g g n t t t c c t g c t t g c g

CTTGGTTGCCGGCCNCCGCTTCNACCGCGTTTTTCCNCCCCCCGGGTGCAAAGC

6201  
992 

6255  
6309  
6363  

996 
6417  
1014 
64 7 1  
1032 

6525  
1037 
6579  
6633  
1039 
6687  
1057 
6 7 4 1  
1064 

6795  
6849  
1073 

6903  
1091 
6957  
1109 

7 0 1 1  
1127 

7 0 6 5  
1141 

7 00 9  
7173  
7 22 7  
7 2 8 1  
7 3 3 5  
7 3 8 9  
7443  
7 4 9 7

Fig. 31 Nucleotide and deduced amino acid sequence of Stichococcus KCBP gene (SbKCBP).
Nucleotides sequence following the stop codon are shown in upper case letters and italic. Exons 
are shown in upper case and introns are presented in lower-case. The predicted amino acid 
sequence is shown under the nucleotide sequence in bold. The stop codon is indicated with a 
diamond. Numbers at right correspond to nucleotides and deduced amino acids (shown in bold). 
The three hyperconservative sequences characteristic to all kinesins like proteins as well as the 
amino acid residues (EDMKGKI) conserved in the neck region of KCBPs are underlined. The 
boxed region corresponds to the putative calmodulin-binding domain.
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Table (6): Length and AT content of exons and introns and splice site junctions in SbKCBP.

No

Exons Introns

Length
(bp)

AT
Ratio
(%)

Coded 
Region by 

Exons
Length

(bp)

AT
Ratio
m

Donor splice sites Acceptor splice sites

Exon Intron Intron | Exon

1 ND ND Talin-like region 112 50 CAG GTG ATC TCGCAG CTG
2 237 31.2 Talin-Iike region 147 42.2 CAG GTGCGC GTGCAG CAA
3 192 39.6 Talin-like region 102 44.1 AAG GTGAGC GTGCAG GTG
4 71 29.6 MyTH4 125 44 CAG GTGCCA GTGCAG GTA
5 169 35.5 MVTH4 110 51 GAG GTACAT CTGTAG GGC
6 132 45.5 MyTH4 104 46.1 CAG GTGATG ATGCAG GTG
7 127 44 MvTH4 107 50.5 ACG GTGTGC TCGCAG GCA
8 85 44.7 M_vTH4 118 45 GCG GTGCGC ATACAG GGG
9 151 37.1 MyTH4 114 49.1 CAG GTGCTG GTGCAG GGC
10 165 32.7 MvTH4 165 46.1 ATG GTGGCC CAGAAG GTG
11 141 36.2 Coiled-coil 122 47.5 AAG GTACAT TAACAG GCA
12 73 35.6 Coiled-coil 144 49.3 CAC GTAATC TATGAG CGC
13 133 34.6 Coiled-coil 202 47 ATC GTGGCG CAACAG GCT
14 118 30.5 Coiled-coil 124 54.8 GAG GTACAT CACTAG GTG
15 126 31.7 Coiled-coil 179 49.5 CAG GTGTGC CTGCAG TTC
16 51 39.2 Coiled-coil 45 32 GAC GTGACG TCACAG GCA
17 45 42.2 Coiled-coil 84 54.7 TCC GTAAAA TCGCAG GCC
18 29 37.9 Coiled-coil 166 42.7 AAG GTGGGC CTGCAG GGT
19 174 38.5 Motor domain 112 50 CAG GT G A AC CTGCAG GTG
20 85 40 Motor domain 116 44 CAG GTGCGC GCACAG GCA
21 75 29.33 Motor domain 95 49.5 GAG GTAACG GCGCAG TCC
22 119 35.3 Motor domain 225 47.5 GAG GTGCGC CTGGAG ATC
23 126 33.3 Motor domain 120 44.2 CAG GTACCT TTGCAG ATG
24 122 41.8 Motor domain 139 51.1 GCG GTAGGC CGGCAG GGT
25 106 32.1 Motor domain 158 45.6 TCG GTGCGC CTGCAG GCG
26 135 37.8 Motor domain 143 40.6 CAG GTGCGA GTGCAG TAC
27 81 40.7 CBD 114 48 CAG GTGTGT ATGCAG GTG
28 231 37.7 CBD -- — — —

• Splice junctions were predicted with NetPlantGene (http://genome.cbs.dtu.dk/nph- 
webface) and by comparing the SbKCBP gene with the coding sequence of 
Arabidopsis KCBP gene.

• The consensus sequences at 5’ and 3 ’ splice junctions are AG/GTAAGT and 
TGY(A/C)AG/GT, respectively Goodall et al., (1991). Nucleotides that are identical 
to consensus sequences are underlined.

• ND = not determined.
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Functional domains in SbKCBP

Secondary structure, probability of coiled-coil formation and domain organization 

based on the primary amino acid sequence is shown in Fig (32). KCBPs, like most KLPs 

have three distinct structural and functional domains: a globular tail, a coiled coil region, and 

a motor domain. In addition, KCBPs from land plants have CBD at the C-terminal and the 

N-terminal region with MyTH4 and talin-like region present in myosin Vila and X. Exons 

one, two, and three contained the available sequence of MyTH4 and exons 4 through 10 code 

for the talin-like region. Both MyTH4 and talin-like region are considered as tail domain of 

KCBP. The non-conserved coiled-coil region is encoded by exons 11 through 18. and the 

conserved motor domain is encoded by exons 19 through 25. The CBD characteristic for 

KCBPs and responsible for Ca27CaM regulation is encoded by the last two exons. The CBD 

of SbKCBP is interrupted by an intron while in AtKCBP and ZmKCBP it is encoded by the 

last exon suggesting intron deletion through the evolution of KCBP. Motor domain of 

SbKCBP contained all of the conserved motifs that are implicated in ATP-and MT-binding. 

Another domain that defines kinesin class specificity is the “neck” region: (10-14 amino acid 

stretch) that connects the catalytic core with the coiled-coil domain (Sablin et al., 1998). The 

neck sequence of SbKCBP (EDLKGKIR) is similar to that of KCBPs from land plants and to 

kinesin C from sea urchin and is slightly divergent from the neck of other C-terminal 

members (Saito et al., 1997) suggesting the distinct phylogeny of KCBPs among C- 

terminals. The coiled coil region (aa 443-718) approximately spans the same length as in 

AtKCBP, ZmKCBP, and PaKCBP (about 20% of the protein) and is quite different from 

coiled-coil region of kinesin C where it cover 70% of the protein.
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Fig. 32 Predicted secondary structural features of Stichococcus bacillaries KCBP 
(SbKCBP). (A) The secondary structure of ZmKCBP as predicted by Robson-Gamier 
and Chau-Fasman methods. Predicted ct-helices (HIx), (3-sheets (Sht) or (3-tums (Tm) are 
indicated by solid boxes. (B) Probability of formation alpha-helical coiled-coil (Lupus et 
al., 1991). The_y-axis indicates the probability of coiled-coil formation; thex-axis 
designates the amino acid position along the length of the polypeptide starting from the 
amino terminus. (C) Schematic diagram of predicted domains of SbKCBP. Color 
representation is as following: red = motor domain, blue = coiled-coil region, green = 
talin-like region, cyan = mvosin-tail homology4 (MyTH4), black = calmodulin-binding 
domain. All figures are drawn to scale.
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Southern blot analysis of StKCBP

To determine the approximate copy number of StKCBP, Southern blot analysis of 

Stichococcus genomic DNA was carried out (Fig 33) using a 2 kb PCR-amplified fragment 

corresponding to the motor domain and CBD of StKCBP as a probe. All the enzymes used 

in digestion have one hybridizing band with sizes ranging between 20 and 10 kb, indicating 

that StKCBP was coded by a single copy gene. Low-stringency washes did not yield any 

additional bands, suggesting that StKCBP does not cross-hybridize with other kinesin-like 

genes. Consistent with this. KCBP from other land plant species was found to be a single 

copy gene (Reddy et al., 1996a; Wang et al., 1996; Abdel-Ghany and Reddy, 2000).
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Fig. 33 Southern blot analysis of Stichococcus 
genomic DNA. Genomic DNA (10p.g) was digest­
ed with restriction enzymes {EcoRl, HindUI, Xhol), 
separated in an 0.8% agarose gel, b lo tted  and 
probed with 2 kb PCR-amplified genomic fragment 
that encodes m otor and ca lmodu l in -b ind ing  
domains. Size markers are shown at left in kb.
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IV. Cloning and characterization of KCBP from endosymbiont 

Glaucophyte, C y a n o p h o r a  p a r a d o x a

Part of this work has been published as “CpKLPl: A calmodulin-binding kinesin-Iike protein 
from Cyanophora paradoxa (Glaucophyta)”. Salah E. Abdel-Ghany, Paul Kugrens, and 
A.S.N. Reddy. J. of Phycology, (36): 686-692 (2000).

Cyanophora paradoxa, an unusual protist belonging to the Division Glaucophyta, is a 

colorless freshwater microflagellate whose cells contain cyanobacterial endosymbionts called 

cyanelles (Fig 34) (Kugrens, 2001). Cyanelles have characteristics of both cyanobacteria and 

true chlorplasts and they have been considered to be an evolutionary intermediate between an 

endosymbiont and a chloroplast (Kies and Kremer, 1986). Usually, there are either one or 

two cyanelles per cell (Kies, 1979), although there may be up to eight cyanelles in some 

instances (Hall and Claus, 1963). The cyanelles have a concentric arrangement of unstacked 

thylakoids (Hall and Claus, 1963) (Fig 34), chlorophyll “a" and phycobilosomes. Cyanelles 

are surrounded by a cell wall remnant that contains peptidoglycan components (Aitken and 

Stanier, 1979). Another species of Cyanophora, C. biloba. has been characterized recently 

from Colorado (Kugrens et at., 1999). There are some structural differences between the two 

species, both in the cyanelles and in the host cells (for review, see Kugrens et at., (1999).

For example the anterior fold of C. paradoxa is larger than that of C. biloba, both species 

have a ventral furrow, however, the ventral furrow of C. paradoxa is shallow compared to 

that of C. biloba which forms two lobes. Most of the time, the cyanelles of C. biloba have 

persistent deep constrictions that might represent incomplete cleavage furrow, while the 

constriction in cyanelles of C. paradoxa is a transient stage and observed during division 

(Meyer, 1997; Kugrens et al., 1999). Sequence data from plastid
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Fig. 34 Scanning (A) and transmission electron micrograph (B&C) of Cyanophora.
(A) A cell showing anterior folds that are touching and covering the insertion points of 
the anterior and posterior flagella. (B) Higher magnification of a sectioned cyanelle 
showing phycobilisomes. (C) Frontal section through the dorsal portion of the cell 
showing two constricted cyanelles with dense cell bodies and concentric thvlakoids 
(arrows directed to thylakoids). nucleus at the posterior end of the cyanelles, and the 
peripheral starch granules that located in the cortical cytoplasm. (AF) anterior flagellum, 
(PV) overlapping plate vesicles. (C) cyanelle. (S) starch granule, (N) nucleus. (NU). 
nucleolus. Scale bar = 1 um. (Adopted from Kugrens era/.. 1999).
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genes and retention of a bacterial cell wall by cyanelles support the hypothesis that 

glaucophytes represent the first branch of plastid evolution (Martin, 1998). Because o f  its 

unique position in evolution, C. paradoxa has been studied extensively, and considerable 

information regarding its structure, biochemistry, and molecular biology exists.

KCBP with its characteristic domains is believed to be a plant-specific KLP. To 

determine if KCBP is present in the m ost primitive' photosynthetic eukaryotes, we used PCR 

and genomic library screening to clone and characterize a KCBP ortholog from Cyanophora 

paradoxa.

Isolation of a cDNA encoding a K LP from C. paradoxa (CpKLPl)

The kinesin superfamily is defined by a motor domain that contains blocks of highly 

conserved amino acids. To isolate kinesin-related gene sequences from C. paradoxa, 

degenerate primers corresponding to two regions of conserved amino acid sequence within 

the motor domain were synthesized (Fig 35). These sequences are highly conserved in most 

KLPs from distantly-related organisms. Approximately 500 bp fragment was amplified from 

Cyanophora cDNA library prepared in pBluescript vector (Fig 36). The amplified product 

was cloned into pBluescript vector and  sequenced (Fig 37). The nucleotide sequence o f the 

amplified fragment and the predicted amino acid sequence is shown in Fig (37). Analysis of 

the deduced amino acid sequence using the Blastp search showed a strong sequence 

similarity to the motor domains of KLPs with the highest sequence similarity to KCBPs. It 

also contains an ATP-binding site and two other motifs (SSRSH and VDLFAGTS) that are 

highly conserved in the motor domain o f  KLPs (Endow and Hatsumi, 1991; Reddy et al., 

1996a; Wang et al., 1996; Rogers et al., 1999) (Fig 37). Although there are stretches o f 

amino acids that are highly conserved In all kinesin-like proteins, there are other amino acids
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(A)

ATP-binding site
I F A Y  G Q T G S G K T  
I F A Y G Q T G S G K T  
I F A Y G Q T G S G K T  
I F A Y G Q T G S G K T  
I F A Y G Q T G S G K T

>

Conserved motif in 
MT-binding site

AtKCBP 
KHPI 
K a r3  
Kata 
DmNcd

g
g
g

I g
E9

(B) Sense primer
BamHl I F A Y G Q 

5'-GCAGGATCC ATT TTT GCI TAT GCI CAA AC-3'
C C C G
A

Antisense primer
E S G A L D

EcoRl
5 -GCAGAATTC AAG IGA ICC IGC IAG ATC IA-3'

C CT A G

Fig. 35 (A) Alignment of ATP- and putative microtubuIe-(MT) binding sites 
from different KLPs. AtKCBP (Arabidopsis thaliana), K H PI(Chlamydomonas), 
Kar3 (Saccharomyces cerevisiae), Kata (Arabdopsis), DmNcd (Drodophila 
melanogaster). (B) Sequences of degenerate primers used to amplify CpKLPl motor 
domain. To reduce primer degenerecy, inosine (I) is used at some positions. Amino 
acids corresponding to nucleotide sequences are shown in bold. Restriction sites are 
shown underlined.
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cDNA libraries

M A. ZAP n pBluescript
bp

2072 —

L500 —
1200 —
1000 —
800 —

600 —
500 —
400—
300—

200 —

100—

Fig. 36 Agarose gei electrophoresis of PCR-amplified product obtained with 
degenerate primers to conserved regions in the KLPs motor domain. 1 X I CP 
pfu of Cyanophora cDNA library prepared in Lambda ZAP II and pBluescript 
(about 1 ng DNA) was used as templats. A 500 bp fragment amplified from 
pBluescript library was cloned and sequenced. PCR products were separated 
on 1% agarose gel. Arrow head indicates the PCR products. Size markers are 
shown to the left.

