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ABSTRACT: Numerous troponin T (TnT) isoforms are generated by alternative RNA splicing primarily in
its N-terminal hypervariable region, but the functions of these isoforms are not completely understood.
Here for the first time, we discovered that a chicken fast TnT isoform with a unique Tx motif (HEEAH)
binds calcium. The metal binding behavior of this TnT isoform was first investigated using terbium as a
calcium analogue due to its more readily detectable fluorescence variation upon TnT binding. Both intact
TnT and TnT N-terminal fragment (TnT N47) bound terbium with high affinity indicating that the
N-terminal sequence was the site of binding. Since terbium often substitutes at calcium-binding sites,
radioactive calcium was tested and found to bind both intact TnT and TnT N47. Fluorescence measurements
using the calcium-sensitive fluorescent dye, calcium green 5N, confirmed that calcium bound to the tertiary
complex of TnT and the tropomyosin dimer with a fast on-raté-1@’ M~ s71) as detected in stopped-

flow analysis. Consistent with these observations, computational predictions suggest that TnT N47 might
fold into an elongated structure with at least one high-affinity metal ion binding pocket comprised primarily
of the Tx motif sequence and several lower affinity binding sites. These results suggest that TnT may
play a role in modulating the calcium-mediated regulatory process of striated muscle contraction.

Troponin T (TnT} is the tropomyosin (Tm)-binding  muscle. On its C-terminal domain, TnT interacts with
subunit of the troponin complex and plays an essential role troponin C (TnC), troponin | (Tnl), Tm, and actin during
in the thin-filament regulatory system of vertebrate striated C&"-dependent regulation of muscle contractitr8) and

is required for the Ca sensitivity of myofibrillar ATPase.
While the central portion of the elongated TnT structure is
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! Abbreviations: B, the concentration of G& bound to protein or developmental staged{9). Chicken fast skeletal muscle
calcium green 5N, the concentration of free €3 c, the ratio between

D and lo; D, the concentration of free calcium green 5B, the TnT is encoqled by a single gene and e_xpress_,e_d as many
concentration of total calcium green SNCHit, the derivative of isoforms, which are produced by alternative splicing of the
concentration with respect to time; DTT, dithiothreitol; EC50, the more than thirteen '&exons encoding the hypervariable

effective concentration of ligand when the bound ligand concentration y,_ ; : : e
equals 50% of the protein concentration; EDTA, ethylenediamine N-terminal region and mutually exclusive splicing of two

tetraacetic acid; EGTA ethylene glycol-biséminoethyl ether)-  3-€xons encoding a C-terminal variable regidny0—11).
N,N,N',N'-tetraacetic acid; FPLC, fast-purification liquid chromatog- ~ Adult chicken TnT in breast and leg muscle are distinguished

raphy; GB/SA, generalized Born/surface area; HEDTA, hydroxyethyl i ; ; i ;
ethylenediamine triacetic acit;the absolute difference in fluorescent by their molecular mass and isoelectric points (pl) resulting

intensity; lo, the fluorescent intensity of free calcium green 3d; from a d_ram_atic difference_ in the N-terminal regidr9(12).
the fluorescent intensity of calcium green 5N when it bind3 Chax, The major isoform of chicken breast muscle TnT has a
the maximum absolute difference in fluorescent intendifythe ratio molecular mass of 33 500 kDa and a pl of about 7, whereas

betweenB and Ics Kg, the apparent dissociation constant of ligand :
binding; k., the dissociation rate constakg;, the binding rate constant; the leg muscle isoforms have a molecular mass of about

mAb, monoclonal antibody; MMFF, the Merck molecular force field; 30 500 kDa and a pl of about 8.33). Although numerous
OPLS-AA, optimized potentials for liquid simulations-all atom force  TnT isoforms generated from alternative splicing have been

field; P, protein concentratiorPr, the concentration of total protein; : : : s : -
RMSD, root-mean-square deviation of the alpha carbons:-SDESE, investigated, the functional significance of this hypervariable

SDS-polyacrylamide gel electrophoresi;terbium concentration; Tm,  r€gion has not been well understood.

tropomyosin; TnC, troponin C; Tnl, troponin I; TnT, troponin T; TnT ; ;
N47, N-terminal 46 amino acids of chicken breast muscle TnT1 isoform Sequencing of both chicken breast muscle TnT cDHA (

(residue 2-47); Tx cluster, the metal binding sequence of and protein 10) showed a segment consisting of four
[H(E/A)EAH] . repeated histidine pairs [H(E/A)EAH], named Tx sequence).
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The Tx sequence is largely encoded by alternatively spliced TnT N47

P exons between exon 5 and &1f, and has a highly SDTEEVEHGEAHEAEEVHEEANHEEANHAEANAEEATAHAEEVHEP
organized structure in the adult breast muscle of two orders

