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Contractile Function

Prediction and biological significance of small
changes in binding of leiomodin to tropomyosin
Eduardo Sánchez D́ıaz1, Brayan Osegueda1*, Svetlana Minakhina2*, Nickolas Starks1*, Stefanie Novak3, Dmitri Tolkatchev1,
Carol C. Gregorio2,3, Alla S. Kostyukova1, and Garry E. Smith Jr1

In cardiac muscle, regulation of actin polymerization at the thin filament pointed end is controlled by two structurally similar
but functionally antagonistic proteins, leiomodin-2 and tropomodulin-1. Both proteins contain tropomyosin-binding site 1,
which is essential for their recruitment to the pointed end. Using circular dichroism, we determined changes in melting
temperatures (ΔTm) for complexes of tropomyosin and leiomodin-2 fragments containing several hypomorphic mutations,
which moderately affect binding to tropomyosin. We ran molecular dynamics simulations for the complexes and calculated
standard Gibbs free energies of binding, which we found to strongly correlate with the ΔTm. We found that the E34Q
mutation in leiomodin-2 resulted in a decrease in the melting temperature of the complex of tropomyosin and leiomodin-2 fragments,
indicating a decrease in the affinity of leiomodin-2 for tropomyosin. Although modest, this change in in vitro affinity made
leiomodin-2 a weaker competitor for tropomyosin than tropomodulin-1 in cardiomyocytes. This mutation significantly
reduced the ability of leiomodin-2 to displace tropomodulin-1 at thin filament pointed ends and affected the ability of
leiomodin-2 to elongate thin filaments. Our results highlight the essential role of the tropomyosin-binding site in the dynamic
equilibrium between tropomodulin-1 and leiomodin-2 at the pointed end of thin filaments. Our data also suggest the
potential use of the correlation between ΔTm and the modeled standard Gibbs free energies of binding to predict changes in
the stability of complexes between tropomyosin and leiomodin or tropomodulin isoforms.

Introduction
Understanding the molecular mechanism of muscle function,
particularly within the sarcomere structure, is pivotal for un-
raveling the complexities of muscle physiology. Important to
this understanding is the interplay between various proteins,
such as tropomyosin (Tpm) and proteins of the tropomodulin
(Tmod) family, Tmod and leiomodin (Lmod), which govern the
regulation of thin filament length in striated muscle sarcomeres
(for reviews, see Fowler and Dominguez [2017]; Tolkatchev et al.
[2022]). Sarcomeres are the fundamental units of muscle con-
traction, characterized by alternating overlapping thick and thin
filaments (Henderson et al., 2017; Sweeney and Hammers, 2018,
Szikora et al., 2022). The thick filament core is composed of
myosin, while the thin filament core is composed of actin.
The overlapping thick and thin filaments interact and slide

to contract the sarcomere. Tpm, an actin-binding coiled-coil
protein, occupies a central role in this regulation (Brown and
Cohen, 2005). It binds to both sides of the thin filament poly-
merizing in a head-to-tail fashion with its N terminus toward
the pointed end near the sarcomere’s midpoint, the M-line. It is
at the pointed end where the competition between Lmod and
Tmod binding to Tpm takes place (Tolkatchev et al., 2020,
2021). When Lmod is bound, thin filaments are elongated
(Tsukada et al., 2010; Mi-Mi et al., 2020; Tolkatchev et al.,
2020; Larrinaga et al., 2024). On the other hand, when Tmod
is bound through all its binding sites, it occludes the pointed
end (Tolkatchev et al., 2021; Carman et al., 2023; Li et al., 2023).
Tmod acts as a cap for the pointed end and no elongation or
depolymerization of the thin filament is allowed (Weber et al.,
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1994; Gregorio et al., 1995). Thin filaments must be elongated
and maintained at mature lengths for efficient muscle con-
traction. Changes in the lengths can lead to cardiac and skeletal
myopathies (Yuen et al., 2014; Pappas et al., 2015; Li et al., 2016;
Winter et al., 2016; Pappas et al., 2018; Ahrens-Nicklas et al.,
2019; Mi-Mi et al., 2020; Yuen et al., 2022; Sono et al., 2023;
Vasilescu et al., 2024).

Lmod has three actin-binding sites and one Tpm-binding site,
while Tmod has two actin-binding sites and two Tpm-binding
sites (Fowler and Dominguez, 2017; Tolkatchev et al., 2022). A
comparison of the Lmod and Tmod sequences has shown that
there is a high level of homology (Tolkatchev et al., 2019). In
major cardiac isoforms Lmod2 and Tmod1, their first Tpm-
binding sites have 57% sequence identity and 78% sequence
similarity, and it is this site that is suggested to govern their
competition (Tolkatchev et al., 2020). Among all Tmod family
proteins, Lmod2 has the highest affinity for striated muscle
α-Tpm (Tpm1.1) in the Tpm-binding site 1 (Kostyukova, 2007
Uversky et al., 2011; Yuen et al., 2014), which enables Lmod2
to successfully compete for pointed end binding. Introducing an
L25G mutation in Tpm-binding site 1 abolished Lmod2 binding
to Tpm1.1 and drastically decreased its ability to compete Tmod1
off the pointed end, therefore leading to shortened thin fila-
ments (Tolkatchev et al., 2020). Further examining the struc-
tural characteristics of the Lmod2/Tpm1.1-binding interface
holds promise for shedding light on the intricate regulatory
mechanisms governing thin filament length.

Hypomorphic mutations, which do not eliminate Lmod2’s
function but rather slightly attenuate it, can be used as a tool to
demonstrate the effect of competition between Lmod2 and
Tmod1. However, designing hypomorphic mutations is more
challenging than designing mutations that destroy interactions.
In this study, circular dichroism (CD) experiments were
conducted to assess the effects of several mutations in the Tpm-
binding site of Lmod2, which were predicted to be hypomor-
phic (i.e., E34Q, S24K, S24L, and E36V), on the stability of the
complex formed between Lmod2s1 and αTM1–14Zip. We mea-
sured the thermally induced denaturation of complexes be-
tween Lmod2s1, a fragment that contains the first 40 residues
of Lmod2 representing the Tpm-binding site (with and without
a mutation), and a Tpm1.1 model peptide, αTM1–14Zip, which
contains an Lmod2-binding site. The model peptide consists of
the first 14 residues of Tpm1.1 fused to a GCN4 leucine zipper
sequence at the C terminus and forms a coiled-coil dimer
(Greenfield et al., 1998; Colpan et al., 2016). Employing various
molecular dynamics simulations (MDS)-based approaches, the
standard Gibbs free energies of binding were calculated for
Lmod2s1 (WT and mutated) in complex with αTM1–14Zip. A
strong correlation was found between standard Gibbs free
energies of binding and changes in melting temperatures
(ΔTm). Of these mutations, we tested the E34Q mutation in
cardiomyocytes. The melting temperature (Tm) of the com-
plex formed by Lmod2s1[E34Q] and αTM1–14Zip was reduced
by 2.9°C compared with the WT complex, indicating a slight
decrease in the affinity of Lmod2 for Tpm1.1. When Lmod2
[E34Q] was expressed in isolated cardiomyocytes, it was
largely unable to compete off Tmod1 at thin filament pointed

ends. The E34Q mutation also significantly affected the ability
of Lmod2 to elongate thin filaments. Our results highlight the
essential role of the Tpm-binding site in the dynamic equi-
librium between Tmod-1 and Lmod-2 at the pointed end of
thin filaments and suggest the potential use of the correlation
between standard Gibbs free energies of binding and ΔTm to
predict changes in the stability of complexes between Tpm and
Lmod (Tmod) isoforms.

