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ABSTRACT: Microcalorimetry, p H  potentiometry, and direct binding studies by equilibrium dialysis or gel 
filtration were performed to determine the thermodynamic functions AHo,  AGO, and ASo guiding the 
interactions of Ca2+, Mg2+, and H+ with bovine brain calmodulin. At  p H  7.5, Ca2+ and Mg2+ binding are 
both endothermic with enthalpy changes of 19.5 and 72.8 kJ.(mol of calmodulin)-', respectively. These 
enthalpy changes are  identical for each of the four ion-binding domains. The  affinity constants also are 
identical with intrinsic values of lo5  M-' for Ca2+ and 140 M-' for Mg2+. Ca2+ and Mg2+ do not compete 
for the same binding sites: a t  high concentrations of both ions, a calmodulin-Ca4-Mg, species is formed 
with an  enthalpy value of 24.4 kJ.mol-I with respect to calmodulin-Ca, and -28.8 kJ-mol-' with respect 
to calmodulin-Mg,. Moreover, in the presence of high concentrations of Ca2+, the affinity of each of the 
four ion-binding domains in calmodulin for Mg2+ is decreased by a factor of 4 and vice versa, indicative 
of negative free-energy coupling between Ca2+ and Mg2+ binding. Protons antagonize Ca2+ and Mg2+ binding 
in a different manner. Ca2+-H+ antagonism is identical in each of the four Ca2+-binding domains in the 
p H  range 7.5-5.2. Our  analyses suggest that  three chemical geometries, probably carboxyl-carboxylate 
interactions, are  responsible for this antagonism with ionization constants of 1 06.* M-' in the metal-free 
protein. Mg2+-H+ antagonism also is identical for each of the Mg2+-binding sites but is qualitatively different 
from Ca2+-H+ antagonism. The  localization of the putative Mg2+-binding sites and the structural basis 
of the Ca2+-H+ antagonism have been discussed. 

I n  eukaryotic cells, calmodulin (CaM)'  is a vector in the 
stimulus-response coupling since it is sensitive to raised [Ca2+] 
and subsequently activates a number of enzymes. Since ac- 
tivation is critically dependent on the number of Ca2+ ions 
bound to the vector [for review, see Cox (1984)], it is of crucial 
importance to know in detail the characteristics of Ca2+ 
binding to the latter and the influence, even small, of other 
ions present in the cell. Unfortunately, controversy exists 
regarding the affinities of the four Ca2+-binding domains, the 
cooperativity in binding, and the influence of Mg2+ and mo- 

novalent cations on Ca2+ binding. Seven different groups 
[mentioned by Burger et al. (1984); also Ogawa and Tanokura 
(1984)], who performed direct binding studies in buffers of 
sufficient ionic strength to eliminate electrostatic effects 
(Debye & Huckel, 1923), experienced that the shape of the 
binding isotherm is close to the ideal Langmuir isotherm, which 
led us to assume a simple model of four independent Ca2+- 
binding sites of equal affinity (Burger et al., 1984). However, 
from studies using 43Ca N M R  (Andersson et al., 1982) and 
fast kinetics of Ca2+ off-rates (Bayley et al., 1984), it appears 
that CaM contains two low- and two high-affinity pairs of sites 
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with a 40-70-fold difference in the binding constants. Re- 
cently, Martin et al. (1985) reported that upon increasing the 
ionic strength to physiological levels the differences in affinity 
are reduced to 1 order. Assuming a 1 order difference, Wang 
(1985) proposed an elegant theoretical explanation of the 
discrepancies between the above two lines of studies, but the 
strong positive cooperativity of Ca2+ binding in both halves 
of CaM,  postulated by the author, is not evident, at  least for 
the N-terminal pair of domains (Minowa & Yagi, 1984). 
Furthermore, by direct binding experiments on tryptic frag- 
ment of CaM, Minowa and Yagi (1984) found only a 3-fold 
difference in the affinities of the N- and C-terminal halves. 

Another controversial point is the effect of Mg2+ on Ca2+ 
binding. Two well-documented direct binding studies (Haiech 
et al., 1981; Ogawa & Tanokura, 1984) indicate that there 
is straight competition of Ca2+ and Mg2+ for the same four 
binding sites with affinity constants for Mg2+ of 130-300 M-' 
when the total ionic strength in the experiment is reasonably 
high (>O. 1 M). However, other authors did not observe such 
pronounced competition effects a t  millimolar free Mg2+ con- 
centrations (Potter et al., 1981; Cox et  al., 1981; Burger et 
al., 1984). As for the specific effect of monovalent cations 
on Ca2+ binding forwarded by Haiech et al. (1981), Ogawa 
and Tanokura (1984) considered it as an  effect of ionic 
strength, which logically must play a significant role in this 
type of interaction [for review, see Cox et al. (1984)l. 

More fundamental parameters than the binding constants 
of metal ion interaction with CaM are the changes in enthalpy 
and entropy of the equilibrium reactions. Using microcalo- 
rimetry, Tanokura and Yamada (1984) measured a t  25 OC 
two different endothermic enthalpy components when Ca2+ 
binds to the two pairs of sites and a 25-fold difference in 
affinity for Ca2+. In the presence of 5 m M  Mg2+, these en- 
thalpy changes are exothermic with a 60-fold difference in 
affinity. Jt should be noted that a t  the high concentrations 
of CaM used the precision in the determination of the affinity 
constants is very poor (errors in the log K values are estimated 
a t  f0.5 according to the authors) and that as a mean only 
three Ca'+-binding sites were titrated. Furthermore. their 
study did not include a schematic description of the Ca2+- 
Mg2+ antagonism and lacks internal consistency in the com- 
petition data. Here we present a refined microcalorimetric 
investigation of Ca2+ and Mg2+ binding to C a M  and of the 
Ca2+-Mg2+ antagonism, as well as direct binding studies on 
the antagonism Ca2+-Mg2+, Ca2+-H+, and Mg2+-H+ in CaM. 

