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CHOL1 is a mammalian kinesin-like motor protein of the MKLP1 subfamily. It associates with the
spindle midzone during anaphase and concentrates to a midbody matrix during cytokinesis.
CHOL1 was originally implicated in karyokinesis, but the invertebrate homologues of CHO1 were
shown to function in the midzone formation and cytokinesis. To analyze the role of the protein in
mammalian cells, we mutated the ATP-binding site of CHO1 and expressed it in CHO cells.
Mutant protein (CHO1F’) was able to interact with microtubules via ATP-independent microtu-
bule-binding site(s) but failed to accumulate at the midline of the central spindle and affected the
localization of endogenous CHOI1. Although the segregation of chromosomes, the bundling of
midzone microtubules, and the initiation of cytokinesis proceeded normally in CHO1F’-express-
ing cells, the completion of cytokinesis was inhibited. Daughter cells were frequently entering
interphase while connected by a microtubule-containing cytoplasmic bridge from which the dense
midbody matrix was missing. Depletion of endogenous CHO1 via RNA-mediated interference
also affected the formation of midbody matrix in dividing cells, caused the disorganization of
midzone microtubules, and resulted in abortive cytokinesis. Thus, CHO1 may not be required for
karyokinesis, but it is essential for the proper midzone/midbody formation and cytokinesis in

mammalian cells.

INTRODUCTION

Mitosis and cytokinesis are unique events in the life cycle of
eukaryotic cells in which two basic features of living sys-
tems, self-reproduction and cell motility, merge together in
the process of equal segregation of genetic material into
daughter cells. To separate the duplicated chromosomes, the
cell forms a microtubule-containing machine called the spin-
dle, whereas cytokinesis is accomplished by the actin-myo-
sin—based contractile ring that is assembled around the cell
equator and constricts inwards at the end of mitosis.

To ensure high-fidelity DNA transmission during cell di-
vision, both karyokinesis and cytokinesis must be tightly
coordinated. A number of studies have suggested that the
temporal and spatial organization of the cytokinetic machine
is under the control of the mitotic spindle. Classic experi-
ments done on marine invertebrate eggs established the
importance of spindle asters in determining when and
where cytokinesis will occur (Rappaport, 1961). Recent stud-
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ies have also indicated that a spindle midzone composed of
highly bundled microtubules, originating from the opposite
poles, plays an essential role in cytokinesis. Thus, the cre-
ation of a physical barrier between the central spindle and
the cell cortex (Cao and Wang, 1996), or the disorganization
of central spindles by pharmacological treatment and/or
genetic manipulation (Wheatley and Wang, 1996, Adams et
al., 1998; Giansanti et al., 1998; Raich et al., 1998; Jantsh-
Plunger et al., 2000) caused a failure of cytokinesis in differ-
ent organisms. A variety of molecules have been shown to
localize at the central spindle, including chromosomal pas-
senger proteins (INCENP, TD-60), kinesin-like motor pro-
teins (CENP-E, KLP-3A, MKLP1), protein kinases from the
Polo and Aurora families, y-tubulin (see Field et al., 1999 for
a review), and GAP and nucleotide exchange factor for Rho
GTPases (Tatsumoto ef al., 1999; Jantsch-Plunger et al., 2000).
Although many of those proteins were found to be essential
for cytokinesis, the exact mechanisms of their function re-
main to be determined.

Using monoclonal, antimitotic spindle antibodies as
probes, we identified a novel antigen located at the spindle
midzone of Chinese hamster ovary (CHO) cells (Sellitto and
Kuriyama, 1988). The antigen, named CHOI1, was shown to
associate with the dense midbody matrix during the late
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stage of cytokinesis. This antigen was found to be a plus-
end-directed kinesin-like motor protein present in a wide
range of species including human (MKLP1 [Nislow et al.,
1992]), Caenorhabditis elegans (Zen-4 [Raich et al., 1998];
ceMKLP1 [Powers ef al., 1998]), Drosophila (PAV-KLP [Ad-
ams et al., 1998]), sea urchin (KRP,,;, [Chui et al., 2000]),
zebrafish (Chen and Detrich, 1996), Xenopus (Yonetani et al.,
1996), and chicken (GgCHO1 and GgMKLP1 [Kuriyama et
al., 2002]). Among the members of the MKLP1/CHO1 sub-
family, CHOL1 is unique in the sense that it contains an
actin-interacting domain in the C-terminal tail (Kuriyama et
al., 2002).

There has been a contradiction regarding the function of
the motor protein in different organisms. Mammalian pro-
tein MKLP1 was shown to cross-link and slide antiparallel
microtubules in vitro, and, therefore, it was originally
thought to function in spindle elongation during anaphase
B. Microinjection of monoclonal anti-CHO1 antibody caused
mitotic arrest in mammalian cells (Nislow et al., 1990) and
sea urchin eggs (Wright et al.,, 1993). In contrast, genetic
analysis of MKLP1/CHO1 homologues in Drosophila and C.
elegans did not reveal any inhibitory effects on karyokinesis.
Instead, mutations in those genes caused severe disorgani-
zation of the central spindle and the inhibition of cytokine-
sis, suggesting a major role of the motor protein in forma-
tion/stabilization of the midzone microtubule bundles
(Adams et al., 1998; Raich et al., 1998).

To study the function of CHO1 in mammalian cells, we
analyzed the effects caused by the overexpression of an
ATP-binding mutant of CHO1 and by the depletion of en-
dogenous CHOL1 via RNA-mediated interference. Here we
report that CHOL is required for the formation of the central
spindle and midbody matrix, both of which are necessary
for completion of cytokinesis in mammalian cells.

MATERIALS AND METHODS

Preparation of cDNA Constructs

The full coding sequence of CHOL1 in pBluescript was obtained by
immunoscreening of a CHO expression library as previously de-
scribed (Kuriyama et al., 1994). The following CHO1 constructs
(Figure 1) were prepared according to standard molecular cloning
techniques (Ausubel et al., 1994): CHOI1F (full coding sequence),
CHOIF’ (full coding sequence with a mutation in the ATP-binding
site), CHOIM (motor domain), CHOIM’ (motor domain with a
mutation in the ATP-binding site), CHOIF'AT (mutated CHO1
sequence, lacking the tail domain), CHO1F’'AE20 (mutated CHO1
sequence lacking 110 amino acids, encoded by the exon 20 in the tail
domain [Kuriyama et al., 2002]). The cDNA fragments were sub-
cloned into the multicloning site of the eukaryotic expression vector
pCMV-HA (Matuliene et al., 1999) and/or pEGFP-C1 (Clontech,
Palo Alto, CA), fusing the HA epitope tag and/or GFP to the N
terminus of CHO1 constructs.