Materials and methods
Peptide design and plasmid preparation
The choice of Lmod2s1 and αTM1a1–14Zip sequences was de-
scribed previously (Colpan et al., 2016). Briefly, Lmod2s1
contained the first 40 residues of Lmod2, representing the
Tpm-binding site. αTM1a1–14Zip contained the first 14 residues
of Tpm1.1 fused with 18 residues of GCN4 leucine zipper se-
quence at the C terminus to promote coiled-coil formation,
which is a common practice in Tpm model peptides (Nitanai
et al., 2007; Greenfield et al., 2009; Uversky et al., 2011).

Mutations were introduced into Lmod2s1 by PCR-based
mutagenesis using partially overlapping primers (Table S1)
ordered from Integrated DNA Technologies. The PCR reactions
were performed with PfuTurbo DNA polymerase (Agilent), and
the mutated plasmids were used to transform Escherichia coli
DH5α (Life Technologies). The presence of each mutation was
confirmed by Sanger sequencing (Genewiz).

Protein expression and purification
The mutated plasmids were used to transform E. coli
BL21(DE3) (Life Technologies). Transformed cells were grown
in LB media in the presence of 0.1 mg/ml ampicillin, and
protein expression was induced with 0.1 mM IPTG. Purifica-
tion was performed as described for Lmod2s1 (Colpan et al.,
2016). Both αTM1a1–14Zip, acetylated at the N terminus, and
Lmod2s1 with 11 truncated N-terminal residues were syn-
thesized at the Tufts University Core Facility. Peptide con-
centrations were determined by measuring the difference
spectra as described by Tolkatchev et al. (2020) and by the
BCA method (Thermo Fisher Scientific).

CD
CD measurements were carried out using an Aviv model 420
spectropolarimeter in 1-mm cuvettes. Dynode voltage was below
500 V in all measurements. The protein concentration for the
CD experiments was ∼20 µM in 10mMNa-phosphate, pH 7, and
100 mM NaCl. The melting curves were recorded at 222 nm by
varying the temperature from 0 to 65°C with a temperature step
of 0.2°C, a temperature deadband of 0.15°C, a 0.3-min equili-
bration time, and an averaging time of 5 s for each point. In each
experiment, we used a 5-cuvette rotor to simultaneously mea-
sure the melting curves of WT (as a control) and mutated
Lmod2s1 alone, αTM1a1–14Zip alone, and WT and mutated
Lmod2s1 in complex with αTM1a1–14Zip. Tm of the complexes
were determined by fitting the curves as described by Greenfield
(2006); Uversky et al. (2011), and Tm of the WT complex was
subtracted from Tm of the mutated complex from the same
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measurement to obtain ΔTm. The Kd was calculated using Tm and
enthalpy obtained from the fitting, as described by Greenfield
and Fowler (2002); Greenfield (2006); Kostyukova et al. (2007).
An unpaired t test was used for statistical analysis.

MDS
For polypeptide structure visualization, we used the UCSF Chi-
mera package (Pettersen et al., 2004). The initial structures of
Lmod2s1 and αTM1a1–14Zip were obtained from the known
structure (PDB ID 6UT2). MDS were performed using AMBER22
(Case et al., 2022) for both the complex (Lmods1 and αTM1a1–14
Zip) and each peptide in isolation. For MDS, we neutralized the
structures by adding Na+ ions in an optimal point charge water
box (Izadi et al., 2014) with a minimum distance of 10 Å from the
edge of the box. The force field used was the ff99SB (Hornak
et al., 2006). Energy minimization and relaxation were per-
formed to stabilize the structure and avoid atomic clashes.
During minimization, positional restraints were applied with a
restraint weight of 100 kcal/mol/Å. After minimization, the
protein was slowly heated from 100 to 300 K while maintaining
the same positional restraints. We then relaxed the positional
restraints while introducing pressure control with the Monte
Carlo barostat. For the production runs, no pressure control was
applied. The temperature was controlled by a Langevin ther-
mostat using a 3-ps−1 collision frequency. Hydrogens were
constrained using SHAKE. We ran 1-µs–long MDS for WT and
mutated Lmod2s1 peptides alone, αTM1a1–14Zip alone, and the
WT and mutated Lmod2s1/αTM1a1–14Zip complexes, writing the
trajectories every 50 ps, for a total of 20,000 frames.

Standard Gibbs free energy of binding calculation using the
molecular mechanics Poisson–Boltzmann (generalized born)
surface area
Within MDS by AMBER22, the most well-known approaches
to evaluate the standard Gibbs free energy of binding, ΔG°bind,
for a protein–protein complex are the molecular mechanics
Poisson–Boltzmann surface area (MMPBSA) and MM general-
ized born SA (MMGBSA) methods (Srinivasan et al., 1998; Wang
et al., 2019a). The standard Gibbs free energy of the non-covalent
complex, PL, between components P and L is defined by

G°bind � G0
PL − G0

P − G0
L .

Here, G0
P and G0

L are the standard Gibbs free energies of un-
bound components P and L, whereas G0

PL is the standard Gibbs
free energy of the complex, PL. In MMPB(GB)SA, the standard
Gibbs free energy of a state is estimated using the following
equation (Kollman et al., 2000):

G0 � E0
bond + E0

angle + E0
tors + E0

vdw + E0
elec + G0

pol + G0
np − TS0.

Here, E0bond, E0angle, E0tors, E0vdw, and E0elec are the bond, angle,
torsion, Van der Waals, and electrostatic energies, respectively,
which are calculated according to the molecular mechanics force
field used in MDS, with no nonbonded cutoff. ΔG0

pol, the
polar solvation energy, is calculated with either the Poisson–
Boltzmann or generalized born methods (Still et al., 1990;
Honig and Nicholls, 1995). G0

np, the nonpolar solvation term, is
calculated using a solvent-accessible surface area algorithm

(Sanner et al., 1996). TS0 is the temperature-entropy product
term, which is neglected in our model because our focus lies not
on the absolute ΔG0

bind but rather on the relative ΔG0
bind be-

tween complexes with similar entropies. In cases such as this,
the temperature entropy product can be neglected (for review,
see Wang et al. [2019a]).

Testing single- and triple-trajectory approaches
G0

P and G0
L can be calculated either from structures of the

components P and L obtained from an MDS trajectory of the
complex, PL, which we refer to as the single-trajectory ap-
proach, or from structures of the components P and L obtained
from MDS trajectories of the individual components P and L,
which we call the triple-trajectory approach. For both ap-
proaches, G0

PL is always calculated based on structures of the
complex extracted from the MDS trajectory of the complex.

