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Abstract

Thanks to its polyphenols and phytochemicals, green tea is believed to have a number of health benefits, including
protecting from heart disease, but its mechanism of action at the molecular level is still not understood. Here we explore, by
means of atomistic simulations, how the most abundant of the green tea polyphenols, (-)-Epigallocatechin 3-Gallate (EGCg),
interacts with the structural C terminal domain of cardiac muscle troponin C (cCTnC), a calcium binding protein that plays
an important role in heart contractions. We find that EGCg favourably binds to the hydrophobic cleft of cCTnC consistently
with solution NMR experiments. It also binds to cCTnC in the presence of the anchoring region of troponin | (cTnl(34-71)) at
the interface between the E and H helices. This appears to affect the strength of the interaction between ¢CTnC and
cTnl(34-71) and also counter-acts the effects of the Gly159Asp mutation, related to dilated cardiomyopathy. Our
simulations support the picture that EGCg interacting with the C terminal domain of troponin C may help in regulating the
calcium signalling either through competitive binding with the anchoring domain of cTnl or by affecting the interaction
between cCTnC and cTnl(34-71).
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Introduction

Tea, produced largely from the plant Camellia Sinensis, has been
cultivated since ancient times and has been associated with
Oriental medicine in the treatment of a variety of ailments. Green
tea makes up nearly 20% of the total tea produced worldwide and
is prepared in a way which prevents the oxidation of the leaf so
that its polyphenolic content is preserved. Green tea polyphenols
have been investigated in relation to a number of diseases, such as
HIV, influenza, cancer, Alzheimer’s, Parkinson’s and cardiovas-
cular diseases [1-11], with the final goal to ascertain whether the
claimed health benefits can be demonstrated and understood and,
if so, by which precise mechanism they are carried out. The most
abundant of green tea polyphenols by weight is (-)-Epigalloca-
techin 3-Gallate (EGCg), which is shown in Fig. 1. It is a powerful
antioxidant, which includes a benzenediol ring (label A) joined to a
tetrahydropyran moiety (C), a pyrogallol ring (B) and a galloyl ring
(B’). Rings B and B’ can assume a number of orientations with
respect to A and C, depending on the torsional angles indicated as
y, 0 and ¢ in Fig. 1.

Experimental studies have shown that green tea polyphenols,
when interacting with the protein troponin C, found in cardiac
muscles, may modulate the binding of Ca?* ions to the tissue. [12]
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The binding of calcium ions to cardiac tissue is essential for heart
contraction and several diseases are known to modify such an
interaction. Therefore the biochemical effects of these polyphenols
are of great interest as they could potentially lead to prevention or
new treatments of heart disease. [8,13,14].

Troponin is a protein which exists in both cardiac and skeletal
muscles and has different functions depending on the location.
Cardiac muscle troponin (c'T'n) plays a critical role in regulating
relaxation and contraction in the cardiac thin filament. The
protein is attached to tropomyosin and lies between actin filaments
found in muscle tissue. It is composed of three distinct protein sub-
units which have crucial roles in this regulatory function.
Troponin C (¢cTnC) binds Ca?* and regulates the thin filament
activation, troponin I (cTnl) inhibits contraction in the absence of
Ca* and troponin T (¢TnT) attaches the troponin complex to
tropomyosin on the actin filament. [15,16] As shown by solution
NMR ([17], cInC is a dumbbell shaped protein consisting of two
domains, comprising the C and N terminals, connected by an
elongated flexible linker. Each domain contains two EF-hand
helix-loop-helix motifs which act to bind divalent cations, though
in the N domain one of these sites is inactive. The hydrophobic
core of the regulatory N terminal (<(NTnC) domain is buried inside
the protein, but unlike skeletal TnC, which exposes its hydropho-
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bic core when bound to Ca?*, the regulatory domain is not
thought to undergo major conformational changes upon binding
Ca?*. [17-21] The Ca’* binding sites on the C terminal of TnC
(cCTnC) are of high affinity and thought to remain bound
throughout the cardiac cycle; without these ions bound the
domain remains unstructured. [22].

cCTnC has been investigated as a possible target for drugs
which modulate the calcium sensitivity of the protein (related to its
propensity to bind Ca?* and pass this signal onto the rest of the
protein complex). This is believed to be affected by mutations
associated to dilated and hypertrophic cardiomyopathy. [12,23,24]
Drugs in current use as treatment for heart diseases tend to alter
the cytosolic calcium homeostasis and may provoke arythmia and
even death. Hence there is a pressing need to find alternative
therapies, such as calcium sensitisers and desensitisers. The
structure of the calcium sensitiser EMD 57033, which we will
also study for comparison, is shown in Fig. 1.

