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ABSTRACT. The structure of the calcium-saturated regulatory domain of skeletal troponin C (sNTnC)
complexed with the switch peptide comprising residues-11tEL of troponin | (Tnl), and with a bifunctional
rhodamine fluorescent label attached to residues 56 (E56C) and 63 (E63C) on the C helix of SNTnC, has
been determined using nuclear magnetic resonance (NMR) spectroscopy. The structure shows that the
integrity of the C helix is not altered by the E(56,63)C mutations or by the presence of the bifunctional
rhodamine and that the label does not interact with the hydrophobic cleft of SNTnC. Moreover, the overall
fold of the protein and the position of the Tnl peptide are similar to those observed previously with
related cardiac NTnC complexes with residues-1283 of cardiac Tnl [Li et al. (1999Biochemistry 38
8289-8298] and including the drug bepridil [Wang et al. (2002Biol. Chem?277, 31124-31133]. The

degree of opening of the structure is reduced as compared to that of calcium-saturated sSNTnC in the
absence of the switch peptide [Gageteal. (1995)Nat. Struct. Biol. 2784—789]. The switch peptide is

bound in a shallow and complementary hydrophobic surface cleft largely defined by helices A and B and
also has key ionic interactions with sSNTnC. These results show that bifunctional rhodamine probes can
be attached to surface helices via suitable pairs of solvent-accessible residues that have been mutated to
cysteines, without altering the conformation of the labeled domain. A set of such probes can be used to
determine the orientation and motion of the target domain in the cellular environment [Corrie et al. (1999)
Nature 400 425-430; Ferguson et al. (2008jJol. Cell 11(4), in press].

Regulation of contraction in skeletal and cardiac muscle helix EF hand motifs (designated | and Il in the N-domain,
involves a series of protein conformational changes and Ill and IV in the C-domain) typically found in Ca-binding
protein—protein interactions that follow intracellular calcium proteins. In the skeletal isoform of TnC (sTnC) each domain
release from the sarcoplasmic reticulum. Troponin C (TnC) binds two calcium ions, whereas in the cardiac isoform
is the protein of the troponin complex that binds the released (cTnC) the N-domain has a defunct site and only binds a
calcium. The other two components, Tnl and TnT, contribute single calcium. Crystal and solution structures of skeletal
to the regulation of muscle contraction by sterically blocking TnC in the apo and calcium-saturated states have revealed
and weakening myosin head binding sites on actin in the large modifications in interhelical angles upon calcium
absence of calcium and by stabilizing the binding of the binding for both domainsl(), which result in the exposure
whole troponin complex to actin (for reviews see r&fsh).

TnC is composed of two Cébinding domains (desig- ! Abbreviations: TnC, troponin C; sNTnC, N-domain (residues
nated N and C for the N- and C-domains, respectively) joined 1-90) of chicken skeletal TnC; cNTnC, N-domain of chicken cardiac
by a linker —9). Each domain consists of two hefixoop— TnC; sCTnC, C-domain of chicken skeletal TnC; Tnl, troponin I; TnT,

troponin T; Rp40, N-terminal synthetic peptide (residuesA@) of
rabbit Tnl; Tnhis-131, Synthetic switch peptide (residues HB31) of
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of hydrophobic surface clefts that are important sites of
interaction with different portions of Tnl1(l—15). The
C-domain of TnC (CTnC) is normally thought to play a
structural role as it is occupied by calcium or magnesium
under all physiological conditions. In contrast, the N-domain
of TnC (NTnC) plays a major regulatory role as occupancy
of the C&"-binding site(s) varies over the physiological range
of Ca* concentration.

Interactions between TnC, Tnl, and TnT are central to

Mercier et al.

NMR and X-ray crystallographic studies on isolated
components or partial complexes of troponin have brought
insights into its general structural organization but may reveal
only part of the role of troponin, as important interactions
might be missing. Neutron scattering and electron micro-
scopic studies have probed the structure of TnC as part of
larger complexes, enhancing our understanding of muscle
regulation at a higher level of molecular organization. For
instance, electron microscopy studies on reconstituted thin

understanding the regulation of muscular contraction. As yet, filaments have brought direct evidence for the location of
there is no high-resolution structure of the Tfi@leTNT tropomyosin and troponin on actiB%—37), but the orienta-
complex, although it has been studied by neutron diffraction tion of TnC relative to the actin fiber axis has yet to be
methods {6—18), and a preliminary X-ray structure of TnC  determined.

complexed with peptides of Tnl and TnT has been presented Techniques based on fluorescence polarization have
(19). Several groups have relied on binary complexes of TnC been developed to investigate the orientation and motions
with different fragments of Tnl to identify the TnC binding of proteins in their cellular environmen8§, 39), and we
sites and evaluate binding affinities. Three distinct regions have applied these methods to study how TnC is orientated
of Tnl have been particularly studied: the N-termin@4, ( in skeletal muscle and how domains of TnC respond to
14, 20, 21), the inhibitory region 20, 22—24), and the switch changes in the physiological staté(Q). In that study, a
region (2, 25 26). A peptide comprising the first 40  bifunctional rhodamine (BR) probe (see Figure 5) was
N-terminal residues of Tnl (Rp40) binds strongk(< 1 covalently attached to several mutants of TnC, each contain-
uM) to the hydrophobic pocket of CTnC2Q). Much ing a pair of cysteines that are seven residues apart @n an
consideration has been given to the inhibitory region of Tnl helix and with their5-carbon atoms in solvent-exposed
(residues 96'115; Tnk) since it was first identified by Syska  positions. The BR-labeled ThC mutants were each exchanged
et al. 7), as it contains the shortest Tnl portion required into permeabilized skinned muscle fibers, and analysis of
for inhibition of actomyosin ATPase activity. It was proposed their fluorescence polarization permitted determination of the
that Tnk was bound to the hydrophobic pocket of CTnC, angle of individuak: helices of TnC with respect to a cellular
sharing similar binding sites and competing with Rp26, ( reference frame, in that case the actin filament axis. When
28). However, recent studies have shown that Rp40 domi- data from several probes are combined the information
nates the interaction and likely remains bound to the content is greater, leading to a more complete description
C-domain in a C&-independent fashior2(, 29, 30). The of protein domain orientations within the cellular reference
structure of Tnd bound to the C-domain has been determined frame.

(D. A. Lindhout and B. D. Sykes, unpublished results). The  The present study contributes in two ways to the above
switch peptide, Tnhs 13, was shown to enhance the binding approach. First, the in situ studies require atomic resolution
affinity of Tnlpto TnC in a C&"-dependent matte6) and structures determined in vitro, which can then be orientated
was proposed to bind to the hydrophobic pocket of NTnC, within the cellular reference frame using the fluorescence
which was later corroborated using NMR chemical shift polarization data. We here determined by NMR spectroscopy
mapping 26). The switch peptide has been modeled as an the structure of a mutant SNTnC labeled with bifunctional

a helix bound to the hydrophobic pocket of NTnC, which
positioned Tnd in the vicinity of the linker between the C-
and the N-domains of TnQ4). The switch peptide has also
been modeled as am helix anchored to the hydrophobic
groove of NTnC, with Trd as ag-hairpin 31).