142

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ATATTTGCGTACGGGCAAACCGGCTCCGGCAAGACG TACACGATGACGGGCAGCGCGTCG 6 0 
I F A Y G Q T G S G K T  Y T M T G S A S  2 0

AACCCGGGCATCGCCCCGCGGGCCATGGCCGAGCTCTTCGCCATCTGCGAGCGCGACCGC 12 0 
N P G I A P R A M A E L F A I C E R D R  4 0

AAGAAGTTCACCTTCTCCGTC TCCTACATGCTCGAGCTCTACATGGACCAGCTCTGG 18 0 
K K F T F S V S S Y M L E L Y M D Q L W  6 0

GACGTCCTCGCGCCGCCCGCCCAGCGCGCGAATGCGCCGAAGTTGGAGGTGAAGAAGGAC 240 
D V L A P P A Q R A N A P K L E V K K D  8 0

GCGCGGGGGATGGTCTACGTCCCGGGCGTCACGACGGTCCAGGCGAACAGCCTCGCCGAT 3 0 0 
A R G M V Y V P G V T T V Q A N S L A D  1 0 0

CTGAAGGCGACCTTCGAGCAGGGCCTCGAGCAGCGGCACGTGGCCTCGACGCGGATGAAC 3 60 
L K A T F E Q G L E Q R H V A S T R M N  1 2 0

GCCGACTCTTCGCGGTCCCACCTCGTCTTCTCCGTCGTGATCGAGGCGACGAACCTGAAG 42 0 
A D S S R S H L V F S V V I E A T N L K  1 4 0

Fig. 37 Nucleotide and deduced amino acid sequence of CpKLPl PCR poduct. The amino 
acid sequence is presented below the nucleotide sequense (in bold). Numbers at right correspond 
to nucleotides and deduced amino acids (in bold). Conserved regions in the motor domain of 
KLPs are boxed.

ACGGGGGTGAAGACGGCCGGCAAGCTCTCCCTG 3TCGACCTCGCCGGCTCCGAGCGC 
T G V K T A G K L S L V D I j A G S E R

477
1 5 9
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that are conserved only among KCBP and CpKLPl (shown later in section V), suggesting 

that CpKLPl is related to this group of KLPs. Overall, CpKLPl shows higher sequence 

similarity to the motor domain of AtKCBP and kinesin-C from sea urchin (53.8 % and 48.7 

% respectively) compared to other C-terminal KLPs from other organisms. These results 

indicate that CpKLPl very likely belongs to the CaM-binding KLPs.

In phylogenetic analysis of CpKLP 1 with the motor domain of all KLPs using the 

PAUP (data shown later in section V). CpKLPl fell into the C-terminal subfamily indicating 

that it belongs to this subfamily of motors. It has been shown that the sequence 

characteristics of the motor region of C-terminal motors distinguish them from the N- 

terminal motors (Goodson et al., 1994). Within the C-terminal subfamily, CpKLPl fell into 

a distinct group of KLPs with a CaM-binding domain. This group of KLPs is characterized 

by a CaM-binding domain adjacent to the motor domain that is necessary for Ca27CaM 

regulation (Narasimhulu et al., 1997; Narasimhulu and Reddy, 1998). This analysis further 

confirms that the CpKLPl belongs to CaM-binding kinesins.

KCBP -A b cross-reacts with a specific protein in C. paradoxa crude extract

The available sequence does not allow us to conclude that CpKLPl is an ortho log of 

KCBP. To test for the presence of KCBP in Cyanophora, a protein blot from C. paradoxa 

with affinity-purified KCBP antibody to CBD of AtKCBP (Bowser and Reddy, 1997) was 

probed. The antibody has been shown to detect KCBP in several angiosperms (Bowser and 

Reddy, 1997; Smirnova et al., 1998; Vos et al., 2000). Other CBDs as well as KLPs other 

than KCBPs do not interact with this antibody. The KCBP antibody detected a specific band 

in Cyanophora protein extract (Fig 38). The molecular mass of the immunodetected band is 

estimated to be about 133 kDa by comparing the mobility of the immunoreactive band
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M lOp.1 20 ill 30 ill lOp.1 20 |il 30 |il

(A) (B)

Fig. 38 Immunodetection of KCBP in Cyanophora paradoxa. Crude 
protein was fractionated on 8% SDS-containing polyacrylamide gels and 
either stained with Coomassie stain (A) or blotted onto a nitrocellulose 
membrane and detected with affinity-purified KCBP-Ab (B). Arrowheads 
represen the detected bands. Molecular mass markers are shown ot left in 
kDa.
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with the Arabidopsis KCBP as well as known molecular mass markers. These results 

indicate that Cyanophora contains a polypeptide that cross-reacts with KCBP antibody. In 

maize, the estimated molecular mass of ZmKCBP is 137 kDa (Abdel-Ghany and Reddy, 

2000) and the estimated molecular mass of CBD-containing KLP from sea urchin (kinesin-C) 

is 181 kDa (Rogers et al., 1999). The KCBP antibody does not recognize other CBDs that 

are not related to KCBP (Bowser and Reddy, 1997). In C. paradoxa the size of the detected 

band (133 kDa) is close to the estimated molecular mass of KCBP from other plant systems. 

Biotinylated CaM and KCBP antibody detect the same protein in protein 

fractions bound to CaM-Sepharose

It is known that KCBP interaction with MTs is Ca27CaM-regulated (Narasimhulu and 

Reddy, 1998). KCBP binds CaM in presence of Ca2+ and is released in presence of Ca2+ 

chelators like EGTA. To determine binding of CpKLPl to CaM, Cyanophora crude extract 

supplemented with protease inhibitor cocktail was passed through a CaM-Sepharose column 

in presence of 2 mM CaCl2, and the protein bound to CaM was eluted with 2 mM EGTA.

The eluted fractions were either probed with bio-CaM (Fig 39A) or concentrated with 

Biomax 0.5 Ultrafree centrifuge filters and then probed with KCBP antibody (Fig 39B). In 

both cases, a specific polypeptide with a molecular mass of about 133 kDa was detected. 

These results collectively suggest the presence of a CaM-binding kinesin-like protein in C. 

paradoxa.

Gene structure of CpKLPl

Repeated screening of cDNA libraries with CpKLP 1 did not yield true positive 

signals. It is known that KCBP expression is cell cycle dependent (Bowser and Reddy, 1997; 

Vos et al., 2000), hence it is likely that full-length CpKLPl may be not represented in our
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Fig. 38 Purification of CpKLPl with CaM-Sepharose column. Protein from 
10 day old cells was run through CaM-sepharose column in the presence of 2 mM 
CaCL. After washing with binding buffer, the bound protein was eluted in the 
presence of 2 mM EGTA. Eluted fractions were either probed with biotinylated 
calmodulin (A) or concentrated and probed with KCBP antibody (B). Arrow 
heads indicate the detected bands. Molecular mass marker are shown at left in 
kDa.
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libraries. The other reason might be that CpKLPl has a high GC content (shown later). 

Because of this high GC-content, we obtained false positives, even at high stringent 

conditions (e.g. genes encoding proline-rich proteins ). For these reasons and our interest in 

studying the gene structure of Cyanophora KCBP, we constructed a genomic library from C. 

paradoxa in Lambda DASH II replacement vector. The genomic library was screened with 

PCR-amplified product,CpKLP 1. Nine putative positive clones were purified by three 

rounds of screening and the phage DNA was prepared. Restriction digestion with Notl and 

Southern blotting confirmed that all seven clones contain the insert (Fig 40).

The size of the bands that hybridized with CpKLPl range between 10 and 4.5 Kb. 

Restriction analysis digestion with single and double enzymes have indicated that the clone 

3/1 has the longest hybridizing insert. Digestion of this clone with EcoRl produced three 

bands of 6.0. 5.5, and 5.0 kb, of these the smallest one hybridized to CpKLPl (Fig 41).

These three fragments were cloned into pBluescript (Fig 42) and sequenced. The exons and 

introns sequence and the predicted amino acids of the motor domain and CBD are shown in 

Fig (43). Gene structure, including exons and introns length, percent of AT per exons and 

introns, and the splicing consensus sequences are shown in Table (7).

Analysis of the nucleotide sequence of the genomic clone with the nucleotide 

sequence of cDNA clone revealed the presence of 14 exons and 13 introns (Table 7) 

compared to 5 exons and 6 introns in the corresponding region of AtKCBP and ZmKCBP, 

respectively (Reddy et al., 1998). CBD domain of CpKLPl is interupted by the last intron 

although in AtKCBP is encoded by the last exon. Exons and introns vary greatly in their 

length, with the longest exon and intron being 117 and 240 nucleotides, respectively. In 

general most of the introns are shorter than their corresponding introns in AtKCBP. The
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N ot I  digestion

M 1/1 9/2 2/1 5/1 13/2 8/2 3/1 6/1 10/9 a.

2.3 —  
2.0 —

1/1 9/2 2/1 5/1 13/2 8/2 3/1 6/1 10/9 X

kb

23.1 —

9.4 —

6.5 —

2.3 —
2.0 —

Fig. 40 Restriction digestion and Southern blotting of C. paradoxa 
genomic clones. Phage DNA was isolated from nine genomic clones, 
digested with Notl, separated on 0.8% agarose gel, blotted and probed 
with CpKLPl. Seven clones with different insert sizes showed 
hybridization. Size markers are shown at left in kp.
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Stained gel Blotted gel

Fig. 41 Restriction mapping and Southern blotting of genomic clone, 3/1.
DNA from genomic clone 3/1 was digested with different restriction enzymes, 
separated on 0.8% agarose gel, blotted and probed with CpKLPl. EcoRl digestion 
released three fragmens of about 6.0, 5.5, and 5.0 kb. The smallest fragment (5.0 
kb) hybridized with the probe. DNA size markers are shown at left in kb.
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Lower F. Middle F. Upper F.

M E  E/S E  E /S E  E/S

kb

10.0 — 
8.0 —
6.0 —
5.0 —
4.0 —
3.0 — 
2.5 —

Vector
pBS

1.0 —

Fig. 42 Confirmation of 3/1 subclones. Three (lower, middle and upper) fag- 
mens produced from EcoRl digestion were subcloned into EcoRI site of pBlue­
script vector for sequencing. EcoRl (E), EcoRl/Sail (E/S) are the enzymes used 
for confirmation. The smallest fragment, 5.0 kb has internal Sail site which 
release about 400 bp. Arrow head represent the size of the linear pBS vetor. 
DNA size markers are shown at left in kt>.
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shortest exon (exon 7) encodes for 10 amino acid residues while the shortest intron is 67 

bases in length. Comparison o f the intron position in CpKLPl with the corresponding region 

in AtKCBP showed that all introns are not conserved in their position, suggesting intron 

insertion and deletion through the course of evolution. Not only the position and number of 

introns is not conserved between AtKCBP and CpKLPl but also the total length of introns 

per coding region is greatly different. The total length of introns in CpKLP I motor domain 

plus CBD is 1358 bp compared to that in AtKCBP which is 700 bp.

The GC content of both exons and introns is very high, with the highest percentage of 

82 and 89, respectively. All introns and 11 out of 13 exons have more than a 63 % GC ratio. 

Although we are in the era of genome sequencing we could not obtain the complete sequence 

of CpKLP 1. In several trials, the signals dropped suddenly because of long stretches of GCs. 

All introns have the consensus AG at the 3’ splice junction (acceptor site) and 10 of them 

have the consensus GT at the 5’ splice junction (donor site) and the other three have GC 

instead of GT, so all the introns follows GU/GC-AG rule for 5? and 3’ splicing sites.

The CpKLPl contains a 23 amino acid CaM-binding domain at the C-terminus end 

(aa 314-337). The CBD of CpKLPl shares 30%, 39% and 35% sequence identity with the 

CBDs of AtKCBP, ZmKCBP and Kinesin C from sea urchin. In spite of the low percentage 

of identity among these CBDs, all of them have conserved residues at conserved positions, 

and these residues are responsible for CaM interaction. The putative CaM-binding domain 

forms a basic amphiphilic structure where charged residues are segregated from hydrophobic 

residues. It will be interesting to get the sequence of the N terminal region of CpKLPl to 

determine whether it has myosin tail homology 4 and talin-like regions or not.
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R P 3 2
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TCT TCG 378
I F 6 1
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7 1
gee ctg 462
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teg get 546
tag aat 588
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CGC CCC 672
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CGA CCG 714
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cct ccg 798
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ccc cgc 882
tgg gga 924
AAG TTC 966
K F 1 0 2

ATG GAC 1008
M D 1 1 6
ttc tta 1050

1 1 7
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1 2 9
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A R 1 4 1
GGC GAA 1260
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G M V Y V P G V T T V Q A N 1 5 5
CAG CCT TGC CGA TCT GAA GGC GAC CTT CGA GCA GGg tac ccc 1302

S L A D L K A T F E Q 1 6 6
eta ccc ccc etc tee ccc cct etc cct ttt tct cct cac age 1344
ttc teg ggg acc ccg tea ctt acg ccg cgc cgc gcc gcc cgc 1386
agG CCT CGA GCA GCG GCA CGT GGC CTC GAC GCg tgc geg cct 1428

G L E Q R H V A S T 1 7 6
ttg att ccc gta ccc etc ctt cat teg ccc ccg ccc cgc cga 1470
ttt gcc ccc ccc ccc cag GGA TGA ACG CCG ACT CTT CGC GGT 1512

R M N A D S S R 1 8 4
CCC ACC TCG TCT TCT CCG TCG TGA TCG AGG CGA CGg ttc geg 1554
s H L V F S V V I E A T 1 9 6
cgc ccg cgc gga ccg tgc cgc gcc geg ccc geg cgc ctg agg 1596
ggc tcc cgc ccg etc gcc ccg ccc gee gca gAA CCT GAA GAC 1638

N L K T 2 0 0
GGG GGT GAA GAC GGC CGG CAA GCT CTC CCT GGT CGA CCT CGC 1680

G V K T A G K L S L V D L A 2 1 4
CGG CTC CGA GCG CGT CGC CAA GTC CGA GGC CTC GGG CGC CAC 1722

G S E R V A K S E A S G A T 2 2 8
TCT CAA Ggc gcc tcc cct etc tac ttc ttc tct ctt cct tct 1764

L K 2 3 0
tct tct ggt ctg agg cgc ccg cgc ccg ccc gca gGA GGC CCA 1806

E A Q 2 3 3
GTC GAT CAA CAA GTC CCT CTC CGC CCT CGG CGA TGT CAT CGC 1848

S I N K S L S A L G D V I A 2 4 7
CGC ACT gtg cgc cgt gat ggg atg gga gga ggc gca geg cgc 1890

A L 2 4 9
gag cgc tgg geg gtg ttg ggc cgc geg cgc etc acg cgc ccc 1932
cgc ccc gcc ccg ccc cgc ccc gca gCT CGA GCG GCG CCG ACT 1974

S S G A D 2 5 4
TCA TCC CGT ACC GCA ACC ACA AGA TCA CGg tac ccg tgc cgc 2016
F I P Y R N H K I T 2 6 4
cgt cgc egg tcc egg acc tct cgc ccg gtg ccg acg ccg ggg 2058
ggc gta cgc geg cag ATG CTG ATG CAG GAC TCG CTC GGC GGC 2100

M L M Q D S L G G 2 7 3
AAC GCG AAG ACC CTC ATG TTC GTC AAT GTC gtg cgt acc ctt 2142
N A K T L M F V N V 2 8 3

etc etc etc ccc etc ccc gtc etc etc cgc ccc ccc tcc ccc 2184
ate tta cgc ccc gee agT CGC CGA CGG ACT ACA ACG CGG ACG 2226

