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ABSTRACT. To elucidate some aspects still debated concerning the interaction?bfad Mg with

CaM, the thermodynamic binding parameters of'CaCaM and Mg*"—CaM complexes were characterized

by flow dialysis and isothermal microcalorimetry under different experimental conditions. In particular,
the enthalpy and entropy changes associated with &ad Mg binding to their sites were determined,
allowing a better understanding of the mechanism underlying cat@M interactions. Cd—CaM
interaction follows an enthalpyentropy compensation relationship, suggesting that CaM explores a
subspace of isoenergetical conformations which is modified By Biading. This C&"-induced change

in CaM dynamics is proposed to play a key role in CaM function, i.e. in its interaction with and/or activation
of target proteins. Furthermore, data show thafMdpes not act as a direct competitor forPChinding

on the four main C& binding sites, but rather as an allosteric effector. This implies that the four main
Mg?* binding sites are distinct from the EF-hand?*Céainding sites. Finally, Cd is shown to interact

with auxiliary binding sites on CaM. These weak affinity sites were thermodynamically characterized.

The results presented here challenge the current

Transient C&" waves are induced in the cytosol of most
eucaryotic cells by external stimull, Transduction of the
C&" signal occurs through Ga binding to proteins that
exhibit C&" affinities and binding kinetics compatible with
the concentration and time range of the?Cavave. More
than 400 sequences of such?Ghinding proteins are known.
All these proteins are similar in their primary structure and
probably have evolved from a common ances®)r (Their
evolutionary, functional, and structural €abinding unit is
the helix-loop—helix motif, commonly called the EF-hand
domain @—5). This motif is a linear sequence of about 36
amino acids, composed of a 12-residué'Gdinding loop
surrounded by twaer-helices. The various Gabinding pro-
teins differ in the number of these functional domains and
their affinity for C&".

CaM;}! a member of this superfamily, is found in the
cytoplasm of all eucaryotic cells so far tested, in contrast to
other C&"-binding proteins which are restricted to some cell
lineages §). It appears as a prototype for the study of the
role of C&*-binding proteins in the cell7( 8). The protein

consists of four EF-hand domains, and its primary structure

was determined by Watterson et af).( In its crystal

accepted view of CaM ion binding.

shown by NMR to be nonhelical in its central part and
flexible in solution (4—17). Each lobe contains two coupled
C&*-binding sites.

C&" binding is essential for CaM activation. Its binding
induces a major reorganization of the protein, leading to the
formation of a hydrophobic cavity which allows CaM to
interact with its target enzyme$%, 16—21). Various studies
have shown that Ca interaction with CaM is complex,
involving coupling between the main &abinding sites 22,

23) and probably auxiliary cationic sites, as previously
suggested by Milos et al24, 25) and confirmed by Lafitte

et al. 6, 27). Despite the number of studies, controversies
concerning the mechanism of ion binding to CaM still
remain. Namely, is CaM composed of two independent
lobes with two cooperative sites in ea@8(29) or composed

of two coupled globular domaing8Q, 31)? Several reports
support this latter modeBg, 33), and a recent differential
scanning calorimetric study showed that the electrostatic
potential played an important role in the coupling between
the two lobes §4).

Another controversy concerns CaN¥g?" interaction,

structure, CaM appeared as a dumbbell-shaped protein withwhose understanding is of great interest sincéMaglthough

two lobes linked by a central helix(—13), which has been
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at high concentrations) has been suggested recently to
contribute to the specificity of CaM in target activati@®¥b).

