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1. INTRODUCTION

Calmodulin was discovered in rat brain [1,2] and
subsequently identified in a variety of tissues. It
now appears to play a role of multifunctional
intracellular Ca*"* receptor [3—5]. It is thought that
in general the structure and function of calmodulin
is conservatively maintained throughout the
animal and plant kingdoms during evolution. We
have described the isolation of calmodulin from
unicellular eukaryote, Tetrahymena pyriformis
and found that it could fully activate guanylate
cyclase in this organism in a Ca?*-dependent
fashion [6—10]. However, the activation of
guanylate cyclase was specifically attributable to
the calmodulins from  Tetrahymena and
Paramecium [9,10]. Moreover, comparison of the
primary structure of calmodulin from bovine brain
[11] and Tetrahymena [12] shows 12 amino acid
differences between the 2 proteins. Therefore,
calmodulin may vary in structure and function.
Here, we have compared the functional properties
between the two calmodulins from Tefrahymena
and bovine brain. The data demonstrate that both
Tetrahymena and bovine brain calmodulins are
similar in their potency to activate various calmo-
dulin-dependent enzymes such as rat brain
adenylate cyclase, myosin light-chain kinase,
erythrocyte (Ca?* + Mg?>*)-ATPase and plant
NAD kinase.
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2. MATERIALS AND METHODS

Calmodulins were prepared from Tetrahymena
and bovine brain as in [8]. A thermotolerant strain
NT-1 of Tetrahyvmena pyriformis was grown at
39.5°C in an enriched proteose peptone medium as
in [13]. The plasma membrane fraction which con-
tains guanylate cyclase was prepared as in [13].
Calmodulin-dependent  phosphodiesterase was
prepared from bovine brain as in [14]. Adenylate
cyclase was solubilized from washed particulate
preparation of rat cerebrum using 1% Lubrol PX
and elute from Ultro Gel AcA 34 column with
20 mM Tris—HCI buffer (pH 7.5) containing 0.1%
Lubrol PX, 0.1mM EGTA, 0.1M sucrose and
1 mM EDTA as in [15]. Myosin light-chain kinase
was prepared from chicken gizzard as in [16]. The
light-chain kinase from chicken gizzard myosin
was prepared essentially as in [17]. The light chain
was separated from calmodulin by DEAE-celiulose
column chromatography [18]. Erythrocyte mem-
branes for (Ca?* + Mg?*)-ATPase assay were pre-
pared as in [19]. Membranes were freeze—thawed 3
times just prior to incubation for ATPase assay.
The preparation of NAD kinase was obtained from
pea seedling (Pisum sativum) grown for 12 days in
natural light at 20—-25°C. The NAD kinase was
prepared as in [20].

Guanylate cyclase activity was assayed as in [9],
cyclic AMP phosphodiesterase activity as in [8]
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and adenylate cyclase activity as in [22]. The
myosin light-chain kinase assay was performed at
30°C in 0.3ml final vol. containing 50mM
Tris—=HCl (pH7.5), 10xM [y-**P]ATP, 10mM
MgCl,, 100zM CaCl,, 25 xg myosin mixed light-
chain, 1lgxg myosin light-chain kinase and
calmodulin. Incubation was terminated at 10 min
by addition of 20% trichloroacetic acid (0.5 ml).
The acid-precipitable radioactivity was determin-
ed. The (Ca’* + Mg?*)-ATPase assay used here
was essentially as in [23]. P; was determined as in
[24]. The incubation medium for NAD kinase
assay contained 3mM NAD, SmM ATP, 5SmM
MgCl,, 0.5mM CaCl;, 100mM Tricine—KOH
(pH 8.0) and an appropriate amount of the enzyme
in 0.5 ml final vol. The amount of NADP formed
was determined spectrophotometrically (absorp-
tion 570 nm) as in [25]. The other assay procedure
from [26]. Protein concentration was determined
by the Lowry method [27], using bovine serum
albumin as standard.

Partially purified calmodulins were gifts from:
Dr M.J. Cormier (Georgia Univ., Renilla renifor-
mis); Dr D.M. Watterson (The Rockefeller Univ.,
Chlamydomonas and spinach); Dr J.H. Wang
(Manitoba Univ., English cucumber); Dr Bazari
(Albert Einstein College of Medicine, Yeshiva
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Univ., Dictyostelium discoideum), and Dr G.B.
Witman (Princeton Univ., Chlamydomonas).

