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The kinesin-like calmodulin (CaM) binding protein (KCBP), a minus end–directed microtubule motor protein unique to

 

plants, has been implicated in cell division. KCBP is negatively regulated by Ca

 

2

 

1

 

 and CaM, and antibodies raised
against the CaM binding region inhibit CaM binding to KCBP in vitro; therefore, these antibodies can be used to acti-
vate KCBP constitutively. Injection of these antibodies into 

 

Tradescantia

 

 

 

virginiana

 

 stamen hair cells during late
prophase induces breakdown of the nuclear envelope within 2 to 10 min and leads the cell into prometaphase. How-
ever, mitosis is arrested, and the cell does not progress into anaphase. Injection of antibodies later during cell division
has no effect on anaphase transition but causes aberrant phragmoplast formation and delays the completion of cyto-
kinesis by 

 

z

 

15 min. These effects are achieved without any apparent degradation of the microtubule cytoskeleton. We
propose that during nuclear envelope breakdown and anaphase, activated KCBP promotes the formation of a converg-
ing bipolar spindle by sliding and bundling microtubules. During metaphase and telophase, we suggest that its activity
is downregulated.

INTRODUCTION

 

The dynamics of the microtubule cytoskeleton during cell di-
vision in plant cells have been studied extensively (Hepler
and Hush, 1996), but little is known about the roles of the
motor proteins during mitosis and cytokinesis. Microtubule
motor proteins have long been implicated in cell division in
plants (Asada and Collings, 1997). For example, some kine-
sin proteins increase in concentration during mitosis, as
shown for the kinesin-like proteins KatB and KatC in syn-
chronized tobacco BY-2 cells (Mitsui et al., 1996), and sev-
eral kinesins immunolocalize to the mitotic microtubule
arrays but not to interphase arrays, as shown for KatAp in
Arabidopsis and tobacco suspension cells (Liu et al., 1996).
Chromosome pieces in Haemanthus endosperm cells that
have been cut by laser beam move along microtubules in
opposite directions (equator or pole) independent of kineto-
chore activity, depending on the division phase in vivo
(Khodjakov et al., 1996). One of the most convincing func-
tional analyses by Asada and co-workers has implicated the
125-kD tobacco kinesin-related polypeptide (TKRP125), a
plus end–directed kinesin-like protein, in phragmoplast mi-
crotubule organization. Antibodies raised against the motor

domain of this kinesin inhibit sliding of phragmoplast micro-
tubules in permeabilized tobacco BY-2 cells (Asada and
Shibaoka, 1994; Asada et al., 1997).

KCBP is a kinesin-like calmodulin (CaM) binding protein
that has been identified in Arabidopsis, tobacco, and potato
(Reddy et al., 1996a, 1996b; Wang et al., 1996). Arabidopsis
KCBP (AtKCBP) consists of 1259 amino acids (140-kD
protein) and forms dimers that have microtubule-stimulated
ATPase activity (Reddy et al., 1996a), minus end–directed
microtubule motor activity (Song et al., 1997), and microtu-
bule-bundling activity within both the motor domain and the
tail region (Kao et al., 2000). Other, not fully characterized
binding domains possibly link the tail region to membranous
cellular structures, such as the endoplasmic reticulum, or to
vesicular cargo (Reddy and Reddy, 1999). Recently, the N-ter-
minal tail region of KCBP has been found to interact with a
plant-specific protein kinase (KIPK, or KCBP-interacting
protein kinase) (Day et al., 2000). The concentration of
KCBP is cell cycle–regulated, being high during mitosis and
dropping to undetectable levels during interphase in syn-
chronized tobacco BY-2 cultures (Bowser and Reddy,
1997). Immunolabeling studies with Arabidopsis and to-
bacco BY-2 cultured cells (Bowser and Reddy, 1997) have
demonstrated that KCBP is localized to the preprophase
band, the spindle apparatus, and the phragmoplast, but it is
not colocalized with cortical microtubules during interphase.
In Haemanthus endosperm cells, KCBP is localized to the
perinuclear basket of microtubules during prophase, to the
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metaphase and anaphase spindle, and to the phragmoplast
during telophase (Smirnova et al., 1998). Taken together,
these results suggest a role for KCBP in cell division.

Recently, a CaM binding C-terminal kinesin (kinesin C)
was cloned from sea urchin embryos that showed 56 and
35% sequence identity with the motor and CaM binding do-
mains of plant KCBPs, respectively (Rogers et al., 1999).
However, the tail regions of kinesin C and plant KCBPs have
no sequence similarity. Given the CaM binding property of
kinesin C, a Ca

 

2

 

1

 

-regulated role for kinesin C in the early sea
urchin development is suggested. As with KCBP, the CaM
binding region of kinesin C is adjacent to the C-terminal mo-
tor domain (Reddy et al., 1996b). The CaM binding region of
KCBP has been shown to bind three isoforms of Arabidop-
sis CaM in a Ca

 

2

 

1

 

-dependent manner (Reddy et al., 1999).
In the presence of Ca

 

2

 

1

 

, CaM not only inhibits the KCBP
and microtubule interaction but also is able to dissociate the
two in microtubule sedimentation assays in vitro (Deavours
et al., 1998; Narasimhulu and Reddy, 1998). Ca

 

2

 

1

 

-CaM
therefore negatively regulates the interaction of KCBP with
microtubules.

