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Background: Cardiomyopathy-causing mutations in the N-terminal domain of ¢TnT disrupt thin filament function.
Results: Amino acid substitutions at cTnT residue 92 alter motility, whereas computational analysis reveals significant changes

in structural forces.

Conclusion: The observed changes in thin filament function can be correlated to changes in bending forces.
Significance: Coupling computation to in vitro measurements extends our understanding of disease mechanisms.

Nearly 70% of all of the known ¢TnT mutations that cause
familial hypertrophic cardiomyopathy fall within the TNT1
region that is critical to ¢Tn-Tm binding. The high resolution
structure of this domain has not been determined, and this lack
of information has hindered structure-function analysis. In the
current study, a coupled computational experimental approach
was employed to correlate changes in ¢cTnT dynamics to basic
function using the regulated in vitro motility assay (R-IVM). An
in silico approach to calculate forces in terms of a bending coor-
dinate was used to precisely identify decreases in bending forces
at residues 105 and 106 within the proposed ¢TnT “hinge”
region. Significant functional changes were observed in multi-
ple functional properties, including a decrease in the coopera-
tivity of calcium activation, the calcium sensitivity of sliding
speed, and maximum sliding speed. Correlation of the compu-
tational and experimental findings revealed an association
between TNT1 flexibility and the cooperativity of thin filament
calcium activation where an increase in flexibility led to a
decrease in cooperativity. Further analysis of the primary
sequence of the TNT1 region revealed a unique pattern of con-
served charged TNT1 residues altered by the R92W and R92L
mutations and may represent the underlying “structure” modu-
lating this central functional domain. These data provide a
framework for further integrated in silico/in vitro approaches
that may be extended into a high-throughput predictive screen
to overcome the current structural limitations in linking molec-
ular phenotype to genotype in thin filament cardiomyopathies.
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Cardiac troponin (cTn)? is a key modulator of cardiac con-
traction via its regulation of calcium activation of the thin fila-
ment. The thin filament consists primarily of actin, Tm, and
cTn. Filamentous F-actin provides the backbone for the thin
filament. Tm exists as a coiled-coil dimer spiraling along actin.
As strands of Tm spiral around actin, each head-to-tail overlap
of adjacent N and C termini of Tm binds to ¢Tn via cTnT. cTn
consists of three subunits, cTnC (the calcium-binding subunit),
¢Tnl (inhibitory unit), and ¢TnT (Tm-binding subunit), with
each interacting with the other. TNT1 is an N-terminal tail
domain of ¢TnT that interacts directly with overlapping Tm as
shown in Fig. 1. The juxtaposition of TNT1 and overlapping
Tm supports the role of troponin as a key modulator of myofil-
ament function and assembly (1, 2).

We have shown previously that changes in protein flexibility
caused by single amino acid substitutions at the same residue of
c¢TnT (Arg-92), implicated in the pathogenesis of FHC, corre-
late with both in vitro changes in myocellular properties and in
vivo physiology in transgenic mice (3). Our work has extended
biochemical and biophysical studies that have shown that this
tail domain is flexible and thus critical in modulating the pro-
tein-protein interactions between the thin filament and myosin
during contraction (4, 5). The domain of the troponin complex
that we studied has not been crystallized and diffracted, and we
determined that a likely cause of this is the large inherent flex-
ibility in the region as originally surmised by Takeda et al. (3).
We further demonstrated that a single amino acid mutation in
the TNT1 domain is sufficient to cause distinct alterations in
TnT structure and dynamics (6). We therefore have been
engaging in integrated computational and experimental studies
of known human N-terminal tail domain FHC mutations to
both determine the general applicability of this methodology in
understanding the primary effects of ¢cTnT mutations on pro-

3 The abbreviations used are: cTn, cardiac troponin; cTnT, cardiac troponin T;
cTnl, cardiac troponin I; cTnC, cardiac troponin C; mcTnT, mouse cardiac
troponin T; mcTnl, mouse cardiac troponin |; TnT, troponin T; Tn, troponin;
Tm, tropomyosin; FHC, familial hypertrophic cardiomyopathy; R-IVM, reg-
ulated in vitro assay; MD, molecular dynamics.
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FIGURE 1. Orientation to TNT1 with respect to the thin filament. Yellow, cTnT with TNT1 thickened; blue, cTnl; red, cTnC; cyan, calcium; light/dark gray, actin;
green, two overlapping Tm associated with top cTn; orange, two overlapping Tm associated with bottom cTn.

tein dynamics and to eventually characterize the downstream
effects of altered c¢TnT flexibility on troponin complex
function.