3. RESULTS AND DISCUSSION

Calmodulins from bovine brain and
Tetrahymena were homogenous upon elec-
trophoresis using 15% polyacrylamide gel with ad-
dition of either Ca®* or EGTA (not shown). Both
proteins were effective in activating the cyclic
nucleotide phosphodiesterase of bovine brain in
the presence of Ca’* (table 1) as in [8,9]. However,
Tetrahymena guanylate cyclase could be activated
by Tetrahymena calmodulin but not by brain pro-
tein. It is well documented that several enzymes
from divergent tissues require calmodulin for max-
imal activity [3—5]. Here, the effects of
Tetrahymena calmodulin on these enzymes were
investigated. We prepared the calmodulin-regulat-
ed enzymes from mammalian tissues and cells, and
from plants. They are brain adenylate cyclase,

myosin light-chain kinase, erythrocyte
(Ca’* + Mg?*)-ATPase and plant NAD kinase
(table 1). It was found that Tetrahymena

calmodulin also activated all of these enzymes in
the presence of Ca®*. The similar activating ability
indicates a close relationship between Tetrahymena

Table 1
Effects of calmodulins from Tetrahymena and bovine brain on various calmodulin-dependent
enzymes
Enzymes?® Calmodulin Tetrahymena calmodulin Bovine brain
minus calmodulin
Guanylate cyclase 40 1330 41
(Tetrahymena) (pmol.min"!.mg protein!)
Phosphodiesterase 72.6 190.5 203.5
(bovine brain) (pmol.min~'.mg protein™")
Adenylate cyclase 273.7 385.7 448.5
(rat brain) (pmol.min"!.mg protein~})
Myosin light-chain kinase 1.0 7.3 8.1
(chicken gizzard) (pmol/min)
(Ca®* + Mg>*)-ATPase 1.78 3.40 3.56
(erythrocyte) (P;i xmol/60 min)
NAD kinase 3.0 37.2 40.9
(Pisum sativum) (U®/min)

* Enzyme activities were assayed in the presence or absence of calmodulin (5xg/assay tube) with

504M Ca®*

b One arbitrary unit was defined as decrease in 0.01 absorbancy at 570 nm
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and brain calmodulins and suggests that the func-
tional capabilities of calmodulin have been con-
served even among evolutionary distinct species.
Then the dependence of calmodulin concentration
was determined for these enzymes. Representative
data are presented in fig. 1—4. Increasing amounts
of either brain calmodulin or Tetrahymena
calmodulin with Ca®* caused activation of these
enzymes. The maximal extent of enzyme stimula-
tion was obtained at 1-5xg calmodulin/assay
tube. However, brain calmodulin gave a slightly
higher activity than Tefrahymena calmodulin, for
which we have no explanation as yet: It could be
explained in part by differences between two
calmodulins in the molecular structure or the
calcium-induced conformational transition, as ex-
pected from different amino acid residues. In the
presence of 0.5mM EGTA, enzyme activation by
calmodulin was diminished. In addition, EGTA
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Fig. 1. Activation of brain adenylate cyclase by calmo-

dulin. The incubation was done as in [22] in 0.15 ml final

vol. The assay tube contained increasing concentration

of either Tetrahymena (@) or bovine brain (O) calmo-
dulin and 504g enzyme protein.
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was found to cause 5—15% inhibition of each en-
zyme activity without calmodulin, indicating that
the preparation of enzymes probably contained
traces of calmodulin (not shown).