The parameters of CaMMg?" interaction are still largely
debated in the literature, in particular the number of sites,
their affinity for Mg?*, and the existence of a direct
competition between Mg and C&" for their binding to
CaM. The accepted model considers a direct competition
of Ca* and Mg " on the four main C& binding sites 85,

36), although it has been suggested that?Mmight be an
allosteric effector of CaM34—27).
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To gain further insight into these problems, we combined the binding to the calcium specific sites (EF-hand sites), and
flow dialysis and isothermal microcalorimetry to study the K is the association binding constants for the auxiliary sites.
binding of C&" and Mg+ to SynCaM, a synthetic hybrid  From a previous report using mass spectrometry, we have
of mammalian and plant CaM able to activate all the CaM- shown that there were four high-affinity calcium sites (the
dependent enzyme87). This synthetic calmodulin is used so-called calcium specific sites), two medium-affinity sites
as a standard of comparison in our study. We have shown(the so-called auxiliary sites), and four low-affinity sites that
that the mean calcium affinity of SynCaM is lower than the we neglect in this study2g, 27). We assume that the
mean calcium affinity of calmodulin from ram testes when auxiliary sites are equivalent and independent and that they
measured under the exact same experimental conditions (Jare independent of the specific sites. In the same study, we
Haiech, unpublished results; r88 and this paper). Quan- have shown that there are four magnesium sites (two with
titative comparison of affinity constants of different calm- affinities higher than those of the two others).
odulins is probably meaningless as few changes in the pri- |gothermal Calorimetry.Binding of C&* to the main sites
mary structure or the experimental _condmons mduce.s!g— of CaM and binding of M@ were analyzed by isothermal
nificant changes in the thermodynamic parameters. Affinity titration microcalorimetry (ITC) using a Microcal MCS ITC
constants and enthalpy and entropy changes éf @ad instrument. Experiments were carried out at°Z5in the
Mg?" interactions with SynCaM were determined. Careful g5me huffer in which flow dialysis experiments were carried
analysis of these parameters let us further pinpoint someg 1 The caM concentration (in the 1.34 mL cell of the
aspects of cationCaM interaction and clearly indicate that calorimeter) ranged from 0.02 to 0.2 mM, while and
Cat and Mg@* do not directly compete in their binding to Mg2* concentrations (in the syringe) varied from 3 to 20
CaM. mM. CaM was titrated up to a ligand/protein concentration
MATERIALS AND METHODS _ra_tio _of abou_t 10. Th_e heat of dilutioq was measured_ by

injecting the ligand(s) into a buffer solution without protein.

Protein and Protein Concentration Synthetic CaM, The value obtained was subtracted from the heat of reaction
SynCaM, was produced and purified with previously de- to obtain the effective heat of binding. Data were analyzed
scribed procedure8t, 39). Protein purity was checked by  using Microcal Origin software and were fitted with eq 2 to
SDS gel electrophoresis, high-performance capillary elec- obtain the thermodynamic parameters for the interaction of
trophoresis, and ESI mass spectrometry. Purity of the proteinCa* with each C&" binding site of CaM: enthalpy of
used in this study wag99%. Protein concentration was binding (AH), association constanKg), and, consequently,
measured by amino acid analysis and by UV spectropho-free energy changeAG) and entropy change\S).
tometry with a molar extinction coefficient at 276.5 nm of
1560 Mt cm™* (40) or using the Bradford technique. For AH = [AH,K,x + (AH; + AH,)K,KC +
all experiments, ultrapure water (milli-Q apparatus, Millipore
Inc.) and plasticware washed iL N HC| were used to (AH; + AH, + AHKKKC + (AH, + AH, +
minimize C&" contamination. C& was removed from AH; + AH K KKK X1 + Kox + KK +
protein with the trichloroacetic acid treatmewnty. 3 2

Flow Dialysis Flow dialysis experiments were carried K KaKaX + K KKaKpX) (2)
out according to Haiech et a4 1) at 25°C in 50 mM Hepes
buffer at pH 7.5. To the upper chamber of the dialysis cell C&* binding to the auxiliary sites of SynCaM was measured
which contains 1 mL of protein (concentration-e8 x 1075 with a Thermometric 2277 Thermal Activity Monitor ap-

