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ABSTRACT The heterotrimeric cardiac troponin complex is a key regulator of contraction and plays an essential role in confer-
ring Ca2þ sensitivity to the sarcomere. During ischemic injury, rapidly accumulating protons acidify the myoplasm, resulting in
markedly reduced Ca2þ sensitivity of the sarcomere. Unlike the adult heart, sarcomeric Ca2þ sensitivity in fetal cardiac tissue is
comparatively pH insensitive. Replacement of the adult cardiac troponin I (cTnI) isoform with the fetal troponin I (ssTnI) isoform
renders adult cardiac contractile machinery relatively insensitive to acidification. Alignment and functional studies have deter-
mined histidine 132 of ssTnI to be the predominant source of this pH insensitivity. Substitution of histidine at the cognate position
164 in cTnI confers the same pH insensitivity to adult cardiac myocytes. An alanine at position 164 of cTnI is conserved in all
mammals, with the exception of the platypus, which expresses a proline. Prolines are biophysically unique because of their
innate conformational rigidity and helix-disrupting function. To provide deeper structure-function insight into the role of the
TnC-TnI interface in determining contractility, we employed a live-cell approach alongside molecular dynamics simulations to
ascertain the chemo-mechanical implications of the disrupted helix 4 of cTnI where position 164 exists. This important motif be-
longs to the critical switch region of cTnI. Substitution of a proline at position 164 of cTnI in adult rat cardiac myocytes causes
increased contractility independent of alterations in the Ca2þ transient. Free-energy perturbation calculations of cTnC-Ca2þ

binding indicate no difference in cTnC-Ca2þ affinity. Rather, we propose the enhanced contractility is derived from new salt
bridge interactions between cTnI helix 4 and cTnC helix A, which are critical in determining pH sensitivity and contractility. Mo-
lecular dynamics simulations demonstrate that cTnI A164P structurally phenocopies ssTnI under baseline but not acidotic con-
ditions. These findings highlight the evolutionarily directed role of the TnI-cTnC interface in determining cardiac contractility.
INTRODUCTION
Cardiac contractility requires tightly regulated and highly
orchestrated structural rearrangements between multiple
proteins within the sarcomere assembly (1). At the center
of this chemo-mechanical regulation is the troponin com-
plex, which ultimately directs the molecular motor of the
sarcomere, myosin, to produce force and motion (2,3).
Genetic and environmental perturbations can markedly alter
these intermolecular interactions, resulting in depressed
cardiac myocyte function and declining heart pump func-
tion (4). Consequently, gaining a deeper understanding of
the structure-function relationship in sarcomeric proteins
is critical to developing strategies to effectively redress the
ischemic and failing heart.

The cardiac troponin complex is a heterotrimeric protein
assembly consisting of the tropomyosin-binding subunit
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cardiac troponin T, which anchors the complex to the actin
thin filament via tropomyosin; the Ca2þ-responsive subunit
cardiac troponin C (cTnC); and the allosteric regulator of
sarcomeric function cardiac troponin I (cTnI). In systole,
Ca2þ is released from the sarcoplasmic reticulum, causing
a rapid rise in intracellular concentration (5). Ca2þ then
binds to the N-terminus of cTnC, initiating a series of
concerted conformational changes in the troponin complex.
As Ca2þ binds, conformational changes in cTnC reveal a
patch of hydrophobic residues in cTnC, allowing the cTnI
switch peptide (residues 147–163) to then bind to initiate
activation of the sarcomere (6). Concurrent with the cTnI
switch peptide binding the cTnC N-terminal hydrophobic
pocket, the cTnI inhibitory peptide (residues 128–146)
and the cTnI mobile domain (residues 172–210) shift
away from the actin filament, thereby allowing tropomyosin
to azimuthally rotate and expose myosin strong-binding
sites (7,8). In diastole, myoplasmic Ca2þ concentration
drops precipitously as Ca2þ is re-sequestered in the sarco-
plasmic reticulum or extruded across the sarcolemma. As
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a consequence, the dynamic TnC-TnI protein interactions in
systole are reversed, and the cTnI inhibitory peptide binds to
the actin filament to inhibit strong myosin cross-bridge for-
mation. Collectively, these changes constitute the molecular
switch function of cTnI (9).

The allosteric function of cTnI as both a sarcomere inhib-
itory ligand and regulator of cardiac contractility poises it to
be a critical effector of contractility. Here, cTnI interacts
with key regulatory proteins in the thin filament: cTnC, car-
diac troponin T, actin, and tropomyosin, highlighting its
crucial position in the beat-to-beat regulation of cardiac
muscle (10–12). Because of its essential role in mediating
thin filament regulation, it is also highly sensitive to disrup-
tions in the local biochemical milieu and genetic mutations.
The majority of human disease-causing mutations in cTnI
are located in the C-terminal half of the protein (13). This
demonstrates the critical role of the C-terminal half of
cTnI in determining cardiac lusitropy and diastolic function
of the heart (14).

During acute ischemia, as oxygen tension drops, protons
rapidly accumulate in the myoplasm to acidify the sarco-
mere, resulting in markedly reduced Ca2þ sensitivity of
the sarcomere (15). Unlike its adult counterpart, myofila-
ment Ca2þ sensitivity of fetal cardiac tissue is compara-
tively pH insensitive. Targeted replacement of the adult
cTnI isoform with the fetal troponin I (ssTnI) isoform has
been shown to confer myofilament-based pH insensitivity
to adult cardiac tissue (16). Troponin I chimeric and struc-
ture-function studies have revealed the origin of insensi-
tivity to be histidine 132 in ssTnI (17). Substitution of
histidine at the cognate position 164 in cTnI confers marked
pH insensitivity to adult tissue (18–21).

