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Abstract Tropomyosin (Tpm) is a two-chained o-helical
coiled-coil protein that binds to filamentous actin (F-actin),
and regulates its interactions with myosin by occupying
three average positions on F-actin (blocked, closed, and
open). Mutations in the Tpm are linked to heart diseases
including hypertrophic cardiomyopathy (HCM) and dilated
cardiomyopathy (DCM). To elucidate the molecular
mechanisms of Tpm mutations (including DCM mutation
E54K, HCM mutations E62Q, A63V, K70T, V95A,
D175N, E180G, L185R, E192K, and a designed synthetic
mutation D137L) in terms of their effects on Tpm flexi-
bility and its interactions with F-actin, we conducted
extensive molecular dynamics simulations for the wild-
type and mutant Tpm in complex with F-actin (total sim-
ulation time 160 ns per mutant). The mutants exhibited
distinct changes (i.e., increase or decrease) in the overall
and local flexibility of the Tpm coiled-coil, with each
mutation causing both local and long-range modifications
of the Tpm flexibility. In addition, our binding calculations
revealed weakened Tpm-F-actin interactions (except for
L185R, D137L and A63V) involving five periods of Tpm,
which correlate with elevated fluctuation of Tpm relative to
the blocked position on F-actin that may lead to easier
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activation and increased Ca”"-sensitivity. We also simu-
lated the af/Bo-Tpm heterodimer in comparison with the
ao-Tpm homodimer, which revealed greater flexibility and
weaker actin binding in the heterodimer. Our findings are
consistent with a complex mechanism underlying how
different Tpm mutations perturb the Tpm function in dis-
tinct ways (e.g., by affecting specific sites of Tpm), which
bear no simple links to the disease phenotypes (e.g., HCM
vs. DCM).

Keywords Binding energy - Cardiomyopathy - F-actin -
Flexibility - Molecular dynamics - Mutation - Persistent
length - Tropomyosin

Introduction

Tropomyosin (Tpm) (Geeves et al. 2015) is a prototype o-
helical coiled-coil consisting of a sequence of heptad
amino acid repeats denoted as (abcdefg),, which is stabi-
lized by hydrophobic core residues at a and d positions and
oppositely charged residues at e and g positions. The
canonical core residues of Tpm are subject to irregular
interruptions by destabilizing residues (Kwok and Hodges
2004), including six clusters of alanines [named “Ala
clusters” (Brown et al. 2001; Kwok and Hodges 2004;
McLachlan et al. 1975)], two acidic residues (D137 and
E218) and other polar residues (Minakata et al. 2008). Tpm
regulates the cooperative binding of actin-binding proteins
(e.g., myosin) with filamentous actin (F-actin) in muscle
and non-muscle cells (Gunning 2008), and the assembly
and dynamics of F-actin (Khaitlina 2015). There are two
main Tpm isoforms (o and B, or Tpm 1.1 and Tpm 2.2 in
the new nomenclature, see (Geeves et al. 2015) in striated
muscles, which form oo homodimers or aff heterodimers.

@ Springer


http://dx.doi.org/10.1007/s10974-016-9447-3
http://crossmark.crossref.org/dialog/?doi=10.1007/s10974-016-9447-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10974-016-9447-3&amp;domain=pdf

J Muscle Res Cell Motil

Extensive structure—function analyses have been conducted
for Tpm mutations that are linked to hypertrophic car-
diomyopathy (HCM) and dilated cardiomyopathy (DCM)
(Marston 2011), and skeletal muscle myopathy (Marston
et al. 2013; Marttila et al. 2012; Yuen et al. 2015). As
revealed by electron microscopy (EM) studies of Tpm-
decorated F-actin, Tpm adopts three average azimuthal
positions (i.e. blocked, closed, and open position) on the
surface of F-actin that either block or unblock/activate the
binding of myosin (Behrmann et al. 2012; Craig and
Lehman 2001; Lehman and Craig 2008; Pirani et al.
2005, 2006; Poole et al. 2006; Sousa et al. 2013; Vibert
et al. 1997; von der Ecken et al. 2015). Recent break-
throughs in cryo-EM have enabled improved visualization
of Tpm on F-actin at sub-nanometer resolutions (Behrmann
et al. 2012; Sousa et al. 2013; von der Ecken et al. 2015).
Nevertheless, because of the use of low temperature,
helical averaging in the reconstructions, and limits in the
resolution of Tpm (>6 A), although the coiled coil is well-
resolved, the variations of the Tpm-actin interfaces along
the length of Tpm, configuration of the side chains of Tpm
that bind actin subunits, and the molecular ends of Tpm are
lost. Although various models were proposed (Li et al.
2011; Lorenz et al. 1995; Pirani et al. 2006), no near-
atomic-resolution structure has been solved experimentally
to date for full-length Tpm in complex with actin. The
binding of Tpm with F-actin involves seven quasi-equiv-
alent regions [i.e., periods P1-P7, see Barua et al.
(2011, 2013) for ranges of residue numbers] which par-
ticipate in actin binding with different contributions
(Hitchcock-DeGregori and Singh 2010; Hitchcock-
DeGregori et al. 2001). To fulfill its regulatory function,
Tpm must adopt a superhelical conformation to wrap
around the F-actin helix, which can be achieved by either
pre-shaping Tpm to match F-actin’s helical shape (Holmes
and Lehman 2008), or via flexible conformational sampling
(Hitchcock-DeGregori and Singh 2010). A major source of
flexibility is the non-canonical destabilizing regions
including six Ala clusters (Brown et al. 2001; Kwok and
Hodges 2004; McLachlan et al. 1975), where local axial
staggering between two Tpm chains could induce local
bending of Tpm backbones (Brown et al. 2001; Brown
et al. 2005). Additionally, side-chain flexibility may result
from poor packing in the destabilizing regions of Tpm
(Singh and Hitchcock-DeGregori 2006). The elastic prop-
erties of Tpm coiled-coil were characterized in a compu-
tational study (Lakkaraju and Hwang 2009). By treating
overlapping Tpms as a continuous flexible chain, Mijailo-
vich et al. (2012) modeled the regulation of striated muscle
contraction involving cooperative interactions between
actin filaments, myosin-S1, Tpm, troponin, and calcium.
Note that the widely used term of “protein flexibility”
manifests in different forms including local atomic
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fluctuations, global shape deformation or unfolding. In this
study, we will focus on the fast atomic fluctuations that are
accessible to molecular simulation (see below).

Molecular dynamics (MD) is the method of choice for
simulating protein dynamics with atomic detail in the
presence of water and ions under physiological conditions
(Karplus and McCammon 2002). Previous MD simulation
studies have provided rich structural and dynamic infor-
mation for the shape and flexibility of Tpm (Lehman et al.
2014; Li et al. 2010a, b, c, 2011, 2014; Zheng et al. 2013),
for the effects of Tpm mutations (Li et al. 2012; Moore
et al. 2011), and for actin dynamics (Zheng et al. 2007). In
complement with the MD approach, an energy landscape
method was recently used to probe how disease mutations
perturb the interactions between Tpm and F-actin as rigid
bodies (Marston et al. 2013; Orzechowski et al. 2014).

In the past, for a large biomolecular system like the
Tpm-F-actin complex with explicit solvent, MD simula-
tion has been highly expensive, demanding the use of a
massively parallelized or special-purpose supercomputer.
Thanks to recent developments in computing hardware and
software [particularly the use of graphics processing units
to accelerate MD simulation (Stone et al. 2010)], one can
now routinely run MD simulation of a large system (with
several hundred thousand atoms) at a speed of a few ns/day
on a single computer node. This allows effective sampling
of the conformational space for an equilibrium state of a
protein complex by simultaneously running multiple MD
trajectories (Caves et al. 1998).

