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ABSTRACT: The calcium-dependent interactions between troponin C (TnC) and other thin and thick ﬁlament
proteins pla lay a keg/ role in the regulation of cardiac muscle contraction. Five hydrophobic residues (Phe®,
Val* Met®, Leu*®, and Met®') in the regulatory domain of TnC were individually substituted with polar Gln
to examine the effect of these mutations that sensitized isolated TnC to calcium on (1) the calcium binding and
exchange with TnC in increasingly complex biochemical systems and (2) the calcium sensitivity of actomyosin
ATPase. The hydrophobic residue mutations drastically affected calcium binding and exchange with TnC in
increasingly complex biochemical systems, indicating that side chain intra- and intermolecular interactions of
these residues play a crucial role in determining how TnC responds to calcium. However, the mutations that
sensitized isolated TnC to calcium did not necessarily increase the calcium sensitivity of the troponin (Tn)
complex or reconstituted thin filaments with or without myosin S1. Furthermore, the calcium sensitivity of
reconstituted thin filaments (in the absence of myosin S1) was a better predictor of the calcium dependence of
actomyosin ATPase activity than that of TnC or the Tn complex. Thus, both the intrinsic properties of TnC
and its interactions with the other contractile proteins play a crucial role in modulating the binding of calcium
to TnC in increasingly complex biochemical systems.

The processes of cardiac muscle contraction and relaxation
can be regulated by multiple physiological and pathophysiolo-
gical stimuli. It is clear that protein alterations associated with
heart disease, isoform switching, and post-translational modifi-
cations can affect both the Ca®" sensitivity of muscle force gene-
ration and relaxation kinetics (for reviews, see refs (1—4)). Since
cardiac troponin C (TnC)' is the Ca>" sensor responsible for
initiating the contraction—relaxation cycle (for reviews, see refs 5
and 6), a potentially important mechanism for altering cardiac
muscle performance is direct modification of the properties of
TnC. As it has been difficult to find specific pharmacological
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modulators of TnC, we have taken a genetic approach to modify
Ca”" binding and exchange with TnC.

In cardiac muscle, TnC functions as a subunit of the troponin
(Tn) complex, which also consists of troponin I (Tnl) and troponin
T (TnT) (for reviews, see refs (5—9)). TnC is a dumbbell-shaped
protein, comprised of the N- and C-terminal globular domains
that are connected by a flexible a-helical linker. It is generally
accepted that the N-domain regulates muscle contraction and
relaxation through the binding and release of Ca®", while the
structural C-domain anchors TnC into the Tn complex. The Tn
complex interacts with actin and tropomyosin (Tm) to form the
thin filament. At low intracellular Ca*" concentrations, the
C-domain of Tnl is thought to bind to actin and prevent the
strong, force-producing interactions between actin and myosin.
An increase in the intracellular Ca®" concentration strengthens
interactions between the N-domain of TnC and the regulatory
C-domain of Tnl, causing release of Tnl from actin, which results
in the movement of Tm on the surface of actin. The movement of
Tm then allows myosin to strongly interact with actin to generate
force and muscle shortening. Conversely, a decrease in intracellu-
lar Ca®" concentration leads to the dissociation of Ca®* and Tnl
from the N-domain of TnC, which initiates muscle relaxation
(for reviews, see refs 8, 10, and 11).

A goal of our research is to delineate the role of TnC in cardiac
muscle physiology. We can achieve this by designing TnC
mutants with desired properties and examining the effects
of these mutations on the physiological behavior of muscle.
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Recently, we designed a series of cardiac TnC**™ mutants that

sensitized the regulatory N-domain to Ca*" (up to ~15-fold), by
individually substituting hydrophobic residues F20, V44, M45,
L48, and M81 with polar Q (12). We hypothesized that the Ca*"
sensitization effect was due to the facilitation of the structural
transition occurring in the regulatory domain of TnC upon Ca**
binding. Surprisingly, the increase in Ca®" affinity of isolated
TnC™"V was mainly due to faster Ca>" association rates (up
to ~9-fold) rather than to slower Ca”" dissociation rates (only
up to ~3-fold).

As mentioned above, we engineered five individual mutations
into the N-domain of TnC that increased the Ca’" binding
affinity of isolated TnC"™#"W (12). However, when these TnC"™"%
mutants were reconstituted into skinned cardiac trabeculae,
F20QTnC™"™ actually desensitized cardiac muscle to Ca*"
(13, 14). These results indicate that in muscle additional factors
can influence the apparent Ca’>" binding properties of TnC.
Consistent with this idea, our recent study demonstrated that
both thin and thick filament proteins modulate the Ca>" binding
affinity and kinetics of TnC (/5). Therefore, determination of
how thin and thick filament proteins affect Ca®" binding and
exchange with TnC mutants is crucial when designing TnC
constructs with desired properties.

In this study, the Ca*" affinities and dissociation rates for
Ca?"-sensitizing TnC mutants were measured in increasingly
complex biochemical systems: from the Tn complex to the
reconstituted thin filaments with or without myosin S1. The
results indicated that hydrophobic side chain intra- and inter-
molecular interactions of these residues played an important role
in dictating the Ca®" binding properties of TnC in increasingly
complex biochemical systems. Furthermore, the Ca>" sensitivity
of the reconstituted thin filaments was better at predicting the
Ca®" dependence of actomyosin ATPase, compared to that of
either isolated TnC or the Tn complex. Thus, both the intrinsic
properties of TnC and its interactions with the other contractile
proteins play an important role in modulating Ca** binding and
exchange with TnC in increasingly complex biochemical systems.

EXPERIMENTAL PROCEDURES

Materials. Phenyl-Sepharose CL-4B, Tween 20, sodium
molybdate dihydrate, and EGTA were purchased from Sigma
Chemical Co. (St. Louis, MO). Quin-2 was purchased from
Calbiochem (La Jolla, CA). IAANS and phalloidin were pur-
chased from Invitrogen (Carlsbad, CA). Affi-Gel 15 affinity
media were purchased from Bio-Rad (Hercules, CA). Malachite
Green Oxalate and poly(vinyl alcohol) were bought from Fisher
Scientific (Pittsburgh, PA). The human cardiac Tnl peptide
(residues 128—180) herein designated as Tnljrg—1g9 Was synthe-
sized and purified by Celtek Peptide Department, Celtek
Bioscience LLC (Nashville, TN).

