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A B S T R A C T

Myosins are biomolecular motors that coordinate life and motion in
eukaryotic cells. These molecular machines are able to exploit chemical
energy derived from ATP-hydrolysis to generate mechanical work and
walk across actin filament. This movement is tuned by actin, in a cyclic
manner, describing the so-called acto-myosin cycle. Understanding
the chemo-mechanical transduction of these motors has been a crucial
topic since decades, but many features remained unknown. Moreover,
dysfunction of myosins are associated with severe human disorders,
ranging from myopathies to cancers. The lack of safe treatments makes
these proteins fundamental therapeutic targets. In this project of thesis,
we have studied the dynamics of a peculiar conformational state of the
acto-myosin cycle, known as pre-powerstroke (PPS), both in cardiac
myosin and in myosinVI. While exploring the stability of this state in
myosinVI, we captured a spontaneous transition towards a different
intermediate state of the force generation cycle. Comparison with
the dynamics of cardiac myosin denoted a remarkable plasticity of
the structure. Simultaneously, we investigated these two proteins
from a pharmacological point of view, by applying a wide range
of computational approaches to comprehend how to design cardiac
myosin’s allosteric activators, as well as to perform a virtual high
throughput screening (vHTS) on myosinVI. Finally, we describe the
design of selective inhibitors for two different protein kinases (MST2

and S6) performed in collaboration with the group of Dr. Mobian
and Dr. Gaiddon. This collaboration culminated in the selection of
peculiar compounds generated by coordination chemistry, that have
been experimentally tested.
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R É S U M É D É TA I L L É

introduction

Myosines: structure

Les myosines sont des protéines cytoplasmiques, isolées pour la
première fois en 1864 par le physiologiste Wilhelm Kühne (Kühne,
2011). Elles représentent une classe de moteurs biomoléculaires classés
comme des protéines moléculaires associées à l’actine (Howard, 1997),
puisqu’elles se déplacent sur le filament d’actine en convertissant
l’énergie chimique dérivée de l’hydrolyse de l’ATP en travail mé-
canique (Rdowicz, 2002). La superfamille des myosines compte 35

classes, basées sur l’analyse de la séquence de la partie globulaire de
la structure appelée domaine moteur (Odronitz and Kollmar, 2007).
Les myosines sont divisées en deux catégories principales : conven-
tionnelles et non conventionnelles (Batters and Veigel, 2016; Hartman
and Spudich, 2012; Thompson and Langford, 2002). Les myosines
dimériques sont classées en deux catégories : les myosines proces-
sives et les myosines non processives, en fonction de leur capacité à
empêcher le détachement simultané des deux têtes de la piste, sous
l’effet d’une charge (Howard, 1997; Lee Sweeney and Houdusse, 2004;
O’Connell et al., 2007). Les myosines processives ont une vitesse lente
de libération de l’ADP du site actif, lorsqu’elles sont liées à l’actine,
et ont des pas plus grands sur le filament (Batters and Veigel, 2016).
Cela affecte le ratio cyclique (Batters and Veigel, 2016; Lee Sweeney
and Houdusse, 2004), c’est-à-dire le temps passé par la tête du mo-
teur à peupler l’état étroitement lié à l’actine (état de génération de
force) par rapport au temps du cycle cinétique global (Batters and
Veigel, 2016; Lee Sweeney and Houdusse, 2004). Les myosines non
processives ont un ratio cyclique faible en l’absence de charge (Lee
Sweeney and Houdusse, 2004), tandis que les myosines processives
ont un ratio cyclique plus élevé pour permettre leur mouvement pro-
cessif (Rock et al., 2000). Chaque monomère de myosine présente
une chaîne lourde (MHC), contenant une partie globulaire, et deux
chaînes légères (MLC), nommées respectivement Essential et Regula-
tory light chain (ELC et RLC) (AL-Khayat, 2013). La partie globulaire
est connue sous le nom de chef de myosine ou sous-fragment 1 (S1),
ou domaine moteur ou encore tête de myosine. Il s’agit du domaine
le plus conservé de la protéine (Foth et al., 2006; Howard, 1997), car
c’est là que résident les éléments structurels et fonctionnels respons-
ables du mécanisme de génération de la force. La tête de la myosine
est reliée à la longue queue C-terminale par une région centrale en
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forme de col. Au niveau de ce col se trouvent les MLC, membres des
protéines calmoduline (CaM) et CaM-like (Heissler and Sellers, 2014),
importantes pour l’intégrité structurelle de l’enzyme (England and
Loughna, 2013; Robert-Paganin et al., 2018; Syamaladevi et al., 2012)
(voir Figure 0.1).

Figure 0.1: Esquisse de la chaîne lourde de la myosine (MHC).

Dans le HMC se trouvent le site de liaison de l’ATP et l’interface de
liaison à l’actine (England and Loughna, 2013; Robert-Paganin et al.,
2018; Syamaladevi et al., 2012), entre deux sous-domaines appelés
Upper50 (U50) et Lower50 (L50), en raison de leur dimension de 50

kDa (Figure 0.2) (Syamaladevi et al., 2012; Wulf et al., 2016). Les sous-
domaines U50 et L50 forment une fente qui est ouverte lorsque la
myosine est dans l’état de faible affinité pour l’actine et, au contraire,
est fermée lorsque la myosine est étroitement liée à l’actine (Wulf
et al., 2016). La molécule d’ATP se fixe dans le site actif de la myosine,
situé au cœur du domaine moteur, entre les sous-domaines U50 et
N-terminal (Syamaladevi et al., 2012).

Figure 0.2: Plan des principaux sous-domaines de la tête de la myosine.
Upper50 (U50) en rouge et Lower50 (L50) en vert décrivent l’interface de
liaison à l’actine (fente indiquée par une flèche noire). Entre l’U50 et le sous-
domaine N-terminal (Nter) se trouve le site actif où se fixe l’ATP (l’étoile rose).
Les sous-domaines du convertisseur et du bras de levier sont représentés
en jaune. Le convertisseur est relié au reste du domaine moteur par l’hélice
Relay (partie de L50). La rotation du convertisseur est fondamentale pour
amplifier les changements structurels dans le domaine moteur pendant le
cycle de génération de force afin d’accomplir la rotation finale du bras de
levier.

Le site actif est composé de trois boucles principales appelées com-
mutateur I (swI), boucle P et commutateur II (swII) (Syamaladevi
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et al., 2012), qui piègent le nucléotide et médient l’hydrolyse de l’ATP
(Geeves and Holmes, 1999; Mesentean et al., 2007). En particulier,
swII se ferme sur le phosphate γ et hydrolyse l’ATP en ADP · Pi
(Onishi et al., 2002). D’autres connecteurs importants dans le domaine
moteur sont l’hélice de relais (RH) et l’hélice SH1 (Cecchini et al.,
2008; Llinas et al., 2015). Ces deux éléments relient le sous-domaine
du convertisseur au reste de l’architecture (Cecchini et al., 2008). Le
convertisseur est un élément flexible du domaine moteur et sa rotation
est un mouvement clé qui affectera directement l’orientation du bras
de levier pendant le cycle (Cecchini et al., 2008).

Au centre du domaine moteur se trouvent sept feuillets β et leurs
boucles associées. Les trois derniers brins forment ce qu’on appelle
le transducteur (Figure 0.3) et jouent un rôle critique dans le contrôle
des réarrangements dans le domaine moteur (Cecchini et al., 2008).
Le transducteur subit une déformation au fur et à mesure de la pro-
gression du cycle de la myosine et on pense qu’il est le cœur de la
transduction chimio-mécanique, régulant la fermeture de la fente de
liaison à l’actine (Coureux et al., 2004; Robert-Paganin et al., 2020;
Wulf et al., 2016).

Figure 0.3: Feuillets β centraux. En gris foncé, les quatre premiers feuillets β
et en sarcelle les trois derniers qui constituent le transducteur.

Aujourd’hui, grâce à la disponibilité croissante de structures cristal-
lographique aux rayons X à haute résolution du sous-fragment-1 (S1),
nous pouvons effectuer des analyses détaillées et faire la lumière sur
la transduction chimio-mécanique dans les myosines.
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Myosinses: cycle de génération de force

L’interaction des têtes de myosine et de l’actine est un processus cy-
clique piloté par l’hydrolyse de l’ATP : (Mesentean et al., 2007). Le
processus est décrit par le cycle de Lymn-Taylor (Taylor, 1980), une
séquence d’interactions entre la myosine, l’actine et l’ATP (voir Fig-
ure 0.4). Selon le cycle de Lymn-Taylor, les têtes de myosine se lient
fortement à l’actine en l’absence de nucléotide pour ensuite se dis-
socier du filament par un mécanisme piloté par l’ATP : (Taylor, 1980).
La production efficace de travail mécanique est réglée par un système
raffiné de communication allostérique dans le domaine moteur (Cec-
chini et al., 2008; Mesentean et al., 2007). Le principal réarrangement
structurel qui se produit au cours du cycle de l’actomyosine est le
changement d’orientation du convertisseur et du bras de levier. Le
cycle de l’actomyosine est divisé en deux phases ou oscillations, nom-
mées respectivement Power-stroke et Recovery-stroke. Le power-stroke
est la phase du cycle impliquée dans le mécanisme de génération de
force, déclenchée par la fixation de la F-actine (Houdusse and Sweeney,
2016). L’étape clé du mécanisme de génération de force est la libération
de Pi (Pi release step) (Llinas et al., 2015) suivie d’un réarrangement
majeur de la position du bras de levier (Houdusse and Sweeney, 2016).
Le mouvement du bras de levier pousse la myosine vers l’avant le long
de la F-actine (Shiroguchi et al., 2011). Une fois que la Pi s’échappe
du site actif, le domaine moteur est étroitement lié à la F-actine, dans
l’état dit ADP (Houdusse and Sweeney, 2016) (voir Figure 0.4). L’état
suivant, libéré des nucléotides et présentant la plus grande affinité
pour la F-actine (De La Cruz et al., 1999), est connu sous le nom
d’état de rigueur (R) (Wulf et al., 2016). Une molécule d’ATP induit la
dissociation de la F-actine, et le moteur passe dans un état connu sous
le nom d’état de pré-récupération ou de post-rigueur (PR) (Houdusse
and Sweeney, 2016; Kühner and Fischer, 2011; Mesentean et al., 2007).
Le power-stroke se termine et le recovery-stroke commence avec la
tête de myosine dans une nouvelle position sur le filament d’actine. Le
recovery-stroke est le mouvement fondamental qui réoriente le bras
de levier dans une position amorcée, appelée position de pre-power-
stroke (PPS), lorsque la tête est détachée de l’actine et que l’ATP est lié
dans le site actif (Shiroguchi et al., 2011) (voir Figure 0.4). PPS et PR
existent en équilibre l’un avec l’autre et PPS est stabilisé par ·ADP · Pi,
produits de l’hydrolyse de l’ATP (Cecchini et al., 2008; Yu et al., 2007).
En présence d’actine il y a la transition de l’état PPS à l’état PiR (Lli-
nas et al., 2015; Wulf et al., 2016) et un nouveau power-stroke peut
commencer.

xii



Figure 0.4: Le cycle ATP-ase de la myosine. La figure est inspirée de celle
réalisée par Wulf et ses collègues dans (Wulf et al., 2016).

L’allostérie et la conception de médicaments allostériques

Les protéines allostériques, telles que les myosines, sont des molécules
dans lesquelles de petits changements structurels distaux sont ampli-
fiés en changements conformationnels et fonctionnels. Ce mécanisme
est est connu sous le nom d’allostérie et a été étudié pendant plus
de 60 ans (Bohr et al., 1904; Koshland et al., 1966; Monod et al.,
1965). Aujourd’hui, de nombreuses approches informatiques, allant
de la bioinformatique aux simulations de dynamique moléculaire
avec des techniques de échantillonnage accélérée, nous permettent de
dévoiler des perspectives mécanistiques possibles dans les processus
allostériques et la coévolution (Bolhuis et al., 2002; Clarke et al., 2016;
Cui and Karplus, 2008; Greener and Sternberg, 2018; Hilser et al., 2012;
Livesay et al., 2012). Puisque les protéines allostériques remplissent
des fonctions vitales, de la transduction de signaux, au mouvement
en passant par la régulation des enzymes et l’expression des gènes
(Tsai and Nussinov, 2014) et que leur dérégulation est associée à des
pathologies humaines graves (Huang et al., 2010; Munro et al., 2009;
Taly et al., 2009; Yang et al., 2021), elles deviennent des cibles thérapeu-
tiques fondamentales (Greener and Sternberg, 2018; Huang et al.,
2019). Le défi consiste à concevoir des modulateurs allostériques, de
petites molécules capables de se lier à un site spécifique, appelé "site
allostérique", éloigné du site orthostérique (Huang et al., 2010), afin
d’améliorer une fonction spécifique. Ces molécules garantiraient une
toxicité moindre et une grande sélectivité, en contournant les prob-
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lèmes de résistance aux médicaments, causés par les mutations du
site orthostérique (Lu et al., 2019; Wenthur et al., 2014). Pour réaliser
efficacement une campagne de découverte de nouveaux modulateurs,
on peut s’appuyer sur des prédictions in silico, qui accélèrent le pro-
cessus (Gorgulla et al., 2020; Lionta et al., 2014). L’une des approches
informatiques les plus utilisées pour cribler des chimiothèques ultra-
larges de molécules chimiques est appelée criblage virtuel à haut débit
(vHTS) (Patrick Walters and Wang, 2019). Une approche largement
utilisée dans le vHTS est la découverte de médicaments basée sur la
structure (SBDD) (Lionta et al., 2014). La SBDD repose sur l’étude des
interactions entre la cible biologique d’intérêt et les ligands afin de
comprendre la base moléculaire des interactions que l’on veut étudier
(Lionta et al., 2014). L’objectif principal du vHTS est de prédire les
affinités de liaison des ligands examinés pour la cible d’intérêt (Patrick
Walters et al., 1998) et cela peut être fait avec différents algorithmes
(Cournia et al., 2017; Li et al., 2021).

La prédiction précise des affinités de liaison dans le vHTS reste un
défi (Li et al., 2021). Figure 0.5 un aperçu du processus SBDD, depuis
les composés filtrés extraits de la chimiothèque jusqu’à la prédiction
finale du ou des résultats intéressants qui pourraient devenir des
candidats médicaments.
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Figure 0.5: Schéma de la SBDD. La procédure prévoit différentes étapes
alimentées par des méthodes de calcul. En entrée, on trouve une série de
structures chimiques 3D de composés préalablement préparés et filtrés (voir
le texte) et une structure de la protéine cible. Les ligands seront dockés
afin de générer des complexes protéine-ligand. Les affinités de liaison sont
prédites pour chaque mode de liaison retenu. Les ligands sont ensuite triés
en fonction de ces prédictions. Enfin, certaines molécules sont sélectionnées
pour l’étape suivante de la découverte de médicaments (tests in vitro et
optimisation ultérieure du candidat).

Dans cette thèse, nous allons nous concentrer à la fois sur les pro-
téines allostériques, en parlant de la myosine cardiaque et de la myo-
sine VI, et sur la SBDD que nous avons réalisée avec notre programme
interne, ChemFlow, que j’ai contribué à développer.

Pour les deux myosines, nous avons utilisé des simulations de dy-
namique moléculaire (MD) pour étudier la dynamique de la protéine
en solution dans un état spécifique du cycle de génération de force :
l’état PPS.

De plus, nous avons utilisé certaines approches computationnelles,
allant du docking moléculaire, du rescoring de l’énergie libre avec des
méthodes (MM/PB(GB)SA) aux simulations de dynamique molécu-
laire à accélération aléatoire (τRAMD) pour comprendre comment
définir les activateurs des myosines cardiaques. Nous avons égale-
ment réalisé une campagne vHTS complète sur la myosine VI afin de
trouver quelques molécules qui pourraient être des inhibiteurs dans
le PPS.
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Résultats & discussion

La myosine cardiaque β dans l’état PPS : analyse structurale et modulation
allostérique

La myosine cardiaque β est l’isoforme lente du muscle cardiaque
principalement exprimée dans le ventricule du cœur (Walklate et al.,
2021a) et impliquée dans des dysfonctionnements graves, tels que
l’insuffisance cardiaque (HF), qui constituent l’une des principales
causes de décès dans la société actuelle (Afzal, 2021; Gaziano et al.,
2010). Compte tenu de l’impact croissant des maladies cardiovascu-
laires (CVD), qui représentaient 32 % des décès dans le monde en 2019

(Benjamin et al., 2019) avec une tendance qui ne semble pas s’améliorer,
il est essentiel d’étudier des traitements innovants et sûrs. De nou-
velles voies thérapeutiques pourraient impliquer des modulateurs qui
ciblent directement la myosine cardiaque pour réguler à la hausse ou à
la baisse son activité (Hwang and Sykes, 2015), sans déclencher de mé-
canismes de signalisation de second messager qui aggravent l’état des
patients. Cette considération a renforcé notre décision d’étudier d’un
point de vue structurel et pharmacologique l’isoforme β de la myosine
cardiaque, dont la contraction est altérée dans l’HF. Notre analyse a
commencé par le choix de la structure cristallographique du β-CM
bovin en PPS (Planelles-Herrero et al., 2017). En effet, notre objectif est
de concevoir des activateurs non compétitifs de la myosine cardiaque,
capables de cibler directement le moteur, sans altérer l’homéostasie
calcique intracellulaire (Liu et al., 2015; Morgan et al., 2010). Nous
pensons que les activateurs de la myosine cardiaque accélèreraient la
transition vers l’état PPS (Liu et al., 2015; Winkelmann et al., 2015),
l’état de début du power-stroke, en déplaçant l’équilibre conforma-
tionnel vers le PPS. De cette manière, il y aura plus de têtes prêtes à
lier l’actine et à augmenter la contractilité cardiaque qui est altérée
dans l’HF (Liu et al., 2015; Planelles-Herrero et al., 2017). L’équilibre
d’hydrolyse sera donc :

M + ATP M + ADP + Pi (0.1)

où M représente la myosine et Pi le phosphate inorganique, généré
par l’hydrolyse de l’ATP.

Nous sommes partis de la structure cristallographique la plus ré-
cente et de la plus haute résolution (résolution de 2,45 Å) résolue
à ce jour pour le fragment S1 de la myosine cardiaque dans le PPS
(Planelles-Herrero et al., 2017). Le domaine moteur est résolu en
complexe avec ADP-VO4-MG2+ dans le site actif et l’activateur al-
lostérique Omecamtiv Mecarbil (OM) (Morgan et al., 2010) dans sa
poche, à l’interface entre le sous-domaine N-terminal, le transducteur,
l’hélice de relais (RH) et le convertisseur (Planelles-Herrero et al., 2017)
(Figure 0.2). Le fait que la structure soit la tête de myosine. Dans
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l’état PPS avec un activateur allostérique co-cristallisé dans sa poche,
rend cette structure initiale encore plus attrayante pour nos objectifs
pharmacologiques.

Figure 0.6: Zoom sur l’espace occupé par OM dans le β-CM bovin (code
PDB : 5N69.pdb). OM est représentée en bâtonnets et entourée de sa surface,
colorée selon la polarité des atomes. En cartoon, les sous-domaines autour
du modulateur : RH en violet ; N-terminal en bleu et convertisseur en jaune.

Modélisation de β-CM & stabilité du PPS

Dans un premier temps, nous avons modélisé la partie manquante
de la structure cristallographique afin d’obtenir une structure initiale
complète. Notre première analyse visait à étudier la stabilité de l’état
PPS dans la myosine cardiaque avec et sans le modulateur allostérique
OM. Nos analyses ont montré que notre modèle initial en absence
d’OM était très instable. Ceci a conduit à l’amélioration du modèle,
en changeant l’état de protonation de certains résidus. En particulier,
nous avons choisi un état de protonation non standard pour les résidus
de U50, swII et le sous-domaine N-terminal (voir Figure 0.7).
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Figure 0.7: Dans les sphères, les sept résidus auxquels nous avons attribué un
état de protonation non standard. En rouge saumon les résidus situés dans
l’U50 ; en magenta un résidu dans la boucle swII et en bleu deux résidus du
sous-domaine N-terminal.

Après cette modification du modèle, la structure était stable aussi
bien avec que sans OM.

Conception d’activateurs allostériques de la myosine cardiaque

Nous avons utilisé la structure PPS liée à la OM la plus représenta-
tive comme coordonnées initiales pour notre investigation, extraite
d’une simulation MD convergé de notre dernier modèle. Nous avons
choisi comme jeu de données une série d’analogues d’OM conçus
par Morgan et ses collègues, pour lesquels les activités biochimiques
sont quantifiées en AC40 (Morgan et al., 2010). Nous avons utilisé
ChemFlow pour docker ces ligands dans β-CM et pour effectuer des
simulations MD, à partir desquelles nous avons prédit les affinités
de liaison en utilisant MMGBSA. Le premier protocole utilisé n’a pas
donné les résultats escomptés, car les molécules étaient mal classées
si on les comparait à leur activité expérimentale. Nous avons alors
amélioré le protocole en changeant de programme de docking et en
générant un meilleur mode de liaison pour toutes les molécules. Nous
avons obtenu le classement souhaité des molécules (voir Figure 0.8).
Lorsque les affinités de liaison prédites ont été comparées aux activ-
ités expérimentales, nous n’avons remarqué aucune corrélation. Nous
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avons calculé le temps de résidence de chaque composé avec des sim-
ulations τ-RAMD, puis nous avons à nouveau calculé la corrélation
avec les activités expérimentales. Une fois de plus, il n’y avait pas de
corrélation, mais lorsque nous avons comparé les deux méthodologies,
elles ont partagé une corrélation intéressante de 0,58.

Figure 0.8: Classement des composés de Morgan en fonction des scores
MMGBSA. Dans le point rouge OM (∆G prédit = -60,5 kcal/mol) ; dans le
point noir A3 (∆G prédit = -43 kcal/mol) et dans le point vert A10 (∆G prédit
= -53,4 kcal/mol). L’OM est classée comme meilleur ligand selon les scores
du MMGBSA.

Transition spontanée de la Myosine VI du PPS à un autre état intermédiaire

La myosine VI est une myosine non conventionnelle et c’est la seule qui
se déplace vers l’extrémité négative du filament d’actine (Pylypenko
et al., 2011). De nombreuses caractéristiques structurelles rendent cette
protéine unique (Park et al., 2006; Pylypenko et al., 2011; Rock et al.,
2000) et nous avons décidé d’explorer la stabilité de l’état PPS qui
est un état de transition du cycle de production de la force (Blanc
et al., 2018). Nous avons commencé par modéliser la structure porcine
de la PPS (code PDB : 2v26), résolue en complexe avec ADP · VO3

4−
(Ménétrey et al., 2007). Nous avons effectué des simulations MD et
nous avons remarqué une grande instabilité du domaine moteur, en
particulier une remarquable souplesse du sous-domaine convertisseur
(Figure 0.9).
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Figure 0.9: Série temporelle sur 200 ns de la RMSD des atomes Cα du
convertisseur après alignement sur les atomes centraux du sous-domaine
Nterminal de la structure initiale. La structure initiale a une RMSD de 0,1 Å
par rapport aux coordonnées cristallographique de l’état PPS (2v26.pdb).

Le convertisseur semble tourner et se translater vers une position in-
férieure, à mi-chemin entre PR et PPS, ce qui suggère que la structure
pourrait explorer l’état précédent du cycle de l’actomyosine, appelé
état de prétransition (PTS) (Blanc et al., 2018). Après avoir suivi une
série d’observables géométriques sur la trajectoire, nous avons défini
une séquence plausible d’événements décrivant cette transition spon-
tanée que nous avons capturée avec une simulation MD classique (voir
Figure 0.10).
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Figure 0.10: Séquence possible d’événements menant à la transition vers un
état de type PTS, capturée dans 200 ns MD.

Voici également un lien pour la vidéo qui montre la séquence des
réarrangements dans la myosineVI : https://zenodo.org/record/

6907258#.YuAP8exBxH4.
Pour explorer plus en détail la stabilité du PPS dans la myosine VI,

nous avons exécuté 10 répliques de 200 ns avec des simulations MD
tout-atome et nous avons suivi les mêmes observables. Dans trois des
dix répliques, nous observons la même souplesse du convertisseur et
dans deux d’entre elles, dans lesquelles le convertisseur se déplace
vers une position plus basse, nous avons enregistré la même séquence
d’événements pour la transition que celle définie pour la première
simulation. De plus, après avoir suivi la déformation du transducteur,
qui joue un rôle central dans la transition conformationnelle de la
myosine, nous avons observé que les brins β s’éloignent d’une config-
uration PPS et préfèrent une configuration PR ou PiR. Cela suggère
que le moteur pourrait se diriger vers un état à plus faible énergie
libre, sans libération inutile de produits d’hydrolyse du site actif.
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vHTS sur Myosin VI : inhibiteurs allostériques

La myosine VI joue un rôle dans les processus d’endocytose, ainsi que
dans la préservation de la morphologie du Golgi et de l’intégrité des
stéréocils de l’oreille interne (Jung et al., 2006). Dans les cellules de
mammifères, il contrôle également l’adhérence à la jonction des cel-
lules épithéliales (Sweeney et al., 2007) et il a été démontré qu’elle est
fortement exprimée dans le noyau, modulant l’activité transcription-
nelle de l’ARN polymérase II (Vreugde et al., 2006). Chez l’homme,
la surexpression de la Myosine VI est observée dans le cancer du
sein et de la prostate de grade moyen ainsi que dans le cancer de
l’ovaire et pour ce dernier, il a également été trouvé une corrélation
avec la malignité de la maladie (Dunn et al., 2006; Hari-Gupta et al.,
2022; Makowska et al., 2015; Vreugde et al., 2006). En raison du taux
d’incidence élevé de ces cancers dans le monde, qui va continuer à
s’aggraver (Lukasiewicz et al., 2021; Rahib et al., 2021) et du manque
de traitements pour ces pathologies, la MyosineVI représente une cible
de choix dans la thérapie du cancer. Étant donné les avantages qui peu-
vent dériver du développement de nouveaux inhibiteurs allostériques
sélectifs pour cette protéine, nous avons réalisé une campagne vHTS
sur MyosinVI, en utilisant une approche basée sur la structure (SBDD)
avec notre software interne ChemFlow. Nous avons criblé environ 67

000 molécules et, à la fin, nous avons classé par ordre de priorité 8 com-
posés qui ont été achetés pour les tests in vitro. Des essais d’ATPase
sont en cours au laboratoire Sweeney, et des expériences cristallo-
graphiques au laboratoire Houdusse, afin d’obtenir un co-cristal de
Myosin VI avec un bon liant.