Interestingly, the presence of an alanine at position 164
of cTnI is conserved across mammals, with a single
notable exception: Ornithorhynchus anatinus (platypus),
which instead harbors a proline at this position (13). Phylo-
genetically, the egg-laying mammals branched off from
their viviparous counterparts close to 200 million years
ago to give rise to the modern order Monotremata (22).
The only five extant monotremes are the platypus and four
species of echidna. Consequently, the platypus represents
an interesting divergence in mammalian evolution in terms
of troponin molecular switch structure-function (23,24).
We seek to examine this intriguing evolutionary substitution
in troponin to further elucidate cTnI structure-function and
its role as a determinant of cardiac contractility.

The high level of conservation in the cTnI switch peptide,
and especially helix 4, is indicative of its critical role as a
determinant of contractility. Accordingly, the introduction
of a biophysically unique amino acid in this region merits
further investigation. Proline substitutions are of special
interest because of their structural implications. The distinc-
tive cyclic structure of proline underlies its role as a ‘‘helix
breaker’’ because of its innate ability to disrupt the a-helical
protein motif (25). The principal goal of this study was to
assess the biophysical consequences of the cTnI-A164P
evolutionary stepping stone in the context of isolated adult
cardiac myocytes by acute gene transfer. In complement,
atomistic molecular dynamics (MD) simulations were con-
structed to better understand how cardiac troponin proteins
have been modified throughout evolution to accommodate
environmental and physiological requirements of cardiac
muscle. The new—to our knowledge—findings detailed
here enhance our understanding of the TnC-TnI interface
as a central regulator of cardiac contractility.
MATERIALS AND METHODS

Adenovirus generation and purification

We used a pGEM3Z vector containing cTnI-Flag and the QuikChange

mutagenesis kit (Stratagene, La Jolla, CA) to generate site-directed

A164P-Flag mutants according to the manufacturer’s protocol. Mutated

DNA was sequenced before subcloning of mutant cTnI complementary

DNA into an pDC316 adenovirus shuttle vector. All DNA sequences

were verified by overlapping sequence runs. Recombinant serotype-5

adenoviruses were generated by cotransfection of an adenovirus genome

cosmid into HEK293 cells. A164P cTnI-Flag adenovirus plaques were

isolated by a noble agar overlay then isolated, amplified, and purified by

a cesium chloride gradient. Adenoviruses for cTnI-Flag and A164H

cTnI-Flag were generated previously and used as controls here (21).
Immunoblot detection

Adult cardiac myocytes on day 3 after transduction were scraped off glass

coverslips and placed in a Laemmli sample buffer with a protease inhibitor

cocktail (#S8220; Sigma-Alrdich, St. Louis, MO). Proteins were separated

by sodium dodecyl sulfate polyacrylamide gel electrophoresis and trans-

ferred to a polyvinylidene fluoride membrane for immunodetection. After

blocking in 5% milk in Tris-buffered saline, membranes were probed

with a cTnI-specific antibody (4C2, 1:4000; AbCam, Cambridge, MA).

Indirect immunodetection was carried out using a fluorescently labeled

anti-mouse secondary antibody (Infrared Dye 680nm-conjugated,

1:10,000; Li-Cor, Lincoln, NE). Western blot analysis was accomplished

using the infrared imaging system Odyssey (Li-Cor), and images were

analyzed using Odyssey software v3.0.
Ventricular myocyte isolation and gene transfer

Adult rat ventricular myocyte isolation was performed as previously

described (14,21,26). Adult female Sprague-Dawley rats were anesthetized

by inhalation of isoflurane followed by intraperitoneal injection of heparin

(1500 U/kg) and Fatal-Plus (150 U/kg) (Vortech Pharmaceuticals, Dear-

born, MI). After anesthesia, rats were euthanized by exsanguination and

the heart was rapidly excised, cannulated via the aorta, and perfused retro-

gradely with collagenase in Ca2þ-free Krebs buffer. After enzymatic diges-

tion, the cardiac ventricles were mechanically triturated, and viable

myocytes were fractionated and pooled. Cardiac myocytes were plated on

laminin-coated glass coverslips (2 � 104 myocytes per coverslip) and

cultured in M199 media (Sigma-Aldrich) supplemented with 26.2 mmol/L

sodium bicarbonate, 0.02% bovine serum albumin, and 50 U/mL penicillin-

streptomycin, with the pH adjusted to 7.4 by NaOH from the initially more

acidic media. Additionally, insulin (5 mg/mL), transferrin (5 mg/mL), and

selenite (5 ng/mL) (I1884; Sigma-Aldrich) were added. One hour after

plating, nonadherent cells were aspirated, and recombinant adenoviruses

expressing cTnI-Flag isoforms were applied to the remaining cells as pre-

viously described (14,21,26). Cells were cultured for 72 h to provide
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sufficient time for stoichiometric replacement of the troponin I isoforms.