Previous MD studies by Lehman and coworkers (Li
et al. 2010a, b, c, 2011) found that the average Tpm con-
formation is pre-shaped for binding F-actin, and the Tpm
flexibility is highly delocalized rather than being localized
in the destabilizing regions of Tpm (Li et al. 2010c). In a
recent study (Zheng et al. 2013), we conducted extensive
MD simulations for both the Tpm alone and the Tpm-F-
actin complex. In contrast to Lehman et al. (Li et al.
2010c), we introduced and analyzed new flexibility
parameters that specifically probe the local packing of the
Tpm coiled-coil, and found a clear correlation between the
regions with high local flexibility and the known destabi-
lizing regions of Tpm (including six Ala clusters). Such
robust correlation persists in the absence and presence of
F-actin. In addition, we performed Tpm-F-actin binding
calculations based on the MD simulations, which allowed
us to identify key residues of Tpm involved in its dynamic
interactions with F-actin [for details, see Table S4 and
Figure S9 in (Zheng et al. 2013)]. The above study has
established a computational framework for investigating
the Tpm flexibility and Tpm—F-actin binding with amino-
acid level of detail.

In the present study, we have utilized the MD simula-
tion/analysis established in our previous study (Zheng et al.
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2013) to investigate the effects of Tpm mutations and
isoform differences on its flexibility and binding with
F-actin, which underlie the molecular mechanisms of var-
ious disease mutations of Tpm. This extensive simulation
study encompasses ten Tpm mutants (ES4K, E62Q, A63V,
K70T, V95A, DI137L, DI175N, EI180G, L185R, and
E192K) and two Tpm heterodimers (aff and Bo, with chain
B or A of the ao-Tpm replaced by B-Tpm, see Fig. la)
with 160 ns per system in simulation time. This simulation
offers detailed insights as to how these mutations perturb
the global and local flexibility of Tpm and its interactions
with F-actin (e.g., affecting specific regions of Tpm),
leading to functional alterations as observed experimen-
tally and clinically. Such molecular details will guide
future study of disease mechanisms and aid development of
therapeutic agents. Our simulation-based approach is
complementary to the experimental structural-biology
study of Tpm by providing key details of dynamics and
energetics absent in the static models of Tpm obtained
previously.

Methods
System setup and MD simulation

A model of the full-length ao-Tpm dimer in complex
with a 15-actin filament was constructed by the Lehman
lab (Li et al. 2011) based on a computational search
optimizing the electrostatic interactions for multiple
azimuthal locations, z-positions, and pseudo-rotations of
Tpm on F-actin. Starting from this initial model, we
introduced point mutations in Tpm using the VMD
program (Humphrey et al. 1996), and used the Swiss
modeler server (http://swissmodel.expasy.org/) to model
B-Tpm in the off and Po-Tpm heterodimer. Following
(Zheng et al. 2013), we setup 13 systems of the solvated
and ionized Tpm-F-actin complex for the WT Tpm, 10
Tpm mutants, and 2 Tpm heterodimers (aff and o). The
hydrogen atoms were added with VMD. The proteins
were immersed into a rectangular box of water molecules
extending 8-10 A from the proteins in each direction by
using VMD. To ensure a physiological ionic concentra-
tion of 0.15 M and zero net charge, Na* and Cl~ ions
were added to the systems by VMD. The entire system
contains ~ 658,000 atoms.

The systems were refined with two rounds of energy
minimization using the steepest descent method: first, a
5000-step energy minimization was carried out with har-
monic constraints (force constant = 10 kcal/mol/Az)
applied to all protein backbone heavy atoms, then a
5000-step energy minimization was conducted with har-
monic constraints (force constant = 0.01 kcal/mol/Az)

applied to Ca atoms only. The systems were then heated to
300 K over 300 ps by MD with harmonic constraints (force
constant = 0.01 kcal/mol/;\z) applied to Co atoms only,
after which the systems were equilibrated for 500 ps with
MD in the NVT ensemble with the same constraints as in
heating. Finally, the systems were subject to a 20-ns pro-
duction MD run in the NPT ensemble with harmonic
constraints (force constant = 0.01 kcal/mol//&z) applied to
the Ca atoms of F-actin only. These weak restraints
maintain the global stability of F-actin while allowing local
fluctuations of the backbones (~2 A in RMSD) and full
flexibility of the sidechains. The Nosé-Hoover method
(Martyna et al. 1999) was used with temperature
T = 300 K and pressure P = 1 atm. The periodic bound-
ary conditions were applied to the systems. A 10-A
switching distance and a 12-A cutoff distance were used
for non-bonded interactions. The particle mesh Ewald
(PME) method (Deserno and Holm 1998) was used to
calculate long-range electrostatic interactions. The
SHAKE algorithm (Hoover 1985) was used to constrain
the bond lengths of hydrogen-containing bonds, which
allows a time step of 2 fs for MD simulations. The atomic
coordinates of the systems were saved for later analysis
every 20 ps during MD simulations. The energy mini-
mization and MD simulation were carried out with the
NAMD program version 2.9b2 (Phillips et al. 2005) using
the CHARMM27 force field (MacKerell et al. 1998) and
TIP3P water model (Mackerell et al. 2004). See Zheng
et al. (2013) for further analysis of the convergence of
MD simulations.

Local flexibility analysis of the Tpm coiled-coil on F-
actin

For core residues of a Tpm dimer comprised of two o-
helical chains (named A and B), we calculated the fol-
lowing three flexibility parameters as defined in (Zheng
et al. 2013) (see Fig. 1b): D,; measures the average dis-
tance between the d residue of chain A and the ¢’ and a”
residues of chain B at the coiled-coil interface. Dsg mea-
sures the axial displacement of the d residue of chain A
along the a'—a” direction, where a large 1D,sl indicates a
large axial staggering (AS) of this residue relative to chain
B (Brown et al. 2001). D, measures the perpendicular
distance between the d residue of chain A and the line a'-
a”, which is related to the local diameter of the Tpm coiled-
coil (Brown 2010). The above parameters were also
defined for each a residue of chain A packed between two
adjacent d residues of chain B (Zheng et al. 2013). Dsg and
D, quantify the axial and lateral motion between the two
Tpm chains, respectively (see Fig. 1b). D, is affected by
both of these motions.
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«Fig. 1 a Structural view of the full-length Tpm dimer in complex
with F-actin at the blocked position: five actin subunits (AC07-AC15,
colored orange, yellow, purple, cyan, and green) interact with periods
P2-P6 [see Barua et al. (2013) and Barua et al. (2011) for ranges of
residue numbers] of Tpm dimer comprised of chain A (blue) and B
(red). In the o (Bo) heterodimer, chain A (B) is o-Tpm and chain B
(A) is B-Tpm. Residues involved in ten Tpm mutations [E54K(e),
E62Q(f), A63V(g), K70T(g), VI5A(d), DI137L(d), DI175N(g),
E180G(e), L185R(c), and E192K(c), where the heptad position is in
parenthesis] are shown as opaque spheres. Core residues of the six
Ala clusters ALA1-ALAG6 (A22, A78, A120, A155, A183, and A239)
and two destabilizing residues (D137 and E218) are shown as
transparent spheres. The two marker residues (D25 and P307 for the
blocked and open position) on F-actin are shown on one actin subunit
(ACO07). The movement of Tpm from the blocked to the open position
is marked by an arrow. b The hydrophobic interface between chains A
and B of the Tpm coiled coil is shown. Three core residues in each
chain (at the @', d, and a” positions) are shown as spheres, and the
distances between these residues and the perpendicular distance D
are shown by double-headed arrows. The two orthogonal motions
(i.e., axial and lateral motion) of the d residue in chain A relative to
chain B are highlighted by two bold arrows. Residue contacts
between ¢ period P3 and P4, d period P5 and P6 of Tpm and two
adjacent actin subunits from a representative MD snapshot. Contact-
ing residues are colored as follows: acidic (red), basic (blue), polar
(green), non-polar (light gray). For comparison, the MD snapshot is
shown as opaque while the initial model is shown as transparent. Note
that some hydrophobic residues of Tpm (e.g., V170 and 1171) form
close contacts with actin residues. (Color figure online)

Global flexibility analysis of Tpm on F-actin

To assess the global flexibility of Tpm based on the last
10 ns of MD simulation, we calculated the root mean
squared fluctuation (RMSF) after superimposing Co atomic
coordinates of 500 MD snapshots along Tpm (or F-actin)
following (Zheng et al. 2013), then we calculated the fol-
lowing root mean squared average of RMSF over all Tpm

residues: (RMSF) o actin= ,/ﬁzyzl RMSF?, where

N = 568 is the number of residues in the Tpm coiled-coil
(284 residues per chain), and the subscript indicates
superposition along Tpm or F-actin.