Protéine kinase : inhibiteurs potentiels à coordination métallique

Les protéines kinases sont des enzymes capables de médier le transfert
réversible d’un groupe phosphate à d’autres protéines (Attwood et al.,
2021). Les protéines kinases sont une cible médicamenteuse potentielle
(Parsons and Parsons, 2004) pour de petites molécules qui pourraient
agir comme des médicaments anticancéreux (Scarpi-luttenauer, 2022;
Scarpi-Luttenauer et al., 2022), puisque leur dérégulation provoque
une croissance cellulaire anormale dans certaines tumeurs (Downward,
2003; Scarpi-Luttenauer et al., 2022). Depuis le début des années 2000,
l’accent a été mis sur les complexes de coordination pour concevoir
de nouveaux inhibiteurs de protéine kinase, en imitant la structure
de l’inhibiteur fort nommé Staurosporine, qui est trop toxique et non
sélectif pour trouver une utilité comme traitement possible (Attwood
et al., 2021; Gani and Engh, 2010; Tamaoki et al., 1986).
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Conclusions générales

Nous avons exploré la transuction chimio-mécanique dans deux myosines,
en étudiant l’état PPS. Nous avons confirmé une hypothèse antérieure
de flexibilité caractéristique du convertisseur dans la MyosineVI dans
cet état (Ménétrey et al., 2005) et grâce à des simulations MD nous
avons capturé une transition spontanée du domaine moteur vers un
état intermédiaire. La myosine cardiaque semble plus stable que la
MyosinVI et cela ouvre la perspective d’une étude future visant à
comprendre si la grande flexibilité observée dans la MyosinVI est
caractéristique de toutes les myosines processives, par rapport aux
myosines non processives, comme la myosine cardiaque. Nous avons
également étudié ces protéines d’un point de vue pharmacologique.
Nous avons développé un pipeline capable de discriminer les activa-
teurs puissants de la myosine cardiaque, même s’il n’est pas encore
clair s’il peut exister une corrélation entre l’affinité et l’activité. En ce
qui concerne la MyosinVI, nous attendons les résultats de nos prédic-
tions d’inhibiteurs plausibles du moteur. En utilisant notre logiciel
interne develoe3d pour SBDD, nous avons collaboré avec le groupe
de Mobian pour discriminer de bons inhibiteurs de protéine kinase
prometteurs qui ont été développé par Scarpi et Mobian avec une
chimie de coordination.
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1
M Y O S I N S

Back in 1864 the physiologist Wilhelm Kühne first isolated a protein
from the muscle and called it "myosin" (Kühne, 2011). Since then,
several studies have been conducted to explore the mechanism of ac-
tion of these cytoplasmic proteins, classified as actin-based molecular
proteins (Howard, 1997). This classification is derived from their capa-
bility of moving across actin filament, by converting chemical energy,
derived from ATP hydrolysis, into mechanical work (Rdowicz, 2002).
The myosin superfamily counts 35 classes, based on the sequence
analysis of the globular portion of the structure, known as motor
domain (Odronitz and Kollmar, 2007). The classification in several
classes underlines how each class has evolved to be specialized in a
unique and specific cellular function (Hoklotubbe, 2018; Odronitz and
Kollmar, 2007). Myosins are defined as "conventional" or "unconven-
tional", according to which class they belong to (Brawley and Rock,
2009). In particular, the isoforms involved in muscular contraction
(myosins 2) are the conventional ones and were the first ones to be dis-
covered (Hartman and Spudich, 2012). All the non-muscular myosins
are denominated unconventional and they carry on many different
functions in cells, such as cell crawling, exo- and endocytosis, and
cell division and they could even be involved in nuclear transcription,
chromatin remodeling, and signal transduction in the inner ear, just to
mention a few (Batters and Veigel, 2016; Hartman and Spudich, 2012;
Woolner and Bement, 2009a). Myosins that exist as a dimer in the
cells are further classified into processive and non-processive motors,
respectively, according to their capability of preventing simultaneous
detachment from actin filament of both myosin heads, under loading
(Howard, 1997; Lee Sweeney and Houdusse, 2004; O’Connell et al.,
2007). Thanks to this characteristic, when one head of a processive
motor detaches from the actin, upon ATP-binding, the other head re-
mains strongly bound to the track until the detached head hydrolyses
the ATP and rebinds to a more distant site on actin (Lee Sweeney and
Houdusse, 2004). Conventional myosins fall into the classification of
non-processive motors (Greenberg et al., 2017) and this mechanochem-
ical behavior was discovered by the pioneering study of a three-bead
assay conducted in 1994 by Spudich and his team on skeletal myosin
(Finer et al., 1994). In this study, two beads were attached near the
ends of a taut filament of actin and held in an optical trap (Finer et al.,
1994). This assembling was then lowered on a surface with a third
bead coated with skeletal myosin heads and attached to a microscope
(Finer et al., 1994). Once myosin has bound F-actin, the beads were dis-
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placed and a single step movement along the filament could have been
observed before detachment (Finer et al., 1994; Greenberg et al., 2017).
The processivity of unconventional myosins, such as Myosin V (Rief et
al., 2000), VI (Altman et al., 2004) and X (Takagi et al., 2014), has been
demonstrated in the same manner. Processive myosins share a slow
ADP release from the active site, when bound to actin, and are capable
of larger steps on the filament (Batters and Veigel, 2016). The ratio
of ADP release from the active site affects the duty ratio of myosins
(Batters and Veigel, 2016; Lee Sweeney and Houdusse, 2004). The
duty ratio indicates the time spent by the motor head populating the
state tightly bound to actin (force generation state), compared to the
overall kinetic cycle time (Batters and Veigel, 2016; Lee Sweeney and
Houdusse, 2004). Non-processive myosins have low duty ratio in ab-
sence of load (Lee Sweeney and Houdusse, 2004), whereas processive
myosins have a higher duty ratio, to tune their processive movement
(Rock et al., 2000). The directionality of myosins on actin is strictly
connected to the functions they carry in the cells (Cramer, 2000). For
instance, plus-end-directed myosins are involved in the trafficking of
vesicles towards the plasma membrane, as well as the transportation
of cargoes towards the cell surface (Cramer, 2000). On the other hand,
minus-end-directed myosins are involved in endocytosis and move-
ment of cargo towards the interior of the cell (Cramer, 2000; O’Connell
et al., 2007). Within the characterized processive myosins, Myosin VI
was thought to be the only one able to move towards the minus end of
the polarized filament of actin, both in monomeric and dimeric form
(Schliwa, 1999; Wells et al., 1999). Instead, the same reverse movement
is shared by another processive myosin, named Myosin IXb (Myo9b)
(Inoue et al., 2002). This finding disputes the idea that the reverse
directionality of Myosin VI is regulated by a unique sequence located
at the level of the neck region of its heavy chain (Park et al., 2006; Wells
et al., 1999). It opens the debate about the possibility that there may
be other minus-end-directed myosins, for which directionality is not
driven by the presence of a unique insert between the motor domain
and the neck region, but rather by elements in the core of the motor
domain (Homma et al., 2001). The exact definition of the structural
elements involved in the determination of reverse movement is not
yet clarified and requires further investigations (Homma et al., 2001;
Inoue et al., 2002).

1.1 myosins’ architecture : a schematic view

Despite their ample classification, all myosins share the same struc-
tural organization. The dimers look symmetric and each monomer
is composed of one heavy chain (MHC) and two light chains (MLC),
named Essential and Regulatory light chain (ELC and RLC), respec-
tively (AL-Khayat, 2013). The MHC weights around 223 kDa (Jin et al.,
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2017) and presents a globular head and a long tail of variable length
(Syamaladevi et al., 2012) (Figure 1.1). The globular portion is known
as Subfragment-1 (S1) and includes an MHC folded with two MLCs
(England and Loughna, 2013). In S1 there is the motor domain, also
known as myosin head, which is the most conserved domain of the
protein (Foth et al., 2006; Howard, 1997). Myosin head is connected
to the long C-terminal tail with a central neck region, that constitutes
the regulatory domain (England and Loughna, 2013). At the level
of this neck region, indeed, are wrapped the MLCs, members of the
calmodulin (CaM) and CaM-like proteins (England and Loughna,
2013; Heissler and Sellers, 2014).

Figure 1.1: Sketch of the Myosin Heavy Chain (MHC).

In the MHC reside the ATP binding sites and the actin-binding
interface (England and Loughna, 2013; Syamaladevi et al., 2012). In
particular, the actin-binding region is found between two subdomains
named, respectively, Upper50 (U50) and Lower50 (L50), due to their
dimension of 50 kDa (Figure 1.2) (Syamaladevi et al., 2012; Wulf et al.,
2016). U50 and L50 form a cleft that is open when the myosin is in
the weak affinity state for actin and, instead, is closed when myosin
is tightly bound to actin (Wulf et al., 2016). The change in the affinity
for actin and, accordingly, the movement of myosin on its track, is
powered by actin itself and by the cyclic binding of ATP, the substrate
of myosin (Llinas et al., 2015; Wulf et al., 2016). Actin serves as ATP-ase
activator, promoting the release of ATP hydrolysis products (Llinas
et al., 2015; Wulf et al., 2016). The molecule of ATP binds in the active
site of myosin, located in the core of the motor domain, between the
U50 and N-terminal subdomains (Syamaladevi et al., 2012).

1.2 a detailed gaze on the motor domain

The motor domain is the most conserved portion in all myosins since
here reside the structural and functional elements, responsible for
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Figure 1.2: Blueprint of the main subdomains of the myosin head. Between
Upper50 (U50), in red, and Lower50 (L50), in green, there is the actin-binding
interface (cleft). Between the U50 and the N-terminal subdomain (Nter),
instead, there is the active site where ATP binds (pink star). Converter and
lever arm subdomains are depicted in yellow. The converter is linked to the
rest of the motor domain with the Relay helix (part of L50). The rotation of
the converter is fundamental for amplifying structural changes in the motor
domain during the force generation cycle to accomplish the final rotation of
the lever arm.

force generation mechanism (Howard, 1997).
Nowadays, thanks to the ever-growing availability of high-resolution
X-ray structures of the subfragment-1 (S1) we can perform detailed
analyses and shed light on the chemo-mechanical transduction in
myosins. In Figure 1.3 a cartoon representation of the motor domain
in bovine cardiac myosin (PDB code: 5N69) (Planelles-Herrero et
al., 2017). U50 and L50 subdomains are linked by several loops and
describe a wide cleft whose opening changes according to the step of
the cycle in which the molecular motor is (Llinas et al., 2015; Wulf et al.,
2016) (see Section 1.3). The nucleotide binding pocket (active site) is
located at the interface between U50, N-terminal and L50 subdomains
(Cecchini et al., 2008).
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Figure 1.3: Cartoon representation of the motor domain in cardiac myosin
(PDB code: 5N69 (Planelles-Herrero et al., 2017)). The main four subdomains
are represented as follows: U50 in red; L50 in green; N-terminal in blue, the
converter and the lever arm in yellow. Between the U50 and the N-terminal
subdomain (Nter), there is the active site in which ADP-Vanadate (VO4) is
depicted as a pink surface. In purple the Relay helix (RH), which is part of the
L50 subdomain, and in grey SH1 helix that connects the converter subdomain
to the N-terminal one. In rainbow, the allosteric activator Omecamtiv mecarbil
(Morgan et al., 2010) bound at the interface between RH, Converter, and
N-terminal subdomains (Planelles-Herrero et al., 2017).

The active site is composed of three main loops named switch I (swI),
P-loop, and switch II (swII) (Syamaladevi et al., 2012) (see Figure 1.4),
which trap the nucleotide and mediate the ATP-hydrolysis (Geeves
and Holmes, 1999; Mesentean et al., 2007). In particular, swII closes
on the γ phosphate and hydrolyzes the ATP in ADP · Pi (Onishi et al.,
2002). Other important connectors in the motor domain are the Relay
helix (RH) and the SH1 helix (Cecchini et al., 2008; Llinas et al., 2015).
These two elements are linking the converter subdomain to the rest of
the architecture (Figure 1.3) (Cecchini et al., 2008). The converter is a
flexible element of the motor domain and its rotation is a key motion
that will directly affect the orientation of the lever arm during the
cycle (Cecchini et al., 2008).
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Figure 1.4: Zoom on the active site. In pink sticks the ADP-VO4 and their
surfaces. The green sphere represents the Magnesium ion (MG) and the
arrows point to the three connectors that facilitate the rearrangements of the
subdomains: switch I (swI), P-loop, and switch II (swII).

Thanks to the rotation of the converter subdomain, small structural
changes at the level of the active site are communicated and ampli-
fied, through a refined mechanism, that culminates in the rotation
of the lever arm (Cecchini et al., 2008; Mesentean et al., 2007; Park
et al., 2006). The lever arm is a long α-helix portion of variable length,
attached to the converter subdomain (Figure 1.2). It consists of differ-
ent calmodulin (CaM) and calmodulin-like (CaM-like) binding sites
named IQ motifs (Ménétrey et al., 2012; Park et al., 2006; Warshaw,
2004). If we explore the core part of the motor domain, we find a
region constituted of seven β-sheets and their associated loops. The
last three strands shape the so-called transducer (Figure 1.5) and play
a critical role in controlling the rearrangements in the motor domain
(Cecchini et al., 2008). In particular, the transducer undergoes a distor-
tion as the myosin cycle progresses and it is thought to be the heart
of the chemomechanical transduction, regulating the closure of the
actin-binding cleft (Coureux et al., 2004; Robert-Paganin et al., 2020;
Wulf et al., 2016).
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Figure 1.5: Central β-sheets. In dark grey, the first four β sheets, and in teal
the last three constitute the transducer.

1.3 force generation cycle in myosin

How does myosin move on the actin filament? According to the
most widely held theory, known as swinging lever-arm hypothesis and
elaborated by Holmes in 1997, myosin can convert ATP-hydrolysis
into mechanical work due to the swing of the lever arm (Holmes,
1997). This hypothesis is still considered the dominant principle of
the process of myosin movement. It has been derived from the study
of a structure (1MYS.pdb) of the S1 fragment, with the hydrolysis
products trapped in the active site (Holmes, 1997). This structure had
a different position of the tail (the lever arm) concerning previous
existing X-ray structures (Holmes, 1997). Holmes realized that the tail
is the movable portion of the myosin head, able to rotate around a
fulcrum close to the SH1 helix (Holmes, 1997). The rotation of the lever
arm, towards a cocked position, is driven by the binding of ATP and
its subsequent hydrolysis in ADP · Pi (Holmes, 1997). The following
release of hydrolysis products, tuned by actin, is coupled to structural
rearrangements in the active site that are then amplified and revealed
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in the large swinging of the lever arm (Holmes, 1997; Wulf et al., 2016).
The final rotation of the lever arm occurs to optimize strain-dependent
ADP release (Sweeney and Houdusse, 2010).

1.3.1 Power-stroke & Recovery-stroke

The interaction of myosin heads and actin is a cyclic process driven
by ATP hydrolysis (Mesentean et al., 2007). The process is described
by the Lymn-Taylor cycle (Taylor, 1980), a sequence of interactions
between myosin, actin, and ATP (see Figure 1.6). According to the
Lymn-Taylor cycle, myosin heads strongly bind to actin in absence
of nucleotide to then dissociate from the track with an ATP-driven
mechanism (Taylor, 1980). The chemomechanical cycle encompasses
the coupling of small changes at the level of the active site, with
large structural changes in the actin-binding interface and converter-
lever arm subdomain (Mesentean et al., 2007; Wulf et al., 2016) (see
Figure 1.6). The efficient production of mechanical work is tuned by
a refined system of allosteric communication in the motor domain
(Cecchini et al., 2008; Mesentean et al., 2007). The major structural
rearrangement that occurs during the actomyosin cycle is the change in
the orientation of the converter and lever arm (Mesentean et al., 2007).
The rotation of the lever arm has different amplitudes for various
myosin isoforms, to control their step-size (Köhler et al., 2003). For
example, in class II myosins, the rotation is of around 60o (Mesentean
et al., 2007), in Myosin I of around 90o (Köhler et al., 2003), and Myosin
VI of 180o (Reifenberger et al., 2009). The actomyosin cycle is divided
into two phases or swings, named, respectively, Power-stroke and
Recovery-stroke.

1.3.1.1 Power-stroke

The power stroke is the phase of the cycle implied in the force genera-
tion mechanism, triggered by F-actin binding (Houdusse and Sweeney,
2016). The consensus states that the power stroke begins when actin
catalyzes and controls the sequential release of Pi and ADP − MG2+

from the active site (Houdusse and Sweeney, 2016; Llinas et al., 2015)
(see Figure 1.6). The movement and the force are generated as a conse-
quence of this release, coupled to conformational changes in the motor
domain (Houdusse and Sweeney, 2016; Llinas et al., 2015). The key
step for the force generation mechanism is the release of Pi (Pi release
step) (Llinas et al., 2015), followed by a major rearrangement in the po-
sition of the lever arm (Houdusse and Sweeney, 2016). The motion of
the lever arm prompts myosin forward along F-actin (Shiroguchi et al.,
2011). The exact sequence of events, from the Pi released to the move-
ment of the lever arm, remains controversial (Houdusse and Sweeney,
2016; Moretto et al., 2022). Is it the release of inorganic phosphate that
triggers the power stroke or the main structural changes that occur
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during the force generation that gates the release of Pi? Very recently
Moretto et al proposed a "multistep Pi release" hypothesis (Moretto
et al., 2022). According to their study, Pi may bind various sites, out-
side the active site, in the release tunnel (namely back door) (Llinas
et al., 2015; Moretto et al., 2022). Llinas et al proposed this tunnel as a
possible site in Myosin VI where the inorganic phosphate could move
before escaping (Llinas et al., 2015). Moretto and co-workers found
the same evidence in myosin II, where plausible multiple binding
sites for Pi are proposed (Moretto et al., 2022). Their findings would
corroborate the hypothesis that Pi release precedes and causes the
power-stroke (Moretto et al., 2022). Once the Pi escapes from the active
site, the motor domain is tightly bound to F-actin, in the so-called
ADP-state (Houdusse and Sweeney, 2016) (see Figure 1.6). In this step,
the cleft closes to form a strong actin-myosin interface (Wulf et al.,
2016). The closure of the cleft is mediated by an intense distortion of
the transducer, whose β-strands twist (Wulf et al., 2016). The twisting
of the β-strands triggers some movements of the U50 and N-terminal
subdomain, tuning the release of the nucleotide (Wulf et al., 2016).
The duration of the ADP-state varies among different myosins (Wulf
et al., 2016). Myosins with high duty ratio exhibit longer ADP-state,
respect myosins with lower duty ratio (Wulf et al., 2016). The following
nucleotide-free state, with the highest affinity for F-actin (De La Cruz
et al., 1999), is known as Rigor state (R) (Wulf et al., 2016) 1. Myosin’s
head remains tightly bound to actin until a molecule of ATP induces
the opening of the cleft and the detachment of the head from the
track (Houdusse and Sweeney, 2016; Kühner and Fischer, 2011). Once
the head, upon ATP binding, dissociates from F-actin, it populates
a state is known as pre-recovery state or Post-rigor (PR) (Houdusse
and Sweeney, 2016; Kühner and Fischer, 2011; Mesentean et al., 2007).
The power-stroke ends and the recovery-stroke starts, with the myosin
head in a new position along the actin filament.

1.3.1.2 Recovery-stroke

The recovery-stroke is the fundamental motion that re-orients the
lever arm in a primed position, known as the pre-power-stroke (PPS)
position when the head is detached from actin and ATP is bound
in the active site (Shiroguchi et al., 2011) (see Figure 1.6). The lever
arm occupies a primed position in all myosins in PPS, while the exact
orientation of the converter varies among the various isoforms (Wulf
et al., 2016). During the recovery stroke, structural changes in the
active site promote the hydrolysis of ATP in ADP · Pi (Fischer et al.,
2005). The hydrolysis products are trapped in the active site and the

1 Small curiosity: from this state it derives the name of rigor mortis state, describing the
stiffening in a dead body. In particular, depletion of ATP in the cells causes myosin to
remain tightly bound to actin, keeping the muscles in a contracted state (Kühner and
Fischer, 2011)
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motor domain populates the PPS state (Houdusse and Sweeney, 2016).
PPS and PR exist in equilibrium with each other and PPS is stabilized
by ·ADP · Pi (Cecchini et al., 2008; Yu et al., 2007). PPS is not a force
generation state of the chemomechanical cycle, since the actin-binding
cleft is open and the motor unbound from actin (Houdusse, 2020;
Wulf et al., 2016). In presence of actin, the stereo-specificity of the
actin-binding interface changes, triggering the transition from PPS
to PiR state (Llinas et al., 2015; Wulf et al., 2016). In this stage, the
cleft is still open and minor re-orientations of the converter-lever arm
are observed (Llinas et al., 2015). Switch II opens the escape route
for the phosphate (Llinas et al., 2015) and hydrophobic residues of
the helix-loop-helix (the actin-binding region) in the L50 subdomain
re-orient, driven by actin, to favor stereo-specific interactions with the
filament (Llinas et al., 2015). The motor domain is in PiR and now
another power-stroke swing can begin.

Figure 1.6: The ATP-ase cycle in myosin. The figure is inspired by the one
produced by Wulf and co-workers in (Wulf et al., 2016).



2
A L L O S T E R I S M

What is "protein allostery"? The term "allosteric" was used for the first
time in 1961 by Jacques Monod and François Jacob (MONOD and
JACOB, 1961) to describe the mechanism of action of a molecule that
was not "a steric analog of the substrate" (Liu and Nussinov, 2016).
This assertion describes a molecule that can modulate the activity
of a protein after binding to a different site of regulation, to one of
the substrates. This binding leads to some consequential conforma-
tional changes in the protein, that propagate and transmit a specific
signal. Even if the term "allosterism" first appeared in 1961, the phe-
nomenon had already been addressed in the early twentieth century
by Christian Bohr, when he was intent on explaining the modula-
tion by carbon dioxide on the binding of oxygen to the hemoglobin
(Bohr et al., 1904). Since then, the investigation of the phenomenon of
enzyme regulation at distant sites, for the active site, as well as the
description of the conformational changes in allosteric proteins, have
continued unabated. Different theories have been developed over the
years, notably the Monod-Wyman-Changeux (MWC) model (Monod
et al., 1965) as well as the Koshland-Nemethy-Filmer (KNF) model
(Koshland et al., 1966). These two models are considered the classical
mechanisms to explain conformational changes in allosteric proteins
(Cui and Karplus, 2008). Both have been developed by studying the
quaternary protein hemoglobin (Hb) (Koshland et al., 1966; Monod
et al., 1965). According to the MWC model, also known as the "con-
certed" model, the Hb exists in two interconvertible states: Tense (T)
and Relax (R), respectively deoxy-Hb and oxy-Hb (Monod et al., 1965).
The two conformational states are two fully-symmetric quaternary
structures in equilibrium with each other and with different affinities
for the substrate (S) (see Figure 2.1) (Monod et al., 1965). We assume
that T (represented as squares in Figure 2.1) is the state with low
affinity for S and R (depicted as circles in Figure 2.1) the one with
high affinity for S. According to this symmetric model, there are no
intermediate states between T and R, meaning that the four subunits
exist only either in T or R conformation and not in a melange of the
two.

The homotetrameric protein can bind from zero to 4 molecules of
the substrate and, when the substrate binds, it shifts the equilibrium
towards the R state, favorable to the binding and for which the ligand
shows higher affinity. In the unbound state the protein exists predomi-
nantly in the T conformation, as well as when just one molecule of S is
bound. Things start changing when more molecules of S are binding

11



12 allosterism

Figure 2.1: State T and R of hemoglobin, at equilibrium, when no substrate
is bound

to the enzyme. When three or four molecules of S bind to the protein,
the equilibrium is shifted towards the R state.

Since the system exists in these two states, T and R, we can define
the dissociation constants for each of them, as KT and KR, respectively.
In particular, we can define:

KT =
[T] · [S]
[TS]

(2.1)

KR =
[R] · [S]
[RS]

, (2.2)

with [T], [R], and [S] being the concentrations of the unbound
species of the system and [TS] and [RS] the concentrations of the
bound state both for T and R subunits.

To better understand how the cooperative model works, we can
use some equations developed by Monod, Wyman, and Changeux
(MONOD and JACOB, 1961; Monod et al., 1965). When the two states
are at equilibrium, T ⇀↽ R and the equilibrium constant of the system
(K) is

K =
[T]
[R]

(2.3)

The expression Equation 2.3 represents the fraction of the proteins
in the T state over the R state, in the absence of S. The ligand starts
binding to the proteins and, as the concentration of ligand molecules
increases, the equilibrium constant is modified by a factor "c", propor-
tional to the affinity of the substrate for the R state :

c =
KR

KT
(2.4)



allosterism 13

The MWC model can be represented by a sigmoidal curve (Monod et
al., 1965), because changes in ligand concentration lead to a significant
increase of protein in R conformation (see Figure 2.2), indicating a
transition from the low-affinity state (T) to the high-affinity state (R).

Figure 2.2: Sigmoidal curve of adaptive response in MWC model

Contrary to the "concerted" model of MWC, in which the confor-
mational changes in the whole enzyme occur all at the same moment,
in the second most widely recognized model, named KNF, they pro-
posed a sequential mechanism (Koshland et al., 1966). According to
this mechanism, the subunits of the protein depend on each other.
Each binding event of the substrate to a subunit will correspond to
a modification in the adjacent binding site, resulting in a change of
affinity of this next subunit (Koshland et al., 1966). The conformational
change in one subunit, upon ligand binding, seems to thermodynami-
cally favor the switch to the high-affinity state, in the adjacent binding
site. The main differences between the MWC and KNF models reside
in the conception of the independence of the subunits of a multimeric
protein, or their interdependence during their conformational change
upon binding of the substrate and in the concept of the pre-existence
at equilibrium, even in the absence of ligand, of both T and R form.
We can summarize this last concept with the description of the KNF
model as induce-fit theory, according to which the active form of the
protein is reached only after binding of the ligand, and through an
asymmetric process (Koshland et al., 1966). In Figure 2.3 a schematic
representation of the KNF mechanism.
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Figure 2.3: Schematic representation of the KNF model. The orange arrows
indicate the conformational change induced in the adjacent binding site after
binding of the substrate (S).

The MWC model is a probabilistic model, unlike the KNF which
is more of a mechanistic model. Despite the mathematical accuracy
of these two models, they appear to be too limiting in describing a
complex mechanism such as allosteric regulation, if taken individually
(Cui and Karplus, 2008). Furthermore, these two models describe the
sequence of possible conformational changes in the protein following
the binding of its substrate, but they do not outline how an allosteric
modulator acts on the protein, by binding an allosteric site (Cui and
Karplus, 2008). To cope with this, other theories have been developed
in more recent years thanks to the advent of structural, thermody-
namic, and kinetic studies (Cui and Karplus, 2008; Gunasekaran et al.,
2004).

2.0.1 Hint to a few of novel computational methods & application in
protein allostery

Nowadays, we can merge the theory behind the MWC and KNF model
to fine-tune a more complete and unified perspective on allosterism,
making also use of state-of-the-art techniques, such as computational
and bioinformatics approaches (Cui and Karplus, 2008). Thanks to
these advances, we dispose of a broader knowledge of protein se-
quences data and availability of computational resources, that were
unimaginable at the time of MWV and KNF and that facilitated the
development of new theories such as the Ensemble Allosteric Model
(EAM) (Hilser et al., 2012). The EAM tries to combine the ensemble
nature of the allosteric process and the structural information that
can describe it, by taking into account both the thermodynamic of the
protein and the propagation of energy changes in the structure itself
(Hilser et al., 2012). According to the EAM, allostery is an ensemble
of protein conformations with their intrinsic stability and framework
of interactions among the different substructures (Hilser et al., 2012).
One refers to structure-based allosterism to indicate a shift in the
occupancy of conformations due to a perturbation, at any site of the
protein, caused by the binding of a ligand, whether orthosteric or
allosteric, as well as by a change in the protonation or interaction with
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another protein (Greener and Sternberg, 2018; Wodak et al., 2019). The
perturbation propagates in the structure of the protein in a wave-like
manner, affecting the interactions of the various domains (Greener
and Sternberg, 2018; Hilser et al., 2012). The effects are evident both
in changes in binding affinities and in the free energy landscape of
the conformational equilibria of the different structures (Hilser et al.,
2012; Wodak et al., 2019). A method that allows one to move along
the energy landscape, through different trajectories, to define the
shortest transition path of the system, was developed by Bolhuis and
co-workers and is known as transition path algorithm (TPS) (Bolhuis
et al., 2002; Dellago et al., 1998). Alongside this method, there is the
cheaper, in terms of computational cost, but also more approximate
one, named self-consistent path sampling (SCPS) (Orioli et al., 2017).
Other sampling methods employ non-equilibrium molecular dynamics
simulations to derive a time-dependent representation of the transition
(Stock and Hamm, 2018). Bahar et al proposed elastic network models
(ENMs) to sample conformational ensemble near the native minimum
energy state, generated by thermal fluctuations of the system (Bahar,
2010; Wodak et al., 2019). These are only a few of the modern computa-
tional approaches used to tackle structure-based allosterism (Greener
and Sternberg, 2018; Wodak et al., 2019). Another branch of computer
science that proves extremely useful is bioinformatics, coupled with
next-generation sequencing technique (Clarke et al., 2016; Wodak et al.,
2019). Bioinformatics approaches allow us to analyze the pattern of
conserved sequence, which could unveil possible mechanistic insights
into allosteric processes and co-evolution, as well as allosteric hot-
spots (Clarke et al., 2016; Dima, 2006; Livesay et al., 2012; Wodak et al.,
2019).

2.1 allosteric drug design

Why is allosterism important? Allosterism is important because it is
strictly connected to the concept of life. Allosteric proteins fulfill vital
functions, from signal transduction to motion, to enzyme regulation,
to gene expression (Tsai and Nussinov, 2014), to mention a few. The
importance of these proteins goes pari passu with their complexity.
Allosteric proteins are fundamental therapeutic targets, whose deregu-
lation is associated with severe human disorders, such as Alzheimer’s
disease, diabetes, myopathies, and inflammation (Huang et al., 2010;
Munro et al., 2009; Taly et al., 2009; Yang et al., 2021). It, therefore,
becomes critical to design modulators for allosteric protein (Greener
and Sternberg, 2018; Huang et al., 2019). As previously mentioned,
allosteric modulators are small molecules able to bind to a specific site,
named "allosteric site", distant from the orthosteric one (Huang et al.,
2010). This event of binding leads to conformational changes through
the protein, which propagate and introduce structural changes in the
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orthosteric site (Huang et al., 2010). The etymology of the adjectives
allosteric and orthosteric also denotes the ability of the molecule to
specifically bind a different or the same binding site as the endoge-
nous or exogenous elements. From the Greek, indeed, “αλλoς” (allos)
means "another", and “oρθoς” (orthós) stands for "correct".

