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Abstract. 

 

Phosphatidylethanolamine (PE) is a major 
membrane phospholipid that is mainly localized in the 
inner leaflet of the plasma membrane. We previously 
demonstrated that PE was exposed on the cell surface 
of the cleavage furrow during cytokinesis. Immobiliza-
tion of cell surface PE by a PE-binding peptide inhib-
ited disassembly of the contractile ring components, in-
cluding myosin II and radixin, resulting in formation of 
a long cytoplasmic bridge between the daughter cells. 
This blockade of contractile ring disassembly was re-
versed by removal of the surface-bound peptide, sug-
gesting that the PE exposure plays a crucial role
in cytokinesis. To further examine the role of PE in cy-
tokinesis, we established a mutant cell line with a spe-
cific decrease in the cellular PE level. On the culture 

condition in which the cell surface PE level was signifi-
cantly reduced, the mutant ceased cell growth in cytoki-
nesis, and the contractile ring remained in the cleavage 
furrow. Addition of PE or ethanolamine, a precursor of 
PE synthesis, restored the cell surface PE on the cleav-
age furrow and normal cytokinesis. These findings pro-
vide the first evidence that PE is required for comple-
tion of cytokinesis in mammalian cells, and suggest that 
redistribution of PE on the cleavage furrow may con-
tribute to regulation of contractile ring disassembly.

Key words: actin • cell division • phospholipid asym-
metry • phospholipid-binding peptide • Chinese ham-
ster ovary cell mutant

 

Introduction

 

The function of cytokinesis, the division of one cell into
two, is to create a membranous barrier between the two
daughter cells (Fishkind and Wang, 1995; Glotzer, 1997).
The interaction of actin filaments with bipolar myosin II
filaments applies tension to the membrane to form a cleav-
age furrow, which gradually deepens until it encounters
the narrow remains of the mitotic spindle between the two
nuclei. During the final stage of cytokinesis, both the mi-
crotubules and contractile ring at the cleavage furrow
disassemble, which is followed by the fusion of opposing
plasma membranes and cell separation. In the embryonic
divisions of animal cells, new membrane is inserted behind
the leading edge of the invaginating furrow, which may be
achieved by the fusion of vesicular membrane with plasma
membrane (Bluemink and deLaat, 1973; Drechsel et al.,
1997). Since membrane fusion requires the merging of

lipid bilayers of the membranes (Zimmerberg et al., 1993),
it is likely that the coordinated changes in the cytoskeleton
and membrane lipids are essential for achieving successful
cell division.

It is well established that phospholipids in biological
membranes are distributed asymmetrically between the
inner and outer leaflets of the lipid bilayer (Schroit and
Zwaal; 1991; Zachowski, 1993). In many eukaryotic plasma
membranes, aminophospholipids, such as phosphatidyl-
ethanolamine (PE)
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 and phosphatidylserine (PS), reside in
the inner leaflet, whereas choline-containing phospholip-
ids, such as phosphatidylcholine and sphingomyelin, are
localized mainly in the outer leaflet. An increase in intra-
cellular Ca
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 due to cell activation, cell injury, or apoptosis
causes a rapid bidirectional movement of phospholipids,
resulting in exposure of PE and PS on the cell surface

 

Address correspondence to Dr. Masato Umeda, Department of Molecu-
lar Biodynamics, The Tokyo Metropolitan Institute of Medical Science
(RINSHOKEN), 3-18-22 Honkomagome, Bunkyo-ku, Tokyo 113-8613,
Japan. Tel.: 

 

1

 

81-3-3823-2101, ext. 5419. Fax: 

 

1

 

81-3-3823-2130. E-mail:
umeda@rinshoken.or.jp

 

1

 

Abbreviations used in this paper:

 

 DAPI, 4

 

9

 

,6

 

9

 

-diamidino-2-phenylindole;
FL–SA-Ro, fluorescein-labeled SA-Ro; 

 

125

 

I–SA-Ro, 

 

125

 

I-labeled SA-Ro;
PE, phosphatidylethanolamine; PS, phosphatidylserine; Ro peptide,
Ro09-0198; SA, streptavidin; SA-Ro, streptavidin conjugated to biotinyl
Ro peptide.



 

The Journal of Cell Biology, Volume 149, 2000 1216

 

(Schroit and Zwaal, 1991; Emoto et al., 1997). The expo-
sure of PS on the cell surface was shown to play a role in
cell–cell interaction (Nishikawa et al., 1990; Fadok et al.,
1992) and provide a surface for initiation of blood coagula-
tion (Mann et al., 1998; Comfurius et al., 1994). It was sug-
gested that the transmembrane movement of phospholip-
ids may regulate the dynamic movement of membranes,
such as vesicle fusion and fission (Devaux, 1991), but no
experimental evidence has been provided.

To study the molecular motion and the cellular func-
tions of membrane phospholipids, we have established
various phospholipid-binding probes that include mAbs
against: phosphatidylcholine (Nam et al., 1990); PS (Umeda
et al., 1989); and phosphatidylinositol 4,5-bisphosphate
(Miyazawa et al., 1988); a tetracyclic polypeptide of 19
amino acids (Ro09-0198) that binds specifically to PE
(Aoki et al., 1994); and lysenin, a sphingomyelin-specific
binding protein derived from the earthworm (Yamaji et al.,
1998). These probes have provided useful tools to study
cellular localization (Miyazawa et al., 1988; Fujimoto et al.,
1996; Boronenkov et al., 1998) and function (Stekhoven et al.,
1994; Igarashi et al., 1995; Bogdanov et al., 1999) of phos-
pholipids. Using the PE-binding peptide (Ro) conjugated
to streptavidin (SA) (SA-Ro), we demonstrated that PE
was exposed on the cell surface of the cleavage furrow as a
result of enhanced transbilayer movement of the phospho-
lipids at the final stage of cytokinesis (Emoto et al., 1996).
Furthermore, addition of SA-Ro to the dividing cells pre-
vented cytokinesis, which suggests that PE plays a role in
completion of cytokinesis.