In the single-trajectory approach, G0
P and G0

L were calcu-
lated based on structures of αTM1a1–14Zip and Lmod2s1, re-
spectively, extracted from the Lmod2s1/αTM1a1–14Zip complex
trajectory only. This assumes that their structures do not change
significantly between the bound and unbound states. However,
since Lmod2s1 peptides gain α-helical content upon binding to
αTM1a1–14Zip, this assumption could lead to inaccuracies in the
calculated standard free energy of binding.

In the triple-trajectory approach, G0
P and G0

L were calculated
based on the structures of αTM1a1–14Zip and Lmod2s1 extracted
from the trajectories of αTM1a1–14Zip and Lmod2s1 alone, re-
spectively, which took into account changes in their structures
in the bound and unbound states. We tested both approaches.

For the single-trajectory approach, we used the 1-µs trajec-
tories ofWT andmutated Lmod2s1/αTM1a1–14Zip complexes. For
the triple-trajectory approach, we used the 1-µs trajectories of
WT and mutated Lmod2s1 peptides alone, αTM1a1–14Zip alone,
and WT and mutated Lmod2s1/αTM1a1–14Zip complexes. Each
1-µs trajectory consisted of 20,000 frames. We initially used a
sampling interval of 50 for a total of 400 frames for both the
MMPBSA and the MMGBSA models and with both the single-
trajectory and the triple-trajectory approaches to calculate the
standard free energy of binding (Table S2). The results from
MMPBSA andMMGBSAwere comparedwith the ΔTm from the CD
experiments. Plotting ΔTm versus ΔG0

bind allowed us to calculate
the coefficient of determination, R2, value with a linear fit using
SigmaPlot (Table S3). We then selected the model with the higher
R2 value. In our case, it was the MMPBSA triple-trajectory ap-
proach. We then proceeded with the MMPBSA triple-trajectory
approach, with sampling intervals of 5- and 10-ns steps and an
internal dielectric constant (ε) of 2 or 1 (Table S4). The sampling
interval of 10 ns and ε = 1 gave the best fit.

Virus preparation for expression of GFP-Lmod2[E34Q]
mLmod2 was cloned into pEGFP-C2 vector (Clontech) to create
GFP-mLmod2 expression plasmids. The E34Q mutation was
introduced using a QuikChange site-directed mutagenesis kit
(Strategene). All sequences were confirmed by DNA sequencing.
Adenovirus-expressing GFP, GFP-mLmod2, and GFP-mLmod2
[E34Q] were constructed into a replication-deficient Adv vec-
tor using the AdEasy Adenoviral Vector System (Agilent
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Technologies) as described by Pappas et al. (2015). Briefly, GFP
construct cDNAwas subcloned into a pShuttle-CMV plasmid and
linearized before transformation of BJ5183 cells containing the
pAdEasy-1 vector. After homologous recombination, the purified
pAdEasy-1 vector containing either GFP, GFP-mLmod2, or GFP-
mLmod2 [E34Q] was transfected into HEK293 cells for Adv propa-
gation. The Adv then was purified by CsCl gradient centrifugation,
and viral titer was determined by a dilution assay in HEK293 cells
grown in 96-well plates. At a MOI of 5–10, ∼90% of cardiomyocytes
were transfected, as determined by GFP-positive cells.

Expression of GFP-Lmod2 in neonatal cardiomyocytes
Rat neonatal cardiomyocytes were isolated from postnatal day
1–3 Sprague–Dawley rat (Charles River Laboratories) hearts as
described (Gustafson et al., 1987). All animal experiments were
approved by the Institutional Animal Care and Use Committee of
the University of Arizona (#08–017; protocol). All experiments
were performed in compliance accordance with the ARRIVE
guidelines and in accordance with the Institutional Animal Care
and Use Committee regulations, which meet recommendations
in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health and Public Health Service Policy on
Humane Care and Use of Laboratory Animals (Department of
Agriculture, Animal Welfare Act).

Isolated cells were plated on 35-mm tissue culture dishes
containing 12-mm round glass coverslips thin-coated with
Matrigel (1:100; BD Biosciences) at ∼4.5 × 105 cells/dish. Cells
were maintained in DMEM with 1 g/liter glucose (Life Tech-
nologies) with the addition of 10% (vol/vol) fetal bovine serum
(HyClone) and 1% penicillin-streptomycin (Cellgro; Medi-
atech). Cardiomyocytes were transduced with adenovirus
2 d after plating with 2–5 MOI of adenovirus as described by
Pappas et al. (2015), which increases intracellular Lmod2 levels
on average 40%. To achieve similar levels of protein expression,
GFP fluorescence in cardiomyocytes of each experimental
group was inspected using Nikon Eclipse Ti microscope (see
below), and average fluorescent intensity was measured for at
least 100 cells per culture.

Cardiomyocyte imaging and analysis
At 2 d after transduction, cells were incubated in relaxing buffer
(150 mM KCl, 5 mM MgCl2, 10 mM 3-[N-morpholino] pro-
panesulfonic acid, pH 7.4, 1 mM EGTA, and 4 mM ATP) for
15 min and fixed with 2% paraformaldehyde in relaxing buffer
for 15 min. To determine whether specific proteins were tightly
associated with the Triton X-100 insoluble (i.e., cytoskeletal/
sarcomeric) fraction, cells were extracted in cytoskeleton-
stabilization buffer (10 mM 1,4-piperazinediethanesulfonic
acid, pH 6.8, 100 mM KCl, 300 mM sucrose, 2.5 mMMgCl2, and
0.5% Triton X-100 plus protease inhibitors) before fixation.
Following fixation, cells were permeabilized with 0.2% Triton X-
100/PBS for 20 min at room temperature and then blocked with
2% BSA plus 1% normal donkey serum/PBS for 1 h at room
temperature. Cardiomyocytes were stained as described (Pappas
et al., 2015) with rabbit polyclonal anti-Tmod1 antibodies (2 μg/ml),
monoclonal anti-GFP antibodies (11814460001; Sigma-Aldrich), and
Texas Red–phalloidin (1:200; Invitrogen) to stain F-actin. Alexa

