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Structure, Dynamics, and Thermodynamics of the Structural Domain of Troponin C
in Complex with the Regulatory Peptide-40 of Troponin I'*
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ABSTRACT. The structure of the calcium-saturated C-domain of skeletal troponin C (CTnC) in complex
with a regulatory peptide comprising residues4D (Rp40) of troponin | (Tnl) was determined using
nuclear magnetic resonance (NMR) spectroscopy. The solution structure determined by NMR is similar
to the structure of the C-domain from intact TnC in complex with ;Til determined by X-ray
crystallography [Vassylyev, D. G., Takeda, S., Wakatsuki, S., Maeda, K., and Maeda, Y. Pree3)

Natl. Acad. Sci. U.S.A. 981847-4852]. Changes in the dynamic properties of CT2C2" induced by

Rp40 binding were investigated using backbone amileNMR relaxation measurements. Analysis of
NMR relaxation data allows for extraction of motional order parameters on a per residue basis, from
which the contribution of changes in picosecond to nanosecond time scale motions to the conformational
entropy associated with complex formation can be estimated. The results indicate that binding of Rp40
decreases backbone flexibility in CTnC, particularly at the end of the C-terminal helix. The backbone
conformational entropy change TAS) associated with binding of Rp40 to CTHTC&" determined from

15N relaxation data is 9.6 0.7 kcal mot?! at 30°C. However, estimation of thermodynamic quantities
using a structural approach [Lavigne, P., Bagu, J. R., Boyko, R., Willard, L., Holmes, C. F., and Sykes,
B. D. (2000)Protein Sci. 9252—-264] reveals that the change in solvation entropy upon complex formation

is dominant and overcomes the thermodynamic “cost” associated with “stiffening” of the protein backbone
upon Rp40 binding. Additionally, backbone amidll relaxation data measured at different concentrations

of CTnC:2C&"-Rp40 reveal that the complex dimerizes in solution. Fitting of the apparent global rotational
correlation time as a function of concentration to a monoenagémer equilibrium yields a dimerization
constant 0f~8.3 mM.

Sliding of the thin filament past the thick filament and TnT. TnC responds to the €asignal; Tnl is thought
constitutes the mechanical basis of muscle contraction. Theto inhibit interactions between thick and thin filaments in
thick filament is comprised of three major components (actin, the absence of Cg and TnT is believed to anchor troponin
tropomyosin, and the troponin complex), whereas the thick to actin and transmit the €asignal along the thin filament,
filament consists mainly of myosin. Regulation of muscle thereby enhancing the actomyosin ATPase activity from
contraction occurs at the level of troponin, where binding which energy is derived (for reviews, see réfs6).

of Ca&" triggers a cascade of altered proteprotein X-ray and NMR structural studies of TnC reveal a
interactions, leading to force development. Troponin is a dumbbell-shaped molecule with two globular domains
three-component complex involving troponin C (TriQ)al, (designated N and C, for the N- and C-terminal domains,

respectively) connected by a central linké—(1). Each

* This work was supported by the CIHR Group in Protein Structure domain contains two helixloop—helix EF hand motifs
and Function. P.M. is the recipient of a CIHR studentship. typical of calcium binding proteinsl@). Sites Il and IV in

* The coordinates for the structure have been deposited in the RCSBihe C-domain are believed to be fully occupied by either
Protein Data Bank (entry 1JC2). . . . .
*To whom correspondence should be addressed. E-mail: C&" or Mg?" under physiological conditions, whereas sites

brian.sykes@ualberta.ca. Phone: (780) 492-5460. Fax: (780) 492-0886) and Il in the N-domain are Ca specific sites with weaker
§CIHR Group in Protein Structure and Function, Department of affinity (see the reviews listed above and 1&). Following

Biochemistry. Db 1 S .
I Department of Biochemistry. Cé&* binding to TnC in either of the globular domains, a

1 Abbreviations: TnC, troponin C; NTnC, N-domain (residue<i0) hyd_mphObiC “F_)OC_ket” become_s eXposed,_WhiCh constitutes
of recombinant chicken skeletal TnC; CTnC, C-domain (residues 88 an important binding site for different portions of Tnl (for a
162) of recombinant chicken skeletal TnC; Tnl, troponin I; TnT, i i
troponin T; Rp40, N-terminal synthetic peptide (residuesAQ) of reVIeW’_ see re.ﬂ'4 and references th.erejm)' .
rabbit Tnl; Tnbe-115 inhibitory synthetic peptide (residues -9615) The interaction between the €abinding and inhibitory
of chicken skeletal Tnl; NMR, nuclear magnetic resonance; HSQC, proteins of the troponin complex is central to the regulation

heteronuclear single-quantum coherence; NOE, nuclear Overhauseips iy scle contraction. While much is known about how'Ca
effect; tm, global rotational correlation times, internal correlation time

for fast internal motion, order parameter; DTThreo-1,4-dimercapto-  induces structural changes in the regulatory domain of TnC
2,3-butanediol; DSS, 2,2-dimethyl-2-silapentane-5-sulfonic acid. and initiates a cascade of proteiprotein interactions leading
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to muscle contraction, much less is known about TnC of CTnC2C&*" in the CTnG2C&*-Rp40 complex was
interactions with Tnl and TnT. Neutron scattering studies found to be similar to the structure of CTnC in the crystal
have shed some light on the general aspects of the-Tnl structure of TNG2C&"-Tnl;—47 (34).

TnC interaction {5, 16) in the binary complex and in the

presence of TnTL(7), but despite several years of investiga- EXPERIMENTAL PROCEDURES

tion, there are still no high-resolution structures of the
complex, due in part to the low solubility of Tnl. A common
approach to investigating the sites of interactions between

ThC and Tnl involves the use of relatively short synthetic 162) into expression vector pET3a was carried out as
fragments of Tnl complexed with TnQ18—34). described for NTnC (residues-B0) (44) except for the use

The first 40 residues of Tnl (Rp40) represent a region of of two different oligonuc!ec_)tides that are_complementary to
particular interest. This segment of Tnl was first shown by the sequence andsrestrlctlon enzyrlr:_)e sites. '.I'he'e'xpressmn
Syska et al.35) to bind to TnC, and further work by Ngai and purification of {*N]JCTnC and [3C,**N]JCTnC in minimal

et al. 36) established that Rp40 could effectively compete Media follows the procedure described f&INJNTnC (44’|
with the inhibitory peptide Thbs_115and block its inhibitory 45). During expression irfEscherichia coli the N-termina

: ; : ; thionine, corresponding to the initiation codon, is not
properties with respect to contraction. Later, Tripet etzdl) ( me ' . X
showed that the ability of Rp40 to compete with Tal1s cleaved off. Decalcification of both*§N]JCTnC and [3C/

is modulated by other TnC-Tnl interactions, mainly by the 15N]CTn_C was as qlescribg?g f?:'BMNTnC (4?' Sincef Cr;l' nC
interaction of Tnlss_13: ith the N-domain of TnC (NTnC). ~ nas @ higher affinity for Ca than N'clj'nC, t eprho :j € 2|5_
These results were corroborated in our previous study with mM _NH“HCQ puffer was increased to 8.5 for the decalci-
Rp40 @2), where we demonstrated, using solution NMR fication step to increase the efficiency of EDTA. Unlabeled
spectroscopic techniques, that Rp40 andoFals share ~ RP40 peptide, acetyI—GDEEKRdNRAITARRQELKS\GML-d
common binding sites on CTnC, but that the interaction of QIAATELEKEEGRREAEK-amide, was synthesized an