Thence, the main difference between orthosteric and allosteric lig-
ands is that the allosteric modulators are non-competitive binders,
unlike the orthosteric ones, which are competitive binders since they
bind the same site as the endogenous (or exogenous) molecules. This
characteristic makes allosteric modulators appealing in the drug dis-
covery field because they would cooperate (positively or negatively)
with orthosteric ligands, ensuring less toxicity and high selectivity,
given that the allosteric binding site is less conserved than the or-
thosteric one in homologous proteins, because of lower evolutionary
pressure (Lu et al., 2019; Wenthur et al., 2014). Moreover, allosteric
modulators would by-pass drug resistance caused by mutations in
the orthosteric site; would sharpen the modulation of a specific pro-
tein conformation and bind "undruggable" targets (Chatzigoulas and
Cournia, 2021; Lu et al., 2019). Nevertheless, allosteric drug discovery
faces some disadvantages, indeed the mechanism of regulation and
the interactions in allosteric modulation are often not completely un-
derstood (Greener and Sternberg, 2018; Huang et al., 2010). Additional
challenges in allosteric drug discovery are the recognition of plausible
allosteric pockets, which, as mentioned before, are not evolutionary
conserved, and the identification of binders with acceptable bind-
ing affinity and activity (Chatzigoulas and Cournia, 2021; Lu et al.,
2019). To cope with these problems, one can combine computational
predictions and experimental validations. Computational approaches
range from allosteric site prediction, with specific tools, like AlloPred
(Greener and Sternberg, 2015) or AlloDriver (Song et al., 2019) and
databases, such as AlloSteric Database (ASD) (Huang et al., 2011)
and ASBench (Huang et al., 2015), to enhance sampling algorithms in
molecular dynamic (MD) simulations to analyze hidden pockets in
protein structures (Chatzigoulas and Cournia, 2021). The exploitation
of computational methods is made possible due to the vast amount
of available structural data, obtained by X-ray crystallography, NMR
spectroscopy, and cryo-EM of protein-allosteric modulator complexes
(Lu et al., 2019). If on one hand, computational approaches accelerate
the drug discovery process, allowing the analysis of big data, on the
other hand, experimental validation is of paramount relevance. In
light of these observations, it is of great importance to pursue the
development of novel techniques and to refine existing ones, so that
the field of allosteric drug design can progress both efficiently and
rationally.
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2.2 structure-based virtual screening (sbvs)

Computational, or in silico, predictions expedite the drug discovery
process, facing the dilemma of medicinal chemists in selecting the
compounds to test or to synthesize, given the incredible amount of
compounds that populate large chemical libraries (Gorgulla et al.,
2020; Lionta et al., 2014; Patrick Walters and Wang, 2019). The process
that allows computational chemists to search for drug-like molecules
is known as Virtual Screening (VS) (Patrick Walters et al., 1998). VS
already exists for about 20 years, but is a technique in continuous
evolution (Patrick Walters and Wang, 2019). Suffice it to know that
in the last years they have been able to virtually screen very large
databases of compounds (millions to billions of chemicals), speaking
now of virtual High Throughput Screening (vHTS) (Patrick Walters
and Wang, 2019). vHTS became a decisive step in drug discovery
to identify initial hits from ultra-large chemical libraries, such as
ZINC or Enamine databases (Bender et al., 2021; Gentile et al., 2022).
ZINC database comprises more than 1 billion molecules (Irwin et al.,
2020), whereas the Enamine REAL database (https://enamine.net/
compound-collections/real-compounds/real-database) around 4.5
billion make-on-demand compounds. Furthermore, nowadays one
has at one’s disposal computational resources that make vHTS pro-
cesses faster: Central Processing Unit (CPU) and Graphical Processing
Unit (GPU) clusters or clouds (Perez-Sanchez and Wenzel, 2010; Va-
mathevan et al., 2019). These computational resources have marked
the breakthrough of this branch of science. Thanks to vHTS one can
identify the most promising hit in a relatively short amount of time,
reducing the number of compounds to synthesize or acquire for the
following in vitro testing (Bender et al., 2021; Lionta et al., 2014; Neves
et al., 2018; Patrick Walters et al., 1998). Time and money saved during
a drug discovery campaign are non-negligible aspects. Hence, the
ever-increasing importance and exploitation of vHTS in the early stage
of drug discovery. A wide approach used in vHTS is structure-based
drug discovery (SBDD) (Lionta et al., 2014). SBDD relies on the study
of interactions between the biological target of interest and the pu-
tative ligands, to understand the molecular basis of the dysfunction
one wants to investigate (Lionta et al., 2014). By analyzing the 3D
structure of the protein of interest and the interactions involved in
protein-ligand binding, it becomes possible to conduct rational SBDD
(Lionta et al., 2014). But what does vHTS aim at? The main purpose of
vHTS is to predict, in silico, the binding affinity of small molecules for
a target protein and, then, rank the screened compounds according to
this interaction value (Patrick Walters et al., 1998). In the end, the best
ones can be selected for the in vitro testing. The process starts with the
choice of a therapeutic target and the identification of possible binding
pockets (Lionta et al., 2014). The 3D information of the proteins is of-

https://enamine.net/compound-collections/real-compounds/real-database
https://enamine.net/compound-collections/real-compounds/real-database
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ten retrieved from experimental data (X-ray crystallography or NMR),
otherwise, if this information is not available, from homology mod-
eling (Patrick Walters et al., 1998) or MD simulations, by selecting a
representative structure of the various configurations sampled (Lionta
et al., 2014). Already at this step of SBDD, some setbacks can occur:
the selection of the initial structure; it is modeling, and its druggability
(Lionta et al., 2014). Moreover, if the protein of interest is an allosteric
target, the identification of druggable pockets can be tricky i.e due to
the presence of cryptic pockets not detectable in experimental struc-
tures (Chatzigoulas and Cournia, 2021). Taking into consideration the
flexibility of the protein becomes, therefore, paramount (Chatzigoulas
and Cournia, 2021). Once the structure of the macromolecule has been
analyzed and selected, the second fundamental initial choice is to
select the chemical library to be screened (Lionta et al., 2014). This
choice is strictly related to the knowledge of the binding pocket one
wants to target, as well as to the chemical space one wants to explore.

2.2.1 Common step to many vHTS pipelines

Nowadays, there are several diverse chemical libraries, classified as
commercial or academic, as well as databases of known bio-active
molecules or previously approved drugs (Sisquellas and Cecchini,
2021). The selected compounds should be prepared for the vHTS, by
assigning proper protonation state, generating possible tautomers, as
well as determining 3D coordinates (Lionta et al., 2014; Sisquellas and
Cecchini, 2021). Before proceeding with the docking of the prepared
molecules, one should filter out compounds according to their absorp-
tion, distribution, metabolism, elimination/excretion (ADME) proper-
ties, as well as toxicity (Norinder and Bergström, 2006). Other physico-
chemical properties, that should be considered to filter molecules, are
the ones that satisfied Lipinski’s rule of five (Lipinski, 2000). Moreover,
to reduce the rate of false positives that can be prioritized is possible
to filter out Pan-assay interference compounds (PAINS) (Baell and
Holloway, 2010). All these steps can be automatized by user-friendly
tools, such as PrepFlow (Sisquellas and Cecchini, 2021), for the initial
preparation of compounds, and Knime (Berthold et al., 2007), for the
filtering. The final 3D structures are, then, ready to be used as input,
along with the structure of the protein, for the in silico prediction of
their most probable configuration in the binding site with molecular
docking (described in Section 3.1).

2.2.2 SBVS: in silico predictions

After generating virtual complexes with molecular docking, the fol-
lowing step is the prediction of protein-ligand binding affinity (Lionta
et al., 2014). In the last years several algorithms for predicting protein-
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ligand binding affinity have been developed, ranging from the more
approximate empirical scoring functions of molecular docking to the
most accurate rigorous methods, such as alchemical free energy pertur-
bation (FEP) (Cournia et al., 2017; Li et al., 2021). The computational
costs of a vHTS procedure increase simultaneously with the accuracy
of the prediction one wants to get (Li et al., 2021). It takes seconds or
minutes for the docking of a compound, rising to several hours for
each FEP calculation of docked poses that have been selected (Patrick
Walters and Wang, 2019). Limited computational resources and set-
backs in the application of more accurate methods challenge their
implementation in vHTS pipelines of ultra-large chemical databases
(Li et al., 2021; Patrick Walters and Wang, 2019). On the other hand, a
significant limitation of faster and more approximate methods, such as
molecular docking, is the prioritization of many false positive hit com-
pounds in the early stage of drug discovery (Fischer et al., 2021; Lyu
et al., 2019). Accurate prediction of binding affinities in vHTS remains
challenging (Li et al., 2021; Patrick Walters and Wang, 2019). In Fig-
ure 2.4 an outline of the SBDD process from the filtered compounds,
extracted from the chemical library to screen, to the final prediction of
hit(s) of interest that could become drug candidates. The application
of innovative methodologies that make use of artificial intelligence
(AI), in particular of its sub-fields machine learning (ML) (Walters and
Barzilay, 2021) and deep learning (DL) (Mater and Coote, 2019), seems
to be the most promising avenue in vHTS, to deal with big data and
to improve the efficiency of the process (Gentile et al., 2022; Gromski
et al., 2019; Patrick Walters and Wang, 2019; Vamathevan et al., 2019).
ML builds models, from a fraction of the available data in the chemical
space, to make predictions of binding affinities or physicochemical
properties of interest (Gromski et al., 2019). DL is a subset of machine
learning, which uses deep neural network (Gawehn et al., 2016) and
has the advantage to be able to work both with fixed, expertly crafted
descriptors and with task-specific representations (Yang et al., 2019a,b).
Because of the efficiency of ML, DL, and other chemoinformatics tools,
it is possible to explore a larger portion of the existing chemical space,
than what SBDD can do. Moreover, DL gave a second youth to de
novo drug design, which takes advantage of the nearly infinite (1060

(Reymond et al., 2010) to 10100 (Lipinski and Hopkins, 2004) possible
molecules) chemical space, to design and generate novel chemical
entities, that fall in the volume of interest only (Popova et al., 2018;
Schneider and Fechner, 2005).
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Figure 2.4: SBDD pipeline. The procedure envisages different steps, powered
by computational methods. As input, there is a series of 3D chemical struc-
tures of compounds, previously prepared and filtered (see the text), and a
3D structure of the target protein. The ligands will be docked to generate
protein-ligand complexes. Binding affinities are predicted for each retained
binding mode. The ligands are, then, sorted according to these predictions.
In the end, some molecules are selected as hit compounds for the next steps
of drug discovery (in vitro testing and further lead optimization).

The success of SBVS is of primary importance in advancing the field
of pharmacology and drug discovery, providing possible treatments
for diseases hitherto considered incurable. SBDD has undoubtedly
revolutionized the field of drug discovery, but it still faces some lim-
itations, such as the lack of initial 3D structures, now mitigated by
new tools, such as Alpha Fold (Jumper et al., 2021; Varadi et al., 2022);
the crucial choices that must be taken during the preparation steps,
as well as the impossibility of generalizing a protocol that remains
strictly system-dependent (Lionta et al., 2014).
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2.3 binding reaction of small molecules

So far we have spoken about the most recent advances in the field
of drug discovery, but let’s take a step back to better understand the
concept behind all this. The general idea is that two molecules, a
small molecule named ligand and a macromolecule named protein,
can establish attractive and repulsive interactions, generating a stable
system (Bissantz et al., 2010). These interactions can be irreversible
or reversible and, in the case of small molecules, we often refer to
reversible, or non-covalent, interactions, although covalent ligands
play an important role in pharmacology, as well (Bissantz et al., 2010;
Du et al., 2016; Singh et al., 2011). The binding of the two molecules is
characterized by high specificity between the two species (Figure 2.5 il-
lustrates the elements taking part in a reaction of binding). Henceforth
we will focus on non-covalent protein-ligand interactions, although
the same expression stands for protein-protein, protein-nucleic acids,
protein-substrates, etc.

Figure 2.5: Reaction of reversible binding between a protein (in yellow) and
a small molecule (in teal). The ligand binds the binding site of the protein
establishing non-covalent interactions, depicted with red dashed lines.

2.3.1 Kinetic constants and Free energy of binding

In this section, we will briefly describe the process of protein-ligand
association, exploring the kinetics of binding, because the drug-target
lifetime is fundamental so that the drug exerts an effect.

Let’s assume that we have a protein (P) and a ligand (L) in the
solution. The ligand binds the protein and the reaction of binding is:

P + L
kon⇀↽
ko f f

PL (2.5)

where kon and ko f f represent, respectively, the rate constant of re-
versible association and dissociation of a protein-ligand complex,
expressed in M−1 ·s−1 and s−1 (Corzo and Santamaria, 2006; Du et al.,
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2016). At equilibrium, the velocity of the forward reaction is equivalent
to the backward one (Du et al., 2016), and the binding and unbinding
reactions are balanced according to the relation:

kon[P][L] = ko f f [PL] (2.6)

The binding affinity can be expressed as Kd, equilibrium dissociation
constant:

Kd =
[P][L]
[PL]

=
ko f f

kon
(2.7)

In Equation 2.6 and Equation 2.7 [P], [L] and [PL] are, respectively,
the concentration of the protein and ligand in the unbound state and
the concentration of the protein-ligand complex. The dissociation con-
stant indicates the ligand concentration at which half of the available
protein binding sites are occupied (Pan et al., 2013; Zheng et al., 2018).

Another important measurement of binding kinetic is the residence
time (or tR), which describes the average time of binding of the ligand
to its target (Lu and Tonge, 2010; Pan et al., 2013).

tR is expressed as:

tR =
1

ko f f
(2.8)

and, unlike the equilibrium dissociation constant, it does not depend
on the concentration of the drug (Pan et al., 2013). The inverse of Kd,
named constant of binding (Kb) (Du et al., 2016) is defined as follows:

Kb =
1

Kd
(2.9)

This means that a ligand with a fast binding rate and low dissocia-
tion rate has a high binding affinity for the protein (Du et al., 2016). Kb
(in M−1) is directly correlated to the change of the standard binding
free energy between the bound and unbound state of the species in
the reaction, with the Gibbs relation:

∆Go = −RTlnKb (2.10)

In Equation 2.10 R is the universal gas constant (1.987 ·10
−3 kcal

·K−1 ·mol−1); T is the temperature expressed in Kelvin and ∆Go is the
free energy change at standard conditions, viz. pressure of 1atm, the
temperature of 298K and concentrations of the reactants 1 M. During
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a binding reaction, that does not necessarily occur at standard state
conditions, the change in Gibbs free energy (∆G) is:

∆G = ∆Go + RTlnQ (2.11)

where Q is the reaction quotient (Du et al., 2016). If Q = Kb, then
the system is at equilibrium and ∆G is zero. If, instead, Q < Kb, then
the reaction is defined as a spontaneous process (Du et al., 2016). Vice
versa the process is non-spontaneous in case Q > Kb.

As for all spontaneous processes, for the protein-ligand binding
reaction to occur, the Gibbs free energy must be negative (Du et al.,
2016) and, since the free energy is a state function, it only depends on
the initial and final state of the reaction, no matter the path connecting
these two states. This means that:

∆G = GB − GU (2.12)

where GB and GU stand, respectively, for the free energy of the
Bound and Unbound state, endpoints of the reaction of binding.

Figure 2.6 is a schematic simplification of the change in the binding
free energy, during a reversible binding reaction between a ligand and
a protein. In the figure, the intermediate state (transition state) exists
between the unbound and bound ones. The transition state represents
the configuration state with the highest free energy. Consequently, it
is the most unstable one. This intermediate state affects the rate at
which the reaction happens (Pan et al., 2013) and it is also called the
"activation state".

In a binding reaction because the reactants must be able to overcome
the energetic barrier of the activation state to form the product of the
reaction (in this case the protein-ligand complex). The smaller the
energy of activation, the faster will be the reaction.

We can, therefore, assert that thermodynamics and kinetics of bind-
ing go hand in hand: thermodynamics describes the spontaneity of
the binding process and its more general properties, while kinetics
gives us an analysis of the rate at which the reaction proceeds.
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Figure 2.6: Simplified free energy profile of a ligand (in teal) binding and
unbinding its protein target (in yellow). On the left is the minimum free
energy of the unbound state of the drug and the protein. On the right is the
minimum free energy of the bound state. The free energy of binding results
from a difference between the two minima (bound and unbound) and is
reported as ∆Go

binding. ∆G‡
on and ∆G‡

o f f are the free energy of association and
dissociation and are related to the kon and ko f f rate constants.



3
M E T H O D S

In this chapter, the reader will read about the basic theory behind the
main methodologies used in the projects of this thesis.

3.1 molecular docking

As mentioned in the previous chapter in Section 2.2, one can address
the drug discovery problem computationally to optimize predictions
of possible hits. In the early 1980s, it has been developed a tool able
to predict molecular interactions between two elements, in particular
between a macromolecule and a ligand (Kuntz et al., 1982), named
Molecular Docking (Kitchen et al., 2004). Molecular docking oversim-
plifies the complex mechanism of interaction between two molecules,
by reducing the number of degrees of freedom to be considered in
the process and by defining them as fixed (Kuntz et al., 1982). The
method requires the knowledge of the 3D structure of the elements
taking part in the binding reaction and, in the last four decades, the
number of available experimental high-resolution structures of macro-
molecules has grown in a conspicuous way (Westbrook et al., 2003).
More recently, in 2021, Jumper and co-workers developed the first
computational approach able to predict the accurate 3D structure of
proteins, using artificial intelligence (AI) (Jumper et al., 2021). This
deep learning system is named Alpha-Fold and it further predicts
the number of three-dimensional structures available for the study of
inter-molecular interactions (Jumper et al., 2021; Varadi et al., 2022).
The ever-growing number of 3D available structures is of extreme help
for molecular docking since it predicts how a small molecule (here
referred to as ligand) or a protein can bind a macromolecule, such as
a protein, DNA, or RNA, starting from their 3D information. Molec-
ular docking tries to mimic in silico the inter-molecular interactions,
returning plausible three-dimensional (3D) structures of the final com-
plex. From now on we will talk about docking between ligand and
protein, just as a matter of simplicity. The aims of molecular docking
are mostly two. First, finding the best orientation of the ligand in the
binding pocket of the targeted macromolecule, called binding mode,
and, second, quantifying how well the ligand binds its target. The
method requires a specific search algorithm able to generate multiple
binding modes of the ligand and a scoring function that evaluates
these binding poses and computes an interaction energy score for each
of them, known as docking score (Sousa et al., 2006; Tripathi and VA,
2018). Several docking algorithms have been developed, with varying
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degrees of approximation, ranging from those that treat both the lig-
and and the protein as rigid bodies to those that, instead, consider
the molecules’ flexibility (Sousa et al., 2006). Nowadays, one can also
choose different combinations and decide to treat only one of the two
molecules as flexible. According to the level of approximation chosen,
the number of degrees of freedom that the search algorithm has to
consider varies, and with it also the speed of the prediction (Leach,
2001; Sousa et al., 2006; Tripathi and VA, 2018). The most approximate
algorithms consider both the protein and the ligand as rigid bodies,
taking into account just six rotational and translational degrees of
freedom of the ligand only, without accounting for the conformational
ones (Leach, 2001; Sanchez, 2013). Once the search algorithm gener-
ates the various binding poses, these must be evaluated and ranked
according to their docking score (Sousa et al., 2006). The docking score
is assigned by a mathematical function to which we refer as a scoring
function (Bentham Science Publisher, 2006; Sousa et al., 2006).

3.1.1 Scoring functions in molecular docking

The role of the scoring function is to distinguish true active from inac-
tive compounds (Kitchen et al., 2004), as well as the correct binding
mode from all the others, despite the various approximations and sim-
plifications from which they are affected (Kitchen et al., 2004; Sousa
et al., 2006). The scoring functions can be classified as force-field-based,
empirical, and knowledge-based (Bentham Science Publisher, 2006).
The force-field (FF) based scoring functions estimate the interaction
energy between the ligand and the receptor and the internal energy
of the ligand, summing up non-bonded interactions, computed as
Van der Waals and electrostatic terms (Huang et al., 2010). A few ex-
amples of FF-based docking scoring functions are AutoDock (Morris
et al., 1991); DOCK (Meng et al., 1992) and GOLD (Jones et al., 1997).
Empirical scoring functions divide the interaction energy into several
uncorrelated terms that are weighted with specific coefficients and
then summed up (Huang et al., 2010). Among empirical scoring func-
tions are FlexX (Rarey et al., 1996); MedusaScore (Yin et al., 2008) and
Glide (Friesner et al., 2004). The knowledge-based scoring function
tries to reproduce crystal structures by analyzing interatomic contact
frequencies between the ligand and the protein, to, then, assign a
greater frequency to the more favorable interactions (Huang et al.,
2010; Kitchen et al., 2004; Sanchez, 2013). Some knowledge-based scor-
ing functions are ITScore (Huang and Zou, 2006); DrugScore (Gohlke
et al., 2000) and BLEEP (Mitchell et al., 1999).

3.1.1.1 AutoDock Vina

One of the most widely used docking programs is AutoDock Vina
(VINA)(Alhossary et al., 2015; Eberhardt et al., 2021), which employs
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an empirical scoring function (Trott and Olson, 2009). The scoring
function of VINA takes inspiration from the X-core function (Quiroga
and Villarreal, 2016; Trott and Olson, 2009; Wang et al., 2002). To
predict the binding energy (termed c in Equation 3.1.1.1), it sums the
interaction function for each pair of atoms able to move with respect
to each other. In other words:

c = ∑
i<j

ftitj(dij) (3.1)

with i and j being the atoms in the pair; t their type and fti tj the
interaction functions at the interatomic distance dij. In Equation 3.1.1.1
c is, therefore, the sum on inter- and intra-molecular contributions
(Trott and Olson, 2009):

c = cinter + cintra (3.2)

Being an empirical scoring function, VINA assigns weights to each
energetic term by linear regression (Trott and Olson, 2009). In partic-
ular, steric interactions are taken into account using three different
terms and relative weights (w1 to w3 in Equation 3.3) for attractive and
repulsive functions; hydrophobic interactions are considered if both
the atoms are hydrophobic (fourth term in Equation 3.3) and if the
pair of atoms involves a hydrogen bond acceptor and donator, then
the last term is considered with relative weight (w5 in Equation 3.3)
(Quiroga and Villarreal, 2016; Trott and Olson, 2009).

c = ∑
i<j

ftitj(dij) =



w1 ∗ Gauss1(dij)

w2 ∗ Gauss2(dij)

w3 ∗ Repulsion(dij)

w4 ∗ Hydrophobic(dij)

w5 ∗ HBonds(dij)

(3.3)

In Equation 3.3 the steric terms Gauss1 and Gauss2 are defined as
follows:

Gauss1(dij) = e−(d/0.5Å)2

Gauss2(dij) = e−((d−3Å)/2Å)2
(3.4)

The repulsion term is:

Repulsion(dij) =

d2, for d < 0

0, for d > 0
(3.5)
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The hydrophobic term corresponds to :

Hydrophobic(dij) =


1 for d ≤ p1

p2 − d for p1 > d < p2

0 for d ≥ p2

(3.6)

Finally, the HBonds term refers to :

HBonds(dij) =


1 for d ≤ h1

d
−h1

for h1 < d < 0

0 for d ≥ 0

(3.7)

The search algorithm of VINA includes different iteration levels. At
first an iterated local Monte Carlo (MC) search method generates a
random conformation of the ligand (Tang et al., 2022). This confor-
mation is then perturbed in its position, orientation, and torsion, and
the binding affinity is evaluated (Tang et al., 2022). Next, the initial
conformation is optimized with a Broyden–Fletcher–Goldfarb–Shanno
(BFGS) method (Fletcher, 2000), a quasi-Newton method, that takes
into account the gradient of the scoring function (derivatives of the
scoring function with respect to the position, orientation and torsion
of the ligand). The purpose of this extra optimization is to predict
a better binding mode with a lower score. In the end, the difference
between the docking score of the new proposed conformation and the
initial one is evaluated to conclude whether the optimized pose can
be accepted or not (Tang et al., 2022; Trott and Olson, 2009).

3.1.1.2 PLANTS (Protein-Ligand ANT System)

Another docking program is PLANTS (Protein-Ligand ANT System)
(Korb et al., 2007, 2009). PLANTS has been developed with different
empirical scoring functions to the one of AutoDock Vina: CHEMPLP
and PLP (Korb et al., 2007; Verkhivker et al., 2000). PLP stands for
Piecewise linear potential and it is used to model the steric complemen-
tarity in protein-ligand interactions (Korb et al., 2009; Verkhivker et al.,
2000). Furthermore, CHEMPLP includes terms of the GOLD Chem-
score implementation (Verdonk et al., 2003) to account for hydrogen
bonding and metal binding (Korb et al., 2009). The scoring functions
are expressed as follows:

fPLANTSPLP = fplp + fclash + ftors + csite (3.8)

and
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fPLANTSCHEMPLP = fplp + fhb + fhb−ch + fhb−CHO ++ fmet + fmet−coord+

+ fmet−ch + fmet−coord−ch ++ fclash + ftors + csite (3.9)

Equation 3.8 and Equation 3.9 were taken from the paper by Korb
et al (Korb et al., 2009). In the equations Equation 3.8 and Equation 3.9
the meaning of the common terms are as follows: fplp stands for piece-
wise linear potential function for repulsive and attractive interactions
(Korb et al., 2009); fclash represents an empirical heavy-atom potential
calculated for each pose to avoid clashes (Korb et al., 2009); ftors is
the torsional potential of all rotatable bonds in the ligand, excluding
terminal hydrogen-bond groups (Korb et al., 2009); csite is a quadratic
potential, calculated as the difference between the initial coordinate of
the ligand, if outside of the sphere defined by the search algorithm, and
the binding site radius (Korb et al., 2009). In Equation 3.9 additional
terms appear. fhb, fhb−ch + fhb−CHO are terms used to consider three
different types of hydrogen bonds (H-bonds), respectively: all types of
H-bonds between atoms that are both uncharged or of which only one
is charged; H-bonds between pair of atoms which are both charged
or H-bonds between an oxygen-acceptor group and CH-donor one
(Korb et al., 2009). The terms fmet, fmet−coord,+ fmet−chand fmet−coord−ch
are picewise linear functions that takes into account metal interactions
(Korb et al., 2009). Unlike VINA, PLANTS uses a so-called ants colony
optimization (ACO) algorithm to search for the global minimum of a
docking run. The ACO algorithm is inspired by the natural behavior
of ants, which can find the shortest path between their nest and the
source of food. While foraging, the ants release pheromones along
the path. Since on the shortest path the amount of hormones that has
been released is the highest, the insects can choose this most conve-
nient track with higher probability (Korb et al., 2007). In PLANTS the
pheromones are numbers associated with each possible random dock-
ing solution. Here we have mentioned just two, free for academics,
and docking programs, which we will also encounter again in further
sections of the manuscript. Nowadays, there are countless docking pro-
grams and a challenge for the user is also knowing which of them is
the most appropriate for his or her system. The selection is dictated by
several factors, such as whether or not one can afford to purchase the
possible required license; the level of accuracy and speed one wants
to achieve; the target of the experiment itself (to decide what kind
of scoring function will work best), etc. A reasonable choice requires
running a benchmark on the system of interest, as well as testing
several docking programs in a consensus manner, to pick the most
suitable one for the system under investigation. Molecular docking
remains one of the cheapest methods in structure-based drug design,
with performances tending to improve with the usage of single- and
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multi-GPU acceleration for large-scale virtual screening (Fan et al.,
2021; Tang et al., 2022).

3.2 molecular dynamics (md) simulations

How can we emulate the real motion of biological molecules at the
atomic level? It is possible to reproduce in silico the actual behavior of
biomolecules, whether they are proteins or small molecules or nucleic
acids, thanks to Molecular Dynamics (MD) simulations (Karplus and
Petsko, 1990). MD is an approach able to predict the state of the
system, meaning its atomic position, based on the current state, by
integrating Newton’s laws of motion (Karplus and Petsko, 1990). This
integration generates an ensemble of successive configurations of the
system, named trajectory (Leach, 2001). A trajectory defines both the
position and the velocities of the particle in the system, by solving
Newton’s second law of motion (Leach, 2001):

Fi = mi · ai (3.10)

where the force applied on the particle (Fi) is directly proportional
to the mass (mi) and the acceleration (ai) of the particle itself.

From Equation 3.2, since ai can be expressed as derivative of the
velocity (vi) with respect to the time (t):

ai =
dvi

dt
(3.11)

and, in turn, velocity can be expressed as the derivative of the atomic
position (si) with respect to time

vi =
dsi

dt
(3.12)

it becomes:

Fi = mi · ai = mi ·
d(

dsi

dt
)

dt
=

d2si(t)
dt2 (3.13)

Equation 3.13 describes the motion of a particle i with mass mi along
the dimension si(t) = (xi(t), yi(t), zi(t)) under the force Fi.

