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ABSTRACT. The contraction of cardiac and skeletal muscles is triggered by the binding?oft€#heir
respective troponin C (TnC) proteins. Recent structural data of both cardiac and skeletal TnC in both the
apo and C& states have revealed that the response & @afundamentally different for these two
proteins. For skeletal TnC, binding of two €ato sites 1 and 2 leads to large changes in the structure,
resulting in the exposure of a hydrophobic surface. For cardiac Tn€, Iiads site 2 only, as site 1 is
inactive, and the structures show that thé'Gaduced changes are much smaller and do not result in the
exposure of a large hydrophobic surface. To understand the differences between regulation of skeletal
and cardiac muscle, we have investigated the effect &f Biading on the dynamics and thermodynamics

of the regulatory N-domain of cardiac TnC (cNTnC) using backbBhenuclear magnetic resonance
relaxation measurements for comparison to the skeletal system. Analysis of the relaxation data allows for
the estimation of the contribution of changes in picosecond to nanosecond time scale motions to the
conformational entropy of the €&binding sites on a per residue basis, which can be related to the
structural features of the sites. The results indicate that binding ®f ©ahe functional site in cNTnC
makes the site more rigid with respect to high-frequency motions; this corresponds to a decrease in the
conformational entropyTAS) of the site by 2.2 kcal maol. Although site 1 is defunct, binding to site 2

also decreases the conformational entropy in the nonfunctional site by 0.5 kcal friwe results indicate

that the C&"-binding sites in the regulatory domain are structurally and energetically coupled despite the
inability of site 1 to bind C&". Comparison between the cardiac and skeletal isoforms in the apo state
shows that there is a decrease in conformational entropy of 0.9 kcal foolsite 1 of cNTnC and little
difference for site 2.

Initiation of contraction of cardiac and skeletal muscle binding to site 2 only, whereas contraction in skeletal muscle
occurs via Ca" binding to the regulatory domain of the thin  requires C&" binding to both sites 1 and 20, 11).

filament protein Tn€ (for reviews, see refs—5). The C&" The C&*-induced structural transition in sTnC has been
signal is believed to initiate a succession of protein structural o ;cidated with the description of the NMR solution struc-
changes and altered proteiprotein interactions within the tures of the SNTNC in the apo- and®Caaturated statedd)
thin filament t.hat allows for the interaction of m'yosin With the X-ray structure of (G&), sTnC 6, 7, 14, and the NMi?
actin, and ultlmate_zly leads to _muscle contr_acnon. _TnC N solution structure of (CGa), sTnC @). These structures have
skele_tal and c_ardlac _m_uscle IS an160 resu_jue, hlghly been complemented with the recently determined crystal
a-helical protein consisting of two similarly sized domains structures of C&-saturated SNTNC16) and (C&")s sTNC
that are joined by.a centrgl helix that is flexi_ble in solu}ion (16). These structural studies have shown tha? théCa
Egotﬁ)é Eﬁﬁgﬁ c():rgg |B(;c;r:lt€ ;T;t\é\ilﬁvcg &?ﬁgﬁ'ﬁ;ﬁg ind_uced structural transition in SNTnC in\{olves large inter-
of the iZ—F hands in the C-domain (sites 3 and 4) is believed helical moyements ar_ld Fhe accompanying exposure of a
to be structuralg), while C&" binding to the E-F hands in hydrophobic patch Wh'Ch IS pel_|eved to_ serve as an interface
the N-domain (sites 1 and 2) serves a regulatory purghse ( for subsequent proteirprotein interactions between sTnC
and sTnl. The recently determined NMR solution structures

10-12). In cardiac muscle, contraction occurs with?Ca "
of apo- and C#-saturated cNTnIC1(7) and C&"-saturated

T Supported by the MRC Group in Protein Structure and Function, cTnC (18) have. shown that, in contrast to STnC’. the.
and the Heart and Stroke Foundation of Canada. L.S. is a Heart andregulatory domain of cTnC does not undergo an opening in
Stroke Foundation of Canada Research Fellow. _ response to Ca. The sequence of cTnC is 70% identical to
bria;zyk‘g’ggaalgg:{gi%o”dence should be addressed. E-mail: tnat of STNC; however, there are critical sequence differences

! Abbreviations: (N or C)TnC, (N- or C-) terminal domain of N th? f'rSt forty regldges Qf cTnC Qompared t(? STr)(
troponin C; (s or ¢)TnC, (skeletal or cardiac) troponin C; (s or ¢)Tnl, Specifically, C&"-binding site 1 (residues 2940) is defunct

(skeletal or cardiac) troponin I; HSQC, heteronuclear single quantum g account of differences between two2Caoordinating
coherence; HMQC, heteronuclear multiple quantum coherence; NMR,

nuclear magnetic resonance; NOE, nuclear Overhauser effect; RMSD,ligands (D.29.L, D31A) anq an insertion (Val-28) compared
root-mean-square deviation. to sTnC. Similarly, the engineered mutant E41A-sNTnC does
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not undergo a structural opening in response t&" Cae to mM DTT, 5 mM EDTA, and 1.78 mM protein for apo-

the inability of site 1 in this mutant to respond t0%C420). cNTnC. Cé'-saturated samples of cNTnC contained 1.3 mL

These studies underscore the importance éf ®ading to of 9:1 H,O/D,O (pH 6.7), 100 mM KCI, 15 mM DTT, 1

site 1 for the opening of troponin C. mM C&", and ~0.15 mM protein. Al NMR samples
The NMR solution and X-ray crystal structures provide contained 0.03% NadN

critical insight into the final states of the &abinding event NMR SpectroscopyNMR spectra were acquired using

(apo- vs Ca&*-saturated). However, these structures do not Varian Unity INOVA 500 MHz or Unity 600 MHz spec-
provide details on the dynamics, thermodynamics, and trometers equipped with 5 mm triple resonance probes and
energetics of the G&-induced structural changes. Recently, z-axis pulsed field gradients and a Varian Unity 300 MHz
C&* titrations of SNTNC, E41A-sNTnC, and ctNTnC were spectrometer wita 5 mminverse broadband probe for apo-
followed in detail by monitoring changes in two-dimensional CNTNnC. For the C&-saturated protein, NMR spectra were
{*H,15N}-HMQC and {1H,*N}-HSQC NMR spectraql, acquired on a Unity INOVA 500 MHz spectrometer equipped
22). These experiments showed thafChinding to SNTnC ~ with an 8 mm triple resonance probe witfaxis pulsed field
occurs in a stepwise manner, and that thé*Cfinity for gradients.’>N-T;, *N-T,, and {*H}**N NOE experiments
site 2 is 10-fold greater than that for siteKpg ~ 1.7 uM, were conducted at 3T using sensitivity-enhanced gradient
Kps ~ 16 uM). For E41A-sNTnC, the G4 affinity for site pulse sequences developed by Farrow et38) &t 500 and

1 is greatly reducedKp; ~ 1300xM) and the affinity for 600 MHz and sensitivity-enhanced nongradient pulse se-
site 2 is also reducedKb, ~ 15 uM). For cNTnC, the guences at 300 MHz written in-house (L. Spyracopoulos)
dissociation constant for €abinding to site 2 was found  that are modified versions of sequences developed iogiddo

to be 2.6uM. These results clearly indicate that sites 1 and et al. 87) (Figures St-S3). For the apo-proteiif; data were

