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ABBREV JAT TONS USED

BSA

s+ Bovine Serum Albumin
CaCl,.2H,0 : Calcium chloride dihydrate
CrK(S0,),.12H,0 : Chrome alum
 EDTA : Ethylenediamine tetra acetic
acid
EGTA : Ethylené glycerol-bis- fFamino
: ethyl ether N, N, N', N' tetra
acetic acid
3H-TaR . Tritiated thymidine
K2HPO4 : Dipottasium hydrogen phosphate
K H, PO, : Pottasium dihydrogen phosphate
Mg(CH,CO0),.4H,0 : Magnesium acetate
MgS0, . 7TH,0 : Magnesium sulfate
NazHPO4 ¢ Disodium hydfogen phosphate
(M), S0, : Ammonium sulfate
PAGE : PolyacrYlamide gel electrophoresis
PMSF ¢+ Phenyl methyl sulfonyl fluoride
POP : 2,5 - Diphenyloxazole
.POPOP : 1,4-his [ 2-(5.phenyloxazolyl)/
benzene phenyl-oxazolyl phenyl
SDS ¢ Sodium Dodecyl sulfate
TCA : Trichloro acetic acid
TEMED ¢ N, Ny, N*, N' tetramethylethylene
: diamine ,
TES : N-iris-(hydroxymethyl) methyl 2-
amino ethanosulfonic acid
'T?P : f}gfluoperazine |
'Tris : Tfihydroxy-metbyl}aminoethane



~ INTRODUCT ION

Before his death in 1959, L.V, Heilbrunn was a
pioheering advocate of calcium as a key agent respon-
sible for regulating many intercellular functions.
>.This jdea was somewhat ahead of its time, because the
technique for hanipulating low concentration of calcium
had not yet been discovered. We, now, know that he
was essentially correct in his views, although in his
‘1ife time his proposals were considered somewhat

‘extreme and controversial (Heilbrunn, 1956),

Calcium is requireg\gor the maintainance of
optimal growth and functi&ning of living organisms,
ca®* (ionic form of calcium) affects all aspects of
cellular physiology and has been implicated in the
regulatidn and modulation of various ceil processes
such as cell adhesion, motility, microtubule assembly,
regulation of endocytic and exocytic secretion and
initiation'of DNA synthesis etc. The role of Ca2+ has

~been implicated in the mechanism of action of many
.ﬁeurotransmitters:(both synthesis and release), diges-
'.ttion of food and édsorption of nutrients, formation and
‘t"fmaintainancebof Eone and teefh. The requlation of bloéd,f

,:blotting and wound healing, functioning of various

'enzymes and receptors, changes in metabolic states and |



regulation of photochemiéal events in animals and plants
are also mediated by Ca2+(Val Eldik, 1982). Recently,
the regulatory role of Ca2+in cell division process

has been reviewed (Charp and Whitson, 1982),

Agents or stimuli (i,e. hormones, potential
changes etc.) that act on the membrane to increase its
permeability %o ca’’ by this means enhance concentra-
tion of Ca2+inside and stimulate the calcium sensitive
reactions in the cell., Calcium, thefefore, may be
thought of a5 a coupling agent or messenger between x
stimuli acting on the cell membrane and processess - -

that take place deep inside the cell (Ecker and Rahdall,
1978), |

It has been recently shown that Ca2+ requires
the binding with a group of low molecular weight
proteins for its biological activity. Four different
classes of calcium-binding proteins, which are involved
“in a variety of biological functions, have been impli-
cated in the mechanism of how proteins are involved in
the molecular basis of calcium action (Val Eldik,
1982), These are: |
(I) The proteins containing gamma-carboxyglutamic acid
| providé an example of how a calcium binding
protein is involved in interface reactions ani

ipidpr in interactions.
lipidprotein teract



(II) Concanavalin A and calcium binding lectins are
sxaimmles of how calcium 1is inVulvedvin protein:
carbohydrate interactions and these lectins are
very important for potentially mediating chronic
effects of calcium in development and differen-
tiation.

(III) Calcium=binding hydrolytic enzymes where calcium
is directly involveg in enzyme catalysis, Phos-
pholipase A, is aléo amother example of how
calcium, proteins and lipids interact in media-
ting the biological effects of calcium,

(IV) Calcium modulating proteins like Calmodulin,
parvalbumin, a tissue specific protein (S-100)
and a hormone induced proiein (Vitamin D-
dependent calcium binding protein) are best

examples of how proteins mediate the acute,

requlatory effects of calcium,

Among these calcium binding proteins, calmodulin
is the ubiquitious requlatory Caztbinding protein
which has attracted wide attention of the investiga-

tors for its multi-faceted roles.

Calmodulin

ety w3 i o i aaiion e voobmina

Calmodulin (Cal) is the name proposed by Cheung
in 1980 for a well-characterized protein which is now

accepted as one of a group of several homologous
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calcium-binding proteins such as troponin-C, parvalbumin
and myosin light chains in most eukaryotic cells so far
examined and has multiple calcium dependent activities
(Klee et al., 1980; Vandermeers, 1980; Scharff, 1981;

Cheunyg, 1982; Lin, 1982; Means et al., 1982; Levine

——

and Dalgarno, 1983),

Discovery

CaM was first discuvered as a heat stabLe disso~-
Ciable activator in a crude cyclic nucleotide phospho-
diesterase preparation from bovine brain that could be
removed during purification by DEAE-cellulose chromato-
graphy by Cheung in 19%@ and independently as a calcium
dependent activator of phosphodiesterase by Kakiuchi.
and Yamuzaki in the same year. Later Teo and Vliang

in 1973 showed that the two proteins are identical,

Distribution

Sovlbinsadiomaiine

CaM is ubiquitiously distributed in eukaryotes,
A wide range of different tissues from mammalian
species such as cow, pig, hamster, mouse, rat, sheep,
rabbit, human etc, and from non-mammal vertebrates
such as xenopus, electric eel and chicken have been
examined and are found to contain Cahl, Inverterbrates
sucn as carthworm, round worm, mealworm, clam, sponges,

blue crab, sea anemone, sea-pansy, octopus, scallop,



sea-urchin, star fish and protozoa such as Tetrahymena 

-

pyriformis, Paramecium tetraurelia, Eunlena glacilis

and Amoeba proteus etc, Higher plants such as cotton

seed, spinach leaves, peanuts and barley, Eumycophyta

such as mushroom and Blastocladiella emeronii, Myxomy-

cophyta (Dictyostelium discoideum) and Chlorophyta

(Chlamydomonas) are also found to contain calmodulin,
Among rat tissues, brain and testes are known to con=~
tain especially high amount of CalM; testes containing
twice as much CaM as the brain. High concentrations

of CaM from 1 to 30 uM have also been reported from a

variety of mammalian tissue (See leans, 1982),

hys.ico=chemical properties of Calmodulin

Physical properties

Specific value

Molecular weight 16,700 (as determined from

bovine brain and
rat testes)

Heat resistence t+ = 7 min at 100°C
Isoelectric pH ' 3.9
2%

Ca® =~ binding 4 mol/mol; KF2.4 oM

Conformation 40-307 alpha=~helix

Amino acid composition 148 amino acids presence of
trimethyllysine residue at
position 115;

absence of cysteine;

absence of tryptophan resulting
in a low extinction coefficient

1% .
(EQBO of 2,0);



Physical properties. Specific value

a high phenylalanine @o tyro-~
sine ratio resulting 1in an
unusual absorption pattern o:
UV spectrum with 5 peaks at

251, 258, 264, 263 and 275 na, |

" prug binding ' Phenothiazines, W compounds
' 'Hydrophobicity Increased by Ca

CaM is an acidic protein remaining stable when
subjected to heat treatment.at either neutral or acidic
pHe A solution containing CaM can be heated for 5
- minutes at 90°C with no appreciable loss of biological

.activity as assessed by the ability to stimulate
- phosphodiesterase or m?qfine light=chain kinase,
Although CaM is heat redistent it is not truly heat
stable (See Means, 1982),

The protein is unique as it has no intrinsic
enzymatic properties yet it regulates the activities
of a diverse spectrum of important enzymes and serves
as a major intracellular ca®t acceptor, The protein
‘invariably lacks tissue and species specificity-

~another indication that it is a fundamental regulator

(Means, 1980),

Structure

CaM contains four metal binding sites, Each
of the four putative Ca2+401nding domains is flanked

by two stretches oi alpha-helix, This structure



rig.lpihe complete amino acid sequence of bovine brain

calmodulin as elucidated by Watterson et, al, (1920).

