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Calcium ion is widely recognized as a major regulator 
of intracellular metabolism throughout the animal 
kingdom. Stimuli effecting increases in the intra- 
cellular concentrations of free Ca** are well estab- 
lished to increase the activities of many enzyme 
systems and specialized cellular processes, includmg 
muscle contraction, cell motility, and exocytotic 
secretion from endocrine and exocrine tissue [ 1,2]. 
The cation has particularly important functions in 
intercelluiar communication systems and is fre- 
quently classified as a second mes~nger in the 
mediation of responses to various humoral 
substances. 

The mechanisms by which Ca’+-dependent signals 
are translated into biological responses are currently 
being subjected to intense scrutiny by many workers. 
Such mechanisms clearly require intracellular recep- 
tors for Ca” that rapidly and reversibly bind the 
cation in the range of free concentrations occurring 
upon physiologic stimulation of resting cells. The 
range of free Ca?+ concentrations within cells is 
believed to vary from a resting value of approxi- 
mately IO-‘M for most cells to maximal concentra- 
tions of about lt.FsM in highly stimulated cehs. 
Through the efforts of many research workers over 
the past two decades, a number of Ca”-binding 
proteins have been characterized that have proper- 
ties which would be expected for putative intracellu- 
lar Ca2+ receptors. These proteins include the variant 
forms of troponin C from cardiac and skeletal mus- 
cle, pa~aibumin, a vitamin D inducible protein, 
calsequestrin, and calm~ulin (also frequently 
termed “Ca”-dependent regulator” or “CDR.‘). 
Calsequestrin appears to be exclusively involved in 
the accumulation of Ca” by elements of the endo- 
plasmic reticulum. With the exception ofcalmodulin, 
the remaining proteins are of limited tissue distri- 
bution and appear to be concerned with tissue spe- 
cific processes. 

Calmodulin has a broad, if not ubiquitous. distri- 
bution in the tissues of eukaryotes. The protein has 
been prepared, frequently to homogeneity [S-lo], 
from many chordate sources. It has also been found 
in a variety of invertebrate species and tissues [ll], 
in the slime mold, ~~~~~~~~2 poZycePhu~~m 1121, in 
a fungus, 3~~toc~~diell~ emersonii [ 331, in protozoan 
sources [12], and in various higher plants [14] but 
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not in bacteria [IS]. The protein varies in concen- 
tration from source to source. Mammalian brain [7] 
and testis [8] and the electroplax of Electrophorus 
efectr~c~ 161 are particularly rich sources. Subcellular 
fractionation studies have localized the protein pre- 
dominantly in the soluble fraction, although some 
is associated with the particulate fractions as well. 
Binding of calmodulin to particulate fractions has 
been reported to require Ca” and appears to occur 
at specific sites [l&17]. Binding is saturable, 
reversible, and temperature- and trypsin-~nsiti~~e. 
By indirect immunofluorescence techniques, cal- 
modulin appears to be generally distributed through- 
out the cytoplasm of interphase proliferating cells 
in tissue culture [ 18,191. During mitosis, much of 
the protein appears to associate with the mitotic 
apparatus. Another study conducted with tissue 
slices of rat liver reports that calmodulin is associated 
with cytoplasm, nucleus, plasma membrane, and 
glycogen particles 1201. Related distributions were 
found in slices of skeletal muscle and adrenal. 

In contrast to other Ca”-binding proteins, cal- 
modulin possesses the exciting property of conferring 
reversible activation upon a number of enzymes 
(Table 1). The ability of the protein to serve as a 
multifunctional Ca?‘-dependent regulator, by virtue 
of physical interactions with a group of otherwise 
very different enzymes, may be unique among regu- 
latory proteins. It is this ability that has generated 
the current widespread interest in the biochemistry 
of calmodulin and provides the basis of an interesting 
pharmacolo~. As will be discussed later, the ability 
of calmoduhn to activate these enzymes is blocked 
by various neuroleptics, such as the phenothiazines. 
While the remainder of this commentary summarizes 
the properties and functions of calmodulin, the 
reader is also referred to other recent reviews on the 
topic for additional information and alternate view- 
points 121-261. 

Physical and chemical properties of calmodulin 

Calmodulin is resistant to denaturation by heating 

Table 1. Caimoduiin activated enzymes 

Cyclic nuclcotide ph~ph~ic~t~r~e 
Adenylatc cyclase 
Myosin light chain kinase 
Phosphorylase b kinase 
Glycogen synthase kinase 
NAD’ kinase 
(Ca’+ + Mg’*) ATPase 
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(99”), urea (8M), detergents, high salt concentra- 
tion, and acidic pH. Identical tryptic peptide maps 
have been reported for calmodulin from cow, pig, 
rabbit, rat, and chicken brain [27]. The protein has 
been sequenced completely from bovine brain [28] 
and partially from bovine uterus [9], rat testis [29], 
and the coelenterate Renilla reniformis [30], and was 
found to have 148 amino acid residues. Approxi- 
mately ten minor changes in the sequences of these 
calmodulins have been found, almost all of which 
involve differences in amidation states or conserva- 
tive amino acid substitutions. The protein from 
animal sources has one histidine, no tryptophan or 
cysteine, and one trimethyllysine residue. The pre- 
dominance of acidic to basic amino acid residues is 
responsible for the low isoelectric point (3.9). The 
high ratio of phenylalanine to tyrosine provides the 
low molar extinction coefficient (.sj# = 1.8). Cal- 
modulin has a molecular mass of approximately 
16,800, calculated from its amino acid sequence, and 
appears to exist as a monomeric species. This mol- 
ecular mass lies about midway in a series of reported 
values determined by the techniques of sedimen- 
tation equilibrium and sodium dodecylsulfate 
(SDS)-analytical gel electrophoresis. 

Calmodulin exhibits a high degree of a-helical 
conformation, and there is general agreement that 
the protein binds four Ca2+. The four Ca2+ binding 
sites appear to correspond to four domains with 
considerable degrees of homology in amino acid 
sequence. Starting at the amino terminus of the 
protein, the degree of homology is highest between 
the first and third domains and between the second 
and fourth domains. These findings have been inter- 
preted to reflect the occurrence of genetic redun- 
dancy in the codon for calmodulin in ancestral cells 
in the distant past [28]. 