2 are energetically coupled and provide mechanistic detailsacquired once at 300, 500, and 600 MHz using relaxation
that are not available from structural data. delays of 11.1,55.5, 122.1, 199.8, 277.5, 388.5, 499.5, 666.0,

Backbone amid&N NMR relaxation measurements have 888.0, and 1254.3 ms. Pulse sequence details are given in
provided detailed insight into the rotational and internal Tables S1 and S2, and all other details are as previously
dynamics of proteins23—25). Relaxation data are often described 6). N-T, data was acquired once at 300 MHz
interpreted within the context of the Lipari-Szabo model- USing delays of 16.6, 33.2, 49.7, 66.3, 82.9, 99.5, 116.1, and
independent formalism, from which an overall rotational 132.6 ms, once at 500 MHz using delays of 16.6, 33.2, 49.8,
correlation time, an internal correlation time, and an order 664, 83.0,99.7,116.3, 132.9, 149.5, and 166.1 ms, and once
parameter$2) can be obtained for a given backbone amide at 600 MHz using delays of 16.3, 32.6, 48.9, 65.2, 81.4, 97.7,
N—NH vector in a protein or peptid@6—28). The strength 114.0,130.3, 146.6, and .162.9 ms. ForTheulse sequence,
of this approach is based on the fact tBats a function of ~ the delay between transientssva s at 500 MHz and 2.5 s
the amplitude of internal motion and can be interpreted in & 300 and 600 MHz, which, in conjunction with the field
the absence of a specific motional model. The order Stréngth of nitrogen pulses and decoupling, drastically
parameter can be equated to the orientational probability "€duces the effect of dielectric sample heating due to the
distribution of a N-NH vector and can therefore be = radio frequency field, as noted previousB2|. Details for

expressed as a function of thermodynamic parameters such{h€ acquisition off; data for apo-cNTnC are given in Tables
as entropy and enthalpg—31). S1 and S2{'H}*N NOEs were measured by recording

spectra in the presence and absence of proton saturation. The
spectrum recorded without proton saturation was acquired
with a delay between transient6®s at 300 MHz and 5 s

at 500 and 600 MHz. The spectrum recorded in the presence

1 kcal mot* between sites 1 and 2 of SNTnG2). This is of proton saturation incorporated a relaxation delay of 4.5
close to the difference in free energy of binding between P P . y '
s, followed by 3.5 s of proton saturation for a total delay

EES t\ll\lvlc\)/l Is?lterz.la:)r(\;trigsn pr?]pe(;réd\rlgr;] :r\:tes ugfe dagg_(:k:r? gﬁe"" ;n Idebetween transientd 8 s at 300MHz. The 500 and 600 MHz
saturated cNTNC to directly determine the contribution of SPEClra recorded in the presence of proton saturation

conformational entropy changes in picosecond to nanosecondncorporated a relaxation delay of 2 s, foIIowegzI_B s of
time scale motions of sites 1 and 2 to the free energy of proton saturation, for a total delay between transients of 5 s.

C&* binding to cNTNC in order to provide insight into the Acquisition details are given in Tables S1 and S2 and Farrow

I : . et al. B6).
entropic differences between the skeletal and cardiac proteins For the Cé*-saturated proteiri, data were acquired with

which respond so differently in a structural fashion t¢Ca relaxation delays of 11.1, 55.5. 122.1, 199.8, 277.5, 388.5,

binding. 499.5, 666.0, and 888.0 m3, data were acquired with
115.60, and 132.11 ms, and a delay between transients of
Sample PreparationThe expression vector for cNTnC 2.5 s. Pulse sequence details are given in Table S3, and all
(1—89) was engineered as described previou8B).(*N- other details are as in this paper and Farrow et 38). (
labeled protein was expressedHscherichia colias previ- {*H}**N NOEs were recorded in the same fashion as that
ously described21, 34. Purification of the protein was used for apo-cNTnC (see Table S3 and Farrow et38),)(
achieved using previously described protocols employed for Data Processing and Analysiall spectra were processed
cleaved sTnC35). cNTnC was obtained in the apo state as with the program NMRPipe3@). The superposed orthogonal
previously described for SNTn@1). NMR samples con-  components of the sensitivity-enhanced two-dimensional free
tained 50QuL of 9:1 H,O/D,O (pH 6.7), 100 mM KCI, 15 induction decays were sorted and processed with the