Here, we have used live cells and specific antibodies to
KCBP to determine the possible function and signal cascade
of this protein. The affinity-purified polyclonal antibodies
(hereafter designated as KCBP-Ab), which were raised
against a synthetic 23–amino acid polypeptide containing
the CaM binding domain of AtKCBP, were found to interfere
with the Ca

 

2

 

1

 

-CaM regulation but not with the microtubule
binding activity of KCBP in vitro. In the presence of these an-
tibodies, the interaction of KCBP with microtubules was not
inhibited by activated CaM (Narasimhulu et al., 1997;
Narasimhulu and Reddy, 1998). These antibodies are there-
fore thought to activate KCBP constitutively. To show that
the antibody differentially affects cell division, we first deter-
mined that KCBP-Ab cross-reacts with endogenous KCBP
from 

 

Tradescantia virginiana

 

. We then microinjected living
stamen hair cells of this plant with these antibodies and
monitored the changes in morphology and mitotic transition
times. The injections with KCBP-Ab differentially affected
specific phases during cell division but not the cytoplasmic
streaming or cell viability during interphase. We conclude
that by driving the sliding and bundling of microtubules,
KCBP plays a role in the formation of a converging bipolar
spindle during nuclear envelope breakdown and anaphase.
During metaphase and telophase, its activity is reduced to al-
low for microtubule dynamics during chromosome alignment
and phragmoplast formation, respectively.

 

RESULTS

KCBP-Ab Recognizes a 140-kD Protein in 

 

T. virginiana

 

The polyclonal antibody directed against the unique CaM
binding region of KCBP has previously been shown to

cross-react with a single band in protein gel blots of total
protein extracts from Arabidopsis seedlings and suspension
cells and tobacco BY-2 suspension cells (Bowser and
Reddy, 1997). To determine the effects of microinjecting
these antibodies into 

 

T. virginiana

 

 stamen hair cells, we
needed to ascertain whether the antibodies would also
cross-react with endogenous KCBP. To detect endogenous
KCBP, total protein extracts from 

 

T. virginiana

 

 inflores-
cences (Figure 1, lane 1) were compared with protein ex-
tracts from tobacco BY-2 culture cells (Figure 1, lane 3), lily
anthers (Figure 1, lane 4), and

 

 

 

Arabidopsis suspension cul-
tures (Figure 1, lane 5) on protein gel blots. Equal amounts
of protein (

 

z

 

80 

 

m

 

g) were loaded in each lane. In all prepara-
tions, we detected a single band of 

 

z

 

140 kD. The protein
preparations of the tobacco and Arabidopsis cultured cells
(Figure 1, lanes 3 and 5) indicate higher concentrations of
KCBP than do the 

 

T. virginiana

 

 and lily preparations (Figure
1, lanes 1 and 4). This difference probably reflects the higher
proportions of dividing cells in these cultures rather than
suggesting differences between monocots and dicots, be-
cause Arabidopsis seedlings also showed lower concentra-
tions of KCBP than did suspension cell cultures (results not
shown). Incubation with preimmune serum did not result in
any band (Figure 1, lane 2).

 

KCBP-Ab Does Not Affect Viability and
Cytoplasmic Streaming

 

To manipulate KCBP activity in vivo, cells were injected dur-
ing all phases of cell division with affinity-purified KCBP-Ab,
a probe thought to constitutively activate KCBP by binding
to the CaM binding domain. To ascertain whether microin-
jection of these antibodies affects the cells in other ways, 

 

T.
virginiana

 

 stamen hair cells were microinjected during inter-
phase and observed for up to 1.5 hr (

 

n

 

 

 

5

 

 7). No effect on vi-
ability or cytoplasmic streaming was evident, as shown in
Figure 2A. Cytoplasmic strands throughout the vacuoles re-
mained intact, and organelle movement was not affected.

Figure 1. Protein Gel Blot Analysis of KCBP.

Total protein preparations of T. virginiana inflorescences (lanes 1
and 2), tobacco BY-2 suspension cell culture (lane 3), Lidium longi-
florum anthers (lane 4), and Arabidopsis suspension cell culture (lane
5) were separated on SDS–polyacrylamide gels, blotted, and incu-
bated with 1:500 dilutions of affinity-purified KCBP-Ab or a 1:500 di-
lution of unpurified preimmune serum (lane 2). In lanes 1 and 3 to 5,
a single band at 140 kD was detected, indicating the presence of
endogenous KCBP.
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Use of monoclonal antibodies raised against calmodulin
(CaM-Ab) gave quite different results (Figure 2B): there was
loss of transvacuolar strands and cytoplasmic streaming
within 10 min, and organelles showed Brownian movement
(

 

n

 

 

 

5

 

 6). Most of the cytoplasm and the nucleus moved to
one half of the cell and left the vacuole occupying the other
half. After 30 min, streaming would sometimes recur and cy-
toplasmic strands would reappear (results not shown).