(GalliformesandCraciformg of avian speciesl{). Because TnT 8el6

the expression of Tx and Tx-like sequence is specific to the SDTEEVEHGEAHEAEEVHEEAHHEEAHHEEAHHEEAHHAEAHHAEAH|
adult avian pectoral muscl®); a possible link has been  [HEEAHAHAEEVHEPAPPP EEKPRIKLTAPKIPEGEKVDFDDIQKKRQNK

implicated between this special N-terminal structure of TnT DPLIELQALIDSHFEARRKEEEELVALKERIEKRRAERAEQQRIRAEKEKER
QARLAEEKARREEEDAKRKAEDDLKKKKALSSMGASYSSYLAKADQK

and the flight function of bird pectoral muscle. We have gy oraRETKKKYLAERRKPLNIDHLNEDKLRDKAKELWDWLYQLQ

previously demonstrated specific binding of transition metal TEKYDFAEQIKRKKYEILTLRCRLQELSKFSKKAGAKGKVGGRWK

ions to the Tx structurel@l). Studies on the Tx clusters using  Fgyre 1: Sequence of TnT N47 and chicken breast muscle TnT

metal ion or monoclonal antibody binding to the N-terminal 8e16. TnT N47 is the N-terminal 46-amino acid fragment of chicken

region demonstrated that the metal ion binding induces breast muscle TnT-1 isoform excluding the first methionine and

structural changes within the N-terminal Tx segment with containing 17 glutamates (as shown in bold) and four of the metal-
binding Tx motifs (as marked with boxes). TnT 8el6 is the major

secondary effects on the conformation and function of other isoform of adult chicken breast muscle TnT, which contains 22

domains of TnT {5-16). Further investigation using  gjytamates in the N-terminal 61 residues, and seven Tx motifs. A
fluorescence spectral analysis revealed that the metal ionsequence of APPP shown in italic forms the epitope of mAb 3E4
binding to the TnT N-terminus induces a conformational used in Western blot verification of the TnT proteins. The Tx motifs
change in TnT together with a decrease in the mobility of have been proven to have metal ion binding ability, while the
the Trp residues (W234, W236, and W285) and an increasepolyglutamate composition suggests potentiad'dzinding sites.

in tthleXIblllty of fluorescein-labeled Cy&ﬂn the COOH four and seven meta|_binding Tx motifs (the sequence is
domain (7). presented in Figure 1), respectively, and were purified by
Studies on reconstituted thin filaments from the intact Zn?" affinity chromatography as previously demonstrated and
cardiac TnT and a TnT fragment with a deletion of the quantified (4—15, 20, see Supporting Information). TAT
mainly acidic N-terminal 38 amino acids have demonstrated Tm complex were reconstituted from chicken breast muscle
that removal of this TnT N-terminal peptide weakens TnC  TnT and rabbit skeletal muscle Tm, which was purified from
C&" binding thereby increasing the €aconcentration acetone powder by the method of Smilli2l). To recon-
required to activate the actin-myosin MgATPad@)( In stitute TnT=Tm, chicken breast muscle TnT and rabbit
addition, contractility studies using skinned adult chicken skeletal muscle Tm were mixed in molar ratio of 1:2 and
muscle fibers differing in the N-terminal Glu/Asp contents- diluted with 15 mM Tris, 0.5 M NaCl, 1 mM DTT, 2 mM
determined overall charge of TnT (acidic breast verse basicEDTA, ard 6 M urea, pH 7.8 buffer. To renature the complex
levator coccygeus) showed that acidic TnT contributes to to native conformation, the mixture was dialyzed &Cito
the function of the contractile apparatus by sensitizing force remove urea and high salt gradually, to eventually reach the
and stiffness responses to La(19). Moreover, protein physiological condition of 15 mM Tris, 150 mM NaCl, pH
binding assays showed that TnT isoforms with a more acidic 7.8. Then, ultracentrifugation at 100apfor 1 h in aSorvall
N-terminal domain had a higher tolerance to acidosis than Discovery 90 at 4°C was taken to pellet down any
did basic isoforms in Tnl and Tm bindind 3). aggregation. The concentration of TARTm was determined
Previous investigations on the N-terminal structure of TnT from a molar extinction coefficientzgo nm 0f 27 840 M
indicate this region takes part in thin filament structure €M™, which is the sum of the molar extinction coefficients
modulation (7). To better understand the function of TnT from one TnT and two Tm chains.
in Ca* regulation, the present study is the first direct test ~ Terbium-Binding Assays of TnTerbium was used as a
for the calcium binding to TnT in the N-terminal region. calcium analogue to probe the nature of TnT's interaction
The calcium-binding test was first carried out by using With calcium due to terbium’s more readily detectable
terbium, an easily detectable calcium analogue. Then, fluorescence and high affinity for calcium-binding sites. For
radioactive calcium was used to trace the binding to different these assays, TnT N47 was in 15 mM Tris, 150 mM NacCl,
forms of TnT. We have shown that intact chicken breast PH 7.8 buffer, and the intact TnT was in the same buffer
muscle TnT and an N-terminal fragment (TnT N47) bind to with an additional 10 mM imidazole to partlally quenCh the
calcium with similar affinity. Stopped-flow analysis usinga unbound TB" luminescence. The fitration of TnT’s with
calcium fluorescent dye showed that TaTm binds to ~ Tb*" were completed by adding aliquots of a freshly prepared
calcium with a fast on-rate. Molecular mechanics simulations Tb>* stock solution to the TnT solution (M), and then
further support the hypothesis that Tx motifs form?Ga ~ Tb*" fluorescence was measured on a SLM Aminco-
binding sites. These results suggest that the Glu-rich N- Bowman II luminescence spectrometer with an excitation

terminal region of chicken breast muscle TnT binds to wavelength at 248 nm and band-pass at 16 nm. All
calcium, and may play a role in modulating calcium Mmeasurements were performed at room temperature-Th

regulation of muscle contraction. binding curves were plotted with MacCurve Fit (Kevin Raner
Software) and fitted to the following form of the Hill
EXPERIMENTAL PROCEDURES equation:
Protein Preparation.Three forms of TnT were used in | =1 TI(Kg+ T (1)
this research, TnT N47, the N-terminal 46 amino acids of
chicken breast (fast) muscle TnT1 isoform (residued ), in which | is absolute difference in fluorescent intensky,
chicken breast muscle TnT and reconstituted Fim is the apparent dissociation constant of TnT with¥ Tlyax

complex. TnT N47 and chicken breast muscle TnT contain is the maximum absolute difference in fluorescent intensity,
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Table 1: Summary of Metal Binding of Three Different Forms of sensitive dye that emits high fluorescence when it binds to

