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ABSTRACT: The interactions of two troponin I peptides, Ip l  (residues 96- 116) and Ip2 (residues 104- 
116), with spectral probe mutants F29W and F105W of intact troponin C (TnC) and of isolated N (residues 
1-90) and C (residues 88-162) domains of TnC have been examined. Ip-induced fluorescence emission 
spectral changes were observed with all four proteins in the presence of Ca2+. Different dependencies of 
these spectral changes on Ip concentration for intact F29W and F105W are interpreted in terms of two 
binding sites on TnC. The binding of Ipl  to the C domain (KDI = 0.50 pM) is 20-40-fold stronger than 
to the N domain. The binding affinity of Ipl  to both the N and C domains is greater than that of Ip2. 
The binding strengths of Ip l  to the N domain of intact F29W and isolated F29W/ND are the same within 
experimental error; that to isolated FlOSW/CD is weakened by 5-6-fold relative to the C domain of 
intact F105W. Ip-induced fluorescence changes are dependent on the presence of Ca2+ and are not seen 
in the presence of Mg2+ alone nor in the absence of divalent cations. This is true even though Ip2 binds 
to TnC under all three conditions, as demonstrated by affinity chromatography. The accumulated evidence 
indicates that the F - W mutations have not significantly affected the binding of Ip peptides to TnC. 
The binding of Ipl  to the C domain of intact TnC increases its Ca2+ affinity without significantly affecting 
that of the N domain; only at high molar ratios of 1pl:TnC is the Ca2+ affinity of the N domain increased. 

Troponin C (TnC)’ together with troponin I (TnI) and 
troponin T (TnT) constitute the troponin complex, which with 
tropomyosin and F-actin form the regulated thin filament of 
skeletal and cardiac muscles. The binding of Ca2+ to TnC 
triggers a series of conformational changes that, when 
transmitted through the other troponin components to tro- 
pomyosin and actin, facilitate interaction with the myosin 
head and generation of ATPase activity and contraction [for 
reviews, see Potter and Johnson (1982), Leavis and Gergely 
(1984), Zot and Potter (1987), Parmacek and Leiden (1991), 
and Grabarek et al. (1992)l. 

X-ray crystallographic analyses of turkey (Herzberg & 
James, 1985a,b) and chicken (Sundaralingam et al., 1985; 
Satyshur et al., 1988) TnC have demonstrated the presence 
of two globular domains, N and C, separated by an extended 
a helix. In the crystals, grown at -pH 5 ,  the two high- 
affinity C domain Ca2+/Mg2+ binding sites III/IV are 
occupied by Ca2+; those of the low-affinity N domain sites 
I/II, specific for Ca2+, are unfilled. Each of the four metal 
binding sites is arranged in the helix-loop-helix motif 
common to this class of proteins. In the N domain, helices 
A and B (site I) and helices C and D (site 11) are 
complemented by an additional helix N (residues 3- 13) 
whose side chains interact with helices A and D. This N 
helix has no counterpart in the C domain nor in other Ca2+ 
binding proteins such as calmodulin. The orientation of N 

‘This work was supported by the Medical Research Council of 

@ Abstract published in Advance ACS Abstracts, May 1, 1995. 
I Abbreviations: TnC, troponin C; rTnC, wild-type recombinant 

TnC; F29W/ND, F29W N domain fragment (residue? 1-90); F105W/ 
CD, F105W C domain fragment (residues 88-162); TnI, troponin I; 
Ipl, troponin I inhibitory peptide (residues 96-1 16); Ip2, troponin I 
inhibitory peptide (residues 104- 116); TnT, troponin T. 

Canada. 

0006-2960/95/0434-6932$09.00/0 

domain helices B and C to those of the N, A, and D helices 
is different from that for the corresponding C domain helices 
E-H, whose sites III/IV are occupied by Ca2+. Herzberg, 
Moult, and James (1986) have proposed a model for the 
Ca2+-induced conformational transition of the N domain to 
a structure similar to that of the Ca2+-filled C domain, with 
which it shows extensive sequence homology. As part of 
this structural change, a number of nonpolar residues, either 
partially or totally buried in the 2Ca2+ state, would become 
exposed on the surface of the protein to form a “hydrophobic 
patch” in the 4Ca2+ state. The fully Ca2+ loaded protein 
would now have two such nonpolar surfaces, one on each 
of the N and C domains, and each associated with a 
constellation of negatively charged residues. The Ca2+- 
induced secondary structural changes proposed in this model 
have been confirmed by a recent NMR study (Gagni et al., 
1994) of the apo (’H and I5N) and Ca2+-saturated (‘H, 15N, 
I3C) N domain of TnC (residues 1-90). In the apo form, 
the spatial disposition of secondary structural elements was 
the same as that in the X-ray structure. In the Ca2+-loaded 
state, the NMR secondary structural analysis was in general 
agreement with the model, although some differences were 
noted. 

As part of a continuing study of the divalent cation-induced 
structural transitions of TnC and of its interactions with the 
other troponin components, several F - W mutants have 
been prepared and used successfully (Pearlstone et al., 1992; 
Trigo-Gonzales et al., 1992; Chandra et al. 1994) to monitor 
Ca2+/Mg2+-induced structural changes in the N and C 
domains of intact TnC. Since Trp is absent from wild-type 
protein (Golosinska et al., 1991), spectral properties could 
be unambiguously assigned to the single Trp. Recently, the 
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F29W and F105W mutants were prepared in isolated N 
domain (residues 1-90) and in isolated C domain (residues 
88-162) (Li et al., 1994), thus facilitating comparisons of 
the properties of the isolated domains with those in the intact 
F29W and F105W TnC molecules. Analyses of secondary 
structure and Ca2+ affinity by far-UV CD and fluorescence 
spectroscopy indicated that the N domain had virtually the 
same properties in both the isolated state and the intact 
protein. Those of the isolated C domain were similar, but 
not identical. 