Fluor 488 goat anti-mouse IgG (1:400), Alexa Fluor 647–
conjugated donkey anti-rabbit IgG (1:400), or Alexa Fluor 350-
conjugated donkey anti-rabbit IgG (1:400) secondary antibody
was used. Cells were mounted onto slides with Aqua Poly/
Mount (Polysciences). Images were captured using a Nikon
Eclipse Timicroscope with a 100× NA 1.5 objective, and a digital
complementary metal oxide semiconductor camera (ORCA-
flash 4.0; Hamamatsu Photonics). 3D deconvolution was
performed using NIS offline deconvolution software (Nikon
Corporation). To minimize bias, each microscopy field was
systematically inspected for GFP-expressing cardiomyocytes.
The same exposure/intensity parameters were used to acquire
images within each experiment. Cardiomyocytes with low
(<125 arbitrary units) or high (>1,500 arbitrary intensity) GFP
intensity levels were excluded from analysis. Cardiomyocytes
with similar levels of expression of GFP, GFP-Lmod2 [WT], or
GFP-Lmod2 [E34Q] (Fig. S1 A) were used for Tmod1 assess-
ments and thin filament measurements. Thin filament lengths
and sarcomere lengths were measured blindly using the DDe-
con plugin (Gokhin and Fowler, 2017) for ImageJ (Schneider
et al., 2012). Over 120 cells were analyzed per treatment
group, with each datapoint on the graph representing an av-
erage of three measurements from individual cells. Statistical
analysis was done using a one-way ANOVA with Prism 10.1.2
software (GraphPad Software).To differentiate the effect of
Lmod2 overexpression on sarcomere and thin filament lengths,
the relationship between these lengths (Fig. S1 C, scatter plot of
individual measurements) was analyzed as described by Pappas
et al. (2018). For determining thin filament pointed-end as-
sembly of Tmod1, positively transfected cardiomyocytes (with
regular striations) were classified as either “consistent” with
well-defined striated Tmod1 staining at pointed ends with little
cytoplasmic background or “inconsistent” with <50% Tmod1
striated staining at pointed ends, compared with non-transfected
cells in the same sample (Fig. 5 C and Fig. S1 F [Tolkatchev et al.,
2020]). 80–100 cells per culture were counted. Experiments
were repeated three times. Statistical analysis was done using a
one-way ANOVA with Prism 10.1.2 software (GraphPad Soft-
ware). The data are presented as the percentage of the total
number of mature GFP-positive cardiomyocytes in each group
(mean ± SD). Data are from three independent cultures.

Images were also acquired with a Zeiss LSM980 microscope
(Carl Zeiss Microscopy GmbH) equipped with GaAsP PMT de-
tectors (Hamamatsu Photonics) in confocal mode. Imaging was
performed using a 63×/1.4 Plan-Apochromat objective (Carl
Zeiss Microscopy GmbH). Acquisition was performed in line
scan mode, with a pixel dwell time of 1.02 ms/pixel and a frame
average of 4. Excitation lasers used were 488 nm for GFP and
Alexa Fluor 488 and 594 nm for Texas Red and Alexa Fluor 647,
collected through anMBS488/561 double dichroic detector (Chroma
Technology). For each experimental group, GFP-Lmod2[WT] was
set as the experimental positive control to set the excitation pa-
rameters (laser power, detector gain) to provide the best signal-to-
noise ratio for each chromophore, utilizing the full dynamic range of
the detector and avoiding detector saturation. The settings deter-
mined for the positive control for each chromophore and experi-
ment were used to acquire the rest of the cohort images.
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Online supplemental material
Fig. S1 shows the analysis of WT and E34Q Lmod2 expression in
cardiomyocytes. Fig. S2 shows the alignment of the complex
structures before and after MDS. Table S1 lists the primers used
to introduce mutations. Table S2 provides the calculated Gibbs
free energy of binding with the 20-ns step interval. Table S3 and
Table S4 provide the R2 obtained from a linear fit of the plots
obtained for different models and ε. Table S5 provides the Kd
calculated from the unfolding curves.

Results
Selection of mutations with a spectrum of effects on the
stability of the Lmod2s1/αTM1a1–14Zip complex
Mutations in the Tpm-binding site of Lmod2 abolishing its
binding to Tpm1.1 also eliminated its ability to compete with
Tmod1 (Tolkatchev et al., 2020). However, to better understand
the regulation of thin filament lengths, it is important to study
how fine-tuning of the Lmod2/Tpm1.1-binding affinity affects
competition between Lmod2 and Tmod1. Testing hypomorphic
mutations with a range of affinities would be informative
to determine the affinity-specific interactions responsible for
Lmod/Tmod competition and thin filament elongation. Based
either on the structure of the Lmod2/Tpm1.1-binding interface
or on the comparison of Lmod isoform sequences, we selected
mutations that are expected to moderately affect the affinity of
Lmod2 for Tpm1.1.

The structure of the complex between Lmod2s1, a peptide
representing the Tpm-binding site in Lmod2, and αTM1a1–14Zip,
a model peptide containing the N-terminal 14 residues of Tpm1.1
and a GCN4 leucine zipper to stabilize coiled-coil formation
(Tolkatchev et al., 2020) (Fig. 1 A), was used for the first ap-
proach. Based on the NMR spectral data, the first 11 residues of
Lmod2s1 remain disordered in the complex, while the remainder
of Lmod2s1 forms an α–α hairpin connected by a two-residue
turn and binds to the N terminus of αTM1a1–14Zip, forming a
hydrophobic core as well as several salt bridges.

Using static 3D structural information alone, we designed
several mutations, S24K, S24L, and E36V, that we expected to
slightly stabilize the complex. The S24K mutation was expected
to stabilize the turn by the formation of a new salt bridge (Fig. 1 A).
S24L was expected to increase the complex stability by adding
hydrophobic interactions in the turn of Lmod2s1 positioned over
the N terminus of the coiled-coil αTM1a1–14Zip (Fig. 1 A). Since the
side chain of E36 is close to the hydrophobic core, the E36V mu-
tation was expected to contribute to hydrophobic interactions,
therefore increasing the complex stability (Fig. 1 A).

For another approach, we compared sequences of Lmod iso-
forms. It was demonstrated that the binding of Tpm1.1 to Lmod3,
the skeletal muscle-predominant Lmod isoform, is weaker
than the binding of Tpm1.1 to Lmod2 (Yuen et al., 2014). We
compared the sequences of the Tpm-binding sites for Lmod2
and Lmod3 to identify changes in Lmod2’s Tpm-binding site
that can alter the binding affinity to Tpm1.1 without destroying
the interaction. Most of the residues in the Tpm-binding sites
of Lmod2 and Lmod3 are identical or similar (Fig. 1 B). Residues
S26–E41 form an α-helix in the C-terminal region of the Tpm-

binding site. Of these residues, 10 are identical and 6 (E34, R35,
L37, D39, I40, and E41) are different from Lmod3’s sequence. To
introduce a mutation that would make Lmod2’s affinity for
Tpm1.1 slightly lower than that of Tmod1 for Tpm1.1 without
destroying Lmod2 interactionwith Tpm1.1, we selected to change
Glu34 in Lmod2 (Fig. 1 A) to Gln, present in a corresponding
position of Lmod3.

Effects of the mutations on Lmod2 binding to Tpm1.1
The mutations were introduced in Lmod2s1, and the mutated
peptides were purified. To test the affinity of the mutated pep-
tides, we studied complex formation between WT and mutated
Lmod2s1 and αTM1a1–14Zip using CD. The prominent minimum
in CD spectra for α-helical proteins is at 222 nm. Therefore, we
measured the dependence of ellipticity at 222 nm on tem-
perature. Lmod2s1, an intrinsically disordered peptide, gained
α-helical content upon binding to αTM1a1–14Zip (Kostyukova,
2007). First, we determined the effect of the E34Q mutation
on Lmod2s1 binding to αTM1a1–14Zip. We measured and com-
pared the thermally induced unfolding of αTM1a1–14Zip in
complex with WT Lmod2s1 or the mutated Lmod2s1[E34Q]
(Fig. 2). From the thermal unfolding curve, we determined the
Tm, which is used as a characteristic of the complex stability. A
weaker complex interaction should result in lower Tm, and a
more stable complex should have higher Tm. We expected that
the E34Q mutation would decrease the complex stability, and
indeed, the Tm of the complex with Lmod2s1[E34Q] was 2.9°C
lower than that for the WT (Fig. 2 B).

