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ABSTRACT: Troponin C (TnC) facilitates muscle contraction through
calcium-binding within its N-terminal region (NTnC). As previously observed
using molecular dynamics (MD) simulations, this calcium-binding event leads
to an increase in the dynamics of helices lining a hydrophobic patch on TnC.
Simulation times of multiple microseconds were required to even see a partial
opening of the hydrophobic patch, limiting the ability to thoroughly and
quantitatively investigate these rare events. Here we describe the application
of umbrella sampling to probe the TnC hydrophobic patch opening in a more
targeted and quantitative fashion. Umbrella sampling was utilized to
investigate the differences in the free energy of opening between cardiac
(cTnC) and fast skeletal TnC (sTnC). We found that, in agreement with
previous reports, holo (calcium-bound) sTnC had a lower free energy of
opening compared with holo cTnC. Additionally, differences in the free
energy of opening of hypertrophic (HCM) and dilated cardiomyopathy (DCM) cTnC systems were investigated. MD
simulations and umbrella sampling revealed a lower free energy of opening for the HCM mutations A8V and A31S, as well as
the calcium-sensitizing mutation L48Q. The DCM mutations, Y5H, Q50R, and E59D/D75Y, all exhibited a higher free energy
of opening. An umbrella sampling simulation of cTnI-bound holo cTnC exhibited the lowest free energy in the open
configuration, in agreement with experimental data. In conclusion, this study presents a novel and successful protocol for
applying umbrella sampling simulations to quantitatively study the molecular basis of muscle contraction and proposes a
mechanism by which HCM and DCM-associated mutations influence contraction.

■ INTRODUCTION
Contraction in striated muscle is dictated by sliding of the thin
filament against the thick myofilament.1 Troponin is part of the
thin filament and consists of three subunits:2 troponin C
(calcium-binding subunit), I (inhibitory subunit), and T
(tropomyosin-binding subunit). Troponin C, the calcium-
binding subunit of troponin, is a two-domain, dumbbell-shaped
protein, where each of the two domains contains two EF-hand
(helix−loop−helix) motifs.3 The C-terminal domain is referred
to as the structural domain and is constitutively bound to
calcium or magnesium ions.2 The N-terminal domain is
referred to as the regulatory domain and is responsible for
calcium binding and contraction initiation.4 The regulatory
domain is also the location of TnI switch peptide-binding.
Figure 1A shows the structure of TnC in complex with TnI
based on PDB ID 1J1E.5 For the regulatory domain to bind the
TnI switch peptide, TnC must be in an open conformation,
exposing a hydrophobic patch. The degree of hydrophobic
patch exposure is described by the interhelical angle between
two of its helices (helix A and B).6 TnC, in the TnI-bound
state, exists in an open conformation with an interhelical angle
of approximately 90°, where TnI stabilizes this open
conformation of TnC.7 In the apo (calcium-free and TnI-
free) state of troponin C, these helices are in a closed

conformation with an interhelical angle of approximately
130°.8 The definitions of the interhelical angle can be seen in
Figure S1. In humans, there are two isoforms of TnC that exist
in the various muscles of the body: fast skeletal TnC (sTnC)
and cardiac/slow skeletal (cTnC).9 The structures of cTnC
and sTnC are shown in Figure 1B and C, respectively. These
isoforms have different calcium binding and structural
properties. In sTnC, the N-terminal regulatory domain has
two functional calcium binding sites. Binding of two calcium
ions allows the domain to stabilize the open conformation in
the absence of TnI.10 The open conformation has been shown
in experimentally derived structures of sTnC.3,10,11 In cTnC,
however, one of the calcium binding sites (site I) is mutated
and rendered nonfunctional.9 Only a single calcium binds to
this domain and is insufficient to stabilize an open
conformation.4 Previous computational work, however, has
shown that the single calcium binding to site II is sufficient to
alter the dynamic properties of the cTnC regulatory domain,
causing the A and B helices to sample semiopen conformations
(interhelical angles less than 110°).8 This increased conforma-
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tional flexibility has been suggested to support the ability of
cTnC to bind the cardiac troponin I (cTnI) switch peptide,
and once bound, for cTnI to stabilize the open conformation
of cTnC. A molecular level understanding of how the
sequences of both these isoforms dictate their dynamic
behavior is important to understanding their role in TnC
function.
Troponin C sequence alterations introduced by disease

mutations are also affecting its dynamics and function. In
addition to elucidating the differences between sTnC and
cTnC isoforms, a focus of this study will be elucidating the
molecular basis of two cardiomyopathies, dilated cardiomyop-
athy and hypertrophic cardiomyopathy. Dilated cardiomyop-
athy (DCM) refers to enlargement of the ventricles of the
heart and is commonly associated with reduced systole
function.12 DCM has an estimated prevalence of 1 in 2500−
3000 people13 and an incidence of about 5−8 in 100 000.14

