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ABSTRACT. While calcium binding to troponin C (TnC) triggers the contraction of both skeletal and cardiac
muscle, there is clear evidence that different mechanisms may be involved. For example, activation of
heart myofilaments occurs with binding to a single regulatory site on TnC, whereas activation of fast
skeletal myofilaments occurs with binding to two regulatory sites. The physiological difference between
activation of cardiac and skeletal myofilaments is not understood at the molecular level due to a lack of
structural details for the response of cardiac TnC to calcium. We determined the solution structures of
the apo and calcium-saturated regulatory domain of human cardiac TnC by using multinuclear,
multidimensional nuclear magnetic resonance spectroscopy. The structure of apo human cardiac TnC is
very similar to that of apo turkey skeletal TnC even though there are critical amino acid substitutions in
site I. In contrast to the case with the skeletal protein, the calcium-induced conformational transition in
the cardiac regulatory domain does not involve an “opening” of the regulatory domain, and the concomitant
exposure of a substantial hydrophobic surface area. This result has important implications with regard to
potential unique aspects of the interaction of cardiac TnC with cardiac troponin | and of modification of
cardiac myofilament regulation by calcium-sensitizer drugs.

The troponin complex is a critical unit of muscle thin The X-ray structures of avian sTnC show a highly
filament that regulates muscle contraction through the a-helical protein with two domains of about 80 amino acids
binding of C&" to troponin C (TnC)[for reviews, see Farah  joined by a central helix, each domain being composed of
and Reinach (1995), Grabarek et al. (1992), Leavis andtwo C&"-coordinating E-F hand moieties (Herzberg &
Gergely (1984), Tobacman (1996) and Zot and Potter James, 1988; Satyshur et al., 1988). The twé'@énding
(1987)]. Calcium binding initiates a cascade of structural sites in the N terminus of TnC (I and Il) are regulatory sites
changes in the thin filament complex that lead to muscle (Potter & Gergely, 1975; Putkey et al., 1989, 1991; Szczen-
contraction. It is believed that the conformational change sna et al., 1996) and have a lower affinity for’Caelative
of TnC upon C&" binding releases the inhibition of actin  to those in the C domain (Ill and 1V), which are believed to
myosin reaction by Tnl and activates muscle contraction. assume a structural role (Negele et al., 1992). The Herzberg
There are two isoforms of TnC whose expression is depend-Moult—James model for the conformational change of the
ent upon tissue type and regulation during development. reqgulatory N domain of sTnC upon &abinding was
sTnC is a component of mammalian fast skeletal muscle, proposed on the basis of a comparison between the apo N
whereas c¢TnC is a constituent of slow skeletal and cardiac domain and the Ca-saturated C domain (Herzberg et al.,
muscle. A large body of structural data has allowed for a 1986). The exact details of the €anduced conformational
detailed understanding of the molecular basis of"Ca change were recently elucidated with the description of the
regulation in sTnC, but there is a complete lack of structural apo and C#-saturated NMR solution structures of the N
details for the analogous mechanism in the cardiac isoform. gomain of sTnC (Gaghnet al., 1995) and the NMR solution
structure of Cé&-saturated intact sTnC (Slupsky & Sykes,

t Supported by the MRC Group in Protein Structure and Function, 1995). The solution structures of the SNTnC revealed that
the Heart and Stroke Foundation of Canada, and the National Institutesthe conformational response to &adn sTnC involves an

of Health (Grant HL 49934). “ P :
*The atomic coordinates for the final structures and the sets of opening” of the structure and the concomitant exposure of

restraints have been deposited with the Brookhaven Protein Data Bank@ Substantial hydrophobic surface area. It is believed that
(accession codes 1SPY and 1AP4). exposure of the hydrophobic patch alters the interaction
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b”?’ﬂ,ﬁ%‘;‘ii%”;’?ﬁﬁ;f; of Tnl with F-actin is disrupted. Ultimately, F-actin interacts
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resonance; NOE, nuclear Overhauser effect; rmsd, root mean squardh€ case of cTnC, mutation of critical side chain ligands
deviation. (D29L and D31A) and an insertion (Val-28) (van Eerd &
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Takahashi, 1975) have abolished the ability of site | to
coordinate C&#. Thus, site Il is primarily responsible for
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eters equipped with triple-resonance probe headsaxis
pulsed field gradients. All NMR spectra were acquired at

regulation of contraction in cardiac and slow muscle (Putkey 30 °C. Spectra processing and analysis were accomplished

et al.,, 1989, 1991).
hydrophobic pocket requires the stepwise binding of two
C&" ions to functionally coupled sites | and Il (Li et al.,