NMR studies of cardiac TnC and Tnl have given structural
insight into the distinctive kinetics and thermodynamics of

rhodamine in a complex with Gaions and the Tnl switch
peptide. In this work, BR was{C]labeled in its two methyl
groups for NMR distance and dynamic measurements. A
benefit of this structure, the first that contains the switch
peptide, is that it allowed Ferguson et a0 to orient the
peptide as well as TnC in the cellular frame. It is also
important to know whether introduction of the BR probe

mechanisms responsible for activation of cardiac relative to perturbs the protein structure. The incorporation of fluores-

skeletal muscle 32, 33). Unlike sNTnC, conformational
opening of ctNTnC does not occur upon calcium bindigdg) (
but rather follows binding of the switch peptide (residues
147-163 for the cardiac isoform). Residues 15156 of the
cardiac switch peptide adopt a helical conformation in the
NMR structure of cNTn@Ca& " eTnlys7-163 (12), while resi-
dues 147149, although in contact with the protein, do not
have well-defined secondary structure, and residues-157

cent probes on biomolecules is very common, but their
effects on the tertiary structure of their hosts are rarely
assessed. One way to study this is through cellular functional
assays. In the case of TnC, the ability of the BR-labeled TnC
mutants to mimic the muscle relaxatieactivation response

to C&* was verified £0). The present more direct approach
reveals the structure of SNTnC with the BR-probe attached.
It also addresses the question of whether the attachment of

163 appear disordered because of a lack of intramolecularthe probe alters the protein globally or in the vicinity of the

NOEs for this region. Several hydrophobic interactions
involving Tnl residues 1148, M153, M154, L157, and L158
stabilize the switch peptide in the hydrophobic pocket of
cNTnC. The dissociation constant of the cardiac switch
peptide (154+ 10 uM) was 6 times weaker than that of the
skeletal isoform (24t 4 uM), highlighting differences in
the regulation of cardiac muscle.

label and whether the rhodamine label makes interactions
with the protein, specifically with the hydrophobic region
exposed upon calcium binding. We call the structure
SNTNG2C&*teTnly15-1310BRss—63 Since it contains the N-
domain of skeletal TnC, two Gaions, the switch peptide

of Tnl, and the BR probe attached to cysteine residues 56
and 63 (mutated from E56 and E63).
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EXPERIMENTAL PROCEDURES spectrometry showed that labeled sNTnC typically had
~95% enrichment of3C and®N.
[*3C]Bifunctional Rhodamine Labeling of Mutant SNTnC.

T . _ A total of 60 mg of sSNTnC was gel filtered (2.5 mL of
added in five portions to a suspension of NaH (1.675 g, 41.9 maximum sample volume per PD-10 column, Amersham

mmol) (60% dispersion in mingral oil) in dry_DMF (53 mL) Biosciences) into labeling buffer containing 25 mM Tris/
under nitrogen at 20C. The mixture was stirred for 0.5 h HCI, 100 mM NaCl, 1 mM MgCl, pH 7.4. The eluted

and cooled to 10C. [**C]lodomethane (5.0 g, 35.2 mmol; : ;

S . ’ ' sNTnC was diluted to 1 mg/mL (10BM) and incubated
G(;)dssdsdmentlﬂc, ESSE)E'SUK_) ||j”?ry [)|th (13.7 rr?IL) Wgst with 105uM tris(carboxyethyl)phosphine for 30 min on ice
added dropwise over min. the solution was allowed 10 v, voqyce disulfides formed during storag®Cp]Bisiodo-

ng(;m dto roofm”tempedrature and stirred for %SNh.I}iN ate(rjwils acetamidorhodamine was added to a final concentration of
a | f. careiully to ::'séroy dany unreactte an, an E efZOO/tM from an 18 mM stock solution in DMF, and the
solution was evaporated under vacuum 1o remove most of o 5 +jon mixture was incubated in the dark at°ZD The

the DMF. The syrupy residue was partitioned between ethercourse of the reaction was monitored by analytical reverse

and water, and the ether extract was washed Wil NaOH, phase HPLC (C18 Hichrom VYDAC column, #218TP54,

H0 (x3),dand _brir;e, ered 0\{39(; anh%/dlijous 484, ;nd guard column #218GCC54) with a linear gradient of 60%
evaporated to give 3-methoty{**Cjmethylbenzenesulfona- solvent A (HO/0.1% TFA) and 40% solvent B (acetonitrile/

mide_ as a solid (9.33 g, 95'7%. yield) tha.‘t was suital:_)le for 0.1% TFA) to 40% solvent A and 60% solvent B over 20
use in the subsequent synthesis as previously described fOT’nin. Protein elution was monitored by absorbance at 215

the nonisotopic rhodaminel{). The'H NMR spectrum of nm and rhodamine fluorescende,(549 NM Aem >580
X C ” ) ) , Aem nm).
the final ['*C;]bisiodoacetamidorhodamine was identical to SNTNC in which both cysteines had reacted with one

that of the unlabeled compound except that M}methyl bisiodoacetamidorhodamine (the desired product) eluted at
signal appeared as a doublat, 137'5. Hz, and the s_|gnal 51% solvent B, coincident with unreacted sNTnC (reduced
atd 3.54 for the methylene groups adjacent to the nitrogens form). sNTnC labeled with two rhodamines and unreacted
b(_aaring the isotqpic m_ethyls was perturbed from the clean SNTNnC (oxidized form) eluted at 50.5 and 53.5% solvent B,
triplet of the nonisotopic compound on account of a small respectively, although the latter was not usually detected
3-bond coupl{ng. ] during labeling. These assignments were made retrospec-
Mutagenesis of NTnClhe expression vector (Pet3a) for  tjyely after mass spectrometric analysis of individual frac-
chicken skeletal NTnC was kindly provided by Dr. L. B.  tjons. In preparative runs, the absorptidiuorescence ratio
Smillie (University of Alberta, Canada). A dquble cy.stelne of the peak at 51% solvent B stabilized after 40 min, and
mutant of sSNTnC (ES6C, E63C) was obtained using the he reaction was quenched by addition of sodium 2-mercap-
QuikChange site-directed mutagenesis kit (Stratagene Eu-gethanesulfonate to a final concentration of 3.3 mM. 2.5
rope) and expressed ischerichia coliBL21 DE3 cells. mL aliquots of the quenched reaction were filtered through
The entire gene was sequenced (Oswel, Southampton, UK)pp-10 columns into FPLC buffer (10 mM K phosphate, 1
The expression of SNTnC was carried out overnight in mM MgCl,, pH 7.5) to remove any rhodamine not com-
minimal medium at 35C. The medium consisted of M9 plexed with SNTnC. The protein (typically at 0.4 mg/mL)
salts as described by Maniatis et a2 with (NH4).SOs was purified in 12 mg batches on a 16/10 Mono-Q ion
replacing NHCI. Each 1 L ofmedium at pH 7.5 contained  exchange column (168 10 mm, Amersham Biosciences).
6 g of NaHPQ;, 3 g of KH,PQy, 0.5 g of NaCl, ad 2 g of The protein was eluted with a linear 0:28.35 M NacCl
[**N](NH.)2SQ, to which was added 2 mL of mineral mixture  gradient at 4 mL/min at £4C. Fractions were assayed for
(1 M MgSQ;, 0.1 mM FeC4, and 12.5 mM ZnSg), 1 mL purity by analytical HPLC (as described above). Fractions
of 100 mM CaC}4, and 1 mL of vitamin mixture (0.1 mg/  containing pure SNTnéBRss_s3 were pooled and dialyzed
100 mL each of biotin, choline chloride, folic acid, niaci- against 10 mM KCI, 0.42 mM Cag(2 x 5 L each for 2 h,
namide,p-pantothenic acid, and pyridoxal chloride, 0.5 g then 1x 5 L overnight, all at £C). The contents of the bag
of thiamine, and 0.01 g/100 mL riboflavin, all in,8). [**C]- were then concentrated to 10 mL by ultrafiltration, and the
Glucose (3 g) dissolved in 20 mL of @ was added with  protein was analyzed by electrospray mass spectrometry. The
ampicillin (100 mg/L). [*N](NH4),SO, (98.0 atom %) and 10 mL solution of protein (typical yield 12 mg) was
[U-**C]glucose (99.0 atom %) were purchased from Goss subsequently freeze-dried and stored-&0 °C. A small
Scientific, Essex, UK. amount of protein was solubilized in,8 and reanalyzed
Preparation of SNTnCThe mutant sSNTnC was purified by mass spectrometry to check that the freeze-drying process
from 4 L of bacterial lysate on a 100 mL Q-Sepharose fast- had not caused methionine oxidation of the protein. Protein
flow (Amersham Biosciences) ion exchange column with a concentration was measured using an extinction coefficient
linear 0-400 mM KCI gradientm 6 M urea, 25 mM Tris/  for the rhodamine of 52 000 M cm™* at 528 nm 41). The
HCI, 1 mM MgCl, pH 7.5, in a total volume of 1 L. SNTnC  stoichiometry and specificity of labeling cysteines with
typically eluted at 250 mM KCI. Fractions were analyzed bisiodoacetamidorhodamine were confirmed by a combina-
for purity by 12% acrylamide SDSPAGE. Pure fractions  tion of HPLC, tryptic digestion, and electrospray mass
were pooled, concentrated by ultrafiltration (YM3 membrane, spectrometry. SNTnéBRss—s3 had the expected molecular
Amicon), and dialyzed into 10 mM Tris/HCI, 100 mM NaCl, weight &2 Da) (i.e., the calculated difference in molecular
1 mM MgCl, pH 7.5 (2x 5 L each for 2 h, then X 5 L weight between unlabeled®C/*N]JsNTnC and that com-
overnight, all at 4°C). The dialysis bag was placed on a plexed with bifunctional rhodamine). The sNTéERs6 63
bed of solid sucrose and sNTnC (yield-580 mg) concen-  conjugate was purified t& 90% homogeneity. Cross-linking
trated to a final concentration of #20 mg/mL. Mass of protein cysteines with bisiodoacetamidorhodamine pro-