 

KCBP-Ab Induces Nuclear Envelope Breakdown

 

Microinjection of KCBP-Ab during late prophase, that is,
when the chromatin was clearly condensed, resulted in early
nuclear envelope breakdown, as shown in Figure 3A. Be-
tween 5 and 10 min after injection, the nuclear envelope dis-
integrated, and the chromosomes spread out and occupied
the central area of the cell. All cells that were injected during
late prophase showed nuclear envelope breakdown within 2

to 10 min after injection (

 

n

 

 

 

5

 

 8), with a median time of 7.5
min (Figure 4A and Table 1). Three cells classified as being
in early prophase did not show nuclear envelope breakdown
at 15, 55, and 60 min after injection, respectively (Figure 4A).
One of these cells actually reverted to interphase after 55
min (Figure 4A), which is a relatively common observation
for stamen hair cells of 

 

T. virginiana

 

. None of the cells that
showed accelerated nuclear envelope breakdown reverted
to interphase.

Microinjection of preimmune serum that had been treated
according to the affinity purification method used with
KCBP-Ab did not accelerate nuclear envelope breakdown.
In Figure 3B, a cell that was injected with preimmune serum
did not show nuclear envelope breakdown until 

 

z

 

20 min af-
ter injection. The cell then progressed into prometaphase (at
26 and 37 min after injection; Figure 3B) and completed cell
division (data not shown). Cells were observed in prophase
for a median time of 33 min (

 

n

 

 

 

5

 

 8) (Figure 4B and Table 1);
this time differed significantly from that for KCBP-Ab–injected
cells (5% level of significance; Mann–Whitney U test).

 

KCBP-Ab Induces Metaphase Arrest

 

After nuclear envelope breakdown, all cells that were in-
jected with KCBP-Ab during late prophase entered prometa-
phase, but they did not progress into anaphase. The cell in
Figure 3A entered prometaphase between 5 and 10 min af-
ter injection and was arrested for 128 min, after which ob-
servation was discontinued. During the first half hour of
prometaphase, many of the chromosomes lined up at the
metaphase plate with their arms arranged parallel to the
spindle axis. However, the cell did not progress into ana-
phase. Instead, chromosomes disoriented again throughout
the center of the cell, although they remained clearly visible
and refractile during the observation time. The median time
during which cells were observed in metaphase, after injec-
tion during late prophase, was 88.3 min (

 

n 

 

5

 

 8) (Figure 4A
and Table 1). Similar results were observed when cells were
injected during prometaphase (Figure 4A). However, cells
that were injected later during metaphase, that is, when all
the chromosomes had lined up at the metaphase plate, did
not arrest but progressed into anaphase. Taken together,
cells that were injected during late prophase or prometa-
phase—excluding those that progressed into anaphase—
remained in this prometaphase or metaphase state for a me-
dian time of 63 min (

 

n

 

 

 

5

 

 19) (Table 1).
Cells that were injected with preimmune serum were not

arrested in prometaphase or metaphase (Figure 4B). The
median time during which cells were observed in prometa-
phase or metaphase after injection in late prophase or pro-
metaphase was 32 min (

 

n 

 

5

 

 4) (Table 1). The number of
observations for control cells was too few to underpin statis-
tically the difference between cells injected with KCBP-Ab
and preimmune serum (P 

 

.

 

 0.05; Mann–Whitney U test).
The average metaphase transition time, that is, from nuclear

Figure 2. Injection of Antibodies into T. virginiana Stamen Hair Cells
during Interphase.

(A) Eight minutes after microinjection with KCBP-Ab, no effects on
cytoplasmic streaming or viability were visible.
(B) Within 8 min after injection with CaM-Ab, cytoplasmic streaming
ceased, cytoplasmic strands collapsed, and most of the cytoplasm
was localized to the lower part of the cell.
The time in minutes after injection is given at the bottom right of each
photograph. Bar in (B) 5 10 mm for (A) and (B).
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envelope breakdown to the onset of anaphase, for nonin-
jected cells is 32.5 

 

6

 

3.9 min (

 

n 

 

5

 

 20) (Hepler, 1985).

 

KCBP-Ab Does Not Affect Anaphase

 

Microinjection of KCBP-Ab during late metaphase or ana-
phase did not affect the anaphase cell morphology and transi-

tion time. The anaphase chromosome arrangements of the
cell in Figure 5A (from 0 to 10 min; Figure 5A) were compara-
ble with those of cells injected with preimmune serum (0 and
10 min; Figure 5B) and with those of cells that were not in-
jected (results not shown). For KCBP-Ab–injected cells, the
median anaphase transition time—the time measured from
the onset to the cessation of chromatid separation or to the
first signs of vesicle aggregation at the center of the phragmo-

Figure 3. Injection of Antibodies during Late Prophase.

(A) In a KCBP-Ab–injected cell, the nuclear envelope broke down between 5 and 10 min after injection. Initially, the chromosomes lined up at the
metaphase plate, but at z40 min after injection they started losing their orientation. After an hour, the cell was still arrested in prometaphase or
metaphase.
(B) As the control, a late-prophase cell was injected with affinity-purified preimmune serum. Nuclear envelope breakdown did not occur until
z20 min after injection, after which the cell completed cell division normally (data not shown).
The time in minutes after injection is shown at the bottom right of each photograph. Bar in (B) 5 10 mm for (A) and (B).