Recently, we have shown that the spectral features of 
F154W TnC can be applied to the measurement of binding 
affinities of TnI inhibitory peptides to the intact protein 
(Chandra et al., 1994). In the present report, we extend this 
approach to an investigation of the interaction of two TnI 
inhibitory peptides, Ipl (residues 96- 116) and Ip2 (residues 
104- 116), with intact F29W, intact F105W, and isolated N 
and C domains carrying these same F - W mutants. The 
observations are interpreted in terms of two binding sites 
on TnC, in which binding to the C domain is 20-40-fold 
stronger than that to the N domain. 

EXPERIMENTAL PROCEDURES 
TnC Mutants. The expression and preparation of intact 

F29W and F105W TnC proteins from cDNA clones of 
chicken skeletal muscle have been reported previously 
(Pearlstone et al., 1992; Trigo-Gonzalez et al., 1992). 
Isolated N (residues 1-90) and C (residues 88-162) 
domains, with and without the F29W and F105W mutations, 
were prepared as described (Li et al., 1994). 

Preparation of Buffer and Sample. Detailed descriptions 
of stock buffers and protein sample preparation, with due 
care to eliminate Ca2+ contamination and oxidation during 
dialysis, have been reported previously (Golosinska et al., 
1991). After dialysis against a 50 mM 3-morpholinopro- 
panesulfonic acid, 100 mM KC1, 1 mM EGTA (ethylenebis- 
(oxyethylenenitri1o)tetraacetic acid), 1 mM dithiothreitol (pH 
7.1) buffer, the 1 or 2 mg/mL stock protein solutions (for N 
and C domain fragments or for intact TnC proteins, 
respectively) were diluted with 0.22 pm filtered outer 
dialysate buffer. Final protein concentrations are given in 
the figure legends. 

TnI Inhibitory Peptide Titrations of Ca2+-Saturated F105W 
and F29W Mutants of TnC. Two rabbit skeletal TnI 
inhibitory peptides Ipl (residues 96- 116 with free NH2 and 
COOH termini) and Ip2 (residues 104- 116 with acetylated 
NH2 and free COOH termini) were synthesized by the 
Alberta Peptide Institute, University of Alberta. Stock 
solutions of these peptides were made with the same final 
filtered buffer that was used for dilution of the TnC proteins. 
TnI peptide concentrations were determined by duplicate 
amino acid analyses as described previously (Golosinska et 
al., 1991). Ca2+ to 2 mM was added to the protein solution 
prior to titration. 

Fluorescence Measurements. Trp fluorescence measure- 
ments were conducted on a Perkin-Elmer MPF-44B fluo- 
rescence spectrophotometer operating in the ratio mode and 
equipped with a water bath at 20 "C, as described previously 
(Pearlstone et al., 1992). A DSCU-2 differential corrected 
spectra unit was used with the difference setting in the blank 
mode in order to correct for the solvent blank. The slit 
bandwidth was 5 nm for both excitation and emission. The 
A282 did not exceed 0.05, eliminating the need to make inner 
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filter corrections. Measurements were with a 1 cm semi- 
microcell from Hellma, and detection was at right angles. 
The excitation wavelength was 282 nm. Titrations were 
monitored by following the increase in fluorescence emission 
intensity at 350 nm. For Ca2+ titrations, the calculations of 
free [Ca2+] and the fitted curve were obtained as described 
previously using a nonlinear iterative least-squares procedure 
for one or two binding components (Golosinska et al., 1991). 
For TnI peptide titrations of Ca2+-saturated TnC F - W 
mutants, the calculated fitted curves and dissociation con- 
stants from these curves were derived using a nonlinear least- 
squares computer program for 1 : 1 or 2: 1 binding of ligand 
to protein, in which the change in fluorescence intensity is 
analyzed as a function of total ligand concentration, and the 
concentration of the ligand-bound form is obtained as 
described by Williams et al. (1985). 

Afinity Chromatography. Inhibitory peptide Ip2 (residues 
104- 1 16) was coupled to cyanogen bromide-activated 
Sepharose 4B according to instructions provided by Phar- 
macia. As a control, activated Sepharose 4B was subjected 
to the coupling procedure without inclusion of the inhibitory 
peptide. By taking precautions for eliminating inherent Ca2+ 
during the preparation and storage of stock buffers as 
reported earlier (Golosinska et al., 1991), the following three 
buffers were used: apo (50 mM MOPS, 0.1 M NaCl, and 
0.1 mM EGTA, pH 7.1); +Ca2+ (same as apo buffer plus 
0.3 mM CaC12); +Mg2+ (same as apo buffer plus 5 mM 
MgC12). The column (a 1 mL plastic syringe, 5 x 40 mm) 
was equilibrated with starting buffer using a flow rate of 10 
mLh. Stock sample solutions were made in each of the three 
buffers by dissolving 1.0 (N or C domain fragment) or 2 
mg/mL (intact TnC) in the appropriate buffers, to which solid 
DIIT (1 mM final concentration) had been added. Following 
centrifugation in prerinsed Spin-X tubes (Costar) equipped 
with 0.22 pm nylon filters and determination of protein 
concentrations by duplicate amino acid analyses, samples 
were stored frozen prior to the application of 14 nmol to the 
column. After the column was washed with several column 
volumes of starting buffer, a linear gradient of 0.1-1.0 M 
NaCl was applied, and the column profile was monitored at 
280 nm for W mutants and at 230 nm for wild-type proteins. 
Samples from the eluted peaks were analyzed by SDS- 
PAGE to confirm their identities (results not included). 