In this study, we examined in detail the effects of SA-Ro
on the movement of the contractile ring in synchronized
CHO cells. To further examine the role of PE in cytokine-
sis, we established and analyzed a mutant CHO cell line
defective in PE biosynthesis (Emoto et al., 1999). The re-
sults obtained from both approaches clearly show that PE
is required for proper progression of cytokinesis. In addi-
tion, our findings suggest that redistribution of PE on the
cleavage furrow membrane may play a critical role in con-
trolling the disassembly of the contractile ring.

 

Materials and Methods

 

Materials 

 

Lipids were purchased from Avanti Polar Lipids, Inc. Ro peptide was
kindly provided by H. Ishitsuka (Nippon Roch Research Center, Japan).
Ro peptide was biotinylated and then conjugated to SA as described pre-
viously (Emoto et al., 1996). For the ethanolamine-supplementation ex-
periment, 100 ml of newborn calf serum was dialyzed three times against 2
liters of phosphate-buffered saline for 12 h and filter-sterilized. Other
chemicals were from Sigma-Aldrich.

 

Isolation of CHO Mutants Resistant to Ro
Peptide-induced Cytolysis 

 

CHO-K1 fibroblasts were obtained from the American Type Culture Col-
lection (CCL 61). R-41, a CHO-K1–derived mutant cell line, was estab-
lished as a variant resistant to Ro peptide as described (Emoto et al.,
1999). In brief, for mutagenesis, exponentially growing cells were treated
with 400 

 

m

 

g/ml ethyl methanesulfonate in growth medium at 37

 

8

 

C for 16 h,
followed by incubation at 33

 

8

 

C for 3 d. The mutagenized cell colonies
were replicated onto polyester discs for screening of mutant cells exhibit-
ing a low binding activity to Ro peptide. The polyester discs were incu-
bated for 24 h in growth medium at 39.5

 

8

 

C, washed twice with Ham’s F-12

 

medium, and then incubated with 

 

125

 

I-labeled SA-Ro peptide complex
(

 

125

 

I–SA-Ro) for 1 h at 39.5

 

8

 

C. The radioactivities bound to the colonies
were analyzed by a Fuji bioimage analyzer, and a mutant exhibiting a low
binding activity was isolated. The mutant cells were mutagenized again
and cell monolayers were incubated in Ham’s F-12 medium containing
5 

 

m

 

M Ro peptide at 39.5

 

8

 

C for 1 h, washed with Ham’s F-12 medium, and
cultured in the growth medium at 33

 

8

 

C for 20 d. Colonies of surviving cells
were cloned and further purified by limiting dilution. CHO-K1 and R-41
mutant cells were cultured in Ham’s F-12 medium supplemented with
10% newborn calf serum, penicillin G (100 U/ml), and streptomycin sul-
fate (100 

 

m

 

g/ml) in a 5% CO

 

2

 

/95% air incubator at 37

 

8

 

C. For ethanol-
amine-deficient culture, cells were incubated in Ham’s F-12 medium sup-
plemented with 10% dialyzed newborn calf serum at 39.5

 

8

 

C for indicated
periods.

 

Incubation of Mitotic Cells with PE-binding Peptide

 

Mitotic cell populations were isolated from monolayer cultures grown in
850-cm

 

2

 

 plastic roller bottles (Falcon). In brief, each bottle was seeded
with 8.8 

 

3

 

 10

 

6

 

 cells in 100 ml growth medium. After incubation at 37

 

8

 

C for
48 h, the culture medium was replaced with growth medium containing
0.04 

 

m

 

g/ml nocodazole. The cells were incubated for 2 h at 37

 

8

 

C, and
prometaphase cells were isolated by shaking.

Prometaphase cells (2 

 

3

 

 10

 

5

 

 cells) were incubated with 100 

 

m

 

g/ml Ro
peptide-SA complex in 1 ml of 0.5% BSA-Ham’s F12 medium containing
1% Neutridoma (Boehringer) at 37

 

8

 

C for various periods. The effects on
cell division were quantified by counting the number of the cells that ex-
hibited either a cytoplasmic bridge or a dumbbell-shaped cytokinetic form
per field of view, one field containing 

 

z

 

100 cells. Time-lapse observation
was performed in a Zeiss cell incubation system and with a Zeiss Axiovert
135 inverted microscope equipped with a 20

 

3

 

 Plan-Apochromat objec-
tive.

For the release of Ro peptide-SA complex from the cell membrane, the
peptide-treated cells were washed three times with Ham’s F12 medium
containing 10 

 

m

 

M PE liposomes (PE/PC

 

 5 

 

1:1) and 1% Neutridoma, and
further incubated in the same medium at 37

 

8

 

C.

