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Abstract 

The paramagnetic  relaxation  reagent, 4-hydroxy-2,2,6,6-tetramethylpiperidinyl-l-oxy (HyTEMPO), was  used to 
probe the surface  exposure of methionine residues of recombinant  cardiac troponin C (cTnC) in the absence and 
presence of Ca2+  at  the regulatory site (site 11), as well as in the presence of the  troponin I inhibitory peptide 
(cTnIp). Methyl resonances of the 10  Met  residues  of cTnC were  chosen as spectral probes because they are thought 
to play a role in both  formation of the N-terminal  hydrophobic pocket and in the binding of cTnIp.  Proton lon- 
gitudinal  relaxation  rates (R, 's)  of the [13C-methyl]  groups in [13C-methyl]Met-labeled cTnC(C35S) were deter- 
mined using a TI  two-dimensional heteronuclear single- and  multiple-quantum coherence pulse sequence. 
Solvent-exposed Met residues exhibit increased relaxation rates from the  paramagnetic effect of HyTEMPO. Re- 
laxation  rates in 2Ca2+-loaded and  Ca2+-saturated  cTnC,  both in the presence and absence of HyTEMPO, per- 
mitted the topological  mapping  of the  conformational changes induced by the binding of Ca2+  to site 11, the 
site responsible for triggering muscle contraction. Calcium binding at site I1 resulted in an increased exposure of 
Met residues 45 and 81 to  the soluble spin label HyTEMPO. This result is consistent with an  opening of the hy- 
drophobic pocket in the  N-terminal  domain of cTnC  upon binding Ca2+  at site 11. The binding of the inhibitory 
peptide cTnIp, corresponding to Asn  129 through Ile 149  of cTnI,  to both 2Ca2+-loaded  and  Ca2+-saturated cTnC 
was shown to protect Met residues 120 and 157 from  HyTEMPO as determined by a decrease in their measured 
R, values. These results suggest that in both  the 2Ca2+-loaded and  Ca2+-saturated forms of cTnC,  cTnIp binds 
primarily to  the C-terminal domain of cTnC. 
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Muscle contraction is regulated by the  TnC component of the 
troponin complex. The troponin complex is made up of TnC, 
the  Ca2+ regulatory subunit,  TnI,  the subunit that inhibits ac- 
tomyosin ATPase activity, and TnT,  the  tropomyosin-binding 
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Abbreviations: TnC, cardiac or fast skeletal troponin C;  cTnC, car- 
diac TnC; sTnC, fast skeletal TnC; cTnC3, recombinant cTnC(des MI, 
D2A); cTnC(C35S), recombinant cTnC(des M1, D2A; C35S); TnI, tro- 
ponin I; cTnIp, cardiac troponin I inhibitory peptide corresponding to 
Asn 129 through Ile  149 of cTnI; sTnIp, skeletal troponin I inhibitory 
peptide corresponding to Gly 1 0 4  through  Arg 115; Tris-dl I ,  deuterated 
tris(hydroxymethy1)amino-methane; HyTEMPO,  4-hydroxy-2,2,6,6- 
tetramethylpiperidinyl-I-oxy; HSMQC, two-dimensional heteronuclear 
single- and multiple-quantum coherence; MLCK, a 26-residue  fragment 
of skeletal  muscle myosin light  chain  kinase; CaM, calmodulin; TRNOE, 
transferred nuclear Overhauser effect; HMJ model, Herzberg, Moult, 
and James model. 

subunit. Binding Ca2+ to TnC induces a  conformational change, 
which is transmitted to  TnI neutralizing the  inhibition of the 
ATPase activity. TnC is a member of the helix-loop-helix or 
EF-hand family of Ca2+ binding proteins (Kretsinger, 1980). 
Crystallographic  structures of sTnC reveal a  dumbbell-shaped 
molecule with N- and C-terminal  globular  domains  joined by 
a helical linker (Herzberg & James, 1985; Satyshur et al., 1988). 
Each domain contains two EF-hand Ca2+ binding sites. There 
are two  isoforms of TnC; the fast skeletal muscle isoform, and 
the cardiac and slow skeletal muscle form. Although  both iso- 
forms have four potential Ca2+ binding sites, two high-affinity 
Ca2+/Mg2+ sites (sites I11 and IV) and two low-affinity Ca2+- 
specific sites (1 and II), cTnC has a nonfunctional Ca2+ binding 
site I due to several critical amino acid substitutions (VanEerd 
& Takahashi, 1976; Collins et al., 1977).  Sites 111 and IV located 
in the C-terminal domain  and  are largely responsible for main- 
taining the stability of TnC in the  troponin complex (Zot & Pot- 
ter, 1982;  Negele  et al., 1992).  Calcium  binding to site 11, located 
in the  N-terminal domain, has been shown to regulate muscle 
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contraction  (Holroyde et al., 1980; Robertson et al., 1981; Put- 
key et al., 1989; Sweeney et al., 1990). 

We have previously assigned the Met residues in recombinant 
cTnC,  cTnC3 (Lin  et al., 1994), and demonstrated the utility 
in using NMR and selective isotope labeling of Met residues 
in both  cTnC  and cTnI to  probe protein-protein  interactions 
central to muscle contraction (Krudy  et  al., 1994). Using [I3C- 
methyllMet-labeled cTnC, all 10 cTnC Met residues could be 
resolved in  the HSMQC spectrum of the  cTnI-cTnC  complex. 
The largest chemical shift changes in cTnC  upon complex for- 
mation with cTnI were observed for Met 81, Met 120, and 
Met 157 (Krudy et al., 1994). Methionines 120 and 157 are lo- 
cated  in  the  C-terminal domain of cTnC. These studies  demon- 
strate  the utility of selective isotope labeling of Met residues in 
cTnC to monitor conformational changes central to muscle con- 
traction in the large cTnC-cTnI complex (40,000 Da). Previ- 
ously, selective isotope labeling of Met residues has been used 
to detect and  monitor ligand-induced conformational changes 
in  proteins having an  approximate molecular mass of 66,000 
(Rosevear, 1988) 

Modeling studies, based on the crystal structure of sTnC, have 
suggested that  Ca2+-induced exposure of hydrophobic sites in 
TnC results in an enhanced  interaction with a Caz'-specific 
binding  site on  TnI (Herzberg et al., 1986). Specifically, the 
Herzberg, Moult,  and James model suggests that  Ca2+ binding 
to the N-terminal domain of TnC results in the movement of  he- 
lices B and C away from helices A and D, forming  a  hydropho- 
bic surface or pocket that has been suggested to provide the 
critical TnI interaction  responsible for relieving the inhibition 
of the actomyosin  ATPase  (Herzberg et al., 1986; Strynadka & 
James, 1989). This  model has recently received strong experi- 
mental support  (Grabarek et al., 1990). However, the specific 
hydrophobic  surface exposed in either TnC or TnI has not been 
defined. We have recently modeled the N-terminal domain of 
cTnC in the presence and absence of Ca2+ (Brito et al., 1991). 
Based on this structure, the HMJ model predicts that side chains 
of methionines 45, 80, and 81 are all exposed in the presence of 
bound  Ca2+ at site I1 and  at least partially buried in the absence 
of bound  Ca2+. In the present studies, we utilize a soluble para- 
magnetic spin label to probe  the  surface  exposure of the 10 Met 
residues in both  2Ca2+-loaded  and  Ca2+-saturated  cTnC.  Com- 
parison of the experimentally determined changes in surface ex- 
posure of the Met residues upon  Ca2+ binding at site I1 with 
those  predicted  provides  a test of  the  HMJ model. 

