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KIC, a Novel Ca?* Binding Protein with One EF-Hand Motif,
Interacts with a Microtubule Motor Protein and Regulates
Trichome Morphogenesis

Vaka S. Reddy,! Irene S. Day,! Tyler Thomas,'2 and Anireddy S. N. Reddy3
Department of Biology and Program in Cell and Molecular Biology, Colorado State University, Fort Collins, Colorado 80523

Kinesin-like calmodulin binding protein (KCBP) is a microtubule motor protein involved in the regulation of cell division and
trichome morphogenesis. Genetic studies have shown that KCBP is likely to interact with several other proteins. To identify
KCBP-interacting proteins, we used the C-terminal region of KCBP in a yeast two-hybrid screen. This screening resulted in
the isolation of a novel KCBP-interacting Ca2+ binding protein (KIC). KIC, with its single EF-hand motif, bound Ca2+ at a
physiological concentration. Coprecipitation with bacterially expressed protein and native KCBP, gel-mobility shift studies,
and ATPase assays with the KCBP motor confirmed that KIC interacts with KCBP in a Ca2+-dependent manner. Interest-
ingly, although both Ca2*-KIC and Ca2*-calmodulin were able to interact with KCBP and inhibit its microtubule binding ac-
tivity, the concentration of Ca2+ required to inhibit the microtubule-stimulated ATPase activity of KCBP by KIC was three-
fold less than that required for calmodulin. Two KIC-related Ca2+ binding proteins and a centrin from Arabidopsis, which
contain one and four EF-hand motifs, respectively, bound Ca2+ but did not affect microtubule binding and microtubule-
stimulated ATPase activities of KCBP, indicating the specificity of Ca2* sensors in regulating their targets. Overexpression
of KIC in Arabidopsis resulted in trichomes with reduced branch number resembling the zwichel/kcbp phenotype. These re-
sults suggest that KIC modulates the activity of KCBP in response to changes in cytosolic Ca2* and regulates trichome

morphogenesis.

INTRODUCTION

Kinesins, a superfamily of molecular motors, are implicated in
the control of diverse cellular processes in eukaryotes
(Hirokawa, 1998; Goldstein and Philip, 1999; Reddy, 2001a, 2003).
The members of the kinesin superfamily consist of three do-
mains: a motor domain, a central stalk, and a globular tail (Vale
and Fletterick, 1997; Goldstein and Philip, 1999). The motor do-
main, the diagnostic characteristic of kinesin, hydrolyzes ATP
and catalyzes the movement of the motor protein along micro-
tubules. The central stalk and tail domains are involved in motor
dimerization and the transport of cargo, respectively. Recent
completion of the genome sequences of several eukaryotes,
ranging from a simple eukaryote to highly evolved multicellular
organisms, has allowed the identification of a large number of
kinesins in an organism. For example, 45 kinesin genes in the
human genome and 61 in the Arabidopsis genome have been
identified (Miki et al., 2001; Reddy, 2001a, 2003). However, the
function and regulation of many kinesins have not been studied.

Kinesin-like calmodulin binding protein (KCBP) is a novel
member of the kinesin superfamily and was first isolated from
Arabidopsis as a calmodulin (CaM)-interacting protein (Reddy
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et al., 1996b). KCBP homologs have been isolated from various
flowering (potato, maize, cotton, and tobacco) and nonflower-
ing (gymnosperms) plants (Reddy et al., 1996a; Wang et al.,
1996; Abdel-Ghany and Reddy, 2000; Reddy, 2001a; Preuss et
al., 2003). KCBP has a C-terminal motor and, besides the three
archetypal kinesin domains, two features that make it unique: a
CaM binding domain (CBD) at the C terminus, and myosin tail
homology (MyTH4) and talin-like regions at the N terminus in
the tail region (Reddy et al., 1996b; Reddy and Reddy, 1999).
CaM-KCBP interaction occurs in a Ca2*-dependent manner
at physiological levels of Ca2*. Activated CaM binds within a
23-amino acid stretch C terminal to the motor domain of
KCBP (Reddy et al., 1996b). Furthermore, the interaction of
KCBP with microtubules, the KCBP-induced bundling of micro-
tubules, and the microtubule-dependent ATPase activity of
KCBP are inhibited by CaM in a Ca2*-dependent manner (Song
et al., 1997; Deavours et al., 1998; Narasimhulu and Reddy,
1998; Kao et al., 2000).

Recently, a CaM binding kinesin (kinesin C) was reported in
sea urchin (Rogers et al., 1999). Although kinesin C and KCBP
share sequence identity in the motor domain and the CBD, ki-
nesin C lacks the MyTH4 and talin-like regions present in the N
terminus of all plant KCBPs (Reddy, 2001a, 2003). Kinesin C is
the only known CaM binding kinesin in animals, and the exist-
ence of homologs in other animal systems is not known.
Searches of the completed yeast and animal genomes have not
revealed the presence of KCBP homologs. However, the addi-
tion of the CBD from the Arabidopsis KCBP to Drosophila plus-
and minus-end motors conferred Ca2*-CaM regulation to these
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motors, suggesting that the CBD functions as a modular do-
main and that the CaM binding motors (KCBP and kinesin C)
may have evolved by fusion of a CBD to a kinesin (Reddy and
Reddy, 2002).

KCBP is expressed in all parts of the plant, with high expres-
sion in flowers and dividing tissues (Reddy et al., 1996b). Im-
munolocalization and microinjection studies with an antibody
specific to KCBP indicate the involvement of KCBP in cell divi-
sion (Bowser and Reddy, 1997; Smirnova et al., 1998; Vos
et al., 2000), and genetic studies have shown that KCBP is
essential for trichome morphogenesis (Oppenheimer et al.,
1997; Krishnakumar and Oppenheimer, 1999). Trichomes in the
KCBP mutant zwichel (zwi) have a short stalk and only one or
two branches rather than the normal three or four (Hulskamp et
al., 1994; Oppenheimer et al., 1997). Genetic studies with zwi indi-
cate that KCBP is involved in a multiprotein complex important
for trichome morphogenesis (Krishnakumar and Oppenheimer,
1999; Luo and Oppenheimer, 1999; Folkers et al., 2002). Be-
sides its interaction with CaM, KCBP has been shown to inter-
act with a protein kinase (KCBP-interacting protein kinase) (Day
et al., 2000) and ANGUSTIFOLIA (AN), a protein involved in tri-
chome cell morphogenesis (Folkers et al., 2002).

Given the two unique processes that KCBP is involved in and
the small number of known interacting proteins, a yeast two-
hybrid system was used to identify other proteins that interact
with KCBP. The motor domain (including 15 amino acids of the
coiled-coil region and the CaM binding domain) was used as
bait in two-hybrid screens against an Arabidopsis cDNA library.
One of the KCBP-interacting clones codes for a Ca2* binding
EF-hand protein. The protein (KCBP-interacting Ca2* binding
protein [KIC]) was found to interact with the CBD of KCBP in a
Ca2*-dependent manner. KIC competes with CaM for the bind-
ing site and, like CaM, negatively regulates the binding of KCBP
to microtubules and the microtubule-dependent ATPase activ-
ity of KCBP. However, inhibition of the microtubule-stimulated
ATPase activity of KCBP by KIC requires a lower concentration
of Ca2* than is required for inhibition by CaM. KIC-related Ca?*
binding proteins did not regulate KCBP activity. Overexpression
of KIC in Arabidopsis results in plants with abnormal trichomes
with reduced branch number but does not affect trichome initi-
ation or maturation, as in the zwi mutant. Together, our results
indicate that changes in cytosolic free Ca2* concentration
([Ca2*],,y) regulate trichome cell morphogenesis through a Ca?*
sensor, KIC, and its target, a microtubule-based motor, KCBP.

RESULTS

Isolation of KIC

Yeast two-hybrid screening was used to identify proteins that
interact with the C-terminal portion of KCBP. The yeast strain
Y190 (leu—, trp~, his™), with reporter genes lacZ and HIS3 under
the control of the GAL1 promoter activated by the GAL4 tran-
scription factor, was used for two-hybrid interaction studies
(Day et al., 2000). Primers were designed to amplify the coding
region of KCBP corresponding to amino acids 860 to 1261,
which includes part of the coiled-coil region (amino acids 860

to 875), the motor domain (amino acids 889 to 1217), and the
CBD (amino acids 1218 to 1240). The PCR-amplified product
was ligated into pAS1CYH2 (pAS1CYH2/KCBP-1.4) as a fusion
to the DNA binding domain of GAL4 and into pACT as a fusion
to the activation domain of GAL4. Before screening of the yeast
two-hybrid library, the interaction of the C-terminal region of
KCBP (KCBP-1.4) with itself was assayed using the two con-
structs. The C-terminal region of KCBP did not interact with it-
self, suggesting that the short coiled-coil region (15 amino ac-
ids) present in the C-terminal region is not sufficient for
dimerization (Figure 1).