MATERIALS AND METHODS 
Protein and Protein Concentration. Bovine brain CaM was 

purified by affinity chromatography on phenyl-Sepharose 
according to the method described by Gopalakrishna and 
Anderson (1 982) followed by hydroxylapatite chromatography 
(Wallace & Cheung, 1979). The protein concentration was 
determined on the metal-free sample (see below) and also on 
the protein that contains exclusively Mg2+ with a specific 
extinction coefficient of = 1.80 and on Ca2+-containing 
C a M  with Ai:5nm = 1.7 1. The molar concentrations were 
calculated with a M, of 16 737 for metal-free CaM (taken from 
the amino acid sequence; Wada et  al., 1985). 

Metal Ion Determination and Metal Removal f rom CaM. 
Total Ca2+ and Mg2+ concentrations were measured by flame 
photometry with a Perkin-Elmer 2380 atomic absorption 
spectrophotometer using Titrisol standards diluted in the assay 
buffers. To minimize quenching, 1 mM EDTA was usually 
added to the samples and the standards. The assay buffers 
were routinely passed over Chelex X-100 to reduce the con- 
tamination by Ca". Ca2+ removal from C a M  and equili- 

bration in the assay buffer was as follows: to ca. 100 mg of 
CaM in 10 mL of 50 mM Tris-HCI, pH 7.5 and 3 mM EDTA 
ammonium sulfate suprapure (Merck, Darmstadt, West 
Germany) was added to a final saturation of 95%. After 
centrifugation a t  50000g for 15 min, the precipitate was 
washed twice with 16 mL of saturated ammonium sulfate and 
3 m M  EDTA. Subsequently, the precipitate was washed in 
16 mL of saturated ammonium sulfate without EDTA, 
brought to p H  3.9 with acetic acid. The pellet was dissolved 
in 2 m L  of 50 m M  PIPES buffer, p H  7.5, and chromato- 
graphed on a column (1 X 50 cm) of Sephadex G-25, equil- 
ibrated in the desired buffer. Using this method, we did not 
experience problems with the UV absorption spectrum (the 
259 to 277 nm ratio was typically 0.79 f 0.01 for all our CaM 
samples used) and with the determination of the protein 
concentration. Ca2+ contamination was always less than 0.02 
mols(mo1 of protein)-' (0.5% of the Ca2+-binding capacity) 
and often as low as 0.005 molm(mo1 of CaM)-'. 

Direct Divalent Cation Binding. Direct Ca2+-binding ex- 
periments were carried out in 50 m M  PIPES buffer, pH 5.8 
or 5.0, and 150 m M  NaCl a t  25 OC, as previously described 
(Burger et al., 1984). Increments of CaCl, were added to 170 
y M  metal-free C a M  while the free Ca2+ concentrations were 
measured with a Philips 561 Ca2+-selective electrode. The 
latter was standardized with Titrisol-Ca2+ solutions diluted 
in the assay buffer. Regularly during the titration, aliquots 
were withdrawn to check the total Ca2+ concentration by flame 
photometry. Some equilibrium dialysis experiments, carried 
out as previously described (Burger et al., 1984), completed 
the electrode method. Direct Mg*+-binding experiments were 
carried out a t  25 OC by the Hummel-Dryer gel filtration 
technique (Burger et al., 1983) on a 50 X 0.9 cm column of 
Sephadex G-25 equilibrated in 50 mM PIPES-NaOH, p H  
7.5, 150 mM NaCl, and the indicated concentrations of MgC12 
and/or CaCl,. A total of 100 mg of CaM in 2 ml of buffer 
was applied to the column and eluted at a rate of 100 pL.min-'. 

Proton Release. Proton release was monitored in either of 
two ways: directly by p H  potentiometry or indirectly by 
microcalorimetry. In the first method, 5 m L  of 300 y M  
metal-free C a M  in 150 m M  KCl was installed in a pH-stat 
assembly of Radiometer titrator 11, equipped with an auto- 
burette ABU 13, and flushed for 30 min with nitrogen. 
Subsequently, the proton release Lpon addition of increments 
of CaC1, or MgCl, was measured a t  an imposed p H  by 
back-titration of the protein solution with 10 m M  NaOH 
(Titrisol, Merck). After each increment, a small aliquot was 
withdrawn for determination of the total Ca2+ or Mg2+ con- 
centrations. Blank experiments without protein were carried 
out a t  each p H  in order to perform the necessary small cor- 
rections. 

Proton release was also measured by microcalorimetry either 
a t  pH 7.5 with Tris and PIPES buffer or a t  p H  5.3 with 
acetate and histidine as buffers. Since a t  each p H  the same 
reaction was monitored in the two buffers, the difference in 
heat production or absorption is due to the difference in 
protonation of the buffer only. The standard enthalpy changes 
of protonation of Tris and PIPES are -47.53 and -1  1.46 
kJ-mol-', respectively (Beres & Sturtevant, 1971), that of 
histidine is -29.30 kJ.mol-I (Martell & Smith, 1974) and that 
of acetate 0.42 kJ-mol-' (Martell & Smith, 1977a). 

Microcalorimetry. Enthalpy changes were determined in 
an LKB 2277 flow microcalorimeter (Schaer et al., 1985) at  
25.0 f 0.1 O C .  A 32-400 y M  stock solution of metal-free 
CaM in the desired buffer and varying concentrations of CaC1, 
or MgCI, in the same buffer were introduced a t  equal flow 
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rates in the mixing chamber of the microcalorimeter by means 
of a two-channel peristaltic pump at a total rate of 9 mL.h-l. 
The observed thermal effects were calibrated by electrical 
simulation. For each concentration studied, the heat of dilution 
of Ca2+ and Mg2+ was corrected for by adjusting the base line 
to zero before protein injection. In all figures except Figure 
2, the noise-to-signal ratio was at the utmost 0.03. 

Data Treatment. Since proton and enthalpy titrations were 
monitored with CaM concentrations of 16-300 pM and the 
affinity constant for CaZ+ is about lo5 M-l (much lower even 
for Mg2+, see below), not all added Ca2+ or Mg2+ can be 
considered as bound to the protein. Assuming identical affinity 
constants ( K M ) ,  a limited number of binding sites, and an 
identical signal change (AY) for each of the sites, the titration 
data can be described by eq 3 and 5 of the Appendix. When 
two pairs of different affinity are postulated, the titration data 
have to be described by eq 4 and 5 of the Appendix. In the 
case of Ca2+ binding, the 4:l stoichiometry can easily be ob- 
served graphically (Figures 1 and 3), and therefore, the total 
concentration of metal ion sites (ST) was taken as 4 times the 
total CaM concentration ([CaMT]). In the case of Mgz+ 
binding, the stoichiometry could not be established from the 
titration data since the amount of bound Mg2+ is negligible 
when compared to the amount of added MgZ+. On the basis 
of conclusions from direct binding experiments (see Results), 
ST was set equal to 4 times the total CaM concentration for 
the computations. 