 

Role of KCBP in Cell Division 983

 

plast—was 25.5 min (

 

n

 

 

 

5

 

 9) (Figure 4A and Table 1). For pre-
immune serum–injected cells, the median anaphase transition
time was 26.3 min (

 

n

 

 

 

5

 

 8) (Figure 4B and Table 1), which is not
statistically different (P 

 

.

 

 0.05; Mann–Whitney U test).

 

KCBP-Ab Causes Aberrant Phragmoplast Formation

 

Normally, at the end of anaphase, a clear zone arises be-
tween the two sets of daughter chromosomes (Staehelin
and Hepler, 1996). However, after KCBP-Ab injection during
midanaphase, in severe cases no phragmoplast formed,
and trailing chromosome arms and larger organelles were
not excluded from the central area of the cell (Figure 5A). In
addition, there was no sign of vesicle accumulation between
the two half spindles. Later, the whole spindle apparatus, in-
cluding the two sets of chromosomes, tilted at the division
plane, possibly because there was no phragmoplast to es-
tablish a connection with the parental cell membrane (30 to
72 min; Figure 5A). The cell did not recover and had not
completed cytokinesis after 2 hr. In general, we found a
large variation in morphological effects during telophase af-
ter KCBP-Ab injection. The most common effects for cells
that were observed for at least 10 min during telophase
were wavy cell plates (nine of 22 cells), misaligned cell
plates (five of 22 cells), and unclear or completely absent
phragmoplasts and cell plates (four of 22 cells; Figure 5A).
Sometimes medium-sized organelles were observed to
move into the area of the phragmoplast (four of 22 cells; Fig-
ure 5A). In addition, the length of time in which the above-
mentioned cells were in telophase varied substantially. Four-
teen cells completed cytokinesis and were followed from the
first vesicles aggregating at the cell plate to the disintegra-
tion of the phragmoplast; seven others were arrested in telo-
phase. The median observation or telophase transit time
was 45 min (

 

n

 

 

 

5

 

 22) (Figure 4A and Table 1). We were un-
able to determine a correlation between the time of injection
and the severity of the effect.

Injection of preimmune serum that had been treated ac-
cording to the affinity purification method for KCBP-Ab did
not affect cytokinesis (Figure 5B). Vesicles aggregated at the
center of the young phragmoplast within 20 min after injec-
tion during midanaphase. Within 30 min after the onset of
cytokinesis, the distinctly refractile cell plate connected to
the parental cell membrane, and the phragmoplast broke
down (20 to 49 min; Figure 5B). The median telophase transi-
tion time of control cells was 31 min (

 

n

 

 

 

5

 

 16) (Figure 4B and
Table 1), statistically different from that of KCBP-Ab–injected
cells (P 

 

,

 

 0.05; Mann–Whitney U test).

 

Microtubule Cytoskeleton Is Not Destroyed after
KCBP-Ab Injection

 

To determine the effects of changes in the KCBP activity on
the microtubule cytoskeleton, we injected cells with

rhodamine-conjugated bovine tubulin, allowed the tubulin to
incorporate into the endogenous microtubule arrays, and in-
jected the cells a second time with KCBP-Ab. Confocal and
differential interference contrast images were taken alter-
nately. The double-injection procedure is very complex, and
only a few attempts were successful. The cell shown in Fig-
ure 6 was injected with tubulin 32 min before injection with

Figure 4. Mitosis Transition Times and Observation Times.

(A) Dividing cells injected with KCBP-Ab.
(B) Dividing cells injected with preimmune serum.
In both (A) and (B), the microinjections are ordered according to the
length of time spent in a mitotic phase after injection at time 0. Ob-
servations .140 min were cut off. Each bar represents the observa-
tion time (not necessarily the beginning and end of a mitotic phase),
except for the bars representing interphase, which were continued
to show the observed completion of cell division. Clearly visible are
the differences in the lengths of prophase and metaphase and the
variation in the length of telophase between KCBP-Ab–injected cells
and their controls. Prophase is indicated with black bars; metaphase
with striped (\) bars; anaphase with stippled bars; telophase with
striped (//) bars; and interphase with open bars.
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KCBP-Ab. During that time, the bovine tubulin incorporated
into the preprophase band and the perinuclear spindle. The
preprophase band narrowed slightly (cf. images at 14 and 2
min before injection with KCBP-Ab; Figure 6) as the cell pro-
gressed through prophase. After the needle was withdrawn
and the cell was in late prophase, KCBP-Ab was injected.
Two minutes after injection, the nuclear envelope had bro-
ken down and the preprophase band had disappeared. The
microtubules of the perinuclear spindle then moved into the
nuclear area and formed a bipolar spindle with distinct kinet-
ochore microtubule bundles. Although the cell was arrested
in prometaphase or metaphase for 

 

.

 

1 hr, the morphology
and orientation of the microtubule cytoskeleton were not de-
stroyed (cf. images at 15 and 64 min after injection of KCBP-
Ab; Figure 6).