Rp40 is much stronger (Rp46g = 2 + 1 uM: Tnlos_115 purified as described by Ngai and Hodg&6)(
Ky = 47 + 7 uM) and that Rp40 could displace Tgl1sin NMR Sample Preparatiofi*®N]JCTnC and [°C,"*N]CTnC
the absence of NTnC and any other portion of Tnl. The exact were dissolved in 60QL of NMR buffer (treated with
nature of the structural and/or functional role of Rp40 is still Chelex 100 to remove metal contaminants) containing 100
not yet fully understood. The crystal structure of TnC in MM KCI, 10 mM imidazole, and 15 mM DTT in a 90%
complex with Tnl_4; determined by Vassylyev et al34) H,0/10% B3O mixture. Since Rp40 has very low solubility
revealed that Trlss forms a longo-helix that binds within ~ in agueous solution, it was slowly added in solid form
the hydrophobic pocket of CTnC. The corresponding region directly to the sample, until a precipitate was observed. To
of cardiac Tniz_so has also been shown to bind within the facilitate peptide solubilization, the pH of the solution prior
hydrophobic patch of the C-domain of cardiac Tr80,31). to Rp40 addition was increased to 8.5. After complete
NMR Spectroscopy not On|y is of great ut|||ty for probing dissolution of Rp40, the pH of the final Sample was adeStEd
the atomic structures of proteins but also has proven to be at0 6.8 if necessary (uncorrected fét isotope effects). The
powerful tool for the study of dynamic and thermodynamic Solution was then filtered, and 48Q was transferred into
properties of proteins through backbone anffiéand*3C/ an NMR tube, to which 1GL of 1 M DSS and 1QuL of
2H side chain relaxation measuremer@%40). The model- ~ 1.3% NaN were added. The protein and peptide concentra-
independent approach to relaxation data analysis introducedions were determined to be 1.33 and 1.91 mM, respectively,
by Lipari and Szabo allows for extraction of a global Py amino acid analysis in duplicate, corresponding to a
macromolecular rotational correlation timay), as well as  Peptide/protein ratio of 1.44.
an internal correlation timerg) and an order paramete®? NMR Experiments for Structure Determinatioifhe
that is related to the amplitude of internal motion for each chemical shift assignment of CTRZC&+ not bound to Rp40
residue 41, 42). & can be interpreted as the orientational was based on the chemical shift assignment of B@Z+
probability distribution of a given bond vector {NH or previously reported by Slupsky et aB)( For CTnGCa*"
C—H); thermodynamic parameters such as entropy and heatin the CTnGCa&"-Rp40 complex, the assignment'df, 13C,
capacity can be estimated in a semiquantitative fashion fromand?°N resonances, and the subsequent structural determi-
changes ir? obtained upon ligand binding, or temperature nation, were carried out using the results of NMR experi-
changes43). These approaches have been useful in further- ments listed in Table 1. The aromatic protons of Phe residues
ing our understanding of the role of time-dependent confor- are unassigned. The two-dimensional (2B)l- and '3C-
mational fluctuations involved in the binding of metal ions filtered DIPSI and NOESY experiments did not allow for
and peptides, for example, and can provide insight into the assignment of Rp40 resonances, due to line broadening
understanding the contribution of dynamics to the overall as a result of chemical exchange, and poor chemical shift
stability of a protein. dispersion for the peptide resonances. All NMR spectra were
In this paper, we have determined the solution structure acquired at 30C on Varian INOVA 500 MHz, Unity 600
of the C&t"-saturated state of CTnC in complex with the MHz, or INOVA 800 MHz spectrometers (see Table 1)
Rp40 peptide using NMR spectroscopy, and performed aequipped with 5 mm triple-resonance probes arakis
series of NMR relaxation experiments to investigate changespulsed field gradients for the 500 and 600 MHz instruments
in backbone dynamics induced by binding of Rp40. The and triple-axis gradients for the 800 MHz spectrometer. All
changes in backbone dynamics were used to estimate theexperimental FIDs were processed using the program
contribution of backbone conformational entropy to the NMRpipe @6) and analyzed using either PIPR6] or
thermodynamics of peptide binding. The solution structure NMRView programs 47). Generally, linear prediction for

Construction of the Plasmid Vector Encoding CTnC and
Protein Isolation The engineering of CTnC (residues-88
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Table 1: NMR Experiments Conducted for the Purpose of Chemical Shift Assignment and Obtaining NOE-Based Distance Restraints

nuclef H nt° X-pt  y-pts  zpts  xsw y-sw  zsw  mixd ref
15N HSQC H, N 600 16 960 256 - 7500 1800 - - 83 84
DISPI-HSQC H, H, 5N 600 12 1024 256 64 8000 6550 1690 — 85
HCCH-TOCSY H, 1H, 13C 500 16 768 256 64 6000 3200 3000 - 86
CBCA(CO)NNH 1H, 13C, 5N 500 32 768 100 64 6000 7794 1650 — 83
HNCACB 1H, 13C, 15N 500 32 1024 108 72 600 7794 1500 - 83
15N NOESY-HSQC H, H, 5N 600 12 1024 256 64 8000 6579 1700 125 85
15N NOESY-HSQC H, *H, 5N 600 12 1024 256 64 8000 6579 1700 50 85
13C/N NOESY® 1H, H, 13C/**N 800 16 1088 280 72 10000 9000 4243 75 87
HNHA H, *H, 5N 600 8 1024 152 96 8000 4807 1650 -— 50
HNHB H, 13C, 13C(0) 500 16 902 256 72 6200 4900 1500 - 88
15N- and®C-filtered DIPS H, *H 500 128 4096 1024 - 6200 6200 - - 89
15N- and*3C-filtered NOESY  'H, 'H 500 128 4096 1024 - 6200 6200 - - 89

2The nucleus acquired in each dimension (€g,,*N indicates protorx, nitrogeny). ® The number of transients acquired for each FIR-,
y-, andz-pts and -sw are the number of complex points and the sweep width in each respective dimeisstbe (lirectly detected dimension).
4 Mixing times are given in millisecond$3C/*N NOESY-HSQC is simultaneousiC- and*N-edited NOESY-HSQC' The sequence was heavily
modified in-house (L. Spyracopoulos).

up to half the number of experimental points was used in intraresidue'H,—*Hp; and *H,—!Hg, NOE cross-peak in-
indirect dimensions. Data were then zero-filled to twice the tensities from the 3D simultaneouddN- and 'C-edited
number of acquired plus predicted points, and typically NOESY-HSQC spectrum (75 ms), and carefully inspecting
multiplied by a sine-bell apodization function shifted by-60  intraresidueé'Hy—Hz; and*Hy—Hg. cross-peak intensities
90° before Fourier transformation. from a 3D**N-edited HNHB spectrum. Restraints for tpe

Distance and Torsion Angle Restrain®roton-proton  angle of 60, 180, or-60° (+60°) were imposed if the results
distance restraints were derived from measured peak intensifrom the three experiments were consistent with a single side
ties in the three-dimensional (3N NOESY-HSQC and chain rotamer. In later stages of the structure refinement,
simultaneous 33°N/X*C NOESY-HSQC experiments and direct refinement againdtC, and3C; chemical shifts for
calibrated as previously describetB) with the error on the residues located in regions of well-defined secondary struc-
peak intensities set to 40%, and the lower bound on all ture was employed to further restrain bgtandy backbone
proton—proton restraints set to 1.7 A. The resonances of ~ dihedral angles52).

Rp40 could not be assigned; thus, only symmetry-related Structures were generated with Xplor 333) using a
cross-peaks were selected from the simultaneous®BID simulated annealing protocol with 10 000 high-temperature
13C NOESY-HSQC spectrum, minimizing the probability of steps and 7000 cooling steps. The type and number of
misinterpretation of a proteinpeptide NOE as a protein distance and dihedral restraints are summarized in Table 2.
protein NOE. Approximately 80 ambiguous contacts, thought Starting from an extended conformation, we generated an
to be proton-proton NOE contacts between CT12Ca" initial set of 100 structures using only NOE-derived distance
and Rp40, were excluded from structure calculations. In- restraints to probe incorrect NOEs. Following removal of
tramolecular CTn@Cg&*" NOEs within the CTn@Cg&*- any NOEs yielding distance violations &f0.2 A from the
Rp40 complex with distance violations of0.3 A were starting set of restraints, the Vadar (D. S. Wishart, L. Willard,
closely examined before further rounds of structure refine- and B. D. Sykes, unpublished) and Proches® fprograms
ment. On the basis of homologous calcium binding sites, 11 were used to identify the well-defined secondary structure
Ca&" distance restraints of 2-2.8 A for sites Il and IV elements from the 30 lowest total energy structures taken
were incorporated4@). Unfortunately, CTn@Ca&"-Rp40 from the initial 100 structures, angl angle restraints were
NOE distance restraints were not incorporated, due to applied for subsequent rounds of refinement. The structure
ambiguity in the assignment of peptide resonances. was further refined by successively includipgandy; angle

Backbonep dihedral angle restraints were obtained from restraints and Ca distance restraints in sites il and IV and
3Junre coupling constants derived from the 3D HNHA directly refining againstsC, and*C; chemical shifts. The
spectrum%0). For the HNHA experiment, a correction factor  Structural statistics presented in Table 2 are for the 30
of 1.055 was used4§). The peak intensities were assumed Structures of lowest total energy obtained from a set of 30
to have errors equal to the noise level, and the minimum low-energy structures taken from an ensemble of 100

restraint range was set t520°. The backbonep dihedral structures generated from an elongated conformation, after
angle was determined from thtia/dyy ratio as previously ~ refinement of th? structure was complete.
described. Fody./dyy ratios of >1.2, 9 was restricted to Backbone Amidé>N Relaxation Measurementall re-