Protein Mutagenesis and Purification. The pET3a plasmid
encoding human cardiac TnC was a generous gift from L. B. Smillie
(University of Alberta, Edmonton, AB). The TnC mutant with
(€358, T53C, and C84S mutations (herein designated TnC">*“) and
its mutants were generated from the pET3a TnC plasmid as
previously described (75). The mutations were confirmed by
DNA sequence analysis. Expression and purification of TnC™*¢
and its mutants were conducted as previously described (15).

The plasmid encoding human cardiac Tnl was transformed
into Escherichia coli Rosetta (DE3)pLysS cells (Novagen, San
Diego, CA). Expression of Tnl was induced by addition of
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0.4 mM IPTG when the bacterial cell density reached an ODg of
0.8—1.0. The purification of Tnl was conducted utilizing stan-
dard laboratory techniques, which included DEAE-Sepharose
chromatography (to absorb DNA, RNA, and other contami-
nants), CM-Sepharose chromatography, and affinity chromato-
graphy on an Affi-Gel 15 column (to which TnC was covalently
attached) (16, 17).

Human cardiac TnT (isoform 3) was expressed and purified as
previously described (/8). Rabbit fast skeletal actin and myosin
S1 and bovine ¢Tm were isolated, purified, and quantified as
previously described (15).

Labeling of TnC™>C and Its Mutants. TnC™ € and its
mutants were labeled with the environmentally sensitive thiol-
reactive fluorescent probe IAANS as previously described (75).

Reconstitution of the Tn Complexes. The Tn complexes
were prepared and reconstituted as previously described (15).

Reconstitution of the Thin Filaments. After exhaustive
dialysis against reconstitution buffer [10 mM MOPS, 150 mM
KCl, 3 mM MgCl,, and 1 mM DTT (pH 7.0)], actin was mixed
with an equal molar ratio of phalloidin to stabilize the actin
filaments. Thin filaments were prepared and reconstituted as
previously described (/5). Briefly, actin-phalloidin (4 uM) and
cTm (0.57 uM) were mixed in the reconstitution buffer and kept
on ice for ~20 min. The Tn complexes (0.5 uM) were subse-
quently added, and the thin filaments were kept on ice for
~15 min before use. To examine the effect of myosin binding
on the Ca®" binding properties of the thin filament, myosin S1
(1.14 uM) was subsequently added and kept on ice for ~3 min
before use. Thus, the stoichiometry of the reconstituted thin
filaments was 7:1:0.88:2 (actin:cTm:Tn:myosin S1).

Determination of Ca’" Binding Sensitivities. All steady-
state fluorescence measurements were performed using a Perkin-
Elmer LS55 spectrofluorimeter at 15 °C. IAANS fluorescence
was excited at 330 nm and monitored at 450 nm as microliter
amounts of CaCl, were added to 2 mL of each labeled Tn
complex (0.15 uM) in titration buffer [200 mM MOPS (to prevent
pH changes upon addition of Ca*"), 150 mM KCI, 2mM EGTA,
1 mM DTT, 3 mM MgCl,, and 0.02% Tween 20 (pH 7.0)] at
15 °C with constant stirring. Reconstituted thin filaments were
prepared as described above and diluted in half with an appro-
priate solution to achieve an identical titration buffer compo-
sition (excluding Tween 20). [Ca® e Was calculated using
EGCA02 developed by Robertson and Potter (19). The Ca*"
sensitivities of conformational changes were reported as a
dissociation constant Ky, representing a mean of three to four
separate titrations + the standard error. The data were fit with a
logistic sigmoid function (mathematically equivalent to the Hill
equation), as previously described (20).

Determination of Ca®" Dissociation Kinetics. All kinetic
measurements were performed utilizing an Applied Photophysics
Ltd. (Leatherhead, U.K.) model SX.18 MV stopped-flow instru-
ment with a dead time of ~1.4 ms at 15 °C. The rates of
conformational changes induced by EGTA removal of Ca®"
from labeled Tn complexes or thin filaments were measured
following TAANS fluorescence. IAANS was excited at 330 nm.
The TAANS emission was monitored through either a 420—
470 nm band-pass interference filter or a 510 nm broadband-pass
interference filter from Oriel (Stratford, CT), or a 415—490 nm
band-pass interference filter from Newport (Irvine, CA).
Stopped-flow buffer consisted of 10 mM MOPS, 150 mM KCl,
I mM DTT, 3 mM MgCl,, and 0.02% Tween 20 (pH 7.0). The
buffer used in the stopped-flow experiments for the reconstituted
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thin filaments excluded Tween 20. To obtain the data traces,
200 uM CaCl, was added to the Tn complexes (0.5 uM) or to the
reconstituted thin filaments with or without myosin S1 and
rapidly mixed with buffer containing 10 mM EGTA. The data
were corrected for scattering artifacts as described previously (15).
The data were fit using a program (by P. J. King, Applied
Photophysics Ltd.) that utilizes the nonlinear Levenberg—
Marquardt algorithm. Each kg represents an average of at least
three separate experiments, each averaging at least five traces fit
with a single-exponential equation.

Determination of Tnl;>s— 159 Peptide Affinities. IAANS
fluorescence was monitored with excitation at 330 nm and
emission at 450 nm. Microliter amounts of Tnlj,g_ g0 Were
added to 2 mL of each labeled TnC mutant (0.15 uM) in titration
buffer at 15 °C with constant stirring. Each apparent peptide
affinity represents a mean of three to six titrations + the standard
error fit to the root of a quadratic equation for binary complex
formation as previously described (21).

Actomyosin SI ATPase Assay. Reconstituted thin fila-
ments (5 uM actin, 1.0 uM Tm, 1.5 uM Tn, and 0.2 uM myosin
S1) were formed at 22 °C in a buffer containing 50 mM MOPS
and 5 mM MgCl, (pH 7.0). EGTA (to a final concentration of
0.5mM) and various amounts of CaCl, were added to the 100 uL
reaction mixture aliquots to achieve the desired pCa values. The
reactions were initiated by addition of ATP (to a final concen-
tration of 1 mM). Aliquots (15 uL) of the reaction mixture were
terminated at 4 min time intervals by addition of ice-cold PCA
(to a final concentration of 4%). ATPase activity was determined
by analyzing the amount of phosphate released during a time
course of up to 20 min. The malachite green assay was utilized to
quantify the phosphate released during the reaction as previously
described (22).