1995). A recent structural study of an sTnC mutant with an

For sNTnC, the opening of the withthe programs NMRPipe (Delaglio et al., 1995) and PIPP

(Garrett et al., 1991), respectively. Sequential assignment
of the backbone resonances was achieved using three-
dimensional (3D}H—1*N Noesy HSQC (150 ms) (Zhang

altered site | (E41A-sNTnC) revealed a closed conformation et al., 1994) and CBCA(CO)NNH (Grzesiek & Bax, 1992;
in the C&"-saturated state and provided evidence that the Muhandiram & Kay, 1994) experiments in@ at 600 MHz

critical step for the opening of SNTnC is €abinding to
site | (Gagnieet al., 1997). On the basis of the structure of
Ca&"—E41A-sNTnC, it was suggested that the regulatory
domain of cTnC which also contains a defunct site | will be
in a closed conformation in the €asaturated state (Gagne

for the apoprotein and a combination of the 3D HNCACB

(Wittekind & Mueller, 1993; Muhandiram & Kay, 1994) and
CBCA(CO)NNH experiments in D at 600 MHz for the
Ca*-loaded protein. Side chain resonance assignments were
accomplished with the HCCH-TOCSY experiment ipCH

etal., 1997). This proposal contradicts present expectations.at 500 MHz (Bax et al., 1990; Kay et al., 1993).

Specifically, models of the molecular mechanism ofCa

Structure Determinatian Interproton distance restraints

regulation for cTnC proposed to date suggest that the were obtained fromN-separated 3D NOESY HSQC (Zhang
regulatory domain adopts an open conformation in responseet al., 1994) and simultaneot®N/**C-separated 3D NOESY

to C2*, much like the skeletal isoform (Pollesello et al.,

HSQC (75 ms) in HO (Pascal et al., 1994). Distance

1994; Rao et al., 1995). The impetus for suggesting an openrestraints for the 75 ms 3D NOESY experiments were

conformation for cTnC is derived from the fact that’Ca
binding to TnC is the trigger for contraction in muscle. The

calibrated as previously described (Gagnal., 1997), with
the error on the peak intensities set to 40%, and the lower

effect of the trigger event must be transferred to other bound on all protosproton restraints set to 1.7 A. On the
components of the thin filament assembly for contraction to basis of homologous calcium binding sites, six distance
occur. Therefore, it is not surprising that the key regulatory restraints of 2.62.8 A to the C&" ion in site Il were
step in the contraction of cardiac muscle is generally assumedassigned (Strynadka & James, 1989). ®hangle dihedral

to be accompanied by a large change in the structure andrestraints were obtained frofJunn, coupling constants
energetics of the regulatory protein, as observed for SNTNnC derived from 3D HNHA spectra acquired in® at 500 MHz

(Gagrieet al., 1995).
The NMR structure of mutant intact chicken €a

(Vuister & Bax, 1993). For the HNHA experiment, a
correction factor of 1.055 was used, peak intensities were

saturated cTnC (C35S and C84S) has been solved recenthassumed to have errors of 25%, and the minimum restraint
(Sia et al., 1997), but details of the transition from the apo range was set t&-20°. Thedy./dy ratio was used to obtain

to the C&*-saturated state remain unknown. In the present loose dihedral restraints for the angle of —30 & 110 or
study, we have determined the solution structures of the 110 + 11, as reported previously (Gagre al., 1994).