 

Fluorescence Microscopy 

 

Cells were fixed with 3.7% (wt/vol) formaldehyde in PBS for 30 min at
room temperature, followed by a 5-min permeabilization with 0.1% Triton
X-100 in PBS. The cells were then blocked with PBS containing 10% (wt/
vol) goat serum for 30 min at 25

 

8

 

C and reacted with the first antibodies for
16 h at 4

 

8

 

C. Rat antiyeast tubulin mAb (ICN), mouse antivimentin mAb
(ICN), rabbit antimyosin II polyclonal antibody (Biomedical Tech.) and
rabbit anti-ERM protein polyclonal antibody (kindly provided by Dr. S.
Tsukita, Kyoto University, Japan) were diluted to 1:100. Then the cells
were washed with PBS and incubated with rhodamine-conjugated goat
anti–rat IgG or FITC-conjugated goat anti–rabbit IgG (Cappel) diluted to
1:100 for 1 h at 37

 

8

 

C. For F-actin and DNA staining, cells were incubated
with 40 ng/ml TRITC-phalloidin (Sigma-Aldrich) and 0.2 

 

m

 

g/ml 4

 

9

 

,6

 

9

 

-diam-
idino-2-phenylindole (DAPI; Molecular Probe) in PBS at 25

 

8

 

C for 1 h,
washed, and photographed. Fluorescence microscopy was performed us-
ing a Zeiss Axioplan microscope equipped with Planneofluar 40

 

3

 

 and
100

 

3

 

 objective. Photographs were taken on Fuji NEOPAN 400 film.

 

Flow Cytometry 

 

Cells were incubated in Ham’s F-12 medium containing 10% dialyzed
newborn calf serum supplemented with or without 20 

 

m

 

M ethanolamine at
39.5

 

8

 

C for 3 d. Cells were then trypsinized and fixed in cold 70% ethanol.
Cell cycle parameters were determined by propidium iodide labeling of
nuclear DNA. The labeled cells were analyzed on a flow cytometer, FAC-
Scan (Becton Dickinson).

 

Lipid Analysis 

 

Cells were seeded at 5 

 

3

 

 10

 

5

 

 cells per 100 diameter dish and were then in-
cubated in normal growth medium at 39.5

 

8

 

C for 3 d. To create ethanol-
amine deficiency, cells were cultured in Ham’s F-12 medium supplemented
with 10% dialyzed newborn calf serum in the presence or absence of ei-
ther 30 

 

m

 

M PE or 20 

 

m

 

M ethanolamine. After washing twice with PBS, the
cells were harvested by scraping, and the cellular lipids were extracted
from the harvested cells (Bligh and Dyer, 1959). Phospholipids were sepa-
rated by two-dimensional thin-layer chromatography. Solvent systems
used for chromatography were as follows: first dimension, chloroform/
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methanol/acetic acid, 65/2510 (vol/vol); second dimension, chloroform/
methanol/formic acid, 65/25/10 (vol/vol). Phospholipid phosphorus was
chemically determined as described (Zhou and Arthur, 1992).

 

Results

 

Inhibition of Contractile Ring Disassembly by SA-Ro 

 

To study the role of PE in cytokinesis, we examined the ef-
fects of Ro peptide, a PE-binding peptide, on cytokinesis.
Time-lapse observations revealed that SA-Ro–treated cells
formed cleavage furrows normally, and fully contracted to
produce daughter cells, but the cells could not part and re-
mained connected by a cytoplasmic bridge (Fig. 1 a). Ap-
proximately 60% (57.5 

 

6

 

 7.3%,

 

 n 

 

5 

 

7) of the cells formed
a long intracellular cytoplasmic bridge between daughter
cells. These cells remained connected up to 16 h after the
initiation of cytokinesis. No significant effect on cytokine-
sis was detected using other phospholipid-specific probes,
including annexin V that binds to PS (Koopman et al.,
1994), and antiphospholipid mAbs specific for either PS
(Umeda et al., 1989), phosphatidylcholine (Nam et al., 1990),
or phosphatidylinositol-4,5-bisphosphate (Miyazawa et al.,
1988; data not shown). These results confirm our previous
data obtained with cell suspensions (Emoto et al., 1996),
and suggest that PE plays a significant role in the late stage
of cytokinesis.

Staining with phalloidin showed that most of SA-Ro–
treated cells contained actin filament bundles in the cyto-
plasmic bridge even 2 h after the beginning of cytokinesis,
although new stress fibers and nuclear envelopes already
appeared in the daughter cells (Fig. 1, b and c). Immuno-
fluorescence staining revealed that other components of
the contractile ring, such as myosin II (Schroeder, 1973;
Mittal et al., 1987) and radixin (Sato et al., 1991; Tsukita
et al., 1997), also remained in the cytoplasmic bridge (Fig.
1, d–g). Other cytoskeletal components, such as microtu-
bules (Wgeatly and Wang, 1996) and intermediate fila-
ments (Inagaki et al., 1996), had disappeared from the cy-
toplasmic bridge (data not shown). These results indicate
that SA-Ro treatment does not affect the formation and
contraction of the contractile ring, nor the rearrangement
of microtubules and intermediate filaments, but specifi-
cally blocks the disassembly of the contractile ring.