In this study, the binding of two ligands, A and B, to a 
protein metal ion binding site ( S )  involved negative free-energy 
coupling according to Scheme I. In Scheme I, Ka and Kb are 
the association constants for A and B, respectively, in the 
absence of the other ligand, and e and the corresponding 
constants in the presence of infinite concentrations of the 
second ligand. The amount of bound ligand per mole of site 
was calculated with eq 9 and 10 of the Appendix. 
Scheme I 

K. 
S + S - A  

A I  A I  

K b  It 
RESULTS 

Enthalpy Titration of CaM-Ca2+ Interaction. Figure 1 A 
shows the evolution of heat absorption upon increasing the ratio 
of Ca2+T per CaM in 50 mM PIPES, pH 7.5, and 150 mM 
NaCl or 150 mM KCl at 25 OC. As already mentioned by 
Tanokura and Yamada (1984), who worked at  pH 7.0 in 20 
mM PIPES and 150 mM KCI, Ca2+ binding to CaM is en- 
dothermic, but in contrast to their observations, the titration 
profile was close to linear up to a ratio of ca 3.0 mol of 
Ca2+-(mol of protein)-'. When high concentrations of CaM 
were used, hence of metal-binding sites (S, >> l/Kca), the 
enthalpy titration curve is essentially stoichiometric and does 
not depend on the affinity constants. Figure 2 shows that in 
an experiment with 200 pM CaM (after mixing) binding of 
the third and fourth Ca2+ produces the same enthalpy variation 
as binding of the first or of the second Ca2+. Hence, it can 
reasonably be concluded that the AHo values are identical for 
the four Ca2+-binding domains. In the light of the controversy 
about the affinity of CaM for Ca2+ (resumed in the intro- 
duction), we chose to perform also an enthalpy titration at a 
concentration of CaM that is optimal to distinguish between 
the model of four identical sites with Kca equal to lo5 M-' and 

2ot A 

5 CaP+/CaM 10 20 

FIGURE 1: Enthalpy titration profile of Ca2+ binding to CaM in the 
absence (A) or presence (B) of 30 mM MgCI2. CaM concentration 
after mixing was 50 pM. All experiments were carried out in 50 mM 
PIPES-NaOH, pH 7.5, and 150 mM NaC1, except for the following: 
(*) 50 mM Tris, pH 7.5, 150 mM NaCI; (0) 50 mM PIPES-KOH, 
pH 7.5, 150 mM KCI. The solid curves and the plateau values were 
calculated with eq 3 and 5 of the Appendix. The best fitting pa- 
rameters are AGO = 17.0 kJ.mol-' and Kca = 1.3 X lo5 M-' in the 
absence of Mg2+ and AHo = -24.0 kJ-mol-' and K,,(app) = 7.2 X 
lo4 M-* in the presence of 30 mM MgCl,. 

I /------ 0- 
I 

I I I 
2 4 6 ; '+ 

Ca**/CaM 

FIGURE 2: Enthalpy titration of Ca2+ binding to CaM at high or low 
protein concentration in 50 mM PIPES-NaOH, pH 7.5, and 150 mM 
NaC1. CaM concentration after mixing was 200 (0) or 16 pM (0). 
The vertical bars indicate the noise amplitude. The solid line was 
calculated with eq 3 and 5 of the Ap ndix by assuming four identical 
affinity constants equal to lo5 M- , the dotted line was calculated 
with eq 4 and 5 of the Appendix b assuming two pairs of sites with 
KM = lo6 M-' for one pair and 10rM-' for the other. In both cases 
the AHo value was 17.0 kJ-mol-'. The dashed line represents the 
stoichiometric titration (with infinite [CaMT]). 

the model of two pairs of sites with different affinities [two 
sites with Kca = lo6 M-' and two with Kca = lo5 M-l; see 
Wang (1985) and references cited therein]. Figure 2 shows 
that at 16 pM CaM (after mixing) the experimental data are 
clearly in favor of the first model, thus confirming a more 
extensive study from our laboratory (Burger et al., 1984). This 
statement is strengthened by the fact that the enthalpy titration 
profile at 50 pM CaM (Figure 1A) fitted well with eq 3 and 
5 of the Appendix, assuming four identical affinity constants 

p" 



6282 B I O C H E M I S T R Y  M I L O S  E T  A L .  

5.6 

0 

6 0  

6.3 

6 .I 

7.0 
1.5 

C a*+/ C a M 

FIGURE 3: Proton release at different constant pH values upon Ca2+ 
binding to CaM (X). Concentration of protein was 260-300 pM. 
The thick solid curves represent the best fit of the experimental data 
with eq 3 and 5 of the Appendix, with the following apparent Kca 
values: 1.02 X lo5 for pH 7.5; 9.7 X lo4 for pH 7.0; 6.5 X lo4 for 
pH 6.7; 5.3 X lo4 for pH 6.3; 3.8 X lo4 for pH 6.0; 2.8 X lo4 for 
pH 5.6; 1.8 X lo4 for pH 5.2. The thin lines represent true stoi- 
chiometric titrations (with infinite [CaMT]) calculated from the values 
deduced from eq 3 and 5 of the Appendix. 

and identical enthalpy changes for the four Ca2+-binding sites. 
The calculated parameters are AHo = 17.0 f 0.3 kJmol-' for 
binding of four Ca2+ and Kca = 1.3 X los M-'. The latter 
value compares fairly well with the affinity constant of 9.3 X 
lo4 M-' reported previously (Burger et  al., 1984). 

