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ABSTRACT. The kinetics and energetics of the binding of three troponin-1 peptides, corresponding to regions
96—131 (Tnbg-131), 96—139 (Thbe-139), and 96-148 (Tnbs-149), to sSkeletal chicken troponin-C were
investigated using multinuclear, multidimensional NMR spectroscopy. The kinetic off-rate and dissociation
constants for Trb-131 (400 s1, 32 uM), Tnlge-130 (65 S%, <1 uM), and Tnbe-145 (45 s, <1 uM)
binding to TnC were determined from simulation and analysis of the behavithl,BN-heteronuclear
single quantum correlation NMR spectra taken during titrations of TnC with these peptides. Two-
dimensional®N-edited TOCSY and NOESY spectroscopy were used to identify 11 C-terminal residues
from the1®N-labeled Tnds-145 that were unperturbed by TnC binding. $ghso labeled with'3C at four
positions (Led 2 Leutll, Met 121, and Met3%) was complexed with TnC and revealed single bound species
for Leu'%2and Led!! but multiple bound species for Mét and Met3 These results indicate that residues
97—136 (and 96 or 137) of Tnl are involved in binding to the two domains of troponin-C under calcium
saturating conditions, and that the interaction with the regulatory domain is complex. Implications of
these results in the context of various models of muscle regulation are discussed.

The transient release of calcium in a muscle cell in directly, and is involved in the activation of contraction in
response to a neural signal results in a cascade of changinghe presence of calcium (see ffind references therein).
proteinprotein interactions and eventually muscle contraction Once calcium is released in the cell, the three-dimensional
(for review, see ref&—4). The sliding of the thick and thin  structure of TnC and subsequent protpitein interactions
filaments past one another constitutes the actual physicalare altered. Specifically, TnC in the presence of calcium
mechanism of contraction produced as a result of the interacts with Tnl more strongly and allows muscle contrac-

hydrolysis of ATP by myosin. The regulatory target for
calcium in skeletal muscle cells is the troponin complex
consisting of troponin-C (TnG) troponin-I, and troponin-

T. TnC is the calcium-binding component and is the only
member of the complex presently resolved at an atomic level.
Tnl inhibits the ability of myosin to hydrolyze ATP, thus
preventing muscle contraction. Troponin-T anchors the
troponin complex to actin/tropomyosin, interacts with TnC
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1 Abbreviations: TnC, whole skeletal chicken troponin-C; Tnl,
skeletal troponin-I; Tnl synthetic skeletal troponin-I peptide containing
residues designated by the subscript value “x”; N-TnC, N-domain of
skeletal chicken troponin-C; TnTnlgs-131, [U-1*N,3C]TnC-Tnlgs-13;;
TnCTnlgs-135 [U-lSN, 13C-AIa]TnC-Tnlger139; TnCTnlgs-145 [U_lSN,BC_
AIa]TnC-TnIgrrmg; 15N-TnI9&148, [U-15N]Tnlg&14g 13C-Tnlgfr13g, [U-13C-
(lOO%)Le&OZ,-(SO%)LeL}n, 13CH3-(100%)Mef21,-(50%)Mef34]TnInggg
15N-Tnlge_148~TnC, [U-2H]TnC-[U-15N]TnI96_14g; 13C-Tn|ga—139'TnC,
[U-2H,'N]TnC-[U-13C-(100%)Led??-(50%)Led?, 13CHsz-(100%)-
Met!?%,-(50%)Met3Tnlgs-135;, HSQC, 2D*N-edited heteronuclear
single quantum correlation NMR spectroscop$¢-HSQC, 2DIC-
edited heteronuclear single quantum correlation NMR spectroscopy;

A9, change {/Adi+Ad%) in chemical shift (Hz) of a backbone
amide cross-peak as monitored by HSQC spectroscopy, the Yy Ao

over all monitored residues at each point of the titratimﬁzﬁ,
activation energy of the reverse reaction.

tion to occur (see ref§, 2, 6, 7, and references therein).
However, the exact mechanism of how Tnl inhibits contrac-
tion in the absence of calcium, and conversely participates
in the activation of the actomyosin complex in the presence
of calcium, is not presently understood.

TnC is an 18 kDa protein of 162 amino acids comprising
2 separate domains (N- and C-domains ea@® amino
acids) covalently attached by a flexible “helical” linker
(residues~80—95). Both the C- and N-terminal domains
are predominantlya-helical with each individual domain
containing two EF hand calcium-binding sites that interact
through a short bisecting-sheet. The calcium-binding sites
are labeled sequentially-1V on the basis of their respective
positions in the primary amino acid sequence of the protein.
The C-terminal sites have a higher affinity for ahan
the N-terminal sites, and the C-terminal sites also have
affinity for Mg?" while the N-terminal sites are calcium-
specific. Sites | and Il have calcium affinities-7 x 10
and 5x 10° M1 for K,, respectively) in the range of the
transient C&" signal @). It has not been determined if the
C-terminal sites are bound with Mgat all times, or if the
C&* signal is of sufficient duration to displace Ffgin the
contractile state.

There is presently no high-resolution structure for TnC
with Mg?" bound in sites Il and IV, but there are several
crystal structures of skeletal TnC with calcium present in
the C-domain, and absent frord, (10) or present in the
N-domain (1—13). NMR solution structures include that

10.1021/bi9829736 CCC: $18.00 © 1999 American Chemical Society
Published on Web 04/03/1999



Defining the Region of Tnl that binds TnC

of apo and C& -saturated N-TnC1(4), Ca*-saturated E41A
N-TnC (15), C&"-saturated TnC1(), both apo and Ca-
saturated cardiac N-TnQ.7), cardiac TnC 18), and C&*-
saturated N-TnC while bound to Tgal14s (19) (see ref20

for an overall review and comparison of the solution and
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from both N- and C-terminal domains of TnC to the peptide.
On the basis of their structure and other data they have
proposed a model. It is presently unclear how representative
this model is of the complex of calcium-saturated TnC with
intact Tnl (or fragments derived from its central and/or

X-ray troponin-C structures). The structures have revealed C-terminal regions).

important information regarding the mechanism of both

cardiac and skeletal muscle regulation. In the skeletal system

the binding of calcium in the low-affinity sites causes the
movement of the B and C helices away from the N, A, and
D helices (4), exposing a hydrophobic pocket that has been
shown to bind Tnl 19, 21). Interestingly, this large structural
change is not observed in cardiac TnC upon binding calcium.
Recently, the X-ray crystal structure of 2&4sites Il and
IV occupied) skeletal TnC while bound with a Tnl peptide
(residues +47) was reported22, 23).