From our earlier work, we observed that the effected flexible
hinge region identified from the molecular dynamics (MD)
simulations of cTnT FHC mutations is ~18 angstroms from the
point mutation at Arg-92 and lies between residues 104—110
(3), an unexpected result. Understanding how a single amino
acid substitution in ¢TnT causes such a distant effect was
addressed by characterizing the dynamics of WT and mutant
c¢TnT segments using MD. Our results demonstrated that the
removal of a charged residue in R92L and R92W mutants is the
central modulator of dynamics in the region of residues 104 —
110 of cTnT (6). These findings provided valuable clues to the
link between ¢TnT structure and function in the context of the
TNT1 N-terminal tail domain of ¢TnT (4, 7). TNT1 is a mod-
ulator in the formation of a TnT-Tm-Tm complex involving
the N and C terminus overlap region of Tm (1, 7-9).

A concern with the application of the previous concepts is
that flexibility is not in and of itself a rigorously defined math-
ematical quantity, which can be used to assess and predict bio-
logical function. To directly address this limitation, we now
calculate forces acting on a bending coordinate within a model
of ¢cTnT residues 70-170 and correlate these data with results
generated in R-IVM functional studies. We have found that
the in silico parameter for flexibility and the in vitro param-
eter for cooperativity of calcium activation were correlated
statistically, whereas others were not. A primary sequence
analysis was performed and showed the highest degree of
conservation of charged residues is found in TNT1, provid-
ing further support for the hypothesis that this region is
crucial in the normal function of the thin filament and a hot
spot for FHC-related mutations. Thus, we have now demon-
strated that a strong correlation between molecular flexibil-
ity as quantified by a force constant can be linked to clinically
relevant changes in thin filament function, a finding that sets
the stage for eventual approaches to predict pathogenicity of
novel TNT1 mutations in this complex disorder.

EXPERIMENTAL PROCEDURES

Development of in Silico Model—MD simulations were con-
ducted as described previously (3, 6). a-Helical models of resi-
dues 70-170 of murine ¢cTnT sequences for the WT protein,
R92L, R92W, and R92K were made using the commercial soft-
ware INSIGHTII (Accelrys, Inc., San Diego, CA). To simulate
the protein environment, charged residues were assigned par-
tial charges corresponding to physiological conditions. Mini-
mization, equilibration, and production runs of MD were per-
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formed using CHARMM?29 macromolecular simulation
package with a classical potential for all atoms (10, 11). The
nonbonded interaction cutoff was set to 12 angstroms and
smoothed to zero between 12 and 14 angstroms. Starting struc-
tures were created by minimizing each ¢cTnT segment using the
steepest descent method with a step size of 200 fs for 20,000
cycles or until the gradient of the energy converged (11). For the
remaining phases of the simulation, we used the SHAKE algo-
rithm to constrain all bonds involving hydrogen atoms and an
integration time step of 1 fs. We slowly increased the tempera-
ture to 300 K over 10 ps, at which point, we allowed the systems
to equilibrate for 50 ps prior to proceeding with the production
run. Initial velocities were assigned from a Boltzmann distribu-
tion at a low temperature and rescaled every 100 steps during
the heating phase. During the production run, the dynamics
were simulated for an additional 300 ps. We monitored the
coordinates and system properties every five fs for the WT,
R92L, R92W, and R92K models, using Visual Molecular
Dynamics (VMD) to create movies of the production run
dynamics (30).

Our earlier work demonstrated that this model maintained
thermodynamic and structural equilibrium for 100 ps (3). Thus,
300 ps is more than adequate to explore changes in average
structure and dynamics. The advantage to the study of frag-
ments of large protein assemblages is not that you can run them
for long periods of time but rather that short periods of time
suffice to answer questions. Furthermore, we performed four
separate simulations for each variant with different initial con-
ditions to ensure that the phenomena we observed were not
merely due to inadequate sampling of conformation space. It is
well known that multiple short simulations are far superior to
single long ones for exploring conformation space. The results
we obtained were qualitatively invariant to initial conditions.

As was done previously, a means of characterizing structural
change in the helix was by identifying changes in distance
between a-carbons four amino acids apart (or simply n — (n +
4) distance, where # is the « carbon residue number) along the
helices throughout the MD production run. We designate a
shortening in n — (n + 4) distance as a compaction; and a
lengthening in this distance is designated as an expansion, or
helical opening.