The total enthalpy change has to be corrected for the heat 
resulting from neutralization by PIPES buffer of protons re- 
leased upon Ca2+ binding. The latter was determined by 
complementary microcalorimetric measurements in Tris-HCI 
[Figure 1A (*)I as described under Materials and Methods 
and amounts of 0.27 proton upon binding of four Ca2+ per 
mole of CaM. The corrected enthalpy change for binding of 
four Ca2+ is thus 19.5 kJmol-'. Figure 1A also shows that 
replacement of Na+ ions by K+ under otherwise identical ionic 
conditions does not change the enthalpy values of Ca2+ binding, 
suggesting that a nonspecific ionic strength effect, rather than 
competition between K+ and Ca2+, explains in a satisfactory 
way the experimental data. 

Ca2+-H+ Antagonism in CaM. Since proton antagonism 
in Ca2+ binding to C a M  is suggested from the data of Haiech 
et  al. (1981) and from proton release upon CaZ+ binding at  
p H  7.5 (see above), we studied this phenomenon by titration 
of proton release upon Ca2+ binding a t  different pH values 
and also by direct binding studies. Figures 3 shows that the 
experimental titration curves, especially at  p H  16.0,  are close 
to real stoichiometric titrations (thin lines) with a break a t  
4 mol of Ca2+ added per mole of protein and that the data fit 
with eq 3 (thick lines). Hence, a t  all the p H  values studied, 
proton release is proportional to Ca2+ binding for all the four 
Ca2+-binding sites. Proton release is maximal around pH 5.0 
and nearly negligible a t  p H  7.5. Figure 4 shows that the 
chemical configurations responsible for H+ release are very 
homogeneous with respect to their apparent ionization con- 
stants, pKi = 6.17, and that 2.7 protons are released when 
CaM binds four Ca2+ ions. The Ca2+-dependent proton release 
a t  pH 5.3 was verified by an  independent method, Le., mi- 
crocalorimetry in two buffers of different protonation enthalpy. 
Table I shows that a t  this p H  proton release is strictly pro- 
portional to the amount of bound C a M  a t  saturation values 

5 6 7 
PH 

FIGURE 4: Maximal proton release upon binding of four Ca2+ (taken 
from Figure 3) as a function of pH and corresponding Scatchard plot 
(inset). R = maximal proton release per mole of CaM. 

6 pCa 4 3 

FIGURE 5 :  Direct Ca2+ binding to CaM in 50 mM PIPES-1 50 mM 
NaCl at pH 5.8 (0, 0) and pH 5.0 (X). All measurements were 
carried out with the Ca2+-selective electrode, except four points at 
pH 5.8 (O), which represent equilibrium dialysis experiments. The 
theoretical isotherm at pH 7.0 was taken from Burger et al. (1984). 

Table I: Proton Release upon Ca2+ or Mg2+ Binding Measured by 
Microcalorimetry in 50 mM Histidine or Acetate Buffer, pH 5.3, 
and 150 mM NaC1" 

fractional kJ*(mol of AH+ maximal 
total [M2+] satura- CaM)-' 
after mixing tionb AHa,' AHni,' per CaMd released' 

released H+ 

Ca2+ 
80 WM 0.29 6.67 -11.45 0.61 2.12 
160 pM 0.51 11.92 -21.46 1.12 2.19 
250 pM 0.67 13.75 -25.28 1.31 1.94 

7.5 mM 0.51 36.96 0 1.24 2.45 
15 mM 0.67 46.08 -1.44 1.60 2.37 
30 mM 0.81 58.08 -2.88 2.05 2.54 

"aM concentration after mixing 50 fiM. bCalculated using K,, = 
1.8 X IO4 M-' (taken from Figure 3) and KMs = 140 M-' (taken from 
Figure 6). cAHA, is the measured enthalpy change in acetate buffer; 
AHHis is the one in histidine buffer. dThe number of protons released 
equals (AHAc - AHHis)/29.71 kJ with 29.71 kJ being the difference in 
protonation enthalpy of the acetate and histidine buffer (0.42 + 29.29 
kJ). CMaximal proton release stands for the number of protons re- 
leased at pH 5.3 upon saturation of CaM by Ca2+ and is calculated by 
dividing values of the preceding column by the fractional saturation. 

of 1.3, 2.4, or 3.1 mol of Ca2+ per mole of CaM. The amount 
released, 2.08 mol of H+, was somewhat lower than that found 
by direct pH-stat titration, Le., 2.3 mol of H+ a t  pH 5.3 

Mg2+ 
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FIGURE 6:  Enthalpy titration profile of Mgzt binding to CaM in the 
absence (A) or presence (B) of 1 mM CaCI,. CaM concentration 
after mixing was 100 pM. All experiments were carried out in 50 
mM PIPES-NaOH, pH 7.5, and 150 mM NaC1, except for the 
following: (*) 50 rnM Tris, pH 7.5, 150 mM NaCI; (0) 50 mM 
PIPES-KOH, pH 7.5, 150 mM KCI. The solid curves and the plateau 
values were calculated from the experimental data with eq 3 and 5 
of the Appendix. The best fitting parameters are AHo = 72.8 kT-mol-' 
and KMg = 140 M-' in the absence of CaCI2 and AHo = 24.4 kJ.mo1-I 
and KMg(app) = 35 M-' in the presence of 1 mM CaCI,. 

(Figure 4). It should be noted that the estimation by micro- 
calorimetry is more prone to inaccuracy. 

Since direct Ca2+-binding studies were carried out in the 
relevant pH range (Figure 5) .  At both pH 5.0 and 5.8, CaM 
binds four Ca2+, but the curves are gradually shifted to higher 
[Ca2+] values upon increasing the proton concentration without 
much of a shape change when compared to the isotherm a t  
pH 7.0. Hence, the decrease in affinity takes place to the same 
extent for each of the binding sites. 

