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ABSTRACT: The cardiac thin filament comprises F-actin, tropomyosin, and
troponin (cTn). cTn is composed of three subunits: troponin C (cTnC),
troponin I (cTnl), and troponin T (cTnT). To computationally study the effect
of the thin filament on cTn activation events, we employed targeted molecular
dynamics followed by umbrella sampling using a model of the thin filament to
measure the thermodynamics of cTn transition events. Our simulations revealed
that the thin filament causes an increase in the free energy required to open the
¢TnC hydrophobic patch and causes a more favorable interaction between this
region and the cTnl switch peptide. Mutations to the ¢Tn complex can lead to
cardiomyopathy, a collection of diseases that present clinically with symptoms of
hypertrophy or dilation of the cardiac muscle, leading to impairment of the
heart’s ability to function normally and ultimately myocardial infarction or heart
failure. Upon introduction of cardiomyopathic mutations to R14S of c¢Tnl, we
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observed a general decrease in the free energy of opening the cTnC hydrophobic patch, which is on par with previous experimental
results. These mutations also exhibited a decrease in electrostatic interactions between cTnI-R145 and actin-E334. After
introduction of a small molecule to the wild-type cTnl—actin interface to intentionally disrupt intersubunit contacts, we successfully
observed similar thermodynamic consequences and disruptions to the same protein—protein contacts as observed with the
cardiomyopathic mutations. Computational studies utilizing the ¢Tn complex in isolation would have been unable to observe these
effects, highlighting the importance of using a more physiologically relevant thin-filament model to investigate the global
consequences of cardiomyopathic mutations to the ¢Tn complex.

B INTRODUCTION

The cardiac thin filament comprises F-actin, tropomyosin, and
troponin (cTn)." cTn itself comprises three subunits: troponin
C (cTnC) that binds Ca*, troponin I (cTnl) that has an
inhibitory effect on muscle contraction, and troponin T
(cTnT) that anchors the ¢Tn complex to the thin filament.”
During low intracellular Ca** concentration, the cTn complex
is in a Ca’*-unbound state, where the Ca**-binding site II of
the N-terminal region of ¢TnC is not occupied by Ca**, and
the cTnl switch peptide (cTnlgp) and cTnl inhibitory peptide
(cTnlp) are bound to actin. When the muscle is activated by
electrical signaling from the brain, Ca" is released into the cell
from the sarcoplasmic reticulum.’ This elevation in intra-
cellular Ca®" levels causes Ca’* to bind to ¢TnC, initiating a
conformational shift in ¢TnC that exposes a hydrophobic patch
(cTnCyp) primed for binding the cTnlgp, effectively removing
it from its position on actin. This motion initiates the process
to allow myosin heads (thick filament) to interact with actin
for muscle contraction to occur.

cTnC is a dumbbell-shaped protein that contains four Ca**-
binding sites in EF hand domains, labeled sites I-IV. An EF
hand domain can be characterized as a helix-loop-helix motif
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and is the most common protein structure that binds Ca?*".*

Under physiological conditions, sites III and IV are virtually
always occupied by Ca?*, with site I never occupied by Ca*".”
This leaves solely site II, a 12-residue Ca**-binding loop, to be
responsible for detecting and binding Ca** when intracellular
levels of the ion rise.” As such, it is intriguing that mutations all
throughout the cTn complex (many of which are linked with
cardiomyopathy) have been shown to be able to modulate
Ca**-sensitivity of the myofilament.” Cardiomyopathy is a
collection of diseases that present clinically with symptoms of
hypertrophy or dilation of the cardiac muscle, leading to
impairment of the heart’s ability to function normally and
ultimately myocardial infarction or heart failure.” The causes of
cardiomyopathy are varied; however, most of them are genetic.
Hypertrophic cardiomyopathy (HCM) and restrictive cardio-
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myopathy (RCM) can be characterized by decreased
ventricular filling, slight thickening of the heart muscle, and
an increase in Ca**-sensitivity of the myofilament.®