To determine the bending force throughout the hinge
region, we defined an intrinsic bending coordinate, 8. B defines
an internal coordinate system along the backbone of a protein
based on relative positions of three contiguous a-carbons as
shown in Fig. 2. From the chain rule, we can introduce the
coordinate S.
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FIGURE 2. Characterization of a helix. On the /eft is the traditional description of structural change in the helix, where m is the number of amino acids per
helical turn, and p is the distance the helix rises along its axis per turn. For a standard a-helix, m = 3.6 amino acids and p = 5.4 Angstroms (29). We adapted this
method to track a-carbons four amino acids apart, which we referred to as n — (n + 4) distance in our earlier work (6). The characterization of helical change

depicted on the right uses three contiguous a-carbons to define an intrinsic coordinate, 8, by which changes in local force can be measured.
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The —9oU/d7, term is solved by CHARMM in terms of Carte-
sian coordinates. Therefore, the d7,/08 term also must be eval-
uated in terms of Cartesian coordinates. This yields an expres-
sion of the force on a-carbon two in terms of a coordinate
system defined by three adjoining «-carbons and an angle S,
which can be described explicitly in terms of Cartesian coordi-
nates, allowing us to use the output of CHARMM to express
this force. The needed derivative was calculated analytically
(shown in the supplemental data), and the CHARMM source
code was modified to evaluate the force at each time step of the
simulation following the minimization. For instance, to calcu-
late the forces acting on a residue 92 for WT, a coordinate
transformation was performed using the positions of residues
91,92, and 93. This ability to calculate bending forces gives us
a quantitative property that can be compared with and cor-
related with experimental observation augmenting the pre-
viously reported structural results.

mcTnT Site-directed Mutagenesis—cDNA of adult mouse
cardiac TnT (mcTnT) previously cloned into a pSBETa vector
(12) (provided by Dr. M. Sumandea) was cloned into pET3D
vector (Novagen catalog no. 69421-3) and mutated selectively
using the Quik-Change site-directed mutagenesis kit (Strat-
agene) according to the manufacturer’s instructions. Sense and
antisense primers (from Invitrogen) were used for the respec-
tive mutations. Only the sense primers are shown below, with
the mutated residues underlined: cTnT R92L, 5'-ggactttgatga-
catccacctaaagegegtggagaaggacce-3'; cTnT R92W, 5'-ctttgatgac-
atccactggaagcgegtggagaa-3'; cTn'T R92K, 5'-ctttgatgacatccaca-
agaagcgcgtggagaagg-3'. The identity of each mutant construct
was verified by direct DNA sequencing.

Protein Expression and Purification—The cDNA containing
only the coding sequence for mouse cardiac Tnl (mcTnl)
cloned into pET3D expression vector (Novagen) was provided
by Dr. M. Sumandea and cDNA for human cardiac TnC cloned
into pET3D vector was provided by Dr. J. D. Potter. Both con-
structs were transformed into BL21 or DH5 « competent cells
and transformed into Rosetta II (DE3) competent cells (Nova-
gen) for protein expression. Only ¢cTnT constructs were trans-
formed into Rosetta cells because these cells express rare
codons, which ¢TnT has a higher amount of than ¢ITnC and
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c¢Tnl. To express cTnl, ¢cTnC, and/or ¢TnT protein, Luria
Broth-ampicillin agar plates were streaked with glycerol stock
and incubated at 37 °C. Four to six liters of Overnight Express
TB medium (Novagen) with ampicillin were inoculated with
Luria Broth-ampicillin culture and grown at 37 °C overnight
with shaking. Bacteria were centrifuged in a JLA-8.1 rotor at
6,000 rpm for 5 min at 4 °C. For mcTnT, bacterial pellets were
resuspended in 200 ml/6 liter culture of S-Sepharose buffer (6 m
urea, 50 mm Tris, pH 7.0, 2 mm EDTA, 1 mm DTT; pH 7.0).
Thawed, resuspended pellet was sonicated on ice for 10 min in
30-s bursts with 2-min pauses using an Ultrasonic Cell Disrup-
tor, Microson XL (Misonix). Sonicated sample was then centri-
fuged at 20,000 rpm in an SS-34 Sorvall rotor for 45 min at 4 °C
to pellet bacterial debris and completely clear supernatant. The
remaining steps were done at 4 °C. Supernatant was loaded at
1.3 ml/min flow rate on an SP-Sepharose column (Sigma;
packed in a Bio-Rad EconoColumn with a 100-ml bed volume)
pre-equilibrated with S-Sepharose buffer. The loaded column
was washed with ~1-1.5 liters of S-Sepharose buffer. mcTnT
protein was eluted with a linear gradient of 0—0.6 M KCl, and
fractions were collected. Pure mcTnT fractions were deter-
mined via absorbance at 280 nm and Coomassie-stained SDS-
PAGE gel. Pooled fractions were dialyzed at 4 °C against 2 X 2
liters of Q-Sepharose buffer (6 M urea, 20 mm Tris, pH 7.8, 1 mMm
EDTA, 0.3 mm DTT; pH 7.8). Dialyzed protein loaded on a
pre-equilibrated Q-Sepharose column (Sigma; packed in a Bio-
Rad EconoColumn with a 100-ml bed volume), washed, and
eluted with 0—0.5 M NaCl. Pure mcTnT fractions were deter-
mined as stated above. Pooled pure fractions were dialyzed at
4 °C against 2 X 4 liters of cold 0.05% trifluoroacetic acid. Dia-
lyzed protein was flash frozen, lyophilized, and stored at
—80°C.

