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ABSTRACT. In situfluorescence/NMR spectroscopic approaches have been used to elucidate the structure,
mobility, and domain orientations of troponin C in striated muscle. This led us to consider complementary
approaches such as solid-state NMR spectroscopy. The biophysical properties of tryptophan and Trp-
analogues, such as fluorotryptophan or hydroxytryptophan, are often exploited to probe protein structure
and dynamics using solid-state NMR or fluorescence spectroscopy. We have characterized Phe-to-Trp
mutants in the ‘structural’ C-domain of cardiac troponin C, designed to immobilize the indole ring in the
hydrophobic core of the domain. The mutations and their fluorinated analogues (F104W, fiA104(5
F153W, and F153@V)) were shown not to perturb the structural properties of the protein. In this paper,
we characterize the mutations F77W and F77W-V82A in the ‘regulatory’ N-domain of cardiac troponin
C. We used NMR to determine the structure and dynamics of the mutant F77W-V82A-cNTnC, which
shows a unique orientation of the indole ring. We observed a decrease in calcium binding affinity and a
weaker affinity for the switch region of Tnl for both mutants. We present force recovery measurements
for all of the N- and C-domain mutants reconstituted into skeletal muscle fibers. The F77W mutation
leads to a reduction of thia situ force recovery, whereas the C-domain mutants have the same activity
as the wild type. These results suggest that the perturbations of the N-domain caused by the Trp mutation
disturb the interaction between TnC and Tnl, which in turn diminishes the activity in fibers, providing a
clear example of the correlation betwei@nvitro protein structures, their interactions, and the resulting

in situ physiological activity.

