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ABSTRACT. Regulation of cardiac muscle function is initiated by binding of"C® troponin C (cTnC)

which induces a series of structural changes in ¢cTnC and other thin filament proteins. These structural
changes are further modulated by crossbridge formation and fine-tuned by phosphorylation of cTnl. The
objective of the present study is to use a newskar resonance energy transfer-based structural marker
to distinguish structural and kinetic effects ofZ&inding, crossbridge interaction, and protein kinase A
phosphorylation of cTnl on the conformational changes of the cTnC N-domain. The FRET-based structural
marker was generated by attaching AEDANS to one cysteine of a double-cysteine mutant cTnC(13C/
51C) as a FRET donor and attaching DDPM to the other cysteine as the acceptor. The doubly labeled
cTnC mutant was reconstituted into the thin filament by adding cTnl, cTnT, tropomyosin, and actin.
Changes in the distance between Cys13 and Cys51 inducedbpi@ding/dissociation were determined

by FRET-sensed Ca titration and stopped-flow studies, and time-resolved fluorescence measurements.
The results showed that the presence of bothr@ad strong binding of myosin head to actin was required

to achieve a fully open structure of the cTnC N-domain in regulated thin filaments. Equilibrium and
stopped-flow studies suggested that strongly bound myosin head significantly increasett thenGiivity

and changed the kinetics of the structural transition of the cTnC N-domain. PKA phosphorylation of cTnl
impacted the C& sensitivity and kinetics of the structural transition of the cTnC N-domain but showed
no global structural effect on cTnC opening. These results provide an insight into the modulation mechanism
of strong crossbridge and cTnl phosphorylation in cardiac thin filament activation/relaxation processes.

Force development during cardiac muscle contraction is filament. One of the striking features of the activation process
dependent upon the strong interactions between myosin andn heart muscle is the complexity and extent of interlinked
the actin filament. These interactions are governed by the protein—protein interactions that are triggered by ?Ca

regulatory proteins cardiac troponin (¢jand tropomyosin
which are bound to the double helical actin filameht-8).
Cardiac troponin is a hetero-trimer consisting & Gainding
subunit troponin C (cTnC), the inhibitory subunit troponin |
(cTnl), and the tropomyosin-binding subunit troponin T
(cTnT) which anchors troponin on the surface of actin
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binding to ¢cTnC. Upon Ca binding to the single Ca
binding site at the N-domain of c¢TnC, the regulatory
processes occurring on the thin filament can be characterized
by a series of structural changes in the thin filament proteins.
These changes include an opening of the N-domain of cTnC
(4, 5), changes in the conformations of the inhibitory region
(Ir) and the regulatory region (Rr) of cTn6,(7), a switch

of the Ir/Rr of cTnl from interacting with actin to interacting
with ¢cTnC @), and movement of Tm on the actin surface
(9). These transitions are the structural basis of thin filament
regulation and result in force generatioia strong interac-
tions between actin and myosin head (S1). An important
mechanism for cardiac muscle regulation is that the trans-
duction of the C&" signal along the thin filament enables
formation of strong crossbridges between actin and myosin
to achieve full activation {0—13). Activation of cardiac
myofibrillar MgATPase can be additionally activated by
phosphorylation of contractile proteind4 15). When
compared with skeletal Tnl, cTnl has an additionat-33
amino acids at the N-terminus. The importance of this unique
N-terminal extension was recognized when it was reported
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that two adjacent serine residues at positions 23 and 24 couldand cTnl phosphorylation on the open conformation of the
be phosphorylated by PKA. This phosphorylation decreasescTnC N-domain. Our results suggest that the fully open cTnC
the affinity of cTnC for regulatory Ca without an effect conformation resulting from full activation requires both
of the maximum actomyosin ATPase activityg( 17), and bound C&" and strongly bound S1. PKA phosphorylation
increases the rate of €adissociation from the N-domain  of cTnl has negligible effects on the conformation of cTnC.
of cTnC (18). During S-adrenergic stimulation of the heart However, bound S1 and phosphorylated cTnl modify the
in which cTnl is phosphorylated by PKA, the relaxation rate kinetics of C&™-induced conformational transition of the
of the heart is enhanced9). The phosphorylation-induced ¢TnC N-domain.