Human ¢TnC was purified on a Q-Sepharose column and
eluted with a linear gradient of 0 to 0.6 M KCL Pooled pure
fractions were dialyzed at 4 °C against 4 X 2 liters of phenyl
Sepharose buffer A (50 mm Tris-HCl, 1 mm CaCl, , 50 mm NaCl,
1 mm DTT; pH 7.5). Dialyzed protein was loaded at room tem-
perature onto a pre-equilibrated phenyl Sepharose column
(Sigma; packed in a Bio-Rad EconoColumn with a 100-ml bed
volume) with phenyl Sepharose buffer A + 0.5 M ammonium
sulfate. The loaded column was washed with phenyl Sepharose
buffer A + 0.5 M ammonium sulfate. Protein was eluted with
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phenyl Sepharose buffer C (50 mm Tris-HCl, 1 mM EDTA, 1 mm
DTT; pH 7.5) + 0.5 M ammonium sulfate. Pure fractions were
dialyzed against 4 X 4 liters of 5 mm ammonium bicarbonate
solution before lyophilization and storage at —80 °C. mcTnl
was purified on an SP-Sepharose column and eluted with a
linear gradient of 0 to 0.6 M KCI. Pure fractions were dialyzed at
4.°C against 2 X 2 liters of Q-Sepharose buffer. The second
column for mcTnl purification was a TnC affinity column pre-
pared by manufacturer’s protocol for conjugating proteins to a
cyanogen bromide-activated Sepharose 4B gel (Sigma) and
packed in an EconoColumn (Bio-Rad). Dialyzed mcTnl protein
was loaded at 1.3 ml/min on the TnC affinity column pre-equil-
ibrated with TnC affinity buffer (50 mm Tris, pH 7.5, 2 mm
CaCl, , 1 m NaCl, 1 mm DTT). The column was washed with
2-3 column volumes of TnC affinity buffer. Protein was eluted
with a linear gradient of 0 mm EDTA, O M urea to 3 mm EDTA,
6 M urea. Pure fractions were dialyzed at 4 °C against 2 X 2 liters
of double distilled H,O before lyophilization and storage at
—80°C.

Recombinant ¢Tn Complex Reconstitution, Myosin and Actin
Preparation, and Labeling—The recombinant heterotrimeric
¢Tn complex was reconstituted by mixing equimolar amounts
of cTnT, cTnl, and cTnC in a solubilization buffer containing 6
M urea, 50 mMm Tris, pH 8.0, 1 m KCI, 5 mm MgCl,, 1 mm CaCl,,
and 1 mm DTT (13). The solution was subjected to sequential
dialysis using 0.7 m KCl, 0.4 M KCI, and finally 0.2 m KCl in the
above buffer minus urea. Next, the ¢cTn complex was further
separated from the monomeric troponins by anion exchange
on a RESOURCE-Q column (Amersham Biosciences) con-
nected to a FPLC system. The ¢Tn complex identity and purity
were verified by 12% SDS-PAGE and then concentrated to
~500 wl using a Centriprep 10K (Millipore). Next, the ¢cTn
complex was quantitated for concentration, aliquoted, and
stored at —80 °C until it was used for motility experiments.
Myosin isolation and purification from rabbit skeletal muscle
are described in the supplemental data (Myosin Isolation and
Purification).