Calmodulin and the myosin light chains are very highly
homologous, multiple EF hand motif-containing, dumbbell-

The latter segments of Tnl are the major focus of this
present investigation. Residues-9616 have long been
recognized as containing the major inhibitory activity of Tnl
(i.e., residues 104115 known as the inhibitory regiony,(

51, 52). Interaction of the inhibitory region with TnC has
been localized to the C-domain and possibly the linker (i.e.,
the D/E helix in X-ray structure) between the N- and
C-domains. More recently a section of Tnl (i.e., residues
~115-148) has been recognized as contributing significantly
to inhibition and to C#& sensitivity of the ATPase activity

in the reconstituted tropornimopomyosin actomyosin system

shaped, calcium-binding proteins that have also been resolved41, 43). In a comparison of binding affinities of Tal 116

at an atomic level (see r@# for review). The structures of
CaM, bound to skeletal or smooth muscle myosin light chain
kinase peptides25, 26), a brain CaM-dependent protein
kinase Ib. peptide 27), and the regulatory and essential light
chains of myosin bound to a portion of the heavy chaB),(
have revealed different manners in which the N- and
C-terminal domains of calcium regulatory proteins interact
with protein targets (see réd and references therein). These
structures and other experiments involving various target

peptides suggest that calcium-binding proteins may be able
to bind using both domains in an extended structure, or both
domains in a collapsed orientation to grasp target peptides.

Despite the structural information presently available for

TnC and the homologous CaM and myosin systems, there

is relatively little known about Tnl either in isolation or in
complex with TnC and/or TnT. We do not know exactly
which residues of Tnl interact with TnC under conditions
normally associated with the contractile or relaxed states,
nor do we fully understand the mechanism or nature of the
interaction. However, on the basis of a variety of experi-

and Tnbs 145 to calcium-saturated TnC and its isolated N-
and C-domains, the binding to the N-domain of ThnC was
significantly increased with the extended fragment, and a
3-fold repeated sequence motif has been reported, specifically
involving Tnl residues 101114, 121-132, and 135146
(47). By using a variety of synthetic peptides encompassing
residues 96148, Tripet et al. §2) have demonstrated the
importance of lysine residues 141, 144, and 145 for full
inhibitory activity (i.e., binding to tropomyosin/actin) and
the importance of the 116126 region in binding to TnC.
Two models have been suggested. The first contains a
“switching mechanism” that is dependent on the presence
of calcium in the N-domain of TnC (ref80, 32, and
references therein), while the second model has the N-
terminal Tnl residues ~1—47) specifically involved in
calcium-independent binding to the hydrophobic pocket of
C-TnC @2, 23). There is presently no definitive experiment
to decide between either model.

In an attempt to provide more detailed information on the

mental approaches, evidence for an antiparallel arrangemeninterface between the two components of the Th@

of TnC and Tnl molecules2j in an extended, partially
extended, or compact structure has been ded@&B0—

32) and a number of interaction sites identified (see below).
Studies have included cross-linkin@3-38), low-angle
X-ray diffraction of TnGTnl (30, 39, 40), ATPase assays
of various combinations of both intact proteins and their
fragments in the presence or absence cf@41—43), and
binding studies of intact TnC, N-TnC, C-TnC with Tnl, and
its peptide fragments (i.e., proteolytic, synthetic, or recom-
binant) by gel electrophoresis, fluorescence, and NMR
measurementslp, 21, 44—48).

These studies have identified two regions-21L and 96-
148) of the Tnl polypeptide chain important in €a
dependent interaction with TnC. Tnl residues4D appeared
to bind exclusively to the C-domain of TnC with a low
dissociation constankg < 10-7 M) in the presence of Ca
(49). This affinity is weakened when €ais replaced by
Mg?*t (50). These observations are consistent with other
studies §, 41) using longer fragments of Tnl (i.e., residues
1-98 and 1+116). The recently reported 2.3 A X-ray
structure of 2 C& TnC in complex with Tnd—47 shows a
“compact” TnC structure with multiple proposed contacts

complex, this laboratory has applied multinuclear, multidi-
mensional NMR spectroscopy to the interaction of TnC with
Tnl peptides, specifically in the 96148 region. Studies to
date have provided dissociation constants for Ends; and
Tnlgs-145 iN complex with calcium-saturated N-TnC and
identified residues perturbed by binding of these peptides
(19, 21). The data confirm that Tnl peptide binding involves
interactions with residues in the hydrophobic pocket of
N-TnC. The present report extends these studies to a
comparison of the binding kinetics and energetics of
Tnlgs—131, Tnles—135 and Tnbs_14gt0 calcium-saturated, intact
TnC. In addition to providing the dissociation and kinetic
off-rates for these peptides, the NMR spectral data of the
labeled Tnl peptide show that residues—986 are the
residues within the 96148 region primarily involved in
binding to calcium-saturated TnC. Also, a specifickiG
labeled Tnds—139 peptide when complexed to TnC indicates
that the N-terminal region of the Tnl peptide appears to bind
in a single orientation (presumably to the C-domain of TnC),
while the C-terminal region of Tnl assumes multiple bound
conformations.
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EXPERIMENTAL PROCEDURES spectra were taken at each point. In the first titrationl5
) ) ) ) of stock Tnbs-131 (5.1 x 10°8 mol/addition) were added to