regulatory N domain of apo and &asaturated wild type

All valine and leucine methyl groups for €a-cNTnC as

human c¢TnC using multinuclear, multidimensional NMR well as three of seven valines and five of six leucines for

spectroscopy. The validity of studying the isolated N domain
is based on the observation that the measured hiading

apo-cNTnC were stereospecifically assigned usin§G
HSQC of a 30%43C-labeled sample (Neri et al., 1989). The

constant for site 1l in the N domain is the same as that side chain H-methylene protons were stereospecifically

measured for intact cTnC (Li et al., 1997). Additionally, it

assigned usingharg and3Junes values from the experiments

is known that the CH binding properties of the skeletal N with 3D HACAHB spectra in RO at 500 MHz (Grzesiek et
domain remain unchanged when it is separated from intactal., 1995) and 3D HNHB in kD at 500 MHz (Archer et al.,

sTnC (Li et al., 1994, 1995). Surprisingly, the structures
show that cNTnC remains closed upon binding'Carhese

results have profound implications for the interaction of cTnC
with Tnl and the regulation of contraction in cardiac muscle.

MATERIALS AND METHODS

Sample Preparation.The engineering of the expression
vector of ctNTnC (3+89) was as described in Chandra et al.
(1997). The expression &¥N- and*>N/'3C-labeled protein
in Escherichia coliwas as described previously for SNTnC
(Gagrieet al., 1994; Li et al., 1995). Purification of the

1991), respectively. Restraints for tpeangle of 60, 180,

or —60° (+60°) were imposed if the’Juans and 3Junmg
coupling constants were consistent with only one side chain
rotamer.

The initial sets of restraints for apo- and€acNTnC
contained no dihedral restraints, and a fraction of the NOEs
given in Table 1. These initial sets of restraints were used
to calculate 100 starting structures starting from an extended
conformation using the simulated annealing protocol in
XPLOR with 60 ps of heating and 30 ps of cooling for the
apoprotein and 50 ps of heating and 30 ps of cooling for the

protein was achieved as previously described for cleaved Ca&"-saturated protein. Approximately 50% of the initial
sTnC (Golosinska et al., 1991). Calcium-free cNTnC was structures converged. Structure refinement was carried out

obtained in a manner similar to that of Cedree sSNTnC (Li
et al., 1995). NMR samples contained 5d00f either 9:1
H,0/D,0 or 99.996% BO (pH 6.7), 100 mM KCI, 15 mM
fresh DTT, and 1.53.0 mM protein. Calcium-saturated
samples of cNTnC contained-8 mM C&". Samples of
Cat-free cNTnC contained 15 mM EDTA.

NMR SpectroscopyAll the NMR spectra were obtained
using Unity INOVA 500 MHz or Unity 600 MHz spectrom-

starting with 43 (apo) and 45 (€9 converged structures
using the XPLOR simulated annealing protocol with 30 ps
of heating and 20 ps of cooling for the apoprotein and 50 ps
of heating and 30 ps of cooling for €a-cNTnC. For the
Ca&t—cNTnC, the C& restraints were added in the later
stages of refinement. The final ensemble consisted of 40
structures with the lowest total energy in the family of refined
structures.
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Table 1: Characteristics of the Solution Structures of Apo- and
Ca*—cNTnC

apo-cNTnC C&-cNTnC
distance restraints
total 1213 1344
intraresidue 494 561
sequential|{ — j| = 1) 297 307
medium 2< |i —j| =< 4) 255 305
long (i — j| = 5) 167 171
dihedral restraints 48,23y, 1131 53¢, 21y, 231

restraints violation
distance 0F0.2 A 7 (0.18/structure) 0
dihedral of>2° 0 0
rmsd (Af

well-defined regiorfs

backbone atoms 0.6% 0.11 0.61+ 0.09
heavy atoms 1.18:0.09 1.02+£ 0.07
helix¢ 0.28 0.25
site | (residues 2840) 0.69+ 0.29 0.53+ 0.18
site Il (residues 6371) 0.82+0.19 0.38+ 0.09
¢ly in the most-favored 81.1% 81.5%

region
(all residues)) (%)

aForty structures for apo- and €a-cNTnC were calculated using
the simulated annealing (Nilges et al., 1988) protocol within XPLOR
3.1 (Bringer, 1992)" Well-defined regions were residues-37, 34—
65, and 76-84 for apo-cNTnC and residues-84 for C&"—cNTnC.
¢The average of the N and-AD backbone rmsds when each helix is
separately superimposed to its averdggackbone dihedral angle
distributions were determined with the program PROCHECK (Laskows-
ki et al., 1993).