enhancement of Cadissociation rate appears to be associ-

ated with global conformational changes in cTnl as shown EXPERIMENTAL PROCEDURES

by fluorescence anisotrop@ and FRET 21) measure-

ments. Other functional changes induced by cTnl phospho- Protein PreparationsRecombinant cTnl and cTnT from
rylation may be related to changes in proteprotein rat cDNA clones were individually subcloned into a pET-

interactions within the cTn comple22—26). Understanding ~ 3d Vector. Both plasmids were transformed into BL21(DE3)
the detailed mechanism by which cTnl phosphorylation alters C€lIS (Invitrogen) and expressed under isopropyl-1-thio-
cTnC C&* binding and the subsequential structural transi- 9@lactopyranoside induction. The expressed proteins were
tions of thin filament proteins is important in the context of PUrified as previously describe@). Recombinant double-
both cardiac physiology and pathophysiology. Despite cysteine mutants: cTnC(T13C/N51C) was generated from
extensive studies on the functional effects of phosphorylation @ €TNC CDNA clone from chicken slow skeletal muscle.
within the thin filament {5), the structural basis by which Protein expression in BL21(DE3) cells and purification were
PKA phosphorylation of cTnl modulates the Tanduced performed following the procedures described in a previous

cascade of allosteric changes in the thin filament is still €Port €9). Tm (30), actin @1), and S1 82) were purified
elusive. from bovine cardiac tissue as described. The endogenous

Strong crossbridges and PKA phosphorylation of cTnl are mixture of _t_hea_ and g isoforms of Tm was used without
important mechanisms for beat-to-beat regulation of cardiac further purification.
output, which is thought to involve alterations in Ca Protein Labeling. Modification of the double-cysteine
induced structural transitions within the thin filament. These mutant cTnC(T13C/N51C) was carried out in two steps. First,
structural transitions are central to regulation in cardiac @ sulfhydryl-reduced cTnC mutant sample at a concentration
muscle. Thus to understand the mechanism of beat-to-beaff 1.5 mg/mL in a buffer containm3 M urea, 50 mM Tris
regulation, it is necessary to elucidate the structural basis ofat pH 7.4, 1 mM EDTA, and 0.1 M NaCl was incubated
Ca*-induced transitions among the regulatory proteins. Our With a 2-fold molar excess of the FRET donor IAEDANS
long-term objective is to acquire structural, kinetic, and for 30 min at room temperature under gentle stirring. The
thermodynamic information associated with individual struc- reaction was terminated by adding an excess of DTT. This
tural transitions within the thin filament resulting from<a  step led to a mixture of singly labeled, doubly labeled, and
activation, and to define the mechanisms by which strong unlabeled species. The labeled sample was dialyzed against
crossbridge formation and PKA-mediated cTnl phosphory- @ DEAE column buffer (20 mM Mops, pH 7.8, 1 mM EDTA
lation modulate C# activation of cardiac thin filaments. In - and 1 mM DTT) and loaded to a custom packed DEAE
this study, we have generated a structural marker based orfolumn equilibrated with the DEAE buffer. The proteins
Forster resonance energy transfer (FRET) to investigate Ca Were eluted from the column with a 01 0.45 M KClI
induced cTnC N-domain conformational changes in fully gradient (300 mL-300 mL) at a flow rate of 0.4 mL/min.
regulated thin filaments and how these changes are affectedlhe eluate was collected with 2.5 mL fractions. Under
by strongly bound myosin S1 and c¢Tnl PKA phosphoryla- these conditions, unlabeled cTnC, cTnC molecules singly
tion. cTnC has two globular regions, one in the N-terminus 1abeled and doubly labeled with the IAEDANS were well

and the other in the C-terminus, which are joined by a Separated (Figure 1). The singly labeled fractions were pooled
flexible central helix. The N-domain has only one2Ca and concentrated. The concentrated sample, cTnC(13C/
specific binding site (site 11), and the C-domain contains two 91Cheoans (donor-only sample), was divided into two
binding sites (lIl and IV) 7). C&* binding to site Il in the aliquots. One aliquot was subsequently labeled with a large
presence of cTnl induces reorientation of helices B and C excess of the acceptor DDPM at the other cysteine to obtain
relative to the helices A and D in the N-domain. These the doubly labeled cTnC(13C/514epans-popm (donor—
reorientations result in an open conformation of the N- acceptor sample), and the other aliquot was saved as a
domain and an exposure of a hydrophobic patch in the reference sample (donor-only sample). Both donor-only and
domain @, 5). This conformational change of the N-domain donor-acceptor samples were tested for thei‘Gaepend-

of cTnC is a critical step for cardiac thin filament activation. €nt myofibrillar ATPase activities. The results were within
To monitor this structural Change, we generated a double 10% of control Samples and were not Statistica”y Significant
cysteine mutant cTnC(T13C/N51C) and modified these two (data not shown).

cysteine residues differentially with IAEDANS (5-(iodoac- PKA Phosphorylation of cTnIRecombinant wild-type
etamidoethyl)aminonaphthelene-1-sulfonic acid) as a FRET cTnl was phosphorylated by the catalytic subunit PKA, using
donor and DDPM N-(4-dimethylamino-3,5-dinitrophenyl)-  a ¢TnC affinity column as previously describezB). The
maleimide) as the acceptor. This modified cTnC mutant was extent of phosphorylation was quantified by both mass
reconstituted into regulated thin filaments for FRET mea- spectral analysis and treatment of the sample with alkaline
surements. This FRET-based marker enables us to distinguistphosphatase, followed by determination of inorganic phos-
between structural effects of &abinding, strong S1 binding,  phate using the EnzChek Phosphate Assay kit (Molecular
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sttt cTnTmA; in a molar ratio of 7:1 after [KCI] had been
I | s @%V B 1| I S reduced to 150 mM. Bound ADP was needed for formation
= e e T T i B of strongly bound S1 to the actin filament. For this purpose,

o a MgADP stock solution (prepared from 200 mM MgCl
B and 200 mM NgADP in the working buffer) was added,
1= immediately prior to measurements, to a final concentration
= of 4 mM.