We then transformed the yeast strain Y190 containing
pAS1CYH2/KCBP-1.4 with the Arabidopsis cDNA library in
pACT vector. Approximately 1 million transformants were
plated on selection plates (Leu~, Trp~, and His~) containing
3-aminotriazole. Colonies that grew on selection plates were
assayed for B-galactosidase activity. pACT plasmid was iso-
lated from the positive clones and used to transform Y190
alone or Y190-pAS1CYH2/KCBP-1.4. Clones that did not show
any B-galactosidase activity in Y190 alone but showed activity
in Y190/KCBP-1.4 were chosen for further analysis. These
clones were sequenced at the 5’ and 3’ ends using primers
flanking the multiple cloning sites in the pACT vector. One of
the positive clones that showed B-galactosidase activity only in
the presence of KCBP (Figure 1) revealed significant sequence
similarity to some Ca?* binding proteins with one EF-hand mo-
tif and bound Ca2*. Therefore, this protein was named KIC.
This clone was selected for further analysis because it has
some sequence similarity to CaM, a Ca2* binding protein
known to regulate KCBP binding to microtubules, motility on
microtubules, and bundling of microtubules (Narasimhulu et al.,
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Figure 1. Interaction between KCBP and KIC in Yeast.

Yeast containing no plasmid (Y190), KIC in pACT (KIC/pACT), full-length
KCBP, C-terminal KCBP-1.4, or N-terminal KCBP in pAS1CYH2 (FL/
pAS1, CT/pAS1, or NT/pAS1, respectively), or both KIC/pACT plus full-
length KCBP, C-terminal KCBP-1.4, or N-terminal KCBP in pAS1CYH2
(KIC+FL, KIC+CT, or KIC+NT, respectively) were streaked onto plates
as follows. YPD, yeast complete medium; —W, synthetic dropout me-
dium (SD) minus Trp; —L, SD minus Leu; —3, SD minus Trp, Leu, and
His plus 25 mM 3-aminotriazole; Gal, galactosidase assay using a YPD
plate replicate.
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1997; Song et al., 1997; Kao et al., 2000). Because KIC was
isolated using the C-terminal region of KCBP, additional two-
hybrid assays were performed to determine the specificity of
the KIC-KCBP interaction. Yeast transformed with both KIC
and full-length KCBP were grown on His~ medium and showed
B-galactosidase activity, whereas yeast transformed with both
KIC and the N-terminal KCBP did not grow on His~ medium
and showed no B-galactosidase activity on yeast complete me-
dium plates (Figure 1).

Characterization of KIC

The KIC cDNA is 556 bp in length and is identical to the pre-
dicted cDNA sequence for the Arabidopsis gene At2g46600.
There are no introns in the genomic sequence. Based on our
data, the ESTs (AV535839, Al998308, and the Ceres full-length
cDNA sequence), and the Arabidopsis genome database predic-
tions, the isolated clone corresponds to the full-length cDNA for
the gene. The KIC cDNA sequence contains an open reading
frame of 405 bp that encodes a protein of 135 residues with a
calculated molecular mass of 15 kD. The putative start site is the
first Met in the clone. KIC has 20 Asp and 8 Glu residues in the
protein sequence, making it an acidic protein with a pl value of
4.1. Domain analysis of KIC using SMART (http://smart.embl-
heidelberg.de/) and Interproscan (http://www.ebi.ac.uk/interpro/
scan.html) revealed one EF-hand motif. The EF-hand motif is a
helix-loop-helix structure that binds a single Ca2* ion. The loop
consists of 12 residues with the pattern X*Y*Z*—Y*—X*—Z.
The conserved residues X, Y, Z, =Y, —X, and —Z participate in
binding Ca2*, and the nonconserved intervening residues are
represented by asterisks.

Using KIC as the query in Basic Local Alignment Search Tool
(BLAST) searches, four other proteins with significant sequence
similarity were found in plants (two in Arabidopsis, one in
wheat, and one in rice). All of these proteins contain between
124 and 135 amino acids and have one EF-hand at a similar lo-
cation toward the C terminus. Hence, these proteins were
named KIC-related proteins (KRPs). In addition, KIC showed
similarity to centrins (Cordeiro et al., 1998). Figure 2A shows an
alignment of KIC with KRPs, centrins, and CaMs. KIC is ~37%
similar to plant and animal centrins, and the similarity is limited
to the EF-hand region, whereas it is 49 to 62% similar to KRPs.
This sequence similarity between KIC and KRPs continues be-
yond the EF-hand region (Figure 2A). The relationship of KIC to
other EF-hand proteins was examined by generating a phylo-
genetic tree of representative EF-hand proteins from plants and
animals. These sequences were aligned and used for a phylo-
genetic analysis. The resulting tree (Figure 2B) shows that KIC
and the KRPs with one EF-hand form a separate group (KIC
subfamily) from the other EF-hand proteins.

To analyze the expression of KIC, total RNA from flower, leaf,
root, and stem was resolved on an agarose gel, blotted onto a
nylon membrane, and probed with labeled KIC. Figure 3 shows
the ethidium bromide-stained gel and the probed membrane.
KIC is expressed in the highest amount in stems and flowers,
less in leaves, and very little in roots. The size of the hybridized
band corresponds to ~0.6 kb.
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KIC with Its Single EF-Hand Motif Binds Ca2*

Because KIC has a predicted EF-hand motif, we tested its Ca2*
binding properties using a bacterially expressed protein. The
full-length KIC cDNA sequence was inserted into pET32a vec-
tor, which expresses the KIC protein as an S-tag fusion. The fu-
sion protein is predicted to produce a polypeptide of 33 kD.
The expressed proteins were isolated and a polypeptide of ~33
kD was detected with S-protein in induced extracts but not in
uninduced extracts (data not shown). Protein extract prepared
from induced cultures containing KIC in pET32a vector was
used in experiments to determine its heat stability, its ability to
bind a hydrophobic matrix (Phenyl Sepharose), and its Ca2*
binding activity. All of these characteristics have been reported
for several Ca2* binding proteins. Crude extract containing KIC
was heated to 95°C, cooled on ice, and centrifuged. The super-
natant was assayed by electrophoresis. KIC protein was re-
tained in the supernatant with reduced amounts of bacterial
proteins in the lysate (Figure 4A). KIC protein bound to the Phe-
nyl Sepharose column and was eluted with EGTA (Figure 4A).
Fractions of crude protein, supernatant from heat-treated ex-
tract, and purified protein were electrophoresed on an SDS gel
and either stained or blotted onto a membrane. The membrane
was overlaid with a buffer containing 4°Ca?* and subsequently
washed and exposed to a phosphorimaging screen. Calcium
bound only to the bands containing KIC or CaM (used as a
positive control) and did not bind any other proteins from the
crude fraction or BSA (used as a negative control) (Figure 4A).

To test whether the EF-hand motif in KIC is responsible for
the Ca?* binding, two truncated KIC proteins were prepared
using PCR: one from the first Met to the beginning of the EF-
hand motif (N terminus), and the second from the beginning of
the EF-hand motif to the end of the protein (C terminus). Bacte-
rially produced proteins from these constructs were electro-
phoresed, either stained or blotted onto membranes, and
probed with 45Ca?* as described above. An intense band in
the stained gel was evident with each construct (Figure 4B),
and these bands were recognized by S-tag protein (data not
shown). However, of the two truncated versions, only the C ter-
minus of the protein containing the EF-hand motif bound Ca?*
(Figure 4B), indicating the presence of only one EF-hand motif
in KIC.

Interaction of KIC with KCBP Is Ca2* Dependent

Because KIC binds Ca?* (Figure 4) and interacts with KCBP in
yeast two-hybrid assays (Figure 1), we wondered if Ca2* plays
any role in the interaction of KIC with KCBP. To answer this
question, coprecipitation assays with bacterially expressed KIC
and KCBP proteins and with Arabidopsis proteins were per-
formed. KIC as a fusion to S-tag and the C-terminal region of
KCBP (KCBP-1.4) as a fusion to T7-tag (predicted to produce a
polypeptide of 52 kD) (Reddy et al., 1996b) were expressed in
Escherichia coli BL21 (DE3) cells. Induced extract of each pro-
tein was used in a coprecipitation assay with T7-tag antibody
agarose beads. KCBP-T7-tag fusion crude extract was incu-
bated with T7-tag antibody beads. The beads were washed
and then incubated with KIC-S-tag crude extract either in the
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Figure 2. Amino Acid Sequence Comparison and Phylogenetic Analysis of KIC and Other Related Proteins Containing EF-Hand Motifs.

(A) Sequence alignment of KIC, KRPs, and other Ca2* binding proteins. Amino acids that are identical to the KIC sequence are indicated by white let-
ters on a black background, whereas similar residues are shaded in gray. The EF-hand motif in KIC is overlined. Dashes indicate gaps in the align-
ment. The numbers at right indicate amino acid residue positions for each protein. At, Arabidopsis thaliana; Nt, Nicotiana tabacum; Os, Oryza sativa;
Ta, Triticum aestivum.

