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1. Introduction 

Troponin in vertebrate skeletal-muscle performs 
its regulatory function by being able to recognize 
changes in the free Ca2+-concentration in the surround- 
ing sarcoplasm. Previous studies performed in this 
laboratory concerning bovine cardiac troponin, its 
components and their interactions [l-S] suggested 
that regulation of cardiac-muscle contraction could 
be explained, qualitatively, by a model similar to that 
proposed for the skeletal-muscle system [6-81. 

A thorough review and re-evaluation of the calcium- 
binding parameters of skeletal-muscle troponin and 
its calcium-binding subunit, troponin C (TN-C), was 
performed recently by Potter and Gergely [9]. They 
reported that both skeletal troponin and TN-C could 
bind, maximally, four Ca”-ions/molecule. 

Collins et al. [lo] , by an analysis of the skeletal 
TN-C amino acid sequence, had been able to predict 
correctly that TN-C could bind four Ca2+-ions. The 
basis for this prediction was the presence of four 
stretches of sequence which displayed extensive 
homology with the calcium-binding regions of carp 

Abbreviations: ATPase adenosinetriphosphatase, [Ca”]f 
the concentration of free Ca”-ions in solution, CD circular 
dichroism, EGTA ethylene glycol bis@aminoethyl ether> 
WV’-tetra-acetic acid, f fraction titrated, i the number of 
moles of Ca’+which bind to a mole of TN-C, Kapp apparent 
association constant, TN-C troponin C, 60 the change m 
ellipticity value elicited at a certain wavelength by the addi- 
tion of a particular amount of calcium to a solution con- 
taining TNC, A0 the maximum change in ellipticity value 
which can be elicited at a certain wavelength by the addition 
of calcium to a solution containing TN-C 
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parvalbumin [ 1 l] . When Van Eerd and Takahashi 
[12] published the amino acid sequence of bovine 
cardiac TN-C, they attempted a similar prediction. 
Only three regions in the cardiac TN-C sequence bore 
significant homology to the parvalbumin calcium- 
binding sites. These three stretches of sequence 
corresponded to three of the four proposed calcium- 
binding regions of skeletal TN-C. Therefore, it was 
suggested that each cardiac TN-C molecule could bind 
three Ca2*-ions. 

This report details the results of experiments 
designed to investigate the parameters governing the 
interaction between Ca2’ and cardiac TN-C. 

2. Materials and methods 

2.1. Bovine cardiac TN-C 
Troponin was extracted from beef hearts using the 

procedure of Tsukui and Ebashi [ 131. TN-C was 
purified as detailed previously [l] . 

Concentrations of solutions of TN-C were deter- 
mined spectrophotometrically using an extinction 
coefficient at 278 nm for a 1% solution of TN-C of 
3.4 [ 1 ] . The molecular weight of cardiac TN-C was 
taken to be 18 459, as determined from its amino 
acid sequence [ 121. 

2.2. Calcium ion concentration 
The level of free Ca”‘-ions in solution was adjusted 

by means of an EGTA-containing buffer, employing 
principles discussed by Perrin and Dempsey [ 141. 
From Schwarzenbach et al. [ 151, the stepwise equili- 
brium constants for the deprotonation of EGTA, 
pKal = 2.0, pKa2 = 2.65, pKas = 8.85 and pK,,, = 
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9.46, and the association constants for Ca’+, and Mg2+, 

p& = 10.97 and pK& = 5.21, were obtained. 
At pH 7.5, the pH employed throughout this 

investigation, the apparent association constants for 

EGTA with Ca’+was calculated to be 4.4 X 10’ M-r. 

For EGTA with Mg2’, it was 90 M-l. Therefore, the 
binding of Mg” to EGTA was neglected in calculations 
of free Ca2+-concentrations. 

2.3. Circular dichroism measurements 
CD measurements were performed with a Cary 6001 

CD attachment to a Cary 60 recording spectropolari- 

meter as described by Oikawa et al. [ 161. 
TN-C was dissolved in 0.15 M KCl, 50 mM Tris- 

HCl, pH 7.5, 1 mM ECTA and dialysed 24 h at 4°C 
against the same solvent prior to recording its CD 
spectrum in the peptide absorption-range. After the 
addition of an aliquot of CaC12, the spectrum was 
recorded again. This process was repeated until no 
further change in the spectrum could be detected. 

Similar sets of spectra were collected with TN-C equili- 
brated against the same solvent, but containing 2 mM 

MgC12. 