RESULTS

NMR Spectra Figure 1 shows the high-qualif$H-15N} -
2D-HSQC spectra obtained for both apo- and'GaNTnC.

Spyracopoulos et al.

isoform (Gagneet al., 1994, 1995; Slupsky et al., 1995a).
For example, triple-resonance 3D NMR spectra used to
obtain the backbone through bond sequential connectivities
are also of high quality (Figure S1 in the Supporting
Information).

Description of the StructuresThe secondary structural
characteristics of apo- and €a-cNTnC are similar. There
are five helices, a nonfunctional &abinding site, and a
functional C&" binding site, which are joined by a twisted
antiparallels-sheet, as defined in Figure 2. Helices B and
C are joined by a six-residue linker (Figure 2A,B). The
binding of C&" to site Il in cNTNC results in a slight
reorientation of the B and C helices (see Figure 2A,B and
Table 3). The N, A, and D helices form a structural unit
(NAD unit), which remains invariant to €& binding,
superimposing with an rmsd of 0.74 A for apo- and®Ca
cNTnC. The high quality of the solution structures is
indicated in Tables 1 and 2. There are no NOE violations
greater than 0.2 A in the family of 40 NMR structures for
both apo- and Cd—cNTnC, except for residues 28 and 29
at the beginning of site | of the apoprotein, which were found
to be undergoing conformational exchangge>N-relaxation
measurements (unpublished data). thkelices are well-
defined, superimposing with individual rmsds of 02®.06
(N), 0.384+ 0.09 (A), 0.21+ 0.07 (B), 0.33+ 0.10 (C), and
0.26 + 0.06 A (D) for apo-cNTnC and 0.23 0.06 (N),
0.29 £+ 0.08 (A), 0.23+ 0.06 (B), 0.27+ 0.07 (C), and
0.23+ 0.06 A (D) for C&"—cNTnC (Figure 2A,B). The
antiparallels-sheet is well-defined with an rmsd of 0.14
0.04 (apo) and 0.2% 0.05 A (C&"). The N- and C-terminal
residues (residues—4 and 86-89) as well as the linker

The backbone amide resonances are completely assigned foiegion (49-53) are less well-defined than the helices and

apo- and C#-saturated cNTnC with the exception of M1

p-sheet. The functional and defunct®inding sites are

and D2 which were not observed due to rapid exchange with less well-defined than the helices for both the apo artt-Ca
solvent. The backbone amide resonances display line widthsloaded structures. Sites | and Il are more well-defined in

characteristic of a protein 6f£10 kDa at 30°C for the apo
and Cé&t-saturated states of cNTnC. The XCaaturated

spectrum shows some additional line broadening for reso-

nances in sites | and Il. Calcium titrations ¥N-labeled
cNTnC, monitored by following chemical shift changes in
{*H—-"N}2D-HSQC NMR spectra, confirmed that Ca
binds to only one site in cNTNC (Li et al., 1997). Spectra

the C&*-saturated state with an rmsd of about 0.4 A for
Ca+*—cNTNnC compared to 0.7 A for apo-cNTNnC (Table 1).
The interhelical orientations for the apo structure are
somewhat less well-defined than the individual helices, and
the overall structure superimposes with an rmsd of 0.76 A,
compared to 0.61 A for the @aloaded structure (using
residues 584 for apo- and C4-cNTnC). The program

of ctNTnC are not hampered by line broadening caused by PROCHECK (Laskowski et al., 1993) was used to determine

Ca&"-induced dimerization, as observed for the skeletal

the distribution of backbone dihedral angles. For all residues,

Table 2: Statistics of the Conformational Energies and rmsd for the Ensemble of Structures for cNTnC
apo-cNTnC Ca—cNTnC
energy (kcal mol?)
total 97+ 3 95+ 2
bonds 1.6:0.2 15+ 0.1
angles TH 1 78+ 7
impropers 12.6: 0.1 12.2+ 0.2
van der waalsKepe)® 2+1 2+1
NOE restraints 20+1.4 15+ 04
dihedral restraints 0.024+ 0.02 0.02+ 0.02
rmsd from experimental restraints
NOE distance restraints (A) 0.0860.002 0.005+ 0.001
dihedral angle restraints (deg) 0.850.03 0.04+ 0.03
rmsd from ideal covalent geometry
bonds (A) 0.00107 0.00005 0.0010% 0.00004
angles (deg) 0.45% 0.004 0.450+ 0.002
impropers 0.34@ 0.002 0.340+ 0.002