(B) KIC and KRP form a subfamily. Full-length sequences of each protein were aligned using Megalign (DNAStar, Madison, WI). Phylogenetic analysis
was performed using a 100-replicate bootstrap branch and bound method of the PAUP*4.0b6 program. CaM1 to CaM9 are Arabidopsis calmodulins,
and At3g22930 is a CaM-like protein. At3g01830, At1g76640, and At3g07490 are unknown EF-hand proteins. Nt1 and Nt2 are tobacco centrins, and
HsCEN1, HsCEN2, and HsCEN3 are human centrins.
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presence of Ca?* or in the absence of Ca2* with EGTA. As a
control, T7-tag antibody beads also were incubated with KIC—
S-tag extract alone. The beads were washed, resuspended in
sample loading buffer, and electrophoresed. Gels were stained
or blotted, and the blots were probed with either T7-tag anti-
body to detect KCBP or S-tag protein to identify KIC. As shown
in Figure 5A, KIC coprecipitated with KCBP in the presence of
Ca?* but not in the absence of Ca?* and did not bind T7-tag
antibody beads alone.

The interaction of KIC and KCBP was further shown by a
pull-down assay using native protein from Arabidopsis pollen
and young seedlings. Isolated protein was first enriched in
KCBP using a CaM Sepharose affinity column. Bacterially puri-
fied KIC was bound to S-protein agarose beads, which then
were incubated with the protein eluted from the CaM Sepha-
rose column. Incubation was performed in the presence of
Ca2* or EGTA. After washing and elution, protein was electro-
phoresed, blotted onto membranes, and probed with S-protein
to detect KIC or with KCBP antibody to detect KCBP. Full-
length KCBP (and some degraded protein) was pulled down
only in the presence of KIC and Ca?* (Figure 5B). In both as-
says, in the absence of Ca2* and the presence of EGTA, a Ca2*
chelator, the interaction between KIC and KCBP was abol-
ished. These results confirmed that KIC interacts with the
C-terminal region as well as with native full-length KCBP in a
Ca?*-dependent manner.

KIC Binds the CaM Binding Domain of KCBP

Yeast two-hybrid (Figure 1) and coprecipitation (Figure 5A) as-
says revealed that KIC interacts with the C-terminal region of
KCBP, which contains the motor domain and a Ca2*-depen-
dent CBD (Reddy et al., 1996b). To test whether KIC, like CaM,
interacts with the CBD of KCBP, a 23-amino acid synthetic
peptide corresponding to the CBD region of KCBP was used in
a gel-mobility shift assay. Purified KIC was incubated with the
synthetic peptide in 4 M urea in ratios of 1:0.5, 1:1, and 1:2
(KIC:peptide) in the presence or absence (plus EGTA) of Ca?*.
CaM, which is known to bind the peptide, was used as a con-
trol. In the presence of Ca2*, there was a shift upward for both
KIC and CaM (Figure 6A). In the absence of Ca2* and the pres-
ence of EGTA, there was no shift (Figure 6A). Because both
CaM and KIC bind the peptide, a competition assay was per-

z!* &A & !

Figure 3. Expression of KIC Transcript in Different Tissues.

Total RNA (25 ng) was isolated from flower (F), leaf (L), root (R), and
stem (S) tissues, electrophoresed, blotted, and hybridized with a labeled
KIC cDNA probe. Top gel, autoradiogram from a probed membrane;
bottom gel, stained gel showing rRNA. The number at left indicates kilo-
bases.
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Figure 4. KIC Is a Boiling-Stable Protein That Binds Ca?*.

(A) Calcium binding assay using full-length KIC. Crude protein contain-
ing bacterially produced KIC (C), supernatant from crude protein boiled
for 10 min followed by centrifugation (B), Phenyl Sepharose column-
purified KIC (P), 2, 4, or 6 pg of CaM2 (2, 4, and 6), and 2 or 4 g of BSA
(2 and 4) was electrophoresed on SDS denaturing gels. The top gel is a
stained gel and the bottom gel is a blot from a duplicate gel. The blot
was incubated in overlay buffer containing 4°Ca (1 nCi/mL). After wash-
ing, the blot was exposed to a Phosphorlmager screen and visualized
by scanning with a fluorescence imager (Molecular Dynamics).

(B) Mapping of the EF-hand motif in KIC. Bacterially produced N-termi-
nal (N) and C-terminal (C) proteins were electrophoresed along with pu-
rified full-length (F) KIC. One gel was stained and the other gel was blot-
ted and incubated in 4Ca (1 wCi/mL) as described above.

formed. Equal concentrations of KIC and CaM were incubated
with the peptide. Both proteins again showed a shift; however,
the amount of protein shifted at each ratio was decreased for
both proteins (cf. lanes 1:2 in Figures 6A and 6B), suggesting
that both Ca2* sensors compete for the same site in KCBP.

KIC Inhibits Microtubule Binding and
Microtubule-Stimulated ATPase Activities of KCBP

Previously, we showed that CaM negatively regulates KCBP
(Song et al., 1997; Narasimhulu and Reddy, 1998; Reddy et al.,
1999). To determine the effect of KIC on KCBP activity, we an-
alyzed the interaction of KCBP with microtubules in the pres-
ence of KIC using cosedimentation assays. KCBP-1.5 contain-
ing the CBD cosedimented with microtubules in the presence of
Ca2*, CaM, or KIC alone but remained in the supernatant in the
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Figure 5. Calcium Is Required for the Interaction of KIC with KCBP.

(A) KIC interacts with C-terminal KCBP in a coprecipitation assay. T7-
tag antibody agarose beads were used to bind KCBP-1.4 expressed as
a T7-tag fusion. After washing, the beads were incubated in crude ex-
tract containing KIC expressed as a fusion to S-tag in the presence
(+Calcium) or absence (+EGTA) of Ca?*. T7-tag antibody agarose
beads also were incubated in crude protein containing KIC alone. Eluted
and crude proteins (KCBP and KIC crude) were electrophoresed, and
gels were blotted to nitrocellulose membranes and probed with either
S-protein or T7-tag antibody.

(B) Interaction of native Arabidopsis KCBP and KIC. Crude protein iso-
lated from Arabidopsis flower, pollen, and young seedlings was passed
through a CaM Sepharose column to enrich the KCBP fraction in the ex-

A
0 1:05 1:1 1:2 0 1:05 1:1 1:2

KIC
L . -
CaM
P ———
EGTA Calcium

CaM * 5

Figure 6. Analysis of KIC Binding to a Synthetic Peptide Corresponding
to the CBD of KCBP.

(A) KIC binds to the CBD of KCBP. KIC or CaM was incubated with the
synthetic peptide at ratios of 1:0.5, 1:1, or 1:2 in the presence of 1 mM
Ca2* (right gels) or 5 mM EGTA (left gels). Proteins were electropho-
resed on urea-containing gels and stained.

(B) KIC and CaM compete for the CBD of KCBP. Equal concentrations
of KIC and CaM together were incubated with synthetic peptide at ra-
tios of 1:2 and 1:4 in the presence of 1 mM Ca2*. Proteins were electro-
phoresed on urea-containing gels and stained.

Arrowheads and arrows point to shifted KIC and CaM, respectively.

presence of both Ca2* and CaM, Ca2?* and KIC, or Ca2* plus
both KIC and CaM (Figure 7A). Because activated KIC inhibited
KCBP interaction with microtubules, we determined the effect
of KIC on the microtubule-independent and -dependent ATP-
ase activity of KCBP. The ATPase activity of KCBP in the pres-
ence and absence of microtubules was measured as a function
of the release of Pi from the hydrolysis of ATP. ATPase activity
of KCBP-1.5 in the presence of microtubules plus Ca2*, CaM,
or KIC alone was ~1.4 umol Pi-mg~'-min-" (Figure 7B). How-
ever, in the presence of microtubules plus Ca2* and CaM or
Ca?* and KIC, ATPase activity was reduced to a nearly basal
level (~0.2 pmol Pi-mg~'-min~1) (Figure 7B). KIC and/or CaM
had no effect on ATPase activity in the absence of Ca2*. As
shown in Figure 7B, the level of ATPase activity in the presence

tract. Eluted protein was incubated with purified KIC bound to S-protein
beads in the presence (+Ca) or absence (+EGTA) of Ca2*. The beads
were washed, and the protein was eluted and electrophoresed. Lane B,
S-protein beads alone; “protein” indicates CaM Sepharose-enriched
Arabidopsis proteins. The arrowhead points to the full-length KCBP
band.



of CaM or KIC plus Ca?* was not lower than the microtubule-
independent activity (left lane). Therefore, activated KIC or CaM
did not affect the microtubule-independent ATPase activity of
KCBP. Because KIC binds the CBD of KCBP, it is likely that the
Ca2*-KIC regulation of KCBP is mediated by the CBD. To test
this notion, we performed cosedimentation and ATPase assays
with KCBP-1.0, which lacks the CBD. Figure 7C shows that
KCBP-1.0 cosediments with the microtubules in the presence
of KIC or CaM with or without Ca?*; ATPase activity was not in-
hibited under the same conditions (Figure 7D), suggesting that
the CBD confers the Ca2*-KIC regulation of KCBP.