Fluorescence Measuremeng&teady-state measurements
were carried out at 1@ 0.1 °C on an ISS PCI photon-
counting spectrofluorometer equipped with a micro titrator
(4). FRET was used in titration experiments to monitof'Ca
induced cTnC N-domain opening. ForZditration, 1.0 mL
of the reconstituted complex (M of labeled cTnC mutant)

L]

7T : was in a buffer containing 50 mM Mops, pH 7.0, 1 mM
ogel s : Imide DTT, 2 mM EGTA, 5 mM MgC}, and 0.15 M KCI. The
% S e fluorescence intensity of the donor (AEDANS) was moni-
0.6 - % ; tored at 480 nm with excitation at 343 nm. In a typical
a s = titration experiment, up to 90 data points were acquired after
S .4 P successively injecting aliquots of AL of a C&*-EGTA

buffer containing 50 mM Mops, pH 7.0, 1 mM DTT, 2 mM
EGTA, 5 mM MgCh, 0.15 M KCI, and 9 mM CaGl Free
[Ca"] was calculated by an in-house program, using stability
, - - ‘ ; - ; constants given by Fabiat84). For both emission spectra
260 280 300 320 340 360 380 400 and titration measurements, the AEDANS fluorescence of a
Wavelength/nm donor-only protein (cTNC(13C/51&5bans) Was first deter-
Ficure 1: Separation and identification of cTnC(13C/51C) labeled mined, followed by determination of the donor fluorescence

with AEDANS. A: Elution profile of labeled protein from a DEAE ; ;
column with a KCI gradient (see Experimental Procedures). of the corresponding donemcceptor protein (CTnC(13C/

Identities of the three separated peaks were established by absorp?1Chepans-oopv) at the same protein concentration and in
tion measurements of AEDANS. The singly labeled species had identical conditions. Fluorescence intensity decays were
one cysteine labeled, and the doubly labeled species had bothmeasured in the time domain using an IBH 5000U fluores-
e v ey Iboi e Saprara mons . DEAL conce lfetime sysiem equipped with 2 348 nm LED ligh
column. The spectr)ell were norngalized at F;85 nm (protein absorp-source' Fluorescence intensity decays of the donor fro”? the
tion). The broad absorption bands centered at 343 nm was fromdonor-alone and doneiacceptor samples were collected with
AEDANS. a time-correlated single photon counting system associated
with IBH 5000U under identical experimental conditions.
Probes) 83). Phosphorylation of the two PKA sites in cTnl  The intensity data were fitted to a sum of exponential terms.
was >95%. The FRET donor decays determined in the presence of
Thin Filament Formation.Reconstituted cTn were ob- acceptor were analyzed using global analysis software
tained using a previously described procedudg \fith (GlobeCurve) as previously describegb). This procedure
modifications. A mixture of cTnl, ¢cTnT, and labeled cTnC yielded a distribution of intersite distanced). The distance

mutants at a molar ratio of 1.3:1.2:1.0 (13, 12,49 final at the peak of the distribution was taken as the mean distance
concentrations) was dialyzed against a reconstitution buffer between donor and acceptor sites.
(50 mM Tris-HCI, pH 8.0 6 M urea, 500 mM KCI, 5 mM Stopped-Flow Measuremenkinetic measurements were

CaCh, 5 mM DTT). The mixture was dialyzed stepwise carried out at 10.0C in a KinTek F2004 spectrometer with
against a high salt buffer (1 M KCI, 20 mM Mops at pH a 1.5 ms dead time. In €a dissociation experiments
7.0, 1.25 mM MgC}, 1.25 mM CadJ, and 1.5 mM DTT) monitored by FRET, a protein sample saturated witA*Ca
to reduce successively the urea concentration (6, 4, 2, andn a buffer of 50 mM Mops, pH 7.0 containing 1 mM DTT,