Only poor agreement exists in the literature 
regarding the respective affinities for Ca2+ of the 
four binding sites of calmodulin. Most often the 
experimental data have been interpreted as defining 
two types of binding sites, with (depending on the 
report) one class of sites binding two or three Ca*+ 
with Kd values ranging from 0.2 to 4pM and the 
other class binding one to three Ca*+ with Kd values 
ranging from 1 to 800 PM [3,5,7,31-331. One group, 
using a Ca*‘-EGTA* buffer system, has reported 
that four equivalent sites exist with a Kd of 2.5 PM 
[8]. The exact bases for these discrepancies in binding 
data are unclear but may relate, in part, to conditions 
and procedures employed in this determination. 
With the exception of the earliest report [3], all of 
these studies employed equilibrium dialysis. In most 
of these studies Ca*+ binding was determined by 
measuring the differences between 4sCa2+ inside and 
outside the compartment containing calmodulin and 
subsequently calculating the amount of bound Ca2+ 
from the specific radioactivity of the Ca*+ added to 
the system. Such values may have been distorted by 
the presence of contaminating Ca*+ or other divalent 
cations in the system competitively binding to the 
protein. 

* EGTA = ethyleneglycolbis (aminoethylether) tetra- 
acetate. 

Two approaches have been used to overcome these 
constraints. Wolff et al. [33], using reagents freed of 
contaminating divalent cations by chromatography 
on Chelex 100, directly determined Ca*+ concentra- 
tions after equilibrium dialysis by atomic absorption 
spectrophotometry. This technique allowed the 
determination of total Ca*+ involved in the system 
such that any Ca*+ contamination was taken into 
account. Determinations of binding of Ca*+ in the 
absence of other cations provided three binding sites 
with a Kd of 0.2 PM and one site with Kd of 1 PM. 
Both Mg*+ and Mn2+ were competitive inhibitors of 
Ca*+ binding. At 1 mM Mg2+ only three sites were 
saturated with Ca*+, all with an apparent Kd of 3 PM. 
These experiments were conducted at low ionic 
strength. Dedman et al. [8], using a Ca”-EGTA 
buffer system, obtained different results. Using this 
buffer at a high concentration of total Ca*+ minimizes 
the effects of Ca2+ contaminants and provides a 
larger molar excess of Ca*+ over the potential num- 
ber of binding sites in the system while maintaining 
low free Ca*+ concentrations. Free Ca2+ values which 
must be calculated for these buffers depend on an 
accurate assessment of the association constant of 
EGTA for Ca*+, a value that varies as a squared 
function of the pH range near neutrality. By this 
technique four equivalent binding sites of Kd 2.5 ,uM 
were found. This Kd was not affected by the addition 
of Mg*+. The variance between these results and 
those of Wolff et al. [33] was not explicable in terms 
of source [21] but may have related to the observation 
that calmodulin binds EGTA [34]. 

A variety of data supports the conclusion that 
Mg2+ and other divalent cations compete for the 
Ca2+ binding sites on calmodulin. Included are: (a) 
direct binding studies indicating that 4 moles of Mg2+ 
or Mn*+ bind per mole of calmodulin and are dis- 
placed by Ca*+ [33], (b) shifts in dichroic spectra 
[33,35] and nuclear magnetic resonance signals [36] 
occurring with the addition of Mg*+, and (c) an 
increase in the apparent K, for Ca’+ of various 
calmodulin-dependent enzymes occurring as a func- 
tion of increasing Mg*+ concentration. These 
enzymes include forms of cyclic nucleotide phospho- 
diesterase [37], adenylate cyclase [38], ATPase [39], 
myosin light chain kinase [40], and phosphorylase 
kinase [41]. 

Mechanism of enzyme activation by calmodulin 

With the exception of phosphorylase b kinase 
which has a nondissociable endogenous calmodulin 
component [42], all enzymes known to be activated 
by direct interaction with calmodulin (Table 1) dis- 
sociate from the protein on anion exchange columns 
equilibrated with Ca2+ chelators. Regulation of these 
enzymes by calmodulin (C) is generally believed to 
proceed by two sequential, fully reversible mass 
action expressions: 

nCa*+ + C Z Ca*+ C 
( 1 n (1) 

[(Ca’+),C], . Enzyme+t+. (2) 
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In this model, Ca2+ first interacts with calmodulin 
to form a complex capable of activating the enzyme 
(Eqn. 1). This complex then associates with the 
inactivated form of the enzyme forming an activated 
ternary complex (Eqn. 2); X stands for an unknown 
number of (Ca”), . calmodulin complexes. 

Saturation of calmodulin with Ca2+ (Eqn. 1) results 
in the occurrence of conformational changes in the 
protein involving increases in a-helical content as 
reflected by increases in ellipticity, an enhanced 
tyrosine fluorescence, and a negative t~osine dif- 
ference spectrum [8,32,33,3.5,43]. It is important 
to note, however, that saturation of the protein with 
Mg2+ (1 mM) elicits similar but somewhat less exten- 
sive changes without providing a complex capable 
of enzyme activation. For example, Wolff et al. [33] 
found that preparations of calmodulin that were 
initially free of divalent cations increased in &-helical 
content from 28 to 42 per cent with added Ca2+ and 
from 28 to 39 per cent with Mg2+. Lesser changes 
in responses to Mg2+ were found by Walsh et al. [35] 
at higher ionic strength with EGTA-containing 
buffers. At present the number (n) of Ca2+ which 
must bind to convert calmodulin to an activating 
form is in question. At 1 mM Mg2+ an activating 
calmodulin complex for the cyclic nucleotide 
phosphodiesterase forms with II equal to 3 [33]. An 
n equal to 4 is reported for the myosin light chain 
kinase based on kinetic rather than binding data [40]. 
It is difficult to distinguish whether complexes with 
n < 3 form activating species since the three remain- 
ing sites appear to bind Ca*+ with equivalent affin- 
ities. No information is available regarding whether 
Ca*+ binds sequentially or randomly to the various 
domains. 

The activation of the enzyme by the Ca’+-cal- 
modulin complex (Eqn. 2) appears to result from a 
conformational change induced in the enzyme as the 
active ternary complex forms @I-46]. Various data 
indicate that calmodulin without Ca2+ does not bind 
to the inactive enzyme [47]. Dissociation of the ter- 
nary complex presumably could either occur as a 
direct reversal of equation 2 or as a consequence of 
a dissociation of Ca2’ from the ternary complex 
followed by reversion of c~modulin to an inactive 
conformation and dissociation from the enzyme. 
Data are not available to distinguish among these 
possibilities, and it is not known whether the ternary 
complex has a higher affinity for Ca2+ than does free 
calmodulin. 