Two cells that were successfully injected with tubulin and
KCBP-Ab had normal anaphase microtubule arrays. One of
the cells progressed normally through telophase with no de-
lay, but the other had a phragmoplast that was misaligned
and a cell plate that did not connect to the parental cell
membrane on one side (results not shown).

 

DISCUSSION

KCBP Is Involved in Cell Division

 

Using an antibody that putatively activates KCBP, we have
shown that this minus-end kinesin is differentially active dur-

ing the various phases of cell division in stamen hair cells of

 

T. virginiana

 

. Thus, injection of cells with KCBP-Ab results in
the premature breakdown of the nuclear envelope and early
onset of prometaphase (Figures 3 and 6). However, these
same cells subsequently arrest in late prometaphase or
metaphase and do not enter anaphase. Injection later during
cell division causes aberrant formation of the phragmoplast
and cell plate, and completion of cytokinesis is delayed or
inhibited (Figure 5). Cells during anaphase (Figure 5) and in-
terphase (Figure 2) possibly are not affected because either
KCBP is naturally activated, in which case it does not matter
whether we activate it, or KCBP does not play a role during
these phases. Given the immunolocalization to spindle mi-
crotubules during anaphase and the greatly reduced
amounts of KCBP during interphase (Bowser and Reddy,
1997; Smirnova et al., 1998), we hypothesize that the first
explanation holds true during anaphase and that the second
one is relevant during interphase. The combination of strong
effects on cytoplasmic streaming after CaM-Ab injection
and the lack thereof after KCBP-Ab injection (Figure 2) pro-
vides us with an internal control and suggests that antibody
injections do not necessarily disrupt cellular chemistry.

The outcome of the KCBP-Ab injections appears to de-
pend on the timing of the injection (Figure 4). Whereas injec-
tions during late prophase induced breakdown of the
nuclear envelope, earlier injections did not; similarly, cells
that were injected in late metaphase did not arrest. This sug-
gests the involvement of key checkpoints, for example, one
in late prophase that had not yet been reached and another
in late prometaphase that had already been passed. After
the prophase checkpoint, the activation of KCBP hastened
nuclear envelope breakdown, whereas after the late pro-
metaphase checkpoint, the activation of KCBP no longer
arrested cells in metaphase. It is also possible that the anti-
body was degraded. However, the duration of the meta-
phase arrest and the morphological effects found during
telophase 30 min after injection with KCBP-Ab suggest that
the antibodies were active for longer periods.

 

Model for KCBP Function and Regulation

 

Accurate and dependable chromosome separation may re-
quire a convergent bipolar spindle (Smirnova and Bajer,
1998), and spindle organization may depend, in part, on mi-
crotubule motors that exhibit both sliding and microtubule-
bundling properties (Bajer and Molè-Bajer, 1986; Mitchison,
1992; Walczak et al., 1998). Our results suggest that KCBP
is a candidate for one of the microtubule motors involved in
plant cell division. In our simplified model, we suggest that
microinjection of KCBP-Ab may induce early nuclear enve-
lope breakdown by precociously activating KCBP to bundle
and pull on the perinuclear microtubules (Song et al., 1997;
Kao et al., 2000) (Figure 7A). Metaphase arrays of microtu-
bules are formed after KCBP-Ab injection, as shown in Fig-
ure 6, but the induction of microtubule bundling and sliding,

 

Table 1.

 

Mitosis Transition and Observation Times after Injection 
with KCBP-Ab and Preimmune Serum

Transition
Injections with
KCBP-Ab

 

a

 

Injections with
Preimmune Serum

 

a

 

Time to nuclear
envelope breakdown

7.5 (2–10)
(

 

n

 

 

 

5

 

 8)

 

b

 

33 (20–172)
(

 

n

 

 

 

5

 

 8)

 

b

 

Metaphase 88.3 (22.5–1377)
(

 

n

 

 

 

5

 

 8)

 

b

 

63 (25–120.5)
(

 

n

 

 

 

5

 

 19)

 

c

 

32 (15–50)
(

 

n

 

 

 

5

 

 4)

 

c

 

Anaphase 25.5 (20–30)
(

 

n

 

 

 

5

 

 9)

 

d

 

26.3 (12.5–32.5)
(

 

n

 

 

 

5

 

 8)

 

d

 

Telophase 45 (30.5–60.5)
(

 

n

 

 

 

5

 

 22)

 

e

 

31 (25–38.5)
(

 

n

 

 

 

5

 

 16)

 

e

a

 

Median transition or observation times and 95% confidence limits
in minutes in parentheses.

 

b

 

Cells injected during late prophase.
c Cells injected during late prophase or prometaphase.
d Cells injected before the onset of anaphase and followed to telo-
phase.
e Cells injected before or during telophase and observed in telo-
phase for at least 10 min.
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through the activation of KCBP, leads to metaphase arrest.
Therefore, it is plausible that normally during metaphase, the
Ca21 concentration within the spindle is elevated, thereby
activating CaM and inactivating KCBP (Figure 7B). Although
CaM does not specifically localize within the spindle during
the various phases of cell division (Vos and Hepler, 1998), it

is nevertheless present and would be available to respond
to a Ca21 amplitude signal.

