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Abstract: Cardiomyopathies are a major health problem, with inherited cardiomyopathies, many of which are caused by mutations in 
genes encoding sarcomeric proteins, constituting an ever-increasing fraction of cases. To begin to study the mechanisms by which these 
mutations cause disease, we have employed an integrative modelling approach to study the interactions between tropomyosin and actin. 
Starting from the existing blocked state model, we identified a specific zone on the actin surface which is highly favourable to support 
tropomyosin sliding from the blocked/closed states to the open state. We then analysed the predicted actin-tropomyosin interface regions 
for the three states. Each quasi-repeat of tropomyosin was studied for its interaction strength and evolutionary conservation to focus on 
smaller surface zones. Finally, we show that the distribution of the known cardiomyopathy mutations of α-tropomyosin is consistent 
with our model. This analysis provides structural insights into the possible mode of interactions between tropomyosin and actin in the 
open state for the first time.
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Introduction
Cardiac muscle is striated like skeletal muscle. The 
muscle fibre consists of thin and thick filaments, 
composed of actin and myosin respectively, forming 
the basic unit of the sarcomere. F-actin, tropomyosin 
and the troponin complex together form the thin fila-
ment and the thick filament is made up of myosins, 
in which the coiled-coil tail domains are bundled and 
the head domains interact with actin, forming the 
cross-bridges.1 The double stranded F-actin filament 
is wrapped with an elongated tropomyosin dimer. 
The tropomyosin is a coiled-coil that can interact 
end-to-end with adjacent tropomyosins so that it 
extends throughout the actin filament. The thin fila-
ment also includes the troponin complex which is 
composed of three different subunits, troponin C (TnC), 
troponin I (TnI) and the troponin T (TnT). Troponin 
C is the calcium binding subunit, troponin I is the 
inhibitory subunit and troponin T is the tropomyosin-
binding subunit. Upon an increase in intracellular 
free calcium level the binding of Ca2+ to TnC pro-
duces conformational changes to other proteins of the 
troponin complex. Such changes are responsible for 
the movement of tropomyosin relative to actin that 
modulates actin-myosin interaction.2

The acto-myosin ATPase activity and the 
 contraction/relaxation process of muscle can be 
explained by a three-state muscle regulation model.3 
The three states are blocked (B), closed (C) and open 
(M). In the B-state, the myosin binding sites on actin 
are blocked or not kept accessible by the tropomyosin 
coiled-coil dimer. The tropomyosin dimer interacts 
with specific residues on actin which are also required 
for interaction with the myosin head. Thus, tropomyo-
sin sterically blocks myosin binding and cross-bridge 
formation. In the closed state, increases in intracellu-
lar Ca2+ levels increases binding of Ca2+ to TnC which 
through TnI and TnT induces conformational change 
and azimuthal movement of tropomyosin on the sur-
face of the actin filament. This movement renders the 
myosin binding residues on actin to be more solvent-
accessible and available for weak interactions with 
myosin. A further increase in myosin binding moves 
tropomyosin so that more myosin-binding sites on 
actin become accessible, allowing strong interaction 
of myosin and actin. This represents the open state, 
with maximum myosin binding and force production. 
Several studies based on Förster resonance energy 

transfer (FRET), electron microscopy (EM) and 
cryo-EM have been performed by other groups that 
are consistent with the three-state model of muscle 
regulation in detail.4–9

Although structures of actin, tropomyosin and 
troponin core domain are available, much uncer-
tainty remains in understanding the conformational 
changes responsible for muscle regulation. The struc-
tural models of skeletal muscle thin filament are well 
studied by 3D-EM and FRET methods, the models 
are constructed for blocked and closed states or states 
with and without calcium.5,7–9 These models differ 
from each other in defining the precise orientation of 
the components and the interface formed between the 
structural units at different muscle regulation states. 
However, there is no structural model reported to 
date which describes the cardiac thin filament in its 
open state. This has led us to study the cTF in detail 
and understand the structural significance of interface 
regions of actin and tropomyosin.

These studies are clinically significant because 
hundreds of mutations in genes encoding cardiac 
muscle proteins cause inherited cardiomyopathies. 
The two major types of cardiomyopathies are dilated 
(DCM) and hypertrophic (HCM). In DCM, the heart 
muscle fibers are damaged, causing the weakness and 
reduction of thickness of walls of heart chambers. 
In HCM, the hypertrophy causes thickening of the 
walls with disordered growth of heart muscle fibres. 
This prevents efficient filling of the heart.10 Mutations 
in cardiac muscle proteins, including β-cardiac myo-
sin heavy chain, cardiac myosin binding protein C, 
cardiac troponin T (cTnT), cardiac troponin I (cTnI), 
α-tropomyosin (Tm), cardiac α-actin, cardiac regula-
tory myosin light chain and cardiac essential myosin 
light chain have been shown to cause DCM and HCM 
phenotypes.11

Since high resolution structures of macromolecu-
lar assemblies like cTF are not available, we have 
employed an integrative approach to build the mod-
els, using data from multiple sources including X-ray 
crystallography, NMR, EM, footprinting, chemical 
cross-linking, FRET, SAXS and proteomics.12–15

In light of the known structural information of 
skeletal muscle thin filament, we have constructed 
an atomic model of cardiac thin filament in blocked 
and closed states by using an integrative template-
based modelling approach. We also propose a path 
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for movement of tropomyosin dimer on actin sur-
face from blocked-closed states to open state and 
the actin-tropomyosin interface at the open state. We 
have also attempted to provide structural rationale for 
the effects of known cardiomyopathy mutations and 
anticipate important regions which will be vital for its 
structural states and functional consequences.

Results and Discussion
Integrative modelling of macromolecular 
cardiac thin filament
cTF consists of actin, tropomyosin (Tm) and tro-
ponin (Tn) complex in a ratio of 7:1:1, where seven 
actin subunits, one Tm and one Tn complex forms a 
single unit of cTF. Multiple units form the stretched 
thin filament macromolecular structure. In order 
to study the structural importance of cTF and the 
effect of associated disease mutations, it becomes 
essential to construct a three-dimensional model of 
cTF. Knowing the size of the system and the differ-
ent proteins present, it becomes difficult to obtain 
the atomic model based only on high resolution 
X-ray structures. On the other hand, macromolecular 
assemblies are well captured using three-dimensional 
electron microscopy (3D-EM), cryo-EM and FRET 
studies. Thus, we have used the structural informa-
tion from the available resources of EM data and 
also impose the 3D-atomic coordinates of high reso-
lution X-ray structures along with them. Using this 
approach, we constructed the cTF-one unit atomic 
structure.