RESULTS 
Ca2+ Titrations of F29W and F105W in the Presence of 

Increasing Molar Ratios of Ipl to Protein. Previous reports 
(Pearlstone et al., 1992; Trigo-Gonzalez et al., 1992) have 
demonstrated that F29W and F105W serve as useful spectral 
probes for monitoring the Ca2+-induced structural transitions 
of the N and C domain, respectively. As a preliminary 
qualitative assessment of the strength of binding of Ipl to 
these intact mutant proteins and its effects on the Ca2+ 
affinities of the two domains, Ca2+ titrations of the fluores- 
cence change with increasing molar ratios of Ipl to protein 
were carried out. Selected representative data for both 
mutant proteins are shown in Figure 1. For F29W, the 
addition of Ipl to protein at molar ratios of 1: 1 and 2: 1 has 
only a small effect in shifting the curve to higher pCa values. 
When the ratio was increased to 50:1, the pCaso value was 
increased from 5.7 for F29W alone (Pearlstone et al., 1992) 
to 6.2 for F29W plus Ipl .  These observations may be 
contrasted with the effects of the addition of Ipl to F105W. 
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FIGURE 1: Ca2+ titrations of F29W and F105W TnC's in the 
presence of various molar ratios of Ipl monitored by W fluorescence 
emission measurements. The apo starting buffer conditions are 
described in Experimental Procedures (temperature 20 "C); protein 
concentrations were in the range of 2.6-3.5 pM. For each titration, 
the data points are indicated by symbols and the calculated fitted 
curves by solid lines: Ipl:F29W = 0:l (O), 2:l (0), 50:l (A), 
1pl:FlOSW = 0:l (m), 3:l (O), 27:l (A). 

At a molar ratio of 1pl:FlOSW of 3:1, the pCa5o value is 
shifted to 7.2 from 6.7 for F105W alone. Increasing the ratio 
to 27: 1 led to an additional but smaller increase in pCa50 to 
-7.3. Similar results were obtained with isolated F29W/ 
ND and isolated FlOSW/CD (data not shown). On the basis 
of the assumption that the two spectral probe mutations have 
not affected the strength of Ipl binding to TnC significantly, 
the data are most simply interpreted in terms of two-site 
binding to intact TnC. Higher affinity binding to the C 
domain would lead to significantly increased Ca2+ affinity 
at relatively low ratios of 1pl:FlOSW; weaker affinity binding 
to the N domain would require much higher ratios. A 
corollary to this interpretation is that the binding of Ipl to 
the higher affinity site of the C domain has little effect on 
the Ca2+ affinity of the N domain. 

Efsects of Ipl on the Fluorescence Emission Spectra of 
F29W, F29WhVD, F105W, and FlOSW/CD. To assess the 
feasibility of measuring the binding affinities of Ipl and Ip2 
to these Trp-labeled proteins, their fluorescence emission 
spectra were examined in the absence and presence of high 
ratios of Ip peptide to protein in the absence of divalent metal, 
in the presence of 44 mM Mg2+, and in the presence of 1 
mM excess Ca2+. The fluorescence emission spectra of the 
two TnC F29W mutants in the absence and presence of Ca2+ 
versus Mg2+ ions and the effect of a 100-fold molar excess 
of TnI inhibitory peptide Ipl (residues 96-1 16) are shown 
in Figure 2A (intact F29W) and Figure 2B (F29WND). The 
results for intact F29W and F29W/ND were the same. The 
apo and 44 mM Mg2+ spectra were superimposable, with 
an emission maximum at 336 nm as reported previously 
(Pearlstone et al., 1992). The addition of 100-fold molar 
excess Ipl to either the apo (not shown) or the 44 mM Mg2+ 
state had no effect on the fluorescence spectra. In contrast, 
subsequent addition of 1 mM excess Ca2+ to the 44 mM 
Mg2+/Ip1 form resulted in a 2.6-fold increase in fluorescence 
intensity and a blue shift in the emission maximum from 

336 to 332 nm (results not included). The addition of 1 mM 
excess Ca2+ directly to the apo state resulted in a 3-fold 
increase in fluorescence intensity with the emission maxi- 
mum unchanged at 336 nm, as seen previously (Pearlstone 
et al., 1992). The subsequent addition of 100-fold excess 
Ipl caused a decrease in fluorescence intensity and a blue 
shift in the emission maximum from 336 to 331 nm, 
equivalent to the results with 44 mM Mg2+/Ip1/Ca2+. Ipl- 
induced perturbations in the fluorescence spectra were 
observed only in 2Ca2+ F29W/ND and 4Ca2+ intact F29W, 
indicating the Ca2+-specific nature of these structural transi- 
tions in the N domain of TnC. 

The fluorescence emission spectra of the two F105W 
mutants in Ca2+ versus Mg2+ and in the presence of 10-fold 
molar excess Ipl are shown in Figure 2C (intact F105W) 
and Figure 2D (FlOSW/CD). Unlike the equivalence in 
spectra observed between the N domains of intact F29W 
(panel A) and F29W/ND (panel B), there were quantitative 
differences in the emission spectra of the two F105W 
mutants, as observed previously by Li et al. (1994). 
Nevertheless, the qualitative results were similar. Both apo 
spectra had an emission maximum at 344 nm. The addition 
of 44 mM Mg2+ caused a - 1 S-fold increase in fluorescence 
intensity and a blue shift from 344 to 338 nm in panels C 
and D, as reported by Li et al. (1994). As with the N domain, 
no Ipl-induced changes were observed with either the apo 
(results not shown) or Mg2+-saturated states. Direct addition 
of 1 mM excess Ca2+ to the apo state resulted in a shift in 
the emission maximum for intact F105W (panel C) and a 
similar shift in the emission maximum plus a -1.5 fold 
increase in fluorescence intensity for FlOSW/CD (panel D). 
The subsequent addition of 10-fold excess Ipl caused a slight 
decrease in fluorescence intensity and a further shift in the 
emission maximum from 335 to 333 nm for both F105W 
mutants (panels C and D). These Ipl-induced structural 
transitions in the C domain were observed only with 2Ca2+ 
FlOSW/CD and 4Ca2+ intact F105W, indicating the Ca2+- 
specific nature of these transitions, analogous to the situation 
seen with the N domain. 