 

Incubation of SA-Ro–treated Cells with PE Liposome 
Leads to Disassembly of Contractile Ring 

 

To further analyze the effect of Ro peptide on cytokinesis,
we examined the distribution of SA-Ro bound to the ar-
rested cell membrane. SA-Ro bound predominantly to the
surface of the cytoplasmic bridge (Fig. 2 A). In addition,
the actin filaments concentrated in the cytoplasmic bridge
colocalized just underneath the plasma membrane to
which the SA-Ro bound (Fig. 2 A). These results, together
with our previous finding that PE is predominantly ex-
posed on the cleavage furrow surface during late telophase
(Emoto et al., 1996), imply that the peptide binding to the
PE exposed on the cleavage furrow surface causes inhibi-
tion of contractile ring disassembly. To examine this possi-
bility, we attempted to remove SA-Ro from the cell sur-
face of the SA-Ro–treated cells. When SA-Ro–treated
cells were incubated in tissue culture medium containing

10 

 

m

 

M PE liposomes, the contraction in the cytoplasmic
bridge was gradually released and eventually the daughter
cells fused with each other to form binucleated cells within
2 h (Fig. 2 B). No significant binding of SA-Ro to the binu-
cleated cells was observed, which suggests that the cell-
surface bound SA-Ro was absorbed by the PE liposomes

Figure 1. SA-Ro treatment blocks disassembly of the contractile
ring. a, Time-lapse observation of cytokinesis of cells treated with
SA-Ro. The time shown in the photograph represents time points
from the initiation of cell division (min). Bar, 30 mm. b and c,
CHO cells synchronized in prometaphase were incubated with 50
mg/ml SA-Ro for 2 h, and then fixed and stained with rhodamine-
phalloidin. b, Shows the focal plane of the cytoplasmic bridge
where actin bundles remains concentrated. c, Shows the focal
plane of the bottom layer of the daughter cells where stress fibers
are seen. d–g, Distribution of myosin II (d) and radixin (f) in SA-
Ro–treated cells. Phase-contrast of each specimen was shown in e
and g, respectively. Bar, 10 mm.



 

The Journal of Cell Biology, Volume 149, 2000 1218

 

(Fig. 2 C). The contractile ring remaining in the cytoplas-
mic bridge disappeared and stress fibers were formed
throughout the binucleated cells (Fig. 2 C). Myosin II and
radixin that had been concentrated in the cytoplasmic
bridge translocated to cytoplasm in the binucleated cells
(Fig. 2 C). These results demonstrate that the inhibition of
contractile ring disassembly is reversible upon removal
of the surface-bound SA-Ro, and suggest that exposure of
PE on the cleavage furrow membrane plays a crucial role
in the regulation of contractile ring disassembly.

 

Cell Growth of a CHO Mutant Line with a Specific 
Lesion in PE Biosynthesis

 

To further study the role of PE in cytokinesis, we estab-
lished a CHO mutant cell line with a specific defect in PE
biosynthesis. The mutant, designated as R-41, was isolated
as a variant resistant to the cytotoxicity of Ro peptide
(Emoto et al., 1999). When the mutant cells were cultured
in normal growth medium containing 10% newborn calf

serum for three days, cellular PE content was about half
that of the wild-type CHO-K1 cells, whereas the levels of
other phospholipids, including PS, were not significantly
changed (Table I). In these circumstances, the mutant cells
grew normally (Fig. 3 a). PE in mammalian cells is pro-
duced by three distinct pathways: the PS decarboxylase
pathway, the CDP–ethanolamine pathway, and the phos-
pholipid base–exchange pathway (Kent, 1995). We have
demonstrated that R-41 mutant cells have a specific defect
in the PS decarboxylation pathway, but were not affected
in the CDP-ethanolamine pathway (Emoto et al., 1999).
Thus, we next examined if exogenous ethanolamine de-
rived from newborn calf serum contributes to the restora-
tion of PE biosynthesis in R-41 mutant cells using dialyzed
newborn calf serum. CHO-K1 cells grew exponentially in
the medium supplemented with 10% dialyzed newborn se-
rum, whereas the mutant cells ceased growing (Fig. 3 b).
When either PE or ethanolamine was added to the me-
dium at the concentration of 30 or 20 

 

m

 

M, respectively, the
mutant cells were able to grow normally for five days (Fig.

Figure 2. Incubation of the arrested cells with PE liposomes leads to disassembly of the contractile ring. A, Colocalization of SA-Ro
bound to the cell surface of PE (a) and actin filaments remaining in the cytoplasmic bridge (b).  Cells were incubated with 50 mg/ml SA-
Ro for 2 h, and then fixed and double-labeled with either anti-SA antibody (a) or rhodamine-phalloidin (b). The photograph shows the
focal plane of the cytoplasmic bridge where actin bundles remain concentrated. Phase-contrast of the specimen is shown in c. The ar-
rows indicate the cytoplasmic bridge. B, Time-lapse observations of the arrested cells incubated in the presence of 10 mM PE liposomes.
The time shown in the photograph represents the time points after initiation of the incubation (min). C,  The arrested cells were incu-
bated in the presence of 10 mM PE liposomes, and then fixed and triple-stained with anti-SA antibody (a), rhodamine-phalloidin (b),
and DAPI (c). Phase-contrast of the same specimen is shown in (d). e and f, The arrested cells were incubated with 10 mM PE lipo-
somes, and then fixed and stained with antimyosin II antibody (e) and antiradixin antibody (f).  Bars, 10 mm.
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3 b). Other phospholipids, such as PS and phosphatidyl-
choline, failed to restore normal growth of the mutant cells
(data not shown). The PE level of the mutant cells grown
in the medium with the dialyzed serum for three days was
reduced to approximately five percent of total cellular
phospholipids, whereas the addition of PE or ethanol-
amine to the medium restored a normal PE level in the mu-
tant cells (Table II). These results indicate that the growth
of R-41 mutant cells is dependent on exogenous PE or its
precursor and provide the first evidence that a certain
level of PE is essential for cell growth in CHO cells.