KIC Requires Lower Ca2+ Concentration Compared with
CaM to Inhibit the Microtubule-Stimulated ATPase
Activity of KCBP

Although KIC and CaM differ in the number of EF-hand maotifs,
both bind the CBD of KCBP in a Ca2*-dependent manner (Fig-
ure 6) and have the same effect on microtubule binding and mi-

Figure 7. Effect of KIC on KCBP Motor Functions.
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crotubule-stimulated ATPase activities of KCBP (Figure 7). To
test whether these Ca?* sensors differ in the concentration of
Ca?* required for the inhibition of ATPase activity, the microtu-
bule-stimulated ATPase activity of KCBP-1.5 was determined
in the presence of equimolar concentrations of KIC or CaM with
varying concentrations of Ca2* (from 100 nM to 5 uM). As
shown in Figure 8, the concentration of Ca2* required for 50%
inhibition by KIC was 300 nM, with 100% inhibition being
achieved at 1 uM, whereas the concentration required for 50%
inhibition by CaM was 510 nM, with 100% inhibition being
achieved at 3 wM. These results suggest that the KIC regulation
of KCBP activity occurs at a much lower Ca2* concentration
compared with that needed for CaM regulation.

KIC-Related and Centrin Proteins Bind Ca2* but Do Not
Regulate KCBP

The regulation of KCBP by the Ca2* sensors KIC (with one EF-
hand) and CaM (with four EF-hands) (Figures 7 and 8) raises the

o}

(A) KIC inhibits KCBP-1.5 (with CBD) interaction with microtubules (MTs). KCBP-1.5 (KC) was incubated with microtubules (no microtubules in the
first two control lanes) in the presence or absence of CaM, KIC, and/or Ca2* (Ca). After centrifugation, aliquots from the supernatant (S) and the pellet
(P) were electrophoresed and stained.

(B) KIC inhibits KCBP-1.5 (with CBD) microtubule-stimulated ATPase activity. KCBP-1.5 was incubated with ATP in the presence or absence of KIC,
CaM, and/or Ca2* as indicated.

(C) KIC does not inhibit KCBP-1.0 (without CBD) interaction with microtubules. KCBP-1.0 was incubated with microtubules (no microtubules in the
first two control lanes) in the presence or absence of CaM, KIC, and/or Ca2* and electrophesed as in (A). Because KCBP-1.0 and microtubules mi-
grate together, one gel was stained and the other was blotted and probed with T7 tag antibody (AB).

(D) KIC does not inhibit KCBP-1.0 (without CBD) microtubule-stimulated ATPase activity. KCBP-1.0 was incubated with ATP in the presence or ab-
sence of KIC, CaM, and/or Ca2* as indicated.
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Figure 8. Inhibition of Microtubule-Stimulated ATPase Activity of KCBP
by KIC and CaM at Different Concentrations of Ca2*.

KCBP-1.5 (with CBD) was incubated with ATP and microtubules in the
presence of KIC or CaM at various concentrations of Ca?* from 100 nM
to 5 pM.

possibility of the regulation of KCBP by other closely related
one-EF-hand KRPs and the four-EF-hand centrins. In Arabi-
dopsis, there are two KRPs and centrins that have similar se-
quences to the EF-hand region of KIC (Figure 2). Therefore, we
tested the microtubule binding and microtubule-stimulated ATP-
ase activities of KCBP by the KRPs (At4g27280 and At5g54490)
and a centrin (At4g37010). The three proteins were cloned into
pET28 as T7-tag fusions, induced, and purified on a Phenyl
Sepharose column (Figure 9A). All three proteins were shown to
bind Ca2* using a 4°Ca2*-overlay assay (Figure 9A). However,
neither the two KRPs nor the centrin had any effect on the mi-
crotubule binding or the microtubule-stimulated ATPase activi-
ties of KCBP-1.5 (Figures 9B and 9C). Although these Ca?*
binding proteins are similar to KIC, they do not regulate KCBP,
suggesting that only KIC and CaM specifically regulate KCBP
motor functions.

Overexpression of KIC in Arabidopsis Results in Trichomes
with Reduced Branch Number

Transgenic Arabidopsis plants with the CaMV 35S:KIC sense
construct were generated to test the in vivo relevance of the in-
teraction between KIC and KCBP and, therefore, the possible
effect on KCBP-regulated cellular processes (Figure 10A). Ge-
nomic DNA from the transgenic and wild-type plants was used
as a template for PCR analysis to confirm the presence of the
introduced gene in the transgenic plants. Primer sets were de-
signed to produce a product specific to the introduced gene
(CaMV 35S promoter primer/KIC reverse primer; PCR product
size, ~800 bp) and the endogenous and introduced gene (KIC
forward/KIC reverse; PCR product size, ~410 bp). All trans-
genic plants were positive for the CaMV 35S-KIC reverse
primer set and the KIC-specific primer set (Figure 10B). The
wild type showed a PCR product only with the KIC forward and

reverse primer set, reflecting the presence of the KIC native
gene (Figure 10B). Expression of the constructs in transgenic
plants was shown using an RNA gel blot. RNA isolated from
wild-type and transgenic plants was electrophoresed, blotted,
and probed with full-length KIC cDNA and then with a ubiquitin
probe. The bands in Figure 10C reflect the presence of both
native and transgene KIC transcripts. The expression of KIC
was greater in all transformed plants tested, suggesting ex-
pression of the introduced gene (Figure 10C).

Normally, leaf trichomes have three or four branches (two or
three branch points). However, the zwi/kcbp mutant has a dis-
tinct trichome phenotype with only one or two branches (zero
or one branch point) and a shortened stalk (Figures 11G to 111)
(Folkers et al., 1997; Oppenheimer et al., 1997). The plants over-
expressing KIC also showed trichomes with reduced branch
numbers. Approximately 25% of the leaf trichomes had only
one or two branches (Table 1, Figures 11D to 11F), whereas the
wild-type plants had normal trichomes with three or four
branches (Figures 11A to 11C). The trichome phenotype in
transgenic plants with the CaMV 35S:KIC construct is reminis-
cent of the zwi/kcbp mutant trichome phenotype, although not
as severe. As in the zwi mutant, KIC transgenic plants showed
a defect in trichome branch number but no effect on trichome
initiation or maturation.

DISCUSSION

Kinesins have been implicated in many diverse cellular pro-
cesses. Functional studies with a few of the 61 kinesin genes in
Arabidopsis revealed that they are involved in cell division—
associated activities, trichome morphogenesis, geminivirus move-
ment, deposition of cellulose microfibrils, and male meiotic cy-
tokinesis (Oppenheimer, 1998; Hulskamp et al., 1999; Chen et
al., 2002; Kong and Hanley-Bowdoin, 2002; Zhong et al., 2002;
Reddy, 2003; Yang et al., 2003). However, the precise mecha-
nisms that regulate the activity/function of kinesins remain
largely unknown (Reilein et al., 2001; Reddy, 2003). It is thought
that kinesins interact with and/or are regulated by other pro-
teins in performing their functions. The identification of proteins
that interact with kinesins is an active area of research in both
plants and animals (Kumar et al., 1995; Yu et al., 1995; Day et
al., 2000; Reddy, 2001a). KCBP is one of the relatively well-
characterized microtubule motors from plants (Reddy et al.,
1996a; Oppenheimer et al., 1997; Reddy and Day, 2000). In
vitro studies with KCBP suggest that its interaction with micro-
tubules and its microtubule-bundling activity are regulated by
CaM in a Ca?*-dependent manner (Narasimhulu et al., 1997;
Song et al., 1997; Narasimhulu and Reddy, 1998; Kao et al.,
2000). KCBP regulates cell division and trichome morphogene-
sis (Bowser and Reddy, 1997; Oppenheimer et al., 1997;
Smirnova et al., 1998; Vos et al., 2000). However, KCBP regula-
tion by CaM in these cellular activities has not been shown. In
this study, we provide evidence that KIC, a novel Ca2* binding
protein, not only regulates in vitro microtubule binding and mi-
crotubule-stimulated ATPase activities of KCBP at a low Ca?*-
concentration-dependent manner but also regulates trichome
morphogenesis.
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Figure 9. KIC-Related Proteins with One EF-Hand and Centrin with
Four EF-Hand Motifs Bind Ca?* but Do Not Regulate KCBP.