From these data, the number of Ca”-ions bound 
per TN-C molecule, i, and an apparent binding con- 

stant, KaPP, could be estimated as described by 

Willick and Kay [ 171 for the evaluation of the same 
parameters for Mg2+ binding to tRNA. Such calcula- 
tions assume that the structural transition observed 
by CD involves only 2 states. Either TN-C has Ca2+ 

bound and has undergone the complete conformational 
change or no Ca2+ is bound and the conformational 
change has not occurred. The fraction of TN-C mole- 

cules in the calcium-bound state,f, can be determined 
as the ratio of the change in ellipticity value at a 
particular free Ca’+-concentration at a particular 
wavelength, 613, to the maximum change which can 
be elicited in the ellipticity value at that wavelength, 

68: 

f- se = Kapp P2'l 1 
Af3 1 + Kapp [Ca2*] i 

In this study, 68 and A0 were measured at 221 nm, 
the position of one of the minima in the TN-C CD 
spectrum. 

106 

2.4. Gel-filtration 
Hummel and Dreyer [ 181 first used gel-filtration 

as a rapid and accurate method to study protein- 
binding phenomena. Using this technique, with the 
modifications of Voordouw and Roche [9], the 
number of Ca2+-ions bound/molecule of TN-C, and an 
apparent association constant, were determined. 

To determine the maximal number of Ca’+-ions 

which would bind to each cardiac TN-C molecule, a 
1 .O X 30 cm column of Sephadex G-25 fine was 
equilibrated against 0.15 M KCl, 50 mM Tris-HCl, 
pH 7.5 and 1 X lo4 M CaC12. Three to four mg of 
lyophilized TN-C were dissolved in 0.6 ml of the same 

buffer, but containing 5 X 10m4 M CaC12 and dialysed 

overnight at 4°C. The TN-C solution then was allowed 
to equilibrate to 22’C and was applied to the column. 

i A constant elution rate of 20 ml/h was maintained by 
an LKB peristaltic pump and 2.5 min fractions were 
collected. Each fraction was analysed for protein- 

content by measuring its absorbance at 278 nm, and 
for calcium-content using a Unicam SP90A Series 2 

atomic absorption spectrophotometer, with instru- 
mental settings adjusted as described in Unicam Atomic 
Absorption Method Ca-2 [20]. 

To determine the dependence of Ca2’-binding to 
Ca2+-concentration, the column equilibration buffer 
was altered to contain 5 X 1 O-’ M EGTA and a specific 

concentration of CaC12 which would produce sub- 
maximal Ca2’-binding to TN-C. In these experiments, 

the TN-C was applied to the column after it had been 
dialysed against 0.15 M KCl, 50 mM Tris-HCl, pH 7.5, 

5 X lo-’ M EGTA and 1 X lo* M CaC12. Again, 
integration of the amount of Ca2* eluting in the void 
volume peak and division of this sum by the total 
amount of protein in the peak provided the number 
of Ca2’-ions bound to each TN-C molecule under the 
experimental conditions. Estimates for the parameters 
i and Kapp were obtained by fitting the experimental 
data to a curve computed from the equation [9] : 

Ca”/TN-C = 
iKapp [Ca”], 

1 + Kann P”+l f 

For each experiment, a new standard curve for the 
determination of calcium was prepared. The column 
equilibration buffer was used in each case as the zero 
readout or baseline value to which additions of CaC12 



Volume 75, number 1 FEBS LETTERS March 1977 

yielded standard solutions covering the range of 

calcium concentration fro? O-l X lo4 M, in incre- 

ments of 1 X lo-’ M, above the baseline level. 

As in the case of the CD titration studies, an analo- 
gous set of Ca”-binding experiments was performed 
in the presence of 2 mM MgClz to observe how Mg*‘- 
ion affected the Ca*+-binding parameters of cardiac 
TN-C. 

To avoid contamination of solutions with Ca*+ 

from laboratory glassware, Nalgene beakers, test tubes, 
volumetric flasks, solution bottles and pipets were 
employed throughout the study. 

3. Results 

3.1. CD titration studies 
The results of additions of CaC12 to a cardiac TN-C 

solution in the absence of Mg*‘-ions are presented in 

the form of a titration-curve in fig.1. The fraction of 

completion of the CD spectral change,f, is plotted 

against the negative logarithm of the free Ca*‘-con- 

Fig. 1. CD calcium titration of the conformational change in 
TN-C (‘minus Mg”+‘). The protein was dissolved in 0.15 M 
KCI, 50 mM Tris-HCl, pH 7.5, 1 mM EGTA. CaCl, was added 
incrementally and [o] l,L recorded for each addition. f is the 
fraction of completion of the conformational change and 
pCaf = -log[Caa’]f. The solid line represents a calculated 
titration curve assuming that one Cage-binding site exists on 
TN-C and the apparent association constant for the interaction 
is 7 X 10‘ M-l. 