 

R-41 Mutant Cells Have a Defect in Cytokinesis

 

Although R-41 mutant cells grew well in normal medium,
the morphology of the mutant cells was different from that
of wild-type CHO cells in several respects. The population
of round-shaped cells increased in the mutant cells, com-
pared with the wild-type cells (Fig. 4 A). In addition,

 

z

 

20% of the mutant cells had a cytoplasmic bridge be-
tween the two daughter cells (Fig. 4 A, arrow), which is
quite similar to SA-Ro–treated cells (Fig. 1 a). These mu-
tant cells remained connected about four hours after the
initiation of cytokinesis. The cytoplasmic bridge was even-
tually resolved by traction between the daughter cells.
These phenotypes were no longer observed in the mutant
cells cultured in the ethanolamine-supplemented medium
(Fig. 4 A).

A more severe defect in cell division was observed in R-41
mutant cells cultured in the ethanolamine-deficient me-
dium. Flow cytometric analyses showed that 41.6, 49.1, and
9.3% of CHO-K1 cells growing in the ethanolamine-defi-
cient medium for three days were in G

 

1

 

, S, and G

 

2

 

/M
phases, respectively (Fig. 4 B). In contrast, 44.8% of R-41
mutant cells growing in the ethanolamine-deficient me-
dium were in G

 

2

 

/M phases (Fig. 4 B). No significant differ-

ence was observed in the proportion of G

 

1

 

, S, and G

 

2

 

/M
phases between CHO-K1 cells growing in the ethanol-
amine-deficient medium and the mutant cells growing in
the ethanolamine-supplemented medium (Fig. 4 B), sug-
gesting that PE is required for G

 

2

 

/M transition. Time-lapse
observation of cell division of synchronized R-41 mutant
cells cultivated in the ethanolamine-deficient medium re-
vealed that early events of cytokinesis, such as formation
and contraction of the contractile ring proceeded nor-
mally, but cell division was blocked at the final stage of
cleavage (Fig. 5 a). This arrest of cell division was not ob-
served in the mutant cells cultured in the ethanolamine-
supplemented medium (data not shown). These results in-
dicate R-41 mutant cells are defective in the late stage of
cytokinesis.

30 min after the initiation of cytokinesis in R-41 cells,
furrowing and chromosome separation proceeded nor-
mally and arrays of microtubules and the contractile ring
were clearly seen between the poles of two daughter cells
(Fig. 5 b). Actin filaments were concentrated at the cleav-
age furrow even 12 h after the initiation of cytokinesis, al-
though microtubule rearrangement and nuclear division
proceeded normally to show typical features of cells in G

 

1

 

phase (Fig. 5 b). These observations suggest that disassem-
bly of the contractile ring is affected in R-41 mutant cells.

 

Exposure of PE on the Surface of R-41 Mutant Cells 
during Cytokinesis

 

Studies using the PE-binding peptide suggested that PE
exposure on the cleavage furrow membrane contributes to
regulation of contractile ring disassembly. Thus, we next
examined surface exposure of PE in R-41 mutant cells cul-
tured in the either ethanolamine-deficient or ethanol-
amine-supplemented medium. When the mutant cells were
cultured in the ethanolamine-deficient medium for three
days, binding of Ro peptide coupled with 

 

125

 

I-SA-Ro to
the cell surface was decreased to one-fourth, compared

 

Table I. Phospholipid Compositions of CHO-K1 and R-41 Mutant Cells Cultured in Normal Growth Medium

 

Percentage of total phospholipids

Strain PE PS PC SM PI Others

 

CHO-K1 17.6 

 

6

 

 1.6 5.5 

 

6

 

 0.8 58.9 

 

6

 

 3.8 7.8 

 

6

 

 1.1 6.8 

 

6

 

 0.8 3.4 

 

6

 

 0.4
R-41 9.0 

 

6

 

 0.9 5.9 

 

6

 

 0.5 68.8 

 

6

 

 4.3 8.9 

 

6

 

 1.3 5.9 

 

6

 

 1.2 2.1 

 

6

 

 0.3

 

Cells were incubated in Ham’s F-12 medium containing 10% newborn calf serum at 39.5

 

8

 

C for 3 d. Phospholipids were extracted, separated, and quantified. PE,

 

Phosphatidylethanolamine; PS, phosphatidylserine; PC, phosphatidylcholine; SM, sphingomyelin; PI, phosphatidylinositol. Others include phosphatidylglycerol,
phosphatidic acid, and cardiolipin. Data shown are the mean 

 

6

 

 SD for three independent experiments.