All animal experiments were performed in compliance with University of

Minnesota Institutional Animal Care and Use Committee animal protocols.
Sarcomere and calcium dynamics

Sarcomere length measurements were performed using an IonOptix cal-

cium and contractility system (IonOptix, Westwood, MA), wherein lami-

nin-coated coverslips plated with isolated adult rat ventricular cardiac

myocytes were bathed in M199 media (#M3274; Sigma-Aldrich) at

37�C. Myocytes were stimulated at 25 volts by field stimulation using plat-

inum electrodes at a pacing frequency of 1 Hz. Sarcomere length and Ca2þ

transients were measured in real time and averaged over 10–20 contractile

cycles. Ca2þ transients were measured simultaneously using a fluorescent

Ca2þ indicator, Fura-2-acetoxymethyl ester (#F1221; Thermo Fisher Scien-

tific, Waltham, MA), loaded at 1 mM for 10 min and then de-esterified in

M199 before measurement as previously described (14,21,26).

For acidosis experiments, electrical field stimulation was paused, and

M199 basal media on cells were aspirated and replaced with M199 media

with a pH adjusted to 6.2 by NaOH from the initially more acidic media.

After media were replaced, cells were allowed to come to equilibrium

over a period of 10 min before field stimulation was resumed. Cells were

then measured again with a pacing frequency of 1 Hz over 10–20 contractile

cycles, and sarcomere dynamics were averaged.
MD simulations and interatomic distance
calculations

The MD simulations were conducted as previously described (21,27).

Briefly, the starting structures were obtained from the Protein Data Bank

(PDB): 1J1E chains D and F for cTnC (residues 1–90) and cTnI (residues

148–174), respectively. For ssTnI (residues 115–140) PDB: 1YTZ was

used, and ssTnI was modeled onto cTnC using Schrödinger Maestro (28).

All mutations (A164H, A164P) and missing amino acid side chains of

G50 and Q51 of cTnC were performed via standard amino acid substitution

utilizing the Schrodinger’s Prime module that takes into account a rigorous

conformation search of side-chain rotamers only and local structure optimi-

zation. The approach does not take into account backbone rotamers that can

potentially lead to repacking of the hydrophobic core. Missing hydrogen

atoms were added to the final model, and energy was minimized using the

optimized potentials for liquid simulations 2005 force field (29).

The general continuum electrostatics method, which is commonly imple-

mented to calculate the energetics of proton transfer and the corresponding

pKa within a thermodynamic cycle, is described in greater detail elsewhere

(30,31). In this study, calculations of the theoretical pKa were carried out

using the web-based Hþþ server that implements the linearized Poisson-

Boltzmann implicit solvent model (32). For these calculations, the protein

was treated as a low-dielectric medium in which εin¼ 40, and the surround-

ing solvent was assigned a high-dielectric constant of εout ¼ 80. The choice

of a low-protein dielectric constant for pKa calculation was previously dis-

cussed (33). The Debye-H€uckel screening parameter k was used to set the

electrostatic screening effects of the salt concentration corresponding to

physiological conditions of 0.145 M. The pKa values shown in Fig. S2

were derived by calculating the intrinsic pKa, which corresponds to the

pKa of the group of interest wherein all of the other titratable amino acids

are maintained in the neutral state (30).

The imidazole groups of all histidines in the structure were ionized

according to the calculated pKas. All simulations were carried out using

NAMD version 2.6 with a CHARMM27 protein force field and a transfer-

able intermolecular potential and a three point (TIP3P) water model (34).

Each protein complex was solvated in a rectangular box with a 15 Åwater

buffer from the protein. Naþ and Cl� counterions were added at 5 Å from

the box boundary to neutralize the total charge of the system. Each system

was initialized by a 5000-step conjugate gradient energy minimization,
1648 Biophysical Journal 114, 1646–1656, April 10, 2018
with protein heavy atoms restrained at 50 kcal/(mol $ Å2). The restraint

system was gradually heated from 25 to 300 K at 25 K increments at every

10 ps interval for 100 ps, followed by a 100 ps equilibration with gradual

removal of the heavy atoms’ restraint at every 10 ps interval under a num-

ber volume temperature condition. The final unrestrained equilibration

was carried out for 100 ps, followed by 40 ns of production simulation un-

der 1 atm and 300 K NPT condition. The simulations were carried out un-

der a periodic boundary condition using particle mesh Ewald (35). The

SHAKE method was employed to restrain all hydrogen bonds’ lengths

(36). A 2 fs time step was used with coordinates saved at 1 ps time inter-

vals, resulting in a total of 40,000 configurations for each simulation.

Three to five 40 ns simulations were carried out for each of the modeled

complexes by random initialization of the starting velocities to improve

sampling of conformational states. All calculated distances were evalu-

ated in angstrom unit over the entire 40 ns of the simulation. For all com-

plexes, the distance was evaluated between cTnI R171 (NE2) or ssTnI

R139 (NE2) and cTnC E15 (OE2). Ca Root mean-square deviation was

used to determine the relative changes of the protein structure over the

course of the simulation (Fig. S3). These simulations were conducted us-

ing computational resources from the University of Minnesota Supercom-

puting Institute.
Free-energy perturbation calculation

The relative binding free energy of the Ca2þ ion between the wild-type

(WT) and its mutant DD Gwild/mut
bind was evaluated using the free-energy

perturbation (FEP) method that has been used previously for the studies

of charges in solution (37,38) and proteins (39). Briefly, Molaris calcu-

lates the energy of changing the charge of a calcium ion by changing

the charge in small steps from a fully charged þ2 to 0 while allowing

the coordinating atoms around the calcium ion to undergo reorganization.

Thus, FEP is a measure of the free-energy change associated with the

change in calcium ion discharging as a proxy for TnC-calcium binding

affinity.