™nT Ca&" with low background by itself, was mixed with the
Tb* binding constants Ca binding EC50 sample. Aﬂgr its addition to the €asolution, calcium green .
apparent Ecoo 5N was excited at 488 nm and band-pass at 16 nm, and its
form of TRT K (uM) n e (M) R fluorescence was detected by the luminescence spectrometer
T N7 10-3 15203 09 14760 080 at 532 nm and band-pass at 4 nm. The standard curve was
™nT 56108 08102 098 230.89 080 plottgd as quoresgent intensity vs free2Ca@oncentration
TnT-Tm  31+4  1(fixed) 0.99 35.9:11.6 0.79 and fitted to a derived function.

suppose€C + D < B
nis the Hill coefficient, andr is terbium concentration. The
results are summarized in Table 1.

Competitve Binding Assays ofb®" and C&". In this
assay, IuM TnT N47 or TnT=Tm was incubated with 5
uM Tb3*, followed by titration with high concentration of Ky= CD/B (2)
C&'. Time-resolved T fluorescence excitation spectra
were measured in the same way as it'Fbinding assays. ~ SinceD = Dr — B, in which Dr is the total concentration
TnT N47 was in 15 mM Tris, 150 mM NaCl, pH 7.8 buffer, of calcium green 5N. Equation 2 can be modifiedkas=
while an additional 10 mM imidazole was added to buffer C(Dr — B)/B, and converted to
TnT—Tm complex as T8 guencher. The control experiment _
of C&" titration to T without TnT confirmed that the B=D/(K/C+1) C)

- .
Ca* solution has no effect on the Tbfluorescence spectra. On the other hand, the measured fluorescent intengiig (

All measurements were performed at room temperature. .o wibuted from both forms of fredof and C&* bound {cy)
Calcium-Binding Assays of TnThe C&*-binding was  calcium green 5N. Moreover, the fluorescent intensity of
measured by a filtration method withiCaChk (Amersham  calcium green 5N is proportional to its concentration, and

PharmaCia) in 15 mM TriS, 150 mM NaCI, pH 7.8 buffer at can be expressed &s= D/c, andlc, = B/k. As a result, the
room temperature. In some experiments, 2 mM Mgas fluorescent intensity is

added to the solution to examine if there might be competi-
tion between C& and M¢". The TnT N47 and Tn¥Tm | = (Dr — B)lc + Blk (4)
concentrations used for the measurement werévil and L ) )
TnT concentration was @M. The concentrations of G Combining eqgs 3 and 4, the fluorescent intensity can be
were from 0.5 to 10M. The “5CaCh was added to TnT, gxpregsed as a function of free4C) and other constants
and the assay solution was passed through a protein binding"cluding Kq (23.0+ 0.6 M)
membrane on which TnT and its bound?Ceemained, while — _
free C&" flowed through. For TnT N47, the Spartan-3 = Drl(Lhk = HO(KJC + 1) + Dyle ®)
syringe filter with nylon membrane (Aldrich) was used, The constank (0.031) andc (0.954) were measured by
whereas mixed cellulose ester membranes (Advantec MFS mixing calcium green 5N with 50 mM of Gaand EGTA,
Inc.) with a plastic swinney filter holder (PALL Gelman respectively, and included in eq 5 during curve fitting.
Laboratory) were used for TnT and TRTTm C&*-binding Kinetics Study of TnFTm Complex Calcium Binding.
experiments. ThéCa radioactivity of the assay solution and Kinetic measurements of TnriTm C§+-binding were
its filtrate in identical volumes were measured in a Beckman performed with a stopped flow reactor (Milliflow, SLM
LS 5000TD liquid scintillation counter, and calibrated to  Aminco) connected with the luminescence spectrometer. The
determine the concentrations of total and freé'Ceespec- measurements were made in 15 mM Tris, and 150 mM NacCl,
tively. Nonspecific C&'-binding to the membrane were 2 mMm MgCl, pH 7.8 at room temperature. TRTTm solution
corrected. Bound G4 was calculated from the difference (0.3 M) was mixed rapidly with C& plus calcium green
between total and free €a In some experiments, tHeCa* 5N in the stopped-flow reactor driven under a compressed
radioactivity of the filter membrane was also measured to nitrogen pressure of 60 psi. The excitation monochromator
directly determine the concentration of bound*Carhe was set to 488 nm (band-pass 16 nm), and the fluorescence
experiments were repeated several times. Bourid @as  emission of calcium green 5N was monitored at 532 nm
plotted as the function of total €3 and applied to the linear (band-pass 4 nm). Reaction curves were obtained by averag-
fitting with MacCurve Fit. The EC50 of Ca-binding was  ing at least 60 reaction traces. Data were plotted and fitted
determined from the linear fitting with Statistica software with the MacCurve Fit software. The reaction traces were
as the free Cd concentration at which the bound €a  analyzed for the first 200 ms for fast binding rate constants.
concentration equals half the TnT concentration. The results Since the time constant for calcium dissociation from calcium
are summarized in Table 1. green 5N is less than 1 ms, and the data were collected at 1
Calibration of Free Calcium ConcentratioG.&" solutions ms resolution Z4), the fluorescent intensity was taken as
(4—9 mM) were buffered with 10 mM HEDTA, at pH 7.8, faithful indicator of free calcium levels. Control mixing
ionic strength 165 mM. The free €aconcentrations (1.65 experiments at fixed free calcium levels demonstrated that
13.2uM, correspondingly) were calculated from the software the dye fluorescence was not affected by the presence of
MaxC (version 2.40, http://www.stanford.echopatton/max-  the proteins used.
c.html). To trace the G4 concentration change upon protein To process the reaction trace data for rate constants fitting,
binding, calcium green 5N (Molecular Probes), a calcium- a kinetics equation was derived below:

in which C, D, andB stands for free C4, free calcium green
5N, and bound Ca, respectively. Then it follows at
equilibrium
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supposé + C &p
Kot

in which P, C, andB stands for calcium-binding sites on
the protein, free G4, and bound CH, respectively. Then,
it follows

dC/dt = —k,,PC+ k. B (6)
The concentrations of total, free, and bound protein 6 Ca
are constrained by

P=P;—B B=C;—-C (7)

Taking egs 6 and 7 together, the change of freé*Ca
concentration per time (ldt) can be expressed in terms of
free C&" concentration() in eq 8

dC/dt = —kyC* + (korCr — korPr — koi)C + kyCr (8)

where ko, is the C&"-binding rate constantiy is C&*
dissociation rate constar@; is concentration of total Ca,
and Py is concentration of calcium-binding sites on the
protein.

Equation 8 was taken further two consecutive derivatives
with respect to free calcium concentratidd) (o eliminate
all other parameters and constants exdgpt

y(dC/dt)

2 (9)

= _2k0n

The intensity from reaction traces was calibrated into
concentration of free Ca. The change of free CGa per
millisecond was taken as the first derivative with respect to
time and two additional derivatives with respect to freé'Ca

Zhang et al.

dynamics simulation for 1 ns using 1.5 fs steps with SHAKE
algorithms for all bonds. Next, a mixed low frequency mode
and Monte Carlo conformational search yielded 92 unique
lowest energy structures within 50 kJ/mol of the apparent
global minimum, and 45 duplicate structures were also found.
Cluster analysis indicated that 89 of the 92 unique structures
had a nearly identical fold with less than 0.35 nm RMSD of
their heavy atoms. This class of structures comprised 84 out
of the 84 the structures within 26 kJ/mol of the apparent
global minimum, so a large proportion of the identified
lowest energy structures were closely matched in structure
and energy level which is consistent with a stable folded
conformation. Seeded repeats of this conformational search
produced similar results. A more detailed description of the
algorithm and validation studies are included in Supporting
Information. A simulated annealing approach based on a
published protocolZ6) that has been successful on smaller
peptides was tried for comparison to the rationally directed
approach described above; however, it generated random
coils with higher energy than the stable folded conformation
predicted above.

A calcium ion binding pocket was identified ugim 2 ns
stochastic dynamics simulation on the lowest energy structure
in the presence of a calcium ion. To accelerate interaction
between the metal ion and the protein on this time scale, a
distance-dependent dielectric model was used in place of GB/
SA water model 27—28). The resulting structure was then
minimized to convergence and analyzed with two different
100 ps molecular dynamics simulations using the GB/SA
water model and also explicit solvent with periodic boundary
conditions and particle mesh Ewald electrostatics (using
TINKER 4.0;29). During both simulations, the calcium ion
remained bound within the internal pocket, and structures
demonstrated typical coordination of the calcium by eight

were determined graphically as indicated in egs 8 and 9. Theoxygen atoms. Further stochastic dynamics simulations using

Cé&'-binding on-rate and its 95% confidence limits were
calculated from the averaged third derivative data.
Molecular Mechanics Simulations of TnT N&bmputa-
tions were performed using Macromodel (version 8.1,
Schralinger, Inc.) and an OPLS-AA or a MMFF (used for
Zn?* binding simulations only, since it has been parametrized
for handling transition metals with a commonly used

nonbonded model) second generation all atom force fields

on a 2 GHz LINUX workstation with 2 gigabytes RAM.
Unless otherwise specified, a GB/SA (generalized Born/
solvation area) solvent model was employed, and only high

quality parameters were used for the structure prediction

calculations with the OPLS-AA force field as describ@8)(

the distance-dependent dielectric solvent model revealed the
effects of multiple calcium or zinc ions on the TnT N47
conformation.

RESULTS

Three forms of TnT were used for binding studies, TnT
N47, TnT, and TnFTm. The TnT N47 is an N-terminal
fragment to verify that the binding occurs at this N-terminal
region (see Figure 1). Highly purified TnT was used to
demonstrate binding to the intact protein. Tm interacts with
TnT including one binding site in the N-terminal T1 region
(30), and likely has effects on the conformation of TnT.