In a recent paper, we have shown that the contribution to
the conformational entropy derived from motions sensed by
15N NMR relaxation measurements differs by approximately
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ranceY.M macro within the NMRPipe software. As noted of 7 ms, the averag&,®®is 1454+ 18 ms with an average
previously, postacquisition processing of thmterferograms error of 1 ms, and the averade®®® for all residues is 14@-
for removal of residual water was not necess&3),(except 20 ms with an average error of 1 ms. Excluding those
for the N-T, spectra measured at 300 MHz. For apo-cNTnC, residues with NOE< 0.49 at 300 MHz, NOE< 0.6 at 500
90°-shifted sine and sine-squared window functions were MHz, and NOE< 0.65 at 600 MHz gived,86°9T,3%0, T,500
applied int, and t;, respectively. Linear prediction was T,3% andT,%%9T,5 ratios of 0.9+ 0.1, 1.0+ 0.1, and 0.96
employed to extend the domain by half the number of =+ 0.09, respectively. The pattern ©f values is similar for
experimental points. The andt; domains were extended all three fields. The average N&Efor all residues is 0.55
to twice the number of points with zero-filling. Baseline 4 0.11 with an average error of 0.06, the average ROE
correction was performed with an automatic polynomial for all residues is 0.65- 0.11 with an average error of 0.01,
subtraction in thé-, andF; domains, and the region upfield and the average NG for all residues is 0.73 0.10 with
of 6.5 ppm in theF, dimension was discarded. The 2H- an average error of 0.01 (Figure 1c). The average NOE
15N} -HSQC spectrum containing the most intense resonancesNOE, NOEYYNOE, and NOBEYNOBE® ratios exclud-
in a given Ty or T, decay series or th¢'H}>N NOE ing those residues with NG < 0.49, NOE® < 0.60, and
spectrum obtained without proton saturation was peak-pickedNOE®® < 0.65 are 1.2+ 0.2, 1.2+ 0.2, and 1.03+ 0.08.
manually with the PIPP progran39). All remaining peak The averagd;09T,5%, T,599T,%% andT,*%YT,*®ratios were
intensities were picked automatically with the program CAPP 4.1 4+ 0.3, 3.2+ 0.2, and 1.8+ 0.3, using residues not
(39). The entire procedure, from sorting of the FIDs to peak affected by internal motions.
picking, was performed automatically using in-house written ~ For C&"-cNTnC, relaxation data were collected at 500
UNIX shell scripts.T: and T, values were obtained by MHz and chemical shift assignments were checked using
nonlinear least-squares fits of the amide cross-peak intensitieghe 3D HNHA experiment. The averade was 440+ 106
to a two-parameter exponential decay using software pro-ms with an average error of 12 ms for 71 of 89 residues
vided by Lewis E. Kay, except foF;*® values, which were  (Figure 3a). The averag; for all characterized residues
obtained from nonlinear least-squares fits of the amide cross-was 166+ 82 ms with an average error of 5 ms (Figure
peak intensities to three-parameter exponential decays usin@b). The average NOE was 0.57 0.27 with an average
the xcrvfit program (executable available at the following error of 0.04 (Figure 3c). The average NOE value fot'Ca
address: http://www.pence.ualberta.ca). Uncertainties in thecNTnC is somewhat lower than expected from theory (NOE
measuredl; and T, data were obtained from the nonlinear maximum is 0.76 for,, = 5.02 ns,& = 0.85, andr. = 0
least-squares fits. Uncertainties in the NOE values were ps). We feel that this may be related to spectrometer drift,
estimated from the baseplane noise in the £BI-5N}- given the long acquisition times required to collect spectra
HSQC spectra recorded with and without proton saturation. with and without NOE €46 h/spectrum); also the spectrum
with NOE was acquired after the spectrum without NOE.
RESULTS Thus, residues with an NOE 0.566 were selected as those
I5N-Ty, T,, and NOE DataThe backbone amid®N and with significant internal motions and are 3, 4, 5, 12, 29, 32,
IH chemical shift assignments for apo- and?Caaturated 37, 51, 57, 64, 66, 84, 85, 86, 88, and 89. These residues
cNTNnC have been reported previously’), For apo-cNTnC, are in the N and C termini, and the defunct?Gainding
15N NMR relaxation data for 59 of 89 residues were obtained site. Excluding these residues, the average, ratio is 2.8
at 300 MHz, and 72 of 89 at 500 and 600 MHz. Of the =+ 0.3.
seventeen uncharacterized residues at 500 and 600 MHz, M1 Determination of the @erall Correlation TimeBackbone
and D2 were not observed due to rapid exchange with water,amide ®N NMR relaxation data in proteins are often
P52 and P54 do not have amide protons, and the remainingnterpreted with the Lipari-Szabo model-independent formal-
residues were overlapped in the 21-5N}-HSQC spectra. ism. In this approach, it is common to assume that the overall
For the 300 MHz relaxation data, additional residues were rotational tumbling of the protein is isotropic, and the
excluded due to overlap and poor signal-to-noise in the 2D correlation time €,) associated with the overall rotation
{*H-15N}-HSQC spectra. Relaxation data for the apo-protein usually dominates the relaxation data. Internal flexibility is
are shown in Figures 1 and 2. The averagé™ for all accounted for by adjusting the values$fand the internal
residues was 252 41 ms with an average error of 26 ms, correlation time €;). For apo-cNTnC, relaxation data ac-
the averagd ;> for all residues was 444 22 ms with an quired at 300, 500, and 600 MHz were treated separately.
average error of 7 ms, and the averdg®° was 548+ 22 The 7, was determined with the assumption that the
ms with an average error of 5 ms (Figure 1a). The pattern rotational tumbling of the molecule is isotropic. The average
of Ty values is similar at the three fields. Residues for which values of the principal axes of the inertia tensor are 1.00:
internal motion affects the measur&gvalue were identified 0.91:0.76 using residues—B9 of the ensemble of forty
by an NOE less than 0.49, 0.60, or 0.65 at 300, 500, andsolution structures, indicating that rotational tumbling is
600 MHz, respectively. These included residues 5, 7, 10, isotropic to a first approximation. The overall correlation time
20, 30, 33, 34, 41, 43, 56, 62, 66, and 67 at 300 MHz, was determined from the average obtained from per residue
residues 35, 7, 8, 36-34, 66, and 67 at 500 MHz, and fits of the relaxation data to th&-tn,-te model (isotropic
residues 35, 30-34, 51, and 6567 at 600 MHz. Most of rotational tumbling), and using only relaxation data for
these residues are located within the N-terminus?Ca residues with NOE® > 0.49, NOB® > 0.60, and NOE®
binding sites, and the BC linker. Excluding these residues > 0.65, as previously describe@d). The correlation time
gives T;899T;3%0 T,599T;3%° and T,5°9T,5% ratios of 2.2+ for apo-cNTnC was determined to be 5.48, 5.53, and 5.55
0.4, 1.84+ 0.3, and 1.25+ 0.07, respectively. The average ns based on 300, 500, and 600 MHz relaxation parameters,
T,3% for all residues is 145 16 ms with an average error  respectively.
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FIGURE 1: Plots of!>N-T; (a), 1N-T, (b), and{*H}**N NOE (c) at 300 ¢), 500 ©), and 600 @) MHz for apo-cNTnC. The elements of
secondary structure are N helix31), A helix (14-26), B helix (38-48), C helix (54-64), D helix (74-84), 5 strand (35-37,71-73),

site 1 (28-40), site 2 (65-76), and the BC linker (4953). Note thafl; and T, increase with increasing internal motion. For example, the
N-terminal residues and sites 1 and 2 show significantly lafgemd T, values compared to surrounding regions of secondary structure.

The NOE is expected to decrease with increasing internal flexibility, and the N-terminal residues and sites 1 and 2 show significantly
decreased NOEs compared to surrounding regions of secondary structure. Excluding flexible residues, th&SRperg§e T,509T,300,

and T,899T,590 ratios of 2.2+ 0.4, 1.8+ 0.3, and 1.25+ 0.07, respectively, are close to the theoretical ratios of 2.16, 1.74, and 1.24 for

aty of 5.52 ns withS = 0.85 (see Results). The averaBEoYT,300, T,509T,800 and T,509T,5% ratios of 0.9+ 0.1, 1.0+ 0.1, and 0.96t

0.09, respectively, are comparable to the theoretical ratios of 0.99, 1.03, and 0.97 (see Results). The avef@ieOFEIE NOEOY

NOE3% and NOEYNOE>® ratios of 1.24 0.2, 1.2+ 0.2, and 1.03t 0.08, which exclude flexible residues, are close to the theoretical
ratios of 1.27, 1.22, and 1.04. Detailed analyses of the relaxation data (rotational diffusion anisotropy (Table 1) and entropic changes (Table
2)) utilized only 500 and 600 MHz relaxation data because these data sets contained more residues and were of higher quality than the 300
MHz relaxation data.

Recently, it has been shown that a small degree of significantly superior quality. Values @/Dg close to 1 will
anisotropy in the rotational tumbling of a protein can be not affect the determination & and 7, when assuming
reflected in the relaxation date8Z, 40-42). Using an that the rotational tumbling is isotropic. The coordinates used
approach similar to that for apo-sNTng2j, theD,/Dy ratio for the calculation of the rotational diffusion anisotropy were
for an axially symmetric diffusion tensor was determined to from the ensemble of 40 solution NMR structurés)(
be 1.12 from an analysis of tHa/T, ratios at 500 and 600 The 1, for Ca&"™-cNTnC is dependent upon protein
MHz for residues in thex helices of apo-cNTnC (Table 1),  concentration. For example, at a protein concentration of
indicating that the degree of anisotropy in the rotational about 0.37 mMz,, was determined to be 6 ns. This value is
tumbling of apo-cNTNnC is small. Relaxation data at 300 MHz reduced to 5 ns at a protein concentration of 0.15 mM. The
were not used in the analysis of rotational tumbling aniso- concentration dependencemfmay be due to Cd-induced
tropy because the 500 and 600 MHz relaxation data were of protein dimerization and solution viscosity effects due to the
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FIGURE 2: (a) Order parameter§) and (b) internal correlation times for apo-cNTnC derived from th&-t,,-t. model at 500 Q) and

