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Background: The kinetics and dynamics of the C-domain of cTnl were studied.

Results: Fluorescence anisotropy data show support for the fly casting model and a fourth state of thin filament activation.
Conclusion: The fly casting model holds true in the thin filament, but the presence of S1 modulates the process.
Significance: Our study provides information on the role of the ¢cTnl C-domain in thin filament regulation.

The regulatory function of cardiac troponin I (cTnl) involves
three important contiguous regions within its C-domain: the
inhibitory region (IR), the regulatory region (RR), and the
mobile domain (MD). Within these regions, the dynamics of
regional structure and kinetics of transitions in dynamic state
are believed to facilitate regulatory signaling. This study was
designed to use fluorescence anisotropy techniques to acquire
steady-state and kinetic information on the dynamic state of the
C-domain of cTnl in the reconstituted thin filament. A series of
single cysteine ¢Tnl mutants was generated, labeled with the
fluorophore tetramethylrhodamine, and subjected to various
anisotropy experiments at the thin filament level. The structure
of the IR was found to be less dynamic than that of the RR and
the MD, and Ca®>* binding induced minimal changes in IR
dynamics: the flexibility of the RR decreased, whereas the MD
became more flexible. Anisotropy stopped-flow experiments
showed that the kinetics describing the transition of the MD and
RR from the Ca®>*-bound to the Ca>*-free dynamic states were
significantly faster (53.2-116.8 s™') than that of the IR (14.1
s~1). Our results support the fly casting mechanism, implying
that an unstructured MD with rapid dynamics and kinetics plays
a critical role to initiate relaxation upon Ca** dissociation by
rapidly interacting with actin to promote the dissociation of the
RR from the N-domain of cTnC. In contrast, the IR responds to
Ca®* signals with slow structural dynamics and transition kinet-
ics. The collective findings suggested a fourth state of activation.

In striated muscle, Ca®>*-dependent activation is traced to
the thin filament, a double helical, filamentous protein super-
complex built from repeats of the heterotrimeric troponin
complex, tropomyosin (Tm),* and actin bound together in a
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ratio of 1:1:7, respectively (1, 2). Cardiac troponin (cTn) is
formed from subunits troponin C (cTnC), troponin I (cTnl),
and troponin T (cTnT). cTnC binds Ca®>*, cTnl binds actin and
inhibits actomyosin ATPase in relaxed muscle, and ¢TnT
anchors the cTn complex on the actin filament. In relaxed myo-
cardium under a ~10"° M resting concentration of Ca",
c¢Tnl-Tm acts as a regulatory switch to prevent cross-bridge
formation between actin and myosin heads (myosin subfrag-
ment-1 (S1)) through steric blocking of myosin-binding sites on
actin (3-5). To activate actomyosin ATPase and force genera-
tion, intracellular [Ca®*] rises to saturate the regulatory sites in
¢Tn, inducing a series of critical intramolecular and intermo-
lecular structural changes in the thin filament. These structural
changes include the opening/closing of the N-domain of ¢cTnC
(6, 7), changes in the conformation of the C-domain of ¢Tnl
(C-cTnl) (8-10), switching of the inhibitory and regulatory
regions of cTnl from interacting with actin to interacting with
¢TnC (11), and movement of Tm on the actin surface (12),
which permits strong cross-bridge cycling between actin and
myosin. These Ca”>*-dependent transitions in dynamic state
are the molecular basis for cardiac thin filament regulation.
Naturally, dynamic interactions among the thin filament
proteins form a main feature of the Ca>" -dependent activation
of cardiac muscle with multiple transitions in dynamic state
occurring at the thin filament protein interfaces (13, 14). Some
interactions have been shown to be notably rigid and invariant
in terms of conformational dynamics, whereas others involve
structural regions marked by flexibility and prone to facilitating
conformational changes (15, 16). Among the thin filament pro-
teins, cT'nl is unique in that it exhibits a remarkable diversity in
the conformational dynamics of its subdomains (13), enabling it
to take part in both rigid interactions that enforce protein local-
ization and more transient interactions associated with func-
tional conformational changes. For example, although the ¢cTn
complex is directly anchored to the actin filament through an
interaction between the N-domain (TnT1) of ¢TnT and Tm
occurring on the actin surface, cTnl is in turn anchored to
c¢TnT (14); the crystal structure of the core domain of cTn

ulatory region; MD, mobile domain; S1, myosin subfragment-1; TAMRA,
tetramethylrhodamine; IAANS, 2-(4’ (iodoacetamide)anilino)naphthalene-
6-sulfonic acid sodium salt; mA, units of millianisotropy, equal to the frac-
tional and unitless measured anisotropy value multiplied by 1000.

JOURNAL OF BIOLOGICAL CHEMISTRY 7661



Structural Dynamics of C-domain of cTnl

under Ca”"-saturated conditions showed that two helices in
the N-domain of c¢Tnl (residues 4080 and 90-130, respec-
tively) strongly interact with the C-domain of ¢TnC and the
¢TnT helix domain of cTnT (residues 226 —-276), respectively,
to form two extended helices (17). Similarly, cTnl occupies a
central role in the Ca®>*-dependent transitions in the dynamic
state of thin filament proteins that are associated with regula-
tory function through its alternating interactions with ¢cTnC (6,
7) and actin (15, 18) under various biochemical conditions, and
expectedly, this functional behavior is traced to the C-domain
of ¢Tnl (15, 16).

Three contiguous regions making essential contributions to
regulatory function have been identified within C-cTnl: the
inhibitory region (IR), the regulatory region (RR), and the
mobile domain (MD). The IR (residues 130-150) is mainly
responsible for inhibiting muscular contraction through its
binding to actin in the absence of Ca®>*. The RR (residues 151
167) plays a triggering role in the thin filament activation proc-
ess by binding to the N-domain of cTnC once Ca®* has bound
to the regulatory site of cTnC (6, 7). The MD (residues 167—
210) stabilizes the interaction between cTnl and actin occur-
ring in the absence of Ca®>" (15, 18). Because of these different
mechanistic roles, it is expected that each region may be
marked by unique structural dynamics and kinetics when par-
ticipating in thin filament regulation. Affirming this notion, it
has been shown that structural dynamics of these regions and
particularly the MD significantly change in response to Ca**-
induced thin filament activation (15, 16). It has recently been
proposed that the highly dynamic nature of the MD may play a
critical role in regulating thin filament relaxation by promoting
the binding of the IR to actin through “fly casting” activity (13).
However, detailed information on the structural dynamics of
each functional region under different biochemical states and
how their dynamics change during the course of structural
transitions has remained elusive especially in the context of the
thin filament.

Anisotropy is a technique with the potential to provide this
missing information. When a fluorophore is attached to a pro-
tein, the motion of the fluorophore can be correlated to global
protein motion or the structural flexibility of the region to
which the probe has been attached. Briefly, fluorescence anisot-
ropy measurements are based on the principle of the photose-
lective excitation of fluorophores by polarized light. Upon
exposure to a polarized light source, fluorophores with dipole
transition moments oriented parallel to the electric vector of
incoming light will be selectively excited, resulting in a partially
oriented population of fluorophore as well as a partially polar-
ized fluorescence emission. Fluorescence anisotropy is then
defined by the relative fluorescence intensity of the vertically
polarized emission with respect to the intensity of the total
emission (19). In principle, the steady-state fluorescence ani-
sotropy (r) of the fluorophore-labeled protein can be approxi-
mated using Perrin’s equation (20, 21),

r=re-(1+7-¢ """ (Eq. 1)
where 7, is the fundamental anisotropy, 7 is the fluorescence
lifetime, and ® is the rotational correlation time of the fluoro-
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phore that can be determined by time-resolved fluorescence
anisotropy measurements. The anisotropy for a chosen fluoro-
phore will be primarily determined by the correlation time,
which strongly depends on the motion of the fluorophore.
Because fluorophore tumbling is very fast compared with global
or regional protein motion, the overall correlation time can be
unambiguously resolved to obtain the contribution from pro-
tein dynamics to total anisotropy. Therefore steady-state and
time-resolved fluorescence anisotropy can provide not only a
qualitative assessment of the dynamics of C-cTnl but also a
quantitative measure of the conformational flexibility and
structural transition kinetics of each functional region of
C-cTnl during regulation.

