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CALCIUM BINDING PROTEINS ARE INVOLVED BOTH IN CALCIUM EFFECTS
AND IN THEIR SUPPRESSION

JACQUES HAIECH , CHRISTIAN J. LE PEUCH , MURIELLE L. RINALDI AND
JACQUES G. DEMAILLE

Unité 249 "Biochimie des Régulations des Systémes contractiles' de |'INSERM,
Centre de Recherches de Biochimie macromoléculaire du CNRS, and Faculté de

Médecine, BP 5015, 34033-Montpellier Cedex (France)

INTRODUCT ION

The unstimulated eukaryotic cell is characterized in metazoans by a low free Ca2+
level (ca 0.1 uM). Upon excitation leading to contraction, secretion or other phy-
siological effects, the free Ca2+ concentration rises to approx. 10 uM (1). Then
Ca2+ level returns to its initial low value. Thereby a calcium wave is formed, by
which the system departs from its stationary non-equilibrium state. Prigogine (2)
wrote in his "Introduction to thermodynamics of irreversible processes' : '""When a
system is in a state of minimumsentropy production then .... it cannot leave this
state by a spontaneous irreversible c'hange. I1f, as a result of some fluctuation, it
deviates slightly from this state, internal changes will take place and bring back the
system to its initial state, which may be referred to as a stable state"'. iy

It is our purpose in this paper to describe in molecular terms the role of the intra
cellular calcium=-binding proteins both in 'the translation of the calcium wave into phy—

siological effects and in the return to the stable state.

THE STABLE STATE

In the stationary state, cell membranes must be considered as permeable to calcium
ions only through pumps (Ca2+—stimu|ated Mgz+- dependent ATPases) and exchange
proteins (antiporter). The Ca2+ pumps are able to transport two Ca2+ ions per mol
ATP hydrolyzed, while the Na+/Ca2+ exchange protein, taking advantage of the Na*
gradie it 1 1int tined by the Na+, K+-ATPase, exchanges three Na* ions against one
Ca2+ ion . 207~ 1). In both cases, the ATP-dependent Ca2+- efflux from the cytosol
results in the saration of three compartments. The cytosol is characterized by a
low Ca2+ concentration (pCa 27) while much higher levels are_reaéhéd in the extra-
cellular space (pCa ~ 3) or intracellular stores (pCa ~ 2) such as the sarcoplasmic
or endoplasmic reticulum. In the stable state, the rate of transport of Ca2+ out of
the cytosol is minimal (3), and the intracellular low molecular weight calcium-binding
proteins are free of Ca2+. They form a family of evolutionarily related pro.teins that

are all derived from a common four-domain ancestor. The ancestor protein was formed
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Fig. 1. A schematic representation of Ca2+ fluxes. Thick arrows represent Ca2+

channels. SR and ER stand for sarcoplasmic and endoplasmic reticulum, respec-
tively.

by doubling and then quadrupling of a primordial gene that coded for a one-domain
primordial peptide, made of a central 12-residue ion-binding loop flanked on each

side by a 12-residue a-helix (4, 5). The ancestor evolved into three subfamilies.

One of them includes the brain S—100 protein and the intestinal calcium-binding protein.
Another contains the myosin regulatory light chains and parvalbumins, the soluble re-
laxing factor of fast skeletal muscle. The third subfamily is the most interesting in
that it includes, besides the myosin alkali light chains, troponin C and calmodulin,

that convey the calcium message to the calcium-activated enzymes (6).

Most remarkable in the story of the family was the divergent evolution of calcium-
binding sites toward either the loss of divalent metal-binding(in myosin alkali light
chains or in parvalbumin domainll) or the acquisition of different Caz+— and M92+_
binding properties (5). Sbme sites, e.g. domains |'l| and |V of parvalbumins and

A



2t sites with affinities for Ca2+ in the

troponin C evolved to high affinity Ca2+- Mg
nanomolar range and pKd Mg2+ ~v 5(7). Those sites are saturated by M92+ in the res—
ting cell where free Mgz*’ concentration is ca 0.6 mM (8). Other sites, such as
skeletal troponin C domains | and || or calmodulin domains, are considered as low
affinity Caz+—specific sites because their affinity for Mgz+ ions is too low for the
sites to be saturated by Mv_:;2+ in the stable state. For instance, calmodulin is best
described as

2+ 2+ +
CaM . Ca0 * Mgo.7 ot B ar

in the presence of 150 mM KCI, 0.6 mM Mgz““ and 0.1 uM Ca

ditions, all Caz+— binding proteins are either free (parvalbumins, calmodulin) or,

5 (9). Under these con-—

when they are bound to other macromolecules (troponin C to troponin | and T, the
tightly bound calmodulin, or § subunit, to the other subunits of phosphorylase kinase
(10)), they exhibit the "Ca2+- free" conformation that leaves the particular target

in an inhibited state.