600 @) MHz and (c)< for apo-cNTNnC derived from th&-z,,-te model at 300 MHz. Elements of secondary structure are as in Figure 1.
The error bars fo& at 500 and 600 MHz are smaller than the symbols used to indicate the values and are not shown. Th&aedtage

for residues in well-defined regions of secondary structureds85 @3). Sites 1 and 2, residues in the N helix, and residue Asn-51 in the
BC linker showS values well below 0.85, indicating an increase in the amplitude of internal motion (greater flexibility) for these residues
compared to the helices arftisheet. Values of. are extremely sensitive to the measured NQ@B),(and the systematically elevated
NOE®® |eads to smallet, values at 600 MHz compared to 500 MHz (see Figure 1c).

dilution of the protein. The average values of the principal For each residue, relaxation data were fitted to five spectral
components of the inertia tensor were determined to be 1.00:density models. These included &hit,, model, -1,
0.89:0.71 using residues-B9 in the ensemble of 40 solution -7, -R.,, S-1m-T-Rey, and a two time scale modé® values

structures, justifying+the assumption of isotropic rotational from the $-z,-7. model are usually reliable for the calcula-
tumbling for the C&'-saturated protein. In addition, the {jon of the conformational entropy changes associated with

g_r;]isof[ropty of diﬁUSigntD"/ Do fgrt at;] ixé"‘(‘)”%’ ;%ZNnjl'eth calcium binding, even in the presence of a small degree of
fusion tensorwas getermined to be .59 Tort n rotational tumbling anisotropy. However, for some residues

(Table 1), using coordinates for the ensemble of 40 solution in sites 1 and 22 values from theSz,-Re, model were

NMR structures 17). For a protein concentration of 0.15 L . . )
used due to significant improvements in the fit over the

mM, 7., was determined from relaxation data with NOE
> 0.566. S-1-7e model for apo- and Ca-cNTnC (Table 2). In

Model-Independent Analysis of Backbone Dynan@re addition, the lower than expected average NOE fof'€a
of the primary goals of this paper is to extract reliable values CNTNC (see Results) has no effect on the determieahd

of & for apo- and C# -saturated cNTNC in order to calculate S values but increases values. ThusS values will be

the conformational entropy change for this two-state transi- reliable for the calculation of conformational entropy changes,
tion. The model-independent analysis for cNTnC was carried even in the presence of systematic error for the NOE data,
out under the assumption of isotropic rotational tumbling. as previously noted3@).
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FiGURE 3: Plots of!5N-T; (a), °N-T, (b), and{*H}15N NOE (c) at 500 MHz for C&-cNTnC. The elements of secondary structure are N
helix (5—11), A helix (14-26), B helix (38-48), C helix (54-64), D helix (74-84), 8 strand (35-37,71-73), site 1 (28-40), site 2
(65—76), and the BC linker (4953). The averag@&,/T, value of 2.8+ 0.3, excluding flexible residues, corresponds well with the theoretical

value of 2.8 for ar,, of 5.02 ns with& = 0.85.

Table 1: Rotational Diffusion Anisotropy of cNTHC
apo (500 MHz) apo (600 MHz) Ca (500 MHz)

0 53+7 55+ 5 84+ 8

¢ —18+ 10 —32+7 —-194+7
D\/Dy 1.13+0.03 1.11+ 0.02 1.30+£ 0.03
E 241+ 23 322+ 34 230+ 18
Ev 6.5+ 0.6 8.7+ 0.9 7.4+ 0.6
Fx 3.8+15 57+1.9 5.0+1.2

aValues in the table are the averages and standard deviations from

the ensembles of forty solution NMR structures for apo- and*Ca
cNTnC. 6, ¢, Dy/Dp, E, E,, andF are as defined in Table 2 of r&R.

The average® is 0.84+ 0.06, 0.85+ 0.05, and 0.86:
0.04 at 300, 500, and 600 MHz using residues with NOE
> 0.49, NOB® > 0.60, and NOE® > (.65 for apo-cNTnC,
and the &-t,-te model (Figure 2a). For Céa-saturated
cNTNnC, the averag& was 0.86+ 0.06 for residues with
NOB>® > 0.566 and thé&®-7,,-te model (Figure 4a). Th&

both C&"-binding sites, and the BC interhelical region are
flexible (Figure 2a). While the C-terminal residues are also
expected to be flexible, dynamics data for these residues are
not included due to spectral overlap. For’\GaNTnC, the

< values indicate that the N- and C-terminal residues, site
1, and the BC linker are flexible. Site 2 becomes more rigid
upon C&" binding, as well as defunct site 1 (Figures 4a and
7).

An analysis of rotational tumbling anisotropy requires
high-quality relaxation data, and for apo-cNTnC, we did not
use 300 MHz data, as the 500 and 600 MHz data contained
more characterized residues and were of superior quality.
Seven residues required Bg term to fit theT, data to within
95% confidence limits for apo-cNTnC at 500 and 600 MHz.
Of these seven residues, five are in the A helix. As in the
case of apo-sNTnC, this is due to the unique orientation of
the A helix with respect to the principal axis of the rotational
diffusion tensor, and not a conformational exchange phe-

values indicate that for apo-cNTnC, the N-terminal residues, nomenon 82). On the other hand, the observed line broaden-
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Table 2: C&"-Induced Conformational Entropy Changes in Sites 1 and 2 of cNTnC

s ~TAS()" ~TAS ()"

residue apd Cca’ (kcal/mol) residue apo cat (kcal/mol)
29 0.843+ 0.007 0.844+ 0.011 0.004+ 0.053 65 0.808t 0.008 0.920G+ 0.014 0.56t+ 0.11
30 0.647+ 0.009 0.840t 0.028 0.53t0.11 66 0.681H 0.006 0.743+ 0.009 0.15+ 0.03
31 0.688+ 0.008 0.796+ 0.018 0.29+ 0.06 67 0.75# 0.006 0.835+ 0.016 0.25+ 0.06
32 0.708+ 0.011 0.736+ 0.041 0.0+ 0.11 68 0.77H 0.006 0.889t+ 0.021 0.47+0.12
33 0.717+ 0.009 0.752+ 0.012 0.09t 0.04 69 0.78Qt 0.010 0.886+ 0.016 0.42+ 0.09
34 0.722+ 0.007 0.732: 0.015 0.02£ 0.04 70 0.83H 0.016 0.797+ 0.03F —0.124+0.12
35 0.767+ 0.005 0.80A 0.014 0.13£ 0.05 71 0.889t 0.006 0.792+ 0.019 —0.40+ 0.07
36 0.861+ 0.014 ND¢ 72 0.877+ 0.014 0.884+ 0.026 0.04+0.16
37 0.874+ 0.017 0.803+ 0.03 —0.294+0.13 73 0.86Qt 0.014 0.92°A# 0.02 0.41+ 0.18
38 0.910+ 0.007 0.894+ 0.024 —0.10+ 0.15 74 0.863t 0.014 0.873+ 0.014 0.05+ 0.10