Three amino acids in the ATP-binding motif of CHO1 were
mutated from GKT to AAA (amino acid positions 117-119) using a
Gene Edition in vitro Site-Directed Mutagenesis System (Promega,
Madison, WI) according to the manufacturer’s protocol. Mutations
in the ATP-binding motif have been shown to inhibit the motility of
motor proteins in vivo and in vitro (Meluh and Rose, 1990; Nakata
and Hirokawa, 1995).

Cell Culture and Synchronization

CHO cells were cultured as monolayers in Ham’s F-10 medium
containing 10% fetal bovine serum (FBS), as previously described
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Motor stalk Tail
CHO1
F 953
I 953
M 1 423
L 423
FAT % 623
F'AE20 7% 767 899 953

Figure 1. A map of CHOI constructs used for the current study.
The total number of amino acids, encoded by each construct, is
identified beneath the bold lines, representing the constructs. All
constructs are tagged with the HA epitope at the N terminus. X
indicates the mutation in the ATP-binding site of CHO1.

(Matuliene et al., 1999). To obtain cells synchronized at M phase,
CHO cells were grown on coverslips to 40-70% confluency and
treated with 2.5-5 mM thymidine for 12-16 h to arrest the cell cycle
at the S and G1/S stages. After washing out the thymidine, cells
were cultured for additional 5 h and then exposed to 0.05 ug/ml
nocodazole for 5-6 h to arrest cells at prometaphase. After the drug
was carefully washed out from the culture, the cells were incubated
further in fresh medium at 37°C for 20—80 min before fixation with
—20°C methanol. Fixation at different time points within a 20-
80-min period allowed us to observe cells at the different stages of
mitotic progression.

Gene Transfection

Transfection of CHO cells with different CHO1 constructs was
performed using either FuGENE 6 (Roche Diagnostics, Indianapolis,
IN) or Lipofect AMINE (Life Technologies, Gaithersburg, MD) trans-
fection reagents, according to manufacturers’ instructions. Purified
0.6-2 pg plasmid DNA was mixed with one of the transfection
reagents and applied to the cells grown on coverslips in 3.5-cm
culture dishes. After 12-48 h of protein induction, cells were
washed with phosphate-buffered saline (PBS) and fixed with —20°C
methanol.

Immunofluorescence Microscopy

Immunofluorescence staining was performed as previously de-
scribed (Kuriyama ef al., 1994). The following primary antibodies
were used: rat monoclonal anti-HA (dilution 1:50; Roche Diagnos-
tics, Indianapolis, IN), rabbit polyclonal anti-HA (1:50; Santa Cruz
Biotechnology, Santa Cruz, CA), mouse monoclonal anti-chicken
B-tubulin (1:500; Amersham, Arlington Heights, IL), rabbit poly-
clonal anti-CHO1 (1:100; Kuriyama et al., 1994), mouse monoclonal
anti-CHO1 (1:300; Sellitto and Kuriyama, 1988), rabbit polyclonal
anti-CHO1 E20 (1:100; Matuliene and Kuriyama, unpublished data).
Primary antibodies were detected with secondary antibodies at
dilution 1:200, purchased from Hyclone (Logan, UT; fluorescein-
conjugated anti-rat IgG, anti-mouse IgG + IgM, and anti-rabbit
IgG), and from Jackson ImmunoResearch (West Grove, PA; Texas
red-conjugated anti-rabbit IgG and anti-mouse IgG). To visualize
DNA, cells were treated with 4’,6-diamidino-2-phenylindole (DAPI)
at 1 ug/ml for 2-5 min. Microscopic observations were made on
either an Olympus BH-2 (Lake Success, NY) or a Nikon Eclipse
TE300 (Garden City, NY) inverted microscope equipped with epi-
fluorescence optics.
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Electron Microscopy

Samples for electron microscopy were prepared according to pre-
viously described procedure (Ryu et al., 2000). Briefly, CHO cells,
cultured in a plastic culture dish were transfected with the GFP-
tagged CHOLF' and synchronized at the stage of cytokinesis. Cells
were fixed with 2% glutaraldehyde in 100PEM (100 mM Pipes at pH
6.9, 1 mM EGTA, 1 mM MgCl,) for 30 min at room temperature.
Fixation reaction was quenched with 1 mg/ml NaBH, in distilled
water. Cells expressing GFP-CHO1F' construct were identified by
fluorescence microscopy and their positions were marked by a
diamond scribe. After staining with hematoxylin for 5-10 min, cells
were postfixed with 1% OsO, for 30 min, dehydrated through an
ethanol series, infiltrated, and embedded using an EMBED 812 kit
(Electron Microscopy Sciences, Ft. Washington, PA) according to the
manufacturer’s protocol. Thin sections were cut with a Reichert
Ultracut microtome (Leica, Wien, Austria). After staining with ura-
nyl acetate and lead citrate, specimens were examined with a 100CX
transmission electron microscope (JEOL USA, Inc., Peabody, MA).

Small Inhibitory RNA Preparation and Transfection

Twenty-one—nucleotide RNAs (sense: 5-GGUCAGUAAUA-
CAACGGUGUU and antisense: 5'-CACCGUUGUAUUACUGAC-
CUU) corresponding to the nucleotide positions 138-156 of CHO1
(relative to the start codon) were chemically synthesized and puri-
fied by HPLC (Integrated DNA Technologies, Inc., Coralville, IA).
To prepare double-stranded RNAs with overhanging 3’ends (small
inhibitory RNAs [siRNAs]), 20 uM single strands were incubated in
annealing buffer (100 mM potassium acetate, 30 mM HEPES-KOH
at pH 7.4, 2 mM magnesium acetate) for 1 min at 90°C and cooled
down slowly to 37°C. For RNA-mediated interference (RNAi) assay,
0.5-1 pg of siRNA were mixed with 6 ul of LipofectAMINE reagent
(Life Technologies, Gaithersburg, MD) according to the manufac-
turer’s protocol and applied to the CHO cells grown on a coverslip
in six-well plates. After 3 h, the transfection medium was replaced
with fresh FBS-containing Ham’s F-10 medium, and cells were
further incubated at 37°C for 24-30 h before fixation. Mock trans-
fections were performed in an identical manner to siRNA transfec-
tions, except that siRNA was omitted.

