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ABSTRACT:

	 Cell proliferation is accompanied with changing levels of
intracellular caimodulin (CAM) and  its  activation. Prior
data from synchronized  cell  population could not actually
stand for  various CaM levels  in di f ferent phases of  cel l
cycle. Here, based upon quantitative measurement of fluores-
cence in individual cells, a method was developed to investigate
intracellular total CaM and Ca2+-activated  CaM contents.
Intensity of CaM immunoflurescence gave total CaM level, and
Ca2+-activated CaM was measured by fluorescence intensity of
CaM antagonist trifluoperazine (TFP). In mouse erythroleuke-
mia (MEL) cells, total CaM level increased from G1 through
S to G2M,  reaching a maximum of 2-fold   increase, then
reduced to half amount after cell division. Meanwhile, Ca2+-
activated CaM also in creased through the cell cycle(G1, S,
G2M).  Increasing observed  in G1 meant that the entry of
ceils from G1 into S phase may require CaM accumulation,
and, equally or even more important, Ca2+-dependent activa-
tion of CaM. Ca2+- activated CaM decreased after cell divi-
sion.  The results suggested that CaM gene expression and
Ca2+-modulated CaM activation  act synergistically to ac-
complish the cell cycle progression.
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INTRODUCTION

   	 Calmodulin (CAM) is regarded as an intracellular modulator, mediating calcium
triggered cascade events in signal transduction. Intracellular CaM content varies
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with cell cycle progression. It was reported that CaM gene expression is cell cycle
dependent. CaM level changes in reentry of quiescent cells  into the cell   cycle,
which is preceded by changes in CaM mRNA levels[1]. CaM concentration indif-
ferent cell cycle phase were measured using synchronized cell populations which
were, in most cases, not pure cultures, and synchronization may influence natural
growth of cells. Measurement of CaM content based upon individual cells in normal
culture can properly indicate actual CaM distribution in cell cycle. As activation
of CaM depends on Ca2+ binding, total intracellular CaM consists of two forms,
inactivated CaM without Ca2+ binding, and Ca2+-bound activated CaM. Conventionally,
total CaM can be measured by phosphodiesterase (PDE) assay [2], radioimmunoassay
(RIA)[3],  immunofluorescence (IF)[4]  and mRNA analysis[1].
    	Based on fluorescence intensity, a method has been developed to measure total
CaM and Ca2+-activated CaM in individual cells at different phases of cell  cycle.
FITC-conjugated anti-calmodulin antibodies, TFP and propidium iodide (PI) were
used to stain total CaM, Ca2+-activated CaM and DNA, respectively. We found that
in MEL cells, total CaM content increase with the progression of cell cycle,  and
the maximum value was  observed  in G2M. The cell cycle phase was identified by
DNA content. With this method we could investigate the role  of  total  CaM  and
Ca2+- activated CaM in the cell cycle of MEL cells.

MATERIALS   AND   METHODS

Cell Cultures

   	 MEL cells were maintained in suspension cultures at 37℃ in humidified atmosphere of 5%

CO2 in Dulbecco's modified Eagle's (DMEM), supplemented with 10%  fetal calf serum.  Cells
were kept at densities between 1×104 and 1×106 cells per ml.

Staining with Anti-CaM Antibodies

    	Anti-CaM antibodies were used to stain MEL cells by indirect immunofluorescence.   Ex-
ponentially growing cells were thrown to the glass coverslips with cytospin. The cells on cover-
slips were fixed  in 70%0  cold ethanol for 24 hr. Coverslips were  incubated with 30 μl  of
first antibody solution at 1 : 2.5 dilution (sheep anti-CaM,Polysciences, Inc.) for 45 min. The
coverslips were washed three times for 15 min in PBS, then incubated  for 45  min with  the
second antibody(rabbit anti-sheep IgG, Polysciences, Inc.) which is conjugated    with FITC.
The preparation  was washed again with PBS and rinsed in  distilled water.

Staining with Trifluoperazine (TFP)*

   	 Coverslips with fixed cells were mounted on a slide containing a drop of 1×10-4 M TFP in
PBS. The slide were then incubated (set aside) for 10 min. and UV-irradiated for 15 min.,
The coverslips were rinsed in PBS[5, 6].

CaM and Ca2+- activated CaM  in cell  cycle
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Staining with Propidium Iodide ( PI )

   	 After separate staining with anti-CaM antibody and TFP, the coverslips were stained with
5 μg/ml (PI) for 15 rain. as DNA  indicator,  washed  in PBS, removed  excess  water  by
blotting, and mounted in a drop of glycerol/PBS (9: 1, pH 8.5) on a slide.

Quantitative Meas urements

Fluorescence spectra resolution
   	 Fluorescent spectra of cell stained with single dye (FITC, TFP, PI) were first obtained
by exciting FITC with blue light (450-490nm),  TFP and PI with violet light (400-450nm).

Fluorescence analysis
   	 Fluorescence emission spectra and fluorescence intensity were measured with a Leitz Mi-
erophotometer. In double-stained cells, (e.g. stained with anti-CaM-FITC/PI), excitation light
for FITC was blue and for PI was violet as described above. Relative fluorescence intensity
measurement in individual cells was similar to spectra measurement, but a S525 band-pass
filter was needed for FITC and TFP, 610 nm long-pass filter for PI.

RESULTS AND DISCUSSION

   	 Considering probable mutual interference of two fluorescence waves, spectra pro-
perties of any single dye must be analyzed prior to the coordinated measurement
of two-colors. Emission spectra of FITC and TFP were distinguished significantly
from that of the PI (Fig. 1). The partial overlap of the spectra in 570-600 nm re-
gion, which may cause devotion of one fluorescence to another, can be eliminated
by means of additional filters, $525 band-pass filter and 610 nm long-pass filter.
In this way, FITC/PI or TFP/PI fluorescence intensity could be  measured   si-
multaneously.