0 M). The KCI concentration was subsequently reduced in 5 mM MgCl,, 0.15 M KCI, and 0.16 mM C& (pCa 3.8)
five steps to 1.0, 0.7, 0.5, 0.3, and 0.15 M by stepwise was mixed with an equal volume of the same buffer
dialysis against a working buffer (150 mM KCI, 50 mM containing 1 mM DTT, 5 mM MgGCl, and 0.15 M KCl in
Mops, pH 7.0, 5 mM MgGl, 2 mM EGTA, and 1 mM DTT). which 0.16 mM Ca&" replaced 2 mM EGTA. After mixing,
cTnTm complexes were formed by mixing cTn and Tm in [protein]= 2 uM and [EGTA]= 1000uM. In C&* binding

a molar ratio of cTn:Tm= 1.0:1.1 ([cTn]= 5 uM) in the experiments, a protein sample in a buffer containing 50 mM
working buffer plus a sufficient volume of 3 M KCl to bring  Mops, pH 7.0 containing 1 mM DTT, 5 mM Mggl

the final [KCI] to 300 mM. Excessive salt was reduced to 0.15 M KCl, and 36-50uM EGTA was mixed with an equal
150 mM KCl in two dialysis steps. Regulated thin filaments volume of the same buffer plus 5@® Ca?". After mixing,
with the stoichiometry cTnTmAwere prepared by mixing  [protein] = 2 uM and [C&"] = 250uM. As in equilibrium

the cTnTm complex and polymerized actin (4/8d) in a FRET experiments, the time-dependent change of AEDANS
molar ratio of 1.0:7.3 in the working buffer with 300 mM  fluorescence intensity was first determined from a donor-
KClI, followed by reduction of [KCI] to 150 mM as was done only sample, followed by determination of the time-depend-
for the preparation of the cTnTm complex. The complex ent fluorescence intensity for the corresponding denor
(regulated thin filament)S1 was prepared by adding S1 to acceptor sample, using the same excitation and emission
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intensity decay of the donor. Figure 3 shows a typical
intensity decay plot of donor AEDANS attached to one
cysteine in the presence of the acceptor DDPM attached to
the other cysteine in cTnC, which was reconstituted into
regulated thin filaments (cTnTm# Mean distances between
the two sites in cTnC determined in different complexes and
in the presence of nonphosphorylated and phosphorylated
cTnl are summarized in Figure 4. The mean distance between
the two sites in the cTnTm complex was 22.7 A without
bound C&" and increased by 6.7 A to 29.4 A in the presence
of bound C&" at the regulatory site. These distances are
consistent with previous results determined with ¢4 [n
regulated thin filaments (cTnTm#\ the distances for the
apo-state (21.9 A) and the &abound state (27.6 A) were
shorter than the corresponding distances observed with the
cTnTm complex. In the presence of strongly bound S1, the
FiGurRe 2: Steady-state FRET measurements of the complexesdlStanC.e In the Ca-saturated state was similar tq that
containing donor and donemacceptor modified cTnC(13C/51C) determined with the cTnTm complex. However, the distance
mutant in the absence of &a(solid circle), and in the presence of  in the apo-state (24.5 A) was longer than that observed with
Cé&* (open circle). Black curves, donor-only sample of cTnTm; both cTnTm and cTnTmA The conformational changes of
red curves, doneracceptor sample of cTnTm; green curves, ¢TnC in response to @abinding were also determined in
gggg;gcggﬁgIresc?fnc];%lﬁT(r)\;sclT.nTmAand blue curves, doner the presence of PKA phosphorylated cTnl. As shown in
Figure 4, the distance was not affected by cTnl phosphory-
lation. In the absence of bound €athe difference in the
distance between cTnTm and cTnTawas negligible (not

Fluorescence Intensity
@

T T
420 440 460 480 500 520 540 560
Wavelength/nm

wavelengths as for equilibrium measurements. Eight to ten

kinetic tracings were collected for each set of donor-only tatistically sianificant). This diff bet TnTmA
and donofr-acceptor samples, and the averages of each sepratistically signitican )- This difference between cTnTm

; d cTnTmMAS1 was significantf < 0.01). In the presence
of samples were used to calculate the time-dependent FRET2! ,
efficiency, from which the time-dependent FRET distance of bound C&", the d|sta_ncg _change between cTnTnmhd
was calculated35). cTnTmA;S1 was also significan®( < 0.05). These results

suggested that S1 strongly bound to actin modified the global
RESULTS conformation of the N-domain of cTnC regardless of whether
the regulatory site in cTnC was saturated witi?Ca