Calculation of Distances between Residues. Distances
between residues were calculated from the four Ca®*-saturated
Tn crystal structures available from the Protein Data Bank
[entries 1J1D and 1J1E (23)] using Rasmol (24). Residues in
TnC were considered to be interacting with residues in Tnl if
atoms within the residues of these two proteins came within 4 A
of one another.

Calculation of Solvent-Accessible Surface Areas.
GETAAREA (25) was used to approximate the percent of total
surface area (SA) of hydrophobic residues in TnC that are in
contact with Tnl residues C-terminal to residue 145 (Tnlj46-519).
The average SA for each hydrophobic residue was tabulated from
the four Ca**-saturated Tn crystal structures available from the
Protein Data Bank [entries 1J1D and 1J1E (23)]. The percent of
total SA for each of the five residues in contact with Tnl45-219
was calculated as the SA of the residue (side chain and backbone
contributions in square angstroms) in contact with Tnlj45—51¢
divided by the total SA (side chain and backbone contribution in
square angstroms) of all 29 residues in contact with Tnl 4510,
with the resulting quotient multiplied by 100.

Statistical Analysis. Statistical significance was determined
by an unpaired two-sample ¢ test using the statistical analysis
software Minitab. The two means were considered to be sig-
nificantly different when the P value was <0.05. All data are
means =+ the standard error.

RESULTS

Effect of TnC Mutations on the Ca’" Sensitivities of the
Tn Complexes. Previously, we designed five individual mutations,
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FIGURE I: Schematic representation of the regulatory domain of
TnC"™ €. The figure depicts the amino acids in the regulatory
N-domain of TnC">*" (residues 1—89) of TnC that form the defunct
site I, the functional Ca** binding site 11, and the various helices
(N—D). The black circles represent the hydrophobic residues that
were individually substituted with Q, whereas the dot-filled circles
represent residues C35, T53, and C84 that were mutated to specifi-
cally label TnC">€ with IAANS.

F20Q, V44Q, M45Q, L48Q, and M81Q (Figure 1), that sensitized
the N-domain of isolated TnC to Ca*" (12). The goal of this work
was to examine the effect of these mutations on the Ca®" binding
and functional properties of TnC in increasingly complex bio-
chemical systems. First, we wanted to examine how these mutations
affected the Ca”" sensitivity of the Tn complex. The Ca*"-induced
decreases in IAANS fluorescence, which occurs when Ca>* binds to
the regulatory domain of TnCl3&s and its mutants reconstituted
into the Tn complex (TnIT,f?&S), are shown in Figure 2A. Tn]TAS;Z%S
exhibited a half-maximal Ca*'-dependent decrease in IAANS
fluorescence at 634 + 46 nM (Figure 2A and Table 1). For the
rest of the mutant Tn complexes, Ca’'-induced half-maximal
decreases in IAANS fluorescence ranged from 260 £ 6 nM for
L48QTn]33%s to 28096 + 3614 nM for F20QTn{sans. The Hill
coefficients for all of the Tn complexes were < 1.0, indicating an
absence of Ca®" binding cooperativity (26). Thus, substitution of
hydrophobic residues at position 20, 44, 45, 48, or 81 of TnC with
polar Q produced mutant Tn complexes with up to ~2.4-fold higher
and ~44-fold lower Ca®" binding sensitivities, compared to that of
Tnf3ks. The results indicate that increasing the Ca®" affinity of
isolated TnC does not necessarily sensitize the Tn complex to Ca*".

Effect of TnC Mutations on the Rates of Dissociation of
Ca’" from the Tn Complexes. Fluorescence stopped-flow
measurements were conducted to determine the effect of five
mutations on the kinetics of dissociation of Ca>* from Tn{Aans.
Figure 2B shows that the rate of dissociation of Ca*" from
Tn3&s measured by following an increase in [AANS fluores-
cence was 41.5 + 0.4 s~ !. The fluorescent Ca>" chelator Quin-2
was utilized to measure the rate of dissociation of Ca®" from the
unlabeled Tn™>*¢ complex to be ~38.2 + 0.6 s~' (data not
shown), which was similar to the value we have previously
reported for the regulatory N-domain of the wild-type Tn
complex under identical experimental conditions (/5). These
results indicate that the increase in IAANS fluorescence occurs
simultaneously with the actual rate of dissociation of Ca*" from
the regulatory N-domain of the Tn{{ans complex. For the rest of
the mutant Tnjsaxs complexes, the rates of Ca*" dissociation
measured by following increases in IAANS fluorescence ranged
from 7.0 £ 0.1 s~ for L48QTn]3ans to 108 + 2 s~! for
F20QTn{33&s (Figure 2B and Table 1). Thus, substitution of
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a hydrophobic residue at position 20, 44, 45, 48, or 81 of TnC
with polar Q produced mutant Tn complexes with up to ~5.9-
fold slower and ~2.6-fold faster rates of Ca’*" dissociation,
compared to that of TnjiANs.

Effect of TnC Mutations on the Tnl;>s— ;50 Binding
Properties of Ca’"-Saturated TnC. A change in the IAANS
fluorescence of Ca’-saturated TnClaaxs was utilized to deter-
mine the effect of the mutations on the affinity of TnC for the Tnl
peptide corresponding to residues 128—180 of human cardiac
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FIGURE 2: Effect of TnC mutations on the Ca>" binding properties
of Tn complexes éA) Ca*"-dependent decreases in IAANS fluore-
scence for Tnl Aans (H), F 20QTnE§?&S (0), V44QTn1 AANS(Q)
M45QTHIAANS (4), L48QTnIAANS (8), and M81QTHITA5§\NS (2) as
a function of pCa. IAANS fluorescence was excited at 330 nm and
monitored at 450 nm. The data sets were normalized individually
for each mutant. Each data point represents the mean + standard
error of three titrations fit with a logistic sigmoid function. (B)
Time courses of the increase 1n IAANS ﬂuorescence as Ca’" was
removed by EGTA from TnIAANs, F20QTni3&s, V44QTn 3K,
M45QTn R A%s, L48QTn{AAns. and M81QTn{{ANs.
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Tnl (Tnl}p5-1g0). The cardiac Tnl; 59 peptide is homologous to
the skeletal Tnlgg_143 peptide, previously shown to be a good
model system for studying the Ca*"-dependent interactions bet-
ween skeletal Tnl and skeletal TnC (21, 27). Figure 3 demonstrates
that the affinity of Ca®"-saturated TnCl{agxs for Tnljss— 50 Was
~200 &+ 16 nM. For the rest of the mutants, the affinities for
Tnl5g— 150 ranged from 262 £+ 3 nM for V44QTnClaKs to 437 +
30 nM for M81QTnCliaks (Figure 3 and Table 1). Thus,
substitution of a hydrophobic residue at position 20, 44, 45, 48,
or 81 of TnC with polar Q reduced the affinity of TnClians for
THI]zgflgo by ~1.3—2.2-fold.