To test other mutations, we used the same thermal unfolding
approach by CD as we did for the E34Q mutation. The mixtures
of αTM1a1–14Zip with each mutant showed an increase in helical
content compared with the sum of the individual melting
curves, which indicated binding. For each mutant, we deter-
mined a ΔTm between the complex formed by WT and the
mutated Lmod2s1 measured in the same experiment (for details,
see Materials and methods, section CD) (Fig. 3). The mutations’
impact on binding was not drastic, yet they did have a range of
effects on Tm (Table 1); however, while we expected that three
mutations, S24K, S24L, and E36V, would increase Tm, only the
E36V mutation resulted in an increase of Tm. The differences in
Tm between WT and the mutated fragments were statistically
significant for the E34Q and E36V mutations (Table 1).

Standard free energies of binding correlated with ΔTm
Not all mutations we designed based on the static 3D structure
had the expected effects. Therefore, to improve the predict-
ability of modeling the affinity change, we usedMDS to consider
atomic motions. MDS stands as a potent technique for estimat-
ing the affinities of protein–protein interactions through the
calculation of standard Gibbs free energies of binding (Wang
et al., 2019a, 2019b). In this regard, we introduced the muta-
tions (E34Q, S24L, E36V, and S24K) in silico using UCSF Chi-
mera, a program for interactive visualization and analysis of
molecular structures (Pettersen et al., 2004) with the PDB ID
6UT2 as a template structure. PDB files for each of the Lmod2s1
mutants were prepared alone and in complex with αTM1a1–14
Zip. To run MDS, we used the ff99SB force field, a collection of
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parameters essential for delineating the evolution of bond
lengths, angles, and intermolecular interactions (Freddolino
et al., 2009). Different force fields employ distinct equations
and constants to accurately model the geometrical config-
urations and properties of molecules, and the FF99SB force
field, in combination with the optimal point charge rather than
the TIP3P water model, is better suited for intrinsically disor-
dered proteins (Shabane et al., 2019). With the selected pa-
rameters, we aimed to test the correlation between the stability
of the complexes formed by αTM1a1–14Zip and Lmod2s1 with
various mutations and standard free energies of binding.

We ran 1-µs simulations of αTM1a1–14Zip, WT Lmod2s1, and
each mutated Lmod2s1 alone and in complex. Using the
MMPBSAmodel with a triple-trajectory approach, an internal ε
of 1, and a sampling interval of 200 for a total of 100 frames,
which was chosen after extensive testing (for details see

Materials and methods, section Testing single- and triple-
trajectory models), we calculated the ΔG°bind for each
Lmod2s1/αTM1a1–14Zip complex (Table 2). The calculated
standard free energies of binding for each mutant were plotted
against their ΔTm (Fig. 4 A), and the R2 with a linear fit was
calculated to be 0.93.

To assess how a mutation involving more than a single
residue change would affect our calculations, we investigated
the results of truncating the 11 N-terminal residues (Δ11) in
Lmod2s1 both by CD and MDS. Since the first 11 residues of
Lmod2s1 may interact with αTM1a1–14Zip only transiently
(Fig. 1 A), we expected that this would slightly decrease the
complex stability; however, there was almost no effect of the
truncation on the complex Tm (Table 1 and Fig. 3). When we
included the results for Δ11 mutation (Fig. 4 B), the calculated
R2 was 0.40. The point corresponding to the Δ11 mutation

Figure 1. Positions of the mutations. (A) Structure of Lmod2s1/αTM1a1–14Zip complex (PDB ID 6UT2). The section in magenta is the first 14 residues of the
Tpm1.1 fragment. The section highlighted in tan is the leucine zipper sequence. The section highlighted in blue is the first 11 residues of the Lmod2 fragment,
which were removed in the Δ11 mutation. The section highlighted in cyan represents residues 12–25 of Lmod2s1, and the section highlighted in cornflower blue
is the remainder of Lmod2s1 (residues 26–41). Themutated residues are shown in gray, with side chains displayed for clarity. The side chains of all residues that
form the hydrophobic core of the complex are shown in the central image, as well as two salt bridges formed by Lmod2’s Asp19 and Glu41 with lysine in
αTM1a1–14Zip. The N and C termini of the Lmod2s1 and the C termini of the αTM1a1–14Zip dimer are labeled. Inserts showmagnified views of the complex in the
region of the mutations S24K, S24L, E36V, and E34Q, introduced in Chimera and before MDS. (B) Comparison of the sequences of the Tpm-binding sites for
Lmod2 and Lmod3 (a skeletal muscle isoform).
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contributed most to the error, and its position on the plot was
farthest from the fit.

Based on our results, the correlation between standard free
energies of binding and ΔTm is better suited to predict the effects
of point mutations rather than truncations or other large
changes. This approach can be used to predict changes in the
stability of the complexes between Tmp and Lmod (Tmod) iso-
forms for further studies of dynamic equilibrium between Tmod
and Lmod at the pointed ends of thin filaments.

Lmod2 E34Q assembles similarly to WT, does not displace
Tmod1, and has reduced ability to elongate thin filaments
compared with WT
Based on both sequence-dependent prediction and the CD data,
Lmod2[E34Q], which exhibited lower affinity for Tpm1.1, was an
ideal candidate for testing the competition between Lmod2 and
Tmod1 for binding at the pointed end of the thin filament in

cells. We were interested in examining how altering the binding
affinity, such that Lmod2’s affinity for Tpm1.1 at this site be-
comes slightly lower than that of Tmod1, would affect the lo-
calization of Lmod2 and Tmod1 in cells. Our selection was based
on the fact that, among all the mutations that decreased affinity,
E34Qwas the only one that suggests biological function—Lmod3
naturally contains Gln at this position instead of Asp—and the
change in Tm was statistically significant.

We compared Kd for complexes formed by αTM1a1–14Zip and
peptides representing the Tpm-binding site 1 of Lmod2 and
Tmod1. Kd can be calculated from thermodynamic parameters,
such as Tm and enthalpy, obtained frommelting curves recorded
by CD (Kostyukova et al., 2007). Previous studies have shown
that the Kd for the Lmod2s1/αTM1a1–14Zip complex is slightly
lower than that for the Tmod1s1/αTM1a1–14Zip complex (0.8 ±
0.2 µM [Kostyukova, 2007] and 1.1 ± 0.4 μM [Uversky et al.,
2011], respectively). The higher affinity of Lmod2 for Tpm1.1
aligns with its ability to displace Tmod1 from the pointed ends of
thin filaments when expressed in cardiomyocytes (Tolkatchev
et al., 2020).

Using the same approach, we calculated the Kd for Lmod2s1
[E34Q]/αTM1a1–14Zip complex as 1.35 ± 0.8 µM. This was still
lower than the Kd = 3.5 ± 0.5 μM for the Lmod3s1/αTM1a1–14Zip
complex (Yuen et al., 2014), indicating that the residue in po-
sition 34 was not the only contributor to the difference in
binding affinity between Lmod2 and Lmod3 for Tpm1.1. How-
ever, the Kd for Lmod2s1[E34Q]/αTM1a1–14Zip complex was
higher than Kd = 1.1 ± 0.4 μM for the Tmod1s1/αTM1a1–14Zip
complex, indicating that the E34Q mutation made the affinity of
Lmod2 to Tpm1.1 slightly lower than that of Tmod1.