The Tpm-actin binding calculation

We used a continuum solvent model to estimate the bind-
ing free energy, which has been extensively applied by us
(Li and Zheng 2011, 2012) and others [see refs in Eriksson
and Roux (2002)] as a useful and inexpensive way to
calculate and compare the binding free energies of various
protein complexes and their mutants. Following (Zheng
et al. 2013), based on the last 10 ns of MD simulation, we
calculated the Tpm-—actin binding free energy AG for each
of the five actin subunits interacting with periods P2-P6 of
Tpm (periods P1 and P7 were excluded because they are in
the overlap regions which are not properly modeled here).

Here AG is expressed as AG = AG,, + AGqe, where the
nonpolar contribution AG,, = aE,qw is a fraction of the
van der Waals (vdW) interaction energy E,qw between
Tpm and actin in the Tpm-actin complex, and the elec-
trostatic contribution AGge. = PBAEg. is a fraction of the
change in electrostatic energy AEg,. from the unbound
Tpm and actin to the Tpm—actin complex. Here we assume
the vdW interaction energy is zero for the unbound Tpm.
o = 0.08 and B = 0.12 were obtained from the fitting of
actin-Tpm binding data for five Tpm mutants (see
Table S4). The finding of o < B suggests greater impor-
tance of the electrostatic energy than the vdW energy.
However, the vdW energy is numerically larger (see
Table 3), so even after weighting by a smaller o, the vdW
contribution remains as significant as the electrostatic
contribution to AG. Eg.. was calculated using the Poisson—
Boltzmann (PB) method (Gilson and Honig 1988; Im et al.
1998). For the PB calculation (Gilson and Honig 1988; Im
et al. 1998), a dielectric constant g = 4 was used for the
protein interior (Gilson and Honig 1986; Olson and Reinke
2000; Sharp and Honig 1990a, b), and €. = 80 was used
for the exterior aqueous environment. A probe radius of
1.4 A (the approximate radius of a water molecule) was
used to define the molecular surface corresponding to the
dielectric boundary. The salt concentration was set to
0.12 M which approximately corresponds to a typical
buffer condition of 100 mM KCI. All the PB calculations
were performed using the PBEQ module (Im et al. 1998;
Nina et al. 1997; Roux 1997) of CHARMM program
(Brooks et al. 1983). The atomic Born radii used here were
previously calibrated in (Nina et al. 1997). The calculated
AG does not include the entropic contribution, so cannot be
directly compared with experimentally measured binding
affinity.

Results and discussion

Because of the lack of high-resolution structural informa-
tion for full-length Tpm in complex with actin, we ran MD
simulations starting from a computational model (Li et al.
2011) to investigate the dynamics and energetics of the
Tpm-—F-actin interaction and how they are affected by Tpm
mutations and isoform differences. This model was vali-
dated by docking atomic structures of F-actin and Tpm into
EM maps of F-actin—-Tpm complex (Li et al. 2011), and the
actin-binding sites predicted by this model were tested and
supported by mutational studies (Barua et al. 2011, 2013).
The main reason for choosing this model is because it
captures a full-length Tpm near the low-Ca®" blocked
(B) state, whose destabilization may account for the high
Ca*"-sensitivity observed in many HCM mutants (Red-
wood and Robinson 2013). In contrast, the recent higher-
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resolution structures constructed from cryo-EM only cap-
tured the middle part of Tpm near the closed or open
position on F-actin (Behrmann et al. 2012; Sousa et al.
2013; von der Ecken et al. 2015). So we did not choose
these cryo-EM structures for our MD simulations. The
molecular details gained by our simulation will help to
understand and guide functional and clinical studies of
Tpm mutants. We will first discuss the various analyses
with examples that highlight our findings. Then we will
give a detailed discussion of the effects of individual
mutations in a separate section.

MD simulations of Tpm bound with F-actin

To fully explore the dynamics of a Tpm dimer interacting
with F-actin in the presence of water and ions, we con-
structed 13 systems for the WT oo-Tpm dimer, 10 oTpm
mutants [E54K(e), E62Q(f), A63V(g), K70T(g), VOSA(d),
D137L(d), D175N(g), E180G(e), L185R(c), and E192K(c),
where the heptad position is in parenthesis], and off and
Bo-Tpm dimer in complex with a 15-subunit F-actin (see
“Methods” section and Fig. 1a). Then we completed eight
20-ns-long MD simulations of each system (total simula-
tion time is 160 ns per system). To our knowledge, this is
to date the most extensive MD study of the Tpm-F-actin
complex and Tpm mutants, enabling us to investigate the
impact of Tpm mutations and isoform differences on the
flexibility and actin binding of Tpm.

To assess the stability of our simulations, we analyzed
the root mean squared deviation (RMSD) relative to the
initial model of Tpm for each MD trajectory. Despite large
fluctuations, the RMSD stabilizes within 10 ns (e.g., for the
WT, RMSD = 3.8 + 0.9 A in the last 10 ns of simulation,
see Table 1). Therefore, following (Zheng et al. 2013), we
combined the conformations sampled by the last 10 ns of 8
MD trajectories to generate a structural ensemble for

analysis of Tpm flexibility and Tpm-F-actin binding (see
below). Because of the flexibility of Tpm and F-actin, Tpm
moves closer to F-actin by <2 A (relative to the other
structural models, see Table S2 and S3), allowing more
atomic contacts to form between them involving both
charged and non-charged residues (see Fig. 1c, d). There-
fore, the notion that the Tpm is too far away from F-actin
(with minimal distance of 7-8 A, see Table S2) to allow
non-polar interactions (Lorenz et al. 1995) may need to be
revised for Tpm featuring local instability and flexibility
(Hitchcock-DeGregori and Singh 2010). During simula-
tion, the Tpm mostly fluctuates near the blocked position
captured by the initial model, without undergoing any
unfolding or large shift to the closed/open positions.

Global flexibility analysis of Tpm on F-actin

To explore the overall flexibility of Tpm in terms of atomic
fluctuations near the average structure, we calculated the
root mean squared fluctuation (RMSF) at each residue
position of Tpm (denoted as RMSFrpmork—actin), after
superimposing the Co coordinates of Tpm, or superim-
posing the Coa coordinates of F-actin (see “Methods”
section). The former (RMSFrpy) assesses the internal
flexibility of Tpm, and the latter (RMSFp_,.in) assesses
both internal flexibility and the mobility of Tpm relative to
F-actin. Then we computed the average RMSF over all
Tpm residues (denoted as (RMSF) see “Meth-
ods” section) to assess the overall flexibility of Tpm.
Compared with the WT (with (RMSF)y,, = 2.98 A),
some Tpm mutants (e.g., E54K, V95A, E180G, and
L185R) exhibit lower overall flexibility (with
2.63 A < (RMSF)y,,, <278 A, see Table 1), while oth-
ers (e.g., E62Q, K70T, and D175N) show higher flexibility
(with 333 A < (RMSF)y,, <339 A, see Table 1).

TpmorF—actin®

:::1);211 bi‘;;“;fyl\;’éﬂe’“bﬂ“y System Persistent length (A) RMSD (A) (RMSF)r,,, (A) (RMSF)p. . (A)

simulations WT 877 38 £ 0.9 2.98 378
E54K 1172 34406 2.65 3.49
E62Q 644 44413 3.37 4.66
AG3V 785 38+ 0.6 3.09 4.12
K70T 1163 3.9+ 09 3.33 445
VO5A 1110 35407 2.78 3.64
DI37L 1122 35408 2.92 3.90
D175N 865 41409 3.39 449
E180G 1115 34405 2.63 3.61
LI85R 837 34406 2.70 353
E192K 1330 35+05 2.86 3.67
ap 977 38 +09 3.17 4.19
BoL 575 43410 3.21 3.86
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Interestingly, (RMSF)y,, seems to correlate well with
RMSD (with Pearson correlation = 0.90), indicating that
Tpm mutants with higher overall flexibility deviate further
from the initial Tpm coiled-coil structure (Li et al. 2011).
(RMSF)y,,,, and (RMSF) also correlate well (with
Pearson correlation = 0.93), suggesting that Tpm mutants
with higher internal flexibility tend to be more mobile on
F-actin.