 

 

 

Table II. Phospholipid Compositions of CHO-K1 and R-41 Mutant Cells Cultured in Ethanolamine-deficient Medium

 

Percentage of total phospholipids

Strain PE PS PC SM PI Others

 

CHO-K1 12.6 

 

6

 

 1.3 5.4 

 

6

 

 0.6 61.2 

 

6

 

 5.2 12.1 

 

6

 

 0.8 5.1 

 

6

 

 0.6 3.5 

 

6

 

 0.4
R-41 5.6 

 

6

 

 0.8 4.6 

 

6

 

 0.4 70.4 

 

6

 

 6.1 11.8 

 

6

 

 1.2 5.5 

 

6

 

 0.8 2.1 

 

6

 

 0.6
R-41 

 

1

 

 PE 14.7 

 

6

 

 1.3 5.7 

 

6

 

 0.6 60.4 

 

6

 

 4.2 10.3 

 

6

 

 1.2 5.7 

 

6

 

 0.9 2.7 

 

6

 

 0.2
R-41 

 

1

 

 Etn 15.8 6 0.9 5.5 6 0.4 59.7 6 3.9 10.1 6 0.9 5.9 6 1.1 3.1 6 0.3

Cells were incubated in Ham’s F-12 medium containing 10% dialyzed newborn calf serum supplemented with or without either 30 mM PE (R-41 1 PE) or 20 mM ethanolamine
(R-41 1 Etn) at 39.58C for 3 d. Phospholipids were extracted, separated, and quantified. PE, Phosphatidylethanolamine; PS, phosphatidylserine; PC, phosphatidylcholine;
SM, sphingomyelin; PI, phosphatidylinositol. Others include phosphatidylglycerol, phosphatidic acid, and cardiolipin. Data shown are the mean 6 SD for three
independent experiments.
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with that of the parent cells, suggesting that the cell sur-
face PE content was markedly reduced in the mutant cells
(Fig. 6 a). Addition of 30 mM PE or 20 mM ethanolamine
to the culture medium restored 125I-SA-Ro binding to the
mutant cells to that of wild-type level (Fig. 6 a). Next, sur-
face exposure of PE during cytokinesis was examined
using the PE-binding peptide coupled with fluorescein-
labeled SA (FL–SA-Ro; Emoto et al., 1996). Although no
significant exposure of PE was detected in R-41 mutant
cells cultured in the ethanolamine-deficient medium, in-
tense staining of the cleavage furrow membrane was ob-
served in z60% of the mutant cells cultured in the etha-
nolamine-supplemented medium (Fig. 6 b). These results
demonstrate a good correlation between PE exposure on
the cleavage furrow membrane and successful cytokinesis,
and provide further support for the proposal that redistri-
bution of PE on the cleavage furrow membrane may play
a crucial role in completion of cytokinesis.

Discussion
Since cytokinesis is the process that partitions the cell
membrane of one cell to form two cells, coordinated
movements between the plasma membrane and cytoskele-
ton networks are required for proper progression of cyto-
kinesis. In this study, we demonstrate that PE exposed
on the surface of cleavage furrow plays a pivotal role in
regulating contractile ring disassembly, which allows the
plasma membrane to separate into two membranes. We
employed two different approaches: manipulation of cell
surface PE by the PE-binding peptide, and the establish-
ment of a mutant cell line specifically defective in PE
biosynthesis. Among the various phospholipid-binding
probes, only the PE-binding peptide bound specifically to
the surface of cleavage furrow and inhibited contractile

ring disassembly beneath the plasma membrane to which
the peptide bound (Fig. 3). Neither change in the transbi-
layer distribution of other membrane phospholipids nor
any effect on cytokinesis was observed using other phos-
pholipid-specific probes, suggesting that PE plays a spe-
cific role in cytokinesis (Fig. 1). Since SA-Ro is accessible
to only those PE molecules on the outer leaflet of the
plasma membrane (Aoki et al., 1994; Emoto et al., 1996),
it is likely that immobilization of the cell surface PE by
SA-Ro prevents disassembly of the contractile ring. Fur-
thermore, the blockage of contractile ring disassembly was
reversed by removal of the surface-bound SA-Ro using
PE liposomes (Fig. 2). These observations suggest that PE
molecules on the cell surface, rather than those on other
cellular membranes, including the inner leaflet of the

Figure 3. The growth of R-41 mutant cells is dependent on PE or
its precursor. a, CHO-K1 and R-41 mutant cells were cultured in
normal medium containing 10% newborn calf serum at 39.58C. b,
CHO-K1 and R-41 mutant cells were cultured in ethanolamine-
deficient medium at 39.58C (CHO-K1, R-41), and R-41 mutant
cells were cultured in either 30 mM PE (R-411PE) or 20 mM eth-
anolamine-supplemented medium (R-411Etn) at 39.58C.

Figure 4. R-41 mutant cells have a defect in cytokinesis. A, Mor-
phology of CHO-K1 (a) and R-41 mutant cells (b–d) cultured in
normal medium. CHO-K1 and R-41 mutant cells were cultured
in normal medium containing 10% newborn calf serum supple-
mented with (d) or without (a–c) 20 mM ethanolamine at 39.58C
for 3 d. B, Flow cytometric analyses of the DNA contents. CHO-
K1 and mutant cells were cultured in ethanolamine-deficient me-
dium supplemented with (R-411Etn) or without (CHO-K1, R-41)
20 mM ethanolamine at 39.58C for 4 d. CHO-K1: G1, 41.6%; S,
49.1%; G2/M, 9.3%. R-41: G1, 38.9%; S, 16.3%; G2/M, 44.8%.
R-411Etn: G1, 38.2%; S, 50.5%; G2/M, 11.3%. Bars, 30 mm.
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plasma membrane, play a role in contractile ring disassem-
bly. It remains unclear why the peptide-treated cells col-
lapse into binucleated cells after addition of PE liposome.
The molecules transiently activated to accomplish the final
membrane separation may be either inactive or released
from the cleavage furrow membrane of the peptide-
treated cells, since the daughter cells have already entered
G1 phase.