The first MD simulation of a biomolecule was performed around 25
years ago (McCammon, 1998). McCammon and co-workers simulated
the Bovine Pancreatic Trypsin Inhibitor (BPTI) in a vacuum, for only
9.2 ps (McCammon, 1998). Nowadays, we can simulate systems for
a time longer than a millisecond (Lindorff-Larsen et al., 2011) thanks
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to High-Performance Computing (HPC) resources. More recently, the
group of Amaro simulated the entire SARS-CoV-2 viral envelope
(Casalino et al., 2021) and Thornburg and co-workers simulated a 3D-
whole cell system, using a minimal bacterial cell (cell with a genome
that does not include genes which are non-essential in laboratory)
(Thornburg et al., 2022).

3.2.1 Molecular Dynamics and Monte Carlo methods

In MD successive configurations of the system are connected in time,
whereas in Monte Carlo simulations the current configuration de-
pends from the one immediately preceding (Leach, 2001). MD has
a kinetic contribution to the total energy, while in Monte Carlo ap-
proach the total energy is directly derived from the potential energy
function (Leach, 2001). The two approaches can sample different en-
sembles: microcanonical; canonical, isothermal-isobaric and grand
canonical. These ensemble describe the conditions under which the
simulation is performed. In canonical, microcanonical (or constant)
and isothermal-isobaric ensembles the number of particles of the sys-
tem (N) is constant, while in grand canonical ensemble the number
of particles can vary (Leach, 2001). MD is usually performed under
microcanonical ensemble, with constant N, volume (V) and energy
(E) of the system. Monte Carlo simulations, instead, sample in the
canonical ensemble, which means at constant N, V and Temperature
(T) (Leach, 2001).

3.2.2 Potential Energy in MD

Since MD deals with configurations of a system, it depends on the
potential energy of the system itself (U) (Karplus and Petsko, 1990). To
simulate in detail the behavior of the system, one should use quantum
mechanics, but it becomes unfeasible in terms of computational time
to compute the electronic motions of all the atoms (Leach, 2001).
In quantum-MD is, therefore, introduced an approximation named
Born-Oppenheimer, which separates the motions of electrons from
the nuclear ones, assuming that the electrons can adapt to the change
in the nuclear position, being the nuclei much heavier than electrons
(Leach, 2001). In MD atoms are, instead, defined as spheres. It follows
that the potential energy of a system in MD is calculated as a function
of the nuclear position only, by using functional forms named Force
fields.

3.2.2.1 Force-fields in molecular mechanics

A force field (ff) contains four main terms to describe intra- and
inter-molecular forces acting in the system. The first three usually
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describe the energy of bonds, angles, and torsion, denoted as bonded
interactions, and the last one refers to the non-bonded or long-range
interactions. The total potential energy of the system becomes:

U = Ubonded + Unon−bonded (3.14)

If we decompose the terms into their elements, then Equation 3.14

becomes:

U = Ubonds + Uangles + Utorsions + Uelectrostatics + UvanderWaals (3.15)

There are several force fields described in the literature, whose
complexity may change according to the nature of the systems to
treat, but, since only two force fields were explored in this thesis
project, we will describe the terms of only these two. The first one is
Assisted Model Building with Energy Refinement (AMBER) ff, whose
functional form is (Case et al., 2018):

U(rN) = ∑
bonds

kb(l − l0)2+

+ ∑
angles

kθ(θ − θ0)
2+

+ ∑
dihedrals

Vn[1 + cos(nΦ − γ)]+

+
N−1

∑
i=1

N

∑
i=i+1

fij

{
εij

[(
rij0

rij

)12
− 2
(

rij0

rij

)6
]
+

qiqj

4πε0rij

}
(3.16)

b is the bond length between two atoms that are covalently bonded;
l0, θ0 are equilibrium reference values for the length and the angle,
respectively; kb, kθ and Vn are force constant specific for each atom
type; n is the multiplicity and γ is the phase angle for the torsional
angle parameter.

In the non-bonded term, it figures the non-covalent interactions
between inter- or intra-molecular atom pairs, decomposed in van der
Waals and electrostatic contributions. The van der Waals term (the first
one of the fourth term in Equation 3.16) accounts for the Lennard-Jones
12-6 function, characterized by an attractive part that varies of r−6

ij and

a repulsive one that varies of r−12
ij .

The final contribution in Equation 3.16 is the electrostatic potential
between two atoms, defined as the sum of interactions between pairs of
point charges, as determined in Coulomb’s law. The second force field
explored in this thesis is Chemistry at Harvard Molecular Mechanics
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(CHARMM) (Best et al., 2012; Vanommeslaeghe et al., 2012). The
formalism of CHARMM is:

U = ∑
bonds

kb(l − l0)2+

+ ∑
angles

kθ(θ − θ0)
2+

+ ∑
dihedrals

kφ[1 + cos(nΦ − γ)]+

+ ∑
impropers

kω(ω − ω0)
2+

+ ∑
Urey−Bradley

ku(u − u0)
2+

+ ∑
non−bonded

ε

[(Rminij
rij

)12
− 2
(Rminij

rij

)6)]
+

qiqj

εrij

(3.17)

We can notice that there are some similarities between the formal-
ism of AMBER and CHARMM. Nevertheless, in CHARMM is made
explicit the improper dihedral angle for non-consecutive atoms (ω)
and the Urey-Bradley term assess the distance u between two atoms
separated by a third one. The kb , kθ , kω and ku are force constants
specific for each atom type.

3.2.3 Numerical integrator algorithms

In classical MD simulations, Newton’s law of motion is numerically
integrated over a finite time-step (∆t) to follow the time evolution of
the system. This is made possible by numerical integrator algorithms
(Leach, 2001). The purpose of these algorithms is to determine the
position si(t + ∆t) at time t + ∆t, knowing position s, velocity v, and
acceleration a at time t. Among them, the Verlet algorithm is one of the
most stable and widely implemented in MD codes (Verlet, 1968). It is
similar to the leap-frog integration, with the exception that velocity and
position are calculated at the same time value. The Verlet algorithm
uses the position and acceleration at time t and the position of the
previous step (t- ∆t) to compute the new position at time t+ ∆t. The
leap-frog method is based on the Taylor series expansion and it is
accurate until the fourth power of ∆t (Verlet, 1968). If we consider
the expansion to the second order of ∆t, for each particle i we have
forward in time:

si(t + ∆t) = si(t) + ∆vi(t) +
1
2

∆t2ai(t) (3.18)

and backward in time:

si(t − ∆t) = si(t)− ∆vi(t) +
1
2

∆t2ai(t) (3.19)
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Adding together Equation 3.18 and Equation 3.19 it becomes:

si(t + ∆t) = 2si(t)− si(t − ∆t) + ∆t2ai(t) (3.20)

This algorithm allows us to calculate the new (forward) position
si(t + ∆t), by knowing the actual (si(t)) and the previous ones (si(t −
∆t)).

3.2.3.1 Periodic Boundary Conditions (PBC)

Important elements in MD simulations are the Periodic Boundary
Conditions (PBC). These are a collection of boundaries chosen to
approximate an infinite system and the forces it could experience
in a real bulk fluid (Leach, 2001). PBC allows to simulate of a fairly
small number of particles to calculate the thermodynamic properties
of a system, within unit cells (Leach, 2001). Each cell, referred to as a
periodic box, is surrounded by others in all directions. This ensures
that if a particle leaves the box during the simulation, another particle
would replace it from the other side (Leach, 2001). In this way, the
number of particles of the system remains constant (Leach, 2001).

3.3 mmpb(gb)sa free energy re-scoring

Starting from classic MD simulations one can compute several proper-
ties of the system, such as free energy of binding or kinetic quantities,
which can be employed in pipelines of Computer-aided drug design
(CADD). Let’s focus for the moment on the free energy of binding.
As mentioned in Section 2.3, Equation 2.12, the free energy of binding
of a drug to its target can be estimated as the free energy difference
between the end point states of the reaction of binding (the protein-
ligand complex and the unbound states):

∆Go
b = Gcomplex − Gprotein − Gligand (3.21)

This is the theory behind two of the most popular end-point meth-
ods used in drug discovery campaigns to calculate the relative free
energies of binding: molecular mechanics Poisson Boltzmann surface
area (MM/PBSA) and molecular mechanics generalized Born surface
area (MM/GBSA) (Genheden and Ryde, 2015; Montalvo-Acosta and
Cecchini, 2016). These two end-point methods were first developed by
Kollman et., al (Srinivasan et al., 1998) and represent a compromise
between efficiency and accuracy (Montalvo-Acosta and Cecchini, 2016).
MM/PB(GB)SA method can be used to compute the average energy
of binding, over a trajectory extracted from MD simulation. Therefore,
Equation 3.21 becomes:

∆Go
b =< Gcomplex > − < Gprotein > − < Gligand > (3.22)
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Since this approach computes the solvation free energy (Rastelli et
al., 2010) on the sampling of the final states of the system, it achieves
higher accuracy with respect to the molecular docking (Montalvo-
Acosta and Cecchini, 2016), but at the same time, it does not become
as computationally expensive as the rigorous methods, such as abso-
lute binding free energy (ABFE) (Gapsys et al., 2021), for which the
simulation of the entire reaction path is needed (Montalvo-Acosta and
Cecchini, 2016). The free energy averages of Equation 3.22 are com-
puted starting by three different MD simulations, respectively for the
complex, the protein, and the ligand in solution, and this approach is
known as three average MM/PB(GB)SA (3A-MM/PB(GB)SA) (Wang
et al., 2019). A way to reduce the computational cost of the calculation
is to run one single trajectory of the complex, from which to extract
the contributions of the complex, the free protein, and the ligand un-
bound (Wang et al., 2019). This second approach is named one-average
MM/PB(GB)SA (1A-MM/PB(GB)SA) and is the most widely used
protocol (Wang et al., 2019). In the latter approach, the major approxi-
mation comes from the assumption that both protein and ligand do
not undergo conformational changes upon binding.
According to the second law of thermodynamics:

∆Go
b = ∆H − T∆S (3.23)

with H being the enthalpy of the system and S its entropy. T is the
temperature expressed in Kelvin.

The enthalpic contribution can be rewritten as follows:

∆H = ∆EMM + ∆Gsolv (3.24)

being EMM the molecular mechanical energy and ∆Gsolv the solva-
tion free energy. These terms can be further decomposed in:

∆EMM = ∆Einternal + ∆EvdW + ∆Eelec (3.25)

and

∆Gsolv = ∆Gpol + ∆Gnon−pol (3.26)

In Equation 3.25, ∆Einternal represents the intra-molecular energy, in
other words, the energy associated with bonds, angles, and torsions in
the system (Hou et al., 2011). ∆EvdW and ∆Eelec, instead, stand for van
der Waals and electrostatic interactions, respectively (Hou et al., 2011).
The solvation free energy in Equation 3.26 is decomposed in polar and
non-polar contributions (Hou et al., 2011). The polar term is obtained
either by solving the Poisson−Boltzmann equation (in MM/PBSA)
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or by considering the Generalized Born (MM/GBSA) model (Hou
et al., 2011; Onufriev et al., 2002; Rastelli et al., 2010). The non-polar
term is predicted from a linear relation to the Solvent Accessible Sur-
face Area (SASA) (Gilson et al., 1997; Wang et al., 2006). Essentially,
the polar solvation term takes into account the electrostatic interac-
tions between the solute and the solvent, whereas the non-polar free
energy is associated with the attractive and repulsive solute-solvent
interactions, as well as with the cost of creating the cavity within the
solvent for the solute (Genheden and Ryde, 2015; Izairi and Kamberaj,
2017). The main difference between MM/PBSA and MM/GBSA is that
MM/PBSA solves the differential Poisson-Boltzmann (PB) equation
to compute the electrostatic contribution to the solvation free energy,
whereas MM/GBSA applies the Generalized Born (GB) approximation
to the exact PB equation (Onufriev et al., 2002; Wojciechowski and
Lesyng, 2004). Since the differential equation of PB is rather computa-
tionally expensive to solve, the GB approximation is preferred, which,
while maintaining a certain level of accuracy, reduces the computa-
tional time required (Wang et al., 2019). Despite this difference, both
methods consider the solvent as a continuum (Montalvo-Acosta and
Cecchini, 2016), meaning that these methods are implicit solvation
approaches. In continuum solvation models the solvent is treated as a
homogeneous mean, with high dielectric constant (ε), with respect to
the solute that is embedded in a continuum with lower ε (Limongelli,
2020). By treating the solvent as a continuum and considering just the
end states of the binding reaction, the calculation speeds up.
Since end-point approaches (such as MM/PB(GB)SA) are both more
accurate than molecular docking and less computationally challenging
than rigorous methods, they are gradually playing a larger role in
drug discovery protocols to predict the binding free energies of small
molecules.

3.4 entropy correction (qhmb)

As shown in Equation 3.23, the ∆Go
b is decomposed in a term that

takes into account the conformational entropy change upon bind-
ing (T∆S). This term is often calculated by Normal Mode Analysis
(NMA) (Case, 1994) or Quasi Harmonic Analysis (QHA) (Karplus and
Kushick, 1981; Polyansky et al., 2012), that, respectively, under- or
over-estimate the entropy upon binding. Moreover, the introduction of
the entropic correction often worsens the results (Pereira and Cecchini,
2021), therefore it is often neglected in the calculation of the free en-
ergy of binding. Nevertheless, recently, a novel approach to tackle this
problem has been developed (Pereira and Cecchini, 2021). The new
method is named Quasi-Harmonic Multi-Basin (QHMB) and it seems
to improve the accuracy of the calculations, overcoming the limitations
of both NMA and QHA approaches (Pereira and Cecchini, 2021). The
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approach consists of clustering, from a converged MD simulation, the
possible conformers of the ligand to then weight them with a cer-
tain equilibrium probability (Pereira and Cecchini, 2021). Each cluster
center is, then, used to evaluate the local fluctuations (per-basin en-
tropy) with standard QHA approach (Pereira and Cecchini, 2021). The
ensemble of these various per-basin entropies constitutes the multi-
basin scheme of the method (Pereira and Cecchini, 2021). Finally, each
quasi-harmonic entropy and equilibrium probability are combined
to determine the intramolecular entropy of a molecule with multiple
conformers (Pereira and Cecchini, 2021). QHMB is the method that
we have chosen to predict entropy correction in one of the projects
that will be discussed later in this manuscript.





4
AU T O M AT I O N O F V H T S

We took a little dive into the field of computer-assisted drug discovery
(CADD) with some of the theory behind this virtual reality, but now
the time has come to look for a tool that practically carries on the
virtual screening campaign. Nowadays is paramount to dispose of
tools that fully automatize the vHTS campaign, especially since the
trend is to screen billions of chemically diverse compounds (Gorgulla
et al., 2020; Lyu et al., 2019). The success of the initial steps of SBDD,
by prioritizing highly specific and affine hit molecules for the target
of interest, would save time and cost for the lead optimization pro-
cess in early drug discovery stages (Gorgulla et al., 2022). In 2020

Gorgulla et al developed VirtualFlow (VF), an open-source structure-
based platform to prepare and screen in silico ultra-large diverse
libraries of compounds (Gorgulla et al., 2020). VF was designed to
be user-friendly and to optimally exploit any type of computational
resources, from local computer clusters to cloud computing platforms
(Gorgulla et al., 2020). The authors used VF to screen a virtual li-
brary of more than one billion commercially available compounds,
targeting the Kelch-like ECH-associated protein 1 (KEAP1)(Gorgulla
et al., 2020). In particular, they targeted the interface of the protein-
protein interaction nuclear factor erythroid-derived 2-related factor 2

(NRF2) and (KEAP1) (Gorgulla et al., 2020). Their strategy consisted
of a multi-stage docking, performing different runs of docking with
various implemented programs (Gorgulla et al., 2020). Finally, after
ranking the ligands according to their docking score and considering
drug-likeness and availability factors, 590 hits compounds were se-
lected for experimental validation (Gorgulla et al., 2020). The results
show that VF prioritized potential binders of KEAP1, at the interaction
interface with NRF2 (Gorgulla et al., 2020). Another tool that can be
exploited for vHTS is ChemFlow (Gomes et al., ChemFlow – From 2D
chemical libraries to protein-ligand binding free energies, accepted). This is
one of our in-house programs, which allows us to automatically run a
vHTS introducing MD simulations and free energy rescoring with end
point methods. It will be more thoroughly described in Chapter 5.

4.1 random acceleration molecular dynamics simula-
tion (τramd)

Resuming the discussion of the use of MD simulations in CADD, this
time we focus on the prediction of the kinetic properties of the system.
Why kinetic properties should be used in drug discovery? The kinetics

39



40 automation of vhts

of association and dissociation of a drug may reveal crucial informa-
tion about the mechanism of action of the compound and its in vivo
efficacy (Cecchini and Changeux, 2022; Lu and Tonge, 2010; Schuetz
et al., 2017), This is particularly important since many approved drugs
show non-equilibrium binding characteristics (Schuetz et al., 2017).
This evidence emphasizes the potential role of computing drug-target
residence time for predicting in vivo efficacy (Schuetz et al., 2017),
since a drug results active when bound to the target (Lu and Tonge,
2010). The concept of a drug-target lifetime as a crucial parameter for
pharmacological properties of drug candidates was introduced in 2006

by Copeland and colleagues (Copeland et al., 2006) and since then has
been embraced by the scientific community. The correlation of drug
residence time with in vivo efficacy has been documented for many
targets, ranging from various G-protein-coupled receptors (GPCRs)
(Guo et al., 2012; Tee et al., 2007; Watson et al., 2005) to protein kinase
(Puttini et al., 2008; Schuetz et al., 2017). Nevertheless, the role of the
kinetic of binding should be evaluated case by case, because of the
toxicity that long binding time can cause for several targets (Schuetz
et al., 2017). Unquestionably, the thermodynamic stability of the drug-
target complex is the driving force of the reaction of binding, but the
kinetic selectivity of the compounds gives information about the rate
of association (kon) and dissociation (ko f f ) of the complex. This last
concept could be imported into drug-discovery protocols, to prioritize
molecules with a slow off-rate. This is because:

Kd =
ko f f

kon
(4.1)

where Kd is the equilibrium dissociation constant and kon and ko f f ,
respectively, are the association and dissociation rate of the complex.
Molecules with higher affinity for a specific target should have higher
ko f f for it and, consequently, higher residence time. The residence time
will henceforth be indicated by the letter τ and it is defined as:

τ =
1

ko f f
(4.2)

τ is a better indicator of in vivo efficacy of a drug (Copeland, 2016;
Copeland et al., 2006; Schuetz et al., 2017), meaning the duration of
action of a drug, rather than its binding affinity (Copeland et al., 2006).
τ depends only on the average time spent by the drug bound to its
target and not on its concentration (Copeland et al., 2006; Pan et al.,
2013). This is also evident from its metric unit, which is seconds.

A question now arises: how can we compute the residence time in
silico? And here we go again to the usefulness of all-atom MD simu-
lations, which are exploited in various computational approaches to
explore unbinding pathways of small molecules and estimate relative
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dissociation rates. These methods range from metadynamics-based ap-
proach (Capelli et al., 2020; Tiwary et al., 2015), to weighted ensemble
simulations (Dixon et al., 2018; Lotz and Dickson, 2018), to random
expulsion MD (Lüdemann et al., 2000). The latter was then renamed
as Random Acceleration Molecular Dynamics (RAMD) to generalize
its applicability extent (Kokh et al., 2020) and was implemented in
various MD packages, such as AMBER8; GROMACS, CHARMM and
NAMD (Kokh et al., 2020). Nevertheless, the need to improve the per-
formance of the approach led the group of Wade, in 2018, to make a
fundamental modification of the method (Kokh et al., 2018, 2020). They
decided to impose a random Force as the input parameter, rather than
an acceleration (Kokh et al., 2018). This novel approach was named
τRAMD, standing for τ Random Acceleration Molecular Dynamics ap-
proach to compute the relative residence time of drug-like molecules
(Kokh et al., 2018). In 2020, Kokh co-workers developed a workflow
able to compute this relative residence time, starting from classic MD
simulations (Kokh et al., 2020). The code has been implemented in
Gromacs2020 (https://github.com/HITS-MCM/gromacs-ramd), assur-
ing high performances (Kokh et al., 2020). The goal of the calculation
is to record many unbinding events and relative paths from various
initial configurations, in order to compute average relative τ (Kokh
et al., 2020). The procedure (see the scheme in Figure 4.1) consists in
running a minimization and long equilibrations to then perform 4

equilibrations, starting with random velocities. For each equilibration,
15 different productions will then be performed (Kokh et al., 2020).
These productions will enhance the sampling of ligand unbinding.
During the productions, a random Force is applied to the center of
mass (COM) of the ligand (Kokh et al., 2020). Based on a certain dis-
tance cut-off, the simulations will automatically stop as soon as the
ligand reaches this distance and it is, thus, considered unbound from
its target pocket (Kokh et al., 2020).

This innovative and easy-to-use tool, although very computationally
expensive for large sets of compounds, opens the door to new imple-
mentations in drug discovery campaigns. An example of the scientific
community’s commitment in this direction has been demonstrated
by the creation in 2012 of a consortium, called Kinetics for Drug
Discovery (K4DD) (https://cordis.europa.eu/project/id/115366).
This was the first of possible future projects going towards these
implementations in the drug-discovery field.

https://github.com/HITS-MCM/gromacs-ramd
https://cordis.europa.eu/project/id/115366


42 automation of vhts

Figure 4.1: Scheme of the τRAMD protocol. For each protein-ligand complex,
one has to run initial minimization, heating, and equilibration with conven-
tional MD simulations. The equilibrated system will then be the input of at
least four new longer equilibrations (i.e 20 ns). Then, for each equilibration,
at least 15 different productions will be performed. In these productions, the
PULL code implemented in Gromacs2020 is used and the MD simulations
continue until the unbinding of the ligand from its target pocket. The un-
binding is driven by a random Force applied on the center of mass of the
small molecule. The MD automatically stops once the ligand unbinds and
the average residence time is computed over the 15 replicas, thanks to an
analysis package named tauRAMD-v2.py, provided by the developers of the
τRAMD code. In the dashed box the part of the procedure that is the most
expensive from a computational point of view.



5
C H E M F L O W

The need for an automated tool that allows us to perform vHTS arose
in our laboratory. In particular, we wanted to be able to predict the rel-
ative binding free energy (∆Gb) of compounds in a more accurate way
than just docking. We, therefore, wrote a program named ChemFlow,
designed to predict ∆Gb for a set of ligands in a fully automated way,
still balancing accuracy and efficiency. ChemFlow is a user-friendly
interface between the various programs that are implemented. The
pipeline envisages an initial step of docking, that can be performed
with different docking programs and respective scoring function(s),
followed by partial charges assignment for the docked ligands and
the last step of free energy rescoring, performed with end-point meth-
ods approach (MM/PB(GB)SA), over a trajectory produced by MD
simulation (see Figure 5.1).

Figure 5.1: Scheme of ChemFlow protocol. The user needs to provide as
input the 3D structure of the targeted protein and the library of compounds
(enclosed in a representative single structure in the figure) to be screened. In
the boxes the three modules of ChemFlow

The software is organized in three different workflows named re-
spectively DockFlow, LigFlow and ScoreFlow. DockFlow performs
molecular docking from initial 3D structures of the target protein
of interest and of the chemical library to screen. Docking can be per-
formed running one of the following programs: PLANTS (Korb et al.,
2007), AutoDock VINA (Trott and Olson, 2009), QVINA (Alhossary
et al., 2015) or SMINA (Ryan Koes et al., 2013). After the docking, the
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user can select the number of poses to keep for each ligand for the
next step of charge attribution, carried out by LigFlow, using Amber-
Tools (Case et al., 2021). The partial charges computed by default are
the semi-empirical with bond charge correction (AM1-BCC) (Jakalian
et al., 2002), but the user can also choose the restrained electrostatic
potential (RESP) (Bayly et al., 1993) ones. The performance of LigFlow
depends on the size of the molecules and the type of charges chosen
by the user since the quantum calculation of RESP charges is more
computationally costly than the AM1-BCC ones. Once this step is com-
pleted, the user can continue with the last stage and run ScoreFlow.
This last module allows running MD simulations in implicit or explicit
solvent, with some default parameters that the user can easily modify
according to his/her needs. MD simulation is followed by free energy
rescoring with MM/PB(GB)SA approaches. The user can again choose
which approach to use in a very smooth way. Also, in this case, the
analysis is carried out with AmberTools (Case et al., 2021). Further-
more, ChemFlow gives the possibility to run a simple rescoring of the
docked poses using a different docking scoring function (consensus
docking (Houston and Walkinshaw, 2013; Ren et al., 2018)). Either way,
it is possible to analyze the ranking of the compounds according to
the classification reported in the file provided at the end of the post-
processing of the results at each step. An additional feature, which
makes ChemFlow a very useful tool for vHTS campaigns, is the abil-
ity to launch all the calculations with High-performance computing
(HPC), taking advantage of the improved performance of both CPU
and GPU clusters. Further developments include the implementation
of other docking programs as well as of the Gromacs package for MD
simulations (Abraham et al., 2015; Lindahl et al., 2001; Markidis and
Laure, 2015). If the reader is moved by curiosity, the software and
the relative documentation are available on GitHub at the following
link: https://github.com/IFMlab/ChemFlow. I personally contributed
to the implementation of Qvina and Smina in the module of DockFlow,
as well as to the coding of ScoreFlow and LigFlow. Moreover, I wrote
both the documentation and the tutorial on the GitHub page.

https://github.com/IFMlab/ChemFlow
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β C A R D I A C M Y O S I N : S T R U C T U R A L A N A LY S E S &
D Y N A M I C S

6.1 cardiac myosin’s isoforms & heart failure

Among all conventional myosins II, there is cardiac myosin, responsi-
ble for heart contraction (Barrick and Greenberg, 2021). Cardiac myosin
was first identified in the 1980s by Jeacocke and England during phos-
phorylation experiments on rats’ hearts (Jeacocke and England, 1980),
but the study of the excitation and contraction mechanism in the heart
began almost a century earlier in 1883 with the discovery made by
Ringer about the implication of Ca2+ in heart contraction (Ringer,
1883). Several studies have followed thereafter, culminating in the ex-
planation of how calcium release is finely regulated in the sarcomere
and coupled to muscle contraction (Ebashi, 1963; WEBER and WINI-
CUR, 1961), through a mechanism of filament sliding (HUXLEY, 1961,
1953). Two distinct sarcomeric genes (MyHC-α, MyHC-β) encode for
Myosin Heavy Chain (MHC) of cardiac myosin in the mammalian
heart (Mahdavi et al., 1984; Weiss et al., 1999). The MHC isoforms
are respectively named α and β (Kooij et al., 2014) and they show
high sequence identity (93.2%) (Weiss et al., 1999). These isoforms are
differentially expressed in the cardiac muscle (Komuro et al., 1987;
Kooij et al., 2014) during the development (Lyons et al., 1990; Mahdavi
et al., 1984) and exhibit different speeds of contraction (Sartore et al.,
1978). The faster α isoform (Miyata et al., 2000), mostly expressed in
the atrium (Walklate et al., 2021b), shows up to three times higher AT-
Pase activity (Herron and McDonald, 2002), with respect to the slower
β one (Miyata et al., 2000), expressed in the ventriculum (Walklate
et al., 2021b). We turned our attention to β cardiac myosin (β-CM),
since we were interested in studying the modulation of the protein in
a pathological condition, known as heart failure (HF) (Harris, 1983),
during which the β isoform is over-expressed with respect to the α one
(Miyata et al., 2000). HF is generally defined as the incapability of the
heart to pump enough blood to the tissues (Harris, 1983; Mudd and
Kass, 2008) and this dysfunction are related to a shift of expression
between isoforms, from the faster α to the slower β (Hamdani et al.,
2008). As already mentioned, the β isoform is mostly expressed in
the ventriculum (Komuro et al., 1987; Kooij et al., 2014), responsible
for systolic contraction of the heart muscle (Walklate et al., 2021b).
Malfunction of the left ventricle (LVD) is associated with an increased
risk of systolic heart failure (Cleland et al., 2005; McMurray et al.,
2013), a leading cause of death in today’s society, especially in the
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most developed or in developing countries (Afzal, 2021; Gaziano et al.,
2010). Systolic HF is a pathology characterized by a broad clinical
picture associated with high morbidity and mortality for both women
and men (Bloom et al., 2017; Heidenreich et al., 2022; Murphy et al.,
2020). HF can be classified into three different categories according to
the ejection fraction (EF): HS with preserved, borderline, or reduced
EF (Kapoor et al., 2016; Mentzer and Hsich, 2019). Even if HF with
reduced ejection fraction (HF-rEF) is the most common case (in more
than 50 % of the population in the USA (Bloom et al., 2017)), primarily
in men (Colvin et al., 2015), until today there are no medicament able
to directly improve cardiac contractility without side effects caused
by the activation of compensatory mechanisms (Bloom et al., 2017).
Patients with systolic HF-rEF manifest a decrease in cardiac contractil-
ity (Adams et al., 2005), hypoxia or hypercapnia (CO2 retention in the
blood) (Giannoni et al., 2009), EF equal to or less than 40% (Mentzer
and Hsich, 2019), as well as dyspnea, fatigue and congestion (Murphy
et al., 2020), just to mention a few symptoms. As a compensatory re-
sponse, the body increases the sympathetic tone of the muscle (Malik
et al., 2011) and activates neurohormonal pathways (Giannoni et al.,
2009; Malik et al., 2011), which results in a higher concentration of
plasma norepinephrine and brain natriuretic peptide (BNP) (Giannoni
et al., 2009). These reactions worsen cardiac dysfunction over time
(Malik et al., 2011) that exacerbates urgent hospitalization and prema-
ture death (McMurray, 2010). Current pharmacologic therapies consist
of the administration of diuretics to cope with dyspnea and fluid re-
tention (McMurray, 2010), as well as Angiotensin-Converting–Enzyme
(ACE) inhibitors and beta-adrenergic blockers to reduce the ventric-
ular size and increase EF, even if moderately (Dickstein et al., 2008;
Hunt et al., 2009; McMurray, 2010). These therapies aim at impeding
neurohormonal activation, but an alternative strategy relies on the
administration of positive inotropic drugs, such as β-agonists or phos-
phodiesterase inhibitors to increase cardiac contractility (Malik et al.,
2011). All these drugs act by impelling second-messenger signaling
pathways with an effect on myocardial consumption of oxygen and on
myocytes’ calcium concentration level to enhance cardiac contractility
(Kass and Solaro, 2006). The enhanced cardiac contractility results
in prolonged systolic ejection that can cause severe arrhythmias and
hypotension, resulting in increased HF disease-related mortality rates
(Packer, 1993). Given the increasing impact of cardiovascular diseases
(CVD), which accounted for 32% of global deaths in 2019 (Benjamin
et al., 2019) with a trend that does not appear to be improving, it is
essential to study innovative and safe treatments. Novel therapeutic
avenues could involve modulators that directly target cardiac myosin
to up or down-regulate its activity (Hwang and Sykes, 2015), with-
out triggering second-messenger signaling mechanisms that worsen
patients’ conditions. This consideration strengthened our decision to
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study, both from a structural and pharmacological perspective, the β

isoform of cardiac myosin, whose contraction results impaired in HF.