The structure of the peptide TnT N47 was predicted de |Nnerefore, the Tn¥Tm complex was prepared for some of
novo from free energy calculations using a combination of the C&"-binding experiments. Overloaded samples in Figure
energy minimizations, low-frequency mode searches, Monte 2 N0t only prove greater than 97% purity of the TnT and
Carlo conformational searches, and stochastic dynamics! ™ Preparations as quantified by gel densitometry, but also
simulations. First, the sequence of TnT N47 was build in an Provide evidence that potential contaminating calcium-
a-helical conformation, since the amino acid composition Pinding proteins such as TnC and parvalbumin, which have
has a high predicted propensity for this secondary structureMuch lower molecular weights than TnT and Tm, have been
and previous circular dichroism studies suggested that this€liminated.
secondary structure was partially preseif)( Energy The SDS-PAGE gel in Figure 2 also shows that the molar
minimizations with harmonic distance constraints were used ratio is consistent with one TnT to one Tm dimer.
to steer the valine residues (the only strongly hydrophobic  Binding of Terbium to TnTTb3" is a lanthanide analogue
residues in the peptide) into close proximity with each other of calcium often used to probe the nature of protein
to build a hydrophobic core. Then, the distance constraints interactions with C& (31-33). Tbh*" has a similar ionic
were eliminated, and the structure entered a stochasticradius to that of C& in aqueous solution, and has the
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Rabbit TaT-Tm assays were performed. Figure 4 demonstrates that for both

Myofibril TnT ~ Tm _ TnT N47 (Figure 4A) and TnFTm (Figure 4B) the added

Proteins denatured reconsiituted Ca' is able to displace prebound ¥b This control indicates
Myosin HC — Eﬂ; that at least some of the ion binding sites can be bound by

either C&" or Tb*". However, a given site might have a
L = stronger affinity for one of the two ions.
Actin — G : P— Binding of Calcium to TnTAvian adult breast muscle TnT
! 'ﬂ > has been classified as acidic TnT because of the polygulta-
. mates in its N-terminal region. In contrast, avian leg muscle
o TnT's are basic isoforms. The glutamate-rich sequence is
proposed to possessTainding ability in the chicken breast
muscle TnT.
To determine the binding of €ato TnT, radioactivé®Ca
was applied with the filtration method. The results ofGa
binding measurements are shown in Figure 5, and the EC50's
obtained are summarized in Table 1. The binding data
showed that the minimum number of calcium ions binding
P to TnT N47 is approximately two per molecule (Figure 5A);
FiGURE 2: Purity and reconstitution of proteins assayed. Protein NOWeVer, that of the intact TnT and TRTTm appears to be
fractions from chromatography or dialysis were examined by 15% one per molecule (Figure 5B,C). The possible reason could
SDS-PAGE, and the gel picture was captured from a CCD camera. be that TnT N47 is more flexible than intact TnT and FaT

Preparation of TnFTm complex. SDSPAGE shows the process  Tm so that it binds to more Ga Although the fitting did

of renaturing. Samples applied to each lane were as follows: rabbit : . : .
skeletal muscle proteins, chicken breast muscle TnT, rabbit skeletalnc_’t result in precis& values, the ECSO0 is clearly in the

muscle Tm, denatured TnT and Tm mixture, and reconstituted Micromolar range, which is close to the Caactivation
TnT—Tm complex after renaturing. Protein purity was estimated concentration in muscle fibers. €abinding activity of
from video densitometry as greater than 97% in all cases. TnT—Tm was also examined in the presence of 2 mM
MgCl,. The binding isotherm was not altered (data not

advantage of easily detectable fluorescence. Because of thghown), indicating that M& is not competitive with the
increased charge of Th compared with C&, Th*" some- Ca'-binding sites on TnT.
times has a higher affinity for C&binding sites than does TnT—Tm Calcium-Binding Raté he stopped-flow experi-
Ca* itself. In the TB" titration measurements of TnT, TnT  ments were performed to study the kinetics of Cainding
N47, and TnF-Tm complex, significant fluorescence changes to TnT—Tm. A solution containing TnFTm was mixed
have been measured, demonstrating that they bind ¥ Tb with a solution of C&" plus calcium green 5N, and the €a
with high affinity (10—10° M™"). Figure 3A shows the  pinding was observed by following the fluorescence intensity
decrease of TH fluorescence upon its binding to TnT N47.  change of calcium green 5N. The resultant stopped-flow trace
From the fluorescent change, a TnT N47Tbinding curve s shown in Figure 6. Fluorescent intensity of calcium green
was plotted (Figure 3B), and an apparent dissociation 5N decreased quickly after €awas mixed with TN F-Tm,
constant of TnT N47 to T obtained from curve fitting is  and significantly up to 5 s. Decreased fluorescence implies
in low micromolar range (1 3 uM). Ca" released from calcium green 5N, and bound to FnT

In the measurement of chicken breast muscle TnT and Tm. The same experiment repeated with Tm only showed
TnT—Tm Tb*"-binding, 10 mM imidazole was added to no fluorescence change at all. This experiment clearly
buffer and acted as a quencher. As a result" Ty itself demonstrated that TRTTm has the ability to bind Ca. The
showed weak fluorescence, while exhibiting more than a trace in Figure 6 was more consistent with a double
2-fold increase in fluorescence with a slight red-shift of the exponential decayRé = 0.99) than a single-exponential
peak after adding Tn¥Tm (Figure 3C,E). The binding  decay R? = 0.97). This fitting indicates that TnT exhibits
curves of TnT 8e16 and TrRTTm with Tb** are plotted in at least two classes of €abinding sites. Fast binding
Figure 3, panels D and F, respectively. happened within 200 ms, and slow binding took place after