Regulated in Vitro Motility Assay—Motility assay procedures
and measurement were performed as described previously (14).
In brief, a nitrocellulose-coated coverslip was attached to a glass
microscope slide using double-faced tape, forming a flow cell
chamber. Heavy meromyosin of muscle myosin II of 300 ug/ml
was injected into the flow cell and allowed to incubate for 1 min.
Heavy meromyosin solution was replaced by 35 ul of 1 mg/ml
bovine serum albumin in assay buffer (25 mm KCl, 2 mm MgCl,,
2mMEGTA, 25 mm MOPS, 50 mm DTT). One minute later, the
flow chamber was washed with two 35-ul aliquots of assay
buffer. 35 ul of 1 um solution of sheared, unlabeled actin fila-
ments (produced by rapid flow of actin solution through a
syringe needle) was introduced into the chamber for 1 min,
followed by two 35-ul aliquots of assay buffer containing 1 mm
ATP. This acts to block any “dead” S-1 myosin heads. Next, the
chamber was washed twice with assay buffer to clear the cham-
ber of any ATP. Rhodamine-phalloidin actin was added in a
concentration of 6 nm, washed off with assay buffer, and
replaced with a buffer containing 100 nm of regulatory proteins
(Tn and rabbit skeletal Tm provided by Dr. E. Homsher). After
a 5-min incubation, the flow cell was washed with motility solu-
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tion containing 40 mm MOPS, 1 mm MgCl, , 3 mm MgATP, 2
mM K-EGTA (pCa 9) or 2 mm Ca-EGTA (pCa 5), 50 mm DTT,
100 nm Tn, 100 nM Tm, and 20 nM rhodamine-phalloidin. To
achieve free Ca concentrations between pCa 9 and 5, the high
and low Ca motility solutions were mixed accordingly as
described previously (15). Thus, R-IVM was performed for WT
and each mutation at pCa 9, 7.5, 7, 6.5, 6, 5.5, and 5. Photo-
bleaching protective agents, 14 mm glucose, 240 units of glu-
cose oxidase/ml, and 9 X 10 units of catalase/ml, were also
added. The motility chamber was mounted on a temperature-
controlled objective and microscope stage such that experi-
ments can be run at 25 °C. The conditions were repeated as
above for each experiment with the exception of the recombi-
nant troponin used, which was changed accordingly for WT,
R92L, R92W, and R92K variants.

Motility was viewed using an Olympus IX-71 inverted micro-
scope under fluorescence illumination and a 100X objective.
Thin filament movement was recorded using a Hamamatsu
ORCA-ER cooled CCD. For each motility chamber, 10 15 sites
on a surface were observed and recorded for 10-20 s each,
during which photobleaching was insignificant. Using the
MetaMorph 7 system, we tracked the movement of each fila-
ment in the field of view using frame-grabbing rates of 5-10
frames/sec, from which sliding speed was calculated. The
lengths of moving filaments varied from 0.4 to 20 wm, and each
filament was analyzed for at least 10-20 frames (1-2 s). The
quality of the filament movement was also determined as
described previously (14): filaments not moving have an aver-
age speed of <0.8 um/sec; filaments moving at uniform speed
had a frame-to-frame S.D. of <0.5 of the mean speed of the
filament; the frame-to-frame S.D. of the erratically moving fil-
ament was >0.5 of its mean speed (15).

Correlation Analysis—Our MD results allowed us to param-
eterize bending force in TNT1, whereas our R-IVM results
allowed us to parameterize cooperativity (n, Hill coefficient),
calcium sensitivity (EC;, or pCa 50), and maximum rates of
force-producing cross-bridge cycling (maximum sliding
speed). With respect to R-IVM, maximum sliding speeds at
highest calcium concentrations (pCa 5), are associated with
actomyosin kinetics, whereas at submaximal levels of activation
quantities such as cooperativity and EC,, are measured. Our
MD model does not include actin or myosin, so we cannot
compare MD results with maximum sliding speed results from
R-IVM. The TNT1 region of ¢TnT is in an influential position
to affect the flexibility and dynamics of Tm because TNT1
directly binds to overlapping Tm, where Tm displays important
affinity for actin and shows its greatest flexibility (16). There-
fore, we confined our attempt to correlate bending force from
MD with cooperativity and calcium sensitivity from R-IVM. A
Pearson correlation between MD and R-IVM results was per-
formed with the statistical software package R.2.11.1 for
Windows.