Quantitation of Fluorescence Intensity

To determine the effect of RNAi on the level of CHO1 expression,
both mock- and siRNA-transfected cells were synchronized and
fixed at M phase 30 h after transfection. Immunofluorescence stain-
ing was performed using polyclonal anti-CHO1 antibody and Texas
red-conjugated secondary antibody. The fluorescence intensity cor-
responding to CHO1 was quantitated in 30 of mock- and 100 of
siRNA-transfected anaphase cells using MetaMorph digital image
analysis software package (version 2.0; Universal Image Co., West
Chester, PA) as previously described (Matuliene et al., 1999). To
calculate the percentage of CHO1 depletion, the average fluores-
cence intensity derived from mock-transfected cells was used as
100% of CHO1 expression. The lowest fluorescence intensity de-
tected in siRNAi-transfected cells in which no endogenous CHO1
expression was detected by visual inspection was used as 0% of
CHOL1 expression.

RESULTS

CHO1 Moves Toward the Spindle Midzone
during Anaphase

The plus-end directed kinesin-like motor protein CHO1
shows dynamic changes in its subcellular distribution dur-
ing the cell cycle. The motor protein localizes at the nucleus
in interphase cells (Sellitto and Kuriyama, 1988), which is
due to the presence of the nuclear localization signal (NLS)
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at the C terminus of the tail domain (Kuriyama and Matu-
liene, unpublished). As cells enter M phase, the motor pro-
tein becomes associated with the spindle microtubules. In
metaphase cells, it is diffusely distributed along the length of
spindle fibers (a—a” in Figure 2A). During early anaphase,
fluorescence becomes intense at the central region of the
spindle where the antiparallel microtubules from the oppo-
site sides of the spindle overlap (Figure 2A, b—b"). As chro-
mosomes move toward the poles, the length of the fluores-
cent lines shortens (Figure 2A, c—c” to f—f”), and the antigen
eventually concentrates to a bright midbody dot at the end
of cytokinesis (Figure 2A, g—g").

Figure 2B shows the immunolocalization of exogenous,
HA-tagged, full-length CHO1 (CHO1F; Figure 1) expressed
in CHO cells by transient transfection. Similarly to endoge-
nous CHO1, CHOIF is detected along the spindle fibers
during metaphase (Figure 2Ba), then shifts to the midzone
region (Figure 2Bb), and eventually concentrates to the mid-
body at the end of mitosis (Figure 2Bc). The identical immu-
nolocalization pattern was obtained by staining with poly-
clonal anti-CHOI1 antibody that recognizes the tail domain
of the motor protein (Figure 2B, a’, b’, and ¢’).

Motor Activity Is Essential for the Localization of
CHOL1 at the Center of Spindles and Midbodies

To analyze the role of CHO1 motor activity in mitotic cells,
we created a mutant protein in which the amino acid se-
quence in the ATP-binding consensus motif was changed
from GKT to AAA (amino acid positions 117-119). Although
nonmutated motor domain alone (CHO1M, Figure 1) was
detected in association with the microtubule network (Fig-
ure 3A), the mutated motor domain (CHOIM', Figure 1)
showed a dramatically reduced microtubule-binding activ-
ity in vivo (compare Figure 3, B and B’). However, the
full-length mutated protein (CHO1F’; Figure 1) was still
capable of efficient microtubule binding in both mitotic (Fig-
ure 3, C-E) and interphase (Figure 3, F-F") cells. These
observations suggest the presence of additional ATP-inde-
pendent microtubule binding site(s) in the CHO1 sequence.
This is consistent with our previous findings that the N-
terminal half of the CHO1 sequence can interact with mi-
crotubules in both ATP-dependent and ATP-independent
manners in vitro (Kuriyama et al., 1994). To eliminate the
chance that CHO1F' distributes along the microtubules sim-
ply via dimerization with endogenous CHO1, we expressed
the truncated polypeptide in which the NLS-containing tail
domain was deleted from the CHOIF' sequence
(CHO1F'AT, Figure 1). Figure 3, G-G", demonstrates that
although endogenous CHOL1 is confined inside the nucleus
(Figure 3G’), CHO1F'AT still binds and even bundles mi-
crotubules (Figure 3G), suggesting that CHO1 is able to
interact with microtubules in the ATP-independent manner
in vivo.

Although CHOIF' associates with the spindle fibers in
mitotic cells (Figure 3, C-E), it can no longer shift toward the
equator of the cell. Instead of concentrating at the midline of
the central spindle, as does wild-type CHOI1F (Figure 2Bb),
CHOI1F' remains in a wide region of the spindle midzone
during anaphase B (Figure 3D) and distributes along the
entire intercellular bridge at the end of cytokinesis (Figure
3E). These results suggest that mechanochemical motor ac-
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Figure 2.

tivity of CHOL is required for the proper localization of the
protein to the midline of central spindles and midbodies.

