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Abstract Changes in troponin C (TnC) conformation upon
Ca2+ binding forms the basis for regulatory and structural func-
tions of TnC molecules. In the present study, Ca2+-induced
conformational changes in TnC were observed by mechanical
measurements. TnC ¢lms were prepared by drying or electro-
spraying TnC solutions, cross-linked with glutaraldehyde, and
isometric tension and sti¡ness measured as a function of pCa.
An increase in Ca2+ from a pCa of 9 to 4 induced large-scale
mechanical changes in the TnC ¢lms causing several percent
shrinkage of the unloaded ¢lms. This shrinkage could be par-
tially assigned to Ca2+ binding to the Ca2+/Mg2+ sites of
TnC. ( 2002 Federation of European Biochemical Societies.
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Troponin C (TnC) is a Ca2þ receptor of the thin ¢lament
regulatory system in skeletal and cardiac muscles. Crystallo-
graphic studies of TnC revealed a dumbbell-shaped molecule,
75 A6 long, consisting of C- and N-terminal lobes (C lobe and
N lobe) of 25 A6 in diameter connected by a nine-turn K-helix,
three turns of which are fully exposed to solvent [1,2]. The
C lobe contains two high-a⁄nity Ca2þ-binding sites
(KCaV107 M31) which also bind Mg2þ (KMgV103 M31).
The N lobe incorporates two Ca2þ-speci¢c binding sites
with lower a⁄nity (KCaV105 M31) in skeletal TnC (sTnC)
and one such site in cardiac TnC (cTnC) [3,4].
Binding of metal ions induces conformational transitions in

TnC modifying its interaction with other muscle proteins (for
review see [5,6]). Two Me2þ are always bound to the C lobe in
situ and support a special protein conformation enabling per-
manent contact of TnC with TnI. The Ca2þ binding to the
N lobe induces conformational changes in response to phys-
iological changes in [Ca2þ] switching muscle between relaxed
and active states.
The purpose of the present study was to use mechanical

measurements of cross-linked TnC ¢lms to directly observe
conformational changes in TnC caused by Ca2þ binding. It

was found that Ca2þ induced large changes in isometric force
of the ¢lm, which partially re£ect Ca2þ binding to the C lobe.
These large-scale mechanical changes could be used as a sen-
sitive probe to test binding of ligands to TnC.

2. Materials and methods

2.1. Proteins
The modi¢ed procedure described in [7,8] was used for preparation

sTnC from rabbit skeletal muscles. Drs. H.M. Rarick and R.J. Solaro
kindly provided us with a bovine cTnC preparation.

2.2. Preparation of protein ¢lms
Dry proteins were dissolved (10^20 mg/ml) in a bu¡er solution

(0.5 mM KH2PO4, 0.1^0.2 mM DTT, pH 7.0). The protein solution
(30^60 Wl) was dialyzed overnight against 400 ml of the bu¡er. Before
¢lm formation, 45% sucrose and 10% glycerol (w/(w of dry protein))
were added to the dialyzed protein solution to protect protein mole-
cules upon drying [9].
Dry protein ¢lms were formed either by fast drying of a droplet of

the protein solution on a glass plate in a vacuum chamber [10] or by
an electrospray deposition technique [9]. Dry protein ¢lms were then
cross-linked in a vapor of 25% glutaraldehyde at 28‡C [10]. Minimum
time for the ¢lms to become insoluble was determined in preliminary
experiments and subsequently used as the time for cross-linking (4 min
for cTnC and 5 min for sTnC ¢lms). After cross-linking, dry ¢lms
were kept in a freezer (up to several days) before use. Size of dry TnC
samples used in experiments was 400^800 Wm by 150^300 Wm with a
thickness of 2^5 Wm.

2.3. Solutions
TnC ¢lms were tested in a bu¡er solution containing 25 mM imi-

dazole, 150 mM KCl, and 1 mM NaN3, pH=7.00 at room temper-
ature (19^21‡C). To reach required pCa, 2 mM Ca2þ^EGTA bu¡ers
were added to this solution. Concentrations of free Ca2þ ions were
calculated using equilibrium constants of Potter and Gergely [3] to
enable a direct comparison of our data with those obtained on TnC
solutions by these authors as well as by Holroyde et al. [4].