Hypertrophic cardiomyopathy (HCM) refers to a thickening
of the heart muscle tissue and can result in ischemia and
diastolic dysfunction.15 HCM has a prevalence of about 1 in
500, which makes it the most common genetic cardiovascular
disease.15 Mutations in sarcomeric proteins involved in
contraction account for approximately 25 to 30% of cases of
DCM,16 and these proteins include actin, myosin, tropomyo-
sin, and all three subunits of troponin.17 Modifying properties
such as cTnC calcium sensitivity, may be a direct cause of
these cardiomyopathies. There are several known DCM-
associated mutations in the cTnC N-terminal domain that have
previously been characterized: Y5H, Q50R, and D75Y/E59D.
Y5H, a mutation located in the N-helix of cTnC, showed a
lowered calcium sensitivity and altered helical structure

compared to wild-type (WT).18,19 Q50R has shown an
increase in calcium binding affinity, with a Kd value about a
third of that of WT.20 The D75Y/E59D double mutant
exhibited a decreased calcium sensitivity in both the C-
terminal and N-terminal domain.21 There are also several
known HCM-associated mutations of cTnC. The mutations
studied are all localized in the N-terminal regulatory domain:
A8V, L29Q, A31S, and C84Y.20,22 A8V, another mutation
within the N-helix of cTnC, has been shown to adopt a more
open configuration in the apo state and a decreased calcium
binding affinity in isolation, but an increased calcium binding
affinity in reconstituted thin filament.23−25 L29Q has shown a
small decrease in calcium sensitivity and was structurally
comparable to WT.26,27 A31S was also structurally similar to
WT and had an increased calcium binding affinity.28 C84Y was
structurally different to WT in the apo state and showed no
significant change in calcium binding affinity.24 In addition to
these known DCM- and HCM-causing mutations, two gain-of-
function mutants, L48Q29−31 V44Q,17,32 and one loss-of-
function mutant, E40A,17 have been studied. In summary, this
work, focusing on point mutations of cTnC, showed that the
mutations associated with hypertrophic cardiomyopathy
(HCM) generally showed an increase in sensitivity to calcium,
while dilated cardiomyopathy (DCM) associated mutations
showed a decrease in sensitivity to calcium.22

In addition to the experimental work on troponin C, there
have been a growing number of computational studies of cTnC
and sTnC in recent years. Due to its relatively small size and
importance in heart muscle contraction, cTnC has been
studied intensively using molecular dynamics simulations, free
energy methods, and docking simulations, where computa-

Figure 1. Structures of troponin. (A) Structure of cardiac troponin C in complex with cardiac troponin I. Missing loops have been rebuilt into PDB
ID 1J1E. The N-terminal domain of cTnC is highlighted in blue and the TnI-switch peptide is shown in purple. The C-terminal, structural, domain
of cTnC is shown in red, and the majority of cTnI is shown in green. The calcium ion is shown as a green sphere. (B) Structure of holo cNTnC
from 1AP4, shown with a single calcium ion bound. The structure is in a closed state with an interhelical angle of 130°. (C) Structure of holo
sNTnC, generated from homology modeling, shown with two calcium ions bound. The structure is in an open state with an interhelical angle of
107°.
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tional results have frequently been compared to experimental
data.33−38 One particular focus of computational methods has
been the exploration of the hydrophobic patch opening which
is difficult to directly measure through experimental
methods.34,38 cTnC has been shown to have an increased
frequency of opening when calcium-bound compared to
calcium-free cTnC, whereas gain-of-function and loss-of-
function cTnC mutants exhibited altered opening frequencies.8