Overexpression of CHO1F' Inhibits Completion of
Cytokinesis in Mammalian Cells

To assess the role of CHO1 in mammalian cells, we exam-
ined the mitotic profiles in cells expressing high levels of
CHOI1F'. Figure 4 shows synchronized transfected cells
fixed at 50—80 min after release from nocodazole treatment.
In these cells, CHO1F' failed to translocate to the cell equator
and remained distributed along the entire midzone fibers
and astral microtubules throughout mitosis. As shown in
Figure 4, A—A", the excess of mutated protein did not cause
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(A) Immunolocalization of CHO1 in CHO cells at different stages of mitosis. After synchronization, cells were fixed at the different
stages of mitotic progression and stained with DAPI (a-g), antitubulin (a’-g’) and polyclonal anti-CHO1 (a"-g") antibodies. CHO1 changes
its distribution from the entire spindle (a”) to the midzone region during anaphase (b"-f") and concentrates to a midbody at the end of
cytokinesis (g"). (B) Distribution of exogenous CHOIF in transfected cells is identical to the distribution of endogenous CHO1. Cells fixed at
metaphase (a, a’), anaphase (b, b’), and telophase (c, ¢’) were stained with anti-HA (a, b, and ¢) and polyclonal anti-CHO1 (a’, b’, and ¢')
antibodies. Bar, 10 um.

any inhibitory effects on bipolar spindle formation and chro-
mosome segregation. Statistical analysis did not reveal sig-
nificant differences between the length of the mitotic spin-
dles in both transfected and control cells. The average pole
to pole distance at the end of anaphase B was found to be
119 +1.7and 11.4 = 2.4 um (p = 0.05; n = 2 X 15) in control
and CHO1F'-expressing cells, respectively. The bundling of
midzone microtubules and the initiation of cytokinesis also
occurred normally in the cells expressing mutant protein
(Figure 4, A’ and A"), suggesting that ATPase activity of
CHOL is not essential for the formation of microtubule bun-
dles at the midzone region. However, the completion of
cytokinesis was strongly affected. Figure 4, B-F, shows that
the daughter cells flattened out and entered interphase,
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SHOM HAIB

CHO1F; HAID

while still connected by the cytoplasmic bridges of various
sizes and lengths. Although some bridges were long and
thread-like (Figure 4, B and B’), the majority of such linkers
were thick, forming an isthmus or neck between the two
parts of the cytoplasm (Figure 4, C-F). The cytoplasmic
bridges included microtubule bundles along which CHO1F’
was distributed. Although cells generally showed normal
chromosome segregation, lagging chromosomes were occa-
sionally detected in the middle of the cytoplasmic bridges
(Figure 4, E-E").

In contrast to CHO1F’, the cells overexpressing wild-type
CHOIF seemed to undergo normal cell division (Figures 2B,
c and c’, and see Figure 7, C-C"), suggesting that cytokinesis
defects were caused specifically by the expression of mu-
tated protein. To confirm the inhibitory effect of CHO1F’, we
counted the number of nuclei in cells expressing either
CHOI1F or CHOI1F' (Table 1). At 48 h after transfection,
nearly 45% of CHO1F'-expressing cells were found to con-
tain more than one nucleus, whereas only ~8% multinucle-
ation was detected in the cells expressing wild-type CHO1F.
The majority (80-90%) of multinucleated cells had two nu-
clei of similar size (Figure 5), suggesting that transfected
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Figure 3. ATP-binding mutant of
CHOI1 (CHOI1F’) interacts with mi-
crotubules via ATP-independent mi-
crotubule binding site(s) but does
not concentrate at the midline of the
central spindle during anaphase. (A)
CHOIM associates with microtu-
bules when expressed in CHO cells.
(B) CHO1 M’ generally does not dis-
play microtubule binding (compare
HA staining in B and tubulin stain-
ing in B’). CHO1F' interacts with mi-
crotubules in both mitotic (C, meta-
phase; D, anaphase; E, telophase)
and interphase cells (F). Although
CHOI1F' contains the NLS and is
generally seen within the nucleus, in
some interphase cells with the high
level of expression, CHO1F’ can also
be detected in the cytoplasm (F).
CHOI1F'AT strongly binds and bun-
dles microtubules (G), whereas en-
dogenous CHOL is confined within
the nucleus (G'). This indicates that
microtubule binding by mutated
CHOI1F’' and CHO1F'AT constructs
is not due to the dimerization with
endogenous CHO1 but is due to the
ATP-independent microtubule bind-
ing site(s) present in the motor pro-
tein. CHO1F' fails to concentrate at
the midline of the central spindle
during anaphase (D) and distributes
along the entire intercellular bridge
at the end of cytokinesis (E). Staining
was performed using monoclonal
anti-HA (A and C-E), polyclonal an-
ti-HA (B, F, and G), monoclonal an-
titubulin (B’ and F’), monoclonal an-
ti-CHO1 antibodies (G') and DAPI
(F" and G”"). Bars, 10 um.

cells underwent abortive cytokinesis after proper chromo-
some segregation. Because daughter cells connected by the
cytoplasmic bridge (Figure 4) were seen only for the few
hours after division, it is likely that the cleavage furrows
initiated in CHO1F'-expressing cells (Figure 4) eventually
regress, causing the formation of binucleate cells (Figure 5).
It is noteworthy that the expression of CHOIF also induced
multinucleation above the control level (~8% vs. ~1.5%),
suggesting that the proper level and/or timing of CHO1
expression is important for normal progression of cytokine-
sis.

Endogenous CHOL1 Is Dislocated from the Midzonel
midbody in Cells Expressing Mutant CHO1

To study the mechanism by which CHO1F' inhibits the
completion of cytokinesis, we examined the localization of
endogenous CHOL1 in cells expressing mutant protein. Be-
cause CHOL1 appears to exist as a dimer (Kuriyama et al.,
1994), we hypothesized that CHO1F' can dimerize with the
endogenous CHO1 via a-helical, coiled-coil stalk domains
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D!!

Figure 4. High level of CHO1F’ expression inhibits completion of cytokinesis in CHO cells. Although the midzone bundles are forming in
cells expressing CHO1F' (A" and A”), the daughter cells remain connected by the cytoplasmic bridges after mitosis (B-F). Cells expressing
mutant protein are stained by anti-HA (A’, B, C, D', E’, and F) and either anti-CHOL1 polyclonal (A", B’, D", and F’) or antitubulin (C" and
E") antibodies. DNA is visualized by DAPI staining (A and E). Bars, 10 um

and sequester the endogenous protein from the central spin-
dles and the midbodies.