Overexpression of Lmod2 in cardiomyocytes leads to dis-
placement of Tmod1 from the pointed ends of thin filaments
(Tsukada et al., 2010; Tolkatchev et al., 2020). To test if shifting
of Lmod2 affinity for Tpm1.1 to a slightly lower affinity affects
the ability of Lmod2 to bind thin filaments and compete off
Tmod1, we expressed GFP, GFP-Lmod2, and GFP-Lmod2[E34Q]
via adenovirus in rat neonatal cardiomyocytes (Fig. 5 and Fig.
S1). Infected cells were stained for endogenous Tmod1. Car-
diomyocytes expressing GFP alone demonstrated consistent
striations of Tmod1 assembly at pointed ends (∼85%, Fig. 5, A
and B), comparable with that observed in noninfected cells in
the same culture. GFP-Lmod2 and GFP-Lmod2[E34Q] were
expressed at similar levels (Fig. S1). Overexpression of GFP-
Lmod2[WT] significantly decreased the percentage of cells
demonstrating a consistent pointed-end assembly pattern of
Tmod1 (i.e., Tmod1 was competed off the ends) (∼40%, P <
0.0001), while expression of GFP-Lmod2[E34Q] did not have
a significant effect on Tmod1 assembly compared with GFP
controls (∼75% cells with consistent Tmod1 striated staining,
P = 0.0502, Fig. 5 B). This alteration in assembly resembled the
effect of the L25G mutation in Lmod2 Tpm-binding site, which
effectively disrupted Lmod2s1/αTM1a1–14Zip (Tolkatchev et al.,
2020). However, unlike GFP-Lmod2[L25G], the GFP-Lmod2[E34Q]
showed consistent localization on thin filament pointed ends (Fig. 5,
A and C). To differentiate between strong and loose association of
Lmod2 and Tmod1 with the detergent-insoluble cytoskeletal fraction
(i.e., thin filament), we treated isolated cardiomyocyteswith a Triton

Figure 2. The E34Q mutation in the Tpm-binding site of Lmod2 slightly
decreases the binding affinity to Tpm1.1. (A) Representative measure-
ments showing the temperature dependence of the ellipticity at 222 nm
measured for unmixed and mixed αTM1a1–14Zip and Lmod2s1: Lmod2s1
[E34Q] (C), αTM1a1–14Zip (▼), a mixture of Lmod2s1[E34Q] and αTM1a1–14
Zip (■), and a sum of the individual curves for Lmod2s1[E34Q] and
αTM1a1–14Zip (□). (B) The temperature dependence of the ellipticity at 222
nm measured for mixtures of αTM1a1–14Zip with Lmod2s1[WT] (Δ) and
Lmod2s1[E34Q] (■). Each data point represents a 5-s average of the signal,
with SEM shown as bars.
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X-100 containing cytoskeleton-stabilization buffer to remove cyto-
solic and weakly bound cytoskeletal-associated proteins (see Mate-
rials and methods, section Cardiomyocyte imaging analysis). This
treatment efficiently removed most GFP from GFP-alone in-
fected (control) cardiomyocytes but preserved the localization
of GFP-Lmod2, both WT and E34Q, at the pointed ends (Fig. 5
C). Importantly, this treatment did not visibly disturb Tmod1
assembly at pointed ends of thin filaments in cells expressing
GFP or GFP-Lmod2[E34Q] (Fig. 5 C and Fig. S1 F), indicating
that even in excess of the Lmod2 mutant, Tmod1 remains as-
sociated with the thin filament.

As expected, GFP-Lmod2 overexpression led to increased
thin filament lengths comparedwith the expression of GFP alone
(0.87 and 0.75 µm, respectively, P < 0.0001). GFP-Lmod2[E34Q]
was also able to elongate thin filaments, consistent with its
largely preserved ability to bind Tpm1.1 and pointed ends
of thin filaments. However, the filaments in GFP-Lmod2
[E34Q]–expressing cells were significantly shorter compared
with cells expressing similar levels of WT GFP-Lmod2 (0.83 and
0.87 µm, respectively, one-way ANOVA P < 0.0001, Fig. 5 D, or
nested one-way ANOVA P = 0.0381, Fig. S1 E). This observation
is consistent with the presence of Tmod1 at pointed ends (in-
ability of Lmod2 to compete it off the pointed ends) and its
partially preserved ability to inhibit pointed end elongation.

Figure 3. Effect of the mutations in Lmod2s1 on un-
folding of its complex with αTM1a1–14Zip. Representative
measurements for the complexes with mutated Lmod2s1,
showing the temperature dependence of the ellipticity at
222 nm measured for mixtures of αTM1a1–14Zip with WT (Δ)
or mutated (■) Lmod2s1.

Table 1. The difference between the melting temperatures, ΔTm, of
αTM1a1–14Zip in complex with WT and mutated Lmod2s1

Fragment ΔTm (˚C) P Value

Lmod2s1 [E34Q] −2.9 ± 0.9 0.0228

Lmod2s1[S24K] −1.4 ± 0.9 0.1588

Lmod2s1[S24L] −2.8 ± 1.0 0.0583

Lmod2s1[E36V] 2.5 ± 0.8 0.0476

Lmod2s1Δ11 0.3 ND

To compare with WT, P values were calculated using an unpaired t test (n =
2, 2, 2, and 3 for S24K, S24L, E36V, and E34Q, respectively; n = 1 for
Lmod2s1Δ11).

Table 2. ΔG°bind calculated from the 1-µs simulation production run
using MMPBSA with a 10-ns step interval

Fragment ΔG’° (kcal/mol)

Lmod2s1[WT] −17.5
Lmod2s1[E34Q] 0.74

Lmod2s1[S24K] −12.2
Lmod2s1 [S24L] −3.13
Lmod2s1[E36V] −24.3
Lmod2s1Δ11 −56.2
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Discussion
Our research aimed to investigate the regulatory mechanisms of
thin filament length in striated muscles by studying mutations
that alter Lmod2’s affinity for Tpm1.1 while preserving their
interaction. The first objective of this study was to assess
whether there is a correlation between computational and bio-
chemical results, with the goal of predicting biochemical char-
acteristics, such as affinity, based on simulation data.

We determined the effects of several mutations in the Tpm-
binding site of Lmod2 on its affinity to Tpm1.1 through a com-
bination of CD and MDS techniques and developed a model to
predict affinity changes that outperformed attempts based solely
on the known structure of the binding interface. MDS results
depend on how the studied system matches the available model,
and experimental confirmation is required for model validation.
Our goal was to combine the use of simulations with in vitro
experiments to determine what models and parameters are best
for the studied system. We used several mutations, E34Q, S24K,
E36V, and S24L, as well as truncation of the 11 N-terminal res-
idues of Lmod2, which have subtle effects or no effect at all on
Lmod2s1/αTM1a1–14Zip complex stability.