Ca&"-Induced cTnC N-Domain Openin&esidue 13 of cTnC that was singly labeled with donor AEDANS was
cTnC is located at the N-terminal end of the helix A. Residue cleanly separated from the other two species (Figure 1). This
51 is located at the linker between the helices B and C. Whenfraction (donor-only sample, a reference sample) contained
a fluorescent donor AEDANS and a nonfluorescent acceptor cTnC labeled with donor at either C13 or C51, i.e., a mixture
DDPM are attached to residues 13 and 51, respectively, theof cTnC(C13epans/C51) and cTnC(C13/Chipans). The
FRET between these probes is expected to decrease irraction of each cysteine that was labeled with donor in this
response to G4 binding-induced cTnC N-domain opening  donor-only sample was not known. The unlabeled cysteines
in the thin filament. Steady-state measurements showed thatvere subsequently labeled with acceptor DDPM. This
in the cTnTm complex the fluorescence intensity of AEDANS  strategy of labeling ensured that both donor-only and denor
at 480 nm in the donor-only sample decreased by 10% uponacceptor samples had identical concentrations of donor,
C&* binding to the regulatory site of the cTnC N-domain although donor excitation energy was transferred from C13
(Figure 2). This change was not affected by reconstitution to C51 in some c¢TnC molecules and from C51 to C13 in
of cTnTm with actin into regulated thin filaments and the the other molecules. Since donor was attached to two
presence of strongly bound S1 (data not shown). When thedifferent sites, its fluorescence may not be identical at both
acceptor DDPM was attached to the same protein, in the sites. This potential problem could be minimized during data
absence of Ca, the donor fluorescence intensity was deconvolution, provided that acceptor labeling was essentially
quenched by more than 50% (Figure 2) due to the high 100% @6, 37). The latter condition was met in the present
efficiency of energy transfer, suggesting a small separation study because acceptor labeling was carried6tM urea
between residues 13 and 51. Upon?Cainding to the and in the presence of an excess amount of acceptors.
regulatory site of cTnC in cTnTm, the quenched donor  Ca?* Sensitiity of the cTnC N-Domain Openingqui-
fluorescence was substantially recovered (Figure 2), indicat-|ibrium conformations of the cTnC N-domain in different
ing a decrease in energy transfer and an increase in distanceeconstituted complexes at different levels ofCeoncen-
between the two residues. Similar changes were observedration were determined using FRET sensed titration. As
with the cTnTm complex reconstituted with actin into thin  previously described3g), two sets of FRET C4 titration
filament. When strongly bound S1 was present, the observeddata for each experiment were determined, one from the
FRET was less than in the other complexes in the apo state AEDANS fluorescence determined with donor-only sample
This result suggested that strongly bound S1 conferred a(cTnC(13C/51C)epans) and the other from the doner
structural effect on the cTnC N-domain. acceptor labeled sample (cTnC(13C/54)ns-oopw). Ti-

The observed Ca-induced changes in FRET were quanti- tration data were converted to intersite distances at different
fied by time-resolved fluorescence measurements of thepCa values (data not shown). Figure 5A shows the normal-
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Ficure 3: Intensity decay of FRET donor AEDANS in the presence of acceptor DDPM in ¢TnC determined with the cTnTm complex in
the absence of bound &a The sharp peak on the left is the excitation light pulse. The decay data were fitted to a biexponential function.
The goodness of fit is indicated by the residual plot (bottom) and autocorrelation function (inset).

change indicated an increase of?Caensitivity, requiring
+Ca® +Ca™* less C&" to achieve a distance increase to the 50% level of
T +Ca® T the maximum change. Although cTnC has a single regulatory
site for C&", the Hill coefficient for the binding is>2 for
28 1 L cTnTm. This apparent cooperativity may be attributable to
the influence of bound Tm. The Hill coefficient decreased
26 - 2 to ~2 for cTnTmA,, and to~1.5 for cTNTMAS1. The
-Ca . .
additional bound ligands may account the apparent cooper-
o4 ] _ca? \ ativity effect exerted by Tm. Phosphorylated cTnl decreased
ol pCa in all three complexes by 0.24 to 0.32 urft € 0.1),
00 | but had negligible effects on the Hill coefficient. The main
effect of phosphorylation of cTnl was a decrease of th& Ca
sensitivity of the cTnC N-domain toward the open confor-
mation.
Structural Kinetics of the Closee> Open Transition of
cTnTm cTnTmA, cTnTmA,S1 cTnC N-DomainKinetics of the structural transitions of the
FicURE 4: Mean distances between residues 13 and 51 of cTnC in N-domain of cTnC in each complex in response t&‘Ca
the different complexes and in the absence and presence ofbinding and dissociation was studied using FRET stopped-
phosphorylated cTnl. Black bars are results from samples containingf|ow method as previously describe8Bj. For C&" binding

nonphosphorylated cTnl, and white bars are results from samples . :
conte:linin% ph)c/)sphorylatéd cTnl. Error bars are standard deviati%nseXper'mem’ the tracings from the dpnor—o_nly sample showed
from duplicate determinations. marginal decrease of fluorescence intensity (data not shown),

while the tracings from the doneiacceptor sample showed

a large increase in fluorescence intensity (Figure 6, curve
ized fluorescence intensity changes of the donor-only and 2). In C&" dissociation measurements, the intensity of the
donor-acceptor samples of different complexes, and donor-only sample showed a marginal increase (data not
Figure 5B shows plots of pCa vs percentage change of theshown) and the intensity of the doremcceptor sample
distance in different complexes. The curves in Figure 5B showed a large decrease (Figure 6, curve 3). Also shown in
are monophasic and show an increase in distance withFigure 6 are the baselines (tracings 1 and 4) for the
decreasing pCa. These curves were fitted with the Hill experiments shown in tracings 3 and 2. The baseline tracing
equation to determine pggand the Hill coefficientif). The 4 indicated a large signal loss (460%) in tracing 2 (C&
results are summarized in Table 1. The value of gCa hinding) within the mixing time of the instrument (1.5 ms).
represents sensitivity of cTnC N-domain opening to freé’Ca  The loss in signal within mixing time was very small for
concentration. The value of p&ds a measure of the €a tracing 3 (C&" dissociation). The loss in signal upon®a
sensitivity of cTnC N-domain toward the open conformation. binding was observed in all complexes containing either
Bound S1 (cTnTmAS1) increased pGaby 0.33 unit. This nonphosphorylated or phosphorylated cTnl. These results