For this study, we chose to investigate three mutations
located in the inhibitory peptide that have been linked with
cardiomyopathy: R145G, R145Q, and R14SW. Experimental
studies have explored the functional consequences or cause of
change in Ca’'-sensitivity caused by these mutations.
Dvornikov et al. explored the effect of the R14SW mutation
on myofilament length-dependent activation (LDA) and found
that the mutation does not affect LDA but does increase the
sensitivity of the myofilament to Ca?*.” Moreover, biochemical
assays and functional experiments on the R145G mutation
converged on the finding that this mutation causes an increase
in myofilament Ca?*-sensitivity'>"" and reduces the ability of
¢Tnl to inhibit activation of cardiac muscle.'”"> Computa-
tional efforts have also explored the effect that these cTnl
mutations can have on the thermodynamics of the cTnCyp
opening event.”'*™'® Our lab and others have successfully
shown the potential of computational tools as a viable option
for studying ¢Tn dynamics for the purpose of computationally
aided drug discovery'’~* and Ca**-binding simulations.**™>°

In 2011, in the absence of a structure of cTn in the context
of the thin filament, the Schwartz group developed a model of
the thin filament.”” Their successive molecular dynamics
(MD) simulations utilizing this model were able to elucidate
functional mechanisms for the ¢Tn complex and potential
causes of disease for ¢TnT mutations.”®” Recently, using
cryogenic electron microscopy (cryo-EM), Yamada and
colleagues resolved the structure of the ¢Tn complex in the
context of the thin filament for the first time in both the Ca?*-
bound and Ca®*-unbound states.”” These structures have
enabled computational studies to further understand the
dynamics and function of ¢Tn within the thin filament, a
more physiologically relevant context than simulated isolated
cTn."" We have previously studied the thermodynamics of the
cTn complex in isolation using a combination of targeted MD
(TMD) and umbrella sampling (US)"® and were able to
produce results that correlated with experimental®” and
computational™ studies. However, these simulations were
unable to explore the effect that actin would have on both the
cTnlgp-binding and cTnCyp-opening events. In the Ca*'-
unbound state, the inhibitory and switch peptide regions of
cTnl are interacting with actin in some capacity. Additionally, a
few residues in helix C of the N-terminal ¢TnC are interacting
with tropomyosin. In the Ca**-bound state, parts of the cTnlj,
are still interacting with actin and ¢TnC has shifted to
introduce more interactions between helices B and C with
tropomyosin. Therefore, we expect the presence of actin and
tropomyosin to influence the thermodynamics of the cTnCyp
opening and cTnlgp binding. Utilizing a more physiologically
relevant thin-filament system for simulations will allow us to
make predictions more confidently about thermodynamic
consequences of cardiomyopathic mutations within cardiac
muscles.

In this study, we used a simplified system of the thin filament
to evaluate the impact of thin-filament elements on the
thermodynamics of the transition between a Ca**-unbound
and Ca**-bound cTn complex. Our US simulations revealed
that the thin filament causes an increase in the free energy
required to open the ¢TnCyp and causes a more favorable
interaction between the c¢TnCyp and the cTnlgp. Upon
introduction of cardiomyopathic mutations to R145 of c¢Tnl,
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we observed a general decrease in free energy of opening the
cTnCyp, which is on par with previous experimental results.
These mutations also exhibited varying effects on cTnlgp
binding, but all caused a decrease in electrostatic interactions
between cTnl-R145 and actin-E334. After introduction of a
small molecule to the cTnl—actin interface, we observed
similar thermodynamic consequences as seen for the
cardiomyopathic mutations since the small molecule was
designed to cause disruptions to the same protein—protein
contacts.

Including components of actin and tropomyosin for these
studies offered two advantages over previous simulations. First,
the effective concentration of ¢Tnlgp to the ¢TnCyp regions
was increased due to the presence of actin. This created a more
direct transition of the cTnlg, from its position in the Ca*'-
unbound to the Ca**-bound state. This in turn produced a
TMD trajectory that would be more representative of the
physiological transition, allowing us to extract windows more
accurately modeling the transition states. Second, we were able
to directly quantify the effect actin has on the thermodynamics
of ¢cTnCyp opening and cTnlg, binding. These results shed
light on crucial cTn—actin interactions for normal function of
the heart. Overall, this study highlights the viability of using
computational tools in further understanding the thermody-
namics of cardiac contractility.