S P T D Y N A D 2 9 1
AGT CGG CGA ACA GCC TGC AGT ACG CGG CCC GCG TGA AGA CCA 2268
E S A N s L Q Y A A R V K T 3 0 5
TCA CGA ACA ACG CGA CCG TCG CCG TCG AGT CGA AGG AGA TCC 2310
I T N N A T V A V E S K E: i 3 1 9
AGC GCC TGg tac ccc CCC tcc tcc cct CCC ccc ccc ccc tag 2352
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Q R L 3 2 2aaa gaa gcc gcc egg ccg acg ccg gcc gca gAA GGG CAT TAT 2394
K G I I 3 2 6

CTC GGA GCT GCG GGG GCG CCT GGG GGA GGG CGC GGC GGC GCC 2436
S E L R G R L G E G A A A P 3 4 0

CTC CAG CGC CGC CTC GGG GCC GGC CGA GGA GGA CCC CGA CGA 2478
S S A A S G P A E E D P D E 354

GGG CTC TTA AGC TTG ATC ATG GCC GCT GTC TTC ATG ATC ATG 2520
G S ♦ 3 5 6

ATC ATA AGA ATT CGA TAT CAA GCT TAT CGA TAC CGT CGA CCT 2562
CGA GGG GGG GCC CGG TAC 2 5 8 0

Fig. 43 Nucleotide and deduced amino acid sequence of the motor and calmodulin- 
binding domains of Cyanophora paradoxa kinesin-like protein (CpKLPl). Exons are 
shown in upper-case letters and introns are presented in lower-case letters. The predicted 
amino acid sequence is shown under the nucleotide sequence. Stop codon is indicated with a 
diamond. The conserved regions in the motor domain of all KLPs are shown in bold. Amino 
acids corresponding to the CBD are underlined. Numbers at right correspond to nucleotides 
and deduced amino acids (in bold).
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Table (7): Length, AT content and splice site junctions of exons and introns in the motor 

domain of CpKLPl

Exons Introns

N o. Length
bp

AT
Content

%

Length
bp

AT
Content

%

5’ splice site juntion 3’ splice site junction

Exon Intron Intron Exon

l ND ND 164 32 GC GCCCAG TTTGAG GC

2 99 32 224 35 AC GTGCGC GGGCAG GT

3 89 29 240 28 AA GTGCGC CCGCAG GA

4 52 46 67 36 AG GCGCGC TCGCAG CT

5 38 18 67 31 CG GTCCGT GAACAG AA

6 112 36 93 29 GG GTACCC CCGCAG GC

7 30 23 70 29 GC GTGCGC CCCCAG GG

8 59 36 80 11 CG GTTCGC CCGCAG AA

9 102 30 69 35 AG GCGCCT CCGCAG GA

10 56 36 103 17 CT GTGCGC CCGCAG CT

11 46 37 70 19 CG GTACCC GCGCAG AT

12 57 42 71 27 TC GTGCGT CGCCAG TC

13 117 34 68 24 TG GTACCC CAGAAG GG

14 99 20 — — — — —

• The splice sites were predicted by using the Netplant gene, a program that predicts 
the splicing sites in plant genes and by comparing the cDNA sequence with the 
genomic DNA sequence.

• The consensus sequences at 5 ’ and 3' splice junctions are AG/GTAAGT and 
TGY(A/C)AG/GT respectively. Nucleotides that are identical to consensus 
sequences are underlined Goodall e ta l ., (1991). Conserved nucleotides in the 
consensus sequences are underlined.

• ND = not determined.
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CpKLPl is a single-copy gene

To determine the approximate copy number of CpKLPl, Southern blot analysis of C. 

paradoxa genomic DNA was carried out. One hybridization band was detected with 

different restriction enzymes (EcoR 1, HindUL, Kpnl. PstL Xhol) (Fig 44). Low stringency 

washes did not yield any additional bands, suggesting that the CpKLP 1 does not cross 

hybridize with other genes especially KLPs. In Arabidopsis, tobacco, maize, and other 

systems, KCBP was shown to be a single-copy gene that is expressed in all tissues and that 

does not hybridize with other KLPs (Reddy et al., 1996a; Wang et al., 1996; Abdel-Ghany 

and Reddy, 2000).
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Fig. 44 Southern blot analysis of C. paradoxa genomic DNA.
Genomic DNA (10 p.g) was digested with restriction enzymes (EcoRl, 
HindUl, Kpnl, Pstl, and XhoT), separated in an 0.8% agarose gel, blotted 
and probed with PCR-amplified CpKLPl. DNA size markers are shown 
at left in kb.
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V. Analysis ofKCBPs

Part of this work is included in a paper “Molecular evolution of a Ca2+/CaM-regulated MT 
motor protein from phylogenetically diverged eukaryotes". Salah E. Abdel-Ghany, Paul 
Kugrens, and A.S.N. Reddy. Molecular Biology and Evolution. (In preparation)

Evolutionary relationship among KCBPs and with other KLPs

So far seven KCBPs have been cloned and characterized from phylogenetically 

diverged photosynthetic eukaryotes. In addition, a CaM-binding KLP (kinesin C) was 

isolated from sea urchin. The amino acid sequence of the motor domains of KCBPs was 

analyzed using PAUP to determine the evolutionary relationships between KCBPs and other 

KLPs. Thirty-two C-terminal KLPs from different species and two representative members 

from each subfamily were used also with 8 CBD-containing KLPs (7 KCBPs plus kinesin C) 

in our analysis. The phylogenetic tree obtained is shown in Fig (45). KCBPs form a distinct 

group within the C-terminal subfamily including kinesin C from sea urchin, reflecting their 

distinct structural features among all C-terminal motors. The percents of similarity between 

the KCBPs’ motor domains and the motor domains of all known C-terminal KLPs were 

calculated using the Clustal method (Table 8). The percent of similarity among KCBPs is 

significantly higher than the percent of similarity with other C-terminal motors, where the 

sequence similarity of C-terminal KLPs to KCBPs does not exceed 43.6%. On the other 

hand, the percent similarity among KCBPs was higher, reaching the highest value (95.1%) 

between members of the same family (tobacco and potato) while the lowest value (52.1%) 

was between kinesin C and KCBPs from photosynthetic organisms. The percent of similarity 

decreased gradually with the logic theme of evolution, where the percent of similarity 

between spruce KCBP and those from angiosperms ranged between 75.9 and 80.4,
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Fig. 45 Evolutionary relationship of KCBPs motor domain with the motor domain 
of all known C-terminal KLPs and with the motor domain of other subfamilies. The
phylogenetic tree obtained using PAUP (version 4.02b2) heuristic search method with 
tree bisection-reconnection (TBR) branch swapping. ScSMYl (Saccharomyces 
cerevisiae), a highly divergent KLP, was used outgroup. Numbers represent che 
bootstrap values. Supporting values more than 50% are considered. Members of each 
subfamily are color-coded. CaM-binding KLPs form a distinct group within the C- 
terminal subfamily and are shown in red. At9C5.240 and ScKIP3 belong to KIP3 
subfamily. HsKIF4 and MmKIF4 (KIF4 subfamily), AtMGL6.9 and MmKIF2 (KIF2 
subfamily). HsCMKRP and MmKIFA (Unl04/KIF1 subfamily). AnBimC and 
AtKRP125a (BimC subfamily), AtMAA21.110 and HsKHC (kinesin heavy chain, KHC, 
subfamily), HsMKLPl and AtF28P10.150 (MKLP1 subfamily), SpKIN95 and Xlklp3 
(KRP85/95 subfamily), Xlklp2 and HsCENPE (ungrouped KLPs). All other KLPs 
belong to C-terminal subfamily. Note that CrKLPl belongs to C-terminal KLP 
subfamily, however it was grouped with the ungrouped KLP. Dash line represents the 
outgroup branch.
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Table (8): Percent of similarity in the motor domain of CaM-binding KLPs 
and other C-terminal KLPs using Clustal method.

AtKCBP NtKCBP StKCBPP ZmKCBP PaKCBP SbKCBP CpKLPl SpKinC
AnKLPA 37.3 37 36.7 35.1 38.6 39.3 35.5 36
At4g05190 36.7 38.2 37.7 36.6 39.2 40.2 37.1 37.2
AtF12B17.180 32.5 33.1 33.4 32.2 33.1 31.6 29.1 30.3
AtF14P13.9 40.3 39.7 40 36.7 40 42.3 38.3 40
AtF24D7.17 38.7 37.6 37.8 36.3 39 39.6 37.4 37.8
AtF25P22.28 37.7 37 37.7 35.7 38 40.5 37.7 3.5
AtK1013.ll 38.9 38.6 38.6 37.4 39.6 41.1 36.1 38.9
AtKATA 36.4 37.6 37.3 36 38.6 41.1 36.7 38.7
AtKATB 38.6 39.1 39.5 38.4 39.8 42.3 37.7 38.1
AtKATC 38.6 39.1 39.2 37.2 40.1 41.1 37.1 38.7
AtKATD 39.8 41 40.4 38.7 41 42.3 38.7 41.4
AtMNA5.20 32.8 34.1 34.7 32.8 34.4 32.8 30.3 32.5
AtT12M4.14 40.5 38.8 38.8 37.5 39.2 42.4 35 38.5
AtT30B22.20 38.9 38.6 38.6 37.7 39.9 40.8 36.4 41.1
AtT32N15.10 39 37.7 38.7 36.4 37.7 42.2 35.8 39
AtT5A14.3 38.3 37.6 37.7 36.5 38.6 37.1 34.8 38.3
AtT9I22.5 36.7 36.7 37 37 38 40.9 32.5 36.7
AtT9N14.6 43.4 43.4 43.4 41.4 41.3 45 40.9 41.1
CeKLP 35.9 38.9 35.6 34.6 36.9 39.9 35 35
CgCH02 36.4 34.9 36.4 36.9 36.1 33.5 32.9 34.5
DmNCD 35.5 35.5 35.8 33.6 34.9 35 29.1 35.1
HsCH02 37 35.5 36.7 36.9 36.7 34.7 33.9 33.9
HsKIFC3 42 40.4 39.7 40.4 38.8 34.6 40.7 39.1
MmKIFCl 39.4 39.1 39.4 40.3 38.8 38.8 34.2 37.8
MmKIFC2 32.9 33.9 33.5 32.9 31.9 36.1 30.4 32.9
MsFKIF2 41.4 42.7 42.1 41.4 42.4 43.6 40.6 40.8
ScKAR3 33.7 34.9 37.3 34.8 36.1 32 32.3 34.5
SpoKLP2 34 35.5 33.7 34.8 33.1 36 31.3 34.8
SpoPKLl 37 36.1 35.8 36.6 36.1 34.7 34.2 37.5
XICTK1 39.8 38.5 40.1 39 40.4 39.3 37.7 36.3
X1CTK2 38.9 38.5 38.6 37.8 37.3 38.7 37.1 35.4
AtKCBP
NtKCBP
StKCBPP
ZmKCBP
PaKCBP
SbKCBP
CpKLPl

78.9 81.9
9 i l

79.5
78.3
79.8

75.9
78

80.4
75

61.3
61.2
61.9 
62.8
61.9

55.3
53.4
54.3
53.4
53.4 
54.6

51.5 
521
54.5
52.3
56.3 
53.2 
52.1

SpKinC
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whereas the percent of similarity between green alga KCBP (SbKCBP) and land plants 

KCBPs ranged between 61.2 and 62.8. For the most primitive endosymbiotic Cyanophora 

paradoxa KCBP (CpKLPl), the percent of similarity ranged between 53.4 and 55.3. These 

results indicate that KCBP diverged from the motor protein ancestor that gave the C- 

terminal, N-terminal or internal KLPs, and it most likely does not evolve later from a C- 

terminal member by adding domains to its terminals.

To study the phytogeny and evolution of CaM-binding KLPs, phylogenetic trees 

using either the entire protein, the conserved motor domain or the non conserved coiled-coil 

region were constmcted using PAUP (v. 4.0b2). Despite the significant differences in the 

level of conservation in these domains among KCBPs, similar phylogenetic trees were 

obtained in all cases (Fig 46). These results indicate that all KCBP domains are class 

specific. In these trees KCBPs from photosynthetic eukaryotes grouped in a separate clade 

from kinesin C. Grouping of kinesin C with KCBPs in a distinct group within the C-terminal 

subfamily and its separation in a distinct clade in the CBD-containing KLPs tree suggests the 

presence of a KCBPs ancestor protein before the divergence of plants and animals. In this 

clade KCBP from Cyanophora paradoxa (CpKLPl) is the ancestor protein and from it the 

algal KCBP (SbKCBP) diverged, which in turn evolved into land plants KCBPs. In land 

plants, spruce KCBP diverged into angiosperms KCBPs. In flowering plants KCBPs, 

StKCBP and NtKCBP are very close and they are closer to AtKCBP than to ZmKCBP. 

Functional domains in KCBPs

The protein sequence of KCBPs from seven phylogenetically diverged species was 

aligned with the kinesin C using Meglign, and the residues that are similar in at least three 

proteins were shaded (Fig 47). Also the structural features based on the primary sequence
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—  St KCBP
—  NtKCBP 
 AtKCBP
—  ZmKCBP
— PaKCBP 
SbKCBP 
 CpKLPl
— SpKin C

Fig. 46 Phylogenetic tree of calmodulin-binding KLPs (KCBPs and kinesin C) 
using either the whole available protein, the motor domain, CBD, or the non­
conserved coiled-coil region. AtKCBP (Arabidopsis thaliana), StKCBP (Solatium 
tuberosum), NtKCBP (Nicotiana tabacum), ZmKCBP (Zea mays), PaKCBP (Picea 
abies), SbKCBP (Stichococcus bacillaris), SpKinC (Strongylocentrotus purpuratus) 
and CpKLPl (Cyanophora paradoxa). In case of CpKLPl, we constructed tree using 
only the motor domain or the CBD. Similar trees were obtained in all cases. Proteins 
are aligned using the Clustal method.
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were shown in Fig (48). Although the structural features of KCBPs are conserved, the level 

of conservation is variable with the highest level of conservation in the motor domain (Table 

8). Motor domains of all characterized KCBPs are highly conserved and contain the 

conserved ATP-binding consensus sequence as well as four highly conserved motifs that are 

implicated in MT binding (Fig 47). The twenty-three amino acids CBD at the C-terminus of 

KCBPs are less conserved with the least conservation in CpKLPl. The percentage of 

similarity ranged from 18.2 to 39 with the CBD of KCBPs from green algae and land plants 

(Table 9). Although there is less conservation in the CBDs, all tested KCBPs were detected 

with affinity-purified antibody to the CBD of AtKCBP. All tested KCBPs were found to 

bind CaM in the presence of Ca2+ and failed to bind in the presence of EGTA indicating that 

they are Ca27CaM-regulated. The coiled-coil region is the least conserved part (Table 10).

In all KCBPs that have been characterized from photosynthetic organisms, the coiled-coil 

region spans about 20% of the protein size compared to kinesin C, where it spans about 70% 

of the protein and also is highly variable with the percent of similarity to coiled-coil of 

KCBPs ranging between 12.2 and 15.1.