Synthesis of fC;]Bisiodoacetamidorhodaminég-Meth-
oxybenzenesulfonamidet?) (11.01 g, 41.88 mmol) was
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Table 1: NMR Experiments Conducted for Chemical Shift Assignment and NOE-Based Distance Restraints

experiment nucléi H ntt xpt€ ypts zpts xsw ysw zsw mixd ref
IN—-HSQC 1H,15N 800 8 1344 256 12000 2320 62, 63
HCC-TOCSY IH,H,'>N 500 32 816 188 64 6800 3200 1450
HCCH-TOCSY 1H,1H,1%C 500 16 870 264 72 6800 3200 3600 64
CBCA(CO)NNH IH,5°C 15N 600 64 1042 96 64 8150 9175 1680 62
HNCACB 1H,13C 15N 600 64 1044 80 78 8150 9180 1680 62
IN-NOESY-HSQC IH,H,>N 600 24 998 256 64 7880 6718 1680 5065
3-D 13C/*5N-edited NOESY 1H,1H,13C/*5N 800 16 1408 284 70 12000 9118 6000 10066
2-D 15N/*3C-filtered DIPSf IHN/A2C)HH(NA?C) 600 64 2250 1536 7500 5500 67
2-D 5N/23C-filtered NOESY IH(MN/2C) IH(UN/2C) 600 64 2250 1536 7500 5500 50 67
3-D BC/*5N-filtered/edited NOESY *H(**N/*?C)H,=C 600 32 800 240 60 8000 4900 3600 7568
3-D 3Me-*Me specific NOESY 1H,18C 1°C 800 32 896 120 64 9000 2700 2700 100

aThe nucleus acquired in each dimension (€1g,°N indicates protorx, nitrogeny). ® The number of transients acquired for each FiDhe
number of complex pointsfy,z-pts) and sweep width (sw) in each respective dimensias the directly detected dimensiorf)Mixing times are
given in milliseconds® The sequence was modified in-house (Dr. L. Spyracopoulos).

duces diastereoisomers because of the restricted rotation oprotons of Phe residues of SNTnC were unassigned, and the
the carboxy-substituted phenyl ring about the single bond g methylene protons as well as the methyl groups were not

joining it to the three coplanar rings that comprise the
fluorophore 88). Diastereoisomers were only partially

stereospecifically assigned. The 2I/*3C-filtered DIPSI
and NOESY experiments did not allow for the assignment

separated by preparative Mono-Q chromatography, so proteinof Tnl resonances for residues 127 and 4281 because

solutions for NMR spectroscopy contained a mixture of
diastereoisomers.

NMR Sample PreparationA portion of the freeze-
dried protein that contained-6 mg of [FC/AN]sNTnGs
2Ca&*eBRss-63 Was dissolved in 508L of NMR buffer (first

of line broadening as a result of chemical exchange and poor
chemical shift dispersion for the peptide resonances. All
NMR spectra were acquired at 3G on Varian INOVA 500,
Unity 600 or INOVA 800 MHz spectrometers (see Table 1)
equipped with 5 mm triple resonance probes aaxis pulsed

treated with Chelex 100 to remove metal contaminants) field gradients for the 500 and 600 MHz instruments and

containing 10 mM imidazole, 1.3% Nahh 90% H,0/10%
D,O. A total of 4.43 mg of the Tnls-131 peptide [Ac-
RMSADAMLKALLGSKHK-NH ,, synthesized and purified
as described previousl2%)] was then added directly to the
solution, after which the pH was adjusted to 6.8 using 1 M
HCI. The sNTnC/Trnj;5-13; ratio was approximately 1:3.3

triple-axis gradients for the 800 MHz spectrometer. All
experimental FIDs were processed using the program NMR-
pipe @3) and analyzed with NMRView 5.0.44). Generally,
linear prediction up to half the number of experimental points
was used in indirect dimensions. Data were then zero-filled
to twice the number of acquired plus predicted points and

assuming from previous experience that 60 and 80% of typically multiplied by a sine-bell apodization function

weighed amounts were the mutant protein and peptide,
respectively. This sample gave a poor signal/noise ratio in

different 3-D experiments. An additional 1.9 mg of Tnl
peptide was added to the solution to minimize dimerization
of the complex via the hydrophobic pocket of sNTnC.
Individual *>N backboneT, relaxation times on a per residue

shifted by 60 or 90 before Fourier transformation.

Structure Determination, Distance and Torsion Angle
Restraints All structures were generated using the program
CNS 1.1 ¢5 with a simulated annealing protocol using
torsion angle dynamics for the initial high temperature and
cooling steps and Cartesian dynamics for a second cooling

basis did not significantly increase, suggesting that the proteinstep, unless otherwise stated.
was already saturated with the peptide. The pH of the sample (A) sSNTnCProton-proton distance restraints were derived
dropped to 6.5 and was not readjusted. To investigate thefrom measured peak intensities in the 34N NOESY—

effect of salt concentration, the sample was first diluted by
a factor of 2 with a solution containing 80%@, 20% DO,
and 4 mM CaCl and reconcentrated using Centricon tubes
(MW cutoff = 3 kDa) to lower the KCI concentration to 50
mM. The remaining solution (460L) was transferred to an
NMR tube, and %L of 10 mM DSS was added. The pH
remained at 6.5. A®™N—HSQC spectrum was acquired
(solution now at 50 mM KCI) and was identical to the
spectrum acquired at 100 mM KCI, so no additional Tnl
peptide was added. BackborteN T; and T, relaxation
experiments were performed at different ionic strengths (in
a series up to 320 mM KCI) by gradually adding %B
aliquots ¢ a 3 M KCI solution to the sample (see Results
and Discussion).

