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The troponin C superfamily consists of about 100 Ca 2+-binding proteins. Sequence variations observed in these proteins have been 
analyzed and lead to the following conclusions. (1) There are some strict rules defining the set of calcium ligands necessary for 
effective Ca*’ binding (2) If they are fulfilled, the Ca2+ binding constant depends on tertiary mteractions within a protein, as well 
as the free energy of secondary structures of its polypeptide chain. Tbe former provide a constant contribution to the free energy of 
protein folding and the Ca *+-binding process. (3) The observed variety in Ca 2+-binding constants of these proteins results from the 
various abilities of segments of these proteins to assume the correct secondary structure. 

1. introduction 

The troponin C (TNC) superfamily consists of 
a large variety of regulatory proteins with high 
affinity for Ca*+. Polypeptide chains of these pro- 
teins consist of 32-amino-acid, repetitive units with 
related sequences: in principle, each of the units 
can bind one Ca2+, X-ray studies of a few repre- 
sentatives of the TNC superfamily [l-5] have 
shown a common structural pattern of alI the 
units [6]. Two ly-helices formed by residues 1-12 
and 21-32 connected by a loop formed by central 
residues 13-20 are oriented almost perpendicu- 
larly to each other (fig. 1). The Ca*+-coordinating 
ligands are provided by residues 13,15,17 and 19 
situated within the loop, and residues 21 and 24 
located at the N-terminus of the C-terminal (Y- 
helix. The hgands are arranged on verticals of the 
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octahedron and, in the Cartesian coordinate 
framework, are denoted by X, Y, 2, - K -X and 
- Z, respectively. 

The first ligand (X) is always a &zarboxyl 
group of the aspartic acid * (table 1). The last one 
( - Z) is a side chain carboxyl group of either the 
glutamate or, less frequently, aspartate. All ‘defec- 
tive’ units missing either Asp at position 13 or an 
acidic residue at position 24, are deprived of 
Ca2+-binding activity. At position - Y, calcium is 
coordinated by a peptide oxygen. All the remain- 
ing ligands (Y, Z and -X) are, as a rule, oxygen 
atoms of side chains of Asp, Glu, Asn, Gin, Ser of 
Thr, but at least one of them must be a carboxyl 
group of either Asp or Glu. Sometimes, one of the 
positions 15, 17, or 19 is occupied by Gly. In these 
instances, a water molecule coordinates calcium. 

There seem to be no strict rules concerning the 
occupancy of the other positions within the units, 

* Calmodulin units appeared to be an exception to this rule 
until their sequences were corrected by Wada et al. [7]. 
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Table 1 

Amino acid frequencies at each position of Ca 2+-binding loops in proteins from the TNC superfamily 

149 units have been analyzed [lla,13-181. The method of loop identification will be described elsewhere (G. Boguta and A. Godzik, 
to be published). 

Residue L&and: X Y Z -Y -X -2 
Position: 13 14 15 16 17 18 19 20 21 22 23 24 

Ala 0 17 0 7 1 0 3 0 0 12 19 0 
Arg 0 7 0 7 0 1 6 0 0 3 0 0 
Asn 0 3 36 13 22 1 2 0 8 2 6 0 
Asp 149 0 104 2 88 4 5 0 54 1 41 14 
CYS 0 1 0 0 0 0 2 3 0 0 0 0 
Gin 0 16 0 4 2 0 9 0 2 4 5 0 
Glu 0 14 I 2 1 0 12 0 22 13 48 135 
GUY 0 1 0 89 5 141 0 0 19 8 1 0 
HiS 0 0 0 4 0 1 1 0 0 0 0 0 
Ile 0 11 0 0 0 0 4 103 0 3 0 0 
Leu 0 2 0 0 0 0 3 12 1 10 0 0 
Lys 0 43 0 21 0 0 20 0 0 10 16 0 
Met 0 2 0 0 0 0 3 2 4 0 2 0 
Phe 0 5 0 0 0 0 28 0 0 32 0 0 
Pro 0 0 0 0 0 0 0 0 0 1 9 0 
sex 0 12 2 0 30 1 6 0 25 3 0 0 
Tllr 0 6 0 0 0 0 25 0 14 12 2 0 
Trp 0 0 0 0 0 0 0 0 0 2 0 0 
Tyr 0 1 0 0 0 0 18 0 0 13 0 0 
Val 0 8 0 0 0 0 2 29 0 20 0 0 

except for positions 18 and 20. The former is 
predominantly occupied by Gly and the latter by 
one of the following, closely similar, hydrophobic 
residues: Ile, Val, or Leu (table 1). 

The Ca2+-binding units, even when cleaved off 
and separated from the rest of the protein mole- 
cule, maintain their conformation and Ca2+-bind- 
ing ability to a significant extent. For example, 
CD measurements show 21% helix content in the 
apo form of the RSTNC unit III [8]. This in- 
creases to 39% upon Ca2+ binding [8] as compared 
with 55% in the intact metal-bound protein [9]. 
The binding constant, although considerably re- 
duced, is still high: 2.6 X lo5 M-’ [lo]. 

