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Abstract. To study the mitosis-specific phosphorylation
of caldesmon (CaD), we generated a mutant of the C-ter-
minal fragment (amino acids 244–538) of human fibro-
blast CaD (CaD39-6F), as well as a mutant of the full-
length CaD (CaD-6F), in which all six potential phos-
phorylation sites for Cdc2 kinase were abolished. The
mitotic CaD39-6F-overexpressing cells required more
time to progress from anaphase start to 50% cytokinesis,
exhibited larger size, and abnormally formed numerous
small blebs. In contrast, overexpression of the wild-type
C-terminal fragment of CaD (CaD39) did not result in ab-
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normal bleb formation, but led to larger size and pro-
longed the time requirement between anaphase start and
50% cytokinesis. Similar abnormal blebs were also ob-
served in the CaD-6F-overexpressing cells. CaD-6F-
overexpressing cells did not show larger size but required
more time to progress from anaphase start to 50% 
cytokinesis. These results suggest that mitosis-specific
phosphorylation of CaD plays a role in inhibiting bleb
formation and that the N-terminal fragment of CaD is re-
quired for cell size determination. 

Key words. Mitosis-specific phosphorylation; phosphorylation-defective mutant; blebbing; 2D and 3D dynamic im-
age analysis; microfilament; cytokinesis.

Caldesmon (CaD) is a myosin-, actin-, tropomyosin-, and
Ca2+/calmodulin-binding protein implicated in the con-
trol of microfilament activity and organization in both
smooth muscle and non-muscle cells [1–5]. In vitro it ex-
hibits a potent inhibitory effect on actin-tropomyosin-ac-
tivated myosin ATPase and actin filament motility. Fur-
thermore, CaD is able to stimulate polymerization of mi-
crofilaments [6] and the assembly of soluble myosin into
filaments [7]. Finally, CaD has either an antagonistic or
synergistic effect on other actin-binding proteins. On the
one hand, it stimulates the binding of tropomyosin to
actin filaments [8, 9]. On the other, together with tropo-
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myosin, CaD impairs the actin-severing activity of gel-
solin [10, 11] and the actin binding of fascin [12]. Con-
sistent with the in vitro observations, in vivo studies also
suggest a role for CaD in regulating both the contraction
force of the actomyosin system and the stabilization of
microfilaments. Microinjection of an antisense oligo spe-
cific to CaD led to an increase in the interaction of acto-
myosin cross-bridge cycling in vascular smooth muscle
[13]. Transient expression of full-length CaD resulted in
the formation of thick stress fibers in Chinese Hamster
Ovary (CHO) cells [14], suggesting that CaD stabilizes
actin filaments. However, a contradictory observation
was reported that transient transfection of CaD in human
fibroblasts interfered with stress fiber formation [15].
The discrepancy in these results may arise from the in-
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trinsic nature of transient expression, such as heterogene-
ity of expression levels and unstable phenotypes associ-
ated with a transient robust increase of the exogenous
protein. To address this problem, our laboratory previ-
ously adopted a stable overexpression system. We re-
ported that forced expression of the C-terminal half
[amino acids (aa) 244–538] of human fibroblast CaD,
termed CaD39, in CHO cells stabilized endogenous
tropomyosin and microfilaments [16] and enhanced early
cell attachment and spreading [17]. However, these phe-
notypes were not observed in the stable clones overex-
pressing either the N-terminal fragment or full-length
CaD, suggesting that the C-terminal fragment, CaD39,
can act as a dominant-negative mutant to interfere with
the normal regulation and function of CaD in vivo.
The effects of CaD on microfilaments can be reversed by
the addition of an excess of Ca2+/calmodulin [2, 4, 5,
18–22] or by phosphorylation by Cdc2 kinase [12,
23–26], both of which are thought to be critical for reg-
ulating the organization and dynamics of the cytoskele-
ton. During mitosis, CaD is phosphorylated by Cdc2 ki-
nase and dissociates from the actin filaments [24]. In the
CaD39-overexpressing clones, we observed alleviation
of CaD39-induced effects during mitosis, which coin-
cided with CaD39 phosphorylation and its partial disso-
ciation from the isolated microfilaments [17]. Therefore,
phosphorylation of CaD and its subsequent dissociation
from microfilaments seem, at least in part, responsible
for regulating mitosis-specific reorganization of actin
filaments. Further in vitro studies showed that recombi-
nant CaD could be phosphorylated by Cdc2 kinase and
resulted in dissociation of CaD from the actin filaments
and a subsequent decrease in its inhibitory effect on
myosin ATPase [23], suggesting a potential role for
phosphorylation by Cdc2 in regulating CaD activity.
However, despite these in vitro data, we still do not know
whether Cdc2 kinase is solely responsible for the phos-
phorylation of CaD during cell division and whether the
phosphorylation regulates the CaD activity in the same
way as observed in the in vitro experiments. One ap-
proach to address these questions, and to further investi-
gate the effects of CaD phosphorylation on the actin cy-
toskeleton rearrangement during mitosis, is to create
dominant-negative mutants that cannot be regulated by
Cdc2 kinase, stably express them in the cells, and study
the mutant phenotypes. One could mutate the phospho-
rylation sites into aspartic acid so as to mimic the con-
stitutively phosphorylated CaD. However, based on the
in vitro data, such a mutant is unlikely to bind to actin fil-
aments, and is thus unlikely to exert any dominant-nega-
tive effect on the organization of microfilaments. There-
fore, one might not observe any mutant phenotype in
such cells because the endogenous CaD could regulate
the actin filaments as in wild-type cells. Instead, we cre-
ated a CaD39 mutant, termed CaD39-6F, and a full-

length CaD mutant, termed CaD-6F, in which all six pu-
tative Ser/Thr residues for Cdc2 kinase were mutated
into Ala. We established several stable cell lines express-
ing either mutant protein. We report that the mutant
CaD39-6F could not be phosphorylated and dissociated
from the actin filaments during mitosis. Compared to the
wild-type control cells, CaD39-6F-overexpressing cells
took longer to progress from anaphase start to 50% cy-
tokinesis, had a significantly bigger cell size, and exhib-
ited abnormal blebs. Similar blebbing was also found in
the cells overexpressing full-length mutant CaD-6F, sug-
gesting a role for Cdc2 phosphorylation of CaD in regu-
lating cortical tension and inhibiting bleb formation dur-
ing cytokinesis. CaD-6F-overexpressing lines did not
exhibit larger cells at mitosis, suggesting an additional
regulatory mechanism at the N-terminal half of CaD.