Proteins and PeptidesThe cloning, expression, and 5oq,L of TnC (0.65 mM) achieving a final ratio of 1.54/1,
purification of [U-*N,**C-Ala] TnC, [U-*N,**C] TnC, and peptide to TnC. The second titration involved addingl5
[U-2H (88%)] TnC were performed as described previously o stock Tnbs 136 (6.3 x 10°8 mol/addition) to 50QuL of
(21, 53). Synthetic N-acetyl peptides corresponding to rabbit ¢ (0.85 mM) to a final ratio of 1.48/1, peptide to TnC. In
skeletal troponin-I regions 96131, 96-139, and 96148 the first two titrations the final addition of peptide was only
were prepared as described by Tripet et 82)(Synthetic 4| pecause LL had been set aside for amino acid analysis.
N¢-acetyl Tnbe-139incorporating [UCJ-L-leucine (residues  The third titration employing the Ted-14s peptide was found
102 and 111) and*{CHs]-L-methionine (residues 121 and (4 have precipitation upon complex formation, and therefore
134) was prepared as the other peptides except for manualming acid analysis was performed before and after titration.
synthesis runs at each labeled position. Leucine at positiongigck Tnbe_14s Wwas added 10 times in &L aliquots (2.25
102 was 100% labeled while the synthesis of position 111 18 mol/addition) to 50QL of TnC (0.4 mM) to a final
was performed with only 50% labeled leucine, as was the (4tig of 1.1/1, peptide to protein.
case for methionine positions 121 (100%) and 134 (50%), NMR Spectroscopy and AssignmeBkperiments were
respectively. The uniformi{N-labeled Tnde-14speptide was  cqnqucted on a Varian Unity-600 (titrations, TOCSY, and
produced from the cloning and transformation of pAED4 NOESY) or an Inova 500%C-HSQC) spectrometer, and
Tnlgs-145 into Escherichia colistrain BL2XDE3'pLysS  gpecira were referenced according to Wishart e68). The
(Novagen) for inducible protein expression with 0.4 mM HSQC 67, 58) spectra for the T Nlgs_131, TNC-TNlgs-130
IPTG. The purification of expressed TBgli4sfrom an extract and TnGTnlgs 14 titrations were acquired at 3IC with
of dried acetone powder cell pell_et, on a_CM-ceIIquse sweep widths of 8000 Hz (all spectra acquired at 512
column at pH 7.5, has been described previougl).(To complext, points) and 1650.2 Hz (128, 96, and 96 complex
produce uniformly*N-labeled protein, we initially grew cells ‘noints for the first through third titrations, respectively)
in ZB medium 64) supplemented with ampicillin and ¢4 the directly and indirectly detected dimensions, respec-
chloramphenicol (both at 0.1 mg/mL) #so0 ~ 0.7. T€n ey, and with 24 transients/increment. The 2D-edited-
milliliters of this culture was inoculated into each of four, 1 TOCSYHSQC §9) spectra collected on tHEN-Tnlgs_145
L volumes of M9 medium §5), in which NHCl was ¢ complex was acquired at 2& with 6500 Hz sweep
replaced with 99.4%°N-enriched (NH).SQ, (Isotec Inc.).  yidths in the indirectly (352 comple points) and directly
The M9 minimal medium was supplemented with filter- (515 complext, points) detected dimensions, respectively,
sterilized solutions of minerals (final concentration of 2mMM 5,4 with 256 transients/increment. Both the 150 and 75 ms
MgSQ, 1 uM FeCl, 25uM ZnSQ, and 0.1 mM Cag), mixing time 2D*5N-edited-NOESYHSQCH9) experiments
ampicillin, chloramphenicol, and vitamins (1 mg each of ere collected at 25C with 7000 Hz sweep widths in both
p-biotin, choline chloride, folic acid, niacimamide- the directly and indirectly detected dimensions. The 75 ms
pantothenic acid, and pyridoxine, 5 mg of thiamine, and 0.1 mixing time NOESYHSQC had 512 complex points in both

mg of riboflavin per liter). The concentration and primary  gimensions with 80 transients/increment, while the 150 ms
sequence of proteins and peptides were confirmed by aminOgyperiment had 256 complex points, 512 complex points,

acid analysis done in quadruplicate, the correct mass verified ;4 256 transients/increment. THE-HSQCs for theC-
by electrospray mass spectrometry, and the overall purity Thlgs-130 peptide and®C-Tnlgs_136: TNC complex were done

confirmed by reverse-phgse HPLC. at 31°C, and had 7000 Hz (2048 complex points) and
NMR Sample PreparatiotNMR samples were prepared 5500 Hz sweep widths (1536 complex points) for the
for each of the [UBN,**CITnC-Tnlgs-131, [U-*N, *3C-Ala]- directly detected dimension, respectively. B&#-HSQCs

TnC-Tnlgs-130, [U-1°N,13C-Ala]TnC-Tnlgs-14s, [U-?H]TnC- were acquired with a sweep width of 2000 Hz (56 complex
[U-N]Tnlge-145 and [UZH,N]TnC-[U-3C (100%) Led™, t; points) for the indirectly detected dimension, and mirror-
(50%) Led*, 3CH; (100%) Met?!, (50%) Met*JTnlgs-139 image linear prediction was used to double the number of
complexes. All titration samples started with 50Q complex points. Carbon decoupling was not performed
volumes. The [MH]TnC-[U-'*N]Tnlgs-14s complex sample  during the extended, directly detected acquisition period (293
had a volume of 50@L with peptide and protein concentra-  ms) to prevent probe damage.
tions of 5x 10*and 6x 10 M, respectively. The3C- All directly and indirectly detected data sets were zero
Tnlgs-130 TNC complex sample had a volume of S@0with filled to twice the number of acquired (plus predicted when
peptide and protein concentrations of 1.2 mM each. AllNMR ysed) points, and spectra were apodized using a shifted sine
samples consisted of 90%@, 10% DO, 10 mM deuterated  pell before Fourier transformation. The acquisition time for
imidazole, 100 mM KClI, 0.1 mM 2,2-dimethyl-2-silapentane- HSQC experiments was approximatd! h while ~1.5 days
S5-sulfonate as an internal reference standard, and slightwas required for each of the TOCSY and NOESY experi-
amounts of HCI and/or NaOH as necessary to change thements. All experiments were processed and analyzed using
pH of the samples to 6.8 (uncorrected for isotope effects). the software packages NMRPipe and NMRDra0)(
Each sample contained 8 equiv of calcium per molecule of Assignment of the TOCSY and NOESY experiments was
TnC (i.e., 2 mol per C?et-binding site). Imidazole has been performed as described previousB1( 62).
calibrated and was used as an internal pH reference standard Dissociation ConstantsTwo procedures were used to
(data not shown). determine the equilibrium dissociation constants for the
Titrations of TnC with Tnl PeptidesThree separate reaction of TnC with the Tnl peptides. For Fgli3; the total
titrations were performed. In each case TnC was titrated with chemical shift change of the well-resolved amide proton
the addition of a Tnl peptide, and 21B+,*5N-HSQC NMR HSQC cross-peaks was monitored during the titration as a
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function of added Tnk-131. The changes were fit to both  TnC. The three Tnl peptides corresponded to regions 96