Fluorescence DiTerence Spectra of Ca2+-Saturated TnC 
W Mutants upon the Addition of Ipl .  The changes observed 
in the fluorescence spectra of Figure 2 upon the addition of 
Ipl to the Ca2+-saturated form suggested that binding 
constants could be obtained by titrating the Ca2+-saturated 
TnC W mutants with Ipl. In Figure 3, the spectra of the 
four Ca2+-saturated TnC W mutants were put, in turn, into 
the memory of the spectrofluorimeter and indicated as zero 
baseline. The resultant difference spectra are due to the blue 
shift in the wavelengths of the emission maxima. Figure 3 
shows examples of the fluorescence difference spectra of 
F105W and FlOSW/CD (panel A) and of F29W and F29W/ 
ND (panel B) upon the addition of 9-fold molar excess Ipl 
over TnC. In each case, the fluorescence difference was 
quite measurable, and titration with Ipl was monitored at 
-350 nm. 

Inhibitory Peptide Titrations of Ca2+-Saturated F105W 
and F29W Mutants of TnC. The data for titration of 
F105W and FlO5W/CD are shown in Figure 4A; those for 
intact F29W and for F29W/ND are shown in Figure 4B. The 
interaction of Ipl with the two F105W proteins is seen to 
approach saturation levels at molar ratios of Ipl to protein 
of 1O:l and greater. Those with the F29W proteins require 
higher ratios since saturation is not reached even at ratios 



Troponin I Inhibitory Peptide Binding to Troponin C Biochemistry, Vol. 34, No. 21, 1995 6935 

100 

80 

60 

40 

> 
0 
'3 60 

20 

0 
300 350 400 300 350 400 

Wavelength (nm) 
FIGURE 2: Fluorescence emission spectra of F29W (A), F29WMD (B), F105W (C), and FlOSW/CD (D) TnC W mutants in apo, +Mg2+, 
+Ca2+, and in the presence of TnI inhibitory peptide Ipl. Excitation was at 282 nm. Buffer conditions were as for Figure 1. Protein 
concentrations were all 3.0 pM. Apo (0); Mg2+ added to 44 mM (A); 44 mM Mg2+ plus Ipl (A); Ca2+ added to 2 mM (v); 2 mM Ca2+ 
plus Ipl (V). For F29W and F105W mutants, 100-fold and 10-fold excess Ipl, respectively, over TnC was added. Since the addition of 
Ipl to the apo form showed no change in the spectrum for all four TnC W mutants, these results were omitted from the figure for the sake 
of clarity. 
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FIGURE 3: Fluorescence difference spectra of Ca2+-saturated TnC W mutants upon the addition of Ipl. Panel A: F105W (W); FlOSW/CD 
(0). Panel B: F29W (0); F29W/ND (0). The zero baseline indicates the fluorescence spectrum of Cazc-saturated TnC W mutant. A 
9-fold molar excess of Ipl was added, and the spectrum was scanned from 290 to 370 nm. Excitation was at 282 nm. 

greater than 15: 1. These different concentration dependen- analyzed using a curve-fitting program for 2: 1 binding of 
cies are inconsistent with a single binding site on the intact Ipl to intact protein (Williams et al., 1986). Those for the 
TnC molecule and suggest the likelihood of two binding isolated N and C domains have been fitted by assuming 1 : 1 
sites: a stronger site on the C domain reported by the F105W binding. In these analyses, the fraction of the total fluores- 
probe and a weaker N domain site perturbing the fluores- cence change (AFJ contributed by the filling of the first site 
cence properties of F29W. For this reason, the Ipl titration by Ipl is designated AFI;  that attributable to the second site 
data for the two intact F105W and F29W proteins have been is AF2. The corresponding macroscopic dissociation con- 
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FIGURE 4: Ipl titrations of Ca2+-saturated TnC W mutants monitored by fluorescence emission measurements. Buffer conditions were as 
in the Experimental Procedures (temperature 20 "C); protein concentrations were 3.39 pM. Panel A: F105W (W); FlOSW/CD (0). Panel 
B: F29W (0); F29W/ND (0). For each mutant, the averaged values for 2-5 titrations are shown by symbols and the calculated fitted 
curves by solid lines. The calculated fitted curves were derived as described in the Experimental Procedures, assuming 2:l binding of 
ligand to protein for the intact TnC's F105W and F29W and 1:l binding for the isolated domains FlOSW/CD and F29W/ND. The standard 
deviations of the data points are indicated by vertical bars. 

Table 1: 
Domains" 

Dissociation Constants for the Binding of Inhibitory Peptides Ipl and Ip2 to the N and C Domains of Intact TnC and to the Isolated 

IP 1 IP2 
proteins binding analysis KDI @MI KDZ @MI KDI @MI KDZ @MI 

intact F105W two-site 0.47 & 0.2 (2) 9.6 f 5.0 (2) 8.0 f 1.9 (3) 68 f 24 (3) 
isolated FlO5W/CD one-site 2.8 & 0.2 (3) 75 f 5.3 (3) 
intact F29W two-site 0.52 & 0.1 ( 5 )  24 f 9 (5) 5.4 f 1.8 (3) 75 & 11 (3) 
isolated F29W/ND one-site 20 f 2 (3) 72 f 20 ( 5 )  
The number of runs that were averaged are indicated in parentheses. The standard deviation was obtained from the average of the KD values 

from 2-5 separate runs, as indicated. Dissociation constants were derived from the calculated fitted curves as described in the Experimental 
Procedures. 
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FIGURE 5: Theoretical calculated fitted curves for 2:l versus 1:l  binding of Ipl to F105W (A) and F29W (B). The averaged data points 
(same as in Figure 4) from two titrations of 4Ca2+.F105W and five titrations of 4Ca2+*F29W with Ipl are shown by solid squares (W) and 
circles (O), respectively. The data points were analyzed by a nonlinear least-squares curve-fitting program (Williams et al., 1985), assuming 
1 : 1 (. * e) versus 2: 1 (-) binding of ligand to protein. 

stants are KO, and K D ~ ,  respectively. The derived best fit to  Figure 5A,B. The 2: 1 binding analyses are seen to give 
the experimental data for each of the four proteins based on marginally better fits than the assumption of 1 : 1 binding. 
this approach is shown as the solid line in  Figure 4A,B. The Interestingly, the best fits for the 2: 1 binding analyses were 
derived K D ~  and K D ~  values for each analysis are presented obtained when both AF, and AFz were allowed to  vary. 
in Table 1. For comparative purposes with the 2:l binding Thus, for example in the case of F29W, the best fit was 
analyses, the data for intact F105W and F29W have also obtained with AF1 and AF2 contributing 31% and 69% of 
been fitted by assuming 1:l binding and are presented in AF,, respectively. This indicates that the binding of Ipl to 
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site 1 of the C domain leads to a change in the fluorescence 
of W29 of the N domain, indicating some degree of 
interaction between domains. 