(A) KRPs and centrin bind Ca?*. Arabidopsis KRPs (KRP1 and KRP2)
and a centrin showing similarity to KIC were bacterially produced and
purified. Induced crude protein () and purified protein (P) were electro-
phoresed and stained or blotted. One blot was probed with T7-tag anti-
body and one was overlaid with 45Ca.

(B) KRPs and centrin do not inhibit KCBP-1.5 interaction with microtu-
bules (MTs). Purified KIC, KRP1, KRP2, or centrin was incubated with
KCBP-1.5 (KC) and microtubules (no microtubules in the first two con-
trol lanes) in the presence or absence of Ca?* (Ca). After centrifugation,
aliquots from the supernatant (S) and the pellet (P) were electropho-
resed and stained.
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KIC Is a Member of a New Subfamily of Ca2+ Sensors

Recent studies indicate that Ca2*, through Ca2* binding pro-
teins, controls diverse cellular processes in plants (Reddy,
2001b). A large number of putative Ca2* binding proteins have
been identified in plants (Day et al., 2002). However, the func-
tions of most of them are not known. KIC, which interacts with
KCBP (Figure 1), is a member of a new subfamily of Ca2* bind-
ing proteins for the following reasons. First, protein sequence
similarity searches with KIC against the NCBI database re-
vealed that four other proteins (a wheat CCD-1 protein, two un-
known Arabidopsis proteins, and a rice protein) are significantly
similar to KIC, whereas centrins or CaM are only weakly similar
(Figure 2A). Second, KIC and KRPs are similar in size (124 to
135 amino acids) and contain one EF-hand helix-loop-helix
motif near the C terminus that binds Ca2* (Figures 4 and 9)
(Takezawa, 2000). Third, the genes that encode KIC and KRPs
in Arabidopsis are similar in not having introns. Finally, phylo-
genetic analysis revealed that these five proteins form a unique
class from centrins, CaMs, and other unknown EF-hand pro-
teins (Figure 2B). These results suggest that KIC and KRPs rep-
resent a new subfamily of Ca2* binding proteins.

The Predicted EF-Hand Motif in KIC Binds Ca2+

We have confirmed the Ca2* binding activity of KIC using bac-
terially expressed protein. In blot-overlay assays with 4°Ca2* at
micromolar concentrations, KIC, like CaM, bound Ca2* (Figure
4A). To identify whether KIC contains one or more Ca2* binding
domains, two truncated KIC proteins, one containing an N-ter-
minal part with no predicted EF-hand and the other containing
a C-terminal part with the predicted EF-hand, were used in as-
says similar to those described above (Figure 4B). Only the C
terminus protein containing the EF-hand bound to 4Ca?",
which confirms that it is the EF-hand domain that binds Ca?*
and that there is no other Ca2* binding domain in KIC. Further-
more, KIC, like CaM, centrin, and CCD-1, binds a hydrophobic
Phenyl Sepharose column in the presence of Ca2* (Figure 4A),
suggesting that Ca2*-induced changes in the protein expose
hydrophobic residues capable of interaction with its target.

KIC Interacts with the CBD of KCBP in a
Ca?*-Dependent Manner

Yeast two-hybrid assays and coprecipitation studies have
shown that KIC interacts with the C terminus of the motor in a
Ca2*-dependent manner (Figures 1 and 5). Because these in-
teraction assays were performed with yeast or bacterially ex-
pressed KCBP and KIC, we determined the ability of KIC to in-
teract with native Arabidopsis KCBP. The native full-length
KCBP was able to interact with bacterially expressed KIC only
in the presence of Ca2* (Figure 5B). Because CaM binds to 23

(C) KRPs and centrin do not inhibit the microtubule-stimulated ATPase
activity of KCBP-1.5. Purified KIC, KRP1, KRP2, or centrin was incu-
bated with ATP and microtubules in the presence or absence of KIC,
CaM, and/or Ca2* as indicated.
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amino acids in the C terminus of the motor domain of KCBP
(CBD) (Reddy et al., 1996b) and KIC also interacts with the C
terminus of KCBP (Figures 1, 4, and 5), a 23—-amino acid syn-
thetic peptide constituting the CBD of KCBP was assayed with
KIC and showed altered electrophoretic mobility of KIC (Figure
6A). Furthermore, when both KIC and CaM were present in the
assay, they both were able to bind to the synthetic peptide,
suggesting that one does not preclude the binding of the other
(Figure 6B).

KIC and CaM, but Not KRPs and Centrin, Regulate the
Microtubule-Dependent ATPase Activity of KCBP

KIC functions in the same manner as CaM when it binds KCBP.
The binding of KIC to KCBP containing the CBD, but not with-
out the CBD, prevents KCBP from interacting with microtu-
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Figure 10. Overexpression of KIC in Arabidopsis.

(A) Scheme of the CaMV 35S:KIC construct. The KIC full-length cDNA
sequence was cloned in the sense direction into the Xhol site between
the CaMV 35S promoter and the NOS terminator of the Agrobacterium
Ti plasmid pBAOQ02. LB, left border; RB, right border.

(B) Genomic PCR verification of the insertion of the KIC construct. Ge-
nomic DNA from wild-type plants (W) and transgenic plants containing
CaMV 35S:KIC was used as a template for PCR. All samples were am-
plified using two sets of primers: CaMV 35S forward primer (35S-FP)
plus KIC-specific reverse primer (KIC-RP) or KIC-specific forward (KIC-
FP) and reverse primers. Numbers indicate individual primary transgenic
lines. C, control reaction with no DNA.

(C) RNA gel blot analysis of KIC transcript levels in a wild-type plant (W)
or transgenic plants with the CaMV 35S:KIC construct. The blot was
probed with full-length KIC or ubiquitin (UBI) cDNA sequences. Num-
bers indicate individual primary transgenic lines.

bules and inhibits the microtubule-dependent ATPase activity
of the motor (Figure 7), confirming that KIC, like CaM, is able to
interact with the CBD of KCBP. Because both KIC and CaM in-
hibit the microtubule-stimulated ATPase activity of KCBP in a
Ca?*-dependent manner, we compared KCBP microtubule-
stimulated ATPase activity independently using CaM and KIC
with varying concentrations of Ca2*. Significantly, the concen-
trations of Ca2* required to reduce activity to one-half and to
limit activity to basal levels were lower for KIC (310 nM and 1
M) than for CaM (510 nM and 3 nM). To demonstrate that KIC
and CaM interactions with KCBP do not occur simply because
they are Ca2* binding proteins, two other members of the KIC
subfamily (with one EF-hand) and a member of the centrin sub-
family (with four EF-hand motifs) from Arabidopsis (Figure 2)
were tested in microtubule binding and microtubule-ATPase
activities of KCBP. Although these proteins bind Ca?* (Figure
9A), unlike KIC and CaM (Figures 7 and 8), they have no effect
on the microtubule binding or the ATPase activity of KCBP (Fig-
ures 9B and 9C). These results suggest that KIC and CaM are
specific regulators of KCBP at low and high [Ca2*], levels and
may be involved in the in vivo regulation of KCBP and its regu-
lated cellular processes.

Why Two Distinct Calcium Binding Proteins Regulate KCBP

The intriguing question is why two different Ca?* binding pro-
teins interact with and regulate KCBP in the same manner. One
possibility is the differential spatiotemporal expression of KIC
and CaM. It has been demonstrated that CaMs are expressed
differentially in different tissues and in response to external sig-
nals (Zielinski, 1998). But KIC expression studies indicate its
expression in all tested tissues (Figure 3). The specificity of
binding to a protein in response to a signal depends partly on
the presence of both proteins in the same cell at the same time.
In addition, different Ca2* sensors differ in their affinity for tar-
get proteins (Lee et al., 1995, 1997; Liao et al., 1996; Reddy et
al., 1999). Furthermore, CaM is known to bind a large number
of different proteins in general (Reddy et al., 2002), but KIC is
only known to bind KCBP. Another possible explanation is a
difference in the concentration of Ca2* needed to activate KIC
and CaM. The [Ca2*],, normally is in the nanomolar range (100
to 200 nM) (Knight, 2000; Reddy, 2001b; Rudd and Franklin-
Tong, 2001). A signal resulting in a Ca?* signature with a small
increase in [Ca2*].,; might lead to the activation of KIC without
the activation of CaM, which may be important to maintain a
specific cellular response to a specific Ca?* signature. Differen-
tial activation of Ca?* sensors in response to varied Ca2* signa-
tures also helps answer the question of why KIC was isolated in
the two-hybrid screen but CaM was not. It appears that the
[Ca2*]., in the yeast cells was high enough to allow the binding
of KIC and KCBP but not high enough to activate CaM and,
thereby, the binding of CaM to KCBP.

There is considerable evidence in plants to indicate that di-
verse developmental cues and hormonal and environmental
signals (biotic and abiotic stresses) increase [Ca2*]. (Knight,
2000; Pauly et al., 2000; Reddy, 2001b; Rudd and Franklin-
Tong, 2001). However, the magnitude, duration, kinetics, and
spatial patterning of [Ca2*],,; changes are different for different
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Figure 11. Scanning Electron Micrographs of Trichomes from Wild-Type and Transgenic Arabidopsis Containing the CaMV 35S:KIC Construct.