Materials and methods

Construction of CaD39-6F mutants
Six consensus sites (Ser/Thr-Pro) for Cdc2 kinase phos-
phorylation were found to be located on the C-terminal
fragment of CaD (CaD39). They are Thr383, Ser469, Thr475,
Thr489, Ser504, and Ser534, which are highly conserved be-
tween human and rat CaD. Apart from Thr383, all equiva-
lent sites in the rat CaD were identified as the mitosis-
specific phosphorylation sites [27]. Using six different
primers corresponding to each site, six single mutants
with changes from Ser/Thr to Ala were generated by site-
directed mutagenesis from the cDNA of plasmid pET-
CaD39 [8]. Site-directed mutagenesis was performed as
described in the Clontech transformed site-directed mu-
tagenesis kit (Clontech, Palo Alto, Calif.). The six target
primers used for mutagenesis are the following sequences
with mutated codon underlined.
CaDT383: 5¢ CCTTTAGGAGCGAAACACTTG 3¢
CaDS469: 5¢ GCAGTGGGGGCTGAAAACAC 3¢
CaDT475: 5¢ CTTATTTGGTGCGCCTGCTG 3¢
CaDT498: 5¢ CCATCTGGGGCTTTAGTTAG 3¢
CaDS504: 5¢ GGGAGCAGGTGCCTTGTTTC 3¢
CaDS534: 5¢ CCTTAGTGGGGGCAGTGACC 3¢
The selective ClaI primer (5¢ CAGCTTATCAcCGAT-
AAGCT 3¢) was used for the selection of mutated circu-
lar DNA from the synthesized DNA mixture. This primer
contains a base pair change within the unique ClaI site at
position 24 of the pET8c/s vector. Similarly, two-site
(Ser469Thr475, Thr475Ser504, and Thr498Ser504), three-site
(Thr383Thr498Ser504 and Thr475Thr498Ser504), and five-
site (Thr383Ser469Thr475Thr498Ser504 and Ser469Thr475Thr498

Ser504Ser534) mutations were generated with respective
mixture of target primers together with the ClaI selective
primer in the synthesis step. To generate four-site
(Ser469Thr475Thr498Ser504) and six-site mutations, three-
site (Thr475Thr498Ser504) and five-site (Ser469Thr475Thr498



Ser504Ser534) mutated clones were further mutated at
Ser469 and Thr383, respectively, with the other selective
primer. This selective primer (5¢ AGGGAgAGCTTC-
GACCGATG 3¢) contains a base pair change within the
unique SalI site at position 928 of the pET8c/s vector. The
plasmid with the six-site mutant CaD39 was named pET-
CaD39-6F. All mutant DNAs were sequenced by the
dideoxy sequencing method using Sequenase (U.S. Bio-
chemical Corp., Cleveland, Ohio). The plasmid encoding
the full-length CaD lacking all six Cdc2 sites (called
pETCaD-6F) was constructed by replacing the PvuI frag-
ment of pETCaD with the mutated PvuI fragment from
pETCaD39-6F, which contained all six mutated sites. For
the purpose of eukaryotic expression, the XbaI fragments
from pETCaD39-6F and pETCaD-6F were subcloned
into the XbaI site of pCB6hx vector [16] and the resulting
plasmids were called pCBCaD39-6F and pCBCaD-6F,
respectively.

Cell transfection
and immunofluorescence microscopy
CHO cells were cultured in Dubecco modified Eagle’s
medium (DMEM) plus 10% fetal bovine serum (FBS)
and kept in a 37°C humidified incubator with 5% CO2.
Plasmid DNAs were introduced into the cells using the li-
posome transfection reagent DOTAP (Boehringer
Mannheim, Indianapolis, Ind.). For establishment of sta-
ble clones expressing CaD39-6F, CaD, or CaD-6F, cells 
at 1 day after transfection were selected in DMEM plus
10% FBS with 500 mg/ml G418 (GIBCO BRL, Gaithers-
burg, Md.). After 2 weeks of selection, single cells with
different levels of expression were cloned, and expanded.
The expression of CaD39-6F was tested using indirect
immunofluorescent microscopy as described elsewhere
[16]. The primary antibody used in this study was the
anti-caldesmon monoclonal antibody C21 diluted
1:1000. C21 recognizes the C-terminal 10-kDa fragment
of chichen gizzard CaD [28]. The sequences of this re-
gion are highly conserved among species. Therefore, the
reactivities of C21 antibody to the endogenous CHO CaD
and the exogenous human CaD are very similar. How-
ever, due to the overexpression of the exogenous proteins,
C21 is able to strongly cross-react with CaD39 and barely
detects endogenous CHO CaD when used at such high di-
lution [16]. The recognition of endogenous CaD requires
a C21 antibody at ¥100 dilution. The second antibody
was FITC-conjugated goat anti-mouse IgG (Sigma, St.
Louis, Mo.). Stable lines 39-6FC10, 39-6FC36, 39-6FC2,
39-6FC6, 39-6FC19, and 39-6FC33 were obtained ex-
pressing low to high amounts of CaD39-6F, respectively.
The non-expressing but G418-resistant cell line 39-6FC5
was also isolated for use as a control. Similarly, stable line
CaD-6FC10, CaD-6FC27, and CaD-6FC28, expressing
low to high amounts of CaD-6F, were obtained and char-
acterized. A previously isolated stable line 39C15 ex-

pressing wild-type CaD39 [16], as well as a stable line
CaDC6, expressing wild-type full-length CaD, was also
included in this study for comparison.

Urea/SDS-PAGE and Western blot analysis
Interphase 39-6FC33 cells and 39C15 [16] cells, which
express CaD39-6F and CaD39, respectively, were rinsed
three times in phosphate-buffered saline (PBS) and har-
vested in 2¥ SDS-PAGE gel sample buffer as described
elsewhere [17]. Mitotic cells were collected after 4 h
treatment of interphase cells with 0.25 mg/ml nocodazole
(Sigma) by the shake-off method as described elsewhere
[17]. Collected cells were then washed with PBS and dis-
solved in 2¥ SDS-PAGE gel sample buffer. Total proteins
were resolved by 8% SDS-PAGE containing 6 M urea.
After electrophoresis, proteins were transferred to nitro-
cellulose paper for Western blot analysis with either mon-
oclonal antibody C21 or C57 as described elsewhere [17]. 

Protein expression and purification in bacteria
pETCaD39-6F and pETCaD39 were transformed into the
bacterial strain BL21(DE3)pLysS. Expression of CaD39
and CaD39-6F proteins were induced as described previ-
ously [8]. The recombinant CaD39 and CaD39-6F pro-
teins were purified as described previously [8], including
heat treatment of bacterial lysate, ammonium sulfate
fractionation, and two FPLC column chromatographies
(Mono S column and Superose 12 column). The fractions
containing recombinant proteins were identified by SDS-
PAGE as described previously [8].