In this study, we hypothesized accordingly that anisotropy
probes placed at different locations along the C-domain of ¢Tnl
would report regional dynamic behavior. If this hypothesis
were validated, new insights into the mechanistic role of each
C-cTnl functional region when incorporated into the thin fila-
ment could then be gained. To test our hypothesis, we used
fluorescence anisotropy measurements to acquire detailed
information on probe motion within each functional region
under different activation states of the thin filament. Upon
finding that probe motion did indeed reflect regional confor-
mational dynamics, fluorescence quenching and stopped-flow
kinetic measurements were used to further examine regional
structural flexibility, solvent accessibility, and dynamic state
transition kinetics in terms of Ca®>* dependence with or with-
out S1 present. Our combined results provide strong support
for the fly casting model, suggesting that an unstructured MD
rapidly reacts to Ca®" dissociation to initiate the relaxation
process followed by slower structural transitions involving the
RR and then the IR. Interestingly, a fourth state of activation
(22) is also suggested by our results involving S1-dependent
effects on C-cTnl regional flexibility and on its dynamic state
transitions induced by Ca*>* dissociation.

EXPERIMENTAL PROCEDURES

Protein Preparation—Wild-type recombinant ¢TnC and
¢TnT were overexpressed in Escherichia coli strain BL21(DE3)
cells and purified as described previously (6, 8, 11). Using the
GeneTailor™ Site-Directed Mutagenesis System (Invitrogen),
arat cDNA clone of wild-type cTnl subcloned into the plasmid
pSBETa was used as a template DNA to convert the two endog-
enous cysteines at positions 81 and 98 into Ser and Ile, respec-
tively, thus generating a cysteine-less c¢TnI(C81S/C98I)
mutant. The cysteine-less mutant was then used as a template
to create the following single cysteine cTnl mutants: T130C,
L145C, S151C, L160C, S167C, V177C, 1182C, V189C, S200C,
and E210C. The mutant clone construction, protein expres-
sion, purification, and characterization have been described in
detail previously (23). Cardiac Tm was purified from bovine
heart (24). Actin (25) and S1 from the chymotryptic digestion of
myosin (26) were obtained from rabbit skeletal muscle.

The cysteine residue of each single cysteine cT'nl mutant was
modified with either the fluorophore TAMRA or IAANS based
on slight modifications of procedures described previously (6,
8). Briefly, single cysteine ¢Tnl was incubated with a 5-fold
molar excess of fluorophore in the presence of 6 M urea at 4 °C
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overnight. The reaction was terminated by adding 1 mm DTT to
the reaction solution. Unreacted fluorophore was removed by
passing the solution through a CM-Sepharose column and sub-
sequently washing the column with a buffer containing 6 M
urea, 30 mu citric acid, pH 6.0, 1 mm EDTA, and 1 mm DTT.
Labeled cTnl was eluted with the same buffer plus 0.3 m KCl.
The labeled cTnl protein was further dialyzed against a buffer
containing 3 M urea, 50 mMm Tris-HCL, pH 7.4, 1 mm DTT, 1 mm
EDTA, and 0.4 mm NaCl. The ratio of labeled to total cTnI was
determined using €5q ., = 95,000 cm ™M~ ' for TAMRA and
€395 nm = 24,900 cm ™ "M~ ' for TAANS. Labeling ratios for all of
the protein modifications involved in this study were >95%.

Reconstitution of cTn complexes from wild-type ¢TnC,
TAMRA- or JAANS-labeled c¢Tnl, and wild-type cTnT was car-
ried out in 6 M urea at a molar ratio of 1.2:1.0:1.2 ¢TnC:cTnl:
¢TnT following a procedure reported previously (27). Recon-
stituted cTn containing one of the modified cTnl mutants was
then used together with Tm and actin to form the reconstituted
thin filament for use in anisotropy experiments (27). cTnl
mutants were also incorporated into detergent-skinned muscle
fibers (28), and the following experiments were performed to
test for any effects on protein stability and functional integrity
caused by ¢Tnl mutations and probe modifications: 1) SDS-
PAGE and native gel analysis, 2) ATPase activity measure-
ments, and 3) measurement of the force-Ca®>" relationship
under steady-state conditions. The gel analysis of reconstituted
troponin complexes (data not shown) and skinned muscle fiber
measurements (Table 1) showed no evidence of protein degra-
dation or functional loss, suggesting that the effects of our
mutations and modifications of cTnl on Ca®"-dependent reg-
ulatory activity were negligible.

Fluorescence Measurements—Steady-state fluorescence ani-
sotropy measurements were taken at 20 °C on an ISS, Inc. PC1
photon-counting spectrofluorometer using a band pass of 3 nm
on both the excitation and emission monochromators. Samples
containing 1 uMm protein in the working buffer (composed of 30
mM MOPS, pH 7.0, 5 mm MgCl,, 0.15 M KCl, 1 mm DTT, and 1
mMm EGTA) were tested in the presence and absence of 3 mm
CaCl, both with and without ADP-Mg?>"-S1 present. Samples
were excited with vertically polarized 495 nm light, and using
L-format detection, the fluorescence intensities of the vertically
(I and horizontally (/, ) polarized emissions from TAMRA-
labeled samples were simultaneously recorded at a wavelength
of 545 nm. The steady-state anisotropy r was then calculated
using Equation 2,

where G is a scale factor used to correct for the polarization bias
in the detection system. G can be experimentally determined
from

G = IHV'IHH71 (Eq3)
where [,y is the fluorescence intensity when the excitation
polarizer is kept horizontal and the emission polarizer is verti-
cal, and I,y is the fluorescence intensity when both of the
polarizers are kept horizontal. Each anisotropy measurement
was repeated 10—15 times, and for every trial, the G-factor was
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determined. Typically, the G-factors obtained for steady-state
measurements were in the range of 0.82—0.88.

Time-resolved anisotropy decays were obtained using a
FluoroCube (Horiba Jobin Yvon) lifetime system with an L-for-
mat detection arrangement. Vertically and horizontally polar-
ized emissions were monitored at a wavelength of 545 nm from
the left channel with vertically polarized 495 nm excitation light
supplied from a light-emitting diode with a 1.4-ns pulse width.
The anisotropy decays obtained were recorded with TBX pico-
second photon detection modules and fitted with a multiexpo-
nential function (29),

r(t) = roza,» exp(—t-®;7 (Eq.4)

where r, is the limiting anisotropy, and the «; values are the
fractional amplitudes of each correlation time (®,) in the ani-
sotropy decay. Data analysis was performed using anisotropy
analysis software provide by Horiba Jobin Yvon.

Fluorescence Quenching—Because TAMRA fluorescence
was insensitive to the neutrally charged quencher acrylamide,
fluorescence quenching experiments relied instead on single
cysteine ¢Tnl mutants labeled with the spectrally inferior but
quenching-susceptible fluorophore IAANS. Acrylamide-de-
pendent fluorescence quenching was determined from IAANS
fluorescence recorded using an ISS, Inc. PC1 photon-counting
spectrofluorometer equipped with a microtitrator held at 20 =
0.1 °C (6, 30). For the quenching titration, 1.2 ml of sample was
excited with 325 nm light, and the emission was monitored at
480 nm. A total of 44 data points were acquired after succes-
sively injecting aliquots of 10 ul each of 6 M acrylamide pre-
pared in sample buffer with 10 s of holding time for each injec-
tion made. Samples contained 1 pum thin filaments
reconstituted with labeled cTnl and were prepared in a buffer
containing 30 mm MOPS, pH 7, 5 mm MgCl,, 1 mm EGTA, 1
mM DTT, and 0.2 M KCI. Because of nonlinearity especially at
high concentrations of acrylamide, suggesting the presence of
apparent static quenching, quenching data were analyzed by
the modified Stern-Volmer equation (19),

Fo: F7'=(1+ Ky [Q])e (Eq.5)

where F, and F are the fluorescence intensities in the absence
and presence of quencher, respectively; [Q] is the molar con-
centration of quencher; K, is the Stern-Volmer dynamic
quenching constant; and V represents a volume immediately
surrounding excited IAANS within which static quenching
occurs.