Additionally, properties such as calcium-binding and TnI-
switch peptide binding have also been studied extensively. For
example, Jayasundar et al. used FRET restraints in molecular
dynamics simulations to simulate cTnI interacting with the N-
terminal region of cTnC.34 Calcium-binding and TnI-switch
peptide binding have been assessed through umbrella
sampling,20,39 steered molecular dynamics,40 and MM/
GBSA.20,37 The energetics of cTnC calcium-binding has also
been assessed through molecular dynamics simulations, where
it was shown that calcium binding is less enthalpically favored
and more entropically favored in the isolated N-terminal cTnC
compared to full-length cTnC.35 In addition to wild-type
cTnC, sTnC has also been studied with molecular dynamics to
determine a frequency of opening measured by an interhelical
distance.41 cTnC/cTnI binding in HCM/DCM-associated
mutations has been investigated directly, in addition to WT
cTnC.37,42 The molecular effects of cTnC DCM mutations on
both calcium sensitivity and myofilament activation have also
been investigated.20,43,44 Excellent work from Stevens et al. has
shown that calcium sensitizing mutations impact the opening
frequency of cTnC.20 Up to 1 μs simulations were performed
on HCM-associated (A8V, L29Q, A31S, and C84Y), DCM-
associated (Q50R), and calcium-sensitizing (L48Q) mutations.
The simulations of L48Q and A31S showed a lower average
interhelical angle and a greater distribution of interhelical
angles compared to WT.20 L29Q exhibited a lower frequency
of opening compared to WT. Additionally, computational
studies have contributed to the development of small molecule
calcium sensitizing agents.45−47 Computational work has also
been applied to the whole troponin complex to understand the
interactions of the three subunits34,48−50 and even part of the
thin filament.40 One particular focus has been dynamical and
functional effects of mutations and PKA phosphorylation of
cTnI.44,51−56 Finally, models have been developed to describe
contraction within the sarcomere.48,57−59

In this work, we used computational techniques to study the
dynamic behavior of the cTnC/sTnC isoforms, as well as,
known HCM/DCM-causing mutations. Our hypothesis was
that the sequence-function relationships of the sTnC/cTnC
isoforms and cardiomyopathy mutations are manifested, at
least to a significant part, through the different dynamics of
TnC hydrophobic patch opening. We hypothesized that
HCM-associated mutations will sensitize cTnC, leading to an
increased frequency of hydrophobic patch opening and thus a
lower free energy of opening. Conversely, we hypothesized that
DCM-associated mutations will desensitize cTnC, leading to a
decreased frequency of opening and thus a higher free energy
of opening compared to WT cTnC. In addition to using well
established molecular dynamics (MD) techniques, we have
developed an umbrella sampling protocol to probe the free
energy landscape of hydrophobic patch opening in a targeted
fashion. Compared to MD simulations, the umbrella sampling
protocol constituted a significant improvement at consistent
and reproducible sampling of hydrophobic patch opening. In
MD simulations, we have seen that sTnC isoforms sample

open conformations far more frequently than the cTnC
isoform, but not exclusively. The umbrella sampling protocol
quantitatively confirmed that sTnC has a lower free energy of
opening compared to cTnC. HCM-associated mutations
showed an overall increased opening frequency and lower
free energy of opening compared to WT. Umbrella sampling
simulations of DCM-associated mutations all exhibited a
higher free energy of opening compared to WT. Finally, an
umbrella sampling simulation of cTnI-bound holo cTnC
exhibited the lowest free energy in the open configuration, in
agreement with experimental data. In summary, umbrella
sampling allowed us to elucidate, at least in part, the role that
sequence differences play in the dynamics of the regulatory
domains of cTnC and sTnC and how these may ultimately
influence the physiology of the skeletal and heart muscle, and
diseased states thereof.

■ METHODS
Homology Modeling. To use molecular dynamics on the

human isoform of sTnC, models of the protein were generated
using homology modeling. The sequence of the human sTnC
protein was extracted from the ENSEMBL60 database.
Multiple sequence alignments were performed with ClustalO-
mega.61 The sequence alignments were utilized for multi-
template Rosetta Comparative Modeling (RosettaCM).62 The
calcium-free form of human sTnC was modeled utilizing
chicken calcium-free sTnC (1TNP)3 and turkey calcium-free
sTnC (1TRF)11 as the model templates. The calcium-bound
form of human sTnC was modeled utilizing rabbit calcium-
bound sTnC (1TCF)63 and chicken calcium-bound sTnC
(1TNQ).3 RosettaCM accounted for calcium explicitly in
modeling of calcium-bound sTnC. 2000 decoys of both
calcium-free and calcium-bound sTnC were relaxed in the
Rosetta energy function, talaris2013_cart.64 Rosetta cluster
analysis was used to find the lowest energy structure of the
largest cluster (with a cluster radius of 2 Å and a limit of 10
clusters). The lowest energy structure was chosen as the
starting model for molecular dynamics simulations. The HCM
and DCM mutations were introduced with Chimera’s65 swapaa
function based on the wild-type calcium-bound cTnC structure
1AP4.66

Molecular Dynamics Simulations. System preparation:
Eleven different systems of the N-terminal regulatory domains
of human troponin C were investigated: wild-type apo sTnC,
wild-type holo (Ca2+-bound) sTnC, wild-type apo cTnC, wild-
type holo cTnC, A8V holo cTnC, A31S holo cTnC, L29Q
holo cTnC, L48Q holo cTnC, Y5H holo cTnC, Q50R holo
cTnC, and E59D/D75Y holo cTnC. The models used for MD
simulations are summarized in Table S1. The initial
preparation of the systems is described in detail in8 and
protonation states were assigned based on an analysis of the
starting structures. In short, the systems were solvated with
explicit TIP3P water molecules and NaCl counterions were
added to neutralize the system and bring it to a final salt
concentration of 150 mM. The systems were then restrained,
and water molecules were minimized for 10 000 steps. The
proteins were then energy minimized for 10 000 steps. The
restraints were subsequently removed over 190 000 steps
during an equilibration. The final equilibration was 10 000
steps.
Molecular dynamic simulations were carried out using