By comparison with CaM, Met residues in cTnC may also be 
involved in binding the cTnI inhibitory peptide (129-149),  which 
corresponds to  the well-known skeletal inhibitory  peptide, TnI 
(96-1 15), of  sTnI. Methionine residues 36, 71, 72, 76, and 145 
in bovine CaM  correspond  to Met residues 45, 80, 81,  85, and 
157  in cTnC, respectively. In  CaM, Met residues 36, 51,71, and 
72 form a portion of the  N-terminal hydrophobic patch with 
Met residues 109, 124, 144, and 145 forming a similar portion 
of the C-terminal hydrophobic patch  (Babu et a]., 1988; Tay- 
lor et al., 1991). Four Met residues in the C-terminal domain 
(Met 109, Met 124, Met 144, and Met 145) and  four Met resi- 
dues  in  the  N-terminal domain (Met 36, Met 51, Met 71, and 
Met 72)  in CaM have been shown to be involved in hydropho- 
bic interactions with a 26-residue MLCK peptide,  a  fragment 
from myosin light chain  kinase (Ikura et al., 1992; Meador 
et al., 1992). Thus, it is interesting to speculate that the four 
N-terminal Met residues in cTnC (Met 45, Met 80, Met 81, and 

Met 85), which correspond  to the  N-terminal Met residues in- 
volved in MLCK peptide binding in CaM, may be involved in 
binding the  inhibitory  peptide derived from  TnI.  In  addition, 
Met residues 120 and 157 located in the C-terminal domain in 
cTnC  form a hydrophobic  surface similar to  that  formed by 
Met 109 and Met 144 in CaM. We have utilized the soluble para- 
magnetic relaxation probe, HyTEMPO,  to  map the binding site 
of cTnIp  on  cTnC. 

Results 

IH and I3C chemical shifts of the 10  methionine methyl pro- 
tons of [methyl-'3C]Met-labeled  cTnC(C35S) were previously 
assigned in our laboratory by comparison of HSMQC spectra 
of cTnC3, cTnC(C35S), and  a series of six triple mutant  and six 
single mutant  proteins where Met residues were systematically 
changed to Leu (Lin et al., 1994) and used to monitor  the bind- 
ing  of cTnI to cTnC (Krudy et al., 1994). In the two-dimensional 
HSMQC  spectrum of Ca2+-saturated ['3C-methyl]Met-labeled 
cTnC(C35S) each of the 10 Met methyl protons were clearly 
resolved and assigned allowing their use as structural probes 
(Fig. 1). A monocysteine derivative of recombinant cTnC where 
Cys 35 was changed to Ser (Putkey  et al., 1993)  was chosen for 
this study because, under  conditions of the NMR experiment, 
the C35S mutant does not  form disulfide-linked  dimers as 
judged by ' H  NMR  spectroscopy and native  polyacrylamide 
gel electrophoresis (data not  shown). 

The environment of each methionine in Ca2+-saturated  cTnC 
was probed by measuring the  proton longitudinal  relaxation 
rate, R , ,  of its methyl protons. This was done  through a set of 
T,-HSMQC experiments  in which the  proton magnetization 
was inverted along the z-axis by a 180" proton pulse, followed 
by a variable length delay and  then an  HSMQC pulse sequence 
(Petros et al., 1992). The proton longitudinal relaxation rate was 
obtained by plotting the recovery of proton magnetization along 
the z-axis versus delay times, 7, in the  TI-HSMQC sequence. 
Figure 1  shows TI-HSMQC spectra of Ca2+-saturated  [I3C- 
methyl]Met-labeled cTnC(C35S) having delay times, 7, of 0,0.9, 
and 1.3 s, respectively. The magnitude of the recovered proton 
magnetization was obtained  from the  volume of the assigned 
cross peak in the TI-HSMQC spectra and exponential fits of 
these volumes provided values for R ,  (Table I). Figure 2 shows 
typical T I  plots for Met  47  in the N-terminal domain, as well 
as Met  103 and Met 157 in  the  C-terminal domain of Ca2+- 
saturated cTnC(C35S). 

The relative solvent exposure of each methyl proton in Ca2+- 
saturated cTnC(C35S) was determined by remeasuring the re- 
laxation  rates, R l s , ,  upon addition of one equivalent of the 
soluble spin label HyTEMPO (Table 1 ;  Fig. 2). Those methyl 
groups  that  are solvent exposed will  be most  affected by addi- 
tion of soluble spin label. No chemical shift changes were ob- 
served upon  addition of up  to five equivalents of HyTEMPO. 
In  addition,  up  to a fivefold excess of HyTEMPO did not result 
in the selective broadening of any of the 10  Met methyl groups 
beyond  detection. In  contrast, specific binding of  HyTEMPO 
to apomyoglobin could be easily detected by selective broaden- 
ing of two aromatic resonances (Cocco & Lecomte, 1994). EPR 
titrations of HyTEMPO with 2Ca2+-loaded or Ca2+-saturated 
cTnC(C35S) were performed to determine if HyTEMPO binds 
to cTnC(C35S) (Weiner, 1969). Figure 3A shows the EPR spec- 
trum of 0.1 mM free HyTEMPO. No increase in the apparent 
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Fig. 1. Contour plots from TI-HSMQC spectra of Ca2+-saturated cTnC(C35S) in the presence of 1 equivalent of HyTEMPO. 
Black contours indicate negative peaks and red contours indicate positive peaks. Spectra were acquired with delay times, T, of 
(A) 0, (B) 0.9, and (C) 1.3 s. NMR sample was 2 mM ['"C-methyl1Met-labeled cTnC(C35S) and 2 mM HyTEMPO in  20  mM 
Tris-dll, 200  mM KC1, 0.1 mM phenylmethylsulfonyl fluoride in 98% 2H20. Spectra were obtained at 500 MHz and 40  "C as 
described in the Materials and methods. 