Another domain that defines kinesin class specificity is the “neck” region, a 

approximately 45 amino acid residue segment that emerges from the catalytic core of the 

motor domain (Vale and Fletterick., 1997). C-terminal kinesins as a group share a short 

conserved sequence (ELKGNI) in their neck region (Saito et al„ 1997). In all KCBPs this 

sequence displays a slight divergence and they have their conserved sequence 

(EDMKGLIRV) confirming that they form a distinct group within C-terminal subfamily.

The N-terminal region of all KCBPs for which sequences are available showed significant 

sequence similarity to MyTH4 and talin-like region present in myosin IlVa and X. These
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Fig. 47 Alignment of KCBP. The available protein sequences of eight CaM-binding KLPs 
from phylogenetically divergent species were aligned using Megalign program. In the case of 
CpKLPl and SpKin C, only the motor domain and the CBD are used in comparison. In the case 
of PaKCBP, the motor domain, the coiled-coil region and the CBD are used in comparison. 
Identical residues in more than three proteins were shaded. Gaps in the alignment are denoted 
by dashes. The four highly conserved regions in the motor domain of all KLPs and in the neck 
region of KCBPs are boxed. Numbers at left represent the amino acid residues. The names of 
the corresponding proteins were shown at the right: AtKCBP (Arabidopsis thaliana), StKCBP 
(Solatium tuberosum), NtKCBP (Nicotiana tabacum), ZmKCBP (Zea mays), PaKCBP (Picea 
abies), SbKCBP (Stichococcus bacillaries), CpKLPl (Cyanophora paradoxa )and , SpKin C 
(Strongylocentrotus puapuratus).
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Table (9): Percent of similarity in the calmodulin-binding domain 
(23 aa residues)of CaM-binding KLPs using Clustal method.

AtKCBP NtKCBP StKCBPP ZmKCBP PaKCBP SbKCBP CpKLPl SpKinC

AtKCBP

NtKCBP

StKCBPP

ZmKCBP

PaKCBP

SbKCBP

CpKLPl

SpKinC

69.6 30.4 30.4
95.7 65.2 78.3 54.5 34.8 30.4

65.2 54.5 30.4

30.4 34.8
18.2 22.7

Table (10): Percent of similarity in the coiled-coil region of CaM-binding 
KLPs using Clustal method.

AtKCBP NtKCBP StKCBPP ZmKCBP PaKCBP SbKCBP SpKinC

66 .2 55.5
67.2 36.4 35.5 12 .6

66.7
33.4 12.4

NtKCBP

StKCBPP

ZmKCBP

PaKCBP

SbKCBP

SpKinC
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AtKCBP
(A rabidopsis thaliana)

NtKCBP
(Nicoticma tabacum )

StKCBP
(Solanum tuberosum)

ZmKCBP
(Zea m ays)

1 70 348 730

PaKCBP
(P icea abies)

SbKCBP
(Stichococcus bacillaris)

443 718 1142

CpKLPl
(Cyanophora paradoxa)

365

1 108 1251 1621

SpKinC
(Strongylocentrotus purpuratus) 100 aa

Motor domain CZU Neck linker |

Coiled-coil region Talin-like region |

Upstream region Q  Region between CBD and stop codon

Mysoin tail homology 4  (MyTH4) 
Calmodulin-binding domain (CBD)

Fig. 48 Domain organization of CaM-binding KLPs from eight phylogenetically diver­
gent species. Different domains are color-coded. Numbers represents the amino acid 
residues. PaKCBP, SbKCBP, and CpKLPl are partial and lack the N-terminal region. All 
KLPs were aligned at the end of the CBD for domain length comparison.
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domains have not been found in any other KLP including kinesin C, suggesting a functional 

significance of these regions (Reddy and Reddy, 1999). It will be interesting to see if 

CpKLPl has these domains. However, based on the available sequence, it most likely 

contains these domains, and these domains might have co-evolved with the evolution of 

KCBP if they were not present in the KCBP ancestor.

KCBPs gene structure

To determine the conservation of the KCBP gene structure (number and length of 

exons and introns), the genomic sequence of four KCBPs from four phylogenetically 

diverged species was compared (Fig 49). KCBPs from lower organisms (Cyanophora and 

Stichococcus) are characterized by large number of shorter exons and introns per kb 

compared to angiosperm KCBPs. For example, the well defined motor domain of CpKLPl, 

SbKCBP, ZmKCBP, and AtKCBP has 13, 9, 5, and 5 introns respectively. The extra number 

of introns reflected the length of the genomic sequence, where about 1100 bp coding 

sequence of motor domain of AtKCBP and CpKLPl is equivalent to 1800 and 2490 bp 

genomic sequence respectively. Also the GC content of exons and introns of KCBPs from 

lower eukaryotes is much higher than those in angiosperms KCBPs are (Discussed 

previously).

To study the conservation of intron position in KCBPs, the introns location in four 

KCBPs was determined (Fig 50). Although the intron position is highly conserved in the 

KCBP of flowering plants, it is highly divergent in the KCBPs of lower eukaryotes. No 

single intron position was found to be conserved in all KCBPs. Only the last intron in 

flowering plants and the one before the last one in Stichococcus are perfectly conserved,
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Fig. 49 S tructural organization og KCBPs gene from four pliylogenctically divergent species. Shaded boxes correspond to introns, and 
open boxes correspond to exons. Missing N-terminal region of unknown length is shown by hatches. Begining of the notor domains was 
shown by arrows. Numbers at the begining (left) correspond to the sequences at the start codon (in case of AtKCBP and ZmKCBP) or the 
begining of the available sequence (in case of SbKCBP and CpKLPl). Numbers at the end (right) indicate the location of the stop codon. 
All structural domains, except the missing sequences are drawn to scale,
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AlKCBP
(A rabidopsis lhaliana)
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(Zea mays))
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Fig. 50 S chem atic  re p re se n ta tio n  o f the  gene s tru c tu re  o f K C B P s from  p liy logenctically  d iv e rg e n t species. The position of 
introns is shown by the triangles. The num ber at the begining (left) correspond to the starting am ino acid (M ) (in case of A tKCBP 
and Zm KCBP) or the begining of the available sequence (in case o f SbK CBP and C p K L P l). The num bers at the end (right) corre­
spond to the stop codon. The KCBPs were aligned, approxim ately at a conserved am ino acid residue in the CBD  (represented by 
vertical line). All rersidues are drawn to seal.



although it is not conserved in the Cyanophora, suggesting the continuous intron addition, 

deletion and rearrangement. CBD in flowering plants KCBPs is encoded by the last exon 

although it is interrupted by an intron in both Stichococcus and Cyanophora KCBPs.
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INTRODUCTION

Unlike animal cells, plant cells are constrained within a rigid cell wall and are unable 

to change shape rapidly or migrate in response to environmental factors. Instead they 

respond by changing their direction o f growth which is believed to be by the orientation of 

cellulose microfibrils in the cell wall (Kropf et a i, 1998). In plants, there are two different 

modes of cell expansion, namely diffuse growth and tip growth. The direction of diffuse 

growth is determined by the orientation of the cellulose microfibrils in the cell wall, which 

are aligned by MTs in the cell cortex. Tip growth, in contrast, is governed mainly by F-actin. 

Root hairs, pollen tube, and trichomes are three model systems that have been used 

extensively for the study of morphogenesis at the cellular level. Root hairs and pollen tubes 

grow predominantly at the tip into simple, tubular, and relatively uncomplicated structures. 

On the other hand, the trichomes in Arabidopsis progresses through a complex series of 

events before achieving their final stellate shape (Hulskamp and Schnittger, 1998).

Trichome morphogenesis

In Arabidopsis, trichomes are unicellular hairs that originate from epidermal cells, 

they up to 500 pm long and 50 pm wide at their base, and they contain sixteen times more 

DNA than diploid cells. Trichome development has been divided into a number of stages. 

These stages include the spatial selection and initiation of a trichome precursor cell (stages 1, 

2), its growth into a tubular form (stage 3), followed by a fourth round of endoreduplication 

and splitting of the tube into a branched structure (stages 4, 5), extension of the branches and 

their proper orientation with regard to the proximodistal axis of the leaf blade (stage 6), and 

maturation of the trichome (stage 7) (Huelskamp etal., 1999). It is therefore not surprising 

that at least 40 genes have been implicated in trichome morphogenesis (Huelskamp et al.,
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1999). A large collection of Arabidopsis mutants affecting different aspects of trichome 

morphogenesis have been generated (Marks, 1977; Huelskamp et al., 1994). These genes 

can be grouped into four classes on the basis of their phenotypes: (i) trichome differentiation 

mutants, which have a reduced size and not fully developed trichomes (Huelskamp et al., 

1994); (ii) endoreduplication mutants show a reduced or increased DNA content, and the 

mutant trichomes are smaller or larger and exhibit fewer or more branches, respectively 

(Huelskamp e ta l., 1994; Oppenheimer, 1998; Perazza et al., 1999); (iii) branching mutants 

which exhibit fewer or more trichome branches (Folkers et al., 1997; Luo and Oppenheimer, 

1999); (iv) the directionality of extension growth is impaired in mutants of the distorted (dis) 

group (Huelskamp etal., 1994).

Trichome branching is a complex process and so far eighteen genes have been 

reported to be involved in trichome branching. In wild-type plants, the leaf trichome 

undergoes two consecutive branching events, primary and secondary branching. Primary 

branching produces two qualitatively different stems, a main stem and side stem with an 

angle of 119 degrees between them. The main stem is pointed toward the distal end of the 

leaf and undergoes secondary branching. Secondary branching is initiated in a plane 

perpendicular to the primary branch plane. Secondary branches exhibit an angle of about 83 

degrees. Branching mutants can be distinguished into two classes. In one class of mutants, 

the number of endoreduplication cycles and consequently the DNA content, cell size and 

branching pattern are affected. This is suggested by two lines of evidence. First, trichome 

mutants with increased DNA levels such as triptychon (try), kaktus (kak), rastafori (rfi), 

polychome (pym) and spindly (spy) form up to eight branches, whereas trichomes with 

reduced DNA content such as glabra3 (gl3) exhibit only one branch point and in some cases
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no branching (Huelskamp et al., 1994; Perazza et al., 1999). A second line of evidence came 

from the tetraploid Arabidopsis, where trichomes have a DNA content of 64 C and up to 

eight branches. On the other hand, when DNA replication is inhibited by aphidicolin, the 

DNA levels in trichomes are drastically reduced and trichomes form fewer branches (Schwab 

et al., 2000). In the second class of mutants, trichome branch number is altered, but 

endoreduplication is not changed. Twelve such mutants have been identified. One gene, 

NOECK (NOK) is a negative regulator and nok has up to seven branches (Folkers et al., 

1997). Eight genes, STACHEL (STE), ANGUSTIFOLIA (AN), STHICHEL (STD, FURCA1 

(FRC1), FRC2, FRC3, FRC4, and ZWICHEL (ZWD are positive regulators of branching 

(Folkers et al., 1997; Luo and Oppenheimer, 1999). Among the genes implicated in trichome 

morphogenesis, only three, AN, FRC4 and ZWI, seem to be controlled by the negative branch 

regulator, NOK.

In zwi mutants, the branching pattern ranges from unbranched trichome (RLD zwi 

9311-11) to trichomes with two stems of equal length (zwi). Genetic analysis shows that 

branching and growth defects in zwi mutants are not restricted to the main stem but also 

affect the side stem (Folkers et al., 1997). This is suggested by zwi try and zwi nok double 

mutants. Whereas try and nok mutants frequently initiate additional secondary branch points 

on the side stem, no additional branch points are initiated on either stem in both double 

mutants. Instead the main stem was found to be twisted (Folkers et al., 1997). Cloning of 

the ZWICHEL gene has revealed that it is a MT motor protein that was previously identified 

as a CaM-binding kinesin (KCBP) (Reddy et al., 1996b; Oppenheimer etal., 1997). It is, 

therefore, assumed that this motor protein is involved in either the transport of important
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intracellular components and/or in the reorganization of MTs prior to branch initiation 

(Oppenheimer et al., 1997).

Three suppressors of the zyvichel (jzyvi) mutant named suzJ, suz2 and suz3, were 

identified that recovered the branching defect in zwi-3 (Krishnakumar and Oppenheimer, 

1999). While suzl and suz2 display no obvious trichome phenotype in the absence of zyvi-3, 

suz2 exhibits more branches than wild-type. Suz2 can also rescue fr c l ,  providing a genetic 

evidence for a functional link between ZW7 and FRCL zyvi-3 suzl double mutant, although 

single mutants of zyvi-3 and suzl are fertile, the double mutant exhibits a synthetic pollen 

tube growth phenotype suggesting a general and redundant role for ZW I in pollen tube 

growth (Krishnakumar and Oppenheimer, 1999).

Calcium and trichome morphogenesis

Cytoplasmic free Ca2+ ([Ca2+] cyt) plays a key role as a second messenger in many 

normal growth and developmental processes (Poovaiah and Reddy, 1987; Porter et al., 1993; 

Reddy, 2001). In the resting state, the concentration of Ca2+ in the cytoplasm of plant cells is 

maintained low in the nanomolar range (100-200 nM), while Ca2+ concentration in the cell 

wall and in organelles is in the millimolar range (Reddy, 2001). In response to signals, [Ca2+] 

cyt is elevated and this could be due to influx of Ca2+ from the apoplast and/or Ca2+ release 

from intracellular stores (ER, vacuoles, mitochondria, chloroplasts, and nucleus). Based on 

the type of signal or cell type internal and/or external Ca2+ stores could be involved in raising 

[Ca2+] cyl through Ca2+ channels, Ca2+ ATPases or antiporters. Increase in [Ca2+] cyt is transient 

and once Ca2+ is sensed by Ca2+ sensors, it returns to the resting level through efflux into the 

cell exterior and/or sequestration into cellular organelles. A large number of Ca2+ sensors 

(Ca2+-binding proteins) have been characterized in plants (for review, see (Reddy, 2001).
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Binding of Ca2+ to Ca2+-sensor protein results in a conformational change in the Ca2+ sensor, 

which, in turn, modulates the activity of the sensor or its ability to interact with other target 

proteins to modulate their functions/activities.

CaM, a Ca2+-binding protein with four Ca2+-binding EF-hands, is considered to be the 

primary intracellular Ca2+ sensor in all eukaryotes (Poovaiah et al., 1996). In most cases, the 

activated CaM (Ca2+-bound CaM) interacts with its target proteins to turn the activity on 

(positive regulator) or off (negative regulator). However, in some cases CaM can interact 

with its target proteins in the absence of Ca2+ (Rhoads and Friedberg, 1997). Myosins, a 

superfamily of actin-based motors that perform a broad array of cellular functions, bind CaM 

in the absence of Ca2+ (Mermall etal., 1998). In plants, Ca27CaM is involved in stabilizing 

cortical MTs at low Ca2+ concentration and destabilizing the same at higher Ca2+ 

concentrations (Cyr, 1991; Fisher et al., 1996). Two CBDs that show different sensitivities 

to Ca2+ are implicated in evoking these two opposing effects of CaM on cortical MTs. A 

pollen specific CBD from maize, MPCBP, has been cloned and shown to bind CaM in a 

Ca2+-dependent manner (Safadi et al., 2000). KCBP, a CaM-binding MT motor protein, has 

been cloned and characterized from various photosynthetic species (Reddy et al., 1996a; 

Wang et al., 1996; Abdel-Ghany et al., 2000; Abdel-Ghany and Reddy, 2000). The activity 

of the KCBP is regulated by Ca2+/CaM. Mutants of KCBP (zwi) have unbranched trichomes 

or trichomes with a primary branch point only (Oppenheimer et al., 1997). Because the 

motor domain of KCBP, which is regulated by Ca27CaM, is essential for trichome 

branching, it is likely that Ca2+ through CaM regulates trichome branching (Reddy, 2000). 