Several interesting inferences can be drawn from 
the above model. Clearly, if one increases the cal- 
modulin concentration in equation (1) without 
changing the Ca2+ concentration, more Ca2+-cal- 
modulin complex will form. Therefore, the apparent 
K, of the enzyme for Ca2* would be determined, in 
part, by the molar ratios of calmodulin to enzyme 
molecules. Only at ratios less than unity would the 
apparent &,, of the enzyme for Ca2+ be equal to the 
dissociation constant of Ca2’ from calmodulin. Ca*’ 
sensitivity as a function of calmodulin concentration 
is highlighted in Fig. 1 (panel A) for the Cazc-depen- 
dent phosphodiesterase. A second factor that would 
affect Ca + sensitivity would be the presence of 
cations competing for the Ca*’ binding sites on cal- 
mod&in (Eqn 1). The effect of Mg2+ concentration 

on the sensitivity of the phosphodiesterase is also 
illustrated in Fig. 1 (panel B). Similar effects have 
been found for the myosin light chain kinase 1401. 
A third dete~inant of Ca** sensitivity would be the 
relative affinity of the inactive enzyme for the 
Ca2+-calmodulin complex. Factors acting to increase 
the affinity of an enzyme for the complex would 
provide apparent increases in sensitivity of the 
enzyme to Ca2’. Presumably enzymes with high rela- 
tive affinities for the Ca*+-calmodulin complex 
would be preferenti~Iy activated over those with 
poor affinity in cells exposed to mild stimuli. A range 
of affinities for calmodulin does apparently exist 
among the proteins of Table 1. For example, phos- 
phorylase b kinase contains a complement of cal- 
modulin which has not proven separable without 
denaturation of the enzyme [42], Myosin light chain 
kinase has dissociable ca~modulin but is activated by 
1 mole calmodulin per mole enzyme [25]. Cyclic 
nucleotide phosphodiesterase requires high molar 
ratios of CDR to enzyme for full activation to occur 
]371* 

ReguEutory roles of calmotfu&n 

As indicated in Table 1, a considerable number 
of enzymes are reported to be subject to Ca’+- 
dependent regulation by calmoduhn, and there is a 
high probability that others remain to be identified. 
All of these enzymes appear to function at rate- 
limiting points in various cellular processes, with 
calmodulin coupling intracellular free Ca” flux to 
enzyme activation. Processes affected include cyclic 
nucleotide metabolism, glycogen metabolism, Ca’+ 
transport systems, and certain cell motility and con- 
tractile functions. While some of these processes are 
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Fig. 1. (A) Effect of calmodulin on Ca” sensitivity of 
porcine brain cyclic nucleotide phosphodiesterase. Ca’+ 
concentration dependence of phosphodiesterase activity 
was dete~ined~ as described previousfy [33], in incubations 
containing fixed concentrations of calmodulin-dependent 
phosphodiesterase, 25 nM cyclic GMP, 1 mM MgSO,, and 
either 10 (A), 100 (Cl) or 1000 (0) ng calmodulin. Maximal 
activities were, respectively, 395, 1060 and 1050nmoles 
cyclic GMP hydrolyzed+min-' *ml enzyme. (B) Effect of 
Mg*’ on Ca*+ sensitivity of calmodulin-dependent 
phosphodjesterase. Ca2+ concentration dependence of 
calrn~~n-dependent phosphodi~terase was determined 
in incubations containing 33 ng calmodulin and fixed con- 
centrations of calmodulin-dependent phosphodiesterase at 
0.3 (O), 1 (Cl), 3 (A) and 10 (0) mM MeSO,. Maximal 
activities were, respectively, 68.5; &IO, 1075&d 998 nmoles 
cyclic GMP hvdrolvzed . min-’ . ml enzvme. Cations were 
of spectrograde quality. Reagents we& freed of divalent 

cations by Chelex-100 pretreatment. 



1398 C. 0. BROSTR~M and D. J. WOLFF 

found throughout many cell types, calmodulin regu- 
lation is not necessarily found in all tissues which 
possess a given process. For example, the 
calmodulin-dependent forms of adenylate cyclase 
and phosphodiesterase have limited tissue distribu- 
tion with the phosphodiesterase apparently being the 
more widely distributed of the two [21]. For extensive 
details regarding the major properties of the various 
proteins listed in Table 1, the reader is referred to 
a number of recent reviews [21-261. The discussion 
to follow in this section will be limited to several 
issues of current interest in which new data have 
been reported. 

Calmodulin-dependent adenylate cyclase (for review 
see Ref. 21) 

Increasing numbers of tissues have been reported 
to possess adenylate cyclase activities that are acti- 
vated by Ca2+ [21,48-531. It seems likely that many, 
if not all, such activities will prove to require cal- 
modulin. The interrelationships between the Ca”- 
dependent adenylate cyclase and the more generally 
distributed Ca2+-independent form(s) remain to be 
clarified. Such properties as the apparent K, for 
ATP [54], inhibition by high free Ca2+ concentrations 
[38], and thermal stabilities with Ca*+ chelators are 
similar for the Ca2+-dependent form of adenylate 
cyclase from brain and the form(s) that are not 
activated by Ca 2+ In common with other forms, the . 
Ca2+-dependent enzyme is reported to be activated 
by cholera toxin [55], GTP and 5’-guanylyl imido- 
diphosphate (GMPPNP) [56,57], F- [38], and Mn2+ 
[581. 

Westcott et al. [59] have recently reported that the 
calmodulin-dependent adenylate cyclase from brain 
is largely deactivated by calmodulin-Sepharose affin- 
ity chromatography conducted with 1% Lubrol PX. 
Deactivation involved the removal of a heat-labile, 
trypsin-digestible, and N-ethyl maleimide-sensitive 
factor(s), and was accompanied by loss of enzyme 
activation by calmodulin, NaF, and GMPPNP [57]. 
Activation of the enzyme by calmodulin was restored 
by incubation of the enzyme at lower detergent 
concentrations with GMPPNP and a detergent-dis- 
persed fraction from cerebral cortex. The depend- 
ence of the reconstitution on GMPPNP may have 
related to the well-established requirement of var- 
ious adenylate cyclase activities for a specific GTP 
binding protein [60]. Since the reconstitution 
resulted in a calmodulin-dependent enzyme rather 
than a Ca2+-independent form, interconversion of 
forms apparently did not occur. 