simple 1:1 binding 131, 96-139, and 96-148, respectively. Initially the Tnl
peptides were unlabeled, while the TnC protein Wi
Pt Jon, PL ) labeled. This was done to allow the specific NMR observa-
Kott tion of TnC in the complex without interference from Tnl
Kk, resonances. The HSQC NMR spectra display backbone and
Ky= _off (2) side chain amide cross-peaks that are sensitive to changes
Kon in their local environment and thus allow the monitoring of
. ) the titration at the amino acid residue level of resolution.
and to the case where two peptides bind to TnC Subsequently’®N-labeling was incorporated into the Bighas
peptide, while the ThC was deuterated to minimize signal
P+ L g PL+ L & PL, ?) loss and focus on peptide residues. In the case oftike
Kon Kot labeled Tnde-145, 2D 5N edited TOCSY and NOESY NMR

spectroscopy was used to identify peptide amino acid spin

where P designates TnC, L the Tnl peptide ligand, and PL systems after addition of one equivalent of deuterated TnC.
and Pl stand for the proteipeptide and protei2peptide A Tnlgs 130 peptide £3C-Tnlgs-139) was synthesized incor-
complexes, respectively. Fitting was performed using a porating uniformly3C-labeled leucine (position 102 and 111
nonlinear least-squares technique (see2fiednd references  at 100% and 50% label, respectively) df@-methyl-labeled
therein). For the Trk-139 and Tnbe-1sg titrations the  methionine (positions 121 and 134 at 100% and 50% label,
chemical shift changes were not in the intermedidest respectively)13C-HSQC was used to monitor the effect of
NMR chemical exchange limit required for this approach. TnC addition to theé*C-Tnlgs_130 peptide.

For the longer peptides, spectra taken during the titrations  Titrations of TnC with Tnds_131, Tnlgs-130, and Tnbs-14s
were analyzed using a full line Shape analysis (See belOW) are shown in Figure 1 pane|s—/cl respective]y, using
to determine the dissociation rate constant (under an as-contour representations of HSQC spectra. Not all cross-peaks
sumption of 1:1 binding). The dissociation constant is a are affected equally, indicating that some TnC residues have
parameter of this fitting process. However, because of the 3 greater change in their local environment than others;
relatively high concentrations used for NMR spectroscopy, however, changes experienced by individual cross-peaks are
the fitting is not sensitive to the value ddq once the  very similar when comparing the effect of different peptides.
dissociation constant is tighter than approximates. This The spectral changes induced in the N-domain of intact TnC
is the case for the Tpd-130and Tnbe-14stitrations, and thus  ypon addition of the Trk_131 peptide resemble quite closely
Only an upper limit for theKy is determined. A lower limit the spectra seen for the Ty 131 and Tnbe_14s peptides when
for Ky can be determined from the fitted valuelgf and an  added to the isolated N-terminal domain of troponini, (
upper limit for the value okon (=1 x 10* M~*s7%; seerefs 21, The largest difference between the three titrations shown
63—65 and references therein) using eq 2. in Figure 1 is the change in NMR cross-peak behavior from

Line Shape AnalySighelSN'labe|9d TnC was monitored intermediate-fast exchange with the TgbLlfil peptide, to
by 2D-*N,*H-HSQC NMR spectroscopy during each point  intermediate-slow exchange with the Tey 13sand Tnbs_14
of the titration, for each of the different Tnl peptides. Spectral peptides. In the NMR fast exchange limit a single cross-
cross-peaks of backbone amides were then analyzed forpeak is observed with a chemical shift that is a weighted
changes in chemical shift and line shape during the titrations. ayerage of the free and bound chemical shifts. In the slow
Residues from each of the N- and C-terminal domains of exchange limit two cross-peaks are observed, one with the
troponin-C (Asg”and Lys?, respectively) were chosen that  chemical shift of the free species and one with the chemical
specifically had chemical shift changes only in the proton shift of the bound species. In the slow limit the intensity of
dimension. The lack of chemical shift changes in the nitrogen each peak represents the relative abundance of each species.
dimension allowed for easier cross-peak simulation and \we do not observe spectra in either the extreme slow or fast
cross-peak display. The program Mathematti§) (vas used  exchange limits (see detailed line shape and chemical shift
as previously described{) to simulate the spectral line  analysis below), but instead see a mixture dependent upon
shapes of the selected residues during each titration, excepthe total chemical shift and respective rates of complex
that the script file was modified from the previous study to dissociation.
better simulate the effect of dilution on TnC peak intenSity.  chemical Shift Analysis and Determination of Dissociation
Thekos was modified manually in an iterative manner until  constantsThe observed total chemical shift changé)(was
the best observable fit was obtained. The backbone amideysed to determine a dissociation constant for the reaction of
cross-peaks for GIf, Val*, and Gly*° were also checked T4 15, with TnC. This titration exhibited spectra in the
(data not shown), to ensure that the line width behavior was jntermediate-fast exchange limit. Chemical shift assignments
consistent with other residues. for TnC were taken from Slupsky et ab7). A total of 85
RESULTS backbone amide I_-|SQC cross_,—peaks (o_ut o_f 162_possible)

were followed during each point of the titration (Figure 2)

Two-dimensionafH,*>N-HSQC NMR spectroscopy was ~ from which Adwa (21) was determined. Figure 2, panels A
used to elucidate the interaction of three different length Tnl and B, show the best fit for a 1:1 and 1:2 binding of TnC to
peptides with labeled, calcium-saturated chicken skeletal Tnles-131, respectively. The 1:1 binding was best fit with a
Kg of 32 £ 16 uM, while the 1:2 binding analysis yielded a