aThe force constant for the van der Waals enerfy,§ calculation was 4.0 kcal mol A—4. b Force constants for calculation of NOE and

dihedral energies were 50 and 200 kcal mMptespectively.
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Ficure 1: Amide regions of thg IH—15N}-HSQC NMR spectra of 1.6 mM (A) apo-cNTnC (without EDTA) and (B) cNTnC with 4.5
equiv of C&*". Other sample conditions are as described in Materials and Methods. Spectra were obtained with 512 complextpoints in
and 64 complex points ify at 500 MHz with WALTZ-16 decoupling (Shaka et al., 1983) during acquisition. The spectral widths were
7000 and 1500 Hz i, andt;, respectively.

81% (apo) and 82% (C4) of the ¢ andy angles fell into to the expected value of 7.4 Hz for a closed conformation
the most-favored regions, and a further 16% (apo) and 17%of Val-65 in sSNTnC (Gaghet al., 1997). Although this
(Ca*) were distributed within the additional allowed region. coupling constant was not measurable from the 3D HNHA
The interhelical angle between the C and D helices changesexperiment for C& —cNTNnC due to exchange broadening,
by 12° upon binding of C& (Table 3). A comparison of the backbonep angles at this residue for the family of
backbone dihedral angles between apo-sNTnC,?2€a  structures are-92 + 12° for apo-cNTnC and-98 + 15°
SNTNC, and 2Ca8—E41A-sNTnC reveals that the “hinge” for C&"—cNTnC, indicating that there is only a small change
about which the end of the C helix rotates relative to the in the orientation of the C helix upon €abinding.
NAD unit occurs at Val-65 (Val-64 in cTnC) (Gaget al., The B helix reorients very slightly relative to the A helix
1997). The coupling constant for Val-64 determined from when C&" binds site Il in cNTnC (Table 3). The B helix
the 3D HNHA experiment for apo-cNTnC is 8.4 Hz, close hinge in site I, which is analogous to the C helix hinge (Val-
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FiGURE 2: Structure of the regulatory domain of cNTNnC in apo ané&'Gaturated states. (A) Backbone superposition of the 40 structures
of apo-cNTnC (residues-534). Thea-helices N (5-11), A (14-26), B (38-48), C (54-64), and D (74-84) and the twiste@-sheet
(35—37 and 7%-73) are well-defined. The linker (4%63) and sites | and Il (2840 and 65-76, respectively) are less well-defined than
the helices. (B) Backbone superposition of the 40 strucutures 8f-@&ATnC. The secondary structure is similar to apo-cNTnC with
helices N (5-11), A (14-27), B (41-48) C (54-62), and D (74-84) andf-sheet (3537 and 7%+73), and sites | and Il, although less
well-defined than the helices, are better defined than the sites in apo-cNTnC.

NAD unit. Furthermore, the total exposed nonpolar acces-

Table 3: Interhelical Angles for cNTnC and sNTnC ) . b
sible surface area using the Shrake definitions (Shrake &

AB B/C c/b AD Rupley, 1973) for residues—B4 is 2701+ 82 A? for the
égg’;i’ﬁmﬁc 1133,&3 iégii ﬁgig ﬂgig apo state and 2712 63 A2 when C&* binds to site Il in
apo N domain of sSTNC 134 128 1a7 116 cNTnC. The major hydrophobic pocket of pNTnC in the
(X-ray)® apo and C#-saturated states occurs at the interface of the
apo-sNTnC (NMR) 130+3 126+5 12544 111+2 A—D helices and involves residues Phe-20, Ala-23, and Phe-
SNTnC-2C&" (NMR)°  90+3 100+6 69+5 109+3 24 of the A helix, Leu-41, Val-44, and Met-45 of the B helix,

Leu-57, lle-61, and Val-64 of the C helix, and Val-72, Val-
77, Leu-78, Met-80, and Met-81 of the D helix. The main
hydrophobic pocket exposes 96 ik the apo state compared
to 132 A& in the C&'-saturated state. There are also
hydrophobic contacts between the N and D helices involving
residues Tyr-5, Ala-8, Val-9, Leu-78, Val-79, Val-82, and
Arg-83.

aPDB accession code 5TNEPDB accession code 1TNPPDB
accession code 1TNQ.