Available structural data were EM structure of 
F- actin,16,17 X-ray high resolution structures of par-
tial Tm18–20 and low resolution structure of full-length 
Tm,21 and structures of partial Tn complex from skel-
etal and cardiac muscle.22,23 The overall macromolec-
ular organization of thin filament is well-defined in 
EM studies.4,8,9

We have used an integrative approach to build the 
three-dimensional model of cTF, by this we mean that 
information from multiple resources like EM, X-ray 
and FRET has been used to construct the model and 
the model has been constructed for two states, the 
blocked and closed states.

The initial template of the model is an EM structure.9 
The reconstructed structure of the EM map had data 
for both blocked and closed states, where the tem-
plate has actin filament, partial tropomyosin structure 

wrapped throughout the filament and troponin core 
domain at low and high Ca2+ levels. The information 
from the EM template gives the idea about the azi-
muthal position of Tm at B- and C-state, but not the 
axial position or the interacting zones between Tm 
and actin. Li and coworkers were the first group to 
give details of tropomyosin position on F-actin at the 
Ca2+ saturated state in the absence of troponin com-
plex using EM and computational chemistry. Thus, 
the interacting residue information between actin and 
Tm at closed state is taken into account to obtain the 
model for our study.8 Additionally, EM structure of 
actin-myosin interactions24 by Lorenz and coworkers 
agree with Li and coworkers on the predicted inter-
acting residues and the mode of interactions between 
tropomyosin dimer and actin filament and the manner 
in which the myosin binding residues are kept inac-
cessible at the blocked and closed states. Based on 
FRET analysis, the interacting zone of troponin with 
Tm is identified: the Tn core domain interacts with 
Tm at residues 160–200.7 This zone is approximately 
found near to the fifth quasi-repeat of Tm, thus Tn 
might have interaction with Tm at P5 and actin3 (the 
numbering is based on specific periods of Tm and cor-
responding actin unit starting from the barbed end). 
For the present study, we have considered only the 
Tn core domain and not the TnT tail due to the lack 
of structural information for the latter. A recent work 
of Manning and coworkers has reported a model of 
TnT domain, along with other structures of cTF, but 
we have not used those structures as template since 
they were generated by a MD study.25 Instead, we 
have directly used structures from EM data. The 
Pirani et al model, which is considered to be the ini-
tial template for our integrative modelling, does not 
have full-length 284 residue long tropomyosin recon-
structed, thus we have used the full-length Tm crystal 
structure21 to fit the Tm dimer of the model. All the 
information from different sources have thus been 
combined together to obtain the model.

Steps followed to build the 3D model of cTF were as 
follows: the template was a reconstructed EM structure 
from Pirani et al model which has a resolution of 25 Å. 
The model had template for both blocked and closed 
states. The cTF model was built using the MODELLER 
software (version 9.8),26 a multi-template modelling 
approach was used so that good resolution structures 
of Tm dimer (PDB ID: 1IC2, 2B9C, 1KQL) and the 
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full-length Tm structure (PDB id: 1C1G) was used 
simultaneously. A total of 100 models were generated 
and the best model was chosen based on their energy 
and PROCHECK27 values. From the pool of generated 
models, the lowest-energy model was chosen as the 
best one for the blocked and closed states. The final 
model was minimized using SYBYL package (SYB-
YL7.1, Tripos Inc) with the following parameters: Tri-
pos force field, 1000 iterations using Powell’s gradient 
and was terminated at a convergence of 0.05 Kcal mol 
Å−1. Finally, the atomic model of cTF was built for 
the B- and C-states and the minimized models were 
used for the rest of the study. The protocol followed 
to build the model is shown as a flowchart in Figure 
1 and the structure of the model is shown in Figure 2. 
The quality of the final models was assessed using 
structure analysis program PROSA.28 All the inde-
pendent chains of actin, Tm and Tn complex of the 
both blocked and closed models have Z-scores within 
the acceptable range (please see Supplementary File). 
Other structure validation tools became difficult to 
apply due to the huge macromoleular size of cTF.

We have constructed the models with the avail-
able structural information present and integrated the 
known structural knowledge of cardiac thin filament. 
However, we have not included the TnT tail domain 
of cTnT due to the lack of structural template. This 
troponin T tail plays a crucial role in cTF, retains 
interaction with Tm overlap complex and most of the 
cardiomyopathy mutation in cTnT gene resides at this 
domain. Second, we have constructed a one unit cTF 
model which means the model does not have informa-
tion about the tropomyosin overlap region. Thirdly, 
the models were constructed using coalescence of the 
high resolution crystal structures, still, lack of high 
resolution full-length thin filament structure creates 
difficulty in building the model. Such a derived model 
cannot precisely reflect the exact orientation of the 
side chains and their interacting residues prominently. 
However, this integrated model can be used to study 
the interface regions between the components of cTF 
and the change of spatial relationship between these 
components from blocked to closed states.

Actin-tropomyosin interface  
in the open state could be predicted
The actin-Tm interaction plays an important role in 
the cTF structural stability and the azimuthal rota-
tion of Tm on actin outer domains is essential for 
myosin activation and function of muscle. Li and 
coworkers had proposed a list of interacting residues 
between actin and Tm in the closed state using EM 
analysis,8 independently Miki and coworkers had pro-
posed actin-Tm interface in B- and C-states,5 but the 
results on interacting residues are not in  agreement. In 
our models, we have used the results from recent EM 
data of Li and coworkers and Lorenz and cowork-
ers to build the cTF structure. Both the models agree 
on the concept that relieving myosin binding sites on 
actin will facilitate TF activation and cross-bridge 
formation.