In an early study, washed particulate preparations 
of C-6 glioma cells were found by Brostrom et al. 
[61] to possess a norepinephrine-stimulated adeny- 
late cyclase with a biphasic response to Ca2+. Low 
Ca2+ concentrations (= 0.1 PM) in conjunction with 
calmodulin activated the enzyme approximately 40 
per cent, whereas high Ca2+ concentrations were 
inhibitory. Increasing calmodulin concentrations 
reduced both the apparent Kati and Ki for Ca*+. The 
significance of the effect of calmodulin on Ca2+- 
dependent inhibition is unclear, but it has been 
reported to occur for CHO cells [62] and brain adeny- 
late cyclase [63] preparations. More recently, cyclic 
AMP accumulation by intact C-6 cells has been 

examined following a 5-fold depletion of intracellular 
Ca2+ stores with EGTA washes [64]. The ability of 
the cells to accumulate cyclic AMP in response to 
padrenergic agonists was reduced 60-70 per cent by 
Ca2+ depletion without effects on the binding of 
agonists. Rates of accumulation of cyclic AMP were 
restored by the addition of Ca2+ to the extracellular 
media in a manner blocked by verapamil, an inhibitor 
of plasmalemmal Ca2+ influx. Trifluoperazine at 
micromolar concentrations blocked the Ca2+-depen- 
dent component of cyclic AMP accumulation without 
affecting the underlying Ca2+-independent rate of 
accumulation. Most recently, the rate of activation 
of adenylate cyclase in intact C-6 cells and the con- 
comitant accumulation of cyclic AMP in response 
to cholera toxin have been found to be greatly 
reduced by Ca 2+ depletion (M. Brostrom, unpub- 
lished results). Similar responses were found for 
other cell lines in culture including Chinese hamster 
ovary (CHO) cells, pituitary (GH,) cells, neuro- 
blastoma (Neuro 2A) cells, and neuroblastoma- 
glioma (NG108-15) hybrid cells. Calmodulin has not 
been proven, as yet, to be involved in these effects 
of Ca2+ on cyclic AMP accumulations in intact cells. 

The adenylate cyclase of Bordetella pertussis has 
been recently reported by Wolff et al. [15] to be 
activated lOO- to lOOO-fold by calmodulin. Activation 
was prevented by EGTA but, once activated, the 
enzyme was only slightly inhibited by the chelator. 
Since calmodulin is apparently not present in this 
prokaryote, this activation is presumably actifactual. 
The broader significance of this result, however, may 
be that calmodulin became an integral Ca2+ metal- 
loprotein component of the enzyme. If so, forms of 
mammalian adenylate cyclase that are not activated 
significantly by Ca*+ or inhibited by EGTA may, by 
analogy with this prokaryotic enzyme, have calmo- 
dulin as an intrinsic metalloprotein component. It 
is also possible that activation of the prokaryotic 
enzyme by calmodulin was indirect, with calmodulin 
activating a primary enzyme which then activated 
the adenylate cyclase . 

Calmodulin-dependent cyclic nucleotide phosphodi- 
esterase (for reviews see Refs. 21, 22 and 25) 

Only one of a number of forms of cyclic nucleotide 
phosphodiesterase is known to require calmodulin 
for activity. Although structural and functional rela- 
tionships may exist among these forms, they have 
not been clarified. The form of phosphodiesterase 
activated by calmodulin has a higher apparent K, 
for CAMP (= 50-200 PM) than for cGMP (= 2- 
2OpM), but the question of whether it functions 
physiologically as a cGMP or CAMP phosphodiester- 
ase, or both, has not been resolved. Since it was the 
first enzyme shown to be activated by calmodulin 
and is easily assayed, it has been studied extensively 
by many workers. 

Recent work has focussed on the purification and 
physical characterization of this phosphodiesterase 
[65-68]. Ho et al. [65], in early work, reported puri- 
fication of the enzyme from bovine heart extracts of 
4000- to 5000-fold to an estimated 80 per cent of 
homogeneity. This preparation had a specific activity 
of 120 moles CAMP hydrolyzed * min-r * mg protein 
(120 units). The preparation was unstable and of low 
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yield and was not subjected to a detailed character- 
ization. Subsequent preparations of the phospho- 
diesterase have depended heavily on affinity chroma- 
tography using either calmodulin-Sepharose or blue 
dextran-Sepharose. Klee et al. [66] purified the 
enzyme 3000-fold in 2 per cent yield from bovine 
brain and described it as being homogeneous and 
activated 8- to lo-fold by calmodulin with a specific 
activity of 80-100 units. The enzyme hydrolyzed both 
CAMP and cGMP with respective apparent K, values 
of 100 and 2.5 to 9 PM in the presence of Ca2+ and 
calmodulin. The enzyme was described as having 
three subunits of Mi61,000, 59,000, and 15,000 
respectively. LaPorte et al. [67] purified the enzyme 
approximately 14,000-fold from bovine heart in 10 
per cent yield with a specific activity of 275 units. 
The enzyme was activated IO-fold by calmodulin and 
Ca*+. This preparation ran as a single band on 
SDS-polyacrylamide gel electrophoresis with an 
apparent M, of 57,000. Through dimethyl suberim- 
idate cross-linking studies the enzyme was deter- 
mined to be a dimer of these units, capable of binding 
two moles of calmodulin, to form an overall tetra- 
mer. The variance in these results with those of Klee 
et al. [66] was interpreted to arise from a contami- 
nation of the Klee preparation with a co-purifying 
calmodulin-binding protein with subunits of M, 
61,000 and 15,000. Morrill et al. [68] purified the 
enzyme 2000-fold from bovine brain to apparent 
homogeneity and a specific activity of 170 units. The 
enzyme was described as existing as a dimer of two 
identical subunits of 59,000 M,. The enzyme was 
activated 2-fold by calmodulin in conjunction with 
CaZt and exhibited apparent K,,, values of 9 & 1 ,uM 
for cGMP and 150 f 50 PM for CAMP. These results 
support the subunit studies of LaPorte et al. [67] and 
are consistent with the kinetic studies of Klee et al. 
[66]. The poor degree of activation by calmodulin 
may have arisen from proteolytic activation during 
preparation of the enzymes. 

The purification of the phosphodiesterase to hom- 
ogeneity should allow potential physical relation- 
ships of the Ca2+-dependent phosphodiesterase sub- 
units with other phosphodiesterase enzymes to be 
determined by such techniques as immunologic 
cross-reaction studies. It should also prove possible 
to characterize more fully the interactions of the 
enzyme with Ca2+ and calmodulin, perhaps, gaining 
insight into how calmodulin promotes activation of 
the enzyme and how the ternary complex (Ca2+- 
calmodulin-enzyme) dissociates. 