To complement the RMSF analysis and compare with
other studies of Tpm flexibility (Li et al. 2010a, b, ¢, 2012;
Loong et al. 2012a, b; Sousa et al. 2010), we have calcu-
lated the apparent persistent length (PL) with the com-
monly used tangent correlation method (also used in
previous studies, see (Li et al. 2010b; Loong et al. 2012b))
for the WT and Tpm mutants (see Table 1). For the WT
Tpm, we obtained a PL of 877 A which is a little less than
the value obtained for actin-free Tpm [~ 1000 A see Li
et al. (2010b) and Sousa et al. (2010)], suggesting the Tpm
is more curved upon binding to F-actin. For both WT and
Tpm mutants, we found moderate correlation between PL
and (RMSF)q,, or (RMSF) (with Pearson correla-
tion = —0.5), which is consistent with the idea that the PL
not only depends on flexibility but also on the end-to-end
curvedness of Tpm (Li et al. 2010b). For example, the
K70T mutant is more flexible than the WT (with higher
RMSF) but its PL is also greater than the WT due to
smaller end-to-end curvedness (see Table 1). Given the
heptad repeats in Tpm, one would expect a mutation at an
a or d position (or changing a charged residue at an e or
g position) will have a greater effect on the flexibility
(stability) than those mutations at the b, ¢, or f positions.
However, we did not observe significant correlation
between RMSF or PL and the heptad positions of these
mutations.

F—actin

F—actin

Local flexibility analysis of the Tpm coiled-coil on F-
actin

Following (Zheng et al. 2013), to explore various aspects
of local flexibility in the Tpm coiled coil, we calculated the
following three parameters at each a/d position of Tpm (see
“Methods” section and Fig. 1b): D,; (measuring the
closeness of Ca packing at the core hydrophobic interface),
D,s (measuring the axial staggering between two Tpm
chains) and D, (measuring the lateral separation between
two Tpm chains). We calculated both average (AVE) and
standard deviation (SD) of the above parameters based on
the last 10 ns of MD trajectories for both WT and Tpm
mutants (see Fig. 2 and Fig S1-11 in the Supporting
Information). The SD values are particularly informative in
assessing the local flexibility/fluctuations of the Tpm
coiled-coil. A peak in SD indicates elevated fluctuations

near a coiled-coil core residue at a/d position, which may
be affected by a mutation at a nearby or distant site (see
Fig. 2).

As found in Zheng et al. (2013), both the WT and the
mutants exhibit six valleys (i.e. local minima) in the
average of D,; and D, corresponding to six Ala clusters
[named ALA1-ALAG6, see Minakata et al. (2008)] centered
at six core Ala residues (A22, A78, A120, A155, A183, and
A239) (see Fig. 2 and Fig S1-11 in the Supporting Infor-
mation). This is consistent with the close packing of the
coiled-coil near the Ala clusters, which are robustly pre-
served despite point mutations or isoform differences. The
above features were also observed in the crystal structures
of Tpm (Zheng et al. 2013), which support the validity of
the above MD-based local flexibility analysis.

As found in Zheng et al. (2013), the SD of D,; and Dug
exhibit seven pronounced peaks, six of which align well
with the six Ala clusters (see Fig. 2 and Fig S1-11 in the
Supporting Information). In addition, a 7th peak is near a
destabilizing core residue E218 (Minakata et al. 2008), and
another destabilizing core residue D137 (Sumida et al.
2008) corresponds to a minor peak next to ALA3 (see
Fig. 2 and Fig S1-11 in the Supporting Information). The
SD profile of D,; and D4y largely overlap between WT and
mutants, except for local differences attributed to the effect
of mutations on the local flexibility of Tpm (both near the
mutation site and in distant regions). By calculating the
differences between the WT and mutant SD profiles, we
can identify regions with local flexibility affected by a
mutation (for details, see Fig. 2 and Fig S1-11 in the
Supporting Information). Depending on the distance
between the affected regions and the mutation site, we can
distinguish between local and long-range effects of a
mutation (for example, see Fig. 2).

As found in Zheng et al. (2013), the SD of D, shows
two peaks at the destabilizing core residues D137 and E218
(see Fig. 2 and Fig S1-11 in the Supporting Information).
The heights of these two peaks vary between WT and some
mutants, suggesting that the flexibility of these destabiliz-
ing regions is sensitive to mutations. For example, the
D137L mutation greatly reduced the local flexibility near
D137 (see Fig S5 in the Supporting Information).

To check the robustness of our analysis of Dsg and D,
we also calculated two alternative parameters for measur-
ing the axial staggering (denoted AS) and coiled-coil
diameter by using the CCbends program (Brown 2010).
Indeed, the profiles of AS and diameter are similar to that
of Dsg and D, respectively (see Fig. 2 and Fig S1-11 in
the Supporting Information).

In sum, we calculated the local flexibility parameters to
directly probe the dynamics of the core residues in the Tpm
coiled coil based on MD simulations, which exhibit robust
and pronounced features that correlate well with the
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Fig. 2 Results of local flexibility analysis of the D175N mutant on
F-actin in comparison with the WT Tpm using the following
parameters: a Dyz, b Dag, ¢ D;, d AS, e diameter. The average
(AVE) and standard deviation (SD) of the above parameters as a
function of a/d residue positions of Tpm are shown as points (colored
blue for the WT and red for the mutant). The data points for AVE
(SD) are shown in the upper (lower) half of each panel as indicated by
the block arrows. The green vertical lines mark the center positions of
six Ala clusters (A22, A78, A120, A155, A183, and A239). The black

positions of six Ala clusters and two destabilizing residues
(D137 and E218). In contrast, other flexibility parameters
[such as Z-displacement, local curvature, local bending
angle, see Li et al. (2010c) and Zheng et al. (2013)] depend
on both core residues and neighboring residues, and do not
correlate well with the locally destabilizing regions. By
analyzing how the above features change between WT and
mutants, we can obtain detailed information on how
specific mutations perturb the flexibility of nearby and
distant regions including those locally destabilizing regions
(see below).

Analysis of Tpm movement over the surface of F-
actin

In the three-state steric blocking model (McKillop and
Geeves 1993; Vibert et al. 1997), Tpm is thought to
move azimuthally over the F-actin surface from the
peripheral blocked position in the absence of Ca*" to the
closed position, and then to the open position toward the
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dashes give the SD differences between the WT and the mutant Tpm.
Regions with pronounced SD differences are marked by arrows (e.g.,
near ALA4, ALAS, ALA6, and E218). This mutation caused both
local changes (near ALA4 and ALAS) and long-range changes (near
ALAG6 and E218) in flexibility. The standard error for AVE and SD is
<0.03 A. We have verified the robustness of the observed small WT-
mutant differences using different subsets of trajectories and different
time windows. (Color figure online)