30 -

Mean Distance/A

20
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Ficure 5: FRET equilibrium C#&" titration of distance between residues 13 and 51 of cTnC in cTnTm (red), cTATgrAen), and
cTnTmA;S1 (blue) with nonphosphorylated cTnl. Fluorescence intensity is normalized to the intensity of the donor-only sample determined
in pCa 7.4. A: Normalized fluorescence intensity changes of the donor-only samples (solid circle), andadoeptor samples (open

circle) vs pCa. B: Normalized distance changes vs pCa. Titration curves were fitted with the Hill equation (solid lines) to deterggine pCa
and the Hill coefficient. The parameters are listed in Table 1.

Table 1. FRET-C# Titration of cTnC in Different Complexés

cTnTm cTnTmA cTnTmAS1
complex pCa n pCao n pCao n
nonphosphorylated cTnl 5.920.09 2.30+0.21 5.90+ 0.11 2.02+0.15 6.23+ 0.12 1.48+0.11
phosphorylated cTnl 5.6& 0.07 2.24+0.17 5.664+ 0.08 1.97+0.18 5.91+ 0.10 1.38£0.14

aErrors are standard deviations from triplicate determinations.

(30% of total amplitude) and 9.3'5(25% of total ampli-
tude). The total amplitude corresponded to an increase of
6.3 A between the donor and acceptor. This kinetics was
little changed when cTnTm was reconstituted into regulated
thin filaments. However, S1 strongly bound to the thin
filament increased both the fast rate (34%) and slow rate
(37%). Phosphorylated cTnl enhanced the rates of both the
fast and the slow phase in all three types of complex. These
kinetic parameters are summarized in Table 2. For complete-
ness Table 1 also includes the very fast initial, but unresolved,
kinetic phase to show three-step kinetic transitions for cTnC
N-domain opening.

The kinetic tracings of Ca dissociation-induced closing
of the cTnC N-domain in all three complexes were also well
fitted with a two-exponential function, and the fitted param-
eters are summarized in Table 3. For cTnTm, the rate for
the fast phase was 120.8'sand that for the slow phase

Fluorescence Intensity
w w w w S
Sy ~ > ® )

w
=}
L

T

0.0

T

0.1

0.2 0.3

Time/s

Ficure 6: Stopped-flow tracings of FRET donor fluorescence
intensity in cTnC reconstituted into cTnTmAontaining cTnC-
(13C/N51C)epans-popm. (1) Baseline for CH dissociation experi-
ment; (2) C&" binding-induced tracing obtained by rapidly mixing
sample with C&"; (3) Ca&* dissociation-induced tracing obtained
by rapidly mixing a C&™-saturated sample with EGTA; and (4)
baseline for C& binding experiment.

suggested that there was an initial very fast, but unresolve
kinetic phase during Ga activation of thin filaments.
Figure 7 shows an analysis of the kinetics of a*Ca

was 22.3 5. These two rates marginally increased when
actin filament was present, and significantly decreased in
response to the strongly bound $1< 0.01) (Table 3). Also
given in Table 3 are the rates recovered from complexes
containing phosphorylated cTnl.

q DISCUSSION
Ca&*-induced conformational changes and protginotein
interactions within cardiac thin filament are the molecular