The C terminal domain of human cardiac troponin C in
complex with EGCg has been studied by solution NMR. [13] A
possible binding site was identified at the surface of cCTnC
hydrophobic cleft. A three-dimensional structure for the
¢CTnC-2Ca%* -EGCg complex has been proposed and is shown
in Fig. 2; residues with significant nuclear Overhauser enhance-
ment (NOE) contacts include Metl120, Leul21, Leul36, Metl57
and Vall60 and are highlighted, together with Glyl59 whose
mutation to Asp is important for dilated cardiomyopathy.
Mutations in the N terminal domain have been found to affect
calcium sensitivity. [20] The binding site for EGCg in cCTnC is
similar to that of the calcium sensitiser EMD 57033, which was
also resolved by solution NMR spectroscopy [25] and is shown in
Fig. 2. When the anchoring region of troponin I (cTnlI(34—71)) was
present (occupying the hydrophobic cleft), EGCg formed a ternary
compound with ¢cCTnC and cTnl [13]; no structure at atomic
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resolution of this ternary compound has been proposed based on
spectroscopy experiments.

It is the aim of this study to provide an atomistic picture of the
interactions of EGCg with the C terminal domain of cardiac
muscle troponin C, which complements and most importantly
expands the available experimental information. To achieve this
goal, we used a series of computational techniques including
ligand-protein docking, molecular dynamics (MD) and metady-
namics [26,27], a method for accelerating rare events and
sampling free energy landscapes, to elucidate the mechanisms of
binding of EGCg to cCTnC, both in the absence and presence of
the anchoring domain of ¢Tnl. Moreover, we analysed the EGCg
influence on the Ca?* jons and assessed the effects of the mutation
of Gly159Asp, which is related to dilated cardiomyopathy. We also
compared the behaviour of EGCg with that of the calcium
sensitiser EMD 57033 in complex with ¢cC'TnC. This extensive
computational investigation provides a wealth of insights into the
mechanisms of interaction and the dynamics of binding of EGCg
with the C terminal domain of cardiac troponin C that may be
useful for the development of new, complementary or preventative
therapies for cardiovascular diseases.

Methods

EGCg partial charges were evaluated so to reproduce the
electrostatic potential (ESP) [28] in a density functional theory
(DFT) calculation with the BLYP gradient corrected exchange and
correlation functional [29,30] and a 6-31++G** basis set, using
the Gaussian03 package. [31].

Docking simulations were carried out with AUTODOCK [32]
for EGCg docked into cCTnC-2Ca?*  and
cCTnC-2Ca®*  plus the anchoring domain of c¢Tnl
(¢CTnC- 2Ca®* - ¢Tnl(34-71)); both these systems have been
investigated experimentally in complex with EGCg. [13] The

respectively

Figure 1. The structures of EGCg and EMD 57033. Top: the green tea polyphenol EGCg with labels for carbon bonded hydrogen atoms (left),
and rings and dihedral angles (right). Bottom: the calcium sensitiser EMD 57033.

doi:10.1371/journal.pone.0070556.g001
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Figure 2. The C terminal domain of troponin C in complex with EGCg and EMD 57033. Left: cCTnC in complex with EGCg. Calcium ions are
shown in mauve. The residues Met120, Leu121, Leu136, Met157 and Val160 are in orange, Gly159 in yellow. The solution NMR binding pose for EGCg
(model M,,,) is in violet, [13] while the docked poses corresponding to models M;, M, and M; are respectively in grey, red and cyan. Right: cCTnC in

complex with EMD 57033 [25] (model Mgp).
doi:10.1371/journal.pone.0070556.9g002

structure of ¢cCTnC-2Ca%* used for the docking was the lowest
energy structure from the solution NMR experiment (PDB ID:
2KDH). [13] Preliminary blind docking studies including the
entire protein were carried out, showing a clear preference for
docking at the hydrophobic core. EGCg was then docked within a
94 % 106 x 96 A3 box, using a grid spacing set at 0.182 A, which
contained the hydrophobic cleft. The residues Met120, Leul2l,
Leul36, Met157 and Vall60, which were found experimentally
to have significant NOE contacts with EGCg [13], as well as
EGCg, were modelled as flexible. 200 Lamarckian genetic
algorithm runs were carried out with a population size of 150
and set to carry out 25 million energy evaluations. The
conformations were then clustered according to structural
similarity using a 2 A root mean square deviation criterion, and
ranked according to binding energy. The lowest energy pose from
the lowest energy and most populated cluster plus two other
alternative poses were chosen as initial structures for MD
simulations, as detailed in the following section, in addition to
the experimental structure. [13] The cCTnC- 2Ca%* -cTnI(34-71)
model was extracted from an X-ray crystal structure at 2.61 A
resolution of the core domain of human cardiac troponin in the
Ca’* saturated form (PDB ID:1J1D), where ¢Tnl(34-71) has an
o-helical structure. [18,33] As the binding site of EGCg to
cCTnC-2Ca®>*-Tnl(34—71) has not been experimentally re-
solved, a blind docking was undertaken covered the entire cCTnC
portion of the protein complex with the same spacing as in the
previous case; the lowest energy structure was selected as initial
structure for MD.