centration in solution, pCa,. The data were collected 

from 6 sets of titrations on three different prepara- 
tions of TN-C. The solid curve is a theoretical titra- 

tion-curve calculated assuming TN-C possesses a single 
calcium-binding site and an apparent association con- 

stant for Ca*’ of 7 X 1 O6 M-l. 
In the absence of added Ca*+, it was shown that 

2 mM MgClz produced a change in the CD spectrum 
approximately one-half the magnitude of that pro- 

duced by saturating levels of Ca2+ [l] . Therefore, the 
titration data for additions of CaC12 to TN-C solutions 
in the presence of 2 mM MgC12 are presented on a 
scale of from 50-100% complete (fig.2). The results 
represent six sets of titrations on three different 
preparations of TN-C. 

Apparently, Mg*‘-ions compete with Ca*+ for 
occupation of the site responsible for the observed 
conformational change, with the result that higher 

concentrations of Ca*+ are required to attain the 

maximal CD spectral-change. This results in a reduced 
apparent association constant for the interaction of 
TN-C with Ca’+. The solid line in fig.2 represents a 

theoretical curve calculated assuming an apparent 
association constant of 5 X lo4 M-’ and that 0.6 Ca*+- 

ions bind to each TN-C molecule. The fit of this curve 
to the experimental data is not excellent, but the 
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Fig.2. CD calcium titration of the conformational change in 
TN-C (‘plus Mg”‘). The experimental conditions were as 
described in fig. 1 except that 2 mM MgCl, was present in all 
buffers. The solid line represents a calculated titration curve 
assuming that 0.6 Ca’* binds to each TN-C and the apparent 
association constant for the interaction is 5 X 10’ M-l. 
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results provide a rough quantitation of the reduction of 

the association constant for the interaction between 

TN-C and Ca’+. The fractional value for the number 

of Ca’+-ions which bind to each TN-C molecule implies 

that there is not a complete displacement of the Mg*‘- 

ions from the site on TN-C to which divalent cations 

bind and induce the observed conformational change. 
Presumably higher free-calcium levels would displace a 
greater percentage of Mg”-ions. 

Incremental additions of MgCls to TN-C solutions 

in the absence of Ca2+ produced increases in observed 
ellipticity values over a broad concentration range. 

The data were not suitable for a binding-parameter 
analysis as performed with Ca2+. From the Mg2+-con- 

centration required to produce one-half of the maxi- 
mal observed ellipticity change at 22 1 nm, the apparent 
association constant for TN-C with Mg” was estimated 

to be between lo3 and lo4 M-' . 
Addition of MgC12 to TN-C in the presence of 

excess free Ca2+ produced no further change in its CD 
spectrum. Therefore, Mg”, if it does bind at a site 
other than the one responsible for the conformational 
change already described, does not induce a further 
structural change which is detectable in CD spectra. 

3.2. Gel-jiltration studies 
Van Eerd and Takahashi [ 121 had predicted that 

three Ca”-ions could be bound to each cardiac TN-C 
molecule. Our CD titration results demonstrated that 

the binding of a single Ca2+-ion could elicit the full 
conformational change observed in CD spectra. The 
possibility remained that, in total, more than one 
Ca2+-ion could bind to each TN-C, but that only the 
one responsible for the altered CD properties had 

been detected. 
To test this hypothesis, the gel-filtration technique 

of Hummel and Dreyer [ 181, as adapted by Voordouw 

and Roche [ 191, was employed to study the binding- 

parameters for the interaction of TN-C with Ca’+. 
As a basis for comparison, the maximal binding of 

Ca2+ to rabbit skeletal TN-C (kindly donated by 
Dr W. D. McCubbin) was determined. Assuming an 
extinction coefficient at 280 nm for a 1% solution of 

skeletal TN-C of 1.93 [21] , each mole of TN-C was 
found to bind 3.9 + 0.2 mol Ca”, in excellent agree- 
ment with the value of four found by Potter and 

Gergely [9 ] . 
An identical set of experiments was performed 
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Fig.3. Elution of TN-C and calcium from a Sephadex G-25 
column. TN-C (- 1 mg/ml) was applied to a 1.0 X 30 cm 
column in 0.6 ml 0.15 M KCl, 50 mM Tris-HCI, pH 7.5, 
5 X lo-’ M CaCI, and eluted with the column equilibration 
buffer, 0.15 M KCl, 50 mM Tris-HCl, pH 7.5, 1 X lo-’ M 
CaCl,. (A) Protein-elution profile monitored spectrophoto- 
metrically at 278 nm. (B) Calcium-elution profile monitored 
using an atomic absorption spectrophotometer. 