We have used the models of blocked and closed 
states to analyse the energetically more stable state. 
Tm interaction with actin in the blocked state is the 
native position in cTF and its interaction at the closed 
and open states requires an external force to move it to 
that interaction zone. Logically, we anticipate that the 
blocked model interactions will be energetically more 
stable than that of the closed and open states. Using our 
models of blocked and closed states; we calculated the 

The final models were minimized using SYBYL package

Best model for BLOCKED and CLOSED states

100 models generated

Initial template EM
re-constructed structure

Pirani et al 2006

Additional templates
full-length and partial
Tm crystal structures

Multi-template
modelling using

MODELLER

Filter: energy,
PROCHECK values

Force field: Tripos
Iteration: 1000

Figure 1. Complete protocol used to build the cardiac thin filament model 
in blocked (low calcium) and closed (high calcium) states.

http://www.la-press.com


Cardiac thin filament modelling and analysis of tropomyosin quasi-repeat

Bioinformatics and Biology Insights 2012:6 207

energy contributed by the electrostatic interactions 
between actin and Tm dimer. The energy was 
calculated using COILCHECK+29 (please see supple-
mentary file for the details of energy calculation). 
The results show that the model of blocked state is 
found to be more energetically stable than the closed 
state (Energies: B-state: −60.286504 kJ/mol and 
C-state: −46.375797 kJ/mol). Since the blocked state 
is energetically more favourable the interface formed 
at this state is very crucial for the cTF function. Thus, 
the interface formed between actin and Tm in the 
blocked state shares specific residues from both the 
interacting partners which are highly important to 
maintain the stability of the cTF.

From the F-actin structure, there could be two 
zones (zone 1 and zone 2) of charged residues on 
the actin surface on either side of myosin binding 
residues where Tm could slide (Figure 3). These two 

zones were identified based on their surface accessi-
bility using JOY program.30 We have employed com-
putational tools to identify which of the two zones 
will be energetically more favourable for the Tm 
to move in its closed and open state. Tm has been 
modelled at both zone 1 and zone 2 on the outer sur-
face of actin and the interaction energy at the site of 
actin-Tm interface was calculated using our in-house 
program COILCHECK+, using standard Coulomb’s 
law, where inter-atomic distance was considered as 
15 angstrom and distant dependent dielectric was 
employed. As shown in  Figure 4, zone 1 has high 
positive energy values and it is highly unfavour-
able for the Tm interaction. This is due to the pres-
ence of clustered negatively charged residues at that 
region which imposes more unfavourable electro-
static interactions with the Tm dimer. On the other 
hand, zone 2 is much favourable in its energetic 
 contribution. Thus, it becomes more  convincing 
that the direction of Tm movement from blocked to 
closed and then to open states on the surface of actin 
will be towards zone 2. (please see details on the Tm 
dimer modelling at the two zones in Supplementary 
data). Supplementary Figure 1 shows the electrostatic 
energy at the different interfaces.

The interface at blocked and closed states could be 
identified from the models, and based on the expec-
tation that all myosin binding sites will be accessi-
ble to the myosin head in the open state (M-state), 
we find that zone 2 will be more favourable for Tm 
interaction. Thus, a list of possible interfaces between 
actin and tropomyosin in the three states (B-, C- and 
M-states) could be derived. Since the models were 
built from low resolution data, it is difficult to provide 

Figure 2. Systematic representation of the models (green-blocked state, salmon-closed state).
note: The cTF one unit models of blocked and closed states consist of F-actin, Tm dimer and the partial Tn complex [2(7:1:1)].

Solvent-
exposed 
surface for
TM sliding

Myosin binding residues
Zone 1
Zone 2

Figure 3. F-actin structure from the cardiac thin filament model and the 
predicted charged zones on the surface of actin filament.
notes: The two zones are present on either side of myosin binding resi-
dues. [Zone 1: D1, D2, e3, e4, r95, e100, e363, e364, K373; Zone 2: 
K215, e214, D222, e224, e226, K238, e237, e241, D244, K315]. The 
view of the actin filament on the right is rotated 90 degrees from the view 
on the left, and the actin monomers are recolored green.
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Figure 4. The tropomyosin dimer was placed on both of the predicted charged zones and the electrostatic energy was calculated using cOILchecK+ program.
notes: The energies were very highly unfavourable for zone 1 interface when compared to zone 2. Cartoon representation of the thin filament is shown 
for better understanding.

exact residue interactions and therefore probable 
interacting regions could been identified. Moreover, 
to our knowledge, there is no specific report docu-
menting the potential Tm binding residues on actin 
in the open state (M-state) . Thus, this work is the 
first to predict the interaction zone on actin in the 
open state.

From the tropomyosin perspective, quasi-repeats 
of Tm (please see below for quasi-repeats) are the 
seven equivalent parts of Tm that interact with actin 
in the cTF named as periods (P1–P7). From the 
zones of interactions between actin and Tm in the 
three states, it is noticed that each quasi-repeat of 
Tm can be divided into two sections; let us denote 
them as the first section containing the N-terminal 

part of a quasi-repeat and second containing the 
C-terminal part. In the blocked and closed states, 
interactions of the second section of the period are 
conserved. Tm residues that interact with actin resi-
dues R147, E167, K326, and K328 retain their inter-
actions whereas interactions in the first section of the 
period are quite weak. Just as zone 2 in actin (described 
above) is the most favourable region for Tm to shift 
in its open state, it can be anticipated that the first 
section of Tm could form new interactions with spe-
cific residues on zone 2 in its open state. The details 
of predicted interacting regions of the three states are 
systematically given in Figure 5. Different sections of 
different quasi-repeats interact with actin in the three 
different states.
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in the interior, ‘e’ and ‘g’ are charged residues which 
help in maintain the stability of the dimer by forming 
intrachain salt-bridges and ‘b’, ‘c’ and ‘f’ positions 
are polar residues which may have interactions with 
other proteins.31,32 Full-length Tm would interact 
with seven actin subunits forming the filament, and 
hence it could be divided into seven quasi-repeats 
based on their interaction with corresponding actins. 
Though Tm consists of seven quasi-repeats, not all 
of them are similar in function; each quasi-repeat has 
specific properties and function.33,34

The interface between actin and Tm is dominated 
by charged residues: both actin and Tm are made up 
of large number of positive and negatively charged 
residues at the surface. Though the F-actin structure 
has same charged zones exposed on the surface for 

Quasi-repeats of tropomyosin interacts 
differently
The stability and the structural organization of cTF 
is maintained by the actin-tropomyosin interactions 
throughout the thin filament. The G- to F-actin 
conversion is due to a relative rotation of two 
major domains which give rise to the F-actin flat 
 conformation.13 The tropomyosin, which is an elon-
gated long coiled-coil structure, interacts with actin 
units throughout the TF. Tm is a 284-residue protein 
which is completely made up of coiled-coil domain; 
it is one of the longest coiled-coil proteins which is 
predicted to have complete heptad pattern. As is well-
known, coiled-coils are structural domains which 
follow a seven residue heptad pattern ‘abcdefg’, in 
which ‘a’ and ‘d’ are hydrophobic residues which are 