For all molecular dynamics simulations the AMBER10 package
[34,35] was used with the AMBER {103 force field. [36] The force-
field parameters for EGCg were selected so to reproduce the
torsional barriers about the dihedral angles y, 6 and ¢ indicated in
Fig. 1, as calculated with density functional theory. Standard
amino acid protonation at neutral pH was considered; cCTnC
contains many charged residues, in particular, besides two Arg and
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six Lys, eleven Glu and twelve Asp which provide a favourable
environment for Ca?>* binding. Structures were neutralized with
Nat  counterions (11 for ¢CTnC-2Ca’t and 5 for
cCTnC2Ca?* -¢TnI(34-71)), and explicitly solvated with a
12 A buffer of TIP3P water molecules [37] in periodically
repeated truncated octahedral cells. The SHAKE algorithm [38]
was used to constrain the bonds including hydrogen atoms,
allowing a time-step of 2 fs. A cutoff of 10 A was used for the non-
bonded interactions and electrostatic interactions were evaluated
within a particle mesh Ewald scheme. Temperature was main-
tained at 300 K with a Langevin thermostat with a collision
frequency of 1.0 ps~! and pressure at 1 atm with a Berendsen
barostat with a time constant of 2 ps. [39].

Structures were first minimized, then heated to room temper-
ature. 50 ns NPT MD simulations were carried out at 300 K and
1 atm for all selected structures, of which the final 45 ns were used
to calculate statistical averages. These include the average number
of hydrogen bonds (defined as having a donor-acceptor distance
smaller than 3.5 A, or 40 A when involving sulphur in
Methionine, and a donor-H-acceptor angle larger than 120)
and 7 —7 interactions (defined when aromatic rings are within a
centre-to-centre distance of less than 5 A of each other with the
angle between the vectors normal to those rings smaller than 45°).
Proton-proton distances were averaged over 1/r® and equivalent
atoms (with an upper cut off at 6 A) in order to compare them with
those derived from experimental NOE intensities.

For comparison, using a similar protocol, 50 ns MD simulations
of cCTnC-2Ca%* with no ligand and in complex with EMD
57033 [40] were also carried out. In the latter case the initial
structure was the lowest energy structure from solution NMR
spectroscopy (PDB ID: 11HO). [25].

The free energies of binding were evaluated within the MM/
PBSA method, using the MMPBSA.py program within AMBER
[41], which combines molecular mechanics energies with contin-
uum solvation model approaches within the Poisson-Boltzmann
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Surface Area (PBSA) scheme. Trajectory snapshots used in the
binding enthalpy calculations were taken every 10 ps of MD and a
salt concentration of 0.1 mM was considered. A dielectric constant
of 2.0 was used for the proteins, which contained several charged
residues (e.g. 43% of cCTnC residues are charged), as this has
been shown to improve the accuracy of the enthalpic contributions
in such cases.[42—44] Entropic contributions were calculated using
normal mode analysis on a sample of 20 snapshots. [41,45,46]
There are a number of approximations in the MM/PBSA and
normal mode scheme which limit its usefulness in predicting
absolute free energy values; however meaningful trends can be
obtained by comparing similar structures. [47,48].

Metadynamics simulations [26,27] were also performed in order
to explore the free energy landscape of cCTnC-2Ca’>* -EGCg as a
function of selected relevant distances between the EGCg rings
and cCTnC residues with significant experimental NOE contacts.
The well-tempered scheme was chosen due to its efficient sampling
speed and reduced error in free energy landscape reconstruction.
[49] These calculations were undertaken using the PLUMED
plug-in for AMBERI10. [50] Specifically three distances between
the average position of the methyl hydrogen atoms in the side
chains of Met120, Leul36 and Vall60 and the average positions
of respectively EGCg H12/H13 on the A/C ring, H9/H10 on the
B’ ring and H16/H17 on the B ring (see Fig. 1) were used as
collective variables (CVs). These distances were selected as they
are related to those inferred from the NOE intensities and will be
indicated as CVmer, CVie, and CVy,. Gaussians of height equal
to 0.1 keal/mol and width 0.2 A were deposited every ps and a
bias factor of 10 was used. The sampled distances were limited by
imposing a potential wall of magnitude 100 kcal/mol at 12 A. All
other computational details were as in the MD simulations. Free
energies were averaged over 100 profiles. The starting configura-
tion of ¢CTnC-2Ca’>* for the metadynamics simulation was
chosen to be the solution NMR experimental structure equili-
brated by MD.