THE EXTERNAL PERTURBATIONS

The stable state is altered when primary signals from other cells, such as hormo-
nes or neuromediators, reach the cell membrane and interact with specific receptors.
A physical discontinuity in the cell membrane permeability barrier to Caz+ ions is
then created by the opening of Ca2+ channels. Almost nothing is known about the
proteins the channels are built from. It seems, at least from observations on the
slow Ca2+ channel of the cardiac muscle, that the increase in the cytosolic Ca2+
level resulting from the voltaée—dependent Ca2+ uptake is moderate and at any rate
unable to trigger and sustain contraction. There is however evidence that the spa-
tial and temporal distribution of Ca2+ ions within the cell is not uniform (11,12).
Much of the Ca2+ increase appears to be restricted to the vicinity of the plasma mem-
brane, where it can already activate Ca2+ pumps which exhibit highly cooperative
activation curves in the range 0.1 to 1 uM (3). More important, Ca2+ entry is able
to trigger the "Ca2+- induced Ca2+— release'" from internal stores (13), through unde-.
fined channels. Such autocatalytic release is massive enough to increase Ca2+
level up to 10 uM (1) within a few milliseconds. What is more puzzling is the reason
why Ca2+ efflux from e.g. sarcoplasmic reticulum stops while the concentration
gradient is still quite steep, unless we assume that Ca2+ activates the reticular
channels at low concentrations and blocks them at higher levels. An interesting
feature of the slow Ca2+ channel in cardiac muscle is its modulation by the other
second messenger, namely cAMP. Upon epinephrine stimulation, the contractile
force increases as a result of a better Cen2+ load of the cell. This positive ir:otropic

effect is mediated at the plasma membrane level by the dissociation of type 1l cAMP-



—~dependent protein kinase and the subsequent phosphorylation of calciductin, a
23 000-dalton proteolipid that is either the Ca2+ channel or its activator. Such
phosphorylation results in a ca 2-fold increase in the voltage-dependent Ca2+ uptake,

measured in purified right-side-out sarcolemmal vesicles (14).

CALMODULIN AND CALCIUM-DEPENDENT ENZYMES

When the CaZ+ level increases in the cytosol from pCa 7 to pCa 5, the Ca2+—specific
sites of calmodulin and troponin C are first saturated with diffusion-limited kinetics.
Calmodulin primary structure (15) points to four calcium-binding sites, as confirmed
by most ion-binding studies (see ref. 16 for review). It was proposed in one report
that all four sites are equivalent aﬁd saturated at random (17). More recent studies
(16) show however that Ca2+, M92+ and K* compete for each site (Table 1) and that
Ca2+ binding is sequential and ordered with a unique binding sequence.
TABLE 1
ION BINDING TO CALMODULIN ?

Domati ° I I Ty v
* (nM) 67 170 600 900
* (uM) 70 270 100 90

K" (mM) =B, 10.6 8.7 1.5

Intrinsic dissociation constants
Labeled from their order in the primary structure from the NHo- to the
COOH-terminus.
Assuming thermcdynamic equilibrium is reached, free calmodulin would be under
the form : i
2+ 2+ +

CaM . Ca 26 Mg o K -

in the presence of 150 mM KCI, 0.6 mM M92+ and 10 uM C-':l2+ (9). This indicates
that the fourth site is probably saturated only in the enzyme—calmodu\in complex.

The calcium-binding sequence of free calmodulin was determined by using the lumi-
nescent properties of Tb3 ions when bound to a protein close to a tyrosyl phenol
group (18). No enhancement of Tb3 luminescence was observed up to two mol Tb

per mol, that were therefore bound to higher affinity domalns | and || that lack
tyrosyl residues. Domain 111 is next in the saturation sequence, as shown by similar
experiments performed on octopus calmodulin which contains only tyrosine 138 in
domain 1V (19). Finally, the ion-binding sequence is 1| = | = |1l = V. Calcium
binding to calmodulin induces conformational changes that were studied by a number

of techniques, including NMR, CD and UV differential spectroscopy and tyrosine



fluorescence (see ref. 20 for a review). Most spectral changes are complete after

binding of only two mol C82+ per mol, indicating that Ca2+ binding occurs in at least
two steps, corresponding to binding of a first pair of Ca2+ ions to domains Il and |,
followed by saturation of domain Il and eventually 1V (20) that leads to activation of

calmodulin-dependent enzymes.

|

Fig. 2. A pictorial representation of the sequence of ion-binding to calmodulin
and of the resulting conformational changes. The domains of the primary structure
are numbered from the NHg~ to the COOH-terminus.

It has indeed been shown that myosin light chain kinase or cyclic nucleotide phos—
phodiesterase are activated only by CaM . Ca23+_l‘ and not by CaM . Ca§+ , even
though the subtle conformational changes that occur in the transition from the latter to
the former calmodulin form are as yet unknown (21-23). In any case, the final acti-
vating calmodulin exhibits a hydrophobic patch on its surface that is capable of inter-

acting with and binding to a similar patch on either the target enzyme or the anti—



psychotic drugs that block the activation of calmodulin-dependent eﬁzymes (24)

(Figure 3).
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Fig. 3. Calmodulin binding to target enzymes and to tricyclic antipsychotic drugs.
CaM, calmodulin. The putative scheme stresses the importance of both hydrophobic
and electrostatic bonds.

The calmodulin species that binds to the target enzyme may well be different from
the species that activates it. For instance, the tightly bound calmodulin of phospho-
rylase kinase, i.e. its § subunit, remains attached to the enzyme in the absence of

Ca2+ (10) whereas calmodulin dissociates from myosin light chain kinase or cyclic