Anaphase is characterized by the lack of KCBP-Ab effects
on cell morphology and transition timing. We favor the idea
that KCBP is already active, and consequently the Ca21

concentration within the spindle poles is low (Figure 7A).

Figure 5. Injection of Antibody during Anaphase.

(A) Injection with KCBP-Ab did not affect anaphase; the chromatids separated normally (0 to 15 min after injection). At the end of anaphase, no
clear zone or initiation of the cell plate was visible (20 min). The whole spindle apparatus tilted 458 (30 min), and the cell was arrested in telo-
phase for .2 hr.
(B) The cell was injected with preimmune serum and progressed through anaphase and telophase normally. At the end of anaphase (20 min), a
phragmoplast formed and vesicles coalesced to form a cell plate. The new cell wall was formed in z30 min (49 min after injection).
The time in minutes after injection is shown at the bottom right of each photograph. Bar in (B) 5 10 mm for (A) and (B).
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Immunolocalization studies suggest that between early and
late anaphase, the localization of KCBP is shifted toward the
spindle pole; these studies also confirm the hypothesis of a
role for KCBP in the formation of a converging bipolar spin-
dle during anaphase (Smirnova et al., 1998).

During telophase, this converging spindle needs to trans-
form into a bipolar but planer phragmoplast (Staehelin and
Hepler, 1996). Possibly KCBP activity is reduced so that a plus
end–directed microtubule motor such as TKRP125 (Asada
et al., 1997) might facilitate the formation and growth of the
phragmoplast. KCBP-Ab injection interferes with this dy-
namic microtubule process, causing abnormalities in the
phragmoplast structure and delays in the telophase transi-
tion time (Figure 7B). Constitutive activation of KCBP may
disrupt the delicate balance between plus end– and minus
end–directed microtubule motors during spindle and phragmo-
plast assembly (Saunders et al., 1997; Cottingham et al., 1999).

Other possible mechanisms by which the antibody injec-

tions could differentially affect cell division are through steric
hindrance or through cross-linking KCBP molecules by the
antibody. Both mechanisms would act through the inactiva-
tion of KCBP rather than its activation, which would imply
that the CaM activity and Ca21 concentration in the spindle
are opposite of that described above. However, these mod-
els disagree with the results of blot overlay and high-speed
sedimentation assays (Narasimhulu et al., 1997; Narasimhulu
and Reddy, 1998), which suggests that the antibody prevents
the dissociation of KCBP from microtubules by Ca21-CaM.
The models also disagree with the zwichel (zwi) mutants
(Oppenheimer et al., 1997; Krishnakumar and Oppenheimer,
1999) in which the motor domain is inactivated; neverthe-
less, they grow normally.

The role of calcium during cell division has been the sub-
ject of a large body of research. In animal cells, breakdown
of the nuclear envelope, onset of anaphase, and formation
of the cleavage furrow have been correlated with Ca21

Figure 6. Microtubule Distribution after Injection with KCBP-Ab.

A cell in mid-prophase was injected with rhodamine-labeled bovine tubulin; after 32 min, the same cell was injected with KCBP-Ab. The bovine
tubulin was incorporated into the endogenous microtubule arrays of the preprophase band and the perinuclear basket. Within 2 min after injec-
tion of KCBP-Ab, the nuclear envelope broke down, the microtubules entered the nuclear area, and a bipolar spindle started to form. Although
chromosomes lined up at the metaphase plate and kinetochore microtubule bundles were visible (15 and 17 min after injection), after 1 hr the
cell was still arrested.
(Top) Tubulin fluorescence.
(Bottom) Differential interference contrast images of the same cell.
The time in minutes after KCBP-Ab injection is shown at the bottom right of each photograph. Bar 5 10 mm.
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spikes or waves (Steinhardt and Alderton, 1988; Tombes et
al., 1992; Stricker, 1995; Silver, 1996). However, relatively
little direct evidence correlates increases in cytoplasmic free
Ca21 with specific cell division processes in T. virginiana sta-
men hair cells (Hepler, 1994; P.K. Hepler, unpublished re-
sults). Nonetheless, considerable indirect data point to a
regulatory role for Ca21, based on examinations with Ca21

chelators and transport blockers (Hepler, 1985; Larsen et
al., 1989; Wolniak, 1991), Ca21 injections (Zhang et al.,
1992), various 1,2-bis(2-aminophenoxy)ethane-N,N,N9,N9,-
tetraacetic acid buffers (Jürgens et al., 1994), and caffeine
(Valster and Hepler, 1997). Perhaps the closely associated
endoplasmic reticulum membrane system within the spindle
and phragmoplast is able to regulate the release and se-
questration of Ca21 in microdomains without affecting the
overall cytoplasmic concentration of the ion (Hepler, 1994).
Ca21, represented as local and temporal gradients, is likely
to be a central regulatory component of cell division, and
furthermore, its encrypted message is probably transduced
in part by CaM. However, the spatiotemporal pattern of
CaM activation during mitosis differs from the pattern of
Ca21 signals in sea urchin embryos (Török et al., 1998),
which suggests that increases in cytoplasmic free Ca21 do
not always reflect the activation of CaM but are a conse-
quence of local interactions between CaM and its targets
(Török et al., 1998; Zielinski, 1998). Currently, the hypothe-
sized differential activation of KCBP does not contradict the
indirectly measured calcium activity in dividing T. virginiana
stamen hair cells.