Stopped-flow Kinetic Measurements—Stopped flow was used
to examine the kinetics associated with changes in the struc-
tural dynamics induced by Ca>" dissociation for each func-
tional region within C-cTnl (31). Experiments were performed
with a T format KinTek stopped-flow spectrometer with a
1.8-ms dead time. Ca®* -saturated thin filament samples recon-
stituted from a TAMRA-labeled cTnl mutant were rapidly
mixed with an equal volume of a buffer containing an excess
amount of 1,2-bis(2-aminophenoxy)ethane-N,N,N',N’-tet-
raacetic acid (a Ca>" chelator) (32). The mixed sample was then
excited by vertically polarized light (490 nm), and kinetic traces
of the vertically and horizontally polarized emissions from the
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SCHEME 1. Amino acid sequence of C-domain of rat cTnl. Pink residues are
the amino acids that were replaced by cysteine for subsequent TAMRA/IAANS
labeling.

sample were simultaneously collected with a T format detec-
tion system equipped with 500-nm cutoff filters to block exci-
tation light. The two polarized intensity traces were converted
into anisotropy traces using Equation 2 and fitted with a sum of
exponential functions to determine the rate constants associ-
ated with fluorophore tumbling and changes in regional
dynamic state. Generally, 8 —12 polarized fluorescence traces
were collected for each fluorescently labeled single cysteine
c¢Tnl mutant. A G-factor for each sample was also determined
using Equation 3 by exciting it with horizontally polarized exci-
tation light and collecting the kinetic traces of the vertically and
horizontally polarized emissions. Typically, G-factors for the
stopped-flow system were in the range of 0.80—0.85.

RESULTS

In this study we generated 10 cTnl mutants that can be
labeled with thiol-reactive anisotropy probes; each mutant con-
tains a single cysteine residue that has been positioned along
C-cTnl at either Cys-130 or Cys-145 in the IR; Cys-151, Cys-
160, Cys-167, or Cys-177 in the RR; or Cys-182, Cys-189, Cys-
200, or Cys-210 in the MD (Scheme 1, pink residues). Residue
Cys-145 is located in the middle of the IR, whereas residue
Cys-160 is located in the middle of the RR of cTnl. Resi-
dues Cys-130 and Cys-151 are located at the N-terminal end
and C-terminal end of the IR, respectively, whereas residue
Cys-167 is located at the C terminus of the RR. Accordingly, we
hypothesized that each of the single cysteine ¢Tnl mutants
when modified with TAMRA as a fluorescence anisotropy
probe would enable us to collect information on the regional
structural dynamics and kinetics that would help distinguish
the role of each functional region of C-cTnl in thin filament
regulation. To test this hypothesis, reliable comparisons of the
structural dynamics of different regions in C-cTnl were essen-
tial; thus, the endogenous residue Cys-98 was chosen as a ref-
erence to be used in control experiments. The residue Cys-98 is
part of a helix in the N-domain of ¢Tnl that strongly interacts
with the helix domain of ¢TnT (residues 226 —276) to form an
extended helix (17). Therefore, it was expected that Ca**-de-
pendent changes in the regional structural dynamics of the hel-
ical domain of c¢Tnl containing residue 98 would be minimal.

It was also imperative to examine the potential for detrimen-
tal effects from these mutations and their associated fluoro-
phore modifications on the structure and function of ¢Tnl.
Hence, each mutant was exchanged via equilibrium into deter-
gent-skinned muscle fibers wherein it was extensively evalu-
ated for its effect on the regulation of ATPase activity and force
development. For each of the cTnl mutants incorporated into
detergent-skinned myocardial fibers, we observed a passive
tension, maximal tension, ATPase activity level, and Ca?" sen-
sitivity of steady-state force development statistically similar to
that of the control (Table 1). In all cases, force levels following
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TABLE 1

Properties of myocardial fibers reconstituted with TAMRA-modified
cTnl mutants

Sarcomere length = 2.2 um; 7' = 22 °C. mN, millinewtons.

Tension
cTnl mutants Maximum Minimum ATPase pCag,

mN/mm? pmol/mnt*/s
¢Tnl(WT), control 51.92 +1.98 3.23 £ 0.35 236.68 *6.73 6.22
cTnl(Cys-98) ;amra 4842 = 1.28 294+ 029 236.68 =591 6.22
c¢Tnl(T130C) tapra 5212 £ 1.78 3.66 = 0.36 21436 = 6.61  6.29
cTnl(L145C) o pra 48.02 £ 150 2.75 £ 0.30 219.82 £6.73 6.29
cTnl(S151C) pppra 4991 £ 1.56 3.84 =043 21723 =773  6.19
c¢Tnl(L160C) 1 opra 5192 £1.98 2.97 = 0.27 236.68 = 6.73  6.22
cTnl(S167C)popra 4842 £1.28 2.77 £0.32 23668 =591 6.22
cTnl(V177C)papra 52.12 = 1.78 3.16 = 0.28 214.36 £ 6.61 6.29
cTnl(V189C) ranmra  48.02 £ 1.50 2.94 =031 219.82*+6.73 6.29
cTnl(S200C) opra 4991 £1.56 2.81 £0.26 21723 £7.73 6.19
c¢Tnl(E210C) ppopra 4991 £ 1.56 3.39 =034 21723 =7.73  6.19

exchange with ¢Tnl-cTnT and subsequently reconstitution
with ¢TnC suggested that the extent of mutant ¢Tnl incorpo-
ration was >90% (data not shown). This suggested that the
point mutations and fluorophore modifications associated with
the single cysteine cTnl mutants used in this study exerted neg-
ligible effects on the Ca>"-dependent regulatory activity of
mutated proteins relative to wild-type ¢Tnl.

Steady-state Anisotropy Measurements—Each TAMRA-la-
beled c¢Tnl mutant was reconstituted with wild-type ¢TnC,
¢TnT, Tm, and actin into a thin filament sample and subjected
to steady-state anisotropy experiments to determine the total
anisotropy calculated from Equation 2; the results are summa-
rized in Table 2. In addition, fluorescence measurements taken
at steady state showed that all samples exhibited a maximal
emission at ~545 nm when they were excited with 495 nm light
(data not shown). A less than 7% change in the unpolarized total
fluorescence intensity was observed for each sample when
Ca>" was added to the sample in the absence or presence of
strongly bound S1; these changes were considered as not
significant.

It is expected that the observed fluorescence anisotropies
should be correlated with the structural flexibility of each
region to which TAMRA was attached, which should enable us
to distinguish functional regions based on their expected flex-
ibilities under different conditions (see “Time-resolved Anisot-
ropy Measurements” for a discussion of the limitations
involved). Indeed, probe motion was found to depend upon
probe location within the C-domain of cTnl when incorporated
into the thin filament, and it responded differently to Ca>"
binding based on the region labeled in a manner consistent with
the dynamics known for each functional region. For example, in
the absence of Ca*", TAMRA attached to the IR of cTnl
showed higher fluorescence anisotropy (360 mA (units of mil-
lianisotropy, equal to the fractional and unitless measured ani-
sotropy value multiplied by 1000) for residue 130 and 352 mA
for residue 145) than the RR (307-332 mA) and the MD (302-
320 mA). Generally speaking, the higher the fluorescence ani-
sotropy for a fluorophore, the less flexible is the region to which
it is attached (based on Equations 1 and 2). In the deactivated
state, the structure of the IR of ¢Tnl within the thin filament is
known to be less dynamic due to its strong binding to the actin
filament. In the activated state occurring upon Ca>* binding to
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TABLE 2
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Total fluorescence anisotropy (FA) of TAMRA-labeled cTnl within reconstituted thin filament in presence/absence of strongly bound S1

Fluorescence anisotropy

Thin filament Thin filament + S1-ADP
Samples Mg*+ Ca’* AFA“ p value® Mg*+ Ca’* AFA“ p value®
mA mA mA mA mA mA
CTNI(Cys-98) 1 appn 331 329 -2 0.202 328 327 -1 0.254
TnI(T130C) 1 Arimn 360 360 0 0.396 354 351 -3 0.143
CTnI(L145C)r spurn 352 350 -2 0.132 336 342 6 0.034
CTNI(S151C)  nnimn 315 326 11 0.002 306 315 9 0.024
CTRI(L160C)y appma 307 312 5 0.039 299 309 10 0.003
CTnI(S167C) Aninn 332 341 9 0.014 324 336 12 0.002
CTRI(V177C) 1 rnpen 293 296 3 0.024 282 273 —9 <0.001
CTnI(1182C) gy 320 305 ~15 <0.001 305 299 -6 0.034
TnI(VI8IC) s anmma 308 300 -8 0.012 298 201 -7 0.025
CTnI(S200C) pnign 302 285 -17 <0.001 285 277 -8 <0.001
CTRI(E210C) yappma 315 299 ~16 <0.001 297 287 ~10 <0.001

“AFA is Ca*>* binding-induced fluorescence anisotropy change in mA.

