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Abstract

The C-terminal region of cardiac troponin | (cTnl) is known to be important in cardiac function, as
removal of the last 17 C-terminal residues of human cTnl has been associated with myocardial
stunning. To investigate the C-terminal region of cTnl, three C-terminal deletion mutations in
human cTnl were generated: Al (deletion of residue 210), A3 (deletion of residues 208-210), and
A5 (deletion of residues 206-210). Mammalian two-hybrid studies showed that the interactions
between cTnl mutants and cardiac troponin C (cTnC) or cardiac troponin T (cTnT) were impaired
in A3 and A5 mutants when compared to wild-type cTnl. Troponin complexes containing 2-[4’-
(iodoacetamido) anilino] naphthalene-6-sulfonic acid (IAANS) labeled cTnC showed that the
troponin complex containing cTnl A5 had a small increase in Ca2* affinity (P < 0.05); while the
c¢Tnl Al- and A3 troponin complexes showed no difference in CaZ* affinity when compared to
wild-type troponin. /n vitro motility assays showed that all truncation mutants had increased Ca2*
dependent motility relative to wild-type cTnl. These results suggest that the last 5 C-terminal
residues of cTnl influence the binding of cTnl with cTnC and cTnT, affects the Ca?*-dependence
of filament sliding, and demonstrate the importance of this region of cTnl.
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INTRODUCTION

Cardiac troponin (cTn) is located at regular intervals along the thin filament and consists of
three subunits: cardiac troponin C (cTnC), troponin I (cTnl), and troponin T (¢cTnT). The
cardiac troponin complex plays an important role in the regulation of striated muscle
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contraction. Interaction between these proteins regulates the contraction (systole) and
relaxation (diastole) of cardiac muscle [1]. During diastole, cTnl contributes to the inhibition
of actin-myosin cross-bridge formation by interacting with actin. When Ca2* binds to ¢cTnC
during systole, the affinity of cTnl for Ca2*-cTnC is increased, resulting in weaker
interactions between cTnl and actin. These changes together with changes in cTnT structure
lead to changes in the position of tropomyosin (Tm) on the thin filament, causing an
activation of contraction by promoting the conversion of cross-bridges from a blocked or
weak binding state to a strong binding (force-generating) state. The cTnl inhibitory region
(residues 139-150 in mouse cTnl) binds to either TnC or actin, but not to both
simultaneously [2]. This region has been shown to inhibit actomyosin ATPase activity and is
a vital part of the molecular switch responsible for initiating muscle contraction. The cTnl
C-terminal region binds to the N-terminal region of cTnC [3].

Both the N- and C-terminal ends of Tnl are not as well investigated as its inhibitory region.
The N-terminal region (cardiac specific region) has unique alternatively spliced regions
which are important for modulating Ca?* sensitivity of force development [4, 5]. The N-
terminal region of cTnl has been shown to modulate myofilament activation [6]. The role of
the last 5 residues of the C-terminus of cTnl (residues 205 to 210) is not well understood.
Mutations within this region of cTnl are associated with hypertrophic cardiomyopathy
(HCM), restrictive cardiomyopathy (RCM), and dilated cardiomyopathy (DCM). At least
five mutations associated with HCM (K206Q [7], K206 [8], K207T [9], E209A [10] and
E209K [11]) occur within the last 5 C-terminal residues of human cTnl [12]. The K207T
mutation was discovered in an American patient and was classified as likely pathogenic but
little data is available about patients with this mutation [9]. The E209A mutation was found
in five index patients in the Netherlands and is currently considered an unclassified variant
of unknown pathological significance [10]. The E209K was found during genetic testing of
2,912 probands with HCM [11].

A 17 residue C-terminal deletion in human cTnl was found to be associated with myocardial
stunning and increased Ca2* sensitivity in an in vitro motility assay [13]. In another
investigation, removal of 17 amino acids from the C-terminus of human cTnl (cTnl 1-192)
showed that these residues perform an important stabilizing role ensuring proper
conformational switching of Tn—Tm [14]. Previous reports using affinity chromatography
and actin sedimentation experiments suggest that cTnl mutants (cTnl 1-209 and cTnl 1-192)
did not affect Tn assembly and were not sufficiently strong to affect interactions between the
Tn subunits or between cTnl and actintropomyosin (Tm) [13]. However, Ferrieres et al.
using 20-mer peptides of cTnl found that the C-terminal peptide, residues 191-210,
interacted weakly with TnC (Kp 1.69 + 0.89 x 1076), suggesting that under some conditions
this region of cTnl may potentially interact with TnC [15]. Other studies also suggest that
the last 17 C-terminal residues in cTnl are important for Ca2* regulation of the thin filament
through its interaction with Tm and/or actin [14, 16]. cTnl 1-192 increased Ca?* sensitivity
of both the actin-Tm-activated S1 ATPase activity and the Ca2*-dependent sliding velocity
of reconstituted thin filaments (in an /n7 vitro motility assay) compared with cTnl 1-209 [13].