NOHHS P

o

Alanine; D = Aspartate;
Phenylalanine, G = Glycine;
Isoleucine; K = Lysine;
Leucine; M = Metnonine
Prollne, Q= Glutamlne,
Threonine; V = valine;

(From Cheung, 1982)

I E AR E

T I T [ T

Glutamate;
Hiscldlne
Tr;met1;¢1v31ne
Aspargine;
Arglinine;
lyrosine,
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Comparison of amino acids sequence of Calmodulin from four phylogenitically

diverse sources, .
Vertebrate Call (Bovine brain)(Watterson et,al. 1980). _ : ~
Invertebrate CaM (Metridium senile) (Jamisson et.al, 1980; Takazl et.al, 1980).
Plant Caf (Spinach) (dnderson et.al. 19803 Watterson et, ai 1980‘

Protozoan Cal (Tetrahymena pyriformis) (fazawa et.al, 1931),
(Astricks) above selected amino aclds indicate putative calcium ligandino residues

according ¢o the model of Kretsinger (1980). _
The procozoan (Tetrahymena -xgifodmiﬁ) CaM sequence hds a deletion at position 140.
100 acids is described in legend to Fig.1.

' lhe Singie Letter code for tne am

(rrom Vanduldiﬁ, 1982) o _‘_  - _ N o0
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éomehow endows calmodulin with unique properties to
serve as an intracellular Ca2+réceptor. The protein
is acetylated at the amino acid terminal (Fig. 1).
The primary structure of all calmodulins is very
similar indicating that it has been highly conserved
throughout the phylogenetic scale, The internal
homology in calmodulin is greatest-when the first
domain (residues 8=14) is aligned with the third
domain (residues 81-113) and the second domain
{residues 44~76) aligned with the fourth domain
(residues 117—148) (Fig, 2)., In as much as the
four Ca2+binding domains in calmodulin are nearly
identical, the protein might have evolved from two
doublings of a gene from an ancestral univalent Ca2+
binder, Each domain representing the basic E-F hand
structure is flanked by two short helical regions

for intracellular Ca2+ binding proteins (Kretsinger,
1980), |

Diverse role of calmodulin in cell functions

As an intracellular receptor of Ca2+, calmodulin
regulates a diverse spectrum of cellular processes,

Table 1 summarizes the cellular processes regulated
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Table 1
Cgilu;gr processes requlated by calcium, calmodulin and

Cvciic”nucleotides

Cellular processes 2+

Ca” - Role of Cyclic
dependent CaM nucleotide
Prostaglandin synthesis + 4 +
Smooth muscle contraction + + +
‘Intestinal secretlon + + +
Insulin secretion + + +
Thyroid secretion + + +
‘Adrenal secretion + + +
Neurohormone secretion + + +
Dissassembly of microtubules + + -
Ciliary motility + + -
Fast axonal tranSporf + -+ -
Neurotransmitter synthesis‘® + + -
‘Neurotransmitter super-
sensitivity + + -
Cell proliferations + + +
Cell architecture + ' +
Lysosome release + + +
Histamine release + - +
Lymphocyte-mediated
cytotoxicity + + +
Phagocytosis S + - +

Initiation of DNA synthesis

+
-
L}

(From West, 1982),
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Extrdcellulur Signals {Neurotransmitters,Hormones,Nerve impulses)

{

C02+

Intracellular
Sngnul Molecule

l.Cu +C aM

Effector Proteins

”(.muctive)

LC02+C0M* 4+ ‘Enzyme
(active)

— B
—————

ta?t CuM*Enzyme*

tinactive orless active) {enhanted activity)

Biochemical
Reactions . Cellular Processes
Regulated
Y .
1€nhancement of micr L’{E‘OSP"OGIGS'NUSE ]— ————————— +(Cyclic Nucleotide
tubule dissassembly _ Metabolism
- Adenylate Cyclase AN . .
Regulation of‘ Guan);lare nyclasse Protein Protein@-.(““( Nucleotide
Synthesis & release N Metabolism
of neurotransmitter r y
(uz-dependem AN
Cyloskeleton ProteinKinase Proﬁ@tem@*ﬂfects
Function i
- 1 Ca®dependent .
. Ee“ Proliferation | Protein Phosphatase | - Effects
[Cell Secretion l'—— Phosphorylase Kinase '
— Glycogen Synthase- b —————w—— »Olycogen
Kinase Metabolism
)
-Euzf ATPase: }— ——————— Calcium

- Metabolism

|| Myosiqe Light
Chain !\unqse

TN Contractile
Protim Protein®* o . cesses

—

'—{Dynem ATPase

J._ _______ »Cellutar
Motitity
—-{Phosphohpvuse A, t»— —————— -»=fffects

"‘{ NAD’ Kinase

-»Photosynthesis
Tryp?ophun :
S moncoxygenase | T
) 0 methyl transferase
N-methyl transferase »Effects

Succinate '
Dehydrogennse ———————— »Effects

»Eftects

Flg,3 DIVERSE ROLE OF CALMODULIN IN CELL FUNCTIONS

(Modified from Means ,1982)
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HORMONE . NERVE IMPULSE <= EXTRACELLUR

OR . - OR SIGNAL
N[UROTRANSMITTER OTHER ST{MULUS
LATE G PROTEIN -~
Gl&?:/xéﬁ (GTPase) ADENYLATE Ca®.
'/RE[EPTOR L CYCLASE

4= PLASMA
MEMBRANE

& INTRACELLULAR

SIGNAL
S : 2R2 \f
¢GMP DEPENDENT CAMP DEPENDENT } (INACTIVE)
PROTEINKINASEW PROTEIN KINASE \
(INACTIVE ) (INACTIVE)
tGMP DEPENDENTCE_‘_Q_+ |
PROTEIN KINASE ¢(C . |
(ACTIVE) CAMP DEPENDENT | CaM-Ca2™
PROTEIN KINASE ,(ACNVE)'
(ACTIVE)
P ATP <= EFFECTOR
(INACTIVE) [—=ADP UNACTNE) ‘>ADP / (INACTIVE) PROTEIN
P" [camca?Tep] <= ACTIVATED
PROTEIN
v | o
BIOCHEMICAL . BIOCHEMICAL BIOCHEMICAL <«m EFFECTS
RESPONSE ~ RESPONSE RESPONSE "
| . :
v { |
PHYSIOLUGICAL PHYSIOLOGICAL PHYSIOLOGIC AL
RESPONSE : RESPONSE RESPONSE

~ Fig. 4. INVOLVEMENT OF CALMOOULIN IN CELLULAR PROCESSES AS
'MEDIATED THROUGH cAMP,cGMP & Ca2” REGULATED PATHWAYS

cAMP = Cyclic Adenosine Mono Phosphate
cGMP = Cyclic Guanosine Mono Phosphate
CaM - = Calmodulin .
PDs = 3'-5' Phosphodiesterase
PG = Prostaglandin |
StAaMP = 5' Adenosine Mono Phosphate

C = Catalylic sub-unit

R = Regulatory sub~unit

------ (dashed lines) indicate relationships that are
still not well established.