Many, if not most, proteins exist as parts of large, complex regions of the skeletal and cardiac troponin compleges (
biomacromolecular assemblies such as fibers, viruses, cell1l0). Thesein vitro structures provide a detailed molecular
walls, nanomotors, and membrane surface receptors. One oflescription of many of the important interactions among the
the most studied of these systems is striated muscle, whergegulatory proteins. It is, however, very important but
structures of many important isolated components involved typically much more difficult to determine the structures of
in force generation and calcium regulation have been proteins in their native environments in order to elucidate
determined. The wealth of troponin structures includes X-ray the molecular details of their mechanism of action. One
and NMR structures of the apo and calcium saturated approach which has been exploited quite successfully in the
versions of troponin C from skeletal and cardiac mustie ( motility area uses fluorescence spectroscopy of bifunctional
6), of troponin C in complex with fragments of the inhibitory ~ rhodamine-labeled proteins to determine ithsitu orienta-
target protein Trll (7, 8), and X-ray structures of the core tion of domains of proteins whose structures are knawn
vitro. This approach has been used to determine the
orientations of the domains of the bilobal myosin regulatory
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F78W and F154W mutants of skeletal TnC, which are The specific region of cTnl containing residues 463 is
analogous to the mutants described heréis),(and many referred to as cTnl,—163 Or cSp (cardiac switch peptide):
others (5—17) including the widely used F29W18). In (Ac)-RISADAMMQALLGARAK-(amide).
many cases, however, the design strategy was the opposite Protein Expression and Purification of TnC and cNTnC
to ours: to have the largest spectroscopic change resultingMutants.The plasmid DNA pET3a-F77W-cNTnC {89),
from the large conformational change concomitant with pET3a-F77W-V82A-cNTnC (£89), pET3a-F77W-cTnC
calcium binding. Tryptophan analogues such as fluorotryp- (1-161) and pET3a-F77W-V82A-cTnC {1161) were used
tophan and hydroxytryptophan also have special spectro-to transform BL21(DE3)pLysS cells. The expressions of
scopic properties that can be exploited using solid-state NMR unlabeled{**N} -labeled, and '*N, **C}-labeled protein in
(19) and fluorescence2() spectroscopies, respectively. We E. coli were as described by Gageeal. 22) and Li et al.
have previously characterized two Phe-to-Trp mutants in the (23). Purification of the proteins followed the previously
C-terminal domain of cTnC 21). The mutations were  published protocol for TnC. Decalcification was done as
designed to immobilize the indole ring within the hydro- described by Li et al.Z3).
phobic core of the EF-hand calcium binding domain, by  Calcium Titrations. The calcium binding affinity of
replacing the phenylalanine residue anchoring the calciumcNTNnC, F77W-cNTnC, and F77W-V82A-cNTnC were mea-
binding loops of sites Il and IV. These single mutants of sured via competition with a chromophoric chelator?CGa
c¢TnC and their fluorinated analogues (F104W, F10M5 free buffer (100 mM KCI, 50 mM MOPS, pk= 7.5) was
F153W, and F153@V)) were shown to have very similar  prepared as described by Lins®). The calcium binding
overall structures compared to the wild type protein with affinity of the chromophoric chelator (BAPTA) was mea-
their indole ring immobilizedZ1), making them potentially ~ sured atAi = 238.5 nm Kq = 0.5+ 0.3 uM, n = 5). The
useful minimally perturbing probes oih situ domain binding constant of each protein was then determined by
orientation. No structure exists for a similar mutant in the calcium titration of the protein in presence of BAPTA. The
regulatory domain of TnC, nor have any of these mutations absorbance changes were verified to come from the chelator
been characterized in terms of their interactions with the only at the wavelength specified above. The protein con-
appropriate target regions of Tnl. At the highest level, it is centrations (from amino acid analysis) were kept as close
important to characterize the physiological activity (i.e., force as possible to the chelator concentration used: BAPTA (44
development) of these proteins when reconstituted into uM), cNTNnC (48uM), F77W-cNTnC (45«M), and F77W-
muscle fibers. V82A-cNTnC (50uM). The calcium binding constants of
The focus of this paper is the biophysical characterization the proteins were extracted from the fitting of the normalized
and structure determination of the calcium binding site Il absorbance at each point of titration plotted as a function of
mutant F77W in the regulatory domain of cTnC. In the the calcium concentration, using an in-house script, following
course of this work, we discovered by NMR that we had the procedures outlined by Lins24).
unintentionally expressed the double mutant F77W-V82A-  ¢Sp Titrations A 1.0 mg amount of°N-labeled protein
cNTnC. Consequently, the calcium and cTnl switch peptide was dissolved in 55@L of NMR buffer (90% H0:10%
(cSp) affinities were studied for both F77W and F77W- D,O and 100 mM KCI) for a final protein concentration of
V82A-cNTNC in this paper, as well as the determination of 0.1 mM (from amino acid analysis). To the sample were
the three-dimensional solution structure of F77W-V82A- added CaGl (5.0 mM), DTT (12.5 mM), 0.03% sodium
cNTnGCa&" using multinuclear, multidimensional NMR  azide, and protease inhibitors to prevent sample degradation.
spectroscopy. Finally, we present timesitu force recovery DSS was added to reference the spectra. The pH was adjusted
(activity) of all of the Phe-to-Trp mutants reconstituted in to 6.8 according to the imidazole signal from the 1D
skeletal muscle fibers, includingW and 5W analogues.  spectrum. A 2D{*H—'*N}-HSQC, with 512 1) x 128 ¢,)
The results revealed a correlation between the structuralcomplex points, was acquired for every of step of the cSp
changes introduced by the tryptophan mutation in the titration. Solid peptide was weighed and added directly into
regulatory N-domain, the affinity changes for the binding the NMR sample at every step; cSp has insufficient water
of the ‘switch’ region of cTnl, and the concomitant changes solubility to allow the preparation of a solution stock
in the maximal force developéd situin muscle fibers. No  concentrated. The following cSp concentrations were used
such perturbation is observed for the mutations made in thefor F77W-V82A-cNTnC: 0.00, 0.10, 0.20, 0.31, 0.42, 0.51,
C-terminal domain of cTnC, consistent with its stronger 0.60, 0.77,1.01, 1.41, 2.29, and 3.70 mM of cSp. For F77W-
interactions with cTnl and its structural role in the mecha- ¢cNTnC: 0.00, 0.10, 0.23, 0.37, 0.52, 0.69, 1.03, 1.51, 3.11,
nism. 5.77 mM of cSp. The spectra were acquired on a Varian
INOVA 600 MHz spectrometer.
MATERIALS AND METHODS 15N-Relaxation Measurementd. 1 mg amount of>N-
Protein and Peptide Nomenclatur&ull length human labeled protein was diluted in 550L of NMR buffer.
cardiac troponin C is referred to as ¢cTnC (residued @l). Deuterated-DSS, DTT (12.5 mM), Ca&b mM), 0.03% of
The N-domain and C-domain of ¢cTnC are referred to as sodium azide, and protease inhibitors were also added. The
cNTNC (residues-189) and cCTnC (residues 9161). The pH was adjusted to 6.84 according to the imidazole signal.
Phe-to-Trp mutation at position 77 in cTnC is referred to as The protein concentration was determined to be 0.2 mM from
F77W-cTnC for the full length and F77W-cNTnC for the an amino acid analysis. For both samples,‘thetransverse
N-domain. cTnC containing the mutations Phe 77 to Trp and relaxation rates were measured by acquiring six{2B—
Val 82 to Ala is referred to as F77W-V82A-cTnC for the 1®N}-HSQC NMR spectra using the BioPack pulse sequence
full length protein and F77W-V82A-cNTnC for the N-  with different relaxation time delays (= 10, 30, 50, 70,
domain. The human cardiac troponin | is referred to as cTnl. 90, 110 ms). To measure tH&-longitudinal relaxation rates,
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Table 1: Structural Statistics of F77W-V82A-cNTrZ2* (30 mg kgY). Small fiber bundles were dissected from the psoas
Structures) muscle, demembranated, and stored for up to four weeks in