Calmodulin-dependent protein phosphorylation (for 
reviews see Refs. 21,25,26, and 69) 

A rapid expansion has occurred during the past 
several years in our understanding of regulatory 
mechanisms involving Ca2+-dependent phosphoryl- 
ation of specific proteins in various cell types. The 
existence of a calmodulin-dependent myosin light 
chain kinase has been reported in smooth [70], skel- 
etal [71,72], and cardiac muscle [73] cells as well as 
in non-muscle cells [74,75]. When activated by cal- 
modulin and Ca2+, this protein kinase phosphoryl- 
ates the regulatory (P) light chain (MC 20,000) of 
myosin [76]. In smooth muscle this phosphorylation 
event has been proposed by Sobieszek and Small 

[77] to permit myosin to interact with actin, allowing 
the initiation of contraction. Subsequent dephos- 
phorylation of the light chain is a Ca*+-independent 
event. This model of contraction has achieved wide, 
but not universal, support. Ebashi and co-workers 
[78-801 reported that Ca2+-dependent superprecip- 
itation of chicken gizzard actomyosin (believed to 
reflect actin-myosin interaction) and its subsequent 
re-solubilization by chelators occurs with a time 
dependence markedly discrepant from light chain 
phosphorylation and dephosphorylation. These 
workers reported that chicken gizzard and bovine 
aortic smooth muscle possess a Ca2+-binding protein, 
termed leiotonin C (M, 18,000), which differs from 
both troponin C and calmodulin [80,81]. Leiotonin 
C is reported to be a dissociable component of a 
leiotonin-protein complex that in the presence of 
Ca2+, interacts with aortic actin and allows super- 
precipitation with myosin to occur. Although cal- 
modulin could functionally interchange with leio- 
tonin C, it was not the native component of the 
complex. Further study will be required to resolve 
the respective contributions of calmodulin-depen- 
dent myosin light chain kinase and leiotonin in the 
control of actin-myosin interaction in smooth 
muscle. 

Myosin light chain kinase has been purified from 
turkey gizzard and serves as a substrate for the 
catalytic subunit of cyclic AMP-dependent protein 
kinase [82]. The myosin light chain kinase is phos- 
phorylated at a single site with a resultant 2-fold 
decrease in its rate of catalysis of myosin light chain 
phosphorylation. It is conceivable that phosphoryl- 
ation of myosin light chain kinase in response to 
elevated cyclic AMP concentrations in smooth mus- 
cle cells may relate to the mechanism by which CAMP 
induces smooth muscle relaxation, 

Skeletal muscle myosin light chain kinase (M, 
77,000-80,000) was originally purified by Pires and 
Perry [83]. These workers reported that the enzyme 
was stimulated by micromolar concentrations of Ca2’ 
to phosphorylate a partially purified light chain frac- 
tion in incubations without added calmodulin. The 
enzyme transferred phosphate from ATP, but not 
from GTP, ITP, CTP or UTP, and was inactive in 
phosphorylating casein, mixed calf thymus histones, 
phosphorylase b, or troponin. More recently, Nairn 
and Perry [72] have reported that this preparation 
of enzyme requires calmodulin for expression of 
activity when purified regulatory light chain is used 
as substrate. The previous lack of calmodulin 
dependence was attributed to calmodulin contami- 
nation of the light chain fraction. Recently, myosin 
light chain kinase has also been purified from rabbit 
skeletal muscle and bovine cardiac muscles by pro- 
tocols involving calmodulin affinity chromatography 
[84]. The physical and kinetic properties of the 
myosin light chain kinase purified from these diverse 
sources are shown in Table 2. The most pronounced 
difference among these enzymes involves their maxi- 
mum rates of light chain phosphorylation, with the 
enzyme from heart exhibiting a lOO- to lOOO-fold 
lower specific activity. Walsh et al. [73] have specu- 
lated that this low activity may be due to proteolytic 
modification during isolation. 

The function of myosin light chain phosphoryl- 



1400 C. 0. BROSTROM and D. J. WOLFF 

Table 2. Properties of various, purified myosin light chain kinases 

Source M* 

K,,, for 
light chain 

(ruM) 

K,,, for 
Specific activity 

(pmoles . min-’ . mg-‘) Ref. 

Human 
platelets 

Bovine 
heart 

105,000 18 121 3.1 15 

85,000 21 175 0.03 73 

Rabbit 
skeletal 
muscle 

80,000” 40-50” 200-400b 15-30” 72”, 83b 
80,000” 24’ 280” 4.3” 84” 

ation in vivo appears to vary from one tissue to 
another. Hidaka et al. [85,86] have proposed an 
essential involvement of calmodulin in the process 
of smooth muscle contraction. This proposal was 
based upon pharmacological studies conducted with 
isolated rabbit aortic strips induced to contract by 
such agents as KCl, CaC&, norepinephrine, hista- 
mine, and prostaglandin F2a. iV-(6-Aminohexyl)-S- 
chloro-1-naphthalene sulfonamide (W-7) and var- 
ious psychotropic drugs, such as chlorpromazine, 
were found to relax the contracted strips. These 
relaxing drugs are known to bind to calmodulin and 
to inhibit its biological activity. The order of potency 
of the drugs in inhibiting contractility paralleled their 
potencies as inhibitors of the calmodulin-dependent 
form of cyclic nucleotide phosphodiesterase. The 
slow time course of the contraction-relaxation cycle 
in smooth muscle would be compatible with enzy- 
matic mediation through a phosphorylation- 
dephosphorylation mechanism. Similar considera- 
tions are not applicable to skeletal muscle systems 
where the contraction-relaxation cycle is rapid and 
where Ca2+-induced contraction is effected by an 
allosteric interaction on the thin filament effected by 
troponin C. The role of light chain phosphorylation 
in skeletal muscle is, therefore, unclear. Manning 
and Stull[87] have examined light chain phosphoryl- 
ation in relation to isometric tension development 
in rat extensor digitorum longus muscle. Following 
a 1-set tetanic contraction, light chain phosphate 
increased from 0.1 to 0.75molelmole light chain. 
However, while relaxation occurred rapidly, light 
chain phosphate content declined slowly and cor- 
related to post-tetanic potentiation of peak twitch 
tension. These workers suggested that light chain 
phosphorylation is not obligatory for contraction in 
skeletal muscle but may play a role in post-tetanic 
potentiation. Comparable studies with intact tissue 
are as yet unreported for heart and non-muscle cells, 
and the functional role of light chain phosphorylation 
in these systems remains to be determined. 

Phosphorylation b kitme 

Phosphorylase b kinase (M, 1.28 x 106) from skel- 
etal muscle is a Ca’+-dependent enzyme [88] that 
comprised four types of subunits (a, 6, y and S). 