Table 1. [13C-methylJmethionine proton longitudinal 
relaxation rates for  Ca2+-saturated cTnC(C35S) 
in the presence and absence of Hy TEMPO" 

Rl RldC Rlsl,cTnlp,d 
Residue (s 1 (S-I)  6 - I  1 

45 
47 
60 
80 
81 
85 

103 
120 
137 
157 

0.85 f 0.03 
0.84 f 0.03 
0.91 f 0.02 
0.89 f 0.03 
0.82 f 0.01 
0.85 f 0.02 
0.75 f 0.03 
0.86 f 0.02 
0.90 f 0.02 
0.79 k 0.03 

1.26 f 0.02 
2.39 k 0.24 
1.36 f 0.02 
1.17 f 0.02 
1.65 f 0.04 
2.10 f 0.04 
2.08 f 0.08 
2.25 f 0.08 
1.36 k 0.02 
3.96 f 0.27 

1.19 f 0.03 
2.17 f 0.08 
1.27 +. 0.03 
1.13 f 0.04 
1.39 t 0.03 
1.81 f 0.04 
1.68 f 0.08 
1.52 k 0.03 
1.24 f 0.03 
2.05 f 0.10 

a R 1  is the  longitudinal relaxation rate for each of the methyl Met 
protons of Ca2+-saturated cTnC(C35S) calculated from an exponential 
fit of the measured IH-'"C cross-peak volumes from seven TI-HSMQC 
experiments with different T values. Rlsl is the calculated longitudinal 
relaxation rate  for each of the methyl Met protons of cTnC(C35S) in 
the presence of HyTEMPO. Rlsl(cTnlp) is the calculated longitudinal re- 
laxation rate  for each of the methyl Met protons of Ca2+-saturated 
cTnC(C35S) in the presence of HyTEMPO  and  cTnlp.  Errors in R l  
represent errors in the exponential fit of the cross-peak intensities. 
TI-HSMQC experiments were obtained at 500 MHz in 20  rnM Tris-dl 
pH 7.5, containing 200  mM  KC1 at  40°C. 

The sample  contained  2 mM Ca2+-saturated cTnC(C35S). 
The sample  contained  2 mM Ca2+-saturated cTnC(C35S) and in 

The sample  contained  2 mM Ca2+-saturated cTnC(C35S), 2 mM 
2 mM HyTEMPO. 

HyTEMPO, and 2 mM cTnIp. 

anisotropy of the EPR signal intensity of HyTEMPO was ob- 
served upon addition of either I .3 equivalents of 2Caz+-loaded 
cTnC(C35S) (Fig. 3B) or Ca2+-saturated cTnC(C35S) (Fig. 3C), 
demonstrating that the spin label is not immobilized by the pro- 
tein (Fig. 3). Specific or nonspecific binding of HyTEMPO  to 
cTnC(C35S) would have resulted in an increased anisotropy of 
the  EPR signal. Taken  together, these data demonstrate that 
specific interactions between HyTEMPO  and cTnC(C35S) 
are unlikely, making HyTEMPO a useful probe for detecting 
solvent-exposed residues in cTnC. 

Binding of the 21-amino acid troponin I inhibitory peptide, 
cTnIp,  to Ca2+-saturated cTnC(C35S) would be expected to 
protect those Met methyl groups in the binding pocket from ex- 
posure to the spin label. The  addition of cTnIp was found to 
most significantly decrease the effect of HyTEMPO on the re- 
laxation  rates of the methyl groups of  Met  120 and Met 157, 
qualitatively demonstrating that these resonances are less sol- 
vent exposed in the presence of the inhibitory peptide (Table 1; 
Fig. 2). 

Quantitatively,  the  paramagnetic  contribution of the spin 
label to the observed R ,  is determined from  the paramagnetic 
effect on the relaxation rate, RIP,  by 

where R ,  is the diamagnetic relaxation rate  and Rlsl the relax- 
ation  rate  in  the presence of HyTEMPO. The magnitude of the 
paramagnetic effect, R,, ,  is related to a measure of relative sol- 
vent exposure of each  Met methyl group. Calculated RIP values 
for the 10 Met methyl groups in Ca*+-saturated cTnC(C35S) 
are given in Table 2. Under some conditions, in the presence of 
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Fig. 2. Proton  longitudinal  relaxation  rates  for  the  Met  methyl  groups 
of  cTnC(C35S)  were  determined  from  the  exponential  fit  of  the  cross- 
peak  intensities  measured  from  a  series  of TI-HSMQC  spectra.  Expo- 
nential  fits of the  cross-peak  intensities  are  shown  for (A) Met 103 and 
(B) Met 157, in the  C-terminal  domain,  and (C) Met 47, in the  N-terminal 
domain, of 2 mM  Ca2+-saturated  cTnC(C35S)  in  the  absence of 
HyTEMPO (0), in  the  presence  of  2  mM  HyTEMPO (O), and in  the 
presence of 2 mM  HyTEMPO  and 2  mM  cTnIp (0). Spectra  were  ob- 
tained  as  described  in  Figure I .  
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Fig. 3. EPR spectra of HyTEMPO free  and  in  the  presence of 2Ca2+- 
loaded  cTnC(C35S)  and  Ca2+-saturated  cTnC(C35S).  EPR  spectra 
were  obtained  on  (A)  0.1  mM  HyTEMPO, (B) 0.1  mM  HyTEMPO  in 
the  presence of 0.13  mM  2Ca2+-loaded  cTnC(C35S),  and (C)  0.1  mM 
HyTEMPO in the presence of 0.13 mM  Ca2+-saturated  cTnC(C35S) in 
20 mM  Tris, pH 7.5,  containing 200 mM KCl.  Spectra  were  obtained 
as  described  in  the  Materials  and  methods. 

spin  label.  This allowed  a reasonable  estimate  of R, , ,  and R , ,  
values for  Met 60 and 137 at higher HyTEMPO  concentrations. 
Methionines 45, 60, 80, and 137 exhibit  small RIP values, sug- 
gesting that  their  methyl  groups  are relatively  inaccessible to 
HyTEMPO  and hence solvent.  From  the  magnitude of para- 
magnetic  effects, methyl groups of  Met  47, 81, 85, 103, 120, and 
157 are  all  partially exposed to  the  spin  label  and  hence  solvent 
(Table 2). The largest R I P  value was found  for  Met 157, sug- 
gesting that its methyl  group is the  most  solvent  exposed (Ta- 

Table 2. ['3C-methyl]methionine  protection ratios for  
Ca''-saturated cTnC(C35S) complexed with cTnI peptidea 