NAMD 2.1167 with the CHARMM27 force field68 under an
NPT ensemble at 310 K with Langevin temperature and
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pressure dampening. Bonds with hydrogen were constrained
using SHAKE algorithm allowing for a time step of 2 fs.
Structures were saved every 2 ps. Production runs were carried
out on the Owens Cluster of the Ohio Super Computer
(OSC) using 28 processors on 1 node per job, for 500 000 000
timesteps. This corresponded to a total run time of 1 μs for
every system.
Interhelical-Angle Analysis. As previously described in

Lindert et al.,8 the interhelical angle was calculated utilizing
interhlx (K. Yap, University of Toronto, Ontario, Canada).
These interhelical angles served as a measure of openness of
the TnC hydrophobic patch. Similarly to previous studies,8 a
Boltzmann distribution of states was used to calculate a relative
free energy difference ΔG between the open and closed states:
ΔG= kT ln Nclosed/Nopen, where k is the Boltzmann constant, T
is the temperature of the system, Nclosed is the number of
frames above the closed cutoff (105°), and Nopen is the number
of frames below the closed cutoff.
Umbrella Sampling Protocol. To enhance sampling of

the TnC hydrophobic patch opening, we employed umbrella
sampling. We used the distance between the N-terminus of
helix A and the C-terminus of helix B as the reaction
coordinate (“interhelical distance”), describing the transition
from closed to open TnC. We defined the interhelical distance
as the distance between the three N-terminal backbone atoms
(CA, N, C) of helix A (residue 14) and the three C-terminal
backbone atoms (CA, N, C) of helix B (residue 48). Umbrella
sampling required intermediate conformations along the
reaction coordinate to sample the conformational landscape
evenly. Because all structures deposited into the PDB existed
either in an open (interhelical distances around 28 Å) or
closed (interhelical distances around 15 Å) conformation and
not in intermediate conformations (interhelical distances
between 17 and 25 Å), some starting structures for the
umbrella sampling analysis had to be generated via computa-
tional methods. To generate starting structures for umbrella
sampling, steered molecular dynamics was performed on apo
and holo sTnC and cTnC, as well as the HCM/DCM
mutations and a cTnI-bound holo cTnC structure (1MXL).
The steered MD simulations were performed to open the
closed structures of holo cTnC, apo cTnC, apo sTnC, and the
HCM/DCM cTnC mutations and to close holo sTnC and
cTnI-bound holo cTnC. A constant force of 20 kcal/mol·Å2

was applied to the backbone atoms of helices A (residues 14−
18; atoms C, CA, N) and B (residues 45−48; atoms C, CA, N)
over 5,000,000 steps. These frames were then extracted from
the trajectory and an interhelical angle and interhelical distance
were calculated from each frame. Umbrella sampling was
performed with NAMD using the collective variables to
restrain the simulations.69,70 During the umbrella sampling run,
the interhelical angle could no longer be used as an “on-the-fly”
calculation for NAMD. The interhelical distance was thus
chosen as the collective variable (colvars). The interhelical
distance for the frames in the steered MD trajectory was
calculated between the center of mass of the backbone atoms
of residues 14 and 48. Representative frames from the steered
MD were then selected as windows for the umbrella sampling
based on their correlation to the interhelical angle along the
transition of closed to open TnC. The path of open to closed
interhelical angle was executed from 90° to 140° with 2.5°
intervals, which corresponded to approximately a 13 Å
interhelical distance range (interhelical distances from 15 to
27 Å, with an ∼0.5 Å distance interval). Each of the 21

windows was run for 10 ns with a force constant of 50 kcal/
mol·Å2. Triplicate simulations were run at 310 K under NPT
conditions, similar to the microsecond MD simulations. The
umbrella sampling simulations were subsequently analyzed via
the weighted histogram analysis method.71 For the WHAM
parameters, the max and min values were dictated by the
interhelical distance associated with 90° and 140°, respectively.
The histogram analysis was divided into 40 bins between the
max and min and had a convergence tolerance of 10−7. This
analysis generated a free energy profile of the reaction
coordinate of opening. The WHAM results from the triplicate
simulations were subsequently averaged. The data was
linearized with the linear fit function of Matplotlib.72