M) was added JuL of 45Ca&" (about 1uCi). The lower paratus, according to a previously described flow micro-
compartment was perfused by the buffer at the flow rate of calorimetric method42). The flow rate was 20 mL/h in
240 mL/h. One microliter aliquots with increasing CaCl two calorimeter circuits, and the sensitivity was A full-
concentrations were added to the upper compartment. Forscale, with a background noise of @V. Interactions were
each C& addition, five fractions of 1 mL each were studied by binding various Cagtoncentrations to a fixed
collected. The last three fractions out of the five were protein quantity (1 mL at about 2 10° M). The
counted with a liquid scintillator. A final addition of 1 M experimental heat quantities were corrected, when necessary,
CaCl ensures a complete chase*atat. In this way, for for dilution effects. The calculated enthalpyAH) was
each C& addition, the amount of free €a can be expressed as a function of macroscopic association constants,
determined. Each binding experiment gives a datarset ( Ki, acquired by flow dialysis (eq 3):

%), in which x; is the free concentration of ligand andthe

average number of moles of ligand bound per mole of AH = [AHKx + (AH, + AH2)K1K2x2+

protein. Nonlinear fitting was carried out with Microsoft 3
Excel software or with Microcal Origin software using the (AH; + AH, + AH K KK + (AH, + AH, +

Adair—Klotz equation according to Haiech et a1} AHg + AH K KKK XL + Kox + K KxE +
3 4
v = (KX + 2K, K¢ + 3K KK + K KoKX + K KoK KX + 2AH[KX/(1 + KX)] (3)

A
KKK (L + Kx + KlKZX2 + K1K2K3x3 + where AH,;, AH,, AHs;, and AH, represent the enthalpy
K KKK XY 4 2[KX/(1 + KX)] (1) change associated with the binding of the first, second, third,
and fourth C&" to the protein, respectively, andcorre-
wherev is the number of calcium bound per calmodulin, sponds to the free €& concentration. AH represents the
Ki, Kz, K3, andK, are the macroscopic constants describing enthalpy change associated with the binding to the auxiliary
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In the apo form, only one C& binding site in CaM is
able at first to bind C& with a high affinity (high-affinity
conformation). Binding to the first site allows then the
second site to undergo a conformational change (from the
low-affinity conformation to the high-affinity conformation)
and to bind C& with an affinity in the same range as the
first one and so on. The binding sequence previously
determined&l) is lll — IV — | — I, where IV represent
the C&" binding sites, starting the numbering from the NH
terminus of the protein. The binding of calcium to calm-

‘ odulin follows a preferential pathway. The first sequence,
IE$  IE7  IE6  IES  1E4  1E3 proposed in 1981 (ll, I, lll, and then IV), was based on the
Free calcium concentration (M) calmodulin sequence published by Watterson et@latd
Ficure 1: Calcium binding to SynCaM in 50 mM Hepes buffer at  on the number of carboxylic group present in each EF-hand
pH 7.5. The number of moles of calcium bound per mole of pro- sjte. Moreover, this sequence of calcium filling was cor-

tein is expressed as a function of the free calcium concentration. ; P ; }
Calcium binding experiments were perfromed using flow dialysis roborated by the terbium titration of calmodulin. Unfortu

as described in Materials and Methods. Each experiment wasnately, due to two deaminations, the sequence of calmodulin
performed at least three times with protein concentrations ranging determined by Edman degradation was not the same as the
from 1075to 5 x 1075 M. one obtained by DNA sequencing, and it was shown that
terbium does not behave like calcium when it binds to
sites. Nonlinear fitting was carried out with Microsoft Excel calmodulin @¢4). Using the true sequence of calmodulin,

software. the rationale presented in the 4t is in agreement with

the actual proposed sequence.
RESULTS AND DISCUSSION This sequential model is strongly corroborated by recent