The 6 subunit has been identified as calmodulin 
[42]. Calmodulin appears to associate at two sites of 
very different affinity on the enzyme [89-911. Binding 
at one site occurs in stoichiometric amounts with the 
other subunits and is nearly irreversible. Dissociation 

does not occur readily with either Ca*+ chelators or 
8 M urea in the presence of CaL’, but it is reported 
to occur with chelators plus 8M urea [89] or with 
enzyme denaturation [42]. Binding at the second site 
confers additional activity upon the enzyme as meas- 
ured with such substrates as phosphorylase b, gly- 
cogen synthase, and phosphorylase kinase (auto- 
phosphorylation) [91]. Variable degrees of enzyme 
activation ranging from 2- to 6-fold have been 
observed at both pH 6.8 and 8.2 [89-911. These 
reports, however, are not in accord regarding the 
pH at which the larger fold activation occurs. This 
activation is prevented by other calmodulin-binding 
proteins. Calmodulin binding at the lower affinity 
site is reversible with EGTA on calmodulinSephar- 
ose affinity columns. Phosphorylase kinase prep- 
arations, exposed to limited proteolysis by trypsin, 
lose the ability to be activated by exogenous cal- 
modulin [90,91]. Trypsin-treated phosphorylase kin- 
ase, however, retains its Ca*+ dependence, but at a 
much increased affinity [89]. This cation requirement 
is apparently expressed through the endogenous cal- 
modulin component integrated into the enzyme at 
the high affinity binding site. Phenothiazine anti- 
psychotic agents have been reported by Walsh et al. 
[91] to inhibit both the basal activity of phosphorylase 
kinase and the increment in activity occurring upon 
addition of calmodulin. Shenolikar et al. [89] report 
that only the increment was inhibited. 

Troponin C and the complete troponin complex 
(TNC-TNI-TNT), but not the troponin I-troponin 
C complex, are also reported to substitute for cal- 
modulin at the weaker binding site in the activation 
of phosphorylase kinase [89,92]. A 200-fold higher 
concentration of either troponin C or the complex 
as compared to calmodulin was required for half- 
maximal activation. Arguments based on consider- 
ations of the relative concentrations of calmodulin 
and troponin in skeletal muscle have been advanced 
by Cohen et al. [92] to suggest that troponin C, rather 
than calmodulin, may be the more important physio- 
logical regulator at the second binding site of phos- 
phorylase kinase . 

Glycogen synthase kinase 

After phosphorylase kinase from skeletal muscle 
was found to activate glycogen synthase [93-951, the 
earlier reports of a calmodulin-dependent glycogen 
synthase kinase from that tissue [96,97] were placed 
in perspective. Most recently, however, Payne and 
Soderling [98] reported the discovery of a glycogen 
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synthase kinase from liver that is highly calmodulin 
dependent and not identical with phosphorylase kin- 
ase. This enzyme appeared to be specific for glycogen 
synthase in that it did not phosphorylate muscle 
phospho~lase, myosin light chain, casein, or 
histone. 

Calmodulin-dependent protein phosphorylation in 
brain 

Autophosphorylation of certain rat brain cytosolic 
proteins is stimulated by CaZ+ in conjunction with 
calmodulin 1991. At least three calmodulin-depen- 
dent protein kinase activities have been partially 
purified from cytosolic substrate proteins by affinity 
chromatography on calmodulin-Sepharose and 
resolved from each other by subsequent gel filtration 
on Sepharose 6B [loo]. These activities exhibited 
varying degrees of specificity for phospho~lase b to 
a conversion, t~ptophan monoo~genase activation, 
casein phosphorylation, and myosin light chain phos- 
phorylation. Calmodulin-dependent activation of 
brain tryptophan-S-monooxygenase in medium con- 
taining MgATP had been observed previously by 
these workers [loll. This observation has been con- 
firmed and extended by Kuhn et al. [102] who noted 
the suppression of the calmodulin-dependent acti- 
vation of the enzyme by various antipsychotic agents. 
These observations suggest that calmodulin may con- 
fer Ca2+-dependent regulation on serotonin biosyn- 
thesis, since tryptophan-5monooxygenase is the 
rate-limiting enzyme in this anabolic pathway. 

Ca2+-de~ndent autophosphorylation of mem- 
brane bound proteins has also been observed in brain 
[103,104] and other tissues [105,106]; however, the 
functions of these phosphorylated proteins and the 
nature of the enzyme(s) catalyzing their phosphoryl- 
ation are unknown. 

Calmodulin and Ca” rapport (for reviews see Refs. 
21,26, and 107) 

The original findings that a (Ca2+ + Mg2+) ATPase 
[108,109] and Ca2+ transport in “inside out” human 
erythrocyte vesicles [llO, 1111 are each stimulated 
several-fold or more by calmodulin have been sup- 
ported by subsequent research with the erythrocyte 
system [107]. Calmoduiin, therefore, appears to cou- 
ple intracellular free Ca2+ concentrations to a 
graded activation of an ATPase responsible for 
pumping Ca2+ from the cell. Transport of Ca2+ across 
the plasmalemma by this system would continue until 
intracellular free Ca2+ concentrations dropped below 
the values necessary to rn~nt~n the Caz%almo- 
dulin. In effect, the iu, of calmodulin for Ca2’ would 
determine the basal free Ca2+ that could be reached 
by the resting cell, barring other types of Ca2+ pumps. 

A strong data base is lacking for generalizing this 
model to other cell types. Sobue et al. [112] have 
reported that synaptic plasma membranes from rat 
brain, but not other brain fractions, contain a 
(Ca*’ + Mg*+) ATPase that is activated Z-fold by 
calmodulin. A small but reproducible stimulation of 
Ca2+ transport in canine cardiac sarcoplasmic reticu- 
lum has also been reported [113,114]. This incre- 
ment in transport has been attributed by Le Peuch 
et al. [114] to phosphorylation of phospholamban in 
the sarcoplasmic reticulum by a calmodul~-dean- 

dent protein kinase. Phosphorylation by the 
CAMP-dependent protein kinase at a different site 
on phospholamban also stimulated Ca2+ transport. 
Wuytack et al. [115] have recently compared Ca’+ 
transport and (Ca’+ + Mg2+) ATPase in microsomal 
fractions from porcine coronary smooth muscle, can- 
ine heart, and human erythrocytes, in response to 
calmodulin. Despite various modifications in pre- 
paratory and assay conditions, large effects of cal- 
modulin on either variable were found only with the 
erythrocyte preparations. It is presently difficult to 
evaluate the significance of the small stimulations 
(= 30-40 per cent) of the (Ca” + MgZ*) ATPase 
and of Ca*+ transport found thus far in response to 
calmodulin in the heart and smooth muscle micro- 
somal systems. 