To test the effect of the mutated protein on the localization
of endogenous CHO1, CHO cells were transfected with
CHO1F'AE20 construct (Figure 1), which expresses the HA-
tagged CHO1F' lacking 110 amino acid residues (E20) in the
middle of the C-terminal tail. Although CHOIF'AE20
polypeptide has the distribution pattern identical to that of
CHOI1F', it cannot be recognized by the antibody raised
against the E20 sequence (Matuliene and Kuriyama, unpub-

Table 1. Expression of CHOIF' causes multinucleation in CHO
cells

Expressed Cells with more

DNA than one Number of

constructs nucleus (%) p value counted cells

CHOI1F’ 446 =112 0.05 3 X 500

CHOI1F 78 *6.7 0.05 3 X 500

No expression 1.5*0.6 0.01 6 X 500
(control)

Cells were transfected with CHO1F and CHO1F’ constructs and
cultured for 48 h before fixation. Fixed cells were immunostained
with anti-HA antibodies to visualize cells expressing exogenous
proteins. The number of nuclei was counted in 500 cells expressing
CHOI1F and CHO1F' constructs and in 500 nonexpressing (control)
cells, present on the same coverslips. Experiment was repeated three
times.
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lished results). This difference allowed us to distinguish
between the distribution of endogenous CHO1 and exoge-
nous CHO1F'AE20 by probing with E20 and HA antibodies,
respectively. Figure 6, A—A", shows a dividing cell express-
ing relatively low level of the mutated protein. In this cell,
CHOI1F'AE20 is detected along the entire intercellular bridge
formed between two daughter cells (Figure 6A), similar to
CHOI1F' at a low level of expression (Figure 3E). Signifi-
cantly, the endogenous CHO1 also shows an abnormal dis-
tribution along with the HA-tagged mutant molecule (arrow
in Figure 6A"). When the expression level of mutated protein
increases and the protein starts to distribute along the length
of midzonal and astral microtubules (Figure 6B), the labeling
of midzone/midbody area by E20 antibody becomes very
weak (arrow in Figure 6B’). At the highest levels of mutant
protein expression (Figure 6C), the E20 staining at region of
central spindle is almost undetectable (arrow in Figure 6C’),
indicating that endogenous CHOL1 is displaced from the
midzone region and dispersed throughout the cell. Because
the E20 antibody detects the normal localization of endoge-
nous CHOL1 in control cells (arrowheads in Figure 6, B’ and
C’), a failure to detect endogenous protein in transfected
cells is not due to insufficient immunostaining.
Displacement of endogenous CHO1 from the midzone
region was also seen in anaphase cells. In one field shown in
Figure 6, D-D", there are three anaphase cells expressing
different levels of CHO1F'A20. The cell with a very low level
of exogenous protein (1 in Figure 6D) has a proper localiza-
tion of endogenous CHO1 (arrow 1 in Figure 6D’). However,
the medium level of CHO1F'AE20 expression (2 in Figure
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6D) causes a significant reduction of endogenous protein at
the central spindle (arrow 2 in Figure 6D’), and the high
level of expression (3 in Figure 6D) completely inhibits
proper localization of CHO1 (arrow 3 in Figure 6D’). Cor-
relation between the decrease in the fluorescence level of
CHOIL at the central spindle and the increase in the fluores-
cence level of CHO1F'AE20 was further confirmed by a
quantitation of fluorescence intensity using MetaMorph im-
age analysis software package (unpublished data). These
results suggest that at a high level of expression the mutant
protein could be acting in a dominant negative manner by
inhibiting the accumulation of endogenous CHO1 at the
midline of the central spindle and midbody.

Overexpression of CHO1F' Inhibits Organization of
the Electron Dense Midbody Matrix

To identify morphological defects caused by the mislocal-
ization of CHOI1, we analyzed the midzone structure in cells
overexpressing mutant protein. Figure 7 shows anaphase
(panels A and B) and telophase (panels C and D) cells
expressing either CHOLIF (panels A and C) or CHO1F' (pan-
els B and D) constructs. Double-staining with anti-HA and
antitubulin antibodies revealed the presence of the microtu-
bule bundles in anaphase cells expressing both CHO1F and
CHOI1F'. However, in cells expressing mutant protein, the
dark areas corresponding to stem bodies were hardly de-
tectable (arrow in B’). The stem bodies form during an-
aphase at the regions of the antiparallel polar microtubule
overlap (McIntosh and Landis, 1971). These structures are
associated with dense amorphous material (matrix), which
cannot be penetrated by antitubulin antibodies and, there-
fore, appear as dark spots in the tubulin staining (arrow-
head in Figure 7A’). By the end of cytokinesis, the stem
body matrices are compacted to form a single midbody
matrix (arrowhead in Figure 7C’). However, in cells ex-
pressing mutated CHOI, the dense midbody matrix does
not form, based on the even tubulin staining at the region
of the intercellular bridge (arrow in Figure 7D’). This
finding suggests that mislocalization of CHO1 protein
inhibits formation of the dense midbody matrix in divid-
ing cells.

To confirm the absence of the midbody matrix in
CHO1F'-expressing cells, we analyzed the midbody struc-
ture by electron microscopy. CHO cells were transfected
with the GFP-tagged CHO1F'. Conjugation with GFP did
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not cause any changes in the intracellular distribution of
the mutant protein throughout the cell cycle (unpublished
data). Figure 8 illustrates a control (panels A and B) and a
transfected cell (panels C and D) seen at both low (panels
A and C) and high (panels B and D) magnifications. Cells
are at a late stage of cell division, and nuclei have already
reformed in each daughter cell. Although control cells are
round and connected by an intercellular bridge with a
typical dense midbody matrix in the center (arrows in
Figure 8, A and B), the transfected daughter cells are
connected by a thick cytoplasmic bridge, indicating in-
complete cytokinesis (Figure 8, C and D). The cells ex-
pressing mutant protein are quite irregular in shape and
contain abnormal cytoplasmic structures as indicated by
the arrowheads in Figure 8D. Microtubules arranged in
parallel are seen in the middle of the bridge connecting
two transfected daughter cells (Figure 8D). Although few
areas of the electron dense material are sporadically dis-
persed along the microtubules (small arrows in Figure
8D), the midbody matrix is not organized in a regular
pattern as in the control cell (Figure 8B), where the elec-
tron dense material is flanked by low-density regions on
either side. Similar results were obtained after analyzing
four other cells expressing mutant protein. The electron
dense matrix in all those cells was either absent or very
weak and disorganized. From these results, we conclude
that mutant CHO1 may inhibit the completion of cytoki-
nesis, at least in part by interfering with the organization
of electron dense midbody matrix in the center of the
intercellular bridge.