6.2 omecamtiv mecarbil (om)

6.2.1 OM: mode of action

Omecamtiv mecarbil (OM) is a small molecule designed in 2010 by
Morgan and co-workers with HTS of a small synthetic library (Morgan
et al., 2010). OM acts as allosteric activator of β-CM, increasing the
fractional shortening (FS) by 123 % at 2 µM (Morgan et al., 2010).
The efficacy of OM is expressed in terms of AC40, corresponding to
"compound concentration resulting in a 40% increase in the cardiac
sarcomere ATPase activity at the calcium concentrations that produced
25-50% of maxi- mum calcium-dependent activation." (Morgan et al.,
2010) Following kinetic studies, conducted both by Malik et al and
Liu et al, demonstrated that OM modulates the kinetics of β-CM by
accelerating the transition of the head from weakly to strongly bound
to actin, without modifying the ADP release rate (Liu et al., 2015; Malik
et al., 2011). By contrast, OM accelerates the Pi-release in presence of
actin by 4-fold (Liu et al., 2015), reducing the energy barrier for the
transition from PPS to phosphate release (PiR) state (Malik et al., 2011).
Isothermal titration calorimetry (ITC) measurements show that OM
binds β-CM in a nucleotide-dependent manner and the highest affinity
(Kd = 0.29µM) is recorded when there is MG2+ − ADP − VO3−

4 in
the active site (Planelles-Herrero et al., 2017), where VO3−

4 stands
for Vanadate, the analog of inorganic phosphate (Gresser and Tracey,
1990). A lower affinity (Kd = 1.8µM) is measured when ADP · BeFx,
the analog of ATP, is bound in the active site, corresponding to the
PR state whereas no binding is sensed in absence of nucleotide (R
or PR states) (Planelles-Herrero et al., 2017). These data suggest that
OM binds preferentially the PPS state (Planelles-Herrero et al., 2017).
Small-angle X-ray scattering (SAXS) studies also corroborated the
previous results, showing that the state populated in presence of OM
is, indeed, PPS (Planelles-Herrero et al., 2017).

6.2.2 OM: binding in PPS β-CM

From a structural point of view, OM bridges N-terminal, converter,
and RH, as demonstrated by the X-ray structure of bovine β-CM in
PPS, solved in presence of OM, by Planelles-Herrero and co-workers
in 2017 (Planelles-Herrero et al., 2017) (see Figure 6.1).
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Figure 6.1: Zoom on the space occupied by OM in bovine β-CM (PDB code:
5N69.pdb). OM is represented in sticks and surrounded by its surface, colored
according to the polarity of the atoms. In cartoon the subdomains around the
modulator: are RH in purple; N-terminal in blue and the converter in yellow.

The interactions (Figure 6.2) that OM establishes in its buried pocket
are mostly hydrophobic (Planelles-Herrero et al., 2017). Nevertheless,
the carbamoyl-amino linker of OM forms polar contacts both with the
converter and the N-terminal subdomains (Planelles-Herrero et al.,
2017). Polar contacts are also found between the converter and the
methyl-pyridinyl ring of OM (Planelles-Herrero et al., 2017).
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Figure 6.2: 2D representation of the interactions that OM establishes in its
pocket in bovine β-CM (5N69.pdb). The analysis has been run with LigPlus
(Laskowski and Swindells, 2011) using the chain A of the X-ray structure.

In the next sections, we will address the first part of our research,
aimed at creating a stable in silico model of β-CM, both in the presence
and absence of OM, from which to build all further analyses.

6.3 structure of β-cardiac myosin in pps

Our study commences with selecting the structure of bovine β-CM
in the pre-powerstroke (PPS) state, starting from the coordinates of
5N69.pdb (Planelles-Herrero et al., 2017). One might wonder why we
chose to start from this specific state of the force cycle. The reason lies
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behind the purpose of studying the dynamics of the PPS state to design
cardiac allosteric modulators, particularly non-competitive activators,
able to directly target the motor, without altering intracellular calcium
homeostasis (Liu et al., 2015; Morgan et al., 2010). This will avoid
adverse effects caused by activation of second-messengers signaling
cascades (Malik et al., 2011). Our starting point is the hypothesis that
cardiac myosin co-exists in different states, in equilibrium with each
other, and an allosteric activator may accelerate the transition toward
the PPS state (Liu et al., 2015; Winkelmann et al., 2015), notoriously
the powerstroke onset state (Houdusse and Sweeney, 2016; Sun et al.,
2022; Wulf et al., 2016). By shifting the equilibrium of the hydrolysis
step towards PPS, there will be more myosin heads ready to bind actin,
start the powerstroke and, consequently, increase cardiac contractility
(Liu et al., 2015; Planelles-Herrero et al., 2017).

In this situation the hydrolysis equilibrium will be:

M + ATP M + ADP + Pi (6.1)

where M stands for Myosin and Pi for inorganic phosphate, gener-
ated upon ATP hydrolysis.

Further clarification to be made concerns the choice of the X-ray
structure from which we started: 5N69.pdb (Planelles-Herrero et al.,
2017). This is the crystallographic structure with the highest resolution
(resolution of 2.45 Å) solved so far for the S1 fragment of cardiac
myosin in PPS (Planelles-Herrero et al., 2017). The motor domain is
solved in complex with ADP-VO4-MG2+ in the active site and the
allosteric activator Omecamtiv Mecarbil (OM) (Morgan et al., 2010)
in its pocket, at the interface between N-terminal, transducer, Relay
helix (RH) and converter subdomain (Planelles-Herrero et al., 2017).
ADP-VO4 is the analog of ADP-Pi (inorganic phosphate) (Gresser and
Tracey, 1990) in terms of distances between the beta and the gamma
phosphate of ATP, after ATP-hydrolysis. The group of Houdusse has
also crystallized β-CM in PPS in absence of an allosteric modulator
(PDB code: 5N6A) (Planelles-Herrero et al., 2017) and, after compari-
son of the structures with and without OM, it appears that the drug
stabilizes a more primed position of the converter-lever arm domain,
by establishing specific interactions with the elements responsible
of the swinging of the lever arm, in its buried hydrophobic pocket,
formed only in this state (Planelles-Herrero et al., 2017). Most likely
this allosteric pocket is formed by induced fit (Planelles-Herrero et
al., 2017). The specificity of OM for β-CM is ensured by a network
of interactions with some residues highly conserved in both human
and bovine cardiac myosin and not in other myosins II isoforms
(Planelles-Herrero et al., 2017). This makes OM allosteric binding site
and allosteric pockets in general, very interesting sites to be exploited
in drug discovery.
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6.3.1 Molecular modelling and Dynamics of bovine β-CM in PPS

6.3.1.1 Modelling of β-CM & System preparation

The missing loops in bovine β-CM’s structure (5N69.pdb) (residues:
201 to 214; 405 to 410; 623 to 644) were modeled using MODELLER
(Webb and Sali, 2016) and the missing residues at the level of the
converter subdomain (residues 733 to 735) were modeled starting
from the template 4PA0.pdb (Winkelmann et al., 2015), PR state of
human β-CM motor domain, always with MODELLER. Bovine and
human β-CM share 96% of sequence identity (data obtained with
HHPRED (Söding et al., 2005)). The best model was selected according
to the lowest Discrete Optimized Protein Energy (DOPE) score. The
structure was then uploaded on the MolProbity web server (http://
molprobity.manchester.ac.uk/) to add missing hydrogens, optimize
H-bond networks and detect the more reasonable rotameric states
of the side chains of Asn, Gln and His. The standard protonation
state was assigned to all the titratable residues and for the histidine,
the most probable protonation state at neutral pH was predicted
using Karlsberg (Rabenstein, 2000). The missing portions of the X-ray
structure are depicted in Figure 6.3 sub-figure (a) and the final model
is in sub-figure (b). The inorganic phosphate was modeled in its form
H2PO−

4 (Cecchini et al., 2010) and its topology and parameter files
generated from AmberTools (Case et al., 2018) using General AMBER
Force-Field2 (GAFF2) (Case et al., 2018; Wang et al., 2004), as well as
topology and parameter files for ADP, MG2+ and OM. The system
was ionized and neutralized with Sodium and Chloride using Tleap
(Case et al., 2018). The final size of the system was 193362 atoms,
including OM and the nucleotide (ADP − Pi − MG2+) in the active
site. The same initial structure was used to prepare a system without
OM, following the same procedure aforementioned.

6.3.1.2 Molecular Dynamics (MD) simulations and Visualization tool

Amber18 engine (Case et al., 2018) with Amberff19SB for the protein
(Ponder and Case, 2003; Tian et al., 2020) and GAFF2 (Case et al.,
2018; Wang et al., 2004) for the ligands were used to perform MD
simulation of the system both with and without OM bound. Four
successive minimizations, of 5000 steps each, were run to progressively
remove restraints on the system. Then, 2ns of gradual heating in NVT
was performed to reach a final temperature of 300oC, followed by
2.5 ns equilibration in NPT with Berendsen thermostat and barostat
(Berendsen et al., 1984). Finally, a production of 375ns with Langevin
thermostat (Case et al., 2018) and Monte Carlo barostat (Åqvist et al.,
2004) was performed for the system with OM. The same procedure
was followed to run 330ns MD of the system without OM. To visualize

http://molprobity.manchester.ac.uk/
http://molprobity.manchester.ac.uk/
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(a) Cartoon representation of 5N69.pdb. In red spheres the position of the missing portion in the X-ray
structure. In yellow sticks OM and pink ADP − VO3−

4 . The green sphere represents MG2+

(b) Cartoon representation of the model of 5N69.pdb. In green the missing portion was added to the
model.

Figure 6.3: In sub-figure (a) the X-ray structure of β-CM in PPS (5N69.pdb). Loop1 and
loop2 are hypervariable loops that cannot be solved by X-ray crystallography due to their
disorder (Krenz et al., 2003). Loop2 connects U50 and L50 subdomains and controls the actin-
activated ATPase activity, with electrostatic interactions with actin’s binding site (Murphy
and Spudich, 2000). Loop1 is at the level of the nucleotide binding site, connecting the 50

kDa subdomains to N-terminal (Krenz et al., 2003; Murphy and Spudich, 2000). It influences
motility and ADP release rate (Murphy and Spudich, 2000). Hypertrophic cardiomyopathy
(HCM) loop is on the surface of U50 and contributes to the strong interactions with actin
both in presence of ADP or in the nucleotide-free state (Houdusse and Sweeney, 2001).
Sub-figure (b) is a cartoon representation of the model obtained starting from 5N69.pdb.
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and analyze the trajectory, we used VMD (Humphrey et al., 1996) with
some in-house tcl scripts.

6.3.2 Exploring the stability of PPS in β-CM with and without OM

At first, we analyzed the stability of the system with OM bound. As
shown in Figure 6.4, sub-figure (a) and (b) the protein is stable for
the whole trajectory. The average RMSD of the backbone is equal
to 2.3 ± 0.3 Å with respect to the coordinates of the X-ray structure
of reference. Likewise, OM binding pocket remains stable with an
average RMSD of 2 Å. To complete the analysis of the stability of
the system with OM, we investigated the stability of the converter
subdomain, being a highly flexible element in myosin and a force-
generating element of the motor domain (Ménétrey et al., 2008). In
Figure 6.4, sub-figure (c), is plotted the RMSD of the backbone atoms
of the converter. We can notice that it fluctuates around an average
value of 2.8 Å. There is also a moment in the trajectory during which
it fluctuates the most, deviating from the initial coordinate of more
than 5 Å.
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(a) Timeseries of the RMSD of the backbone of the protein over 375 ns MD simulation,
after alignment on the core atoms of the N-terminal subdomain of the reference
structure (5N69.pdb).

(b) Timeseries of the RMSD of the side chains of the residues of OM binding pocket
over 375 ns MD simulation, after alignment on the core atoms of the N-terminal
subdomain of the reference structure (5N69.pdb).

(c) Timeseries of the RMSD of the side chains of the backbone of the converter over 375

ns MD simulation, after alignment on the core atoms of the N-terminal subdomain of
the reference structure (5N69.pdb).

Figure 6.4: In sub-figure (a) the time-series of the RMSD of the backbone
(bb) of the protein. The average RMSD value is 2.3 ± 0.3 Å. In sub-figure (b)
the time series of the RMSD of the side chains of OM binding pocket. The
average value of this RMSD is 2 ± 0.2 Å. In the last sub-figure (c) the RMSD
of the bb of the converter subdomain. The average RMSD over 375 ns id
2.8 ± 0.5 Å.
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6.3.3 Structural observables in PPS β-CM

To monitor more in detail the stability of the PPS structure we used
some collective variables (geometrical observables), defined by Blanc
for MyosinVI (Blanc, 2018) and adapted them for cardiac myosin. The
monitoring of these observable is important to discriminate the struc-
ture of myosin in the various conformational states of the actomyosin
cycle. Structural rearrangements are descriptive of different functional
states of the motor when it undergoes transitions between states (from
power-stroke to recovery-stroke). Geometric observables are not easy
to define, but they help in understanding the dynamics of the main
subdomains during conformational transitions. The set of structural
observables designed by Blanc is descriptive of sub-transitions during
the recovery stroke in MyosinVI (Blanc, 2018). The recovery stroke is
the motion of the motor domain from the end of the rigor (R) to the
pre-power stroke (PPS) state, during which the affinity of myosin for
the track changes and the head unbinds from it (Fischer et al., 2005).
The following are the observables considered to describe the end state
of recovery stroke in cardiac myosin.

Observable 5N69.pdb [Å] average in 375ns MD [Å]

c1 16.6 18.8 ± 1.6

c2 13.1 14.6 ± 1

c3 30.5 31.1 ± 1.2

c4 16.2 16.6 ± 0.6

Table 6.1: Collective variables in βCM: opening of the actin-binding cleft and
inner cleft. The values reported are four distances (c1,c2,c3,c4) between Cα of
residues of U50 and L50 measured over 375 ns MD. The values are compared
with the ones calculated in bovine β-CM with OM bound (5N69.pdb) Here
is the definition of the four distances (the numbering of the residues is the
one of 5N69.pdb, chain A):

----- c1: I274-F470;

- c2: K234-E466;

- c3: L366-M539;

- c4: V420-K596.
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Figure 6.5: Cartoon representation of the model of β-CM used in the MD
simulation. In spheres are represented the residues considered for the descrip-
tion of the opening of the clefts. In red the residues in the U50 subdomain
and in green the ones in the L50 subdomain.

Observable 5N69.pdb [Å] average in 375ns MD [Å]

d1 4.3 5.7 ± 1

d2 7.2 8.3 ± 1.8

dγ 3.6 4.9 ± 1

Table 6.2: Collective variables in βCM: interactions between switch loops
(swI and swII) and between swII and H2PO−

4 . The values reported are three
distances (d1,d2,dγ), representing respectively d1 and d2 two salt bridges
between swI and swII (d1: R243CA-E466CD and d2: R237CZ-E466CD) and
dγ the interaction between G464 and the γ phosphate of ATP, being now
H2PO−

4 , upon hydrolysis. dγ is defined as the distance between G461N and
O1H2PO−

4 . The numbering of the residues is the one of 5N69.pdb, chain A.
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Figure 6.6: Cartoon representation of the model of β-CM used in the MD sim-
ulation. In sticks are represented the residues considered for the description
of the interactions between the switch loops (swI and swII). In orange the
residues of the swI and magenta the ones of swII. In spheres G464 (residue
belonging to swII) and H2PO−

4 .
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Observable 5N69.pdb [Å] average in 375ns MD [Å]

b1 2.8 2.8 ± 0.1

b2 3.0 3.1 ± 0.2

b3 2.8 2.9 ± 0.1

b4 2.9 2.9 ± 0.1

b5 2.8 2.8 ± 0.1

Table 6.3: Collective variables in βCM: interactions between the three central
β-strands of the transducer: β4; β5 and β6. The distances reported are H-
bonds formed between the three strands. The H-bonds between β4 and β5

from b1 to b3 are defined as follows:

------ b1: I174N (β4)- GLY458O (β5);

- b2: GLN172N (β4) -F456O (β5);

- b3: GLN172O (β4)-GLY458N(β5).

The H-bonds between β5 and β6 are named b4 and b5 and are defined as
follows:

- b4: I457O(β5)-I250N(β6);

- b5: V459N(β5)-I248O(β6).

The numbering of the residues is the one of 5N69.pdb, chain A.

Figure 6.7: Cartoon representation of the model of β-CM used in the MD
simulation. In brown are colored the three central β-sheets of the transducer
for which we computed the distances reported in table Table 6.3
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The data collected for the three classes of observables show that the
cleft is partially open (c distances in Table 6.1), typical of PPS, since it
is a weakly actin-bound state (Franz et al., 2020; Kühner and Fischer,
2011). In particular, the partially open cleft closes at the beginning of
the power stroke, when myosin strongly binds actin (Holmes, 1997;
Kühner and Fischer, 2011). The cleft in our simulation is representative
of a PPS state and it seems to be a little more open, as found in the first
three distances described in Table 6.1, which assume slightly larger
values than the ones in the reference structure.

Moreover, swII is closed as evinced by the distance d1, whose
average value is close to the reference one (see Table 6.2). This distance
describes the formation of a salt bridge between the two switch loops
(swI and swII), as defined in Table 6.2. The other two distances, chosen
to define the closure of swII (d2 and dγ), variate more from the
respective reference value (see Table 6.2). Probably d2 is not a precise
observable for this simulation of cardiac myosin, since this salt bridge
is not formed in the reference structure chosen as starting coordinates.
The distance between G464 (swII) and H2PO−

4 , described by dγ, is the
H-bond that mediates the hydrolysis of ATP in ADP-Pi (Sasaki et al.,
2003; Smith and Rayment, 1996). This distance in our trajectory seems
unstable (Table 6.2 dγ). The distance increases since the beginning
of the simulation and does not stabilize back to the reference value.
This is due to a rotation of the inorganic phosphate in the active site,
which occurs after the loss of H-bond with ILE462, a residue of β5

(see Figure 6.8).
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Figure 6.8: Timeseries of the evolution of the H-bonds formed by H2PO−
4

with swII (G464) and β5 (ILE462). The H-bond with G464N is depicted in
light blue and the one with I462O is in light orange.

Based on the analysis of these structural observables, we can assert
that the simulation of our PPS model with OM is a faithful repre-
sentation of the PPS state of cardiac myosin throughout the whole
trajectory.

6.3.4 RMSD analyses of β-CM in absence of OM

The RMSD analysis of the backbone of the protein showed completely
different behavior in the system without OM (see Figure 6.9). Looking
at the simulation, the system was unstable due to a huge movement
of the converter (see Figure 6.10).
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Figure 6.9: Timeseries of the RMSD of the backbone of the protein during
330 ns MD, to the X-ray reference structure. The average value of this RMSD
is 3.7 ± 0.6 Å.

Figure 6.10: Timeseries of the RMSD of the backbone of the converter during
330 ns MD, to the X-ray reference structure. The average value of this RMSD
is 7.7 ± 2 Å. The time-series shows that the position of the converter deviates
considerably compared to the reference structure, reaching values higher
than 10 Å.
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We run two replicas of the same system without OM, using different
initial velocities for each, to check whether it was a recurrent behavior
of the protein or not. Also, in this case, we observed the same motion
of the converter, whose position varies greatly from the reference one
(see Figure 6.11).

Figure 6.11: Timeseries of the RMSD of the backbone of the converter during
200 ns MD in two replicas R1 and R2, respectively in blue and coral. The
average value of the RMSD is 5.3 ± 2 Å for R1 and 5 ± 1.4 Å in R2. The
time-series show that the position of the converter deviates compared to the
X-ray reference structure in both replicas.

We hypothesized that this behavior could relate to the forcefield
chosen for the MD. We therefore, re-built the same system (β-CM with
ADP − MG2+ and H2PO−

4 ) with CHARMM (Chemistry at HARvard
Molecular Mechanics) (Brooks et al., 2009), using CHARMM General
Force Field (CGenff (https://cgenff.umaryland.edu/) (Vanommes-
laeghe et al., 2012), version 2.2.0, to generate the parameters for the
ligands. As shown in Figure 6.12 and Figure 6.13, also in this case the
converter was deviating remarkably from the reference structure.

https://cgenff.umaryland.edu/


6.3 structure of β-cardiac myosin in pps 63

Figure 6.12: Timeseries of the RMSD of the backbone of the converter during
300 ns MD run with CHARMMff. The average value of the RMSD is 8.2 ± 3
Å. The time-series shows that the position of the converter deviates from the
X-ray reference structure even using a different force field.

A brief video of the movement of the converter in this latest MD
of β-CM can be found at the following link: https://zenodo.org/
record/6957242#.YupKHmFBxH4.

Figure 6.13: Zoom on the converter subdomain (in yellow) in three distinct
frames of the MD of 300 ns. In blue is depicted the reference structure and
in cyan the protein during the MD.

The huge repositioning of the converter seems to explore an in-
termediate position between the PR and PPS states. To verify this,

https://zenodo.org/record/6957242#.YupKHmFBxH4
https://zenodo.org/record/6957242#.YupKHmFBxH4
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we selected a frame of the latest trajectory in which the converter
undergoes this rearrangement and we compared the coordinates of
the converter with the ones of PPS and PR (Figure 6.14). For the PR
reference structure, we chose the bovine X-ray structure (PSB code:
6FSA) (Planelles-Herrero et al., 2017), solved in complex with ADP
and MG2+ and for PPS the one used until now (5N69.pdb). Figure 6.14

shows that the converter, in the currently used model, could explore
an intermediate position, between PPS and PR. This motion can be
driven by thermal fluctuations that favor the flexibility of the converter
and possibly of other force-generating elements, such as Src homology
1 helix (SH1) and Relay Helix (RH).

Figure 6.14: Visual comparison of the position of the converter in PPS
(5N69.pdb), PR (6FSA.pdb), and a random frame of one of our trajectory
in which it deviates from the PPS position. The PPS reference structure
(5N69.odb) is depicted in blue, the frame of our MD is in cyan and the
PR reference structure (6FSA.pdb) is in magenta. The converter-lever arm
subdomain is represented with cartoons and the rest of the motor head with
ribbons.

6.3.5 Improvement in the model of β-CM

So far the system without OM looks unstable, regardless of the force
field chosen. What might then be the reason for this movement of the
converter? Can it be due to the modeling of the protein? We, therefore,
analyzed the protonation state of the titratable residues as a possible
cause of instability of the system without OM, since it could play an
important role in the dynamics of the protein.
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6.3.5.1 System preparation and MD simulation

In the initial model, we chose the standard protonation state for all
titratable residues. In this case, the most probable protonation state
of these at neutral pH was predicted using Karlsberg (Rabenstein,
2000). According to this prediction, we assigned a non-standard pro-
tonation state to seven residues: ASP159 (N-terminal); ASP168 (N-
terminal); ASP282 (U50); GLU217 (U50); GLU466 (swII); LYS351 (U50)
and LYS429 (U50).

In Figure 6.15 are highlighted the seven residues that were ionized
in a non-standard state.

Figure 6.15: In spheres the seven residues to which we assigned a non-
standard protonation state. In salmon red the residues located in the U50; in
magenta a residue in the swII loop and in blue two residues of the N-terminal
subdomain.

After re-building the complex with CHARMM, as described in the
previous section, we used the Solution Builder module of CHARMM-
GUI (Jo et al., 2008) to solvate and ionize the system. The final system
without OM was composed of 193231 atoms, of which 180252 of
the TIP3 water model, 170 Sodium ions, and 176 Chloride ions. The
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system’s size with OM was 193362 atoms, of which 180330 of TIP3

water model, 170 Sodium ions, and 176 Chloride ions. We simulated
both the system with and without OM for 300 ns with Gromacs2020

(Abraham et al., 2015) and CHARMM36mff (Huang et al., 2016). The
protocol of these simulations envisages a minimization until reaching
a F < 1000.0kJ/mol/nm, an equilibration in NVT with Nose-Hoover
thermostat (Evans and Holian, 1985) for 125ps followed by 100ps
equilibration in NPT with Parrinello-Rahman barostat (Parrinello
and Rahman, 1981). Finally, a production with leap-frog integrator
algorithm with velocity-rescale thermostat (Bussi et al., 2007) and
Parrinello-Rahman barostat (Parrinello and Rahman, 1981).

6.3.5.2 RMSD analysis of the new system with different protonation states
of titratable residues

We computed the RMSD of the backbone atoms of the converter for
both systems (with and without OM). As shown in Figure 6.16 the
converter is always stable if OM is bound, but it still fluctuates if the
modulator is not present.

Figure 6.16: Timeseries of the RMSD of the backbone of the converter, after
alignment on the N-terminal subdomain of the reference structure. The two
time-series represent 300 ns MD simulations run with CHARMMff both with
(green) and without OM (orange) bound. The average value of the RMSD in
the system with OM is 2.7 ± 0.6 Å. For the system without OM the average
value is 4.3 ± 0.5 Å. The converter seems stable in both systems.
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This fluctuation concerns the priming of the lever arm. In the sim-
ulation without OM, the lever arm is more primed, compared to the
system with the allosteric modulator bound (see https://zenodo.org/

record/6958265#.YuqBY2FBxH4, a video in which in green is colored
the converter-lever arm domain of the system with OM and in yellow
the one without OM).