D24/D25/
R28/E334

R147/E167/
K326/K328

Alpha zone
Section 1
Section 2

Zone 2 residues

Section 1 interface

Section 2 interface

K215/E214/K315/E222/
E224/E226/K238/E237/
E241/D244

Blocked and closed
interface

Predicted open
state zone on actin

Figure 5. The probable actin-tropomyosin interface in the three states (B-, c-, M-states) is shown systematically.
notes: In the left side the Tm sequence is represented based on their heptad pattern and the pink shaded region is the α zone of each quasi-repeat. Each 
quasi-repeat is divided into two sections (section 1 and 2-dotted regions) and the probable interface residues which may interact with actin at the blocked 
and closed states are boxed with different colours. In the right side F-actin structure with mapped interface residues at the three states are displayed. Actin 
interface residues at blocked and closed states are found to be common but the strength of interaction with the Tm residues differs in both the states. In 
the blocked state section 1 and section 2 forms strong interactions. But in the closed state section 1 becomes weaker but section 2 is still stronger in its 
interaction with actin. The predicted open state interface of actin consists of the zone 2 residues, and the charged residues from section 1 of each quasi-
repeat contribute for the Tm interface. The periods 1 and 7 are not considered for the study.
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Tm binding, Tm interacts differently with actin at 
different quasi-repeats. The composition of residues 
in different quasi-repeats is slightly different which 
makes variation in interaction and stability between 
actin and Tm. The difference in residue specific-
ity within quasi-repeat and the presence of desta-
bilising interactions in the Tm coiled-coil dimer is 
an in-built property of Tm and is required for its 
function.35

Since the interactions between actin and tropo-
myosin will be different at the seven quasi-repeats of 
Tm, the electrostatic energy contributed by different 
quasi-repeats was calculated. Both the blocked and 
closed state models were divided into seven parts, 
where each part would contain an actin and its cor-
responding Tm quasi-repeat alone and electrostatic 
energy was calculated for the different parts as stated 
above. The results are shown in Figure 6, where it 
is clearly evident that different zones energetically 
interact differently with actin. P2 and P7 are unstable 
in the blocked state and becomes more stable in the 
closed state, and P3 is found to be highly stable in 
the blocked state and loses its stability considerably 
in the closed state. P1 and P5 do not exhibit much 
difference in energy in both the states. P4 and P6 do 
not show very high deviation in energy. These obser-
vations do have a meaningful explanation. Studies on 
cryo-EM data of insect flight muscle have shown that 
there is a ‘target zone’ on the actin filament and it is 
located in the region between the two troponin globu-
lar core domains, and this is the region where myoS1 
binds more frequently.36 This suggests to us that the 
actin-Tm interaction in these target zones plays a 
crucial role in calcium-mediated change in interface 

which is functionally required. The target zone seen 
between the troponin core domains corresponds to 
specific tropomyosin quasi-repeats. The energy cal-
culations at different quasi-repeats of different states 
also suggest that these regions play a vital role in cTF 
organization. P1 and P7 are already strained by the 
adjacent end-to-end overlap which makes them very 
important for cTF stability. The next is the impor-
tant regions of P2 and P3, the energy contribution 
by these quasi-repeats is quite interesting. It can be 
seen from the graph that P2 is unstable in the blocked 
state whereas P3 is highly stable. This indicates that 
these two repeats could be sensitive to Ca2+ medi-
ated change in interface that falls in the target zone 
of myosin interaction. This clearly shows us a way in 
which the individual quasi-repeat of Tm contributes 
differently to the interaction and stability of cTF and 
has a specific role in the actomyosin cross-bridge and 
muscle contraction.

conservation and phylogenetic analysis 
of tropomyosin
The study of interacting residues between actin 
and Tm prompted us to identify the conserved and 
variable regions in tropomyosin. This would guide 
us to understand the importance of different zones 
and would allow us to predict the most vital resi-
dues and region of Tm that would have significance 
in cTF  function. To study the conservation of Tm, 
we collected homologues of tropomyosin by using 
human-α tropomyosin TPM1 (Uniprot id: P09493) 
as query using PSI-BLAST.37 The homologues were 
aligned using CLUSTALW protein sequence align-
ment program38 and manually edited using MEGA 
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Figure 6. Electrostatic contribution of different quasi-repeats at the blocked and closed states of the model.
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ver.539 to obtain a proper multiple sequence align-
ment (MSA). CONSURF40 was used to identify the 
conservation patterns and to determine the structur-
ally and functionally important residues. Further, to 
understand the taxonomic distribution and cluster-
ing of collected homologues, a phylogenetic analy-
sis was carried out. Neighbour-joining bootstrapped 
tree was constructed using MEGA software. The tree 
was analysed in terms of taxonomic clustering, iso-
form distribution and conservation pattern. The steps 
followed for the analysis are shown in Figure 7. 
The homologues collected cover a broad range of 
taxonomic groups. Tm sequences from mammals, 
birds, fishes, insects, worms were included in the 
analysis. The distribution of the collected homo-
logues in various levels of classification is shown in 
Supplementary file.

From the CONSURF output, it can be seen that the 
first 12 residues of the N-terminus of P1 were highly 
conserved, it also supports the fact these residues are 
highly important for the Tm head-to-tail overlap with 
its adjacent Tm chain.41 P3, P4 and P5 are found to be 
highly conserved, but P2 and the extreme C-ter of P7 
are found to be variable (Fig. 8). We further analysed 
the alignment and phylogenetic tree to note if this 
conservation pattern may be class-specific amongst 
the homologues chosen for analysis.