KCBP and Trichomes

KCBP was also discovered independently by Oppenheimer
et al. (1997) as the ZWI gene product during an analysis of
Arabidopsis trichome mutants. Although the ZWI gene is ex-
pressed in the tissue of developing leaves as well as in most
other plant tissue, the zwi mutants had alterations only in
their trichome morphology. Their data suggest that KCBP is
required for elongation of the stalk or the correct placement
of branches, probably through reorganization of the cortical
microtubule cytoskeleton (Oppenheimer, 1998). Although
studies indicate that KCBP is specifically not colocalized
with interphase microtubules (Bowser and Reddy, 1997;
Smirnova et al., 1998), our results do not exclude a role for
KCBP in the differentiation of nondividing cells. The ap-
proach used in the study of Oppenheimer et al. (1997) differs
greatly from that applied in our study. For example, all of
their mutants had truncated, nonfunctional KCBP or down-
regulated amounts of KCBP, whereas our experiments were
based on artificially activating the protein during particular
phases of cell division. Perhaps in the Arabidopsis mutants,
other kinesins assume the role of KCBP in nontrichome
cells, or the truncated versions of KCBP still perform some
of the functions (Oppenheimer et al., 1997). We believe that
instantaneous activation of KCBP with antibodies does not

allow the cell to redirect cell division functions. It will be in-
teresting to determine whether KCBP mutants with a de-
leted CaM binding domain have defects in cell division,
trichome branching, or both.

Analogy among KCBP, Xenopus C-Terminal Kinesin 2, 
and Drosophila Nonclaret Disjunctional

Related to KCBP, both in sequence homology and function,
are two other minus end–directed kinesins, Xenopus C-ter-
minal kinesin 2 (XCTK2) (Walczak et al., 1997) and Drosoph-
ila Nonclaret disjunctional (Ncd) (Endow et al., 1990). In
an elegant study using antibodies to inhibit spindle forma-
tion around DNA-coated beads in Xenopus egg extracts,
Walczak et al. (1998) proved that in the absence of centro-
somes, XCTK2 plays a role in focusing the spindle poles. A
similar function has been proposed for Ncd (Matthies et al.,
1996; Moore and Endow, 1996). Drosophila ncd mutants are
characterized by high numbers of mistakes in chromosome
separation during meiosis and in the first mitotic divisions
thereafter (Endow et al., 1994; Endow and Komma, 1997). Live
female oocytes in ncd null mutants have a high index of un-
stable, “frayed” multipolar or apolar spindles and do not
properly arrest during late metaphase I (Matthies et al., 1996).

We propose that KCBP has a function similar to XCTK2
and Ncd. Like XCTK2 and Ncd, KCBP is a member of the
C-terminal kinesin subfamily (for a phylogenetic tree of kine-
sins, see the kinesin home page http://www.blocks.fhcrc.
org/zkinesin/index.html or Hirokawa [1998]), and like them,
KCBP has been proposed to participate in the formation of
convergent bipolar spindles through sliding and bundling
microtubules (Matthies et al., 1996; Smirnova et al., 1998;
Walczak et al., 1998). All three kinesins are localized toward
the poles in mitotic spindles but are not associated with free
cytoplasmic microtubules during interphase (Matthies et al.,

Figure 7. Simplified Functional Model of KCBP during Cell Division.

(A) Diagram of a cell at nuclear envelope breakdown or anaphase.
(B) Representation of a cell in prometaphase, metaphase, or telo-
phase. KCBP-Ab inhibits the deactivation of KCBP and bypasses reg-
ulation by Ca21-CaM. ER, endoplasmic reticulum; MTs, microtubules.
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1996; Bowser and Reddy, 1997; Walczak et al., 1997;
Smirnova et al., 1998). Finally, we note that like Xenopus and
Drosophila oocytes, dividing plant cells lack centrosomes. In
the oocyte, the karyosome plays a central role in nucleating
the spindle (Matthies et al., 1996); in the plant cell, this role
is initially performed by the nuclear envelope (Lambert et al.,
1991).

Concluding Remarks

There are many different kinesins in plants. The Arabidopsis
genome database, in which z88% of the genome is se-
quenced, has .20 kinesin-like proteins (Reddy, 2000). Un-
doubtedly, several of these kinesin-like proteins play roles
that overlap with that of KCBP or play roles during other
steps of spindle assembly and cytokinesis, as does
TKRP125. Further functional characterization of KCBP, for
example, by specifically inhibiting its function, has recently
been initiated. Also, we are testing the cellular localizations
of various green fluorescent protein–KCBP fusions and the
subcellular localization of KCBP in an immunogold electron
microscopy study on cryofixed Gibasis sp stamen hair cells.
These and functional analyses of other motor proteins in-
volved in mitosis and cytokinesis will expand our under-
standing of this fundamental process.