B METHODS

Model Generation. Structures of troponin, actin, and
tropomyosin in both the Ca**-bound and Ca**-unbound states
were necessary to simulate the transition between the two
states using TMD. Instead of using a model of the thin
filament that contained actin, troponin, and tropomyosin in a
7:1:1 stoichiometry, we chose to simplify the system to
expedite our simulations. We extracted ¢TnC (chain c;
residues 2—161), cTnl (chain b; residues 41—166), cTnT
(chain a; residues 199—272), two subunits of tropomyosin
(chains P and Q; residues 100—220 each), and 3 subunits of
actin (chains E, G, and I; residues 1—375 each). Our starting
model representing the Ca’*-unbound state extracted these
residues from PDB 6KN7, and our starting model representing
the Ca**-bound state extracted these residues from PDB 6KN8
(Figure 1). The two chains of tropomyosin composed a single
tropomyosin strand, and the three troponin subunits
composed a single complete cTn complex. Thus, we simulated
a thin-filament model in a 3:1:1 stoichiometry instead of the
7:1:1 stoichiometry in the cryo-EM structures. This was a
sufficient ratio for the purpose of our simulations as the ¢Tn
complex was only in contact with three actin subunits (chains
E, G, and I) in both PDB structures. We then added Ca* ions
to sites II, III, and IV of cTnC in both models using Autodock
Vina.** Although the model created from PDB 6KN7
represented a Ca?*-unbound (with respect to site IT) model,
Ca®* was docked in ¢TnC site II since inclusion was necessary
to accurately represent the beginning model of the transition
event.

TMD and Window Selection. TMD is an enhanced
sampling method that steers a starting structure toward a target
structure by applying an additional potential energy term,
Uryp, described below

Uppp = —— [RMSD(t) — RMSD"(t)]
2N
https://doi.org/10.1021/acs.jcim.3c00388
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Figure 1. Cartoon representation of thin filament simulation systems.
(A) Starting model for TMD simulations representing the initial state
of a Ca**-unbound model before the TMD transition. The c¢Tnlgp—
cTnCyp distance is 26.5 A, and the ¢TnCyyp interhelical distance is
15.7 A. (B) Target model for TMD simulations representing the final
state of the Ca?*-bound thin filament. The ¢Tnlgp—cTnCyyp distance
is 9.5 A, and the ¢TnCyp interhelical distance is 25.1 A. For both
models, actin is depicted in orange, tropomyosin in pink, cTnT in
purple, ¢Tnl in cyan, ¢TnC in red, and Ca®* ions in yellow. cTnlgp
residues 151—159 are highlighted in a dark blue. Although Figure 1A
represents a Ca**-unbound model, Ca** is shown in c¢TnC site II due
to its inclusion being necessary to model the transition to a Ca*'-
bound state.

where k is a force constant, and N is the number of atoms in
the protein. RMSD(¢) is the instantaneous best-fit root mean
square distance of the current coordinates from the target
coordinates at time ¢, and RMSD*(¢) evolves linearly from the
initial RMSD at the first TMD step to the final RMSD at the
last TMD step. Using this method allowed us to produce a
trajectory between the Ca®*-unbound and Ca**-bound forms
of the thin filament as observed by cryo-EM.

The TMD simulations were prepared using the same steps
as described in the previous work by our group.” All
preparation and subsequent TMD simulations were performed
using NAMD 2.13 with the Charmm36 force field. The
simulations were conducted under an NPT ensemble at 310 K
with Langevin temperature and pressure dampening, using a 2
femtosecond timestep. All bonds involving hydrogens were
constrained using the ShakeH algorithm, with structures being
saved every 2 picoseconds. Three independent TMD
simulations were performed for 60 ns to guide the Ca*'-
unbound starting model toward the Ca**-bound model. All
non-hydrogen atoms in the troponin and tropomyosin
subunits were biased toward the target structure by applying
a spring constant of k = 200 kcal/ mol/A to the TMD gradient
of potential energy function.

For each of the simulations, the values of the ¢TnCyp
interhelical distance and c¢Tnlgp—cTnCyp distance were
determined for each of the frames in the trajectory. The
cTnCyp interhelical distance was defined as the distance
between the average position of the N, C, and CA atoms of
c¢TnC residues 14 and 48. The cTnlgp—cTnCyyp distance was
defined as the distance between the average position of the CA
atoms in ¢TnCyp residues (20, 23, 24, 26, 27, 36, 41, 44, 48,
57, 60, 77, 80, 81)45 and the average position of the CA atoms
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in cTnlgp residues 151—159. This range of residues was
selected to represent the cTnlgp as they are the residues that
comprise the a helical region of the cT'nlg, bound to an open
cTnCyp in the PDB 6KNB8 structure. The trial that exhibited
sampling with the strongest correlation between the cTnCyp
opening and cTnlgp binding events was selected as the
representative trajectory.