2 The new and previous Mathematica scripts used are available uponKa1 Of 1-50 4M and aKg, of ~2 mM. The binding of two
request from brian.sykes@ualberta.ca or ryan.mckay@ualberta.ca. peptides to TnC was considered because a second binding
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FicUrRe 1: Contour plots of an expanded region of the 2IN-HSQC NMR spectra taken &fN-labeled TnC upon titration with unlabeled
peptide: (A) Tnbe-131, (B) Tnlgs—135 and (C) Tnée-145 respectively. Panel A shows the addition of 0, 0.2, 0.3, 0.5, 0.6, 0.8, 1.0, 1.1, 1.3,
1.4, and 1.5 molar equiv of Tgd-13;, B shows the addition of 0, 0.1, 0.3, 0.4, 0.6, 0.7, 0.9, 1.0, 1.2, 1.3, and 1.5 molar equiw®fi Fnl

and C shows the addition of 0, 0.1, 0.2, 0.3, 0.45, 0.6, 0.7, 0.8, 0.9, 1.1 molar equiwgfiJgrlUncomplexed TnC cross-peaks are plotted

with more contours while overlaying single contour cross-peaks show the effect of peptide addition. The different effect on cross-peaks
experiencing fast-intermediate or slow exchange is very evident in residues suchtasA&H2 and GIy° when comparing the addition

of Tnlgs—131 (A) and the two larger peptides (B and C). Residues experience changes of magnitude and direction similar to those of their
amide chemical shift in all three titrations. The one letter code is used for marked residues in the figure.
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Ficure 2: Binding curves derived from the 2B4,1°N-HSQC spectra of labeled TnC upon addition of gkndz1. The Adiota for the 85 TnC
backbone amide pairs that were monitored throughout the; T8 titration as a function of the molar ratio of Tggl,3,, TnC with a 1:1
binding curve fit analysis (see text) is shown in panel A, while (B) is the same data fit with a 1:2 binding of TnGydo,shnl

event was observed when excess peptide was added (Figuréon for both the N- and C-terminal TnC domains by more
3). In Figure 3 (especially Panel G) initial peptide binding than one Tnl peptide. Since the initial binding event is so
(i.e., cross-peak broadening) can be seen. Subsequentlymuch stronger (i.e.Kq; < Kgp), the second event can be
coupling of peptide binding and breakup of the TnC dimer assumed to be negligible and a value of /84 was used
results in sharpening of the N-TnC cross-peak line width up during the line shape analyses (see below).

to a 1:1 ratio. In the presence of excess Tnl peptide, TnC Line Shape Analysis and Determination of Exchange
cross-peaks again broaden. This is probably due to competi-Rates The dissociation rate constants for all three complexes
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FiGure 3: One-dimensional traces from HSQC cross-peaks of TnC residués (AspC) and Ly4%” (D—F) during each point
of addition of Tnbe-131 (A, D), Tnlgs-139 (B, E), and Tnds-145 (C, F), respectively. The effect of N-domain dimerization is
evident from the broader line widths of Awhen compared to the L¥¥. Spectra for the fourth addition of Tgal14gt0 TnC
(C and F) were not saved properly, and a gap is left in the display to better compare with the other traces. Stacked experimengl,
overlaid experimental, and overlaid simulated spectra are shown from the top to the bottom, respectively. Panel G shows the
same data as A (middle), but with a horizontal offset for each titration point to better demonstrate the effect of peptide additiof,
after a 1:1 ratio. The initial broadening due to binding of peptide and subsequent line width narrowing due to break up of the
o N-domain dimer are visible up to a ratio of 1:1 (peptide to protein). When excess peptide is added a second binding event!s
e observed resulting in rapid line broadening. Issues such as differential relaxation perturb intensities in HSQC spectra and precltﬁe
1.0 detailed least-squares analysis. However, only one paranigigrwas varied in the fit, and the optimum value was easily X
Ratio of Tni,,,;,:wTnC identified. 8
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Table 1: Kinetics and Energetics of Tnl Peptide Binding to TnC Table 2: NMR Cross-peak Line Widths of TnC N- and C-terminal
Domain Residues before and after Titration with Tnl Peptides

AGH ot
koir (s71)2 AGpingin (kcal mor e TnC (Hz) complex (Hz) complex
complex  (Asp®, Lys'®) Kg(uM) (kcal mor?)b (Asp®, Lyst0) titration (Asp®?, Lysio) (Asp®2, Lysi?) mass (D&
TnC'Tn|957131 400, 400 32+ 168 —6.2+0.3 14.1,14.1 Tn|967131 28, 20 25’ 25 2341':6
TnC:Tnlgs-139 55,75 0.5—~1¢ —-8.7——8.3 15.3,15.1 Tni 24 23 27 31 23587
TnCTnlgs-14s 40,50 0.4—1° —89——-83 155,154 967139 : :
’ ! Tnlgs-148 24,21 28, 37 24766
aThe degree of uncertainty féy is a factor of 2P Calculated using —
AG® = —RTIn K. Error reported foAG°(TnC-Tnles_131) is half the o TnC (Hz) TFE addition (Hz)
difference in calculatechG° between the upper and lower limit of the titration (11e¥7, llets) (11e¥7, llelts)
reportc_ade. ¢ Calcul_ate_d using&Gfoﬁ = —RTIn(koth/kT). @ Report_ed TnCe 34,26 26, 26
value is for a 1:1 binding analysi8The range for the reported; is - = -
between the limit of accurate measurement (i.e<M) and the lower aTthSmcl)lecuIar weight of'C *N-labeled TnC is 1%-3< 10° g/mol
limit based upon an on-rate constant less than or equal to the diffusion@nd of **N,*C(Ala)-labeled TnC is 18.5¢ 10° g/mol.” TnC used in
limit (i.e., ~1 x 106 M~1s7Y). the Tnbe-13: titration was labeled with both®N and 'C, while the