center of the groove of the helical F-actin in the pres-
ence of Ca’" and strong-binding myosin heads. The
initial model of Tpm used in our simulation is near the
blocked position, although it was originally thought to
represent the closed position (Li et al. 2011). To
understand how Tpm mutations affect the above move-
ments, we analyzed how the periods P2-P6 of WT and
mutant Tpm move relative to the blocked and open
position during the MD simulations. Following (Zheng
et al. 2013), to measure the distances between Tpm and
the blocked and open position (denoted as Dg and Do,
where Dg was named D¢ in our previous MD study
(Zheng et al. 2013)), we calculated the minimal Co—Ca
distances between Tpm and two representative residues
(D25 and P307, see Fig. la) on five actin subunits in
contact with the periods P2-P6 of Tpm. Residues D25
and P307 are close to Tpm at the blocked and open
position, respectively (Zheng et al. 2013). We averaged
the minimal distances from Tpm to D25 and P307
(corresponding to Dg and Dg) over the last 10 ns of MD
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simulations. Then we subtracted the values of Dy and
Do as calculated for the initial model (Li et al. 2011) to
obtain the changes in Dy and Dy during the MD sim-
ulations (denoted as 6Dg and 6Dg, see Table 2): a
positive dDg indicates that a Tpm period moves away
from the blocked position, and a negative D¢ indicates
that a Tpm period moves toward the open position.
For WT Tpm, the periods P2-P6 fluctuate variably near
the blocked position (—0.6 A <dDg < 1.7 10\, see
Table 2) while shifting close to the open position
(=3.5 A < 8Dy < —1.8 A, see Table 2). The observation
of greater magnitude of dDg than dDg is partly due to
dynamic fluctuations of both Tpm and F-actin allowing
them to move closer to each other than in the initial model.
While P4 undergoes the largest shift away from the
blocked position (with average of dDg ~ 1.7 A, see
Table 2), PS shows the greatest variation in 6Dy (with SD
of 8Dy ~ 2.2 A, see Table 2). The finding of large vari-
ations in 0Dg and 6Dg between different periods indicates
that Tpm fluctuates on F-actin with little cooperativity
between the periods within the time scale of our

simulations. The mutants also exhibit large period-to-pe-
riod variations in dDg and dDg that differ from the WT
(and between the mutants) and may be attributed to either
local or long-range effect of mutations. For example, the
E54K and V95A mutant show a larger shift of P5 than the
WT as a result of a mutation at a distant site in P2 and P3
(long-range effect), while the E180G mutant shows a larger
shift of P5 than the WT as a result of a mutation in P5 itself
(local effect). To focus on the overall shift of Tpm on
F-actin and eliminate period-to-period variations, we
averaged dDg and 8Dg over periods P2-P6. The average
dDg values are relatively small (between —0.1 and 0.6 A),
which result from partial cancelation of positive and neg-
ative dDg of different periods. The WT Tpm moves little
(with average dDg ~ 0.1 A) relative to the blocked posi-
tion. In contrast, most Tpm mutants exhibit larger move-
ment relative to the blocked position (see Fig. 3), which
correlates well with the Tpm—F-actin binding energy (with
Pearson correlation = 0.78, see below). Interestingly, only
the non-polar contribution (but not the electrostatic con-
tribution) to binding energy correlates positively with the

Table 2 Results for analysis of Tpm movement relative to F-actin involving periods P2-P6 of Tpm

Period-actin  Average (SD) of dDg, dDg (A)

WT E54K E62Q A63V K70T
P2-AC15 —-03(1.6) —3.0(1.6) 08 (L.7) —1.7(1.3) 1.6 (1.5) —1.6 (2.6) 1.3(1.7) —3.1(1.8) 03 (1.8) —2.7(2.6)
P3-AC13 —-03(1.8) —35(.1) —05(1.7) -35(.1) —-022.0) -3.1(1.6) —05(1.8) —33(1.1) —0.7(1.8) —2.8(1.4)
P4-ACl11 1.7 (0.7) —2.6 (1.2) 1.6 (09 -1.7(1.4) 1.7 (0.8) —1.8(3.2) 1.4 (0.7) —22(1.2) 1.8 (0.5) —3.1(L.5)
P5-AC09 —-0.0(2.2) —-22(1.8) 1.514) -2916) 0018 -19(1.7) 0021 -1614) 0312 -1.1(1.6)
P6-AC07 -06(1.2) —-18(1.6) —-04(14) -16(5 -1207 -23(1.6) —1.113) -24(12) —-02(1.6) —2.7(1.4)
Average® 0.1 —2.6 0.6 —-23 0.4 -2.1 0.2 -2.5 0.3 -2.5
VI5A D175N E180G L185R E192K
P2-AC15 0.7 (1.7) —2.9(1.6) 0.8 (1.9 —-3.3(1.9 0.6 (1.6) —3.1(1.5) —0520) -22(1.2) 0.1 (1.5) —-2.5(2.0)
P3-AC13 0122 -33(.8 -0.120 -33(.6) —14(.8 -23(1.2) -1.0(l.7) -35(12) 04 (1.7) —-3.0(1.2)
P4-ACl11 1.4 (0.8) —2.7(1.3) 2.1(09) =28 (1.7) 1.9 (09) —-2.1(1.5) 1.5(0.7) —-24(1.1) 20@1.2) -28(.7)
P5-AC09 1.2(1.7) -18@22) 0.6 (1.6) —22(1.4) 1.5(14) —-1.8(1.0) 0.7 (1.8) —1.7 (1.6) 06 (14) -22(14)
P6-AC07 —-13(2.0) -19(.5 -10(19 -252.0 -14(17) -2519 -11(14) -2216) -03(13) -18(22)
Average 04 -2.5 0.5 —2.8 0.2 —24 —0.1 —24 0.6 -2.5
D137L af Bot

P2-AC15 0.8 (1.5) —2.7 (2.0) 0.8 (1.1) -1.9 (2.2) 1.6 (1.5) -3.3 (1.6)
P3-AC13 —1.4 (1.9) —2.8 (1.1) —0.3 (1.8) -29 (1.2) —0.1 (2.0) —33(1.3)
P4-AC11 1.7 (0.7) —-25(1.2) 1.9 (1.2) —2.9 (1.3) 1.7 (1.0) —2.0 (1.1)
P5-AC09 0.3 (1.7) —2.6 (1.2) 1.2 (1.5) —2.5(1.3) 0.5 (1.4) —1.5 (1.5)
P6-ACO7 —0.9 (1.8) —-1.5(1.4) —2.1 (1.0) —-1.6 (1.2) —1.4 (1.4) —-2.6(1.2)
Average 0.1 2.4 0.3 —24 0.4 -2.5

% Standard error of the average is ~0.01 A. We have verified the robustness of the observed small WT-mutant differences in average 3Dy using

different subsets of trajectories and different time windows
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Fig. 3 Results of the analysis of Tpm movement relative to the
blocked position on the F-actin surface: the average 6Dy for the WT
Tpm (blue), ten Tpm mutants (red), and two Tpm heterodimers
(green). The standard error for the average dDg is ~0.01 A. See
Table 2 for further details. (Color figure online)

average 0Dg (with Pearson correlation = 0.88). Therefore,
the Tpm mutants that move further away from the blocked
position bind more weakly with F-actin. As a result,
mutations that weaken Tpm—F-actin binding at the blocked
position could favor the blocked-to-closed movement of
Tpm and thereby the activation of thin filaments (see
“Discussion of Tpm mutations” section).

Binding calculation between Tpm and actin subunits

Following (Zheng et al. 2013), we performed binding
calculation between Tpm and F-actin, which take into
account both electrostatic and non-polar contributions to
Tpm-F-actin binding (see “Methods” section). This cal-
culation cannot yield results comparable to experimental
binding measurements for the lack of entropic contribution
to binding, the missing head-to-tail interactions in the
overlap regions of Tpm, and the loss of cooperativity due
to binding of multiple Tpms under experimental condi-
tions. Despite the above caveats, this binding calculation
allows us to dissect the contributions of each Tpm period to
binding, and predict the changes between WT and mutant
Tpm (with the entropy term largely cancelled out). In the
binding calculation, based on the last 10 ns of MD simu-
lations, we calculated and averaged the binding free energy
AG between Tpm and each of five actin subunits inter-
acting with the periods P2-P6 of Tpm (see “Meth-
ods”section and Fig. 1a). This protocol was established in
our previous studies of the complex between kinesin motor
and tubulins (Li and Zheng 2011, 2012).

For both WT and mutant Tpm, the total AG (i.e. sum of
AG over all five actin subunits) varies between —11.6 and
—13 kcal/mol (see Fig. 4; Table 3), with most mutants and
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the off/Bo-Tpm heterodimer showing weaker (less nega-
tive) AG (except A63V, D137L, and L185R). As found in
Zheng et al. (2013), for both WT and mutants, the non-
polar contribution is as significant as the electrostatic
contribution (even after weighting by o and ), highlight-
ing the importance of forming extensive Tpm-—actin atomic
contacts to binding (involving both nonpolar and charged
residues). While the electrostatic interactions between actin
and Tpm are considered to predominate (Li et al. 2011;
Lorenz et al. 1995), we note that the Phillips model of
quasi-equivalent actin-binding sites includes charged as
well as non-polar residues (Phillips 1986). Barua et al.
(2013) provided experimental support for the contribution
of both charged and hydrophobic interactions to actin
binding (Barua et al. 2013). The cold sensitive binding of
Tpm to actin also supports the hydrophobic effect (Hitch-
cock-DeGregori and Singh 2010).