® p values obtained from Student’s ¢ test comparing the anisotropy of the Mg?* state with that of the Ca>* state (with or without S1 present).

¢TnC, the fluorescence anisotropy of the IR of ¢Tnl changed
insignificantly. This was expected because upon Ca>" binding
the IR switches from interacting with the actin filament to
interacting with the central helix of ¢TnC, resulting in little
change in its regional structural mobility.

The other two functional regions of cTnl showed fluores-
cence anisotropies in the absence of Ca®>* ranging from 293 to
332 mA. However, the fluorescence anisotropy of the RR
(including residues Cys-151, Cys-160, and Cys-167) in the pres-
ence of Ca®" significantly increased by 5-11 mA (p < 0.05 in all
cases), whereas the fluorescence anisotropy of the MD (includ-
ing residues Cys-182, Cys-189, Cys-200, and Cys-210) signifi-
cantly decreased by 8—17 mA (p < 0.001 for residues Cys-182,
Cys-200, and Cys-201; p < 0.05 for residue Cys-189). These
changes are consistent with the Ca®"-induced changes in struc-
tural dynamics expected for these regions. The RR is expected
to have a highly flexible structure in the absence of Ca®" due to
its relative lack of interaction with other thin filament protein
interfaces in that state. Binding of Ca®>" to c¢TnC induces a
strong interaction between the N-domain of ¢cTnC and the RR
of cTnl, which should significantly dampen its structural
dynamics. The MD of cTnl interacts with the actin filament in
the absence of Ca®", resulting in low flexibility for the region.
Upon Ca** binding, the region and particularly its C terminus
became highly flexible, suggesting that the MD moved away
from the actin filament as expected.

To further test our hypothesis and examine how the struc-
tural dynamics of these regions could be affected by strong
cross-bridge formation, S1-Mg>" -ADP was introduced to sam-
ples as a strong cross-bridge analog. Results in Table 2 show
that in the absence of Ca®>" strongly bound S1 had an insignif-
icant impact on the anisotropy of the control residue Cys-98 of
cTnl but decreased the fluorescence anisotropy of all three
C-cTnl functional regions by 6-18 mA (p < 0.05), suggesting
that strongly bound S1 induced a disengagement of C-cTnl
away from actin, leading to more flexibility in the structure of
its functional regions. This effect was most pronounced on the
IR and the MD, suggesting further that a weakening of the cou-
pling between these regions and actin may be the cause of the
apparent disengagement; this is consistent with the ability of
strongly bound cross-bridges to activate the thin filament in the
absence of calcium. Similarly, comparing the Ca®* state to the

MARCH 2, 2012+VOLUME 287+NUMBER 10

Ca®" + S1 state, the anisotropy of all functional regions was
decreased due to the presence of S1. This is to be expected as it
is known that strongly bound cross-bridges are able to shift
tropomyosin on actin from the closed to open positions
described by the three-state model of thin filament activation,
and this shift would in turn push the binding regions of C-cTnl
further away from the actin filament. These results are consis-
tent with previous FRET measurements showing that strongly
bound S1 increases distances between C-cTnl and actin (33,
34). Finally, Ca>* binding to cTnC in the presence of strongly
bound S1 induced changes in the anisotropies of the labeled
regions of C-cTnl that were similar to the case when S1 was
absent, implying that even in the presence of strong cross-
bridges Ca®>* binding is required to fully induce the structural
transitions in thin filament regulatory proteins that are associ-
ated with activation. At this point, we concluded that, consis-
tent with theory, probe motion reflected the regional confor-
mational dynamics of C-cTnl, validating our hypothesis.
Time-resolved Anisotropy Measurements—The results from
steady-state anisotropy measurements thus provided us with a
quantitative sense of the total anisotropy of each C-cTnl func-
tional region under equilibrium conditions, which depends var-
iously on the global motions of either the thin filament or the
core domain of ¢Tn relative to the thin filament; regional, sub-
domain level flexibility of c¢Tnl; and tumbling of the fluoro-
phore itself. To further assess the contribution of each of these
types of motions to the observed total anisotropy and quantita-
tively isolate the regional component of interest, time-resolved
anisotropy measurements were performed. In addition to prob-
ing tumbling, the time-resolved fluorescence anisotropies
should also reflect 1) the global/domain motion of the protein
and 2) the structural flexibility of the region of the protein to
which TAMRA is attached as long as the correlation times of
these structural motions are close to the time scale of the
excited state lifetime of the fluorophore. Because of the large
size of the thin filament, the contribution of its global motion to
the anisotropy observed during the fluorescence lifetime of the
fluorophore should be negligible in time-resolved measure-
ments. Furthermore, although core domain motion could be
faster than thin filament motion, core domain motion would
still be relatively slow and should affect all regions of C-cTnl
equally. Because the correlation times of domain motions may
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FIGURE 1. Time-resolved anisotropy decays of selected thin filament samples containing different cTnl single cysteine mutants labeled with TAMRA
(see inset color legend) in absence of Ca2*. Solid circles are experimental data, and solid lines are fitted data. All experimental data were fitted with the
two-exponential function given in Equation 4, and recovered anisotropies and correlation times are shown in Table 3. The inset graph shows normalized
experimental anisotropy decays from which the relative anisotropy correlation time associated with each decay can be readily compared.
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FIGURE 2. Ca?*-induced changes in time-resolved anisotropy decays of selected thin filament samples containing different cTnl single cysteine
mutants labeled with TAMRA (see inset color legend) in absence of S1. Solid circles and hollow circles are experimental data in the absence of Ca®>" and in
the presence of Ca®™, respectively. Solid lines and dashed lines are fitted equations for samples in the absence and presence of Ca®™, respectively. All experi-
mental data were fitted with the two-exponential function given in Equation 4, and recovered anisotropies and correlation times are given in Table 3. The inset
graph shows normalized experimental anisotropy decays from which the relative anisotropy correlation time associated with each decay can be readily
compared.

generally be expected to fall in the range of ns to us (35), it was  E210C labeled with TAMRA. Fig. 2 shows Ca®"-induced ani-

expected that the major contributors to time-resolved anisot-
ropy would be regional protein flexibility and fluorophore
tumbling.