Inspection of the data of Table 1 permits certain observa- 
tions and correlations. First of all, the values of K D ~  (taken 
as a measure of binding affinity of Ipl and Ip2 to the C 
domain) and KDZ (a measure of N domain affinity) are in 
good agreement, irrespective of whether they are derived 
from the titration of intact F105W or intact F29W. This 
indicates that the F - W mutants have not significantly 
affected the inhibitory peptide binding properties of the wild- 
type protein2 Second, binding of both Ipl and Ip2 to the C 
domain is stronger than that to the N domain. For Ipl the 
ratio K D ~ : K D I  is 20-46; for Ip2 the corresponding ratio is 
8-14. Third, the binding affinity of either Ipl or Ip2 to the 
N domain appears to be unaffected by the presence (as in 
intact F29W or F105W) or absence of the C domain (as in 
F29W/ND). Thus, the KD2 values with intact F105W, F29W, 
and F29W/ND are all, within experimental error, the same. 
The binding affinities of Ipl and Ip2 to the C domain, on 
the other hand, are affected by the presence or absence of 
the N domain. Thus, KDI values for Ipl and Ip2 binding to 
isolated FlOSW/CD are significantly higher than those for 
intact F29W and F105W. Finally, binding of Ipl to both 
the C and N domains is significantly stronger than that of 

Interactions of TnC Mutants with Ip2 As Assessed by 
AfJinity Chromatography. The strength of interactions of 
intact F29W and F105W, as well as the isolated domains 
carrying the same F - W mutants, was assessed with an 
affinity column of Ip2 coupled to cyanogen bromide- 
activated Sepharose 4B. The column was operated under 
three conditions (see Experimental Procedures) for each 
protein: apo (absence of divalent ions); apo plus 0.3 mh4 
Ca2+; apo plus 5 mM MgC12. The elution position of the 
mutant protein upon the application of a linear gradient from 
0.1 to 1 M NaCl was taken as a measure of its strength of 
binding to the Ip2 ligand. As a control, an identical column 
was prepared with activated Sepharose 4B that had been 
subjected to the coupling procedure in the absence of Ip2. 
TnC applied to this column failed to bind and was eluted in 
the flow through. The results of these analyses are sum- 
marized in Table 2. All three intact proteins (rTnC, F29W, 
and F105W) behaved identically in this system. In the plus 
Ca2+ buffer, the peak position of elution was at 0.60 M NaC1; 
in plus Mg2+ it was at 0.37-0.38 M, and in apo buffer it 
was at 0.43 M. Thus, their strength of binding to Ip2 was 
in the order plus Mg2+ < apo < plus Ca2+. The isolated 
wild-type domain, F29W/ND, and FlOSW/CD also behaved 
similarly on this Ip2 column, in agreement with the very 
similar KDZ and KDI values for the interactions of the latter 
two with Ip2 in their Ca2+-saturated states (see Table 1). As 
with intact F - W mutants, the strength of interaction of 
these mutant domains with Ip2 was in the order plus MgZf 
< apo I plus Ca2+. The data thus demonstrate, at least as 
assessed by this criterion, that interaction with inhibitory 
peptide occurs irrespective of the metal-bound state of the 
protein. While the strength of interaction of the Ca2+-loaded 
state is strongest, the differences with the apo and Mg2+ states 

Ip2. 

Comparable values for KO, and K D ~  have been obtained using two 
other Trp mutants: F78W and I61W (M. Chandra et al., unpublished 
results). 
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Table 2: 
Ip2 Affinity Column 

Binding of Wild-Type and F - W Mutant TnC's to an 

elution rangeb peak position' 
protein sample buffer" [NaCl] [NaCl] 

intact F105W Ca2+ 0.49-0.75 0.60 
intact F29W Ca2+ 0.50-0.72 0.60 
intact rTnC Ca2+ 0.50-0.69 0.60 
F1 O5W/CD Ca2+ 0.24-0.39 0.32 
rTnClCD Ca2+ 0.26-0.38 0.32 
F29W/ND Ca2+ 0.28-0.41 0.34 
rTnC/ND Ca2+ 0.28-0.42 0.34 
FlOSW/CD + F29W/ND Ca2+ 0.19-0.42 0.30 
intact F105W apo 0.38-0.54 0.43 
intact F29W apo 0.36-0.54 0.43 
F 105 W/CD apo 0.25-0.39 0.30 
F29WND apo 0.23-0.37 0.27 
FlO5W/CD + F29W/ND apo 0.23-0.40 0.28 
intact F105W Mg2+ 0.30-0.52 0.38 
intact F29W Mg2+ 0.30-0.51 0.37 

F29W/ND Mp2+ 0.15-0.33 0.23 
F 105 W/CD Mg2+ 0.17-0.28 0.21 

a Buffer compositions were as follows: apo (50 mM MOPS, 0.1 M 
NaC1,O.l mM EGTA, pH 7.1); Ca2+ (same as apo buffer plus 0.3 mM 
CaC12); Mg2+ (same as apo buffer plus 5 mM MgC12). A gradient of 
0.1 - 1 .O M NaCl was applied after the column was washed with several 
column volumes of the starting buffer. Samples under the peak were 
analyzed via SDS-PAGE. The range of [NaCl] is given for the initial 
and final positions of elution of the sample. The [NaCl] at the peak 
position of the eluted sample is given. 

are not dramatic. The data also indicate that the introduction 
of the F - W mutants has not significantly affected the 
affinity of the protein for Ip2. 