Ca&* Binding to SynCaM Studied with Flow Dialysis res_ults using a different_ exp_erimental_approe&b 83 49).
This sequential model implies there is a strong asymmetry
In 50 mM Hepes buffer at pH 7.5, the binding isotherm of the molecule in the apo form (only site Ill has a high
is biphasic (Figure 1). The first part of the curve with the affinity for calcium) and there is a strong “positive cooper-
plateau at 4 mol of Ca per mole of CaM corresponds to  ativity” between the sites of the same lobe and also between
Ca* binding to the four main Cd-binding sites (EF-hand  the two lobes of the proteins. More precisely, there are
sites). The second phase, which shows increased Ca strong coupling factors between the different sites of the
binding when the free Ca concentration is above 1M, molecule.
suggests the presence of auxiliary?Ghinding sites and Assuming the sequential model for €abinding, the
corroborates previous observatio@5(27). These auxiliary  association constants for €abinding to each specific EF-
sites have Cd affinities in the millimolar range. It was  hand site can be determined. Indeed, under these conditions,
thought previously that this part of the curve corresponded the macroscopic binding constants determined above cor-
to a nonspecific Cd binding to the dialysis membranaq). respond to the association constants for each site when it is
However, when the protein concentration was varied (be- in the high-affinity conformation, and thus, the values<gf
tween 10 and 10M calmodulin), the same curve was (1.85x 10° M1, K, (1.22x 1P M7Y), K3 (4.4 x 10° M),
obtained pointing out that this second part of the binding andK, (1.0 x 10° M~1) represent the association constants
isotherm is also relevant to €abinding to the protein. for C&" binding to the first (site 1), second (site 2), third
For binding to the main CGa-binding sites, our experi-  (site 3), and fourth (site 4) sites, respectively, when those
mental data were fit using the AdaiKlotz equation as  sites are in the high-affinity conformatiofAsindeed, due to
indicated in Materials and Methods. Values for the mac- the preferential calcium binding pathway, in the binding
roscopic association constamtg Ko, Ks, andK, were 1.85 polynomial (the denominator of the AdaiKlotz equation),
x 10, 1.22 x 1%, 4.4 x 1P, and 1.0x 10° M7}, the termKyx does not refer to the calmodulin with one
respectively. These values are in good agreement with thosecalcium (whatever the site where the calcium is bound) but
obtained previously for SynCaMg, 30). The mechanism  to calmodulin with one calcium in site Il (the first site to
of C&" binding to CaM is complex, and several modéls, ( be occupied) and so on for the other terms of the binding
31) have been proposed to explain the various"@inding polynomial.
data. However, so far, only one model takes into account
most, if not all, of the data present in the literature. This Thermodynamic Analysis of €aand Mg* Binding to
model is termed the sequential mod&0,( 31, 41, 43), SynCaM

although it will be better described as a preferential pathway The heat effect generated by Tainding to CaM and
binding model. In this model, it is proposed that the calcium measured by microcalorimetry takes into account the two

binding sites of calmodulin may exist under wo conforma- main mechanisms involved in the interaction oPCaith
tions: a conformation where they exhibit a weak affinity Ca*-binding proteins:

for calcium (the low-affinity conformation) or a conformation
where they exhibit a high affinity for calcium (the high- ; : : : —
affinity conformation). The calcium affinity in this confor- Secgg‘é"‘:ﬁﬁg“tgﬁg %iﬁter: , ggﬁﬁ_(f é%fgirnt&rfge ;r']tdessﬁgﬁlllé"igtﬂsév
mation is at least 100-fold higher than that in the low-affinity - mistaken with sites+1v which refer to the location of the site in the

conformation (see the appendix of wf). protein structure.

Calcium bound (mol/mol)
S = N W s U &N e




Calcium and Magnesium Binding to CaM

Time (min)
0 33 67 100 133
T T T T T T T
0 i
3 @
F - ]
Q
=
-2 T
-
8 o+ ]
Q
L
g
%
2 27 7
=)
£
3
~ -4 T T T T T
0 2 4 6 8
Molar Ratio

Ficure 2: Typical ITC data curves of CaMCa&" interaction at
25 °C in 50 mM Hepes at pH 7.5. (a) Titration of 1.34 mL of
SynCaM (5.1x 1075 M) with 4 mM CaC} with 40 injections of
3 uL each. (b) Binding isotherm derived from panel a.