RNAi Directed against Endogenous CHO1 Affects
Cytokinesis in CHO Cells

To confirm the role of CHOL1 in cytokinesis, we performed
the RNAIi assay recently developed for mammalian cul-
tured cells (Elbashir et al., 2001). Base-paired 21-nucleo-
tide siRNAs corresponding to the nucleotide positions
138-156 of CHO1 were synthesized and introduced into
CHO cells via liposome-mediated transfection. Immuno-
fluorescence staining with anti-CHO1 antibody showed a
dramatic decrease in the fluorescence intensity in siRNA-
treated cells 30 h after transfection. In comparison with
mock-transfected cells, the fluorescence intensity derived
from endogenous CHO1 was reduced by 75-100% in 43%
of siRNA-transfected cells, by 50-75% in 39% of siRNA-
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4
D -

Figure 6. Mutant CHOL1 inhibits the
accumulation of endogenous CHO1 at
the midzone/midbody region. (A-D)
The effect of CHO1F'AE20 expression
on the localization of endogenous
CHOl1. When the expression of
CHO1F'AE20 increases from low (A)
to medium (B) and high levels (C), the
endogenous CHO1 becomes depleted

from midzone/midbody area of the .

dividing cells (arrows in B’ and C’). p
(D-D") Three anaphase cells express-
ing different levels of mutated protein
in the same field. The higher the level
of CHO1F'AE20 expression (D), the
weaker the accumulation of endoge-
nous protein at the midzone region
(arrows 1 to 3 in D’). Staining was
performed using anti-HA (A-D) and
anti-CHO1 E20 (A’-D’) antibodies and
DAPI (A"-D"). Bars, 10 pwm.

transfected cells, by 25-50% in 13% of siRNA-transfected
cells, and by 0-25% in 5% of siRNA-transfected cells, as
determined by the quantitation of fluorescence intensity
using MetaMorph image analysis software package.

To analyze the effect of CHO1 depletion on mitosis,
siRNA-transfected cells were synchronized and fixed at
the different stages of mitotic progression. Figure 9 shows
both mock- (panels A, C, and F) and siRNA-transfected
(panels B, D, G, E, and H) mitotic cells double-stained
with antitubulin (Figure 9, A-H) and anti-CHO1 (Figure
9, A'-H') antibodies. We could not detect any abnormal-
ities in prometaphase or metaphase cells expressing al-
most undetectable levels of endogenous CHO1 (Figure 9,
B-B”, compared with control, A-A"). However, the proper
formation of central spindle in RNAi-affected cells was
inhibited. As shown in Figure 9, D-D” and G-G”, the
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DNA

bundles of midzone microtubules were still forming, but
the stem body/midbody matrix was hardly detectable in
cells with the significantly reduced level of CHO1 (arrow-
heads in panels D and G, compared with arrows in panels
C and F), confirming the role of CHO1 in matrix forma-
tion. When CHO1 was almost entirely depleted from
CHO cells (Figure 9, E’, H'), the midzone microtubule
bundles became severely disorganized (Figure 9, E and
H), suggesting that CHOL is essential for maintaining the
organization of central spindle in mammalian cells. Al-
though initiation of cytokinesis occurred normally in
CHO1-depleted cells (Figure 9, D', E’, G', and H’), the
completion of cytokinesis was inhibited, resulting in the
formation of binucleate/multinucleate cells. It was found,
that 30 h after transfection ~50% of cells transfected with
siRNA had more than one nucleus (49.6 = 3.3%, p = 0.05,
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HA

CHO1F

CHO1F'

Telophase

Anaphase

Figure 7. Formation of stem body and midbody matrices is inhibited in dividing cells expressing mutated CHO1. CHO cells, transfected
with CHOIF (A and C) and CHO1F’ (B and D) constructs were fixed at anaphase (A and B) and telophase (C and D) stages and stained using
anti-HA (A-D), antitubulin (A’-D’) antibodies, and DAPI (A"-D"). The stem body and midbody matrix is easily detected in cells expressing
wild-type CHOI1F (arrowheads in A’ and C’). However, in cells expressing mutant protein, the dense matrix material is missing, based on

the absence of dark spots in tubulin staining (arrows in B’ and D’). Bars, 10 pum.

n = 3 X 500), whereas the level of multinucleation in
mock-transfected cells never exceeded 1.7%.

DISCUSSION
Microtubule-binding Sites of CHO1

The kinesin-like protein CHO1 is a midbody matrix compo-
nent, which plays an essential role in organization of the
midbody matrix and the completion of cytokinesis in mam-
malian cells. The protein shows dynamic changes in its
subcellular distribution at the different stages of cell cycle.
During interphase, it is seen inside the nucleus, which is due
to the presence of the NLS at the C terminus of the tail
domain. The NLS has already been identified in the tail
domain of human MKLP1 at the amino acid positions 710-
961 (Deavours and Walker, 1999). In CHO1 we were able to
identify a region of 27 amino acids (positions 899-925) ca-
pable of recruiting the motor protein to the nucleus (unpub-
lished results). At the onset of M phase, the protein becomes
associated with spindle microtubules. In vitro cosedimenta-
tion experiments provided evidence that the N-terminal half
of the protein, which covers the motor domain and the one
third of central stalk, can interact with microtubules in both
ATP-dependent and ATP-independent manners (Kuriyama
et al., 1994). This is consistent with our current results of
domain analysis in vivo. When the motor domain alone
(CHO1M) is expressed in CHO cells, it can always be de-
tected in association with the microtubule network (Figure
3A). Mutation in the ATP-binding site of CHO1M dramatically
reduced the microtubule binding (Figure 3B), indicating that
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the motor domain alone interacts with microtubules, primarily
in the ATP-dependent manner. Nonetheless, in some cells, we
were able to detect a weak microtubule-binding activity of
CHOIM' (unpublished data), which suggested that the motor
domain of CHOL includes the ATP-independent microtubule-
binding site as well. CHO1F'AT retained much more intense
microtubule-binding capacity than CHOIM' (Figure 3G), but
the stalk domain alone never showed any affinity to microtu-
bules (unpublished data). These observations allowed us to
predict that the ATP-independent microtubule-binding site re-
sides in the C terminus of the motor domain, close to the stalk.
Indeed, the deletion of 147 amino acids (positions 276—422)
from the C-terminal side of the motor domain completely
abolished microtubule binding of the CHOIF'AT construct
(Matuliene and Kuriyama, unpublished results). Consistent
with our results, a similar region of the motor domain has
already been implicated in the ATP-independent microtubule
binding in both kinesin heavy chain (Yang et al., 1989) and
kinesin-like protein Ncd (Moore et al., 1996).