DISCUSSION 

Previously, we demonstrated the usefulness of two Phe - Trp mutants, F29W and F105W, as fluorescence probes 
for monitoring the Ca2+- and/or Mg2+-induced structural 
transitions in intact TnC and its isolated N and C domains 
(Pearlstone et al., 1992; Trigo-Gonzalez et al., 1992; Li et 
al., 1994). In the present study, we employed these same 
mutants in an investigation of the interaction of the inhibitory 
peptides of TnI (Ipl and Ip2) with intact TnC and its 
domains. The binding of Ip peptide to intact TnC can be 
expected to perturb the fluorescence properties of the Trp 
residues either by affecting their environment directly or 
through the induction of structural changes. Such binding 
to or structural alterations in the N domain would be reflected 
in the spectral features of F29W; similarly, the fluorescence 
properties of F105W would report binding to and/or struc- 
tural changes in the C domain. By assuming one-site binding 
and no significant effects of the F - W mutations of the 
affinity of Ip binding, the dependencies of the fluorescence 
changes on Ip concentration should be the same irrespective 
of the F - W mutant employed to monitor binding. 

The present data (Figures 1 and 4) show that this 
dependency on Ipl concentration is very different for the 
F29W and F105W mutants, which is inconsistent with simple 
1:l binding of Ipl to intact TnC. The binding data therefore 
have been analyzed in terms of two-site binding of Ip to 
intact TnC, yielding two dissociation constants, K D ~  and K D ~ ,  
corresponding to sites 1 and 2 (Table 1). These values are 
seen to be in excellent agreement irrespective of whether 
intact F29W or intact F105W is used in the binding analysis. 
This is true for both Ip peptides and indicates that the F - 
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W mutants have not significantly affected the binding 
affinities of the peptides to TnC. This conclusion is also 
supported by the affinity chromatography experiments (see 
Table 2) in which no differences were observed in the salt 
concentrations required for the elution of rTnC, F29W TnC, 
and F105W TnC from a column of Ip2 coupled to Sepharose 
4B. 

Since the fluorescence change observed with F105W is 
more highly dependent on Ip concentration than that with 
F29W, it can be assumed that the binding of Ip peptide to 
site 1 is to the C domain of TnC, while that to site 2 is to 
the N domain. This is supported by single binding site 
analyses of the data for isolated F29W/ND and isolated 
FlOSW/CD. The derived KDZ values for Ipl and Ip2 binding 
to isolated F29W/ND are seen to be in good agreement with 
those obtained with intact F29W. This good agreement is 
consistent with our previous observations (Li et al., 1994) 
in which we could demonstrate no differences between the 
structural features and Ca2+ binding properties of isolated 
F29W/ND and those of the N domain in intact F29W. 

The data for Ipl and Ip2 interactions with FlO5W/CD, 
however, give K D ~  values significantly higher than those seen 
with intact F105W, indicating that Ip binding to isolated 
FlO5W/CD is -5-10-fold weaker than that to the C domain 
in intact F105W. This observation is also consistent with 
our earlier demonstration that the properties of isolated 
FlO5W/CD are similar, but not identical, to those of intact 
F105W (Li et al., 1994). 

Several previous studies have examined the binding 
affinities of inhibitory peptides with intact TnC, either with 
Ipl (Tsuda et al., 1992; Chandra et al., 1994), Ip2 (Chandra 
et al., 1994), or moderately altered versions of Ip2 (Cachia 
et al., 1983; Melencik & Anderson, 1984; Lan et al., 1989; 
Campbell et al., 1991; Swenson & Fredricksen, 1992; 
Chandra et al., 1994). The reported binding affinities, with 
some variation, are in reasonable agreement with those 
reported herein for Ipl and Ip2. 'The consensus of these 
reports is that the major binding site for inhibitory peptide 
binding is associated with the C domain, and in most cases 
the data were analyzed by assuming one-site binding with 
the formation of a binary complex TnC-Ip. In one case 
(Campbell et al., 1991) the authors, on the basis of curve- 
fitting analyses, were unable to distinguish between one- 
site and two-site binding. In agreement with the present 
study, their analyses allowed for the possibility of a second 
peptide binding site on calcium-saturated TnC with an 
affinity 10-20-fold weaker than that of the first site. 

Two of the reports, however, provided evidence that, while 
inhibitory peptide binding to TnC involves both the N and 
C domains, the stoichiometry of such binding to intact TnC 
is close to 1:l .  Tsuda et al. (1992) followed the 'H NMR 
spectral shifts of several N and C domain residues of intact 
rabbit Ca2+-saturated TnC upon successive additions of Ipl . 
Spectral changes involving TyrlO, Phe23, and Phe72 were 
observed, as well as a number of C domain residues. These 
changes apparently approached maxima at a molar ratio of 
1pl:TnC of -1.3:l. By using the KDI and K D ~  values derived 
in the present study, it can be calculated that, at a concentra- 
tion of 1 mM TnC used by Tsuda et al. (1992) and at a molar 
ratio of 1pl:TnC of 2: 1, both sites 1 and 2 would be largely 
occupied with Ipl. Thus, during titration with Ipl, perturba- 
tion in the spectral shifts of both the C and N domains would 
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be expected under these conditions, as observed by the 
authors. The reliability of the estimation of binding stoi- 
chiometry is, of course, dependent on the accuracy of the 
concentration determinations for Ipl and TnC. These were 
by weight for Ipl and spectrophotometrically for TnC. For 
various reasons, these may be considered as inadequate for 
this purpose. In the present study such concentration 
determinations were by amino acid analyses in duplicate or 
triplicate. Swenson and Fredricksen (1992) reported the 
interaction of a modified inhibitory peptide (P-acetyl-TrpIo3- 
TnI-( 104- 115)-amide) with intact TnC, as well as isolated 
N and C domain TnC fragments (residues 1-98 and 99- 
159; rabbit TnC numbering). While interaction was observed 
with both fragments, they reported close to 1: 1 stoichiometry 
of peptide binding to intact TnC on the basis of their curve- 
fitting analyses. Unfortunately, this conclusion is difficult 
to critically assess since comparative curve-fitting analyses 
or other supporting evidence was not provided. In our 
experience, such procedures are inadequate by themselves 
in distinguishing between two-site and one-site binding in 
situations where the binding affinity of one site is much 
weaker than that of the other [see, for example, the fitted 
curves for one- and two-site binding in Figure 5 of this report 
and in Figure 3B of Campbell et al. (1991)l. Rather, in the 
present report, our conclusions are based on the very different 
Ip concentration dependencies observed with the two F - 
W fluorescence probes in intact TnC, one in the N domain 
and one in the C domain, and the good agreement between 
the derived KD values for both intact mutants and the isolated 
F29W/ND. 