—30+ 11C°. For dyo/de ratios of <0.71,1 was limited to laxation data were acquired at 30 on Varian INOVA 500
—120 + 10C°. Methylene hydrogens for 14 residues were MHz and Unity 600 MHz spectrometers. Sensitivity-

stereospecifically assigned by comparing intraresittie- enhanced pulse sequences developed by Farrow &7l. (
Hz and*Hy—1Hj, cross-peak intensities in a short-mixing  were used to measuf&T;, *NT,, and{*H} —'>N NOE values.
time 3D *N-edited DIPSI-HSQC experiment (50 m&)j, Prior to the addition of Rp40, backbone amid¥N
carefully inspecting intraresiduHy—1Hg, and *Hy—H;, backbone relaxation data fotsN]JCTnC-2C&" were col-

NOE cross-peak intensities from the 3Ml-edited NOESY- lected at 500 MHz. The same NMR sampléN[|CTnC:
HSQC spectrum (50 ms) and the 3D simultanetNs and 2C&"+Rp40) was used for structure determination and
13C-edited NOESY-HSQC spectrum (75 ms), comparing backbone relaxation measurements. Due to partial dimer-
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Table 2: Structural Statistics for CTRBC&" in the Analysis of Backbone AmidéN Relaxation Measure-

CTnC-2C&"+Rp40 Complex ments Magnetic dip(_)ledipole interactiqns bet_weer_1 theN
6. of NOE restraints nucleus and the amidél, and the ch<_am|cal shift anisotropy
total 873 of the >N nucleus, are the predominant relaxation mecha-
intraresidue 447 nisms contributing to macroscopic relaxation tinfgsand
seq(;x_entlal I —JIZ: 1) ) 208 T, and cross-relaxation giving rise to thtH} —15N NOE,
Eﬁgf‘rj;?{ég%gfj(l - "5)_ =4 l;fs for a given backbone amidéN. The T, “NT,, and{H} —
no. of dihedral restraints 5N NOE relaxation parameters are theoretically well estab-
total 86 lished @7, 56) and are expressed as a linear combination of
¢ 33 a spectral density function at the resonance frequencies of
@ 32 15N andHy nuclei:
X 21
no. of restraints \g\olations 1
distance> 0.1 7 (0.23/str.) <L _ 32 _
dihedral angle> 1° 1 (0.03/str.) T, Aoy — o) + 3oy) + 6oy + oy)] +
rmsd to averaged structure (A) 5
well-defined regior’s(N, Cy, C) 0.63+0.14 cTIwy)] (1)
all regiong (N, C,, C) 0.77+£0.17
heavy atoms 0.88-0.17 1
helix E (residues 95105) 0.36+ 0.15 = =-14J(0) + Jwy — wy) + 3Iwy) +
helix F (residues 11:6124) 0.25+0.15 T, 2
helix G (residues 131141) 0.264+ 0.09
helix H (residues 153158) 0.24+ 0.06 683wy + ay) + 6) ()] +
B-sheets (residues 1¥2414, 148-150) 0.2240.08 2
energies(kcal mol?) 6[43(0) + 3 w\)] + R (2)
Etotal 348+ 4
Enoe 1.4+ 0.5 Vu
Eaedral , 0.03+0.02 NOE = 1+ —d[6J(w, + wy) — Jwy — o)IT; (3)
¢—1 in core or allowed regiodg%) YN
residues in most favored regions 84.6
residues in additional allowed regions 14.9 o 2 omo o 6 _ oy o
residues in generously allowed regions 0.3 whered® = (0.1yw?ynh?)/(4n?rned), & = 2hsynHo(0)

residues in disallowed regions 0.1 on)?, vu is the proton magnetogyric ratio (2.68 1(? rad

—1 -1 i i i _ U
2 Using residues 95158 having backbone rmsds ofl.00.° Using s=T L )’JiN IS the magnetogyrlc ratlo_dfiN (—2.71 X 10
residues 95158.¢ Using all residues in the first 30 lowest-energy rad s* T7%), ryu is the protor-nitrogen internuclear distance
structures® Using residues 95158, as determined by the program  (1.02 A), 0, andop are the principal components of tH

Procheck §4). chemical shift anisotropy (CSA) tensob{(— or)2 = —160
ppm], A is Planck’s constant divided byz2(1.05 x 10734
ization of the CTnG2Ca&"+Rp40 complex in solution (see J S),Hois the strength of the magnetic fieldy is the Larmor
Results), backbone amidéN NMR relaxation data were  frequency of*N, wy is the Larmor frequency ofHy, and
collected at three different concentrations of the protein  Rex(s™*) accounts for the contribution of potentially genuine
peptide complex at 600 MHz (1.33, 0.65, and 0.33 mM by microsecond to millisecond time scale internal motions, in
consecutively diluting the same sample by a factor of 2) and @ phenomenological fashion. The second-rank chemical shift
at the initial (1.33 mM) and final protein concentration (0.33 anisotropy tensor for théN nucleus was assumed to be
mM) at 500 MHz. The protein and Rp40 concentrations were axially symmetric, and parallel to the amitf—*Hy bond

determined in duplicate by amino acid analysis after each VECtOT- . . .
dilution. Backbone amid&®N NMR relaxation data were interpreted

All "NTy, *™NT,, and {*H} =N NOE experiments were ;Jhsemgptgstgfzgnssﬁ?bf%r?;ﬁ?ﬂ;;;eii Zg%rr%zfgéﬁ’ where
collected with 7941) x 96 (t;) complex points at 500 MHz

and 970 ;) x 96 (t;) complex points at 600 MHz. Th&; @ Q@
relaxation delays were 11.1, 55.5, 122.1, 199.8, 277.5, 388.5, Yoy =2 —m A= S) @)
499.5, 666, 888, and 1100 ms on both instruments. The delay 1+ 0t 1+ 0’

between repetitions of the pulse sequence was setto 1.2 s
for the T, experiment. Thel; relaxation delays were setto  wherer ! = 7,1 + 7o %, & (the order parameter) accounts
16.6Inand 16.544 ms (wheren =1, 2, ..., 10) on the 500  for the degree of spatial restriction for a backbone amide
and 600 MHz spectrometers, respectively. For fie  15N—IHy bond vector and ranges from 0 to 1, with O
experiment, the delay between repetitions of the pulse indicating completely unrestricted internal motion and 1
sequence wa3 s at 500 and 60MHz. {*H} =N NOEs indicating completely restricted internal motion, is the
were measured in the absence (incorporating a relaxationglobal molecular rotational correlation time, angdis the
delay d 5 s between repetitions of the pulse sequence) andcorrelation time for fast internal motionse(< 7). When
presence of proton saturation (incorporgtiB s of *H internal motions occur on two different time scales, eq 4
saturation, and a delay between repetitions of the pulsecan be extended in a heuristic fashion:

sequence of 2 s). All relaxation data were processed using

the NMRpipe program4g) and analyzed using PIPB5) §rm (32 - SZ)rS'
or NMRView (47). The data were processed as described J(w) = 2/5 > T o
above, with the exception that linear prediction was not used. 1to7r,” 1+to7

(5)
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where S = $2S2, 7/ = {rstm}/{(7s + Tm)}, S describes
the order parameter for fast picosecond internal motigSgs,
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of the N-domain. Residues 8®1 of CTnC form aro-helix
in the original structure of Tn@C&" (11), but were given

is the order parameter for nanosecond time scale internalan extended conformation using the Insightll progr&d) (

motions faster tharr, but slower thanze, and 75 is a
correlation time for nanosecond time scale internal motions
(57, 58). The correlation time for picosecond internal motions
is assumed not to contribute to relaxation.

Analysis of Backbone AmidéN Relaxation Measure-
ments The experimental backbone amide relaxation param-
eters for each residue were fit using five different models
for the spectral density functio®]—zm, —tm—Te, F—Tm—

Rexy S—Tm—Te—Rex, and a two-time scale modeb7, 58)].

to better reflect the lack of secondary structure in this region
when CTnC is isolated from the N-domain.

The crystal structure of TnQCa&"-Tnl;_47 only includes
residues 3-33 of Tnl (34); thus, structure-based thermody-
namic calculations may not properly reflect the correct
binding situation with Rp40 using the X-ray coordinates.
Residues 1, 2, and 3447 of Tnh_47; are believed to be
disordered in the crystal. Also, there are no structural data
for unbound Rp40. Thus, it was assumed that residues 1, 2,

For each residue, parameters for each model of the spectraind 34-40 are unstructured in the free state, and therefore

density function were adjusted to minimize the objective
function given by

2 (Tl,c - T]_,E)z (T2’C - T2,e)2 (NOEC — NOEP)2
X = > + 5 + .
1 or, ONoE

oT

(6)

do not contribute to entropy changes upon binding, and we
have used the structure of &nds from the crystal structure

as a model for the free peptide structure to perform the
structure-based thermodynamic calculations for estimating
the affinity of binding of Rp40 to CTn@C&". This
assumption might not be valid since secondary structure
prediction using the program Pepto6P] indicates that Rp40

is 95% helical, spanning residues—29. Additionally,

where subscripts ¢ and e denote calculated and experimentabinding of Rp40 to CTn€Ca&" may lead to structuring of

values, respectively, and is the error of the individual
relaxation parameters.