Fig. 1 shows a typical example of the anisotropy decays of
selected thin filament samples containing cTnl (i.e. Cys-98) or
cysteine-less ¢Tnl mutants S151C, S167C, 1182C, V189C, and
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sotropy decays of selected thin filament samples containing
cysteine-less ¢Tnl mutants S151C, S167C, V189C, and E210C
labeled with TAMRA. Fitting the obtained anisotropy decays
with Equation 4 gave two correlation times, one in the range of
1.44-5.9 ns and the other in the range of 32.7— 65 ns. The spe-
cific correlation times and associated amplitudes obtained from
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TABLE 3

Fluorescence anisotropy correlation time of TAMRA-labeled cTnl
within reconstituted thin filament in presence/absence of strongly
bound S1

Correlation Time(ns)|4nisotropy(mA) | Correlation Time(ns)|4nisotropy(mA)

Samples (thin filament) (thin filament + S1-ADP)
Mg’ Ca’' Mg*' Ca’'

65.6| 33.3 64.9| 43.3 59.9| 37.3 57.6| 33.7

CTnlO8C)ramma 1.64 | 309.0 1.86]293.2 1.76 | 294.0 1.79| 299.2
58.1|107.2 50.2|117.2 49.6|154.5 44.8135.9

eTl(300mavma | 3931 264.3 227]275.9 3.03] 174.1 2.32]184.3
CThI(145C) 60.7|214.4 51.6|197.3 266? ‘| %f; 47.8|183.5

ITAMRA ! . -

2.69|114.7 3341386 200110018 2.78 | 105.6

CThI(151C) 56.9|201.7 53.9|231.1 45.4(197.3 43.1189.2
TAMRA 4371184 3.65| 98.2 3.01] 104.3 2.18]103.1
35.5|164.4 50.4|195.1 29.8|166.3 4491718

cTl60Cavra | 5 041 1286 331]107.1 2.63] 104.2 338| 88.3
383|175.6 59.5|219.9 36.5|142.5 48.8|187.8

cTnl(167Cyranma 230 159.1 3.71|122.6 2.09|162.1 2.76 | 108.9
31.6 | 164.8 33.9|173.2 28.8|164.4 29.9|171.1

cTnl(177Cyranma 144 139.2 1.81]123.7 2.01]102.6 2.07| 98.1
57.8|181.3 33.8|153.0 4221659 26.2 | 135.1

cTnl(182C)ramma | 345 7381 221|157.5 3.01]135.7 2.08| 160.4
57.8|196.0 37.5|160.6 4431538 29.2|136.4

cTnl(189C)ranma 5.90|103.8 3.05| 141.7 3.53| 104.1 2.25|107.9
55.3|201.6 32.7|154.3 4221892 31.5|163.8

cTnl200C)ranwa 3.21]103.2 2.11]135.8 331] 96.8 2.01]102.1
59.9|215.5 29.2|160.3 49.0|197.5 27.1|164.3

cTnl10C)ranma 3.22|102.4 1.98]138.7 329 937 2.01]116.7

these fittings are given in Table 3. The longer, or slow motion,
correlation time (Table 3, boldfaced) corresponds to the slower
dynamics associated with regional protein structure, whereas
the shorter, or fast motion, correlation time corresponds to the
rapid tumbling of the fluorophore. It is noted that the observed
correlation times (32.7— 65 ns) associated with regional protein
structural dynamics are significantly longer than the fluores-
cence lifetime (3—5 ns) of TAMRA. This may limit the accuracy
of the longer correlation times because only limited portions of
the regional structural dynamics of the protein were sampled
during the fluorescence lifetime of the probe. Even with this
limitation, our results enable us to acquire quantitative infor-
mation associated with region structural dynamics of cTnl in
the reconstituted samples. As mentioned previously, the
endogenous Cys-98 of ¢Tnl labeled with TAMRA was used as
an internal reference to distinguish the contribution of fluoro-
phore tumbling to the observed anisotropy. Because Cys-98 is
contained in the rigid cTnl-cTnT extended helix of the core
domain (17), the anisotropy measured for TAMRA attached to
Cys-98 should be primarily caused by fluorophore tumbling. As
expected, the anisotropy decay for the reference Cys-98 of cTnl
was dominated by the fast motion correlation time and showed
no significant change in response to Ca*>*. Thus, we attributed
the fast motion correlation time to fluorophore tumbling on the
surface of the thin filament.

Analysis of the anisotropy decays from probes located within
the IR suggested that based on the amplitudes «; in the absence
of Ca®" the relative contribution from the slow motion corre-
lation time to total anisotropy became significantly increased as
one proceeds from the N terminus (one-third at Cys-130) to the
C terminus (two-thirds at Cys-145 and Cys-151). Ca®>* binding
to cTnC generally decreased the slow motion correlation times
associated with the IR from 56.9 —60.7 to 50.2-53.9 ns without
significantly changing associated amplitudes. The IR of C-cTnl
is thought to have a flexible structure and is known to interact
with actin and ¢TnC in the absence and presence of Ca*™,
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respectively. Interestingly, the slow motion correlation times
recovered from the anisotropy decays suggest that the inherent
flexibility of the IR is dampened by these interactions such that
the region has a similar low flexibility in both the Ca®** and
Mg2+ states. Compared with the IR, the slow motion correla-
tion times from probes attached to the RR (Cys-160 and Cys-
167) were much faster (35.5-38.3 ns) in the absence of Ca**,
suggesting an increased flexibility in structure. However, in the
presence of Ca®>", the slow motion correlation time increased
to 50.4-59.5 ns, reflecting decreased flexibility. This was
expected because Ca>" binding to cTnC induces a strong inter-
action between the RR of C-cTnl and the N-domain ¢TnC,
which would tend to reduce the flexibility of the RR. Based on
the amplitudes associated with the slow and fast motion corre-
lation times, the anisotropy decays observed for the RR became
more dominated by regional dynamics when Ca®" was present.

Binding of Ca®" to the regulatory site of cTnC induced dif-
ferent changes in the correlation times associated with the MD
of C-cTnl versus the IR and RR. In the absence of Ca>™, the slow
motion correlation times of TAMRA attached to residues Cys-
182, Cys-189, Cys-200, and Cys-210 were relatively slow at
52.8-59.9 ns but in the presence of Ca>" were accelerated to
33.8-37.5 ns. The amplitudes associated with these slow
motion correlation times also changed in response to Ca>"
binding such that the anisotropy became less dominated by
regional dynamics but not to the extent of that seen in Cys-98.
The pattern that fits most with this trend in amplitude changes
and the trends observed for the amplitude changes of the IR and
RR is that the more a labeled residue participates strongly in a
protein-protein interaction, the more regional dynamic motion
dominates its anisotropy decay. Overall, the changes in the slow
motion correlation times and their amplitudes suggested that
the MD generally had slow structural dynamics and strong pro-
tein-protein interaction in the absence of Ca®>* and fast dynam-
ics and weak protein-protein interaction in the presence of
Ca®>*. However, TAMRA attached to residue Cys-177 showed
fast correlation times in both the presence and absence of Ca*™,
consistent with its location in a hinge region (15). Taken
together, the observed Ca*>*-dependent changes in correlation
times agree well with the “drag-and-release” mechanism (11,
36, 37), which predicts that 1) the Mg** state flexibility of the
RR will be significantly reduced by the Ca**-induced strong
interaction between the N-cTnC and the RR of ¢cTnl and 2) this
interaction between the RR and N-cTnC will pull the IR and the
MD away from their binding sites on the actin surface, leading
to more flexibility in the MD (15, 16) but similarly low flexibility
in the IR due to its interaction with the central helix of cTnC
(38, 39).

We also observed that fast motion correlation times
depended on biochemical conditions and where TAMRA was
positioned within C-cTnl, which could suggest that the tum-
bling motion of TAMRA was influenced by its surrounding
environment. One can envision that as Ca®" signaling induces
changes in the structural dynamics and the surrounding spatial
environment of the region to which TAMRA is attached these
changes are reflected in the fast motion correlation time. This
notion is supported by the fact that changes in the fast motion
correlation time were correlated with changes in the slow
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motion correlation time, the latter of which represents changes
in regional flexibility. However, it is also possible that the
motion of the core domain of ¢Tn changed relative to the thin
filament, which might be expected to change both the fast
motion and slow motion correlation times together. Because
changes occurred in opposite directions depending on location
(e.g RR versus MD), this latter interpretation is less likely. Con-
sequently, these observations are most consistent with the
notion that the faster the dynamic motion of a protein sub-
domain or segment is, the more it provides an environment that
allows full probe mobility and hence faster tumbling, whereas
slow structural dynamics within a region may tend to hinder
probe motion.