relaxing solution containing 50% (v/v) glycerol at20 °C

NOE restraints 1250 . . .
short rangel{ — j| = 1) 734 (30). Single fiber segments 2:8.5 mm long were dissected
medium range (X |i — j| < 5) 333 in the above storage solution on a cooled microscope stage
IIong rzngden —jl=5) 183 and mounted, via aluminum T-clips, at sarcomere length 2.4
calcium binding restraints 8 ;
dihedral angle restraints from TALOS 152 um between a Torce trans.ducer (AES01, Memscap,_B_ernln,
o 76 France) and a fixed hook, in a 6Q- glass trough containing
v 76 relaxing solution. The experimental temperature was 10.0
gpl:pllﬂg Cohsltil_nts () 1258 4+ 0.5 °C. All experimental solutions used in muscle fiber
IStances violations (NG. : .
Ramachandran plot for residues 8% expenments.cqntalned 5 mM Mg-ATP, 1 mM fr'ee Mg
®/W¥ in most favored region 91.6% and 25 mM imidazole, except where noted. lonic strength
@/¥ in additionally allowed region 8.4% was adjusted to 150 mM by addition of potassium propionate
@/Win generously allowed region 0.0% (KPr), and the pH was 7.1 at 1. The relaxing solution
/W in disallowed region 0.0% . S .
atomic rmsd (A9 also contained 10 mM EGTA. The activating solution
backbone atoms (N, & C) 0.67+0.16 contained 10 mM Ca-EGTA (pCa 4.5, where p€a-log-
heavy atoms 116012 [Ca2']). The preactivating solution contained 0.2 mM EGTA.

aViolated in > 10 structures. No violations0.4 A.  Calculated with TnC-extraction solution contained 0.5 mM trifluoperazine

PROCHECK_NMR v.3.5.4, excluding GLY and PR&Calculated (TFP), 20 mM MOPS, 5 mM EDTA, and 130 mM KPr, pH
with CYANA over residues 585. 71 at’10°C ' ’ '

seven {*H—"N}-HSQC spectra were acquired with the TnC Extraction and ReconstitutioiCa-activated force
following time delays:7 = 10, 50, 100, 200, 300, 500 and prior to TnC extraction Tp) was determined at pCa 4.5.
800 ms. Thg 'H—N}-HSQC spectra were all collected with  Endogenous skeletal TnC was selectively extracted from
512 ;) x 128 1) complex points and the relaxation delay single glycerinated rabbit psoas muscle fibers by 10 cycles
between pulse sequences was set to 3.0 s. The spectra wergf 30-s incubations in TnC-extraction solution followed by
acquired on a Varian INOVA 600 MHz NMR spectrometer. 30 s in relaxing solutioni(4). Fibers were reconstituted with
Data Acquisition, Chemical Shift Assignments, and NMR ¢TnC by bathing them in relaxing solution containing2L

Restraints.A {*N-1%C}-F77W-V82A-cNTnC sample was  mg/mL cTnC for up to 20 min at 16C. No further increase

prepared similarly to the one made for the acquisition of the in active force could be detected with subsequent incubations
5N-relaxation data, but a higher protein concentratioth.6 in cTnC.

mM) was used in addition to 19% TFE (v/v). This sample

was used to acquire the spectra needed for the chemical shifResyL TS

assignments and the structure determination of F77W-V82A-

cNTnGC&"*. The spectra were all processed using NMRPipe  The focus of this paper is the biochemical and structural
(25. The chemical shifts were assigned using smartnotebookcharacterization of the calcium binding site Il mutant F77wW
v5.1.3 6) and NMRView 5.2.2 (One Moon Scientific, Inc.).  in the regulatory N-domain of cTnC, and the physiological
The following spectra were used for the chemical shift characterization of a series of Trp mutants in both the
assignments: 2BMH—N}-HSQC, 3D{*H—N}-TOCSY-  stryctural and regulatory domains. Calcium binding site | in
HSQC, 3D-CBCACONNH, 3D-HNCACSB for the backbone  ¢TnC is naturally defunct and flexible, and therefore the
and 3D-CCONH, 3D-HCCONH, 3D-HCCH-TOCSY and  mytant F27W was not studied. Midstream in our work, we

two 2D{*H—**C}-HSQC (aliphatic and aromatic) for the iscovered by NMR that we had unintentionally expressed
side chains. The structural restraints were obtained from athe double mutant F77W-V82A-cTnC. Consequently, the
E'[é{ léN}'IN?]ESY'HgQC and'twcf) 3[?;;H_[\73(§:é-NOEdSY-3D F77W single mutant was recloned, expressed, and labeled,
HNSAt(alp atic atr;]é]aromatlc)l_ or et " s,ha_ln ? " and the NMR and biochemical measurements including
0 measure théluy. coupling constants (phi angles). o im and cTni switch peptide affinities were studied for