We calculated the binding free energy, DG, associated with ionizing

a charge within its water or protein-water environment. This involves

the adiabatic charging process by which the charge (Q) of the Ca2þ ion is

gradually changed from Q ¼ 0 / Q ¼ Q0, where Q0 ¼ þ2 for the Ca2þ

ion. The free energy is given by the following equation:

DGðQ ¼ 0/Q ¼ Q0Þ ¼
XN�1

m¼ 0

dGðlm/lmþ1Þ

dGðl /l Þ ¼ �b�1ln
�
exp½�bðεmþ1�εmÞ��
m mþ1
εm

εm ¼ ð1� lmÞεðQ ¼ 0Þ þ lmεðQ ¼ Q0Þ
where εm is the mapping potential and lm is the mapping parameter. The

complete charging process involved 11 mapping steps, with each mapping

step performed at 300 K for 20 ps with a step size of 1 fs. Harmonic distance

constraints of 200 kcal/(mol $ Å2) were applied on the cTnC site II

Ca2þ with its chelating residues D65, D67, D73, E76, and S69, and the

charge of the Ca2þ ion was systematically changed from 0 to þ2. The

use of distance restraint between the Ca2þ ion and the chelating residues

prevents dissociation of the Ca2þ ion from the binding site when the ionic

charge is perturbed to zero. The binding free energy was averaged over the

multiple simulation snapshots for the given isoform. Four independent

frames from 10 to 40 ns were analyzed for each simulation on the three

to five simulations run per variant. The relative association binding free

energy (kilocalories per mole) was then evaluated by the difference

between the WT and its mutant. The FEP calculations were conducted

within the Molaris 9.09 software modeling package (40).
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RESULTS

cTnI replacement and incorporation

To study the structure-function relationship of the interac-
tion between the cTnI switch peptide and the N-terminus
of cTnC as it relates to isolated myocyte contractility, we
used an ex vivo cellular model. Recombinant adenoviruses
were generated to express single-amino-acid substitutions
at position 164 of cTnI in the switch peptide domain. The
three amino acid substitutions highlighted in this study
represent distinct switch peptide alterations during chordate
evolution: cTnI alanine/histidine/proline.

To study the effects of these cTnI substitutions, adult rat
cardiac myocytes were transduced with recombinant adeno-
viruses encoding WT cTnI, cTnI A164H, or cTnI A164P
substitutions in the context of the adult cTnI isoform.
Adenovirus transduction of adult myocytes is well
established as a nearly 100% efficient system that results
in stoichiometric replacement of the endogenous cTnI
(14,16,41,42). All cTnI vectors were Flag-tagged to allow
tracking compared to the endogenous cTnI. We have previ-
ously demonstrated that this epitope tagging method does
not alter myocyte functionality (14,27,43). At 72 h after
viral transduction, adult cardiac myocytes were harvested
and replacement was quantified by Western blot densitom-
etry (Fig. 1). Here, cTnI gene transfer showed stoichio-
metric replacement of the endogenous protein with the
Flag-tagged cTnI substitutions (Fig. 1 A). All of the cTnI
substitutions had 45–60% replacement, and the extent of
sarcomeric replacement was not significantly different be-
tween groups (Fig. 1 B). Previous studies have shown that
this experimental approach is targeted to TnI replacement
and does not affect the content or isoform profile of other
key sarcomeric proteins (14,21,41,44,45).
Cardiac myocyte contractility

Sarcomere length dynamics in membrane-intact single adult
rat cardiac myocytes transduced with cTnI substitutions
were examined to determine the functional consequence
of these single-amino-acid substitutions under baseline
physiological conditions (pH 7.4) and during acidosis
(pH 6.2). All measurements were made 72 h after gene
transfer. Myocyte contractility is described here in terms
of fractional shortening percentage—i.e., the percent
change in sarcomere length from baseline that occurs during
the average contractile cycle (Fig. 2, A and B). Under base-
line physiological conditions, the cTnI A164P substitution
resulted in increased contractile amplitude (Fig. 2, A and
B). Substitution of cTnI A164P and cTnI A164H had no
significant effect on the kinetics of contractility (Fig. S1).

Under acidosis, we have previously demonstrated that
A164H substitution significantly preserves contractility
(17,21,27,46,47). Thus, to test whether the proline substitu-
tion at position 164 would lead to a similar pH insensitivity,
myocytes were exposed to media at pH 6.2 and studied
for sarcomere dynamics. Consistent with previous reports,
substitution of cTnI A164H preserved contractility under
acidosis (Fig. 3, B, D, and E). However, introduction of
proline at position 164 did not protect myocytes from
depressed contractility (Fig. 3, C–E). These contrasting
contractile properties under acidosis suggest that the mech-
anisms of increased contractility between A164H and
A164P are different.

To elucidate the mechanism of the enhanced contractility
caused by cTnI A164P substitution, we monitored intracel-
lular Ca2þ cycling with the Ca2þ-sensitive fluorescent dye
Fura-2 in isolated rat myocytes transduced with either a
cTnI A164P adenovirus or a cTnI WT adenovirus. Here,
cTnI A164P caused no significant change in the peak
Ca2þ transient amplitude (Fig. 2, C and D). The similar
Ca2þ amplitudes are evidence that the positive inotropy
caused by the cTnI A164P substitution at baseline is not
due to a change in Ca2þ cycling or sarcoplasmic reticulum
Ca2þ storage; instead this implicates alterations in sarco-
mere activation as a driving force behind the increased
myocyte contractility.
MD simulations

To further probe the mechanism of the enhanced baseline
contractility observed in myocytes transduced by cTnI
FIGURE 1 Replacement and incorporation of

the adenovirus-transduced adult cardiac myocytes.