6.4 conclusions & future perspectives

Having a stable model of Cardiac myosin in PPS is of paramount
importance for us since we want to design allosteric modulators of
the motor in this state of the actomyosin cycle. Our analysis of the
protonation state of titratable residues shows that the choices made
at beginning of the modeling may result in very different stability
of the system. This is not negligible, considering the amount of both
computational and human time one may spend to find a plausible
solution to the problem. In the end, our model appears stable both in
the presence and absence of Omecamtiv mecarbil. The relevance of the
protonation state of titratable residues for the stability of the system
in PPS could be further explored, by investigating the surrounding of
said residues. This could result in a better understanding of the cause
of the motion observed for the converter subdomain, as well as of the
possible physiological relevance of the structure in which this motion
occurs. It might have intrinsic stability between PR and PPS states.
This could be in agreement with what was hypothesized by Fornili
and co-workers for their simulations of β-CM in PPS, without any
modulator (Hashem et al., 2020). In particular, they have shown how,
in absence of OM, the converter-lever arm domain samples a different
state (Hashem et al., 2020). It is not clear if the motor domain moves
toward a following power-stroke state or to a previous structure of
the recovery state (Hashem et al., 2020). The question of the existence
of a putative intermediate state between PR and PPS remains open.
Something similar has been recently discovered, by our group and the
group of Houdusse, in MyosinVI, for which a putative intermediate
state of the recovery stroke, linking PR and PPS has been described
and solved with X-ray crystallography (Blanc et al., 2018). Another
interesting movement observed in the simulations is the different
priming of the lever arm, depending on whether OM is bound or
not. It opens new questions about the mechanism mediated by OM to
stabilize the PPS state. Planelles-Herrero and co-workers proposed an
induced fit mechanism for the binding of OM (Planelles-Herrero et al.,
2017), however, in our "apo" simulations we observed a more primed
lever arm with respect to the structure they crystallized in absence of
OM (5N6A.pdb). The latter was obtained from the structure with OM
bound, after in situ proteolysis (Planelles-Herrero et al., 2017). This,
probably, results in a retention of some memory of the presence of the

https://zenodo.org/record/6958265#.YuqBY2FBxH4
https://zenodo.org/record/6958265#.YuqBY2FBxH4
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drug bound. This memory is, instead, lost in our MD of 300 ns, so that
the lever arm can adopt a different, more primed position. Most likely,
the re-priming captured during our MD simulation is a more realistic
fluctuation of the lever arm in "apo" PPS β-CM, since it is not biased
by the presence of a modulator. This suggests that OM could bind
with an induced fit mechanism, by entering the cavity that is formed
in a certain moment and blocking the converter-lever arm domain in a
less primed position. The remarkable pliancy of the converter in PPS
could be a common feature among myosin classes (Ménétrey et al.,
2005).
Our goal was to model a stable structure of β-CM in PPS starting from
the most recent X-ray structure (5N69.pdb), both in the presence and
absence of OM. The motor domain was already fully stable in the
simulation with OM, regardless of the protonation state of titratable
residues. The change in the stability of the motor domain becomes
considerable in the system without the allosteric modulator, especially
for the dynamics of the converter. The non-standard protonation state
of some titratable residues improved the stability of the converter,
keeping it in a primed position, characteristic of the PPS state. Fu-
ture analyses may involve the creation of different models of β-CM
without modulator and by sequentially protonating the seven residues
identified in our study. The analysis of the chemical surrounding of
these residues may be useful to understand which protonation state is
crucial to maintain the stability of the converter in the system without
any modulator. Once the model is stable, it can be used i.e. for a
virtual screening campaign to find good binders of cardiac myosin in
PPS. This can, for example, be done with our protocol implemented
in ChemFlow (earlier described in Chapter 5). In the next chapter, we
will present our pharmacological studies conducted using the stable
model of β-CM to answer some important dilemmas.
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β C A R D I A C M Y O S I N : A L L O S T E R I C M O D U L AT I O N

7.1 current allosteric modulators of cardiac myosin

Cardiomyopathies represent one of the leading causes of premature
death in the world (Benjamin et al., 2019; Clippinger et al., 2019).
Among them, Dilated cardiomyopathy (DCM) and hypertrophic car-
diomyopathy (HCM) are two of the most common progressive genetic
diseases (Day et al., 2022; Jefferies and Towbin, 2010; Rohde et al., 2018)
that lead to HFrEF and arrhythmias (Day et al., 2022; Grillo et al., 2021).
DCM and HCM are characterized by opposite pathophysiological in-
dicators: dilated left ventricular chamber and impaired contractility
in DCM (Jefferies and Towbin, 2010); hypertrophic non-dilated left
ventricle and excessive ejection fraction (EF) in HCM (Day et al.,
2022; Maron and Maron, 2013). Current treatments aim at alleviating
symptoms, without effectively eradicating the source of these diseases
((Chuang et al., 2021)). Groundbreaking discoveries to treat these dis-
orders are allosteric modulators, small molecules able to modulate the
impaired force producing of the motor, directly targeting the myosin
isoform. Allosteric modulators act on the motor’s mechanochemistry
without affecting the intracellular calcium concentration (Day et al.,
2022; Houdusse, 2020), resulting in less invasive and more efficient
therapies (Masri and Olivotto, 2022). In recent years both allosteric
activators and inhibitors of β-CM have been designed (Kawas et al.,
2017; Morgan M. Rogers-Carter1 2 and Christianson1, 2017; Morgan
et al., 2010; Olivotto et al., 2020; Rosano and Ponikowski, 2019).

7.1.0.1 Mavacamten

A promising small molecule that acts as an allosteric inhibitor of β-CM
is Mavacamten (Mava) (Figure 7.1) (Morgan M. Rogers-Carter1 2 and
Christianson1, 2017) also known as MYK-461 (Kawas et al., 2017).

69
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Figure 7.1: 2D representation of Mava (6-(1S)-1-phenylethylamine-3-propane-
2-yl-1H-pyrimidine-2,4-dione)

Since HCM is characterized by an excessive sarcomeric power out-
put (Morgan M. Rogers-Carter1 2 and Christianson1, 2017), defined as
a product of the force generated by myosin’s heads and the velocity
of movement along actin (Morgan M. Rogers-Carter1 2 and Christian-
son1, 2017; Spudich, 2014), the strategy used to design Mava envisages
the decrease in force-generation (Morgan M. Rogers-Carter1 2 and
Christianson1, 2017). Mava inhibits β-CM contractility in HCM, by
modifying the kinetics of actin-activated phosphate release (Rohde
et al., 2018), without slowing the release of ADP (Kawas et al., 2017;
Morgan M. Rogers-Carter1 2 and Christianson1, 2017). Therefore Mava
reduces, in a dose-dependent manner, the phosphate release and the
duty ratio of cardiac myosin (Morgan M. Rogers-Carter1 2 and Chris-
tianson1, 2017). Consequently, the sarcomere contraction decreases
(Kawas et al., 2017; Morgan M. Rogers-Carter1 2 and Christianson1,
2017). Mava stabilizes a "super-relaxed" (SRX) state (Robert-Paganin
et al., 2018; Rohde et al., 2018), viz. a state in which myosin heads are
inactive, thus not interacting with actin (Robert-Paganin et al., 2018).
By stabilizing this state, Mava reduces the number of active myosin
heads, able to undergo the powerstroke (Robert-Paganin et al., 2018;
Rohde et al., 2018). Mava was tested in Phase 3 of a clinical trial on
251 patients with HCM (Helms et al., 2022). This study reports that
Mava improves exercise capacity, left ventricular outflow tract (LVOT)
obstruction, and health condition (Helms et al., 2022). Moreover, it
reduces left ventricular hypertrophy and left atrial volumes (Helms
et al., 2022). Mava is currently waiting for FDA approval (Helms et al.,
2022).

7.1.0.2 Aficamten

Another myosin inhibitor Aficamten (CK-274) (Figure 7.2) (Chuang
et al., 2021) is in phase 3 of clinical trial (Masri and Olivotto, 2022).
The design of an additional small molecule to inhibit β-CM rises
from the need to overcome some clinical limitations of Mava. More
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precisely, Chuang and co-workers first aimed at reducing the hu-
man half-life (t1/2) of 7-9 days of Mava (Grillo et al., 2019) to a
value that could allow a daily administration of the drug (Chuang
et al., 2021). Besides, they want a compound with a clear pharmacoki-
netic (PK)/pharmacodynamic (PD) relationship (Chuang et al., 2021)
and minimal cytochrome (CYP) P450-induced drug-drug interactions
(DDIs) (Chuang et al., 2021).

Figure 7.2: 2D representation of Aficamten (CK-274) (N-(1R)-5-(5-ethyl-
1,2,4-oxadiazol-3-yl)-2,3-dihydro-1H-inden-1-yl-1-methylpyrazole-4-
carboxamide)

Chuang and co-workers conducted a high-throughput screening
(HTS) campaign on bovine cardiac muscle measuring ATP hydrolysis
rate (Chuang et al., 2021). After various stages of optimization of
a selective indoline compound (Chuang et al., 2021), Chuang et al
selected Aficamten as a next-generation cardiac inhibitor. Aficamten
satisfies the three improvement criteria set at the beginning of their
study. It shows shorter t1/2 with respect to Mava, reaching a steady
state within two weeks from administration (Chuang et al., 2021; Masri
and Olivotto, 2022). It has a wide therapeutic window (Chuang et al.,
2021) and in phase II of the clinical trial, it exhibits a favorable safety
profile even at high dosage (Masri and Olivotto, 2022). Outcomes on
phase 3 of a clinical trial are expected soon (Masri and Olivotto, 2022).

7.1.0.3 Omecamtiv Mecarbil

In 2010 Morgan and co-workers conducted HTS, designed and opti-
mized the first allosteric activator of β-CM, named Omecamtiv Mecar-
bil (OM) (Morgan et al., 2010) (Figure 7.3). OM is also known as
CK1827452/AMG423 (Morgan et al., 2010). OM enhances cardiac
contractility in HF disorder, by accelerating the release of inorganic
phosphate from the active site, without changes in sarcomeric calcium
concentration (Day et al., 2022; Helms et al., 2022; Morgan et al., 2010).
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The data reported by Morgan et al provide activity values for all the
series of compounds they analyzed, expressed in terms of AC40 (Mor-
gan et al., 2010). AC40 is the concentration of each compound resulting
in a 40% increase of ATPase activity of the sarcomere, at a calcium
concentration that yields 25-50% of the maximum calcium-dependent
activation (Morgan et al., 2010).

Figure 7.3: 2D representation of OM (methyl-4-(2-fluoro-3-(3-(6-
Methylpyridin-3-yl)ureido)benzyl)piperazine-1-carboxylate)

OM has the best AC40 value in the series of compounds, with a
value of 0.58 µM (Morgan et al., 2010). Isothermal titration calorimetry
(ITC) experiments measured an affinity of OM for β-CM of 0.29 µM
(Planelles-Herrero et al., 2017). In 2021 OM underwent Phase 3 of a
clinical trial in GALACTIC-HF (Global Approach to Lowering Adverse
Cardiac Outcomes Through Improving Contractility in Heart Failure)
(Teerlink et al., 2021). This approach compares OM with placebo
on more than eight thousand patients with HFrEF and EF <= 35%
(Teerlink et al., 2021). The outcome of this clinical trial shows that
patients with more severe HF benefit most from OM treatment, with
a progressive risk reduction for the primary endpoint of HF events
(Teerlink et al., 2021). However, it does not reduce cardiovascular death
or improve total symptoms (Helms et al., 2022). Given these rather
humble results, it remains uncertain whether OM will be approved as
a drug for the treatment of HF (Helms et al., 2022).

7.1.0.4 Danicamtiv

More recently a novel potential allosteric activator of β-CM has been
designed: Danicamtiv (Voors et al., 2020), also known as MYK-491

(Figure 7.4) (Fernandes et al., 2019; Grillo et al., 2021). Like OM,
also Danicamtiv accelerates the release of inorganic phosphate from
myosin, increasing cross-bridge formation of cardiac muscle (Grillo et
al., 2021). Pre-clinical tests from a 2a trial show a direct dose-dependent
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effect of Danicamtiv on atrial contractility, as well as improved left
ventricular systolic function (Grillo et al., 2021; Voors et al., 2020). In
particular, it has a half-maximal active concentration (AC50) of 6 µM
for ventricular myofibrils and of 3 µM for atrial ones (Voors et al.,
2020). In general, Danicamtiv increases the ATPase rate of cardiac
myosin at 3 µM (Voors et al., 2020).

Figure 7.4: 2D representation of Danicamtiv (4-(1R)-1-3-difluoromethyl-1-
methylpyrazol-4-yl-sulfonyl-1-fluoroethyl-N-1,2-oxazol-3-yl-piperidine-1-
carboxamide)

Danicamtiv is selective for cardiac S1 myosin (Voors et al., 2020) and
it is currently in phase 2 of clinical investigation.

7.2 In silico studies of β-cm’s allosteric activator om

As previously discussed, OM represents the first attempt at drug de-
sign of selective allosteric activators of β-CM. Although its mechanochem-
ical action on cardiac myosin is clear (accelerating the kinetics of Pi
release from the motor), its effect on the stability and dynamics of
the protein has not been clarified yet. We performed atomistic studies,
with all-atom MD simulations (as presented in Chapter 6) of β-CM
in PPS state both in complex with OM and not. Our work is not the
first computational study of the dynamics of β-CM in complex with
the modulator OM. Notoriously, the group of Fornili has conducted
pioneering in silico studies about the effects of OM on the dynamics
of the protein as well as its mode of action (Ha et al., 2020; Hashem
et al., 2017).

7.2.0.1 OM and β-CM in Near-Rigor state

In 2017, Fornili and co-workers investigated the mechanochemical role
of OM from the X-ray structure of human β-CM, in the near-rigor
state of the actomyosin cycle (Hashem et al., 2017; Winkelmann et
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al., 2015). In this study (Hashem et al., 2017), they conducted MD
simulations in the micro-second scale of their β-CM model both in
the presence and absence of OM (Hashem et al., 2017; Winkelmann
et al., 2015). The system without OM will henceforth be referred to as
Apo. Their analyses show that OM reduces the quasi-rigid rotation
of the converter-lever arm subdomain, compared to the Apo system,
lessening the overall flexibility of the protein (Hashem et al., 2017).
This effect is mediated by the contacts that OM establishes with the
subdomains with which it interacts in its binding pocket (N-terminal,
L50, RH, SH1, and converter-lever arm), but also by the stabilization
of pre-existing interactions among the domains (Hashem et al., 2017;
Winkelmann et al., 2015). Another interesting observation concerns
the interaction between OM and two regions (Loop1 and G-helix that
is part of the U50 subdomain) containing two residues (I201 and
A223) which, if mutated into Threonine, are associated with dilated
cardiomyopathy (DCM) phenotype (Al-Numair et al., 2016; Hashem
et al., 2017). Fornili et al monitored the interaction network between
the drug and this region, calculating a connection score (Hashem et al.,
2017). The favorable connection score measured, suggests that OM
interacts with this region, stabilizing the structure (Hashem et al.,
2017). Therefore, the drug could be beneficial for the patient affected
by DCM, with the above-mentioned mutations (I201T and A223T),
because it would counteract the effect of the mutations (Hashem et
al., 2017). Even binding to the near-rigor state, OM enhances cardiac
contractility, by possibly modifying the dynamics of G-helix, involved
in the closure and opening of the actin-binding cleft, respectively in
weakly- or strongly-actin bound state (Hashem et al., 2017; Kühner and
Fischer, 2011). Further studies may involve specific cardiac myosin
mutants with OM bound, to verify if the drug could reverse the
effect of these mutations on the dynamics and stability of the protein
(Hashem et al., 2017).

7.2.0.2 OM and β-CM in PPS state

The previous work of Fornili et al was published simultaneously with
the release of the most recent structure of β-CM, always in complex
with OM, but in another state of the actomyosin cycle. This structure
is the bovine cardiac myosin in PPS state (PDB code: 5N69), which we
have also used in our study (Planelles-Herrero et al., 2017). The group
of Fornili decided, therefore, to investigate the dynamics of β-CM in
presence of OM, in PPS (Hashem et al., 2020). Analyses of the micro-
second scale MD simulations of the system in presence of OM, show
that OM remains tightly bound keeping a conformation close to the
one in the initial structure (Hashem et al., 2020). Moreover, the different
subdomains are more coupled in presence of OM, with respect to
the Apo simulations (Hashem et al., 2020), as already observed in
the simulations of the near-rigor state (Hashem et al., 2017), thanks
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to stable contacts that OM establishes with them (Hashem et al.,
2020). OM stabilizes the overall structure reducing the flexibility of
the protein (Hashem et al., 2020). The Apo simulations of the PPS
state show higher flexibility of the motor domain, in particular in
the converter-lever arm domain (Hashem et al., 2020), as similarly
observed for the Apo trajectories of near-rigor state (Hashem et al.,
2017). Among the long-distance interactions that OM couples, there are
interactions between swII and nearby regions, closing possible routes
for Pi release (Hashem et al., 2020). This evidence is in agreement
with some experiments that reported an OM-mediated decrease in
Pi release, in absence of actin (Liu et al., 2015; Malik et al., 2011).
However, these observations do not exclude a different escape path
of Pi from a tunnel, that involves the opening of P-loop (backdoor II),
in the transition to a state with high affinity for actin (Cecchini et al.,
2010; Hashem et al., 2020). In this case, OM could favor the opening of
this last route and mediate the Pi release in presence of actin (Hashem
et al., 2020; Liu et al., 2015).
Besides the stability of β-CM in PPS, Fornili and co-workers explored
the interactions between the protein and OM, as well as with a set of
its analogs (Manickam et al., 2018, 2017), to determine their effects on
the motor function (Hashem et al., 2020). Molecular docking of OM
both in PPS and near-rigor structure hints that OM binds with higher
affinity β-CM in PPS, rather than in near-rigor state (Hashem et al.,
2020). This result is in agreement with experimental binding affinities
measured with ITC for the motor in complex with different nucleotide
forms (Planelles-Herrero et al., 2017). Fornili et al also docked both
in PPS and near-rigor state structures some of the analogs of OM for
which activity values are known (Hashem et al., 2020; Manickam et al.,
2018, 2017). Then, they evaluated the relative predicted binding free
energies. Also, in this case, the molecules have a higher affinity for the
PPS state than for the near-rigor state, demonstrating their selectivity
for PPS (Hashem et al., 2020). By computing the difference between
the predicted affinity for a molecule in two different conformational
states of the target protein, one could get the efficacy of the molecule
and then compare it with experimental activity values (Cecchini and
Changeux, 2022). The group of Fornili did so, designing various
linear regression models that were then fit with experimental data of
the analogs of OM (Hashem et al., 2020). The comparison between
predicted and experimental activities of these series of compounds,
OM included, shows that the most important contributions in the
binding are H-bonds patterns and steric interactions (Hashem et
al., 2020). Moreover, the compounds that belong to the class of the
more active ones, tend to couple different subdomains, just like OM
(Hashem et al., 2020). Finally, they assume that the model derived
using this dataset is probably too restrictive to be considered a general
predictive model for β-CM activators (Hashem et al., 2020).
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7.3 design of cardiac myosin’s allosteric activators

In this section, we will describe how we tackled the arduous question
of how to design β-CM allosteric activators.
Our approach was different with respect to the one used by Fornili et
al (Hashem et al., 2020). We did not use a linear regression method
to predict activities. We asked ourselves if the binding affinity was
discriminant for a molecule to be a cardiac activator, since we suppose
that activators of β-CM shift the conformational equilibrium towards
the PPS state, by stabilizing it. We will present the analyses run over
the model of β-CM in PPS with both a standard protonation state
of ionizable residues and the latest one, in which we considered the
non-standard state of said residues.

7.3.0.1 Initial structure of β-CM

The first step of our study involves choosing the structure of the pro-
tein to be used. We have previously described the analyses of the
dynamics of β-CM in PPS, in presence of OM proposed both by us
(Chapter 6) and the group of Fornili (Hashem et al., 2020) and we
have seen that there are some common conclusions. In particular, we
both observed that OM stabilizes the PPS structure, especially by
limiting the motion of the converter-lever arm domain that shows
high pliancy in absence of the modulator. The hypothesis that acti-
vators of β-CM stabilize the PPS state has been demonstrated by the
molecular dynamics studies with OM, analyzed by us and by Fornili
and co-workers (Hashem et al., 2020). Moreover, the allosteric binding
pocket of OM, either is formed with a possible induced fit mechanism
(Planelles-Herrero et al., 2017), or it does not seem opened in the short
timescale Apo simulations, due to the movement of the lever arm
that explores a more primed position (see Chapter 6 and the video
https://zenodo.org/record/6958265#.YuqBY2FBxH4). Based on this
evidence, we decided to use a representative OM-bound PPS structure
as initial coordinates for our investigation.
The most representative structure of the protein, corresponding to the
most populated cluster center, was extracted from the MD simulation
with OM bound and used as initial coordinates, both in the system
with the standard state of titratable residues and in the one with the
non-standard state of said residues. Since the trajectory of the system
with a standard protonation state of ionizable residues was produced
by Amber, we performed a cluster analysis with AmberTools, im-
posing an RMSD of 2 Å to the residues of the binding site of OM,
excluding the hydrogens. The MD with the different protonation state
of titratable residues was run with Gromacs, thus the centroid was
chosen after a cluster analysis performed with the "gromos" cluster
method (Daura et al., 1999), defining an RMSD cut off of 1.5 Å with
respect to the heavy atoms of OM binding site.

https://zenodo.org/record/6958265#.YuqBY2FBxH4
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7.3.0.2 Initial dataset

We had to select a dataset to start with, to define a protocol for
designing allosteric activators of cardiac myosin. We chose the series
of analogs of OM, described by Morgan et al, for which biochemical
activities are quantified as AC40 (Morgan et al., 2010). OM and its
analogs, which we will call A1, A2... A14 and A22, A23, and A24

from now on are the seventeen compounds extracted from the work of
Morgan and co-workers (Morgan’s compounds) (Morgan et al., 2010).
MarvinSketch (Marvin version 17.12, ChemAxon (https://chemaxon.
com)) was used to draw these molecules. The final 3D structures were
prepared (protonation ad neutral pH, searching for tautomers and
stereoisomers) with our in-house software PrepFlow (Sisquellas and
Cecchini, 2021). Various conformers were then generated using RDKit
(Landrum and Others, 2016). The molecules show a range of activity
values whose extremes are OM and A3, respectively the best and the
worst activator in the series (Morgan et al., 2010).

LIGAND AC40 [µM]

A1 1.4

A2 2.5

A3 32

A4 1.8

A5 0.7

A6 1.4

A7 1.1

A8 2.5

A9 7.3

A10 2.5

A11 3.6

A12 0.6

A13 0.7

A14 0.8

A22 1.7

A23 4.5

A24 0.58

Table 7.1: Experimental activity values for the congeneric series of ligands
measured as AC40 (Morgan et al., 2010). A24 corresponds to OM and it has
the best activity value among all the molecules.

https://chemaxon.com
https://chemaxon.com


78 β cardiac myosin : allosteric modulation

7.3.1 ChemFlow on β-CM PPS

7.3.1.1 DockFlow on β-CM PPS

To predict binding affinities of the series of compounds under inves-
tigation, we used ChemFlow. At first, we performed a re-docking of
OM in its binding pocket using the bovine cardiac X-ray structure
(5N69.pdb) (Planelles-Herrero et al., 2017). In Figure 7.5 a represen-
tation of the buried pocket of OM in bovine β-CM (5N69.pdb). The
center of mass of OM was computed from the X+ray structure and
used as the center for defining the sphere of the searching space
in PLANTS, for the first experiment of re-docking performed with
DockFlow. The radius of the sphere was set to 15 Å and the default
values were kept for the other parameters (Korb et al., 2007).
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(a) Cartoon representation of bovine cardiac myosin (5N69.pdb), zooming on OM bound in its buried
pocket.

(b) Representation of the binding surface of OM and in lines the residues within 5 Å of OM.

Figure 7.5: In sub-figure (a) a cartoon representation of the subdomains with whom OM
interacts. In sub-figure (b) represented in lines the residues within 5 Å of OM, keeping the
color code of the subdomain as in sub-figure (a). In both images, OM is depicted as its
surface in the binding pocket.

OM was properly re-docked, as shown in Figure 7.6, thus we de-
cided to use PLANTS to dock all the molecules in the representative
structure of the protein chosen as starting coordinates.
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Figure 7.6: Result of the re-docking performed with PLANTS (Korb et al.,
2007). The searching space was defined as a sphere with the center corre-
sponding to the center of mass of OM and the radius was set to 15 Å. In
orange sticks the re-docked molecule and cyan OM in bovine β-CM. The
docking score for this pose is -99.5 and the RMSD to OM in the crystal
structure is 1.8 Å.

Since the dataset is a series of structurally similar molecules (all
analogs of OM), we hypothesised that they could bind with a similar
orientation to the co-crystallized OM (Boström et al., 2006; Cournia
et al., 2020). Moreover, since our goal is to predict relative binding
free energies with a more accurate method than docking, such as
end-point free energy calculations (MM/PB(GB)SA) (Montalvo-Acosta
and Cecchini, 2016; Srinivasan et al., 1998), initial coordinates of the
systems, obtained by docking, must be optimal. The initial results
were not satisfactory, since there were some molecules for which
PLANTS(ChemPLP) was not able to find a binding mode close to the
one of OM. In Figure 7.7 an example of the best poses obtained with
PLANTS for Morgan’s compounds.



7.3 design of cardiac myosin’s allosteric activators 81

Figure 7.7: Best docking poses (first ones) of the analogs of OM. Not all the molecules are
correctly docked in the OM binding pocket. Some are more exposed to the solvent losing
key interactions. In sticks the analogs of OM and cyan, color-coded according to the polarity
of the atoms, the surface of OM in bovine cardiac myosin (5N69.pdb).

As we can see, some molecules are shifted from the OM binding
pocket occupying a space more exposed to the solvent, losing some
possible key interactions. We, therefore, tried several combinations
of the various parameters that can be set in PLANTS, such as the
flexibility of some chemical groups or side chains, the radius of the
sphere, the number of ants, or the evaporation rate factor (Korb et
al., 2007, 2006), to find the more suitable set-up for our molecules.
After several attempts to optimize the parameters, we chose the ones
that gave the best results: scoring function ChemPLP; search speed 1;
number of ants 20; evaporation factor 0.25; iteration scaling factor 1

(Korb et al., 2006). After visual inspection, we selected the first pose of
the conformers that best overlaps OM in the pocket. (see Figure 7.8 as
example for A3).
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Figure 7.8: Best docking pose obtained with PLANTS for A3 (in yellow) with
the new set-up. The docking score is -90.7. The molecules overlap the shape
of OM (in cyan) and better fit the pocket.

7.3.1.2 LigFlow and ScoreFlow on β-CM PPS

We continued our analysis using LigFlow and ScoreFlow. These are the
other two modules of ChemFlow, developed to compute charges for
the ligands and then run MD simulations for free-energy rescoring
with end-point methods, respectively (see Chapter 5). For our dataset,
we computed RESP charges and then calculated relative binding free
energies. For the latter calculation, we used the MMGBSA approach
over a trajectory of 10 ns for each system.

7.3.1.3 Results: in silico predictions VS experimental data

Finally, to understand if with this protocol we were able to properly
classify Morgan’s compounds according to their biochemical activities,
we ranked them for predicted ∆G of binding and compared the rank-
ing with the activity values. In Figure 7.9 the plot shows that we were
not able to rank OM as the best binder (lowest value of predicted ∆G)
and A3 as the worst one, in line with the experimental data (Morgan
et al., 2010). Moreover, there was no correlation between the predicted
binding affinities and the activity values (see Figure 7.10).
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Figure 7.9: Ranking of the series of the compounds under investigation, according to the
predicted free energy of binding (∆G pred). The values are the results of the MMGBSA
calculation performed with GB model 2 (Case et al., 2021) and internal dielectric constant (ε)
equal to 4, over a trajectory of 10 ns per each system.
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Figure 7.10: Correlation plot between the predicted ∆G obtained with MMGBSA calculation
and AC40 values (Morgan et al., 2010). The R2 is 0.05, meaning no correlation between the
two quantities.

7.3.2 Improvements in the protocol

The negative results obtained so far were a reflection of a sub-optimal
protocol for the systems we were investigating. Therefore, we decided
to make substantial changes in the docking protocol and then relaunch
all calculations with ChemFlow.

7.3.3 ChemFlow 2.0 on β-CM PPS

7.3.3.1 DockFlow 2.0 on β-CM PPS

First of all, as the initial structure for the docking, we selected the
cluster center of the MD simulation run for the model of β-CM with
the different protonation state of titratable residues (see Chapter 6).
Then, we change the docking program and we used AutoDock VINA
(VINA) (Trott and Olson, 2009), already implemented in ChemFlow.
The search space was defined as a 15 x 15 x 15 Å grid box, centered on
OM, and 10 poses were generated for each compound. The results were
astonishing even for those molecules for which PLANTS had failed to
find a correct binding mode. In Figure 7.11 is reported the example
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of the new docking pose of A3. The molecule occupies the binding
pocket with an orientation similar to OM in the X-ray of bovine β-CM.
In Figure 7.12 we can see how all the Morgan’s compounds are docked
overlapping the shape of OM in the pocket.

Figure 7.11: Best docking pose of A3 (in coral) obtained with VINA (Trott
and Olson, 2009) compared with OM (in cyan) in the X-ray structure of
bovine cardiac myosin (5N69.pdb).
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Figure 7.12: Best docking pose of all Morgan’s compounds obtained with
VINA (in colored lines), compared with OM (in cyan) in the X-ray structure
of bovine cardiac myosin (5N69.pdb).

Given the much better docking results, we looked at the ranking
of the compounds based on the scoring of VINA. The results in
Figure 7.13 show that the ranking based on the docking scores is not
enough accurate to classify OM as the best binder. A10, indeed, results
the best binder with a docking score of -10.8 kcal/mol. By contrast,
VINA can rank A3 as the worst binder (black dot in Figure 7.13), in
agreement with the activity data provided by Morgan and co-workers
(Morgan et al., 2010).
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Figure 7.13: Ranking of Morgan’s compounds based on VINA scores. In red dot OM
(VINA score = -10.1 kcal/mol); in black dot A3 (VINA score = -8.9 kcal/mol) and
in green dot A10 (VINA score = -10.8 kcal/mol). A10 is ranked as the best binder
according to VINA scores.