To improve the reliability of the fits for backbone amide
NMR relaxation data of CTn@C&"-Rp40, the 500 and 600
MHz data sets were combined into a single set and fit using
Bayesian statistical methods developed by Andrec €58). (

the C-terminal end of the peptide, assuming that the
C-terminal end of the peptide is unstructured in the free state,
and this would contribute significantly to the thermodynamics
of binding.

Details for the structure-based thermodynamic calculations
are similar to those reported by Lavigne et &@0)( The

One advantage of Bayesian statistical methods is that nostandard entropy of dissociatidk& for protein dissociation

particular model selection is made relative to the data.

Furthermore, the analysis is not subject to convergenceing:

problems, which may arise when fitting using classical
approaches. The data were fit to e-7.—Rex model (with
a t, of 7.36 ns), which represents the most parametrized
form of the single-time scale model. Given thBi, is

can be expressed as the sum of the changes in the follow-
solvation entropy ASs,), conformational entropy
(ASon), and overall rotational/translational entropySy):

ASL = AS(T) + AS,oy + AS; (7)

expected to increase with the square of the magnetic field The entropic contribution of solvatior\G,.) is temperature-

for genuine chemical exchandg®, was restrained such that
Rexeoo — (6/5)2Rex500-

The marginal density o for the ith residue,P(S|R),
was calculated with the program Mathematica using the
function Nintegrate. The limits of the integral for the
calculation ofP(Z|R) were set from 0 to 100 ms fat and
from 0 to 5 s forRex. The prior probability P(S,7e,Rex, 7m),
was taken to be equal to 1 in the region defined by O
S <1,7.> 0,Ry > 0, and 0 outside this region. For each
residue, the value o was incremented in steps of 0.05,
and the marginal density &, P($|R), was calculated for
a minimum of 21 values, 10 points around a central point,

dependent and can be calculated from changes in accessible
surface area of nonpolarAASA,) and polar residues
(AASA,) (60, 63). The change in conformational entropy
(ASong) can be decomposed according to

ASconf = ASou—*ex + ASex—»u + ASob (8)

where AS,—ex is the gain in conformational entropy for a
side chain upon exposure, following disordering of tertiary
or quaternary interaction® S, is the change in confor-
mational entropy of the side chain corresponding to second-
ary structure unfolding, andS,, corresponds to the gain in

whose value had a priori been estimated from a classical fit conformational entropy for unfolding of the backbone. For

using theS—7, model. For each residu& and its associated
uncertainty were calculated by plottif§S’|R) as a function
of & and fitting the curve to a Gaussian distribution.
Structure-Based Thermodynamic Calculations for Rp40
Binding to CTnG2C&". The STC programg() was used
to calculate the thermodynamics of binding of Rp40 to
CTnC2C&*. The crystal structures of TREC&"-Tnly_47
(34) and TnCG4C&" (11), both determined using rabbit
skeletal TnC, not chicken skeletal TnC as in the current
study, were used as reference structures for the pretein
ligand and free protein structures, respectively. The coordi-

nates of the C-domain in both structures were isolated by

removal of the coordinates corresponding to residue85L

structure-based thermodynamic calculations, we enhanced
the STC program to allow the inclusion of the contribution
from backbone conformational entrop& %) as calculated
from backbone amidé®N NMR relaxation data for the
CTnC-2C&*-Rp40 complex. Due to a lack of experimental
backbone amidéN relaxation data for the peptid&S,,

for Rp40 was not included. The STC program was further
adapted to incorporate the conformational entropy contribu-
tion of the side chainsASx-,) based on the change in
accessible surface area of side chains (AB#vhen the
secondary structure unfolds according to

ASE‘X*U = (AASASJAASASC*)A%X—’U* (9)
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Ficure 1: (A) Ensemble of 30 solution structures of CT2C&" in the CTnG2C&"-Rp40 complex superimposed onto the average
structure of CTn@Ca&" (only residues 94158 are shown). (B) Ribbon representation of the minimized average solution structure of
CTnC-2C&"Rp40 (red) superimposed on the crystal structure of P&+ Tnly_147 (White). Tnh_147 is shown in green (only residues
6—29 are shown). It was not possible to determine the structure of Rp40 within the-@T&C-Rp40 complex.

whereAASAg- andAS,.~ are standard values reported by A

Miller et al. (64) and D’Aquino et al. 63).
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RESULTS

Structure of CTn@C&"-Rp40 Determined by NMR
SpectroscopyThe 30 lowest-energy structures of CTnC . '|-' . Bl
2C&* in the CTnG2C&*+-Rp40 complex were generated . bl I"I Ol o DR
with 873 NOE-derived distances restraints, 86 dihedral angle '| | | I | || iy |
restraints, and 11 distance restraints to thé"Gans, and i [1]1] |1||| | L1 |||_|_|I[|| Il
are shown superimposed in Figure 1A. The average structure 9 9
is compared to the C-domain of TnC in the X-ray structure
of TnC-2C&"-Tnli—47 (34) in Figure 1B. The structural 10
statistics for the ensemble of solution structures are given :
in Table 2. The distribution of NOEs (intraresidue, sequential, Z ]
medium-range, and long-range) and the backbone atom rmsc%  °® 1
values relative to the average structure for each residue areZ « - ® 9

provided in Figure 2. Backbone rmsd values were calculated = © © .."5

L]
from the 30 lowest-energy structures after superimposition SR - e oo’
of the backbone atoms of residues-3%8 of CTnC in the 0 ' R ' T

CTnC-2C&*-Rp40 complex onto the average structure. The Residue

mean backbone rmsd from the average structure for reSidue%GURE 2: (A) Distribution of NOEs as a function of residue
95-157 of CTnG2C&" in the CTnC2C&*+-Rp40 complex number. Intraresidue, sequential, medium-range, and long-range
is 0.77+ 0.17 using all residues in that region, 0463).14 NOEs are identified by black, white, slight gray, and dark gray
with residues having a backbone rmsd<i.0, and 0.80t columns, respectively. (B) Backbone rmsd for the ensemble of 30
0.17 with residues having a backbone rmsd>df.0. The solution structures with respect to the average coordinates.
quality of the ensemble of solution structures was analyzed violation. Only one dihedral violation of 1° in one structure
with the program Prochecl6d). Eighty-five percent of the ~ was detected within the final ensemble of structures. The
residues in well-defined regions were found to be in most structure of CTn@Ca" in complex with Rp40 is very
favored¢ andy regions of the Ramachandran map, with similar to the C-domain of Tn@C&" in complex with
another 15% in additional allowed regions. There were no Tnli—47 (34), as previously determined by X-ray crystal-
NOE violations greater than 0.2 A. A total of seven different lography (backbone rmsd of 1.0 upon superimposition of
distance violations in the range of 6:0.2 A were detected  residues 95158). A comparison of the angles between
in seven different structures of the family of 30 structures, a-helices within CTnC in the CTnQCa&"+-Rp40 complex
and therefore, no structure had more than one distanceand the CTn@C&"+ Tnl;—4; complex in Table 3 indicates

MNumber of NOEs

RMSD

T
B0 100 110 120 130 140 150 160
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Table 3: Interhelical Angles for CTn@Ca&" (skeletal and cardiac isoforms) Free and Bound to N-Terminal Tnl Peptides

bound free
helix pair CTnG2C&"Rp4C cCTnC2C&"Tnlaz-gf TnC-2Ca&™Tnl;—47 TnC-4Ca"d cCTnG2C&*f TnC-2Ca&*¢
E/F 93+ 7 82+ 4 100 89+ 6 114+ 4 108
E/G 132+ 7 157+ 7 134 137+ 6 122+ 5 124
E/H 112+ 6 112+ 3 116 110+ 5 114+ 5 122
FIG 127+ 5 120+ 5 122 133+ 6 117+3 126
F/H 41+ 6 59+4 47 36+ 6 42+ 4 33
G/H 115+ 3 87+5 107 107+ 7 122+ 4 111

aUsing residues 95105, 115-124, 131141, and 153158 for helices E-H, respectively (PDB entry 1JC2) Using residues 91103, 112-
120, 128-138, and 148155 for helices EH, respectively (PDB entry 1A2X)34). ¢ Using residues 89105, 115-125, 131142, and 15%+159
for helices E-H, respectively (PDB entry 5TNCYJ. ¢ Using residues 96105, 115-124, 131141, and 153157 for helices EH, respectively
(PDB entry 1TNW) 0). ¢ Using residues 95103, 114-123, 130-138, and 156-156 for helices E-H, respectively (PDB entry 1GGS3(, 31).
fUsing residues 95102, 114-123, 132-139, and 15+157 for helices EH, respectively (PDB entry 3CTNP().
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FicURE 3: Backbone amidé®N NMR relaxation times for CTnC
2C&" (O) at 1.33 mM and CTnC&"-Rp40 () at 0.33 mM
and at a magnetic field strength corresponding ttHalLarmor
frequency of 500 MHz.