In vitro phosphorylation assay
and actin-binding assay
For phosphorylation assay of CaD39/CaD39-6F, either 
5 mM CaD39 or 10 mM CaD39-6F was incubated with 1.5
units Cdc2 kinase (New England BioLabs, Beverly,
Mass.) in the kinase buffer containing 10 mM imidazole
buffer, pH 7.0, 30 mM NaCl, 1 mM NaF, and 100 mM 
g-32P ATP (5 mC/ml) at 30°C. At different time intervals,
5 ml each of sample was collected and the reaction termi-
nated by addition of an equal volume of 2¥ SDS-PAGE
gel sample buffer containing 10 mM NaF. The levels of
32P incorporation into CaD39 and CaD39-6F were then
analyzed by SDS-PAGE followed by autoradiography. In
the competition assay for Cdc2 kinase activity, variable
concentrations of CaD39-6F (0, 0.025, 0.25, 1.25, 2.5,
and 5 mM) were added into the reaction mixture contain-
ing 5 mM histone H1, 1.5 units Cdc2 kinase, 100 mM 
g-32P-ATP (5 mC/ml). After 60 min incubation at 30°C,
the reactions were terminated by the addition of 2¥ gel
sample buffer and analyzed by SDS-PAGE and autoradi-
ography.
The actin-binding assay was based on a cosedimentation
method [29] and performed on a Beckman airfuge rotor
A-100/18 as described previously [8].
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Microfilament isolation
Tropomyosin-enriched microfilaments were isolated
from interphase and mitotic 39-6FC33 cells as described
previously [17, 30]. Interphase cells from 20 culture
dishes (100 mm) or the collection of mitotic cells from 40
dishes (150 mm) were extracted in KTG solution (0.05%
Triton X-100, 0.1 M PIPES, 5 mM MgCl2, 0.2 mM
EGTA, 4 M glycerol), and the cytoskeletal residues ho-
mogenized in the presence of 5 mM ATP. After centrifu-
gation, the supernatant was incubated with a 1/10 volume
of an anti-tropomyosin monoclonal antibody to precipi-
tate microfilaments. The aggregated microfilaments were
collected by low-speed centrifugation and analyzed by
Western blot analysis.

2D-DIAS analysis of mitotic cells expressing 
CaD39-6F
Cell dynamics during mitosis were analyzed using the
2D-DIAS program [31–33] as previously described [17,
34]. Briefly, a coverslip on which cells were grown was
transferred to a Dvorak-Stotler perfusion chamber (Lu-
cas-Highland, Chantilly, Va.) positioned on a microscope
stage prewarmed to 35°C. Mitotic cells were video-
recorded via a 63¥ DIC objective on a Zeiss ICM405 in-
verted microscope equipped with an Optronics cooled
CCD camera (Optronics, Galito, Calif.). The recorded
images were digitized at a rate of 3.75 frames per minute
onto the hard disk of a Macintosh G4 computer (Apple
Computer, Cupertino, Calif.) equipped with a Data Trans-
lation frame grabber board (Data Translation, Marlboro,
Mass.) and 2D-DIAS software [31–33]. Cell outlines
were traced manually. Methods for computing parameters
derived from 2D-DIAS have been presented elsewhere
[31, 32].

3D reconstruction and motion analysis
of dividing cells
For 3D reconstruction, the methods of Wessels et al. [35]
were employed. In brief, cells were positioned on the
stage of a Zeiss Axioplan 2 microscope equipped with
DIC optics and a 63¥ planapo objective. The coarse-fo-
cus knob of the microscope was connected to a computer-
regulated microstepper motor programmed to move the
focus from the substratum through 25 mm in the z-axis in
2 s. Images were acquired with an Optronics cooled CCD
camera, recorded onto videotape and subsequently en-
tered into a Macintosh G4 computer equipped with a data
translation frame grabber capable of acquiring images at
a rate of 30 frames per second with Adobe Premiere soft-
ware. Sixty optical sections were acquired at 0.4-mm in-
crements in the z-axis over a 2-s period for each recon-
struction, and repeated at 4-s intervals. The optical sec-
tions were traced, stacked, and converted to a faceted
image with 3D-DIAS software as previously described
[31–35].
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Results

Forced expression of CaD39-6F or CaD-6F 
in CHO cells
To examine the effects of CaD phosphorylation by Cdc2,
site-directed mutagenesis was used to generate the 
mutants of C-terminal fragment and full-length human
fibroblast CaD (termed CaD39-6F and CaD-6F, respec-
tively), in which all six putative Ser/Thr phosphorylation
sites were substituted with Ala. Several independent sta-
ble clones expressing either CaD39-6F or CaD-6F were
obtained. As shown in figure 1, three of the CaD39-6F-
overexpressing clones (C6, C19, and C33) expressed high
levels of the exogenous protein, while one clone (C5) had
no detectable expression. The expression levels of
CaD39-6F in each stable clone remained unchanged over
passages. The amount of CaD39-6F expressed in the
clone 39-6FC33 was comparable to that of CaD39 ex-
pressed in the previously isolated CaD39-expressing
clone 39C15 (data not shown), in which the molar ratio of
the exogenous CaD39 to the endogenous CaD protein is
about 80 [16]. The overexpressing clones 39-6FC33 and
39-6FC19 were used in this study for subsequent func-
tional analyses, while the non-expressing, G418-resistant
clone 39-6FC5 was included as a negative control. As
shown in figure 2, three stable clones (CaD-6FC10, CaD-
6FC27, and CaD-6FC28) overexpressing full-length CaD
defective at all six phosphorylation sites were obtained.
The CaD-6F expression levels for both CaD-6FC10 and
CaD-6FC27 were about 1.1 times that of endogenous
CHO CaD (lanes 2 and 3 of fig. 2B), while clone CaD-
6FC28 expressed about 5.2 times CHO CaD (lane 4 of
fig. 2B). Figure 3 schematically diagrams the wild-type
human fibroblast CaD and CaD39, as well as the mutant
proteins CaD39-6F and CaD-6F. Also listed in figure 3

Figure 1. Western blot analysis of stable clones expressing CaD39-
6F mutant protein. Total proteins were prepared from six stable
lines (39-6FC10, C36, C2, C6, C19, and C33) expressing low to
high levels of CaD39-6F mutant protein and a non-expressing con-
trol line 39-6FC5. Equal amounts of total proteins from each line
were separated by SDS-PAGE and transferred to nitrocellulose pa-
per for Western blot analysis with monoclonal anti-CaD antibody
C21.
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are the stable cell lines used in this study that overexpress
different constructs.