Structure Calculation.The structure calculations were
performed using CYANA 2.127). Most of the NOEs were t)hoeth\;:8727Aw;n?1rt]gtilcz)z?\r/]\;—;/SnZOA_anns% Zzﬁgssg::s;nhovgfﬂlﬁte
assigned manually and calibrated within CYANA. The . hvsical " fh toi q hich i yt db
noeassign procedure in cyana assigned 235 out of 125Ob|op ysical properties of Ine protein, which 1S supported by
thein situ fiber force recovery measurements conducted on

NOEs. The minimum and maximum NOE calibration values i
were set to 1.8 and 6.0 A, respectively. The program was POth F77W mutants. ThgH—"N}-2D-HSQC NMR spectra
at 600 MHz of F77W- and F77W-V82A-cTnC&" are

forced to keep all of the manually assigned NOEs for the i
seven runs (8000 steps) of calculation. In addition, 8 calcium Presented in Figure 1. These NMR spectra were run at 100
binding restraints (based on calcium binding site homology), #M protein where dimerization (see below) is negligible.
103 dihedral restraints from TALO28), and 683, Were Residue specific assignments are indicated. Since athide
used to obtain the NMR ensemble (see Table 1). The and*N NMR chemical shifts are very sensitive to minute
structure validation was performed using procheck v.3.5.4. changes in structure, chemical environment, and dynamics,
(29). No further refinement was necessary in order to obtain the comparison of the spectra for F77W- and F77W-V82A-
this well-resolved NMR ensemble. cNTnC:Ca* shows in exquisite detail on a residue specific
Muscle Fibers and Solution&dult New Zealand white basis that the two structures are virtually identical. Conse-
rabbits were killed by sodium pentobarbitone injection (200 quently the NMR structure and dynamics are presented only
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106 A) o equilibrium, or the subsequent binding of cTnl in the
108 D) '68 hydrophobic pocket of the calcium-saturated cNTnC. The
110 :71 calcium dissociation constants were measured using an
12 YRR optical method in which the apparent calcium binding affinity
a R o7 o0 of the chromophoric chelator BAPTA is measured in the
116l 70 ' s, e . absence and presence of the calcium binding protein, and
sl AR 1 K the difference attributed to competition from binding to the
n 0."7’4 ;7‘22' ,63%7 e protein. These measurements are performed at protein
120 o .3-65’7'(34‘.5\.3.5 o2 concentrations<50 uM where dimerization is negligible
122 po ¢ e e o’ (data not shown). Aq of 4 + 3 uM was obtained for wild
124 o2 o ¢! ’ type cNTnC, andKgs of 154+ 5 and 18+ 5 uM for the
E 126  77HE o6 mutants F77W and F77W-V82A, respectively.
73
o 128 " ° The cSp affinity of both mutants were measured by
B 107 103 95 95 91 87 83 79 75 71 67 following the chemical shift changes of the amide resonances
2 106 B) — o in {*H—1°N}-2D-HSQC NMR spectra of cNTnCa&"
T &2 0 ° : acquired during titration with cSp. These NMR spectra were
110 :‘;’f run at 100uM protein concentration where dimerization is
12 et s negligible. This also allows for the asymptote of the titration
4 RER o e to be well defined, resulting in an accurate determination of
y 56‘9;5 ,?;24 630“ the dissociation constants. The cSp titrations for F77W- and
Howe 55 %‘15238“8%23 0k 8;;*9’28 ) F77W-V82A-cNTnGC&" are shown as overlay NMR plots
118 74"20*71;2'7 7%%%‘}8%327 26" in Figure 2. The comparison of the spectra at the beginning
120 S das e and end of both titrations shows that nearly identical
122 31’.77 3.-8-5378 P ks o° structural changes occur in both proteins upon cSp binding.
124 2132 % g . Seven residues showing unambiguous chemical shifts in both
126 o THE o6 cSp titrations were followed: Ala31, Glu66, Gly30, Gly42,
128 o2 73 Leu29, Ser37, and Thr71. The average chemical shift changes
107 103 99 95 91 87 83 79 75 71 6. :
’ ’ 111_I ’ o T e [\/(Ac‘ilH)2 + (0.2 Ad,5))°] were plotted as a function of the
(ppm) ratio of the total cSp concentration over the protein concen-