to helices A and D (helices E and H in the C-domain), the
BC linker (FG linker in the C-domain), and €abinding
sites | and Il (analogous to sites Il and IV in the C-domain),
which were shown to be the most flexible parts N]-
cNTnC:C&* (38). The average measured backbone relax-
ation parameters are listed in Table 4. Residues whose
internal motions affect their measuref values were
excluded from the calculation of the averages, as determined
using NOE criteria. For example, residues with NOE values
smaller than 0.6 at 500 MHz and smaller than 0.65 at 600
MHz were rejected. For CTn@C&" in the absence of Rp40,
this included residues 896, 98, 115, 124130, 133, 138,
and 159-162, which are located at the N- and C-termini,
the FG linker, and the Ga binding sites. For CTn@C&*-
Rp40, residues 8993, 122, 123, 160, and 162 were
excluded.

Figure 3 indicates that binding of Rp40 perturbs the
dynamics of CTnC by reducing backbone flexibility in the
C&* binding sites and, more strikingly, at the C-terminal
end of helix H, as judged by changes in the overall pattern
of theT;, T,, and NOE values plotted as a function of residue
number. For PN]JcNTnC-C&*+-Rp40 at 0.33 mM, a second
data set was collected at 600 MHz to evaluate the quality of
the data. Figure 4 illustrates different relaxation parameter
ratios per residue for backbone amiti®l relaxation data

that no significant change occurs in the degree of structural collected at 500 and 600 MHz. The statistics for residues

“openness”, or exposure of the hydrophobic patch of GTnC
2C&" upon binding of Rp40.

Backbone Amidé®N Relaxation DataBackbone amide
15N NMR relaxation data for CTn@Ca&" at 500 MHz were

whose relaxation is not significantly affected by internal
motions (NOE® > 0.6 and NOE™ > 0.65) are listed in
Table 4. As expected, the avera@®yT,> ratio (1.24+
0.05) is >1, but the pattern of thd, data is constant

analyzed for 73 of 75 residues. The backbone resonances othroughout the sequence. Figure 4B indicates Th&f and

M8 and M were not observed due to rapid exchange with
water. Partial resonance overlap for residu&sead M5,
E% and K%, and \A2° and K*%in the'H—15N HSQC NMR
spectra restricted the relaxation data analysis for ¥i¢]{
CTnC-2C&*-Rp40 complex to 67 residues at 500 and 600
MHz. The!>N—1Hy backbone amide resonance dfitould
not be assigned in thiH—">N HSQC NMR spectra.

The experimental backbone ami#iN relaxation values
for [*"N]CTnC-2C&" and [*N]CTnC-C&"+Rp40 are shown
in Figure 3. Thely, T,, and NOE values offN]CTnC-2Ca&*"

T,5% are equivalent for the majority of residues. The average
T,509T,5%0 (0.98 + 0.05) is slightly less than 1, consistent
with theoretical predictions that indicate that the contribution
from dipole—dipole relaxation T,pp) should be almost
identical at both fields, whereas chemical shift anisotropy
will contribute more tor, relaxation {2 csa) With increasing
magnetic field strengths. Th/T, ratios from whichr, was
calculated are plotted in Figure 4C. The average ROE
NOE® ratio (1.06+ 0.1) is larger than 1, which is also
consistent with theoretical predictions. Taking into account

show similar patterns in comparison to those of the cardiac the fact that the averad® for structured regions in proteins

isoform [PN]JcNTnC:-Ca&*, where large deviations from

is usually around 0.85 at30 °C, and assuming isotropic

average values are observed at both the N- and C-terminioverall rotational tumbling for a 7.32 kDa protein and.a

(the first and last residues of helices E and H, respectively),

as well as in the FG linker and calcium binding sites 11l and

ranging from 0 to 100 ps, th&#—1,—1. model predicts that
NOEYNOE ranges from 0.98 to 1.03, which is in

IV, to a smaller extent. These regions correspond structurally agreement with the average experimental value.
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Table 4. Experimental Backbone AmideN Relaxation Parameters and Overall Rotational Correlation Timgsat 500 and 600 MHz for

[**N]CTnC in the C&"-Saturated State and Bound to Rp40

[**N]JCTnC-2C&*-Rp40

[15N]JCTnC-2C&*

(1.33 mM) 1.33mM 0.65 mM 0.33 mM
T,5% (ms) 410+ 18 (0.4%) 571+ 31 (0.9%) — 518+ 32 (3.2%)
TA% (ms) 154+ 8 (0.5%) 96+ 4 (1%) - 105+ 5 (2.7%)
NOES00 0.67- 0.03 (0.7%) 0.71 0.03 (3%) - 0.71+ 0.06 (8.4%)
T15% (ms) - 694+ 42 (0.81%) 649t 40 (1.7%) 639+ 38 (1.9%)
T4% (ms) - 90+ 5 (0.88%) 101 5 (1.1%) 103+ 5 (1.9%)
NOES0 - 0.75- 0.03 (2%) 0.76+ 0.04 (4%) 0.75% 0.05 (6.0%)
T,800/T,500 - 1.22+ 0.03 - 1.24+ 0.05
T80T ,500 - 0.94+ 0.03 - 0.98+ 0.05
T, 500/ T,500 - 6.0+ 0.5 - 49404
T,600/T 500 - 7.7+0.7 - 6.3+ 0.6
NOESOYNOES - 1.06+ 0.05 - 1.06+ 0.1
705 (ns) 4.78+0.11 8.52+ 0.24 - 7.56+ 0.22
7% (ns) - 8.25+ 0.26 7.42+0.30 7.32+0.15

2 The numbers in parentheses correspond to the average errors on individlialand NOE values from which the average was calculated.
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FiIGURE 4: Backbone amidé>N NMR relaxation time ratios for
CTnC-2C&"Rp40 ©) at 0.33 mM and at magnetic field strengths
corresponding téH Larmor frequencies of 500 and 600 MHz. In
panel C, thel,/T, ratios are identified by squares at 600 MHz and
by circles at 500 MHz.

140 150 160

Determination of the @erall Rotational Correlation Time
Backbone amidé®N NMR relaxation data were interpreted
using the Lipari-Szabo model-free approachil( 42). From
the normalized values of the principal axes of the inertia
tensor, 1.6/1.07/1.0 for CTneC&" (7) (calculated from the
crystal structure of Tn&@Ca&") and 1.32/1.07/1.0 for CTnC
2C&*"+Rp40 @4) (using coordinates from the crystal structure
of TnC-2C&"-Tnl;—47), the overall rotational tumbling was
initially assumed to be isotropic. The overall macromolecular
correlation time €,) was determined using two different
methods. In the first approach, was determined using an
in-house Mathematica script (P. Mercier) from TheT, ratio

of residues falling within one standard deviation of the mean,

a given threshold (NOE° > 0.6, NOE® > 0.65). This
ensures the elimination of residues whose relaxation is
affected by fast internal motions on the picosecond time
scale. The overall correlation time was determined by
optimizing ay? function given by

N [(TylTa)e — (TulTo)e

x= (10)

07T,

over theN remaining residues. The subscripts e and ¢ denote
experimental values and predicted values, respectively.

In the second approach, individual residues were fit to the
S—1—1e model, including fitting the experimental NOE
values, and whera, was adjusted separately for each
residue. A globalr, was obtained from the average
determined for each residue. Both methods gave identical
results, which are summarized in Table 4.