(A) to (C) Wild-type trichomes.

(A) and (B) Part of a leaf.

(C) Magnification of a trichome.

(D) to (F) Trichome phenotype in CaMV 35S:KIC transgenic plants.

(D) and (E) Part of a leaf showing mutant branchless and two-branched trichomes. Arrows point to two-branched or branchless trichomes.

(F) Magnification of a two-branched trichome.

(G) to () Trichome phenotype in zwi.

(G) Part of a leaf showing branchless and two-branched trichomes.
(H) Magnification of part of a leaf.

() Magnification of a trichome.

signals (Pauly et al., 2000; Rudd and Franklin-Tong, 2001).
Hence, each signal elicits a distinct Ca2* signature, and the
specificity of a response to a signal is partly dependent on the
type of Ca?* signature it produces. Calcium sensors with differ-
ent affinities for Ca2* have been shown to be activated differen-
tially depending on the magnitude of changes in [Ca2*],. For
example, three soybean Ca2*-dependent protein kinase iso-
forms, another subfamily of Ca2* binding proteins with four EF-
hand motifs, showed differential activation of kinase activity in
response to Ca2* concentrations (Harmon et al., 2000). The
concentrations required for half-maximal activity of the three
Ca?*-dependent protein kinase isoforms were 0.06, 0.4, and 1
M (Lee et al., 1998). In immune cells, the amplitude and dura-
tion of Ca?* signals control the differential activation of tran-
scriptional regulators (Dolmetsch et al., 1997): a low, sustained
Ca?2* plateau (227 + 5 nM) activates one set of regulators, and
a large transient increase (1267 + 33 nM) activates a second
set. Two soybean CaMs (SCaMs) have been shown to have a
distinct Ca?* concentration requirement for target enzyme acti-
vation (Lee et al., 2000). SCaM4, compared with SCaM1, re-
quired 4-fold greater Ca2* concentration for the half-maximal
activation of CaM KIl and 1.5-fold greater concentration for the
activation of cyclic nucleotide phosphodiesterase.

KIC Regulates Trichome Morphogenesis in Arabidopsis

Extragenic suppressor studies with a KCBP mutant (zwi3) and
other genetic studies indicate that KCBP is likely to interact with
several other proteins and function as a complex (Krishnakumar
and Oppenheimer, 1999; Luo and Oppenheimer, 1999; Folkers
et al., 2002). Recent in vitro protein—protein interaction studies

Table 1. Number of Branch Points in Trichomes of Wild-Type,
Transgenic (CaMV 35S:KIC), and zwi Plants

Number of Branch Points2

Total
Genotype 0 1 2 3 Trichomes
Wild type 0 0 174 7 181
CaMV 35:KIC sense 1 32 99 1 133
zwi 16 118 2 0 136

The seedlings were grown on Murashige and Skoog (1962) medium with
(CaMV 35S:KIC sense) or without (wild type and zwi) BASTA, and tri-
chomes were counted using scanning electron microscopy on the
fourth pair of leaves from five individual plants.

20ne branch point indicates two branches on a trichome.
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have shown that KCBP interacts with at least three proteins:
CaM, a plant-specific protein kinase (kinesin-interacting protein
kinase), and AN, a protein involved in cell morphogenesis
(Reddy et al., 1996b; Day et al., 2000; Folkers et al., 2002). The
present study provides evidence for a fourth KCBP-interacting
protein and, more importantly, a second regulator of KCBP ac-
tivity. Although CaM and KIC regulate KCBP, the in vivo regula-
tion of these Ca2* sensors in KCBP-regulated cellular pro-
cesses has not been elucidated.

The zwi/kcbp mutant has an altered trichome phenotype with
a reduced branch number and a shortened stalk without dis-
turbing trichome maturation (Figures 11G to 11l) (Oppenheimer
et al., 1997). zwi/kcbp exhibits no other defects and is healthy
and fertile. Because ZWI/KCBP is regulated by several CaM
isoforms (Reddy et al., 1999) and KIC, it is unlikely that we
would see a phenotype by knocking out only KIC. Hence,
to determine the in vivo function of KIC, we overexpressed
KIC and analyzed the trichome phenotype in overexpressors.
Transgenic Arabidopsis containing CaMV 35S:KIC in the sense
orientation showed high expression of KIC transcripts (Figure
10C) and provided evidence of its relevance in planta. Over-
expression of KIC resulted in ~25% of the trichomes with re-
duced branch number (Table 1) but with normal maturation
(Figures 11D to 11F). Our transgenic data suggest that KIC lev-
els above a certain threshold lead to the disruption of KCBP
activity at a time crucial to branch formation in trichomes.

Although the in vivo mechanism of the KIC regulation of
KCBP is not known, our biochemical and transgenic data, cou-
pled with the involvement of KCBP in microtubule-bundling ac-
tivity (Kao et al., 2000) and microtubule dynamics in trichome
morphogenesis (Szymanski et al., 1999; Mathur and Chua,
2000; Folkers et al., 2002), suggest that KIC may regulate mi-
crotubule bundling, microtubule dynamics, and/or transport
during trichome morphogenesis in response to changes in
[Ca?*]y. More than 30 gene products (positive and negative
regulators) act in concert to produce normal trichome formation
in Arabidopsis (Oppenheimer, 1998; Hulskamp et al., 1999;
Szymanski et al., 2000). Furthermore, genetic and biochemical
studies indicate interaction between some of the positive regu-
lators (e.g., KCBP, FRC1, and AN) as well as between positive
and negative regulators (e.g., KCBP and SUZs), suggesting
that these gene products act as a complex (Krishnakumar and
Oppenheimer, 1999; Folkers et al., 2002). The level of each pro-
tein in the complex is likely to be crucial for trichome morpho-
genesis. Changes in the level of any protein in the complex may
result in abnormal trichomes. A model for Ca?*-regulated tri-
chome morphogenesis involving [Ca?*],; changes, KIC, and
KCBP is shown in Figure 12. At resting levels of [Ca2*],, KIC is
inactive and KCBP is functional in microtubule bundling/organi-
zation, interacting with other positive regulators involved in tri-
chome morphogenesis. With an increase of [Ca2*], in devel-
oping trichomes, KIC can be activated, which in turn interacts
with KCBP and inhibits its interaction with microtubules. In this
scenario, the overexpression of KIC could inactivate KCBP by
disrupting its interaction with microtubules and its participation
in the trichome morphogenic complex, resulting in trichomes
with reduced branches. Based on our data, we hypothesize
that KIC, in response to changes in [Ca2*].,, acts as a revers-

Free [Ca™] 4

Regulation of
MT organization, MT dynamics
and directional vesicle transport

1

Trichome stalk length
and branching

Figure 12. Model lllustrating How Changes in [Ca?*],,; Levels Regulate
Trichome Morphogenesis through a Ca2* Sensor, KIC, and a Microtu-
bule-Based Motor, KCBP, in Arabidopsis.

Based on the magnitude of changes in [Ca?*],, levels in trichome cells
in response to developmental cues, KIC can be activated, which in turn
negatively regulates the microtubule-based motor, KCBP, in the tri-
chome morphogenic complex. The positive and negative regulation of
intermediate components in the pathway are shown with an arrow and a
line ending with a solid bar, respectively. Some of the known positive
and negative regulators of trichome morphogenesis that interact with
KCBP are shown in green and red, respectively. Biochemical and/or
genetic analyses show interaction between positive (KCBP and AN
or FRC1) or between positive and negative (KCBP/SUZ) regulators
(Krishnakumar and Oppenheimer, 1999; Luo and Oppenheimer, 1999;
Folkers et al., 2002) or between KCBP and KIPK (Day et al., 2000). AN,
ANGUSTIFOLIA; FRC1, FURCA1; KCBP, kinesin-like CaM binding pro-
tein; KIC, KCBP-interacting Ca2* binding protein; KIPK, kinesin-inter-
acting protein kinase; MT, microtubule; SUZ, suppressor of zwi3.

ible regulator of KCBP, a key positive regulator of trichome
stalk length and branching.

Conclusion

Using the yeast two-hybrid system and pull-down assays, we
have demonstrated that KIC, a novel Ca2* binding protein with
one EF-hand motif, interacts specifically with the CBD of
KCBP. Microtubule binding and microtubule-stimulated ATP-
ase assays show that KIC negatively regulates the KCBP inter-
action with microtubules in a Ca2*-dependent manner. KIC,
compared with CaM, inhibits the microtubule-stimulated ATP-
ase activity of KCBP at a lower Ca2?* concentration. Overex-
pression of KIC disrupts the positive role of KCBP in trichome
morphogenesis, possibly by inhibiting its interaction with mi-
crotubules and other regulators of trichome morphogenesis in
Arabidopsis. Our data suggest the involvement of a Ca2*-medi-
ated signal transduction cascade in regulating trichome mor-
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phogenesis via a Ca2* sensor, KIC, and its target microtubule-
based motor protein, KCBP.