METHODS

Plant Material

Plants (Tradescantia virginiana) were grown in growth chambers un-
der long-day conditions (18 hr of light and 6 hr of dark) at 20 to 258C.
Young parts of inflorescences were used for total protein prepara-
tions, and stamen hairs were isolated from young flower buds for mi-
croinjection. Tobacco BY-2 suspension cultures (originating from the
Nicotiana tabacum cv Bright Yellow; kindly provided by S. Gelvin,
Purdue University, West Lafayette, IN) were grown in Murashige and
Skoog medium (Sigma) supplemented with vitamins, 3% sucrose,
0.2 mg/L 2,4-D, 1 mg/L thiamine HCl, and 370 mg/L KH2PO4, as de-
scribed previously (Bowser and Reddy, 1997). Cultures at log phase
were used for protein extraction. Plants (Lilium longiflorum) were
grown in pots from bulbs at 15 to 208C in a greenhouse. Young an-
thers with pollen mother cells were dissected and used for protein
extraction. Arabidopsis thaliana suspension cultures (kindly provided
by B. Palevitz, University of Georgia, Athens) were grown in B5 me-
dium (Sigma) supplemented with B-5 vitamin mixture, 3% sucrose,
and 0.6 mg/L 2,4-D in the dark at 228C, with shaking as described
previously (Bowser and Reddy, 1997). Cultures at log phase were
used for protein extraction.

SDS-PAGE and Protein Gel Blotting

To detect endogenous kinesin-like calmodulin (CaM) binding protein
(KCBP), protein extracts from young inflorescences of T. virginiana,

tobacco BY-2 culture cells, lily anthers, and Arabidopsis suspension-
grown cells were prepared as described previously (Bowser and
Reddy, 1997). In brief, material was ground in liquid nitrogen and ex-
tracted in 50 mM Tris, pH 7.4, 250 mM sucrose, 5 mM EDTA, 5 mM
DTT, 10 mg/mL Na-p-tosyl-L-arginine methyl ester (Sigma), and
Complete protease inhibitor cocktail (Boehringer Mannheim). After
centrifugation at 100,000g for 20 min, the supernatant was collected
and used for electrophoresis. Proteins were separated on standard
7.5% SDS-PAGE gels and transferred overnight onto polyvinylidene
difluoride membranes. Unbound sites on the membranes were
blocked with 0.2% casein, 0.5% gelatin, and 0.1% Tween 20 in PBS
for 1 hr; the membrane was then incubated with affinity-purified anti-
bodies raised against the CaM binding region of KCBP (KCBP-Ab)
(Narasimhulu et al., 1997) at 1:500 dilution for 1 hr in blocking solu-
tion without gelatin to detect KCBP. Further processing of mem-
branes and KCBP detection was according to the Western-Light
chemiluminescent detection system (Tropix, Bedford, MA), or KCBP
was detected colorimetrically with nitroblue tetrazolium and 5-bromo-
4-chloro-3-indolyl phosphate. Duplicate blots were processed as
given above, except that they were incubated in preimmune serum
(1:500 dilution) instead of KCBP-Ab.

Microinjection

T. virginiana stamen hair cells were prepared and microinjected as
described previously (Vos et al., 1999). Cells were immobilized on
cover slips in a thin layer of 1% agarose and 0.025% Triton X-100 in
culture medium (5 mM Hepes, pH 7.0, 1 mM KCl, 1 mM MgCl2, and
0.1 mM CaCl2) and received pressure microinjections with affinity-
purified KCBP-Ab (needle concentrations of 0.2 to 1.7 mg/mL) in 5
mM Hepes, pH 7.0, 100 mM KCl, and as much as 0.5 mM carboxy-
fluorescein. As a control, the above-mentioned Hepes buffer or pre-
immune serum was injected into other cells. Preimmune serum was
treated according to the same affinity purification procedure as was
used for KCBP-Ab. As a positive control, interphase cells were in-
jected with an antibody raised against CaM (clone 6D4; Sigma)
(CaM-Ab) at a needle concentration of 3.2 to 32 mg/mL in 5 mM
Hepes, pH 7.0, and 100 mM KCl. Differential interference contrast
images of injected cells were captured every 5 min with a Zeiss in-
verted microscope (Zeiss, Thornwood, NY) and a video camera
(Dage-MTI, Michigan City, IN) using Image 1 software (Universal Im-
aging, West Chester, PA).

Injections with rhodamine-labeled bovine tubulin (Cytoskeleton,
Denver, CO) at a needle concentration of 0.25 mg/mL in 20 mM
L-glutamate, 0.5 mM MgSO4, and 1.0 mM EGTA, pH 7.0, were per-
formed and imaged on a Nikon inverted microscope (Nikon, Melville,
NY) equipped with an MRC 600 confocal krypton/argon laser and
standard T1/GR2 filter combination (Bio-Rad, Hercules, CA). Images
were processed by using Photoshop 5.0 (Adobe, San Jose, CA).

Statistics and Graphics

Observation and transition times of various mitotic phases after in-
jection of KCBP-Ab and preimmune serum are nonlinearly distrib-
uted and were therefore expressed as medians with 95% confidence
limits. Differences between the two data sets were analyzed with the
Mann–Whitney U test at the 5% level of significance (Campbell,
1974). Graphic representations of mitotic transition and observation
times were produced with Origin 5.0 (Microcal, Northampton, MA).
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