(i) Ca?* binding itself, involving mainly cation desolvation
(46), is characterized b)AHbinding (AHbind) and ASjinding
(ASsing)-
oxygen atoms involved in Caligation in the C&" binding
site are arranged in a pentagonal bipyramidal arday?).

C&* is seven 4, 48). Thus, one can assume that the 1

geometry of C& coordination in water or in the protein is
identical, implying thatAHy,q is almost zero.

(ii) The conformational modification of SynCaM associ-

ated with C&" binding is characterized bYAHconformation
(AHconf) and AS:onformation (AS:onf)-

Thus, the observedH (AHqp9 and AS (AS9 can be
written as follows: AHgbs = AHping + AHeonf aNd ASyps =
ASoind + AS:onf-

In various systems and namely upon?Cainding to
proteins, a linear relationship betweahl andTAShas been
observed46). Such alinear relationship, termed enthatpy

isoenergetical conformationS@). In the case of enthalpy
entropy compensation and taking into accottying = 0
as indicated above, the observed entrdyys takes the
following form: ASyps = KAHgps + ASntercept [N this case,
ASnterceptStands forAS;ps when AHgps = 0 and corresponds
to the entropy of C& desolvation 46).

C&* Binding A typical experimental ITC curve for Ca

the stoichiometry of CA binding fixed to 4 (Adair-Klotz

for the enthalpy changes\H:, AH,, AH3;, and AH,) and
C&" association constant&{, K, Kz, andKy) for binding
of the first, second, third, and fourth €arespectively, are
thus obtained. Now, assuming a sequentiat*Qzinding

binding constants K will correspond to the enthalpy

Biochemistry, Vol. 37, No. 16, 199%453

Table 1: Thermodynamic Parameters of Calcium Binding to

SynCaM Main and Auxiliary Siteés

It is known from X-ray studies that the seven

AH AG AS
LM (kIJmol?)  (kIJmol?l) (JK1mol?
site 1 1.85x 10° —13.4+0.4 —35.7+1.7 75+ 4
site 2 1.22x 10f —12.54+1.0 —34.7+0.7 75+ 11
site 3 4.4x 100 35+1.3 —32.2+ 0.6 120+ 3
site 4 1.0x 10° 6.3+ 0.8 —28.5+14 117+12
auxiliary sites 650 243 —-16+2 135+14
aValues correspond to the mean of three to five experiments.

bValues indicated correspond to those determined by flow dialysis.

Table 2: Thermodynamic Parameters for Calcium Binding to
SynCaM in the Presence of 5 mM Magnesium

AH AG AS
Ka(M™1) (kJ mol?) (kJmolY) (I K1tmol™?)
sitel 152x10°F —-15.54+0.1 —-353+1.0 66+ 1
site2 0.63x 1 —22.240.2 -33.1+0.4 37+ 2
site3  2.2x 10° —-15+£01 -30.5+£0.3 97+ 1
site4 0.13x 10° —-11.3+0.2 —23.6+0.2 41+ 1

aValues correspond to the mean of three to five experiments.

C2* binding to each individual G4 binding site of CaM.
Data obtained indicate that association constants for binding
to sites -3 obtained using ITC [(4.8& 1.1) x 1, (1.1+
0.29) x 10°, and (1.9+ 0.98) x 10° M1, respectively] were

in very good agreement with those measured by flow dialysis

In solution, the mean number of water molecules surrounding [(1-85+ 1.2) x 10%, (1.22+ 0.8) x 1(°, and (4.4+ 0.6) x

M1, respectively], whereas for the fourth site,?Ca

affinity was found to be about 30 times lowét,[= (0.3 £

1.4) x 10* M~1] than that measured by flow dialysik{ =
(1.0+ 1) x 1® M71]. This discrepancy can be explained
by the presence of the auxiliary €abinding sites described
above, which may interfere during the saturation of the last
main C&" binding site, but which cannot be taken into
account using our ITC experimental conditions due to their
low C&* affinity (see discussion in a following paragraph).
Thus, to obtain more accurate enthalpy changgesalues
were fixed (taking those obtained by flow dialysis) and only
the association enthalpy parametét was fitted. AH values

entropy compensatiod9), has been extensively investigated 2ar€ given in Table 1. Gibbs free energy changt& (=
(50, 51) and suggests that the protein explores a set of “RTIn Ka) and entropy changea\g = AH/T — AG/T) at
298 K were then calculated from theadd and K, values.