Ca2+, through CaM, inhibits the KCBP motility, MT-dependent ATPase activity and 

dissociates KCBP/MT complexes. Based on genetic, in vivo, and in vitro studies with
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KCBP, we speculate that artificial elevation in [Ca2+]cyt level might inactivates KCBP and 

induce the zwi phenotype or other phenotypes in wild type trichomes.

To test our hypothesis, Arabidopsis seedlings were treated with a Ca2+-gated 

ionophore (A23187) and ionomycin which are known to increase the [Ca2+]cyI in plant and 

animal cells and followed the trichome morphogenesis (Bibikova et al., 1999). Since KCBP 

is involved in MT organization, we also tested the role of MT cytoskeleton in cell 

morphogenesis by treating Arabidopsis seedlings with MT and actin-interfering drugs and 

studied trichome development.

MATERIAL AND METHODS

Plant materials and growth conditions

Arabidopsis thaliana (Columbia ecotype) was used in our study. Seeds of zwi 

mutants were provided by Dr. David Oppenheimer, University of Arizona, and Dr. Martim 

Hulskamp, Germany. Seeds were surface sterilized with 15% bleach and washed three times 

with sterile deionized water. After the final wash, the seeds were plated on MS medium 

(Murashige and F., 1962); GIBCOBRL, life Technologies) supplemented with 3% sucrose 

and 0.7% phytoagar (GIBCOBRL, Life Technologies). Plates were incubated at 4 °C for 2 

days and then placed in a tissue culture room at 22-25 °C, under 16-hour Iight/8-hour dark 

conditions.

Ionophores and CaM antagonists treatment

Twenty-five seedlings (4- to 6-days old) with the first pair of developing leaves were 

selected for treatments. Ca2+-gated ionophore (A23187) and ionomycin (Sigma) were diluted 

from a 10 mM stock in DMSO. Trifluoperazine (TFP, Sigma) and chlorpromazine (CP,
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Sigma) were diluted from 100 mM stock in DMSO. Naphthalenesulfonamide derivatives 

(W-5 and W-7, Sigma) were prepared from 10 mM stock in H20 . Thapsigargin 

(Calbiochem) was prepared from 500 pM stock in DMSO. A 2-pl drop of either ionophore 

or ionomycein (10 |iM in 0.1 % DMSO supplemented with 5 mM CaCl2), TFP or CP (40 pM 

in 0.1% DMSO), W-5 or W-7 (150 pM in H20), lpM  thapsigargin in (0.1% DMSO) were 

placed on the adaxial surface of the developing first leaves pair while watching under a 

dissecting scope. Plates were kept in the growth chamber for 96 hours at 100% humidity.

For each treatment, one half of the seedlings was randomly chosen for counting the trichome 

number and branch points and the second half was used for scanning electron microscopy, 

when needed. All experiments were repeated at least three times. As controls, seedlings 

were treated with 0.1 % DMSO the same way. Also as a positive control for CaM 

antagonists, we tested the effect of these antagonists on auxin-induced elongation of Zea 

mays coleoptiles.

Effect of CaM  antagonists on auxin-induced elongation of corn coleoptile

Com seeds were sown in plastic trays containing few layers of Whatman filter paper 

and kept in the dark for about 5 days. One cm segments of dark grown coleoptiles, excluding 

3-mm tip, were excised under a dim green light and transferred to a beaker containing 

distilled water for 1 hour prior to the treatment. Sets of 10 presoaked coleoptile were 

transferred to Petri dishes (5 cm diameter) containing 10 ml of incubation medium consisting 

of 10 mM KH2P 0 4 (pH 6.3), 1.5 % w/v sucrose, 10 mM sodium citrate, 10 pM  NAA, and 0.1 

% v/v DMSO. Three different concentrations of CaM antagonists, IX, 2X, 3X, (1X= the 

concentration used for the Arabidopsis seedlings treatment) were used. All dilutions of the 

CaM antagonists were made using the same buffer. Coleoptiles were kept in the dark for 18
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h and the length was measured using a millimeter graph paper. As a control, set of 

coleoptiles was kept in NAA-containing buffer without any treatment for the same period of 

time.

Treatment with cytoskeleton-interfering agents

Twenty seedlings (4-to 6- day old) with a first pair of leaves were placed on a 1 cm 

sterilized Whatman filter paper strip in a 5 cm plastic Petri dish containing 2 ml of liquid MS 

medium. Actin depolymerizing agents, cytochalasin D (1, 5 and 10 fiM, Sigma), Latrunculin 

A, (1, 5 and 10 pM, Calbiochem), and MT depolymerizing, Oryzaline, (1 and 5 |±M, Dow 

Flanko), propyzamide, (1 and 5 pM, Chem Service), and Paclitaxol, (1, 5, and 10 pM.

Sigma) were used. Actin or MT-interacting drugs were added directly to the liquid MS 

medium. We used the minimum concentrations that produced a visible effect in a four-day 

period. Plates were kept in a tissue culture room. As controls, seedlings were placed in 

liquid MS medium containing 1, 5, and 10 pi of DMSO or ethanol, solvents used in 

preparing the drugs.

Microscopy and Image processing

Leaves of treated and control plants were fixed in 1 % osmium tetroxide prepared in 

distilled H20  using a method of (Parducz, 1967). After one hour fixation at 4 °C, samples 

were rinsed two times in H20  and dehydrated in an ethanol series, starting from 50 up to 

100% at 10% increments, 30 min each. Samples were dried in a Polaron critical point dryer 

for 1 h, gold-sputter-coated to 17 nm thickness with a Hummer VII sputer coater and viewed 

in a Philips 505 scanning electron microscope. Images were stored as TEF files and 

processed using the Adobe Photoshop 5.0 program (Adobe System Inc. Mountain View,

CA).
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RESULTS

Scanning electron microscopy of wild-type and zwichel trichomes

To compare wild type (WT) and zwi trichomes, SEM pictures for both W T and zwi 

trichomes were taken (Fig 51). The total number of trichomes per leaf and the number of 

branches were counted using a dissecting microscope (Table 11). Wild-type trichome 

development has been divided into seven discrete stages based on specific morphological 

landmarks (Huelskamp et al., 1999). These stages include initiation, elongation, primary 

branching, secondary branching, extension and maturation to achieve the final stellate shape 

with precise directions and angles between the branches. Mature WT trichomes of Columbia 

ecotype have a long stalk (the distance between the primary branch point and the leaf 

surface) surrounded by 8 socket cells, three branches (two branch points) and in very few 

cases four branches (three branch points) with pointed ends (Fig 51 A).

In zyvi mutants, the trichomes initiate normally, but the stalk is very short and the 

primary branch point produces two short blunt-ended branches 180 degrees apart (Fig 5 IB). 

In the same mutant, about 46 % of the trichomes have lack with only a primary branch 

containing a fine tip and a small swelling at the base (Table 11 and Fig 5 IB). Large numbers 

of zwi mutants have been generated using T-DNA insertion, EMS, or fast neutron. These 

mutants vary in their trichome phenotype depending on the severity of the mutation. The 

trichome phenotypes of two mutants have been shown in Fig (51C & D). RLD zyvi w2 

mutants, generated by EMS mutation have two branches, a short stalk and the length of the 

main branch is varied (Fig 51C). About 4%  of the trichomes are unbranched (Table 11). In 

this mutant the coding sequence of the amino acid seventy-two was changed from CAG 

(glutamine) to TAG (stop codon) (Oppenheimer, unpublished data), hence, should produce
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Fig. 51 Scanning electron micrograph of wild-type and different Arabidopsis zwi 
mutants. (A) Wild-type arabidopsis leaf showing wild-type trichome with three 
branches (two branch points). (B) zw i mutant is the first identified zwi mutant. It is not 
characterized at the molecular level. Note that about 46 % of the trichomes are 
unbranched with swollen base and about 54% of them have one branch point (two 
branches) with 180 degrees apart. Stalk length is reduced compared to the wild-type.
(C) RLD zwi w2 mutant is generated by EMS mutation. Most of the trichomes (about 97 
%) have two branches but the length of the main stem is varied (white arrows). (D ) RLD 
9311-11 mutant, generated by fast neutron bombardment, shows a severe phenotype. 
Most of the trichomes are unbranched and appear as a spikes with some deformation. 
Right panel represents magnification of trichomes from the leaves (left panel). Scale bar 
is shown for each picture.
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a protein of only 72 aa lacking all functional domains. Based on this we would expect a 

severe phenotype. However, trichome phenotype is a lot less severe than in other mutants. 

Hence, it is possible that another methionine down stream, with a newly generated codon, 

may function and produce a protein lacking only a small region at the N-terminus. In 

animals, internal ribosomal entry sites are found in proteins involved in cell cycle regulation 

and apoptosis (Holcik e ta i, 2000). Also, multiple internal ribosomal entry sites are 

suggested in human genes to regulate the transcription of specific classes of genes (van der 

Velden and Thomas, 1999). RLD zwi 9311-11 mutant, generated by fast neutron, has a 

severe phenotype (Fig 5 ID). About 70% of the trichomes are unbranched with some 

deformation, and the other trichomes (30%) have two branches with a phenotype that is 

similar to the zwi phenotype (Table 11 and Fig 5 ID). There is no significant difference in the 

number of trichomes per leaf in WT and zwi mutants suggesting that ZWI is either not 

necessary for trichome initiation or these alleles do not affect trichome initiation.

Changes in cytosolic calcium concentrations alter trichome morphogenesis

In vitro analysis revealed that ZWI/KCBP is negatively regulated by Ca:~7CaM. Also 

from zwi mutants analysis it is assumed that ZWI/KCPBP is partially working in zwf 

mutants, and therefore there are different phenotypes depending on the severity of the 

mutation. To further confirm the role of ZWI/KCBP in trichome morphogenesis and to 

determine if there are other Ca2+-regulated processes that regulate trichome morphogenesis, 

we treated Arabidopsis WT seedlings with Ca2+ ionophore (A23187), ionomycin and CaM 

antagonists. Ionophores are known to increase the cytosolic Ca2+ concentration (Bibikova et 

al., 1999). Treatment of Arabidopsis seedlings with this agent affects trichome number, and 

branching, as well as morphology (Table 11 and Fig 52A-H). The effect is variable
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depending on the stage of trichome development. The number of trichomes has been 

reduced significantly (about 37% reduction ) compared to the WT. In terms of branching, 

about 15% of the trichomes are unbranched and appear as spikes with blunt ends. These 

unbranched trichomes are not straight and mostly resemble those observed in the severe 

phenotype of zwi (RLD zwi 9311-11). About 15% of the trichomes have two branches (one 

branch point). In addition to the severe zwi phenotype, which represented by unbranched 

trichomes and trichomes with one branch point, other phenotypes also were observed. Some 

of the trichomes are aborted, represented by small bulge with two little extensions (Fig 52E). 

In other cases trichome precursors did not initiate trichomes suggesting that Ca2+ through 

ZWI or through some other means affect trichome initiation (Fig 52A). Some trichomes 

have very short and swollen stalks with two branches that resemble trichomes o f distorted 1 

(d is l) mutants (Fig 52G). Trichomes did not elongate straight but they are short and twisted 

with blunt ends (Fig 52H). These trichomes have little bulges, which may represent branch 

initiation but no extension (Fig 52B & H)) suggesting that zwi or other processes are affected 

by Ca2+ concentration participate in branch extension. High cytosolic Ca2+ may affect 

cytoskeletal elements or cytoskeleton-associated motor proteins. Trichomes, which are 

developed later after ionophore treatment, show different phenotypes. Trichomes are twisted 

and irregular in their growth and some of them are larger in size than WT (Fig 52F & H). 

However, their stalks are short and thick, compared to control ones. In a few cases new 

secondary branch points were developed that produced extra branches. Trichomes that are 

larger in size have extra branches confirming the relationship between cell size/growth and 

secondary branch point formation. Distance between primary branch point and secondary 

branch point is longer than in the control. These phenotypes collectively suggest that Ca2+
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Table (11): Average number of trichomes on fully expanded first leaf 
pair of wild type, zwi mutant alleles and in wild-type leaves treated 
with various chemicals. Trichomes from twenty-five leaves were 
counted for each line or treatment.

Genotype
number of branch points (%) Number of 

trichomes 
/leaf0 1 2

Wild type 0.0 0.0 100 32.2 ±1.8

zwi mutant 46.3 53.7 0.0 30.2± 1.4

RLD zwi w2 3.7 96.3 0.0 28.0 ±  1.2

RLD zwi 9311-11 69.8 30.2 0.0 31.1 ±0.9

Ionophore (10 pM) 15.4 15.4 69.2 20.3 ±  1.0

W7 (400 pM) 0.0 0.0 100 34.0 ±  1.6

CP (500 uM) 0.0 0.0 100 32.2 ±_1.3

TFP ( 500 pM) 0.0 0.0 100 30.7 ±1.8

Thapsigargin (500 nM) 0.0 0.0 100 32.5 ±0.7
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& *Fig. 52. Effect of Ca2+-gated ionophore (A23187) on Arabidopsis trichome
development. 4-6 day-old Arabidopsis seedlings were treated with 2 pi drop of 10 uM
ionophore (A23187) supplemented with 5 pM CaCU. (A-H) Scanning electron
micrograph showing different phenotypes associated with ionophore treatment. (A) SEM
picture for a seedling showing the first and second pair of leaves after 4 days of
treatment. The first pair was subjected for treatment and so showed severe phenotypes,
while the second pair was developed after treatment and therefore showed less effect.
(B) Magnified SEM picture of one leaf of the second pair showing different phenotypes.
(C) Higher magnification of a part of the leaf showing three different types of 
phenotypes. (D, E) Two areas in figure C (shown in squares) are magnified showing 
bulges with little extension (E, arrowheads) and branch initials that did not extend (D, 
white arrows). (F) Magnified trichomes showing new secondary branch points, 
deformation in the width and length of the stalks. (G) SEM for part of a leaf showing the 
distorted phenotype. Trichomes have very short and swollen stalk with two short 
branches. (H) SEM of unbranched, twisted trichome with blunt end and aborted branch 
points (^hite arrows). Scale bar is shown. ~
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concentration through KCBP or through some other mechanisms affect different stages of 

trichome morphogenesis and the effect is dose dependent because the newly developed 

leaves after treatments showed less severe phenotypes. In case of ionomycin treatments 

similar phenotypes were observed, including trichomes with two branches as well as aborted 

trichomes, but the phenotypes are less severe than that in ionophore treatments (Fig 53). 