The total AG values of the mutants and WT do not seem
to correlate with the overall Tpm flexibility as given by
(RMSF) (with Pearson correlation <0.2). Inter-
estingly, we found some correlation between PL and the
electrostatic and non-polar contribution of AG (with
Pearson correlation = —0.42 and 0.52, respectively), sug-
gesting that the less curved Tpm mutants (such as E54K
and E192K) tend to exhibit weaker non-polar interactions
while the more curved mutants (such as E62Q) may show
weaker electrostatic interactions between Tpm and F-actin.

TpmorF—actin

Discussion of Tpm mutations

Here we will discuss individual Tpm mutations and het-
erodimers by correlating the results of flexibility and

13

average |AG| (kcal/mol)
o

FE © X J4 Z O X O > E <
~
=885 k32 g8gg v M
oL o A o w
system

Fig. 4 Results of the Tpm—F-actin binding calculation: the average
IAGI for the WT Tpm (blue), ten Tpm mutants (red), and two Tpm
heterodimers (green). The standard error for the average AG is only
~0.1 kcal/mol, so the observed small differences in AG between WT
and mutants are statistically significant. See Table 3 for further
details. (Color figure online)
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Table 3 Results of Tpm—F-actin binding calculations involving periods P2-P6 of Tpm

Period- Average (SD) of AG = 0.08E,qw + 0.12AEjcc, Evaw, AEce. (kcal/mol)
.

actm WT E54K E62Q A63V

P2-ACI5  —2.6 (0.5) —17.9 (8.3) —9.5 (3.1) —2.3 (0.6) —9.4 (7.7) —12.6 (2.9) —1.5 (0.6) —10.6 (5.9) —5.9 (2.8) —2.4 (0.5) —15.4 (65) —9.9 (3.2)
P3-AC13  —2.7 (0.7) —16.3 (8.8) —11.9 (4.2) —2.7 (0.8) —18.0 (8.3) —10.8 (3.5) —2.5 (0.8) —13.8 (10.8) —11.6 (4.0) —2.6 (0.6) —17.7 (9.2) —10.1 (3.6)
P4-ACI1  —2.6 (0.5) —12.4 (7.4) —13.7 (3.1) —2.4 (0.5) —12.8 (7.5) —11.8 (2.7) —2.4 (0.7) —13.3 (7.4) —112 (3.5) —2.5 (0.5) —14.8 (7.3) —11.3 (2.6)
P5-AC09  —2.8 (0.9) —19.2 (9.2) —10.5 (42) —22 (0.6) —14.3 (7.2) —9.1 3.4) —2.8 (0.9) —20.7 (9.8) —92 (3.5) —2.8 (0.9) —19.5 (9.7) —10.2 (5.1)
P6-ACO7  —2.1 (0.5) —17.0 (6.6) —6.5 (2.3) —2.3 (0.5) —17.1 (6.0) —8.0 (3.2) —2.4 (0.6) —19.5 (8.4) —6.8 (3.0) —2.5 (0.6) —18.8 (72) —8.1 (3.4)

Sum (SE) —12.9 (0.1) —82.9 (0.6) —52.2 (0.2) —12.0 (0.1) —71.6 (0.8) —52.3 (0.3) —11.6 (0.1) —78.0 (0.6) —44.6 (0.3) —12.9 (0.1) —86.3 (0.7) —49.7 (0.4)

K70T VI5A D175N
P2-ACI5 —26(0.8)  —17.1(9.5) —10.0 (3.3) —240.7)  —16.6(19) —9.3 (2.9) —26(0.7)  —173(11.5) 9.7 (4.0)
P3-AC13 —25(0.8) —165(11.6) —10.0 3.4) —250.7) —15609.4  —10.1 (5.0) —24(0.6) —153(7.6) —10.1 (2.8)
P4-ACl11 —25(0.6) —162(7.6) —10.1 (2.4) —27(05) —129(7.00 —13.6 (2.7) —25(0.6) —14.8(7.6) —11.1 (3.2)
P5-AC09 —26(0.8)  —16.0(8.2) —11.1 (4.3) —2.1(0.6) —15.4(13) —~7.3 (3.8) —29(0.8)  —18.4 (8.0) —11.7 (3.8)
P6-ACO7 —2.1(0.5  —14.0 (8.0 -85 (3.3) —23(0.6) —18.1(7.4) —7.4 2.7 —2.1(0.6) —159(7.8) 7.1 (2.6)
Sum (SE?) —12.3 (0.0) —79.8 (0.6) —49.6 (0.3) —12.0 (0.1) —78.5 (0.8) —47.7 (0.3) —12.5 (0.0) —81.9 (0.6) —49.8 (0.3)
E180G L185R E192K
P2-AC15 —25(0.5)  —152(63) —11.0 (3.8) —27(08)  —19.9 (9.8) —9.2 (32) —23(06) —139(82)  —10.0 (4.0)
P3-AC13 —29(0.8)  —21.7 (10.7) —9.4 (3.5) —28(0.5  —186(8.0)  —10.7 (2.9) —23(0.6) —130(77)  —105(3.6)
P4-AC11 —2.4 (0.6) —13.5 (7.0) —11.0 (2.9) —2.6 (0.5) —15.2 (7.8) —11.8 (4.2) —2.7 (0.6) —13.9 (8.5) —13.3 (3.8)
P5-AC09 —2.2 (0.7) —14.9 (8.2) —8.5 (4.3) —2.8 (0.7) —20.2 (9.7) —10.0 (3.5) —2.6 (0.7) —15.7 (6.7) —10.9 (4.4)
P6-ACO7 —2.3 (0.6) —20.2 (7.1) —6.0 (2.7) —2.1 (0.6) —15.9 (6.5) —7.0 (34) —-2.0 (0.5) —15.0 (7.4) —6.6 (2.5)
sum (SE) —12.3 (0.1) —85.5 (0.7) —45.9 (0.3) —13.0 (0.1) —89.7 (1.1) —48.7 (0.4) —11.9 (0.1) —71.6 (0.7) —51.2 (0.4)
D137L of Bo
P2-ACI5 —23(0.6) —124(72) —10.7 (3.0) —2.1(05  —113(6.8) —9.8 (2.9) —22(05) —122(79  —103 (3.1
P3-AC13 —29(0.9) —189(11.8) —11.9(3.7) —23(0.6) —16.1(7.6) —8.4 (3.9) —25(05) —157@66)  —10.1(3.8)
P4-AC11 —26(0.6) —155(72) —11.3 (3.1) —28(0.5)  —19.1(79)  —10.7 (2.8) —2604) —129(66) —132(3.5)
P5-AC09 —3.0(0.6) —21.5(72) —10.7 (4.3) —26(09)  —178(6.7) —9.5 (5.4) —23(0.8)  —118(79)  —11.7 (4.6)
P6-ACO7 —2.1(0.7)  —148(8.8) 7.5 (2.8) —25(0.6) —19.8 (6.9) —7.6 (3.8) —24(05)  —192(7.4) —7.1 (2.8)
sum (SE)  —12.9(0.1)  —83.1 (0.9) —522(0.4)  —123(0.1)  —84.1(0.7)  —46.1(04) —120(0.1) —71.8(07)  —52.4 (0.4)

% Standard error (SE) for AG summed over P2-P6

binding analysis with experimental data and clinical phe-
notype. While the mutational effects on flexibility varies
between mutants (with increase or decrease in RMSF and
PL), a majority of them exhibited weaker actin binding
(except for L185R, D137L and A63V), which is consistent
with easier activation of the blocked-to-closed transition.
Additionally, each mutation causes both local and long-
range effects on Tpm flexibility consistent with long-range
coupling in Tpm.