Enthalpy Titration of CaM-M?' Interaction. Figure 6 
shows the enthalpy titration profile of Mg2+ interaction with 
C a M  in the absence of Ca2+. As with Ca2+, the binding of 
Mg2+ to CaM is an endothermic process, but saturation pro- 
ceeds slowly upon addition of Mg*+, so that during the whole 
titration CaM-bound Mg2+ is negligible as compared to the 
free concentration of Mg2+. Iterative fitting of the experi- 
mental data according to eq 3 and 5 (model 1) of the Appendix 
yields the following parameters: Kapp for Mg2+ is 140 M-' and 
AH' is 72.8 kE(mo1 of protein)-'. In this data treatment, the 
$2 value-defined as equal to xi='l( AYexptl - AYc,,,d)2/ 
(0.05AYeXpt1); see Burger et al. (1984)-equals 1.20. When 
we assume model 2, i.e., two pairs of sites with a difference 
in affinity constants of 1 order, the iterative fitting yielded the 
following values: K1 = 422 M-I; K2 = 46 M-I; AH',,, = 72.8; 
$2 = 46.97. Complementary microcalorimetric experiments 
of Mg2+ binding in Tris-HC1 buffer (Figure 6) a t  p H  7 . 5  
revealed that binding of this ion does not lead to measurable 
proton release, so that no correction needed to be made for 
the enthalpy change. The enthalpy titration profile of Figure 
6 does not allow the determination of the stoichiometry of 
Mg2+ binding to CaM. We therefore performed direct binding 
experiments, using the Hummel-Dryer gel filtration technique 
(Burger et al., 1983) with high amounts of C a M  a t  submi- 
cromolar concentrations of free Ca2+. The raw data are similar 
to those illustrated for Mg2+ binding in the presence of mil- 
limolar free Ca2+ (see below). The Scatchard plot (Figure 
7) of five experiments shows that 4.75 mol of Mg2+ can be 
bound to 1 mol of CaM with an affinity constant of 174 M-'. 
The latter value is very similar to the one obtained by mi- 
crocalorimetry and confirms that the Mg2+-specific sites have 
all the same affinity. It should be noted that two equilibrium 

FIGURE 7: Scatchard plot of Mgz+ binding to CaM in the absence 
of CaC1, as determined by Humrnel-Dryer equilibrium gel filtration 
experiments. 

1 v 
5 0  100 150 

M g2+/ C aM 

FIGURE 8: Proton release at  pH 6.0 (0) and pH 5.0 (*) upon MgZt 
binding to CaM. Concentration of protein was 250-300 NM. The 
solid curves represent the best fits of the experimental points with 
eq 3 and 5 of the Appendix with AY,,, of 0.66 and 5.3 H+ per mole 
of CaM and KMg of 167 and 72 M-I, respectively. 

Table 11: Stoichiometry of Mg2+ and Ca2+ Binding to CaM As 
Determined by Equilibrium Gel Filtration 

per mol of CaM 
free divalent ion concn bound Mg2+ bound Ca2+ 

5.0 m M  Mg2+, 1.0 mM Ca2+ 0.80 3.69 
5.6 mM Mg2+, 2.2 mM Ca*+ 0.84 4.52 
8.1 mM Mgz+, 1.2 mM Ca2+ 1.05 3.98 
9.3 mM Mg2+, 2.5 mM Ca2+ 1.55  3.7 1 

filtration experiments above 10 m M  free Mg2+ yielded data 
that do not fit in the Scatchard plot: a t  11.5 and 17.8 m M  
free Mg2+, the extent of Mg2+ binding was 4.1 and 6.1 
mol.(mol of CaM)-', respectively. Clearly, nonspecific binding 
contributes significantly to these latter values. Fortunately, 
this nonspecific binding, which we were unable to suppress, 
is not detected by microcalorimetry. Since the nonspecific 
binding might somewhat influence the slope of the Scatchard 
plot of Figure 7 ,  we assume that four rather than five specific 
Mg2+-binding sites exist in CaM. The specific interaction of 
Mg2+ with C a M  is not influenced by substitdting NaCl with 
KC1 (Figure 6). 

M P - H +  Antagonism in CaM. In a complementary study 
to that of the Ca2+-proton antagonism, we monitored proton 
release upon Mg2+ binding a t  p H  6.0 and 5.0 in a pH-stat 
assembly (Figure 8) and a t  p H  5.3 by microcalorimetry in 
different buffers (Table I ) .  Figure 8 shows that the release 
of protons follows isotherms with ICMg values of 167 and 72 
M-I, respectively. These affinity constants are in the same 
range as the one found by microcalorimetry, which indicates 
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Table 111: Thermodynamic Parameters for Interaction of Ca2+ and 
Mg2+ with CaM" 

1 I 
10 20 30 

fraction number 

FIGURE 9: Typical elution profile of Sephadex G-25 chromatography 
in the presence of 9.3 mM MgCl, and 2.5 mM CaCl Fractions of 
1 mL were collected. Concentration of CaM (X), Caz+2iO), and Mgz+ 
(0 ) .  

that the proton release is identical for each of the Mg2+-binding 
sites. the same conclusion is reached from Table 11, where 
a KMs value of 140 M-' prcivided optimal fitting. The maximal 
proton release at  pH 7.5, 7.0, 6.0, 5.3, and 5.0 amounts to 0.0, 
0.07 (Tanokura & Yamada, 1984), 0.66, 2.45, and 5.3 
mol.(mol of CaM)-', and the Scatchard plot of these data (not 
shown) indicates that two protons are release per mole of 
bound Mg2+ from a group with a pKi around 5.0. Although 
this study was not completed to the same degree as that of 
the Ca2+-H+ antagonism, one can conclude that binding of 
Mg2+ to CaM induces a release of protons from a proton ligand 
that is different from the one affected by Ca2+ binding. 

Caz+-M$+ Antagonism in CaM. Since C a M  appears to 
possess four binding sites for Ca2+ as well as four specific sites 
for Mg2+, one wonders then whether simple competition exists 
between the two ions (Haiech et al., 1981; Ogawa & Tano- 
kura, 1984) or a more complex relationship. Therefore the 
interaction of each of the two ions with C a M  was studied in 
the presence of the other. Figure 1B shows the enthalpy 
titration profile of Ca2+ interaction with CaM in the presence 
of 30 m M  MgCI2. Within experimental errors, the data can 
be fitted according to eq 3 and 5 of the Appendix with Kca- 
(app) = 7.2 X lo4 M-' and aJI0 = -24.0 kJ.(mol of protein)-'. 
Figure 1 B alsc shows that in Tris-HCI buffer the reaction is 
more exothermic, pointing to a proton release of 0.12 H+ per 
mole of CaM; therefore the corrected AHo is -22.6 kJ-mol-l. 
It should be noted that, according to the affinity constant for 
Mg2+ determined above, the protein was initially only 80% 
saturated with Mg2+ in this experiment. Therefore, Kca would 
be lower and AHo more exothermic if the experiment could 
be carried out in the presence of saturating Mg2+ concentra- 
tions ([Mg"] > 0.15 M).  