~ -~ ~ .. ~ 

~~ " 
~~ ~ 

. -~ 

RIP 

~~~ 

Residue (s-1) 
Rlp(cTnlp)  

R l p ( c T n l p ) / R l p  
~~ ~. ~ ~~~~ 

45 0.41 t 0.04  0.34 t 0.04 
47 

0.83 rt 0.13 
1.55 rt 0.24  1.33 t 0.09  0.86 f 0.15 

60  0.45 rt 0.03  0.36 t 0.04 
80 

0.80 k 0.10 
0.28 k 0.04 0.24 t 0.05 0.86 f 0.22 

81 0.83 t 0.04 0.57 k 0.03  0.69 t 0.05 
85 1.25 f 0.04 0.96 t 0.04 0.77  0.04 

103 1.33 k 0.09  0.93 + 0.09  0.70 rt 0.08 
120  1.39 0.08 0.66 t 0.09  0.47 0.07 
137 0.46 f 0.03  0.34 t 0.04  0.74 + 0.10 
157 3.17 k 0.27 1.26 rt 0.10 0.40 k 0.05 

~~ ~~_____-  - 

higher concentrations  of  HyTEMPO,  the  IH-l3C  correlations 
for Met 60  and  Met 137 become  partially  overlapping.  In cases 
where  the IH-I3C correlations  partially  overlapped, R ,  values 
were measured by centering  the  integration  box precisely at  the 
chemical  shift values for Met  60  and  Met 137 in the  absence of 

a R I D  is the  paramagnetic  contribution  to  the  relaxation  rate  and is 
equal  to  RIs1 - R1. is the  paramagnetic  contribution  to  the re- 
laxation  rate  in  the  presence of cTnIp  and is equal  to  Rlsl(cTnlp) - R I  . 
Errors in  RIP  and Rlp(cTnlp)  are  probable  deviations of the  difference 
in  R, values used to  calculate  the  paramagnetic  effect  on  the  relaxation 
rates. R ~ p ( , ~ , l p ) / R l p  is the  ratio of the  paramagnetic  effect  on  the  lon- 
gitudinal  relaxation  rate  of  the  methyl  group  proton  in  the  presence of 
cTnIp  to  the  paramagnetic  effect  on  the  longitudinal  relaxation  rate of 
the  methyl  group  proton  in  the  absence  of  cTnIp. Errors in 
R I P  were  calculated  as  the  absolute  deviation  of  the  quotient. 
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ble  2).  If  we make the assumption that Met  157  is fully solvent 
exposed, then we can estimate that the methyl groups of Met  res- 
idues 45,60,80, and 137 are approximately 12%  solvent  exposed 
and the methyl groups of Met residues 47,85, 103, and 120 are 
approximately 43% exposed to solvent. The methyl group of 
Met 81, located near the N-terminus of the central helix, would 
be approximately 26% solvent exposed. 

The binding site on cTnC for the cTnI inhibitory peptide, 
cTnIp, was mapped by measuring the change in relaxation rates, 

of the Met methyl protons  in  the presence of one 
equivalent of cTnIp (Table 2). From  the  ratio of Rlp(Tnlp)/Rlp, 
the degree of protection from exposure to HyTEMPO for each 
Met methyl group upon TnIp binding can be determined (Ta- 
ble 2). Ratios significantly less than l indicate protection of the 
residue by the inhibitory peptide. The ratio Rlp(Tnlp)/Rlp for 
Met  60 (Table 2) provides a control because, based on the crys- 
tal structure of sTnC (Herzberg & James, 1985; Herzberg et al., 
1986) and model building of cTnC (Brito et al., 1991), this 
Met  methyl group is  largely  buried  within the N-terminal hydro- 
phobic core and should be reasonably inaccessible to solvent and 
HyTEMPO. Based on the Rlp(Tnlp)/Rlp ratios, Met  residues 45, 
47,  60, 80, and 85 are not significantly protected from  the sol- 
uble spin label by addition of cTnIp (Table 2). The inhibitory 
peptide was found  to provide only minimal protection from 
HyTEMPO to Met residues 81, 103, and 137 (Table 2).  In con- 
trast, the methyl groups of  Met  120 and Met  157  were shown 
to be significantly protected by addition of cTnIp to  Ca2+- 
saturated cTnC(C35S) (Table 2). Methionine residues 120 and 
157 are located in the C-terminal domain of cTnC (Fig. 4; Ki- 
nemage 1). 

These experiments were repeated on the  2Caz+-loaded  form 
of cTnC(C35S) having Ca2+ bound  only  at the C-terminal 
domain high-affinity sites I11 and IV. The  2Ca2+-loaded  form 
of cTnC(C35S) was obtained by titrating  apo-cTnC(C35S) 
with Ca2+ while monitoring HSMQC spectra until both high- 

affinity sites were filled (data not shown). Longitudinal relax- 
ation rates of 2Ca2+-loaded cTnC(C35S) in  the presence and 
absence of cTnIp, before  and after addition of one equivalent 
of HyTEMPO,  are given  in Table 3. Table 4 gives the paramag- 
netic contribution of the spin label on the relaxation rates, RIP, 
of each Met methyl group. As expected from the relaxation 
rates,  the protection ratios (Rlp(Tnlp)/Rlp) show that Met  120 
and 157 are most shielded from the soluble spin label by the 
binding of cTnIp (Table  4).  In the 2Caz+-loaded form of cTnC, 
cTnIp fails to provide significant protection from  the soluble 
spin label for any of the remaining Met  residues,  except  Met  81, 
for which partial  protection is again observed (Table 4). The 
inhibitory peptide, cTnIp, provides the same relative degree 
of protection from HyTEMPO to Met residues 81, 120, and 
157 in both the 2Caz+-loaded and  Ca2+-saturated  forms of 
cTnC(C35S) (Tables 2, 4). Thus, comparison of the accessibil- 
ity of the soluble spin label to the Met methyl groups in the 
2Ca2+-1oaded and  Ca2+-saturated cTnC(C35S)-cTnIp com- 
plexes  suggests that both forms of cTnC bind the inhibitory pep- 
tide in a similar manner (Tables 2, 4; Fig. 4; Kinemages 1, 2). 

Paramagnetic  contributions to the relaxation rates of Ca2+- 
saturated  and 2Ca2+-loaded cTnC(C35S) can be  used to exam- 
ine conformational changes that occur when Ca2+ binds to site 
11, the site  responsible for triggering  muscle contraction. In order 
to obtain  accurate Rlp(Ca2+sat) and Rlp(2Ca2+) values, three sep- 
arate experiments were performed for both the  2Caz+-loaded 
and Ca2+-saturated  forms of cTnC(C35S). This was necessary 
because separate samples had to be  used to  obtain Rlp(Caz+sat) 
and Rlp(2Ca2+) values. Six identical apo-cTnC(C35S) samples 
were prepared, from the same protein stock, and  Ca2+ added to 
give three 2Caz+-loaded and three Ca2+-saturated cTnC(C35S) 
samples. In previous experiments, a single sample could be  used 