CaD39-6F mutant protein retains 
F-actin-binding ability
To detect the distribution of CaD39-6F in the overex-
pressing cell line, we used a highly diluted C21 (1000-
fold dilution) in the immunofluorescence microscopy
that could only detect the presence of overexpressed
CaD39-6F [16]. Force-expressed CaD39-6F protein was
able to assemble onto stress fibers (fig. 4A) and to local-

Figure 2. Western blot analysis of stable clones expressing CaD-6F
mutant protein: (A) amido black-stained blot to show total protein
loadings for the corresponding Western blots (A); Western blot
analysis with monoclonal antibody C21 against CaD (B). Total pro-
tein extracts were prepared from stable line CaD-6FC10 (lane 2),
CaD-6FC27 (lane 3), and CaD-6FC28 (lane 4), expressing medium
to high levels of CaD-6F mutant protein, as well as a non-express-
ing line CaD-6FC22. Aliquots of total extracts were blotted with
C21 (B). Both CaD-6FC10 and CaD-6FC27 expressed about the
same amounts of mutant CaD-6F protein as endogenous CaD (CHO
CaD), whereas the clone CaD-6FC28 expressed about 5.2 times
higher than endogenous CaD (lane 4 in B).

Figure 3. Summary of various human fibroblast CaD constructs and their overexpressing clones used in this study. The N-terminal frag-
ment of human fibroblast caldesmon (CaD40) refers to aa 1–243, whereas the C-terminal fragment (CaD39) is from aa 244 to 538. The
vertical lines in the CaD39 boxes of CaD39-6F and CaD-6F represent mutated Cdc2 phosphorylation sites. The expression levels of mu-
tant proteins relative to endogenous CaD in stable lines used in this study are indicated by the numbers of + in parentheses.

ize to membrane ruffle regions (data not shown) at inter-
phase. The distribution of CaD39-6F in interphase cells
was very much like that of endogenous CaD (fig. 4F) or
force-expressed CaD39 in CHO cells [16], suggesting
that the mutation of phosphorylation sites for Cdc2 ki-
nase did not affect overall actin-binding ability. Similar
staining patterns were also observed in the CaD-6FC28
clone (data not shown). The retention of actin-binding
ability for CaD39-6F mutant protein was further con-
firmed by the in vitro cosedimentation assays, in which
recombinant CaD39 or CaD39-6F proteins were incu-
bated with skeletal muscle F-actin in the presence or ab-
sences of tropomyosin. After centrifugation, comparable
amounts of both CaD39 and CaD39-6F proteins were
found in the pellet fractions, indicative of their bindings
to F-actin (data not shown). Under this assay condition,
there was no significant difference in their binding affini-
ties even in the presence of tropomyosin (data not
shown).
Although CaD39-6F retains the ability to bind to actin fil-
aments, this association did not seem to be properly regu-
lated during cell division. At early mitosis, the CaD39-6F
proteins concentrated in the cell cortex as did F-actin (fig.
4B, C). During cytokinesis, some of the CaD39-6F mu-
tant proteins were still localized in the cleavage furrow,
but significant amounts remained in the cortex region, re-
sulting in a much broader staining band of CaD39-6F (fig.
4D) than that of F-actin (fig. 4E). In contrast, the staining
of normal CHO cells with C21 antibody at 1:100 dilution
revealed a diffused distribution of the wild-type CaD at
similar stages of mitosis (fig. 4G, I).

CaD39-6F cannot be phosphorylated both in vitro
and in vivo
To confirm that all the phosphorylation sites for Cdc2 ki-
nase have been abolished in the CaD39-6F mutant, re-
combinant CaD39 and CaD39-6F were incubated with 
g-32P-labeled ATP in the presence of Cdc2 kinase. Phos-
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phorylation was stopped at various time points and the re-
action products were examined by SDS-PAGE and au-
toradiography. As shown in figure 5A, Cdc2 kinase was
able to phosphorylate CaD39 and the level of 32P incor-
porated into the CaD39 band increased with time, reach-
ing a maximum level after 90 min of incubation (lanes
1–5, fig. 5A). In contrast, there was no detectable 32P in-
corporation into the CaD39-6F protein within the same
120-min incubation (lanes 6–10, fig. 5A), although the
concentration of CaD39-6F used in the reaction was
about twice that of CaD39, as revealed in the Coomassie
blue-stained gel (fig. 5B). This result demonstrated that
the CaD39-6F mutations totally eliminated the Cdc2 ki-
nase phosphorylation sites. To rule out the possibility that
CaD39-6F protein could behave as a competitive in-
hibitor of Cdc2 kinase, the in vitro phosphorylation on hi-
stone H1 by Cdc2 kinase was performed in the presence
of an increasing amount of CaD39-6F. As can be seen in
figure 5C, there is no detectable inhibition of Cdc2 ki-
nase activity by the presence of CaD39-6F mutant pro-
tein.
To further show that CaD39-6F could not be phosphory-
lated in vivo during mitosis, we performed a Western blot

analysis on total cell extracts prepared from interphase
and mitotic cells of clone 39-6FC33. We previously
demonstrated that CaD39 protein in mitotic cells of clone
39C15 was highly phosphorylated and migrated much
more slowly in an SDS/urea gel compared to that in in-
terphase cells [17]. In comparison, CaD39-6F from both
interphase and mitotic cells had the same mobility on an
SDS/urea gel (lanes 1 and 2, fig. 6A), while the endoge-
nous CaD present in the CaD39-6F-expressing cells ex-
hibited retarded gel mobility in the mitotic cell extract.
This retardation of CHO CaD from mitotic 39-6FC33
cells is identical to that of CHO CaD from non-express-
ing control cells (lanes 3 and 4, fig. 6A). Similarly, the
cell extracts prepared from CaDC6 (overexpressing wild-
type full-length CaD) and CaD-6FC28 (overexpressing
full-length CaD-6F) were examined using monoclonal
antibody C57 that specifically recognizes the N terminus
of human CaD and does not cross-react with the endoge-
nous CHO CaD [17]. As shown in figure 6B, the overex-
pressed wild-type CaD from mitotic cells displayed re-
tarded gel mobility, while CaD-6F mutant from mitotic
and interphase cells migrated at the same rate. These re-
sults demonstrated that the mitosis-specific phosphoryla-

Figure 4. Immunofluorescence microscopy on interphase and mitotic cells of CaD39-6F-overexpressing line 39-6FC33 and the wild-type
CHO line. The distributions of CaD39-6F mutant in the overexpressing clone 39-6FC33 were visualized using C21 monoclonal antibody
at a 1000-fold dilution and FITC-conjugated goat anti-mouse IgG (A, B, D). At interphase (A), overexpressed CaD39-6F protein incorpo-
rated into stress fibers and the ruffle region. The mitotic 39-6FC33 cells counter-stained with phalloidin (C, E) showed that the majority of
CaD39-6F was colocalized with actin filaments. Endogenous CaD in the wild-type CHO cells was visualized with C21 antibody at 100-
fold dilution and FITC-conjugated goat anti-mouse IgG (F, G, I). In comparison to the cells overexpressing CaD39-6F mutant, endogenous
CaD exhibited a diffuse staining pattern during mitosis and did not colocalize with actin filament as revealed by counterstaining with phal-
loidin (H, J). Bar, 10 mm.



tion of CaD detected by the SDS/urea gel did not occur on
either CaD39-6F or CaD-6F mutant proteins in vivo.