During ischemia, myofibrillar a-actinin and Tnl are both degraded, with Tnl being degraded
at its C-terminus. After ischemia/reperfusion, myaosin light chain-1 (MLC1) is also degraded
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at its N-terminus [17]. Other studies have shown that cTnl C-terminal degradation is
associated with reduced maximal force and altered sensitivity to Ca?*. Wild-type mouse
cTnl (211 residues), and the C-terminal mutants cTnl-(1-199) (missing 12 residues), cTnl-
(1-188) (missing 23 residues), and cTnl-(1-151) (missing 60 residues) were investigated by
Rarick et al. [6]. Ureapolyacrylamide gel-shift analysis and size exclusion chromatography
showed that each cTnl C-terminal deletion mutant was able to bind to cTnC, and co-
sedimentation assays showed that these mutants co-sediment with actin. The cTnl-(1-188)
and cTnl-(1-151) mutants inhibited maximum ATPase activity to approximately 75% and
50% of that of the WT cTnl, respectively. The cTnl-(1-188)-cTnC complex only partially
restored Ca?* sensitivity, while the cTnl-(1-151)-cTnC complex did not restore any Ca2*
sensitivity. These results all suggest that residues 152-199 (C-terminal to the inhibitory
region) of cTnl are essential for full inhibitory activity and Ca2* sensitivity of cardiac
myofibrillar ATPase.

The only cTnl residue in the last 5 C-terminal residues that was previously investigated was
K206 [8, 18]. The HCM associated mutation K206Q was found to enhance filament sliding
[18, 19], while another HCM mutation, K206, was found to increase myofilament Ca2*
sensitivity and possibly impair cTnl interactions with actin and cTnC [8]. Since no direct
results currently suggest that the last 4 C-terminal residues of cTnl are important for the
physiological function of cTnl, but several HCM mutations occur within this region, the
functional role of the last 5 residues of cTnl was investigated. Using a mammalian two
hybrid system deletion of just three residues from the C-terminal of cTnl was found to affect
its interaction with both ¢cTnC and cTnT. Fluorescent binding studies suggest that deletion of
the last 5 residues of Tnl caused a small increase in the Ca2* affinity of the Tn complex.
Removal of the last 3 or last 5 residues from cTnl significantly increased the Ca2*sensitivity
in in vitro motility assays. Taken together, these results show that the last 5 residues of cTnl
are functionally important for muscle contraction.

MATERIALS AND METHODS

Mutation, expression and purification of cardiac troponin I, troponin T and troponin C

Detailed methods for expression and purification of the wild-type and mutated Tn subunits
are similar to what was previously described (11, 19, 20). Briefly, for cTnT, bacterially
expressed and extracted cTnT proteins were purified on a fast flow Q-sepharose column,
followed by a NaCl gradient elution. The semi-purified cTnT were then further purified on
an S-sepharose column. Purified cTnT was eluted from the column with a NaCl gradient. All
steps were performed at 4°C unless otherwise indicated.

Formation of Troponin Complexes—Formation of the human cardiac Tn complexes
containing human recombinant cTnT, cTnl, cTnC was as previously described (11, 19, 20).
Proper stoichiometry was verified by SDS-PAGE (Figure 1) and aliquots of complexes
stored at — 80°C. Proper stoichiometry of the Tn complex was based upon the relative
amounts of TnT, Tnl, and TnC in the final Tn complex compared against the relative
amounts of TnT, Tnl, and TnC in HPLC purified porcine Tn complex used as a standard.
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Mammalian Two Hybrid

The Checkmate Mammalian Two-Hybrid System (Promega) was utilized to measure
protein-protein interaction. WT c¢Tnl and cTnl deletion mutants as well as WT ¢TnT, and
cTnC were subcloned into pACT and pBIND vectors. CV1 cells were transfected with
pACT and pBind DNA constructs as well as the pG5luc Vector. TransIT-LT1 transfection
reagent (Mirus) was used for all experiments and cells were incubated for 36-48 h following
transfection with no media change. Cells were lysed and analyzed using the dual luciferase
reporter assay (Promega). Control experiments using different combinations of ¢Tnl, cTnC,
and cTnT subcloned vectors and empty vectors were also carried out to validate the
reliability of the experiments.

Fluorescence labeling of cTnC

WT cTnC was fluorescently labeled at both cysteines 35 and 84 using 2-(4’-
(iodoacetomido)aniline)naphthalene-6-sulfonic acid (IAANS). Fluorescent incorporation
and subsequent purification of labeled cTnC was carried out as previously described [20].
Briefly, cTnC protein solutions were first made in 2 mM EDTA and 7.5 mM DDT and then
exhaustively dialyzed against 50 mM Tris, pH 7.5, 150 mM KCI, 0.2 mM DTT, 0.2 mM
EDTA. The dialyzed proteins were adjusted to a concentration of 1-2 mg/mL, and labeling
was initiated by addition of IAANS at a concentration which saturated the DTT and was in
4-fold molar excess over Cys residues. Excess label was removed by gel filtration
chromatography. The IAANS labeled cTnC was used to make the Tn complex with cTnl and
cTnT as previously described [20]. All protein concentrations were determined using the
Bradford assay (Bio-Rad) with purified cTnC as the standard. The amount of IAANS
associated with the protein was determined by UV absorbance at 325 nm using an extinction
coefficient of 24,900 M1,

Measurement of the effect of calcium binding on fluorescence from IAANS-labeled cTnC in
troponin complex

Steady state fluorescence was measured at 25 °C using a Lumina fluorescence spectrometer
(Thermo Scientific). IAANS fluorescence was excited at 330nm, and emission monitored at
450nm after different Ca2* concentrations were applied (pCa 9.0 to pCa 4.0). The
concentrations of free and titrated Ca2* were calculated using a previously described
program (pCa calculator [21]). The program made corrections for the dilution effects that
occurred during titration of Ca2*. The data were fitted to the Hill equation and plotted using
SigmaPlot 11.0. The apparent Ca2* affinities are reported as pCasg values + SEM.