Umbrella Sampling. US is a technique to facilitate the
sampling of different protein states along a collective variable.
By restraining starting models to a given value of the collective
variable, the free energy of the transition between states can be
evaluated based on the sampling around the defined restrained
variable. From the representative TMD trajectory, 24 frames
were extracted as windows to be used in US simulations. The
c¢TnCyp interhelical distance of the windows ranged from 15.0
A in window 1 to 26.4 A in window 24. The ¢Tnlg—cTnCyp
distance of the windows ranged from 17.4 A in window 1 to
9.3 A in window 24. Values for the cInCyp interhelical
distance and cTnlgp—cTnCyyp distance for each window can be
seen in Table SI. Each of the windows was used for two
separate, independent US simulations: (1) with the collective
variable defined as the ¢TnCyyp interhelical distance and (2)
with the collective variable defined as the ¢TnCyp—cTnlgp
distance. This allowed us to measure the free energy of each of
the events (cTnCyp opening, cTnlgp binding) separately, using
the same starting models. For each window, an extra harmonic
restraint was applied with a force constant of 5 keal/mol, with
the center of the restraint being the collective variable listed in
Table S1. The collective variables for US simulations were
defined the same as previously described in TMD and Window
Selection. US for each of the windows was run in triplicate, for
each collective variable separately, for 50 ns at 310 K under an
NPT ensemble and a 1 fs timestep. For US simulations of the
HCM and RCM mutant systems, the Mutagenesis Wizard
function, available in PyMOL,46 was used to apply the R145G,
R145Q, and R145W mutations to each of the 24 windows
described above. Windows with these mutations were
simulated (using US) under the same conditions as the wild-
type system.

Small-Molecule Docking. To identify potential binding
sites for small molecules in the cTnl—actin interface, we
submitted PDB structures 6KN7 and 6KN7 to the web server
FTMap."” This revealed a potential binding site between the
inhibitory peptide region of cTnl (residues 137—148), actin
residues 24—27, and actin residues 333—341. We then docked
4800 structurally diverse compounds available from the Life
Chemicals General Fragment Library"® into the Ca?*-unbound
thin-filament model described in Model Generation. Schro-
dinger’s Maestro suite was used to prepare the ligands within a
pH range of 7.4 + 1.0 using Ligprep® and to generate a
receptor grid using Receptor Grid Generation.”’ The center of
the docking box was designated as the C-alpha atom of actin
334 in chain G, with an inner box size of 10 A X 10 Ax 10 A
and an outer box size of 20 A X 20 A x 20 A. The 6227 small
molecules generated from LigPrep were docked into the
receptor using GlideSP. The small molecules were ranked
based on their docking scores, with the highest ranking
molecule interacting with both ¢Tnl and actin selected as the
molecule used to perform US simulations on. The selected
molecule, F2173-0939, was then docked into each of the 24
wild-type windows extracted for US using the same methods
described above. F2173-0939 was parameterized for MD using
the online server CGenFF.”' US simulations including the
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Figure 2. TMD trajectory analysis and window selection. Each point in the graph represents a frame from the TMD trajectory with the strongest
correlation between the ¢TnCyyp opening and c¢Tnlgp binding events, located at its calculated ¢TnCyyp interhelical distance and cTnlgp—cTnCyyp
distance. A line of regression was created using all points with a ¢Tnlgp—cTnCyp distance <19 A. Extracted windows for US along the line of
regression are showcased using black dots with windows 1, 12, and 24 highlighted. Window 1 was centered at a cTnlgp—cTnCyyp distance of 17.367
A and a ¢TnC interhelical distance of 14.974 A. Window 12 was centered at a ¢Tnlgo—cTnCyp distance of 13.811 A and a ¢TnC interhelical
distance of 20.497 A. Window 24 was centered at a ¢Tnlg—cTnCyp distance of 9.280 A and a ¢TnC interhelical distance of 26.407 A. Actin is
depicted in orange, tropomyosin in pink, cTnl in cyan, cTnC in red, and Ca®* ion in yellow. cTnlgp residues 151—159 are highlighted in a dark
blue. Helices A and B (residues 14—48, cTnCyp) of cTnC are labeled H, and Hy, respectively, in window 24.

ligand-bound systems were then performed in the exact same
manner as previously described.