METHODS

Yeast Two-Hybrid Screening

The yeast strain Y190 (leu—, trp~, his™) with chromosomally integrated
reporter genes lacZ and HIS3 under the control of the GALT promoter
activated by the GAL4 transcription factor was used to host all con-
structs. A motor domain subclone of KCBP (amino acids 860 to 1261;
KCBP-1.4), including part of the coiled-coil region, the motor domain,
and the CaM binding domain, was generated by PCR using primers
ACBP F4 (5'-GAAGATCATGATGGCCCAACTTGCTGAGCTAGAATA-3’)
and ACBP R5 (5'-AGCGGTCATGACACTATCTGCCTCATCTTTTCG-3').
The amplified PCR product was ligated into pAS1CYH2 as a fusion to
the DNA binding domain of GAL4 and verified by sequencing. The
pAS1CYH2/KCBP-1.4 vector was used as a bait to screen an Arabidop-
sis thaliana cDNA library in pACT as a fusion to the activation domain of
GAL4. Transformation of Y190 was performed using the Matchmaker Li-
brary Protocol (Clontech, Palo Alto, CA). Positive clones were isolated
and sequenced. Sequences were used to perform similarity searches
using Basic Local Alignment Search Tool (BLAST), and predicted protein
sequences were analyzed for domains using SMART (http://smart.embl-
heidelberg.de/) and Interproscan (http://www.ebi.ac.uk/interpro/scan.html).
Yeast two-hybrid interaction assays also were performed using the
pACT/KIC plasmid and a pAS1CYH2/N-terminal KCBP construct reported
previously (Day et al., 2000) and with a pAS1CYH2/full-length KCBP
construct generated by digesting the pAS1CYH2/N-terminal construct
with Avrll and Sall, which dropped the N-terminal KCBP fragment, and
inserting an Avrll-Sall fragment from a full-length KCBP clone in pET28.

RNA Gel Blot Analysis

Total RNA from flowers, stems, leaves, and roots of wild-type plants and
leaves of transgenic plants was isolated using Trizol (Gibco BRL) ac-
cording to the manufacturer’s instructions. RNA was resolved by elec-
trophoresis on a 1.2% agarose gel, blotted onto a nylon membrane, and
hybridized with 32P-labeled KIC cDNA. The membrane was exposed to a
Phosphorimager screen cassette and visualized (Molecular Dynamics,
Sunnyvale, CA).

Cloning and Expression of KCBP, CaM, KIC, KRPs,
and Centrin Proteins

Plasmids pET28a/KCBP-1.4 and pET32/KCBP-1.5, each containing the
motor domain plus the CBD, and pET28/KCBP-1.0, containing the mo-
tor domain without the CBD, were constructed as described previously
(Narasimhulu et al., 1997; Narasimhulu and Reddy, 1998). CaM2 was
prepared as described previously (Reddy et al., 1999). Plasmid pACT/
KIC was digested with Xhol, and the insert coding for KIC was ligated
into pET32a. KIC subclones were constructed using PCR. Primers were
designed to amplify the N-terminal portion from the KIC ATG site to the
beginning of the EF-hand motif-coding region (1 to 237 bp) and then
from the beginning of the EF-hand motif-coding region to the end of the
sequence (217 to 408 bp). The primers, including enzyme cut sites
(Hindlll and Xhol), were 5'-CGCAAGCTTATGGAACCAACCGAGAAATC-3'
and 5'-CGCCTCGAGAGCATCTTCCTTGCTCATACC-3' for the N-termi-
nal clone (N-term) and 5'-CGCAAGCTTGGTATGAGCAAGGAAGATG-3’
and 5'-CCGCTCGAGTCAAGGCATAGAAGAGAGATT-3' for the C-termi-
nal clone (C-term). PCR products were cloned into Hindlll-Xhol-cut
pET32b to generate constructs pET32b/N-term and pET32b/C-term.
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The protein coding region of centrin (At4g37010) was amplified by PCR
using its EST (170C4) as a template with a forward primer (5'-CGCAAGCTT-
ATGTCGGAAGCAGCACAG-3') and a reverse primer (5'-CCGCTCGAG-
TAAGCCGTAAGAGGTTCTC-3'). The coding region of KRP1 (At4g27280)
was amplified by PCR using its EST (U14018) as a template with a for-
ward primer (5’'-CGCAAGCTTATGGCGTCACCAAAGTCA-3') and areverse
primer (5’-CCGCTCGAGTCAATGCCGGCGCGTGA-3'). The HindlllI-Xhol-
digested PCR products of centrin and KRP1 were cloned into the Hindlll-
Xhol sites of pET28b. The coding region of KRP2 (At5g54490, intronless
gene) was amplified by PCR using genomic DNA as a template with a
forward primer (5'-CGGGAATTCATGGCATCTCCTAAATCCTCA-3') and
a reverse primer (5'-CCGCTCGAGTCAATGCCGGTAAAACTCTTC-3').
The PCR product was digested with EcoRI-Xhol and cloned into the
EcoRI-Xhol sites of pET28a.

Escherichia coli DH5a cells were transformed with each construct by
electroporation, and the constructs were verified by sequencing and
then transferred into BL21 (DE3) E. coli cells. BL21 (DE3) cells trans-
formed with all constructs were cultured to an ODgq, of ~0.6, and the ex-
pression of the protein was induced by the addition of 0.2 to 1 mM iso-
propyl-1-thio-B-D-galactopyranoside. Bacteria were harvested and the
pellet was resuspended in one-tenth culture volume of 50 mM Tris-HCl,
pH 8.0, plus lysozyme (100 ng/mL), one-tenth volume of 1% Triton
X-100, and complete protease inhibitors (Roche Molecular Biochemi-
cals, Mannheim, Germany). After incubation on ice for 30 min, samples
were sonicated five times for 10 s and centrifuged at 12,0009 for 15 min
at 4°C. The supernatant and pellets of the induced and uninduced cul-
tures were analyzed by SDS-PAGE. Constructs in pET28 are fusions to
T7-tag, and constructs in pET32 are fusions to S-tag. Proteins were de-
tected using either T7-tag antibody or S-protein according to the manu-
facturer’s instructions (Novagen, Madison, WI).

Protein Purification and Estimation

All Ca?* binding proteins were purified using a Phenyl Sepharose (Phar-
macia) column. Before loading the protein extract, the column was equil-
ibrated with binding buffer (50 mM Tris-HCI, pH 7.5, 5 mM CaCl,, and
0.5 mM DTT). The extract from KIC, KRP1, KRP2, centrin, or CaM2 was
loaded onto the column, washed with 50 mM Tris, pH 7.5, 5 mM NaCl, 5
mM CaCl,, and 0.5 mM DTT, eluted with 50 mM Tris-HCI, pH 7.5, 1 mM
EGTA, and 0.5 mM DTT, and collected in 1-mL fractions. KCBPs with or
without CBD were purified using a CaM Sepharose column or a His-
affinity column, respectively, as described (Reddy and Reddy, 2002).
Eluted fractions were dialyzed extensively against 50 mM Tris, pH 7.5,
and analyzed by 12% SDS-PAGE.

The concentrations of KCBP, KIC, KRP1, KRP2, centrin, and CaM2
proteins purified to homogeneity were estimated by the Bradford
method (Bio-Rad protein assay kit) using BSA as the standard (Bradford,
1976). The protein concentrations obtained by the Bradford method
were verified visually on Coomassie Brilliant Blue R250-stained SDS-
PAGE gels as described (Reddy et al., 1999). The protein concentrations
were further confirmed by silver staining and used in cosedimentation and
ATPase assays.

Calcium Binding Assays

Crude bacterial extract containing full-length KIC protein was heated to
95°C for 5 min, placed on ice for 10 min, and centrifuged at 15,000g for
10 min before being purified on the Phenyl Sepharose column. For the
full-length KIC overlay assay, crude protein containing bacterially pro-
duced KIC protein, supernatant from crude protein heated for 10 min fol-
lowed by centrifugation, Phenyl Sepharose column-purified KIC along
with the purified CaM and BSA were electrophoresed on SDS-denatur-
ing gels. One gel was stained and another was blotted. The blot was in-
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cubated in overlay buffer (60 mM KCI, 5 mM MgCl,, and 10 mM imida-
zole-HCl, pH 6.8) containing 4Ca2* (1 wCi/mL) (Maruyama et al., 1984).
After washing, the blot was exposed to a Phosphorimager screen and
the autoradiogram was visualized by scanning with a Phosphorimager
(Molecular Dynamics). Crude extracts of KIC N- and C-terminal bacteri-
ally produced proteins and purified full-length KIC, KRP1, KRP2, and
centrin were electrophoresed, and the gels were stained or blotted and
probed with 43Ca2* as described above.