64), is Glu-40 in cNTnC. There is ample evidence that Glu-
41 in sNTnC is the hinge involved in the straightening of
the B helix on C&" binding to SNTnC (Gagnet al., 1994,
1995, 1997). ThéJunne determined for Glu-40 from the

3D HNHA experiment is 8.7 Hz for apo-cNTnC and 7.7 Hz
for C&*—cNTnC, corresponding t¢ dihedral restraints of
—101 + 20 (apo) and—88 + 20° (Cat), indicating that

DISCUSSION
The structural data presented here show for the first time

Cat binding causes a small change at the hinge of the B the C&t"-induced structural transition in the regulatory

helix. For the ensemble of solution structures, dtaihedral
angle of Glu-40 in the apo state-91 &+ 9°) indicates a kink
at the N terminus of the B helix, which persists upon binding
Cat (—99 £ 7°).

The Cé&"-induced structural change of cNTNC involves

domain of cardiac troponin C. The BC structural unit in
cNTNnC moves only slightly away from the NAD structural
unit in cNTnC. This movement is only a fraction of the
analogous change in the skeletal isoform. The global fold
of apo-cNTnC is very similar to that of apo-sNTnC, apart

small reorientations of the B and C helices relative to the from a slightly different orientation of the N helix within
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the NAD structural unit. The interhelical angles of apo-

Biochemistry, Vol. 36, No. 40, 19972143
apo-cNTnC is 1.20 A and @a—cNTnC with C&"—sNTnC

cNTNnC are comparable to those of apo-sNTnC, indicative is 1.57 A; both values are larger than the rmsds for the NAD
of a closed conformation for the apo state of the regulatory superposition of apo-cNTnC with €a-cNTnC (0.74 A)

domain in both isoforms. The structure of &acNTnC
differs significantly from that of C&—sNTnC, displaying

and apo-sNTnC with Ca—sNTnC (0.80 A), and these
differences are due primarily to the orientation of the N helix

interhelical angles and a total exposed hydrophobic surfacein the two isoforms of the protein (using residues% and

area that are expected for a closed conformation.
structures of apo- and €a-cNTnC presented herein are a

The 74—84 in cNTnC and analogous residuesZ® and 75-85

in sSNTnC). The angle between the N and A helix in SNTnC

crucial advance in understanding the basis of myocardialis 116 (apo) and 120(C&"), compared to 107 (apo) and

contraction.
infarction are thought to involve a desensitization of myo-
cardium to C&', resulting in a failure of the myocardium to
contract in response to the €arigger (Lee & Allen, 1990).
Knowledge of the 3D solution structure of cardiac TnC is
clearly important in answering various clinically relevant

Furthermore, diseases such as myocardial99® (Ca) for the cardiac protein. However, this structural

difference is likely a reflection of the nonspecific role of
the N helix (Liu et al., 1994) rather than a reflection of any
unique functional properties generated in the adoption by
the N helix of a new interhelical angle. Additionally, the N
helix was found to be more flexible than the A and D helices

guestions such as the design of pharmacological agents forof the NAD structural unit, as determined BN-relaxation
improving cardiac performance and the development of measurements (unpublished data).

rational therapies for heart failure.
Comparison to Intact cTnCThe C&*-saturated structure
of human cNTnC is similar to the structure of the N domain

Although the NAD structural unit of Ca-saturated
cNTNnC is similar to the NAD unit in SNTnC, the orientation
of the BC unit relative to the NAD unit is different in the

of Cat-saturated intact mutant (C35S/C84S) chicken cTnC two isoforms of the protein. The €asaturated cardiac
reported recently (Sia et al., 1997). The backbone atoms ofregulatory domain displays interhelical angles similar to those

the NAD unit of the N domain of intact chicken cTnC

in the apo state (closed conformation), whereas the skeletal

superimpose with rmsds of 1.13 and 0.97 A with the apo protein shows changes in the interhelical angles between the

and C&"-saturated N domain of human cNTnC, respectively.