39 0.965+ 0.017 0.919+ 0.028 —0.30+ 0.30 75 0.83H 0.009 0.829+ 0.016 —0.008+ 0.069

40 0.858+ 0.007 0.869 0.025 0.05+ 0.13 76 0.866t 0.013 0.923+ 0.017 0.35+ 0.15

0.5+04 22+04

a2 values for apo-cNTNnC are the averages of the 500 and 600 MHz relaxation data. HoweveN-Thevalue for Ala-31 at 500 MHz was
found to be biased and gives rise to a lag§eThus, the value of for Ala-31 is from the 600 MHz dat& Measurement uncertainties 8 were
propagated in the standard manng$)( ¢ S values for these residues were taken from $heR.x model.? Not determined® The value ofS for
Lys-39 is at the upper limit® ~ 0.95) of the applicability of eq 1, where the classical description of conformational entropy breaks2@wn (
and the value for-TAS, was calculated by assumirg = 0.95 for this residue.
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FIGURE 4:  (a) andre (b) for C&"-cNTnC derived from th&-7,,-te model at 500 MHz. Elements of secondary structure are as in Figure

3. Residues Lys-39 at the beginning of the B helix, Val-64 at the hinge of the C helix, and Phe-77 in the D helix have significantly
decreased’s; thus theS-t,-te model is not appropriate and gives rise to unusually large order param&ersl( for these residues.
Residues in the N helix, sites 1 and 2, and the C-terminus show larger amplitude internal nfétisr&§5) than expected for regions of
well-defined secondary structur€(~ 0.85). Values ofr, are not shown for residues in which the errorriris significantly greater than

the fitted value.

ing for some residues in sites 1 and 2 reflects a conforma- For C&"™-cNTnC, 15 residues required &y term to fit
tional exchange phenomenon, and not rotational tumbling the relaxation data to within 95% confidence limits. Of these
anisotropy, as identified using the criteria of Tjandra and 15, four are in the A helix, three in th&sheet, four in site
Bax (40). These include residues 36 and 72 for apo-cNTnC 1, one in site 2, one in the C helix, one in the D helix, and
at 500 and 600 MHz. Nine residues required a two time scale one in the BC linker. It should be noted, however, that, unlike
model to fit the relaxation data for apo-cNTnC to within apo-cNTnC, we do not have the benefit of an independent
95% confidence limits at 500 and 600 MHz. These include analysis at 600 MHz to further validate the inclusion of an
residues at the beginning of the N helix and thé'@zinding Rex term for a given residue due to the lack of an 8 mm
loops. One residue was not fit by any model at 500 MHz, triple resonance probe for our Unity 600 spectrometer. By
and six residues were not fit at 600 MHz. using the criteria of Tjandra and Ba#(), residues 3739
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Table 3: Amino Acid Sequences of Sites 1 and 2 in c- and sNTnC

E—F hand
position 1 2 3 4 5 6 7 8 9 10 11 12
site 1 sNTnC D A D G G G D [ S T K E
cNTnC L G A E D G C I S T K E
site 2 sNTnC D E D G S G T | D F E E
cNTnC D E D G S G T Y, D F D E

a positions involved in coordinating €ain the E-F hand family of C&™-binding proteins are indicated by bold underlined letters. The Asp side
chains at positions 1 and 3 and the Glu side chain at position 12 in site 1 coordifatth@agh their carboxyl oxygens (Glu at position 12 is a
bidentate ligand whereas the Asp residues are monodentate). Position 7 contributes a ligand via the backbone carbonyl, and positions 5 and 9
coordinate C& through water molecules. Site 2 coordinate$'da a fashion similar to that of site 1, with the exception that the Ser at position
5 coordinates CGd through its side chain hydroxyl oxygen and not waté4)(

and 71 were identified as residues undergoing conformational (@)
exchange phenomena. Eight residues required a two time
scale model to fit the relaxation data to within 95%
confidence limits. These residues included two in the N helix,
two at the end of the D helix, one at the beginning of the D
helix, one at the end of the B helix, and two in the C helix.
As in the case of th& term, we do not have the benefit of
an independent data set at 600 MHz to further justify the
use of the two time scale model. Seven residues were not fit

Ficure 5: Minimized average NMR solution structures of apo (a)

by any model for C&-cNTnC at 500 MHz. and C&'-saturated (b) cNTnC1{) oriented with respect to the
long axis of the rotational diffusion tensob() which lies along
DISCUSSION the plane of the page. €acNTnC is more elongated alorig,

The dynamics data presented here show, for the first time, accounting for the largeDy/Dy, ratio compared to apo-cNTnC.

the C&"-induced changes in the backbone dynamics and 0.49, NOB® > 0.60, and NOE® > 0.65. The agreement
thermodynamics in ctNTNC as determined X NMR between the three fields far, is excellent, and the average
relaxation measurements. The apo- andf&Gaturated solu-  is 5.52+ 0.06 ns. This correlation time is somewhat longer
tion structures of cNTnC reveal that the N, A, and D helices than that found for apo-sNTnC at 3C (4.86+ 0.15 ns).
form a structural unit which remains invariant to €a  However, it should be noted that the solvent composition
binding, and that the B and C helices move slightly away differs for the two isoforms. Specifically, apo-cNTnC
from the NAD unit upon C#& binding (17). The interhelical contains 15 mM DTT which may increase the solution
reorientations that occur upon €abinding are reflected in  viscosity compared to apo-sNTnC. Additionally, apo-cNTnC
the relaxation data as a difference in the rotational diffusion may be slightly aggregated, which could give rise to an
anisotropy of the apo- and &asaturated states, as €a increased correlation time. While aggregated proteins show
cNTNnC is somewhat less compact than apo-cNTnC. The unusually large correlation times and increa§d/alues,
differences in flexibility between sites 1 and 2 in apo-sNTnC the averageS value for apo-cNTnC excluding flexible
show that site 2 is more rigid than site 1 by about 1 kcal residues is 0.85, which corresponds well to ®fevalue
mol~* (32). In contrast, sites 1 and 2 in apo-cNTnC are expected for regions of well-defined secondary structure in
similar in flexibility; this is due in part to site 1 sequence proteins #3). Thus, if aggregation is present for apo-cNTnC,
differences in ctNTNnC compared to sNTnC which abolish it does not appear to affect tl# values significantly. The
C&" binding in this site (Table 3). The entropic difference correlation time determined for €acNTnC is 5.02+ 0.22
between sites 1 and 2 in apo-cNTnC determined from ns at 30°C and is the average obtained from per residue fits
changes in picosecond to nanosecond time scale fluctuation®f the relaxation data to th&-z,-ze model, excluding
is small, with a value of 0.3 0.3 kcal mof!. Upon C&*" residues with NOE> 0.566. This correlation time is shorter
binding to site 2, residues within the flexible loops of the than that for apo-cNTNnC, perhaps due to the aggregation of
binding site (positions 26 of 12 positions) become more apo-cNTNnC, or it may be due to solution viscosity effects
rigid as some of the side chains of the loop residues take upupon dilution of C&™-cNTnC and the presence of €an
specific conformations in order to ligate €aSuprisingly, the sample.
flexible loop residues within site 1 within cNTnC also For apo-cNTnC, the averad®/Dy ratio (1.12) determined
become more rigid upon €abinding to site 2. The data from 500 and 600 MHz relaxation parameters for an axially
show that sites 1 and 2 are structurally and thermodynami- symmetric anisotropic rotational diffusion tensor is compa-
cally coupled. rable to the value of 1.10 for apo-sNTnC, indicating that
Rotational Correlation Time and Rotational Diffusion the rotational tumbling of both isoforms in the apo states is
Anisotropy.The rotational correlation times for apo-cNTnC essentially isotropic. It should be noted that the probabilities
were determined to be 5.48 0.12, 5.53+ 0.11, and 5.55 that the improvement in the fits arose by chance when using
+ 0.10 ns using 300, 500, and 600 MHz relaxation data, an anisotropic rotational diffusion model are 0.019 and
respectively, at 30°C and with the sample conditions 0.0028 at 500 and 600 MHz, respectively. As noted previ-
described in the Methods. These correlation times are theously 32), such a small degree of anisotropy in the tumbling
averages obtained from per residue fits of the relaxation dataof apo-cNTnC has little effect 0% when assuming the
to the $-7-7. model, excluding residues with NGE > tumbling is isotropic. However, thi., terms required to fit
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FIGURE 6: Comparison of¥ for site 1 (a) and site 2 (b) in apo-sNTn&) and apo-cNTnC@®). The averages of the 500 and 600 MHz