■ RESULTS AND DISCUSSION
Longtime MD Simulations and Umbrella Sampling

Show Dramatic Opening Frequency Increase of Holo
sTnC Compared to Holo cTnC. To analyze and compare the
free energy landscape of skeletal and cardiac troponin C, the
closed to open hydrophobic patch transition of TnC was
assessed by molecular dynamics and umbrella sampling
simulations. The opening frequency of calcium-free (apo)
and calcium-bound (holo) cTnC and sTnC was first measured
by microsecond MD simulations. Apo and holo sTnC and
cTnC structures were used as the starting structures for 1 μs
molecular dynamics simulations. As shown in Figure 2A, holo
sTnC sampled the open conformation more frequently than
holo cTnC. 5.96% and 0.48% of holo sTnC frames were in the
semiopen (interhelical angle ≤110°) and open (interhelical
angle ≤ 90°) conformations, respectively. In contrast, only
0.0088% and 0% of holo cTnC frames were in the semiopen
and open conformations. Figure 2B shows the distribution of
interhelical angles of all four simulated systems. Over the
course of the simulation, holo sTnC exhibited a significantly
wider distribution of interhelical angles compared to apo
sTnC, apo cTnC, and holo cTnC. This finding supported
previous experimental data that demonstrated that binding of
the two calcium ions is sufficient for opening the hydrophobic
patch in sTnC.3 The distributions of interhelical angles of apo
cTnC and holo cTnC were not significantly different. We
would have expected to see sampling of the open configuration
more frequently in the holo cTnC compared to the apo cTnC
system. Based on previous simulations8 we speculate that
seeing these rare opening events in holo cTnC requires
simulation times of at least 10 μs. In complete agreement with
experimental observations, the apo isoforms of TnC showed
no sampling of the open configuration3,4 (Figure 2B). Again,
this agreed with previous findings that demonstrated calcium is
necessary for sampling the open state of TnC.4,66 Using a
Boltzmann distribution of states, we extrapolated the free
energy of opening for the apo and holo states of both TnC
isoforms (Figure 2C). In the microsecond simulations, holo
sTnC had a free energy of opening of 4.5 kcal/mol which was
much lower than apo sTnC: 9.5 kcal/mol. The lower free
energy of opening of holo sTnC agreed with structural data
that showed that the two calcium ions are sufficient to stabilize
the open configuration.3 Our data suggested, however, that
holo sTnC is not exclusively in the open configuration, but also
sampled the closed state. This was in agreement to what
Genchev et al. showed in their 2013 MD study.41 A similar
extrapolation of apo cTnC and holo cTnC yielded free
energies of opening of about 11.5 and 11.6 kcal/mol,
respectively. This was in disagreement with previously reported
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longer MD simulations that showed ∼20 kcal/mol for apo
cTnC and ∼8 kcal/mol for holo cTnC8 and with experimental

data suggesting that calcium binding triggers hydrophobic
patch opening.6,73 This discrepancy was most likely due to the
time limitation of the MD simulation and consequently
insufficient sampling of the free energy landscape. These
results demonstrated the need for a more quantitative
evaluation of TnC hydrophobic patch opening using free
energy methods.
To offset the limitations of unbiased molecular dynamics

simulations and the computational cost of sampling for several
microseconds, free energy methods were employed to explore
the free energy landscape of troponin hydrophobic patch
opening in a more directed fashion. To do this, an umbrella
sampling protocol was developed to sample the closed to open
transition of apo and holo TnC isoforms. Steered molecular
dynamics was used to generate the starting structures for the
umbrella sampling windows. Apo sTnC, apo cTnC, and holo
cTnC were steered from a closed to an open configuration
over 10 ns, while holo sTnC was steered from an open to a
closed configuration over 10 ns. Frames from these simulations
were extracted and an interhelical angle and distance were
calculated. To ensure that the interhelical distance was a
suitable proxy for the interhelical angle, the extracted angles
and distances were plotted against one another. There was a
strong correlation between the angles and distance as seen in
Figure S2A. Starting structures were then chosen based on
their interhelical angle from 90° to 140° in 2.5° increments and
their correlated interhelical distance (from about 12 to 27 Å in
∼0.5 Å increments). These 21 windows were subsequently
utilized in umbrella sampling simulations using the interhelical
distance as collective variable. The umbrella sampling
simulations, similarly to the steered MD, exhibited complete
coverage of all interhelical distances between 12 and 27 Å. Due
to the strong correlation between interhelical distances and
angles, this also resulted in a complete coverage of interhelical
angles between 60° and 150° within the simulations, as seen in
Figure S2B. These simulations were analyzed via a weighted
histogram analysis method (WHAM) to generate a free energy
profile of the hydrophobic patch opening. The results from the
umbrella sampling are shown in Figure 3 and summarized in
Table 1. The actual free energy profile is shown in Figure S3.
We noticed a linear relationship between the free energy and
interhelical angle, so the data has been linearized and averaged
in Figure S3A. Nonlinearized data is shown in Figure S3B. Our
umbrella sampling simulations suggested that the free energy
of opening for sTnC holo was 3.0 ± 1.3 kcal/mol which was
lower than that of apo sTnC at 9.6 ± 3.2 kcal/mol. These
results suggest that holo sTnC can frequently interconvert
between open and closed conformations at physiological
temperatures. Apo cTnC had a free of opening of 17.5 ± 0.8
kcal/mol which was significantly higher than the holo cTnC,
13.8 ± 2.2 kcal/mol. This agreed with our previous MD
simulations8 and published experimental data. In summary, the
employed umbrella sampling methodology provided a strong
alternative to analyze the free energy landscape of TnC
hydrophobic patch opening due to the reduced computational
cost of using this method and obtaining a more consistent
profile compared to the MD simulations. For a comparison of
the computational cost, microsecond simulations took about
200 h per system on the Ohio Supercomputer Center utilizing
NAMD on 28 CPUs with GPU-acceleration and translated to
about 5600 core hours. Umbrella sampling, on the other hand,
took on average about 6 h and had an associated cost of 1320