The tree displayed two distinct clusters of 
 homologues. The first cluster retains homologues from 
vertebrates and other from invertebrates (Fig. 9A). This 
shows that tropomyosin sequence differs consider-
ably between major taxonomic groups. This suggests 
that the mechanism of action of Tm in invertebrates 
could be different from vertebrates. Vertebrate Tm 

CD-Hit: 99%
Annotation: Tropomyosin,

TPM1

Final set of 159
sequences

Homologues collected

Conserved residues (90%)
(similarity/identity), identified
from the MSA using Jalview

MSA using
clustal W,
alignment
manually

edited using
MEGA

Functionally and structurally
important residues identified

using CONSURF

Method: Neighbour
joining

Statistical analysis:
Bootstrapping (1000 

iteration)

Phylogenetic tree
constructed

Taxonomical distribution
of Tm and clustering of

Tm isoforms

Isoform
clustering

and
distribution

Conservation
analysis

Collection of
homologues

Parameter :
Method: PSI BLAST,

E-value: 10−6

Iteration: Till convergence
Database: NR

Query seq P09493
Human TPM1

Filters:
Query coverage: 60%
Identity cut-off: 40%

Figure 7. complete protocol for homologue collection, clustering based on isoforms and analysis of the conservation pattern.
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can be classified into two groups based on molecular 
weight; they are high molecular weight (HMW) group 
and low molecular weight (LMW) group. Four Tm 
genes, identified in mammalian species, form 20 
different isoforms which are expressed by alterna-
tive RNA processing events.42 The four genes, identi-
fied in the human genome, are named as TPM1 (α), 
TPM2 (β), TPM3 (γ) and TPM4 (δ). The clustering 
of the major four isoforms is shown in Figure 9B. 
The cardiac muscle is dominated by the presence of 
α-isoform and few β-isoforms, where both the iso-
forms could function efficiently.43 Recently, a new 
specific isoform has been identified in heart muscles, 
during the onset of cardiomyopathies, which is named 
the kappa-isoform.44,45 Human α- and β-isoforms 
share 85.6% identity. Amino acid differences are dis-
tributed throughout the length of the Tm sequence, 
but the residue exchanges seem to be permitted (with 
similar chemical groups) suggesting that the function 
of Tm may not be affected. Whereas human α- and 
κ-isoforms are 90% identical, the amino acid differ-
ences are exactly targeted at Tm residues 41–80 which 

falls in the P2 quasi-repeat. Therefore, the amino acid 
conservation patterns at P2 in different isoforms were 
examined in detail.

We collected all-α and all-β homologues based on 
their annotation and aligned them to check the con-
servation pattern. In all-α set, the quasi-repeat P2 and 
C-ter of P7 is not conserved. Whereas in all-β set, the 
C-ter of P7 is less conserved, and P2 does not show 
much deviation (Figure 10A). Cardiac muscle is a 
hybrid system, which shares the property of striated 
muscle, but it is involuntary like the smooth muscle. 
Thus, from the all-α and all-β sets, the smooth and 
striated muscle sequences were divided into two sub-
sets. The classification of sequences to smooth and 
striated category was done by checking for the tis-
sue type from which the protein was purified and the 
annotation given in NCBI. In both the α-smooth and 
α-striated, the P2 region was less conserved, but the 
same trend was not seen in β-smooth and β-striated 
subset (Figure 10B).

The conservation study was started with a 
broader data with all the homologues, where a number 

Figure 8. Conservation pattern of the seven quasi-repeat (results from CONSURF).
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Figure 9. clustering of the collected homologues. (A) Two different clusters separating the vertebrates and invertebrate Tm sequence. (B) clustering of 
the four isoforms of Tm is shown, isoforms were classified based on their annotation.
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of residues of Tm sequences were conserved. 
Hence, a definite zone of conserved residues was not 
 identified. Next, the sequences were clustered based 
on the major taxonomic classification based on the 
phylogeny and cardiac specific isoforms were anal-
ysed. Isoform specific clustering and conservation 
showed that regions near the second quasi-repeat 
and extreme C-ter of P7 were less conserved. Dif-
ferent isoforms of Tm from different organisms have 
a distinct end-to-end overlap pattern between adja-
cent Tm chains.46 Next, since it is crucial to under-
stand the importance of P2 conservation, the study 
was narrowed down to tissue-specific sequences 
which belong to the cardiac muscle isoforms. It was 
seen that α-smooth and α-striated sequences still 
retain the property of the less conserved P2 region. 
At this stage, it was clear that variable P2 is a 
characteristic feature of tropomyosin sequences at 
all levels of our study. The conservation patterns 
were examined from a broad range of sequences 
to close families within a specific zone. This par-
ticular area which composes the second period (P2) 
could have a very crucial role in cTF function. An 
overview of the entire conservation study and the 
identification of the hot spot region is shown in  
Figure 11.

Forecast on spotted trend in known 
cardiomyopathy mutations
Cardiomyopathy is characterised by large number 
of mutations in the sarcomeric proteins. A total of 
459 mutations in eight genes are documented in a car-
diomyopathy mutation database.11 Among them, a set 
of 13 mutations are recorded for the α-tropomyosin 
gene. The mutations that cause DCM are E40K, E54K 
and D230N and HCM are E62Q, A63V, K70T, V95A, 
I172T, D175N, E180G, E180V, L185R, E192K and 
M281T.47–51 These mutations are mapped on the Tm 
sequences shown in Figure 12. Even though the num-
ber of documented mutation of Tm is too few to make 
a statistical validation, most of the  cardiomyopathy 
mutations are clustered in P2 and P5 of  tropomyosin. 
From our energetic analysis and conservation study, it 
was noted that P2 is susceptible to interaction energy 
fluctuations. In the interface energy analysis, the change 
from blocked to closed states had imposed increased 
stability to P2 and it was also found to be highly vari-
able. P5 was very stable energetically in both blocked 
and closed states and was also found to be in the most 
conserved region of Tm. P2 falls within the target zone 
of myosin interaction and P5 is the area where troponin 
complex interacts. These two pivotal points play a cru-
cial role in the function of cardiac muscle.

All-beta

P7P6P5P4P3P2P1All-alpha

P7P6P5P4P3P2P1

Figure 10. Conservation at different isoform level is shown, the quasi-repeats are marked above the alignment and the P2 which was found to be highly 
variable in α sequences are highlighted.
note: The conserved region is brightly coloured whereas the variable region is not coloured (Jalview colouring: clustalX + 90% conservation).
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Overall conservation
pattern of the

collected homologues

Clustering based on
taxonomy and

isoforms

Cardiac specific
isoform conservation

Spot light on P2
of tropomyosin

All-alpha

All
homologues

Alpha-smooth

Alpha-striated

All-beta

P7P6P5P4P3P2P1

Figure 11. Overview of the conservation study; starting from a broad range of collected homologues the pattern of variable P2 region is preserved.
note: narrowed down analysis on specific sequences in turn shows the importance of period 2 of tropomyosin.