data have been used for both isoforr8svalues for site 2 are similar for SNTnC and cNTnC, indicating that the flexibility of site 2 is
similar in the two isoforms of NTnC. The first three positions of site 1 in apo-cNTnC are more rigid than their counterparts in SNTnC on
account of hydrophobic interactions arising from the D29L, D31A sequence differences and the Val-28 insertion in cNTnC compared to
SNTNC (see text).

the relaxation data for certain residues in the A helix are sites 1 and 2 are more flexible on the picosecond to
due to its unique orientation with respect to the long axis of nanosecond time scale, as well as the BC linker, compared
the rotational diffusion tensor in comparison to helices N, to regions of well-defined secondary structure. Interestingly,
B, C, and D (Figure 5). although the N helix is well-defined in the ensemble of
For C&"-cNTnC, the relaxation data are more adequately solution structures, the relaxation data show that it is more
described by axially symmetric anisotropic diffusion with a flexible than helices A, B, C, and D (Figure 2a). This is
Dy/Dg ratio of 1.30. The structure of apo-cNTnC is slightly likely due to the fact that it is a terminal helix that is not as
more spherical and compact thanr’GaNTnC with respect  highly packed as helices A, B, C, and D that pack against
to the long axis of the rotational diffusion tensor. The each other and contribute to the main hydrophobic core of
probability that the improvement in the fit for anisotropic apo-cNTnC. The ensemble of solution structures fot'€a
above isotropic rotational tumbling arose by chance is 0.0067,cNTNnC reveals disordered regions at the N and C termini
justifying the use of an axially symmetric anisotropic and sites 1 and 21{). Although the backbone RMSDs are
rotational tumbling model. The larger anisotropy for the larger for sites 1 and 2 compared to the well-defined regions,
rotational diffusion tensor of Ca&-cNTnC is not surprising,  they are not as large as those for sites 1 and 2 in apo-cNTnC.
given the different orientations of the B and C helices with The & values indicate that the flexible loop region of site 2
respect to the N, A, and D helices compared to apo-cNTnC (positions 2-6 of the 12 residue site) becomes significantly
(17) (Figure 5). It should be noted that the N, A, and D less flexible upon Cad binding. For example, the average
helices are structurally invariant to €abinding (17). As in < of 0.76 + 0.05 for the flexible loop of site 2 in the apo
the case of apo-cNTnC, the A helix adopts a unique state (using 500 and 600 MHz data) increases to #.8306
orientation with respect to the long axis of the anisotropic in the C&"-saturated state. The flexible loop region of site
rotational diffusion tensor, and therefore, tiRg« terms 1 also becomes more rigid compared to the apo state, with
required to fit the relaxation data for five residues in this an averages value for positions 26 of 0.70+ 0.03 that
helix are due to anisotropic tumbling. Figure 5 shows the increases to 0.7% 0.04 (Figure 4a and Table 2). The N
minimized average structures of apo- and?'Gsaturated helix is also more flexible than the other helices, as observed
cNTnC oriented with respect to the long axis of the rotational for apo-sNTnC.
diffusion tensor. Comparison of Site 1 and Site 2 Dynamics in apo-cNTnC.
Relevance of Backbone Amide Dynamics to Solution Sites 1 and 2 are coupled via the antipargfiedheet in c-
Structures.The ensemble of solution structures for apo- and sNTnC. The twelve residue—E hand sites in apo-
cNTnC shows regions of disorder (larger than average cNTNnC are rigid at one end (positions-102) and become
backbone RMSD) at the N and C termini, sites 1 and 2, and progressively more flexible at the opposite end (positions
the BC linker (L7). The backbone amid® values show that ~ 2—4, Figures 6 and 7). A comparison of the crystal structures



Thermodynamics of Cardiac N-troponin C Biochemistry, Vol. 37, No. 51, 19988041

1 X v T T T T T - T T L T T ]
(@) i ]
09 [ ]
2 o8| ’ ¢ { ]
[ @ * ]
0.7 - : i : ¢ .
[ I ]
0.6 :- ‘:
28 30 32 34 36 38 ~ 40
1 R T T T T T T
- (b) ; ; ; ]
09 [ ]
E ; t ¢ S B P
08 [ S % * $ ]
32 [ s ES 1
[ @ ]
07 [ ]
L E3 ]
oo 3
6_4 T e &8 70 2 74 76
Residue

Ficure 7: Comparison of% for site 1 (a) and site 2 (b) in apo-cNTn@) and Cd"-cNTnC @). The averages of the 500 and 600 MHz
data have been used for apo-cNTnC. The first five positions in site 2 of cNTnC become more rigid upon bidirgoGitions 1, 3, and
5 of site 2 coordinate Ca via side chain carbonyls (Table 3).