The E54K mutant (a DCM-causing mutation) exhibits
much weaker binding with F-actin than the WT (see Fig. 4)
due to weaker actin binding in periods P2, P4, and P5 (see
Table 3), which agrees with the finding that the ES54K
mutant showed diminished actin-binding affinity in the off
state (i.e., in the absence of troponin and myosin) (Mirza
et al. 2007). E54 is located in a consensus actin-binding site

of Tpm (Phillips 1986; Phillips et al. 1986), and was found
to contribute to actin binding in our previous study (Zheng
et al. 2013). E54 is at the e position of the heptad repeat
and can form a salt bridge with K49 on the other Tpm
chain, so it plays a role in stabilizing the Tpm coiled coil
structure. Indeed, the E54K mutation was found to desta-
bilize some part and stabilize another part of the Tpm
coiled coil (Mirza et al. 2007). Our flexibility analysis
found that the E5S4K mutation reduces the RMSF, increases
the PL (see Table 1), and alters local flexibility in distant
regions [near D137, E218, and ALAS (the 5th Ala cluster)
in PS5, see Fig S6]. Functionally the E5S4K mutant was
shown to exhibit impaired inhibition of the actomyosin
ATPase activity in myofilament at low Ca*" (Chang et al.
2005, 2014), which is consistent with our finding of
weakened actin binding in the blocked state.
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The E62Q mutant exhibits much weaker binding with
F-actin than the WT (see Fig. 4) due to weaker actin
binding in periods P2, P3, and P4 (see Table 3). E62 is at a
consensus actin-binding site of Tpm (Phillips 1986; Phil-
lips et al. 1986), and was found to contribute to actin
binding in our previous study (Zheng et al. 2013). A recent
computational energy-landscape study also found the E62Q
mutation weakens actin—Tpm interaction (Orzechowski
et al. 2014). However, this mutation did not seem to change
actin-binding affinity in a co-sedimentation study (Gupte
et al. 2015) although further studies are needed to confirm
this finding. Since E62 is at the f position of the heptad
repeat, the E62Q mutation is not expected to destabilize the
Tpm coiled coil structure which is consistent with the
finding of intact thermal stability (Chang et al. 2014). Our
flexibility analysis of E62Q found increased RMSF,
decreased PL (see Table 1), and altered local flexibility of
distant regions (near ALA1, ALAS, ALA6, and E218, see
Fig S1 in the Supporting Information). Clinically the E62Q
mutation is associated with a malignant form of HCM
(Jongbloed et al. 2003) with impaired inhibition of acto-
myosin ATPase activity (Chang et al. 2014). This func-
tional defect is consistent with our finding of weakened
actin binding in the blocked state.

The A63V mutant exhibits WT actin binding (see
Fig. 4) due to weaker actin binding in P2 compensated by
stronger actin binding in P6 (see Table 3). A63 is not
directly involved in actin binding or stabilization of the
Tpm coiled coil. Structural analysis showed the A63V
mutant with decreased thermal stability (Heller et al. 2003),
which agrees with our flexibility analysis that found
increased RMSF and decreased PL than the WT (see
Table 1) and altered local flexibility in distant regions (near
ALA1, ALA3, ALA4, ALAG6, and E218, see Fig S2 in the
Supporting Information). Clinically, this mutant showed
moderate phenotype (Nakajima-Taniguchi et al. 1995),
with slower relaxation and higher thin-filament Ca®" sen-
sitivity (Michele et al. 2002). This is consistent with our
finding of little perturbation to actin binding.

The K70T mutant exhibits weaker actin binding than the
WT (see Fig. 4) due to weaker actin binding in periods P3
and P5 (see Table 3). Since K70 is at the g position of the
heptad repeat (forming a salt-bridge with E75 on the other
Tpm chain), it is involved in stabilizing the Tpm coiled coil
structure. Indeed, the K70T mutation was found to severely
destabilize the Tpm coiled coil leading to decreased ther-
mal stability (Heller et al. 2003; Hilario et al. 2004). Our
flexibility analysis found increased RMSF and PL than the
WT (see Table 1) and altered local flexibility near ALAI,
ALA3, ALAS, and E218 (see Fig S3 in the Supporting
Information). Clinically, K70T is one of the most delete-
rious HCM mutations with individuals carrying this
mutation having a high incidence of sudden death
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(Nakajima-Taniguchi et al. 1995) (Yamauchi-Takihara
et al. 1996). This is consistent with our finding of large
mutational effects on Tpm’s flexibility and actin binding in
the blocked state.

The V95A mutant exhibits much weaker actin binding
than the WT (see Fig. 4) due to weaker actin binding in
periods P2, P3, and P5 (see Table 3). V95 is at the d po-
sition of the heptad repeat, so it is involved in stabilizing
the Tpm coiled coil structure. As expected, the VISA
mutation was found to destabilize the Tpm coiled coil
structure (Wang et al. 2011). Our flexibility analysis of
VI95A found decreased RMSF, increased PL (see Table 1),
and altered local flexibility near ALA2, ALA4, and ALAS
(featuring anomalously high flexibility near ALA2, see Fig
S4 in the Supporting Information). Clinically the V95A
mutation causes severe symptoms and poor prognosis in
patients (Karibe et al. 2001), with significant increase in the
Ca’™" sensitivity in thin filament (Bai et al. 2013) and
in vitro (Wang et al. 2011). This is consistent with our
finding of large mutational effects on Tpm’s local flexi-
bility and actin binding.

The D137L mutant is a synthetic mutant designed to test
the importance of this unusual conserved Asp for Tpm
folding and function. This mutation does not affect actin
binding (see Fig. 4) due to weaker actin binding in P2
compensated by stronger binding in P3 and P5 (see
Table 3). In agreement with our finding, this mutation was
shown not to alter Tpm—actin binding (Sumida et al. 2008).
The conserved D137 is at a d position within the
hydrophobic core of the Tpm coiled coil, so it is thought to
destabilize the coiled coil and impart flexibility to the Tpm,
and the D137L mutation would stabilize the Tpm structure.
Indeed, the D137L mutant was found to have higher ther-
mal stability than the WT, which implies decreased flexi-
bility (Yar et al. 2013). The D137L mutation stabilizes not
only the middle region of Tpm [e.g., near R133 (Sumida
et al. 2008)], but also the other parts of Tpm including the
N- and C-terminal parts (Matyushenko et al. 2015). In
agreement with these findings, we found increased PL (see
Table 1), decreased local flexibility near D137, ALA1, and
ALAS, and increased local flexibility near ALA2 and E218
(see Fig S5 in the Supporting Information). Our finding
differs from a previous simulation study of the DI137L
mutant that found an increase in global flexibility and large
structural change in actin-free Tpm (Moore et al. 2011),
suggesting that actin binding might alter the properties of
the D137L mutant.

The DI175N mutant exhibits slightly weaker actin
binding than the WT (see Fig. 4) due to weaker actin
binding in period P3 (see Table 3). D175 was found to
contribute to actin binding in our previous study (Zheng
et al. 2013). Experimentally, the D175N mutant was shown
to bind less strongly to F-actin than the WT in several
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binding studies (Boussouf et al. 2007; Janco et al. 2012;
Kremneva et al. 2004) although the actin-binding affinity
was un-affected in other studies (Bing et al. 1997; Golitsina
et al. 1997, 1999). D175 is at the g position of the heptad
repeat, so it is likely involved in stabilizing the Tpm coiled
coil structure. Indeed, the D175N mutation increases the
local flexibility of Tpm (Ly and Lehrer 2012) without
changing the overall thermal stability (Kremneva et al.
2004). Our flexibility analysis found increased RMSF than
the WT (see Table 1) and altered local flexibility near
ALA4, ALAS, ALA6, and E218 (see Fig. 2). Clinically the
D175N mutation causes only mild hypertrophic phenotype
(Bai et al. 2013; Muthuchamy et al. 1999), which is con-
sistent with our finding of moderate mutational effect on
Tpm-—actin binding.