The evidence for two-site binding is further supported by 
the effect of increasing Ipl concentration on the Ca2+ affinity 
of C domain sites IIVIV and N domain sites H I ,  as assessed 
by the fluorescence changes of F105W and F29W. Previous 
studies (Trigo-Gonzalez et al., 1992; Pearlstone et al., 1992; 
Li et al., 1994) have demonstrated the utility of these probes 
for monitoring the structural transitions associated with the 
filling of N and C domain sites by Ca2+ and Ca2+/Mg2+, 
respectively. These have been shown to be specific for their 
respective domains and not to be significantly influenced 
by metal-induced conformational events in the other domain. 
Ca2+ titrations of these two mutants as monitored by 
fluorescence changes in the presence of increasing molar 
ratios of 1pl:TnC (see Figure 1) again show very different 
dependencies on inhibitor concentration. At relatively low 
molar ratios of Ipl:FlOSW, the Ca2+ affinity of sites III/IV 
is sharply increased as monitored by the shift in p C a ~  to 
higher values. Higher ratios of Ipl:F29W are required to 
produce a corresponding shift in pCa50 of the N domain sites 
HI .  These observations are consistent with the presence of 
two Ipl binding sites on intact TnC, with a higher affinity 
site on the C domain and a lower affinity site on the N 
domain. At relatively low ratios of Ipl:protein, the higher 
affinity site would be occupied, leading to significant 
increases in the Ca2+ affinity of C domain sites III/IV. At 
higher ratios, the filling of the lower affinity sites by Ipl 
would lead to the observed shift of the pCa curve to lower 
[Ca2+], i.e., higher pCa. These fluorescence results are in 
agreement with far-UV CD Ca2+ titration curves of rTnC 
and F154W TnC in the presence of Ipl (Chandra et al., 
1994), in which the Ca2+ binding affinity of the C domain 
sites IIVIV was increased by 3-4.5-fold, but with minimal 
effect on that of the N domain sites I/II. These data are 



Troponin I Inhibitory Peptide Binding to Troponin C 

also consistent with the effects of intact TnI which, when 
complexed with TnC, has been shown to increase the Ca2+ 
affinity of both N and C domain sites by an order of 
magnitude (Potter & Gergely, 1975; Potter et al., 1976; Wang 
& Cheung, 1985). Our data also indicate that the binding 
of Ipl to the higher affinity C domain site has little effect 
on the Ca2+ affinity of N domain sites VII. These observa- 
tions may be contrasted with the data reported by Van Eyk 
et al. (1991). Using a single Ip2:rabbit TnC ratio of 1:l and 
monitoring the intrinsic fluorescence due to Tyr and mean 
residue molar ellipticity at 222 nm, the authors reported no 
apparent change in the Ca2+ affinity of C domain sites IIY 
IV but a sharp increase in Ca2+ affinity attributable to N 
domain sites HI .  The reliability of these observations is, in 
our view, suspect since at the protein concentrations em- 
ployed and at a molar ratio of 1 : 1, the occupancy of the Ip 
binding sites would be only partial. The authors also have 
given no indication of the reproducibility of their data; the 
reported pCa curves are apparently observations from single 
Ca2+ titrations. In light of these considerations and the 
observations reported in the present and previous com- 
munications, (Chandra et al., 1994), we believe the inter- 
pretations and conclusions of their study as they relate to 
the effects of the binding of skeletal and cardiac Ip peptides 
on the Ca2+ affinities of the N and C domains of skeletal 
and cardiac TnC's to be invalid. 

The affinity chromatography experiment described in the 
present report was designed to give information on two areas 
of some uncertainty. The first was to provide further 
evidence that the two F - W mutants F29W and F105W 
did not affect the strength of the interaction with Ip peptide 
as compared to wild-type rTnC. Examination of the NaCl 
concentrations required for elution of the three proteins, 
F29W, F105W, and rTnC, from the immobilized Ip2 column 
(Table 2) shows that no differences among the proteins were 
observed under +Ca2+ conditions. This was also true for 
the isolated domains. That is to say, F29W/ND was eluted 
at the same [NaCl] as rTnC/ND; FlO5W/CD behaved the 
same as rTnC/CD. These data thus support our earlier 
deduction that the substitution of F29 and F105 by W has 
no significant effect on the strength of interaction of TnC 
with the inhibitory peptide(s) of TnI. 