Increasing the ionomycin concentrations more than 10 |iM affected the plant growth. On the 

other hand, all CaM antagonists that were used did not affect trichome morphology or 

trichome number (Table 11). These agents were applied at 10 times of their Icso 

concentration. As a positive control, we tested the effect of these CaM antagonists on the 

auxin-induced elongation of com coleoptile (Fig 54). It has been shown that CaM- 

antagonists inhibit auxin-induced elongation in maize coleoptile (Raghothama et al., 1985). 

The addition of increasing concentrations of CaM antagonists to the incubation medium 

progressively decreased auxin-induced elongation in com coleoptiles confirming that these 

agents are effective.

Importance of MT dynamics in trichome morphogenesis

It is proposed that ZWI/KCBP has a role(s) in MT organization during cell division 

and trichome morphogenesis (Reddy and Day, 2000). To confirm the role of MT 

cytoskeleton in trichome morphogenesis we treated Arabidopsis seedlings with MT 

stabilizing (taxol) and MT depolymerizing (oryzaline and propyzemide) drugs (Fig 55, 56 & 

57). All treatments led to loss of polar growth and to the formation of balloon-like structures 

depending on the developing stage of trichomes. Trichomes at the distal part of the leaf have 

branches with little deformation. Trichome cells that are affected at an early stage of 

development merely formed distended bulges, while trichome cells at later stages of
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Fig. 53 Effect of ionophore on Arabidopsis trichome morphogenesis. 4 to 6 days- 
old Arabidopsis seedlings were treated with 2 jil drop of 10 (iM ionomucein supple­
mented with 5 mM CaCl2- After 4  days of incubation in growth chamber, leaves were 
used for Scanning electron microscopy (see methods section). Left panel represents 
magnified trichomes. Scale bars are shown.
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Fig. 54 Efect of CaM antagonists on NAA-induced oat coleoptile elongation. 1 cm long 
coleoptile segments were incubated in the dark or 18 h at room temperature. The CaM antago­
nists were added to the incubation medium at the begining of the incubation (see mathods 
section). The values represents the average elongation of 20 coleoptile segments. Cp 
(chloropromazine), TFP (Trifluoperazine), Thp (Thapsigargin). The vertical bars represent SE
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Fig. 55 Effect of microtubule stabilizing drog (taxol) on Arabidopsis 
trichome morphogenesis. Arabidopsis seedlings (4 to 6 day-old) were 
treated with 5 and 10 jaM taxol for 4 days and then used for scanning 
electron microscopy. Scale bars are shown
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Fig. 56 Effect of microtubule destabilizing drug (Propyzamide) on Arabidopsis 
trichome morphogenesis. Arabidopsis seedlings (4 to 6 day-old) were treated with 
5 [J.M propyzemide for 4 days and then used for scanning electron microscopy.
Note that the branch formation was inhibited and balloon-like structures have been 
formed. Right panel shows magnified trichomes from the left panel pictures. Scale 
bar is shown for each picture.
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Fig. 57 Effect of microtubule destabilizing drug (Oryzalin) on 
Arabidopsis trichome morphogenesis. Arabidopsis seedlings (4 to 6 
day-old) were treated with 5 uM oryzalin for 4 days and then used for 
scanning electron microscopy. Note that the trichomes show different 
abnormal phenotypes depending on their developmental stages. Scale 
bar is shown.
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development characteristically produced a subapical or mid-line bulges. The trichomes that 

are formed at the leaf base are more severely affected, lost their normal shape completely and 

could be distinguished from other epidermal cells only by their enlarged size and a roughly 

triangular appearance. In all cases branching of the trichomes was severely impaired. These 

results indicate that the MT dynamics determines the basic architecture of trichome by 

controlling both stalk formation and branch initiation. The fass  mutant, which is defective in 

MT organization, has unbranched trichomes similar to phenotypes observed in zwr and sti. 

suggesting that MT organization is important for normal trichome development.

Treatment with actin interfering drugs distorts trichomes

Two well-characterized actin interfering drugs, cytochalasin-D (CD) and Latrunculin- 

A (Lat-A), were used to treat seedlings of Arabidopsis (Fig 58A & B). These drugs showed 

little/ no effect on the initial outgrowth of the trichomes, but severely affected the later stages 

of trichome morphogenesis and caused formation of aberrant trichomes with distorted 

phenotypes, even on the same leaf. These distorted phenotypes ranged from a completely 

ballooned cell with no distinct branching point, to trichomes in which one primary branch 

extends unidirectionally and disproportionately at the expense of the other. These distorted 

phenotypes closely resemble those formed in mutants of “distorted class'". Actin 

organization has been studied in six trichome distorted mutants (Mathur et al., 1999). These 

mutants were found to have a defect in actin organization compared to WT trichomes. These 

findings indicate that the functional actin cytoskeleton is essential for the later stages of 

trichome morphogenesis and for branch elongation.
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Fig. 58 Effect of actin-interacting drugs on Arabidpsis trichome morphogenesis.
Arabidopsis seedlings (4 to 6 day-old) were incubated in MS medium supplemented 
with actin-interferring drugs, cytochalasin D (CD) or Latrunculuin A (Lat A) for 
4 days. (A) Scanning electron micrographs of 5 p.M CD-treated seedlings (B) Scanning 
electron micrographs of 5 p.M Lat A-treated seedlings. Note the distorted trichome phenotype 
in both treatments. Scale bars are shown.
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DISCUSSION

Increase in cytosolic Ca2+affects trichome morphogenesis

Genetic and biochemical studies with zwi imply a role of KCBP/ZWI in trichome 

morphogenesis. To investigate the involvement of Ca2+ in trichome morphogenesis, 

Arabidopsis seedlings were treated locally with the Ca2+-ionophore (A23187) and ionomycin. 

These chemicals, especially, the ionophore have been used widely to artificially increase the 

cytosolic Ca2+ concentration. In root hair and pollen tube Br-A23187 was used to generate a 

[Ca2+]cyt gradient (Bibikova et al., 1999). Ionophore treatment has resulted in changes in 

trichome number and trichome morphology (Table 11 and Fig 52). Different levels of zwi 

phenotypes have been observed ranging from unbranched trichomes to trichomes with one 

branch point. In addition, other phenotypes that have not been observed with zwi mutations 

have been observed in our treatment. These phenotypes range from uninitiated trichomes, 

aborted trichomes represented by a bulge with little extension, distorted trichomes with very 

short and swollen stalk, twisted trichomes, to trichomes with larger size and more branch 

points than the untreated ones. These phenotypes closely resemble phenotypes produced by 

mutants other than zwi. High [Ca2+] c>., might affect trichome morphogenesis either by 

affecting KCBP function(s) or through other Ca2+-regulated events such as cyclin-dependent 

protein kinases (cDPKs), other CBDs or myosins.

ZWI/KCBP is involved in different aspects of trichome development and a minimum 

threshold of its function is necessary to produce the wild-type trichomes. (Krishnakumar and 

Oppenheimer, 1999). All zwi3 suppressors are only partial suppressors (the branch number 

defect is suppressed, but the short stalk defect is not) suggesting, that ZWI regulates branch 

position and branch number in two separate processes or these two stages requires two
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different functional domains of ZWI/KCBP. Krishnakumar and Oppenheimer. (1999) 

hypothesized that control of branch position may require ZWI/KCBP motor function, which 

is lacking in zw3 mutants, but branch initiation does not require motor function and a 

functional tail domain is enough to rescue the branch initiation defect. Therefore it is 

reasonable to predict that blocking of ZWI/KCBP completely will produce other phenotypes. 

ZWI function has been shown to be controlled by the negative branch regulator NOECK 

(Hulskamp, 2000) and spatial trichome morphology depending on the balance of their 

activities

ZW7 encodes a kinesin-Iike protein containing a CaM-binding domain at the C- 

terminal region and myosin-tail homology 4 (MyTH4) and talin-like region at the N-terminal 

region (Reddy et al., 1996b). KCBP is a minus-end directed motor protein, contains two 

MT-binding sites, and shows in vitro MT bundling in the presence of either Ca2+ or CaM 

(Reddy et al., 1996b; Kao et al., 2000). The characteristic features of ZWI/KCBP strongly 

suggests that the reduced growth and branching competence in zwi mutants are a result of 

impaired directional transport of cellular factors to spatially defined regions or improper 

organization of MTs (Oppenheimer et al., 1997; Reddy and Day, 2000).

Six mutants belonging to the distorted class have been studied, and all of them show a 

defect in actin organization (Mathur et al., 1999). The fact that ZWI/KCBP has myosin tail 

homology 4 (MyTH4) and talin-like region characteristic of some myosins suggests that this 

protein may, in some way, interact with actin filaments to cross-bridge these cytoskeletal 

elements or to facilitate cargo exchange between MT and actin-based motor proteins (Reddy 

and Reddy, 1999). Therefore distorted phenotypes observed in our experiment might relate 

to distorted actin organization by non-functional ZWI. Another possibility is that increased
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Ca2+ might affect trichome morphogenesis by inhibiting the actin-based motor protein or 

affect actin organization. A number of reports have been shown that the cytoplasmic 

streaming and movement of organelles along actin cables in pollen tubes, trichomes. leaf cell 

and stamen hair cells are inhibited by Ca2+ (Doree and Picard, 1980; Kikuyama and Tazawa. 

1982; Woods et a l, 1984; Hepler and Callaham, 1987; Shimmen and Yokota, 1994; Yokota 

et al., 1999). In an in vitro motility assay, Ca2+ has been shown to inhibit the motility and 

actin-dependent ATPase activity of myosin I and causes dissociation of the bound CaMs 

leading to inhibition of movement (Collins et al., 1990; Wolenski et al., 1993). Recently, an 

18-kD polypeptide, which is likely to be CaM was isolated from lily pollen tubes (Yokota et 

al., 1999). The polypeptide can bind myosin heavy chains at low Ca2+ level and induces 

motility. However, at high Ca2+ concentration it dissociates and irreversibly inhibits the 

motile activity of myosin (Yokota et al., 1999). Further experiments using the similar kinds 

of treatments on transgenic Arabidopsis having GFP-tubulin, GFP-actin and GFP- 

ZWI/KCBP should provide clear insights into the role of ZWI/KCBP in trichome 

morphogenesis.

MTs and microfilaments have distinct roles in trichome morphogenesis

Studies with MT or actin interfering drugs indicated that MTs play an important role 

during early stages of trichome development and actin microfilaments are required for later 

stages of development. Treatment with MT dmgs has clear effect of the initial stages of 

trichome development. Trichome cells appear as swellings with little polarized growth 

following oryzaline, propyzemide and taxol treatment (Fig 55,56&57). It appears that the 

Arabidopsis trichome initial grows in a polar fashion by diffuse growth in a manner similar 

to that described for cotton trichomes (Hulskamp and Schnittger, 1998). The direction of
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diffuse growth is determined by the orientation of cellulose microfibrils in the cell wall, 

which in turn are guided and aligned by cortical MTs (Kropf et al., 1998). Treatment with 

MT depolymerizing agents causes depolymerization of this cortical MT arrays resulting in 

the isotropic expansion of trichome initials and the appearance of swollen forms. It is likely 

that during the formation of branch points on the tubular trichome initials, the MTs 

reorganize to direct the growth. MT reorientation can be accomplished by either 

depolymerization or repolymerization of the exciting MTs or movement of the existing MTs 

(Reddy and Day, 2000). In both cases MT stabilizing or depolymerizing drugs will interfere 

with such reorganization resulting in unbranched or sparsely branched trichomes. Other 

molecular and genetic studies also indicate the role of MTs in trichome morphogenesis has 

been reported, fass (fs) mutant with defective MT organization during cell division produce 

unbranched trichomes similar to those found in sti and zwi mutants (Jurgens et al., 1994; 

Torres-Ruiz and Jurgens, 1994; Huelskamp et al., 1999). Using Arabidopsis plants 

expressing GFP fused to a MT-associated protein 4 (MAP4), it has been reported that during 

trichome branching, MTs reorient with respect to the longitudinal growth axis (Mathur and 

Chua, 2000). ZWI/KCBP is a minus-end directed kinesin like protein, has two MT-binding 

sites, and shows in vitro MT bundling (Kao et al., 2000). Therefore, it is possible that 

ZWI/KCBP participates in MT reorganization and stabilization in vivo. Transient treatment 

of reduced-branching mutant, zwi, and branchless sti mutant with taxol initiates new branches 

(Mathur et al., 1999). However, long term treatment with taxol reduces branching 

supporting the hypothesis that depolymerization and reorientation of MTs is important for 

trichome morphogenesis.
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Once trichome initials are formed, they extend by tip growth, which is governed by F- 

actin (Kropf et al., 1998). Longitudinal cables of actin filaments are involved in vesicle 

transport to the apical dome of pollen tube, fungal hypha and trichome tips and these vesicles 

disappear in the presence of actin-interfering drugs (Miller et al., 1996; Szymanski et al., 

1999). Immunolocalization studies and visualization of actin cytoskleton in live cells with 

GFP-tagged actin-binding protein indicate that actin filaments are necessary for later stages 

of trichome development (Mathur et al., 1999; Szymanski et al., 1999). Finally we conclude 

that both MTs and actin filaments are necessary for trichome morphogenesis either directly 

to direct the polar growth or indirectly by supporting the motor proteins.

206

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CTfft'PTfeR 5

§!EJ^ER3U: ‘D lS C tlSSIO 'lf

207

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DISCUSSION

KCBP is present in most primitive photosynthetic eukaryotes

The kinesin-like calmodulin (CaM) binding protein (KCBP), a minus end-directed 

MT motor protein was previously cloned and characterized from dicot species (Reddy et al., 

1996a; Reddy et al., 1996b; Wang et al., 1996). Like other members of the kinesin 

superfamily, KCBP has three (tail, stalk, and motor) structural domains. In addition, KCBP 

has two structural features: a CBD, with significant sequence similarity to MyTH4, that is 

responsible for regulation by Ca2+/CaM and a talin-like region that is also present in some 

myosins (Chan et al., 1996; Reddy and Reddy, 1999). These features in KCBP are highly 

conserved among the characterized KCBPs in dicots. Immunolocalization and 

microinjection studies with KCBP-specific antibody have demonstrated that KCBP is 

involved in cell division, especially the organization and formation of plant-specific MT 

arrays and trichome morphogenesis (Bowser and Reddy, 1997; Oppenheimer et al., 1997; 

Smirnova et al., 1998; Vos et al., 2000). A KCBP ortholog has not been found in the 

completely sequenced genome of D. melanogaster, C. elegans, and S. cerevisiae. The 

involvement of KCBP in plant specific-functions and its absence in animals suggest that 

KCBP may have evolved only in the plant lineage. However, it is not known if KCBP is 

present in primitive photosynthetic organisms that gave rise to land plants and in the highly 

evolved monocots. During the course of my research, I investigated the presence of KCBP 

orthologs in several photosynthetic organisms. I have cloned and characterized KCBP 

orthologs from phylogenetically divergent species including maize, a highly evolved 

flowering plant, spruce (Picea abies), a representative member of gymnosperms,
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Stichococcus, a member of charaphyte algae, the group from which land plants are thought to 

have arisen, and Cyanophora paradoxa (Glaucophyta) the most primitive living 

photosynthetic eukaryote.