In terms of the effects of S1-Mg>" -ADP on anisotropy decay,
it tended to speed up both fast and slow motion correlation
times. This is in accord with our steady-state anisotropy mea-
surements in which we observed significant decreases in the
anisotropy of TAMRAs attached to the cysteine residues along
C-cTnl in the presence of strongly bound S1. Furthermore, the
weights of the longer correlation times of fluorophores
attached to each region of cTnl were decreased when S1-ADP-
Mg>" was added to the samples (with the exception of Cys-130;
see Table 3). It is believed that these changes are caused by a
strong interaction between actin and S1 that promotes the
movement of tropomyosin from the closed state to the open
state. As a consequence of tropomyosin movement, the major-
ity of C-cTnl is disengaged from actin and becomes more flex-
ible. Interestingly, the N terminus of the IR may behave differ-
ently by coming into even closer engagement with the actin
filament perhaps through contact with tropomyosin, which
may aid in triggering relaxation. Finally, binding of Ca** to
c¢TnC in the presence of strongly bound S1 caused similar
changes in both fast and slow motion correlation times at every
region of cT'nl as compared with that in the absence of strongly
bound S1.

Fluorescence Quenching Measurements—The results of our
anisotropy measurements revealed that the functional regions
of C-cTnl, when incorporated into the thin filament, each had
characteristically different Ca®"-dependent conformational
dynamics. It is expected that regions with faster dynamics
should be more exposed and accessible to solvent molecules
than the regions with less flexibility. Hence, to assess regional
solvent accessibility under different conditions and further
interrogate our hypothesis, fluorescence quenching experi-
ments were performed using IAANS attached to the single cys-
teine of each cTnl mutant and acrylamide as a neutrally
charged quencher molecule. Fig. 3 shows typical examples of
the acrylamide-dependent quenching of regional IAANS fluo-
rescence intensity in reconstituted thin filaments and in the
presence/absence of Ca>". Quenching constants (K, deter-
mined from fitting are shown in Table 4. In the absence of Ca*"
(Fig. 3A), the RR exhibited the highest slopes, implying that it
was more accessible to solvent than the IR and the MD as
expected. In the presence of Ca>*, slopes of probes in the RR
decreased, whereas slopes of probes in the MD increased sig-
nificantly, suggesting 1) the onset of the interaction between
the RR and N-cTnC, which dampened its solvent accessibility,
and 2) cessation of the interaction between the MD and actin,
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FIGURE 3. Fluorescence quenching experimental data on reconstituted
thin filaments containing different IAANS-labeled single cysteine
mutant cTnls (see inset color legend) in absence of Ca>* (A) and in pres-
ence of Ca®* (B). Each of the quenching curves was fitted to Equation 5 to
recover the Stern-Volmer quenching constant (Ks,). For the sake of clarity,
fitted curves were not plotted in the graphs.

TABLE 4

Results of fluorescence quenching to assess accessibility of each
region of C-cTnl within thin filament under different biochemical
states

Fluorescence quenching constant

Thin filament +

Thin filament S1-ADP
Samples Mg*+ Ca** Mg*+ Ca’®*
Ml
CTI(T130C) x ans 1.04 1.07 117 0.98
CTnI(L145C); 5 sns 1.20 1.27 1.25 1.18
CTnI(S151C) s ans 1.37 1.14 1.38 1.29
CTNI(L160C),x aree 151 1.48 147 1.38
CTI(S167C) s ans 1.43 116 1.51 1.32
CTRI(V177C), r anes 0.86 1.15 111 1.53
CTnI(1182C),, pris 0.97 1.82 1.23 178
CTI(V189C),;x anes 1.00 1.56 1.09 1.67
TnI(S2000), 1 ans 0.92 151 1.13 1.62
CTI(E210C), s anes 0911 1.74 1.16 175

resulting in increased access of the MD to solvent. Hence, these
Ca®"-dependent changes in residue accessibility observed for
the RR and MD were consistent with the changes in structural
dynamics for these regions that were observed in our anisot-
ropy results (Tables 2 and 3).
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When strongly bound S1 was present, fluorescence quench-
ing constants generally increased in the Mg>" -bound state, and
this effect was most pronounced for the MD (Table 4).
Although this suggests as with our anisotropy results that
strongly binding cross-bridges exert a general structural effect
on the C-domain of ¢Tnl by shifting C-cTnl away from the
actin filament, it further suggests a significantly looser coupling
between the MD and actin that may reflect a weakened protein-
protein interaction. This same inference could be drawn for the
IR but to a lesser extent. However, the effects of Ca®>" on the
quenching constants seen in the absence of S1 were generally
preserved in the presence of S1, suggesting that although strong
cross-bridges are able to modulate Ca®>*-dependent activation
Ca?" is required to fully induce the activation-associated struc-
tural transitions in the C-cTnl dynamic state.

Anisotropy Stopped-flow Measurements—Both steady-state
and time-resolved anisotropy measurements suggested that
when c¢Tnl is incorporated into the thin filament its functional
regions in the C-domain each have unique Ca®"-dependent
regional structural dynamics that are modulated by S1. Because
structure correlates with function, these differences suggest
that each functional region may have a unique role in regulating
thin filament activation/deactivation. It is therefore desirable to
have kinetic information on each of their dynamic state transi-
tions to better understand the specific regulatory role that each
region plays. To accomplish this, we used the fluorescence ani-
sotropy stopped-flow technique to examine the kinetics of
changes in C-cTnl structural dynamics triggered by Ca®" dis-
sociation. The structural dynamics of the IR were examined by
monitoring the fluorescence anisotropy kinetics of TAMRA
attached to residue Cys-151; similarly, for the RR, residues Cys-
160 and Cys-167 were monitored; and for MD, residues Cys-
182, Cys-189, Cys-200, and Cys-210 were examined. These res-
idues were chosen because TAMRA attached to these residues
showed relatively large Ca®>*-induced changes in steady-state
anisotropy (Table 2).

Fig. 4 shows examples of polarized emission and calculated
anisotropy kinetic traces of TAMRA attached to residue Cys-
151 in response to Ca”>" dissociation from c¢TnC, and Fig. 5
shows results for residue Cys-210. Both anisotropy kinetic
traces (Figs. 4B and 5B) could be described by two phases: a fast
phase and a slow phase described by a rate that was approxi-
mately an order of magnitude slower than that of the fast phase.
The fast phase was interpreted to reflect the kinetics of changes
in fluorophore tumbling caused by changes in the local envi-
ronment, which in turn are associated with C-cTnl structural
changes induced by Ca®>* dissociation. Accordingly, the slow
phase was interpreted to reflect the kinetics of dynamic state
transitions involving regional protein structure that occur in
response to Ca®>" dissociation. These fast and slow transition
phases were observed for all seven of the chosen TAMRA-la-
beled ¢Tnl samples. Rate constants and associated amplitudes
recovered from the analysis of all the kinetic traces are summa-
rized in Table 5.

It is expected that the kinetics of changes in fluorophore
tumbling should be very fast due to the small size of the fluoro-
phore. For our measurements taken in the absence of strongly
bound S1, the observed kinetics of changes in fluorophore tum-
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FIGURE 4. Stopped-flow data on the Ca"* dissociation-induced changes
in anisotropy of reconstituted thin filaments containing single cysteine
cTnl(S151C)yamra in absence of strongly bound S1. A, experimental
stopped-flow traces of the polarized fluorescence of TAMRA attached to
cTnl(S151C) within the reconstituted thin filament upon Ca* removal. B, the
change in anisotropy induced by Ca®" dissociation and calculated from the
polarized fluorescence trace shown in A using Equation 2. The anisotropy
change can be described by a two-exponential function with two kinetic rate
constants:oneis 346.5s ' accounting for 31% of the total anisotropy change,
and the otheris 14.1 s~ " accounting for 69% of the total anisotropy change.

bling were typically in the range of 346-432 s~ ', which
accounts for about 29-39% of observed total anisotropy
changes. Ca®"-dependent variations in the fluorophore tum-
bling state that may underlie these changes in anisotropy would
be caused by changes in local environments that hinder the free
rotation of the probe on the local protein surface to differing
degrees. The slower kinetics describing dynamic state transi-
tions that involve the regional structure of C-cTnl accounted
for 61-71% of observed total anisotropy changes. These slow
kinetic rates varied according to which structural region was
being measured. Among the three functional regions, the IR
had the slowest transition kinetics induced by Ca®" dissocia-
tion (14.1 s~ '), whereas the MD had the fastest (77.4-116.8
s~ ') with the C terminus exhibiting the fastest transition (116.8
s~ !). The rates of dynamic state transitions involving the RR
were between that of the IR and MD. Interestingly, the slow rate
was 26.8 s~ ' for TAMRA attached to Cys-160, which is remi-
niscent of the slower rates of the IR. On the other hand,
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FIGURE 5. Stopped-flow data on Ca®* dissociation-induced changes in
anisotropy of reconstituted thin filaments containing single cysteine
cTnl(E210C);pmra in absence of strongly bound S1. A, experimental
stopped-flow traces of the polarized fluorescence of TAMRA attached to
cTnl(E210C) within the reconstituted thin filament upon Ca* removal. B, the
change in anisotropy induced by Ca®" dissociation and calculated from the
polarized fluorescence trace shown in A using Equation 2. The anisotropy
change can be described by a two-exponential function with two kinetic rate
constants:oneis417.0s~ ' accounting for 39% of the total anisotropy change,
and the otheris 116.8 s~ ' accounting for 61% of the total anisotropy change.