The global correlation, obtained for CTn@Ca&" in the
absence of Rp40rg = 4.8+ 0.1 ns) is in good agreement
with the expected value§ ~ 4.5 ns) for isotropic tumbling
on the basis of the molecular masg(ns) ~ MW(kDa)/2].
However, since the calculated, (8.52 + 0.24 ns at 500
MHz and 8.25+ 0.26 ns at 600 MHz) for CTn@Ca"-
Rp40 at 1.33 mM was larger than the expected value (6.8
ns) assuming isotropic tumbling, and on the basis of the
molecular mass, the sample was diluted 2-fold twice, and a
full set of *™NTy, *NT,, and{*H} —5N NOE data were acquired
for each dilution. Figure 5 shows the valuergfas a function
of concentration for the CTn@Ca&"-Rp40 complexr,, was
fit to a monomer-dimer equilibrium, giving a dimerization
constant Kgime) Of ~8.3 mM. Thus, the percent dimer is
estimated to be 20% at 1.33 mM, 12% at 0.65 mM, and 7%
at 0.33 mM. The monomerdimer equilibrium occurs in the
fast exchange limit on the NMR time scale; thus, at 0.33
mM, the peak intensities in th&NT, *NT,, and H—5N
HSQC NMR spectra are heavily weighted toward the
monomeric species, and were fit to a single-exponential, two-
parameter decay. The globa) extracted from the experi-
mental backbone amidéN relaxation data thus reflects the
weighted average corresponding to the proportions of
monomer and dimer, and is weighted mostly toward the
MOoNOMericty.

Using criteria established by Tjandra et aB5), the

after removal of residues whose NOE value was lower than rotational diffusion anisotropy of CTn@Ca&"-Rp40 was
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99—

—_—————— of the procedure utilized herein differ slightly from the

] original paper (see Experimental Procedures). For residues
having aP($|R) close to 0 or significantly lower than the
values observed for other residues, the experimental data
were evaluated using a two-time scale model. The use of a
two-time scale model greatly increased #|R) values
for residues 8991, 93, 95, 97, 103, 116, 117, 11921,
123, 124, 126, 131, 133, 138, and 161. T&evalues
¢ determined by independent analysis of the two data sets at
65 0 o T Y 500 and 600 MHz using the standard model-free approach

within the Tensor 2 program, and ti$ values determined

using Bayesian analysis for the combined data, are in
agreement with each other. The results of Bayesian statistical
analysis for extraction o, 7., andRey values for 2 are

85

8

75 L

Apparent 1, (ns)

.

[CTnC] (mM)

FicURe 5: Global rotational correlation time-{) for CTnC-2C&*-
Rp40 as a function of concentration. The curve was fit to a
monomet-dimer equilibrium, yielding a dimerization constant of

8.3 mM. presented in Figure 6.
Protein dimerization is known to result in values $f
Table 5: Rotational Diffusion Anisotropy for CTR@C&"-Rp40 that are larger than the true values. Schurr et al. have shown,
500 MHZA 500 MHz) 600 MHZ2 600 MH? USing Simulated data, that the bestgt\/alues are Closer tO
DD, 1.10+£003 114 116 0.01 116 the!r actual values whgamm is allowed to fI(_)at fpr each
Ec 20+ 1 94.3 04t 2 128 residue, rather than using a global correlation time for the
ESf 0.9440.06 3.8 3.49+ 0.08 0.68 entire protein §7). The fits were shown to be excellent for
Fe 2.7+0.6 3.1 2.5+ 0.3 6.8 pure monomers or dimers, but the best-fit internal motion
aUsing atom coordinates from the ensemble of NMR structures. parameters were judged as being unreliable when the fraction
b Using atom coordinates from the X-ray structure of TAC&*-Tnly_47 of monomer was between 0.9 and 0.2. Given that the
(34. °E, E,, andF are as defined in Table 2 of r&p. proportion of monomer is-0.9 for 0.33 mM CTnG2C&*-

Rp40, and the degree of rotational tumbling anisotropy is
examined using residues not affected by fast picosecond andgmall compared to that in cases investigated by Schurr et
slower millisecond time scale motions. An averdgd ratio al., the 500 and 600 MHz relaxation data sets, as well as the
was first calculated with residues having NOEs>di.6 at data set that is a combination of the two, were fit to the
500 MHz and NOEs of0.65 at 600 MHz. Residues having S$—1—tm model using the protocol recommended by Schurr
a T,/T, ratio outside the range defined by the mearmne et al. 67), wheret, is independently evaluated for each
standard deviation, or located in random-coil secondary residue. TheS values were consistent with the ones
structure elements and tifesheets region, were excluded. determined by the standard protocol where a glohalalue
The analysis was carried out using a program written in houseis used, except for residues needing the two-time scale model
(39) with 25 and 31 residues at 500 and 600 MHz, or Re terms to properly fit the relaxation data. For this
respectively. The degree of anisotropy was calculated with reasonS values obtained using a global are reliable. The
respect to isotropic, axially symmetric, and fully asymmetric < values determined from the Bayesian analysis using the
rotational tumbling models using atomic coordinates derived data set formed by the union of the 500 and 600 MHz data
from the 30 solution structures of CTRECZ"-Rp40 deter-  sets were chosen as final values for CT2Ca&*-Rp40. The
mined herein and the crystal structure of FAC&"-Tnl;_47 combined data set is potentially more reliable because the
(34). The statistics of the analysis are reported in Table 5. fitted parameters are overdetermined. The backbone amide
On the basis of the observation that the degree of anisotropyS values obtained for CTn@C&" in the absence and in
was found to be smalY/Dy ~ 1.1) and that the improve- the presence of Rp40 are presented in panels A and B of
ment iny? was not meaningful according to a statisti€al ~ Figure 7, and the change & for CTnC2C&" on a per
test, the model-free analysis was carried out assumingresidue basis upon Rp40 binding is shown in Figure 7C. The
isotropic rotational tumbling. crystallographicB factors of the backbone nitrogen atoms

Determination of Backbone AmidéN & Values For of TnC in the TnG2C&"-Tnl;_47 (34) complex are also
[N]CTnC:-2C&" in the absence of Rp40, the experimental shown in Figure 7B, for qualitative comparisonSovalues.
relaxation parametersT;, *NT,, and{'H} —*>N NOE) for Intuitively, one might expect a correlation between backbone
each residue were fit to five motional models, using the $ values andB factors, as conformational disorder in the
Lipari—Szabo model-free analysis as implemented in the crystal structure may be indicative of enhanced mobility in
program Tensor 2 (see Experimental Procedui@®) The solution. However, the two parameters are not directly or
changes i between CTn@C&" and CTnG2C&*-Rp40 linearly correlated 8).
are discussed in detail below. Backbone Conformational Entropy Changes upon Peptide

Due to the presence of dimer, the backbone anitle Binding Determined from Changes ii. She free energy
NMR relaxation data for the CTn@C&"-Rp40 complex at  change AG) associated with the binding of a ligand to a
0.33 mM were fit using different methods. The 500 and 600 protein dictates the binding affinity. Changes in both enthalpy
MHz data sets were first fit separately using the program (AH), or structure, and entropAg), or dynamics, contribute
Tensor 2 66), using the model-free approach as described to the energetics of the interaction.
above. To verify the validity of the results, the two data sets  Building on the work of Akke et al.§9), Yang and Kay
were then combined and fit simultaneously using e (70) developed a methodology for correlating changes in
Tm—Te—Rex model using Bayesian analysB9j. The details conformational entropy associated with bond vector fluctua-
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FIGURE 6: (A) Marginal densityP(S|R), as a function of? for residue F'2[(®) calculated values and)(predicted values with a Gaussian
distribution centered & = 0.866 witho = 0.014)]. (B) Surface density plot of the marginal densitySdintegrated oveRey andz, for
residue F12 (the plot was generated wit® set to 0.866). The darker region representand Re values that reproduce the experimental

relaxation parameters with the highest probability.

tions on the nanosecond to picosecond time scale with a two-

state transition. Fron® values determined from backbone
amide 1N NMR relaxation data of CTn@C&", the
contribution of conformational entropy can be calculated

according to
3 1+ 8S,
1 +8

wherek is Boltzmann's constantySy(j) is the entropy change
associated with thgh backboné®N—'Hy vector, ands, and

S are the square root of the Lipatszabo order parameter
for states a (CTnCa&") and b (CTnG2C&"-Rp40),
respectively. The contribution to free energy from changes

AS() _

K (11)

in backbone conformational entropy, on a per residue basis,

was calculated from the changes in backbone artfides
values and is shown in Figure 7D. A value of H#60.7
kcal mol* (—=TAS) at 30°C is obtained by summing the
individual contribution for each residue. At present, it is not

clear if the motion for each residue is independent, and given

that NMR-derivedS values are not sensitive to motions

outside the picosecond to millisecond time scale, or trans-

lational motion, and that separability of these motions is
assumed, the analysis of thermodynamics from NMR relax-
ation data can only be performed in a semiquantitative
manner. For this reason, the value of %@.7 kcal mot*

(—TAS) for the change in backbone conformational entropy

an upper limit. Nevertheless, according to this result, the
binding of Rp40 is entropically unfavorable, as the backbone
of CTnC-2Ca&" “stiffens” upon Rp40 binding. The observa-
tion that the backbone flexibility of CTn@C&" is reduced
upon binding of Rp40 is in agreement with the common
notion that binding should reduce flexibility, perhaps for the
backbone of a protein, but particularly for the side chains
(71). Interestingly, cases have been reported in the literature
where backbone amidéN £ values decrease upon ligand
binding (72), which is counterintuitive {3), but may very
well be a critically important factor in contributing favorably
to ligand binding.