NMR Experiments for Structure Determinatiofhe as-
signment of'H, 13C, and!*N resonances for SNTnC and
Tnlyis-131 in the FSCFSN]SNTHOZ(:éJr.Tnl115131’BR5&63

HSQC and simultaneous 3-BPN/BC—NOESY—-HSQC
experiments and calibrated as previously descriBépwith

the error on the peak intensities set to 40%. Only symmetry-
related cross-peaks or peaks not present in the'3B°N-
filtered/edited experiment were selected from the simulta-
neous ™N/13C 3-D NOESY-HSQC to minimize the
probability of misinterpreting a protetrpeptide NOE as a
protein—protein NOE. In case of duplicate NOE restraints,
calibrated distances from the 50 ms 3!EIN—NOESY—
HSQC prevailed over those of the simultaneous 32RY
BBC—NOESY—HSQC experiment. A set of 100 structures
of sSNTnC was first generated starting from an elongated
chain and gradually refined using only NOE distance
restraints. NOEs with distance violations greater than 0.2 A
were closely examined before further rounds of structure
refinement. In the latest stages of refinemeny, &,, and

Cs chemical shifts were used to derivie and iy angle

complex and subsequent structural determination were carriedrestraints with the program Talo43) for residues located

out using NMR experiments listed in Table 1. The aromatic

in well-defined regions, as determined with the programs
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Ficure 1: Selection of intermolecular NOE contacts between {tndz; and sSNTnC from the 3-BC/A5N-filtered/edited experiment. Peaks
marked with asterisks are believed to be double-diagonal artifact peaks and were not assigh¥ti plares from which the spectra were

plotted are indicated at the bottom of each strip.

Procheck 47) and Vadar (D. S. Wishart, L. Willard, and B.

structure generation, all NOEs between sNTnC angh 3134,

D. Sykes, unpublished). Talos-derived angles were comparedwere treated as ambiguous. Further rounds of refinement

to experimental values determined from thg/d. ratio as
previously described4@). For dyo/don ratios >1.2, 9 was
restricted to—30 + 11C°. For dyo/dun ratios <0.71,y was
limited to —120 + 100C°. All ¢ dihedral restraints were
modified to cover a minimum range @f30°.

(B) Tnhs-131. The 2-DSN/C filtered DIPSI and NOESY

enabled specific assignments to be made for 52 of the 57
intermolecular NOEs between sNTnC and ikghs. To
ensure independent folding of the complex from pre-folded
structures of Tnl and TnC, the final set of structures was
generated starting from extended chains. On the basis of
homologous calcium binding sites, the default built-in

experiments were used in conjunction to assign the peptideannealing protocol in the CNS programdf was modified
chemical shifts. None of the backbone and side chain to allow the introduction of 11 CGa-distance restraints before

resonances of residues 127 and-1231 could be assigned.

the second cooling step.

NOEs were classified as weak, medium, and strong, and (D) sNTnGBRss—s3. No NOE contacts were detected
accordingly calibrated with the bin method using the built- between thé3C-labeled methyl groups of BR and sNTnC

in calibration script in NMRView. Preliminary structures

in the 3-D 13C/5N-edited NOESY, 3-D3C/5N-filtered/

were generated from an extended chain, without the secondedited, and 3-D*Me-*3Me specific NOESY experiments.
cooling step using Cartesian dynamics of the annealing However, intra-BR NOEs between the methyl groups and
protocol. Once the secondary structure was properly definedthe xanthene aromatic protons were observed in the"2ND

using NOE-derived distance restraints only, backbpaad
1y angle restraints derived from the Talos prograd®) (sing
HN and H, chemical shifts for residues 11924 were
further introduced for refinement.

BC-filtered NOESY experiment.

Determination of the Orientation of BR Label Relatito
the C Helix The CNS topology and energy parameter files
for the BR label were built from Gerard Kleywegt's

(C) sNTnGTnly15-131. NOE contacts between the protein  XPLO2D server (version 3.0.2) (http://alpha2.bmc.uu.se/

and the peptide were assigned from the S3O**N-filtered/

hicup/xdict.html) and carefully inspected and modified to

edited experiment, which allows only NOEs arising from allow for flexibility around single bonds in the BR. Two

12C-attached protons on Tnl and ending &g-attached

families of 1000 structures of the complex including the BR

protons on sNTnC to be observed. Strip plots taken from label were generated, one for each of the isomeric configura-

the 3-D 8C/**N-filtered/edited experiment are shown in

Figure 1. The 3-D*N/**C—NOESY—HSQC spectrum was

tions of the carboxylate group relative to the xanthene system.
The orientation of the xanthene system to the C helix was

used in conjunction to confirm peak assignments. All NOEs determined for the 500 lowest energy structures out of the

were calibrated to 4= 2 A. An initial set of 100 structures

family of 1000 as follows. For each structure, a vector

was first generated using pre-folded structures of SNTNnC anddescribing the orientation of the C helix was first calculated
Tnli1s5-131 @s previously determined. In the first round of from the coordinates of the N, CO, and, @oms of the
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residues located between the N-terminal (residue 56) and 18 15
the C-terminal (residue 63) of the C helix, using an algorithm . o ©
borrowed from an in-house program (S. M. Gagide two L
direction vectors describing the orientation of the plane of L o 414
the xanthene system were then calculated using the coordi- "~ [ ©
nates of the carbon nuclei of the xanthene system. Finally, - o
the angle between the C helix and the xanthene plane was I "o 113
calculated. 1.6 L
Backbone Amid&N Relaxation Measurementll relax- [
ation data were acquired at 3€ on Varian INOVA 500

Ry (s
S
(1-8) ¢y

MHz and Unity 600 MHz spectrometers. Sensitivity- s[ o .

enhanced pulse sequences developed by Farrow et9l. ( “l "

were used to measure backbdfid-Ty, 5N-T,, and{H}- - . 1!
15N NOE. Because of partial dimerization of the sN®nC [
2C&"eTnl115-1318BRss_63 cOmplex in solution (see Results 14 L U

and Discussion), the overall backbofgand T, relaxation
times were measured at 500 MHz from the decay of the
amide envelope using only the 1-D trace of the first
increment of the">N-T;- and T,-HSQC spectra at different
ionic strengths. The amide envelope signal was integrated
using the Varian Vnmr software. NéC and*N decoupling
was applied during signal acquisition. The delays between FIGURE 2: Overall amide envelopB; (circles) andR, (squares)
acquisitions were 1.2 @ s forT; and T, measurements, L‘Z'%Xﬁggnargtzs ;gazi\ign“%]ﬂ”é'&el Sc'ilzg]ﬁgzmhgllél‘?gﬁﬁﬁg?
respectively, and for bOth_ overall backborfe and _T2 frequency of 500 MHz. The dashed line is a fit to a KCIl dependent
measurements, 384 transients were collected with 870dimerizafion constant (Pascal Mercier, Ph.D. Thesis, University of
complex points. Alberta).

Using 2-D spectroscopy, a set of backbdfé-T;, 15N-
T, and{H}-*N NOE experiments were collected at 320 from the inhibitory protein Tnl. This complex was chosen
mM KCI with 870 (1) x 128 ¢;) complex points at 500 to represent as closely as possible the regulatory state in
MHz and 986 (1) x 128 ¢,) complex points at 600 MHz.  activated skeletal muscle.
TheT; relaxation delays were 11.1, 55.5, 122.1, 199.8, 277.5, Effect of lonic Strength on Dimerizatiolt.was important
388.5, 499.5, 666, 888, and 1100 ms on both instruments.at the outset of the work to investigate the oligomeric state
The delay between repetitions of the pulse sequence was setf the SNTnG2C& e Tnl;15-1318BRss—63 COMplex since the
to 1.2 s for theT; experiment. Thd, relaxation delays were  N-domain of TnC is known to undergo weak self-association
set to 16.61x nand 16.544x n ms (wheren = 1,..., 8) on in solution 60). To investigate this, th&N backboneR;
the 500 and 600 MHz spectrometers, respectively. For theandR, NMR relaxation rates for the overall amide envelope
T, experiment, the delay between repetitions of the pulse of SNTnC in the complex were measured at different ionic
sequence was seai # s toavoid overheating because of the strengths using the first increment'SN-T; and T, HSQC
higher salt concentratio{*H}->N NOEs were measured spectraR; andR; depend on the rotational correlation time
in the absence (incorporating a relaxation delay of 5 s and thus ultimately upon the molecular weight of the
between repetitions of the pulse sequence) and presence ofomplex in solution. As seen in Figure 2, an overall decrease
proton saturation (incorporatind s of'H saturation and a  in R; and increase iR, values were observed with increasing
delay d 2 s between repetitions of the pulse sequence). All KCI concentration, indicative of a reduction in the effective
relaxation data were processed using the NMRpipe programmolecular weight of the complex.