to provide all of the necessary relaxation rate data. Values  of 
Rlp(Ca2+sat) and Rlp(2Ca2+) given  in Table 5 are average values 
from the individual experiments. 

A 

c 

B C 

" ' 1  b 
-4 

Fig. 4. Backbone representation of the models for cTnC (Brito et al., 1991) highlighting the Met side chains. Methionine methyl 
groups that  do not show a significant change in solvent exposure are shown in blue. Methionine methyl groups showing a sig- 
nificant change in solvent exposure are shown in red. A: C-terminal  domain of cTnC showing Met 120 and Met 157 is in red. 
Only Met  120 and Met 157 are significantly protected from solvent by the binding of cTnIp. B: N-terminal domain of 2Ca2+- 
loaded cTnC. Methionines 45 and 81, which become more solvent exposed with CaZ+ binding to the N-terminal regulatory site, 
are shown in red. C: N-terminal domain of Ca2+-saturated  cTnC showing the increased solvent exposure of Met residues 45 
and 81. Methionine residues 45 and 81 are shown in red. 
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Table 3. ["C-methyljmethionine proton longitudinal 
relaxation rates for  2Ca2+-loaded cTnC(C35S) 
in the presence and absence of HyTEMPO" 
.~ . ~" 

R I b  R1dC Rlsl(cT"lp)d 
Residue (S - I )  ( S - I )  (S "I ) 

-~~ ~- . . 

45 0.86 f 0.03 1.09 f 0.02 I .  I4 k 0.03 
47 0.89 f 0.02  2.34 f 0.08  2.43 k 0.08 
60 0.98 f 0.03  1.37 t 0.04 1.39 F 0.04 
80 0.98 f 0.03 1.20 f 0.03  1.15 k 0.03 
81 0.90 t 0.01 1.41 f 0.05 1.25 0.04 
85 0.90 k 0.02 2.01 f 0.05 1.90 * 0.04 

103 0.79 t 0.02 2.04 f 0.10 1.91 & 0.07 
120 1.01 f 0.03  2.68 k 0. I 1  
I37 

1.89 k 0.06 
1.02 t 0.03 1.46 t 0.04 

157 
I .39 F 0.04 

0.94 k 0.03  4.03 f 0.25  2.38 k 0. I 1  

. 

. .. ~ 

"~ 
" ~~~~ - ~ ~~ ~ 

R ,  is the  longitudinal  relaxation  rate  for  each  of  the  methyl  Met 
protons of 2Ca2*-loaded  cTnC(C35S)  calculated  from  an  exponential 
fit of the  measured  'H-13C  cross-peak  volumes  from seven TI-HSMQC 
experiments  with  different 7 values. I?,,, is the  calculated  longitudinal 
relaxation  rate  for  each of the  methyl  Met  protons  of  cTnC(C35S)  in 
the  presence of HyTEMPO. R l s l ( c ~ n l p )  is the  calculated  longitudinal re- 
laxation  rate  for  each  of  the  methyl  Met  protons of 2Ca2+-loaded 
cTnC(C35S) in the presence of HyTEMPO  and  cTnIp.  TI-HSMQC ex- 
periments  were  obtained  at 500 MHz in 20 rnM Tris-dl l ,   pH 7.5,  con- 
taining 200 rnM KC1 at  40  "C. 

'The  sample  contained  2  mM  2Ca2+-loaded  cTnC(C35S). 
' The  sample  contained  2  mM  2Caz+-loaded  cTnC(C35S)  and  in 

dThe  sample  contained  2mM  2Ca2+-loaded  cTnC(C35S), 2 mM 
2  mM  HyTEMPO. 

HyTEMPO,  and 2  mM  cTnIp. 

Ratios, Rlp(Ca2+rat)/Rlp(2Ca~+),  significantly  greater  than 
1 identify  Met  methyl  groups  that  become  more  exposed  to 
HyTEMPO  and  therefore  solvent with the  binding of CaZ+  to 
the  N-terminal  regulatory site. From  the  average  ratios given in 
Table 5 ,  R,p(Ca2+sat)/Rlp(2Ca2+), both Met 45  and 81 show a sig- 
nificant  increase in exposure  to  spin  label  upon  Ca2+  binding 
at site 11. Based on a model of cTnC  (Brito et al., 19911, Met 45 
and 8 1 are located at  the base  of the  proposed  hydrophobic cleft 
in the  Ca'+-saturated  form of cTnC  (Fig.  4;  Kinemage 3). 
Again,  assuming  that Met 157 is fully exposed,  this  represents 
an increase  in  exposure  from 7% to 13% for  Met 45 and  and 
increase in exposure  from  14%  to  26%  for  Met 81. This is con- 
sistent with the solvent  accessibility changes  for  Met  46  and 
Met 82 in sTnC,  corresponding  to  Met 45 and  Met 81 in cTnC, 
which showed  that  Met  82 is about twice as exposed to  solvent 
in the  Ca2+-saturated  form of sTnC  as is Met  46  (Herzberg 
et a]., 1986). The  magnitude  of  the  opening of the  hydropho- 
bic cleft is difficult to predict based  on solvent  exposure  because 
both residues are  located in  a pocket  (Kinemage 3). Even  with 
one  face of the  methyl  group  fully  exposed, increases in  relax- 
ation  rates would not be as great as observed for a fully  exposed 
methyl  group  having  all six possible  sides  exposed to  solvent. 
The relative  accessibility  of HyTEMPO  for  the  Met  methyl 
groups of Met 45 and 81 in cTnC is at least consistent with the 
model.  Methionine  residues  47, 60, 80, and 85 located  in  the 
N-terminal  domain of cTnC  show  no  significant  change in ex- 
posure  to  HyTEMPO  upon  Ca2+  binding  at site I1 (Table 5 ) .  
As expected,  methionine  groups in the  C-terminal  domain 

Table 4. ['3C-methyl]methionine protection ratios for  
2Ca2+-loaded cTnC(C35S) complexed with Tnl  peptidea 

" ~~ ~ ~~~~ - 

R I D  

~ 

Residue (S "I ) (s "I ) Rlp(cTnlp)/Rlp 

45 0.23 f 0.04 0.28 f 0.04 1.22 f 0.27 
47 1.45 t 0.08 1.54 f 0.08 1.06 f 0.08 
60 0.39 f 0.05 0.41 ? 0.05 1.05 f 0.19 
80 0.22 f 0.04 0.17 k 0.04 0.77 f 0.23 
81 0.51 f 0.05 0.35 & 0.04 0.69 f 0.10 
85 1 .11  f 0.05 1.00 f 0.04 0.90 f 0.05 

103 1.25 f 0.10 1.12 0.07 0.90 f 0.09 
120 1.67 f 0.11 0.88 f 0.07 0.53 rf- 0.06 
137 0.44 f 0.05 0.37 f 0.05 0.84 f 0.15 
157 3.09 f 0.25 1.44 k 0.11 0.47 f 0.05 

Rlp(cTnlp) 

~- .~ ~~~ ~~ 

~~ ~~~~ ~~~~~~ .. 

a R I P  is the  paramagnetic  contribution  to  the  relaxation  rate  and is 
equal  to RIsI  - R , .  is the  paramagnetic  contribution  to  the re- 
laxation  rate  in  the  presence  of  cTnlp  and is equal to Rlsl(cTnlp) - R , .  
Errors in RIP and  are  probable  deviations  of  the  difference 
in R I  values used to  calculate  the  paramagnetic  effect on the  relaxation 
rates. Rlp(cTnlp) /Rlp  is the  ratio of the  paramagnetic  effect  on  the lon- 
gitudinal  relaxation  rate of the  methyl  group  proton in the presence  of 
cTnIp to the  paramagnetic  effect on the  longitudinal  relaxation  rate of 
the  methyl  group  proton in the  absence of cTnIp. Errors in 