Results and Discussion

cCTnC-2Ca%* ‘EGCg

We first investigated the interaction of EGCg with the C
terminal domain of ¢TnC in order to provide details of the
interaction mechanisms that extend the experimental solution
NMR information. We carried out a series of molecular dynamics
simulations for the cCTnC-2Ca?*-EGCg complex starting from
different initial configurations so to test whether EGCg can bind in
different ways. One of the starting configurations for MD was the
lowest energy experimental structure (Me,,). We also tested three
docked structures as follows: (i) the lowest energy configuration
from the most populated and lowest energy cluster (M), which is
positioned towards the edge of the hydrophobic cleft; (i) a
configuration in the same cluster as M; but roughly rotated by
180 with respect to the symmetry axis of the galloyl (B") ring so
that the positions of the A and B rings are swapped (My); (iii) a
configuration which does not dock directly to the hydrophobic
cleft but slightly further out by the terminal strand (M3) belonging
to a cluster characterized by the third lowest energy and the
second highest population. The initial positions of EGCg
interacting with ¢cCTnC are shown in Fig. 2. Additionally a
model (M) obtained by introducing the Glyl159Asp mutation in
My, and a model with EMD 57033 (Mgyp) from solution NMR
spectroscopy [25] were also studied. EMD 57033 binds more
deeply inside the cleft than EGCg as shown in Fig. 2.

All models were stable as shown by the behaviour of the root
mean square displacements (RMSD) of the backbone with respect
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to the optimized structure. In the 45 ns of simulation used for
statistical analysis EGCg (and EMD 57033) remained bound in all
models. The mutated cCTnC had relatively larger backbone
fluctuations (on average 4.11 + 0.62 A) than the wild type models
(e.g. 3.09 £+ 0.32 A for Meyy), which were reduced to 3.92 +
0.40 A upon binding EGCg.

Hydrogen bonds formed by EGCg with the solvent and the
protein were monitored throughout the MD simulations. EGCg
alone in water showed significant hydrogen bonding to the
surrounding solvent; e.g. in a 20 ns MD at ambient conditions of
which the last 15 ns were used to calculate averages, EGCg
formed a total of 18.8 hydrogen bonds with water molecules of
which 11.1 with its oxygens as acceptors and 7.7 as donors. A
small amount of intra-molecular hydrogen bonds (on average 0.8)
on the EGCg B and B’ rings were detected, with very short
individual lifetimes (less than 10% of the total simulation time) due
to the competition with hydrogen bonds with the solvent; in fact,
this amount increases to 1.7 in vacuo. The average number of
hydrogen bonds EGCg formed with the C terminal domain of
troponin C are listed in Table 1, together with residues involved in
the bonds with large occupancies (>30%). The total average
number of hydrogen bonds formed by EGCg when in complex
with ¢cCTnC-2Ca%* in water is reduced compared to the case in
water alone, as expected by the proximity with the hydrophobic
cleft. Residues Gly159 and Glul61 on the H helix are significant
contributors to these interactions in all cases except M3 where
EGCg attaches more closely to the G and F helices. The
interaction with Glyl59 may be important as evinced by the
increased RMSD fluctuations noted for the simulations of the
mutated system, which becomes heavily influenced by the binding
of EGCg to the cleft. In the My, simulation EGCg is seen to shift
slightly closer to the terminal strands of cC'TnC enabling hydrogen
bonding with both strands, effectively reducing fluctuations and
stabilising the system. Interestingly it was not the mutated
negatively charged residue at position 159, but its positively
charged neighbour Lys158 to interact with EGCg through a
hydrogen bond. With respect to EGCg, EMD 57033 has fewer
atom groups capable of forming hydrogen bonds and bound
deeply into the hydrophobic core of cCTnC leading to a
substantially reduced overall amount of hydrogen bonds with
both protein and solvent.

Table 1. Average numbers of hydrogen bonds formed by
EGCg or EMD 57033 with the C terminal domain of troponin
C.

cCTnC

Model H,0 cCTnC Total Residues

epM 125 3.9 16.4 Met120,
Gly159, Glu161

M 10.7 52 15.9 Phe156, Gly159,
Glu161

M 125 4.5 17.0 Glu126, Gly159,
Glu161

M 11.3 4.2 15.5 Thr124, Glu135,
Asp139, Gly140

mueM 11.9 3.9 15.8 Gly91, Met120,
Lys158

EmpM 48 0.1 49 -

cCTnC residues which formed on average more than 0.3 hydrogen bonds with
EGCg are listed.
doi:10.1371/journal.pone.0070556.t001
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cCTnC contains aromatic amino acids whose rings may
participate in 7m-7 interactions with the aromatic rings of EGCg.
Of the EGCg models, the only significant n-m stacking behaviour
was observed in Mj between EGCg and Phel56 which
participated in 0.5 m—m-interactions on average. In M3 the looser
binding of the ligand allowed the rings to more easily re-arrange
into favourable stacking positions than in the other models. In the
case for MEgyp, when monitoring the two EMD 57033 aromatic
rings (B and D in Fig. 1) as well as the sulphur-containing ring (A),
the average number of n-7 interactions was 1.2; these were
essentially with Phel56, and to a much smaller degree (3.6%) with
Phel04, with EMD 57033 rings A and B. The A ring was
responsible for 69% of this interaction. The increased amount of
n-7 interactions compensated for fewer viable hydrogen bonds
with the protein with respect to EGCg.