Most phylogenetic analyses of plastid localized or plastid derived genes 

(Bhattacharya and Medlin, 1995; Nelissen et al., 1995; Zhou and Ragan, 1995), comparison 

of gene organization (Reith and Munholland, 1993), and nuclear genes (Moreira et al., 2000) 

support the monophyletic origin of plastids from cyanobacteria about 1.2 billion years ago, 

with the glaucophytes (e.g. Cyanophora) representing the first branch of plastid evolution 

(Martin, 1998; Cavalier-Smith, 2000; Palmer, 2000). In this phylogenetic clade the 

charaphycean lineage (green algae) is the closest relative to land plants (Graham, 1993;

Kranz et al., 1995). However, which members of the charaphycean algae are the immediate 

sister group of the land plants is less certain. Based on these phylogenetic studies I chose 

four organisms, which represent major groups in the evolution of photosynthetic eukaryotes, 

to study the evolution of KCBP. Cyanophora represents a primary stage of plastid evolution, 

Stichococcus represents a transition state between life in the water and on the land and also 

represents the beginning of phragmoplast formation (Graham, 1993). KCBP has been shown 

to be essential in the MT arrays in flowering plants. Spruce from gymnosperms represents an 

intermediate stage between vascular seedless plants and angiosperms.

Molecular cloning and analysis of KCBP from these organisms show that, although 

photosynthetic eukaryotes evolved about 1.2 billion years ago (Palmer, 2000), the predicted 

amino acid sequence of KCBP and unique features are highly conserved in all studied 

species. The highest degree of conservation was observed in the motor domain (Fig 47).

The coiled-coil region showed the least conservation, while the class specific neck linker is

209

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



mostly identical in all characterized KCBPs. Although the CBD is less consented, an affinity 

purified KCBP antibody raised against CBD of Arabidopsis KCBP detected a specific 

expected size band in all tested species including the most primitive Cyanophowa. The 

My TIM and talin-like region are also present in all KCBPs (Fig 48). These observations 

suggest that KCBP, with its characteristic domains, may have evolved early alcong with plant 

evolution from a single common ancestor to perform plant-specific functions owe was present 

in the host organism before the evolution of plastids. Although the protein is conserved, 

gene structure (position, length and number of the intervening sequences) is comserved only 

in the flowering plants but not in the lower organisms. The motor domain of K_CBP 

(CpKLPl) and Stichocooccus has 13 and 9 introns compared to 5 introns in the 

corresponding region of KCBP from monocots and dicots (Fig 49). However, tEhe coding 

sequence length is about the same in these organisms. In general there is a tencflency for 

reduction of the number of the introns and increase in their length from primitiwe to most 

recent organisms. In a survey of intron and exon lengths in different organisms:, (Hawkins.

1988) showed that higher organisms including higher plants have mostly larger- introns than 

lower organisms (Hawkins, 1988). For example, in higher plants only one th ird  of the tested 

introns (219 introns) has 100 nt or less and the mean length is 249 nt with some: exceptions 

(Hawkins, 1988). However, in lower organisms, the average length of introns i s 86 nt. 

Conservation of introns number and location in KCBP of angiosperms suggests: that these 

introns have been acquired during angiosperm evolution and conserved in m o s t of the 

angiosperms. However, the length of introns is variable (Table 4 & Fig 49). C loning KCBP 

genomic sequences from gymnosperms, vascular seedless plants (pteridophytes:) and non 

vascular plants (bryophytes) should define the level of conservation of intron position in land
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plants. Conservation of intron position was observed in many genes in the flowering plants 

and in vertebrates (Kusakabe et al., 1999). Members of the actin gene family and catalase 

gene family have conserved introns in novel positions as well as some lost introns (Shah et 

al., 1983; Frugoli et al., 1998). The location of one intron was found to be conserved in the 

motor domain of KCBP from Stichococcus and flowering plants, suggesting the origin of this • 

intron before the evolution of land plants. This result is supported by the existence of two 

conserved introns in actin-coding region and one conserved intron in the 5 ’-untranslated 

region of the actin gene of the green alga, Mesostigma viride and the embryophytes 

(Bhattacharya et al., 1998). Also, three conserved introns have been found in the actin genes 

of Cosmarium, Selaginella, and many members of the tracheophytes (An et al., 1999).

Reduction in the number of introns in KCBP and the lack of conservation in their 

position is obvious throughout the course of the evolution. This observation raises many 

questions: (1) Can introns be gained or lost? (2) What are the factors that regulate intron loss 

and/or gain? (3) What does intron distribution tell us about the evolutionary relationship 

between organisms? (4) What is the relation between introns and the surrounding coding 

sequences?. Most of these questions should be answered in the near future as many 

orthologs from various organisms are characterized and with the availability of sophisticated 

Bioinformatic tools. However, some assumptions based on limited comparison of genes that 

explain the origin and distribution of introns, and some of them can explain the evolution of 

KCBP. It is proposed that introns are inserted randomly in the ancestors, but selection 

against introns that interrupt domain-encoding regions is active at the level of RNA or 

protein (Craik et al., 1983; Hickey and Benkel, 1986). Daniels et al., (1985) concluded that 

“introns that occur between potentially useful domains will add survival value and will
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predominate over those that split genes at random locations”. In a study of the diversity of 

intron positions, (Stoltzfus et al., 1997) showed that if all different intron positions published 

so far for actin genes are packed into hypothetical ancestral gene, they would break up the 

gene into exons with a median length of only 14 bp, with many minuscule exons (about 26% 

would be 1-6 bp in length) (Stoltzfus et al., 1997). The author suggested the intron sliding 

has contributed to the diversity of intron positions (Stoltzfus et al., 1997). In a similar 

statistical analysis of the exon-intron structure of higher and lower eukaryotic genes, 

(Kriventseva and Gelfand, 1999) concluded that there is a universal preference for exons 

with the total length divisible by 3 and introns positioned between codons are preferred, 

whereas those positioned between the first and the second position in codon are avoided. In 

case of KCBP from angiosperms, this correlation is clear since about 70% of the introns are 

inserted between codons compared to 48% and 46% of the KCBP introns of Stichococcus 

and Cyanophora KCBPs are inserted between codons. Furthermore, other studies have 

showed a correlation between the genome size and the total intron length per gene (Deutsch 

and Long, 1999), and there is a minimum intron size requirement (about 50 nts) for intron 

splicing. In all cloned KCBP genes, there is no single intron less than 50 nts (Tables 4, 6, 7). 

In a recent study, a correlation between the length of introns and the codon usage of the 

coding sequences of the corresponding genes was shown (Vinogradov, 2001), which in some 

cases can be related to the level of gene expression. This correlation is positive in the case of 

unicellular eukaryotes and inverted in multicellular organisms (Vinogradov, 2001). GC 

content in exons and introns of a KCBP gene from lower organisms is significantly higher 

than the GC content of KCBP in flowering plants (Tables 4, 6 and 7). For example, the GC 

content of KCBP exons and introns from Stichococcus and Cyanophora ranged between 50
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and 89% with most of them about 70%. However, the GC content of KCBP exons and 

introns from angiosperms ranged between 24 to 52% with most of them about 40%.

Analysis of eight nuclear genes in the insect lineage has shown that the common ancestor has 

an elevated GC content, and there is preferential replacement involving amino acids encoded 

by low-GC-contentcodons (Rodriguez-Trelles era/., 2000).

KCBP, a nuclear-coded single gene, is a good candidate to study the 

phylogenetic relations among plants

Most phylogenetic studies that support the monophyletic origin of glaucophytes, 

rhodophytes and green plants are based on plastid-localized or plastid-derived genes. On the 

other hand, the issue of how these organisms are related has not been well resolved by 

nuclear gene phylogeny although this interrelationship must be established independently 

using several nuclear genes. Comparison of actin sequences from different organisms 

support a monophyletic origin (Bhattacharya and Weber, 1997). On the other hand, nuclear 

genes encoding small-subunit ribosomal RNA (SSU rDNA) (Fan et al., 1995: Kumar and 

Rzhetsky, 1996) and the largest subunit of RNA polymerase II (RPB1) (Sidow and Thomas, 

1994; Stiller and Hall, 1997) provide strong statistical support for an emergence of the 

rhodophyta before the common ancestor of animals, fungi and green plants. Therefore, 

additional nuclear markers clearly are needed to resolve the relationship between the host 

components of these symbiotic associations. KCBP is a single-copy gene in all broadly 

studied organisms and it also has conserved domains with highly conserved sequences.

These sequences can be used to design PCR primers to analyze KCBP sequences from 

widely diverged photosynthetic eukaryotes and the nucleotides and protein sequences 

obtained from such analyses can be used for reconstructing the photosynthetic eukaryotes
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relationships. Actin genes are the most extensively used genes in such studies (Moniz de Sa 

and Drouin, 1996; Bhattacharya and Weber, 1997; Bhattacharya et al., 1998; An et al.,

1999). However, in multicellular eukaryotes the actin genes are not single copy genes but 

they form gene family produced by gene duplication. In the phylogenetic analysis of DNA 

sequence data, it is important that homologs regions are compared because errors can result 

from comparison of paralogous sequences which result from gene duplication and 

subsequent divergence (Li and Grauer, 1991). For this reason, single copy regions are 

preferred. However, not many single genes that are highly conserved have been used in 

phylogenetic analysis. More accurately, when a phylogeny is constructed from one gene 

sequence like KCBP, the resulting tree really represents the history and evolution of that 

gene, not necessarily the organisms (Li and Grauer, 1991). So other single-copy genes in 

addition to KCBP gene are also needed for determining the phylogeny of plants.

KCBP and a CaM-binding kinesin from sea urchin (kinesin C) may have 

evolved by convergent evolution

KCBPs from all studied photosynthetic eukaryotes and kinesin C from sea urchin 

have a CBD at the C-terminus that responsible for regulating the interaction of the motor 

domain with MTs in a Ca2+-dependent manner (Song et al., 1997; Deavours et al., 1998b; 

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 kinesin C are not known to bind CaM (Matthies et al., 1993; Reddy et al., 1996b; 

Rogers et al., 1999). In the phylogenetic tree, kinesin-C groups with KCBPs from 

photosynthetic eukaryotes in a distinct group within the C-terminal subfamily. Outside the 

motor domain, there is no sequence similarity between KCBPs and kinesin-C whereas KCBP
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tail is highly conserved among organisms. Two evolutionary propositions may explain the 

relationship between KCBPs and kinesin-C. First, KCBP and kinesin-C are not 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), domain swaps (Doolittle 

and Bork, 1993), to confer specific Ca27CaM-regulation. The arguments in support of this 

proposition are: the conserved MyTH4 and talin-Iike regions present in the N-terminal region 

of all characterized KCBPs are not present in kinesin C (Fig 48); the coiled-coil region spans 

about 70% of the protein in kinesin C and only about 20% of the protein in KCBPs (Fig 48). 

KCBP homologs are not found in the completely sequenced genomes of D. melanogaster, C. 

elegans and S. cerevisiae. Also fusion of the CaM-binding domain from Arabidopsis to the 

motor domain of C-terminal (Ned) and N-terminal kinesin (DK) of Drosophila confers CaM- 

binding property to these motifs (Kao et al., 2000). The second proposition is that the 

KCBPs and kinesin-C are related KLPs through divergent evolution from a KLP ancestor 

before the divergence of plants and animals from a common ancestor, which is believed to 

have occurred about 1.5 billion years ago (Wang et al., 1999). This could be accomplished 

by domain insertion or deletion at the amino-terminal region of the motor to carry out 

specific cargoes or to confer plant-specific functions. The arguments that support the 

divergent evolution are: the percent of similarity in the motor domain of kinesin C and KCBP 

is significantly higher than the percent of similarity between the motor domain of KCBP and 

all other C-terminal KLPs (approximately the same percent of similarity between 

Cyanophora KCBP to other KCBPs) (Table 8). Also 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 kinesin C and KCBPs and is diverged from other C-terminal KLPs (Fig
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47). The class-specific cluster of residues in the kinesin motor domain is found in the neck 

linker and not within the catalytic core (Case et al., 2000). Sequence analysis of the 

conserved neck regions generates a phylogenetic tree that reveals a clear clustering of related 

motors (Case et al., 2000). Neck linker and neck region, not the location of the motor 

domain, are responsible for directional determination (Woehlke and Schliwa, 2000). Also 

kinesin C is grouped with KCBPs in a phylogenetic tree using the motor domain of all known 

kinesins in the analysis (Reddy, 2001). We can not exclude either of these possibilities based 

on our phylogenetic analysis and sequence similarity. However, we favor the second 

proposition and this is mainly because of very high sequence similarity between the motor 

domain of kinesin C and KCBP and the presence of CBD in both. Further functional 

characterization of kinesin C from organisms like sea urchin and KCBPs from lower 

photosynthetic eukaryotes like Cyanophora should help understand the evolution of these 

CaM -binding KLPs. Consistent with our hypothesis that many KLP subfamilies contain 

representatives in plants, fungi and animals and the members of the same subfamily have 

significant sequence similarity in the motor domain and perform similar functions, 

suggesting they may have evolved prior to divergence of plants, animal and fungi (Reddy, 

2001). Furthermore, all KLP subfamilies (either C-terminal, N-terminal or internal) may 

have evolved from common ancestor KLP and diverged during the course of evolution to 

perform specific functions in different organisms. 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 proto-motor by 

divergent evolution (Kull etal., 1996; Kull et al., 1998).
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KCBP is unique to photosynthetic eukaryotes

Photosynthetic eukaryotic lineage has plastids and mitochondria but fungi and animal 

lineages have only mitochondria. FtsZ, found in nearly all prokaryotes, plays critical roles 

in cell divisions and usually accumulated at the furrow between dividing cells (Beech et al.,

2000). Although FtsZ does not share sequence similarity with tubulin, it is structurally 

related to tubulin (Beech et al., 2000). In the chloroplasts of many phylogenetically diverged 

organisms, homologs of the bacterial FtsZ are essential components of organelle division 

(Osteryoung and Pyke, 1998; Strepp et al., 1998). A homolog of bacterial FtsZ was cloned 

from the chromophyte alga Mallomonas splendens (MsFtsZ-mt) using FtsZ from bacteria as 

a probe. MsFtsZ-mt has a mitochondrial targeting signal and localizes to the middle and the 

edges of the dividing mitochondria as indicated by a specific antibody as well as GFP-fiision 

protein (Beech et al., 2000). No potential mitochondrial FtsZ has been identified in the 

complete genomes of C. elegans or S. cerevisiae (Beech et al., 2000). However, the 

distribution of MsFtsZ-mt is strikingly similar to that shown by Dnm 1, a dynamin-related 

guanosine triphosphatase that regulates mitochondrial division in yeast and C. elegans 

(Bleazard et al., 1999; Sesaki and Jensen, 1999). It is proposed that the FtsZ homologs are 

not present in the fungal and animal lineage and a dynamin-Iike protein has taken the role of 

FtsZ in mitochondrial division in those organisms (Beech et al., 2000; Osteryoung, 2000). 