R I D  were  calculated  as  the  absolute  deviation of the  quotient. 

~. ~~ "~ 

of  cTnC  were largely unaffected by Ca" binding  at site I1  
(Table 5) .  

Discussion 

TnC  and  CaM  are  members of the well-known  helix-loop-helix 
or EF  hand family of Ca2+ binding proteins (Kretsinger, 1980). 
The solution structure of the CaM-MLCK  peptide  complex sug- 
gests importance  of Met  residues  in its  interaction with the 
MLCK  peptide (Ikura et al., 1992; Meador et al., 1992). Recom- 
binant  cardiac  troponin C, cTnC3,  has 10 Met  residues  distrib- 
uted throughout  both N- and  C-terminal  domains. Based on  the 
homology with CaM,  Met  residues  in  cTnC  are  predicted to be 
involved in  the  binding  of  cTnI  and  the well-known inhibitory 
peptide derived from  cTnl,  cTnIp.  In  addition, a model for 
Ca2+  activation  of  TnC,  based  on  the  crystal  structure  of  tur- 
key skeletal  muscle  TnC,  predicts  increased solvent  accessibil- 
ity of several hydrophobic  groups including  Met 46, Met 48, and 
Met  82 upon  Ca2+ binding to  the N-terminal domain  (Herzberg 
et al., 1986). These  Met residues correspond  to  Met 45,  Met 47, 
and Met 8 1, respectively, in cTnC.  In  the model of  cTnC, based 
on  the  crystal  structure  of  sTnC,  Met 47 is at least partially ex- 
posed to  solvent  in  the  absence of bound  Ca2+  at site I1 (Brito 
et  al., 1991). In  contrast,  Met 45 and  Met 81 in  cTnC  are pre- 
dicted  to  undergo  the largest increase in solvent  exposure  upon 
Ca'+ binding to  the  regulatory site. 

To both  characterize  the roles of  Met residues  in the  binding 
of  cTnIp  to  cTnC  and  to  provide  experimental evidence for 
the  proposed  increased  solvent accessibility of Met  residues 45 
and 81 upon  Ca2+  binding  to  this  regulatory  site, we utilized  a 
soluble  paramagnetic  probe,  HyTEMPO,  to  identify  surface- 
exposed  Met  residues  and  to  map  the  binding site  of cTnIp  on 
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Table 5 .  ['3C-methylJmethionine protection  ratios for 
2Ca2+-loaded and Ca2+-saturated ~ T n C ( c 3 5 S ) ~  

45 
47 
60 
80 
81 
85 

103 
120 
137 
157 

0.21 t 0.03 0.42 k 0.03 

0.35 t 0.05 0.44 f 0.03 
0.19 f 0.03 0.26 k 0.03 
0.44 f 0.03 0.85 k 0.03 
1.24 f 0.07 1.21 k 0.06 
1.4 t 0.1 1.3 t 0.1 
1.8 f 0.1 1.4 t 0.1 

0.39 ? 0.04 0.47 k 0.04 
3.1 f 0.3 3.3 k 0.3 

1.5 f 0.3 1.6 0.1 
2.00 k 0.32 
1.07 t 0.22 
1.26 f 0.20 
1.37 f 0.27 
1.93 k 0.15 
0.98 k 0.07 
0.93 t 0.10 
0.78 t 0.07 
1.21 t 0.16 
1.06 k 0.14 

" 
"~ 

on 2Ca'+-loaded cTnC(C35S)  and is equal  to RISI  - R ,  for  2CaZ+- 
aRl, ZCa2+) is the  paramagnetic contribution to  the relaxation  rate 

loaded  cTnC(C35S). Rlp(Ca~+sat) is the  paramagnetic  contribution  to 
the  relaxation  rate  on  Ca2+-saturated  cTnC(C35S)  and is equal  to 
RIsI  - R I  for  Ca2+-saturated  cTnC(C35S). Rlp(Ca~+,a,)  and Rlp(2Cazt) 
values are average values from  three  separate  experiments. Errors In 
Rlp(2Ca2+) and R l p ( ~ a ~ + s a t )  are  probable deviations of the difference in 
R I P  values used to  calculate  the  average  paramagnetic  effect  on  the re- 
laxation  rates. Rlp(Ca~+sat)/Rlp(fCa2+) is the  ratio of the  paramagnetic 
effect on  the longitudinal relaxatlon rate of the methyl group  proton in 
the presence of bound Ca2+  at site 11 to  the  paramagnetic effect on  the 
longitudinal  relaxation  rate in the  absence of bound  Ca2+  at site 11. 
Errors in Rlp(Ca~+sat) /Rlp(2Ca~+)  were calculated as  the  absolute devi- 
ation of the  quotient. 

cTnC. Both EPR  and NMR were used to demonstrate that 
HyTEMPO does  not bind to either the 2Ca2+-loaded or Ca2+- 
saturated  forms of cTnC(C35S) (Fig.  3). To date, only a few ex- 
amples utilizing paramagnetic agents to map protein surfaces or 
binding sites have been reported  (deJong et al., 1988; Petros & 
Kopple, 1990; Petros et al., 1990,  1992;  Fesik  et al., 1991; Cocco 
& Lecomte, 1994). Results from these studies clearly demon- 
strate the feasibility, accuracy, and resolution that can be ob- 
tained using this  methodology. 

Binding of the 21-residue peptide  corresponding to Asn 129- 
Ile 149 of cTnI (cTnIp) to either 2Ca2+-loaded or Ca2+-saturated 
cTnC(C35S) resulted in no significant protection of the Met 
methyl groups in the N-terminal domain from the soluble para- 
magnetic probe (Fig. 2; Tables 2, 4). This result strongly sug- 
gests that  the  cTnIp peptide  does not interact with any Met 
methyl groups in the N-terminal domain including those that line 
the  proposed  hydrophobic  pocket.  In support of this, Met  res- 
idues 45,60,  and 80 in both 2Ca2+-loaded and  Ca2+-saturated 
cTnC(C35S) show small R , ,  and R,,(cTnIp) values, suggesting 
that they are essentially inaccessible to spin label in both the 
absence and presence of the  cTnIp (Tables 2, 4). In contrast, 
Met 47 has relatively large R I P  and values in both 
2Ca2+-loaded  and  Ca2+-saturated  cTnC  as expected for a res- 
idue at least partially solvent exposed (Tables 2, 4). 

In the C-terminal domain, methyl groups of Met residues 120 
and 157 in both 2Ca2+-loaded and  Ca*+-saturated  cTnC exhibit 
significant protection by cTnIp  from exposure to  HyTEMPO 
suggesting that  cTnIp binds to  the same site in the C-terminal 
domain of both cTnC forms (Tables 2, 4). In support of this 
finding, identical chemical shift changes were  seen upon binding 

cTnIp  to  both 2Ca2+-loaded and  Ca2+-saturated cTnC(C35S) 
(data not shown). This result  is particularly apparent for Met  157, 
which, in the absence of cTnIp, has the most solvent-exposed 
methyl group (Tables 2, 4; Fig. 2). Both Met  120 and Met 157 
lie on  the same face of the C-terminal domain and provide a hy- 
drophobic  surface  for peptide interaction (Fig. 4; Kinemages 1, 
2). This result corresponds to the previous observation based on 