The apparenKy values of the different forms of TnT's 200 ms. The slow binding phase is too slow to affect a
binding to T are summarized in Table 1. The very similar muscle twitch, so only the fast binding phase was processed
Tb**-binding affinity of Tn'T N47 and intact chicken breast for rate constants calculation. The binding rate calculated
muscle TnT demonstrates that®Ttbinds to the N-terminal  from the third derivative analysis is¥ 10° 4+ 3 x 10° M1
region of TnT. However, Tn¥Tm complex exhibits slightly ~ s1, which is significant compared to the speed of thé"Ca
lower affinity to Tk** than TnT N47 and free breast muscle transient during the muscle twitch.
TnT. This decreased affinity to b might be a result of Molecular Mechanics Predictions of the Calcium Binding
Tm altering the N-terminal conformation of TnT. A mild  Structure.Computational simulations using molecular me-
degree of positive cooperativity was detected in TnT N47 chanics on the TnT N47 peptide were considered to be
(n = 1.5+ 0.3), but was not apparent in the intact TnT. feasible due to the small size of this peptide. The peptide
The data for TnFTm did not yield a unique value for the  structure prediction algorithm is related to several recent
Hill coefficient, so a value oh = 1 was used to estimate methods that successfully predict the structures of small
the apparenKq (Table 1). single domain proteins with resolutions typically better than

Competitve Binding of C&" with TB** to TnT.To verify 0.7 nm RMSD 26, 29, 34—36). In contrast to secondary
that C&" and T8t bind to similar sites on TnT, competitive  structure predictions based on its amino acid composition,
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FiIGURE 3: TB** binding to TnT and its N-terminal fragment, N47. The time-resolved fluorescent excitation spectréf ¢#tBuM) were

measured upon its binding toiAM TnT N47 (A), TnT 8el6 (C), and reconstituted TATm (E). Compared to T alone, a significant
decrease of fluorescent intensity at 234 nm was observed upon the binding to TnT N47 (A), while the increased fluorescence with peak
shifts in 265 to 365 nm were measured wher#Thinds to TnT 8e16 (C) and TrATm (E). The time-resolved fluorescence intensities

were measured at 547 nm for 68:2.5 ms after a 0.001 ms excitation pulse at the wavelength given on the horizontal axis. The changes of
fluorescent intensity were processed to plot thé*Ttinding curve for 1uM TnT N47 (B), 1uM TnT 8e16 (D), and kM TnT—Tm (F).

Nonlinear curve fitting of the binding curves with the Hill equation yielded*Tbinding constants as summarized in Table 1. Error bars
show the representative standard deviations. The calculated appareaities are reported in Table 1.

the free energy calculations indicate that this peptide is moretions yield more stable lower energy structures. Although
than just aro-helix, since the alternative folded conforma- the peptide is too large to permit exhaustive conformational
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signal that TB* binds to TnT or not. Compared to Thalone, the
decreased fluorescence of ¥That 230 nm was resumed back to
the level of TE* alone. In the assay using TRTTm, the increased
fluorescence with peak shifts in 265 to 365 nm were dropped after
adding C&".
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searches, the results of the mixed low energy mode and

Monte Carlo conformational searches were promising be-

cause they converged to a single class of lowest energy

structures. While this structure might still be considered
speculative, it is consistent with previous circular dichroism
measurements on this peptidé5( which estimated ap-
proximately 4-10% a-helix, 1-11% pj-sheet, 2+47%
pB-turns, and 46:64% other structures. By comparison, the

lowest energy de novo predicted structure contains one shor

o-helix (9%), one short three-stranded antipargfiedheet
(9%), eight turns (46%; 179%p-turns), and a substantial
amount of intervening structures (37%). Furthermore, the
calculated interaction energy using the apparent global
minima of TNT N47 with a single Ca was in close
agreement with the experimental binding free energ§,
versus—7 kcal/mol, respectively37—39, see Supporting
Information for details).
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FiIGURE 5: Linear fitting of C&" binding curves of kM TnT N47
(A), 2uM TnT (B), and 1uM TnT—Tm (C). The lack of apparent

T
10

Saturation indicates that multiple classes of sites with different

affinities for4°Ca&" are present. Th&Ca*" binding to TnT's were
carried out by filtration as described in methods. The concentration
of bound C&" is plotted versus that of free €a Error bars in A

and C stand for standard deviation from three and five measure-
ments, respectively. In A and B, bound®@aoncentrations were
calculated from the differences between concentrations of total and
free C&", while in C, it was directly calibrated from the radioactiv-
ity of the cellulose membrane. The calculated EC50 values are
summarized in Table 1.



2652 Biochemistry, Vol. 43, No. 9, 2004 Zhang et al.

24

Tm alone

Fluorescent Intensity

0 1 2 3 4 5 . -
Ti 4 Ficure 7: Schematic and space filling structures of TnT N47 upon
ime (second) one C&" binding. The predicted atomic model of TnT N47
FIGURE 6: Stopped-flow trace for the €abinding of TNT=Tm following a 2 nsstochastic dynamics simulation with a single?Ca

complex. Tn=Tm solution was mixed rapidly with calcium plus  and subsequent energy minimization for 200 steps with an OPLS-
calcium green 5N in the stopped flow reactor, and the time-course AA force field and GB/SA solvent model. The schematic repre-
of Ca green 5N fluorescent intensity change was observed in 1 mssentation (A) shown above and the space filling model (B) below
intervals by the luminescence spectrometer. The decrease ofillustrate the same structure and orientation. @denotesx-helix,
intensity indicates dissociation of calcium from the calcium dye the S denotesf-sheet, the N denotes the N-terminus, and the C
due to calcium binding to TnFTm. The apparent double expo- denotes the C-terminus in the schematic model. Note tie 8a
nential decay implies that at least two binding components with barely visible within its pocket even from the best of viewing angles
different affinities exist in TnT. In contrast, the control experiment in the space filling model. The figure was generated with Molscript
on top with Tm alone showed no change of fluorescent intensity and Raster 3D softwaret§—47).
indicating no calcium ion binding to Tm.
striated muscle, the present study demonstrates that at least