DCM mutations 

HCM mutations 

Figure 12. Spatial distribution of the known DcM and hcM mutations in 
cardiac α-tropomyosin.

At this juncture, it is crucial to consider the point 
that increasing in myosin concentration increases 
actin-Tm interaction.52,53 This means that apart from 
myosin interacting with actin it also interacts with 

tropomyosin. Though a target zone has been defined 
between two Tn complexes, where the myosin head 
binds frequently on actin, the important region of Tm 
where myosin could interact is not well understood. 
Tropomyosin is present in most of the actin-based 
architecture and performs critical functions in differ-
ent environments.

Since tropomyosin interacts with the actin filament 
throughout its length with the seven quasi-repeats, 
it is important that all the quasi-repeats are equally 
conserved to maintain its interaction. But it is not the 
case because P2 is less conserved when compared to 
the other repeats which are shown from our analysis. 
The less conserved nature of P2 could be required for 
its interaction with multiple forms of myosin motors. 
This leads to a conclusion that the myosin head has 
interacting partners on tropomyosin P2 region that are 
required for cross-bridge formation. From our ener-
getic analysis, it is evident that the P2 region becomes 
more stable from blocked to closed states in terms of 
actin interaction. Upon calcium activation, P2 moves 
to a much more favourable and stable zone on actin 
and exposes residues that may interact with myosin. 
This would facilitate myosin binding at the P2 region 
and its corresponding actin which in turn initiates 
acto-myosin activity. Thus, any residue mutation in 
the P2 region that will affect the stable binding of 
Tm-actin at the closed and open state or residues or 
that may perturb its interaction with the myosin head 
domain could lead to a disease phenotype.
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Next, while concentrating on the P5 region of 
Tm, we could anticipate that this region is highly 
conserved to maintain stable interaction with actin 
and the troponin globular complex. Non-muscle and 
smooth muscle actin filament is not regulated by 
troponin,54 thus in the striated muscle thin filament, 
where the Tn complex mediates the regulation, it is 
highly important for the binding region to be con-
served. Since the Tn complex is identified to bind 
at a region near P5 and its corresponding actin, it 
is crucial for this region to be highly stable. From 
our analysis of the conservation pattern and inter-
face energies of P5, it is evident that this region is 
highly protected to fulfill its function. Thus, any resi-
due mutation that affects Tn binding or actin binding 
may lead to a diseased phenotype.

From HCM and DCM studies, it is proposed 
that these phenotypes are linked with high calcium 
sensitivity/high force production and low calcium 
sensitivity/low force production respectively.55,56 In 
the HCM phenotype, the force production is high, 
which gives us a sense that the number of times 
myosin binds to actin to form a cross-bridge is high. 
This, in turn, correlates with the fact that myosin 
binding sites on the actin surface should be vacant 
for an extended time period so that myosin binds 
easily leading to high force production. In the DCM 
phenotype, acto-myosin cross-bridge formation is 
lowered which is coupled with less force production. 
Out of the 14 analysed mutations, 10 involves charged 
residues and of these charged mutations all the HCM 
type mutations fall in section 2 (Fig. 5) and all DCM 
mutations fall in section 1 of the Tm quasi-repeat. 
From our analysis, it was stated that section 2 of each 
quasi-repeat could be important to maintain stable 
interactions between the actin and Tm at blocked and 
closed states. Thus, the HCM charge mutations are 
related to its function to keep Tm stably on actin at 
both the states (B- and C-) and the reversal in charges 
in these residues in disease condition may destabilize 
the interface. This would, in turn, move Tm out from 
its blocking position and keep the myosin binding sites 
open for a longer duration. An opposite effect could 
be related to the DCM phenotype, where mutations 
seen in section 1 of the quasi-repeat are essential to 
hold the Tm stably in the open state. So residues in 
DCM conditions may have an effect in not moving 

the Tm out of its blocking region. This suggests that 
HCM phenotype is connected with specific residues 
at the C-ter of each quasi-repeat and DCM phenotype 
with the N-ter of each quasi-repeat.

Materials and Methods
Integrative template modelling
The integrative template modelling of cTF was carried 
out by using the MODELLER26 software. The initial 
template which represents the full cTF macromo-
lecular assemble was obtained from a reconstructed 
EM data.9 Additionally, good resolution crystal struc-
tures of actin, tropomyosin and troponin core domain 
are used as templates to best-fit the cTF models. A 
multi template modelling mode of the MODELLER 
software was used to build the model. In general 
 MODELLER models the three-dimensional structure 
of target sequences using a known template structure, 
it uses the spatial restraints of the template structure 
and builds the target sequence. In the integrative struc-
tural modelling approach, the spatial restrains of the 
thin filament macromolecular assembly was obtained 
from the re-constructed electron microscopy data 
and independent component of the cTF was provided 
with additional restraints from high resolution crys-
tal  structures. The region on actin filament where the 
Tn core domain had to fit was obtained from FRET 
analysis.7 The alignment between the target and the 
multiple templates were manually edited to obtain 
the best optimal alignment. Based on these known 
structural details the cTF, one unit was modelled in 
its blocked and closed states. 100 models were gen-
erated and the best models for both B- and C- were 
selected based on the molecular probability density 
function (molpdf) which gives the current energy of 
each model.

energy minimization
The best models of both B- and C-states were energy 
minimized using the SYBYL package (SYBYL 7.1, 
Tripos Inc). The models were built using fitted EM 
structure as a template, even though high resolution 
crystal structures were also used simultaneously the 
interfaces between the different components of the 
cTF assembly would have unfavourable short  contacts. 
The cTF macromolecular assembly in B- and C-states 
consist of 7154 amino acids independently, taking into 
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account the size of the system and the expected devia-
tion from nativity and in order to minimize the num-
ber short contacts and to increase the quality of the 
models an extensive energy  minimization was carried 
out. The structures were minimized using Tripos force 
field for 1000 iterations using Powell’s gradient and 
was terminated at a convergence of 0.05 Kcal mol 
Å−1. The distant dependent cutoff was kept as 1 and 
the non-bonded interaction cutoff was kept as 8 for all 
rounds of minimization. At every step of energy mini-
mization, the structures were monitored manually to 
avoid distortion of the model structure due to over opti-
mization, it was also noticed for the removal of maxi-
mum number of short contacts within the system.