TnC in the Tnbs—139 and Tnbs-145 Samples was only labeled withN
(and 2C on alanine residues)Results of Slupsky et al. (199573)
were determined from a detailed line shape analysis at eachshowing disruption of N-domain dimerization upon addition of 13%
point of the titration, of an amide proton spectral cross-peak TFE. Line widths are not directly comparable to the present data because
corresponding to an amino acid in both the N- and C-terminal of differences in experimental and processing conditions.
domains of TnC. For the Ted-130 and Tnbe-14s titrations,
the Kgs were also estimated from these simulations since was due to the increased line width and number of cross-
chemical shifts could not be used directly. Analysis of cross- peaks from TnC as compared to previous studies using the
peaks at each addition is critical to properly simulate the N-terminal domain of TnC 19, 21). The well-resolved
effect on cross-peak line width. Residues &sgnd Lys07 residues did provide enough information to show that when
(from the N- and C-terminal domains respectively) were bound the two domains of TnC adopted line widths more
chosen for analysis because they display different degreesepresentative of a 24 kDa molecule. This conclusion is made
of chemical shift changes (e.g~30 Hz for Asp?, and~55 from the observed line widths of the N- and C-domains
Hz for Lys'%) and because both changed primarily in the (Table 2) and predicted line widths based on the molecular
1H dimension. This made simulation of the cross-peaks solely weight of TnC and TnC complexe33%). As expected the
dependent on one nuclei’s chemical shift change and displayN-terminal residues are relatively broad (Figure 3, panels
of the cross-peaks far easier (i.e., traces corresponding to 8A—C, G) at the beginning of the titration, presumably due
single!®N spectral frequency could be displayed throughout). to N-terminal dimerization43). The C-terminal peaks lack
A comparison of experimentally observed and mathemati- the initial dimerization and thus only broaden upon peptide
cally simulated one-dimensional traces through the backboneaddition (Figure 3 panels BF, and Table 2).
amide cross-peaks of A%pand Lys%, at each point of all Assignment of TOCSY and NOESY Spectra®hf
three Tnl peptide titrations, is shown in Figure 3, panetsCA Tnlge-14s TO define which residues of Tnl are interacting
and D-F, respectively. The experimental one-dimensional with TnC, we studied>N-labeled Tnds—14s both free and
traces (stacked and overlaid) are presented above thewvhen complexed with deuterated TnC. We have observed
simulated spectra. The two residues of TnC monitored during in the proton spectrum of a shorter Tnl peptide (residues
the Tnbe-13; titration show intermediatefast exchange, with  115-131) that the chemical shift dispersion of amide
Lys!'9” displaying more broadening (due to its larger chemical resonances increased when the temperature was lowered from
shift change) than ASf When the same residues are 30 to 5°C and the pH lowered from 6.85 to 6.35 (data not
compared for the TR-130 and Tnbe-14stitrations, virtually shown). This indicated that some intrinsic structure may form
identical intermediateslow exchange broadening and chemi- in the isolated peptide, and this was tested Witirlabeled
cal shift changes are observed, indicating similar dissociation Tnlgs-145. Chemical shift changes in the one-dimensidial
rate constants for both larger Tnl fragments. This indicates and 2D-HSQC spectra were seen in isolateN-labeled
that binding of the longer two Tnl peptides is much tighter Tnlgs-145 When the temperature was reduced from 40 to 5
to intact TnC than that of Tigd—13:. °C, though line broadening severely affected the spectra (data
The determined off-rate constants, dissociation equilibrium not shown). Decreasing the pH from 6.85 to 6.25 did not
constants, free energy of binding, and free energy of reverse-significantly increase chemical shift dispersion.
activation for all three titrations are shown in Table 1. A The HSQC spectrum ofN-labeled Tnds-143 changed
lower limit for the Kgs for the Tnbe-139 and Tnbe-14s dramatically upon addition of TnC. Most of the peptide
titrations were estimated from the determined off-rate backbone amide resonances broadened and rapidly disap-
constants that best fit the observed spectra and the assumptiopeared (Figure 4). Line broadening is expected when the
thatko, could be no faster than the lower diffusion rate limit, molecular weight of a species increases. Surprisingly, eleven
~1 x 10® M~1 s71 (63—65, 68). The Kq was checked by  peptide amide resonances remained sharp, indicating a much
manually changing the value, reoptimizikg, and observing ~ smaller change in (Figure 4, panel B) upon binding of
if the resulting simulated peaks better matched the experi- TnC. These cross-peaks also experienced relatively small
mentally obtained spectra. In all cases the originally deter- changes, if any, to their chemical shifts, suggesting little or
mined Ky yielded the best fit. no change in environment upon protein binding. Two-
Backbone amide cross-peak resonance overlap preventedimensional versions of 3EPN-edited TOCSY and®°N-
the use of chemical shift mapping3, 69—71) to completely edited NOESY spectra (Figure 5) of the Jnhas peptide
identify the regions of TnC bound by the Tnl peptides. This complexed to TnC were taken in an effort to identify those
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FiGURe 4: Contour plot of 2D'H,>N-HSQC NMR spectra ofN-labeled Tnde-145 before (A) and after (B) addition of 1 equiv of deuterated

TnC. The threshold and vertical scale are identical between the two plots to show the change in line widths of Tnl residues upon addition
of protein. The eleven cross-peaks remaining in the spectra appear to be unperturbed by TnC binding and were assigned via TOCSY and
NOESY NMR experiments. The one letter code is used to label assigned Tnl residues in panel B. Broad poorly resolved resonances are
observed at lower contour levels for panel B.