'H  chemical shift changes, that  sTnIp,  an inhibitory  peptide 
corresponding to Gly 104-Arg  115 of sTnI, interacts with Phe 
and Ile residues in the  C-terminal  hydrophobic  pocket of sTnC 
(Cachia et al., 1983; Slupsky et al., 1992). Alternatively, bind- 
ing of cTnIp  to a site other  than  the C-terminal hydrophobic 
pocket could result in a  conformational  change that leads to a 
decrease in solvent exposure for both Met residues 120 and 157. 
However, this seems unlikely because a  conformational change 
sufficient to protect Met  residues  120 and 157 would be expected 
to alter the solvent accessibility of other Met methyl groups. 

A number of  other studies have also concluded that  TnIp in- 
teracts primarily with regions in the  C-terminal  domain  (Lan 
et al., 1989;  Wang et al., 1990;  Ngai & Hodges, 1992; Swenson 
& Frederickson, 1992;  Ngai  et al., 1994). Fluorescent probes re- 
veal that, although  intact  sTnI is bound to both  the N- and 
C-terminal  domains of sTnC, the  inhibitory  fragments of sTnI 
(96-1  16 and 104-1  15) interact mainly with the  C-terminal do- 
main connecting strand of sTnC (Lan et al., 1989). This is  in 
excellent agreement with our observation that Met 120 and 
Met  157, both at the outer edge of the hydrophobic pocket in 
the C-terminal  domain of cTnC,  are protected by the binding 
of cTnI peptide. In addition, sTnIp  had  an identical structure, 
as determined by TRNOE, when bound to either apo or Ca2+- 
saturated sTnC (Campbell & Sykes, 1991). The  structure of a 
12-amino acid peptide  analog of the cTnI  inhibitory  peptide 
bound to  cTnC, having Gly at position 110 (in the skeletal and 
cardiac  isoforms  a Pro or Thr, respectively, is found  at this 
position), was found to be a-helical with a bend around the 
Pro 109-Gly  110 bond similar to  that observed for sTnI(104- 
115) bound to sTnC (Campbell et al., 1992). This structure per- 
mits the formation of a  hydrophobic face away from the basic 
residues that  form a hydrophilic face (Campbell et al., 1992). 
The  bound  structure of the  inhibitory  peptide  appears to pre- 
clude it from interacting simultaneously with both  the N- and 
C-terminal  domains. 

Numerous studies have suggested that  sTnIp interacts with 
both  the N- and C-terminal domains of sTnC (Kobayashi et al., 
1991; Ngai & Hodges, 1992; Swenson & Frederickson, 1992; 
Farah et al., 1994). An explanation for these observations is that 
TnC, like CaM, folds over the peptide such that both  domains 
make contact with the inhibitory peptide. However, small-angle 
X-ray scattering experiments on TnC complexed  with intact TnI 
and  TnIp have shown that  TnC is extended in both complexes 
(Blechner et al., 1992; Olah et al., 1994). Therefore, it seems 
more likely that  TnIp can interact with both domains of TnC 
under appropriate conditions (Ngai & Hodges, 1992). It is now 
well known that  the N-terminal region of TnI interacts with the 
C-terminal domain of TnC (Farah et al., 1994; Kobayashi et al., 
1994; Krudy et al., 1994). Therefore, it is possible that in the in- 
tact  TnC-TnI complex, the inhibitory region of Tnl interacts 
weakly with the C-terminal  domain of TnC,  due  to  the binding 
of the N-terminal region of TnI, increasing it's affinity for the 
N-terminal region of TnC depending on  the presence of bound 
Ca2+  at  the regulatory sites. The N-terminal region of TnI has 
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also been  suggested to  function  as a negative effector of TnIp 
binding  (Ngai & Hodges, 1992). Regardless  of the  actual mecha- 
nism occurring  in the intact troponin complex, our  NMR studies 
clearly demonstrate  that  cTnIp  binds  to  the  C-terminal  domain 
of  cTnC  in  such a manner  that  both  Met 120 and  Met 157 are 
protected from solvent (Fig. 4; Kinemages 1,2). In addition, our 
studies  support  those  of Blechner et  al. (1992),  suggesting that 
TnC is relatively extended with TnIp  bound. 

Comparison of the  solvent-exposed  Met  methyl  groups  in 
the  2Ca2+-loaded  and Ca’+-saturated forms  of  cTnC  permits 
elements  of  the  HMJ  model  (Herzberg  et  al., 1986) for  Ca2+ 
activation  to  be  probed  experimentally.  Calcium  binding  to 
site 11, the site responsible  for  regulating muscle contraction, is 
predicted  to result in  increased  solvent  exposure  for  the side- 
chains of Met residues 45, 80, and 81. Based on  the Rlp(Caz+sat)/  
Rlp(2Ca2+) ratios  (Table 5 ) ,  Ca2+  binding  at site I1 results in  in- 
creased  solvent  exposure  for  the  side  chains  of  Met residues 45 
and 81 (Fig. 4;  Kinemage 3). Methionines 45 and 81 also expe- 
rience the  largest  chemical  shift  change  upon  Ca2+  binding to  
site I1 (Lin et al., 1994). Methionine residues 47,  60, 80, and 85 
failed to  show a significant  increase in solvent  exposure with 
Ca2+  binding  at site 11 (Table 5 ) .  Methionine 81 in  sTnC,  cor- 
responding to  Met 80 in  cTnC,  was  predicted  to  show little 
change in solvent accessibility  with Ca2+  binding  (Herzberg 
et al., 1986),  which is consistent with our data  for  Met 80 (Ta- 
ble 5 ) .  This is particularly  evident when R I P  values for  Met 80 
and  Met  60  are  compared (Table 5 ) .  Modeling  suggests that  the 
side  chain of Met 60 is only  partially exposed to solvent  and 
makes  interactions with aromatic  amino acids  in the N-terminal 
hydrophobic  core  (Brito et al., 1991). Based on R I P  values, 
Met 80 is less solvent  exposed  than  Met  60 in both  the  2Ca2+- 
loaded  and  Ca2+-saturated  forms  of  cTnC(C35S).  In  contrast, 
Met 48 in the  HMJ  model  for Ca’+ activation  of  sTnC,  corre- 
sponding  to  Met 47 in  cTnC, was predicted to undergo a rela- 
tively large change in  solvent accessibility (Herzberg  et al., 1986) 