Results (Table 1) indicate that entropy of?Céinding is
highly positive and largely dominates €aCaM interaction

in the four EF-hand sites. To discriminate between the two
aspects of the interaction, &abinding per se and CaM
conformational changes, we measured the thermodynamic
parameters of Ga—CaM complex formation under different

binding to SynCaM is shown in Figure 2. Data were fitted experimental conditions: CaM alone (Table 1), CaM in the
according to eq 2 defined in Materials and Methods, with Presence of 5mM MgGl(Table 2), and CaM in the presence

of 150 mM KCI (Figure 3). Plots of enthalpy changes versus
equation with a binding polynomial of degree 4), as entropy changes are linear under all the conditions tested

determined by flow dialysis and mass spectrometry. Values (Figure 3), corresponding to the enthatgntropy compen-
sation described above. In general, such entraggithalpy

compensation passes through the origin. In our case, this is
not true, and we conclude that we have two effects (see
above): the conformational changes of the protein associated
mechanism, these values of enthalpy changes and associatiowith the binding of calcium ions and the binding of the
calcium ion per se, which involves the desolvation of the
changes and association binding constants associated wition and the coordination of the ion in the protein site.
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Ficure 3: Relationship betweeAH and AS for calcium binding
to the EF-hand calcium-binding sites of CalH and AS were
measured in 50 mM Hepes at pH 708)( 50 mM Hepes at pH 7.5
containing 5 mM Mgd] (O), and 50 mM Hepes at pH 7.5
containing 150 mM KCI 4). Data were taken from Tables 1 and

Gilli et al.

another, but in each of the states, it explores different
substates of equal energy. Following the ideas of Weber
(52, 53), calcium ion binding will lead calmodulin to
internally reorganize and upon this reorganization to ex-
change strong bonding interactions with weak ones. This
type of reorganization will allow some part of the molecule
to acquire or to lose some flexibility.

Assuming thatAHpinging = O (See above for discussion),
the entropy change associated witi?Chinding per se can
be easily determined. Its value (termA&Gnercepi S€€ the
beginning of the paragraph), determined from Figure 3, is
101 £ 2 J Kt mol™L. This entropy release upon €a
binding arises primarily from the release of bound water
molecules hydrating the free &a(46). Knowing that only
one of the seven water molecules remains bound & Ca
inside each binding site48), we can conclude th#Spercept
corresponds to the release of six water molecules frofi,Ca
and thus, the entropic contribution for the release of one
water molecule is 16.8 0.3 J K! mol™. Thus, C&"

2 for experiments in 50 mM Hepes at pH 7.5 and 50 mM Hepes at desolvation upon binding is mainly responsible for this large

pH 7.5 and 5 mM MgG, respectively. A least-squares fit was
performed for each set of data.

The first phenomenon is attributed to the enthalpptropy

entropic effect observed when the cation binds to SynCaM.
The entropic change linked to the conformational modifica-
tions of CaM AS.n) can be calculated for each binding
step by subtracting 101 JKmol~* from the entropy values

compensation effect. Itis important to note that each specific |isted in Table 1. A value of26 J K- mol~! was obtained

site occupied by calcium is going to induce specific con-

for Cat binding to sites 1 and 2, suggesting a rigidification

formational changes. On the other hand, the desolvationof the molecule upon G binding to the COOH lobe, and
phenomenon (number of water molecules removed from theyalues of 19 ad 6 J K mol~! were obtained for C&

hydration shell of the ion) and the geometry of coordination

binding sites 3 and 4, respectively. This goes along with

of the calcium ion in the four main sites (EF-hand sites) are the observation that €& binding induces a local rigidifi-
supposed to be similar. Therefore, the binding per se of thecation around the CGa-binding site concomitant with a

calcium ion to the different sites is going to induce an offset change in the flexibility of the remaining part of the protein
of the linear relationship between entropy and enthalpy. Such(54).