Effect of TnC Mutations on the Ca®" Binding Sensitiv-
ities of the Thin Filaments. The Ca**-induced changes in
IAANS fluorescence, which occurs when Ca’' binds to the
regulatory domain of TnIT,ff\%s and its mutants reconstituted
into the thin filaments, are shown in Figure 4A. Thin filament-
bound Tn{R3Ks exhibited a half-maximal Ca**-dependent in-
crease in IAANS fluorescence at 5027 + 97 nM. For the rest of
the mutant Tn complexes reconstituted into thin filaments, Ca**
induced half-maximal changes in IAANS fluorescence ranged
from 168 £ 7 nM for L48QTnfa&s to 6803 £ 604 nM for
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FiGure 3: Effect of TnC mutations on the Tnl;,g_ 5o binding affi-
nity of Ca*"-saturated TnC. The concentration of TnC or its mutants
was 0.15 uM. The Tnl,5—50-dependent changes in IAANS ﬂuores-
cence are shown as a function of Tnl,g—1g9 concentratlon for Ca>*
saturated TnCI XK (black squares), FZOQTnCI Ks (blue 01rcles)
V44QTnC1AANS (brown circles), M45QTnC1AANS (cyan triangles),
L48QTnC[T/ff&s (red squares), and M81QTnC]T/f3A%s (green triangles);
100% TAANS fluorescence corresponds to the Ca’"-aturated state,
whereas 0% corresponds to the Ca®"-Tnl|,g_ 5 saturated state for
each individual TnC protein. In the case of V44QTnC1T/£;1CNS, the
TAANS fluorescence increased upon addition of Tnl,5-—1g, so the plot
of the data was inverted for the sake of comparison. Each data point
represents the mean =+ standard error of three to six titrations fit to the
root of the quadratic equation for formation of the binary complex.

Table 1: Effects of TnC Mutations on the Ca’>* Binding Properties of Tn Mutant Complexes and Tnl;,g3_130 Binding Affinities

Tn complex Ca*™ Ko (s TnC Tnl ps- 150 Kq (NM)

protein Tn complex Ca>* Ky (nM) Tn complex Hill coefficient
TnCTj}&g 634446 0.86 4 0.04 41.5+0.4 200+ 16
F20QTnCANs 28096 + 3614“ 0.73+0.03 108 4 2¢ 318 4£29¢
V44QTnCi3Ks 845497 0.8940.01 12.8+0.2¢ 262 4 3¢
M45QTnCi3Ks 1331 +75¢ 0.78 +£0.01 20.8 40.2¢ 289.3+0.4"
L48QTnCiiis 260+ 6° 0.864+0.01 7.0£0.1¢ 268 4+ 15¢
M81QTnC{RaKs 3188 +205¢ 0.72+0.03 67.7+0.8 437 + 30¢

“Significantly different from their respective control values (P < 0.05).
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F20QTn{33&s (Figure 4A and Table 2). Thus, hydrophobic
residue mutations led up to ~30-fold higher and ~1.4-fold lower
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FiGURE 4: Effect of TnC mutations on the Ca>* binding properties of
thin filaments. (A) Ca®*-dependent chdn§es in IAANS fluorescence for
thin filaments reconstituted with Tnl Aans (H), F20QTn1T,fR%S (0),
V44QTnjRAns (@), M45QTnfians (4), L48QTnfaans (O). and
MSIQTn[T,fiCNS (») as a function of pCa. The data sets were normalized
individually for each mutant. In the case of V44QTnIT,ff\CNS, the IAANS
fluorescence decreased upon addition of Ca>*, so the plot of the data
was inverted for the sake of comparison. Each data point represents
the mean + standard error of three to four titrations fit with a
logistic sigmoid function. The IAANS fluorescence was excited at
330 nm and monitored at 450 nm. (B) Time courses of the change in
IAANS fluorescence as Ca’>" was removed by EGTA from thin
filaments reconstituted with Tnias, FZOQTnE;Z%S, V44QTn}-§ZCI\JS,
M45QTni s, L48QTniaans, and M81QTniians. The data traces
have been staggered and normalized for the sake of clarity. Each trace is
an average of at least five traces fit with a single-exponential equation.
The IAANS fluorescence was excited at 330 nm and monitored through
a 510 nm_ broadband-pass interference filter. In the case of
V44QTnlAANS, the IAANS fluorescence was monitored through a
415 490 band-pass interference filter and increased upon removal of
Ca®", so the data traces were inverted for the sake of comparison.
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Ca®" binding sensitivities, compared to that of TnfaKs-recon-

stituted thin filaments. For three of the mutations (F20Q, M45Q,
and L48Q) as well as TnC{3axs, the incorporation of the Tn
complexes into the thin filaments led to a positive cooperative
Ca”" binding process. The Hill coefficients for the two remaining
mutant Tn complexes (with V44Q and M81Q mutations) recon-
stituted into the thin filaments were <1.0, indicating an absence
of Ca*™ binding cooperativity.