(Modified from Nestler, 1983)
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by calcium, calmodulin and cyclic nucleotaides. Fig.
| 3. illustrates the enzyme systems regulated and modula=-

ted by calmodulin leading to physiological responses,

Extracellulér_signals (first messengers) produce
specific biclogical responses in target cells via a
series of intracelluiar signals (second, third etc,
méssengers). Second messengers include cAMP, cGMP and
Caz*. cAMP and cGMP produce'most and possibly all of
their second messenger actions through the activation
of virtually one type of cAMP-dependent protein
kinase and one type of cGMP-dependent protein kinase
respectively. The former enzyme exhibits a broad
substrate specificity and the latter a more restri-
cted specificity  Calcium exerts many of its messenger
actions through the-activation of calcium-dependent
protein kinases as well as through a variety of

physiological effectors other than protein kinases,

Calcium activates protein kinases in conjunction with

calmodulin,

As illustrated in Fig. 4 cAMP, ¢GMP and ca’*
are three major cellular messengers whose functions

and metabolism are closely interwoven, Cyclic nucle-

otides may exert their effects in concert with or in



it

1

oppoSition to that of ca2? Moreover cyclic nucleotide

and calmodulin-dependent protein kinase may act on

the same substrate that serves as a common effector

of certain cellular procééses. In controlling the
metabolism and function o% cAMP, cGMP and Ca2+,
calmodulin integrates these messenger systems on a
molecular basis, Becuase the messenger systems are
intertwined, cyclic nucleotides may sonetimes serve
as a second messenger and Ca2+ as the third méssenger,
whereas other times the roles of cAMP and Ca2+ may be
reversed, Although the concept that both cAMP and
Ca2+are second messengers has been useful in under-
standing cellular regulation, the new insight into
their interlocking and hierarchial relationships
suggest that it may be more appropriate to refer

them as simply messengers or regulators (Cheung,1982),

Criteria for calmodulin requlated processes

To assess whether CaM regulates a certain
biological reaction the following criteria have been
suggested (Cheung, 1980):

1, The presence of sufficient calmodulin in the
experimental system, This condition may be
easily met because all eukaryotic cells

contain adequate calmodulin,



2,

3.
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The depletion of endogerous calmodulin should
alter the rate of reaction and reconstitution
with an exogenous calmodulin should restore

the original activity,

The sequestration of Ca2Twith a chelator such

as EGTA should reduce the calmodulin-induced
activity to the bas&l value,

The insctivation of CaM by TFP(Trif luopera-
zine) or other antiphychotic drugs should

reduce the CaM-dependent actiﬁity to the

basal level, CaM avidly binds to these com-
pounds in the preéénce of Ca’" and becomes bio-
logically inactive., In as much as these drugs
are hydrophobic, however, it is necessary to
ascertain that their action is due to inacti-
vation of CaM rather than to a general hydrophobic
effect. .
Anticalmodulin should inhibit CaM-induced effect
provided CaM in the test system is available to
the antibody., However, the dissociation constént
of an antibody to its antigen is in the range

of lO-'4 to lO‘6M, whereas that of CaM to its
receptor protein is lO-gM. In as.much as the
affinities of antigen-antibody complex and CaM-

receptor complex are disparate, an excessive
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asmount of anticalmodulin may be required to exert an
{phibitory effect, In practice, cal;ineurin,a CaM-
birding protein (Cyclic nucleotide-phosphodiesterase
inhibitory protein) may be a more effective reagent

because it binds to CaM with an affinity of 10 M,

Characterization of calmodulin should consist of the

following steps at a minimum

1. Molecular weight determination.
2, Examination of UV absorption,
3, Polyacrylamide gel electrophoresis in the

presence and absence of denaturants (SDS and

Urea),
_ 2+ . .
4, Assay for Ca"~dependent functional properties
(most commonly, activation of CaM depleted

brain 3'=5'-cyclic nucleotide phosphodiesterase,

PDE )

5. Amino acid analysis of acid hydrolyzed aliquots,

Inhibitors of Calmodulin

In vitro inhibition of calmodulin reSponseé are
caused by drugs: phenothiazines like TFP (trif luopera=-
zime) (Wéiss and Levin, 1978); butylphenones (Levin and
Weiss, 1979) and N~(6-amino hexyl)-5-chloro naphthale-
sulfonamide (W-=7) (Hiadaka, 1981). These agents are

\
\
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known to interact with calmodulin in 3 Ca2+ dependent
.manher. Recent reports (Tanaka and Hidaka, 1980) have
indicated that a possible binding mechanism of these
agents involves a hydrophobic region in calmodulin
which is exposed by a Ca2+induced conformational
change.. Consequently these calmodulin inhibitors are
used to inhibit various cell functions (Osborn, et al, 1981)
.in which calmodulin is involved and also to, isolate

and pufify calmodulin(Jamieson et al,1979). Also vinca
"alkoloids haloalkylamine and adrenoreceptor blockers
have been shown to possess similar properties., Local
anasthetics such as dibucaine, tetracaine and phenacaine
and drugs such as'mepacaine and propanolol with local
anesthetic properties also inhibit calmodulin acti-
vities, It is not yet cleér how much of the action

of these drugs depend on their inhibition of calmodulin.

The present study is concerned with the investi-

‘gation of calmodulin in Tetrahymens pyriformis.

Tetrahymena is a well-known ciliated protozoa. It
has been extensively used in diverse studies related
’td molecular biology, cellular biochemistry and
physiology, genetics and developmental biology etc,
'because of ease ofvhandlibg, rapid culturing, genetic

stability and most important the well known method
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of cell synchronization based on repeated heat shocks.

We propose to study the distribution of Cail at

various cell-cycle phases of ITetrahvmena. Besides,

the involvement of CaM in cell division and DNA repli-
. cation process, would be of great interest for a |
better understanding of cell-cycle progression and
control mechanism operating for these important

cellular events,

Purification of calmodulin in Tetrahymena

In Tetrahymena, Calt has been isolated from whole

cells by four different methods:

1. Based on Cazﬁ - dependent affinity chromatography
‘on Phenothiazine (CAPP 10 chlore~ (3-aminopropyl)
phenothiazine)-Sepharose 43 (Jamieson, et al 1975),

2. Based on the use of Tubulin-Sepharose affinity
column (Kumagai, et al, 1980).

3. Based on trichlorg‘acetic acid (TCA) precipi-

tation and SDS-polyacrylamide gel electrophore-

sis (Kakiuchi et al., 1931), |

Based on electrophoretic characteristics as

guide (Suzuki et al, 1931).
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Table 2

Sub~tellular distribution of calmodulin in Tetrahvymena!

-~ — - e W T W W e .

e W G

Sub=-cellular fraction _____ _Calmodulin —
‘ pg Caii fmg % of total
protein '
Cilia o 1.3 1.0
Ciliary supernatant 6.7 43,0
Pellicles 0.1 . 2.7
Mitochondria 0.2 2,2
Microsonmes 0,07 1.5
Post microsomal
fraction 1.0 0
0.86 =Total 100,2
---- amount of -=----
Cai/

Total amount
of protein

CPE

. - W ey

% Nagao, et al, 1981.
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Table 3

gffects of Calmodulin from_Tetrahymena and Bovine

brain on various calmodulin -dependent enzymes

T Tetrahymena Bovine
Enzyme - CaM Cald brain
minus ' Cai
Guanylate cyclase 40 1330 41
(Letrahymena) (p. mol.nin™t, mg protein™)
Phosphodiesterase 72,6 190,5 203.5

(p.mol.min™t, mg protein™t)

Adenylate cyclase 273.7 385,7 448 ,5
(rat brain) (p.mol.min-l.mg. protein™!)