an offset is characterized by tAS;i,q (mainly the removal

of water molecules from the calcium ion) and thélying
(mainly due to the difference in the geometry of coordination
of the calcium ion in water and in the proteinAS;inq and
AHping are independent of the calcium sites of calmodulin if
the number of water molecules involved in the coordination

On the other hand, a&Hying is assumed to be close to
zero, AHqps corresponds to the enthalpy change associated
with conformational changes. Enthalpy changes are exo-
thermic, and thus favorable, when€dinds to CaM sites
1 and 2, whereas they are endothermic, and thus unfavorable,
for binding to sites 3 and 4.

of calcium is the same whatever the site and if the geometry When the overall calcium binding mechanism is consid-

of coordination of calcium in each site is similar. In the

ered, binding of the first and secondCdons is enthalpic-

case of the four EF-hand sites of calmodulin, such previous ally and entropically driven, whereas binding of the third
conditions are satisfied. However, we cannot determine and fourth Ca&" ions is driven only by entropy. This

ASing and AHping as we have one equation with two
unknowns. Therefore, it is necessary to know eith&ing

or AHping. If we assume that the geometry of coordination
of the calcium ion is similar in water and in the protein
(therefore AHping = 0), then we are able to derive a value
for ASyng that is equal ta\Syercept(S€€ below). On the other
hand, if we are confident in the value of entropy desolvation
of calcium ion given in handbooks, it is possible to derive
AHyping and to obtain some information on the difference
between the geometry of coordination of calcium in water
and in the molecule.

indicates an asymmetry in CaM structure between the
COOH lobe (containing sites 1 and 2) and the JNbbe
(containing sites 3 and 4) and goes along with the asym-
metry in the electrostatic potentials of the two lob&S§)(
and the asymmetry between the flexibility of the two lobes
(16, 34).

Mg?t Binding The effect of Mgt on C&" binding is
still controversial. The accepted model considers a direct
competition between Caand Mg for the four main C&"
binding sites 86, 41), but it has been suggested that g
might be an allosteric effector rather than a direct competitor

Once the offset has been removed, we obtain a linearof Ca&t for its binding sites 24, 25). More recently,

entropy-enthalpy relationship that passes through the origin.

evidence was obtained by mass spectrometry for the presence

This indicates, according to the physical meaning of linear on CaM of a pair of high-affinity Mg"-binding sites and a

thermodynamic relationship8@), that in the different ion-
CaM complexes which may form under the experimental

pair of low-affinity sites £6). The presence of these sites
was confirmed by NMR data which in addition point out

conditions tested, the protein maintains its conformations that these sites were located within the?Cainding

between different isoenergetical subspaces.

During ion structures of calmodulin3g). Using the same ITC experi-

binding, CaM changes from one thermodynamic state to mental conditions as above, binding of Mgo CaM and
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Table 3: Thermodynamic Parameters of Magnesium Binding to
SynCaM

AH AG AS
Ka(M™)  (kJ mol?Y) (kJ mol?) J Ktmol™)
sitel 2.3x 10P 54408 —30.6+4.1 121+ 9
site 2 6.9x 10* 42+15 —27.6+4.6 107+ 6
site3 2.0x10° 16.3+£8.4 —18.8+£29 118+ 5
site 4 1.0x 10 10.5+54 -17.1+1.2 93+ 4

aValues correspond to the mean of three to five experiments.