Figure 2. Results of microsecond MD simulations of cTnC and sTnC
isoforms. (A) Comparison of interhelical angles of calcium-bound
(holo) cTnC (blue) and sTnC (green) over 1 μs MD simulation
time. (B) Distribution of interhelical angles for calcium-free (apo) and
holo cTnC and sTnC isoforms over 1 μs simulation time. We
observed a larger distribution, or more sampled opening events, for
holo sTnC compared to holo cTnC. (C) Calculated free energy of
opening based upon the Boltzmann distribution of states. Holo sTnC
showed a lower free energy of opening than holo cTnC, as a result of
the holo sTnC system sampling the open state significantly more
often than holo cTnC.
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core hours, which was about a 4-fold reduction in computa-
tional cost and a 33-fold reduction in run time.
Longtime MD Simulations and Umbrella Sampling of

HCM-Associated and Calcium-Sensitizing cTnC Muta-
tions Exhibit an Increase in Opening Events. To
investigate the molecular role that HCM-associated and
calcium-sensitizing cTnC mutations play in the physiology of
the heart, the impact of these mutations on the dynamics of
cTnC was studied, with a particular focus on differences in
hydrophobic patch opening. We investigated three HCM
mutations (A8V, L29Q, A31S) and one calcium-sensitizing
mutation (L48Q) and performed 1 μs MD simulations for
each cTnC system in the calcium-bound state. Figure S4 shows
the locations of these mutations on cNTnC. Figure 4A shows

the interhelical angle between cTnC helices A and B as a
function of simulation time for all four microsecond
simulations, while Figure 4B shows the distribution of
interhelical angles of all four simulated systems and WT as
violin plots. L48Q exhibited a significant increase in the
number of opening events compared to WT during the
microsecond simulation. 4.37% of L48Q cTnC frames were in
the semiopen (interhelical angle ≤110°) conformation,
compared to only 0.0088% of wild-type cTnC frames. The
HCM-associated mutations, in general, sampled the semiopen
configuration more often than the WT. On average 0.52% of
frames corresponding to the HCM-associated mutant systems
were in the semiopen conformation. L29Q sampled the open
configuration similarly to the WT cTnC (0.002% of frames in
the semiopen conformation). As observed for the WT skeletal
and cardiac systems, this might suggest the lack of sufficient
sampling to show a discernible difference in the opening
frequency or WT and L29Q. Using a Boltzmann distribution of

Figure 3. Umbrella sampling results of calcium-free (apo) and
calcium-bound (holo) cTnC/sTnC isoforms. The darker shades are
the free energies to open the systems to an interhelical angle of 110°
(i.e., a semiopen conformation), and the lighter shades are the free
energies to open the systems to an interhelical angle of 90° (i.e., a
fully open conformation). Free energies of opening were determined
by WHAM analysis of umbrella sampling simulations. Apo forms of
TnC exhibited a higher free energy of opening compared to the
corresponding holo isoform. sTnC exhibited a lower free energy of
opening compared to the cTnC isoform. sTnC holo had a
significantly lower free energy of opening compared to cTnC holo.