Statistical Analysis—Values in this study are expressed as
mean * S.E. Statistical analyses were performed using Prism5
(Graph Pad, San Diego, CA). Analysis of variance and Newman
Keuls post hoc analysis was used for statistical comparisons
between transgenic lines and corresponding controls for each
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FIGURE 3. Force analyses of mutation and hinge sites. Left, mutational site, residue 92. Middle, box plot legend. Right, hinge site, residues 105-106. Box plots
of force calculated at each time step (1 fs) over 300 ps. The median is denoted with a horizontal line. Interquartile ranges (25th and 75th percentiles) are denoted
using colored boxes. The whiskers extend to the 10th and 90th percentiles of the data. These data suggest that the physical change responsible for the increased
bending motion of mutant segments is a decrease in local force at residues 105 and 106 of cTnT.
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FIGURE 4. Regulated in vitro motility assays: velocity-pCa relationships. Regulated in vitro motility assays of mcTnT WT, R92L, R92W, and R92K substitutions
at varying calcium concentrations showing calcium sensitivity (left) and normalized calcium sensitivity (right). Arg-92 substitutions show slightly decreased
maximal sliding speed and calcium sensitivity compared with WT, demonstrating functional impairment of the thin filament resulting from the slightest

substitution at Arg-92.

parameter. A level of p < 0.05 was accepted as statistically
significant.

RESULTS

This study was performed with the goal of associating
changes in computationally derived physical parameters of
TNT1 with changes in functional parameters of the thin fila-
ment due to mutations in TNT1 using experimental means.
Therefore, particular care was taken to choose analogous the-
oretical and experimental models. We chose to compare an in
silico 101-residue, helical model of murine TNT1 with an in
vitro model of the thin filament consisting of recombinant cTn
proteins reconstituted into a ternary complex and then added
to Tm and actin. We believe these two models present analo-
gous systems in that they are both unloaded representations of
sarcomeric function. Also, these models both represent the
same physiologic scale, a single cardiac thin filament. The
major difference between the two models is that the experi-
mental model contains a significant portion of the thin filament
that is missing from our computational model. Our labs have
shown previously that this same 101-residue, a-helical in silico
model of TNT1 is capable of capturing structural changes nec-
essary to explain observed biochemical and biophysical
changes resulting from mutation (3).
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We chose to analyze four variants of ¢TnT for this study:
WT, R92L, R92W, and R92K. R92L and R92W are well
described FHC-related mutations (1, 3, 6). R92K is a positive
test case to test our hypothesis that size and charge of residues
atresidue 92 cTnT are key features with respect to the observed
mutational effects.

Theoretical Results—We reproduced previous results that
showed that point mutations R92L and R92W decrease bend-
ing forces at residues 105 and 106 in the hinge site of cTnT. This
is the physical reason underlying the changes in flexibility of
TNT1 caused by these FHC mutations (data not shown).

Data from force analyses are presented in Fig. 3 using box
plots for each variant. Force analyses of the regions of interest,
the mutational site at residue 92 and the hinge site at residues
105-106, show not only a decrease of median force in mutants
at the hinge site but also a decrease in the variance of the dis-
tribution of mutant forces at the hinge site, as shown in Fig. 3
(right graph).

As would be expected, there is an inverse relationship
between the median force at the hinge site for mutants in Fig. 3
(right graph) and the degree of observed bending from our pre-
vious work, which showed the flexibility of variants to be
R92L > R92W > WT. Our positive test case involving substi-
tution with lysine, R92K, resulted in virtually identical dynam-
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ics as those of WT with no change in observed forces at the site
of mutation of the hinge site. This fully matches our observa-
tions that no bend is seen at the mutational site during simula-
tions for R92K.

Experimental Results—From our R-IVM results detailed in
Fig. 4 and Table 1, we observe that FHC-related point muta-
tions at R92 c¢TnT are not only capable of changing the struc-
ture and dynamics of TNT1 but also the function of the thin
filament as a whole. We hypothesized in our earlier work that
this was due to a removal of a charged residue at hot spot Arg-
92; however our R-IVM data suggest that TNT1 is sensitive to
mutation beyond charge change. We note that even minor
structural changes at residue 92 results in major functional
changes, such as R92K, which is a substitution that is identical
in charge but slightly different in structure. Of note, without
Tm present, as in our MD simulations, the structure and func-
tion of R92K TNT1 appear similar to WT. This suggests that
the residue 92 cTnT is indeed a key residue in cTnT-Tm inter-
actions as proposed previously (1). Using the “knob and hole”
model of helix-helix interactions (17), Arg-92 is likely a knob
that precisely interacts with a hole in a binding pocket within a
Tm helix. This motif of TnT-Tm interactions has been found in
a recent crystal structure (8).