CaD39-6F cannot efficiently dissociate
from actin filament during mitosis
Immunofluorescence microscopy of the overexpressing
cells revealed that most of the CaD39-6F colocalized
with F-actin during mitosis (fig. 4B, D), suggesting that
the mutant proteins may not dissociate from the actin fil-
aments during mitosis. To test this possibility, tropo-
myosin-enriched microfilaments were isolated from in-
terphase and nocodazole-arrested mitotic 39-6FC33
cells, and analyzed by SDS/urea gel and a Western blot
assay. As shown in figure 7B, the amount of CaD39-6F
present in the microfilament fraction of mitotic 39-
6FC33 cells (lane 2) is comparable to that of interphase
cells (lane 1). This observation indicates that the majority
of CaD39-6F remains associated with microfilaments
during mitosis. The behavior of CaD39-6F proteins, as-
sociating with microfilaments equally in interphase and
mitotic cells, appears to differ from that of CaD39 pro-
teins in interphase and mitotic 39C15 cells [17]. More-
over, the microfilament fraction of 39-6FC33 at mitosis
contained much less endogenous CHO CaD than the in-
terphase fraction. Considering that nearly equivalent
amounts of endogenous CaD were present in the total cell
extracts from mitotic and interphase cells (lane 1 and 2,
fig. 6A), the noticeably reduced level of endogenous CaD
in the microfilament fraction indicates that wild-type
CaD dissociates from microfilaments during mitosis. The
fact that the 39-6FC33 cells can still proceed to cytokine-
sis indicates that the contraction force of the actomyosin
in the contractile ring is not severely impaired despite the
association of CaD39-6F with the microfilaments.

Forced expression of CaD39-6F affects cell size and
delays the mitotic processs – 2D analyses
Western blot analyses showed that CaD39-6F cannot un-
dergo phosphorylation during mitosis and is unable to
dissociate from microfilaments efficiently. In addition,
previous in vitro analyses showed that a rat CaD fragment
mutant that was equivalent to CaD39-6F was able to in-
hibit actomyosin ATPase activity in the presence of Cdc2
kinase [27]. The altered properties of the mutant protein
might therefore impair the reorganization of actin fila-
ments during cell division. To further investigate the ef-
fects of CaD39-6F expression in vivo, we videotaped mi-
tosis in nine cells each from the 39-6FC5 (non-express-
ing) and 39-6FC33 (overexpressing) lines and analyzed
them over the period between the start of anaphase and
50% cytokinesis, during which time the microfilaments
underwent dramatic rearrangements. The mutant cells
were able to progress to anaphase, form cleavage furrows,
and divide symmetrically. However, the total elapsed time
for this period was significantly longer (p = 0.004) in 39-
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Figure 5. In vitro phosphorylation of CaD39 and CaD39-6F by
Cdc2 kinase. The reaction mixture containing 5 mM CaD39 (lanes
1–5) or 10 mM CaD39-6F (lanes 6–10) was incubated with 1.5
units of Cdc2 kinase at 37°C. At 0, 30, 60, 90, and 120 min of in-
cubation, aliquots of samples were removed, the reaction termi-
nated, and 32P incorporation into CaD39 and CaD39-6F analyzed by
SDS-PAGE (B) and autoradiography (A). Only the portion of the
Coomassie blue-stained gel containing CaD39 and CaD39-6F is
shown in (B). The lane in the middle between CaD39 and CaD39-
6F samples was loaded with protein molecular weight markers. In
vitro, Cdc2 kinase phosphorylated recombinant CaD39 but not
CaD39-6F. (C) Phosphorylation of histone H1 by Cdc2 kinase in
the absence and presence of CaD39-6F. The addition of increasing
amounts of CaD39-6F (lanes 2–6) did not reduce the in vitro phos-
phorylation of histone H1 protein by Cdc2, suggesting that CaD39-
6F does not behave as a competitive inhibitor.
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6FC33 (14.7 ± 2.7 min) than that in the control (10.7 ±
2.2 min), suggesting that the mitotic process may be im-
paired in CaD39-6F-expressing cells.  To further detect
the subtle changes in mitotic behavior, 39-6FC33 and 39-
6FC5 cells were motion-analyzed using 2D-DIAS from
the onset of anaphase through 50% cytokinesis. Motility
parameters calculated from the centroid position, such as
mean instantaneous speed and directional change,
showed no significant differences between the over- and
non-expressing cell lines (data not shown), suggesting
that CaD39-6F expression did not affect cell motility dur-
ing mitosis. In contrast, the shape parameters calculated
from the contour changes of the cell perimeter, including
mean area, mean perimeter, maximum length, and maxi-
mum width, were significantly larger for the overexpress-
ing cells over the time interval studied (table 1). In par-
ticular, the observed increase in mean radial length in the
overexpressing cells, defined as the average distance of
the boundary of the object to the centroid, was consistent
with the impression that cells overexpressing CaD39-6F
became bigger and larger during mitosis. Comparisons of
parameters for cell shape complexity such as mean
roundness, mean radial deviation, mean convexity and
concavity showed no significant difference, suggesting
that 39-6FC5 and 39-6FC33 cells might have similar
round shapes during mitosis, or that the subtle difference
could not be detected by 2D analysis. Altogether, the re-

Figure 6. In vivo phosphorylation of CaD during mitosis. (A) Total extracts from interphase (I) and mitotic (M) cells of 39-6FC33 (lanes
1, 2) and normal CHO lines (lanes 3, 4) were resolved on 8% SDS-PAGE with 6 M urea, transferred to nitrocellulose, and then blotted with
monoclonal antibody C21. CaD39-6F from mitotic 39-6FC33 cells migrated at the same rate as that from interphase cells (lanes 1, 2), while
the endogenous CHO CaD from both 39-6FC33 and normal CHO mitotic cells (Pi-CHOCaD in lanes 2, 4) migrated slower than that from
interphase cells (CHOCaD in lanes 1, 3). (B) Total cell extracts were prepared from interphase and mitotic cells of wild-type full-length
CaD-expressing line CaDC6 (lanes 1, 2) and mutant full-length CaD-6F-expressing line CaD-6FC28 (lanes 3, 4). After urea/SDS-PAGE,
the proteins were immunoblotted with monoclonal antibody C57 against the N terminus of human CaD. At mitosis, wild-type CaD showed
shifted migration (Pi-CaD in lane 2) compared to the protein in interphase (CaD in lane 1), while CaD-6F mutant from mitotic (lane 4)
cells displayed the same mobility on the gel as that from interphase cells (lane 3).
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Figure 7. Comparison of tropomyosin-enriched microfilaments
isolated from interphase and mitotic 39-6FC33 cells. The microfil-
ament fractions from interphase (I, lane 1) and mitotic (M, lane 2)
39-6FC33 cells were subjected to urea/SDS-PAGE analysis (A), fol-
lowed by Western blotting assay (B). The proportion of CaD39-6F
bound to microfilaments in mitotic cells (lane 2 of panel B) is com-
parable to that in interphase cells (lane 1 of panel B), while the ma-
jority of endogenous caldesmon (CHO CaD) became dissociated
from the microfilaments during mitosis.
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sults from the quantitative 2D analysis suggest that over-
expression of CaD39-6F leads to an increase in cell size
during mitosis, particularly from the beginning of
anaphase to the completion of 50% cytokinesis. By ana-
lyzing interphase cells migrating from a wound area, we
did not detect significant differences in cell size between
non-expressing and CaD39-6F-overexpressing cells
(area: 1079 ± 367 and 1190 ± 424 mm2, respectively; p =
0.578), suggesting that the effect of CaD39-6F on cell
size is specific to mitotic cells. In addition to 39-6FC33,
we analyzed another independent cell line, 39-6FC19,
which also overexpresses CaD39-6F. This cell line also
exhibited significantly greater cell size parameters than
the control (table 1), while the differences between 39-
6FC33 and 39-6FC19 in all measured parameters were
not statistically significant (p > 0.05), suggesting that the
mitotic defects we detected result from CaD39-6F ex-
pression rather than from a second gene mutation caused
by a random integration of exogenous DNA.