Structure-Based Thermodynamic Calculations for Rp40
Binding to CTnG2C&". The entropic contribution to the
thermodynamics of Rp40 binding to CTHT&" was
estimated from structure-based thermodynamic calculations
using the program STG() (see Experimental Procedures).
The results obtained from the structure-based thermodynamic
calculations using STC (Table 6) indicate that the binding
of Rp40 to CTnG2C&" is entropically favorable. This result
highlights the importance of other entropic factors apart from
changes in conformational entropy that play a role in the
determination of the binding affinity.

The total decrease in accessible surface area for nonpolar
residues AASA,p) upon complex formation is more than
200% greater than the decrease in the accessible surface area
of polar residuesASA), and therefore, solvation entropy

reported here is an approximation, and should be viewed asis the dominant term in eq 12. When Rp40 binds, the total
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$2 (Rp40 bound) 82 (free)

S2 (Rp40 bound-free)

FiIGURE 7: Backbone amid®N £ on a per residue basis for CTnC
2C&" (O) at 1.33 mM (A) and CTne2C&"-Rp40 at 0.33 mM
(B). Changes in% values for CTn@2C&*" observed upon Rp40
binding (C). Contribution to conformational entropy on a per residue
basis (D). The crystallographi&factors @) for the nitrogen atoms

of TnC in the TnG2C&"Tnl;—47 (34) complex are included in
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Table 6

(A) Change in Accessible Surface Area for POIAASAo)
and Nonpolar ResidueAASA,;) upon Rp40 Binding to

CTnC2C&" Used for Structure-Based Thermodynamic Calculations

species AASAL (RY) AASA, (R
Rp40 222 740
CTnC2C&" 513 771
total 735 1511

(B) Structure-Based Thermodynamic Analysis
for Binding of Rp40 to CTn&Ca&*

ACpping (cal molrt K1) 489
AHping (kcal mol?) 4.33
ASying (cal molt K1) 42
AS;o (cal molt K1) 144
ASq (cal moirt K1) -8
ASson (cal molt K1) —-94
ASy—ex (cal mort K1) —47
ASy-y (cal molt K1) -15
ASy, (cal molrt K1) —32
—TASying (kcal mof?) —12.68
AGying (kcal mol™) —8.35
Ka (MM™1) 1.05
Ka (uM) 0.95
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reduction in the size of the hydrophobic patch of CTnC
2C&" that is formed by the core residues of CTAC&".

The hydrophobic patch of CTneC&* forms the hinding
interface for Rp40. The positive gain in entropy achieved
by burying hydrophobic residues upon complex formation
(ASso = 144 cal mot! K—1) compensates, in large part, for
the cost associated with a decrease in backbone flexibility
(AS, = —31.94 2.3 cal mott K1 for CTnC:2C&* upon
Rp40 binding from backbone amid relaxation data) and
the burial of side chainsAS,-ex = —47 cal mot* K™1).

The structure-based thermodynamic calculations were carried
out with coordinates for Trlsz in the free state taken from
the crystal structure. This yields a dissociation constant of
0.95 uM. This value is close to the value determined by
following chemical shift changes of the backbone aniidie

N resonances of CTn@Ca" upon titration with Rp40
peptide (2+ 1 uM) (22). If the last seven residues of Rp40
do not indeed contribute significantly to the binding of Rp40,
the agreement between the two results suggests that the
structure of Rp40 does not change considerably upon binding.

Interestingly, structure-based thermodynamic calculations
performed without considering the contribution of backbone
and side chain conformational entropy lead to a binding
constant of 2x 10°° uM, which is unrealistically tight
binding, thus emphasizing the importance of including the
contribution of conformational entropy when performing
structure-based thermodynamic calculations for high-affinity
protein—ligand complexes. In light of the extent of the
decrease in flexibility for the backbone of CTBC&* upon
binding to Rp40, and its importance in the calculation of
thermodynamic parameters, it is likely that conformational
entropy changes for the peptide backbone upon complex
formation with CTnG2Ca&" also play an important role. A
decrease in Tnlss backbone flexibility upon binding to
CTnC2C&* would contribute to an increase in the value
of the dissociation constant (0.28/).

DISCUSSION

The general role of TnC in regulating muscle contraction
is now quite well understoodl{6). However, no high-
resolution structures of TnC with Tnl and/or TnT are
available, and the specific interactions occurring between
members of the troponin complex during different stages of
muscle contraction still need to be elucidated. In the past
few years, we have successfully determined the solution
structures of TnC in various states, and in complex with
different peptides of Tnl, for both the skeletal and cardiac
isoforms 9, 10, 25, 28, 48, 49). These studies, coupled with
backbone and side chain NMR relaxation d&@ 89), have
provided insight into the mechanism and energetics éf Ca
and peptide binding to TnC. The collective efforts of different
research groups have allowed for the construction of different
models for the interactions between different components

a Positive values indicate a decrease in accessible surface area upo@f the TnFTNC-TnT ternary complex2l, 74, 75).
complex formation.

hydrophobic surface area of CTHRRC&" decreases by 771
A2, from 3053 to 2282 A Since the structure of CTnC
2C&" in the CTnG2Ca"-Rp40 complex is similar to the
structure of unbound CTn@C&*, most of the diminution

The Ca&*-binding sites of the C-domain of TnC are
believed to always be occupied by either¥gr C&" under
physiological conditions. Due to the high affinity of €a
for the ion binding sites of the C-domain of TnC, this domain
is believed to assume a structural role within intact muscle.
On the other hand, the N-terminal domain of TnC does not

in accessible nonpolar surface area can be attributed to a&ind metal ions in the resting state of intact muscle. In
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addition, association of C& with the N-terminal C# - complex and the intact ternary complex (TiC-TnT) have
specific regulatory sites of TnC is thought to give rise to led to important conclusions that support a structural role
conformational changes within TnC that essentially consti- for the N-terminal region of Tnl rather than a functional role
tutes the molecular switch that initiates muscle contraction. (75, 77). The distance between residue 6 of Tnl and residue
Classification of the roles for the C- and N-terminal domains 89 of TnC was shown to be €aindependent, which is not
as structural and regulatory, respectively, may not reflect the consistent with a regulatory mechanism involving movement
genuine physiological roles of the two domains of TnC of Rp40 in and out of the hydrophobic patch of CFACZ".
within intact muscle. Functional studies by the Hodges group |, this paper, we present the solution structure of CTnC
have indicated that CTnC may participate to some extentin ,c+ hound to Rp40 and examine changes induced in
the regulation of muscle contraction by interacting with hackphone dynamics of CTREC&* upon Rp40 binding. The
different regions of Tnl in the resting and contracted states gperimposition of the 30 lowest total energy structures
(21). Following C&" binding to NTnC, the inhibitory Tnl  yetermined by NMR, presented in Figure 1A, shows that
peptide, Tnds—1.5 is believed to switch binding partners, e sirycture is well-defined from residue 94 to 160, with
from actin to TnC, thus removing the steric block on actin, somewhat increased rmsds from the average backbone atom
and allowing for myosin binding and completion of the  ssitions for the two C&-binding loops. As shown in Figure
power stroke. 2A, the smaller number of distance restraints per residue for
A key component of the inhibitory mechanism of contrac- regions close to the Gabinding loops is likely to be
tion is arguably the binding location and structure of responsible for increased rmsd values in these regions, rather
Tnlgs-115 A study involving*H chemical shift perturbations  than increased backbone flexibility in comparison to the rest
by NMR led to the proposal that Tink-115 forms a short  of the protein (see Figure 7B). The linker region is relatively
helix, distorted around two central proline residues, and well-defined compared to regions of secondary structure for
interacts with the hydrophobic patch on CT2C&" (76). CTnC-2C&* bound to Rp40. As shown in Figure 1B, the
The CTnC2C& "+ Tnlios-115 complex was subsequently mod-  average structure calculated from a family of 30 structures
eled with the short Tnl peptide anchored in the hydrophobic (Figure 1A) is similar to that for the crystal structure of
pocket of TnC 18). A more recent study using both NMR  TnC-2C&*-Tnl;47. As reported in Table 3, both the structure
and CD spectroscopic data by Trewella et al. indicates thatof CTnCG-2C&*+Rp40 determined herein and the structure
Tnlios-115 adopts an extended conformation when bound to of TnC-2C&*-Tnl;—4; determined by X-ray crystallography
TnC @3). show a similar degree of openness, interpreted in terms of
Recently, it has been demonstrated that while; Ens; interhelical angles between helices within CTnC. Helices E
is bound to NTnC, Tnk-115 can displace the Rp40 peptide and F are slightly more closed in comparison to those in the
from Tnl when it is bound to CTn@C&" in intact TnC  solution structure of Tn@Ca&* determined by NMR ),
(21). This result somewhat contradicts a previous study by but show similar interhelical angles with respect to the
the same research group, which shows that Rp40 can prevengtructure of TnG2C&" determined by X-ray crystallography
intact Tnl binding to intact TnC3g). It was proposed that (7). Whereas a slight opening of CTnC was observed in the
Tnly16-131 modulates Trg-115 binding to TnC and that it ~ cardiac isoform of the CTnQC&"-Tnlss-g complex with
might contribute to displacement of Rp40 from TnC. On the respect to CTn€Ca&" (30, 31), there is no significant
basis of this hypothesis, the authors proposed that thechange in the degree of structural openness for the skeletal
hydrophobic patch of CTnC alternately binds gglis in isoform of CTnG2C&*" upon Rp40 binding reported herein.