As many as 149 Ca2+-binding units with vari- 
ous sequences are known. For a number of these, 
the binding constants, ranging from lo3 to lo8 
M-’ in intact proteins and from lo2 to lo5 M-i 
in isolated units (for a review, see ref. lla), have 
been determined. The proteins from the TNC 
superfamily therefore provide an excellent basis 

for the systematic analysis of the relationship be- 
tween local sequence mutations and binding activ- 
ity. Using the secondary structure prediction 
method of Gamier et al. [llb], we have shown 
that the affinity of a unit for calcium is correlated 
with the tendency of the units segments to adopt 
the correct secondary structure. From this we have 
elaborated [lla] a set of rules which makes it 
possible to evaluate, within an accuracy of one 
order of magnitude, the Ca’+-binding constants of 
the isolated units as well as those in intact pro- 
teins. 

In this work, we discuss some general conclu- 
sions that we have drawn from the results ob- 
tained with our method [Ha]. These focus on the 
problem of the relevance of local conformational 
properties of polypeptide chains to protein folding 
and activity. 

The conformational features of polypeptide 
chains are considered merely in terms of their 
tendency to adopt a particular type of structure. 
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Fig. 1. Schematic representation of u-carbon positions in the 
second biunit of turkey skeletal muscle troponin C [3]. Re- 
sidues in the C-terminal unit are numbered from 1 to 32, 
according to the nomenclature used in the text. Hatched circles 
denote Ca’+-coordinating ligands. Heliccs E-H are label&I 

according to Kretsinger’s notation [6]. 

No further attempts are made towards achieving a 
more precise determination of conformational free 
energies. This approach is the result of our choice 
of a rather primitive method of conformation 
analysis based on a procedure for structure predic- 
tion. Although very rough, it appears to give more 
trustworthy results, at least for a series of homolo- 
gous peptides, than any approximate method of 
energy calculations. On the other hand, in the case 
of large peptides, such as those discussed here, 
precise calculations using, say, the Monte Carlo 
method are too time-consuming to be feasible, 
particularly if solvent effects cannot be neglected. 

2. Isolated Ca2+-binding units 

The conformation of the Ca2+-binding units in 
proteins, as revealed by X-ray crystallography 

[l-5], is as follows: 

5 10 
HHHHHHHHHHT 

25 30 
HHHHHHHHH 

135 

15 20 
TTTTTTCCCHH 

H 

where T denotes the p-turn, C the random coil, 
and H the a-helical conformation. The affinity of 
an isolated unit for Ca*+ is strictly correlated with 
its propensity for this conformation [lla]. The 
highest binding constants, of the order of lo5 
M-l, characterize those units for which the pre- 
dicted secondary structure exactly matches the 
X-ray pattern. Any deviation from the X-ray pat- 
tern results in a drop in binding activity. 

The most significant region in this respect is the 
loop segment (residues 13-20). If the predicted 
conformation of any n residues from this region 
deviates from the ideal conformation, the binding 
constant of the unit decreases by n/2 orders of 
magnitude. The exceptions to this rule are residues 
17 and 18. For either one, the p-turn and random 
coil (but not helical) conformations are equally 
admissible. 

The propensity of residues 21-32 for a-helix 
formation is also of great importance. Note that 
the correct orientation of the two ligands -X and 
-Z is fixed by the first turn of this helix. Because 
of the cooperative character of a-helix formation, 
the whole C-terminal segment tends to adopt the 
helical conformation. In the worst case, when no 
segment in this region is predicted as helical, the 
binding constants of the unit decreases by 4 orders 
of magnitude. 

The importance of the N-terminal helix for 
Ca2+ binding is less clear. Unfortunately, it is a 
rather conserved region. Therefore, a large enough 
set of known sequence mutations is not available 
to determine the relationship of this structure to 
the affinity of the unit for Ca*+. In intact pro- 
teins, a coordinated Ca2+ is situated almost on the 
axis of the N-terminal helix and close to its C- 
terminus. Most probably, an electrostatic interac- 
tion between the positive ion and the negative 
pole of the aggregated helix dipole contributes to 
the stability of the complex (cf. ref. 12). Experi- 
ments with fragments of the unit show that re- 
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moval of the N-terminal helix from the unit leads 
to a substantial drop in binding constant of about 
2 orders of magnitude [lo]. Nevertheless, it is not 
clear whether the orientation of the helices in 
isolated units is similar to that in the protein 
molecules. It is possible that they tend to become 
arranged in an anti-parallel fashion relative to 
each other, with their hydrophobic surfaces in 
close contact [19]. In this case, the N-terminal 
helix would enhance the binding ability of the unit 
through the stabilization of the a-helical confor- 
mation of its C-terminal segment. 