Figure 6 shows the enthalpy titration profile of Mgz+ binding 
to CaM in the presence of 1 m M  CaCI,. This reaction is 
endothermic with a very slow degree of progression; curve 
fitting of the data according to eq 3 and 5 of the Appendix 
yields a KMg of 35 M-' and a AHo of 24.4 kJ.mol-'. The latter 
value has not to be corrected for proton release since that is 
negligible (Figure 6, experiment carried out in Tris-HCl 
buffer). To  get an  idea about the stoichiometry, direct 
Mg2+-binding studies were carried out in the presence of 
saturating CaZ+ concentrations ( [Ca2+] > 100Kdis). A typical 
elution profile of simultaneous Ca2+ and Mgz+ binding to CaM 
is shown in Figure 9. Table I1 clearly shows that CaM can 

AS0 
AGO AH0 (J.K". 

interaction K (M-') (kJ-mol-I) (kJ.mol-') mol-') 
CaM + 1.05 x 105 -28.7 4.9 113 

CaM + 140 -12.2 18.2 102 

CaM.Ca+ 35 -8.8 6 .  I 50 

CaMeMg + 2.6 X lo4 -25.2 (-27.7)c -7.2 (-5.7)< 60 

Ca2+ 

Mg2+ 

Mg2+ 

Ca2+ 
"Values are given per metal-binding site assuming four Ca"- and 

four Mg2+-binding sites. bCalculated from the values of the above re- 
actions assuming Scheme I. t Measured at 30 mM free Mg2+, i.e., at 
an initial Mg2+ saturation of 81% and final Mg2+ saturation of 51% 
according to Scheme I1 and eq 9 and 10 of the Appendix. 

bind Mg2+ even when Ca2+ occupies the four Ca2+-binding 
sites. The experimental precision is understandably poor but, 
assuming a KMg of 35 M-l, the most plausible value for the 
stoichiometry of Mg2+ binding to CaM in the presence of Ca2+ 
is 4, as was found also in the absence of Ca2+. 

General Scheme for  Ca2+-M$+ Antagonism in CaM. 
Altogether, our data on Ca2+-Mg2+, Ca2+-H+, and Mg2+-H+ 
antagonism suggest that the four Ca2+- and four Mg2+-binding 
sites in CaM are not exactly the same but influence each 
other's affinity due to negative free-energy coupling between 
the sites. The affinity of C a M  for Mgz+ decreases 4-fold in 
the presence of millimolar concentrations of Ca2+; the affinity 
for Ca2+ is affected to the same degree in the presence of high 
concentrations of Mg2+. The most plausible scheme that 
accounts for all the data is as shown in Scheme 11, for each 
of the four metal-binding domains in CaM.  In Scheme 11, 
values for the affinity constants of each equilibrium reaction 
are good estimates. The concomitant enthalpy and entropy 
changes are summarized in Table 111. 
Scheme I1 

1.0s x IO' M-' , P.Ca 
P ,  

140 M - 1 1  

P*Mg '* 104 M-; P.Ca.Mg 

Ca2+ binding to CaM is endothermic in the absence of Mgz+ 
but exothermic in the presence of 30 mM Mg2+. It was thus 
interesting to know the thermal effect of Ca2+ binding at  
physiological concentrations of Mg2+. Figure 10 shows the 
enthalpy titration profile of CaZ+ binding a t  different con- 
centrations of Mg2+. The reaction enthalpy equals zero a t  2 
mM free Mg2+, indicating that under physiological conditions 
binding of Ca2+ to CaM is entirely driven by entropy change. 
The experiment shown in Figure 10 also served as a test of 
our proposed model of Ca2+-Mg2+ antagonism: a reasonably 
good fit is obtained between the experimental data and the 
theoretical behavior (solid line) calculated with eq 9 of the 
Appendix, assuming the theory of negative free-energy cou- 
pling between Ca2+ and Mg2+ binding with the values of the 
four AHo changes and of the four equilibrium constants 
proposed above. 

DISCUSSION 
In light of the controversy about the properties of the four 

Ca2+-binding domains in CaM (see the introduction), the first 
aim of this study was to screen for ion-binding characteristics 
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Table IV: Ca2+- and Putative Mg2+-Binding Sites in the Four Domains of Bovine Brain CaM" 
E-helix LOOP F-helix 

4 -- -- 
x Y z -Y -x -z 

Domain I (9-42) I-A-E-F-K-E-A-F-S-L-F-D-K-D-G-D-G-T-I-T-T-K-E-L-G-T-V-M-R-S-L-G-Q-N 

Domain I1 (45-78) E-A-E-L-Q-D-M-I-N-E-V-D-A-D-G-N-G-T-I-D-F-P-E-F-L-T-M-M-A-R-K-M-K-D 

Domain I11 (82-115) E-E-E-I-R-E-A-F-R-V-F-D-K-D-G-N-G-Y-I-S-A-A-E-L-R-H-V-M-T-N-L-G-E-K 

Domain IV (118-149) D-E-E-V-D-E-M-I-R-E-A-D-I-D-G-D-G-Q-V-N-Y-E-E-F-V-Q-M-M-T-A-K 

* * 

* * 

* * 

* * 

"The putative Mg2+-binding residues in each domain are indicated by the two asterisks. The numbers in parentheses correspond to the positions 
in the complete sequence of CaM. X, Y ,  and Z indicate the residues involved in Ca2+ coordination (Kretsinger, 1979). The sequence was taken from 
Watterson et al. (1980), as modified by Wada et al. (1985). 