FiGurRe 1: {*H—15N}-2D-HSQC NMR spectra at 600 MHz of (A)  tration (see inserts Figure 2). Ky of 456 + 35 uM was
T iovTcos el TRINEATTES Sownite et of e i £/TWGIASNTAGE an
labels indicate the residue specific assignments. Kq of 470 i 35”'\,/' for F??W-cNTnC;Ca% Thpse values

are three times higher than tKg obtained by Li et al. 33)
for F77W-V82A-cTnGC&" since replication would provide ~ [0F ENTNC (154+ 104M), demonstrating the weaker affinity
little addition information. of the Phe-to-Trp mutants for cTnl.

Dimerization of the N-Domain of Troponin @.is known Characterization of the Dynamics of F77W-V82A-cNTnC
that the N-domain of TnC dimerizes weakly in solution at C&*. The backbone amidéN-relaxation rates'fN-R; and
typical NMR concentrations, and that the tendency to “*N-Rz) of F77W-V82A-cNTnCCa&" were determined on
dimerize is greater for skeletal than cardiac NTHGfer = a per residue basis at a protein concentration of 200D
1.3 vs 7.3 mM, respectivelyB(). To evaluate the monomer:  (Figure 3). The comparison of those relaxation rates with
dimer equilibria for F77W- and F77W-V82A-cNTnCa", the ones observed by Spyracopoulos etad) for the wild
we measured backbone amitf&l-R; relaxation rates as a  type protein does not reveal any major differences in the
function of protein concentration ranging from 0.11 to 3.4 profile of Ry and R values: the N- and C-termini are more
mM. Several peaks were impossible to identify at higher flexible than the rest of the protein (low;Rand R), the
concentrations but appeared as unambiguous resonances gpfunct calcium binding site | is also more flexible than the
low concentration. This is the result of extensive exchange functional binding site Il, and the secondary structures in
broadening of the NMR cross-peaks. Analysis of the data general are more stable than the loop regions (as judged by
gave aKgmer Of approximately 5 mM for both proteins, the R/R; ratios). We obtained an avera8i\-R; of 2.5 +
indicating that the mutation V82A is not responsible for the 0.4 s*(cNTnC: 2.3+ 0.6 s') and™N-R,0f 9.4+ 0.8 s*
increase of dimerization. The increased dimerization reflects (CNTnC: 6.5+ 1.3 s™) for all characterized residues &

a more open structure and exposed hydrophobic domain (se€’9)- The averagéN-R, drops to 7.9+ 0.4 s if the seven
below). Since the weak dimerization affects the observed *°N-R; values higher than 15 $are excluded. We measured
calcium and ligand affinities, all interactions for both proteins Similar relaxation rates for mutant F77W-cNTnC (data not
were studied at low protein concentrations. Multinuclear 3D shown). The lower average transverse relaxation rate mea-
NMR structural data was collected at higher concentrations sured for the Trp mutants is due to residual dimerization in
in the presence of the cosolvent TFE, used as a denaturangolution.

of quaternary structures( 32). Structure of F77W-V82A-cNTRC&" in TFE. The struc-

Calcium and cSp Affinities of F77W Mutan@alcium and ture of the mutant F77W-V82A-cNTnC&*+ was determined
cSp affinities of both mutants were measured to determine by NMR in the presence of 19% TFE (v/v). The cosolvent
whether the presence of the Trp disturbs the interaction with TFE is used here as a denaturant of quaternary structure to
calcium, the coupled ‘closed’ to ‘open’ conformational reduce dimerizations( 32). and was shown to not modify
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FIGURE 2: cSp titrations of F77W and F77W-V82A-cNTHIZ+ performed at a low concentration of protein@.1 mM). The seven

labeled residues were used to measure an average chemical shift change for each step of the titrations. Inset: the chemical shift changes
are plotted as a function of the [cSp]/[protein] ratio, and the best fit is represented by a continuous Kpeaf 470 + 47 uM was

measured for mutant F77W (A) and 43635 uM for mutant F77W-V82A (B).

the structure of cNTn€a" by comparison of the NMR  structure is unchanged. The length and sequential position
structures determined withou34) and with TFE 82). The of the secondary structures are identical: N-helix{3),
NMR ensemble of F77W-V82A-cNTnC&" containing the A-helix (14—27), B-helix (41-48), C-helix (54-62), D-helix

30 structures with lowest rmsd (out of 50) is presented in (74—84), and the smalls-sheet (3537, 71-73). The
Figure 4A. All of the structures in the ensemble have a good superimposition of F77W-V82A-cNTnC onto cNTnC (1AP4)
protein geometry with 91.6% of the dihedral angles in the shows a rmsd of 2.4 A (Figure 4B) for the backbone atoms
most favorable region of the Ramachandran plot and 8.4% of the secondary structures (NaCC'). Residue 77 of the

in the additionally allowed region (Table 1). The backbone two structures is represented in sticks, confirming that both
rmsd is 0.67+ 0.16 A, and 1.16+ 0.12 A for the heavy ~ aromatic rings share the same position in the hydrophobic
atoms. There are no NOE violations more than 0.4 A. core of the N-domain of TnC.