(A) Shown is a representative Western blot of adult

rat ventricular myocytes on day 3 after transduc-

tion, probed with a TnI antibody. Expected sizes

are denoted on the left; all adenovirus-transduced

cTnI isoforms are Flag tagged. All protein samples

are from the same blot with the intervening

lanes removed. (B) Shown is the densitometry

of cTnI replacement based on a Western blot

comparing exogenous (cTnI Flag band) to total

cTnI (n ¼ 3–5 for each group from two to three

independent experiments). Mean 5 standard error

(SE) are presented.
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FIGURE 2 Sarcomere length and cytosolic cal-

cium dynamics at physiologic baseline. (A and B)

Shown are representative traces of sarcomere

length dynamics, with normalized baseline sarco-

mere lengths shown as a percent change in length

from baseline; a group summary is also given.

n ¼ 37–55 myocytes from four independent exper-

iments for each group. *p < 0.05 from a one-way

analysis of variance. (C) Shown is a representative

Fura-2-acetoxymethyl ester fluorescence trace of a

cTnI Flag adenovirus-transduced myocyte (solid

line) and a cTnI A164P adenovirus-transduced

myocyte (dotted line). (D) Peak amplitude of the

calcium transient reveals no changes in the ampli-

tude of the calcium transient; n ¼ 6–12 myocytes

from two different experiments for each group.

Mean 5 SE are presented, and results were not

significant by Student’s t-test.
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A164P, we used MD simulations to gain atomistic-level
structural insights into how cTnI A164P introduction could
alter cTnI-cTnC interactions. Simulations were performed
with the Ca2þ-saturated cTnC with the WT cTnI, cTnI
A164P, cTnI A164H, and ssTnI switch peptides under
both histidine deprotonated (HSD) and histidine protonated
(HSP) conditions, in which all histidines are either deproto-
nated or protonated, respectively. In this model system, we
are able to probe the biophysical consequences of acidosis
by altering the protonation state of only the histidine resi-
dues since they are the only amino acids with a pKa in the
physiological operating range (pKa z 6.0). Starting struc-
tures were truncated cTnC residues 1–90; fast skeletal
Troponin I 115–140 from the Ca2þ-bound chicken fast
skeletal troponin crystal structure (PDB: 1YTZ), mutated
computationally to generate ssTnI; and cTnI residues
148–174 from the Ca2þ-bound human cTn crystal structure
(PDB: 1J1E, chains D and F), mutated computationally to
generate the cTnI A164P and A164H structures. We carried
out three simulations with each of the three starting struc-
tures at random starting velocities to probe the possible
three-dimensional conformational spaces the troponin struc-
ture could assume. Here, each simulation was run for 40 ns
or until the simulation reached a stable conformation.
Representative final stable structures of each TnI computa-
tional mutant showed the N-terminus (i.e., switch peptide)
of the TnI peptide to be in generally the same conformation
(Fig. 4). In comparison, the structures differed significantly
at their C-termini (i.e., helix 4) and its interactions with the
1650 Biophysical Journal 114, 1646–1656, April 10, 2018
N-terminal lobe of cTnC (Fig. 4). In particular, the angle be-
tween the switch peptide and helix 4 differed considerably;
in ssTnI HSD and HSP, helix 4 was disordered and followed
in parallel with the A helix of cTnC. This is in contrast with
cTnI and cTnI A164H HSD and HSP, in which the helix 4 of
cTnI was at �90–100� relative to the cTnC A helix. The
most striking finding from the MD simulations with cTnI
A164P HSD is that the final stable structure is qualitatively
similar to the ssTnI structure, in which helix 4 and the cTnC
A helix are parallel. By contrast, in the cTnI A164P HSP
stable structure, cTnI A164P helix 4 remained parallel
with the cTnC A helix but kinked away from the N-terminus
of cTnC and extended toward the cTnC B helix. Collec-
tively, these findings indicate that the cTnI-cTnC interaction
is significantly altered by the introduction of a proline at
position 164 of cTnI and reveals a structural intermediate
between ssTnI and cTnI, wherein helix 4 is highly ordered
but maintains close proximity to the cTnC A helix.
Interatomic distances and the A helix–helix 4
interaction

In ssTnI-cTnC HSD and HSP simulations, helix 4 (residues
130–142) of ssTnI was found to be in an unstructured region
of the peptide that interacts at multiple points with the cTnC
A helix (residues 14–28). Notably ssTnI-cTnC HSD has a
salt bridge between R139 of cTnI and E15 of cTnC, a
cognate interaction that has been previously implicated as
important in maintenance of contractility under acidosis



FIGURE 3 Sarcomere length dynamics at

physiologic baseline and in acidosis. (A–C) Shown

are representative traces of sarcomere length

dynamics, with normalized baseline sarcomere

lengths shown as a percent change in length from

baseline (solid trace ¼ pH 7.4, dotted track ¼
pH 6.2). (D) pH 6.2 sarcomere length dynamics

showing the fractional shortening summary are

given. (E) Shown is the change in fractional short-

ening from pH 6.2 to pH 7.4. n ¼ 37–55 myocytes

from four independent experiments for each group.

Mean 5 SE are presented. *p < 0.05 from a one-

way analysis of variance.
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(Fig. 5, A and C) (21). When the histidine at position 132
was protonated in the HSP simulation, the simulation
showed the R139-E15 salt bridge was gradually replaced
in favor of H132-E19 interaction (data not shown). Despite
the loss of the R139-E15 salt bridge, helix 4 of ssTnI
remained in close proximity with the A helix of cTnC
(Fig. 4 B).