In Vitro Interaction of KCBP and KIC

Crude protein containing bacterially expressed KCBP-1.4 (with CBD) as
a fusion to T7-tag was added to T7-tag antibody agarose bead slurry
(Novagen, Madison, WI) and incubated on an orbital shaker for 1 h at
room temperature. The solution was centrifuged, and the beads were
washed three times with 10 mL of 1X bind/wash buffer (20 mM Tris-HClI,
pH 7.5, 150 mM NaCl, and 0.1% Triton X-100). Then crude pET32a/KIC
protein with 10 wuM Ca2* or 5 mM EGTA was added to the washed aga-
rose beads, incubated for 1 h at room temperature, and washed as de-
scribed above. As a control, T7-tag antibody agarose beads also were
incubated with KIC. The T7-tag antibody agarose beads were resus-
pended in 1X sample buffer (62.5 mM Tris-HCI, pH 7.5, 2% SDS, 5%
mercaptoethanol, 10% glycerol, and 0.0075% bromphenol blue) and
loaded onto 12% SDS polyacrylamide gels. Gels were blotted to nitro-
cellulose membranes and detected for the presence of KIC (with S-pro-
tein) and KCBP (with T7-tag antibody) according to the manufacturer’s
procedure (Novagen).

Interaction of KIC with Native KCBP

Total proteins from Arabidopsis flowers, pollen, and young 5-day-old
seedlings were extracted with a buffer containing 50 mM Tris-HCI, pH
7.4, 250 mM sucrose, 5 mM DTT, and complete protease inhibitor mix-
ture. The total soluble proteins were separated by centrifugation and
passed through 200-p.L CaM Sepharose beads. Then, CaM Sepharose—
eluted Arabidopsis proteins were dialyzed against TN buffer (20 mM Tris
HCI, pH 7.5, and 150 mM NaCl) and incubated with 200 pL of S-protein
beads saturated with or without 5 pg of bacterially expressed pure KIC
in TN buffer containing either 1 mM CaCl, or 1 mM EGTA. The S-protein—
bound KIC:KCBP complex was washed thoroughly with TN buffer con-
taining either 1 mM CaCl, or 1 mM EGTA. The KIC:KCBP complex was
eluted from S-protein beads by adding 150 pL of SDS-PAGE loading
buffer and separated on three SDS gels. One gel was stained and two
gels were blotted; one blot was probed with S-protein and the second
blot was probed with KCBP antibodies as described (Bowser and
Reddy, 1997).

KIC Binding to Synthetic Peptide

A peptide (ISSKEMVRLKKLVAYWKEQAGKK) that corresponds to a
stretch of 23 amino acids in the C terminus of KCBP was synthesized
previously (Reddy et al., 1996b). The interaction of KIC with the synthetic
peptide was assayed using the gel electrophoresis mobility shift of KIC
in the presence of the synthetic peptide (Erickson-Vitanen and DeGrado,
1987; Reddy et al., 1996b). KIC or CaM (as a control) was incubated with
the synthetic peptide at ratios of 1:0.5, 1:1, and 1:2 in the presence of 4 M
urea, 100 mM Tris-HCI, pH 8.0, and 1 mM CaCl, or 5 mM EGTA. The sam-
ples then were electrophoresed on a gel containing 4 M urea and 5 mM
EGTA or 1 mM CaCl,. To test for competition between KIC and CaM
binding to the CBD of KCBP, 90 pmol of KIC and CaM together were in-
cubated with synthetic peptide (180 or 360 pmol). Each reaction mixture
was loaded onto a polyacrylamide gel containing 4 M urea and 1 mM
CaCl,.

Cosedimentation Assay

Taxol-stabilized microtubules were prepared essentially as described previ-
ously (Reddy and Reddy, 2002), and the microtubule pellet was dissolved in
10X cosedimentation assay buffer (1X = 20 mM Pipes, pH 6.9, 1 mM
MgCl,, 1 mM DTT, 150 mM NaCl, and 20 u.M taxol). The microtubule motor
binding assay was performed in a 100-p.L reaction containing 2.5 .M KCBP
motor protein (KCBP-1.5 or KCBP-1.0) with or without taxol-stabilized mi-
crotubules (Reddy and Reddy, 2002). Where appropriate, 100 uM CaCl,, 15
wM Ca?* binding protein (KIC, CaM2, KRP1, KRP2, and centrin), 5 mM
adenosine 5'-(8,y-imido)triphosphate tetralithium salt hydrate, or 5 mM ATP
also was added. After incubation at 22°C for 20 min, the tubes were centri-
fuged in a TYPESO rotor using an L7-55 Ultracentrifuge (Beckman Instru-
ments) for 20 min at 35°C at 100,000g. The supernatant and pellet were
separated, mixed with SDS loading buffer, and analyzed by SDS-PAGE.

ATPase Assay

The ATPase activity of the KCBP assay was determined in a 100-p.L re-
action buffer (15 mM imidazole, pH 7.0, 2 mM MgCl,, and 1 mM DTT)
containing 300 nM KCBP-1.5 or KCBP-1.0 with or without 2 uM taxol-
stabilized microtubules and 3 mM Mg-ATP (Hackney and Jiang, 2001).
CaCl,, one of the Ca2* binding proteins (KIC, CaM2, KRP1, KRP2, and
centrin), and EGTA, to final concentrations of 100 uM, 1 uM, and 2 mM,
respectively, also were added in appropriate reactions. ATPase activity
was measured using a colorimetric change in malachite green with the
release of Pi as described (Hackney and Jiang, 2001; Reddy and Reddy,
2002). ATPase assays also were performed using equimolar concentra-
tions of KIC and CaM as described above at increasing concentrations
of Ca2* from 100 nM to 5 wM. The released Pi was estimated colorimet-
rically using 1 ODggg = 9.45 nmol of Pi. The ATPase activity of the motor
protein was expressed in micromoles of Pi released per milligram of mo-
tor protein per minute. All reactions were performed in triplicate. Each
experiment was repeated at least three times. Average values obtained
from triplicate experiments were analyzed for standard deviations using
Microsoft Excel (Redmond, WA).

Generation of KIC Sense Transgenic Arabidopsis Plants and
Molecular Analyses

The Xhol-digested KIC full-length cDNA sequence was isolated from the
pET32a-KIC construct and cloned into the Xhol site of the binary
pBAO002 Ti plasmid between the CaMV 35S promoter and the NOS ter-
minator. The orientation of the KIC sequence was verified by digestion
with Spel and by sequencing both strands (Figure 10). The CaMV 35S:
KIC sense construct was introduced into Agrobacterium tumefaciens
GV3101 cells. Transgenic Arabidopsis plants were generated by vacuum
infiltration essentially as described (Bechtold et al., 1993). The selection
of transgenic plants was performed on Murashige and Skoog (1962) me-
dium containing 5 pg/mL BASTA. Genomic DNA was prepared from
transgenic and wild-type Arabidopsis. Genomic PCR was performed
with CaMV 35S forward primer (5'-CAGTCTCAGAAGACCAAAGG-3’)
and KIC forward and reverse primers, and the PCR products were veri-
fied by agarose gel electrophoresis.

Scanning Electron Micrographs

The fourth pair of leaves of 18-day-old seedlings was fixed in 0.1 M so-
dium phosphate, pH 7.0, containing 3% glutaraldehyde for 12 h at 4°C.
After fixation, leaves were washed with 0.1 M sodium phosphate, pH 7.0,
three times for 10 min and then fixed again in 0.1 M sodium phosphate,
pH 7.0, containing 1% osmium tetroxide for 2 h. After washing the
leaves in 0.1 M sodium phosphate, pH 7.0, two times and in water two
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times, for 10 min each, the dehydration of leaf material was performed in
a graded series of ethanol concentrations (50, 60, 70, 80, 90, 95, and
100%) followed by critical point drying with liquid CO,. The uncoated
leaf samples were photographed using a JEOL JSM 6500F field emis-
sion scanning electron microscope at an accelerating voltage of 1.5 kV.

Upon request, materials integral to the findings presented in this pub-
lication will be made available in a timely manner to all investigators on
similar terms for noncommercial research purposes. To obtain materials,
please contact A.S.N. Reddy, reddy@colostate.edu.

Accession Numbers

The accession numbers for the KIC, KRP1, KRP2, and Arabidopsis cen-
trin sequences are AY363866, AY363867, AY363868, and AY363869,
respectively. The accession numbers or gene identification numbers for
the other sequences shown in Figure 2 are as follows: Arabidopsis CaM2
(At2g41110); Nicotiana tabacum centrins Nt1 (AF072519) and Nt2
(AF072520); Oryza sativa OskKRP (M11253); and Homo sapiens centrins
HsCEN1 (U03270), HsCEN2 (X72964), and HsCENS (Y12473).
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