NAD and BC structural units of up to 8§Table 3).

The total exposed hydrophobic surface area of the N domain The difference in total exposed hydrophobic surface area

of intact chicken ¢TnC is 3038 68 A2 for residues 287
(Sia et al., 1997), similar to those of the apo- and'Ca
saturated cNTNC, which are 309086 and 3108+ 71 A2,
respectively. The interhelical angles for the intacfCa
cTnC are similar to those for the &a-cNTnC, indicating
that both C&—cNTnC and C&—cTnC remain in a
predominantly closed conformation upon?Chinding. This

between the apo- and &asaturated protein can be used to
compare the extent of opening between the two isoforms of
NTnC. The cardiac isoform of the N domain changes from
3090+ 86 A2 for apo-cNTNnC to 3108 71 A2 for Ca*—
cNTNC (residues 287), while in sSNTNnC, the total exposed
hydrophobic surface area changes from 2866 to 3386 A
(equivalent residues-488) upon binding of CH, an increase

is evidence showing that separation of the two domains hasof 502 A2 compared to that of cNTnC (Figure 3). In fact,

little structural effect on the regulatory domain, as cor-
roborated by C& binding studies of the isolated domain

residues in the hydrophobic core of apo-sNTnC which
experience an increase in exposed hydrophobic surface area

(Li et al., 1997). Mutation of the cysteine residues in the greater than 1920 A2 upon C&" binding (Ala-25, Val-45,
regulatory domain appears to have little effect on the structure Met-46, lle-61, Met-81, and Met-82) (Strynadka et al., 1997)

of the regulatory domain.

Comparison to Structural Change in Skeletal NTnthe
secondary structure of apo- and?CacNTnC is similar to
that found in the apo- and €a-sNTnC solution structures
(Gagrieet al., 1994) and the N domain of the intact sTnC
solution structure (Slupsky et al., 1995b). The N and
helices and the antiparallBtsheet span similar lengths over

are found to undergo only small changes in exposed surface
area when CH binds the N domain of the cardiac isoform
(Ala-23, Val-44, Met-45, Met-60, Met-80, and Met-81).
Comparison to E41A-sNTnCE41A-sNTnC and cNTnC
have substitutions within site | (compared to sTnC) that
abolish the ability of Glu-40 (Glu-41 in sSNTnC) to coordinate
C&*. The structure of 2C4—E41A-sNTNnC reveals that

analogous residues in the cardiac protein. Interestingly, theCa" binding to site Il in E41A-sNTnC does not result in an

kink in the B helix at Glu-40 in apo-cNTnC (Glu-41 is the
analogous residue in SNTnC) remains upof'Ganding to

opening of the structure to the same extent as that of native
sNTNnC. The C/D interhelical angle in 28a-E41A-sNTnC

cNTnC. The backbone dihedral angles at this residue areis only 5 greater than that of the apo form of SNTnC (Gagne

known to change to-helical values as SNTnC undergoes a

et al., 1997). In addition, the dihedral angle at Ala-41 is

gross conformational change involving straightening of the close to that for Glu-41 in apo-sNTnC, indicative of a closed

B helix upon C&" binding (Gagneet al., 1994, 1995). The

conformation for C&"—E41A-sNTnC. The central conclu-

¢ dihedral angle at Glu-40 and the interhelical angles of the sion of the E41A-sNTnC structural study is that binding of

B helix (Table 3) in the apo and €astates indicate that

C&" to site | and coordination to the bidentate ligand side

the B helix in the cardiac protein does not straighten to the chain of Glu-41 in particular are the essential mechanisms

same extent as SNTnC uponZCdinding.
The solution structure of Cafree cNTNC is similar to
the solution structure (Gagret al., 1995) and the crystal

underlying the opening of SNTnC. Although E41A-sNTnC
and cNTnC possess different mutations in the site | E-F hand
ligands, both proteins are unable to coordinaté'CGsd the

structure (Herzberg & James, 1988; Satyshur et al., 1988)sixth residue {Z position) of the E-F hand helixloop—
of apo-sNTnC. The values of the interhelical angles (Table helix motif. The—Z position occurs at the beginning of the
3) indicate that the helices of apo-cNTnC are packed B helix in SNTnC (E41) and cNTnC (E40). The straighten-