Calmodulin and other enzymes 

Calmodulin has been reported to confer Ca2+- 
dependent activation on an NAD kinase found in 
plants [116]. Calsequestrin, purified to homogeneity, 
has been reported to possess protein kinase activity 
that is activated to a small extent (1.5fold) by cal- 
modulin in conjunction with Ca’+, using phosphoryl- 
ase b as substrate 11171. A platelet phospholipase 
may be stimulated by calmodulin [llS]. A Ca’+- 
dependent protein kinase found in many tissues and 
studied in detail by Nishizuka and co-workers [119] 
has properties that may arise from non-dissociable 
calmodulin. Calmodulin inhibits histone phospha- 
tase activity by substrate-directed effects [120,121]. 

Microtubule assembly-d~assembly vor review see 
Ref. 24) 

Marcum et al. [122] have reported that, in the 
presence of Ca2+, calmodulin inhibits the polymer- 
ization in vitro of brain microtubules and promotes 
disassembly of preformed tubules. This effect 
requires high (approximately 10s4 M) concen~ations 
of calmodulin. Rabbit skeietal muscle troponin C 
was a more effective inhibitor, whereas carp muscle 
parvalbumin was less effective. These studies have 
been confirmed and extended by Nishida et al. 
[123,124] who. reported that the concentration of 
Ca’+ required for half-m~mum inhibition of micro- 
tubule assembly decreased with increasing calmo- 
dulin concentration. The authors proposed that tub- 
ulin interacted selectively with a Ca2+-calmodulin 
complex (but not with Ca2+-free calmodulin) to form 
a non-polymerizable ternary complex. The binding 
of calmodulin to purified tubulin dimer free of 
mierotubular-~sociated proteins was shown to occur 
in a Ca2+-dependent manner. More recently, these 
workers have purified calmodulins and tubulins from 
porcine brain and sea urchin and have examined the 
effects of calmodulin on microtubule polymerization 
in cross recombinations [125]. Both sea urchin and 
brain calmodulin associated with brain tubulin, 
inhibiting its pol~e~zation in a Ca2’-dependent 
manner. These caImodulins exhibited the same 
mobility on SDS polyacrylamide electrophoresis and 
the same ability to activate brain cyclic nucletide 
phosphodiesterase. But neither porcine brain cal- 
modulin nor sea urchin calmodulin inhibited sea 
urchin microtubule assembly. Addition of 
microtubul~-asso~ated proteins did not restore cal- 
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modulin sensitivity. While the calmodulins from the 
two systems were closely related or identical, the 
tubulin proteins were not. Thus, the interaction of 
calmodulin with tubulin has several features which 
bring into question the potential physiologic signifi- 
cance of calmodulin as a regulator of microtubule 
depolymerization. The effect of calmodulin on 
depolymerization is expressed at much higher cal- 
modulin concentrations than those required for regu- 
lation of other systems. Specificity for calmodulin in 
preference to other Ca’+-binding proteins is lacking 
in the polymerization process. Although microtubule 
polymerization-depolymerization is a universal pro- 
cess for eukaryotes, calmodulin does not affect 
depolymerization in sea urchin. 

Functional interchangeability of various calciproteins 

Skeletal muscle contains at least three homologous 
proteins with high affinity for Ca’+--troponin C, 
calmodulin, and parvalbumin. Cardiac muscle pos- 
sesses a variant form of troponin C and calmodulin, 
and smooth muscle has calmodulin and leiotonin C. 
The presence of two or more of these closely related 
proteins within a given cell type introduces the pos- 
sibility of overlapping functionalities. The compar- 
ative ability of these proteins to confer Ca2+ depend- 
ence on diverse calcium-modulated enzyme systems 
has been examined by many investigators. It has 
been reported that skeletal muscle troponin, tro- 
ponin C, or parvalbumin preparations can substitute 
for calmodulin in conferring Ca’+ dependence on 
cyclic nucleotide phosphodiesterase [126,127], 
adenylate cyclase [15], myosin light chain kinase 
[72], phosphorylase kinase [92], or microtubule 
depolymerization [ 1221. 

Most commonly, calmodulin is found to be lOO- 
1000 times more potent than troponin C, whole 
troponin, or parvalbumin in activating these 
enzymes. The brain microtubule depolymerization 
response is an exception in that it is more sensitive 
to troponin C than to calmodulin. These great dif- 
ferences in potencies demand extremely high degrees 
of resolution of troponin, troponin C, and parval- 
bumin from calmodulin in their purification from 
skeletal muscle. Such purification is complicated by 
the similarity of the proteins and the difficulty of 
detecting trace contaminations of calmodulin by con- 
ventional techniques, such as stained gel electro- 
phoretography. Therefore, additional criteria are 
necessary to ensure that biological activity does not 
originate from trace contaminations of calmodulin 
in the calciprotein preparation. Recently, for exam- 
ple, Cohen et al. [92] demonstrated that whole tro- 
ponin or troponin C can activate phosphorylase kin- 
ase at concentrations lOO-fold higher than those 
required for calmodulin to produce activation. 
Activation did not appear to originate from calmo- 
dulin contamination of the troponin preparations 
since the activation was not prevented by a brain 
calmodulin binding protein, calcineurin [128], 
capable of reversing activation by authentic 
calmodulin. 

Comparable degrees of activation by troponin C 
[126] and parvalbumin [127] of the brain cyclic 
nucleotide phosphodiesterase have been reported to 
occur at 600- and lOOO-fold higher concentrations, 

respectively, than that required for calmodulin. This 
observation was examined further by Wolff and 
Brostrom [21] and LeDonne and Coffee [129] who 
were unable to find activation of similar phospho- 
diestrase preparations by parvalbumin. Stevens et al. 
[130] found no activation of phosphodiesterase with 
troponin C. Wolff and Brostrom [21] found activa- 
tion at 2000-fold higher concentrations of troponin 
C than of calmodulin, but the activation was sup- 
pressed by chlorpromazine at concentrations reflect- 
ing the dissociation constant of the drug from cal- 
modulin rather than from troponin C. The activation 
was, therefore, attributed to a calmodulin contam- 
inant in the preparation of troponin C. 

The ability of rabbit skeletal muscle troponin C 
or frog parvalbumin to substitute for brain calmo- 
dulin in activating myosin light chain kinases from 
cardiac, skeletal, and smooth muscle has been stud- 
ied by Walsh et al. [131]. No biological activity was 
reported for these proteins at concentrations lOOO- 
fold higher than activating concentrations of cal- 
modulin. A similar lack of activity for troponin C 
and parvalbumin in activating erythrocyte ATPase 
has been noted [108,109]. 

It appears, therefore, that calmodulin is unique 
among these calciproteins in being multifunctional. 
Troponin C and parvalbumin show weak, if any, 
biological activity in conferring Ca2+ dependence in 
diverse enzyme systems in accord with their 
restricted tissue distributions. In constrast, calmo- 
dulin has been shown to be effective in forming 
complexes with troponin I that can restore CaZ+ 
dependence to reconstituted actomyosin [ 1321. 
There is no evidence, however, that calmodulin is 
associated with thin filaments or is a native factor 
conferring Ca *+ dependence on skeletal or cardiac 
muscle contraction. 