2.4. Mechanical measurements
The apparatus for measuring isometric force and Young’s modulus

was similar to that previously described [10] with some modi¢cations
in sample attachment. Brie£y, the protein ¢lm in a bu¡er solution was
attached between a force transducer and a piezoelectric bimorph ac-
tuator by pricking the ¢lm ends with two sharp tungsten tips. Small
periodical changes in sample length (0.15 Hz with amplitude 6 1%)
were applied to measure elastic modulus. Distance between the tips
could also be adjusted with a micrometer screw to impose a constant
strain. Usually the ¢lm ends were folded to reinforce the sites of
piercing. Sometimes the ends were reinforced with microdroplets of
a cyanoacrylate glue.
The attached protein ¢lm was placed in a £ow chamber. After

equilibration in the bu¡er solution with 2 mM EGTA, the ¢lm was
slightly stretched. After that, isometric force and (occasionally) sti¡-
ness were measured in di¡erent solutions. To estimate the apparent
a⁄nity for Ca2þ, isometric force was recorded in solutions with di¡er-
ent pCa. The apparent binding constants were estimated using Line-
weaver^Burk double-reciprocal plot as shown in Figs. 2 and 3.
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2.5. Estimation of Ca2+-induced changes in a length of
unloaded TnC ¢lm

Assuming that the protein ¢lms both in free and ligand-bound
states obey Hook’s law, the strain was calculated according to the
following formula:

ðLl3L0Þ=L0 ¼ 3ððF l=K lÞ3ðF0=K0ÞÞ=L0 ð1Þ

Here F0, L0, K0 are the values of isometric force, unloaded length and
sti¡ness in the bu¡er without Ca2þ. Fl, Ll, Kl are the same parameters
for the sample in the bu¡er with Ca2þ.
Data are presented as meansTS.E.M.

3. Results and discussion

3.1. General properties of cross-linked TnC ¢lms
Once placed in a water solution, dry TnC ¢lms swell in-

creasing their volume approximately eight-fold. Such exten-
sive swelling distinguishes TnC ¢lms from ¢lms of other glob-
ular proteins. For example, cross-linked amorphous lysozyme
¢lms swell onlyV1.6^1.7-fold [11], which is typical for cross-
linked amorphous ¢lms of globular proteins. The marked
swelling of TnC ¢lms may be related to the presence of a
large amount of COO3 groups and to the unusual structure
of TnC, which combines ¢brillar and globular domains.
Straightening K-helices bent upon dehydration may be respon-
sible for the observed high level of swelling.
Wet TnC ¢lms had an appearance of transparent gels. They

were isotropic as judged from the absence of any birefrin-

gence. The ¢lms were highly elastic and could be reversibly
stretched at least up to 50%.
Protein concentration in the ¢lms was estimated from the

swelling ratio, taking into account the density of dry protein,
1300 g/l [12] and the molecular weight of TnC (18 000), and
was found to decrease from 72 mM in dry ¢lm to 9 mM after
swelling. Thus, wet TnC ¢lms contain about 16% protein.
The elastic modulus of TnC ¢lms (Table 1) wasV103 times

smaller than that of protein crystals, 0.2 GPa [13]. Unlike
protein crystals, where elastic modulus is mainly determined
by direct physical contacts between neighboring protein mol-
ecules, the elastic modulus of amorphous protein ¢lms is no-
tably smaller, being mostly determined by the elasticity of
intermolecular links [14]. The di¡erence between the modulus
of crystals and amorphous ¢lms would be especially large for
highly swollen and loosely packed ¢lms (e.g. compare protein
concentration in TnC ¢lms, 9 mM, and in a lysozyme crystal,
55 mM [13]). Thus, changes in the elastic modulus of highly
compliant TnC ¢lms should reveal changes in intermolecular
contacts rather than changes in elasticity of protein molecules.
On the other hand, changes in isometric force without changes
in elastic modulus could re£ect changes in size of protein
molecules.

3.2. Mechanical e¡ects of Ca2+

TnC ¢lms responded to decrease in pCa from 9 to 4 by a

Table 1
Mechano-chemical properties of TnC ¢lms

Protein Young’s modulusa (kPa) Shrinkagea;b by Ca2þ (%) KCac (M31)

pCa 9 pCa 4 No Mg2þ added 2 mM MgCl2

cTnC 550T 140 (4d) 780T 130 (4) 2.5 T 0.2 (4) 1.5U107 5.3U105

sTnC 120; 170 210; 310 8.4; 6 3.7U107 3.1U106

aNo Mg2þ added.
bRelative changes in unloaded ¢lm length resulted from changes in pCa between 9 and 4 calculated by Eq. 1.
cIf Ca2þ-binding curve has to be approximated by more than one binding constant only one of the highest a⁄nity is presented.
dFigures in parentheses denote the number of samples used in measurements.

Fig. 1. Representative experiment demonstrating Ca2þ dependence
of isometric force and sti¡ness of a sTnC ¢lm. Arrows indicate pCa
of the solutions. The force changes induced by periodical changes in
length (peak to peak amplitude, 0.9%, frequency, 0.15 Hz) were
used to measure sti¡ness. In estimating sti¡ness, the amplitude of
force changes was multiplied by a factor of 1.7, correcting for the
frequency dependence of the measurement system.

Fig. 2. Lineweaver^Burk double-reciprocal plots for force of cTnC
¢lm as a function of [Ca2þ]. Filled circles: without added Mg2þ

(n=3^4), open circles: with 2 mM MgCl2 added to solutions (single
experiment). Force in each curve was normalized to that at pCa 4.
The data are ¢tted with linear regressions using the three lowest
[Ca2þ] for the experiments without Mg2þ, and using all the data in
the presence of MgCl2. The best estimates for KCa are presented in
Table 1.