The experimental NOE-related proton-proton distances [13]
were compared with those evaluated in the MD simulations as
shown in Fig. 3. The labels for the EGCg hydrogen atoms are the
same used in the solution NMR reference [13] and are shown in
Fig. 1. Equivalent atoms (H16 and H17 on ring B and H9 and
H10 on ring B’) were averaged. Of 17 experimental NOE-related
distances <6 A, 15 were also detected in the MD simulation of
Meyp, 8 in that of My, 12 in that of M3 and only 5 in that of M3.
As expected Mey, is in closest agreement with experiments
followed by M, where EGCg has a similar initial ring orientation
with respect to the protein cleft as Meyp. Despite an alternative
docking orientation, M; still shows a number of NOE-related
distances consistent with experiments. M3 is the model that
deviates the most from experiments, as expected from its binding
at the edge of the hydrophobic cleft.

Further exploration of the binding site was done using the
metadynamics method for Mey, to map the free energy landscape
as a function of selected collective variables which represent
distances between groups of atoms of cC'TnC and of EGCg related
to significant NOE distances as described in the previous section.
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PLOS ONE | www.plosone.org

Green Tea EGCg Interacting with Cardiac Troponin C

The three CVs map the distance between Vall60 and the
pyrogallol (B) ring (CVyy), Met120 and the tetrahydrofuran (C)
ring (CVme) and Leul36 and the galloyl (B') ring (CVie). As
apparent from the free energy maps in Fig. 4, there are several
minima separated by small barriers at distances below 6 A, plus
some at larger distances, revealing that EGCg can easily readjust
itself in various favourable slightly different positions with respect
to representative residues at the hydrophobic cleft. These minima
might act as a stepping points for EGCg to bind and unbind to the
hydrophobic cleft, although this did not occur in the simulations
due to the imposed potential walls.

Readjusting the orientation of the rings through torsions about
the dihedral angles y, 0 and ¢ implies overcoming large energy
barriers, except for ¢ at specific values of 6 and . In fact, during
the MD simulations, in all models y maintained the equivalent 0°
or 180° values, 0 was mostly close to 90° with a small population at
150° for Mey,, My and M,, while it was mostly at 150° with a
small population at 90° in M3. In Mey,, Mj and My, ¢ remained
around 90° confirming that the pyrogallol ring did not substan-
tially move in spite of relatively small torsional barriers due to the
constraints imposed by the protein interactions. Conversely the
pyrogallol ring of M3 was exposed to the solvent and, therefore not
feeling the interaction with the protein, could easily rotate.

The behaviours of the calcium ions at the two binding sites,
which we labelled I and II in Fig. 2, were monitored and
compared for the various models. While these sites are of high
affinity and do not instigate the contraction-relaxation cycle in the
same manner as the calcium binding to the N terminal domain, it
has been shown that mutations which affect calcium sensitivity on
the N terminal will also affect the C terminal sites [51] and thus
the reverse may also hold true. The distributions of the RMSD of
each calcium ion calculated with respect to their positions at the
end of the MD equilibration for all the models aligned with respect
to the cC'TnC backbone are shown in Fig. 5. For cCTnC with no
ligand, deformation to reduce solvent exposure of the hydrophobic
core tended to confine the calcium ion at site I while having the
opposite effect on site II. The destabilising effect on site II was so
large that the corresponding calcium ion began a transition to a
new location after nearly 48 ns (the simulation was extended a
further 4 ns in order to map this transition). Interestingly, the
mutated systems showed larger fluctuations overall, especially for
the calcium ion at site I, though no transition to a different
location was observed. This is consistent with the experimental
observation that calcium ions show a reduction of binding affinities
in cardiac tissue affected by dilated cardiomyopathy. [52-54] The
calcium sensitiser EMD 57033 appears to highly restrict the
movement of both calcium ions, which may provide a comparative
example of sensitiser and/or regulator behaviour. The addition of
EGCg binding to the hydrophobic cleft also markedly reduced
fluctuations of both site I and II. Results for the
¢CTnC-2Ca>* -Tnl case will be discussed in the following section.