TABLE 5

Calcium dissociation-induced anisotropy stopped-flow kinetics of
TAMRA-labeled cTnl incorporated into reconstituted thin filament
with and without S1

Kinetic rate/amplitude

Thin filament +

Thin filament S1-ADP
Samples Fastrate  Slowrate  Fastrate  Slow rate
S*I

CTnI(S151C)ranma  346.5/0.31  14.1/0.69  3943/0.31  10.3/0.69
CTnI(L160C)avma  362.0/038  26.8/0.62  389.6/0.36  19.8/0.74
CTnI(S167C)pavns  432.0/0.38  532/0.62  393.7/0.38  41.9/0.62
cTnl(V182C) 1 amma  376.3/0.29 80.7/0.71  407.2/0.32  61.8/0.68
¢Tnl(I1189C) 1 o nira 351.9/0.37  77.4/0.63 372.1/0.41  66.3/0.58
CTnI(V200C)panma  398.2/0.36  97.3/0.64  412.4/0.38  73.7/0.62
CTnI(E210C) o vmn  417.0/0.39  116.8/0.61  368.2/0.42  89.2/0.58

TAMRA at residue Cys-167, which is next to the fast MD, was
described by a faster kinetic rate of 53.2 s~ '. This suggests that
transitions in the structural dynamics of the RR of ¢Tnl are
kinetically influenced by the IR from the N terminus and the
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MD from the C terminus and may hint at the RR becoming
unstructured as it enters the Ca®"-free state. These observed
transition kinetics are very close to the kinetics of Ca*>* disso-
ciation-induced structural changes of troponin acquired using
FRET (40). Altogether, our stopped-flow results support the
recently proposed fly casting model (13) and are consistent with
the view that Ca*>" dissociation induces a structural transition
in an unstructured MD that promotes subsequent structural
transitions in the RR and IR through “fly casting activity” (41)
and that the transition of the RR seems to serve as a kinetic
linkage between the transitions of the MD and the IR.

When strongly bound S1 was present during measurements,
the transition kinetics of the structural dynamics of the IR
slowed significantly from 14.1 to 10.3 s~*. The transition rates
of the other two functional regions of C-cTnl were also reduced
by 14-26% but without significant changes in amplitudes.
These S1-dependent reductions in kinetic rates suggest that the
strong cross-bridges formed between S1 and actin may have
had a structural impact on the cTnl-binding sites of actin or the
movement of tropomyosin, which in turn kinetically affected
the dissociation of the RR from N-cTnC and the rebinding of
the IR and the MD to actin. The S1-dependent structural
impactalso affected the kinetics of changes in fluorophore tum-
bling by 4—14% (Table 5).

DISCUSSION

In the present study, steady-state and time-resolved fluores-
cence anisotropy, quenching, and anisotropy stopped-flow
techniques were used to acquire dynamic and kinetic informa-
tion associated with the Ca*>*- and S1-dependent allosteric
changes in C-cTnl when incorporated into the reconstituted
thin filament. Our major findings include the following. 1) Each
functional region of C-cTnl is not only characterized by unique
dynamics but also distinct Ca®>* - and S1-dependent transitions
in dynamic structural state in a manner consistent with the
three-state model of thin filament activation (42) and the drag-
and-release (11, 36, 37) and fly casting models (13). 2) Kineti-
cally speaking, the speed of these structural transitions occurs
according to the ranking MD > RR > IR where the IR is slow
enough to suggest rate competition with cross-bridge cycling.
3) S1 binding is able to modulate the dynamic structural state of
C-cTnl independently of Ca®". 4) Even in the presence of S1,
Ca®" is required to fully activate the thin filament by implica-
tion from the fact that Ca®>* binding in the presence of S1 is
required to fully induce structural transitions in C-cTnl associ-
ated with activation. 5) Kinetic evidence suggests that the pres-
ence of S1 disrupts the interaction between c¢Tnl and actin/
tropomyosin. A model summarizing these Ca®'- and
S1-dependent changes in the dynamic state of C-cTnl and its
dynamic protein-protein interactions within thin filament is
presented in Fig. 6. As will be explained further, the combina-
tion of points 3, 4, and 5 above also suggests the existence of a
fourth state of thin filament activation as recently proposed by
Lehrer (22) in which C-cTnl is intimately involved. Thus, this
study represents considerable kinetic and dynamics evidence of
the central role that C-cTnl plays in thin filament regulation.

The importance of C-cTnl was highlighted recently by the
proposal of a fly casting model (13), which posits an important
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FIGURE 6. Model for Ca®>*- and S1-induced changes in regional structural dynamics in C-domain of cTnl (green) and its interactions with other thin
filament proteins, including cTnC (blue), fragment of cTnT-T2 (yellow), actin (gray), and tropomyosin (black), all of which may be modulated by S1
(red). In the Ca®*-free state with no S1 present, tropomyosin is in the blocked position, and the IR (glowing red) and a folded MD (glowing purple) of C-cTnl
interact with actin, leading to low regional flexibility. In contrast, the RR (glowing cyan) maintains no protein interactions and is thus relatively unstructured.
Ca?* binding to cTnC in the absence of ST causes the RR to nucleate into an interaction with cTnC that drags the IR and MD off of actin. Tropomyosin is moved
to the closed position, and the MD then becomes unstructured but maintains transient contacts with actin according to the fly casting mechanism, whereas the
IR maintains limited flexibility by interacting with the central linker of cTnC. Upon Ca" dissociation, the MD rapidly nucleates into a binding interaction with
actin/tropomyosin that promotes the cessation of the RR-cTnC interaction and the switching of the IR from interacting with cTnC to interacting with actin.
Binding of S1 moves tropomyosin to the open position whether in the presence or absence of Ca?*. In the Mg?*-S1 state, C-cTnl interactions with actin/
tropomyosin are disrupted, and C-cTnl is biased for interaction with cTnC, thus enhancing the affinity of cTnC for Ca®", whereas in the Ca*-S1 state, the RR of

cTnl binds to N-cTnC, the IR interacts with the central linker of cTnC, and the MD remains unstructured.