To further confirm the role of PE in cytokinesis, we es-
tablished a CHO cell mutant line (R-41) that was defective
in PE biosynthesis, and analyzed its cytokinetic process.
When R-41 mutant cells were cultured in normal medium,
the cells exhibited a partial cytokinetic defect in which the
late telophase of cytokinesis was extensively prolonged
(Fig. 4 A). Further decrease in the PE level of the mutant

cells, by culturing them in ethanolamine-deficient me-
dium, blocked the contractile ring disassembly without af-
fecting the initial formation of the contractile ring or its
contraction, resulting in cell division arrest in late telo-
phase (Fig. 5). In this culture condition, no significant ex-
posure of PE on the cleavage furrow surface was detected
by the FL–SA-Ro in the mutant cells (Fig. 6). Addition of
PE or ethanolamine, a precursor of PE, restored cellular
PE levels and normal cell division (Figs. 5 and 6). Al-
though several CHO mutant cell lines that have specific
defects in phospholipid biosynthesis, such as phosphatidyl-
choline and sphingomyelin, have been established, no sig-
nificant defect in cytokinesis was observed in these mutant
cell lines (Cui et al., 1996; Nishijima et al., 1997; Hanada et al.,
1998). Thus, it is likely that the cytokinetic arrest of R-41

Figure 5. R-41 mutant cells
have a defect in the disassem-
bly of the contractile ring. a,
Time-lapse observation of the
cell division of R-41 mutant
cells cultured in ethanol-
amine-deficient medium. R-41
mutant cells cultured in etha-
nolamine-deficient medium
for 3 d were synchronized in
mitotic phase by nocodazole.
The synchronized cells were
collected, washed, and then
further incubated in the etha-
nolamine-deficient medium.
The time indicates the time
point after the initiation of
the incubation of synchro-
nized cells. Bar, 30 mm. b, Lo-
calization of actin filaments
and microtubules in R-41 mu-
tant cells during cytokinesis.
The synchronized mutant
cells were incubated for 30
min (30’) or 12 h in ethanol-
amine-deficient medium. The
cells were then fixed and la-
beled with rhodamine-phal-
loidin (for F-actin), antitubu-
lin antibody, or DAPI (for
DNA). Bar, 10 mm. The ar-
rowheads indicate the cleav-
age furrow.
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mutant cells in ethanolamine-deficient culture medium is
due to a PE-specific functional defect in cytokinesis, rather
than nonspecific perturbation of membrane structure re-
sulting from a change in the lipid composition.

PE is produced by three distinct pathways (Kent, 1995;
Voelker, 1997). A substantial amount of PE is synthesized
through the PS decarboxylase pathway, in which PS pro-
duced in the ER is transported to mitochondria and then
decarboxylated by an inner mitochondrial membrane en-
zyme, PS decarboxylase. PE is also made from ethanol-
amine via the CDP–ethanolamine pathway, the last step of
which occurs on endoplasmic membranes. In a quantita-
tively minor pathway, PE can also be synthesized by the
phospholipid base–exchange pathway in which free etha-
nolamine is exchanged with base moiety of preexisting
phospholipids. Although the cellular PE level in R-41 mu-
tant cells was decreased to about half that of the parent
cells, the SA-Ro binding to the mutant cells was reduced
to one-fourth compared with that of the parent cells (Fig.
6), suggesting that the level of PE in the plasma membrane
of the mutant cells decreased to a greater extent than the
total cellular content of PE. Vance et al. (1991) metaboli-
cally labeled rat hepatocytes with either [3H]serine or
[3H]ethanolamine, and showed that [3H]serine-labeled PE
derived from the PS decarboxylase pathway appears on the
cell surface much faster than [3H]ethanolamine-labeled
PE, suggesting that PE made by the PS decarboxylase
pathway is preferentially transported to the cell surface
compared with ethanolamine-derived PE. We recently
demonstrated that R-41 mutant cells have a specific defect
in the transport of PS between the outer and inner mito-
chondrial membranes, resulting in reduced production of
PE via the PS decarboxylation pathway (Emoto et al.,
1999). This defect in PE production via the PS decarbox-
ylase pathway in R-41 mutant cells may cause the signifi-

cant reduction of PE content in the plasma membrane,
and its exposure on the surface of the cleavage furrow.
Restoration of the cell surface exposure of PE leads to
normal disassembly of the contractile ring (Fig. 6 b), again
suggesting that the redistribution of PE on the cleavage
furrow play a critical role in regulating disassembly of the
contractile ring.

Recently, it was shown that a mutant Escherichia coli
strain that completely lacks PE has a specific defect in cy-
tokinesis (Mileykovskaya et al., 1998). In E. coli, cell divi-
sion is mediated by the formation of a septal ring, the FtsZ
ring, which circumferentially invaginates the cell wall to
cleave the cell into two (Bi and Luthenhaus, 1991). In the
PE-deficient strain, FtsZ protein and other essential divi-
sion proteins are recruited to the division site, but the FtsZ
ring failed to constrict (Mileykovskaya et al., 1998). This
phenotype is not observed in the strains with specific de-
fects in other phospholipid biosynthesis (Dowhan, 1997).
Thus, it is likely that PE is essential for cytoskeletal orga-
nization in the completion of cytokinesis in prokaryotic
cells, as well as mammalian cells.