CaD39-6F mutant cell lines display excessive
blebbing during cytokinesis – 3D analyses
To better document morphological and size differences,
3D-DIAS analyses were performed on four cells each of
the overexpressing cell line 39-6FC33 and the non-ex-
pressing cell line 39-6FC5. Table 2 shows motility and
shape parameters obtained from the 3D-DIAS analysis.

Consistent with the bigger cell size shown in the 2D
analyses, CaD39-6F-expressing cells had a larger cell
volume and cell surface area than non-expressing cells, a
15% increase in volume, and a 14% increase in surface
area (table 2). Both differences were statistically signifi-
cant (table 2). The 3D convexity and concavity parame-
ters of CaD39-6F-expressing cells, computed from 2D
projections of the 3D optical sections, were significantly
greater than those of non-expressing control cells (table
2), suggesting a more complex cell shape in the CaD39-
6F-overexpressing cells. The detection of increased cell
shape complexity in the 3D (table 2) but not 2D (table 1)
analysis is likely due to the fact that the blebs observed
were small and covered the entire cell surface (fig.
8D–F), which could only be measured accurately by 3D
reconstruction of the living cell. These small blebs be-
came almost negligible in 2D-DIAS measurements (table
1) where only a section of the cell body was monitored. A
representative 39-6FC33 and a representative 39-6FC5
cell were both reconstructed from the start to 50% cy-
tokinesis as faceted images in which protrusions from the
main cell body were color-coded red (fig. 9). The 39-
6FC33 cell formed blebs very early and their number in-
creased dramatically as cytokinesis proceeded. By 50%
completion of cytokinesis, more than 30% of the cell
body was covered with blebs (fig. 9B). In contrast, only
a few blebs were formed at the late stage of cytokinesis in

Table 1. 2D-DIAS computer-assisted measurements of shape parameters of 39-6FC5, 39-6FC33, and 39-6FC19 cells during the intervals
between the start of anaphase and 50% cytokinesis.

Number Mean area Mean maxi- Mean peri- Mean maxi- Mean radial Mean 2D Mean 2D
of cells (mm2) mum length meter (mm) mum width length (mm) convexity concavity

(mm) (mm) (degree) (degree)

39-6FC5 a 9 211 ± 24 18.9 ± 1.3 55.3 ± 3.5 14.5 ± 0.7 8.2 ± 0.5 991 ± 125 636 ± 124
39-6FC33 b 9 244 ± 35 20.6 ± 1.8 59.6 ± 4.6 15.5 ± 0.9 8.8 ± 0.6 901 ± 57 548 ± 63
39-6FC19 c 6 234 ± 9 20.4 ± 0.5 59.3 ± 1.9 15.2 ± 0.5 8.7 ± 0.2 934 ± 174 574 ± 174

p value
a vs b 0.04 0.05 0.04 0.02 0.03 NS NS
a vs c 0.02 0.01 0.01 0.04 0.02 NS NS
b vs c NS NS NS NS NS NS NS

50% cytokinesis, the time required for a 50% reduction of the size of the cleavage furrow. A t test was performed to calculate p values 
after the tests of the samples for normality and equal variance. NS, not significant (p > 0.05).

Table 2. 3D-DIAS computer-assisted measurements of motility and shape parameters of 39-6FC5 and 39-6FC33 cells during the intervals
between the start of anaphase and 50% cytokinesis.

Number of Speed Volume Surface area Height Mean 3D Mean 3D
cells analyzed (mm/min) (mm3) (um2) (mm) convexity concavity 

(degree) (degree)

39-6FC5 4 7.3 ± 3.5 2876 ± 239 1454 ± 131 18.1 ± 0.6 807 ± 98 446 ± 98
39-6FC33 4 5.6 ± 1.4 3310 ± 239 1660 ± 64 17.7 ± 1.8 1103 ± 160 741 ± 159

p value NS 0.04 0.02 NS 0.02 0.02

50% cytokinesis, the time required for a 50% reduction of the size of the cleavage furrow. A t test was performed to calculate p values 
after the tests of the samples for normality and equal variance. NS, not significant (p > 0.05).
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the control cell 39-6FC5 and the number did not increase
over time (fig. 9A). Collectively, these results suggest
that CaD39-6F-expressing cells have a much more com-
plex cell shape than the control cells during mitosis,
likely due to the presence of many small blebs on the sur-
face of CaD39-6F-expressing cells.

The mitotic defects in CaD39-6F-expressing cells
may represent combined defects of CaD39-
and CaD-6F-overexpressing cells
We previously showed that in the CaD39-overexpressing
clone 39C15, a significant portion of CaD39 was not
fully phosphorylated during mitosis [17]. Concomitantly,
the incidence of multinuclearity increased significantly
in the 39C15 clone compared to that in normal cells [17].
Hence, underphosphorylation of CaD39 may cause some
cytokinesis defects in the CaD39-overexpressing cells. To
test this possibility, mitotic cells from the 39C15 cell line
were analyzed using 2D-DIAS. The time required for
39C15 (13.3 ± 1.8 min, table 3) to proceed from anaphase
to 50% cytokinesis was prolonged, although still less
than that required for 39-6FC33 cells (14.7 ± 2.7 min).
Similarly, the difference in the cell size between 39C15
and wild-type cells was evident in the measurement of