7.3.3.2 LigFlow and ScoreFlow 2.0 on β-CM PPS

Since predictions based on docking are still not accurate enough to
properly rank Morgan’s compounds, we investigated the ranking
after a more accurate level of prediction. We run 10 ns MD of all the
complexes generated by VINA and we computed relative binding free
energy with MMGBSA, using the same protocol as in Section 7.3.1.

7.3.3.3 Results: in silico predictions VS experimental data 2.0

Morgan’s compounds were correctly ranked, being OM (A24) the best
one in terms of predicted binding affinity and A3 the worst one (see
Figure 7.14). A10, instead, is predicted as a medium affinity binder, in
agreement with the AC40 data that classify it as such (see Table 7.1).
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Figure 7.14: Ranking of Morgan’s compounds based on MMGBSA scores. In red dot OM
(∆G predicted = -60.5 kcal/mol); in black dot A3 (∆G predicted = -43 kcal/mol) and in
green dot A10 (∆G predicted = -53.4 kcal/mol). OM is ranked as the best binder according
to MMGBSA scores.

We tested the same protocol adding other four molecules to our
dataset: one inhibitor (F33), two activators (D33 and C29), and a
molecule that is a good binder but shows no significant activity (A28).
The structures of these molecules are confidential. Moreover, we intro-
duced the known inhibitor Mava (Morgan M. Rogers-Carter1 2 and
Christianson1, 2017). Once again, our protocol can classify activators
(Morgan’s compounds; C29 and D33) from inhibitors (Mava and F33)
or inactive compounds (A28) (see Figure 7.15).
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Figure 7.15: Ranking based on MMGBSA scores of Morgan’s compounds; Mava and four
other molecules with known efficacy. In red OM (∆G predicted = -60.5 kcal/mol); in black
A3 (∆G predicted = -43 kcal/mol); in green A10 (∆G predicted = -53.4 kcal/mol); in pink
the two inhibitors Mava (∆G predicted = -43 kcal/mol) and F33 (∆G predicted = -38.5
kcal/mol); in brown the inactive molecule A28 (∆G predicted = -42.5 kcal/mol); in dark
orange one activator D33 (∆G predicted = -54 kcal/mol) and in blue the other activator C29

(∆G predicted = -51.6 kcal/mol). OM is ranked as the best binder whereas A3, the known
inhibitors, and the inactive molecules as the worst binders, according to MMGBSA scores.

From the values of predicted affinity, computed with MMGBSA,
one could define a boundary around -46 kcal/mol for hit prediction
in a vHTS campaign to identify plausible activators of cardiac myosin.

7.3.4 What makes a small molecule a cardiac myosin activator?

So far, we set a protocol capable of qualitatively discriminating the
Morgan’s compounds, by classifying the best activators from the
worst/inactive/inhibitors ones (Morgan et al., 2010). We, therefore,
explored the hypothesis of a possible correlation between the predicted
relative affinities and the biochemical activity values (AC40). After
computing this relationship no correlation emerged (R2 = 0.23) (see
Figure 7.16).
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Figure 7.16: Correlation plot between predicted binding affinities (∆G pred) and biochemical
activity values (AC40) for the Morgan’s compounds. The data show no correlation (R2 =
0.23).

7.3.4.1 τ-RAMD

Afterward, we applied an orthogonal approach: the estimation of
the residence time of Morgan’s compounds (ko f f ). To compute the
residence time of the molecules in our dataset, we used the method de-
veloped by the group of Wade (Kokh et al., 2020) named τ-Random Ac-
celeration Molecular Dynamics (τ-RAMD) simulations. As described
in Section 4.1, the procedure allows the computation of the drug
residence time in the binding site, by exploring ligand dissociation
mechanisms (Kokh et al., 2020). As output, we get the values of tR that
equals the reciprocal of the dissociation rate as in Equation 7.3.4.1:

tR =
1

ko f f
(7.1)

tR is a predictor of the efficacy of a drug, viz. the maximum response
achievable from a small molecule (Holford and Sheiner, 1982; Pan
et al., 2013) and it has been demonstrated that it highly correlates
with functional efficacy (Pan et al., 2013). For the compounds under
analysis, we defined a constant pulling Force of 4972kJ · mol−1 · nm−1
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and a center of mass (COM) displacement threshold of 7 nm. This
means that, when the COM of the ligand reaches a distance of 7 nm
relative to the COM of the protein, it is considered dissociated. In
Figure 7.17 an example of dissociation of one Morgan’s compound
during a τ-RAMD simulation.

Figure 7.17: Example of unbinding of one Morgan’s compound (A11) during a trajectory of
τ-RAMD. The ligand is colored with a gradation of blue ranging from deeper blue (bound)
to cyan (dissociated), depending on the bond status.

We computed the correlation between predicted residence time
and predicted binding affinity, previously calculated with MMGBSA.
Pearson’s coefficient was 0.58 (see Figure 7.18).
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Figure 7.18: Correlation plot between predicted binding affinities (∆G pred)
and predicted residence time (ko f f ) for the Morgan’s compounds. The data
show an interesting correlation (R2 = 0.33).

To improve the protocol, we computed the free energy of Morgan’s
compounds with MMPBSA (see Table 7.2). We then recomputed the
correlation between predicted ko f f and predicted ∆G, as well as the
correlation between predicted ko f f and AC40.
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LIGAND tR[ns] std ko f f [ns−1] ∆G [kcal/mol]

A1 0.8 0.56 1.2 -17.06

A2 0.3 0.07 3.3 -15.7

A3 0.1 0.04 8.3 -12.76

A4 0.5 0.14 2 -19.2

A5 0.98 0.32 1 -18.9

A6 0.9 0.22 1.1 -19.8

A7 0.72 0.29 1.38 -16.23

A8 0.65 0.39 1.53 -17.2

A9 1 0.35 1 -17.15

A10 0.55 0.18 1.82 -14.2

A11 9.8 6.6 0.1 -22.27

A12 2.35 1.61 0.42 -19.7

A13 3.02 1.54 0.33 -19.56

A14 2.65 0.72 0.38 -17.92

A22 0.2 0.07 5 -11.21

A23 13.38 7.44 0.07 -24.87

A24 19.8 0.84 0.05 -22.46

Table 7.2: Residence time (tR), respectively ko f f and binding affinities (∆G)
predicted for the Morgan’s compounds. The values of tR are the average
ones of fifteen trajectories of unbinding. In the second column, std stands
for the standard deviation of the average value of tR. ∆G have been com-
puted with MMPBSA using internal ε equal to 4 and default values for the
other parameters (Case et al., 2018). Highlighted in red are the values of A3

and A24 (OM), used as boundaries for the calculation, being respectively
the worst and the best compounds of the series, in terms of biochemical
activities (Morgan et al., 2010). The calculations were run on the HPC su-
percomputers Mesocentre (https://hpc.pages.unistra.fr/) and ROMEO
Super Computer Center (https://romeo.univ-reims.fr/pages/aboutUs).

7.3.4.2 Results: in silico predictions VS experimental data

The results (see Figure 7.19) show an interesting correlation between
predicted affinities and residence time.

https://hpc.pages.unistra.fr/
https://romeo.univ-reims.fr/pages/aboutUs
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Figure 7.19: Correlation plot between predicted binding affinities (∆G pred)
and predicted residence time (ko f f ) for the Morgan’s compounds. The data
show an interesting correlation (R2 = 0.58).

In Figure 7.20 it seems that it also exists a correlation between pre-
dicted residence times and biochemical activities (Pearson’s coefficient
= 0.78). Actually, this high correlation is affected by A3, the Morgan’s
compound with the highest AC40 value (AC40 = 32µM). Once re-
moved from the dataset, the correlation drops down to 0, as shown in
Figure 7.21.
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Figure 7.20: Correlation plot between predicted residence time (ko f f ) and
biochemical activities (AC40) for the Morgan’s compounds. The data share a
Pearson’s coefficient of 0.78.
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Figure 7.21: Correlation plot between predicted residence time (ko f f ) and
biochemical activities (AC40) for the Morgan’s compounds, excluding A3.
The data share a Pearson’s coefficient of 0.

7.4 conclusions & future perspectives

What makes a small molecule a cardiac myosin activator? The ques-
tion remains unanswered, for now. Our (computationally expensive)
analyses demonstrated that both predicted affinities and residence
time calculations do not quantitatively correlate with the experimental
activity data. Nevertheless, our results are in qualitative agreement,
i.e activators vs inhibitors, with available data. This finding could be
used in a virtual screening campaign to prioritize potent activators
of cardiac myosin in PPS. A possible approach that could raise the
quantitative outcome of our investigation is a rigorous method, such
as Free Energy Perturbation (FEP) calculations for OM and its analogs.
This would allow confirmation or disproof of the possible correlation
between activity and affinity in PPS. The FEP calculation is, anyway,
very challenging for the big and flexible system as cardiac myosin,
for which our preliminary absolute binding free energy (ABFE) for
OM, has shown serious convergence issues. Alternatively, this prob-
lem could be overcome by computing relative binding free energy
(RBFE) between the most structurally similar compounds in the series
of Morgan’s molecules. A computationally cheaper solution could be
to compute ∆∆G with MM/PB(GB)SA for the Morgan’s compounds
between PPS and another state, in equilibrium with it, such as near
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rigor. In this case, we would predict the efficacy of the molecules,
rather than their potency (Cecchini and Changeux, 2022) and then,
to fix the missing term for the correlation with experimental activity
values, we could fit the data with a linear regression method, as re-
cently proposed by Fornili and co-workers (Hashem et al., 2020). We
could combine both approaches by using linear regression based on
MM/PB(GB)SA scores computed in both states (PR and PPS). How-
ever, the two orthogonal methods we explored correlate with each
other, underlying that the calculations are both individually mean-
ingful. The lack of correlation of both methods with experimental
activities may suggest that data computed in a single state (here PPS)
are not enough to be compared with experimental activities. Similar
hints have been by Fornili and co-workers (Hashem et al., 2020), there-
fore future combination of both approaches might be successful at
improving the correlation between our predictions and experimental
data.





8
M Y O S I N V I : S T R U C T U R A L F E AT U R E S & D Y N A M I C S

Myosin VI (MyoVI) was discovered in 1992 by Kellerman and Miller
after an analysis of complementary DNA (cDNA) clones encoding for
cytoskeletal proteins involved in Drosophila melanogaster’s embryonic
development (Kellerman and Miller, 1992). Since then, it was shown
that it is involved in numerous life-sustaining functions (Buss et al.,
2004) and it is expressed in distinct species, ranging from worm (i.e.
C.elegans) (Kelleher et al., 2000) to mammals (Avraham et al., 1995;
Hasson and Mooseker, 1994).

8.1 structural features & backward motion of myosin

vi

The peculiarity of MyoVI is that it moves toward the pointed (minus)
end of actin filament (Pylypenko et al., 2011), unlike all the other
myosins (Schliwa, 1999; Wells et al., 1999). This peculiar behavior
possibly accounts for a structural adaptation for the different roles of
MyoVI in the cell, such as transcription in the nucleus (Vreugde et al.,
2006), organization of actin filaments (Woolner and Bement, 2009b),
intracellular transport (Buss et al., 2004) and mechanical function of
stereocilia in the inner ear (Avraham et al., 1995). A hypothesis raised
to explain the reverse directionality of MyoVI from a structural point
of view, proposes the role of a unique 53-aminoacids insert (insert 2)
at the C-terminus of the converter subdomain (Ménétrey et al., 2005)
(Ovchinnikov et al., 2011) as responsible of this feature (Park et al.,
2006). Homma et al in 2001 created chimeras of the motor domain
of MyoV combined with the converter and lever arm of MyoVI and
vice-versa chimeric MyoVI whose motor domain was coupled to the
lever arm of MyoV (Homma et al., 2001). These chimeras were then
tested with in vitro motility assay with dual fluorescence-labeled F-
actin(Homma et al., 2001). Based on the results of this experiment, the
core part of the motor domain is modulating the reverse direction-
ality of MyoVI and possibly other myosins could share this feature
(Homma et al., 2001). In 2006 Sweeney and co-workers recreated some
chimeras of MyoVI by replacing the lever arm with the one of Myosin
V either with or without the insert 2 (Park et al., 2006). Sweeney et
al convincingly argued that a chimeric myosin V with a myosin VI
converter would lack crucial interactions between insert 2 and lever
arm, resulting in structural instability (Park et al., 2006). This incom-
patibility in the structure might be the cause of the negative results
concerning the implication of insert 2 in minus-end movement ob-

99
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tained by Homma et al (Park et al., 2006). The results by Sweeney
and co-workers demonstrated that insert 2 is, instead, an optimized
element fundamental for reverse directionality specific for MyoVI and
not for any other class of Myosins (Park et al., 2006). MyoVI exists
as a monomer in cells, able to dimerize to accomplish its functions
(Mukherjea et al., 2014). The dimerization process is not merely elec-
trostatic as proposed in 2010 by Kim et al (Kim et al., 2010), but it is
regulated by cargo adaptor proteins as postulated in 2009 by Phichith
(Phichith et al., 2009) and demonstrated more recently by other groups
(Hu et al., 2019; Mukherjea et al., 2014; Shang et al., 2017). The step-
size over the actin filament changes accordingly to the monomeric or
dimeric form and in the latter it shows high variability (Mukherjea
et al., 2014; Park et al., 2006; Rock et al., 2000). The monomeric form
of MyoVI is thought to work in a non-processive way with a step-size
of 18nm (Lister et al., 2004). By contrast, the dimer walk processively
on actin with a hand-over-hand mechanism (Park et al., 2006) and a
step size of 30 − 36 ± 12nm (Buss et al., 2004; Mukherjea et al., 2014;
Sun et al., 2007). In both cases, the lever arm attains a rotation of 180o

(Bryant et al., 2007; Reifenberger et al., 2009), This large step-size of
dimers of MyoVI is unexpected, considering the short lever arm in
which resides only one IQ motif (conventional calmodulin binding
site) (Ménétrey et al., 2005) (Park et al., 2006), compared to the lever
arm of another processive myosin, Myosin V, that comprises six IQ
motifs (Rief et al., 2000). Despite this major difference, both dimers of
MyoVI and Myosin V exhibit similar 36nm step-sizes (Kodera et al.,
2010; Park et al., 2006; Warshaw, 2004). Various hypotheses have been
raised to explain this large step-size of MyoVI: one asserts that it could
be explained by the unique conformation of the converter in the PPS
state by Menetréy et al in 2007 (Ménétrey et al., 2007) and already
proposed by Sweeney, Park et al in 2006 (Park et al., 2006); a different
one proposes the pliancy of the region between converter and lever
arm as key factor (Sun et al., 2007) and yet another one suggests a
possible uncoupling of the lever arm of the lead head as responsible
of the large step-size (Ménétrey et al., 2012). The step size in MyoVI
is not only surprisingly large, but it also shows high variability. Rock
and co-workers discussed how MyoVI dimers can have a step size
that varies from 30 nm with a difference of ± 12 nm (Rock et al., 2001).
It was further demonstrated by Park and co-workers with chimeric
myosins that the variable step size does not depend on the presence
of insert 2 (Park et al., 2007). Later, it was proposed by Ménétrey et
al that the converter of the roar-head may undergo a transition while
bound to actin, switching from PPS to R (Ménétrey et al., 2007). In 2011

Ovchinnikov et al complemented these studies with string calculations
(Maragliano et al., 2006; Ovchinnikov et al., 2011). By computing the
minimum free energy pathway (MFEP), they demonstrated that the
isomerization of the converter from the canonical folding, known as
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R-fold, to a conformation named P-fold characteristic of PPS and Pi re-
lease state (Llinas et al., 2015), is responsible for the variable step-size
in MyoVI (Ovchinnikov et al., 2011). The monomeric form of MyoVI
is thought to work in a non-processive way with a step-size of 18nm
(Lister et al., 2004). Underneath, in Figure 8.1, we show a blueprint of
the backward motion of a monomeric head of MyoVI along a filament
of F-actin, with a description of the steps of the force cycle.
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Figure 8.1: Schematic representation of the movement of one head of MyosinVI along an
actin filament. The converter-lever arm domain is depicted in green. The movement can be
described in six main steps:
1. binding of a molecule of ATP in the nucleotide-free active site of a myosin head, bound in
a high-affinity state for actin, named Rigor state (R);
2. detachment of myosin head from F-actin in the ATP-bound state known as Post-Rigor.
The affinity for actin decreases at this stage;
3. intermediate state known as the pre-transition state (PTS) (Blanc et al., 2018) with ATP-
bound in the active site and a different orientation of the converter-lever arm;
4. conformational change at the level of the lever arm domain accompanied by the hydrolysis
of ATP. In this state (Pre-Power stroke state (PPS)) the motor domain traps the hydrolysis
products in the active site;
5. following conformational change that drives the release of the inorganic phosphate from
the active site (PiR state) (Llinas et al., 2015). The affinity for actin is higher;
6. strong binding of myosin to actin that triggers the powerstroke, a key step for force
generation. Subsequent conformational changes in the head trigger the release of ADP from
the active site.
The motor domain is back to the R state, with myosin temporarily bound to actin in a
different position than the one occupied at the beginning, ready to re-bind ATP and close
the cycle. The color of the motor domain varies from dark magenta (highest affinity for
actin) to grey (high-affinity state for ATP e ADP-Pi) to light pink (PiR-state) to dark magenta
again according to the change in affinity respectively for actin and ATP during the cycle.
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One more feature that makes MyoVI unique is the presence of an-
other insert, called insert 1, positioned in the U50 subdomain near
the nucleotide-binding site (Pylypenko et al., 2011) (Ménétrey et al.,
2005) (see Figure 8.2). This 26-aminoacids insert regulates the rate of
ATP binding (Sweeney et al., 2007) (Pylypenko et al., 2011), producing
strain-dependent slowing of ATP-binding (Sweeney and Houdusse,
2010). The nucleotide-binding kinetics is the gating mechanism for
the activity of the two myosin’s heads in the dimeric form of MyoVI
(Sweeney et al., 2007), i.e. the communication between the myosin’s
heads to achieve coordinated hand-over-hand motion along actin fil-
ament (Yildiz et al., 2021). The kinetics of ATP binding is controlled
by the protrusion of a loop interposed in insert 1 (depicted in cyan
in Figure 8.2) that interacts with swI (Sweeney et al., 2007). In partic-
ular, a Leucine of this loop (L310) could impact ATP-induced actin
dissociation, modulating the kinetic transition from strong to weak
actin-binding (Pylypenko et al., 2011). This model of gating mediated
by control of ATP-binding in the front head has been proposed in the
early 2000s and then demonstrated in 2011 by Sweeney and co-workers
(De la Cruz et al., 2001; Pylypenko et al., 2011; Sweeney et al., 2007).
According to this theory, the processive movement and high duty
ratio of MyoVI (meaning the time spent by the motor domain strongly
bound to actin during the cycle (De la Cruz et al., 2001; O’Connell
et al., 2007)) are regulated by ATP binding (Sweeney et al., 2007), rather
than ADP release as in another processive myosin, such as Myosin
V (O’Connell et al., 2007; Veigel et al., 2005) (Pylypenko et al., 2011).
The ATP binding rate in MyoVI is 50 to 100 times slower than for
other myosins (De la Cruz et al., 2001). A different model proposed
for the gating mechanism in MyoVI posits ADP release from the front
head as the rate-limiting step in the MyoVI cycle when both heads are
bound to actin (Dunn et al., 2010; Oguchi et al., 2008). ADP release is
accelerated under forward loads and slowed down by backward loads
(De la Cruz et al., 2001). In both models (rate limiting step found in
ATP binding or ADP dissociation) the motor domain remains strongly
bound to F-actin because it populates either the nucleotide-free or
ADP state which shows high affinity for the track. Furthermore, the
gating mechanism is likely to improve the efficiency of the motor,
avoiding wasting ATP (Elting et al., 2011) and ensuring processivity
(Sweeney et al., 2007).
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Figure 8.2: Cartoon portrayal of 2V26.pdb (Ménétrey et al., 2007), zooming
on the insert1 (residues C278 to A303). In red U50 subdomain, in orange
insert 1, in cyan the loop interposed in insert 1 (residues G304-D313) and lime
swI. In the pink surface ADP-VO3−

4 and in the green sphere the magnesium
ion in the active site.

8.1.1 A deep look into power- and recovery-stroke of MyoVI

In all myosins, the mechanical motion of the converter coupled to the
forward swing of the lever arm, when bound to actin, is known as
Powerstroke (Holmes and Geeves, 2000; Ménétrey et al., 2008). The
powerstroke starts when the myosin head is in a pre-powerstroke
(PPS) state, with the ATP-hydrolysis products trapped in the active
site, able to bind to F-actin (Lee Sweeney and Houdusse, 2004). The
binding to the track is linked to the release of Pi from the active site,
a process catalyze by actin (Llinas et al., 2015). The following release
of MG2+ and ADP from the active site is coupled to a progressive
change in binding affinity for the track (Llinas et al., 2015; Ménétrey
et al., 2008; Swanson et al., 2004). Actin drives the sequential release
of ATP-hydrolysis products from myosin’s head (Llinas et al., 2015).
The transition to the nucleotide-free state strongly bound to actin is
coupled to conformational changes of active site elements (switch
loops) in the motor domain (Llinas et al., 2015). These changes allow
the escape of Pi from the active site and subsequent movement of the
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lever arm (Llinas et al., 2015). The power stroke ends when myosin is
in this nucleotide-free state, the so-called rigor state (R), tightly bound
to the thin filament (Lee Sweeney and Houdusse, 2004; Ménétrey
et al., 2008). At this stage, ATP can rebind to myosin that detaches
from the actin filament and populates the post-rigor (PR) state (Lee
Sweeney and Houdusse, 2004). Major rearrangements during this
transition involve the distortion of the β-strands of the transducer
(Coureux et al., 2004) that are twisted in R state and untwisted in PR
and PPS state (Cecchini et al., 2008). The distortion of the transducer
promotes rearrangements of P-loop and swI that adapt for the binding
of ATP (Ménétrey et al., 2008). These changes induce the opening of
the actin-binding cleft and then the detachment from actin filament
(Ménétrey et al., 2008). Minor rearrangements affect, instead, the lever
arm during the ATP-driven unbinding from actin, to optimize the
power stroke (Ménétrey et al., 2008). Some structural elements of the
motor domain take part in this sequence of transition from the state
at a high affinity for actin and low affinity for ATP to a state at a high
affinity for ATP and low affinity for actin (Ménétrey et al., 2008). In
particular, actin weakens the affinity for the nucleotide by promoting
the closure of the actin-binding cleft, between U50 and L50, while the
loops in the active site (especially swI and P-loop) mediate the release
of the ATP-hydrolysis products (Coureux et al., 2004). The conforma-
tional transitions characterizing the power stroke (viz the transition
from PPS to R state) envisages the release of Pi and thereupon of
ADP, coupled to the movement of the lever arm (Lee Sweeney and
Houdusse, 2004). In dimeric MyoVI the unbinding of the hydrolysis
products from the active site is inhibited in the lead head until the rear
head binds to actin, becoming the new lead head (Ovchinnikov et al.,
2011). This ensures the hand-over-hand motion of the motor (Park
et al., 2006). Overall the transition from PPS to R state is defined as
Powerstroke and the second part of the cycle, from R to PPS is named
recovery stroke (Ménétrey et al., 2008). The understanding of these
processes in MyoVI presented additional levels of complexity from
trying to infer a description of the cycle that would be compatible
with the reverse motion along the actin filament (Ménétrey et al., 2008).
In 2008 Ménétrey and co-workers demonstrated that the converter
maintains a rigor-like conformation also in the PR state, preserving the
interactions with the N-terminal subdomain. (Ménétrey et al., 2008).
Moreover, the unique insert2, responsible for the reverse directionality
in MyoVI (Park et al., 2007), would play a role in placing the lever arm
only 8 Å apart with respect to its position in the R state, limiting its
movement during the ATP-induced unbinding from actin (Ménétrey
et al., 2008). Further elucidation on the recovery stroke in MyoVI has
recently been provided by the group of Houdusse, in collaboration
with our (Blanc et al., 2018). In 2018, indeed, Houdusse et al solved
a structure representing a putative intermediate state in the recovery
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stroke of MyoVI, linking PR and PPS, called pre-transition state (PTS)
(Blanc et al., 2018). The structure is solved in complex with an analog
of ATP, namely ADP · BEFx (Blanc et al., 2018). Blanc and Cecchini,
then, performed unbiased MD simulations and adaptive biasing force
(ABF) free energy calculations to better characterize this structure
(Blanc et al., 2018). Their results show two potential mechanisms of
the recovery stroke in MyoVI, which both culminate with the late
closure of swII (Blanc et al., 2018). PTS is also characterized by the
remarkable flexibility of the converter, which explores an ensemble
of configurations between the two ultimate states (Blanc et al., 2018).
This behavior is driven by thermal fluctuations and it is in agreement
with the intermediate nature of PTS since the converter could fluc-
tuate between different positions before finding the one compatible
with the post-transition state (PPS) (Blanc et al., 2018). Unveiling the
sequence of conformational changes in the recovery stroke would
allow us to understand the chemomechanical transduction in myosins
since the recovery stroke occurs at the end of the force generation
process. Given the importance of understanding the critical features
of the chemomechanical transduction in myosin and the opportunity
provided by the solved structure of this newly characterized stage of
the cycle, we decided to investigate the recovery stroke in MyoVI.
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8.2 spontaneous transition from pps to another inter-
mediate state

Our investigation began with modeling and performing an all-atom
MD simulation of the PPS state of MyoVI. PPS is the transition state
of the force-producing cycle: end state of the recovery stroke and
initial step of the powerstroke (Blanc et al., 2018; Coureux et al., 2004;
Ménétrey et al., 2008). We aimed at characterizing the conformational
stability and dynamics of MyoVI in this state by defining a series
of geometrical observables (collective variables) characteristic of the
motor domain in this stage of the force generation cycle.

8.2.0.1 System preparation

The motor domain of MyoVI in its various conformational states (R-
PR-PTS-PPS-PiR) has been crystallized in absence of actin, producing
X-ray structures at high-resolution (Blanc et al., 2018; Llinas et al.,
2015; Ménétrey et al., 2005, 2008, 2007). For the PPS state, we used
the structure corresponding to the Protein Data Bank (PDB) entry
2V26 (Ménétrey et al., 2007) This is a structure of the S1-fragment
of MyoVI solved in complex with ADP.VO3−

4 , where VO3−
4 stands

for Vanadate, analogue of inorganic phosphate (Gresser and Tracey,
1990). We replaced the VO3

4
− in the active site with inorganic Phos-

phate in its form H2PO−
4 . The missing portions in the PBD structure

(residues: 1 to 4; 34 to 37; 174 to 179; 396 to 406; 622 to 637) were
modeled using MODELLER (Webb and Sali, 2016) and the best model
was chosen according to the lowest Discrete Optimized Protein En-
ergy (DOPE) score. The structure was then uploaded on the Mol-
Probity webserver (http://molprobity.manchester.ac.uk/) to add
missing hydrogens, optimize H-bond networks and detect the more
reasonable rotameric states of the side chains of Asn, Gln and His.
The topology and parameter files for the ligands (ADP, H2PO−

4 and
MG2+) were obtained from CHARMM General Force Field (CGenff)
(https://cgenff.umaryland.edu/) (Vanommeslaeghe et al., 2012) and
the entire system was modeled with CHARMM (Chemistry at HAR-
vard Molecular Mechanics) (Brooks et al., 2009). The most proba-
ble protonation state of titratable residues at neutral pH was pre-
dicted by Karlsberg (Rabenstein, 2000). The Solution Builder module
of CHARMM-GUI (Jo et al., 2008) was used to solvate and ionize
the system in 11 Å edge water box (final box size was 13 nm per
side) in which 205 Sodium ions and 202 Chloride ions were added to
neutralize.

8.2.0.2 Molecular Dynamics (MD) simulations and Visualization tool

Once the input files for GROMACS for the MD simulation were
generated from CHARMM-GUI, a steepest-descent minimization un-

http://molprobity.manchester.ac.uk/
https://cgenff.umaryland.edu/
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til reaching a F < 1000.0kJ/mol/nm, by using GROMACS 2020.3
(Abraham et al., 2015; Lindahl et al., 2001; Markidis and Laure, 2015)
(https://doi.org/10.5281/zenodo.3923644). The minimized system
was then equilibrated in NVT for 125ps and NPT for 100ps before the
production of 200ns run with the leap-frog algorithm. No restraints
were applied to the structure. The MD simulation was performed
on the GPU partition of the HPC of the University of Strasbourg
Mesocentre (https://hpc.pages.unistra.fr/). The reference struc-
tures chosen for the different states of MyoVI have been selected from
the PDB database: 2BKH for the Rigor (R) state (Ménétrey et al., 2005);
4PFO for the Pi release (PiR) state (Llinas et al., 2015); 2VAS for the
post rigor (PR) state (Ménétrey et al., 2008); 5O2L for the Pre-Transition
State (PTS) (Blanc et al., 2018) and 2V26 for the PPS state (Ménétrey
et al., 2007). To visualize and analyze the trajectory we used VMD
with some in-house tcl scripts.