Stochastic dynamics simulations of the TnT N47 witf'Ca  some TnT isoforms bind Ga with potentially competitive
suggest a plausible mechanism foPChinding. During the  affinities and rate constants. In our study,?Cainding to
course of the simulation, the €aenters a pocket on the  chicken breast muscle TnT was measured directly using
TnT N47 in the Tx motif region. Then, the C-terminal end radioactive and fluorescent probes. Chicken breast muscle
of the peptide seals the &ainside the binding pocket. A TnT binds to Ca* as well as TB" with high affinity (10—
combination of carboxylic acids and peptide backbone 106 M~1). The binding occurs in the N-terminal region of
carbonyls coordinate with the €ato stabilize its position.  the TnT molecule, because TnT N47 exhibits similafCa
The overall fold of the peptide changes modestly during the and Ti§+-binding properties to the intact TnT. The Ta
Siml-,llation. The RMSD between the |n|t|a| _peptide.COHfOI’- b|nd|ng Sites are proposed to be in the g|utamate-rich
mation and the final peptide conformation during the segment. In addition, the chicken breast muscle TnT binds
simulation is 0.47 nm. Similar results are obtained in the {5 Cg* with an on-rate of 4x 10° M~ s™%. Although this
presence or absence of a methyl amide group attached tqyn_rate is somewhat slower than that reported for TnC, it is
C-terminus to simulate a peptide bond indicating that a qyick enough to impact the striated muscle twitch cycle.

similar fold might occur in the intact version of the TnT . A -

protein. Interestingly, the C&binding pocket is comprised ¢ (é%lcmmt fBlndlngftoh'I.'ni;l'l'obmeasture thle a_lfﬂr_;_lty OJ.Gé i

primarily of the shortr-helix and a loop which is reminiscent 40 |+eren orms of chicken breast muscie int, radioactive
SCa&* was used in membrane filtration experiments. High

of the EF hand Cé-binding structure. The electrostatic signal-to-noise ratié®Ca* radioactivity successfully proved
interactions between the positively charged histidines and et -
b y g that adult chicken breast muscle TnT has affinity t¢'Ga

the negatively charged glutamates of the Tx motif stabilize ) . . ) ; .
this loop fold near the helix to form the &abinding pocket. !OW m"?ro.mo'af range aﬂd IS conS|stent_W|th multlplg CfIC'um
We suspect that similar folding principles may apply to |o_ns_b|nd|n_g_ per protein molecule (_F|gur_e 5). Th_|s Ga
longer repeats of the Tx motif in TnT isoforms that may binding affinity is similar to the physiological Catrigger
sites in the N-domain of TnC which has an affinity-ef.0°

contain additional Cd-binding pockets. ML and is highly selective of Ga over Mg" (40).
DISCUSSION Moreover_, the C&-binding curves in Figure 5 seem not to
be reaching the plateau or in other words, TnT was not

TnT is one of the major regulatory proteins in striated saturated with C4. Itis likely that TnT has multiple Ca-
muscle, which interacts with TnC, Tnl, and Tm during binding sites but with different affinities to €a In contrast,
muscle contraction. TnT has diverged into multiple isoforms the terbium binding data demonstrated clear hyperbolic
in different muscle tissues. Adult avian breast muscle TnT binding isotherms that probably reflect only the highest
differs from the leg muscle TnT in the presence of a cluster affinity metal ion binding site that influences the fluorescent
of metal binding motifs in the N-terminal region. €a properties. The predicted atomic model of TnT N47 is
sensitivity in different chicken muscles differs according to consistent with this interpretation, since only the highest
their TnT isoform contentsl@). While it is well established  affinity Ca?™-binding site is well sheltered from the solvent
that C&" binding to the TnC triggers the contraction of (Figure 7).
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Table 2: RMSD Comparisons of Dynamic Atomic Models with
Metal lons

conditior® 0 OPLS 1 Ca"

10C&" OMMFF 1Zr* 10 Zr?*

OOPLS O 0.47nm 0.60nm 0.44nm 0.77nm 0.90 nm
1Cca* X 0 0.41nm 0.43nm 0.51nm 0.67 nm
10Ca&" x X 0 0.62nm 0.68 nm 0.56 nm

0 MMFF x X X 0 0.53nm 0.91 nm
1Zrft X X X X 0 0.98 nm

aThe OPLS-AA force field was used for €asimulations and
MMFF was used for Z#t simulations, since MMFF contains parameters
for transition metal ions. The number of metal ions usedi2 ns
stochastic dynamics simulation is given.