similarly with respect to the skeletal isoform. The rmsd for

ing of the B helix upon C& coordination to the bidentate

the backbone atoms upon superimposing apo-sNTnC withligand side chain of Glu-41 (SNTnC) or Glu-40 (cNTnC) is
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Ficure 3: Comparison of the molecular surfaces of (A) apo-cNTnC and (BY-€eNTnC (residues 584), (C) apo-sNTnC and (D)
Ca&"—sNTnC, and (E) E41A-sNTNnC (residues-85). The backbone atoms of residuesZ’ and 74-84 of the cardiac isoform were

superimposed onto the backbone residues2& and 75-85) of the skeletal protein. The structures are oriented as in Figure 2. Positively
charged residues (Arg and Lys) are shown in blue. Negatively charged residues (Asp and Glu) are shown in red. Hydrophobic residues
(Ala, lle, Leu, Met, Phe, Pro, Tyr, and Val) are shown in yellow. Polar residues are shown in white (Asn, GIn, Gly, Ser, and Thr). The

program GRASP was used to create the figure (Nicholls, 1992).

believed to be a crucial step in the opening of TnC (Gagne recently suggested (Gageeal., 1997; Li et al., 1995). This

et al., 1997; Sia et al., 1997). E41A-sNTnC lacks thg
ligand entirely, and cTnC cannot coordinate any'da site
| due to the absence of th¢ and Y ligands. Thus, both
cNTNnC and E41A-sNTnC cannot undergo &Gdependent
opening due to the inability of the-Z ligand in site | to

coordinate C&. Taken together, these results provide a clear

understanding of the CGainduced structural transition in
sNTnC and also mimic the €&ainduced conformational
transition in cNTnC.

Relevance to the paired E-F Hand Mechanisnbespite
the inability of site | to bind C#&, it is evident from*JunHe
coupling constants and backbof\-relaxation measure-

suggestion is also corroborated by a detailed comparison of
the structure of apo-sNTnC and the recently determined
structure of C& —sNTnC, as determined by X-ray crystal-
lography, which indicates that site Il is predisposed t§"Ca
binding (Strynadka et al., 1997).

There are two classes of €abinding proteins that share
the paired E-F hand motif (Chazin, 1995). Regulatory
proteins such as calmodulin and troponin C bind target
peptides and proteins and undergo large interhelical move-
ments upon CA binding (Finn et al., 1995; Gagrat al.,
1995; Kuboniwa et al., 1995; Zhang et al., 1995), and
buffering proteins such as calbindingD(Skelton et al.,

ments (unpublished data) that sites | and Il are structurally 1995), which do not undergo large scale conformational

coupled in cNTNnC. Interestingly, site Il showSunHa

changes upon CGabinding. The Ca"-bound state of cNTnC

coupling constants which are not averaged to random coil presented herein sets a precedent for regulatory E-F hand

values in both the apo and &asaturated states, whereas
the coupling constants in site | show random coil values in
the apo state but not in the €abound state. These results
suggest that site Il is predisposed to*Chinding. Binding

of C&" to site Il leads to a decrease in the flexibility of the
backbone residues in site I, an entropic loss which is
compensated for by ligation of €ato the carboxylate
ligands in site Il. This observation provides insight into the
mechanism of Cd binding in the coupled E-F hands in
sNTNnC. The initial binding of CH to site Il prepares site

| for Ca** binding and, ultimately, for the critical ligation
of the bidentate carboxylate ligand Glu-41 to2Caas

proteins. The interhelical reorientations of cNTnC upof'Ca
binding are closer to those expected for buffering proteins.
On the other hand, troponin C in cardiac muscle operates in
tandem with other proteins within a ternary complex, and it
is not clear whether cTnC binds its target protein (cTnl) in
an open conformation in intact muscle.

Relevance with Respect to Functiorit is surprising that
such a small conformational change accompanie$™ Ca
binding to cNTNC, given that the N domain is the principal
regulatory protein of contraction in cardiac muscle, and that
the skeletal isoform displays one of the largest knowA€a
induced conformational changes in E-F hand proteins.
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