	 When the specimens were subjected to the microphotometer analysis, histogram
of PI fluorescence intensity had characteristics of spontaneous pro!iferatingcell
population. DNA content varied between 2C and 4C. Cells in G1, S, G2& M, phases
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Fig.  1   	 S p e c t r a l  a n a l y s i s  o f  F I T C  ( 1 ) ,  T F P
         	 (2)  and PI  (3)  exc i ted  with b lue  l ight
        	  (FITC) and violet  l ight  (TFPand PI) .
         	 Broken l ines  show the  barr iers  range
         	 u s e d  f o r  m e a s u r e i n g  F I T C,  T F P  a n d
         	 PI fluorescence respectively.
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were  possessed   of  2C, 2C-4C  and  4C DNA   content   respectively (Fig.  2B,
3B).  Green fluorescence intensity of FITC made a 1-2 fold alteration (Fig.  2C),
and blue  fluorescence intensity of TFP had a 1-3 fold variation (Fig. 3C). When

the fluorescence intensity of FITC and/or TFP were combined with that of PI, it
gave distribution of anti-CaM antibodies and/or CaM antagonist TFP in cell cycle
of MEL (Figs. 2A, 3A). FITC intensity was the lowest in early G1 phase, increa-
sed during the whole cell  cycle,  and arrived its peak in G2M. TFP intensity in-
creased from the lowest level in early G1 and rose rapidly to a high level in late
G1.  Higher level than in late G1 was only found in S and G2M phases,  and  the
highest one appeared in G2M.
    	We might as well  use the words "tolal  CAM" and "Ca 2+-activated CaM"to ex-
press CaM content measured in IF method and in other method founded on CaM ac-
tivity respectively. CaM acts as a mediator in intracellular Ca2+ regulation.  The
role of CaM relies on Ca2+ activation.  Anti-CaM antibodies were polyclonal and
reacted with both inactivated and Ca2+- activated CaM. In our work, FITC intensity
indicated total CAM, TFP is known as an antagonist of CaM and therefore inhibits

CaM and Ca2+- activated CaM  in cell  cycle

Fig.  3   	TFP distribution in the cell cycle of MEL cells.
          	 A)  Dot plot of TFP vs. DNA.
          	 B)   DNA distribution.
          	 C)  TFP distribution.

Fig.  2   	Calmodulin(CaM) distribution in the cell cycle of MEL cells.
	 (A) Dot plot of CaM vs. DNA.
	 (B) DNA ditribution.
	 (C) CaM distribution.
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CaM-dependent process. Although TFP can bind wide range of Ca2+-dependent pro-
teins,  its binding to CaM in high affinity sites is found only in the presence of
Ca2+-CaM. It is thought that the binding of Ca2+ to CaM exposes a hydrophobic  re-
gion that can interact with the CaM-binding protein or with the CaM antagonist[7].
Thus, CaM  bound TFP should be the Ca2+-activated CaM.  The  binding is Ca2+-
dependent and becomes irreversible after UV irradiation and light oxidation  [8].
In our experimental conditions, intensity of TFP fluorescence may have quantitative
rely on Ca2+- activated CaM. TFP specificity has been confirmed in some morpho-
logical  studies  in tip-growing plant cellsl[5]and  participation  of immunoglobulin
capping[6].
   	 Now, the fluorescence intensity of FITC represents total CaM, and that of TFP
represents Ca2+-activated CaM.  As a result,  both total  CaM  and  Ca2+-activated
CaM increased during cell cycle of MEL cells, indicating that CaM accumulation
began at G1 and reached at a maximum value in G2M. On the other hand, a propor-
tion of CaM was activated by Ca2+-binding, and thereby  triggered CaM-dependent
processes. An interesting finding was that the late G1/early 8 phase cells held not
significant difference in FITC fluorescence intensity,  but the disparity was  ob-
viously found in TFP intensity of  late G1/early S phase cells .  As shown in Fig.
2A, G1  and S phase largely piled up in FITC coordinate.  In Fig.  3A, there was
nearly no overlap in TFP coordinate. This meant that total CaM could increase in
G1, but high level was not required for the entry of G1 cells into S phase. While
TFP labelled Ca2+-activated CaM must be raised to a high level, probably a thre-
shold of about 84  in TFP relative  intensity  (Fig.  3A),  to trigger the entry of
G1 cells into S phase.
   	 CaM content could be regulated by CaM gene expression (transcription and trans-
lation etc.).  So the change of CaM content was relatively slow.  But this change
of CaM content has important role in the supply of Ca2+ mediator and Ca2+buffe-
ring[7]. Ca2+-activation of CaM was regulated by intracellular Ca2+ movement which
was a quick response to intracellular signals or extracellular signals and/or stimu-
l i .  Ca2+-acti   vated CaM then mediated a series of  events which were supposed
to be the key steps of cells entering S phase.This could be an explanation of the
free  Ca2+ surge in late G1/early S phase[9],and Ca2+ antagonists or CaM  antag-
cnists inhibited C3H/10T/1/2 mouse fibroblast cells from G1 entering into S phase
(data not published). When we look at the proliferating process, total cell CaM re-
duced into half after cell division, Ca2+- activated CaM also reduced in  quantity,
or decreased its activity.  The distribution of total CaM and Ca 2+-activated CaM
in cell cycle demonstrated that CaM accumulation was necessary for cell cycle pro-
gression, and the role of CaM in triggering the entry of Gj cells into S phase was
dependent on Ca2+ activation.
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