Actin-Tm-activated Myosin-ATPase Assay

Myofilament components such as porcine cardiac myosin and porcine cardiac Tm were
prepared as previously described [22]. The ATPase inhibitory assay was performed in a 100
pl reaction mixture of 200 mM KCI, 4 mM MgCl,, 1.0 mM EGTA, 2.5 mM ATP (Mg?*-
ATP), 0.1 mM dithiothreitol, 10 mM MOPS, pH 7 as previously described [23].
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In Vitro Motility Assays

In vitro maotility assays were performed to measure the unloaded sliding speed of
fluorescently labeled F-actin or reconstituted thin filaments propelled by rabbit skeletal
heavy meromyosin (HMM). Motility assays were carried out essentially as described
[24-25],

Rabbit skeletal muscle myosin, HMM, and actin were prepared for motility assays as
described [27—30]; all animal procedures associated with obtaining muscle tissue for myaosin
and actin for motility assay were approved by Florida State University's Institutional Animal
Care and Use Committee. Purified F-actin was fluorescently labeled with rhodamine
phalloidin (RhPh). Recombinant human cardiac tropomyosin (homodimeric aTm) was
bacterially expressed and purified as published [31, 32].

Flow cells for motility assays were constructed as described [25, 33-36]. Solutions for
assays with regulated thin filaments was calculated to have a composition of 2 mM MgATP,
1 mM Mg?*, 10 mM ethylene glycol tetraacetic acid (EGTA) total, sufficient Ca(CH3COO),
to achieve the desired pCa (pCa 9 — 4), 50 mM K*, 15 mM Na*, 20 mM 3-(N-morpholino)
propanesulfonic acid (MOPS) total, pH 7.00 at 30°C, 0.3% methyl cellulose, and ionic
strength was adjusted to 0.085 mM with TrisOH/CH3COOQH) [18, 32, 37]; stock motility
buffers were made at pCa 9, 8, 7, 6, 5 and 4, and intermediate pCa solutions were obtained
by mixing appropriate, calculated volumes of the two stock solutions at the nearest, whole
pCa values. To obtain regulated thin filaments, equimolar concentrations (25 nM each) of
cTn and cTm were applied to RhPh-labeled F-actin in the flow cell immediately preceding
addition of the motility buffer, as described [18, 19, 24, 31, 32, 36]; cTn and cTm (25 nM
each) were also added to motility buffers for assays with regulated thin filaments. To
minimize photo-oxidative damage, motility buffers additionally contained 3 mg ml~1
glucose, 100 mg mlI~1 glucose oxidase, 18 mg ml~! catalase and 40 mM DTT. All motility
assays were conducted at 30°C.

Sliding of RhPh-labeled thin filaments and F-actin was observed by fluorescence
microscopy on a Nikon Eclipse TE2000-U inverted microscope (Nikon USA, Melville, NY)
at 100x or 150x magnification [24, 38]. Temperature was maintained by a heating coil
(model OH30 heater and B600 temperature controller, 20/20 Technology, Inc, Wilmington,
NC, USA) placed on the microscope objective. Field images were recorded onto DVDs
using a VE1000SIT camera (Dage-MTI, Michigan City, IN). Movie clips were processed as
described to obtain sliding speeds (in units of um s™1) for all tracked filaments using ImageJ
(National Institutes of Health, Bethesda, MD) and custom motility analysis software from
the University of Washington; mean sliding speed (s) and standard error of the mean (SEM)
were calculated for each flow cell [24]. Note that each flow cell corresponds to one of the
four Tns tested at one CaZ* level (one pCa). The mean, unloaded sliding speed data (s, in
units of um s71) for each Tn (WT or mutant) were fit to the following, 4-parameter form of
the Hill Equation;

Smaz

(14107 (rCa-rCaso) )

S= +Smin

Arch Biochem Biophys. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gilda et al.

Page 6

Where s, is the speed at very low concentrations of Ca2* (high pCa values), Sy is the
Ca?*-activatable increment in speed, (Syax + Smir) is the speed at high concentrations of
Ca?* (low pCa values), pCaspis the pCa at which $= $;,2,/2 + Spin and cooperativity
parameter 1 reflects the steepness of the speed-pCa relationship around pCasp The data
were normalized to (Spax + Smin) to allow comparisons between data collected with the two
different batches of myosin used in this study. The normalized speed data for each Tn were
then fit to one of two modified versions of the Hill Eq. For Sy (Smax * Smin) > 0.02, the
normalized data were fit to a 3-parameter form of the Hill Eq in which S, was substituted
with the normalized form 1-57,;

’
’ 1-— Smin ’

Snorm™ (]_-|-]_0"H (PCapraso)) Smin

Alternatively, for Spyin/(Smax * Smin) < 0.02, the normalized data were fit to a 2-parameter
form of the Hill Equation in which Sy, and sy, were constrained to be the normalized
values 1.0 and 0.0, respectively:

" 1
Snorm™ <1+ 107H (pCapras,o))

Statistical Analysis

RESULTS

Significant differences between samples were calculated using the student's t-test (P < 0.05,
Sigma Plot 11.0). Nonlinear least squares regressions for analyzing motility data were
accomplished using SigmaPlot software (version 11.2.0.5; Systat Software, Inc., Chicago,
IL, USA) and verified with the NLS function in the R programming environment (R
Foundation for Statistical Computing). Regression parameter errors are standard error of the
mean (SEM).