10 i 
12 lMg2+l ( m M )  

L 
2 "' * 1 

" I  -\ 10 2 0  30 

FIGURE 10: Enthalpy change of Ca2+ saturation of CaM in the 
presence of varying concentrations of MgCI2. CaM concentration 
after mixing was 50 wM. Reaction buffer was 50 M PIPES-NaOH, 
pH 7.5, 150 mM NaCI, and MgC12 as indicated on the abscissa. The 
reaction enthalpy was monitored after 1 mM CaC1, (concentration 
before mixing) was mixed in the reaction buffer. The solid line was 
calculated by assuming that the following reaction takes place: 
CaM-Mg, + 4Ca2+ - CaM.Ca,-Mg, + (x - y)Mg2+. The values 
of x and y were calculated with eq 9 of the Appendix by using Keq 
values presented in Scheme I1 (Results). The following AH" values 
(not corrected for proton release and relative to metal-free CaM) were 
taken: 72.8 kJmol-l for CaMqMg,, 17.0 kJ-mol-' for CaM-Ca4, and 
41.3 kJmol-I for CaM.Ca,.Mg,. 

that discriminate between the two pairs of Ca2+-binding sites, 
Le., the pairs located in the N- and the C-terminal half of 
CaM, respectively. However, our data showed that these four 
domains not only have identical intrinsic affinity constants-as 
defined by Kotz and Hunston (1979)-but also an identical 
enthalpy of 4.9 kJ-(mol of site)-' upon binding of Ca2+. This 
result is at  variance with that of Tanokura and Yamada 
(1 984), who reported two categories of enthalpy change: 1.6 
Ca2+ bind with W = 3.8 kJ.(mol of site)-I and 1.4 CaZ+ bind 
with AH" = 7.4 kJ.(mol of site)-'. Given the too low number 
of titratable sites, the CaM used in their study may have been 
partially denatured by the drastic conditions used for metal 
removal; furthermore, the latter was far from complete. Our 
data indicate that the two fundamental parameters of Ca2+ 
interaction, AH" and AS", are identical for each Caz+-binding 
domain. Furthermore, Mg2+ and H+ antagonize Ca2+ binding 
to each of the four domains to the same degree. The lack of 
discrimination is illustrated by the following facts: (1) upon 
a raise of the Mg2+ or H+ concentration the Ca2+ binding 
isotherms are shifted but do not change in shape (Figure 5; 
Haiech et al., 1981); (2) also, in the presence of high Mg2+ 
concentrations, Ca2+ binding to each of the four domains is 
driven by the same enthalpy change, which now is exothermic 

(Figure 1; Tanokura & Yamada, 1984;) (3) proton release 
is identical in each Ca2+-binding step. All these results indicate 
that Ca2+-binding under normal and perturbing ionic condi- 
tions proceeds as if the four domains behave in an identical 
manner. 

In the absence of Ca2+, the chemical group responsible for 
the Ca2+-H+ antagonism displays an ionization constant of 
lo6 The most plausible ligand having such an ionization 
constant is a pair bf carboxyl groups involved in a close car- 
boxyl-carboxylate interaction. Such interactions have been 
found in many protein structures and are attributed to the 
sharing of a proton by the two negatively charged side chains 
(Sawyer & James, 1982). In Ca2+-free CaM, two carboxyl 
groups would be forced in a restricting, near-neighbor ar- 
rangement leading to an anomalous high pK,. Ca2+ binding 
then disrupts this interaction and may force one or both 
carboxyl groups to participate in other bonds. In light of a 
recent report on structure stabilization in the central a-helix 
of calcium-binding proteins (Sundaralingam et al., 1985), we 
speculate that the following three pairs would form carbox- 
yl-carboxylate bonds: A ~ p ~ , - G l u ~ ~ ,  Aspxo-glux,, and 
G l ~ ~ ~ - G l u ~ ~ .  Indeed, in each of these pairs, one partner at  
least can alternatively form a salt bridge (in the Ca2+-saturated 
state): Asp,, with Arg,,, Aspso with LYS,~, GluX2 with Arg,,, 
and Glus7 with Arggo. 

Until now, nearly all the information on the interaction of 
CaM with Mg2+ came from conformational or Ca2+-Mg2+ 
competition studies; detailed direct binding studies were 
lacking, apparently due to the low affinity of CaM for Mg2+. 
Indeed, at a free [Mg2+] yielding half-maximal saturation, the 
concentration of bound Mg2+ can only be accurately deter- 
mined by equilibrium gel filtration or dialysis provided the 
equilibrated solution contains at  least 50 mg of CaM-mL-'. 
This study showed that microcalorimetry is very well suited 
for the precise determination of the affinity constant of Mg2+ 
for CaM even in the presence of millimolar Ca2+. Knowledge 
of the affinity constant (140 M-I in the absence of Ca2+) 
combined with direct binding data shown that CaM contains 
four Mg2+-binding sites. In the presence of saturating CaZ+ 
concentrations, the value of KMg (35 M-l) together with direct 
binding dat also points to a stoichiometry of four Mg2+ per 
CaM. These data suggest that the Ca2+- and Mg2+-binding 
sites on CaM are different and that at infinite concentrations 
of both cations the species CaM.Ca4.Mg, prevails. The values 
of the enthalpy changes also are in favor of simultaneous CaZ+ 
and Mg2+ binding (Table 111). The Ca2+- and Mg2+-binding 
sites are not identical but influence each other: their affinities 
for the cations are linked by a negative free-energy coupling 
of 3.4 kJ-site-', in other words by a 4-fold decrease of the 
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affinity constants in the presence of infinite concentrations of 
the antagonistic cation. 

As a very preliminary guess on the Mg2+-H+ antagonism, 
one would say that two proton ligands with a pK, of ca 5.0 are 
involved in the binding of one Mg2+ ion. Likely candidates 
for binding Mg2+ in each of the four domains of CaM are 
proposed in Table IV. The a-carbon atoms of these two amino 
acids residues are on the same side of the E helices, and the 
centers of their y- or 6-carboxyl groups can easily be positioned 
a t  about 1.3 A from each other for the insertion of a Mg2+ 
ion. Such imposed close contact between two carboxyl groups 
is also present in malonic acid and cyclobutane- 1,l -dicarboxylic 
acid, which display pK, values of 5.28 and 5.22, respectively, 
and a KMg of 129 M-' (Martell & Smith, 1977b). Interest- 
ingly, the putative Mg2+-binding amino acid residues are very 
well conserved in the four domains of all calmodulins, in some 
domains of troponin C, and in different regulatory light chains 
of myosin, where small Mg2+ effects upon Ca2+ binding have 
been reported, but not in parvalbumins and invertebrate 
sarcoplasmic Ca2+-binding proteins, where Mg2+ strongly 
affects the Ca2+-binding properties. 