The complexes exhibited considerable dynamics along the
MDS trajectories. Additionally, somemutations had a long-range

influence on the interface structure. Therefore, visual evalua-
tion of the final simulated structures (Fig. S2) and identifying
the breakage of static interactions for those structures only were
not appropriate for assessing mutation-induced stability
changes. To address this, we evaluated stability by calculating
the ΔG°bind. After testing several options of the MMPB(GB)SA
model, we were able to improve the R2 of the model to 0.93 with
the Poisson–Boltzmann triple-trajectory model. The MMPBSA
method requires structures of both proteins in a complex in the
unbound and bound state to calculate binding free energy.
These structures can be obtained from a single MDS trajectory
of the proteins in complex, called the single-trajectory ap-
proach, which assumes that the conformation of both proteins
is the same in the bound and unbound states. These structures
can also be obtained from MDS trajectories of the proteins in
complex and from both proteins in isolation, called the triple-
trajectory approach, which takes into account conformational
changes upon binding. After testing both approaches, we found
that the triple-trajectory approach resulted in a better corre-
lation between calculated standard free energies of binding and
experimental ΔTm’s. This can be explained by the fact that
Lmod2s1 is mostly disordered when it is unbound, becoming
more α-helical upon binding to αTM1a1–14Zip. The triple-trajectory
approach, by accounting for this conformational change, can more
accurately calculate the standard free energy of binding of the
Lmod2s1/αTM1a1–14Zip complex.

Using thermodynamic parameters obtained from the CD
melting curves (Greenfield, 2006), we calculated the Kd for
complexes of all mutated Lmod2s1 and αTM1–14Zip (Table S5),
except the truncated one, which showed virtually no difference
compared with WT. All Kd values were higher than that for WT
Lmod2s1, indicating the decrease in affinity. However, the Kd

calculated for Lmod2s1[E36V]/αTM1–14Zip complex contradicted
ΔTm obtained for this mutation. While ΔTm indicated the in-
crease in stability, the calculated Kd was higher than that for
Lmod2s1/αTM1–14Zip complex. This discrepancy was the reason
why we chose to use ΔTm to study the correlation between the
standard free energy of binding and the stability of the com-
plexes. The model-based approach developed by Greenfield
(Greenfield and Fowler, 2002; Greenfield, 2006) depends on
accurately determined concentrations for calculating Kd.
Therefore, even a 15–20% error in concentration determination,
which is typical for many methods, can result in significant
differences in the values. In contrast, ΔTm in our experiments
was independent of concentration. Our measurements were
performed on samples measured simultaneously in the 5-cuvette
holder, and the amount of αTM1–14Zip added to all cuvettes with
the complex (WT or mutated Lmod2s1) was exactly the same as
in the sample with the αTM1–14Zip alone.

Our computational analyses revealed a correlation between
the calculated standard free energies of binding and the ΔTm

obtained in CD experiments, highlighting the predictive power
of our approach in understanding the effects of point mutations
on the stability of Lmod2/Tpm1.1 complex. The PB model with
triple trajectory has enough sensitivity to predict slight changes
in complex stability. Using a step size of 5 ns for 1-µs simulation
can be computationally expensive. However, we found that the

Figure 4. Correlation between standard free energies and ΔTm. (A) Plot
of standard free energy of binding versus ΔTm for E34Q, S24K, E36V, and
S24L. (B) Plot of standard free energy of binding versus ΔTm for E34Q, S24K,
E36V, S24L, and Δ11. ΔTm for WT is 0. Lines represent a linear fitting.
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same model with a 10-ns step size produced the same corre-
lation while using fewer computational resources. With this
approach, we can run simulations and calculate the standard
free energy of binding of various Lmod and Tmod point mu-
tations, predict if they increase or decrease complex stability,
and then select mutations with desired effects for in vitro and
cellular experiments. Consequently, integrating MDS emerges
as a promising approach to expedite this process (Kukol,
2014). For a complex formation, using MDS as a first step in
predicting the effects of mutations is more time- and effort-
efficient than introducing all the mutations, purifying and
accurately quantifying proteins, and employing traditional
binding assays to study residue-specific interactions. MDS
offers the capability to screen multiple mutations and inform
us about residue-specific interactions between Lmod2 and
Tpm1.1, thereby facilitating the elucidation of key regulatory
mechanisms underlying competition between Lmod and
Tmod isoforms.

MDS can be applied to other protein complexes to screen for
point mutations that induce favorable changes in stability.
However, the approach we used is not effective for large
structural changes, such as truncations. NMR data on the
Lmod2s1/TM1a1–14Zip complex indicated that the first 11 residues
of Lmod2s1 are dynamic and disordered. By neglecting the
temperature entropy product term in the standard Gibbs free
energy calculation, our model could not account for the likely
effect on entropy that the Δ11 mutation had. This further sup-
ports that neglecting the temperature entropy product should
only be done when comparing the relative ΔG°bind of complexes
with similar conformational entropy.

In the pyrene-actin polymerization assay used to study the
effect of Lmod2 binding on the elongation of preformed actin
filaments capped at the barbed end, it was shown that the
presence of Tpm1.1 drastically increased the capping ability of
Lmod2 (Tsukada et al., 2010). Our second objective was to in-
vestigate whether a small change in affinity for Tpm1.1 could

Figure 5. Lmod2[E34Q] assembles at thin filament pointed ends, does not significantly displace Tmod1 from the pointed ends, and reduces ability to
elongate thin filaments compared with WT Lmod2. (A) Representative images showing Tmod1 assembly (red) in rat neonatal cardiomyocytes expressing
(from top to bottom) GFP, GFP-Lmod2[WT], and GFP-Lmod2[E34Q] (green). (B) Percentage of cells with consistent Tmod1 assembly at pointed ends in
cardiomyocytes expressing GFP (turquoise), GFP-Lmod2[WT] (WT, blue), and GFP-Lmod2[E34Q] (E34Q, red). Overexpression of WT Lmod2 caused significant
displacement of Tmod1 from thin filament pointed ends. Similar levels of Lmod2[E34Q] (see Fig. S1 A) did not change Tmod1 distribution compared with GFP-
expressing controls. (C) Samples extracted with a Triton-X–containing (cytoskeletal-extraction: CSK) buffer show a strong association of Tmod1 with pointed
ends in the presence of GFP-Lmod2[E34Q], similar to that in GFP-expressing controls. (Note that GFP alone is substantially removed by CSK buffer treatment,
as is the cytoplasmic and side binding for WT Lmod2 and Lmod2 E34Q). GFP-Lmod2 [E34Q] showed good association with pointed ends of thin filaments.
Pointed ends are indicated by yellow triangles. Scale bars are 1 mm. (D) Thin filament lengths from rat neonatal cardiomyocytes expressing GFP, GFP-Lmod2
[WT], and GFP-Lmod2[E34Q]. Representative images and the relationship between sarcomere length and filament lengths are available in Fig. S1, B and C.
Each point represents the average measurement per single cell. Mean + SD, P values are shown on the graph.
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lead to significant alterations in the thin filament length and the
localization of Lmod2 and Tmod1 in cardiomyocytes, particularly
if the affinity of Lmod2 becomes lower than that of Tmod1. Of
several mutations studied, we selected the E34Q mutation for
cellular experiments. The E34Q mutation, which modestly
affected Lmod2’s affinity for Tpm1.1, significantly influenced
its competition with Tmod1 in isolated cardiomyocytes. An
additional rationale for selecting the E34Q mutation for cel-
lular experiments was that the identical amino acid substi-
tution is present in Lmod3 (Fig. 1 B), and it was not expected to
alter the overall Lmod structure or cause significant allosteric
changes in other domains. By altering the affinity of Lmod2’s
Tpm-binding site for Tpm1.1 to become lower than that of
Tmod1’s Tpm-binding site 1, the ability of Lmod2 to displace
Tmod1 from the pointed ends of thin filaments in car-
diomyocytes was compromised. Previous studies established
that excess WT Lmod2 expression in cardiomyocytes dis-
placed Tmod1 from pointed ends and caused excessive thin
filament elongation; the displacement was drastically abro-
gated in the presence of Lmod2[L25G] (Tolkatchev et al.,
2020). Similar to L25G, the hypomorphic E34Q mutation
also drastically decreased Lmod2s ability to remove Tmod1 off
the pointed end. However, unlike Lmod2[L25G], which com-
pletely abolished Lmod2 binding to Tpm1.1, Lmod2[E34Q]
showed no visible reduction in localization to pointed ends of
thin filaments and was still capable of elongating thin fila-
ments (from 0.75 to 0.83 µm), although not as efficiently as
WT Lmod2 (0.87 µm, P < 0.0001, Fig. 5 D and Fig. S1, B–D), due
to Tmod1’s ability to bind and partially block thin filament
elongation.