Comparison of Tnl C-terminal region

The C-terminus of cTnl is highly conserved among different species and is also well
conserved between the three different Tnl isoforms (Figure 1A). Eleven of the last 12
residues (SGMEGRKKKFE) are identical in cTnl from 9 different species (Figure 1). The
C-terminal residue of human cTnl (S) is different from the C-terminal residue in rat, mouse,
horse, bovine, rabbit and cat (all have G as the C-terminal residue). The highly conserved
nature of the C-terminal residues suggests that this region is likely to be important for the
biological function of Tnl. Tnl contains several binding sites for TnC, TnT, Tm and actin
(Figure 1B). Little is known about the last 5 C-terminal residues of cTnl. However,
mutations at K206 enhance filament sliding (K206Q) [18, 19], increase myofilament Ca2*
sensitivity, and possibly affect cTnl interactions with cTnC and actin [8]. Tn complexes
containing WT or C-terminal deletion mutants of Tnl were as made described in the
methods. SDS-PAGE of WT Tn complexes and TnT are shown in Figure 1C. cTnC is
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weakly stained with Coomassie blue relative to other Tn subunits because of its acidic
nature.

Effect of C-terminal cTnl deletions on the interaction between cTnl and other thin filament

proteins

Interactions between cTnl and other thin filament components were determined using the
Checkmate mammalian two-hybrid system from Promega. Two-hybrid systems are one of
the most powerful methods for detecting protein-protein interactions /n vivo [39, 40]. In the
Checkmate mammalian two-hybrid system, genes are cloned into pBIND and pACT vectors
to form fusion proteins with the DNA-binding domain of GAL4 and the activation domain
of VP16, respectively. The vector pBIND expresses Renilla reniformis luciferase which
allows transfection efficiency to be normalized. Cells were transfected with pBIND and
pACT vectors together with the pG5luc vector which contains GAL4 binding sites upstream
of a firefly luciferase gene. Because of the high sensitivity of the Checkmate mammalian
two-hybrid system, differences in relative affinity between test proteins could be readily
detected. This system has already been shown to be able to detect changes in functional
interactions between Tn subunits [40].

Interaction between cTnT (pACT) and different cTnls (pBIND) measured using the two-
hybrid system showed that the binding between cTnT-cTnl was decreased when cTnl was
lacking either 3 or 5 C-terminal residues (cTnl A3 or A5) (Fig. 2A). Removal of the ¢cTnl C-
terminal residue serine (cTnl Al) did not affect its interaction with cTnT relative to wild-
type c¢Tnl. The binding of cTnC (pACT) and cTnl A3 and A5 truncations were also impaired
relative to wild-type cTnl and cTnl Al (Fig. 2B). Controls showing the low levels of
luminescence for empty pACT and pBIND vectors are shown in Fig. 2C. This is the first
report of the last five residues of cTnl affecting the interaction with other myofilament
protein. Attempts to determine the effects of these cTnl truncations on Tnl's interaction with
actin were unsuccessful using the mammalian two hybrid system.

Effect of C-terminal cTnl deletions on Ca2* binding to Troponin

cTnC was purified and labeled with IAANS fluorescent probe. The fluorescently labeled
cTnC was then incorporated into Tn complexes containing either wild-type or truncated
cTnl. Measurement of the fluorescence changes of these complexes with different Ca2*
concentrations showed that Tn complexes containing cTnl Al or A3 had pCaggs which were
similar to wild-type Tn (Fig. 4, Table 1). However, the Tn containing cTnl A5 showed
significantly increased Ca2* sensitivity relative to Tn containing wild-type cTnl. Since the 5
C-terminal residues of cTnl do not directly interact with cTnC or ¢TnT, these results suggest
that the 5 residues at the C-terminus of cTnl indirectly affect binding of Ca2* to cTnC.

Actin-Tm-activated Myosin-ATPase Assay

In the presence of 0.5 mM Ca2*, the actin-Tm-activated myosin-ATPase activity was similar
for all the cTnl mutants investigated (Fig. 4). The data shown in Fig. 4 utilizes 1 uM Tn. At
higher concentrations (1.5 uM) the maximum ATPase activity was not further increased
(data not shown), which is consistent with the amount of Tn needed for maximal ATPase
activity being 1 uM which would result in a 1:1 ratio of Tn:Tm.
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Effect of C-terminal cTnl deletions on in vitro Motility

Maximum speed—For all four Tns examined in this study, the maximum Ca2*-activated
sliding speed for regulated thin filaments was ~ 20 — 40% faster than that for unregulated F-
actin measured on the same day; this enhancement (super-activation) of filament sliding by
the Ca?* regulatory proteins is consistent with previous results using cardiac Tn and Tm [19,
24, 31, 32, 41]. There was no systematic effect of the deletion mutants on maximum Ca2*-
activated sliding speed. However, the maximum speed for the three mutants was ~ 10 — 20%
faster than WT. This is consistent with the enhancement obtained at the same concentration
(25 nM) of human cardiac Tn containing cTnly.1g3 truncation mutant that is missing the
entire C-terminal mobile domain [24]. It is also consistent with the enhancement of
maximum speed observed with FHC-related mutants that affect single amino acids at the C-
terminus of cTnl (R206K) [18].