The fundamental parameters of Ca2+ binding to CaM do 
not resemble those of other proteins with a rather high affinity 
for Ca2+ (K L lo5 M-I). In CaM, the reaction is entirely 
entropy driven with a small endothermic component (this 
study; Tanokura & Yamada, 1984). In troponin C, Ca2+ 
binding to the so-called specific sites is entirely enthalpy driven 
with no change in entropy (Potter et al., 1977). Ca2+ binding 
to the Ca2+-Mg2+ sites of the latter protein and also to par- 
valbumins is both enthalpy and entropy driven (Potter et al., 
1977; Moeschler et al., 1980; Tanokura & Yamada, 1984). 
Finally in a-lactalbumin, Ca2+ binding is so strongly enthalpy 
driven that a large negative entropy component accompanies 
the reaction (Van Ceunebroeck et al., 1985; Schaer et al., 
1985). Although there are many structural homologies be- 
tween the Ca2+-binding domains of these proteins (except that 
of a-lactalbumin), the fundamental differences shown above 
may be responsible for their very specific functions in the cell. 
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APPENDIX 
Determination of Affinity Constants and Maximal Signal 

Change of the Interaction of Divalent Cations with CaM. 
Assuming identical affinity constants (K) for the Ca2+- and 
Mg2+-binding sites on CaM (model l ) ,  the interaction of these 
divalent metal ions with the protein can be described with 
reference to one site (S) rather than to the whole protein: 

S + M2+ s S-M (1) 
with 

K =  - - P M I  
([MTI - [s*Ml)([sTl - [S*M1) 

where [ST] and [MT] are the total concentrations of metal- 
binding site and of metal, respectively, and u is the fractional 
saturation, equals [S.M]/[ST]. 

Equation 2 can be solved for u to yield a quadratic equation 
with the following root [see also Richards and Vithayathil 
(1959)l: 

U = (1 + K[ST] K[MT] - [(I + K[S,] + K [ M T ] ) ~  - 
4K2[sTl [MTI l"2)/12K[sTl 1 (3) 

Assuming two pairs of metal-binding sites of different af- 
finities (model 2, with K = Kl or K2 for SIT and S2T, re- 
spectively), the overall fractional saturation 

D = ( V I  + u2)/2 (4) 
where v l  and u2 each were calculated by eq 3. 

The experimentally determined signal change, AYexptl 
(corresponding in this work either to a heat exchange or to 
a proton release), as a function of [MT] can adequately be 
described by eq 3 or 4, since 
AY,,,,, = 4uAYma, (model 1) or 

AYexptl =  PAY,,, (model 2) (5) 

where AY,,, is the overall change per mole of CaM. The 
experimental data AYexptl vs. [MT] ( n  experiments) were an- 
alyzed according to eq 3 and 5 by iteratively varying K and 
AY,,,: a minimum in the function C:=l(AY,,,,, - AYcaid)2 
yields the best fitting values for K and AYmax. In some ex- 
periments, the data were analyzed iteratively according to eq 
4 and 5 by imposing a difference of 1 order between K, and 
K2. All the iterative analyses were carried out with a MINUITS 
routine from the CERN library (Geneva). 

Determination of Fraction of Bound Ligand A or B in a 
Free-Energy-Coupled System Involving CaM and Two Lig- 
ands. In Scheme I (Materials and Methods), the fraction of 
bound A per site is given by 

bound A/site = ( [ S A ]  + [S.A-B])/[S,] (6) 

where [ST] is the total concentration of metal-binding sites. 
From the rule of energy conservation, i.e., [ST] = [s] 4- [ S A ]  
+ [ S B ]  + [S.A.B], it can be deduced that 

and 
[S-A*B] = 

[STl/[l + ( e [ A I ) - l  + (KB,[BI)-' + [Al[Bl(KaK?l)-'l (8) 

Since K a G  = K&', eq 5-7 can be reduced to [see also Cox 
et al. (1982)l 

1 + (@[BI)-l 
bound A/site = 

1 + (@[A])-' + (1 + K,[A])-'(@[B])-' 
(9) 

Similarly 
bound B/site = 

Registry No. Ca, 7440-70-2; H+, 12408-02-5; Mg, 7439-95-4. 
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ABSTRACT: Histamine, the principal amine of rat  peritoneal mast cells, is taken up  into isolated granules 
with intact membranes. Uptake is pH- and concentration-dependent and is not stimulated by the addition 
of Mg2+-ATP. The  saturable uptake has a K,,, of 91.1 pM and a V,,, of 95.4 pmol (mg of protein)-' min-'. 
Uptake is abolished by 5 m M  ammonium ion. 5-HT, the other endogenous amine of the granules, and 
dopamine and tyramine, which do not occur naturally in rat  mast cells, each competitively inhibits [3H]- 
histamine uptake with Ki's close to 1 p M .  Reserpine, a putative amine carrier blocker, inhibits uptake a t  
nanomolar concentrations. A t  high concentrations, uptake of [3H]-5-HT is nonsaturable; a t  low concen- 
trations, a saturable component is observed with a K, of 1.6 p M .  Uptake of [3H]-5-HT is not enhanced 
by Mg2+-ATP. It is pH-dependent but with a lower apparent pK, than that of histamine. [3H]-5-HT uptake 
can  be completely inhibited by ammonium ions. Amine inhibition of [3H]-5-HT uptake gives nonlinear 
Dixon plots, and high concentrations of the competing amines or reserpine cannot completely block uptake. 
W e  propose a model consistent with these results in which amine uptake occurs by several distinct saturable 
transport systems. According to the model, histamine is transported by a single system, which also transports 
5 -HT and dopamine. 5 -HT and dopamine are  transported by one or more other systems. 

Connec t ive  tissue mast cells of the rat contain histamine and 
5-HT. These amines, located in the cell's specific granules, 
are secreted exocytotically and coordinately in response to a 
variety of agents (Lagunoff et al., 1983). 

The mechanism by which amines enter secretory granules, 
though unexplored for mast cell granules, has been previously 
studied in chromaffin granules and platelet-dense granules. 
Current evidence suggests that a Mg-dependent ATPase, 
present in the chromaffin and the dense granule membrane, 
creates an electrochemical gradient comprised of both a pH 'This work was supported in part by NIH Grant HL 25402. 
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