WHAM Free-Energy Estimation and Contact Analysis.
After completion of the US simulations, we categorized the
first 25 ns of each simulation as an equilibration period for the
window. The collective variable applied to the window was
then evaluated for each frame in the trajectory during the
remaining 25 ns, producing 25 000 data points per simulation.
The data for each window was combined across the three
independent simulations, producing 75000 data points per
window and 1.8 million data points per collective variable. Free
energies were computed from this data for each collective
variable and each system using the weighted histogram analysis
method (WHAM) by Alan Grossfield.”> The minimum and
maximum values used for the ¢TnCyp interhelical distance
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were set as 14.5 and 27.0 A, with the minimum and maximum
values of the cTnlg—cTnCyp distance set as 8.0 and 17.8 A.
The histogram analysis for both collective variables was divided
into S0 bins, using a tolerance of 1076, and a force constant of
10 kcal/mol. The adjustment of the force constant is necessary
as the charmm36 force field does not include a 1/2 in the force
constant restraint terms, yet the code for WHAM does. This
necessary adjustment is described in “An implementation of
WHAM: the Weighted Histogram Analysis Method” by Alan
Grossfield.”” This method of producing free-energy profiles for
both collective variables was applied to all systems discussed:
wild-type, R145G, R145Q, R145W, and the F2173-0939 ligand
bound systems.

https://doi.org/10.1021/acs.jcim.3c00388
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Figure 3. Free-energy curves for cTnlgp binding and ¢TnCyp opening in the wild-type system. (A) Free energy across the cTnlgp—cTnCyyp binding
event for the wild-type system. Binding occurs right (12 A) to left (8 A) as the distance between the two entities decreases. (B) Free energy across
the cTnCyp opening event for the wild-type system. The cTnCyyp opens from left (15 A) to right (26.5 A).

B RESULTS

TMD Simulations Sample Conformational Changes
of Thin Filament upon Ca?* Binding, cTnC,, Opening,
and cTnlgp Binding. TMD simulations were used to obtain a
trajectory of the transition between the Ca**-unbound and
Ca**-bound structures of the thin filament. We ran three
independent simulations for 60 ns using a force constant of
200 kcal/mol/A% This simulation time and force constant
were shown to be optimal for observing a smooth transition
within the ¢Tn complex in our previous work."” For each of
the 30000 frames produced by each of the three trajectories,
the ¢TnCyp interhelical distance and the cTnlgp—cTnCyp
distance were evaluated. We were able to observe a gradual
transition from a cTnlgp-unbound, closed cTnCyp model to a
cTnlgp-bound, open cTnCyp model. Using all simulation data
points that exhibited a ¢Tnlgp—cTnCyyp distance <19 A, we
created a line of regression for each of the trials. This allowed
us to characterize how the ¢TnCyp opening and cTnlgp
binding events correlated with each other. Data used to create
the line of regression included simulation frames with a
cTnCyyp interhelical distance between 12.4 and 27.6 A and
cTnlgp—cTnCyp distances between 8.9 and 19.0 A. The
trajectory that had the strongest correlation between c¢TnCyp
opening and cTnlg, binding events was selected to extract
frames for US simulations. Figure 2 shows these results for the
representative TMD trajectory, and the trajectory can be
viewed in Video S1.

To obtain US windows that would cover the entire reaction
coordinate of the c¢TnCyp, opening event, we set target
distances between 1S and 26.5 A of every 0.5 A. Using the
equation for the line of regression, we were then able to extract
windows with data closest to the target values of both
collective variables. Doing this allowed us to obtain thin-
filament models with a c¢Tnlgp—cTnCyp distance ranging
between 9 and 17.5 A. This process produced a total of 24
windows that contained models along the transition starting at
a cTnlgp-unbound, closed cTnCyp (window 1: cTnCyyp
interhelical distance = 15 A, cTnlgp—cTnCyyp distance = 17.4
A) and ending with a model representing a cTnlgp-bound,
open cTnCyp (window 24: cTnCyp interhelical distance
26.4 A, cTnlgp—cTnCyyp distance = 9.2 A). Figure 2 shows the
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starting model used in US for windows 1, 12, and 24 from this
selection process.