Similarly, KCBP may be present and evolved only in plants to perform a plant-specific 

function. Differences in cytoskeletal organization, especially MT arrays organization, 

between plants and animals should require specific motors and supports the uniqueness of 

KCBP to plants.
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Structural features of KCBP suggest an interaction between MT 

and actin cytoskeleton

The N-terminal region of all KCBPs cloned from phylogenetically diverged photosynthetic 

eukaryotes shows significant similarities to the MyTH4 and talin-like regions present in 

myosin Vila and X. These two regions have not been found in any other known members of 

the kinesin superfamily, suggesting that KCBP is a molecular hybrid consisting of a motor 

domain from MT-based motors and a tail region of actin-based motors (Reddy and Reddy, 

1999). The existence of a talin-like region and a MyTH4 domain in KCBPs and actin-based 

motors (myosin Vila and X) is interesting and suggest that these domains may have 

functional significance through interaction with the actin cytoskeleton or proteins that 

interact with myosins. KCBP and myosin could interact with some unknown protein(s) 

through their tail homology regions either to cross-bridge MT and actin filaments or to 

facilitate cargo exchange between these types of molecular motors (Reddy, 2001). Direct 

interactions of MT- and actin-based transport motors have been reported (Lillie and Brown, 

1994; Brown, 1999; Huang et al., 1999). The MT network is responsible for long-range 

transport of cellular components whereas the actin network is proposed to be used for local 

delivery (Sangfroid, 1995). For example, in sea urchins long-range Ca2+-regulated transport 

of exocytotic vesicles requires a MT-based motor, whereas an actin-based motor is used for 

short-term transport (Bi et al., 1997). Ponting, (1995) has noted that Af-6, a protein of 

unknown function, has a domain homologus to the tail of a monomeric kinesin, and a domain 

resembling the globular tail of class V myosin. The significance of this finding in not known 

(Longford and Molyneaux, 1998). It may simply reflect the common evolutionary origin of 

myosins and kinesins (Kull et al., 1996) or indicate protein interaction between kinesin and
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myosins. Although, the possibility that KCBP and myosins (Vila and X) may interact with a 

common protein(s) is attractive, it seems unlikely because the lack of any myosins with 

MyTH4 and/or talin-like regions in the Arabidopsis genome (Reddy and Day, 2001). On the 

other hand, the talin-like region in KCBPs may be involved in anchoring the MT filaments to 

plasma membrane and talin has been shown to bind membranes (Girault et a l,  1998).

In plant cells there is some direct and indirect evidence indicates that there is 

cooperation between MTs and actin filaments during cell division and morphogenesis. In 

root hairs and pollen tubes, longitudinal cables of MTs and actin filaments extend along the 

length of the cell and are distributed throughout the cortex and endoplasm (Lancelle et al., 

1987; Cai et al., 1997). Immunolocalization studies have shown that MTs are scarce in the 

apical dome of the angiosperms pollen tube (Huang et al., 1993). However, in spruce pollen 

tube and protonema of ferns, MTs are enriched at elongating tips, where they form an array 

beneath the plasma membrane that is perpendicular to the direction of tube growth (Lazzaro,

1999). Treatment with cytoskeleton destabilizing agents showed that intact MTs and actin 

filaments are necessary for proper growth and positioning of cell contents in both pollen 

tubes and root hairs (Lazzaro, 1999). Analysis of the cytoskeleton of the tangled 1 (tan l) of 

maize, a mutant with a defect in the proper orientation of plain of cell division during 

cytokinesis, showed that both actin and MTs of the phragmoplast are essential for proper 

joining of the cell plate at the position predetermined by the proprophase band (Cleary and 

Smith, 1998). Furthermore, in guard cells, an interplay between Ca2+, MTs and stomatal 

function was hypothesized (Marcus et al., 2001) suggesting the involvement of a motor 

protein like KCBP in stomatal opening and closing. The Interaction between MTs and actins 

was observed also in phycoplasts forming organisms. Chlamydomonas reinhardtii, which
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divides by an actin-myosin based cleavage furrow, has four rootlet MTs that emanate from 

the MT organizing center in a cross-shaped or cruciate pattern (Gaffel and S., 1990). During 

cytokinesis, the phycoplats originates from the four-membered rootlet MTs and forms 

perpendicularly to the spindle axis (Johnson and Porter, 1968; Gaffel and S., 1990; Schibler 

and Hunag, 1991). The cleavage furrow is positioned along the phycoplast and is correlated 

with the position of distal ends of the four membered rootlet MTs (Holmes and Dutcher,

1989). Disruption of rootlet and phycoplast MTs by MT destabilizing agents, oryzaline and 

vinblastin, caused abnormal distribution of actin and the failure of cytokinesis (Ehler and 

Dutcher, 1998). In untreated Chlamydomonas cells, actin and myosins were localized along 

the rootlet MTs and form a ring or half ring around the spindle in metaphase (Ehler et al.,

1995) and along the rootlets of the cleavage furrow during cytokinesis (Ehler and Dutcher, 

1998). KCBP with MyTH4, talin like region and two MT-binding sites is an example of a 

molecular motor that can provide interaction between myosins and MTs. Further 

characterization of the N-terminal region of KCBP by different approaches as double 

immunolocalization with N-terminal specific antibody and actin antibodies, visualization of 

KCBP in live cells using green fluorescent protein, (GFP) and the yeast-two hybrid screen 

with the N-terminal tail should help understanding the possible roles of these specific 

domains and the functional significance of this highly conserved N-terminal tail in 

photosynthetic organisms. Preliminary results have showed the binding of KCBP to actin 

filaments (Kao et al., 2000).

KCBP is important for cell morphogenesis

Genetic screening of Arabidopsis plants that have altered trichomes indicates a role 

for KCBP in trichome morphogenesis (Oppenheimer et al., 1997). Mutation in the
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AtKCBP/ZWI cause a failure o f the Arabidopsis trichomes to branch properly resulting in a 

two-branched trichome with a greatly shorted stalk (Huelskamp et al., 1994; Folkers et al., 

1997; Oppenheimer et al., 1997). How does KCBP/ZWI influence trichome branching? 

Trichome branching requires localized cell wall expansion, and in plant cells cortical MT 

arrays are implicated in cell expansion by controlling the orientation of newly synthesized 

cellulose microfibrils (Giddings and Staehelin, 1991; Lloyd, 1994; Nicol and Hofte, 1998: 

Kost et al., 1999). MT reorientation can be accomplished by either depolymerization or 

polymerization of MTs or movement of exciting MTs (Reddy and Day. 2000). Since 

KCBP/ZWI is a MT motor and required for branching , it might be involved in reorientation 

of MTs, thereby directing the deposition of cellulose microfibrils. The two MT-binding sites 

on KCBP/ZWI, its ability to bundle MTs, and its minus-end motor activity support the idea 

that it is likely to participate in MT reorganization and directing the transport of secretary 

vesicles to regions of localized growth (Narasimhulu and Reddy, 1998; Kao et al., 2000; 

Reddy and Day, 2000). Another possibility for the role of KCBP in trichome branching is 

that the two MT-binding sites o f KCBP and/or KCBP-interacting protein(s) are responsible 

for stabilization of the MTs (Mathur and Chua, 2000). The supporting evidence is that using 

paclitaxol, a known MT stabilizer, zwi mutants can be induced to form growth points 

indicative of branch formation (Mathur and Chua, 2000). Visualization of KCBP and MT 

organization in wild-type and zwi mutants during different stages of trichome development 

using GFP should help us understand the role of KCBP in trichome morphogenesis. All of 

the zwi mutants grow normally with only the defect in trichome morphogenesis observed 

(Oppenheimer et al., 1997; Krishnakumar and Oppenheimer, 1999). Trichomes are well 

characterized in angiosperms including monocots and dicots and there are reports about their
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existence in some ferns like Dennstaedtia cicutaris, but of course, they are not present in 

lower eukaryotes like green algae or Cyanophora. This raises the question: Does KCBP has 

functions other than trichome morphogenesis? If yes, what are the other functions and if no, 

why KCBP is highly conserved even the in lower photosynthetic eukaryotes and is not 

present in fungi and animals. Most likely, KCBP function is redundant in other cells whereas 

in trichomes the other kinesins with functional overlap with KCBP might not be expressed or 

they might not substitute for KCBP function in trichomes. Several reports indicate that the 

function of many kinesins in-non plant systems are redundant (Reddy, 2001).

KCBP function in cell division

Cytokinesis in animal cells, unlike in plant cells, involves furrowing of the plasma 

membrane between daughter nuclei (Smith, 1999). Based on the processes associated with 

cytokinesis, whether the nuclear envelope breaks down or not, cell division in plants is 

divided into two major types. The first has a “closed, fenestrated” spindle (i.e., the nuclear 

envelope remains intact throughout mitosis, except for polar holes or fenestrations through 

which MTs enter the prophase nucleus) and a “phycoplast”, an array of MTs. whose 

distinguishing feature is that the MTs are oriented in the plane of cytokinesis (Pickett-Heaps, 

1976). Rhodophyta, Chlorophyta and some members of Ulvophyta have this kind of cell 

division (Stewart and Mattox, 1984). The second kind of cell division is characterized by 

open spindles (the nuclear envelope disperses during mitosis) with spindle MTs persisting 

perpendicular to the plane of cytokinesis. This arrays of MTs, called the phragmoplast, is 

important in laying the new cell wall between daughter cells. The Charaphyta and land 

plants have this second type of cell division. In Glaucophyta (e.g. Cyanophora) a MT array 

was observed in late telophase between daughter nuclei, and it is not clear whether these MTs
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form a phycoplast or a phragmoplast (Pickett-Heaps, 1976). Most likely this MT array is a 

phycoplast based on the fact that red algae and some green algae have phycoplasts.

Immunolocalization and microinjection studies with KCBP antibodies have showed 

that KCBP is localized to the preprophase band, the phragmoplast, the mitotic spindle, and 

the cell plate (Bowser and Reddy, 1997; Smirnova et al., 1998; Vos et al., 2000). 

Furthermore, the expression is regulated in a cell-cycle-dependent manner with the highest 

levels in the M-phase (Bowser and Reddy, 1997). KCBP is a minus-end directed motor 

protein with two MT-binding sites, so it can cross-link MTs and moves towards the minus 

ends, thereby focusing the ends into poles and providing the MT focusing activity required 

for pole formation in plant cells that lack centrosomes. Spindle convergence is a 

characteristic feature of other C-terminal KLPs such as XCTK2 and Ned (Matthies et al.,

1996). (Walczak et al., 1998) showed that X3CTK2 plays a role in focusing the spindle 

poles. A similar function has been proposed for Ned in Drosophila oocytes (Matthies et al., 

1996, Moore, 1996). Although KCBP, a minus-end motor, shows prominent association 

with the phragmoplast, it is not likely to be involved in transporting vesicles to the cell plate 

since the MT in the phragmoplast are oriented with their plus ends facing cell plate. 

However, a possible function of KCBP is recycling of the Golgi vesicles membranes from 

the expanding cell plate, a process which requires a minus-end directed motor protein 

(Reddy, 2001). Furthermore, KCBP may also be involved in forming the phragmoplast by 

cross-linking MTs, a property associated with C-terminal motors in yeast and animals 

(McDonald and Goldstein, 1990; Chandra et al., 1993; Endow et al., 1994a). A few other 

members of the kinesin family have been localized to the phragmoplasts: a plus-end-directed 

MT motor, TKRP125 (Asada and Shibaoka, 1994; Asada et al., 1997), and minus-end-
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directed MT motor, KATA (Liu et al., 1996). AtPAKRPl, an amino terminal KLP, localized 

to the phragmoplast MT array near the future cell plate during cytokinesis (Lee and Liu,

2000). Recently, another plus-end motor, DcKRP 120-2, belong to Bim-C subfamily was 

cloned from carrot cells and strongly decorates the phragmoplast mid-line where the plus-end 

of MTs overlap (Barroso et al.. 2000). None of these proteins were localized to the vesicles 

suggesting other motors are involved in vesicle motility. What is the difference between the 

role of KCBP and other C-terminal KLPs in cell division? KCBP is possibly function in cell 

division through Ca2+ amplitude signals via CaM. Presence of CBD and the regulation of 

KCBP affinity by Ca2+/CaM support this hypothesis. There is considerable indirect data 

pointing to a regulatory role for Ca2+ in cell division (Lambert and Vantard. 1986; Zhang et 

al., 1990). It has been shown that a rise in cytosolic Ca2-K follows anaphase onset in stamen 

hair cells and correlates directly with the velocity of chromosomes separation during 

anaphase (Hepler and Callaham, 1987; Zhang et al., 1990). Also injection of Ca2+ under 

conditions that stimulate modest amount of kinetochore MT depolymerization can accelerate 

chromosome motion during anaphase by two fold (Zhang et al., 1992). On the other hand, 

injection of BAPTA buffers, which can reduce local Ca2+ gradient, markedly slow cell plate 

expansion. Application of caffeine, an alkaloid thought to modulate Ca2+ levels, also affects 

cytokinesis by blocking late stages of phragmoplast expansion, leading to inhibition of cell 

plate formation (Valster and Hepler, 1997). These studies indicate that Ca2+ gradients play a 

central regulatory role in cell division and some of these effects are likely mediated by CaM 

through CBDs like KCBP (Reddy and Day, 2001). In support of this, microinjection of Ca2+- 

saturated CaM causes the disruption of mitosis in dividing cells and injection of CAPP1- 

CaM, a competitive antagonist of CaM, leads to mitotic inhibition (Keith, 1987).
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Visualization of the cytoskeleton along with MT and actin disruption studies has suggested a 

variety of roles for cytoskeletal filaments in the formation and positioning of new cell wall. 

Phragmoplast MTs and actin filaments are both essential for cytokinesis but appear to play 

different roles. The data available suggest a role for MTs in guiding vesicle movement to the 

cell plate, and for F-actin in stabilization and consolidation of cell plate as well guidance of 

phragmoplasts to established cortical division sites. Identification and functional analysis of 

molecules interacting with cytoskeletal filaments in dividing cells could substantially 

advance our understanding of their functions in cytokinesis. For example, identification of 

motor protein on the surface of cell plate vesicles could clarify the contributions of MTs and 

actin filaments to vesicle transport (Smith, 1999).

In summary, using molecular approaches I cloned and characterized KCBP homologs 

from phylogenetically diverged photosynthetic eukaryotes. Analyses of structural 

organization of KCBP genes have shown that KCBP with its characteristic domains is 

conserved among all studied organisms, suggesting its origin along with or prior to the 

evolution of plastids. KCBPs from all studied organisms were detected by affinity-purified 

KCBP antibody to the CBD, suggesting the topology conservation of their CBDs. Although 

the coding sequences are highly conserved, the intervening sequences are highly diverged. 

KCBP from different organism has been cloned into bacterial expression vectors and the 

expressed protein was shown to bind CaM in a Ca2+-dependent manner. Cloning of KCBP 

homologs from other representative organisms and their further characterization especially 

the amino terminal region is needed to understand the plant-specific roles of KCBP. From 

the result presented here, together with what is known about KCBP, I conclude that KCBP 

with its unique domains present in ail photosynthetic eukaryotes. Its presence in algae and
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glaucophyta strongly support roles in processes other than trichome morphogenesis. Based 

on immnuolocalization and microinjection studies in flowering plants, it is likely that KCBP 

has one or more roles in cell division in all photosynthetic eukaryotes. These role, most 

likely, involve Ca2+ and CaM regulation as well as interaction with actin or actin-interacting 

proteins.
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