binding of C&" to CaM in the presence of 5 mM Mgwere
investigated (Tables 3 and 2, respectively). Our results are
consistent with the presence of two classes ofMgjinding
sites on CaM: a first class, including two sites with
association constants in the range of M ! and enthalpy
changes of about 5 kJ md| and a second class, including
two other sites with lower affinitiesk(; of about 16 M~1)

and enthalpy changes in the range of-20 kJ mot* (Table

3). Comparisons of the thermodynamic parameters listed
in Tables 1-3 are not consistent with a direct Caversus
Mg?t competition. M@" decreases the €aassociation
constants for the four EF-hand €abinding sites (Tables 1
and 2), but taking into account the respective affinities of
C&" and Mg for CaM (Tables 1 and 3) and the concentra-
tion of the two cations, the affinity loss is too weak to fit
with a direct competition at least for sites-3. The affinity

loss on these sites may rather be attributed to an allosteric
effect induced by Mg binding to sites that differ from the
main C&" binding sites.
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sites has not yet been established. However, one can
speculate that these sites may bind other cations, such as
Mg?* or Zret, which thus may modulate CaM activity. The
importance of M@" in CaM—target peptide interaction has
recently been addresse8s).

CONCLUSION

In this study, a detailed analysis of the thermodynamic
parameters associated with’®Cand Mg binding to specific
sites on CaM was performed. Due to enthaheptropy
compensation during €a binding, the thermodynamic
parameters of G4 binding per se and of the conformational
change associated with €abinding to the main Ca-
binding sites could be evaluated. Binding per se implies
desolvation of C&, where water molecules around the ion
are replaced by the ligands in the abinding sites.
Previous studies suggested that CaM was asymméitsic (
34, 55). This asymmetry also holds for the mechanism
underlying Ca" binding. Indeed C& binding is enthalpi-
cally and entropically driven for binding to sites Ill and IV
and entropically driven for binding to sites | and II.

Several studies have shown that¥ginds to CaM. The
thermodynamic study presented here strongly supports non-
competition between Gaand Mg in their binding to the
main C&" binding sites. Mg" more likely binds to the
auxiliary cation-binding sites present on CaM. Some of these
may be close to the EF-hand €ebinding sites as indicated
by the recent NMR study usintH- and **N-labeled CaM
(35) but do not completely overlap with them. Such a

Moreover, the enthalpyentropy compensation observed satellite site of an EF-hand site has already been described

under the different experimental conditions (Figure 3) also
argues against a direct competition betweetrGad Mg+.
Indeed, if direct competition were to occur, addition ofCa

to Mg?*-loaded protein would induce a &aMg?ex-
change. The number of water molecules involved in the ex-
change would then be less than six, and the enthalpy and
entropy changes corresponding to?Cainding per se, in
the presence of Mg, would be under the experimental
curve. Now, Figure 3 shows that ¥lgdid not greatly affect
the thermodynamic parameters associated wifH Gmding
to CaM. In addition, it is noteworthy that Mg binding to
CaM does not lead to a linear relationship betwad¢hand
AS

in parvalbumin §6). In such a way, Mg could act as an
allosteric effector of the protein. It may share this activity

with other cations found intracellulary, such as?Zmand

Mn2*, which would therefore patrticipate in the fine-tuning
of CaM activity, required for optimal cell functioning.
Precise knowledge of ion binding to CaM is of paramount
importance if one has to unravel the structufienction
relationship of this multifunctional protein.
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Thermodynamic Analysis of €aBinding to Auxiliary
Sites

Flow dialysis experiments (Figure 1) strongly suggest the
presence of auxiliary Ca binding sites in addition to the
four EF-hand sites. However, such sites cannot readily be
titrated by the technique of flow dialysis, since their’Ca
affinity is fairly weak. ITC also failed in such measurement
because Cd concentrations that are needed to saturate these
sites are extremely high and not compatible with this method
under our experimental conditions. Therefore, isothermal
flow microcalorimetry was used to study €abinding to
these weak affinity sites. Binding constants and thermody-
namic parametersAH, AG, and A9 of these sites were
determined (Table 1), assuming that under our experimental
conditions only the two auxiliary binding sites of moderate
affinity for Ca?" (class 2;26) could be titrated. The
physiological relevance of these weak affinity?Cainding
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