US Reveals the Effect of Thin Filament on Troponin
Thermodynamics. We performed independent 50 ns US
simulations for each of the two collective variables for each of
the 24 windows in triplicate. Due to the complexity of the thin-
filament system being simulated, we categorized the first 25 ns
of each simulation as equilibration time and only utilized data
from the final 25 ns to estimate free energies, similar to the
strategy described in Domanski et al.”® For each simulation
trajectory, the collective variable applied (cTnCyyp interhelical
distance or cTnlgp—cTnCyp distance, respectively) was
evaluated for each of the frames in the final 25 ns, and the
data across the three trials was combined as described in
Methods. This allowed us to obtain 75000 data points per
window and to evaluate 1.8 million data points per collective
variable. Analysis of the data showed sufficient overlap between
neighboring windows (Figure S1), indicating that we were able
to sample the entire reaction coordinate. Using WHAM,*” we
evaluated the free energy of the cTnCyp opening event to be
15.4 + 0.2 kcal/mol and the cTnlgp—cTnCyp binding free
energy to be —8.9 + 0.1 kcal/mol. The free-energy curves
created from this analysis are shown in Figure 3. Evaluation of
the free-energy convergence revealed that a simulation time of
25 ns was sufficient to reach convergence for both collective
variables (Figure S2). The free energy of the cTnCyp opening
only changed by less than 0.5 kcal/mol over the last 10 ns, and
the free energy of cTnlgp binding only changed by less than 0.2
kcal/mol over the last 15 ns. We evaluated error for the
reported free-energy values by determining the standard
deviation of free-energy values determined by WHAM every
0.1 ns over the final 15 ns of the US simulations.

We had previously estimated the free energy of opening the
c¢InCyp in the absence of actin and tropomyosin, using
virtually the same TMD/US protocol described here, as 12.0
kcal/mol.'"® We therefore estimate that the thin filament
increases the free energy required to open the patch by about
3.4 kcal/mol. Experimental studies have shown that the
addition of actin and tropomyosin decreases Ca*'-sensitivity to
¢TnC>* and that increases in Ca*"-sensitivity allow the cTnCyyp
to be able to be opened easier.”” Therefore, the observed trend
of increased free energy of opening the ¢cTnCyp upon addition
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of the thin-filament components agrees with the experimental
results as a more complex system decreases Ca*'-sensitivity,
which could plausibly be facilitated by an increase in free
energy required to open the ¢TnCyp.

Using 2D ("H,"N) HSQC NMR spectroscopy, the cTnlg,
binding affinity (Kp) to N-terminal ¢cTnC had been measured
at 154 uM (corresponding to a AG of —5.2 keal/mol),*® which
we were able to accurately replicate in previous simulations of
the isolated cTn complex.'> To our knowledge, cTnlp binding
affinity to ¢TnCyp has not been directly measured within the
thin-filament system simulated here; however, Robertson et al.
have shown that increasing the complexity of the components
involved in this binding event increased the affinity of the
cTnlgp to the cTnCyyp (AG of —6.3 kcal/mol).”” Our results
would support their findings as we saw a significant increase in
binding affinity from our previous ¢ITn complex simulations
(=54 kcal/mol) to our current results that estimate the
binding affinity at —8.9 kcal/mol. This observation may
highlight the importance of actin and tropomyosin in
promoting the interaction between c¢Tnl and ¢TnC during
muscle contraction.

Mutations to R145 Generally Cause a Decrease in
Free Energy of Opening Hydrophobic Patch. For all 24
windows, we applied the R145G, R145Q, and RI14SW
cardiomyopathic mutations to ¢Tnl using the Mutagenesis
Wizard function available in PyMOL.*® We then subjected the
24 windows to US simulations to measure the cTnCpyp
opening and cTnlg binding free energies using the same
process described above. Subsequent WHAM analysis of the
US simulations allowed us to determine the effect of the
mutations of the free energies of these events in the context of
the thin filament (Table 1).

Table 1. Free Energies of cTnCyp Opening and cTnlgp
Binding”

AG cTnCpp opening AG cTnlgp binding

model  disease (kcal/mol) (kcal/mol)
wild-type 154 £ 0.2 -89 + 0.1
R145G HCM 13.9 £ 0.2 —11.5 + 0.2
R145Q RCM 149 + 0.7 —7.8 £ 02
R145W RCM 149 = 0.1 =55+ 05

“Data shown for wild-type, HCM, and RCM systems.

Biochemical assays and activity experiments on R145G and
R145W have shown that these mutations increase Ca®*-
sensitivity of ¢Tn when in the context of the thin
filament.'"”""** We have previously hypothesized and shown
in computational studies that R145G increased the propensity
of the cTnCyp to be in the open state,'* effectively lowering
the free energy of opening the cTnCyp."” We again here show
that both the HCM mutation R145G and the RCM mutations
R145Q and R145W lower the free energy of opening the
cTnCyp. We observed a more significant decrease in the
cTnCyp opening AG for the R145G system (AAG = —1.5
kcal/mol) when compared to both RCM mutations (AAG =
—0.5 kcal/mol).