Overall, the mutations F77W and V82A do not change the  Even though the overall fold of the protein is conserved,
structure of cNTnC. The protein shows two EF-hand motifs. the structure of F77W-V82A-cNTnC&" reveals two
The calcium binding site | is still structured, and its overall significant changes. First, a comparison of this Trp mutation
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decrease in the interhelical angle indicates an opening of
the structure. Interestingly, interhelical angle values from
F77W-V82A-cNTnGC&" (A/B = 112, B/C = 93°) are
similar to those found in cNTNCa& - Tnly7-163 (A/B

= 105; C/D = 89°) but different from the wild type
cNTnC:-C&* (A/B = 132; C/D = 122°). Furthermore, the
structural superimposition of F77W-V82A-cNTHCE ™ with
cNTNCCat+Tnlysz—163 (Figure 5A) has a lower rmsd (2.1
A) than when the structure is superimposed on cNT"

(2.4 A) using the backbone atoms of the secondary structures
(N, Ca, C). All these comparisons demonstrate that the
insertion of a Trp in the core of the N-domain of cTnC
generates a more open structure, similar to wild type cNTnC
Ca*, but even more to cCNTHC & Tnly47-163

Regulation of Actie Force by Trp Mutants in Skeletal

FiGURE 3: 15N-Relaxation of F77W-V82A-cNThCa* at ~0.2 Muscle Fibers Extraction of the native skeletal TnC from
mM. The15N-Ry, N-R,, and R/R; ratio are plotted as a function ~ Single demembranated fibers of rabbit psaos muscle using
of the primary sequence on a per residue basis with their respectivetrifluoperazine (see Materials and Methods) reduced the
error bars. The averages for the three relaxation values are showrctive isometric force measured in standard activating
with dashed lines. solution (pCa 4.5) to 8.% 1.0% (meant SE,n = 29) that

in cNTNC with other Trp mutation in homologous proteins ObServed prior to TnC extractiorTd). After reconstitution
revealed that the indole ring of F77W is in the opposite/ With recombinant skeletal TnC the active force recovered to
antiparallel orientation (see Discussion section). Second, the92-2+ 4.3% ofTo (n = 3). Force recovery after reconstitu-
F77W mutation, replacing a phenyl side chain by a larger tion with wild type cardiac TnC (cTnC) was only 654
indole ring, has created a more open conformation than for 3:4% @ = 7) of To, similar to previously published values
cNTNC. We have measured the interhelical angles between(65.4% 85); 71%, 36)).

helix A and B, and between C and D, for F77W-V82A- Active force recovery in fibers reconstituted with the F104-
cNTnC and cNTnC in the presence or absence of the cSp(4fW), F153(4W), and F153(8/V) mutants of cTnC was 75.0
(PDB 1ap4 and 1mxl) using interhix (K. Yap, University of 4+ 6.1% = 4), 61.3£ 5.8% (= 4), and 68.2+ 4.2% f{
Toronto). The interhelical angles A/B and C/D are a good = 3) of Ty, respectively (Table 2), and these values are not
indication of the opening of the N-domain of cTnC. A significantly different from that reported above for wild type

FiIGURE 4: (A) NMR ensemble (30 structures) of F77W-V82A-cNTi@2?+ in TFE. (B) Superposition of F77W-V82A-cNTnC and cNTnC

and a comparison of the orientation of both residues 77 (W77 vs F77). Structural comparison with (C) silver hake parvalbumin (X-ray) and

(D) cCTnC mutant F153W (NMR) with their respective Trp residue represented with sticks.
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Ficure 5: (A) Superposition of F77W-V82A-cNTnCa&" (green) and cNTn€Ca"-cSp (yellow) structures both determined by NMR.
The Trp77 of the mutant is colored in pink and the cSp bound to the wild type is colored in orange. (B) Potential interaction of cSp with
F77W-V82A-cNTnGCa&". The figure was created using the same orientation as in A. The green surface corresponds to the surface area

of F77W-V82A-cNTnC with residue Trp77 colored in pink.

