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Myosin dynamics 

� Essential for muscle contraction 

� Can be regulated by chemical modifications 
(normal conditions) 

� Can be disrupted by genetic mutations 
(pathological conditions) 



Cardiac myosin and genetic mutations  

Myosin contains hundreds of 
genetic mutations related to 
heart disease (in part. 
hypertrophic and dilated 
cardiomyopathy) 

HCM mutations 



Study of myosin dynamics 

� Provides information on myosin under 
normal and pathological conditions  

� Can be used to develop therapies for the 
treatment of cardiac diseases 

� Difficult to do with experimental techniques 

Molecular Modelling and Simulation! 



Molecular Dynamics Simulations 
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Molecular Dynamics – Time Scale Ode et al. MD simulation in virus research
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FIGURE 1 | Temporal resolution of various biophysical techniques. The timescales of some fundamental atom- or molecule-scale motions are shown
below. AFM, atomic force microscopy; FRET, fluorescence resonance energy transfer; IR, infrared radiation; NMR, nuclear magnetic resonance.

for refining the experimentally determined three-dimensional
(3-D) structures of proteins (Autore et al., 2010; Ozen et al.,
2011). Second, MD simulation is beneficial for constructing
previously undescribed 3-D structures of proteins in combina-
tion with homology modeling techniques (Marti-Renom et al.,
2000; Sanchez et al., 2000; Baker and Sali, 2001), when a reported
structure of a homolog is available. Third and most importantly,
MD simulation provides a unique tool to address the struc-
tural dynamics of proteins, i.e., the time evolution of conforma-
tions in solution, at timescales of nanoseconds to microseconds
(Henzler-Wildman and Kern, 2007; Dror et al., 2010). The struc-
tural snapshots obtained during MD simulation are helpful for
depicting the unique structural features of proteins (Karplus and
McCammon, 2002; Karplus and Kuriyan, 2005; Dodson et al.,
2008).

MD SIMULATION IN VIROLOGY
To date, MD simulations have been applied in a range of virus
researches, as shown in the following sections.

NEUTRALIZATION ESCAPE AND CELL TROPISM SWITCHING OF HIV-1
MEDIATED BY AN ELECTROSTATIC MECHANISM
It is very important to clarify how viruses evade neutraliza-
tion antibodies in order to understand the viral life cycle and
evolution, and to develop vaccines. MD simulation is used to
address this issue as it pertains to human immunodeficiency virus
type 1 (HIV-1). The third variable (V3) loop of the HIV-1 enve-
lope gp120 protein constitutes the major antibody epitopes of
HIV-1 and the major determinants for the entry coreceptor use
of HIV-1. By analyzing the 40,000 structural snapshots obtained
from 10–30 ns of MD simulations of the identical gp120 outer
domain carrying a distinct V3 loop with net charge of +3 or
+7, Yokoyama and colleagues showed that the change in V3 net
charge alone is sufficient to induce global changes in fluctuation

and conformation of the loops involved in binding to CD4,
coreceptor, and neutralizing antibodies (Naganawa et al., 2008;
Yokoyama et al., 2012). Structural changes caused by a reduc-
tion in the V3 net charge via V3 mutations are tightly linked to
viral CCR5 coreceptor tropism (Naganawa et al., 2008), as well
as to a reduction in viral neutralization sensitivity to anti-V3
antibodies (Naganawa et al., 2008) and anti-CD4 binding site
monoclonal antibodies (Yokoyama et al., 2012). These findings
suggest a hitherto unrecognized mechanism, V3-mediated elec-
trostatic modulation of the structure and dynamics of the gp120
interaction surface, for adjusting the relative replication fitness
and evolution of HIV-1 (Yokoyama et al., 2012). In addition, they
partly explain a virological mystery, i.e., why HIV-1 variants using
CCR5, which carries a V3 loop with a lower level of positive net
charge, predominantly persist before the onset of AIDS.