Effect of TnC Mutations on the Rates of Dissociation of
Ca’" from the Thin Filaments. Fluorescence stopped-flow
measurements were conducted to determine the effect of TnC
mutations on the kinetics of dissociation of Ca>" from the thin
filament reconstituted with Tnizaxs. F igure 4B shows that the
rate of dissociation of Ca>" from the thin filament reconstituted
with Tnjaans was 102 £ 157", For the rest of the TnC mutants,
rates of dissociation of Ca®" from the reconstituted thin filaments
ranged from 2224035 ! for V44QTnRaKs to 221 + 125! for
F20QTn{3Axs (Figure 4B and Table 2). Thus, hydrophobic residue
mutations led to up to ~4.6-fold slower and ~2.2-fold faster rates
of dissociation of Ca*" from the reconstituted thin filaments,
compared to that of TnITASi%S-reconstituted thin filaments.

Effect of TnC Mutations on the Ca’" Binding Sensiti-
vities of Thin Filaments in the Presence of Myosin S1. The
Ca"-induced change in IAANS fluorescence, which occurs when

Ca’* binds to the regulatory domain of TnIT/iA%S reconstituted
th1n filaments, in the presence of two myosin S1 molecules per
stoichiometric unit, is shown in Figure 5A. In the presence of
myosin S1, TnjaSs exhibited a half-maximal Ca”"-dependent
change in TAANS fluorescence at 1007 £ 72 nM. For the rest of the
mutants, Ca®"-induced half-maximal changes in IAANS fluores-
cence ranged from 241 + 11 nM for L48QTn/{3ks to 8598 +
250 nM for F20QTn/iKs (Figure SA and Table 2). The Hill
coefficients for all of the Tn complexes reconstituted into the thin
filaments in the presence of myosin SI were <1.0, indicating an
absence of Ca®" binding cooperativity. Thus, in the presence of
myosin S1, Ca®" binding sensitivities of the thin filaments recon-
stituted with mutant Tn complexes were up to ~4.2-fold higher and
~8.5-fold lower compared to that of Tn{3Ans-bound thin filaments.

Effect of TnC Mutations on the Rates of Dissociation of
Ca’™" from the Thin Filaments in the Presence of Myosin
S1. Fluorescence stopped-flow measurements were conducted to
determine the effect of the mutations on the kinetics of dissocia-
tion of Ca*" from the thin filaments in the presence of myosin S1.
In the presence of two myosin S1 molecules per stoichiometric
unit, the rate of dissociation of Ca>" from the thin filaments
reconstituted with Tnjsaqs was ~12.6 £0.1s7" (Figure 5B). For
the rest of the mutations, the rates of Ca>" dissociation ranged
from ~2.1 + 0.1 s~! for L48QTnIT/§,3A%s to 42 + 1 s7! for
F20QTn/A%s (Figure 5B and Table 2). Thus, in the presence
of myosin SI, the rate of dissociation of Ca®>* from the thin

Table 2: Effects of TnC Mutations on the Ca>* Binding Properties of the Reconstituted Thin Filaments in the Absence and Presence of Myosin S1

protein TF Ca>" Ky (nM)  TF Hill coefficient TF Ca®* Ko (s™')  TF+S1 Ca*™ K4 (nM)  TF+S1 Hill coefficient TF+S1 Ca®* Ko (s 1)
TnCTj}&g 5027 +£97 1.45+0.03 10241 1007 & 72 1.00£0.03 12640.1
F20QTnClAANs 6803 + 604 1.384£0.02 21+ 12¢ 8598 + 250 0.9340.01 241
V44QTnCi3Ks 841+ 124¢ 0.87 +0.04" 222+0.3° 5224594 0.97 +0.04 6.240.1°
M45QTnCi3Ks 449 4 33¢ 1.46 +0.08 31.940.5 814+30 1.02 +£0.09 27+£0.14
L48QTnCiiis 1684+ 7¢ 1.740.1 22.940.5¢ 241+ 11¢ 0.9440.05 2.1+0.1¢
M81QTnC{RaKs 4468 + 129 1.0240.05¢ 199 +7¢ 1403 £ 61¢ 0.9140.01¢ 35.740.6

“Significantly different from their respective control values (P < 0.05).
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FIGURE 5: Effect of TnC mutations on the Ca>* binding properties
of thin filaments in the presence of myosin S1. (A) Ca*"-dependent
changes in IAANS fluorescence for thm filaments reconstituted with
Tn]AANS (blde Squares) FZOQTHIAANS (blue c1rc1es) V44QTI1]AACNS
(brown circles), M45QTnR A%s(cyan triangles), L48QTnRA AANS (red
squares), and M81QTn{xaqs (green triangles) in the presence of myosin
S1 as a function of pCa. The data sets were normalized individually for
each mutant. Each data point represents the mean + standard error of
three to four titrations fit with a logistic sigmoid function. The IAANS
fluorescence was excited at 330 nm and monitored at 430 nm. The plots
of the data were mverTGd (B) Time courses of the change in IAANS
fluorescence as Ca was removed t()jy EGTA from thin filaments recon-
stituted with Tnjsans. FZOQTnIAANS, V44QTn 3%s, M45QTnIT/f;§S‘\,S,
L48QTn; AACNS, and M81QTn{iA ANS in the presence of m gosm S1.Inthe
case of F20QTn 3ans, V44QTn i 2s, and M81QTn1AANS, the IAANS
fluorescence increased upon removal of Ca®*, so the data traces were
inverted for the sake of comparison. The data traces have been staggered
and normalized for the sake of clarity. Each trace is an average of at
least five traces fit with a single-exponential equation. The JAANS
fluorescence was excited at 330 nm and monitored through a 510 nm
broadband- gass interference filter, excluding the F20QTnfiAxs
V44QTnI AANs, and M81QTn}-,f;1CNS experiments, in which the emission
was monitored through a 415—490 nm band-pass interference filter.

filaments for the five different mutations ranged from ~6.0-fold
slower to ~3.3-fold faster.