Table 1. Free Energy of Opening, As Determined by
WHAM Analysis of Umbrella Sampling Simulations, for
Each TnC Isoform, HCM-Associated, and DCM-Associated
Mutations

TnC isoform free energy of opening(kcal/mol)

Apo cTnC 17.5 ± 0.8
Holo cTnC 13.8 ± 2.2
Apo sTnC 9.6 ± 3.2
Holo sTnC 3.0 ± 1.3
TnI-bound Holo cTnC −6.3 ± 0.2
HCM mutant

A8V 11.1 ± 0.8
L29Q 12.2 ± 2.2
A31S 10.1 ± 2.4
L48Q 8.3 ± 0.5

DCM mutant
Y5H 18.7 ± 1.9
Q50R 17.0 ± 1.1
E59D/D75Y 22.7 ± 5.7

Figure 4. Results of microsecond MD simulations of holo cTnC
HCM mutants. (A) Interhelical angles of HCM mutants and L48Q
during 1 μs MD simulations. L48Q sampled the open configuration
more often than the HCM-associated mutations. The HCM
mutations did not sample fully open configurations, but rather
frequently semiopen configurations. (B) Distribution of interhelical
angles of HCM-associated mutations and L48Q. L48Q showed
sampling of the semiopen and open states more often than the HCM-
associated mutations and WT.
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states based on the simulation results, the free energy of
opening for all systems was estimated as a function of the
interhelical angle from the MD simulations (Figure S5).
However, due to limited sampling, the consequences of the
HCM associated mutations on the relative free energy of
opening could not be reliably deduced from the MD
simulations. To conduct a more exhaustive search of the free
energy landscape, umbrella sampling simulations were
performed on the HCM mutations (A8V, L29Q, A31S) and
the calcium sensitizing mutation L48Q, followed by a WHAM
analysis to generate a free energy profile of the hydrophobic
patch opening. A summary of these results can be seen in
Figure 5 and Table 1. Complete, nonlinearized and linearized

data is shown in Figure S6. These simulations showed that the
HCM mutations A8V (ΔG ∼ 11.1 kcal/mol), A31S (ΔG ∼
10.1 kcal/mol) and the calcium sensitizing mutation L48Q
(ΔG ∼ 8.3 kcal/mol) had a lower free energy of opening
compared to WT holo cTnC. Interestingly, L29Q exhibited a
free energy of opening on par with WT holo cTnC (12.2 ± 2.2
kcal/mol and 13.8 ± 2.2 kcal/mol, respectively) as seen in
Table 1. This agreed with our MD simulations that showed the
distribution of angles for L29Q was similar to WT cTnC,
negating our initial hypothesis of limited sampling. We are thus
speculating that L29Q impacts other features of cTnC, such as
calcium binding or cTnI binding.
Umbrella Sampling of Human DCM-Associated cTnC

Mutations Show an Increase in Free Energy of
Opening. We also investigated the molecular impact of
DCM-associated cTnC mutations on the dynamics of troponin
C hydrophobic patch opening. We performed 1 μs MD
simulations for three calcium-bound cTnC DCM mutant
systems (Y5H, Q50R, and the double mutant E59D/D75Y).

Figure S7A shows the interhelical angle between cTnC helices
A and B as a function of simulation time for all three
microsecond simulations, while Figure S7B shows the
distribution of interhelical angles of all three simulated systems
as violin plots. DCM-associated mutation Q50R exhibited a
similar interhelical angle distribution to WT. Y5H opened
slightly more frequently than WT. This might suggest the
histidine mutation is destabilizing the closed configuration of
cTnC in the calcium bound state. D75Y/E59D also sampled
the open configuration transiently, however the distribution of
the interhelical angles over the microsecond suggested that it
spent most of its time in the closed configuration, as seen in
Figure S7B. Using a Boltzmann distribution of states based on
the simulation results, the free energy of opening for DCM-
associated mutations was estimated as a function of the
interhelical angle from the MD simulations (Figure S8). While
these limited MD simulation results seemed to contradict our
initial hypothesis that the sequence-function relationship of
DCM mutations was manifested in a decrease in hydrophobic
patch opening, we speculated that due to the limited MD
sampling, the relative free energy of opening of DCM mutant
systems could not be reliably deduced from the MD
simulations. Hence, we performed umbrella sampling simu-
lations and a WHAM analysis on the three holo cTnC DCM
mutant systems in order to obtain a more accurate
representation of the free energy profile of hydrophobic
patch opening. Results of the umbrella sampling are shown in
Figure 5 and Table 1. Complete, nonlinearized and linearized
data is shown in Figure S9. Umbrella sampling was able to
more quantitatively discern the effect of these mutations than
MD simulations alone. These simulations showed that the
DCM mutations Y5H (ΔG ∼ 18.7 kcal/mol), Q50R (ΔG ∼
17.0 kcal/mol), and the double mutant E59D/D75Y (ΔG ∼
22.7 kcal/mol) indeed had a higher free energy of hydrophobic
patch opening compared to WT holo cTnC. This corroborated
our initial hypothesis, that these mutations likely stabilize the
closed conformation of holo cTnC, which would lead to an
increased free energy cost of opening to overcome that
stabilization.