MECHANISMS OF VIRAL ESCAPE FROM HOST DEFENSE SYSTEMS
Viruses also evade host defense systems other than neutraliza-
tion antibodies (Figure 2). MD simulation is used to clarify the
structural basis for viral escape from host defense systems by
mutations. Mutations at the 120th amino acid in the HIV-2 cap-
sid protein play a key role in evading tripartite motif-containing
protein 5α (TRIM5α), an anti-retroviral cellular protein induced
by interferon, both in vivo (Onyango et al., 2010) and in vitro
(Song et al., 2007). An MD simulation study has revealed that the
mutations could extensively influence the conformation and fluc-
tuation of the interaction surface of capsid proteins by altering the
probability of hydrogen bond formation between helices 4 and 5
(Miyamoto et al., 2011).

HIV-1 Vpu antagonizes an antiviral cellular protein termed
tetherin, also known as BST-2/CD317/HM1.24, by interac-
tion with the transmembrane (TM) domain of tetherin and
subsequent degradation (Douglas et al., 2010; Kobayashi et al.,
2011). An MD simulation suggests that alignment of the four
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Molecular Dynamics – Size Scale 

64 millions atoms 

HIV-1 virus capsid  

E. coli cytoplasm  

1008 molecules 

single protein in 
water 

10-100k atoms 
McGuffee, S. R. & Elcock, A. H. PLoS 
Comput Biol 6, e1000694 (2010). 

Zhao, G. et al. Nature 497, 643 (2013) 

system size 



MD study of cardiac myosin 
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MD study of cardiac myosin 
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2. Dynamics of two-headed junction 
(effect of genetic mutations) 
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1. Dynamics of RLC 
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2. Two-headed junction   
Modification of the head-head interactions? 



2. Two-headed junction   
Hypertrophic cardiomyopathy 
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3. Effect of drugs 
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� Increases the contractility of the 
heart muscle 

� Currently in clinical trials for the 
treatment of heart failure 

� Mechanism non fully understood 
Drug 

3. Effect of drugs 

Omecamtiv mecarbil (OM) 



� Increases the number of myosin 
molecules strongly bound to 
actin 

� Slows down the power stroke 

3. Effect of drugs 

Omecamtiv mecarbil (OM) 
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S. Hashem, M.Tiberti, A. Fornili, (2017) PLoS Comput Biol13(11): e1005826. 
   

Is OM having any effect on myosin dynamics? 

3. Effect of drugs 



Replica 1 Replica 2 Replica 3 Replica 4 

S. Hashem, M.Tiberti, A. Fornili, (2017) PLoS Comput Biol13(11): e1005826. 
   

3. Effect of drugs 
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S. Hashem, M.Tiberti, A. Fornili, (2017) PLoS Comput Biol13(11): e1005826. 
   

3. Effect of drugs 



S. Hashem, M.Tiberti, A. Fornili, (2017) PLoS Comput Biol13(11): e1005826. 
   

Conclusions from simulations: 

� OM has a double effect on myosin dynamics 

� Interactions involved could be used for drug 
development 

� OM to be tested for DCM mutation rescuing 

3. Effect of drugs 



Rescue mutants and drug design 

Pathogenic 
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Rescue mutants and drug design 

Pathogenic 
Mutation 

Rescue 
Mutation 

Protein function can be rescued 
by restoring: 


o  Structure


o  Dynamics


o  Thermodynamic stability


o  Interactions with partners




Rescue mutants and drug design 
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Prediction of rescue mutants 

Double Force Scanning 

M.Tiberti, A. Pandini, F. Fraternali, A. Fornili, Bioinformatics, 2017, doi: 10.1093/bioinformatics/btx515. 

https://fornililab.github.io/dfs/




Prediction of rescue mutants 

pathogenic site rescue site 

Compensatory effect when d(u, pij ) < d(u, pi ) 

pi pij 



Prediction of rescue mutants 
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Prediction of rescue mutants 

Double Force Scanning 

M.Tiberti, A. Pandini, F. Fraternali, A. Fornili, Bioinformatics, 2017, doi: 10.1093/bioinformatics/btx515. 
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o  General


o  Only 3D structure required


o  Relatively fast (~hours for 
average size)
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