Effect of TnC Mutations on the Ca’" Dependence of
Actomyosin ATPase. To examine the functional effect of TnC
mutations, the Ca>* dependence of actomyosin ATPase activity
was measured in the thin filaments reconstituted with Tnj3axs OF
mutants. The specific ATPase activity at pCa 9.0 of TnITASﬁ\%S was
0.015+0.001 mol of P;s~" (mol of S1)~" (Figure 6A and Table 3).
For the rest of the mutations, the specific ATPase activity at pCa
9.0 was ~1.3—1.9-fold higher than that of Tn{3ans (Figure 6A and
Table 3). The specific ATPase activity at pCa 4.0 of Tniaaks was
0.059 £ 0.001 mol of P; s~ (mol of S1)~" (Figure 6A and Table 3).
For the rest of the mutations, the specific ATPase activity at pCa
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FIGURE 6: Effect of TnC mutations on the Ca>" dependence of acto-
myosin ATPase. (A) Spec1f'1c actomyosin ATPase activities of Tn]T,f?&s,
F20QTniixns, V44QTnizANs, M45QTn(iANs, L48QTniRARs. and
M81QTn{3axs at pCa 9.0 (white bars) and pCa 4.0 (cross-hatched
bars) Each data point represents the mean =+ the standard error of three
to six measurements. Values marked with an asterisk are s1gmﬁcantly
different from their respective control values (P < 0.05). (B) Ca>"
dependent activity of actomyosin ATPase for the thin filaments recon-
stituted with Tniians (M), V44QTniiANs(®), M45QTniANs(A),
L48QTn1TA5fst (O), and M81QTn1T/f3ACNs (4) as a function of pCa. Each
data point represents the mean + the standard error of three to six
measurements. The data sets were individually normalized for each
mutant, taking the specific activities at pCa 9.0 to be 0% and at pCa 4.0
to be 100%, and fit with a logistic sigmoid. The experimental conditions
were as described in Experimental Procedures.

4.0 was up to ~1.6-fold lower than that of Tn{3axs (Figure 6A and
Table 3). For Tnfiaxs, half-maximal activation occurred at 969 +
53 nM (Figure 6B and Table 3). The F20Q mutation affected the
ability of TnC to both inhibit ATPase in the absence of Ca>* and to
activate ATPase in the presence of Ca®", preventing us from
determining the effect of this mutation on the Ca*" sensitivity of
actomyosin ATPase. For V44Q, M45Q, L48Q, and M81Q muta-
tions, half-maximal activation ranged from 158 4+ 11 nM for
L48QTnIT,§A%S to 1173 + 254 nM for M81QTn{Raxs (not sig-
nificantly different from that of TnIT/fiNS) (Figure 6B and Table 3)
Thus, TnC mutations caused up to ~6.1-fold increases in the Ca®*
sensitivity of actomyosin ATPase.

DISCUSSION

The main objective of this study was to examine how muta-
tions that sensitized isolated TnC to Ca®" affect the Ca®" binding
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Table 3: Effects of TnC Mutations on the Actomyosin ATPase Activity

ATPase activity at pCa 9.0 ATPase activity at pCa 4.0

protein [mol of P; 57! (mol of Sl)fl] [mol of P; 57! (mol of Sl)fl] ATPase Ca’* K4 (nM) ATPase Hill coefficient
TnCl3Ss 0.015£0.001 0.059 +0.001 969 + 53 0.96+0.03
FZOQTnCIT,ff&S 0.028 £ 0.002¢ 0.036 = 0.004¢ not determined not determined
v44QTnCIAANS 0.026 + 0.001¢ 0.056+0.001 167 +6° 1.50 £0.15
M45QTnCl3%s 0.020 +0.001¢ 0.044 40.001¢ 197 £ 16 1.9340.06°
L48QTnCI,2,1gS 0.024 40.001° 0.052 4 0.003 158 £ 11¢ 1.36 £ 0.17
M81QTnCiaKs 0.019 £0.001¢ 0.051 +0.002¢ 1173 £254 0.79 +0.09

“Significantly different from their respective control values (P < 0.05).
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F1GURE 7: Location of hydrophobic residue mutations in the regulatory N-domain of TnC. A ribbon representation of the N-domain of TnC
in the apo state [Protein Data Bank entry ISPY (40)] is shown on the left, in the Ca®*-bound state [Protein Data Bank entry 1AP4 (40)] in the
middle, and in the Ca*"-saturated Tn state [Protein Data Bank entry 1J1E (23); Tnl and TnT have been omitted for the sake of clarity] on the right.
The helices are labeled (N, A, B, C, and D), while hydrophobic residues that were mutated (F20, V44, M45, L48, and M81) are shown in a ball-
and-stick format and labeled. This figure was generated using Rasmol (24).

and functional properties of TnC in increasingly complex bio-
chemical systems. Previously, we utilized the F27W substitution
to follow Ca>" binding and exchange with the second EF-hand of
isolated TnC (12). We individually substituted F20, V44, M45,
148, and M81 with polar Q, to design five TnC"*"" mutants with
increased sensitivity to Ca®" (12). Residues F20 and M81 are
located on the A and D helices (within the NAD unit), while
residues V44, M45, and L48 are located on the B helix (within the
BC unit) (Figure 7). In the absence and presence of Ca**, the side
chains of these five residues are involved in extensive hydro-
phobic interactions between the NAD and BC units. These
interunit hydrophobic interactions are lost in the Tn complex,
as the BC unit moves away from the NAD unit to bind to the
C-terminal domain of Tnl (Figure 7). Thus, we reasoned that
substitution of either of these hydrophobic residues with polar Q
should lead to the higher Ca®" sensitivity of the N-domain of
TnC, by facilitating the movement of the BC unit away from
the NAD unit. Indeed, individual substitutions of these residues
with Q increased the Ca>" affinity of the N-domain of TnC
~2.1—15.3-fold. The increases in Ca>" affinity were largely due
to faster Ca®" association rates (~2.6—8.7-fold faster) rather
than to slower Ca®" dissociation rates (only ~1.2—2.9-fold
slower) (12). The Ca*" sensitizing effect of these five mutations
was not caused by the fluorescent W27 reporter, since these
mutations also led to ~2.4—23.0-fold increases in the Ca®"
affinity of the N-domain of TnC®**S labeled with IAANS on
C84 (28). Thus, we believe that outcomes observed in our earlier
study were attributed to the mutations of hydrophobic residues
to Q and not to the F27W substitution.