Umbrella Sampling of cTnI-Bound Holo cTnC
Confirmed That Open Conformation Is Stable. None of
the systems studied so far had the cTnI switch peptide bound.
Binding of the switch peptide should stabilize the open
configuration. To investigate the ability of umbrella sampling
to accurately describe the free energy profile, cTnI-bound holo
cTnC (1MXL)6 was simulated. This starting structure was in
the open configuration and was closed in the steered MD
simulation with cTnI present within the hydrophobic patch.
The resulting, averaged and linearized WHAM analysis free
energy profile can be seen in Figure 6. The raw data is shown
in Figure S10. The lowest free energy now was in the open
conformation, at around −6.3 kcal/mol. This value is a relative
free energy of opening calculated from the difference between
the energy levels of the closed and open conformations. As
seen in Figure S11, the closing of the cTnI-bound holo cTnC
during the umbrella sampling caused an unraveling of the
switch peptide to accommodate the closing. This demonstrates
the ability of umbrella sampling to discern the lowest energy
state of a wide varitey of cTnC systems.

■ CONCLUSIONS
We performed microsecond MD simulations and developed an
umbrella sampling protocol to investigate the free energy

Figure 5. Umbrella sampling results of calcium-bound (holo) HCM-
associated and calcium-sensitizing mutations, as well as DCM-
associated mutations compared to wild-type holo cTnC (blue). The
darker shades are the free energies to open the systems to an
interhelical angle of 110° (i.e., a semiopen conformation), and the
lighter shades are the free energies to open the systems to an
interhelical angle of 90° (i.e., a fully open conformation). Free
energies of opening were determined by WHAM analysis of umbrella
sampling simulations. HCM-associated mutations all exhibited a lower
free energy of opening compared to WT and L48Q showed the lowest
free energy of opening. DCM-associated mutations all exhibited a
higher free energy of opening compared to WT holo cTnC.
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landscape of TnC hydrophobic patch opening. Microsecond
MD simulations exhibited large differences between the sTnC
and cTnC isoforms, as well as, more pronounced interhelical
angle distributions for HCM mutations. However, generally,
we were unable to extract more subtle differences between the
isoforms and mutants from the microsecond MD simulations
as a direct consequence of the unbiased nature of the
simulations and a resulting insufficient sampling of the
hydrophobic patch opening. The umbrella sampling protocol
developed here allowed for a more direct and targeted
sampling of the free energy landscape, obviating the need for
the MD simulations to randomly sample an open config-
uration. Not only did this method improve the sampling but
provided a significantly reduced computational cost to
quantitatively study TnC hydrophobic patch opening.
MD and umbrella sampling simulations of the holo sTnC

isoform suggested a dramatic increase in open configurations
compared to the holo cTnC isoform, however the simulations
also indicated that the system spends the majority of the time
in an at least semiclosed state. This is in agreement with
previous MD studies on sTnC where the open structure closed
during the simulation. Potentially, the presence of calcium in
site I is sufficient to open the system on longer time scales
inaccessible by simulation methods but accessible by structure
determination methods. Future work is advised to reconcile
computational and experimental observations. As hypothe-
sized, HCM and calcium-sensitizing mutations, on average,
showed a lower free energy of opening compared to the WT
cTnC. This can be explained by the substitution of
hydrophobic amino acids with charged or more hydrophilic
amino acids within the hydrophobic patch area and a
subsequent destabilization of hydrophobic packing. The fact
that these mutations altered the free energy to varying degrees
suggests that the mechanism of hydrophobic patch opening
could be modulated for a specific response. Likewise, DCM
and calcium-desensitizing mutations increased the free energy
of opening to varying degrees. Finally, cTnI-bound holo cTnC
exhibited the lowest free energy in the open configuration, in
agreement with experimental data. Probing specific inter-
actions through the computational methods discussed has

shown to be critical in understanding muscle contraction at a
molecular level.
To summarize, we showed that the free energy of TnC

opening can be more effectively probed by umbrella sampling
in comparison to traditional MD simulations. This method-
ology significantly reduced the required computational
resources and time to understand the role mutations play in
the function of TnC. Umbrella sampling has been previously
applied to TnC calcium-binding free energy, but, to our
knowledge, this is the first use of it to study the free energy of
hydrophobic patch opening. This is an encouraging develop-
ment for studying TnC, understanding the molecular processes
involved in muscle contraction and developing more specific
treatments for its associated diseases.
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