binding experiment with cTnTm. The loss in signal within basis of regulation of cardiac muscle function. An important
mixing time accounted for 45% of the total fluorescence mechanism for this regulation is that the transduction of the
change. The rest of the tracing was adequately fitted to aCa&" activation signal along the thin filament is modulated
double-exponential function with rate constants of 908 s by strong crossbridge formation between myosin head and
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Ficure 7: Stopped-flow tracings of distance changes between 2 gg 2 §
residues 13 and 51 of cTnC in cTnTm complex induced b Ca gn
binding. Upper panel, Ca binding-induced distance tracing. The owx|2 %
initial unresolved very fast transition (about 45% of total signal @ % P e
change) was lost in the mixing time. The remaining decay was & S ©
fitted with a single exponential function (red) and a two-exponential a . S
function (blue). Middle panel, residual plot for the single exponential £ ¥ 222 s
fit. Lower panel, residual plot for the two-exponential fit. The O ~ £g
residual plots suggest that the two-exponential fit is adequate. The ‘5:: sl | 0T
best fitted parameters are listed in Table 2. 5 29N 3k
£ <|oco £ 3
actin. This feature is clearly demonstrated in the present study g a3 ‘§
of the kinetics of the opening of ¢cTnC N-domain. This it s~ |7 gg
modulation is further fine-tuned by phosphorylation of cTnl £ 20 i f g g‘,
in response to pathological development or various demands g 3 2
of the heart. In the present work, we have shown that Ca 2 lowl|2 2
binding to'the S|r!gle regulatory site of cTnC is a major 8l e 128 35
molecular interaction to convert its N-domain from a closed = S8
conformation to a relatively open conformation. In our =5 ©le3
previous studies, a given residue was replaced by tryptophan Q R § 3 3[3' ?EL
to serve as a donor of FRET to its acceptor attached to a 5 =21°9 L
specific cysteine. The two-cysteine marker used in the present S 0o 2¢g
study for the closed> open conformational studies is a é s %%
convenient FRET marker to monitor changes in intramo- < <|°° o8
lecular distances in cTnC that is reconstituted with other 2 - g2
contractile proteins into physiologically relevant complexes 2 | < 2 £3
without optical interference from endogenous tryptophans @ = = ° §
in these other proteins. Our results show that the two-cysteine 8 5 ﬁ g
marker is comparable to the previously used tryptophan- kS L= g 8
cysteine marker to report intersite distances in cTnC recon- 8 % :g e S 2
stituted with tryptophanless proteins. e 2|5 ié ': ';
If the closed and open conformations of the cTnC X % 52 3 ©
N-domain are considered to be at equilibrium?Chainding SN 2£|®3
to the domain shifts the equilibrium toward the open 5 £8|xa
conformation. The ratio of the two conformations remains e cel ¢
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Table 3: Kinetics of C& Dissociation-Induced cTnC N-Domain Closing

cTnTm cTnTmA cTnTMAS1
kfast kslow kfast kslow kfasl kslow
complex (s Asast (s Asiow (s Asast (s Asiow (s Asast (s Asiow
nonphosphorylated cTnl 12087.6 0.61 22.3t15 0.39 136.2£81 0.69 27.6t1.1 0.31 102.%#5.6 0.64 21.9+1.3 0.36
phosphorylated cTnl 134542 0.70 25.6:81.2 0.30 152.%# 7.6 0.70 29.3t1.2 0.30 124551 0.70 243t1.4 0.30

2 kst and ksow @re the rates of the fast and slow phases, respectidglyand Asow are the fractional amplitudes for the two phases. Errors are
standard deviations from duplicate measurements.