The binding free energies of EGCg and EMD 57033 in the
selected models, calculated within the MM/PBSA and normal
mode analysis scheme, are shown in Table 2. The entropic
contributions are fairly similar, as expected for related systems
involving the same protein. The free energies should be considered
relatively to each other rather than in absolute terms, as the
enthalpic countribution depends on the chosen dielectric constant.
In Meyy, M1 and M, EGCg is similarly bound, with M having the
lowest average binding energy, showing that EGCg can bind in
different poses with similar energetic contributions. However in
M3 it is more loosely bound, as expected from the previous
analysis. The average binding free energy in the presence of the
Gly159Asp mutation is lower than that for wild type models.
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Experimental estimations from the dissociation constant for EGCg
interacting with ¢cCTnC depend on method and concentration
[13,55] and suggests a binding energy of at least —4.1 kcal/mol or
lower [13]. EMD 57033 binds more strongly to ¢cCTnC than
EGCg consistently with a comparison of dissociation constants
from NMR experiments. [13,25].
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Ca’t at site | versus site Il for: (a) cCTnC with no ligand, (b) Mgap, (c)
Meyy, (d) My, (e) My, (f) Ms, (9) cCTnC-2Ca%* Tnl(34-71), (h)
cCTnC-2Ca** -Tnl(34-71)-EGCg. Data related to the Gly159Asp mutation
are shown in red.

doi:10.1371/journal.pone.0070556.g005
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cCTnC-2Ca%* -Tnl(34-71)-EGCg

We then investigated the interaction of EGCg with the C
terminal of troponin C in the presence of the anchoring part of
troponin I. We studied the cCTnC-2Ca* -Tn1(34-71) complex in
a manner similar to cC'TnC through docking with EGCg followed
by MD simulations. We considered models with and without
EGCg, and with and without the Gly159Asp mutation. The goals
of these calculations were to locate the binding site of EGCg when
the hydrophobic cleft of ¢TnC is occupied by the anchoring part
of ¢T'nl, as well as monitor the effects of EGCg on the interaction
between cCTnC and the ¢Tnl anchoring peptide. Previous
solution NMR experiments did not completely discern the binding
site [13] in this case, though measured chemical shifts suggested
likely binding areas. The effect of EGCg on the interaction
between cC'TnC and ¢Tnl may influence the anchoring of cCTnC
to the thin filament, affecting calcium sensitivity. Hence our
simulations can provide very important details to elucidate the
mechanisms of EGCg interaction which are still experimentally
unavailable.

As the binding site was not known, a blind docking was
undertaken using a grid which covered the entire cCTnC portion
of the cCTnC-2Ca%* Tnl(34-71) complex. The docking results
did not indicate a clear binding site as in the cCTnC-2Ca>* case,
where the poses were highly clustered at low energy values.
However, the poses found for EGCg were predominantly close to
helix E or at the interface between helix E and H. The lowest
energy pose that was chosen as the initial structure for MD
simulations with EGCg, was initially interacting only with helix E,
but within the equilibration time it reoriented at the interface
between helix E and H and stayed there for the entire production
run. A snapshot from MD simulations is shown in Fig. 6. With the
cI'nl fragment bound to its hydrophobic cleft, the structure of
cCTnC was highly stable, as monitored through the backbone
RMSD; c¢Tnl(34-71) was also relatively stable although the
terminal strands were very flexible and thus contributed signifi-
cantly to the overall fluctuations of the system. To assess statistical
effects that may affect the unstructured terminal strands, all MD
simulations for the wild type and mutated cCTnC-2Ca?*+ - Tnl(34—
71) complex were repeated twice; results for the replica simulations
are reported in the relevant tables. The backbone root mean
square fluctuations of the terminal strands of the ¢Tnl fragment
(defined as the 8 last residues on the C/N terminals respectively)
were calculated over the production runs (compared against each
replica average structure) and monitored for possible trends. When
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Table 2. Enthalpic and entropic contributions and binding free energies between the complexes in square brackets evaluated

—TAS (kcal/mol) AG (kcal/mol) AAG (kcal/mol)

20.2+4.3 —74+6.7 0.0
19.7+4.2 —8.1+6.2 -0.7
19.0 +£3.0 —59+4.7 15
189+45.0 —3.1+6.1 43
18.8+3.8 —9445.1 —20
20.1+25 —11.0+45 —3.6
158425 6.5+3.5 0.0
179420 63+4.1 —0.2
18.1+3.9 4.1+56 —24
16.2+3.6 7.0+57 0.5
55.5+5.9 —7424103 0.0
56.2+5.5 —73.949.8 0.3
55.8+6.3 —835+11.9 —93
535+5.6 —83.4+13.1 —9.2
55.1+5.1 —658+11.9 84
528+58 —703+11.4 39
56.7+5.7 —69.7+13.7 4.5
52.6+5.6 —70.0+8.9 4.2

averaged over the eight residues and the eight MD simulations
(with and without EGCg and with and without the Glyl159Asp
mutation), the C terminal strand of the ¢T'nl fragment was seen to
have fluctuations of 2.87 4+ 0.58 /0%; the largest fluctuations for this
terminal were observed in the CCTnCmM,'QCa2+~T111(34~
71)EGCg simulations, without which the average value reduced
t0 2.7040.30 A. The N terminal strand of the ¢Tnl peptide had
on average fluctuations of 2.68+0.67 A; in this case the
fluctuations were larger when EGCg was present and for the
mutated systems with respect to the wild type.