Interaction of drugs with calmodulin (for reviews see 
Ref. 21) 

Phenothiazine antipsychotic agents inhibit all 
enzymes that require calmodulin for activity. This 
inhibition is reversed by increasing the concentration 
of calmodulin in the incubation [45,56,85,133] but 
not by increasing the concentration of Ca2+. These 
inhibitory effects are traceable to the original obser- 
vation by Levin and Weiss [134] that calmodulin 
binds phenothiazine at two types of sites. One of 
these sites is inconsequential, in that binding occurs 
with only low affinity with or without the presence 
of Ca2+. The other side binds 2moles phenothi- 
azine/mole calmodulin with high affinity (Kd = l- 
10 PM) in a Ca2+-dependent manner. Binding to this 
site was also reported with S?, Ni2+, Co2+, Zn’+, 
and MnZ+ but not with Mg2+ or Ba’+. Binding was 
reversed by EGTA. Troponin C also was reported 
to bind phenothiazine in a Ca2+-dependent manner, 
although, with less affinity. It is believed, therefore, 
that the phenothiazine binds to the active confor- 
mation of calmodulin and blocks the ability of the 
protein to interact with, and activate, calmodulin- 
dependent enzymes. Although this model is wn- 
sistent with the experimental data base for these 
enzymes, phenothiazine antipsychotics have lipid 
solubilities and detergent properties that provide 
them with a wide range of effects on membranes and 
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membrane-associated processes [135,136]. These 
effects are probably largely independent of calmo- 
dulin. Forms of adenylate cyclase not known to be 
activated by Ca*+ and c~modulin are inhibited by 
phenot~~ines 11373. For example, the dopamine- 
sensitive adenylate cyclase from brain is exquisitely 
sensitive to inhibition by trifluoperazine (K, = 
8 x lo-‘M) [138]. Jackowski et ~2. [139] recently 
reported that pretreatment of liver plasma mem- 
branes with trifluoperazine caused marked depletion 
of membrane Ca2’ stores and inhibited the activity 
of an associated adenylate cyclase. Following 
removal of the drug by washing, the enzyme could 
be totally reactivated by the addition of Ca*+. Cal- 
modulin without Ca2+ partially restored the activity. 
The calmodulin-dependent phosphodiesterase can 
be activated by various phospholipids without Ca’+ 
or ~modulin, and this activation is reversed by 
phenothiazines [45]. 

Levin and Weiss [140] have reported that high 
affinity, Ca’+-dependent binding to calmodulin is a 
general property of clinically effective antipsychotic 
agents, and that this binding parallels the ability of 
these compounds to inhibit calmodulin-dependent 
phosphodiesterase activity. Antianxiety and anti- 
depressant agents bound more poorly and were less 
effective inhibitors. Other agents, such as LSD, 
amphetamine, phenobarbital, morphine, and var- 
ious biogenic amines, that affect the central nervous 
system but are devoid of antipsychotic activity, 
neither bound nor inhibited. The affinity of binding 
to calmod~in qualitatively paralleled the potency of 
the agents as antipsychotics and their ability to pro- 
duce extrapyramidal effects. Some lack of stereo- 
specificity was found in this study. In a more exten- 
sive investigation of stereospecificity, Norman et al. 
[141] have found that both the clinically active and 
inactive isomers of a series of neuroleptics were 
equally effective inhibitors of the phosphodiesterase. 
The rc, values for inhibition correlated well with the 
octanol:HzO partition coefficients of the drugs. 
These workers argued that the observed lack of 
stereospecificity and the relatively high concentra- 
tions of neuroleptic required for enzyme inhibition 
effectively ruled out an involvement of ca~modulin 
in the therapeutic actions of these drugs. Additional 
insight into this issue may be gained with the devel- 
opment of additional inhibitors of calmodulin func- 
tion. One such agent is N-(6-aminohexyl)-5chloro- 
l-naphthalene sulfonamide studied extensively by 
Hidaka et al. [85,86]. 

A wealth of new literature continues to support 
the conclusion that calmodulin is a multifunctional, 
Ca2+-dependent enzyme regulator. Its properties and 
distribution are in accord with its functioning as a 
major, if not the predominant, Ca*+ receptor protein 
in most cell types. ~almodulin acting in this capacity 
would couple transient increases in intracell~ar free 
Ca2’ resulting from extracellular stimuli to the acti- 
vation of rate-limiting enzymes in diverse metabolic 
processes. In this capacity it would co-ordinate the 
processes involved in maintaining the functional sta- 
tus of the cell. Indeed, by activation of plasmalemmal 
Ca*+ transport systems responsible for pumping Ca2+ 

from the cell, calmodulin could presumably deter- 
mine the concentration of Ca*+ in the resting cell 
and the termination of Ca*+-dependent responses. 

At present a number of impo~ant problems 
remain to be solved. It is not currently known how 
many additional calmodulin-regulated enzymes 
remain to be discovered. Indeed, additional enzymes 
patterned after phosphorylase kinase may exist, pos- 
sessing calmodulin as a non-dissociable subunit. 
There is also an excellent possibility of creating 
artifactual enzyme activations in vitro from the 
addition of large amounts of calmodulin to enzyme 
incubations. It is to be hoped that additional cor- 
roborating evidence can be obtained in vivo for 
stimulatory effects in vitro. We presently know very 
little about concerted control by calmodulin of 
Ca*+-dependent enzymes within the same cell type 
or the relationship between calmodulin-regulated 
enzymes in different cell compartments. Various 
reviewers [l, 2] have emphasized the many complex 
interrelationships between second messenger sys- 
tems involving CaZ+, CAMP, and possibly cGMP. 
These systems appear to function as discrete yet 
interdigitated elements of an overall biological con- 
trol mechanism. Much more information will be 
required before the systems and their interrelation- 
ships can be fully appreciated in terms of a common 
theme with species and tissues variations. For exam- 
ple, the large group of enzymes that are phosphoryl- 
ated by the various calmodulin and cyclic 
nucleotide-dependent protein kinases could con- 
ceivably respond catalytic~ly with functionally 
independent, complementary, or antagonistic reac- 
tions. The relationships between these protein kin- 
ases could be universal or vary between selected cell 
populations by virtue of different cellular protein 
substrate components. Alternatively, the profile of 
protein kinase activities could vary with cell type, 
In systems of such complexity, the possibjlities for 
future pharmacological intercession would appear 
to be extremely promising. 
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