peptide backbone amide residues relatively unperturbed byMet'34, respectively, can be observed in the 1D trace taken
TnC binding. The NMR spin systems of the unperturbed through the cross-peaks at the position of the dotted line and
residues from Tnk-14¢ Were identified from the TOCSY  displayed at the bottom of panel A. TH#,*C-HSQC
(Figure 5, panel A) experiments, while the sequential order spectra of each of the two methyl groups (also splithy,)
was established from the NOESY information (Figure 5, from each of the two leucine residues in the free and bound
panel B). Spin system information is degenerate for some 3C-Tnlgs-139 peptides are shown in panels C and D,
amino acids (i.e., Asn and Asp have very similar TOCSY respectively. Tnl leucine residues102 and 111 were 100%
spectra), and therefore the known peptide amino acid and 50% labeled witH3C, respectively, and the relative
sequence was used to identify degenerate residues that hathtensities are evident in both the free and bound spectra
NOE contacts to distinct amino acids (e.g., &fnad short- (Figure 7, panels C and D, respectively). Most striking are
range NOEs to Ly<5 but not Lys#4 thus making the two  the different behaviors for the spectra of E#and Led*!
degenerate Lysine residues assignable). The eleven unperpanel D) versus Mét* and Met3* (panel B) in the bound
turbed residues have been assigned on the basis of theicomplex. For each methyl group from U8tiand Led,
individual spin system and interresidue NOEs to the last there is only a single, coupled cross-peak, albeit shifted and
eleven residues of the C-terminal end of theggnks peptide broadened due to the binding of TnC. However, residues
(Figure 6). An additional unperturbed amide resonance wasMet'?! and Met3* (Figure 7, panel B) show at least 4 pairs
tentatively assigned to Ak, but the possibility of this cross-  of chemically shifted cross-peaksafl7.5 ppm ¥C NMR
peak belonging to A$fi (i.e., the N-terminal residue) could axis) with much broader line widths than that of the free
not be eliminated. The observed chemical shifts for the peptide. Also there is another sharp, but low-intensity coupled
assigned Tnl hydrogen atoms correspond to the random coilcross-peak at-17.05 ppm ¥¥C) which corresponds to the
chemical shifts§6, 74, 75), indicating no defined secondary  proton chemical shift of Mé#. This implies that several
structure. Therefore the last eleven residues appear to bdlifferent states exist.
rotating freely (i.e., relatively shott) and in a random coil
in the presence or absence of TnC. DISCUSSION
Monitoring of 13C-Tnle-_139 upon Addition of TnCThe The off-rate and dissociation constants have been deter-
13C-Tnlge-130 peptide (Figure 6) was complexed to TnC, and mined for three Tnl peptides interacting with TnC. On the
Figure 7 shows contour plots of the coupl&€-HSQC basis of these dissociation constants and off-rates, we have
spectra of thé3C-Tnlge-139 methionine and leucine methyl  calculated the free energy of binding and estimated the
groups (panels A and C), respectively. In these plots, cross-activation energy barriers for both the forward and reverse
peaks are split along tHel NMR axis by thetJey coupling reactions. We have also identified eleven C-terminal residues
constant values 0138 Hz (~0.28 ppm) and 123 Hz for  in Tnlgs—14gthat do not interact with TnC. The results indicate
the Met and Leu residues, respectively. The two methioninesthat residues 97136 (and possibly 96 or 137) are directly
(panel A) of the free peptide are equivalent®ic NMR interacting with TnC. Residues 13848 (and possibly 137
resonance frequencies but separated by 5 Hz itHH¢MR or 96) do not appear to interact with TnC, nor does the
dimension. The 100% and 50% labeling for Métand presence or absence of these extra Tnl residues significantly
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FicurRe 5: Expanded contour plots of two-dimensiortaN-edited
(A) TOCSY and (B, C) NOESY spectra é¥N-labeled Tnde-145
complexed to deuterated TnC. Panels A and C show the aliphatic Ficure 7: Contour plots of an expanded region of carbon-coupled
region of the TOCSY and NOESY spectra, respectively, while B 2D-H,13C-HSQC NMR spectra taken of [FC] (100% labeled)
shows the NOESY amide region. The lack of amide to amide cross- Leu%2, (50%) Led:, [13CH5] (100%) Met2, and (50%) Met4
peaks (B) made sequential assignment dependent on accurate spifFnlgs_139 free and bound to TnC. The spectral region for the
system identification and aliphatic NOEs. The aliphatic NOEs also methionine resonances is shown in panels A and B for free and
provided necessary information to assign degenerate spin system$ound Tns_139 peptide, respectively. The dotted line in A shows
such as Ast#9Asp'#’ and GIH*9GInt“2 Important NOESY contacts  the position from which the 1D trace of th&C-HSQC cross-peak
include the NOE of Ly5" to the methyl of Leif®, and the similar (A, bottom) was taken to display the pairs of coupled cross-peaks
contact of Ly$*4to the methyl of Val*3, Thr'“é could be assigned  with the relative abundance. Panels C and D show the NMR spectral
on its unusually intense cross-peaks, characteristic of a flexible region for the leucine methyl groups of Bgli3e free and bound
C-terminal residue. Interestingly LEdonly appears in the NOESY  to TnC, respectively. Carbon decoupling in the directly detected
spectra. A total of 10 unambiguous aliphatic NOEs allowed the dimension was not performed to allow extended acquisition and
deduction of the region of the Tgl14s peptide not affected by therefore resolution of the closely degenerate methionine methyl
TnC addition. resonances. Dashed lines show coupled sets of cross-peaks. One-
letter codes are used for the residues in the figure.

1.2 1.0 0.8 1.2 1.0 0.8

A) N_OKLF DLRGKFKRPP LRRVRMSADA

MLKALLGSKH KVAMDLRANL KQVKKEDT,, of TnC via the N-domain3) of TnC is disrupted upon
peptide addition as is evident by slight narrowing of
B.) #134  Mel(50%) N-terminal TnC residues (Figure 3, panel G, and Table 2).

Energetics Previous studies have shown that several
regions of Tnl have affinity for either, or both, domains of
TnC. Tnks-116 have been shown to bin&{ ~ 3—0.5 uM)

J to the C-terminal domain of TnC (ref, 76, and references
N Ao Leu(100%) therein), while the 115131 region of Tnl has been shown
Tnl to bind Ky ~ 20 uM) to N-TnC (19, 21, 46, 47). If we
FiGURE 6: (A) Sequence of Tnl residues 9648 showing the ~ CONSider that the Ted-143 peptide binds simultaneously to
eleven C-terminal residues (outline) not perturbed by TnC binding. both domains of TnC, and that the binding free energy is
Arg!%is also shown outlined to indicate possible inclusion in this the sum of the individual binding components (i.e., the
assignment (see text). Residues shown underlined and boldfacechhservedKy is the product of the individuakgs for both

indicate the positions of two leucines (residues 102 and 111) and domains, respectively), then one would expect to see a

methionines (residues 121 and 134) labeled Within the synthetic ) L .
13C-Thlgg130 peptide. (B) Cartoon representation of the interaction dissociation constant for Tgl 146 TnC in the 1-100 pM
of TnC with Tnl. Thel3C-labeled amino acids are shown with their range. This is not the case as we obserg af ~500 nM.

relative abundance. Further, the combination of an off-rate constant in the range
reduce the affinity of complex formation. Removing residues 40—75 s and a dissociation constant in the picomolar range
132—-139 reduces the affinity of Tnl for TnC, increases the would require ak,, of 1 x 10 M~! s71, approximately 5
dissociation rate constant for the complex, and appears toorders of magnitude faster than the diffusion lin@8). The
reduce the ability of Tnl to restrict the two domains of TnC weaker observed binding (i.ex,12—24 kcal mol't) may be
into a more constrained conformation. Partial dimerization a result of several factors: (1) the entropic cost of restricting

t
hat Met(100%)
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the two domains of TnC; (2) strain and/or negative interac- Scheme 1

tions inlthe TnI.“Iinker” region; (3) shifting of either region Peptide? Complex

of Tnl in relation to TnC (e.g., the 115131 region of ~ .