role for the MD of C-cTnl as a rapid initiator of relaxation. This
fly casting model was developed based on NMR models derived
from studies of free skeletal cTn that showed the MD as intrin-
sically disordered in solution (16) and therefore able to perform
fly casting activity. Our study provides a kinetic picture of the
dynamic state structural transitions in C-cTnl induced by Ca®*
dissociation that confirms the fly casting model in reconsti-
tuted cardiac thin filaments. Similar kinetics were found in a
previous study by our laboratory (40) that used FRET to moni-
tor structural transitions involving the IR and RR of C-cTnl and
their proximity to cTnC and actin except that here 1) the kinet-
ics presented are generally slower, 2) the MD is characterized in
addition to the IR and the RR and is seen to undergo the most
rapid structural transitions upon Ca*>* dissociation, and 3) the
relationship between the structural transitions among C-cTnl
functional regions is clearly visualized as in support of the fly
casting model, clarifying the two-step structural transition in
the thin filament that was seen in our prior FRET study. Fur-
thermore, our anisotropy results presented here support the
notion of the MD as unstructured and highly flexible in the
Ca®" state even when C-cTnl is incorporated into the thin fil-
ament in agreement with a follow-up study from Sykes and
co-workers (43) that investigated the structure of a skeletal
TnC-Tnl chimera using NMR. Thus, our study supports the
view of the MD as a rapid initiator of relaxation in the absence
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of S1; however, the fly casting model did not include any pre-
dictions concerning the effect of strong cross-bridges on the
proposed mechanism. The fact that the presence of S1 globally
slowed C-cTnl structural transitions induced by Ca®>* dissoci-
ation suggests that Mg>" state interactions between C-cTnl
and actin/tropomyosin are disrupted in the presence of S1.
Based on our collective results, we propose a revised mechanis-
tic scheme of Ca>"-induced thin filament deactivation as pre-
sented in Scheme 2. As in our previously proposed scheme (40),
muscle relaxation is suggested to involve a “rapid-then-slow”
two-step structural transition of the thin filament at the inter-
face between cTn and actin. The fly casting activity of the MD of
C-cTnl is responsible for initiating the rapid first step, and the
second slow step involves the “from ¢TnC/to actin” switching
activity of the IR of C-cTnl. However, the presence of S1 dis-
rupts the ability of the MD to nucleate onto actin/tropomyosin,
resulting in a greater stabilization of the interaction between
the RR of C-cTnl and N-cTnC; thus, the entire two-step proc-
ess is slowed. Hence, the rapid relaxation role of the MD may be
attenuated by strong cross-bridges.

One explanation for the impact of S1 on the kinetics of Ca®>*
dissociation-induced structural transitions as well as our ani-
sotropy and fluorescence quenching data involving S1 is com-
petition between cross-bridges and C-cTnl for control of the
position of tropomyosin on actin. Strong evidence has recently
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SCHEME 2. Kinetic model (in support of fly casting mechanism and feed-
back modulation by S1) of regulatory behavior of thin filament during
relaxation. TF, thin filament; XB, cross-bridge.

emerged that C-cTnl forms direct contacts with tropomyosin
and controls its movement. For example, Lehman and
co-workers (44) demonstrated through three-dimensional EM
reconstructions that 1) the MD makes direct contact with tro-
pomyosin in the blocked state, 2) upon Ca®>" binding, the core
domain of Tn directs the movement of tropomyosin into the
closed position (45), and 3) transient contacts made by the MD
with actin in the Ca®" state help stabilize tropomyosin in the
closed position (46). Furthermore, Lehrer and co-workers (47)
showed that residue 146 of tropomyosin labeled with 4-ma-
leimidobenzophenone photocross-links with residues 157-163
of C-skeletal Tnl in a Ca®*-dependent manner, suggesting that
in the blocked state Tnl interacts with tropomyosin to lock it on
the outer domain of actin. The photocross-linking was inhib-
ited when conducted in the presence of a molar ratio of 1-2:7
Sl:actin, demonstrating that S1is able to disrupt the interaction
between Tnl and tropomyosin. This is consistent with a prior
study by Lehrer and co-workers (48) that showed the same
result for the interaction between C-skeletal Tnl and actin, sug-
gesting that S1 is able to dissociate C-cTnl from actin and tro-
pomyosin by directly moving tropomyosin to the open state.
Thus, the Ca®>* -independent and S1-induced movement of tro-
pomyosin to the open state is the most likely explanation for the
S1-dependent disruption of Mg>" state interactions between
C-cTnl and actin/tropomyosin detected in our anisotropy
studies.

This explanation fits well with our data, which suggest unam-
biguously that the interaction of the MD with actin is disrupted
in the Mg®*-S1 state, and shows that the flexibility of the IR is
significantly increased. We note two exceptions. 1) The appar-
ent regional flexibility of ¢Tnl is not greatly increased in all
cases, perhaps suggesting that the IR switches into a weak inter-
action with ¢TnC. 2) Although the correlation times (Table 3)
and fluorescence quenching constants (Table 4) for the MD are
faster and higher, respectively, in the Mg?*-S1 state than in the
Mg>" state, Ca>" is still required even in the presence of S1 to
achieve the fastest correlation times and highest fluorescence
quenching constants possible for the MD, perhaps suggesting
that some form of weaker interaction involving the MD is tak-
ing place. We speculate that because the transient contacts of
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the MD with actin help stabilize tropomyosin in the closed
position in the absence of S1 such contacts may continue
when S1 holds tropomyosin in the open position. And if
transient contacts are maintained between the MD and tro-
pomyosin in the Mg>"-S1 state, then they may be stronger
compared with the Ca®" state because the RR remains
unbound from N-cTnC. Regardless, it is clear that S1 exerts
a Ca’"-independent and disruptive effect on the interaction
of C-cTnl with actin/tropomyosin.

If the Mg>" state interaction between C-cTnl and actin/tro-
pomyosin is disrupted, then this begs the question of what then
is C-cTnl “doing?” Our kinetics data clearly demonstrate that
Ca®>* dissociation induces a structural transition in all three
functional regions of C-cTnl even in the presence of S1 accord-
ing to the same ranking in speed as when S1 is absent, although
the transitions are significantly and universally slowed. Lehrer
(22) recently proposed a fourth state of thin filament activation
wherein S1 binds to actin in the absence of Ca>”, shifting tro-
pomyosin to the open position. This dissociates cTnl from
actin/tropomyosin and causes cTnl to interact with ¢TnC to
enhance its Ca®" affinity. Our data strongly support the exist-
ence of this fourth state. Whether C-cTnl is interacting
strongly with ¢TnC in the Mg®"-S1 state is doubtful because
our data suggest that all functional regions of C-cTnl become
more flexible in the Mg®"-S1 state relative to the Mg>" state
and that Ca®" is still clearly required for the interaction of
the RR with N-cTnC even in the presence of S1. We have
already speculated that the MD may be maintaining transient
contacts with the thin filament in the Mg®"-S1 state (and by
implication the Ca®*-S1 state), which would explain why struc-
tural transitions in the MD still occur the fastest, compared
with the structural transitions of the IR and RR, upon Ca**
dissociation in the presence of S1. Nevertheless, removing the
sampling constraints caused by the strong interactions of
C-cTnl with actin/tropomyosin may disengage C-cTnl from
the thin filament and bias it toward interaction with N-cTnC.
Furthermore, when Ca®* dissociation occurs in the presence of
S1, the disrupted ability of the MD to nucleate onto the thin
filament would result in a greater energetic barrier toward the
dissociation of the RR from N-cTnC. Not only would this slow
the dissociation of the RR from N-TnC (and the structural tran-
sitions of the IR and MD) as seen in our stopped-flow results but
it would also enhance the affinity of N-cTnC for Ca®>". For
example, the partial truncation of the MD leads to an enhanced
Ca®" sensitivity of steady-state isometric tension in rat trabec-
ulae (49, 50). Thus, the role of the MD as a rapid initiator of
relaxation may ironically also serve the purpose of indirectly
contributing to the modulation of the affinity of cTnC for Ca®*
in a manner tuned for regulatory interaction with the cross-
bridge cycle.

In conclusion, the results from our study demonstrated the
usefulness of anisotropy for monitoring the regional structural
dynamics of each of the C-cTnl functional regions. The distinct
Ca®"- and S1-dependent structural dynamics and dynamic
state transition kinetics obtained for each region were closely
correlated to each of their functional roles in regulatory switch-
ing in a manner that is consistent with the drag-and-release
mechanism, fly casting model, three-state model of thin fila-
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ment regulation, and a fourth state of thin filament activation
associated with the Mg>"-S1 state. Thus, our results under-
score the central role that C-cTnl plays in thin filament regula-
tion. Although it is clear that both Ca*>* and S1 binding con-
tribute to the activation state of the thin filament, C-cTnl forms
an important and dynamic linkage between Ca®*-dependent
regulation and the cross-bridge cycle. Clearly, this linkage must
be considered in attempts to understand how mutations in thin
filament regulatory proteins may lead to pathology.
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