maximum length, mean area, and mean perimeter (table
3), suggesting that the association of the CaD C-terminal
fragments on the microfilaments may be responsible for
an increase in cell size at mitosis. Further 2D-DIAS
analyses revealed no significant difference in either
motility or cell size parameters between the CaD-6F-ex-
pressing cells (CaD-6FC28) and the control except for a
prolonged division time (15.11 ± 2.2 min, table 3), indi-
cating that the lack of N termini in CaD39 and CaD39-6F,
rather than the insufficient phosphorylation, is the critical
factor in determining the cell size increase. Compared to
CaD39- and CaD39-6F-expressing cells, the presence of
an N-terminal fragment in CaD-6FC28 may function to
regulate the cytoskeleton and play an important role in
controlling cell size during cell division. 
CaD39-expressing cells on average did not exhibit excess
blebs as did CaD39-6F-expressing cells (fig. 8G–I). Of
the 6 39C15 cells examined, only 1 cell (17%) blebbed
over more than 30% of the cell surface during cytokine-
sis, while 11 out of 18 (61%) mitotic 39-6FC33 cells
showed excess blebs in the same period. In contrast, 6 out
of 7 CaD-6FC28 cells (86%), which expressed CaD-6F,
displayed increased bleb formation at early cytokinesis as
did 39-6F-overexpressing cells (fig. 8J–L), suggesting

Figure 8. Differential interference contrast (DIC) micrographs of
mitotic cells from non-expressing control 39-6FC5 (A–C), 39-
6FC33 (D–F), 39C15 (G–I), and CaD-6FC28 (J–L) lines at the
start of anaphase (A, D, G, I), at the start of cytokinesis (B, E, H, K),
and at 50% cytokinesis (C, F, I, L). Overexpression of the CaD39-
6F or CaD-6F mutant led to abnormal numbers of blebs (arrows)
formed on the surface of the mitotic cells (E, F, K, L). Overexpres-
sion of CaD39 did not cause this phenotype (H, I). Bar, 10 mm.

Figure 9. Time series of 3D reconstructions of representative over-
expressing 39-6FC33 (B) and non-expressing 39-6FC5 (A) cells.
The time series spans the start of cytokinesis to 50% completion of
cytokinesis for both cells. Mitotic cells grown on coverslips were
observed under a Zeiss Axioplan 2 microscope equipped with DIC
optics. Optic sectioning and image recording were performed as de-
scribed in Materials and methods. Perimeters of the in-focus por-
tion of each section were manually digitized into the 3D-DIAS data
file. The digitized perimeters of the in-focus portions of the optic
sections were filled and stacked to create a pseudo 3D reconstruc-
tion. Both 39-6FC5 and C33 reconstructions were then slanted 60°
relative to the grid plane. The distance between horizontal lines in
the grid plane is 10 mm. The red color areas represent blebs.  
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that total abolishment of CaD phosphorylation by Cdc2
kinase may disrupt the cortical tension during mitosis,
leading to the formation of numerous blebs.

Discussion

To assess the impact of mitosis-specific phosphorylation
on CaD function, we generated CaD mutants in which all
six Cdc2 kinase sites were mutated to alanine. Stable cell
lines overexpressing CaD39-6F or CaD-6F were isolated,
characterized, and compared to the non-expressing cell
line 39-6FC5 as well as the cell line 39C15, which over-
expresses the CaD39 fragment. Using computer-assisted
motion analysis methods, we report here that CaD39-6F-
overexpressing clones (39-6FC33 and 39-6FC19) take
longer to proceed from the beginning of anaphase to 50%
cytokinesis and display a larger cell size than the non-ex-
pressing control cell line (39-6FC5). Moreover, cells
overexpressing non-phosphorylatable CaD or CaD39
form abnormal blebs early in cytokinesis. Concomitant
with the mitotic defects, CaD39-6F protein cannot be
phosphorylated and the majority remains associated with
microfilaments during cell division, suggesting that the
failure of phosphorylation leads to the association of CaD
on actin filaments during mitosis. In vitro data have
shown that the association of CaD can have two effects:
one is to enhance the binding of tropomyosin to actin fil-
aments and stabilize the microfilaments [8]; the other is
to inhibit the myosin ATPase activity [27]. Both or either
of these may account for the mutant phenotype we ob-
served in the CaD39-6F-overexpressing cells. The associ-
ation of CaD39-6F with microfilaments may cause the
lack of the contraction force in the actomyosin system
during mitosis, particularly at the contractile ring where
CaD39-6F is highly concentrated. The loss of contractil-
ity might thus contribute to the delay of cytokinesis in the
CaD39-6F-overexpressing cells, as proposed by Mat-
sumura’s group [14]. Nonetheless, those cells were still
able to generate enough contraction force to pinch off the
two daughter cells and proceed through cytokinesis. Un-

like the in vitro observations, the abolishment of Cdc2
phosphorylation sites and the consequent maintenance of
CaD on actin do not seem to noticeably inhibit the acto-
myosin ATPase activity. The discrepancy between in vitro
and in vivo data may be due to the fact that some other
regulatory mechanisms, such as Ca2+/calmodulin bind-
ing, may still regulate the activity of CaD without requir-
ing its complete dissociation from actin filaments in the
living cells, as suggested by Marston’s group [3]. Alter-
natively, the association of CaD39-6F during cell division
may stabilize the actin filaments and thus impair the re-
arrangement of the microfilaments in both the cortex re-
gion and contractile ring during mitosis. Yamashiro et al.
[14] have reported that transient expression of a rat fi-
broblast CaD fragment equivalent to the CaD39-6F mu-
tant results in a transient existence of stress fibers during
cell division. Although we did not observe stress fiber
structures at mitosis in our stable clones 39-6FC33 and
39-6FC19, the fact that most of the protein remained as-
sociated with actin filaments suggests that it may still
function to stabilize the actin filament structure. Consis-
tent with this idea, CaD39-6F-expressing cells were more
resistant to cytochalasin D disruption of actin bundles at
interphase than the control cells (data not shown), as pre-
viously demonstrated for CaD39-overexpressing cells
[16]. The actin stabilization by CaD39-6F may increase
the rigidity of microfilaments and impair their rearrange-
ment during cytokinesis, which may in turn disrupt the
proper cortical tension required for cytokinesis and thus
lead to the mitotic defects such as blebbing and prolonged
dividing time. Since CaD39-expressing cells adhered
faster to substrata than control cells and exhibited en-
hanced spreading immediately after attachment at inter-
phase [17], it seems reasonable to speculate that en-
hancement of microfilament stability at mitosis by
CaD39-6F binding may also lead to the advantages of at-
tachment and spreading, resulting in an increase in cell
size. A smaller percentage of overhang volume detected
in 39-6FC33 cells by 3D-DIAS (data not shown) is also
consistent with the idea that CaD39-6F-expressing cells
had a larger portion of their surface actually attached to

Table 3. Computer-assisted analysis of mitotic behaviors of 39C15 and CaD-6FC28 cells during the intervals between the start of anaphase
and 50% cytokinesis.