of helix-loop-helix calcium-binding proteins led to the 37 side chain and main chain oxygens with the backbone
suggestion that the carboxylate side chain at position 1 amide proton of Lys-391(5, 17. In the ensemble of forty
hydrogen bonds with the backbone amide proton at position NMR structures for apo-cNTnC, the hydrogen bond between
6 in the C&*-saturated statetf), and that this interactionis  the amide proton of Lys-39 and the’ ©f Ser-37 has 25%
also important in stabilizing site 2 in the apo state for sSNTnC occupancy and an average HR” distance of 3.2: 0.2 A,
(15). The & values for Asp-65 and Gly-70 in apo-cNTnC and the hydrogen bond between the amide of Lys-39 and
are 0.81 and 0.83, respectively. At the end of fheheet the backbone carbonyl of Ser-37 has 33% occupancy and
closest to Gly-70, residues 37 and 71 are rigid, and they helpan average NO distance of 2.7 0.3 A (17).
stabilize Gly-70, supporting the suggestion that positions 1 The C&?"-binding sites are coupled via the antiparafiel
and 6 are involved in a hydrogen-bonding interaction which sheet in cNTnC, and there are differences in dynamics of
is important in stabilizing site 2 in the apo state. In the the individual strands which each site contributes to the sheet.
ensemble of forty NMR solution structures for apo-cNTnC, Residue Asp-73 for thg strand in site 2 (residues 7¥3)
the hydrogen bond between the amide proton of Gly-70 and is more rigid & = 0.86) than its partner (Cys-35; = 0.77)
the carboxylate oxygens (eithePQor O°2) of Asp-65 has for the strand in site 1 (residues 337), with Cys-35 being
an occupancy of 60% with an average distance {HN of the most flexible in theg sheet. The central pair of residues
3.1+ 0.3 A (17) (see Figure 8). In comparison, the Asp to in the 8 sheet (lle-36 and Val-72) is connected by two
Leu mutation in position 1 of site 1 of cNTnC (Table 3) hydrogen bonds: one between the backbone carbonyl of lle-
removes the hydrogen bond between positions 1 and 6 which36 and the backbone amide proton of Val-72 which shows
stabilizes site 2 in the apo state. From the dynamics datal00% occupancy in the ensemble of forty solution NMR
presented here, the hydrogen bond formed between the sidetructures and an average-6IN distance of 2.3+ 0.1 A,
chain of Asp-65 and the main chain amide of Gly-70 is a and another between the backbone carbonyl of Val-72 and
more important factor in determining the Tabinding the backbone amide proton of lle-36 which shows 100%
affinity of site 2 in cNTnC than proposed hydrogen bonds occupancy and an average-8IN distance of 2.1 0.2 A
involving the backbone amides of positions 5 and 6 and the (17). One end of th@ sheet is stabilized by a hydrogen bond
carboxlyate side chain of position 3 in SNTNnC due to the between the backbone carbonyl of Gly-70 and the amide
greater flexibility at these residues (Asp-& = 0.76; Ser- proton of Thr-38 (100% occupancy; average AN distance,
69, = 0.78) (15). 2.1+ 0.3 A), while at the other end, the hydrogen bond
Another interesting difference between the?Ghinding between the backbone carbonyl of Gly-34 and the amide
sites in apo-cNTnC is the fact that positions 10 and 11 proton of Phe-74 is weaker (20% occupancy; averagél
(residues Thr-38 and Lys-39, respectively) are the most rigid distance, 3.2+ 0.1 A) and accounts, in part, for the greater
residues of sites 1 and 2 in the apo state and are stabilizedlexibility observed for Cys-35 (see Figure 9).
by interactions between the side chain methyl of Thr-38 and Comparison to Site 1 and Site 2 Dynamics and Thermo-
the side chain of Val-72, and hydrogen bonds between Ser-dynamics in apo-sNTn&ollowing the work of Akke et al.
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(a)

Ficure 9: Backbone atoms (€ C, O, N, HN) of the centrap
sheet in apo-cNTNnC. Strong hydrogen bonds are indicated by solid
lines and weaker hydrogen bonds by dashed lines. The two central
hydrogen bonds between the backbone amide protons and carbonyl
oxygens of lle-36 and Val-72 form the pivot point for the?Ga
induced transition in ctNTnCS values across hydrogen-bonded
pairs are indicated; note that, for the carbonyl oxygens&thalues

are from the backbone amide nitrogen of the following residue (
+ 1) within the same peptide plane. THevalues across the central
hydrogen bonds are well-matched. The figure was made with the
program Ribbonsg7).

(b)

.. entropy for site 1 0f~-0.9+ 0.3 kcal mot™ and no significant
0.92 difference for site 2 of apo-cNTnC compared to the skeletal
FIGURE 8: Backbone atoms (€ C, O, N, HN) for site 2 in apo-  isoform. The conformational entropy differences were cal-
(a) and C&™-cNTnC (b). The non-hydrogen side chain atoms for culated using all residues in sites 1 and 2 for both isoforms
e e o s 1o RS rooere Of NTC. Posiions 13 of s 1 n po-cNTnC contrte
Srgton o?%ly-?O and t)rl1e cgrboxylate oxygen of Asp-65 is indicated 0.377:|:'O.O4 keal mq‘rl to a total decrease O.f 0:80.3 keal
by a line. This hydrogen bond is an important determinant 8-Ca Mol™* in conformational entropy for this site compared to
affinity in site 2 (see text). The figure was made with the program apo-sNTnC. Site 1 in cNTnC contains an insertion (Val-28)
Ribbons §7). and might be expected to be more flexible than site 1 in
sNTNC due to an increase in loop length. However, Val-28
and Leu-29 at the end of the A helix serve to stabilize
osition 1 of site 1 in apo-cNTnC compared to site 1 in apo-
NTnC. Val-28 and Leu-29 sho# values of 0.83 and 0.84,
respectively, indicating that these residues are not flexible

(29), Daiwen Yang and Lewis E. Kay3() developed

methodology by which the change in conformational entropy
associated with changes in picosecond to nanosecond bomg
vector fluctuations upon a two-state transition may be

evaluated: on the picosecond to nanosecond time scale. Val-28 is also
. e highly packed, exposing only 28 7 A? of side chain

iﬂ): w (1) accessible surface area, and makes several hydrophobic
k 3—.1+8 contacts to residues at position 3 (Ala-31) and position8 6

(Gly-34, Cys-35, and lle-36) of site 17). In addition, there
wherek is Boltzmann’s constanf\S,(j) is the entropy change  is a hydrogen bond between the main chain carbonyl of Val-
associated with thg" backbone amide NNH vector, S, is 28 and main chain amide proton of Gly-30 in the apo state
the square root of the Lipari-Szabo order parameter for statewhich has an occupancy of 25% and an averageH®
a, andS, is the square root of the Lipari-Szabo order distance of 2.6+ 0.1 A (17). Leu-29 makes hydrophobic
parameter for state b. Equation 1 was used to calculate thecontacts to lle-36 and Ser-37 within tlfiesheet of site 1.
entropic difference between sites 1 and 2 of apo-cNTnC andThe Gly-Gly-Gly sequence at positions-8 in site 1 of
apo-sNTnC. As pointed out by Zuiderweg and co-workers, sNTNnC is not appreciably more flexible compared to the Glu-
there are limitations to using only backbone amidn Asp-Gly sequence in cNTnC (Figure 6). In fact, the flexible
relaxation data to characterize peptide plane motid5s ( binding loops of site 1 in apo-cNTnC and apo-sNTnC are
In addition, a more detailed characterization of dynamics is similar in flexibility, each with an averag& of 0.764 0.05.
possible via side chain dynamics measuremetits 47). The results give insight into the binding affinities for site

The site 2 amino acid sequence in c- and sSNTNnC is highly 2 in ¢c- and sNTnC. For sNTnC, the mutation of a single
conserved, whereas site 1 is sufficiently mutated in cNTNnC ligand at position 12 of site 1 (E41A) diminishes the calcium
to abolish C&" binding entirely (Table 3 and Figure 6). affinity of this site significantly and concomitantly causes a
Recently, the dynamics and thermodynamics of apo-sNTnC 10-fold reduction in the Ca affinity for site 2 22). In
were evaluated usinéPN NMR relaxation measurements contrast, although cNTnC has an inactive site 1, site 2 has a
(32). Figure 6 shows tha# values for site 2 in apo-sNTnC  binding affinity similar to that for site 2 in native SNTnC.
and apo-cNTnC are similar, whereas for site 1, position8 1~ We attribute this difference between sNTnC and cNTnC in
are more rigid for apo-cNTnC compared to apo-sNTnC. A part to the “stiffer” site 1 in cNTnC.
comparison of site 1 and site 2 thermodynamics of apo- Ca&'-Induced Changes in Dynamics and Thermodynamics.
sNTnC and apo-cNTnC reveals a decrease in conformationalPicosecond and nanosecond time scale fluctuations of the