In cTnI A164P, the cognate amino acid to ssTnI R139 is
R171. In the A164P-cTnC HSD simulation, cTnI A164P he-
lix 4 formed multiple contact points with the cTnC A helix
(Fig. 4 B), including a unique salt bridge between A164P
R171 and both cTnC E15 and E19. These two cTnC gluta-
mates were previously demonstrated as structurally signifi-
cant determinants of contractility (Fig. 5, B and C) (21).
This juxtaposes the A164P-cTnC HSP simulation wherein
helix 4 was kinked away from the A helix of cTnC and as
a result the mean distance was twofold greater between
R171 and E15 under HSP conditions throughout the course
of the simulation (Fig. 5 D).
Free energy of cTnC Ca2D binding

To determine if the increased contractility caused by intro-
duction of cTnI A164P was related to an alteration in
Ca2þ binding affinity, we evaluated the relative binding
free energy of Ca2þ ion binding to cTnC. These calculations
were based on representative sample frames from 10 to
40 ns for WT, A164P, and A164H cTnI isoforms using the
FEP method. The relative free energy of Ca2þ binding is
shown in Fig. 6.

FEP calculations reveal increased Ca2þ binding free en-
ergy for cTnI HSP compared to cTnI HSD, indicative of
decreased cTnC Ca2þ binding affinity and consistent with
the decreased isolated myocyte contractility observed under
acidosis (Fig. 2 F). Moreover, the Ca2þ binding free en-
ergies calculated from the cTnI A164P HSD and HSP sim-
ulations were not statistically different from their WT HSD
or HSP counterparts, indicating that cTnC Ca2þ binding
affinity does not underlie the increased contractility of
myocytes transduced by cTnI A164P. We further compared
FEP-calculated Ca2þ binding free energy of the previously
published cTnI A164H HSD and HSP (21,27). Here,
cTnI A164H HSD indicates increased Ca2þ binding free
energy (decreased cTnC Ca2þ binding affinity), whereas
cTnI A164H HSP had decreased Ca2þ binding free energy
(increased cTnC Ca2þ binding affinity). Although the obser-
vation of decreased Ca2þ binding free energy of cTnI
A164H HSP is consistent with the increased contractility
observed in isolated cells under acidosis (Fig. 2 F), the
increased Ca2þ binding free energy of cTnI A164H HSD
Biophysical Journal 114, 1646–1656, April 10, 2018 1651



FIGURE 4 Atomistic ribbon structure represen-

tations of the protein structures at the end of the

40 ns simulation. Red is cTnC 1–90, blue is cTnI

148–174 or ssTnI 115–140, and yellow spheres

represent the calcium ion bound to cTnC site II.

(A) Shown are cTnI-cTnC starting structures

from PDB: 1J1E with key motifs labeled; amino

acid position 164 is highlighted in yellow for refer-

ence. (B) Shown are HSP (histidine protonated)

and HSD (histidine deprotonated) final 40 ns rib-

bon structures for each of the cTnI structures. In

the lower right of each ribbon structure is a simpli-

fied stick figure representation of the orientation

between the cTnC A helix (red) and the TnI

switch peptide and helix 4 (blue). To see this figure

in color, go online.

Vetter et al.
suggested that a different mechanism than altered Ca2þ

affinity was responsible for the increased baseline contrac-
tility of cTnI A164P and A164H (Fig. 2, B, C, and F).
DISCUSSION

We used a live-cell structure-function approach in comple-
ment with MD simulations to gain new—to our knowl-
edge—mechanistic insights into the TnC-TnI interface
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during cardiac contraction. We introduced a proline residue
into position 164 in helix 4 of cTnI to probe the biophysical
consequences of this key transitional modification that arose
during evolution. By monitoring the Ca2þ and contractile
dynamics of live cardiac myocytes substituted with cTnI
A164P, along with state-of-the-art MD simulations, this
study contributes to a growing model wherein the effective
concentration of the troponin I switch peptide at cTnC
is a primary determinant of contractile function (48–52).
FIGURE 5 Atomistic ribbon structures of TnI

helix 4 (blue) interactions with cTnC (red) (A) A

representative 40 ns frame of ssTnI cTnI HSD

showing R139 of ssTnI interaction with cTnC

E15 is given. The inset shows distances between

E15 and R139. (B) A representative 40 ns frame

of cTnI A164P HSD showing R171 of cTnI inter-

action with cTnC E15 is given. The inset shows

distances between E15 and R171. (C) Shown is

the calculated distance measurement from TnI

R139/171 for ssTnI and cTnI A164P, respectively,

to cTnC E15 during the 40 ns simulation. (D) The

mean distance between ssTnI R139 or cTnI A164P

R171 to cTnC E15 over the entire stable 40 ns

of each simulation is given. Error bars are 5SE,

and *p< 0.05 from a one-way analysis of variance.

To see this figure in color, go online.



FIGURE 6 Relative Ca2þ binding free energy. The change in Ca2þ bind-

ing free energy is normalized to the average of WT cTnI, plotted as

DDGwild/mut
bind . Four representative frames from all simulations for a given

isoform were calculated and averaged; error bars are 5SE. Mean 5 SE

are presented. *p < 0.05 from a Student’s t-test to the WT HSD value.