Myosine light- 1,0 \ 7.3 8.1

chain kinase ' . =1

(chicken gizzard) (p.mol.mln )

(Ca%¥ Mg?t)-ATPase  1.78 3.40 3.56
(Pi.y. mole/60 min)

NAD Tkinase 3.0 37.2 40,9

(Pisun sativum) (u /min)

U = One arbitary unit defined as decrease in 0,01

absorbancy at 570 mm., Enzyme activities assayed in

the presence or absence of Call (5 pg/assay tube) with

50 pM ca?t (Kudo et al., 1982),



W

21

1983), Postulating that the azbility of mammalian cell
CaM to activate guanylate cyclase would be lost during

the course of evolution, it can be consicdered that

Letrahymens CaM could be an ancestral form of mammalian
CaM, waever, in general, calmoduiin-dependent enzymes
such as PDEase and myosine light chain kinase can be
activated by CaM from any source, but the activation
of guanylate cyclease by Ca@ is limited to the protozoan
calmodulins (Kudo, @t al, 1981). Guanylate cyclase in

Ietrahymena per se seems to be specific, In Tetrshymena

cells there are at least two types of endogenous
calmodulin sensitive enzymes, One is gﬁahylate cyclase
and the other is dyenin ATPase in the ciliary fraction

of the cell,

Tetrghymena and bovine brain CaM are activated
by CaM-deficient brain phosphodiesterase in the presence
of Ca‘2.+° Although the extent of the maximal activation
of phosphodiesterase produced by Tetrahvmena CaM is
comparable to that of bovine brain CaM, the amount of

CaM required for half maximal activation of the

enzyme differed (Nagao et al., 1981).

In the activation by phosphodiesterase, the

potency of Tetrahymena CaM represented by the recipro-

cals of the quantity of CaM required for half-maximal

TH499
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Thus there are two major pools of calmodulin

in Tetrahymena cells i.e. ciliary supernatant and

post microsomal fractions. This is now evident that
these two pools are metabolically isolated from each

other to some extent (Nagao, et al, 1981),

The amino acid sequence of Tetrahymena pyriformis

CaM has a deletion at position 146, There are only

13 differences between ITetrahymena and bovine brain

calmodulin, Like the invertebrate calmodulins the
majority of the sequence differences are found in
domains 3 ‘and 4 (Fig. 2)., These few differences are
interesting since Ietrahymena guanylate cyclase is

activated by Tetrahymena CalM but not by vertebrate or

other invertebrate CaM (Kakuichi et al, 1981), However,
Tetrahymena CaM will actibate vertebrate phospho-
diesterase (Jamieson et al, 1979; Kakuichi et al.,

1981) indicating that there may be species specificity

in some colmodulin enzyme interactions,

As shown in Table 3 Telrahymepa CaM is almost
as effective as bovine brain CaM in activating many
CaM depencient enzymes. A particularly specific featufe
of Tetrahymena CaM is to be able to activate

quanylate cyclase, but not adenylate cyclase (Nagao,
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activation of enzyme is 22,7% of bovine brain CaM,
The concentration of Ca2+ required for half-maximal
activation of enzyme is 2 and 4 PM with bovine brain

and Tetrahvmeng respectively (Inagaki, et al, 1983),

Thus, Ietrahymena CaM seems to be of great
interest and our investigation is aimed at eliciting
some more information regarding its involvement

duririg cell cycle traverse,
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MATERJALS AND_METHODS

Cell and. culiure technique

Tetrahymena pyriformis (W) (amicronucleate

strain) was used as the experimental system. The
cells were grown in 2% Proteose-peptone medium enriched
with 0.02% liver extract (PPL medium) axenically at
28°c, PPL medium was prepared by dissolving 20 gms

of Proteose-peptone and 0.2 gm of Hog liver extract

in one litre of double distilled water by heating

the medium, After filtering the medium through a
sintered glass filter (G,), 100 ml of the medium

was poured into 250 ml flasks and autoclaved at 15 1lbs
psi for 20 minutes, Flasks were innoculated asepti-
cally with 0,1 ml of brﬁtp containing ca.,l1-2 x 10°
cells/ml with the aid of”; sterile transfer pipette
and allowed io grow at 28°c,

Cell synchronization

-

1

After a period of logarithmic growth lasting
for atleast 15 hrs at 28°C, the cells were synchro-

nized using 'multi-heat shock method! of Scherbaum

and Zeuthen (1954), The six temperature cycles that
followed consisted of 30 minutes at 34°C and 30 minutes
at 28°C, At the end of the heat shock (EHS), a sample

was taken for determining the cell density with the
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help of a haemocytometer, Incubation was allowed

to continue at 28°C for the duration of the experi-~
ment with sampling to determine the onset and dura-
tion of cell-division and mitotic-indices. Synchro-
nous cell division was observed at about EHS + 80
minutes and again at EHS 4260 minutes after the final
heat shock. A third cycle of division although less

well defined than the first two was also observed,

Determination of mitotic index

- -

After synchronization, at time. EHS + 80 minites,
when the cells are in mitotic phase, sample of cells
were removed and fixed in acetic acid : ethanol (1:3 v/v)
using equal volume of cell suspension and fixative,

1 ml of fixed cellswere introduced into the counting

chamber of haemocytometer, Under the microscope,

the number of dividing cells and the total number
of cells were counted per unit area of the grid ( 1

sq mm), The mitotic index (M.I.) was calculated by

following the equation:

Mumber of dividing
Mitotic index (M.I.) = cells

X 100
Total number of cells

Each experiment was repeated atleast three times
N\

AN
and the mean voalues were obtained from 10O observations

from each slide.
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Cell cycle kinetics of Tetrshvmena pyriformis

The duration of cell-cycle phases (i.2, M, G,
S and G,) was determined by pulse labelling technigue
with 3H-thymidine (°H<TdR). Cell suspension, synchro-
nized és described before, was incubated at 28°C. At
EHS + 80 minutes (t = O for the experiment), the cells
were observed for dividers taking a sample from the
suspension of cells and another sample was taken for
determining the cell-density. 0.2 ml of.samples'were
removed at 20 minutes interval in triplicéte and 50 ul
ot 3H-TdR 100 uCi/ml (sp. activity 17.8 mCi/mm) were
added, After 10 minutes, each sample was chased with’
washing medium (Hamburger and Zeuthen, 1957) having a
composition of KH2P04-159m, K2HPO4-O.68gm, NaCl-2,73gm;
MgSO4.7H20—O.259m, double distilled water to make one
litre, and excess of uhinelled thymidine (2mM) at
4%, Then the samples Qére washed on presoaked
millipore filter papers (GF/C, pore size 0,45 um)
with unlabelled precursor and then blotted dry, using
a filtration assembly, This washing’&as repeated
twice, Then the cells were disrupted with 15% TCA
followed by 95% ethanol at 4°C, The GF/b millipore
filters having cold TCA insoluble precipate after

drying were transferred into scintillation vials and
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further dried in an oven at 60°C for one hour. 8 ml

of toluene based scintillatioh f1luid having the

following composition (PPO-2gm, POPOP—O.ng and
Toluene-300 ml) was added in each scintillation vial,
Samples were assayed for radioactivity in Beckman

Liquid Scintillation counter (efficiency of counter='63é)
for 2 minutes for 2 cycles in each vial with quench

correction to get CMP values,

'Quantitation of calmodulin levels during different

phases of cell cycle

Cell homodenization

Cell suspensions of Teirahymena were synchro
nized by repeated heat shock method of Scherbaum and
Zeuthen (1954) and cells were harvested by pelleting
in conical ceqﬁrifuge tubesvat 1400 xg, 10 ml packed
volume of cells were collected from the mid-, mid43l,
mid=S and mid-G, phases of the cell cycle. Cells were

washed once with 0,9% NaCl at 4°C and centrifuged at

- 1400 xg for 3 minutes., The supernatant was discarded

and the pellet was stored at -20°C, After thawing, the

cells were homogenized in ultrasonic disintegrator (¥SE)
in 2 volumes of homogenization buffer (20 mi TES MNaOH/
1 mi EDTA/L mM-2-meracaptoethanol/ 1 mM PiMSF, pH 7.0)
for 30 seconds at 4°C, 'All subsequent procedures