We have examined calmodulins isolated from
bovine brain, scallop and sea anemone, and
observed that they did not activate Tetrahymena
guanylate cyclase [8], but the calmodulin purified
from Paramecium could stimulate the cyclase ac-
tivity [9]. Calmodulin isolated from Renilla
reniformis,  Chlamydomonas, Dictyostelium,
spinach and English cucumber was also tested
here. However, under identical assay conditions
where Tetrahymena calmodulin activates guany-
late cyclase in this organism, none of the calmodu-
lins could stimulate the cyclase activity (fig. 5).
Therefore calmodulins from Tetrahymena and
Paramecium are the only proteins known so far
which implicated in guanylate cyclase activation.
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Fig. 2. Activation of myosin light-chain kinase by calmo-

dulin. The enzyme assay was performed as described in

the text. Reaction mixture in 0.3 ml final vol. contained

increasing concentrations of either Tetrahymena (®) or
bovine brain (O) calmodulin.
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Fig. 3. Activation of erythrocyte (Ca>* + Mg?*)-ATPase

by calmodulin. Reaction mixture in 1.0 ml final vol. con-

tained 1104g erythrocyte ghost proteins and increasing

concentrations of either Tetrahymena (®) or bovine

brain (C) calmodulin. The assay procedure used here
was essentially as in [33].

The activation of calmodulin-dependent enzyme
such as cyclic nucleotide phosphodiesterase,
myosin light-chain kinase, (Ca** + Mg?*)-ATPase
and NAD kinase by Tetrahymena calmodulin may
support the ubiquitous and highly conservative
nature of calmodulin.

Calmodulin is the most widely distributed pro-
tein among a class of evolutionarily related
Ca?*-binding proteins that include troponin C and
parvalbumin. It is believed that these Ca%*-binding
proteins are derived from a common ancestor [5].
However, the cyclic nucleotide phosphodiesterase
was reported to be stimulated by 600-fold excess of
troponin C over calmodulin [28). In addition,
parvalbumin which is present in all vertebrates,
lacks the ability to activate any calmodulin-depen-
dent enzymes [29]. This may suggest that troponin
C and parvalbumin are highly specialized
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Fig. 4. Activation of plant NAD kinase by calmodulin.
The enzyme activity was assayed as described in the text.
Reaction mixture in 0.5 ml final vol. contained 28 ug en-
zyme preparation and increasing concentrations of either
Tetrahymena (@) or bovine brain (O) calmodulin.

derivatives of the more generalized calcium recep-
tor, calmodulin. We have shown that Tetrahymena
calmodulin is very similar to bovine brain
calmodulin in many respects such as heat stability,
isoelectric point and Ca**-dependent electropho-
retic mobility [7,8,10]. As shown here, Tetra-
hymena calmodulin is almost as effective as brain
calmodulin in activating many calmodulin-depen-
dent enzymes (table 1). A particularly specific
feature of Tetrahymena calmodulin is to be able to
activate guanylate cyclase. Postulating that the
ability of mammalian calmodulins to activate
guanylate cyclase would be lost during the course
of evolution, it can be considered that Tetra-
hymena calmodulin could be an ancestral form of
mammalian calmodulins.

However, in general, calmodulin-dependent en-
zymes such as phosphodiesterase and myosin light-
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Fig. 5. Activation of Tetrahymena guanylate cyclase ac-

tivity by calmodulin. The assay was performed as in [9].

Each assay tube in 0.2 ml final vol. contained 100xg en-

zyme protein, 100xM CaCl, and increasing concentra-

tions of Tetrahymena (®), Renilla reniformis (4),

Chlamydomonas (O), Dictyostelium (0), spinach (®)
and English cucumber ().

chain kinase can be activated by calmodulin from
any source, but the activation of guanylate cyclase
by calmodulin is limited to the protozoan
calmodulins. Guanylate cyclases from other
sources, including rat tissue, human platelet [8]
and Paramecium [9], could be activated by neither
Tetrahymena calmodulin nor brain calmodulin.
Accordingly, guanylate cyclase in Tetrahymena per
se seemed to be specific.

In Tetrahymena cells, there are at least two types
of endogenous calmodulin-sensitive enzymes. One
is guanylate cyclase and the other is dynein ATPase
in ciliary fraction of the cell. Surprisingly, while
the former enzyme is specific for protozoan calmo-
dulins in its activation, the latter was activated by
both calmodulin from Tefrahymena and rat testis
[30]. The protozoan, T. pyriformis, may be one of
the most primitive forms among eukaryotic animal
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celis which have calmodulin, and therefore exten-
sive investigation, including protein chemical
analysis, would offer further useful information
regarding structure—function relationship of this
ancestral calmodulin.
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