Mutations to R145 Exhibit Varied Effects on Switch
Peptide Binding Free Energy. Evaluation of the free energy
of the c¢Tnlgp binding to the ¢TnCyp in the presence of
cardiomyopathic mutations revealed that R145G promoted
binding (AAG = —2.6 kcal/mol), while the R145Q and
R14SW systems reduced the binding affinity (AAG = +1.1
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kcal/mol and +3.4 kcal/mol, respectively). As we are unaware
of any experimental research that has directly measured the
binding affinity of the ¢Tnlgp to the cTnCyp of a mutant ¢Tn
complex in the context of the thin filament, we were unable to
compare these values to previous studies. In order to elucidate
a potential cause of these thermodynamic shifts upon
introduction of cardiomyopathic mutations, we performed
contact analysis of cTnl-14S5 to residues in the actin subunit
most closely associated with ¢Tnl. We designated a contact as
a residue in actin with a C-beta atom (C-alpha atom for
glycine) within 8 A of the C-beta atom of cTnI-145. For each
system, the ratio of contact time was determined throughout
all triplicate cTnlgp—cTnCyp collective variable window
simulations and compared between the mutant and wild-type
systems. From this analysis, two significant observations were
made: (1) all three mutations caused a decrease in contact
between cTnl-14S and actin-334 by at least 28.4% and (2) all
three mutations caused an increase in contact between cTnl-
145 and actin-348 by at least 32.2% (Table 2).

Table 2. Analysis of ¢Tnl-145 Contact with Actin Residues”

model disease actin-E334 actin-S348
wild-type 34.1% + 3.1% 46.0% + 6.4%
R145G HCM 2.0% + 1.2% 63.9% + 8.7%
R145Q RCM 24.4% + 5.0% 60.8% + 1.6%
R145W RCM 10.2% + 3.2% 63.0% + 4.6%

“Total percentage of simulation time that ¢TnI-R145 was in contact
with residues actin-E334 and actin-S348. Values reflect data across all
frames in the US window simulations that evaluated the c¢Tnlgp—
cTnCyyp collective variable.

In the wild-type system, we observed notable charge—charge
interactions between the positively charged cTnl-145 arginine
residue and the negatively charged glutamate in actin-334.
Upon introduction of the mutations to glycine, glutamine, or
tryptophan, this attractive charge—charge interaction was
significantly disrupted. In general, electrostatic interactions in
protein—protein complexes have been shown to be highly
important in their structural and thermodynamic stability.>”
Our results suggest that these mutations potentially destabi-
lized the cTn—actin interface, leading to differences in
measured cTnlgp binding free energies. The observed increased
interactions of the restrictive cardiomyopathic mutation
residues to actin-348 (serine) may have been caused by an
increase in hydrogen bond interactions between ¢Tnl-145 and
actin-348. The R145G mutation may have experienced a
decrease in interactions with actin-334 due to the relatively
small glycine side chain not being able to reach the actin-334
residue. The glycine residue would then have had a higher
probability of interacting with actin-348 due to its closer
starting position to ¢Tnl-145 than actin-334.

Small Molecule in cTnl—Actin Interface Mimics RCM
Thermodynamic Effects. To further test the idea of
destabilization in the cTnl—actin interface as a cause for
thermodynamic consequences in mutant ¢Tn function, we
intentionally introduced a small molecule to the protein—
protein interface to disrupt the intersubunit contacts. We
submitted our Ca**-unbound and Ca**-bound wild-type thin-
filament models to the FTMap server for identification of
potential small-molecule binding sites. For both models, the
server identified a site in the space between the ¢Tnl inhibitory
peptide and F-actin (Figure 4A). Using this knowledge, we
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c¢Tnl 145

Figure 4. Small-molecule docking studies. (A) Results from FTMap binding site prediction of Ca®>*-unbound thin-filament system used in TMD
and US. The potential binding site is shown in green, actin in orange, cTnl in cyan, and tropomyosin in pink. Residues actin 334 and ¢Tnl 14S are
shown in stick representation. (B) Ligand interaction diagram of small-molecule fragment F2173-0939 interacting with the Ca**-unbound thin-
filament wild-type model. Fragment is shown in molecular structure representation, with residues in colored spheres. Chain G refers to actin, chain
P refers to tropomyosin, and chain B refers to cTnl. Hydrogen bond interactions are displayed with arrows. (C) Fragment F2173-0939 docked into
US window 24. Fragment is represented in gray, cInC in red, with the rest of the image represented exactly as Figure 4A. Electrostatic interactions
between Actin 334 and cTnl 145 are shown in dotted yellow lines. (D) Ligand interaction diagram of the small-molecule fragment F2173-0939
interacting with window 24 of US simulations. Figure displayed the same as panel B.

performed a docking simulation of the 4800 unique molecules
contained in the Life Chemicals General Fragment Library.**
These molecules were docked into our Ca**-unbound thin-
filament system with actin-E334 as the center for the docking
using Maestro’s GlideSP. After ranking the results by docking
score, we checked the docked positions of the top scoring
molecules and found that the third highest ranked molecule,
F2173-0939, had the most favorable docking score of any
compound that was interacting with both ¢Tnl and actin
(Figure 4B, Table S2).