Filament sliding in the absence of Ca2*—In high pCa (low Ca?*) conditions, little or
no significant, directed sliding was measured with WT or the A1 mutant protein. Average
sliding speed () for the A3 and A5 mutants at high pCa was ~ 4% or 7%, respectively, of
the maximum speed for the same protein (Fig. 5).

Ca?* dependence of filament sliding—Hill parameters pCasg and ny—There was
a general trend for the apparent cooperativity (71,) of filament sliding to decrease as more
residues were removed from the C-terminus of cTnl (Fig. 5 and Table 2). For example, r7y
decreased from 12.7 + 2.1 for WT to 3.9 + 1.2 for the A5 mutant. In addition to the reduction
in apparent cooperativity of filament sliding, speed also became progressively more sensitive
to Ca?* (i.e., pCaspshifted leftward) as more residues were removed from the C-terminus of
cTnl (Fig. 5 and Table 2). For example, pCasp for the A5 mutant was 6.51 + 0.03, compared
with 5.89 + 0.01 for WT; this corresponds to a large, 0.62 pCa unit shift in the direction of
enhanced Ca?* sensitivity for the mutant. This shift is comparable to the greatest shift in
motility speed-pCa relations with an FHC-related, single amino acid mutation (K206Q) in
the C-terminus of cTnl [18]. These results extend our insights into the role(s) of cTnl's C-
terminus in control of unloaded sliding of regulated thin filaments [18, 24, 42].

DISCUSSION

Tnl function is critical for muscle physiology as this protein is important in regulating
muscle contraction [43, 44]. At regions that interact with other thin filament proteins, cTnl
contains: the switch peptide region (residues 148-163) which interacts with the N-terminal
domain of TnC in the presence of Ca2*, the inhibitory peptide region (residues 128-147)
which binds actin and inhibits actomyosin ATPase activity, and a second actin binding
region (residues 168-188). However, relatively little is known about the last 5 C-terminal
residues of cTnl. The N- and C-terminals of Tnl were unresolved in crystal structures of the
Tn complex [45, 46]. Homology modeling based upon the crystal structures of Tn using
threading predicts that the C-terminus of cTnl has the potential to be alpha helical (data not
shown). In 1997, cTnl was identified as a disease gene associated with HCM [7]. cTnl has
also more recently been shown to be associated with RCM [47]. A female patient with a one
nucleotide deletion that resulted in a premature stop codon at amino acid 176 (cTnl lacking
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the last 35 C-terminal residues) showed approximately 50% total Tnl content in myocardial
tissue [47]. It is possible that the truncated form of cTnl was rapidly degraded. This patient
died at 28 years and showed right ventricular hypertrophy and a RCM phenotype. The
patient's father died from sudden cardiac death at 29 years of age [47].

Since the discovery of ¢Tnl as a HCM associated gene, five HCM mutations (K206Q [7],
K2061 [18], K207T [9], E209A [10] and E209K [11]) have been found to occur within the
last 5 C-terminal residues of human cTnl [12]. Although the effect of these HCM mutations
on Tn function are unknown, the presence of these mutations in this region of cTnl and the
high sequence conservation in this region of cTnl both suggest that the last 5 C-terminal
residues of cTnl are important in cTnl function. Using the mammalian two hybrid system,
which is a very sensitive technique, we found that removal of the last 3 or last 5 residues of
cTnl decreased the ability of cTnl to interact with both cTnT and cTnC. Removal of the last
C-terminal cardiac residue of cTnl did not affect cTnl's ability to interact with cTnC or
cTnT. These results strongly suggest that the last 3 residues affect cTnl's ability to interact
with other Tn subunits. The removal of 5 residues from the C-terminus (cTnl A5) did not
significantly affect the ability of cTnl to interact with cTnT or cTnC relative to cTnl A3,
suggesting that residues 208-210 (FES) may be more important than residues 206 and 207
(S and K) for the interaction between Tnl and TnC or TnT. The last residue of human cTnl
(S) is not as well conserved as residues 208-209 (FE), and may explain why the C-terminal
residue (S, residue 210) does not affect the interaction between ¢Tnl and ¢cTnT or ¢cTnC.

Tn complexes containing cTnl 1-192 (lacking the last 17 residues of cTnl) exchanged into
human cardiac myofibrils and permeabilized cardiomyocytes from healthy donor hearts
showed increased Ca?* sensitivity and slower rates of force activation and redevelopment
compared to myofibrils and cardiomyocytes containing control wild-type [48]. Several
investigations suggest that the last 17 residues of cTnl are important for cTnl interactions
with other Tn subunits and actin-Tm [14, 49-51]. Galinska et al. [14], using electron
microscopy and 3D image reconstruction, showed that the last 17 amino acids of cTnl
(residues 193-210) are important in stabilizing Tm in the Ca2*-activated state (C-state).
Galinska et al. data supports the “fly-casting mechanism” originally proposed for
unstructured proteins [52], and then proposed for the C-terminal region of Tnl [53]. The
“fly-casting mechanism” has also been supported by other techniques such as fluorescence
anisotropy [54]. The “fly-casting” model suggests that the C-terminus of Tnl is mobile and
remains unfolded when not interacting with actin, but as sufficient interaction between Tnl
and actin occurs, the C-terminal region starts folding and moving (or “reeling in”) the Tn
complex to the position occupied by Tnl fully bound to actin, ensuring proper
conformational switching of Tn-Tm. Earlier studies using reconstituted Tn complex
containing mini-TnT (the two Tm-binding sites were deleted) demonstrated a saturable
binding of Tnl to Tm at pCa 9, which was abolished when Tnl lacking the C-terminal 19
residues was utilized instead of wild-type Tnl, suggesting that the C-terminal end of Tnl is
involved in the Ca2* regulation of the thin filament through interaction with Tm [16].