the presence of Céa-saturated NTnC, and the N-terminal  The structure and sites of interaction of Rp40 bound to
region of Tnl (Rp40) under conditions of low €aconcen-  CTnG2C&* could not be determined in this study. Attempts
trations. However, more recent studies question this modelto obtain'H chemical shift assignments for the bound peptide
for the Tn=TnC interaction, as described in detail in the through the use of 2B¥C- and*N-filtered experiments were
following discussion. First, in a previous pape?), we unrewarding, primarily due to the fact that the peptide
showed that in the absence of NTnC and il@hs, the  resonances were overlapping. However, the unassitied
binding affinity of Rp40 for TnC was-24 times larger than  chemical shifts 78, 79) are indicative of ana-helical
that of Tnbe-115 (Ka-rpao = 2 = 1 M, Kg-nige ;s = 47 £ structure for Rp40 in the complex, in agreement with X-ray
7 uM). By following chemical shift changes withHH—""N structural studies3d). Moreover, the residues for which NOE
HSQC NMR spectroscopy, we have also suggested that thepeaks observed in the simultaneous SD/5N NOESY-
peptides share common binding sites on TnC. However, theHSQC experiment that did not have the expected sym-
changes in backbone amitie—**N chemical shifts induced  metrical cross-peak and therefore expected to be NOEs
by Tnles-115 binding did not indicate that the peptide is bound  petween protein and peptide also correspond to residues that
within the hydrophobic patch of Tn@8) but, rather, binds  are in proximity to the peptide in the crystal structure of
across the top of one end of the hydrophobic patch. On theTnc.2C&+-Tnl;_4; (34). Figure 8 shows strip plots for
other hand, the location of Rp40 deduced from backbone residue 194 from TnC taken from the simultaneous 36/
amide'H—""N chemical shift mapping matches perfectly the 15\ NOESY-HSQC experiment % is within 2 A of 47
binding site of Tn-4; as determined by X-ray diffraction  gifferent peptide protons in the X-ray structure, and is
(34). Our results also clearly demonstrate that Rp40 preventstherefore a key residue in terms of the number of contacts
Tnles-115 from binding to CTnG2Ca&" and completely  \jith the target protein TnC [the analogous residue from
displaces Trg-115 from CTnG2Ca". rabbit TnC is 1°! which is used for the crystal structure
Fluorescence resonance energy transfer and chemicatletermination §4)]. For CTnC, F4is also the residue for
photo-cross-linking studies with the FANC intact binary ~ which the largest number 8H—'H contacts to Rp40 could
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FIGURE 8: Strip plots taken at side chalfC chemical shifts for residué® [(A) 13C,, (B) 13Cs, (C) 13C,, and (D and E}*Cy; ;] from the
13C part of the simultaneous 3BC/*SN NOESY-HSQC spectrum. Asterisks denote cross-peaks lacking symmetry-related cross-peaks, and
therefore are likely to be NOE contacts between CREZ* and Rp40.

be observed by NMR in this study, followed by residues cardiac-specific Tnl 33-residue N-terminal extensi8g)(
T'25and W81 from TnC. Residue ¥5, corresponding to*%? This might be the result of a difference in the affinities of
in rabbit TnC, is not a key residue involved in the binding binding to their corresponding CTnC isoforms between the
of Tnl;—47 to TnC, as judged by number of proton contacts cardiac Tnl peptide and the skeletal Tnl peptide, and could
observed between this residue and TnC in the crystal also indicate slight differences in CTnC residues between
structure. The side chain of 1% of TnC participates in  the two isoforms that make contact with their respective Tnl
several hydrophobic contacts, and this has implications for peptides.

changes in the flexibility for the C-terminal helix H. The contribution of pico- to nanosecond time scale
Backbone amidé®N relaxation measurements indicate backbone amidéN—H bond vector motions to conforma-

concentration-dependent dimerization for the CT2(Cz2*- tional entropy, as derived from NMR relaxation data,

Rp40 complex in solution. Unlike NTn@C&* that tends ~ indicates that binding of Rp40 to CTREC&® is an

to self-associate at millimolar concentratior@), CTnG entropically unfavorable event. However, approximation of

2Ca&" is not known to self-associate in solution. Interestingly, other entropic factors (such as solvation entropy) with

the structure of calmodulin in complex with the peptide Structure-based thermodynamic calculations using the pro-
GAD, [CAM+(GAD,),] has been recently reportedilj. The gram S‘I_'C |nd_|c_ates that the overall change in entropy upon
complex was shown to dimerize via GARNd possessed a .b|nd|n.g.|s positive and overcomes the enthalpy term, which
2-fold symmetry axis, with two GAppeptide units forming is positive and unfavorable. Thus, structure-based thermo-
a cross. Like the peptide-induced dimerization observed for dynamic calculations indicate that the binding reaction is

calmodulin, we propose that Rp40 may be responsible for driven by a large positive increase in solvation entropy, as

the observed dimerization of the CTrRC&"+Rp40 com- hydrophobic side chains are buried upon complex formation.
plex, possibly via helixhelix interactions of Rp40 with ~ The large decrease in accessible hydrophobic surface area
itself. While the structural determination of CTHC " in for nonpolar residues appears to be a critical factor determin-
the CTnG2C&"+Rp40 complex was performed at a con- Ing the thermodynamics governing binding of Rp40 to
centration that would include 20% dimer, thé—H NOE ~ CTnC2C&", at least when estimating thermodynamic
data do not indicate the presence of a dimeric form. parameters from structure. The large increase in solvent

entropy is responsible, in part, for overcoming the entropic
penalty associated with a reduction in the flexibility for the

backbone of CTn€2C&" (measured here using backbone

amide >N NMR relaxation measurements), and potential

decreases in flexibility for the protein and peptide side chains
upon formation of the CTn@QC&"-Rp40 complex.

The binding of Rp40 to CTn@C&" results in a decrease
in flexibility for CTnC, particularly at the C-terminal end of
helix H, where the largest changes $ (see Figure 7C)
and backbone amidéH—'N chemical shifts 22) are
observed. The tight binding of Rp40 to CTBC&"
contributes to a reduction in the amount of conformational
space that is sampled by the extreme C-terminal end of \ckNOWLEDGMENT
CTnC-2C&". The flexibility of the linker between helices
F and G is also reduced, and this was also observed in a We are indebted to David Corson for preparation of the
study with the corresponding cardiac complex [cCTnC CTnC protein and Gerry McQuaid for maintenance of the
2C&*-Tnls3-g0 (30, 31)]. However, with the cardiac isoform,  spectrometers. We thank Professor Lewis E. Kay for gener-
the flexibility at the C-terminal end of cCTnC was not ously providing pulse sequences. We acknowledge Dr. John
affected by the binding of N-terminal Tnl peptides (J9ko Bagu and Robert Boyko for their help with updating the STC
and Tnl-go) in the absence3Q, 31) and presence of the program. We thank Dr. Ryan McKay for careful reading of
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NOTE ADDED AFTER ASAP POSTING

This article was inadvertently released ASAP on 8/01/01
before final corrections were made. Changes to the HNHB
nuclei in Table 1 and the units fét, in Table 6B were made.
The correct version was posted 8/21/01.
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