Of note, R-IVM shows a decrease in the cooperativity of cal-
cium activation (», Hill coefficient) for R92L and R92W in com-
parison with WT, whereas R92K showed no significant altera-
tion, as shown in Fig. 4 and Table 1. It has been suggested that
thin filament FHC mutant proteins (such as the Arg-92 hot
spots) markedly alter the nature of the interaction between
actin and myosin (16). Consequently, the changes in coopera-
tivity observed in the Arg-92 hot spots may be indicative of
alterations in the allosteric regulation of Tm by Tn, whereby the
cooperative interactions of Tn-Tm may produce structural
changes allowing for strong actin-myosin binding (the transi-
tion to “open” state in the three-state model of myofilament
activation) (14).

TABLE 1
Parameters of velocity-pCa relationship for cTnT substitutions
wWT R92L RI2W R92K

Max v, (um/s) 468 03 366*06 34405 35304

EC,, 7.08 =0.02 7.02*0.01 6.90*0.01* 6.69 * 0.03*

n (Hill coefficient) 1.8 = 0.1 1.2 +0.04* 1.5*0.05 1.6 = 0.05

* p < 0.05.
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Additionally, the Arg-92 substitutions and their respective
flexibility/force effects on the hinge region are manifest in
altered maximum sliding speed and the percent of filaments
moving uniformly and erratically in comparison with WT
(shown in Fig. 5), likely indicative of the impaired interaction of
c¢TnT with Tm and the resultant inability to fully regulate
function.

Upon completion of the in silico and in vitro experiments, we
analyzed the data to correlate results. Analysis was expected to
show which, if any, of these parameters are associated with
bending force. Fig. 6 shows that changes in bending forces of
the TNT1 hinge region directly correlate with cooperativity of
the thin filament function as parameterized by the Hill coeffi-
cient. This implies that the alterations in bending force we
observe in our MD simulations are associated with the func-
tional changes we observe in our R-IVM experiments. This, in
turn, suggests that changes in TNT1 dynamics alter dynamics
within the c¢Tn core as well as cTnT-Tm interactions.

In light of our observations, we asked what characteristics of
TNT1 make it sensitive to point mutations, resulting in a hinge
region removed from the site of mutation and causing altera-
tions in function? We propose that the highly conserved,
charged nature of TNT1 yields an intrinsic curvature that
appears necessary for proper assembly and function of the thin
filament. To address this hypothesis, we performed a sequence
analysis using previously published alignments for various iso-
forms of TnT, including human, mouse, and chicken sequences
of cardiac, fast skeletal, and slow skeletal troponin T (18).
Sequences were analyzed for conservation of charged residues:
arginine, lysine, glutamate, and aspartate. The percentage of
conserved residues was calculated for the portion of TnT rep-
resented by our model and compared with the remainder of
TnT.

Fig. 7 shows the alignment of published TnT isoforms (18)
with respect to conservation of charged residues. In our 101-
amino acid model, ~97% (98/101) of the residues are conserved
with respect to charge. In the preceding N terminus and trailing
C terminus regions of TnT, 45% (34/76) and 88% (118/134) of
the residues are conserved with respect to charge, respectively.

Our analysis suggests that the region of charged residues in
TNT1 is the most highly conserved region of TnT. In addition,
the sequence and intrinsic bend of this region would appear
critical to normal assembly and function, and alterations in
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FIGURE 5. Regulated in vitro motility assays percent motile data. Regulated in vitro motility assays of mcTnT WT, R92L, R92W, R92Q, R92K, and R94L
substitutions at varying calcium concentrations showing percent of filaments moving uniformly (left) and moving erratically (right). The substitutions in
general show a decrease in uniform motion and an increase in erratic motion compared with WT. This is likely an indication of altered cTnT-Tm interaction,

impairing proper regulation of thin filament function.
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FIGURE 6. MD versus R-IVM correlation analysis. Left, correlation of bending force (in silico parameter) with cooperativity (in vitro parameter). Right, there is

no apparent correlation of bending force with calcium sensitivity.

charge or structure at Arg-92 will affect the dynamics of TNT1
as well as thin filament function via cTnT-Tm interactions.

DISCUSSION

The decreases in forces experienced by residues in the hinge
region of mutant segments identify a potential physical mech-
anism for the observed distant effects of FHC-related point
mutations R92L and R92W in cTnT. Our MD calculations on
murine cTnT peptides extend our earlier findings and provide a
potential mechanism for the impaired troponin tail-Tm bind-
ing observed previously for FHC mutations (1, 7). These Arg-92
mutations, which have been shown to affect the head-to-tail
association of Tm and the ability of Tm to bind tightly to actin,
may be expected to negatively affect myofibrillar assembly, the
cooperativity and extent of force development, and calcium
dependence of contraction (1, 4, 7). Our in vitro motility results
are supportive and provide experimental support of this
hypothesis and demonstrate that local changes in structure
impose significant functional alterations.