Tnlgs-130and Tnbs—14¢May be binding in a slightly different or  Peptide_Complex_Complex *
position relative to TnC than compared to TBl13; bound Complex *

to the isolated N-TnC); and (4) the lack of C-terminal
residues may disrupt secondary structure of binding residuesbroadened. This leads to the possibility that M&hay also
because of “fraying”17) or disordering. This end “fraying”  exist in a random coil and relatively free conformation while
may also explain the suspected Mét“free” species the N-terminal portion of the Tnl peptide (containing E&u
observed with*C-Tnlge-13¢ TNC complex. Additionally, it and Led) is bound to the C-domain of TnC. The number
is possible that the observed Tnl peptide off-rates are for of bound peaks suggests that there may be up to three
each individual domain of TnC and not the whole molecule. conformations, described by two different binding models
This would require identical and noncooperative binding of for Met'?YMet'3* even when the N-terminal region of the
the two regions of Tnl to both domains of TnC which has Tnl peptide is “tethered” to the C-domain of TnC. Two of
not been reported. In general, these kinds of concerns maythe simplest schemes are shown (Scheme 1).
be relevant when using peptides. In Scheme 1 (left), Complex and Complex* represent
In previous NMR studies, no significant difference in Tnlgs-139tethered to C-TnC via the 96115 Tnl region, and
binding strength was observed when comparing the interac-subsequently binding in two distinct N-TnC sites. In Scheme
tion of Tnls-131 (Kg = 24 £ 4 uM) and Tnbe-148 (Ka = 1 (right), Complex and Complex* represent two kinetically
1—-40uM) with the N-domain of TnC19, 21), whereas we  relevant species, both of which are tethered to C-TnC as in
see interactions of Tnl residues 13136 with TnC. As Scheme 1 (left) but with both Complex and Complex* (e.g.,
discussed above, if the regions of Tnl that interact with TnC representing different Tnl peptide conformations) binding
shift when comparing binding to whole TnC and the isolated to a single site in N-TnC. This is the first time that peptide
N-domain, then the remaining residues (i.e.,-1336) could promiscuity has been observed for Tnl binding to TnC. Itis
become more important. These residues may also interactttractive to speculate that the three states are relevant to
with an area of TnC other than the calcium-regulated the three states shown to exist for the regulation of the thin
hydrophobic pocket. There is some supportive evidence for filament (ref 81 and references therein). In this situation
this because intermolecular NOE contacts were observed incomplex and complex* would be the TrlhI states corre-
the Tnbs-14¢N-TNC study on the side of TnC opposite that sponding to the closed and open states of the thin filament.
of the hydrophobic pocket (termed the backsidg), (37, Previous binding studies have indicated a possible 1:2
78). Recently the structure of the cardiac equivalent of binding stoichiometry of Tnl peptides to TnC attributed to
Tnl115-131 bound to the N-domain of cardiac TnC has been affinities of the Tnl peptides for the N- and C-terminal
solved, and residues equivalent to 1127 of skeletal Tnl domains of TnC, respectively{), but was ruled out here
have been shown to bind in the hydrophobic pocket of because the TnC was present in equimolar concentrations
cardiac N-TnC 79, 80). This information supports the idea to Tnl and only single bound cross-peaks were observed for
that residues 131136 bind to TnC residues outside the the leucine Tnl resonances.
hydrophobic pocket, or may suggest that different Tnl  There are presently two models regarding the interaction
residues bind to TnC in the cardiac and skeletal systems.of TnC and Tnl. The first model suggested separately by
The 127131 region of Tnl is 100% identical over all Olah et al. 89) and Ngai et al.§0) suggests that a “switching
compared species (fast skeletal chicken, quail, rabbit, humanmechanism” may exist in which Tnl residuesl15-131
mouse, slow skeletal mouse, rabbit, human, and rat), sug-bind to the N-domain of TnC in a calcium-dependent fashion,
gesting that the region is more than merely a structural loop and that the C-domain is bound alternately by residues 96
(see refd7 for a more detailed sequence comparison). This 115 and +40 of Tnl (also known as Rp40) in the calcium-
does not necessarily require that 281 is actively saturated and apo states, respectively. This model has the
involved in specific TnC binding since this region may be advantage that competition between residued@and 96-
important in the interaction with actin, TnC, or both. 115 in Tnl might reduce the binding of Tnl to calcium-
Mechanism and Model3 here is ample evidence that TnC saturated TnC from the report&d 0.2—1.7 nM 82, 83) to
and Tnl interact in an antiparallel orientation. Specifically, one more kinetically understandable in regard to observed
recent results show that Tnl regions H1B1 and 96-115 rates of muscle regulation. The second model suggested by
bind to the N- and C-terminal domains of TnC, respectively Vassylyev et al. and supported by others has théQregion
(see ref2, 19, 21, 76, and references therein). The present of Tnl bound to the C-domain of TnC regardless of the
results indicate that leucines 102 and 111 in the N-terminal presence or absence of calciumZ3). The Vassylyev model
portion of 13C-Tnlge_139 bind in a single orientation while  also suggests that the inhibitory region of Tnl adopts the
complexed to TnC. However, methionines 121 and 134 in NMR structure of the Tnlp peptide bound to the C-domain
the C-terminal portion of thé3C-labeled peptide bind in  of TnC reported by Campbell et al84), but instead of
multiple conformations. The spectra show at least four pairs binding in the hydrophobic pocket of C-TnC makes few
of broad cross-peaks shifted from the free peptide resonancecontacts to TnC in the presence or absence of calcium. The
frequencies (Figure 7B), suggesting at least two bound second model has been examined by two other groups in
environments for each of the two methionine residues. regard to TnT interaction$) and resonance energy transfer
Interestingly, the coupled cross-peak resonating atCa studies 81). At present both models appear to be equally
chemical shift of 17.1 ppm has the sathtand**C chemical supported though neither model involves interactions of
shift (within digital resolution) of free Mé#* but is slightly N-TnC with regions 131136 of Tnl. Our findings here
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suggest that Tnl residues 9136 (and 96 or 137) bind to
both domains of TnC yet do not determine where interaction
occurs in the C-domain of TnC.

In this study we have determined the dissociation and off-
rate constants of three Tnl peptides with intact TnC in the
calcium-saturated state, and we have examined the NMR-
labeled **N-Tnlgs-145 and *C-Tnlgs—139 peptides when in
complex with calcium-saturated TnC. Our primary conclu-
sion from this study is that Tnl residues-9736 (and 96 or
137) bind to whole TnC, and that residue438—-148 do
not interact with TnC. The residues reported here that do
not interact with TnC were found by Tripet et al. to be
important for binding to actin and for proper regulation of
contraction. Additionally residues L&4 and Led* show
single bound conformations to TnC while M&tand Met3*
show multiple bound species. We would like to suggest that
Tnl residues 115136 bind to the calcium-saturated N-
domain of TnC (in at least two conformations), with residues
131-136 possibly making “backside” contacts with N-TnC,
and that residues-97—115 bind to C-TnC.
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