T LI T T T T T T T T LI T T T T T T T
100 200 300 400 500
[KCI] (mM)

(43) and analyzed using NMRViewA{). The expected values &, and R, for a monomeric and
dimeric complex were calculated using the Lipa&zabo
RESULTS AND DISCUSSION model-free approactb(, 52) under the expectation that the

One aim of the present work was to determine the structurez,, (in ns) is equal to half the molecular weight (in kDa)
of a protein domain in which a pair of surface residues had (50) for an isotropically tumbling complex at 3t%C and
been replaced by cysteines and cross-linked with a bifunc- assuming an average backbone order param&jenf(0.85.
tional rhodamine (BR). This tests the approach for determin- The calculated values for tHeN R; andR; relaxation rates
ing the in situ orientation of protein domains by polarized for SNTnC in the SNTn@Ca&eTnl;15-1318BRss-s3 COMplex
fluorescence measuremeng&3{40). The method depends are 2.10 and 8.373, respectively, for the monomer and 1.2
on two main assumptions: first, that the 3-D structure and and 15.1 s for the dimer. On this basis, Figure 2 shows
function of the target domain are not modified by the values approaching those expected for the dimer at low salt
mutagenesis, BR labeling, and reconstitution of the functional and progressing toward those for the monomer at high salt.
complex. Second, that the fluorescence dipole of the probeAt the final KCI concentration of 320 mM, the observed
is approximately parallel to the line joining thcarbon backboneR; (1.77 s') andR; (9.80 s1) values correspond
atoms of the two cysteine residues. In this paper, we to a rotational correlation time of 8.3 ns and molecular weight
determine the structure of a €asaturated bifunctional  of ~16.6 kDa. This corresponds t075% of the complex
rhodamine labeled N-domain of skeletal TnC in a complex being present as the monomer in subsequent NMR experi-
(SNTNnG2C&"eTnl115-1318BRss—63) With the switch peptide  ments (i.e., 6:1 monomer/dimer molar ratio).
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Ficure 3: Backbone amid&®N NMR relaxation times and NOEs for SNTREC& eTnl 15 1310BRsg—63 at 320 mM KCl at a magnetic field
strength corresponding to'al Larmor frequency of 500 MHz (circles) and 600 MHz (squares). The gray region corresponds to residues
located between the insertion points of the rhodamine label on the C helix of SNTnC.

Complete sets offSN backbone relaxation data were MHz) are consistent with those determined from the overall
acquired at a KCI concentration of 320 mM at 500 and 600 T, decay of the amide envelope. Attempts to extract
MHz using 2-D*N—HSQC spectroscopy. The valuesTaf meaningful values for backbone order parameter values using
T,, and NOE are plotted on a per residue basis in Figure 3 conventional analysis procedures were unsuccessful. Schurr
at the two field strengths. The patterns observed forlthe et al. 64) have shown using simulated data that best-fit
T,, and NOE values of sSNTnC are typical for the C- and internal motion parameters are unreliable in the presence of
N-domain of TnC in the calcium-saturated steb8)( with protein dimerization when the fraction of monomer is
more flexibility at the ends of the terminal helices. The between 0.2 and 0.9. In this study, the extracted backbone
various relaxation parameter ratios for backbone artfide order parameters for sSNTNC were artificially higt & 0.92
data collected at 500 and 600 MHz are illustrated per residueon average).
in Figure 4. After removal of residues who$evalues are Spectral Influence of Atropisomerism in the Bifunctional
affected by internal motions, as determined from a lower RhodamineThe rhodamine used in this study has two linker
limit NOE value (NOE® > 0.6, NOE® > 0.65), the average  arms that terminate in iodoacetamide groups, which are the
ratios (meant SD) are 1.274+ 0.05 for T,609T,5%° 0.97 + sites of covalent linkage to SNTnC via sulfur atoms of Cys
0.05 forT,8%9T,°% and 1.09+ 0.13 for NOE°YNOE®. The residues (Figure 5). The structure also contains a carboxylate
global macromolecular correlation time,j was determined  group on the pendant phenyl ring. This ring is aligned
from the T4/ ratio of residues falling within one standard orthogonally to the plane of the xanthene system, and its
deviation of the mean using an in-house Mathematica script attached carboxylate group can have two configurations
(P. Mercier), after removal of residues whose NOE value (atropisomers) that cannot interconvert. The rhodamine
was under a given threshold (N&E> 0.6, NOE® > 0.65) molecule itself is symmetric but becomes chiral once attached
to ensure the elimination of residues whose relaxation is to NTnC. As a consequence of atropisomerism, two diaste-
affected by picosecond time scale internal motions. The reoisomers of the complex exist in solutid38]. Here, the
contribution to dipole-dipole relaxation from#*C due to the two isomers could not be adequately separated during
13C labeling of SNTNnC was included in the calculations. The chromatographic purification (FPLC), so the material used
values found forr, (8.39 ns at 500 MHz and 8.22 ns at 600 for NMR spectroscopy contained two populations in a ratio
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FicUrRe 4: Backbone amid&N NMR relaxation time and NOE ratios for SNTsEC & eTnl115-1310BRss—63 at 320 mM KCI and at magnetic

field strengths corresponding tol Larmor frequencies of 500 and 600 MHz. In panel C, Thé, ratios are identified by circles at 500

MHz and squares at 600 MHz. The region corresponding to residues located between the insertion points of the rhodamine label on SNTnC
is colored in gray.

of ~3:2. In consequence, thAtN—HSQC spectrum of SNTNC  spectrum. Because of the similarityfiC side chain chemical

in the SNTNG2C&"eTnl;15-1310BRss—g3 cOmplex (Figure 6)  shifts for the major and minor forms of residues-48t, peak
showed twin peaks for residues from 56 to 63 (the insertion intensities in the 3-D3C/*N-edited NOESY spectrum reflect
points of BR on the C helix of SNTnC), as did residue 64. a weighted average of both forms, as do the reported
No partner peak could be identified with certainty for residue structures.