FEBS 26303 17-7-02

A.E. Bukatina et al./FEBS Letters 524 (2002) 107^110108



large reversible increase in isometric force and a small increase
in the Young’s modulus (Fig. 1, Table 1). Corresponding to
these mechanical changes, shrinkage of unloaded ¢lms (Ta-
ble 1) was readily visible under a low-power microscope. Our
data are consistent with a Ca2þ-induced shift in TnC confor-
mation to a more compact structure [15], with an V8% de-
crease in Stokes’s radius [16]. Based on these results, we con-
clude that the observed mechanical e¡ects are caused mainly
by conformational changes in protein molecules rather than
changes in intermolecular interaction.
In Fig. 1, it can be clearly seen that the mechanical proper-

ties of TnC ¢lms are sensitive to a very low level of free Ca2þ

in solution (less than 1037 M), which is indicative of a speci¢c
Ca2þ binding. Change in pCa from 9 to 5.8 caused an increase
in force without considerable change in sti¡ness. Further in-
creases in Ca2þ concentration up to pCa 4.0 resulted in addi-
tional increases in force accompanied by a notable raise of the
sti¡ness.
The presence of notable deviation from the linear ¢tting of

these data in the Lineweaver^Burk plot in the absence of
Mg2þ (Figs. 2 and 3) indicates that several Ca2þ-binding pro-
cesses with di¡erent a⁄nities are responsible for the observed
mechanical changes. To roughly estimate the highest apparent
binding constants, we used data at the three lowest Ca2þ

concentrations (Figs. 2 and 3). These estimates for both
cTnC and sTnC (Table 1) are in a good agreement with the
literature data for binding of Ca2þ to Ca2þ/Mg2þ sites of these
proteins in solutions (KCa = 1U107 M31 for cTnC [4] and
2U107 M31 for sTnC [3]).
The apparent binding constant for Ca2þ was reduced more

than 10 times in the presence of Mg2þ (Table 1). Such a
suppression of high-a⁄nity Ca2þ binding by Mg2þ is in gen-
eral agreement with the known competition of these two ions

for the high-a⁄nity sites [3,4]. Therefore, disappearance of
high-a⁄nity Ca2þ binding in the presence of Mg2þ provides
additional support for our conclusion that the mechanical
response of TnC ¢lms at low Ca2þ concentrations re£ects
Ca2þ binding to the high-a⁄nity Ca2þ/Mg2þ sites.
Binding of Ca2þ to the high-a⁄nity sites is known to be

responsible for the majority of Ca2þ-induced conformational
changes in TnC molecule [15]. To estimate the relative con-
tributions of binding to the high-a⁄nity sites to the total force
changes, we used the intercepts of the ¢tting lines with the
ordinates on Figs. 2 and 3. The intercepts give the inverse of
force contribution due to binding with the speci¢c sites. When
related to the total force e¡ect of pCa change from 9 to 4, the
contribution of high-a⁄nity binding was estimated to be 17%
for cTnC and 19% for sTnC. Percentage of ¢lm deformation
corresponding to such force changes (Eq. 1) is larger since
there was a virtual absence of sti¡ness changes at low Ca2þ

concentrations (Fig. 1). Thus, even in cross-linked protein
¢lms, TnC molecules display large conformational changes
in response to Ca2þ binding with high-a⁄nity sites.
Binding of Ca2þ to the regulatory sites on TnC could be

expected to contribute to mechanical e¡ects at pCa between
6 and 4. A signi¢cant sti¡ness increase in this pCa range
(Fig. 1) suggests, as it was discussed above, changes in inter-
action between molecules. These changes could be attributed
to several processes, e.g. to formation of Ca2þ-dependent hy-
drophobic intermolecular contacts [17] or to formation of
Ca2þ bridges arising from non-speci¢c Ca2þ binding, similar
to that known in mechano-chemistry of polyelectrolyte ¢bers
[18]. Thus, processes of di¡erent origin are likely responsible
for the mechanical changes between pCa 6 and 4, but given
the lack of data in this pCa range (Fig. 1) we cannot draw
detailed conclusions.
This study demonstrates large-scale mechanical changes of

TnC ¢lms in response to Ca2þ, which likely re£ects changes in
TnC ligand-binding states. Such a technique might be useful
in primary screening of target proteins for drugs a¡ecting
muscle contraction. This technique is not limited to TnC, as
indicated by preliminary results showing that the method can
also be used to study the troponin complex (TnC, troponin T,
troponin I). For the skeletal troponin complex ¢lm we found
the apparent KCa = 7U106 M31 in the presence of 2 mM
MgCl2, which is very close to KCa = 5U106 M31 obtained in
solutions by directly measuring Ca2þ binding [3].
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