TnI and Cardiac Contractility
A key new—to our knowledge—finding of this study is that
cTnI A164P substitution in isolated adult rat cardiac myo-
cytes causes an increase in contraction at baseline indepen-
dent of alterations in the Ca2þ transient. These data indicate
that increased fractional shortening mediated by cTnI
A164P is not due to altered TnC-Ca2þ binding, as suggested
by MD-guided FEP analysis. Finally, usingMD simulations,
we observe a novel TnC-TnI interface conformation
wherein cTnI A164P enhances interactions with cTnC that
are similar to those found at baseline with ssTnI. This pos-
itive cellular inotropy caused by cTnI A164P is distinct from
previously described positively charged residue substitu-
tions at this position, which provide an increase in contrac-
tility compared to WT cTnI during acidosis (27). That is
to say that whereas cTnI A164P enhances contractility
at normal pH, cTnI A164P functions identically to WT
cTnI with similarly depressed live-cell contractility during
acidosis.

To provide further mechanistic insight, we probed
whether increased cTnC-Ca2þ binding affinity underlies
the cTnI A164P baseline sensitization, and FEP calculations
of stable cTnI-cTnC conformations were performed using
MD simulations. Consistent with the contractility experi-
ments in isolated myocytes, in silico acidosis by histidine
protonation has a profound effect on the Ca2þ binding affin-
ity, as previously established in the literature (21,53). How-
ever, not only was the relative Ca2þ binding affinity for
A164H HSD decreased compared to cTnI WT HSD, the
Ca2þ binding affinity for A164P HSD and HSP was also un-
changed. Based on these data, we posit that the cTnI A164P
heightened calcium sensitivity derived from the intact myo-
cyte shortening experiments can be explained by a dramat-
ically different conformation of the cTnI A164P peptide
with respect to cTnC. As such, this finding provides evi-
dence that the TnC-TnI interface, and not TnC-Ca2þ bind-
ing affinity, is the central determinant of cardiac myocyte
contractility under these conditions.
The cTnI A164P MD simulations provide further support
for a model in which the cTnI switch peptide effective con-
centration at the N-terminus of cTnC is a critical determinant
of contractility (48). At baseline physiological pH, ssTnI and
cTnI A164P indicate increased contractility compared to
cTnI WT. In acidosis, ssTnI and cTnI A164H maintain
normal contractility. The atomistic structure of the TnC-
TnI interaction reveals a distinct bend in the TnI switch pep-
tide between helix 3 and helix 4 that occurs in both the ssTnI
and A164P structures, but not inWT cTnI. An analogous but
less distinct bend in this region has been previously reported
in the cTnI A164H structure, but only under conditions of
acidosis (21,27). We posit that this bend in the cTnI switch
peptide enhances TnC-TnI interactions by increasing the
effective concentration of cTnI at the cTnCA helix interface.
This is supported by quantifying the distance between the
end of helix 4 (TnI R139/171) and the transition from the
N helix to the A helix in cTnC (E15). Although noncovalent
interactions between TnI helix 4 and TnC helix A are inde-
pendent and relatively weak, the data suggest summation
of multiple interactions results in a stable protein-protein
interaction. We don’t consider this to be an exhaustive list
of all possible interactions between TnC and TnI; instead,
this residue has been highlighted to show a significant alter-
ation in the orientation of cTnI helix 4 relative to cTnC helix
A between these conditions. The TnC-TnI interface findings
of this study are summarized in Fig. 7.

Proline has several unique biochemical characteristics.
Under normal physiological conditions it is a nonpolar
and aliphatic amino acid. Proline is the only amino acid
whose alpha amino group is attached directly to the side
chain, giving rise to a distinctive cyclic structure with excep-
tional conformational rigidity (54). When present in protein
secondary structures, proline may act as a structural
disrupter because of its locked 4 dihedral angle (54). In
complement with the restricted dihedral angle, the ring
structure side chain is connected directly to the b-carbon
of the peptide backbone, allowing for fewer degrees of rota-
tion. In the context of cTnI, position 164 is at the transition
from helix 3 to helix 4. Accordingly, introduction of a
proline at this position disrupts the transition between
cTnI helices 3 and 4, causing a dramatic conformational
change, as observed in MD simulations (Fig. 7). Here, an
approximation of the TnI switch peptide is shown relative
to cTnC as well as whether or not there is evidence of an
interaction between TnI helix 4 and cTnC helix A.

Taken together, these data support a model wherein an in-
crease in interactions between TnI helix 4 and cTnC helix A
results in positive inotropy. Maintenance of this interaction
in acidosis is critical for maintaining the ability to contract
under these disease-mimetic conditions. The introduction of
proline at position 164 of cTnI disrupts the regularity of the
a-helical backbone. This proline acts as a ‘‘helix breaker’’
and results in a kink in helix 4 at �90� that qualitatively
mimics the structural signature of ssTnI under baseline
Biophysical Journal 114, 1646–1656, April 10, 2018 1653



FIGURE 7 Summary of isoform-specific substitutions and pH as molec-

ular determinants of TnI function. 4 indicates no change in contractility

compared to cTnI at pH 7.4, [ indicates increased contractility compared

to cTnI at pH 7.4, and Y indicates decreased contractility with acidosis

relative to the same isoform at baseline. Atomistic stick figures show the

orientation of cTnC helix A (red) in relation to cTnI switch peptide and

helix 4 (blue) from MD simulations. þ indicates the presence of a stable

salt bridge interaction between helix 4 of cTnI and the A helix of cTnC,

and � indicates the absence of any observed stable salt bridges. To see

this figure in color, go online.
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and acidotic conditions, and cTnI A164H during acidosis
(Fig. 7). In the cTnI A164P and WT cTnI MD simulations,
the only histidine present is H173, which is not thought to
directly interact with cTnC. Interestingly, protonation of
H173 seems to have significant effects on the structure of
the cTnI switch peptide, likely because of intramolecular
interactions with the protonated cTnI H173. By contrast,
ssTnI contains a polar uncharged asparagine at the cognate
position (N141). However, investigation of the role of H173
was not the primary goal of this study and would require
further examination before drawing broader conclusions
about its role in determining contractility.