Table 2: Active Force at pCa 4.5 after Reconstitution with cTnC
(% of the maximal force observed prior to extractfon)

human cTnC active force (Yool no. of experiments
F104 (4F-Trp) 75.6: 6.1 4
F153 (4F-Trp) 61.3: 5.8 4
F153 (5F-Trp) 68.2 4.2 3
F77W 40.0+ 5.5* 4
F77W-V82A 39.6+ 4.5% 5
wild type 65.4+ 4.3 7

aMean+ SEM; *P < 0.01 when compared with wild type.

cTnC (P > 0.05). Fibers were fully relaxed at pCa 9.0 after
TnC extraction and after reconstitution with the F1G¥,
F153(4W), and F153(8V) mutants of cTnC. Thus, the
introduction of 4W or 5fW at either of these sites in the
C-terminal lobe of cTnC has no effect on Taegulation

wild type cTnC P < 0.01). Moreover, the fibers containing
F77W- and F77W-V82A-cTnC were not completely relaxed
at pCa 9.0 but generated a force of Z8.3% of To. Thus,
introduction of Trp at these sites in the N-terminal lobe of
cTnC does affect Ca regulationin situ. The decrease in
active force in fibers reconstituted with ¢TnCs is unlikely
to be due to incomplete occupation of the TnC binding sites
in the fiber, because an additional 5 min incubation with
recombinant skeletal TnC produced no further recovery of
active force 1.1+ 0.9%,n = 7).

DISCUSSION

Ca*" and cSp Affinity Measuremenid/e have measured
the calcium binding affinities of both F77W mutants in
comparison to wild type cNTnC. We obtaing&gs of 5, 15,

in muscle fibers beyond that associated with replacement ofand 18uM for cNTnC, F77W, and F77W-V82A, respec-
TnC by cTnC. In contrast, active force recovery in fibers tively. The K4 for cNTNC is consistent with the previous
reconstituted with the F77W and F77W-V82A mutants of published values 37, 38). The results suggest that the