57. Structure of SNTN@2Ca& eTnly15-1310BRss—63 Determined
Some of the lower intensity twin peaks in thBl—HSQC by NMR Spectroscopyrhe 20 lowest-energy structures of
spectrum did not show connectidgy NOEs in the 3-0'N— the sNTNG2C&"eTnl115-13BRse—63 cOmplex, generated

NOESY—HSQC, but their identity could be verified from  with a total of 1191 distance restraints [including 112°Ga
the 3-D CBCA(CO)NNH and HNCACB experiments. Within ~ distance restraints of 22.8 A based on homologous
each pair of peaks, each had the samead G chemical calcium binding sites§5)] and 70 dihedral restraints (see
shifts, which suggests that the two diastereoisomers havedetailed structural statistics in Table 2), are shown super-
identical or near-identical secondary structures. The lack of imposed using the backbone heavy atoms in Figure 7A. A
dun connectivity in the 3-D'SN—-NOESY—HSQC experi- ribbon representation of the averaged and minimized struc-
ment for some of the peaks belonging to the minor speciesture is shown in Figure 7B. The conformation and orientation
is likely to arise from its low concentration rather than from of the BR moiety shown in Figure 7B will be discussed
a random coil conformation of the backbone. Only peaks of below. The NOE distribution (intraresidue, sequential,
the major species were considered in tHBl-HSQC medium, and long-range) on a per residue basis for both
spectrum and were assigned in the 3¥-NOESY-HSQC the peptide and the protein is shown as a histogram in
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Q j’\ Table 2: Structural Statistics for SNTnC in the
! (\ N~ “CH,SCys... NTNCe2C&teTnl115-13BRss—63 Complex (20 Best Lowest-Energy
. Nﬁ:dHH Structures of a Family of 100 Structures)
- : NOE Restraints (sNTnC only)
total 1040
intraresidue 565
sequential|f — j| = 1) 221
medium range (X |i —j| < 4) 138
long rangefi —j| = 5) 116
Ficure 5: Structure of the bifunctional rhodamine after reaction N?cliaFf estraints (Thls-1s: only) 67
with cysteine residues of the mutant TnC. TRE]labeled methyl intraresidue 33
groups are marked by asterisks, and the dashed bonds represent  gequential|f — j| = 1) 23
the delocalization of bonding and charge over the xanthene system.  medium range (% i — j| < 4) 11
This more accurately represents the structure than the simple line long range [ — j| = 5) 0
drawing of the reagent shown elsewhe8, 40). The stereochem- NOE Restraints (between sNTnC and Fglis)
istry of the methyl groups and linker arms of the rhodamine is total 59
defined by standar,Z notation for each of the €N partial double nonambiguous 52
bonds. Thus, the configuration shown above in the drawing of the ambiguous 7
rhodamine structure, with both linker arms extended upwards, is Dihedral Restraints (SNTnC only)
Z,Z. Rotation around one of the<N partial double bonds would total 120
give anE,Z configuration, and around both [i.e., with the linker 1) 58
arms extended horizontally from the xanthene ring as in previous P 62
representations3g, 40)] would give theE,E configuration. 0

21
Dihedral Restraints (Tads-131 0nly)

Figure 8A, and the backbone atom RMSD values relative total 12

to the average structure for each residue are shown in ¢ g

Figure 8B. Backbone RMSD values were calculated from ;fl 0

the 20 lowest-energy structures after superimposition of Restraint Violations

the backbone atoms of residues-& of sNTnC in the g!ﬁta§Ci%1A g

SNTNG2C&*eTnl115-1310BRss—63 COMplex onto the average RM'SgtgaAverage d Minimized Structure (A)

structure. The mean{SD) backbone RMSD to the average well-defined regioms(N,Cy,C) 0.32+ 0.08

structure for residues-335 of SNTnC in the complex is 0.37 all region$ (N,Cy,C) 0.37+0.10

+ 0.10 A using all residues in that region and 0-82.08 heavy atoms 0.790.07

A with residues having backbone RMS®1.0. The loop N helix (5-13) 0.18+0.05

between the A and the B helices shows a higher backbone A helix (16-29) 0.18+0.05
4 : B helix (39-48) 0.33+0.05

RMSD value than the other helices because of a relatively C helix (55-65) 0.18+ 0.05

low number of NOE restraints for the Gfy-Gly3*—Gly3® D helix (75-85) 0.21:+ 0.06

segment (see Figure 8). Npandy angle restraints were p sheet (32-34,72-74) 0.17+0.06

defined for this segment. A total of 80.4% of the residues in Enérg'eg(kcal mol) 10348

well-defined regions were found to be in most favoked Eﬁ;a'E 1174+ 2

andy regions of the Ramachandran map, with another 18.8%  Epinedral 0.10+ 0.09

in additional allowed regions, as determined with the program ~ #.% in Core or Allowed Regiorfs

Procheck 47). Only three NOE violations in the 0-40.2 A :gz:gﬂgg 0 ?dodsiiig‘anv;rgl‘ljowgéorn; ons &133'322

range (none above 0.2 A) were detected in three different  residues in generously allowed rggions 0.8%

structures of the family of 20 structures, and no structure residues in disallowed regions 0.1%

had more than one distance violation. No dihedral angle = agrror fimits are standard deviatiorsUsing residues 585 of
violation >1° was detected within the final ensemble of sNTnC having backbone RMSD smaller than 1.90sing residues
structures. 5—85 of SNTNnC.¢ Using all residues of SNTnC in the 20 lowest-energy

; ida i structures® Using residues 585 of sSNTnC as determined by the

The switch peptide in the SNTR2C& s Tnl115-139BRse-63 orogram Proche%kzl(?). y

complex is helical from residues 13824. Although not
involved in a well-defined secondary structure, residues
115-117 of the Tnl peptide do show interactions with in each of L122, L125, and L126 had distinct proton
sNTnC, whereas no NOEs between the peptide and thechemical shifts. However, they were almost identical between
protein were observed for residues 32IB1. Moreover, no  the three Leu residues, so it was difficult to define the
intramolecular NOEs involving the last four residues of contacts between these methyl groups and sNTnC. Hence,
Tnli15-131 could be assigned because of a lack of chemical all NOEs starting on these Leu methyl groups were first
shift assignments, which explains the large backbone RMSD assigned without discrimination between the three possibili-
values for those residues (see Figure 8). The helical portionties. Rounds of refinement eliminated practically all ambigu-
of the switch peptide and the segment making contact with ous assignments of methyinethyl contacts between sNTnC
sNTNC are consistent with the observations of Liet®2) (  and L(122,125,126) of the switch peptide.
for the cardiac isoform of the switch peptide in the Tnl115-131 binds to the hydrophobic cleft of SNTNC and is
cNTNGCa& ecTnliy7-163 cOmplex. In that study, deuterated stabilized by hydrophobic interactions, as is the case with
forms of the switch peptide were used to make unambiguousbinding of the cardiac peptide to cNTnC2). The strip plots
assignments of methylmethyl contacts between A(22,23) given in Figure 1 identify some of the NOEs between the
and L(157,158). In the present work, the two methyl groups peptide and the protein. In the 3-BC/*5N-filtered/edited
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Ficure 6: Selected region of a 800 MH2N—HSQC spectrum of SNTNC in the sSNTsC& eTnl115 1310BRse—63 cOmplex. Residues
56—64 (except 57) show twin peaks.

experiment, only NOEs ending on methyl groups of SNTnC The chemical shifts used for comparison were those deter-
could be measured. On the basis of important and numerousmined by Gaghet al. @) for SNTnG2C&*. McKay et al.
contacts of Met21 of the Rp40 peptide with the hydrophobic (26) used chemical shift mapping in a similar manner to
pocket of sSCTNnC, it was suggested by Vassylyev etla) ( suggest the potential Tnk-13; binding site on SNTnC, but
that Met121 of Tndis-151 was the key residue for its  the structure of the peptide was not determined. The present
interaction with TnC. Here, we identified several contacts study shows a close relationship between residues identified
between NTnC and $1and H protons of Met121, which  from chemical shift mapping as participating in Talis:
support this hypothesis. The extensive similarity between the hinding and the experimentally determined structure and
type and the location of sNTnC residues involved in |ocation of the peptide. Large chemical shift changes
Tnlis-131 binding and that of the cardiac complef?)  (syrongly colored in red) are observed in this view for Leu49
suggests that both isoforms qf the SWItCh peptide bind in a (middle), Gly50 (middle), Met46 (hidden), and Leu42
ig”?ersmgger and that the interaction involves the same (hiqgen), which is consistent with results reported by McKay
The_ incorporation of the rhodamine label and the E(56,63)Cdg;acl;' i?éestlgieéofg? Ezzzgea%ze?é%?;; h;:]t: \évxetr;;g;:gd
mutations had no measurable effect on the secondary an themical shifts at 100 mM KCI from McKay et aR§) were
tertiary structures of SNTnC in the present complex when used to calculate chemical shift changes for these two

compared with those of sNTRTnl;15-131 (R. T. McKay, i .
L los. P. Merci B D Svk lish residues. The Qark_er red patch near the lower rllght-hand
Spyracopoulos, ercier, and Sykes, unpublished corner of the view is the site of the E56C mutation. The