Due to the presence of W residues in other regulatory muscle
proteins, we were unable to utilize the F27W substitution to
follow Ca*" binding and exchange with TnC reconstituted into
the Tn complex or the thin filaments. Thus, the fluorescence of
TnCl23Ks was utilized to follow Ca** binding and exchange with
the regulatory N-domain of TnC and its mutants in biochemical

systems of increasing complexity. Unlike TnC labeled on either of
the endogenous C35 or C84 residues, TnCla\s remains spectro-
scopically sensitive to Ca>" binding after TnC is reconstituted
into the Tn complex, and the thin filaments in the absence and
presence of myosin S1 (15). Since extrinsic labeling of C53 with
IAANS could have modified the Ca** binding properties of TnC
and affected its physiological function, the effects of labeling were
carefully considered (5). Measurements of dissociation of Ca>"
from the TnfiaNs complex as monitored by the IAANS fluore-
scence and by the Quin-2 fluorescence from unlabeled Tn™>*¢
and wild-type Tn complexes yielded similar rates (/5). The Ca*"
affinity of the TnfaNs complex was similar to the Ky of
~300—700 nM previously reported for unlabeled wild-type
reconstituted Tn and native bovine cardiac Tn complexes (29).
In addition, the Ca*" affinity of the reconstituted thin filaments
was similar to the Ky of ~1.7—5 uM previously reported for
native cardiac bovine thin filaments (30). Furthermore, the ability
of TnC3Ks to develop Ca*'-dependent force in skinned
trabeculaec was similar to that of wild-type and endogenous
TnC (15). These results indicated that labeling of C53 with
IAANS minimally affected the Ca>* binding properties of TnC.

The five TnC mutants studied in this work exhibited ~108-,
40-, and 36-fold variations in the Ca®" sensitivities of the Tn
complexes and reconstituted thin filaments without and with
myosin S1, respectively. Furthermore, the five TnC mutants also
exhibited ~15-, 10-, and 20-fold variations in the rates of
dissociation of Ca*" from the Tn complexes and reconstituted
thin filaments without and with myosin S1, respectively. These
results indicate that hydrophobic side chain intra- and inter-
molecular interactions of these residues play an important role in
dictating the Ca®" binding properties of TnC in increasingly
complex biochemical systems. This interpretation of the results is
based on the assumption that the IAANS fluorescence directly
reflects Ca>" binding to the TnC mutants. Alternatively, the
probe might reflect conformational changes occurring in the
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N-domain of TnC mutants subsequent to Ca*" binding. Addi-
tional experiments, including structural studies, are currently
under way to more fully characterize the TnC mutants.

Analysis of the four available crystal structures of the core
domain of cardiac Tn (23) indicated that all five hydrophobic
residues could play an important role in binding to the regulatory
domain of Tnl. Of the 29 TnC residues that form a contact
surface between the regulatory domains of TnC and Tnl, these
five hydrophobic residues account for a disproportionally large
31.6 + 0.2% of the contact area. The side chains of F20, V44,
L48, M45, and M81 in TnC come in close contact with the side
chains of several hydrophobic residues (1148, A150, A152, M153,
M154, A156, and L157) in Tnl. However, the five individual
mutations only modestly decreased Tnl,s— ;g9 binding affinity
~1.3—2.2-fold, with the F20Q and M81Q mutations having the
strongest effect on peptide affinity. Consistent with this finding,
the homologous mutants of skeletal TnC™*" exhibited ~1.7—
3.0-fold lower affinity for skeletal Tnlgg_4g, With the homo-
logues of F20Q and M81Q having the strongest effect on peptide
affinity (27). One possible explanation of a modest effect of these
TnC mutations on the peptide affinity is that other residues are
able to compensate for the loss of one hydrophobic interaction
between the mutated side chain of TnC and the residues in Tnl.
Alternatively, electrostatic interactions could play an integral role
in determining the affinity of TnC for Tnl.

All five hydrophobic mutations sensitized isolated TnC to
Ca®" (12), but only the L48Q substitution sensitized the Tn
complex to Ca®". In fact, F20Q, V44Q, M45Q, and M81Q
mutations led to an ~1.3—44.3-fold lower Ca®" sensitivity of the
Tn complex. Thus, mutations that sensitize isolated TnC to Ca*"
do not necessarily increase the Ca’' sensitivity of the Tn
complex. The binding of Tnl stabilizes the “open” state of the
N-domain of TnC (31, 32), drastically increasing the affinity of
TnC for Ca>" (33). Possibly, the hydrophobic residue mutations
mimic the effects of Tnl binding by shifting the equilibrium of the
N-domain of TnC from the “closed” to the open state, facilitating
Ca’" binding. Thus, binding of TnI does not have the same Ca*"
sensitizing effect on these mutants as it does on wild-type TnC.
The BC unit hydrophobic residue mutations V44Q, M45Q, and
L48Q led to an up to ~5.9-fold slower rate of dissociation of Ca>*
from the Tn complex, while NAD unit mutations F20Q and
M81Q led to an up to ~2.6-fold faster rate of dissociation of Ca*"
from the Tn complex (~15-fold variation in the rate of Ca*"
dissociation). Thus, mutations of hydrophobic residues had a
stronger effect on the rates of dissociation of Ca*" from the Tn
complex than on that of isolated TnC (15). The faster rates of
Ca”" dissociation caused by F20Q and M81Q mutations suggest
that these mutations destabilized the Ca**-bound state of the Tn
complex. Analysis of the four crystal structures of the core
domain of the Tn (23) indicates that the side chain of F20
interacts with the side chain of M8I in the Ca’'-saturated
N-domain of TnC reconstituted into the Tn complex
(Figure 7). Thus, substitution of either of these residues with
polar Q could affect interactions between helices A and D,
destabilizing the Ca*"-bound state of TnC reconstituted into
the Tn complex.

As mentioned above, while all five hydrophobic mutations
sensitized isolated TnC to Ca®" (12), only the L48Q substitution
increased the Ca*" sensitivity of the Tn complex. On the other
hand, V44Q, M45Q, L48Q, and M81Q substitutions led to
an ~1.1-30.0-fold higher Ca®" sensitivity of the reconstituted
thin filaments. These results are consistent with a competition
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between TnC and actin for the C-terminal domain of Tnl (for a
review, see ref 34). It is possible that actin decreases the pro-
bability of TnC—Tnl interactions, allowing V44Q, M45Q, L48Q,
and M81Q mutations to sensitize the thin filaments to Ca®", since
these mutations sensitized isolated TnC to Ca’". Alternatively,
the hydrophobic residue mutations could have destabilized the
interactions between helix H4 of Tnl (residues 164—188) and
actin, because of weakened hydrophobic interactions between
helix H3 of Tnl (residues 150—159) and the regulatory N-domain
of TnC. The fact that hydrophobic residue mutations resulted in
an increase in the basal activity of actomyosin ATPase provides
indirect support for this interpretation.