employing cardiac TN-C. Eluant from the gel-filtration 
column (fig.3) was monitored for protein-content and 
calcium-concentration. A single protein peak eluted at 
the column void volume. Two calcium peaks emerged, 
the first co-eluting with the protein and the second 

appearing later in the profile. The mole ratio of Ca2+ 
to TN-C in the first peak was determined to be 
3.2 f 0.2. When 2 mM MgCl2 was incorporated into 
the column equilibration buffer, this value was found 
to be 2.9 ?r 0.2. Cardiac TN-C is capable, therefore, of 
binding three Ca2+-ions, on a mol/mol basis. 

Incorporation of EGTA into the column equilibra- 
tion buffer allowed investigation of calcium-binding 
to TN-C as a function of free Ca2+-concentration (tig.4). 

The best fit (judged by eye) to the data collected in 
the absence of Mg” (fig.4, open squares) was obtained 
by setting i = 3.2 and Kapp = 7 X lo6 M-l. For data 
collected in the presence of 2 mM MgC12 (fig.4, closed 
squares) the best fit was generated by setting i = 2.9 

and Kapp 1 X lo6 M-l. 
The results demonstrate that Mg2+-ions in solution 

compete with Ca’+-ions for binding sites on TN-C. An 
increased Mg2+-concentration increases the level of Ca2+ 
necessary to occupy the sites. Once a sufficiently high 
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Fig.4. Determination of the moles calcium bound/mole TN-C 
at various concentrations of free calcium-ion. Open squares 
represent data collected in the absence of MgCI,. The solid 
curve through these data (open squares) represents a titration 
curve calculated assuming 3.2 calcium-ions bind/TN-C and 
the association constant for the interaction is 7 X lo6 M-‘. 
Closed squares represent data collected in the presence of 
2 mM MgCI,. The solid curve through these data (closed 
squares) was calculated assuming 2.9 CaZf bind to each TN-C 
and the association constant for the interaction is 1 X 10’ M-r. 

Ca’+-concentration has been attained, essentially all 

the Mg’+ can be displaced from the binding sites. 

Our results differ from those reported by 
Drabikowski et al. [22] and by Brekke and Greaser 

[23] . Drabikowski et al. found only 1.64 Ca2+ bound/ 
cardiac TN-C. However, the methodology they 

employed only measured 2.16 Ca2+ bound/skeletal 
TN-C. Brekke and Greaser, similarly, found 2.08 Ca2+ 
bound/cardiac TN-C, but only 2.25 bound/skeletal 
TN-C. These latter values may be low estimates for 

the maximal binding capacities of TN-C due to the 
experimental conditions employed. TN-C was dialysed 
against 0.5 M KCl, 2 mM MgC12, 10 mM Tris-HCl, 
pH 7.5 and 1 X 10e6 M CaC12. Clearly, in the presence 
of 2 mM MgCla, a free Ca2+-concentration of 1 X 10e6 M 
would not saturate the binding sites on cardiac TN-C 
(figure 4). At pCa, = 6, our results suggest that about 
1 S-1.7 mol Ga2+ would be bound to a mole of cardiac 
TN-C. The somewhat higher value found by Brekke and 
Greaser may reflect that, although working at micro- 

molar levels of Ca’+, they did not use a metal-ion buffer 
system to control precisely free Ca2+-concentrations. 

4. Conclusions 

Analytical gel-filtration studies revealed that cardiac 
TN-C can bind three Ca”-ions/molecule. Only one of 

these is responsible for the observed alterations of the 

CD properties of the protein in the presence of Ca2+. 

The remaining two occupy sites which are ‘invisible’ to 
circularly polarized light. 

The data do not indicate that different classes of 
sites, with respect to magnitude of association con- 

stant, exist on cardiac TN-C, as reported for skeletal 

TN-C [9]. They do suggest that the sarcoplasmic level 
of free Mg”-ions does affect the binding parameters 

for the interaction of TN-C with Ca2*. Although the 
precise concentration of free Mg2’ within cells is 

unknown [24], a high estimate (2 mM Mg’+) results 
in a reduction of the association constant from 
7 X lo6 M-’ to about 1 X lo6 M-l. The sensitivity 
of TN-C to a Ca2’-induced conformational change 

would still fall within the range of Ca”-concentrations 

experienced in the sarcoplasm, lo-’ M in actively 
contracting-muscle to lo-* M in resting-muscle. 
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