Sequence and phylogenetic analysis
The homologues of human-α tropomyosin (TMP1) 
were collected using NCBI/BLAST/blastp suite. 
PSI-BLAST37 was used with an E-value of 10−6 the 
homologous sequences were collected till the round 
of convergence where TMP1 sequence was queried 
against the NR database dated 09/MAR/2012. Default 
parameters of word size 3 and BLOSUM62 matrix 
were used. The collected homologues from each 
iterations were refined with a query coverage filter of 
60% and identity filter with 40% cutoff. The set of 
homologues were further filtered using CD-hit (99%) 
in order to remove the redundant entries. The final 
set of homologues were aligned using CLUSTALW38 
program using BLOSUM matrix and the default 
parameters. The alignment quality was improved by 
manually editing the MSA using the MEGA pack-
age.39 The phylogenetic tree was constructed using 
the neighbour-joining method using the poisson 
model for protein sequences with 1000 iterations of 
bootstrapping. The bootstrapped consensus tree was 
accepted as the final tree.

conclusions
In this study, we have used the available structural 
data from various resources to construct a three-
 dimensional atomic model of the cardiac thin fila-
ment (one unit: 7 + 7 actin, 1 + 1 Tm and 1 + 1 Tn 
globular complex) in the blocked and closed states. 
Numerous studies have been concentrating on vari-
ous aspects of thin filament organisation, its asso-
ciated protein structures and their conformation 

changes during the process of muscle regulation. 
A recent model of a complex, derived from three-
dimensional FRET analysis, defines the orientation 
and positioning of the troponin core domain and 
tropomyosin on the actin filament with and without 
calcium. That model proposes a view that with Ca2+ 
the Tn core domain and the interacting Tm quasi 
repeat is located near actin subdomain 3 and 4, and on 
the release of Ca2+ they move towards the actin outer 
domain.57 The model also supports our view on actin 
subdomain position where Tm and Tn could be pres-
ent in both B- and C-states. However, these models do 
not contain the myosin head domain in their system, 
which raises a question of what change in interactions 
could occur when the myosin is present. Though there 
are different such models present to decipher the thin 
filament structure, the overall atomic model of the 
thin filament and their subsequent changes in the 
three states of blocked, closed and open states are not 
available at high resolution. Hence, we used an inte-
grative modelling approach to construct the cardiac 
thin filament utilizing the available information from 
other studies which were based on various methods 
like X-ray structures, EM models and FRET data. 
 Keeping the models as starting points, we studied 
the actin-tropomyosin interface at different states 
and identified the most stable state to be the blocked 
state. From the surface of the actin filament, it was 
predicted that zone 2 was the most favourable area 
where the tropomyosin dimer could slide. A very 
recent work on actin-myosin has revealed the impor-
tant interaction between the N-ter segment of actin 
and the activation loop of myosin; this interaction 
is required for muscle contraction.58 That the N-ter 
segment which is shown to bind with myosin in 
their work falls in zone 1 of our analysis. That the 
N-ter negatively charged patch of actin is required 
for myosin binding and its function supports our 
hypothesis that zone 1 is an unfavourable region 
for tropomyosin sliding from its blocked to closed 
and open states. Thus, based on our model and the 
predicted direction of actin-tropomyosin interactions 
at open state, probable interface regions at the three 
states were compiled. From our proposed interface 
regions, each of the tropomyosin quasi-repeats could 
be divided into two sections, where each of the sections 
plays an important role in maintaining the stability of 
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the interface in the three states. Similarly, the actin 
surface could have two major interfaces, one for the 
blocked/closed states and the other for the open state. 
The interface formed between actin and tropomyosin 
in blocked and closed states share similar regions, but 
the strength of interacting zones differ considerably. 
In both the states, section 2 interface is preserved, 
showing that these residues are functionally important 
to maintain stability between actin-tropomyosin and 
sterically blocks acto-myosin interaction. Calcium-
regulated conformation changes of the troponin com-
plex followed by the azimuthal sliding of tropomyosin 
dimer on the actin surface will lead to the open state 
interface which is contributed by the zone 2 residues. 
Based on the interface energy at blocked and closed 
states, it was also identified that different quasi-repeats 
interact differently with actin. This shows the impor-
tance of the specific function carried out by each of 
the tropomyosin periods. To understand the vitality 
of tropomyosin quasi-repeats, a conservation study 
was carried out. From the conservation analysis, it 
was identified that period 2 of tropomyosin is highly 
variable. The less conserved nature of period 2 could 
be related to its function of myosin binding during 
cross-bridge formation. This suggests that tropomyo-
sin P2 and its corresponding actin unit could be the 
hotspot in the target zone for myosin S1 binding. 
This also shows that for the muscle contraction/relax-
ation process and cross-bridge formation, interac-
tion of myosin and tropomyosin is highly required. 
From the actin-tropomyosin interface energy calcu-
lations, it is evident that the blocked state is highly 
stable compared to the closed state and the predicted 
zone 2 interface is very unstable when compared to 
the other two states. This shows that the tropomyosin 
position on the actin surface in the open state is sta-
bilized by other factors suggesting that although tro-
ponin-mediated conformational change triggers the 
movement of the tropomyosin dimer from blocked 
to closed states, interaction between myosin and tro-
pomyosin is essential for holding the tropomyosin 
dimer in the open state. Our results concerning the 
importance of tropomyosin P2 region was observed 
from the actin-Tm interaction and interface energy of 
the B- and C-state models. In addition, the skeletal 
muscle tropomyosin shows high degree of sequence 
variation at P2 and C-terminal region across differ-
ent organisms. It is been shown recently that the less 

conserved nature of P2 of smooth muscle tropomyo-
sin does not affect the structural curvature or inter-
action with its actin unit and the region could have 
a gate-keeping role in determining the interaction of 
actin with its binding partners.59 This finding, along 
with our studies of cardiac tropomyosin, suggests 
that P2 likely has a crucial role in binding the myosin 
head domain.

The three-dimensional atomic model of the cTF 
has permitted us to visualize the structural effects 
of the deleterious cardiomyopathy mutations. The 
energetic analysis of the B- and C-state models 
has shown that tropomyosin quasi-repeat plays 
an important role in its function. Most of the car-
diomyopathy mutations in α-tropomyosin involve 
changes in local charges; the change in charge of the 
solvent accessible disease-causing mutations means 
reduced local interaction with the corresponding 
actin residues. This might result in unstable actin-
tropomyosin interface that eventually leads to the 
distortion in assembled components of the thin 
filament.