(r:ehsaur:tgsg:s -irnhubsé{cigini :?\:I’XNIiégtﬁgtgar&ldM%agﬂgﬁ?éarhe E63C mutation is hiqlden in this view. The _chemical shift
shifts induced by rhodamine labeling are reported in Figure Changes on sNTnC induced by contacts with the terminal
9. Chemical shifts of residues located between rhodamineAr9115 side chain of Tils-13; are particularly well-defined.
insertion points 56 and 63 are the most perturbed, but those! he rear face of SNTnC (not visible in the view in Figure
of residues 65 and 66 are also particularly affected. However, 10) was essentially uncolored, except for small changes at
the G, chemical shifts, which are the most directly correlated its lower edge induced by the mutations and BR labeling.
with the protein secondary structur86f, do not show  As with Rp40 bound to sCTnC2(), protein residues of
significant changes for the C helix. sNTnC undergoing chemical shift changes upon peptide

The total changes in sSNTnC backbone chemical shifts binding are highly correlated with the location of the peptide.
induced by Tndis-13; binding, mutagenesis, and rhodamine Moreover, the structure of Tnk-13: shows a high level of
labeling are reported in the context of the present structure complementarity with the hydrophobic groove exposed upon
in Figure 10, using a color gradient on the surface of SNTnC. calcium binding.
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Ficure 7: (A) Backbone superimposition of the 20 lowest-energy solution structures of the sSRT&CeTnl115-131#BRss—s3 COMplex

(only residues 585 of TnC and residues 11326 of Tnl are shown). (B) Ribbon representation of the minimized average solution structure

of SNTnG2C&"eTnl15-131BRss—63 (TNC 5-85 in white, Tnl 115-127 in red). The C helix (residues565) is colored blue. The bifunctional
rhodamine label is shown attached to residues 56 and 63 of TnC with a stick representation. The exact relative orientation of the rhodamine
label with that of TnC could not be determined in this study (see Results and Discussion). Calcium atoms in binding sites | and Il are
shown as spheres in both panels A and B. In the orientation shown, residue 115 of the switch peptide is at the bottom of the structure.

Table 3: Interhelical Angles for SNTNC and cNTnC Free and Bound to Tnl Peptides

A/B B/C C/D A/ID AT B/T c/m D/T
cNTnGapd 136+ 3 118+ 4 129+ 5 113+ 3
cNTnGCeet © 132+ 3 106+ 4 117+£3 116+ 3
CNTNGCa&eCTNl1g7-164" 103+ 4 111+ 7 95+ 5 113+ 3 62+ 6 84+ 6 120+ 6 120+ 5
CNTNGC&eCTnl1a7-16bepridif 119+ 3 110+ 2 90+ 3 124+ 3 56+ 4 93+ 4 119+ 5 142+ 5
sNTnGapd 130+ 3 126+ 5 125+ 4 111+ 2
sNTnG2Ca* ¢ 90+ 3 100+ 6 69+5 109+ 3
SNTNG2C&*eTnl115-1319BRss-63" 108+ 2 124+ 2 105+ 3 123+ 2 64+ 2 77+ 3 97+ 2 146+ 3

aError limits are standard deviationsUsing residues 1427 (A helix), 41-48 (B helix), 54-63 (C helix), and 7483 (D helix), PDB access
code 1SPY¢PDB access code 1AP4PDB access code 1MXI&.Using residues 1428 (A helix), 38-48 (B helix), 54-64 (C helix), and 7483
(D helix), PDB access code 1DTEPDB access code 1TNPPDB access code 1TN®Using residues 1629 (A helix), 39-48 (B helix),
55—-65 (C helix), and 7585 (D helix), PDB access code 1INPQ. is used to designate the Tnl peptide.

As shown in Figure 11AB, the structure of the of Tnlys-13; near to Met86 of sNTnC and 1le148 of
SNTnG2C&"eTnl115-132BRss—63 cOMplex is very similarto  ¢Thlis7-163 iNto contact with Met85 of cNTNnC.
those of two prior NMR structures of the €asaturated Calcium binding to SNTnC and sCTnC results in an
cardiac isoform of TnC (CNTnC) in Complex with residues Opening of the skeletal ThC domains. The degree of
147-163 of cardiac Tnl (cTnkr-169) (12, 13). Because of  opening can be quantified in terms of interhelical anglé. (
Val28 insertion in the cardiac sequence, it is rather difficult Taple 3 lists the interhelical angle values among the helices
directly to compare skeletal and cardiac structures of the of NTnC for different skeletal and cardiac complexes,
N-domain of TnC. Structures are shown superimposed with as well as the interhelical angles with the Tnl peptides.
a backbone trace using the NAD unit (residuesl3, 16~ These data show that the structure of sNTnC in the
29, and 75-85 for sNTnC; residues-511, 14-27, and 74 SNTNG2C&"eTnl 15-131BRse-63 cOMplex is less open than
84 for cNTNnC) in Figure 11A and the BCD unit (residues in sSNTnG2C&" alone. To verify that the inferred closing
30—85 for sSNTNnC; 29-84 for cNTnC) in Figure 11B. All upon Tnkis-131 binding did not arise from misassigned
three structures share a common feature in that the N-terminalNOESs, distance restraints between the B and the C helices
region of the switch peptide undergoes a kinked turn at the for SNTnC in the SNTn€2Ca& " eTnl115-1318BRss_63 cOMplex
fourth residue from the N-terminus, which brings Met116 were carefully compared with those used for cNTNnC in the
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respect to the average coordinates.

cNTnGCatecTnly47-163complex. No additional or unusual Consequences of the Structure for Polarized Fluo-
restraints were found in the distance restraint set for the rescence StudiesThe NMR structure of SNTnQ2C&te
complex in the current study. Moreover, identical or equiva- Tnli15-13:2BRss—63 Shows directly that the C helix, to which
lent restraints were found to be calibrated with the same the BR is attached, is intact. Moreover, the overall fold of
distance range between the two sets. This result contrastghe N-domain of TnC in this structure is similar to that of
with the situation in the C-domain, where no significant previously determined structures8, (9, 14, 58, 59). The
change occurs in the degree of structural openness orrhodamine molecule did not make any strong interactions
exposure of the hydrophobic patch of CTe2C&" upon with the surface of the protein domain, and in particular,
binding of Rp40 {1). did not bind to the hydrophobic pocket that is created when

Interestingly, even though the cardiac and skeletal isoforms Ca2* binds to the regulatory sites of TnC. This supports our
show different C& binding properties and C&induced physiological data, in which normal €aregulation of
structural changes, the binding of their respective switch contraction was restored when the full-length S¥BRss—63
peptides makes the two NTnC isoforms more structurally was exchanged into demembranated muscle fil#)s Both
equivalent. The binding to Tnl opens cardiac NBO&" the C&" concentration required for half-maximal activation
and closes skeletal NTREC&" (see A/B and C/D interhe-  and the slope of the foregpCa curve were similar to those
lical angles in Table 3). Thus, despite the differences ffCa obtained with unlabeled sTnC. In the present structure the
binding stoichiometry and kinetics, the mechanistic pathways hydrophobic pocket is occupied by the switch peptide of Tnl,
involved in muscle contraction for the two NTnC isoforms and this is also likely to be so in the native troponin complex
share common structural states. in the presence of Ca