Interaction between CHO1 Molecules

Kinesin heavy chain and the majority of kinesin-like motor
proteins are believed to form dimers/oligomers via a-heli-
cal, coiled-coil stalk domains (de Cuevas et al., 1992; Miki et
al., 2001). We have previously shown that CHO1 forms a
dimer complex when expressed in Sf9 cells (Kuriyama et al.,
1994). In this study, we demonstrated the effect of the mu-
tated protein on the localization of endogenous CHO1 (Fig-
ure 6). One possible mechanism for the displacement of
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Control CHO1F'

Figure 8. Expression of CHO1F' inhibits the organization of electron dense midbody matrix. Thin section electron micrographs show a
control cell (A and B) and a cell expressing CHO1F’ (C and D) at the late stage of cell division. Both cells are seen at low (A and C) and high
(B and D) magnifications. Although the electron dense midbody matrix can be easily detected in the intercellular bridge connecting two
control cells (arrows in A and B), the electron-dense structure is completely disorganized in the cell expressing CHO1F'. Bars: A and C, 5 um;
B and D, 0.5 um.

endogenous protein from the midzone/midbody region  structs with the deleted stalk domains and also motor do-
could be a stalk-mediated dimerization between endoge-  mains alone (CHOIM and CHO1M') had no effect on the
nous CHO1 and mutated protein subunits. In agreement  localization of the endogenous protein and the completion
with that, the expression of both CHO1F’ and CHOI1F con- of cytokinesis (our unpublished results). We speculate that
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Metaphase

Control

Telophase

CHO1 DNA MT CHO1 DNA

Figure 9. RNAI directed against endogenous CHOL1 interferes with the organization of central spindle and the formation of midbody matrix
in CHO cells. Mock- and siRNA-transfected cells were synchronized and fixed at the different stages of mitosis 30 h after transfection. Cells
were visualized by staining with antitubulin (A-H), anti-CHO1 polyclonal (A’-H') antibodies, and DAPI (A"-H"). To correctly represent the
amount of endogenous CHO1 in all cells, both mock- and siRNA-transfected cells were fixed and immunostained in an identical manner, and
all images were captured and developed using identical exposure and conditions. RNAi directed against endogenous CHO1 affects neither
the formation of bipolar spindle (B-B") nor chromosome segregation (D", E”, G”, and H") in CHO cells. However, the reduced level of CHO1
expression (D" and G’) diminishes the matrix formation in anaphase (arrowhead in D) and telophase (arrowhead in G) cells in comparison
with control (arrows in C and F). Almost complete depletion of CHO1 (E" and H') causes the severe disorganization of central spindles (E
and H).

immotile CHO1F' interferes with the motility of endogenous CHOI1F' affects cytoplasmic division and the localization of
CHO1 and reduces the local accumulation of the motor endogenous CHOI1 remains to be determined.
protein and its associated factors at the midline of the central In cells with a low level of CHO1F'AE20 expression, the

spindle, thus affecting both the density of midbody matrix mutant protein and endogenous CHO1 were not diffusely
and cytokinesis. However, the exact mechanism by which distributed along the entire spindle fibers but were concen-
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trated toward the central region of the spindle and the
intercellular bridge (Figure 6A and cell 1 in 6D). This obser-
vation suggests that the mutant and the endogenous CHO1
could be forming a dimer complex, which is partially func-
tional and capable of translocation toward the equator of the
cell. In contrast, at a high level of mutant protein expression,
no accumulation of exogenous, as well as endogenous, pro-
tein could be observed at the midline of the central spindle
(Figure 6, C and C’, cell 3 in 6, D and D’), implying that the
CHO1-CHO1F’ heterodimer might be completely immotile
when a large excess of the mutant protein is present. This
difference could be due to the amount of mutant ho-
modimers interacting with microtubules during mitosis. As
the abundance of mutant protein bound to the polar micro-
tubules increases, more of the endogenous CHO1-contain-
ing dimers could be forced to stay in the cytoplasm and,
therefore, their accumulation at the midzone region may not
be easily detectable. Another possibility is that CHO1 is not
a dimer but a tetramer, as has been suggested by the studies
of the CHO1 homologue KRP,,, in sea urchin eggs (Chui et
al., 2000). If so, one or two mutated molecules in the tetramer
may not interfere with the motility of CHOLI as severely as
three or four mutated monomers. Alternatively, CHO1 may
function as a dimer, which has to be associated with other
proteins in order to localize properly at the central spindle.
In favor of this notion are the recent findings that the Au-
rora-related kinase Air-2 and the GAP for Rho family GT-
Pases Cyk-4 are both required for the localization of Zen-4 at
the central spindle of C. elegans embryos (Jantsch-Plunger ef
al., 2000; Severson et al., 2000). It is reasonable to speculate
that the excess of nonmotile mutant homodimers may de-
plete the pool of those binding partners in dividing cells and
prevent the localization of endogenous CHOI-containing
dimers at the midzone region.