The mobility of the C-terminus of Tnl is supported by several studies [55, 56]. At low Ca2*
concentrations cTnl residues 167-210 (the mobile domain) have been shown to stabilize the
interaction between actin and c¢Tnl [57]. Using single-molecule Forster resonance energy
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transfer (FRET) combined with computational approaches, Metskas and Rhoades found that
the C-terminal domain of Tnl (residues 147-210) in the Tn complex is likely extended, with
moderate helical propensity around residues 169-175 and weaker helical propensity closer
to the C-terminus [56]. Using steady-state FRET, cTnl residues 197 and 210 were found to
move away from Cys-190 of Tm, Cys-374 of actin, and the phalloidin binding site on the F-
actin filament on binding of CaZ* to the thin filaments [55]. Myosin S1 binding to relaxed
thin filaments also induced movement of residues 197 and 210 similar to that observed when
Ca?* binds to the thin filaments suggesting that Ca2* and myosin S1 binding to thin filament
causes movement of the C-terminal domain of cTnl from the F-actin outer domain towards
the inner domain [55].

The impaired interactions between Tnl deletion (A3 and A5) mutants and TnC suggest that
either direct interactions between the TnC and the C-terminal of Tnl are affected or the A5
mutants indirectly affects other Tnl regions that interact with TnC. The possibility of a direct
interaction is based upon data which suggests that the Tnl C-terminal peptide, residues
191-210, may interact weakly with TnC [15]. Since no report has shown that the C-terminal
region of Tnl directly interacts with TnT, the impaired interactions between Tnl A3 and A5
mutants and TnT are possibly due to conformational changes in other regions of Tnl that
interact with TnT. It is also possible that in the Tn complex, the impaired interactions
between Tnl A3 and A5 mutants and TnC may amplify or reduce the effect of the truncations
on TnT's interaction with Tnl. However, the mammalian two hybrid system utilized in these
studies, like other two hybrid systems, has some caveats including the limitation of only
detecting the interaction between two subunits and not more complicated protein-protein
interactions, false positives due to expression of high levels of proteins which are not
normally present in the same cell at the same time, and potential interactions with the GAL4
or VP16 domains that are used to quantify the protein-protein interactions, which
necessitates the use of proper controls. The benefits of using the mammalian two-hybrid
system are that it is an extremely powerful method for detecting protein-protein interactions
in vivo [39] and has an advantage over the yeast two hybrid system by allowing mammalian
protein interactions to be investigated in an environment that is more comparable to that /»
vivo [28].

Cardiomyopathy mutations in the C-terminal region of cTnl show increased myofilament
Ca?*-sensitivity and impaired binding of cTnl with actin and/or Tm [50, 59]. Mathur et al.
showed that some cardiomyopathy causing cTnl mutations such as R191H may function by
stabilizing a functional intermediate state of actin [59]. Mathur et al. also showed that the
R193H mutation may stabilize the active state of thin filaments [59]. A transgenic mouse
model containing the R193H mutation showed increased myofibrillar Ca2* sensitivity and
impaired relaxation in the mutant cardiac myocytes [60]. Recently, the HCM cTnl mutation
K2061 was investigated and found to significantly increase myofilament Ca2* sensitivity
with possible impaired interactions between cTnl K2061 and actin and cTnl K206 and
cTnC [8]. Using site specific monoclonal antibodies as a probe and mouse cTnl containing
the RCM associated mutations R193H or R205H showed conformational changes in the
TnT-Tnl interface of Tnl (residues 114-134) and increased binding affinity for TnT [49].
These mutants also showed increased binding affinity for TnC at pCa 4 [49]. Tn complexes
containing Tnl mutants, TnC, and mini- TnT lacking Tm binding sites showed increase
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binding affinity for Tm at pCa 9 and pCa 5.5 when compared to Th complexes containing
wild-type Tnl suggesting that conformational changes in the C-terminal of cTnl alter its
interaction with Tm and other Tn subunits [49].

Post-translational modifications may also affect the C-terminal region of cTnl [50]. In
human cardiomyocytes, low levels of cTnl-Ser199 pseudo-phosphorylation (~6%) were
found to increase myofilament Ca%*-sensitivity [50]. The increase in myofilament Ca?*-
sensitivity was suggested to be due to a decrease in the binding affinity of cTnl for actin-Tm
as determined by co-sedimentation assays [50]. These results all suggest that the C-terminal
region is important for proper Tnl function and that the C-terminal of Tnl is capable of
altering the interaction between cTnl and actin and/or Tm.