Despite nearly identical bending forces at and dynamics
about the hinge region for R92K when compared with WT,
there is a significant change in its function when measured
using R-IVM. On the one hand, this points to the dangers of
correlating fragment computations to regulated filament func-
tion but also implies that even the slightest alteration in charge
or structure at Arg-92 ¢TnT affects cITnT-Tm interactions.
This conclusion is supported by previous studies on the
70-170-cTnT peptide (human instead of murine) and the
whole cTnT (bovine), which have experimentally shown that
FHC-related mutations at Arg-92 displayed decreased affinity
for Tm (1, 7). One of these studies also suggested that hydro-
phobic mutations such as R92L and R92W would disrupt cTnT
Arg-92-Tm GIn-263 hydrogen bonding, and the mutational
effects on helical stabilization would affect side chain packing at
the hydrophobic interface so as to weaken complex formation
(1).

Our R-IVM studies in Arg-92 substitutions using murine
c¢TnT all showed slightly decreased maximal sliding velocity
compared with WT (hence, a decreased heavy meromyosin

APRIL 27,2012+VOLUME 287+-NUMBER 18

ATPase activity) and decreased calcium sensitivity of thin fila-
ment sliding speed (indicative of an altered number of attached
and cycling cross-bridges). A significant increase in the calcium
sensitivity of force development/thin filament activation at the
cardiac skinned fiber level has been one of the most consistent
in vitro findings in thin filament models of FHC (19-21).
Although this may seem discordant with our R-IVM findings, it
is important to note that the motility assay is an unloaded sys-
tem unlike the skinned fiber experiment; hence, making veloc-
ity-pCa and force-pCa measurements difficult to compare (16,
22). Previous studies have shown that when comparable plots of
the force-pCa curve were made using skinned muscle fibers
contracting under the same conditions as in vitro motility
assays, the EC,, for the force-pCa curves were 0.4—0.8 pCa
units smaller than the velocity-pCa curves (16, 23). Addition-
ally, our current R-IVM utilizes a heterogeneous combination
of skeletal Tm and c¢Tn. Our initial R-IVM studies establishing
this assay as our functional test utilized rabbit skeletal Tm (ca-
or af3-Tm isoform dimers). Thus, for comparison between sub-
stitutions and WT, and reproducibility of data, we maintained
the use of this skeletal Tm isoform. A study comparing the
differential effects of cardiac versus skeletal muscle regulatory
proteins on R-IVM showed that the skeletal Tm/cTn combina-
tion resulted in a decreased EC;, in comparison to cardiac
Tm/cTn (24). Thus, these caveats may potentially explain the
differences between the EC,, values reported for our R-IVM
substitutions and the increase in calcium sensitivity previously
observed in fiber studies for these mutations. Future R-IVM
experiments utilizing rodent cardiac Tm (predominantly
ao-Tm homodimers, as well as the use of rodent cardiac heavy
meromyosin, with our murine cardiac Tn will also be estab-
lished for our assay, potentially addressing these differences.
Nonetheless, the Arg-92 velocity-pCa sensitivity from our cur-
rent R-IVM exhibited comparable change in comparison with
WT as the force-pCa sensitivity results of Harada et al. (21).
The characterization of in silico structural changes in FHC-
related cTnT mutations and their functional correlate is a novel
approach, which has revealed important observations regard-
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FIGURE 7. Sequence alignment of TnNT isoforms emphasizing the conservation of charged residues in TNT1.

ing thin filament biology. Because our initial study characteriz-
ing the structural and functional effects of R92L and R92W
FHC mutations via computational and physiological method-
ologies (3), other groups also have begun to utilize an integra-
tive approach to better understand the structural mechanisms
at work in their respective systems (25, 26).

A central aspect of biochemistry and biophysics regarding
the study of single molecules is that structure implies function.
This concept with respect to protein complexes and alterations
that cause disease has become an important area of research
utilizing integrative biophysical, biochemical, and physiological
approaches. The results of this study provide insight into the
structure-function relationship within cardiac troponin and
how FHC mutations may alter it. Our previous and current
studies demonstrate that there is likely to be a conserved net-

14522 JOURNAL OF BIOLOGICAL CHEMISTRY

work of residues lying with TNT1 that have distant effects on
the ¢Tn core (27, 28). An integrated approach as described here
proves necessary to link mechanistic and functional changes at
the molecular level. This integrative approach provides a
potentially predictive screen for specific mutations to be fur-
ther studied experimentally at the in vitro and in vivo levels.
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