Thermodynamics of Cardiac N-troponin C Biochemistry, Vol. 37, No. 51, 19988043

backbone amide nitrogens in the 2Cdinding sites of Another notable change uponTainding is that position
cNTNC contributet-2.7 + 0.6 kcal mot? to the free energy 12 in site 2 becomes significantly more rigid in the’Ga

of Ca* binding to site 2. As shown in Table 2, there is a saturated state. Glu-76 in site 2 coordinate$™Caa its
decrease in conformational entropy in theGhinding loops bidentate side chain and is therefore expected to be more
of both sites 1 and 2 (residues -384, and 66-70, rigid in the C&" state.

respectively, i.e., positions5 of the 12 residue sites) upon Interestingly, position 2 in the active €abinding site 2
C&" binding. C&" binding to site 2 in cNTnC leads to @ s ohserved to be flexible in the €asaturated state. This is
significant increase it® for the flexible loop residues, as  gomewhat surprising considering that the side chains of
observed for CH binding to the_:?\rchetypal §ite 2incalbindin  ragidues at positions 1 and 3 are involved ir*Cligation.

Dok (48). In the apo state, positions B in site 2 0f cNTNC  y5\yever, as pointed out by Baldellon et al., position 2 in
showS values of 0.68, 0.76, 0.77, 0.78, and 0.83, and theseha second site of Ca-saturated parvalbumin and the
values change to 0.74, 0.84, 0.89, 0.89, and 0.80 upéh Ca qresponding residue in the C-terminal domain of'Ca

binding, as shown in Figure 7. In the apo state, positions ga¢rated calmodulin are also flexible for these pairedE

2-6 in site 1 shows’ values of 0.65, 0.69, 0.71, 0.72, and g proteins49). It has been proposed that position 2 in
0.72 that increase to 0.84, 0.80, 0.74, 0.75, and 0.73 UPONhe second EF hand site is a flexible hinge between the

Ca" binding (Figure 7). The changes in the binding 100ps pejiy at the N-terminal end of the €abinding site and the
account for+1.0 £+ 0.2 and+1.2 4+ 0.2 kcal mot* from remainder of the sited).

sites 1 and 2, respectively, of the conformational entropy
contribution to the free energy of €abinding to site 2 of CONCLUSIONS
cNTNC. These results are consistent with the initial observa-
tion that the dominant contribution to the free energy of  Site—site interactions allow for the “stiffening” of site 1
cooperative C& binding to sites 1 and 2 in calbinding when C&" binds site 2 in cNTnC. In general, the €a
arises from the stiffening of backbone residues within the affinity of a paired E-F hand moiety will be determined by
flexible loop of the C&'-binding site 2 29). Within the 3 the entire domain structure. In particular, hydrophobic
sheet, the paired residues, Ser-37 and Thr-71, become morénteractions betweea helices and acrogsstrands of paired
flexible upon C&" binding. Residues Cys-35 and Val-72 at Ca*-binding sites are major determinants of?Caffinity,
the other end of thg sheet, on the other hand, become more as demonstrated in several studies of homodimers and
rigid compared to the apo state. Thus, entropic changes atheterodimers of EF hand peptides50—54). The domain
one end of thes sheet cancel those at the other end (Ser- structure and sequences of apo-sNTnC and apo-cNTnC are
37/Thr-71—0.7 + 0.2 kcal mot?; Cys-35/Asp-73+0.5 + similar (17). Thus, it is reasonable to assume that the
0.2 kcal mot™) upon C&" binding. Interestingly, a hydrogen  principal reason site 2 maintains similar@affinity in the
bond between the amide proton of Thr-39 and the carbonyl two isoforms is the similarity of the domain structures. In
oxygen of Gly-71 is broken upon €abinding to sites 1 addition to domain structure, the amino acid sequences of
and 2 in sNTnC 15). In the ensemble of NMR solution  the sjtes play a key role in determining the2Caffinity.
structures for C&-cNTnC, this hydrogen bond shows an  For example, the single mutants E140Q of the C-terminal
occupancy of 20% and an average-BN distance of 3.0 domain of calmodulin §5) and E41A-sNTnC Z0) show
+ 0.2 A compared to 100% occupancy and an average drastically altered G4 affinities in their mutated sites and
distance of 2.1+ 0.3 A in the apo state, for the analogous structures compared to the native?Gaaturated forms. For
residues Thr-38 and Gly-7a7). The loss of this hydrogen  troponin C, the C# affinity of the sites in the regulatory
bond is consistent with the greater flexibility observed at domain is fine-tuned in part by their intrinsic conformational
this end of thep sheet (Ser-37/Thr-71) in €acNTnC  stability in the apo state, which is determined in part by intra-
compared to the apo state. and inter-site interactions. For example, the recent demon-
For the central pair of residues in tffesheet, relaxation  stration that site 2 in apo-sNTnC is more rigid than site 1
data are available only for Val-72, and tBevalues in the  (32) supports the suggestion that’Chinds first to site 2 in
apo and C# states are similar, indicating that there is no gNThC @2). For cNTnC, site 1 sequence differences
change in flexibility for Val-72 upon Ca binding. The  compared to SNTNC that include an insertion (Val-28) and
changes ir§* for the 8 sheet upon Cd binding suggest that  gypstitutions D29L and D31A allow hydrophobic interactions
the pivot point for the C&-induced transition in cNTNC  that stabilize site 1 in the apo- and Taaturated states,

occurs at residues lle-36 and Val-72 in fheheet, and that,  and play a role in maintaining the &aaffinity of site 2
while the 8 sheet was more flexible at Cys-35 in the apo gjmilar to that in SNTNC.

state, it becomes more flexible at the opposite end (residues

Ser-37 and Thr-71) upon €abinding. While relaxation data ~ ACKNOWLEDGMENT

is not available for lle-36 in the Céasaturated state, we can

estimate that the total entropic change for site 1 does not We thank Drs. Murali Chandra and R. John Solaro for
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Val-28/Ala-31. This mechanism is an important factor in the and Robert Boyko for computer expertise; Matt Crump for

coupling of the two C&-binding sites and allows for the carefully reading the manuscript; and the Protein Engineering

stiffening of positions +3 in site 1 when C& binds in site Network Centre of Excellence (PENCE) for the use of the

2. Unity 600 NMR spectrometer.



18044 Biochemistry, Vol. 37, No. 51, 1998

SUPPORTING INFORMATION AVAILABLE

Three tables (S1, S2, and S3) showing acquisition param- 29,

eters and pulse sequence details it relaxation experi-

ments, and three figures (S1, S2, and S3), showing sensitivity- 30.
enhanced, nongradient pulse sequences for the measuremeng?:

of ™N-Ty, -T,, and{*H}*N NOE at 300 MHz (6 pages).
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