The second purpose of these affinity chromatography 
experiments was to reexamine the question of the divalent 
cation dependencies of the interaction of TnI inhibitory 
peptides and TnC. This was prompted by our observation 
that fluorescence changes elicited upon the addition of Ip 
peptides to F29W and F105W were not observed in either 
plus Mg2+ or apo conditions and by the report of Van Eyk 
and Hodges (1987) that although TnC bound to an Ip2 
affinity column in the presence of 5 mM MgC12 or 2 mM 
CaC12 such binding did not occur under apo conditions (0.1 
mM EDTA). The present affinity chromatography data 
(Table 2) collected under conditions similar to those of Van 
Eyk and Hodges (1987), however, indicate that binding of 
TnC to Ip2 does occur in the absence of divalent cations 
and with similar affinity as in the Mg-saturated state. We 
have no explanation for the failure to detect such an 
interaction in the previous report of Van Eyk and Hodges 
(1987) since an earlier study from the same laboratory 
(Cachia et al., 1986) did, in fact, demonstrate that in 1 mM 
EGTA [Le., 10-fold higher than the concentration used by 
Van Eyk and Hodges (1987)l the same shorter Ip peptide 
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(residues 104- 115) did indeed bind to TnC, resulting in an 
increase in negative ellipticity due to complex formation. 
Since the addition of Ipl or Ip2 to F105W or F29W in the 
apo and plus Mg2+ states produced no fluorescence changes, 
we have been unable to obtain binding affinities for the 
interaction of TnC and Ip. However, the present affinity 
chromatography data are in agreement with the observations 
of others, using alternative methodological approaches, that 
TnC in both its apo and Mg2+ states does interact measurably 
with the inhibitory peptides (Cachia et al., 1983; Campbell 
et al., 1991; Tsuda et al., 1992; Swenson & Fredericksen, 
1992). Typical association constants as reported by Swenson 
and Fredericksen (1992), for example, are (9.5 f 4.2) x 
lo4 M-' in the apo state, (6.4 f 2.2) x lo4 M-' in the 
presence of 3 mM MgC12, and (5.3 f 1.1) x lo5 M-' in the 
Ca2+-saturated state. On the basis of these binding affinities 
and the concentrations of proteins and peptides used in the 
present studies, a significant fraction of the TnC would be 
present in the protein-peptide complex not only in plus Ca2+ 
conditions but also in the presence of Mg2+ or in the apo 
state. Our inability to demonstrate Ipl -induced fluorescence 
changes under these latter two conditions indicates that the 
structural interface between TnC and the Ip peptides is 
different for the Mg2+ and apo states as compared with the 
Ca2+-saturated protein. We came to a similar conclusion 
on the basis of our studies of the interaction of Ip peptides 
with the fluorescence probe mutant F154W TnC (Chandra 
et al., 1994). 

The cumulative data of Swenson and Fredericksen (1 992) 
and other reports cited earlier, as well as the present results, 
indicate that the effect of the presence of Ca2+ ions on the 
TnC/Ip interaction is rather modest, leading to an increase 
in affinity of only 6-10-fold over that seen under apo or 
plus Mg2+ conditions. This may be compared with the 
interaction of TnC and intact TnI, where the presence of Ca2+ 
increases affinity 40- 120-fold over that seen under plus 
Mg2+ conditions and 1000-8000-fold compared with the apo 
state (Ingraham & Swenson, 1984; Wang & Cheung, 1985). 
From this perspective, the TnI peptides Ipl and Ip2 are rather 
poor surrogates for the intact protein. Clearly, other regions 
of the TnI molecule are of vital importance in confemng 
such a high degree of Ca2+ sensitivity to the interaction of 
these two proteins. 

The data presented in this paper provide, in our view, 
convincing evidence for the interaction of two Ip peptides 
with two sites on intact TnC, one site on the C domain, and 
one on the N domain. Binding to the stronger site on the C 
domain appears to have little effect on the weaker binding 
to the N domain. This interpretation is in contrast with the 
view that a single Ip peptide simultaneously binds to both 
the N and C domains through collapse of the central D E  
helix, allowing both domains to interact with a single peptide, 
a situation now known to occur with calmodulin and its target 
peptide(s) (Ikura et al., 1992; Clore et al., 1993; Meador et 
al., 1992, 1993). The present evidence is, however, consis- 
tent with the small-angle X-ray scattering studies of Blechner 
et al. (1992), indicating that TnC remains in an extended 
structure upon binding the inhibitory peptide of TnI. In the 
present studies, with 4Ca2+*ThC in an extended conformation 
in solution and with each globular domain possessing a 
similar hydrophobic patch, it is not surprising to find the 
small Ip peptides interacting independently with each domain. 
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With intact TnI and TnC, on the other hand, in which the 
stoichiometry of complex formation is 1: 1, substantial 
evidence exists for simultaneous interactions of the inhibitory 
region of TnI with both domains of TnC [reviewed by 
Grabarek et al. (1992); see also Ngai and Hodges (1994); 
Farah et al., 1994; Kobayashi et al., 19941. On the basis of 
extensive cross-linking experiments [summarized in Koba- 
yashi et al. (1994)l and interaction studies of deletion mutants 
of TnI and TnC and its isolated domains, Farah et al. (1994) 
have depicted the TnI and TnC polypeptide chains as 
interacting in an antiparallel fashion, with extensive contacts 
involving the "*-terminal region of TnI (residues 1-95) 
and the COOH-terminal domain of TnC and between the 
COOH-terminal TnI segment (residues 117- 182) and the 
N domain of TnC. The TnI inhibitory region (residues 96- 
116) would interact with both domains in a divalent cation 
dependent manner. The question of whether this would 
require the TnC to adopt a more compact structure than that 
seen in the X-ray structure and similar to that in the complex 
of calmodulin and its target peptides presently is unclear. 
The recent low-angle X-ray and neutron scattering data of 
the TnCmTnI complex (Olah et al., 1994; Olah & Trewhella, 
1994) have depicted a solution structure in which the TnC 
is fully extended as in the crystal. The central region of the 
TnI, presumably including the inhibitory peptide region, is 
represented as an extended helix spiraling through and 
interacting with the hydrophobic patch regions of both 
domains of TnC. Confirmation of this extended TnPTnC 
structure and rationalization with the extensive chemical and 
interaction studies reported in the literature clearly will 
require more detailed structural analyses at higher resolution. 
Fortunately the application of multidimensional NMR tech- 
niques to the system promises to provide answers to such 
questions in the forseeable future. 
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