As a consequence of the Tnl binding and closure ¢f€a The exact orientation of the rhodamine label could not be
bound sNTnC, the accessible surface area of nonpolardirectly determined from interatomic distances because of a
residues is reduced by about 208 As determined with the  lack of intermolecular NOEs with the protein. However, in
program STC %7) using structures of SNTRQC&*" from the SNTNnG2Ca&"eTnly15-1310BRss—63 cOMplex, intramolecu-
Gagnrieet al. @) as reference. The reduction in hydrophobic lar NOEs between the methyl groups of the rhodamine label
surface exposure is caused largely by the covering effect ofand the aromatic protons of the xanthene system at positions
the switch peptide in the hydrophobic groove of NTnC. The 2,7 and 1,8 (weaker) and the lack of NOEs to thg3!
rhodamine label was not included in the calculations, and xanthene protons allowed the linker arms to be assigned to
the contribution of mutated residues E56C and E63C wasthe Z,Z configuration (see the legend of Figure 5 for details
also ignored. of this nomenclature). The stereochemistry (cis/trans) of the
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Ficure 9: Difference in N, HN, @, and G chemical shifts induced by BR attached to the C helix at residues 56 and 63. Chemical shifts

for SNTNC in the SNTneCa"eTnl35-13; cOmplex were obtained from McKay et al. (R. T. McKay, L. Spyracopoulos, P. Mercier, and B.

D. Sykes, unpublished results). No differences in chemical shifts were calculated for residues 56 and 63 because of mutations to Cys
residues. Asterisks indicate mutagenesis sites and missing or nonexisting chemical shifts (Pro53 in panels A and B, and Gly residues in
panel D). The gray region corresponds to residues located between the insertion points of the rhodamine label on the C helix of sSNTnC.

amide bonds in the rhodamine arms is still unknown, but second time scale with respect to the protein backbone that
structures were generated with the trans configuration baseds equivalent to wobble in a cone of semi-angle about 20
on what would be expected for a Gisly segment. Rotation  (40). A similar amplitude of fast wobble was observed with
around the C+CH, and the CH—S—CH, moieties in each  either bifunctional or monofunctional rhodamine probes on
arm of the rhodaminecysteine linkage and at the linkage the regulatory light chain of myosin in muscle fibe@8(
positions on sNTnC provides the rhodamine with intrinsic 60, 61). The factors that determine the amplitude and
flexibility. One possible conformer of the rhodamine label dynamics of probe motions with respect to the protein
is shown in Figure 7B (with the linker arms in th&z backbone are still not well-understood. More detailed
configuration as in Figure 5 and with both amide bonds in dynamic information should be available in future work from
the trans configuration). In the calculated NMR structures NMR and time-resolved fluorescence anisotropy measure-
(see Experimental Procedures), the C helix is coplanar onments on SNTn€2C&"eTnl15-1310BRss—63 in solution, from
average with the xanthene system for both configurations time-resolved fluorescence anisotropy in fibers and from
of the carboxylate group. The present results do not excludemolecular dynamic simulations.
an interaction of the BR with other regions of the troponin A more general implication of the SNTREC& eTnl;5 1310
ternary complex or with tropomyosin or actin, but the BRss s3Structure relates to the determination of the structure
physiological data summarized above suggest this is unlikely.and orientation of protein domains in situ using polarized
The BR dipole has independent motions with respect to fluorescence intensities from a set of dipole probes. Thus,
the protein backbone, mainly because of bond rotation in Ferguson et al.40) used polarized fluorescence intensities
the N-(CH,CH,NHCOCH,) groups. Polarized fluorescence from BR probes on the N, A, and C helices of TnC to
measurements from sTRBRss 63 in muscle fibers show  determine the orientation of the N-domain of TnC within
that the rhodamine dipole exhibits motion on the nano- Ca&*-activated and relaxed skeletal muscle. Intensities from
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0 05

Ficure 10: Molecular surface of the SNTREC&"eTnl115 1310BRss—63 cOmplex. The orientation of the protein backbone is equivalent to

that shown in Figure 7A. The surface was colored using a color gradient (from white-teeedcolor bar) to show the difference in the

extent of the total chemical shift changesd(.a) relative to sSNTn@2Ca" alone Q). Residues undergoing total chemical shift changes

larger than 1.6 ppm were colored pure red. Smaller total chemical shift changes were colored on a linear scale. The surface of SNTnC was
generated without the rhodamine label coordinates. The Tnl peptide is shown in the blue ribbon and side chains in the blue stick form.

Ficure 11: Ribbon representation of the backbone superimposition of sSAKD& e Tnly15-1319BRse—3 (red) with cNTNGCaeCTNl147-163
(blue) and cNTn@Ca&"ecTnli47-16zbepridil (yellow) (residues 585 for SNTNC and 384 for cNTnC). In panel A, the NAD unit was
used for superimposition whereas in panel B, the BCD helices were used. The switch peptide is shown in a brighter tone of the relevant
color for each complex.

actively contracting muscle fibers were compatible with the mation of TnC in the C& state. Furthermore, it was
published structures for TnC with €a bound to the concluded from our structure that the Tnl switch peptide is
regulatory sites (Ca state; refs8, 9, 59) and with the approximately perpendicular to the actin filament axis in
SNTNnG2C&*eTnli15-1319BRse—e3 Structure presented here. actively contracting musclet().

However, the latter is at present the only structure of skeletal Ferguson et al.40) also noted that the apo TnC structure
TnC that includes the Tnl switch peptide and so was (9) that was consistent with the fluorescence polarization data
considered likely to mimic most closely the in situ confor- from relaxed muscle is the most open of the apo structures
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and that the SNTnQCa&teTnl;15-13:10BRss63 Structure used

to interpret the fluorescence polarization data from contract-
ing muscle is the most closed of the ZCatructures. The
comparison suggests that the opening of the N-domain
associated with activation in situ may be considerably smaller
than in isolated TnC in vitro. In the native regulatory
complex, the opening of the hydrophobic pocket driven by
C&" binding may be counteracted by closing of the pocket
associated with binding of the switch peptide, sd'Cand
switch peptide binding are coupled without a large net change
in the degree of opening of the N-domain.

CONCLUSION

In this paper, we used NMR spectroscopy for the structure
determination of a bifunctional rhodamine-labeled N-terminal
domain of skeletal TnC in complex with the switch peptide
of Tnl. Backbone relaxation measurement showed that the
complex dimerizes at low salt concentration. Under the
conditions at which the structure was calculated (320 mM
KCI), 75% of the complex was monomeric. The relatively
small portion of dimer in solution did not influence the
determined structure. Two diastereoisomers of the complex
were present in solution because of atropisomerism caused
by restricted rotation of the carboxylate group on the
rhodamine label. The structure determined reflects the
weighted average of both species. The overall fold of the
protein is not affected by the presence of the rhodamine label,
and the C helix remains intact. The rhodamine is positioned
away from the hydrophobic pocket and the C helix, and no
direct NOEs were observed between the tWG-labeled
methyl groups of the rhodamine and sNTnC. The switch
peptide is bound by hydrophobic interactions in the hydro-
phobic groove of SNTnC and is helical between residues
118-124. We observed a strong correlation between the
location of the peptide and the sNTnC residues perturbed
by Tnliis-131 binding as identified from chemical shift
mapping. The skeletal and cardiac forms of the complex have
very similar structures in which the switch peptide is bound
to the N-terminal hydrophobic pocket of TnC between helices
A and B.

These results show that bifunctional rhodamine probes can
be attached to protein domains for in situ measurements of
domain orientation by polarized fluorescence without modi-
fying the backbone structure of the target domain. The
structure of the N-domain of skeletal TnC in a complex with
C&" and the switch peptide of Tnl determined in the present
study has been used in combination with polarized fluores-
cence measurements from muscle fibers to establish the
orientation of this domain, and that of the Tnl switch peptide,
in actively contracting muscle4().
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