The Function of CHO1 in Cell Division

Because MKLP1 has been shown to cross-link and slide the
antiparallel microtubules in vitro, the motor protein has
been implicated in the spindle elongation during anaphase B
(Nislow et al., 1992). Microinjection of the CHO1-specific
monoclonal antibodies into mammalian cells and sea urchin
eggs caused prophase or metaphase arrest depending on the
time of injection (Nislow et al., 1990; Wright et al., 1993). In
contrast, neither mutation in the ATP-binding site of CHO1
nor the depletion of CHO1 by RNAi caused a detectable
effect on karyokinesis, suggesting that CHOL is not essential
for chromosome segregation in mammalian cells. We cannot
rule out the possibility that the inhibition or depletion of
CHO1 may have had transient effects on spindle function
and morphology, which could have been missed in our fixed
time point analysis of mitotic progression. Real time video
microscopy will be required to determine if CHOI1 plays any
role in karyokinesis. Nevertheless, the role of CHO1 in cy-
tokinesis appears to be essential, consistent with the function
of CHO1 homologues in Drosophila and C. elegans (Adams et
al., 1998; Powers et al., 1998; Raich et al., 1998; Severson et al.,
2000). Similarly to the null mutations of pavarotti and zen-4
(Adams et al., 1998; Raich et al., 1998), almost complete
depletion of endogenous CHO1 from mitotic cells caused
the disorganization of central spindles (Figure 9, E and H).
This observation suggests that, in a concert with other mid-
zone components, CHO1 is functioning in the formation of
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midzone microtubule bundles in mammalian cells. In con-
trast, the ATP-binding mutant of CHO1 did not inhibit the
bundling of midzone microtubules. This difference could be
due to the presence of the wild-type protein in CHO1F'-
expressing cells and the fact, that mutation in the ATP-
binding site did not inactivate the function of CHO1 com-
pletely. As shown in Figure 3G, the mutated protein
retained the capability to bind and bundle microtubules,
suggesting that the ATPase activity is not essential for mi-
crotubule bundling. We speculate that multiple ATP-inde-
pendent microtubule binding sites, created in the CHO1
molecule via stalk-mediated dimerization, are sufficient for
microtubule cross-linking activity.

Although the bundling of midzone microtubules could be
a primary function of CHOJ, its role in the midbody matrix
formation seems to be equally important for the completion
of cytoplasmic division. As shown in Figure 4, cytokinesis of
CHOI1F'-expressing cells remained incomplete, although
midzone microtubule bundles were present. We also ob-
served the regression of cleavage furrows in endogenous
CHO1-depleted cells in which microtubule bundles were
present but the midbody matrix was weak or undetectable
by fluorescence microscopy. These observations suggest that
the presence of midzone bundles cannot support the com-
pletion of cytokinesis, unless a sufficient amount of CHO1
concentrates to the narrow central region of these bundles
and participates in the midbody matrix formation. There-
fore, the motor activity of CHO1, which facilitates the accu-
mulation of CHO1 at the midline of the central spindle,
plays a crucial role in the formation of the midbody matrix
and the completion of cytokinesis.

It seems that the midbody, which is discarded and even-
tually deteriorates after cytokinesis, is not simply a remnant
of the mitotic apparatus. Rather, it could be a key structure
in controlling the division of the cytoplasm. In agreement
with this, a large number of proteins have been shown to
localize at the midbody during cytokinesis (Rattner, 1992;
Field et al., 1999; Straight and Field, 2000 for reviews). Al-
though some of these proteins may be important for carry-
ing certain signals from the different parts of the spindle/
cell, others could serve as the strictly structural components
necessary to build the different regions of the intercellular
bridge. Because CHO1 is a motor protein, it is plausible that
it not only plays a structural role by cross-linking microtu-
bules together but also carries certain cargoes as it moves
toward the plus ends of midzone microtubules. Possible
candidate cargo molecules would be CYK-4 (Jantsch-
Plunger et al., 2000) and small G-protein Arf (Boman et al.,
1999; Skop et al., 2001), which have been shown to interact
with CHOLI and to be important for cytokinesis.

The Function of the Midbody Matrix

Although an electron dense midbody structure was identi-
fied by electron microscopy over four decades ago, little is
known about the molecular composition of this structure.
SDS-PAGE analysis of isolated midbodies revealed a and 8
tubulins as major constituents along with other ~35 minor
components (Mullins and McIntosh, 1982). Extraction of the
isolated midbodies with an ionic detergent (Sarkosyl NL-30)
was shown to solubilize the midbody microtubules leaving
the central, dense matrix zone of the midbody intact (Mul-
lins and McIntosh, 1982). CHO1 has been determined to be
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a component in this dense Sarkolyl-insoluble midbody ma-
trix (Sellitto and Kuriyama, 1988). Although immunofluo-
rescence microscopy revealed the presence of many different
proteins at the same/similar region as CHO1 during cell
division (Rattner, 1992; Jantsch-Plunger et al., 2000), CHO1
appears to be the only protein characterized as a component
of midbody matrix at this date.

Although several studies have indicated the correlation
between the disorganization of the midbody matrix and the
regression of the cleavage furrows (King and Akai, 1971;
Mullins and Biesele, 1977), the exact role of the midbody
matrix in the process of cytokinesis remains uncertain. Be-
cause microtubules are required for the completion of cyto-
kinesis in animal cells (Larkin and Danilchik, 1999; Straight
and Field, 2000), the dense matrix material may function in
stabilizing microtubules within the intercellular bridge by
gluing them together. Indeed, midbody microtubules are
much more resistant to disruption by physical or chemical
agents than are other parts of the mitotic spindle (Salmon et
al., 1976). In addition, the midbody matrix may directly link
microtubules to the cell cortex. Several studies have sug-
gested that the midbody matrix could be a structure holding
microtubules and the cortex together after the cessation of
the furrowing and the disassembly of the contractile ring
(Mullins and Biesele, 1973, 1977). This could be an important
function, because the actual separation of the daughter cells
has been shown to occur up to several hours after the
midbody formation (Sanger et al., 1985). Consistent with
these observations are the experiments involving condi-
tional loss-of-function alleles of zen-4, which established the
requirement of ZEN-4 for the late cytokinesis and the main-
tenance of cell separation through much of the subsequent
interphase (Severson et al., 2000).

It is widely believed that the insertion of membrane ves-
icles is important for the progression and completion of the
cleavage furrows (Straight and Field, 2000). Several evi-
dences suggest that the component(s) of the midbody matrix
may facilitate the membrane fusion events. It has been pre-
viously demonstrated that CHO1 can directly interact with
the small G-protein Arf, known for its function in the mem-
brane trafficking (Boman et al., 1999). The injection of the
antibody raised against the Arf-binding domain of CHO1
into dividing Ptk cells, caused a very late regression of the
cleavage furrows, even although the formation of the mid-
body matrix was not affected (Matuliene and Kuriyama,
manuscript in preparation). Intriguingly, Skop et al., (2001)
recently reported that brefeldin A, which inhibits vesicle
secretion by targeting the G-protein Arf, also specifically
inhibits the terminal stage of cytokinesis in C. elegans. Thus,
it is possible that in addition to its structural function, the
midbody matrix may have an active role in the completion
of cytoplasmic division by facilitating membrane fusion
events.
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