with Ca’+ binding to  the  N-terminal  domain.  The  predicted 
large  increase in solvent accessibility for  Met 47 of cTnC was 
not observed  using HyTEMPO  as a probe  for solvent exposure 
(Table 5) .  

Taken  together,  observed increases  in solvent  exposure  for 
side chains of Met 45 and 81 residues  in the  N-terminal  domain 
of cTnC  are consistent with the  HMJ model  of Ca2+ activation 
of sTnC.  However, when  all of  the  experimental  data  are  con- 
sidered, it is likely that  the details  of the  HMJ  model will require 
further experimental  refinement,  particularly the degree to which 
the  hydrophobic  pocket  opens  with  Ca2+  binding  (Kinemage 
3). Quantitating  the  degree  to which the  hydrophobic  pocket 
opens will require  high-resolution  three-dimensional  structures 
of  both  the  2Ca2+-loaded  and  Ca2+-saturated  forms  of  cTnC 
and  measurement of the  change in angle between  helical pairs 
A/D  and  B/C within the  N-terminal  domain.  However,  these 
studies  provide  the  first  experimental evidence on  Met accessi- 
bility  in both  the  2Ca2+-loaded  and  Ca2+-saturated  forms of 
cTnC. 

In  summary, we have used a soluble  paramagnetic  probe, 
HyTEMPO,  to identify solvent-exposed Met  methyl groups  both 
in  the presence and  absence  of  the  cTnIp  peptide  and  Ca2+ 
bound  at  the  regulatory site. We have demonstrated  the lack of 
specific interactions between the  spin  label  probe  and  2Ca2+- 
loaded  and  Ca*+-saturated  cTnC(C35S). Using this  approach, 
we have  shown  that  the  isolated  cTnI  inhibitory  peptide  binds 

to the  C-terminal  domain of cTnC in such a manner  as  to  pro- 
tect  both  Met 120 and  Met 157 from  exposure  to  solvent.  In 
addition,  Ca2+  binding  to  the  regulatory site I1 results in an in- 
creased  exposure  of Met residues 45 and 8 1. Although this is gen- 
erally consistent with the  HMJ  model  of  Ca”  activation,  the 
details  of  the  model likely  need experimental  refinement.  This 
approach is currently being used to  extend our studies on  the 
cTnI-cTnC  complex  (Krudy  et  al., 1994) to  map Ca’+/Mg‘+- 
specific, Ca’+-specific, and  metal-independent  cTnl  binding 
sites on  cTnC using recombinant  fragments  of  cTnI. 

Materials and  methods 

Materials 

[ I3C]methyl L-methionine, deuterium  oxide,  and  Tris-dl were 
obtained  from  Cambridge  Isotope Laboratories. All other chem- 
icals  were of  the highest purity  available  commercially. 

Troponin I inhibitory peptide 

The 21-residue peptide  corresponding to  Asn 129-Ile 149 of cTnI 
was synthesized  as  the  N-acetyl  and  carboxyl  amide  derivative 
(N-acetyl-N-Q-K-I-F-D-L-R-G-K-F-K-R-P-T-L-R-R-V-R-1-a- 
mide) by the t-butoxycarbonyl/benzyl  solid-phase method using 
a model 403A  (Applied  Biosystems) automated  peptide  synthe- 
sizer.  The  peptide  was  cleaved,  deblocked  with  HF, 
and  purified by reverse-phase HPLC on a  1 X IO-cm C8  ABI/ 
Brownlee column  in  70%  acetonitrile using  a gradient  of 0- 
100% 0.1 Yo trifluoroacetic  acid.  Amino  acid  analysis  of  the 
major  peak was determined by fast  atom  bombardment  mass 
spectrometry.  Purity  was  determined  to  be >!X%. 

Labeled recombinant proteins 

Recombinant  cardiac  troponin  C(C35S)  (Putkey  et  al., 1993) 
was overexpressed in Escherichia coli JM109  (Krudy et al., 
1992). [methyl-13C]Met-labeled  cTnC(C35S) was obtained by 
growing  the  bacteria in an enriched  defined  medium  as previ- 
ously  described (Krudy  et  al., 1994). Recombinant  cTnC(C35S) 
was  purified  as  described previously by Putkey  et  al. (1989). 

Protein  samples for NMR  experiments were  extensively dia- 
lyzed against 50 mM  (NH,)2C03, lyophilized, and dissolved in 
NMR  buffer  containing  20  mM  Tris-dl,  and 200 mM KC1 in 
98%  2H20  a t   pH 7.5.  For  preparation  of  apoprotein,  samples 
were  dialyzed three  times  against 50 mM  (NH4)2C03  contain- 
ing 5 mM  EGTA  and 10 mM  EDTA,  desalted  on G-25 column, 
and lyophilized. Final  protein  concentrations were  2 mM. 

EPR methods 

EPR spectra were obtained  at 298 K using a Varian E6 spectrom- 
eter  as follows: modulation  amplitude, 1 G; microwave power, 
1 mW; microwave frequency, 9.227 GHz.  EPR  spectra were ob- 
tained  on  0.1  mM  HyTEMPO  in  the presence or absence or ei- 
ther 0.13 mM  2Ca2+-loaded or Ca2+-saturated  cTnC(C35S) in 
20 mM  Tris,  pH  7.5,  containing 200 mM KC1. 
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NMR methods 

HSMQC (Zuiderweg, 1990) spectra of the [l3C methyl1Met- 
labeled proteins  were collected with 256 complex data points in 
the t2 domain and 150 increments in t l  a t  40 "C. The 'H and 
I3C spectral widths were 5,556 and 2,000 Hz, respectively. The 
water resonance was suppressed by   cont inuous  irradiation dur- 
ing the   re laxa t ion   de lay .  TI-HSMQC spectra  were collected 
with a pulse sequence consisting of a 180" 'H pulse and a vari- 
able relaxat ion  delay followed by an HSMQC exper iment .  
HSMQC spectra  were processed with a 90" shifted sine-bell- 
squared funct ion and zero-filled to 512 points in both t l  and t2 .  
' H  and I3C chemical shif ts  were reported relative to t h e  HDO 
signal a t  4.563 ppm and the methyl  carbon of [I3C-methyl]Met 
at 14.86 ppm, respectively. All spectra were processed using the 
FELIX 2.0 sof tware  package (Biosym Technologies, Inc.). 

The 'H and I 3 C  assignments for t h e  methyls of meth ionine  
residues in cTnC were previously determined from HSMQC 
spectra of a set of recombinant proteins  each with a different 
M e t   m u t a t e d   t o  Leu (Lin e t  al., 1994). The longitudinal relax- 
ation rates  ( R , )  were measured from an exponential fit of t h e  
measured cross-peak volumes as a function of delay time in t h e  
TI-HSMQC experiment .  
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