This molecule was then docked into each of the 24 wild-type
starting model windows (Figure 4C,D), again using actin-E334
as the center for docking. Subsequently, we performed 50 ns
US simulations on these ligand-bound systems. The results
were analyzed exactly as before for the wild-type and
cardiomyopathic mutation systems, producing a free energy
of opening the ¢TnCyp of 13.8 + 0.5 kcal/mol and a c¢Tnlgp
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binding free energy of —8.1 + 0.1 kcal/mol. These values show
the same cTnCyp opening trend that we observed for all
cardiomyopathic mutations and the same c¢Tnlgp binding trend
that we observed for the RCM mutations when compared to
WT. Contact analysis of ¢cTnI-R145 to actin residues revealed
that F2173-0939 caused either a significant decrease in most
contacts or otherwise no change. cTnlgp contact with actin-
E334 was reduced from 34.1 to 22.4% and contact with actin-
$348 was reduced from 46.0 to 34.3%. As we hypothesized, the
small molecule introduced to the protein—protein interface
reduced contacts of cTnI-R14S to actin residues, leading to the
same thermodynamic consequences as the RCM mutations.

Bl CONCLUSIONS

We used a simplified system of the thin filament to evaluate the
impact of thin-filament elements on the thermodynamics of
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the transition between a Ca**-unbound and Ca**-bound cTn
complex. Our US simulations revealed that the thin filament
causes an increase in the free energy required to open the
c¢TnCyp and causes a more favorable interaction between the
c¢TnCyp and the cTnlgp. Upon introduction of cardiomyo-
pathic mutations to R145 of cTnl, we observed a general
decrease in free energy of opening the cTnCyyp, which is on par
with previous experimental results. These mutations also
exhibited varying effects on cTnlgp binding but all caused a
decrease in electrostatic interactions between c¢TnI-R145 and
actin-E334. After introduction of a small molecule to the
cTnl—actin interface to intentionally disrupt cTnl—actin
intersubunit contacts, we successfully observed similar
thermodynamic consequences as seen for the cardiomyopathic
mutations and disruptions to the same protein—protein
contacts.

This leads us to propose that interactions between c¢Tnl and
actin could be the focus of future drug discovery efforts where
small molecules could be introduced to the subunit interface to
promote the interaction of ¢Tnl and actin to reverse effects of
disease caused by cardiomyopathic mutations to this region.
Our computational docking process could be employed in a
reverse fashion to identify potential small molecules that
increase interactions. Additionally, it is important to highlight
that previous computational studies utilizing only the isolated
cTn complex were unable to observe the increase in free
energy of cTnCyp opening and more favorable ¢Tnlgp binding
that was measured in the presence of actin and tropomyosin.
This underscores the importance of using a more physiolog-
ically relevant thin-filament model to study global consequen-
ces of cardiomyopathic mutations.

B ASSOCIATED CONTENT

Data Availability Statement

The wild-type c¢Tn protein structures (6KN7, 6KN8) were
available in the Protein Data Bank (PDB) at https://www.rcsb.
org/. All mutations were created using the wild-type protein
structure as the base model within the PyMOL software using
the protein mutagenesis tool. All TMD and US simulations
were performed within the NAMD Version 2.13 framework.
Weighted Histogram Analysis Method (WHAM) was
performed using WHAM Version 2.0.11 available at http://
membrane.urmc.rochester.edu/?page id=126. The Life Chem-
icals General Fragment Library is available at https://
lifechemicals.com/fragment-libraries/general-fragment-library.
Maestro’s Ligprep, Receptor Grid Generation, and Glide SP
functionalities were used for all docking simulations.®’
Additionally, we have produced a zip file of all input scripts
and models necessary to perform the TMD simulations on the
WT model of the thin filament, and US simulations of the WT,
R145G, R145Q, R145W, and F2173-0939 docked models.
These files can be found at: https://doi.org/10.5061/dryad.
rvlSdvécr.
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