: ot 0 . s .
were carried out at 4°C unless specified otherwise,
\

\



Ammonium sulfate precipitation

The homogenate was heat treated at 85°C for
% minutes, byvkeeping the beaker in a water bath
maintained at 85°C and immediately cooling to 0°C
by keeping the beaker in ice. The homogenate was

then centrifuged at 11000 xg for 60 minutes anc the
supernatant decanted into a beaker and solid ammonium

sulfate (351 gm/litre) was added to bring the solution

to 55% saturation., The resulting sclution was adjus-

ted'to pH 7,0 with 1 M NH4QH and stirred for one hour,
It was then cenirifuged at 12,C00 xg for 30 minutes,
To the supernatant 1M Mg (CngOO)z_was added to make.
the final concentration 10 mM and the supernatant

was brought to pH 4,0 by slow addition of O,5 M H2504

and the mixture was stirre&\for 2 hours, The material
precipitated by this procedure wes collected by
centrifugation at 12000 xg for 30 minutes at 4°C,

The supernatsnt was discarded, The pellet was resus-

pended in 2 ml of homogenization buffer and O,1 M Ca612

was dialysed against 0,01 M ammonium bicarbonate, frozen
and lypholized,

Electrophoresis (SDS-PAGE)

16,7 Kd) and low

Calmodulin's small size (MR =
PI(= 4) makes it ideally suited for electrophoretic
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analysis at neutral to alkaline pH (Vanaman, 1983),
Discontinuous polyacrylamide gel electrophoresis in
the presence of sodium dodecyl sulfate was performed
as described by Watterson (1976) using tube gels
A(O.4 X 12 cas).

Gel Preparations

(a) Preparation of separating gels: The separating

gels of 10 acrylamide were prepared by mixing solutions
(A), (B), (C) and (D) in the ratio 1:2:4:1, Solution
(A) contained 36,3 gm Tris, 46 ml of IN HC1l and 0,26 ml
TEMED and distilled water to make the volume upto 100
ml, Solution (B) containéé 40 gm acrylamide and 1,2 gnm
biseacrylamide and distilled water to make the volume
100 ml, Solution(C) contained 0,14 gm of ammonium pei
sulfate in 100 ml of distilled water; Solution (D)

contained 0,3 gm SDS in 100 ml distilled water,

(b) Preparation of stacking gel: The stacking gels

of 4% acrylamide were prepared by mixing solutions

(1), (i1), (iii) and (iv) and distilled water in the
ratio of 1l:l:4:1:1, The solution (i) contained 5.93 gm
Tris, 48 ml of IN HCl and distilled water to make 10O ml,

Solution (ii) contained 10 gm of acrylamide and 2,5 gm
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of bis-acrylamide and distilled water to make upto 100
ml. Solution (iii) contained 40 gm of sucrose in
100 ml of distilled water, Solution (iv) contained

40 mgriboflavin in 100 ml of distilled water,

The solution mixture of (A), {B),{C) and (D)
‘was stirred and poured in the get tubes, A drop of
water was layered on the top of the gels and the gels
were then allowed to poi#@erize for one hour, After
polymerization, the water was removed with tissue
paper and the stacking gel mixture prepared by
mixing (i), (ii), (iii) and (iv) and distilled water
was poured dver the separating gel. A(drop of water
was layered on the top of the gel and allowed to

polymerize for 4 hours,

(c) Sample loading and electrophoresisi The

upper reservoir (cathode compartment) contained 0,0%M
Tris base lmM EDTA, 0,4%(w/v) glycine, 0.,07%( v/Vv)
2-mercaptoethanol (pH 8.4), The lower reservoir
‘(anode compartment) contained O,1 M Tris base.

0,09M HC1 (pH 6.,8)., Samples were dissolved in 2ml of
upper reservoir buffer. Aliguot of sample was mixed
with an equal volume of 0,01%(w/v) bromophenol blue

in 30% glycerol(w/v). To this 1% SDS was added to
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make the final concentration 0.1% of SDS, Electro-
phoresis was performed at 150 volts with a constant

current of 3mA per gel for 5 to 7 hours,

‘(d) Fixation, staining and destaining of aels:

Gels were fixed in fixative (prepared by mixing 150ml
methanol and 3% ml distilled water and then adding
17.25 gm sulphosalicylic acid and 57,5gm TCA) for 30
minutes, Subsequently,\tpe gels were stained with
0.25%(w/v) Coomassie briliiant blue R250 in 50%(v/v)
methanol and 10% acetic acid glacial for 30 minutes:
at 37°C and destained in 7.5 (v/v) acetic acid glacial

and 5%(v/v) methanol at 37°C for more than 24 hours,

Gel scanning was done in a Joyce Lobel Chro-
moscan 200 at 620 rmm with l:1 speed, CaM‘was quantita-~
ted in homogenates by comparison of integrated areas
of calmodulin protein peaks in gel scans with those

of bovine brain calmodulin (M.wt.16.7 kd) as standard,

Protein estination

Total protein was estimated by Bradford's

method (Bradford, 1976)., O,1 ml of the homogenized

solutions from each phase of cell cycle of Tetrahymena

were diluted to known sample volumes, O,1 ml of the

diluted homogenates were then transferred to test-tubes
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in triplicates and 5ml of Bradford solution (prepared
| by dissolving 100 mg Coomassie Blue G-250 in 30 ml
of 95% ethanol, 100 ml of 85{(v/v) orthophosphoric
acid and the solution was made upto one litre with dis-
tilled water) was added in each test tube, Absorbance
at %95 nm was recorded and the amount of total protein
was calculated comparing the standard curve obtained

using bovine serum albumin (BSA) as standard.

Calmodulin and Calcium inhibition

a) Effect of TFP on M phase: At (EHS + 70 min) i.e,

10 minutes prior to the onset of M phase at the end
of the last heat shock, when the cells were being
incubated at 28°C, trifluoperazine (TFP) was added to
bring the final concentration of 18 pm of TFP, After
10 minutes treatment, the cells were fixed in acetic
‘acid glacial: ethanol (1:3) mixture at EHS + 80 min.,
untreated cells were kept as controls, Both treated
as well as untreated cells were placed on the subbed
slides, The slides were dehydrated in 12055 and 90%
ethanol and stained wi£h\giemsa stain buffered with
phosphate buffer (pH 7.6). Under the mocroscope the
number of dividing cells and total number of cells
were counted per unit arca of the eye pilece graticule

in the ocular and the mitotic indices were calculated

in both cases,
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b) Effect of EGTA_and TFP_on G,/S phase: To

evaluate the effect of EGTA which is a specific calcium
chelator and TFP which is an inhibitor of calmodulin
on the initiation of DNA synthesis the following
experiments were performed, At EHS + 155 minutes which
is the time 10 minutes pricr to Gl/S boundary after
synchronization, 4,5 ml of samples were transferrec

in 4 sets of test tubes in duplicate. To the first
set 0,5 ml of distilled water was added, which acted
as control, To the second set 0.5 ml of 20 mM EGTA
‘was added to bring the final concentration to 2mM
EGTA., To the third set G,5 ml of 180 JM TFP was added
to bring the final concentration upte 18 M TFP. To
the fourth set EGTA and TFP were added to final
concentration of 2 mM EGTA and 18 pTEP, - After 10
minutes of treatmen£ 0.2 ml of treated cell suspensions
were rerioved in test tubéﬁ and 50 pl of 100 MCi *H-TeR
was added in each test tube, After 10 minutes of

pulse labelling, each sample was chased with washiné
medium containing excess of unlsbelled thymidine (2mh)
at 4°C, The samples were transferred on to the
millipore filter GF/C prescaked and blotted dry and
washed the samples twice with washing medium containing

unlabelled TdR, Subsequently the cells were disrupted
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with 15% TCA at 4°C and washed thrice with 5% TCA,
followed by 95% ethanol at 4°C. The GF/C millipore
filters having TCA insoluble residue after drying
were transferred into scintillation vials and further
dried in over at 60°C for one hour. 8 ml of toluene
pased scintillation fluid was added in each vial,