Number Total elapsed  Mean area Mean maximum Mean peri- Mean radial
of cells times (min) (mm2) length (mm) meter (mm) length (mm)

39-6FC5 a (control) 9 10.7 ± 2.2 211 ± 24 18.9 ± 1.3 55.3 ± 3.5 8.2 ± 0.5
39C15b 7 13.3 ± 1.8 248 ± 31 20.8 ± 1.4 59.7 ± 4.0 8.9 ± 0.6
CaD-6FC28 c 5 15.11 ± 2.2 217 ± 12 20.2 ± 1.3 57.2 ± 2.7 8.4 ± 0.3

p value
a vs. b 0.03 0.02 0.02 0.03 0.02
a vs. c 0.004 NS NS NS NS

50% cytokinesis, the time required for a 50% reduction of the size of the cleavage furrow. A t test was performed to calculate p values af-
ter the tests of the samples for normality and equal variance. NS, not significant (p > 0.05).



substrata during mitosis. We, therefore, propose that the
stabilization of the microfilaments by the association of
CaD39-6F, rather than the lack of sufficient contraction
force, is responsible for the mitotic defects we observed
in the CaD39-6F-overexpressing cells.
In addition to the CaD39-6F-expressing cells, we also an-
alyzed the mitotic behaviors of CaD39- and full-length
CaD-6F-expressing cells. Similar to CaD39-6F overex-
pressors, the stable clone expressing wild-type CaD39
also exhibited larger cell size compared to the control.
The CaD39 protein in the cell line 39C15 was under-
phosphorylated during cell division, likely due to the sat-
uration of Cdc2 kinase activity by the overexpression of
CaD39. Coincident with underphosphorylation, 20% of
CaD39 still remained on the microfilaments at mitosis
[17]. Therefore, the underphosphorylated C-terminal
fragment of CaD seems to remain associated with the mi-
crofilaments during cell division, which would in turn
cause mitotic defects in cell size. In contrast to CaD39,
overexpression of full-length CaD-6F did not affect cell
size. The expression level of the exogenous protein in the
CaD-6F-overexpressing clone, which was about one-fif-
teenth of that in the CaD39-6F-overexpressing clones,
was likely not high enough to bring about the cell size de-
fects at mitosis. However, a more favorable but not ex-
clusive interpretation would be that the presence of the
CaD N-terminal fragment is important for controlling
cell size at mitosis. The phenotypic differences between
the expressions of the C-terminal half and the full-length
proteins were also observed in wild-type CaD39- and
CaD-expressing cells. In contrast to CaD39, overexpres-
sion of full-length CaD could not stabilize tropomyosin in
interphase (data not shown), suggesting that the effects of
the full-length and the C-terminal fragment of CaD on
microfilament organization are not equivalent.
Of note, the expression of both CaD39-6F and CaD-6F
results in the emergence of blebs, suggesting that phos-
phorylation of CaD by Cdc2 kinase is critical for main-
taining the proper cortical tension required for mitosis
and suppressing bleb formation. Cortical tension requires
an intact actin cytoskeleton and is believed to result from
a combination of the contractile activity of myosins (at
least myosin I and II) and the dynamics of actin regulated
by a variety of actin-binding proteins [36–38]. In the
CaD39-6F-expressing cells, the mutant protein stabilizes
the actin filaments beneath the cell membrane, making
them more rigid and less dynamic. The rigid actin net-
work may lead to the increase of local cytosolic pressure,
which may in turn push the membrane outward to form
the blebs. In addition, CaD39-6F may possibly stimulate
actin polymerization as shown in vitro [6]. The growing
actin filaments may push the membrane outward, leading
to the bleb formation. Consistent with our observations,
coincident with the morphological changes in the trans-
formed fibroblasts, CaD was reported to become specifi-

cally localized in the cell surface blebs [39], suggesting a
possible involvement of CaD in the control of bleb for-
mation.
The blebs found in dividing CaD39-6F-expressing cells
are different from those found in the chimeric
tropomyosin hTM5/3-expressing cells that we have pre-
viously characterized [34]. Compared to the small and
numerous blebs in 39-6FC33 cells, the blebs formed in
the hTM5/3-overexpressing cells were larger yet less fre-
quent. In addition to bleb formation, the hTM5/3-overex-
pressing cells usually had difficulties in defining the po-
sition of the cleavage furrow, resulting in the twisting of
the mitotic cells and the detachment of one of the evolv-
ing daughter cells during cytokinesis [34]. In contrast, the
CaD39-6F-overexpressing cells do not have this problem
and have almost equally divided daughter cells with many
small blebs. These results suggest a distinct but overlap-
ping role for tropomyosin and caldesmon in a dividing
cell. Force-expressed CaD39-6F proteins are mainly
found in the contractile ring and membrane cortex region
of dividing cells (fig. 4B, C), whereas force-expressed
chimeric hTM5/3 is localized solely in the contractile
ring [34]. Moreover, although both of them can stabilize
microfilaments, hTM5/3 stimulates myosin ATPase ac-
tivity while CaD inhibits it [8]. The excessive contraction
force of the actomyosin system induced by hTM5/3 may
result in the asymmetric flex at the cleavage furrow in
hTM5/3-overexpressing cells, while the lack of contrac-
tion in the CaD39-6F-overexpressing cells at both the
cleavage furrow and cortical region may contribute to
prolonged dividing time and formation of excess blebs
over the cell body.
Noteworthy is that, despite the defects discussed above,
we were still able to obtain multiple cell lines stably ex-
pressing CaD39-6F, suggesting that the defect of CaD
phosphorylation by Cdc2 at mitosis is not lethal to the
cell. Similarly, inhibition of cytokinesis by microinjec-
tion of mutant caldesmon lacking Cdc2 phosphorylation
sites into CHO cells was reported to be not as effective as
that in Xenopus embryos [14]. Thus, CaD phosphoryla-
tion does not seem to play a direct role in regulating cell
rounding, and contractile ring assembly and function.
However, Cdc2 phosphorylation of CaD may play an im-
portant role in maintaining cortical tension to suppress
surface bleb formation. The lengthening of anaphase-
telophase and the increase in cell size for both CaD39-
and CaD39-6F-expressing cells could mean that the ef-
fects may not be related to phosphorylation. Cdc2 phos-
phorylation might not be the only way to relieve the inhi-
bition of CaD on the cytoskeleton in mitotic cells. Of in-
terest would be to investigate the function of Ca2+/
calmodulin in CaD regulation during cell division. Im-
munofluorescence microscopy of CaD39-6F-expressing
cells showed that the expressed mutant proteins remained
concentrated in the contractile ring and the cell cortex re-
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gion at anaphase, where the active form of Ca2+/calmod-
ulin is located [40].
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