The E180G mutant exhibits weaker actin binding (see
Fig. 4) than the WT due to weaker actin binding in P4 and
P5 (see Table 3), in agreement with experimental binding
measurements (Bing et al. 1997; Boussouf et al. 2007,
Golitsina et al. 1997, 1999; Janco et al. 2012; Kremneva
et al. 2004). E180 is at the e position of the heptad repeat
(forming a salt bridge with R182 of another Tpm chain), so
it is involved in stabilizing the Tpm coiled coil structure.
As expected, the E180G mutation was shown to cause
greater structural disorder (Wang et al. 2011), decreased
thermal stability in the C-terminal part (Kremneva et al.
2004), increased local flexibility [near R133 and K233 (Ly
and Lehrer 2012)], and decreased PL (Loong et al.
2012a, b). Surprisingly, our flexibility analysis found lower
RMSF and higher PL than the WT (see Table 1) and
altered local flexibility near D137, ALAS, and E218 (see
Fig S7 in the Supporting Information). It is possible that the
E180G mutation has opposite effects on free and actin-
bound Tpm. Clinically the E180G mutation leads to severe
cardiac hypertrophy and death in mice with impaired
relaxation and increased Ca”" sensitivity (Prabhakar et al.
2001). Our finding of greater perturbation to actin-Tpm
binding (particularly in P5, see Table 3) by the E180G
mutation than the DI175N mutation is consistent with
E180G causing more marked abnormalities than D175N.
Beyond the scope of this study, other contributing factors
to the E180G phenotype may involve Tpm-—troponin
interactions (Bing et al. 1997; Golitsina et al. 1997) and
Tpm conformation in the open state (Golitsina et al. 1997).

The L185R mutant exhibits slightly stronger actin
binding than WT (see Fig. 4) due to slightly stronger actin
binding in periods P2 and P3 (see Table 3). L185 is at a
consensus actin-binding site (Phillips 1986; Phillips et al.
1986), and was found to contribute to actin binding in our
previous study (Zheng et al. 2013). A substitution by a
basic residue may allow new electrostatic interactions to
form with the negatively charged F-actin surface. In
agreement with our calculation, a co-sedimentation

measurement of Tpm-actin binding showed a two-fold
increase in affinity from the WT to L185R (Gupte et al.
2015). This mutation was found to increase the overall
thermal stability of Tpm (Chang et al. 2014; Gupte et al.
2015). Indeed, our flexibility analysis found lower RMSF
in L185R than the WT (see Table 1) and altered local
flexibility near ALA1, ALAS, and E218 (see Fig S8 in the
Supporting Information). Taken together, the above find-
ings suggest that the HCM-causing mechanism of L185R
mutation (e.g., higher Ca*" sensitivity and impaired inhi-
bition of actomyosin ATPase) cannot be explained by
perturbation to the Tpm-—actin interaction and flexibility in
the blocked state and may involve modification of other
properties like Tpm-—troponin binding (Van Driest et al.
2002).

The E192K mutant exhibits much weaker actin binding
than the WT (see Fig. 4) due to weaker actin binding in
periods P2, P3 and P5 (see Table 3). E192 is at the ¢ po-
sition of the heptad repeat, and was found to contribute to
actin binding in our previous study (Zheng et al. 2013). Our
flexibility analysis found decreased RMSF, increased PL
(see Table 1), and increased local flexibility near ALA2,
ALA3, and E218, and reduced flexibility near ALA1 and
ALA4 (see Fig S9 in the Supporting Information). This
mutation causes left ventricular noncompaction, but the
underlying mechanism at the molecular level remains
unclear (Bai et al. 2013). Our findings suggest that weak-
ened actin-Tpm binding in the blocked state may contribute
to the disease phenotype of E192K mutant.

Finally, we analyzed the ofp-Tpm and PBo-Tpm hetero-
dimers, where chain B or A of the ao-Tpm homodimer is
replaced by B-Tpm (see Fig. 1a). Both af-Tpm and Bo-
Tpm exhibit weaker actin binding (see Table 3). The
oo — off isoform change, which sequentially alters the
actin-binding sites in periods P2, P4, and P6 of chain B (see
Fig. 1a), led to weaker actin binding in P2, P3, and P5
partially compensated by stronger actin binding in P4 and
P6; the oo — Po isoform change, which sequentially alters
the actin-binding sites in periods P3 and P5 of chain A (see
Fig. 1a), led to weaker actin binding in P2, P3, and P5
partially compensated by stronger actin binding in P6. The
Bo-Tpm shows weaker actin binding than the of-Tpm
primarily due to weaker actin binding in periods P4 and P5
(see Table 3). Consistent with our calculation, the of
heterodimer of Tpm was found to have weaker actin-
binding affinity than the oo and B homodimers of Tpm
(Kalyva et al. 2012). The thermal stability of off/Bo-Tpm is
weaker than oo-Tpm (Kalyva et al. 2012), suggesting
higher flexibility of the hetero-dimer of Tpm. Indeed, we
found that both the o8- and the Bo-Tpm dimers had greater
RMSF (see Table 1) accompanied by altered local flexi-
bility (near ALA1-5, D137 and E218, see Fig S10 and S11
in the Supporting Information).
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Sequence alignment reveals 40 amino-acid substitutions
between o-Tpm and B-Tpm, most of which preserve the
chemical property of amino acids (see Table S1 in the
Supporting Information). The following substitutions
involve those residues identified to contribute to actin
binding in our previous study (Zheng et al. 2013): V44Q
and D58E of P2, Q135M of P4, S174G of PS5, and Q216T
of P6. They may directly affect actin-binding affinity. The
following substitutions chemically perturb the a/d positions
critical to the stability of Tpm coiled coil structure: S36C
and L43Q of P2, A158S of P4, A179S and S186A of P5.
They may affect the local flexibility of Tpm and indirectly
affect the actin-binding affinity. Notably, P5 has more o-to-
B substitutions than any other periods (see Table Sl1),
which might explain our findings that the Bo-Tpm is per-
turbed more than the of-Tpm (see Tables 1, 2, 3). Future
studies will be needed to elucidate the effects of these
individual substitutions.

Conclusion

Based on extensive MD simulations of various Tpm
mutants and heterodimers in complex with F-actin, we
have explored key dynamic and energetic properties of
Tpm near the blocked position which are relevant to the
regulatory function of Tpm. Our simulation and analysis
offer detailed information on how Tpm mutations (and
isoform differences) affect its overall and local flexibility
and its interactions with F-actin. A common feature of
these Tpm mutations is the coexistence of both local and
long-range changes to the flexibility and actin binding (i.e.,
a point mutation affects the flexibility and actin-binding
energy of distant regions). The existence of long-range
couplings in Tpm is supported by previous studies [see
Brown (2013)]. The mutational effects on Tpm-F-actin
binding may be direct (with the mutated residue directly
interacting with F-actin in E54K, E62Q, D175N, L185R,
and E192K) or indirect (with the mutated residue involved
in the flexibility or stability of Tpm in K70T, V95A, and
E180G). While the direct effects can be readily assessed by
inspecting the local interactions involving the mutated
residue, the indirect long-range effects are more complex.
Encouragingly, we found a significant correlation between
actin-binding energy and Tpm’s movement relative to the
blocked position, which suggests a disease mechanism by
which the HCM mutations weaken actin-Tpm binding in
the blocked state and thereby enhancing the transition of
Tpm from blocked to closed/open state. Intriguingly, ES4K
behaves similarly to the other HCM mutants even though it
leads to the DCM disease phenotype. We also found
opposite correlations between the persistent length of Tpm
mutants and the electrostatic versus non-polar contribution
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to the actin-binding energy, suggesting that a change in the
global curvature and flexibility of Tpm mutants can
weaken their electrostatic/non-polar interactions with
F-actin in distinct manners.

In the future, we will perform mutational and binding
experiments to test the computational predictions of the
mutational effects on actin-Tpm binding in relation to
HCM and DCM. Additionally, we will run new MD sim-
ulations to explore alternative Tpm positions as revealed by
recent cryo-EM (Sousa et al. 2013; von der Ecken et al.
2015) and computational studies (Rynkiewicz et al. 2015),
which were not explored by the current simulation due to
limited computing resource.
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