Samples were then assayed for radicactivity.

c) Effect of EGTA and TEP on the uptake of SH=TdR

To evaluatc the effect of EGTA and TFP on the uptake
of SH-TAR at EHS + 155 min.l.8 ml samples were trans-
ferred to 4 sets of test tubes in duplicate. To the
first set 0,2 ml of distilled water was added which
acted as control, To the second set 0,2 ml of 20 mi
EGTA was added., To the third set 0,2 ml of l80‘yM TFP
was added, To the fourth set TFP and EGTA were added
to final concentration of 2 mM EGTA and 18 pM TFP,
After 10 minutes of treatment 200 pl of lOO/pCi 3H-TaR

was added in each test tube, After 10 minutes of

pulse labelling, S ml of washing medium containing

excess of unlabelled thymidine was added in each test

tube and centrifuged. The supcrnatant was discarded
and the pellet was washed twice with same washing buffer,
The cells were lysed by adding 0,5 ml of 1% triton-X

into each tube and transferred into scintillation vial
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containing 8 ml of toluene based scintillation fluid

and assayed for radioactivity.

Cytoloogical preparations and photomicrographv:

To ascertain the efficiency of synchronization,
the permanent slides were prepared as follows, At
EHS + 80 min after six repeated heat shocks as
mentioned before, cells were immediately fixed in
acetic acid: ethanol (1:3 v/v) for 20 minutes on
subbed slides (prepgred with 0,5% gelatin and 0,05%
chrome alum), The sliaeg were dehydrated in 100% and
90% ethanol for 10 minutéé each, stained with
phosphate buffered giemsa stain (pH 7.0) and mounted
with DPX, All light microscopic observations were |
made and photomicrographs were taken with the help

of a Carl Zeiss photomicroscope~II,
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source of Chemicals:

Proteose-peptone (Difco certified) was obtained
from Difco Laboratories, Detroit, Michigan, USA, Hog
Liver extract (crystallized powder), BSA, TES, Tris,

. PMSF, PPO, POPOP, Thymidine (unlabelled), Triton X,
TFP, EGTA, Sucrose, Riboflavin (Vitamin 812), Coomassie
Brilliant Blue G=2950, sulfosalicylié acid and maghesium
acetate were obtained from Sigma Chemical Company,

USA, Acrylamide (recrystallized from chloroform),
bis-acrylamide, TEMED, SDS, ammonium per suifate,
Cooméssie brilliant blue R~250 were obtained from
‘Bio-Rad Laboratories, USA, Giemsa stain was procured
from British Drug House, Poole, England, 3H-TdR
(Thymidine (methyl-T) (Specific activity 17,8 mCi/rm)
was obtained from the Isotope division of Bhabha Atomic
 Research Centre, Bombay, India. Gelatin (bacteriolo=-
gical), TCA, Toluene, MgSO,.7H,0, NaCl, EDTA (discdium),
H2504, HC1l, DPX, were obtained from BDH. and were of
analytical grade, Ethanol was obtained from Bengal
Chemicals, Calcutta, KH,PO,, KZHPO4(anhydrous),

CaC12. 2H,0, (NH4)2804 and glycerol were obtained

from Sarabhai Chemicals, India and were of analytical
grade, 2-~mercaptoethanol and Bromophenol Blue were

obtained from E,Merck, Germany,
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1

EXPER JAENTAL RESULTS ANQ_OBSERVATIDNS

Heat-shock induced cell-synchrony

To determine the levels of CaM throughout the

cell-cycle of Tetrahymena pyriformis it is necessary

to find out first the mean gensration time and the
duration of the cell-cycle phases., Multiple heat-
shock procedure comprising of growing the cells 2t
28°C and alternating with elevating the temperature
to 34°C at half an hour intervals results in mitotic

cell synchrony in Tetrahymena. When 18 hours old

Tetrahymena pyroformis cultures having a cell density

of ca., 2 x 105 cells/ml were thus subjected to a
‘series of six heat shocks, there was an initiation
of synchronous cell-division at around 85 minutes
after the end of the last heat shock, When dividing
populations from different synchronous cultures were
scored for the mitotic index, a value of ca 90% was
obtained and thus the starting synchronized cell
population was comprised of 905 mitotic cells at time
~zero (Fig, 6 ). After the completion of the first
cell cycle, a second synchronous mitotic division
occured after an interval of 184 minutes, This
period constitu{ed the cell duplication time of

synchronous Tetrahvmena population., It was also

observed that the index of mitotic synchrony was

appreciably lower in the second synchronous divisions,
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a) Photomicrograph of Tetrahymena pyriformis
from asynchronous culture grown at 28°c.

Cells fixed and stalned with giemsa x 112,
b) Magnified view of the same x 220,
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a) Photomicrograph of Tetrahymena pyriformis
from heat-shock induced synchronous cultures.
Note the synchronously dividing ciliates x 69,

b) Magnified view of the same x 394,
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Duration of cell-cycle phases

The duration of different cell-cycle phases

of the synchronized Tetrshymena cell populations was

determined by pulse labelling with 3H—thymidine (3H—
TdR) for 10 minutes at periodic intervals, The
duration of M phase was ascertained by the time <taken
by mitotic cells to form two daughter cells and this
was found to be about 20 minutes, With the progression
of the daughter cells in the next phase, there is a
gradual incréase.;n 3H-TdR\incorporation atter a aqap
of about 60 minutes (Gl pﬁése) and maximum incorpo-
ration 6f 3H-TdR océurréd during a period of 40 minutes
(S phase)., A steep decline in 34-T4R incorporation
occurred thereafter and continued for agout 60 minutes

(G, phase) before the onset of next synchronous

division, The cell-cycle timings of Tetrahymena

gxriig;mis populationtave been depicted in Fig, 7.

CaM levels during different phases of cell-cvcle

The relative levels of CaM at various cell-
cycle phases in the synchronized cell populations
.have been shown in Table 4. The average CaM concentra-
tion in the mid-phase of M was O°742'Pg of Cali/mg

protein. For the mid-G, phase, the concentration
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Qg of_Cali/mg ofsprotein
G

1 ©2 __
Experiment 1 0,88 0,34 ., 0,88 0.83
Experiment 2 0,70 0,32 0.74 0,76
Experiment 3 0.64 0,30 0.75 0.74
X + S,D 0.7440,124 0,32+0,015 0,79+0,078 0,79+0,047

Discontinuous SDS-PAGE was performed for the
quantitation of CaM in supernatant fraction from

partially purified homogenates of Tetrzhymena from

different phases of the cell-cycle, Equal aliquots
from each homogenate supernatant fraction were

ioaded on the acrylamide gels, The CaM present in
homogenate supernatants from different pHases of cell
cycle was quantitated by comparison of the integrated
areas of CaM peaks in the scans of gels containing
known amounts of purified Bovine brain CaM to those
obtained for known aliquots of supernatants of

Tetrshvmena homogenates from different phases of the

cell~cycle,
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Fig, 8. SIS-PAGE photograph of the gels-and its chnomoscan showing the profile of
Calmodulin from different phases of cell-cycle of Tetrahymena pyriformis
(from Experiment No,1). o
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(from Experiment No,2),
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Fig. 11, The levels of Calmodulin at different phases of cell-cycle in
Tetrahymena pyrifomiazw). The Calmodulin concentration has besn
quantitatsd at mid of different phases of cell-cycle.