Toward an Atomic Model of Metal lon Binding to TnT.
The predicted atomic model in Figure 7 is consistent with

Biochemistry, Vol. 43, No. 9, 2002653

transient. Troponin is present in the myofibril at a concentra-
tion of approximately 16* M, while the free calcium ion
concentration during activation is only about 804, so TnT
would not need to be saturated to compete for a significant
fraction of the free calcium in the myofibril that is coop-
eratively activated by calcium ion binding to TnC. The value
of this competition might be to increase the rate of relaxation
of the myofibril. The measured on-rate for calcium ion
binding to TnNT=Tm is on the order of 189-10" M~* s},
which is slower than the reported values for TnC. It is
plausible that the TnT isoform might compete for calcium
toward the end of a calcium wave to reduce the twitch length.
Introduction of calcium chelators into muscle have been
shown to have this effect(). It is not difficult to see the

several experimental observations on TnT N47. The relative advantage of a faster twitch cycle in avian flight muscles
amounts of secondary structure match those measured byhat control the beating of wings.

circular dichroism 15). The sheltered nature of the high
affinity metal ion binding site is consistent with the detection
of changes in TH fluorescence upon binding. Its elongated

Interestingly, parvalbumin is absent from chicken breast
muscle where the Tx motif is highly expressé@); Given
the affinity of chicken parvalbumin for calcium ion of about

form concurs with the expected structure of TnT based on 10° M~1 (42) and an off-rate of approximately 1’s(43),

its sedimentation coefficiently). The calculated and ex-
perimental ion binding energies are consistent.

the calculated on-rate (roughly 801! s™%) for chicken
parvalbumin should be similar to the measured value for

Considering this excellent agreement, the atomic model chicken breast TnT. It has been demonstrated that transfec-

was evaluated in simulations with varying numbers of
calcium and zinc ions. While both calcium and zinc ions
could bind within the high affinity metal ion binding pocket
of the TnT N47 atomic model, calcium formed more
extensive coordinations with the amino acid residues.
Similarly, when as many as 10 metal ions were included

tion of parvalbumin cDNA into muscle increases its relax-
ation rate 44). This proposed function for parvalbumin may
be similar to that of the Tx region of TnT except the close
proximity of the TnT to TnC should amplify the kinetic
effect.

Alternative roles of calcium ion binding by TnT are also

during dynamics simulations, only one bound in a tight possible. The calcium and terbium ion binding data indicate
pocket while the others associated more loosely with externalthat interactions between Tm and TnT modulate the binding
amino acids. As many as six of the 10 calcium ions had affinity of TnT for metal ions. Previous observations found
significant interaction energies with TnT N47 in the simula- that copper ions can alter the structure of TnT along its entire
tions. The structural effects of the binding of these metal length (7). These data suggest that structural communication
ions on the TnT N47 atomic model are summarized in Table via Tm along the length of the thin filament such as in an

2. The binding of multiple zinc ions caused the most
substantial structural changes in the TnT N47 with an RMSD
of nearly a nanometer in the,&arbons. The binding of
calcium ion had comparatively little effect on the conforma-
tion, since the differences between OPLS-AA and MMFF
force fields (RMSD= 0.44 nm) suggested nearly as much
conformational fluctuation as the calcium binding induced
structural change (RMSD= 0.47 nm). The effect of
transition metal ion binding on TnT structure is highly
consistent with previous spectroscopic measuremdris (
17), while effects of calcium ion binding on TnT structure

allosteric switch type modelg) might be linked in part to
metal ion binding to the Glu rich N-terminal region of TnT.
Yet another hypothesis is that the presence of addition
calcium ion binding sites within the myofibril might act as
a reservoir to help localize more calcium ions within the
myofibril and enhance calcium sensitivity. Consistent with
this hypothesis, skinned muscle fibers with high amounts of
Tx containing TnT isoforms tend to have higher calcium
sensitivity than those lacking the Tx segmeb®)(

While the data presented here with highly purified TnT
proteins clearly demonstrate the capacity of these isoforms

have not yet been detected experimentally. These experi-to bind calcium ions with physiologically relevant affinities,
mental data support this atomic model as a starting pointit is not yet possible to directly verify that calcium ion

for interpreting the interactions of the Tx motifs with calcium
ions at the atomic level.
What Are the Possible Physiological Roles of Calcium lon

binding to TnT occurs in the muscle fiber. The binding of
TnT to Tm has been shown to modulate calcium ion binding,
so it is conceivable that the other components of the thin

Binding to TnT?Given the data supporting the binding of filament may impact the calcium ion binding properties of
calcium ions to TnT isoforms containing the Tx motifs at TnT. Further studies are required to evaluate such issues.
affinities comparable to the binding of calcium ions to TnC,  In summary, the data indicate that the Tx motifs of adult
there are several hypothetical scenarios as to its physiologicalvian pectoral TnT can bind calcium ions with high affinity,
significance. The binding to metal ions is selective, since specificity, and fast on-rate constants. To interpret these
calcium and terbium ions bind with higher affinity than zinc observations from a structural perspective, a dynamic atomic
or copper ions, and magnesium ions do not compete with model was predicted of an N-terminal TnT fragment
the calcium or terbium ions. Among the TnT-binding ions, containing the Tx motif that is consistent with the measured
only Ca&" are present at concentrations that would permit spectroscopic and metal ion binding properties. The calcium-
significant binding in muscle cells, the data indicate that binding properties of TnT isoforms containing this motif
calcium should be bound by the Tx motifs during a calcium support the view that isoforms of TnT generated by alterna-
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tive splicing variations in the N-terminal region can impact

the

thin filament regulation of muscle contraction.

SUPPORTING INFORMATION AVAILABLE

A detailed description of the computational algorithms
used in generating the atomic models, including an algorithm
for peptide structure prediction, its testing with the villin
headpiece protein, a linear response method (LRM) for
calcium ion binding free energy estimation, and tests of the
LRM on a variety of calcium chelates. In addition, more
experimental evidence of the purity and integrity of the

proteins used in this study are presented. This material is

available free of charge via the Internet at http://pubs.acs.

org.
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