In striated muscle cells, incorporation of rhodamine-labeled
actin at the thin filament pointed end was observed, leading to
the conclusion that Tmod1 acts as a dynamic cap (Littlefield
et al., 2001). This result does not contradict our competition
model (Tsukada et al., 2010; Tolkatchev et al., 2022). Lmod2 can
temporarily replace Tmod1 at the pointed end, allowing for the
addition of new actin monomers.

According to our model of Tmod1 displacement by Lmod2
(Tolkatchev et al., 2022), intrinsically disordered regions of
Lmod2 anchor to the pointed end of the thin filament via Tpm-
binding site 1 and gradually displace Tmod1 by engaging actin-
binding sites one after another. For a polyvalent intrinsically
disordered protein, each binding site may bind and unbind
relatively independently, as described by Rao et al. (1998).
During competitive displacement, there is a stage when both
Lmod2 and Tmod1 can be bound on the same thin filament
pointed end. For example, when Lmod2 removes Tmod1 from
Tpm using Tpm-binding site 1, Tmod1 can still be bound via
other sites (e.g., via the Tmod1’s Tpm-binding site 2 or its
actin-binding sites). If the interaction between Lmod2 and
Tpm1.1 weakens, the following steps to complete Tmod1 re-
moval will be prolonged. As a result, we observe both Lmod2
[E34Q] and Tmod1 bound to the same pointed end, although
through different interacting sites. Therefore, the results
obtained with the expression of Lmod2[E34Q] are consistent
with the “stepwise competitive displacement” model. In
summary, the data in this study support a model of active

competition between Tmod1 and Lmod2 at the pointed ends of
thin filaments and underscore the pivotal role of the binding
of Tpm-binding site 1 to Tpm1.1 in maintaining the competi-
tion balance, which ultimately contributes to determining the
length of thin filaments.

Data availability
The datasets generated or analyzed during this study are in-
cluded in this article and the supplementary data. The raw data
are available from the corresponding authors upon reasonable
request.
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Supplemental material

Figure S1. Analysis of WT and E34Q Lmod2 expression in rat neonatal cardiomyocytes. (A) Violin plots of average GFP intensities in cardiomyocytes
expressing GFP (turquoise), GFP-Lmod2 WT (WT, blue), and GFP-Lmod2 E34Q (E34Q, red), used for Tmod1 and thin filament length assessment (as in Fig. 5).
(B) Scatter plot showing relationship and variability between levels of GFP-tagged proteins (average GFP intensity per cell, X axis) and thin filament lengths
(average per cell, Y axis) in cells expressing GFP (turquoise), GFP-Lmod2 WT (WT, blue), and GFP-Lmod2 E34Q (E34Q, red). Pearson tests show correlation
between Lmod2 levels and thin filament length (both WT and E34Q, P < 0.0001), but not between GFP alone and thin filament length (P = 0.219). The in-
tercepts of GFP-Lmod2 WT and GFP-Lmod2 E34Q significantly differ from each other (P = 0.0006), and their slopes differ from GFP alone (P = 0.0092, P =
0.0036). (C) Scatter plot showing relationship between sarcomere (X) and thin filament lengths (Y) in cells expressing GFP (turquoise), GFP-Lmod2 WT (WT,
blue), and GFP-Lmod2 E34Q (E34Q, red). The slopes of all three linear regression lines are significantly nonzero (R2 = 0.61, R2 = 0.67, R2 = 0.61, P < 0.0001) and
significantly different, GFP and WT (slope P = 0.0064), GFP and E34Q (intercept P < 0.0001), and WT and E34Q (intercept P < 0.0001). (D) Representative
images of relaxed sarcomeres stained for GFP (green), endogenous Tmod1 (blue), and F-actin (phalloidin, red). Yellow arrowheads indicate pointed ends of thin
filaments, and red arrowheads show Z-lines. (E) Results of nested one-way ANOVA and Tukey multiple comparison tests of three independent thin filament
measurement data. (F) Comparison of Tmod1 (red) intensities in cells expressing GFP-Lmod2 WT and E34Q (green, marked with *) to the neighboring non-
transduced cardiomyocytes (no GFP-Lmod2, markedwith**). Example of 60% reduction of Tmod1 levels in GFP-Lmod2WT cardiomyocytes (left panels) and no
change in GFP-Lmod2 E34Q cardiomyocytes (right panels). Scale bars are 1 μm.
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Provided online are five tables. Table S1 lists the partially overlapped primers used to introduce mutations. Table S2 shows the
ΔG°bind in (kcal/mole) calculated fromMMPB(GB)SA of the 1-µs simulation production run with the 20-ns step interval (total of 50
frames). Table S3 shows the R2 obtained from a linear fit of the plot of standard free energy of binding from Table S1 versus ΔTm
obtained with a 20-ns step interval. Table S4 shows the R2 obtained from a linear fit of the plot of standard free energy of binding
(MMPBSA triple trajectory) versus ΔTm obtained with a ε 1 or 2. Table S5 shows the Kd calculated from the unfolding curves.

Figure S2. Alignment of the complex structures obtained after MDS with the complex structures before simulations. In the original structures, the
section in magenta is the first 14 residues of the Tpm1.1 fragment, the section highlighted in tan is the leucine zipper sequence, and the section highlighted in
blue is the first 11 residues of the Lmod2 fragment, which were removed in Lmod2s1 Δ11. The section highlighted in cyan represents residues 12–25 of Lmod2s1,
and the section highlighted in cornflower blue is the remainder of Lmod2s1 (residues 26–41). The simulated structures are orange. The mutated residues are
shown in gray, with side chains displayed for clarity.
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