a, SDS—PAGE,;_&rofile of Calmodulin .
b. Densitometric quantitation of the same.
1= Bovine brain CaM ; L=M; 3= G, ) 4=95 and 5=¢,
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of CaM was found to be 0,323 jng of CaM/mg protein,
showing that the concentration of Call was reduced

to less than half that of obtained in I phase. During
mid=S, the concentration of CaM was 0,790 pg of |
Cal/mg protein which was comparable to the level

at mid-M. In the mid-G,, the concentration of CaM
was 0.776‘Pg of CaM/mg protein, showing that the leQel
of CaM at 62 was equal to the level of 'S, and M,

So our experimental results showed that in Tetrahymena

at G, phase of cell cycle, the Cali is reduced to less
than 50% level as compared to the other phases of
the cell cycle (Fig, 8,9 and 10). The summary of
different experiments on the levels of CalM at various

cell-cycle phase has been shown in Fig, 11,

Effect of inhibitors of Ca2+and CaM on DNA synthesis

and mitosis

Since CaM has been shown to be involved in
various important cellular functions,we wanted to
assess the effect of inhibitors of CaM as well as
of Ca°t . Trifluoperazine (TFP)vis a phenothiazine
derivative which is used as an antipsychotic drug,
has been shown to inhibit selectively CaM activation

- of phosphodiesterase in a calcium dependent fashion

(Levin and Weiss, 1977), Satir et al (1980) reported



that lB‘PM TFP was capable of inhibiting the intra-

cellular CaM of Tetrahymena. 2mM EGTA, which is a

. cr 2%+
well known chelator of Ca2+was used to inhibit Ca

in Tetrahymena cells,

a) In order to test the hypothesis that CaM is
involved in the initiation of DNA synthesis, the
cells at Gl/S boundary (EHS +165 minutes) were
treated with TFP for\lO Qinutes and it was found that
the incorporation of H-TdR was reduced to about 45%
as compared to the untreated cells, Further the
.treatment with EGTA at this point of cell-cycle
showed. the decrease in the incorporation of 4-TdR
but the reduction was about 20%, &hen TFP and EGTA
both were applied simultaneously there was 72%
decrease in the incorporation of 3H—TdR during the

S phase of Tetrahymena (Fig. 12a ),

b) In order to exclude the possibility that these

inhibitors may affect the membrane transport activity

in Tetrahymena which might account for lower incor-

poration of 3H—TdR, we decided to perform the uptake

- experiment of the labelled TdR by the treated cells,
It was found that EGTA and TFP separately did not

effect the uptake of 3H-TdR. However, when TFP ard
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a) 3H—-TdR incorpsgation profile in control
letrahymena and in Tetrahymena treated with
inhibitors of Calmodulin and Caleium at
Gl/S boundary.

b) Uptake profile of 3H—'L‘dR in control Tetrahymens

and in Tetrahymena treated with inhibitors of
Calmodulin and Calcium st Gl/S boundary,
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EGTA were simultaneously administered there was an
appreciable inhibition (about 45%) “H-TdR uptake

as compared to the control cells (Fig. 12b),

c) The anticalmodulin drug TFP was also adminis-
tered to the synchronous mitotic cell population of

Tetrahymens pyriformis, It was found that when the

drug was administered to the culture, 10 minutes
before the onset of synchronous division, the mitotic
synchrony was not greatly affected, The mitotié
index was found to be approximately 86% in the drug-
‘treated cells as compared to approximately 88% in

the control cells,
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D ISCUSS ION
Since ca?t is ig;§lved in regulation of diverse
intracellular events and the activity of CaM which
is receptor of Ca2+, is controlled by chénges in the
intracellular free Ca2+concentrations, variable levels
offgﬁging the cell's life cycle . probably indi-

cates an important regulatory mechanisms for

< 2+ . \
specific Ca” mediated events,

Tetrahvmena pyriformis can be synchronized by
vmultiple repeated heat-shocks to obtain cell popula-
tions at specific stages of cell cycle, This
provides an opportunity to look intc the pattern of
changes of CaM, if any, during the different phases
of cell-cycle, Moreover, the cellular physiology
"of this organism is known in great detail, so that
involvement of this regulatory protein can possibly be

ascribed to certain cellular functions.,.

Our investigations of CaM levels during different

phases of cell cycle in Tetrahvmena showed that during

the Gl phase, CaM concentration was maintained at
the lowest level as compared to other phases of the
;ell—cycle. When- the Gl phase cells entered S
phase, the CaM concentration was found to increase

to about two folds, and this level was maintained
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throughout G, and M phases, These obsérvations are
consistent with findings of Chafouleas et al (1982),
They have reported that CaM levels are elevated two
folds at late G, and/or\éérly S during the growth
'cycle of CHO (Chinese Hamster ovary)-Kl cells, It
has also been shown that the intracellular levels
of CaM are elevated at least two folds in all ex-
ponentially growing transformed cells fegardless

of the means of transformation (i.e. oncogenic
viruses, chemical carcinogen or hormones etc,) as

- compared to non-transforming cells (Chafouleas et al,

———

1981; Means et al, 1982).

To test the hypothesis that CaM is involved in
initiation of DNA synthesis and mitosis, we monitorecd
the DNA synthesis (as measured by 3H—TdR incorporation

into nuclear DNA) in the cells treated with CaM ard

sy

ca“" inhibitors at Gl/S boundary. Our studies

demonstrated a drastic inhibition in the DNA synthesis

in the TFP treatec cells. When both TFP and EGTA

were administered further suppression of DNA synthesis

was noted, presumably, due to the additive effects

of the inhibitors, However, our studies indicate

that EGTA alone does not alter the process of DNA

replication in any significant way.
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That the membranesof the inhibitor treated cells
were not affected in its transport properties was
tested in our 3H—TdR uptake stgdies. It has been
seen that neither TFP nor EGTA can significantly

prevent the transport of nucleotides in Tetrahymena

cells, However, the simultaneous addition of both
EGTA and TFP caused consicerable reduction in uptake
activity, This ebservation could be explained by

a possible perturbation in the membrane structure which
‘ 2+

might occur due to severe depletion in membrane Ca

and its binding protein.,

Elevation of the intracellular CaM concentration

from the early Gl level to the final 2X level of

early S may be importaﬁt\for progressiocn of cells

into and through S phasef\ This concept of a critical
concentration of CaM is compatible with the hypothesis
of Mitchison (1974) that the progression from G, into

S depends on the Gl accumulation of a key substance

to a critical threshold concentration,

Hazelton et al (1979) and Tupper et al (1$80)

have evaluated calcium sensitivity of late Gl and

_ 2+, .
have demonstrated that Ca“ is required in late Gl



for progression into S phase to occur, The period
just prior to S i.e, G, is the most variable period
of the cell-cycle and can, in most cases, account for

the different cell types, It is during G, that the

1
commitment is made either to enter into S phase and
continue cell proliferation or to exit from the cell
cycle and enter into a quiescent phase (Mitchison,
1976; Prescott, 1976), Considering these observations
it can be argued that CaM may be involved in this

process of ccmmitment,

Chafouleas et al(1984) have recently determined
the levels of CaM mRNA quantitated by hybridization
with a cloned human 32P-CaM cDMNA using a dot-blot
procedure (White and Banecroft, 1982) and found that
CaM-mRNA in CHO-K; cells decreased by 50% within 1

hour following the mitotic stimulus, but increased

to control levels prior to the increase in CaM levels,

These findings suggest that the changes in CaM levels

are result of changes in CaM~mRNA, It can be Specu-

lated that the half-life of Cam is coupled to the

half-life of CaM mRNA,

The intracellular distribution of and the

cellular content of CalM in relation to nuclear activity
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have been reported‘for animal cells (Welsh et al,
1979; Sasaki and Hidaka, 1982)., Recently CaM-like
activity associated with chromatin from pea-buds has
been reported(Matsumoﬁo?ﬁi 2l, 1983), These obser-
vations are very'signifﬁ&ant and that it may have

some important function for the replication of DNA,

Caz+in partnership with cAMP controls the
proliferation of non—tumorogenic cells in vitro and
ih yivo. VWhile it does not seem to be involved in
proliferative activation of cells such as hepatocyies
(in vivo)on small lymphocytes (in vitro), it does
control two later stages of pre-replication (G,) deve-
lopment. It must be one of the many regulatory and
permissive factors affecting early pre-replicative
development, because severe calcium deprivation
reversibly arrests some types of cell, in early Gl
"phase of their growth-division cycle in vitro.
However, calcium more specifically and much more of ten

regulates a later (mid or late Gl) stage of pre-re-

plicative development (Whitfield et al, 1979).