about the same in cTn (data not shown) and cTnTm. In Scheme 1

regulated th|n ﬁlaments’ the FRET distance iﬁ.’-cmturated Ca™ binding induced opening of the ¢TnC N-domain in thin filament (TF) .
N-domain (27.6 A) is smaller than that in cTnTm (29.4 A). T ’
This open N-domain of cTnC may accommodate the regula- ¢, , r @) s CH_TF[.,V e ‘_%_. CaTRO)
tory region of cTnl via a hydrophobic interaction between a Kot =
hydrophobic patch in the N-domain and the cTnl regulatory N — :
l’egion. B|nd|ng Of Strong Sl to the %ound th|n ﬁlament Ca™ dissociation-induced closing of the ¢TnC N-domain in thin filament (TF)
results in a longer distance (close to 30 A, an increase of ca. Scheme
2.4 A), shifting the closed> open equilibrium and increasing  of cTnC reported two transitions upon Tabinding @8).
the fraction of the open conformatio8)( The S1 binding  These two transitions may correspond to the two resolved
disengages the inhibitory region of cTnl from actin, and the transitions in the present FRET-based kinetics for domain
consequent change of the inhibitory region from a helix  opening. Scheme 1 summarizes the present kinetic results.
coil—helix motif to an extended segment pushes the regula-In this scheme, the filled circle represents the closed
tory region toward the open cTnC N-domain. These events conformation of the N-domain of cTnC in thin filaments,
appear to be energetically favorable and thus promote the partially filled circle is partially open N-domain, and the
stabilization of the open N-domain. Alternatively, the more open circle is fully open N-domain. (G&F)* represents
open conformation may allow better contacts between the an intermediate state of partially open conformation of the
hydrophobic patch and the cTnl regulatory region, thus N-domain of cTnC. The initial binding of Gato cTnC is
further stabilizing the open conformation. We do not have assumed to be a rapid equilibrium with equilibrium constant
sufficient information to favor one or the other possibility. K, followed by multiple structural transitions. €ainduced
In the absence of bound S1 in the thin filament, binding of opening involves movements of helices B and C away from
regulatory C&" to cTnC is cooperative, likely due to the the central helix resulting in a large change in the interhelical
complex structural arrangement of the proteins in the filament angle to accommodate the binding of the regulatory region
and interactions among regulatory units (cTnl, cTnT, actin). of cTnl (5). The observed multiple kinetic transitions may
Some of these interactions may be lost when the inhibitory reflect these helical reorientations and movements to ac-
region of cTnl is disengaged from actin. This disengagement commodate bound Ga Upon C&* dissociation from the
could result in a loss of cooperativity in &abinding, buta  ¢TnC N-domain, domain closing occurs in two steps. These
gain in C&" sensitivity (i.e., an increase of pg&ha kinetic transitions may also be associated with changes of
The kinetics of FRET changes associated with?'Ca the reorientations of the helices B and C, but assignments
binding differs from that associated with €adissociation. of the kinetic rates to specific structural changes cannot be
The binding kinetics shows three phases, although the initial made in the present study.
very fast phase with a considerable amplitude is not The structural consequence of phosphorylation of cTnl on
resolvable. The dissociation kinetics is biphasic with a very protein—protein interactions that occur within the cTn
small loss in unresolvable FRET signal. Amplitudes in complex as well as conformational changes of cTnl have
multiphase kinetic transitions detected by the signal of a been extensively studied using NMR2( 23, 26, 39, 40)
single probe are usually difficult to interpret, but in FRET- and FRET 21, 33, 41-43). These studies suggest that the
monitored kinetics each amplitude is quantitatively related N-terminal extension of c¢Tnl, most likely the residues
to a change in energy transfer efficiency and, therefore, to aimmediately before the PKA phosphorylation sites, interact
change in distance between two sites. The FRET kineticswith the N-domain of c¢TnC. Phosphorylation of cTnl
associated with G4 binding indicates that the €ainduced negatively affects the interactions. It has been proposed that
opening of the cTnC N-domain occurs in three steps, and shifting the oper-closed equilibrium conformation in the
the kinetics associated with €adissociation indicates that  N-domain toward the closed state by cTnl phosphorylation
the closing of the N-domain is a two-step mechanism. The is likely the molecular basis for the decrease in’Ca
initial very fast step associated with domain opening is sensitivity of thin filament activation. For example, a recent
accompanied by the largest structural change in terms of theNMR study of the cTnG-cTnl binary complex has proposed
separation between two specific sites, followed by smaller a model for cTnl phosphorylation-induced conformational
structural changes in two slower steps. The rates of the twochanges in cTnC24). This model suggests that the Ta
resolvable phases differ by a factor of about 10 in all three induced open conformation of the N-domain adopts a
preparations. Phosphorylated cTnl has only a small effect partially closed structure in the complex when cTnl is
on the difference between the two rates. phosphorylated by PKA and this partially closed conforma-
A previous kinetic study monitored by the fluorescence tion becomes more closed in the presence of both PKA and
of a single environmentally sensitive probe attached to Cys35PKC phosphorylations.
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The present steady-state and time-resolved FRET results 7.
show the distance between residues 13 and 51 of cTnC not

to be affected by phosphorylation of cTnl regardless of
whether actin or S1 is present. This finding appears not in
accord with the proposed modeR4), suggesting that
modulation of cTnl phosphorylation on thin filament activa-
tion is unlikely through a direct structural effect. FRET-based
C&" titration reveals a reduction in the €asensitivity of

the cTnC N-domain opening in the complexes. The observed
cTnl phosphorylation-induced reduction of Caensitivity

is consistent with the notion th@-adrenergic stimulation
reduces cardiac myofilament €asensitivity. Kinetic results
reveal that PKA phosphorylation of cTnl increases both the
closing and open rate of conformational changes in the cTnC
N-domain. The observed phosphorylation-induced kinetic
effects on the ¢TnC N-domain structural transition are
consistent with the role gf-adrenergic stimulation in the
myocardium, i.e., increasing contractile force, enhancing
heart rate and increasing relaxation of myocardial cells.
Acceleration of the rate of relaxation is important for proper
heart pumping function because it allows adequate time for
diastolic filling of the ventricles against the raised heart rate
during sympathetic stimulation. The present results would
suggest that PKA phosphorylation of cTnl may exert its roles
in cardiac systolic contraction and diastolic relaxation by
modification of the kinetics of conformational transitions in
cTnC.

In summary, we have used a two-cysteine FRET-based
conformational marker to determine an intersite distance in
the regulatory N-domain of cTnC reconstituted into regulated
thin filaments. Changes in this distance arising from binding
and dissociation of regulatory €astrong binding of myosin
S1, and phosphorylation of ¢cTnl by PKA were determined
from equilibrium and transient kinetic measurements. These

changes demonstrate ligand-induced opening and closing of

the cTnC N-domain. Phosphorylation of cTnl has negligible
effects on the N-domain conformation regardless of the
presence or absence of bound ligands, but it affects Ca
sensitivity and modifies the kinetics of opening and closing
of the N-domain induced by binding of €aand S1. These

results suggest that the mechanism of modulation of cardiac

thin filament regulation by cTnl phosphorylation may be
related to the altered kinetics of conformational transitions
of the cTnC N-domain imposed by the phosphorylation.
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