NMR spectroscopy of skeletal Tnl suggests that residues 135-182 of Tnl are flexible in
solution with no stable secondary structure [53]. Interestingly, the C-terminal region of
skeletal Tnl is not affected by Ca2* binding to TnC [53]. Investigating the Ca2* sensitivity of
IAANS-labeled Tn complexes containing WT and C-terminus deletion mutants of cTnl
showed that only Tn containing cTnl A5 showed significant changes in Ca2* sensitivity
relative to WT Tn. Tn containing the cTnl A5 mutation had a small increase in Ca2* affinity
(P<0.05) compared to wild-type Tn; while the cTnl Al- and A3- containing Tn complexes
didn't show a significant difference in Ca2* affinity when compared to wild-type Tn. These
results suggest that cTnl residues 206 and 207 (S and K) may be needed to affect Ca*
binding at the Tn complex level.

To evaluate the functional significance of the last 5 C-terminal residues of cTnl, /n vitro
motility assays were carried out. Although there was no systematic effect of the deletion
mutants on maximum Ca?*-activated sliding speed, the maximum speed for the three
mutants was ~ 10 — 20% faster than WT. The Ca2*-sensitivity of the filaments containing
cTnl A1, cTnl A3 and cTnl A5 mutants was significantly increased relative to wild-type cTnl
in a trend that was consistent with the changes observed in Ca2*-binding affinity (Table 1),
although the effects on pCas, for motility were quantitatively larger (Table 2). The increased
Ca?* sensitivity was also associated with a reduction in apparent cooperativity of filament
sliding for the cTnl mutants. These results, together with the previous results which show
that the K206Q mutation enhanced filament sliding with /n vitro motility assays [18],
suggest that residues 206-209 are functionally important for cTnl. The large increase in
Ca?*-sensitivity observed for the cTnl A5 mutant was similar to the largest shift in Ca2*-
sensitivity of isometric force-pCa relations [61] and motility speed-pCa relations observed
with an FHC-related point mutation (E180G) in a-Tm [31]. Interestingly, the /in vitro
motility results for the cTnl A5 is similar to the enhancement obtained at the same
concentration (25 nM) of human cTn containing the cTnly_1g3 truncation mutant that was
missing the entire C-terminal mobile domain [24]. It may be that a significant proportion of
the enhanced sliding filament observed in the cTnl_143 truncation mutant was due to the last
of the last 5 C-terminal residues. The enhanced sliding speed (“superactivation”) at
saturating Ca2* in the /n vitro motility assays is likely due to some part of troponin other
than the C-terminus of Tnl [24].
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Our results suggest that deletion of the last 5 residues from the C-terminal of cTnl resulted
in a small change in the Ca%* binding properties of the Tn complex, while deletion of the
last 3 C-terminal residues had no effect on the Ca2* binding properties of the Tn complex.
Since the effect of cTnl A5 was relatively small in relation to the large increases in Ca?*
sensitivity observed in the motility assays, the results are consistent with previous results
which suggest that most of the changes in the Ca2* binding properties of the Tn complex
occur only when Tn is reconstituted with actin and Tm in a thin filament [62]. Since no
changes were observed for 3 in the fluorescence studies but significant changes in calcium
sensitivity were observed for the motility studies, the small conformational changes in
troponin containing the 5 mutant may not be critical for the sensitivity observed in the
motility studies. In the motility assays, the reconstitution of the troponins into thin filaments,
plus the presence of cross-bridges, are likely to expose greater effects of the deletions, as the
structural changes in TnC in the troponin complex are likely to be distinctly different from
myosin-propelled sliding of thin filaments. It is possible that the altered interaction between
Tnl 3 and 5 mutants and TnT could lead to altered interaction of the Tn complex with Tm.
Another report showed that HCM mutations in the C-terminal region of ¢Tnl (L198P, and
R204H) impair Tnl's interactions with TnC and TnT using a mammalian two hybrid system
similar to the one utilized for our studies [40]. The enhanced Ca2* sensitivity observed in
motility studies may be due to altered Tnl interactions with TnC and actin, resulting in Tnl
interacting more predominantly with TnC than with actin-Tm.

The C-terminal deletion mutants investigated in this study are likely altering the
conformation and interaction between the cTnl and/or Tn complex with actin-Tm. As
previously suggested by another group, changes in Tnl interaction with actin-Tm may
impair the ability of the Tnl switch region to interact with the hydrophobic pocket of TnC,
resulting in reduced Ca2* sensitivity of TnC [62].