Thus regardless of its severity or the type

: 2+ . . . . - .
of cell, Ca deprivation in vivo and in vitro rever-

sibly stops proliferative development at that part



56

- of the Gl phase in wﬁich the cellular cAMP content
transiently rises and the synthesis of four deoxyri-
bonucleiotides begins. This evidence points to Ca2+
and other cAMP surge béing\cogen¢rators of the signal
committing the cell to DNA éyn%hesis. This can be
explained by the CAMP surge causing a rise of ca®t

which combine with molecules of CaM, somewhere between
the cell-surface and the cytosol. The resuliing Ca2+
CaM complexes then stimulate many different (and possibly
membrane associated) enzymes such as protein kinases,

one of which produces the DNA synthesis initiator
(Whitfield et al,1979). Finally, in this context,

it might be relevant to point out jiere that Ca¥

contents in heat shock synchronized Tetrahvmena

" population was measured by Walker and Zeuthen (1980).
s s 2+ .- .

A significant peak of Ca” was detected just prior

to division of the ciliates., lHowever, according to

these authors this increase probably indicate an

effect rather than a cause,

During Gl/S'transition period, several other
proteins have been observed to increase in concentra-
tion. CaM has been shown to stimulate a variety of
CaM-dependent protein kinases such as myosine light

chain kinase and phosphorylase kinase. It is indirectly
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{nvolved in the activity of a large variety of pro-
tein kinase, through regulation of intracellular levels
of Ca2*, CAMP and cGMP., Cohen (1979) and Wolff et

al (1981) have reported the activation of Ca2+depen~
~dent phosphatases. Sn, it can be argued that CaM

may be involved in regulating the ccllular events

by protein kinase and phosphatase activity to create

a situation whichrc;n t{igger the initiation of DNA

synthe sis. \

Recent experimental results suggest that the
increase in CaM level at GL/S is important for optimal
DNA repair prior to replicative DNA syﬁthesis. It
CaM is invclved in DNA repair then some of the enzymes
involved in purine and/or pyrimidine metebolism (or
other proteins involved in DNA repair) must be requ-

lated by CaM, It is already known that such enzymes

are induced at Gl/S boundary, Hernce, the possibility
of involvement of CaM binding proteins cannot be ruled

out (Means and Chafouleas, 1983),

It has been reportec that ccincident with

entry into S the levels of atleast three of the Ca2+

2+

dependent and three of the Ca independent CaM
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binding proteins increase. It can be suggested that
increase in the Ca2+ dependent Cal binding proteins
may be important for the initiation and/or progres-

sion of the cells through S (Glenney and Yeber, 1980),

Another Gi/S boundary eveni which is very
important is the phosphorylation c¢f histones and
non-histone chromosomal proteins which exhibit cell-
cycle specific patterns (Dellorales et al, 1974;
Bombik and Baserga, 1976; Costa et al, 1976; Sons
gi al, 1976; Gurley et al, 1978), Phosphorylation
of histones H, and non-histcone chromosomal proteins
‘increase in late G, and early S phases, Vhile the
subsequent pattern of Hl phosphorylation throughout
the cell-cycle is complex, phospherylation at the
G,/S boundary appears to be an importent signal in

the cell,

Crossin and Cerney (1981) have suggested that
microtubule depolymerization is involved to mediated
the Ca2+— directed depclymerization of microtubules
in vitro (Marcum et al, 1976; Nishida et al, 1979;
Jemiolo et al, 1980; Job et al, 1981), Since this
requlation depends on the CaM concentration relative
to that of tubulin, elevation of CaM concentration

should result in a shift towards a qgreater proportion
g prop
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of depolymerized tubulin in the cell, Such an event
“would be predicted to occur at the Gl/S boundary where
CaM levels are increasing. Chafouleas et al (1981)
have suggested that CaM may regulate the eytoplasmic
microtubule network in a direct manner through

regulation of tubulin synthesis,

In conclusion, our findings strongly suggest
that CaM hes an important functional role in nuclear
DNA replication process in the cell, This is con-
sistent with the results of MacHManus et al,1975
and Boyton et al 1980, who have also made similar
investigations. The exact mechanism by how CaM
interacts in DNA synthetic process is yet to be
unrevelled and awaifs further investigations:on

this aspect of calmodulin activity,

Our experiments on the effect of CaM anatago-
nist on the synchronous mitotic divisions have failed

to reveal any possible involvement of Call in the cell-

division process, 3But our limited experiimental approach

cannot preclude the possibility of Call having a

N

significant functional fqle in cell~division process,

The presence of CaM in the ruicleus of mitotic cells

have been clearly demonstrated (Welsh et

ot

1, 1979; -
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Zavotinsk et al, 1983) which strongly indicates

a possible functionél role for these molecules
during cell division., The exact interrelationship
between CaM and components of the mitotic apparatus.

has yet to be established by further experiements,
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SUMMARY
Calmodulin (CaM) is a heat stable, low mole-
cular weight, acidic,Calcium~binding protein
in eukaryotic cells, The level of CaM 1in
different phases of cell-cycle of Tetrahvmena

pvriformis was determined,

To determine the level of CaM in different
phases of cell-cycle, Tetrghymena cells were
synchronized in the mitotic phase by multiple
repeated heat shock method,

The duration of the phases of cell-cycle was

j=

determined by pulse lgbelling the cells with

P

%H-TdR and it was found that cells exhibit a
G, of 60 minutes; S of 40 minutes; G, of €0
minutes and M of ZO minutes,

The partially purified homogenates of Tetra-
hymena from different phases of cell-cycle
were subjected to elcctrophoresis on SDS-poly-
acrylemide gels with bovine brain CaM as standerd.
The relastive levels of Call were quantitated

by densitometric . scsnning of gels, It was
found that the coﬁ%entration of CaM in the
mid-G, was approximately half of the concen-
traticn of S and this 2XG, level of CaM was

1
maintained through G, and M, |
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To find out any possible role of CaM in the
initiation of DNA synthesis, the incorporation
of “H-TdR experiment was performed at GL/S
boundary ih the presence of EGTA (Ca2+chelator)
and TFP (CaM*antagonist) and also in simulta=-
neously preSencé\B§ EGTA +TFP. It was fourd
that these inhibitgrs were able to inhibit

the DNA synthesis in the additive manner.

In order to exclude the possibility of alte-
ration of membrane transport préperties in

the presence of EGTA and TFP, the uptake
experiment was performed, It showed that
individually the inhibitors did not affect

the uptake of 3H-TdR, although the simultaneous
application of EGTA and TFP showed the suppre-
ssion of 3H—TdR uptake,

The administration of TFP, bhefore the start

of mitotic division of cells, could not
sighificantly change the progression through
M phase.

Our experimental results demonstrated the
varizble content of Cali throughout the cell~

cycle of Tetrahymena pyriformis and strongly

suggested the possible involvement of this
2+ s e R
Ca” = binding protein in nuclear DNA replicetion

process.
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