When interacting with ¢CTnC-2Ca2*-TnI(34-71), EGCg
formed on average 19.2 hydrogen bonds of which 4.4 were with
cCTnC and 14.8 with the solvent. Protein-ligand hydrogen bonds
were observed with the hydroxyl groups of the B and B’ rings,
which considerably restricted the torsion of the 6 and ¢ angles and
acted to anchor the EGCg molecule to the E and H helices of
cCTnC. Hydrogen bonds between EGCg and cCTnC were
formed with the side-chains of the negatively charged residues
Glu94 (on average 0.9) and Glu95 (2.3) on helix E as well as
Asp151 (1.2) on helix H as shown in Fig. 6. In the presence of the
Glyl59Asp mutation, EGCg formed 16.7 hydrogen bonds, of
which 13.3 with water and 3.4 with cCTnC, through a number of
residues also including Glu94 (2.05) and Aspl51 (0.41), besides
Ser98 (0.24), Aspl05 (0.12), Alal08 (0.11) and Tyrl50 (0.44); a
snapshot of this simulation is also shown in Fig. 6. 0.4 7n-n
interactions were formed by EGCg with cCTnC-2Ca%*-TnI(34—
71)EGCg and 0.5 with cCTnCyy,-2Ca%* TnI(34-71)-EGCg, in
both cases with the Tyr150 on helix H.

It was shown by NMR spectroscopy that EGCg forms a ternary
compound with ¢cCTnC-2Ca?* “TnI(34-71), although decreased
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within the MM/PBSA and normal mode analysis scheme.
Model AH (kcal/mol)
eplcCTnC-2Ca2+]-[EGCq] - M —27.6+52
1[cCTnC-2Ca%* '[EGCg] - M —27.7445
»[cCTnC-2Ca>* ]'[EGCg] - M —250+3.6
3[cCTnC-2Ca* '[EGCg] - M —21.9+43.5
muel€CTNCiny2Ca>* I[EGCg] - M —28.1+3.5
EmplcCTnC-2Ca>* I'[EMD 57033] - M —31.1437
[cCTnC-2Ca* Tnl]-[EGCg] —94+25
—11.6+3.6
[cCTNCpnye"2Ca%* TnIl'[EGCg] —14.0+3.9
—9.1+44
[cCTnC-2Ca* ][Tnl] —129.7+8.4
" —130.1+8.1
[cCTNCpnyr'2Ca%*+ 1 [Tn] —139.3+10.1
' —137.0+11.7
[cCTnC-2Ca* *EGCg]'[Tnl] —121.0+10.7
" —123.1+9.9
[cCTNCynye-2Ca®* EGCGI'[ThI] —126.44125
—121.6+6.9
are shown on consecutive rows.
doi:10.1371/journal.pone.0070556.t002

The top part of the table estimates the binding of EGCg or EMD 57033 to cCTnC; the middle part estimates the binding of EGCg when the anchoring part of cTnl is
present; the bottom part of the table evaluates the inter-protein binding between the anchoring part of cTnl with cCTnC in the investigated models. Replica simulations

chemical shift perturbations and lower affinity with respect to the
case when the ¢Tnl anchoring fragment was absent were observed
[13]. This is at variance from EMD 50733, which does not bind
concurrently with ¢Tnl(34-71), but does bind when the inhibitory
domain ¢T'nl(126-147) is present [25]: hence it was argued that
EMD 50733 action as a calcium sensitizer may be related to the
weakening of the interaction with ¢TnlI(34-71) through compet-
itive binding with the hydrophobic cleft, increasing the propensity
of binding the inhibitory domain c¢Tnl(128-147) to
cCTnC-2Ca%* [13,25]. In the presence of EGCg, the largest
chemical shifts for cC'TnC were recorded close to the E-H helix
interface, along the F helix and the E-F loop, although
discriminating between direct contact with EGCg and conforma-
tional changes due to EGCg binding to the complex
cCTnC-2Ca* “Tnl(34-71) was not possible. [13] In ref. [13]
the binding site was hypothesized to be close to the I helix;
however our simulations would suggest a binding site at the E-H
interface, which is still consistent with the experimental chemical
shifts at this site. EGCg may also be able to bind in more than one
location when the ¢cCTnC hydrophobic cleft is occupied by the
anchoring section of ¢T'nl.