An alternate explanation, which we could not explore
given computational limitations, is that the bend in helix 4
of TnI introduced by A164P substitution has an effect on
the TnI interaction with actin and tropomyosin in the
relaxed state. In addition to the inhibitory peptide (residues
128–146) of cTnI, there is a second putative actin biding
domain at the C-terminus of cTnI, the mobile domain (res-
idues 172–210) (55). The significant conformational change
introduced by cTnI A164P may cause the mobile domain to
position itself in a manner that limits its actin and/or tropo-
myosin interactions and therefore favors the active state.
However interesting this hypothesis would be to investigate,
computational limitations as well a lack of atomistic resolu-
tion of the cTnI mobile domain complicate this type of anal-
ysis at this time.
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Numerous fish, amphibian, and bird species express
unique troponin primary amino acid sequences to accom-
modate environmental pressures such as frequent cold and
hypoxia. This allows for a wider range of Ca2þ sensitivities
than the typically narrow operating range exhibited under
the physiological constraints of mammals (13,56–62). As
such, it is intriguing that in the critical switch peptide region
of cTnI, position 164 is 100% conserved in mammals. This
position is always a nonpolar hydrophobic residue, whereas
in nonmammalian chordates, the cognate position is exclu-
sively a polar histidine (with the exception of Taeniopygia
guttata, which expresses a proline) (13). In contrast with
all other described mammals that express an alanine at po-
sition 164 of cTnI, the platypus (O. anatinus) expresses
a unique proline substitution. The platypus represents a
rather unique branch on the evolutionary tree as one of
the few extant members of the mammalian order Monotre-
mata (63). This animal occupies an evolutionary position
that may provide insights into the biophysical transforma-
tion of the TnC-TnI interface and how this proline sub-
stitution may represent an evolutionary stepping stone.
Interestingly, the nucleotide codon sequence for a histidine
requires only a single-base transition to exchange a histidine
for a proline; similarly, only one additional single-base tran-
sition is required to exchange a proline for an alanine. The
naturally occurring nucleotide transition rate in mammals
reveals proline as the most commonly occurring amino
acid exchange from histidine. Moreover, an alanine is the
most commonly exchanged amino acid from a proline (64).
This probabilistic scheme underscores the platypus’s persis-
tent expression of a proline at position 164, in stark contrast
to an alanine or a histidine as observed in all other mammals
or nonmammalian chordates, respectively.

Several allometric differences have been noted in the
basal physiology across the extant mammalian subclasses
(Prototheria, Marsupilia, and Euthera), which can be
juxtaposed with the basal physiology of nonmammalian
chordates. Of particular note is the difference in core body
temperature—the platypus and other monotremes operate
at �31�C compared to the average 35�C of marsupials
and 37�C of eutherians. One prevailing hypothesis in the
literature is that heightened calcium sensitivity is a compen-
satory mechanism required to maintain cardiac pump func-
tion at lower temperatures (57–62,65,66). Additionally,
anoxia creates a condition of depressed cardiac pump func-
tion, and this too may be ameliorated by calcium-sensitizing
mutations, as seen in certain freshwater turtles and crucian
carp. During anoxia, these animals have been observed
to alter their cardiac physiology to maintain contractility,
including increasing cardiac output. The platypus is a semi-
fossorial animal that digs its burrows at depths of up to 30 m
deep and spends considerable time diving underwater for
hunting (67,68). It has been established that monotremes
have an exceptionally low ventilatory response when chal-
lenged with CO2 (64), which equips the platypus to endure
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the prolonged bouts of hypoxia that occur during these ac-
tivities. Taken together with our study, this suggests a model
in which the platypus has several physiological adaptations
to environmental conditions, whereas cardiac performance
would be blunted in other species not similarly adapted to
these harsh conditions.

In conclusion, this study combines live-cell structure-
function with in silico MD simulations to provide, to our
knowledge, new mechanistic insights into the critical role
of the TnI-TnC interface in modulating cardiac perfor-
mance. We propose that enhancing the interaction between
TnI helix 4 and the A helix of TnC increases contractility
and that disruption of this interaction during acidosis is
one of the key factors contributing to decreased contractility
of the heart during ischemia. Furthermore, this work en-
hances our knowledge of how disease-causing mutations
in the TnI switch peptide may be affecting contractility,
establishing a foundation for designing new therapeutics
that target the TnC-TnI interface.
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Supplemental Figure 1. Sarcomere length kinetics at physiologic baseline. (A) Time to reach various 

percentages of peak contractile amplitude as measured from baseline sarcomere length. (B) Time to 

reach various percentages of return to baseline sarcomere length as measured from the peak of the 

contractile amplitude. n = 37-55 myocytes from four independent experiments for each group.  N.S. from 

one-way analysis of variance with Tukey’s post-hoc test.  Mean ± S.E.M. are presented. 
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Supplemental Figure 2. Theoretical intrinsic pKa values of troponin I histidine residues across various 

simulations as determined using the Poisson-Boltzmann implicit solvent model available via the H++ 

server. 
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Supplemental Figure 3. Average RMSD over 40ns for each TnI isoforom. 
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