cTnC was only 40.@t 5.5% (= 4) and 39.6+ 4.5% Q=

mutation F77W reduces the calcium affinity of cNTnC by

5), respectively, significantly lower than that observed for ~3 fold. Moncrieffe et al. {5) observed a 2-fold reduction
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in Ca" affinity for the skeletal F154W-TnC mutant (see also  Structural ConsequencesThere is no significant differ-
(39)) but only a small reduction in Gaaffinity for the F78W ence in the binding affinity of the two mutants for the cSp
mutant, which is the skeletal analogue to F77W. The cSp or C&". This suggests that the mutation V82A does not
binding affinity of mutants F77W and F77W-V82A was also influence the properties of the F77W mutants. The structural
monitored by NMR at low protein concentrations. Htel— characteristics expected from the Trp mutants were success-
1N} -HSQC NMR spectra at high protein concentration were fully attained: the same overall structure and an immobilized
of poor quality, while the high quality spectra obtained during Trp ring in the core of the N-domain of cTnC. One structural
the titrations at a lower protein concentration are presenteddifference between wild type cNTnC and mutant F77W-
in Figure 2. Another advantage of using low protein V82A is the larger extent of opening of the mutant. The
concentrations in our binding affinity measurements is that comparison of the structures of F77W-V82A-cNT@z"
as high as 40- to 60-fold molar excess of [cSp] over [protein] with cNTnCCat-cSp shows a similar opening (Figure 5A).
is possible. This is not possible at higher protein concentra- One would expect that a more open N-domain would lead
tions because of limited peptide solubility. This allows one to an increase in the cSp affinity; i.e., SNTnC (more open)
to reach a plateau in the chemical shift changes, which is has a higher affinity for sSp than cNTnC (less open) has for
reflected in a much more accurate and precise determinationcSp. However, the cSp binding is weaker even though the
of the dissociation constant. The cSp binding affinity of both structure of the Phe-to-Trp mutant is more open. One
mutants F77W and F77W-V82A are decreased by a factor possibility is that the Phe-to-Trp substitution makes unfavor-
3in comparison to wild type cNTNC. The fact that the results able contacts with cTnl, as the indole ring appears at the
were similar for both mutants indicates that the mutation surface of the F77W-V82A-cNTnC&" structure (Figure
V82A does not affect the binding affinity of the mutants to 5B). Interestingly, the HN resonance of the Trp indole
cTnl. disappears from thg'H—15N}-HSQC NMR spectrum after
Structure of F77W-V82A-cNTRCa" and Trp Orienta- the first step of the cSp titration and does not reappear even
tion. The solution structure of mutant F77W-V82A-cNTnC after an addition of more than a 40-fold molar excess of
in the calcium state has been determined in the presence opeptide. This indicates that the chemical environment of the
TFE. The overall structure of the double mutant is very Trpis highly modified by the presence of the cSp, supporting
similar to that of wild type cNTNnC. The side chain of Trp77 the interpretation of a direct contact between Trp77 and cTnl.
is located at the same position as Phe77 in the wild type Force Recoery of Different Phe-to-Trp MutantSimilarly
(Figure 4B) with similary; andy, values. The indole ring is  to the cSp and Ca binding affinities discussed above, the
well defined in the core of the protein (Figure 4A). However, recovery of force in reconstituted skeletal muscle fibers is
a comparison of this Trp mutant in cNTnC and other Trp about the same for the F77W- and F77W-V82A mutants,
mutants in homologous proteins reveals an important indicating once again that the V82A mutation is benign. The
change: the indole ring in the mutant F77W-V82A is in the force recovery profiles for the F104W (site 11l) and F153W
opposite orientation compared to some homologous proteins.(site IV) are similar and not significantly different from wild
For example, the NMR structure of the F153W mutant has type cTnC, which is used as a control in the skeletal muscle
an indole ring orientation with the HN-bond pointing up fibers. However, the force recovery for the F77W and F77W
(Figure 4D) @1). The mutant F153W in the C-domain shares V82A (site II) and F153W mutants are much less than that
the homologous position as F77W in the N-domain, both of the wild type cTnC. This is consistent with the expected
sharing similar; angles (F77W= 177 and F153W= 177) structural role of the C-domain and the expected regulatory
but having differenjy, angles (F77W= 90° and F153W= role for the N-domain derived from the large body of existing
—96°). Silver Hake Parvalbumin has a single Trp (W102) studies. At a molecular level, the insensitivities of muscle
buried in the core of its domain and in an analogous position function to C-domain Phe-to-Trp mutations indicate that
to F77W-V82A-cNTnC and F153W-cCTnC (Figure 4C). In  either the Phe-to-Trp mutations do not affect Falhl
the X-ray structure the indole orientation is also opposite interaction, or the change in affinity of cCTnC for cTnl is
with a similary; value (W102= 170°) but again a different ~ not enough to compromise the anchoring of Tnl to TnC in
y2 value (W102= —106’) (40). The same orientation is the troponin complex. For F77W, the mutation reduced
observed in the structure of carp parvalbumin mutant F102W c¢TnC'’s affinity for cSp, thus attenuating the critical Ca
(41). Moncrieffe et al. discuss possible heterogeneity of the dependent interaction responsible for triggering muscle
indole ring orientation in the context of Trp fluorescence contraction. This is directly reflected in the change in
lifetime experiments but conclude that they only observe recovery of force. One qualification of these studies would
evidence for one major conformatior 97%). Their mini- be that the interaction in the reconstituted fibers is with sSp
mum perturbation maps suggest two possible minima havingand not cSp, but their sequences are very similar and critical
similar y, angles of ~180° but different y, values of residues such as M154 are identical between the two. The
approximately 100and—10C°. A similar computer simula-  sequence of cSpr-163iS RISADAMMQALLGARAK, and
tion was performed for F78W-sNTnC, the skeletal homolog that of SSgis-131 is RMSADAMLRALLGSKHK. In some
of F77W, and two energy minima were also obtained, the fibers, chicken skeletal TnC was also used after reconstitution
more stable of which corresponding to the orientation with human cardiac TnC and no further force recovery was
observed in F77W-V82A-cNTNnCLE). We have also gener-  observed, indicating that the incomplete reconstitution of
ated a model for F77W-V82A-cNTnC based on the structure cTnC could be ruled out as the reason for the incomplete
of cNTnC (PDB 1AP4) using Modeler 9v14%). The force recovery after reconstitution with human cardiac TnC.
ensemble of structures obtained after minimization revealed The overall conclusions of this study are that while the
a Trp orientation that is in accordance with our NMR Phe-to-Trp mutations in cNTNnC studied cause only relatively
ensemble (data not shown). small changes at the level of molecular structure, the effect
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can be to perturb the interactions with target proteins, and
this is then reflected at the level of force generation when
reconstituted into fibers. Further, the effects of the Phe-to-
Trp mutations are differential: those in the C-lobe do not
result in any change in activity, consistent with its role as a
structural anchor, whereas those in the N-lobe, while small,
are critical to activity since they directly regulate the*?Ca
signaling. A reduction in affinity between regions of cTnC
and cTnl of only 3-fold leads to a 30% reduction in
physiological activity. Thus, we can begin to correlate
interactions now understood at a 3D structural level with
the resulting downstream effects on function. At present
considerable effort is being spent investigating the influence
of familial hypertrophic cardiomyopathy mutations on cardiac
muscle performance. Our study indicates that even the very

small changes in biophysical properties that are observed 15.

can have a significant effect on long-term function.
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