We can only speculate about the mechanism by which
PE redistribution on the cleavage furrow membrane con-
tributes to regulation of the contractile ring disassembly.
One possibility is that a particular lipid domain is formed
on the cleavage furrow membrane. It was previously re-
ported that the lateral mobility of lipid probes in the cell
membrane was significantly reduced during mitosis in cul-
tured mammalian cells (deLaat et al., 1980). It was also
shown that exchange of lipid probes between the cleavage
furrow membrane and other membrane domains was re-
stricted in dividing eggs (Tetteroo et al., 1984). These find-
ings raised the possibility that some lipid domains are
formed in the dividing cells. We recently found that the
plasma membrane sphingomyelin, which is shown to be

Figure 6. Exposure of PE on
the surface of R-41 mutant
cells. a, Binding of 125I-SA-Ro
to the plasma membrane.
CHO-K1 and R-41 mutant
cells were incubated in etha-
nolamine-deficient medium
without (CHO-K1, R-41) or
with either 30 mM PE
(R-411PE) or 20 mM etha-
nolamine (R-411Etn) at 39.58C
for 3 d. Cells were incubated
with 125I-SA-Ro (30,000 cpm/
ml) on ice for 30 min. The
cells were then washed and
their radioactivity was mea-
sured. The results show the
mean 6 SEM (n 5 3). b, Ex-
posure of PE on the cleavage
furrow membrane of R-41
mutant cells. R-41 mutant
cells were incubated in etha-
nolamine-deficient medium

with (R-411Etn) or without (R-41) 20 mM ethanolamine at 39.58C for 3 d and then synchronized in mitotic phase. The synchronized
cells were collected, washed, and then further incubated for 30 min. The cells were washed and stained with FL–SA-Ro for 30 min on
ice, then washed and photographed. Bar, 10 mm. The arrowheads indicate the cleavage furrow.



Emoto and Umeda Phosphatidylethanolamine Function in Cell Division 1223

distributed on the cell surface uniformly in interphase cells
(Yamaji et al., 1998), was excluded from the surface of the
cytoplasmic bridge by staining with a sphingomyelin-spe-
cific binding protein, lysenin (data not shown). Our find-
ings, together with the previous report that the amount of
PE in the outer leaflet of plasma membrane of CHO cells
increased threefold during cytokinesis (Kobayashi and Pa-
gano, 1989), suggest that a unique PE-rich lipid domain
may be formed in the outer leaflet of the cleavage furrow
membrane during cytokinesis. Many proteins, such as
ERM (ezrin/radixin/moesin) proteins (Sato et al., 1991;
Tsukita et al., 1997), septin family proteins (Kinoshita et al.,
1997; Field and Kellogg, 1999), and GTP-binding protein
Rho and its targets (Hall, 1998; Madaule et al., 1998), that
play crucial roles in contractile ring reorganization, are
known to be recruited to the cleavage furrow, but it is still
unclear how the disassembly of these proteins is spatially
regulated. It has been shown that certain structural fea-
tures of the membrane bilayer play a role in modulating
the membrane activity of various proteins (Yeagle, 1989;
Igarashi et al., 1995). In particular, PE-rich membranes
tend to form a nonbilayer hexagonal structure that has
been shown to regulate various membrane-bound en-
zymes, such as the calcium pomp (Yeagle and Sen, 1986),
protein kinase C (Bazzi et al., 1992), and phospholipase D
(Nakamura et al., 1996). Thus, the PE-rich domain on the
cleavage furrow may provide a specific milieu for activa-
tion or assembly of certain molecules regulating disassem-
bly of the contractile ring. Aberrant organization of the
PE-rich membrane domain by either the PE-binding pep-
tide or a decrease in the surface PE level in the mutant
cells may affect contractile ring disassembly, which pre-
vents the final separation of daughter cells.

The redistribution of membrane PE molecules at the
cleavage furrow also may be involved in bringing about
membrane separation. Recent studies suggest that cone-
shaped lipids, such as phophatidic acid and cholesterol,
play a role in modulating the membrane curvature in vesi-
cle formation (Schmidt et al., 1999; Thiele et al., 1999;
Weigert et al., 1999). Since PE is a typical cone-shaped
lipid, PE-rich surface membrane tends to exert bending
fluctuations (Chernomordik et al., 1995). It was also sug-
gested that PE-rich membranes tend to form nonbilayer
intermediates that have been hypothesized to exist during
the membrane fusion process (Verkleij et al., 1984; Ellens
et al., 1989; Chernomordik et al., 1995). In fact, PE accel-
erates the generation of clathrin-coated buds on protein-
free liposome (Takei et al., 1998). Therefore, it is conceiv-
able that formation of the PE-rich membrane domain in
the outer leaflet of the cleavage furrow membrane fa-
cilitates the inward bending of the plasma membrane,
which may induce membrane fusion between vesicles and
plasma membrane, as well as opposing plasma mem-
branes.

In summary, we have provided the first evidence that
PE is essential for completion of cytokinesis. In addition,
we propose that redistribution of PE on the cleavage fur-
row surface is involved in regulating the contractile ring
disassembly. Elucidation of the molecular mechanism by
which the membrane phospholipids regulate contractile
ring disassembly may help us to understand the mecha-
nism by which coordination between the cytoskeleton and

plasma membrane is achieved in the final stage of cytoki-
nesis.
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