Since the binding activity of non-defective units 
does not depend, to any noticeable degree, on the 
type of ligands coordinating Ca*+, the net free 
energy of Ca2+ coordination is similar in all active 
units. The differences in binding constants of the 
unit arise, therefore, only from differences in free 
energies of conformational transitions from the 
apo to metal-bound forms. 

3. Ca*’ binding by intact proteins 

With the exception of parvalbumins and 
oncomodulin which will be not discussed here, all 
other known proteins from the TNC superfamily 
are composed of an even number of units arranged 
according to a common structural pattern. Begin- 
ning from the N-terminus, units I and II form a 
compact domain - the biunit [5]. In larger pro- 
teins, a second, similar domain is formed by units 
III and IV (see fig. 1). Both biunit domains bind 
calcium independently and are not in contact with 
one another [2-41. Therefore, the biunits are 
treated as separate entities in the following consid- 
erations. 

The biunit structure is maintained by the fol- 
lowing tertiary interactions [20]: 

(1) Residues 20 of both units are locked to- 
gether by a hydrogen bond. 

(2) Bulky hydrophobic side chains of residues 
20 touch each other. 

(3) the N-terminal helix of each unit is oriented 
almost antiparallel to, and in close contact with, 
the C-terminal helix of the other. 

As a consequence, the affinity of both units for 
Ca2+ is enhanced considerably. Moreover, their 

conformational properties appear to be combined 
to result in a common set of characteristics: they 
bind Ca*+ with the same constant Kc, [lla] 
which can be estimated according to the following 
expression: 

Kc, = fpaz 
where K& and K& denote the binding constants 
of the isolated units. f, which can be treated as a 
binding-enhancement parameter, equals approx. 
5000 for biunits of low and medium activity and 
drops when {m 2 104, reaching about 500 
for the most active biunits (Kc, 2 2 x lo8 M-l). 

It is evident that the tertiary interactions be- 
tween the units make a substantial contribution to 
the conformational stability of the metal-bound 
form of the biunits. Consequently, the free energy 
for the conformational transition from apo to 
metal-bound forms is lower in biunits by about 
20-14 kJ/mol biunit, as estimated from the 
enhancement factor f. 

In strongly binding units, even if they are iso- 
lated, the free energy for the transition is already 
low. This is the reason why in these units Ca*+ 
binding is not greatly enhanced by tertiary inter- 
actions. Note that, if the conformation of isolated 
units in the apo form were exactly the same as in 
the metal-bound form, tertiary interactions would 
have no effect whatsoever on Ca2+ binding. 

It is interesting that even if one of the units 
cannot actually bind Ca*+ because some ligands 
are missing from it, eq. 1 can still be used, with a 
‘dummy Kc, value estimated from the primary 
structure of the non-binding unit. Evidently, the 
unit-unit interactions are the same, even if one of 
the units is defective and cannot bind Ca2+. It is 
worth stressing here that in all known non-binding 
units, being components of biunit domains, posi- 
tions 18 and 20, the most important positions for 
correct unit-unit interaction, are occupied pre- 
dominantly by Gly and Ile, respectively (G. Boguta 
and A. Godzik, to be published). 

4. Protein folding 

The folding process has not been studied in 
proteins from the TNC superfamily. Nevertheless, 
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much can be deduced about the process from the 
conformational properties of protein fragments, 
and from conformational changes induced by Ca2+ 
binding in these proteins. 

Even small fragments, containing only one heli- 
cal segment, show a remarkable tendency to adopt 
the a-helical a conformation [lo]. In protein frag- 
ments, the helices are almost certainly localized to 
the same regions of the polypeptide chain as in the 
native proteins, since the binding loops separating 
them comprise many strong helix breakers. There- 
fore, there is every reason to believe that the 
helical segments are the autonomous folding units, 
in the sense proposed by Shoemaker et al. [21]. 
When proteins fold, the helices form first and then 
recombine with each other into the tertiary struc- 
ture of the apo form known from X-ray studies 
[3,41. 

Conformational changes between the apo and 
metal-bound forms can be treated as the final step 
of the folding process, induced by Ca2+ binding. 
When calcium binds, the or-helix content increases 
[9,10] and the helical segments rearrange [19]. The 
Ca’+-binding constants depend on the free en- 
ergies for both processes. Our results show that 
the Kc, values can be predicted reasonably well 
without taking into consideration the differences 
in tertiary interactions in various proteins. There- 
fore, in proteins from the TNC superfamily, ter- 
tiary interactions seem to be nonspecific, in the 
sense that they provide a constant contribution to 
the free energy of folding of these proteins, irre- 
spective of sequence variations. Differences in the 
free energy of folding appear to arise solely from 
differences in the free energy of secondary struc- 
tures of proteins. 
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