Interestingly, binding of myosin S1 to the thin fila-
ments reconstituted with FZOQTnITAS;i%S, M45QTn1T,fi\CNS, and
L48QTn A a%s actually led to ~1.3—1.8-fold decreases in Ca*"
affinity, contrasting with an ~5.0-fold increase in Ca*" affinity
caused by myosin S1 binding to the thin filaments reconstituted
with TnJ3ans. One possible explanation is that myosin binding to
actin causes conformational rearrangements in regulatory pro-
teins, ultimately leading to the increased probability of TnC—Tnl
interactions. The increased probability of TnC—Tnl interactions
would lead to the increased Ca”" sensitivity of the thin filament-
bound TnClRaKs, but not necessarily of TnC mutants that are
not as sensitized to Ca>" by Tnl binding as TnCl3axs. Addi-
tionally, the mutations could have affected interactions between
TnC and TnT, ultimately leading to altered interactions of the
thin filaments with myosin S1.

The Ca*" sensitivity of TnC in isolation or reconstituted into
the Tn complex is not always a good predictor of physiological
outcome (22, 35—37). To examine the functional effects of TnC
mutations, the Ca®" dependence of actomyosin ATPase was
measured after reconstitution of thin filaments with Tn{aang Or
its mutants. Consistent with the effect of V44Q and L48Q
mutations on the Ca®" sensitivity of the thin filaments (in the
absence or presence of myosin S1), these two mutations sensitized
actomyosin ATPase to Ca>". While the M45Q mutation did not
have a significant effect on the Ca>" sensitivity of the thin
filaments in the presence of myosin S1, this mutation sensitized
both the thin filaments (in the absence of myosin S1) and
actomyosin ATPase to Ca*". Additionally, the M81Q substitu-
tion had almost no effect on the Ca*" sensitivity of the thin
filaments (in the absence of myosin S1) and did not significantly
affect the Ca>" sensitivity of actomyosin ATPase.

We were unable to determine the effect of the F20Q mutation
on the Ca®" dependence of actomyosin ATPase, as this mutation
affected the ability of TnC to inhibit ATPase in the absence of
Ca”" and to activate ATPase in the presence of a saturating level
of Ca*". Further structural studies might be necessary to
decipher why this mutation has detrimental effects on ability of
TnC to regulate ATPase. However, even though the F20Q
mutation significantly decreased maximal actomyosin ATPase
activity, it was previously shown to only moderately decrease the
maximal isometric tension development by TnC"™*"% reconsti-
tuted into skinned cardiac trabeculae (/3). Similarly, several
skeletal TnC"**Y mutants significantly reduced maximal ATPase
activity without affecting maximal isometric tension develop-
ment by TnC"*" reconstituted into skinned skeletal muscle (38).
In addition to a moderate reduction in maximal force recovery,
the F20Q mutation was previously shown to produce an ~1.5-
fold decrease in the Ca>" sensitivity of force development (13),
correlating with an ~1.4-fold decrease in the Ca”" sensitivity of
the thin filaments in the absence of myosin S1 observed in this
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work. Thus, our data indicate that reconstituted thin filaments (in
the absence of myosin S1) were better than either isolated TnC or
the Tn complex in predicting the functional effect of the muta-
tions. These results are in agreement with those observed for Tnl
mutants linked to hypertrophic or restricted cardiomyopa-
thies (22), and for TnC mutants linked to hypertrophic or dilated
cardiomyopathies (37).

On the other hand, while V44Q, M45Q, and L48Q increased
the Ca®" sensitivity of the thin filaments in the absence of
myosin S1 to varying extents (~6.0—29.9-fold increases), all
three mutations produced similar ~4.9—6.1-fold increases in
the Ca®" sensitivity of ATPase. However, the effect of the
mutations on the Ca®* binding properties of the thin filaments
was evaluated only under the conditions of unbound myosin
or rigor-bound myosin, not in the presence of cycling cross-
bridges. Rigor and cycling cross-bridges have been shown to
exert different effects on the Ca*"-dependent changes in the Tn
structure (39). However, it was not possible to evaluate the
effect of hydrophobic residue mutations on the Ca®" binding
properties of the thin filaments in the presence of cycling cross-
bridges under the physiological salt concentration used in this
work. Likely, cycling cross-bridges attenuate the effect of the
mutations on the Ca" sensitivity of the thin filaments, leading
to the Ca>" dependence of actomyosin ATPase observed in
this work.

In summary, the fluorescence of TnClaSs was utilized to
follow Ca®" binding and exchange with the regulatory N-domain
of TnC. The F20Q, V44Q, M45Q, L48Q, and M81Q mutations
were then individually engineered into the N-domain of TnC to
determine the effect of these mutations on the Ca*" binding
properties of TnC in increasingly complex biochemical systems.
The five mutations modestly decreased the affinity of TnC for the
regulatory region of Tnl. However, the five mutations drastically
affected Ca®" binding and exchange with TnC in increasingly
complex biochemical systems, indicating that hydrophobic side
chain intra- and intermolecular interactions of these residues play
a crucial role in dictating how TnC responds to Ca®*. The effect
of the mutations on the Ca®" sensitivity of increasingly complex
biochemical systems, or actomyosin ATPase, could not always be
predicted from their effect on isolated TnC. In fact, while all five
mutations increased the Ca®" affinity of isolated TnC, only three
mutations increased the Ca®* sensitivity of actomyosin ATPase.
However, the Ca®" sensitivity of reconstituted thin filaments (in
the absence of myosin S1) was a better indicator than that of the
isolated TnC or the Tn complexes of the effect of these mutations
on the Ca®* dependence of actomyosin ATPase. In conclusion,
examining the effects of the Ca®" sensitizing mutations on Ca*"
binding and exchange with TnC in increasingly complex bio-
chemical systems enhances our understanding of how TnC
responds to Ca®" to regulate muscle function.
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