CONCLUSION

Taken together, these results suggest that the last 3 C-terminal residues of cTnl are important
contributors to the proper functioning of cTnl. Similar to what was observed with cTnl
truncation mutants lacking the last 17 C-terminal residues, cTnl 3 mutants also increase the
Ca?* sensitivity of thin filament sliding speed. Removal of the last 3 residues from the C-
terminus of cTnl is enough to considerably increase the apparent sensitivity to Ca2* in
motility assays, suggesting that conformational changes in cTnl affect its interactions with
other myofilament components, resulting in enhanced Ca?* sensitivity when the Tn complex
is part of the thin filament. It is likely that long-range interactions between Tnl and other
regulatory regions present in TnC, TnT, Tm and/or actin in the thin filament are affected by
the last three residues of cTnl. The results also suggest that the last 3 C-terminal residues of
cTnl affect protein-protein interactions between cTnl and cTnT or ¢cTnC. The interactions
between Tn subunits are complex since while both cTnl A3 and cTnl A5 affect the
interaction between cTnl and cTnT or cTnC, only cTnl A5 affect the Ca?* sensitivity of Tn
complexes. The results from these studies predict that cTnl mutations resulting in stop
codons that result in the loss of three or more C-terminal residues would have significantly
altered functional properties. Mutations in this region of cTnl are all likely to have
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functional consequences. Overall, these results indicate that the last 5 residues of cTnl are
more important that previously known.
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Human cTnI P19429 199 SGMEGRKKKFES-—-—---- 210
Rat cTnI P23693 200 SGMEGRKKKFEG-—--—--- 211
Horse cTnI Q5PYIO 194 SGMEGRKKKFEG------ 205
Bovine cTnI P08057 201 SGMEGRKKKFEG------ 212
Mouse cTnI p48787 200 SGMEGRKKKFEG------ 211
Rabbit cTnI P02646 200 SGMEGRKKKFEG---—--- 211
Cat cTnI Q863B6 199 SGMEGRKKKFEG------ 210
Xenopus laevis cTnl P50754 227 SGMEGRKKKFESTGAAAV 244
Chicken cTnI P27673 151 SGMEGRKKKFEAPGGGQG 168
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Figure 1.

TnC binding regions

C-terminal homology of cTnl in different animals and the regions of cTnl known to interact
with other thin filament proteins. A, C-terminal homology between cTnl from different
animals. B, Regions of cTnl that interact with other thin filament proteins. C, SDS-PAGE of
c¢TnT and Tn complexes. Lanes 2 and 3 contain different preparations of Tn complex. Lane
1 contains 2 pg of protein while lanes 2 and 3 contain 5 g of protein.
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Figure 2.
Effects of C-terminal deletions on cTnl-cTnT and cTni-cTnC interactions. Mammalian two-

hydrid was utilized to determine disruptions in the interactions between different cTnl's and
wild-type cTnT. * P < 0.05 (n=4-6). A) Effect of C-terminus deletion mutations in cTnl on
interactions with cTnC. B) Interactions between cTnl deletion mutations and wild-type
cTnC. * P <0.05, ** P < 0.001 (n=4). C) Control experiments to determine the interactions
between empty vectors and different combinations of pACT and pBIND vectors. A, cTnC
(pACT) and wild-type cTnl (pBIND), B, pACT and pBIND, C, cTnC (pACT) and pBIND,
pACT and wild-type cTnl (pBIND). Data are expressed as mean + SEM.
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Figure 3.
Effect of the cTnl truncations on the activation (+ 0.5 mM Ca2*) of the actin-Tm-activated

myosin-ATPase activity. The protein concentrations used in this assay were: 3.5 um actin, 1
UM Tm, 1 uM Tn, and 0.6 UM myosin. Data is presented as mean + SEM, n=4.
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Figure 4.
Effect of C-terminus deletion mutations in cTnl on the calcium binding to TnC IAANS-Tn

complexes. Apparent CaZ*-affinities of Tn complexes were determined by steady-state
fluorescence measurements as described in the materials and methods. Data are expressed as
mean + SEM, n=4.
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Figure 5.
In vitro Motility assay for Troponin containing C-terminus deletion mutations in cTnl.

Enhancement of Ca2*-sensitivity of regulated thin filament sliding speed relative to WT
control (filled circles and solid line) after removing 1 (open triangles and dotted line), 3
(open squares and long-dashed line) or 5 (open inverted triangles and short-dashed line) C-
terminal residues from cTnl. In vitro motility assays were conducted and filament sliding
speeds were quantified as described in Materials and Methods. Each point represents the
mean + SEM sliding speed for all filaments quantified in one flow cell, and each flow cell
represents one of the four troponin constructs tested at one pCa. All speeds were normalized
to nonlinear least squares regression Spyayx + Smin (in pm s~1) for the same troponin. Lines
represent nonlinear least squares regressions of the Hill Eq for normalized speed data, as
described in Materials and Methods; see Table 2 for regression parameter estimates.
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Effect of Cardiac Troponin | C-terminal deletions on calcium binding to Troponin.

Table 1

Troponin Complex pCasg Number of samples (n)
WT Tn 6.66 + 0.01 4
Tn containing cTnl A1 | 6.67 £0.01 4
Tn containing cTnl A3 | 6.71 +0.02 4
ini *
Tn containing cTnl A5 6.81 +0.02 4

*
p< 0.05 for deletion mutant relative to wild-type troponin.
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Table 2

Effect of Cardiac Troponin I C-terminal deletions on speed-pCa relations in motility assays.

Troponin Complex Regression parameter estimates + SE
pCasg Ny Smin/(Smin + Smax) | R?
WT Tn 589+0.01 | 127+21 0 0.981
Tn containing cTnl A1 | 595+0.01 | 7.1+04 0 0.999
Tn containing ¢cTnl A3 | 6.08 +0.02 (5.5) 0.04 £0.02 0.987
Tn containing cTnl A5 | 6.51+0.03 | 3.9+1.2 0.07 £0.05 0.947

Regression parameter estimates for motility data shown in Fig. 5 were obtained as described in Materials and Methods. Note that nH for Tn
containing cTnl A3 was constrained to be 5.5 because the data did not adequately define this slope parameter.
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