The relative binding free energy in Table 2 shows a weakening
in the binding of EGCg, with respect to the models discussed in
the previous section: in fact EGCg interacts more loosely with
cCTnC when the hydrophobic cleft, i.e. the obvious binding
cavity, is occupied by the c¢Tnl anchoring peptide, consistently
with the docking results and as observed in the experiments [13].
When entropic contributions are included, the binding free energy
becomes slightly positive; however this energy should not
considered as an absolute value and EGCg remained bound to
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Figure 6. EGCg in complex with cCTnC when the anchoring region of cTnl is present. Molecular dynamics snapshots of
cCTnC-2Ca%* -Tnl(34-71), wild type (left) and with the Gly159Asp mutation (right), interacting with EGCg. cCTnC is shown in green and cTnl(34-
71) in red. The cCTnC residue at position 159 is in blue. The cCTnC residues which formed on average more than 0.4 hydrogen bonds with EGCg are

in orange.
doi:10.1371/journal.pone.0070556.g006

cCTnC-2Ca%*-Tnl(34-71) for the entire length of the MD
simulations, both in the wild type and mutated systems.

The root mean square displacements of the ¢cCTnC bound
calcium ions were monitored throughout the MD simulations and
are shown in Fig. 5. In the simulations including ¢Tnl with and
without EGCg, the ions appear less restrained than previously
observed without the cTnl peptide. As the cInl fragment
occupied the cCTnC hydrophobic cleft, the variation in position
of each calcium ion was similar with respect to each-other: the
occupation of the cleft, by a ligand or protein fragment, seemed to

Table 3. Average number of the inter-protein hydrogen
bonds and salt bridges between cCTnC-2Ca2* and cTnl(34-71)
(wild type and with the Gly159Asp mutation) in the presence
and absence of EGCg.

Hydrogen
Model Bonds Salt Bridges
[cCTnC-2Ca?*1-[Tnl] 1.2 8.8 (78%)
" 10.5 7.8 (74%)
[cCTNCpnye2Ca%* I[Tnl] 15.9 11.5 (72%)
' 156 11.3 (72%)
[cCTnC-2Ca®* ‘EGCg][Tnl] 10.6 8.0 (75%)
10.6 8.5 (80%)
[cCTNCynye-2Ca2 " -EGCQI[TNI] 125 8.6 (69%)
' 125 9.5 (76%)

The percentage of salt bridges with respect to the total number of hydrogen
bonds is shown in brackets. Replica simulations are shown on consecutive rows.
doi:10.1371/journal.pone.0070556.t003
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prevent significant structural changes of the calcium binding sites
affecting the calcium binding. The presence of EGCg did not seem
to strongly affect the calcium RMSD in the wild type system, while
it slightly increased them in the mutated system.

We then analyzed the interaction between cCTnC and
c¢T'nl(34-71) in the absence and presence of EGCg. As shown in
Table 3, cCTnC and c¢Tnl(34-71) interacted via several hydrogen
bonds most of which are salt bridges between pair of amino acids
of opposite charge as evident from Fig. 7. The observed
dominance of salt bridges is consistent with the experimental
suggestion that cITnC-cTnl binding is electrostatically driven [56].
The total average number of hydrogen bonds was increased with
the mutation of Glyl59 with the negativly charged Asp, as we
would intuitively expect. However the increased number of
hydrogen bonds in the mutated systems, which lead to stronger
binding, seems to be in contrast with NMR experiments which
detected a slight weakening. [24] Overall, the presence of EGCg
reduced or maintained the average number of hydrogen bonds,
which may be related to a weakening of the interaction between
cCTnC and cTnl(34-71).

The behaviour of the hydrogen bonds is mirrored by the trend
observed in the free energies of binding between cCTnC and
cTnl(34-71), shown in Table 2: the effect of the Glyl59Asp
mutation is to strengthen the inter-protein binding while the
interaction with EGCg tends to weaken such an interaction.
Differences in the average values of the ¢Tnl fragment binding
free energy in the cCTnC-2Ca%*-TnI(34-71)-EGCg replicas may
be attributed to the ¢Tnl N terminal strand fluctuations; the
calculated values are however within the statistical error. The low
values of the binding enthalpies are due to the flexible ¢ITnl N
terminal strand interacting with ¢cCTnC and in fact can be
reduced by cutting this tail and performing the calculations for a
simplified model, without modifying the trend.
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Figure 7. Distribution of charged amino acid in
cCTnC-2Ca’*-Tnl(34-71). Molecular dynamics snapshot of
cCTnC-2Ca** -Tnl(34-71) interacting with EGCg coloured according to
residue type: non-polar (white), polar (green), positively charged (blue)
and negatively charged (red).

doi:10.1371/journal.pone.0070556.g007

Conclusions

In this work the binding site of the green tea polyphenol EGCg
in the C terminal domain of cardiac muscle troponin C was
computationally confirmed to be in the proximity of the
hydrophobic cleft, consistently with solution NMR data [13]: we
found that EGCg can bind in different orientations with fairly
similar energies. The molecular interactions which occured
between EGCg and the cardiac protein were thoroughly analyzed.
The two calcium ions bound to cC'TnC behaved similarly to each
other when either EGCg or EMD 57033 bind to c¢CTnC,
although the latter, known as a calcium sensitiser, binds more
strongly and deeply into the hydrophobic cleft. The relatively rigid
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