Our study started with a broad goal of examining 
the cardiac thin filament and then narrowed down to the 
actin-tropomyosin interface and the effect of specific 
interacting regions. The energetics and the conservation 
pattern, using our COILCHECK+ program, enabled the 
recognition of a particular variable zone which is the tro-
pomyosin period 2. From our study, we were able to show 
that P2 of tropomyosin could nevertheless be an impor-
tant region which is essential for some crucial function 
of the system. We have used the recent known data while 
constructing the models, but high resolution data with 
the entire myosin-actin-tropomyosin-troponin complex 
are required to obtain precise biological information. In 
our study, we have not included the TnT domain of tro-
ponin T due to the lack of structural information, but this 
region plays a crucial role in regulating the thin filament 
function. Hence, in the future, we will try to construct a 
two-unit model of cardiac thin filament where the TnT  
domain details could be fitted and analysed. The result of 
our study has also thrown light in the direction of known 
cardiomyopathy mutations. This gives us an insight to 
understand the structural basis and study the effects of 
the known mutations in detail and to identify if there 
could be any specific residue mutations that have not 
been identified as disease causing ones but may be pre-
dicted to lead to the disease state.
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supplementary Data
Fitting the Tm dimer on zone 1  
and zone 2
Using a rotational matrix the coordinates of F-actin 
was rotated keeping the Tm dimer constantly in 
place. For every 5 degree of rotation of the F-actin the 
structure was minimized to get rid of the short con-
tacts. The minimization process was carried out using 
SYBYL package with the parameters mentioned 
earlier. At every rotation the electrostatic energy of 
the interface was calculated using COILCHECK+. 
Additionally it was checked if all the myosin binding 
residues on actin are open up and relieved from Tm 
blocking. It was observed that interface of Tm and 
actin in the direction of zone 1 was very unfavour-
able where as the direction of zone 2 was favourable. 
Supplementary Figure 1 shows the electrostatic energy 

at the Tm-actin interface for every 5 degree rotation 
on either side of myosin binding residues.

calculation of electrostatic energies 
using cOILchecK+
The energy of electrostatic interaction energies are 
calculated according to the Coulomb’s law. All inter-
protomer charged atomic pairs 15 Å or less apart have 
been considered for energy calculation.

 E = (4.184*332*q1*q2)/(D*r) kJ/moL
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Figure s1. The process of rotation of actin is systematically shown for 
clear understanding. The graph shows the electrostatic energy at differ-
ent interface position between actin and tropomyosin.

Amino acid Atomic charge Atomic charge
ASP OD1 = −0.76 OD2 = −0.76
gLU Oe1 = −0.76 Oe2 = −0.76
Arg nh1 = 0.80 nh1 = 0.80
LYS nZ = 0.30
hIS nD1 = 0.38 ne2 = 0.57

where q1 and q2 are the partial atomic charges, r is 
the distance between the atoms and D is the dielectric 
constant of the medium, distance dependent diletric 
(DDD, where D = 2r) is been used for the energy 
calculation. The values for the different parameters 
are as in CHARMM (Brooks et al, 1983 and Brooks 
et al, 2009).

Validation of the models using  
Prosa method
The final models of B- and C-states were vali-
dated using Prosa—protein structure analysis tool. 
Individual structures of actin, tropomyosin, tro-
ponin C, troponin I, troponin T which frames the of 
cTF macromolecular assembly are validated. The 
Z-scores of these components fall in the acceptable 
range of known crystal and NMR structures of their 
corresponding lengths.
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Figure s2. Multiple sequence alignment of α-smooth and α-striated and β-smooth and β-striated tropomyosin sequences.
note: Quasi-repeats are indicated as P1, P2 until P7.
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Figure s3. Prosa—web server results for the components of blocked and closed state cTF models.
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Table s1. Distribution of the collected homologues at the 
taxonomic level of phylum and class.

no. of homologues
Vertebrates
Phylum—chordata
Class—mammalia
 homo sapiens 7
 rattus norvegicus 7
 Sus scrofa 4
 Ailuropoda melanoleuca 6
 Mus musculus 5
 Macaca mulatta 5
 cervus elaphus 1
 canis lupus familiaris 2
 Pongo abelii 1
 Macaca fascicularis 1
 Bos taurus 1
 Loxodonta africana 2
 Oryctolagus cuniculus 2
 Pan troglodytes 2
 heterocephalus glaber 2
 cavia porcellus 4
 Monodelphis domestica 4
 cricetulus griseus 3
 callithrix jacchus 1
 Mesocricetus auratus 1
Class—aves
 Meleagris gallopavo 4
 gallus gallus 3
 coturnix coturnix 2
 Taeniopygia guttata 1
Class—actinopterygii
 Takifugu rubripes 7
 Ictalurus furcatus 1
 Danio rerio 5
 Salmo salar 6
 Thunnus thynnus 2
 gadus chalcogrammus 1
 Oreochromis niloticus 15
 epinephelus coioides 1
 Salmo trutta 2
 Ictalurus punctatus 1
 Tetraodon nigroviridis 4
Class—chondrichthyes
 Scyliorhinus retifer 1
Class—amphibia
 Ambystoma mexicanum 4
 Xenopus (Silurana) tropicalis 2
 Xenopus laevis 7
 rana temporaria 1
 rana catesbeiana 1

(Continued)

Table s1. (Continued)

no. of homologues
Branchiostoma floridae 2
Branchiostoma belcheri 1
ciona intestinalis 2
Phylum—arthropoda
Pediculus humanus corporis 1
Bombyx mori 1
Drosophila melanogaster 4
nasonia vitripennis 1
homarus americanus 1
erimacrus isenbeckii 1
chionoecetes opilio 1
Paralithodes camtschaticus 1
Balanus rostratus 1
Phylum—mollusca
Fulvia mutica 1
ruditapes philippinarum 1
Solen strictus 1
Tresus keenae 1
Sinonovacula constricta 1
Pseudocardium sachalinensis 1
Phylum—nematoda
caenorhabditis elegans 1
Phylum—hemichordata
Saccoglossus kowalevskii 1
Phylum—platyhelminthes
echinococcus multilocularis 1
Schistosoma mansoni 1

supplementary Table 1
A video abstract by the authors of this paper is 
available. video-abstract9798.mov
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