8.2.1 Structural & dynamic characterization of spontaneous transi-
tion to a PTS-like state

In this section, we will deepen the analysis of the MD simulation of
our model of MyoVI in PPS. The first step of our analysis consisted
of a visual inspection of the trajectory that revealed a remarkable dis-
placement of the converter for most of the simulation (see Figure 8.3).

 https://doi.org/10.5281/zenodo.3923644
https://hpc.pages.unistra.fr/
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(a) RMSD of the Cα atoms of the converter in 200ns MD.

(b) Cartoon representation of the X-ray structure of Sus-scrofa myosin VI in PPS (PDB:
2v26.pdb) (in yellow) and of a frame of the trajectory in which the converter deviates
from its initial coordinates (in orange).

Figure 8.3: In sub-figure (a) the time-series over 200 ns of the RMSD of the
Cα of the converter after alignment over the core atoms of the N-terminal
subdomain of the initial frame. The initial structure has an RMSD of 0.1 Å
with respect to the X-ray coordinates of the PPS state (2v26.pdb). Sub-figure
(b) is a cartoon representation of the movement of the converter in the MD
simulation, as compared to 2v26.pdb (in yellow).
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The swing of the converter toward a lower position, halfway between
PR and PPS (see Figure 8.4), suggests that the structure could explore
the previous state of the actomyosin cycle: the PTS state (Blanc et al.,
2018).

Figure 8.4: Cartoon representation of the position of the converter in three
X-ray structures: PPS (yellow); PTS (red) and PR (blue). In orange is a frame
of the trajectory in which the converter deviates from its initial coordinates.

8.2.1.1 Monitoring of geometrical observables: active site

The PTS (PDB code: 5O2L.pdb) has been characterized as an interme-
diate structure of the recovery stroke between the post-rigor (PR) and
PPS state, exhibiting peculiar geometrical differences if compared to
PPS and PR, respectively (Blanc et al., 2018). We, therefore, decided to
describe the conformational dynamics of the PPS state of MyoVI by
looking at some collective variables descriptive of this specific stage of
the cycle. At first, we monitored the stability of the critical salt bridge
between swII (E461CD) and swI (R205CZ), which is pivotal for the
hydrolysis of ATP in PPS (Onishi et al., 2006) and is solely formed
in PPS state (Blanc et al., 2018; Onishi et al., 2006). From our data, it
seems that the critical salt bridge between E461CD-R205CZ breaks at
the beginning of the MD. This loss can make the structure unstable
and even if the aforementioned salt bridge tends to reform later in the
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trajectory (see time-series in Figure 8.5), the stability of the PPS state
is compromised, as inferred from further beneath analyses in the text.

Figure 8.5: Timeseries along the 200 ns MD of the primary salt bridge
measured as the distance between R205CZ and E461CD (top plot). In dashed
lines the reference values of the same distance in X-ray structures of PTS
(red) and PPS (blue). The reference value in PTS (5O2L.pdb) is 9.2 Å e in
PPS (2V26.pdb) is 4 Å. In the bottom square a zoom of a frame of the MD in
which this interaction is lost. The two residues (R205 and E461) are depicted
in sticks. In magenta is the swII; in purple the RH; in orange the swI and in
red U50 subdomain. In transparent colors the initial position of the different
elements of the motor domain. In opaque color the same portions at the
frame when the primary salt-bridge is destabilized.

Another observable that can discriminate PPS from PTS is the dis-
tance between switchI (swI) and switchII (swII), (here named as “open-
ing”), seeing that the closing of swII is required to switch on the
ATPase activity in PPS (Ménétrey et al., 2008). For this observable, we
defined the distance of the center of mass of the Cα of some residues of
swI (residues 197 to 200) and swII (residues 463 to 466). The instability
of the system emerges also from this opening of the switch loops (Fig-
ure 8.6), probably related to the previous loss of the critical salt bridge.
A movement at the level of the N-terminal portion of the Relay helix
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(RH), directly connected to the swII loop (residues 468 to 483) (see
Figure 8.6 bottom square), resembles a step of the seesaw motion of
RH, initially proposed for Myosin II by Fisher and co-workers(Fischer
et al., 2005), that is incomplete in PTS (Blanc et al., 2018).

Figure 8.6: Timeseries along the 200 ns MD of the opening of swI and swII
(top graph), computed as the distance of the COM of the Cα atoms of residues
197 to 200 belonging to swI (orange spheres) and residues 463 to 466 of swII
(magenta spheres). In dashed lines the reference values of the same distance
in X-ray structures of PTS (red) and PPS (blue). The reference value in PTS
(5O2L.pdb) is 14 Å e in PPS (2V26.pdb) is 11.8 Å. In the bottom figure the
cartoon representation of the frame in which the switches diverge from their
initial position. The color codes of the elements are the same as in Figure 8.5.

8.2.1.2 Monitoring of geometrical observables: β-sheets interactions

Additional instability could be driven by the breaking of fundamental
H-bonds connecting the U50 and N-terminal subdomains through
three of the seven central β-sheets (transducer) (Coureux et al., 2004).
In particular, β4, β5 and β6 strands are interacting through H-bonds
to keep the active site in a closed state in PPS as a way of trapping
the products of ATP-hydrolysis (Coureux et al., 2004). Looking at a
pattern of H-bonds between β5-β4 (Figure 8.8) and β5-β6 (Figure 8.7)
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we observed that the destabilization and the subsequent breaking of
the H-bonds between D456 and K208 (Figure 8.7) occur simultaneously
with the opening of swII from swI, as shown in the two time-series in
Figure 8.6 and Figure 8.7.

Figure 8.7: Timeseries of H-bonds pattern among β5-β6 strands of the trans-
ducer, crucial for the stability of U50 subdomain. The panel shows the
evolution of the H-bond between D456 and K208, respectively residue of the
β5 and β6 strand.

These bonds interest the β5 sheet (with residue D456) directly con-
nected to swII which ends in the N-terminal portion of the RH and the
β6 sheet (with residue K208), directly connected to swI. The breaking
of these H-bonds could therefore go along with the opening of the
two switch loops, as a further consequence of the loss of the critical
salt bridge, an event that seems to trigger everything. The increased
distance between swI and swII is typical of the PTS state and it never
stabilizes back to a PPS-like value for the whole trajectory (see Fig-
ure 8.6). Despite the loss of these interactions, the H-bonds between
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the β5-β4 strands are upheld during the whole trajectory (Figure 8.8),
preserving the interface between the N-terminal and U50 subdomains.

Figure 8.8: Timeseries of H-bonds pattern among β5-β4 strands of the trans-
ducer, important for the stability of U50 subdomain. The panel shows the
progress of the H-bond between L455O-V149N and L455N-I147O. L455 is a
residue of β5 and the other two are residues of β4 strand.

In 2018 Blanc observed structural instability of the PPS active site,
when simulating the system with ATP ((Blanc, 2018), Chapter10). In
his dynamics, the pattern of H-bonds between β5-β4 and β5-β6 seems
to be mutually exclusive in controlling the closure of swII. If H-bonds
are established between β5-β4, then swII is open, otherwise, if H-
bonds are formed between β5-β6, swII is closed. Once swII is closed,
the swII-ATP H-bond, needed for ATP-hydrolysis, can be formed.
The instability of PPS is described by Blanc with a sequence of four
main events: 1) β5-β4 bonds are not formed at the beginning of the
simulation, but formed upon active site opening; 2) β5-β6 bonds break;
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3) the critical salt-bridge remains formed for the whole simulation
time and 4) the swII-ATP hydrogen bond breaks due to a re-opening
of swII. Considering both Blanc’s results and ours, it seems that the
transducer could control the opening state of the active site (i.e swII),
through different pathways by alternating interactions of β4, β5 and
β6 ((Blanc, 2018) Chapter10).

8.2.1.3 Monitoring of geometrical observables: coordination H2PO−
4 · MG2+

The previous rearrangements at the level of the active site (Sec-
tion 8.2.1.1), such as the breaking of the critical salt bridge and the
movements of swI and swII, could lead to the loss of coordination
between H2PO−

4 and MG, as shown in Figure 8.9. This could be a
consequence of a rotation of the inorganic phosphate following the
movement of the swI with which it was establishing an H-bond (O1-
S204O) that then breaks (Figure 8.10).

Figure 8.9: Timeseries along the 200 ns MD of the coordination between H2PO−
4 and MG2+

(plot on the top). This observable has been monitored as the distance between the O2 of
H2PO−

4 and MG2+. At the bottom, a zoom of a frame after the rotation of H2PO−
4 (dotted

arch) causes an increase in this distance to 5.2 Å, resulting in a loss of coordination with
the co-factor. In transparent colors the different elements before the rearrangement and
in opaque colors the same elements of the frame chosen to show the observable under
investigation.
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Figure 8.10: Timeseries along the 200 ns MD of the H-bond formed between O1 of H2PO−
4

and O of S204 (residue of swI in U50) in the plot on the top. This H-bond results formed in
the PPS X-ray structure 2V26.pdb (dashed blue line in the plot corresponding to a value of
2.9 Å). On the bottom a zoom of a frame of the trajectory in which the distance between the
two atoms considered increases to a value of 4.4 Å, resulting in the breaking of the H-bond.
In transparent are depicted the swI, H2PO−

4 and S204 at the beginning of the MD, and in
opaque colors the same elements at the frame chosen to show the breaking of the H-bond
under analysis.

The rotation of the inorganic phosphate that provokes a loss of
coordination with MG2+ has recently been addressed by Mugnai
and co-workers (Mugnai and Thirumalai, 2021a), as a key step for
subsequent movement of the converter, highlighting once again a
possible communication path between nucleotide binding pocket and
force-generating element of the motor.

8.2.1.4 Movement of the ADP in the active site

Focusing on the rotation of H2PO−
4 and its effects, we monitored

another contact, defined by Mugnai and co-workers (Mugnai and
Thirumalai, 2021a), which could be indicative of a movement of ADP
in the active site. This contact is represented by the distance between
the nitrogen of ADP (N6) and the Cα of N98 (residue of N-terminal
subdomain). In Figure 8.11 we can appreciate how this contact between
the nucleotide and the residue of the N-terminal is lost for around 100

ns. The ADP flips in the active site, yet without unbinding, as a con-
sequence of the rotation of the inorganic phosphate, which generates
a "stress" that weakens the interaction with the motor (Mugnai and
Thirumalai, 2021a).
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Figure 8.11: Timeseries of the distance between ADP(N6) and N98, residue of the
extremity of the second β-strand. The average value is 7.9 ± 3.3 Å. The red dashed
line is the threshold distance (7.25 Å) defined by Mugnai et al in (Mugnai and
Thirumalai, 2021a)

This result would be another evidence more in agreement with a
possible progression towards PiR state, rather than a reversal process
to PTS.
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8.2.1.5 Monitoring of geometrical observables: uncoupling of the converter

The loss of coordination between phosphate and magnesium seems to
worsen also in our simulation the structural instability of the motor,
which can be transmitted along the motor domain, through the RH,
reaching the converter which then uncouples from the N-terminal
subdomain. This can be seen in Figure 8.12 in which is plotted the
distance between the Cα of F763 and L120, residues of the converter
and N-terminal subdomain, respectively. This distance stabilizes at
PTS value (13.3 Å) with an average value of 13.6 ± 2.5 Å, far from the
reference value of the PPS structure of 5.9 Å (Figure 8.12).

Figure 8.12: Timeseries along the 200 ns MD of the coupling between the converter and
N-terminal subdomains (plot at the top). To define this observable, we chose to monitor
the distance between the Cα of F763 and L120, a residue of the converter and N-terminal
subdomain, respectively. The distance between these two atoms varies considerably in the
two states PPS and PTS (red and blue dashed lines in the top panel). In the square at the
bottom, a zoom of this distance at the frame is extracted from the trajectory when the
converter undergoes its rotation and moves away from the initial position (in transparent
yellow) in respect of the N-terminal subdomain (in sky-blue). As a consequence of this
movement, the distance between the two selected atoms increases at values closer to the PTS
reference one (13.3 Å measured from the X-ray structure 5O2L.pdb), rather than PPS one
(5.9 Å measured from the X-ray structure 2V26.pdb). In red spheres are represented the Cα
of F763 and L120 at the initial frame of the MD and in black spheres the same atoms at 20

ns. The distance between these atoms increases from 6.5 Å to 15 Å.
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What drives the uncoupling of the converter from the N-terminal
subdomain? This spontaneous and reversible transition, captured by
MD simulation, is likely governed by statistical coupling between
subdomains (HUXLEY, 1957). This means that changes in the different
collective variables are not strongly correlated to each other and the
motions are caused by thermal fluctuations and the intrinsic flexibility
of the protein. This makes the system fluctuate between different
energy minima and the protein is, thus, able to explore an ensemble of
configurations. It could be possible that, thanks to thermal fluctuations,
SH1-helix drives the initial rotation of the converter. In particular, from
the very beginning of the simulation, this helix fluctuates toward a
more tilted orientation as for the PPS reference structure (see figure
Figure 8.13). This tilting is maybe linked to a rotation of M701 towards
RH (see Figure 8.14 sub-figure (a)).
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Figure 8.13: Zoom on the SH1 (in grey ribbons) and C-terminal portion of
RH (in violet ribbons) of three different frames extracted from the MD and
of the PPS reference structure (in orange ribbons). In transparent is depicted
the first frame of the trajectory, in light grey the second one and in dark grey
the third one. As well as for SH1 also for RH is represented in transparent,
light, and dark violet the C-terminal portion at the three frames chosen. In
red is circled the tilted portion of SH1 described in the text.
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(a) Zoom on M701 (in cyan sticks), a residue of SH1 helix (in grey), that changes
orientation during the MD and on the RH (in violet), which moves concurrently. The
elements in the first and the second frames are illustrated as ribbons and in the third
frame chosen in cartoon.

(b) Zoom on the converter fluctuating between three positions. In ribbons is shown
the converter in the first and second frames chosen. With cartoon is depicted the
converter in the last frame selected for the analysis.

Figure 8.14: Sub-figure (a) is a zoom on the M701, residue of SH1 helix.
The figure depicts three different frames extracted from the trajectory, in
which we observe a change in the orientation of this residue that could be
involved in the uncoupling of the converter from the N-terminal subdomain.
The numbers indicate the sequence of this change, progressively from the
beginning of the MD (number 1) to the frame in which we observe the
uncoupling of the converter. In sub-figure (b) zoom on the converter in the
same frames as in sub-figure (a). Number 1 represents the position of the
converter at the beginning of the MD. The converter is next exploring an
upper position (number 2) and then it stabilizes to a lower position at the
stage of uncoupling from the N-terminal subdomain (number 3).
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The tilting of the terminal part of SH1, directly connected to the
converter, is coupled to a movement of the converter which fluctuates
between three main positions (see Figure 8.14 sub-figure (b)). From
an energetic point of view, it seems that in our simulation the most
favorable position among the ones explored by the converter is the
lower one (number 3 in Figure 8.14 sub-figure (b)) since it shifts here
for almost the whole simulation time (as shown in the time-series
Figure 8.3 sub-figure (a)).

The interdependence between rearrangements at the level of the
active site, RH, and SH1 has already been described as linked to the re-
orientation of the converter (Koppole et al., 2006; Ménétrey et al., 2005,
2007). In particular, the higher flexibility of swII upon ATP-hydrolysis
(Koppole et al., 2006) could play an important role in the motion of
RH, SH1, and converter, being this loop directly connected to the
N-terminal portion of RH, in turn, connected to SH1 and converter.

The increased pliancy in the motion of the converter is linked also
to the loss of some interactions at the converter/N-terminal interface,
which triggers the uncoupling. The correlation between the uncoupling
of the converter from the N-terminal subdomain and the simultaneous
loss of a hydrophobic interaction at the converter/N-terminal interface
is depicted in Figure 8.15. The initial rotation of RH-SH1 and converter
with respect to the N-terminal subdomain correlates with the breaking
up of the hydrophobic interaction established between L120 and F763

(Pearson’s coefficient equal to 0.81).
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Figure 8.15: Correlation between the initial rotation of the converter and
the uncoupling from the N-terminal subdomain along the MD. The dots
in the plot are colored according to the color map on the right side, which
indicates the trajectory of 200 ns. On the x-axis is plotted the angle formed
between the center of mass of Cα atoms of some residues of the N-terminal
subdomain (residues 128 to 140), of RH-SH1, here considered merged into
a single element, (residues 489 to 500 and residues 700 to 705) and of the
converter (residues 750 to 770). On the y-axis the distance of the center of
mass of the side chains of L120 (residue of N-terminal) and F763 (residues of
the converter) which establish an initial hydrophobic interaction that then
breaks simultaneously with the uncoupling.

Nevertheless, the converter still maintains a fold typical of the PPS
state, named P-fold (Ovchinnikov et al., 2011) (Ménétrey et al., 2012)
and different from the canonical R-fold conformation, described both
for R (Ménétrey et al., 2005) and PR structures (Ménétrey et al., 2008)
(see Figure 8.16). We analyzed the fold of the converter by computing
its RMSD after superimposition on the same domain of PPS and PTS,
respectively (Figure 8.16 top and bottom plot respectively). The aver-
age value of this measurement converges to the P-fold configuration
with an estimation of 1.5 Å.
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(a) RMSD of the converter vs PPS reference structure (2V26.pdb) in the panel at the
top and RMSD of the converter vs PTS reference structure (5O2L.pdb) in the panel at
the bottom.

(b) Scatter plot of the RMSD of the backbone of the converter with respect to PPS
reference structure (2V26.pdb) and PTS reference structure (5O2L.pdb).

Figure 8.16: In sub-figure (a) the RMSD time-series of the backbone atoms of
the converter computed with respect to PPS and PTS reference structure. In
sub-figure (b) a scatter plot of the same RMSD. As we can see the converter
keeps a P-fold conformation, with an average RMSD over 200 ns MD of 1.4
± 0.2 Å. The average RMSD with respect to the R-fold conformation is 3.5 ±
0.3 Å.

8.2.1.6 Sequence of events

A summary of a plausible sequence of events of the spontaneous
transition of the motor domain of MyoVI in PPS toward a PTS-like
conformation is presented in Figure 8.17 and in the video beneath.
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Figure 8.17: Possible sequence of events that leads to the transition towards
a PTS-like state, captured in 200 ns MD.

Link for the video that shows the sequence of rearrangements pre-
sented in the text: https://zenodo.org/record/6907258#.YuAP8exBxH4.

8.2.1.7 Additional analysis: twisting of the transducer

The twisting state of the central β-sheet, or transducer, is involved in
the functional transitions of the motor domain (Cecchini et al., 2008;
Coureux et al., 2004; Yang et al., 2007). To investigate whether the
spontaneous transition we capture is accompanied by large rearrange-
ments of the transducer, we analyze its twisting angle during the
simulation. We represented the sheets as two vectors, considering the
Cα of two extreme residues of the first β-sheet (β1) (residue 86 and 91)
and of the seventh (last strand of the transducer) β-sheet (β7) (residue
222 and 228). We then calculated the scalar product between these
vectors. The results of this analysis run over the trajectory of 200ns
described in Figure 8.18 reveal that the transducer twists towards a

https://zenodo.org/record/6907258#.YuAP8exBxH4
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post-rigor like (PR) or between PR and Pi-release (PiR) conformation
(see Figure 8.18).

Figure 8.18: Distribution of the twisting of the β-sheets computed for the 200
ns MD.

We checked whether the difference in transducer twist still holds
in simulations of the various states, by computing the same angle in
the MD of PTS and PR states, respectively. For PTS we run 10 replicas
of 100 ns each, starting from the structure modeled by Blanc (Blanc,
2018). The protocol for the MD was the same as the one used for the
PPS simulation (Section 8.2.0.1). In Figure 8.19 we can see that the
twisting of the transducer has a bimodal distribution, ranging from
PTS to PR.



8.2 spontaneous transition from pps to another intermediate state 127

Figure 8.19: Distribution of the twisting of the β-sheets computed for 1µs
MD of PTS state.

We then computed the same twisting angle for a simulation of the
PR state run by Blanc. In Figure 8.20 we can see that the twisting of
the transducer picks on the PR value of reference.

Figure 8.20: Distribution of the twisting of the β-sheets computed for 100 ns
MD of PR state.
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8.3 conclusions & future perspectives

Based on our results, we propose that our classical MD simulation
captured a reversible transition from PPS to what we defined as being
a PTS-like state, given the melange of PPS and PTS features. This
transition is most evident in the unique dynamic of the converter
and its uncoupling from the N-terminal subdomain. This major dis-
placement is driven by entropy and thermal fluctuations that charac-
terize myosin’s intrinsic flexibility. In particular, the rearrangements
observed in the nucleotide-binding site are amplified and affect the
behavior of the converter as well as the rotation of the lever arm
(Ménétrey et al., 2005; Mesentean et al., 2007; Mugnai and Thirumalai,
2021a; Warshaw, 2004). Moreover, the initial rotation of the inorganic
phosphate might play a major role in communicating structural insta-
bility to the force-generating elements, namely RH, SH1, and converter
(Lawson et al., 2004; Mugnai and Thirumalai, 2021a), but despite this,
the phosphate is still trapped in the active site, probably thanks to
other interactions formed with active-site binding loops (swI, swII,
and P-loop) (Mugnai and Thirumalai, 2021a). Besides, the partially
open swII and the position of the connector elements RH and SH1

resemble the PTS state rather than PPS, but the folding of the con-
verter is still descriptive of the PPS state (P-fold). It has already been
demonstrated that the converter of MyoVI in PPS has a unique orien-
tation and could plausibly bind actin after uncoupling from the motor
domain (Ménétrey et al., 2005). The combination of these observations
leads us to think that we simulated a possible pathway that the motor
domain could take in a monomeric form, starting from a PPS configu-
ration and going to a pre-transition-like state. Besides, the motion that
we captured is connected with the distortion of the transducer that
communicates with the active site (Coureux et al., 2004) and may be
involved in energy storage (Cecchini et al., 2008). The twisting of the
β-sheets towards a PR or PiR conformation supports this hypothesis.
This distortion can trigger additional rearrangements, leading to a
conformational transition from a high free-energy state (PPS) to lower
free-energy states (PR or PiR) (Karatzaferi et al., 2004) (Yang et al.,
2007), without an unnecessary release of hydrolysis products from the
active site. Moreover, as we already mentioned, the converter keeps a
P-fold conformation for much of the trajectory, compatible with PPS
and PiR states. These results could be interpreted as a progression in a
non-force generating pathway, rather than a backward transition. Con-
versely, they can suggest a behavior in agreement with the hypothesis
proposed by Ménétrey and co-workers of reversible uncoupling of
the converter in MyoVI for a normal progression of a working stroke
(Ménétrey et al., 2005). The structural transition (from PPS to PTS
or from PPS to PiR) is not entirely achieved, because we analyzed
a trajectory of few ns, whereas complete conformational transitions



8.3 conclusions & future perspectives 129

occur after a timescale of milliseconds (Mesentean et al., 2007; Mugnai
and Thirumalai, 2021b; Trivedia et al., 2015). Nevertheless, the reason
behind this transition is not entirely clear. Unless caused by actual
functional reorganizations of the motor domain, it could be caused by
the protonation state chosen for the titratable residues as well as by
the force-field selected (CHARMM36mff (Huang et al., 2016)) for the
simulation or, yet, the parameters used for the ligands in the active
site.
In this work, we aimed at proposing a possible pathway of spon-
taneous fluctuations that the motor domain may undergo, with a
detailed sequence of events. What the actual captured state remains
unclear because of the latest evidence of a possible forward transition
to the PiR state. Future studies may shed light on the chemomechani-
cal transduction in MyoVI, through additional investigations of the
various conformational states of the actomyosin cycle. Interesting anal-
yses may involve the determination of free energy barriers between all
states, applying some of the most widely used methods of enhanced
sampling that relies on the use of collective variables (Branduardi and
Faraldo-Gómez, 2013; Fukunishi et al., 2002; Maragliano et al., 2006).
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8.4 exploring the stability of pps

We investigated the stability of PPS in MyoVI to understand the possi-
ble causes of the peculiar dynamic observed in Section 8.2. It might
depend on the protonation state chosen for the titratable residues of
the PPS model since this might have a crucial effect on the dynamics
of the protein itself. Furthermore, we questioned whether the behav-
ior observed for MyoVI was unique to this class of myosins or was
common to other classes. We, therefore, compare the stability of a
processive myosin such as MyoVI with that of a non-processive motor,
such as cardiac myosin.

8.4.1 Exploring the stability of PPS in Myosin VI and Cardiac myosin

The behavior of MyoVI in the PPS state was monitored over a pseudo-
trajectory of 2µs, obtained from the concatenation of ten different
replicas of 200ns, run starting from a new model of the same X-
ray structure of MyoVI in PPS previously used, solved in complex
with ADP.VO3−

4 (PDB code: 2v26.pdb). For each simulation, we used
different initial coordinates. The analysis envisages also a comparison
with a different myosin: β cardiac myosin (β-CM) (Planelles-Herrero
et al., 2017). Notoriously cardiac myosin belongs to class II of myosin
superfamily (Barrick and Greenberg, 2021) and, unlike MyoVI, it is a
non-processive myosin (Greenberg et al., 2017) (Altman et al., 2004).

8.4.1.1 System preparation

The new model of 2v26.pdb was modeled in the same way as de-
scribed in Section 8.2.0.1. The parameters used for the ligands (ADP
and H2PO−

4 ) were obtained by the more recent version of CGenff, than
the one used in the previous experiment (Section 8.2.0.1) and the final
system (MyoVI in complex with ADP-MG2+-H2PO4−) was modeled
with CHARMM. For this experiment we have chosen the non-standard
protonation state for the following residues: ASP137; ASP312; ASP450;
GLU170; GLU681; LYS39; LYS208; LYS562 and LYS740. The Solution
Builder module of CHARMM-GUI (Jo et al., 2008) was used to solvate
and ionize the system in 11 Å edge water box in which 171 Sodium
ions and 174 Chloride ions were added to neutralize. The same proce-
dure was followed to prepare the S1 fragment of Cardiac myosin (β-
CM), starting in this case from the PPS structure 5N69.pdb (Planelles-
Herrero et al., 2017), solved in complex with ADP − MG2+ · VO3−

4
in the active site and the allosteric modulator Omecamtiv Mecarbil
(OM) (Morgan et al., 2010; Planelles-Herrero et al., 2017). For β-CM we
used our model described in Section 6.3.5. The inorganic phosphate
was modeled with CHARMM in its form H2PO−

4 and its topology
and parameter files were obtained with the more recent version of
CGenff. OM was removed from its binding pocket, to simulate the
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motor domain only with the ligands (ADP − MG2+ · H2PO−
4 ) in the

active site, to avoid further allosteric effect.

8.4.1.2 Molecular Dynamics (MD) simulations and Visualization tool

The protocol used for the MD simulations was the same as in Sec-
tion 8.2.0.2 and was applied both for MyoVI and for β-CM. The
equilibration and production steps were repeated ten times for the dif-
ferent replicas of the two systems. All the MD simulations were run on
the GPU partition of the supercomputer Jean Zay (http://www.idris.
fr/eng/jean-zay/jean-zay-presentation-eng.html). The different
replicas will be referred to from now on by the letter "R" both in the
text and in the figures.

8.4.1.3 Structural & dynamic characterization of MyoVI and β-CM in
PPS state

We firstly analyzed the stability of the motor domain in the simulations
of MyoVI, by computing the RMSD of the core atoms with respect
to the initial minimized structure, ignoring the loops (Figure 8.21).
The motor domain results overall stable, with an average deviation
from the minimized structure of 2.3 Å. The density plot of this RMSDs
(Figure 8.21, panel at the bottom) shows that four replicas diverge
from the average stability (R1, R4, R5, and R10), displaying a higher
RMSD.

http://www.idris.fr/eng/jean-zay/jean-zay-presentation-eng.html
http://www.idris.fr/eng/jean-zay/jean-zay-presentation-eng.html
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Figure 8.21: Timeseries of the RMSD of the Cα of the core atoms motor
domain in ten replicas of MyoVI (top plot). Distribution plot of the same
RMSDs on the bottom. In dashed lines the curves of the replicas in which the
motor domain shows higher deviation from the minimized structure. The
average value of the RMSD over the pseudo-trajectory is 2.3 ± 0.48 Å.

After analyzing the trajectories, we noticed once again remarkable
flexibility in the converter. This is shown in Figure 8.22, in which
RMSD analysis shows that the converter is flexible, with some replicas
sampling deviations up to 15 Å (case in R4).
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Figure 8.22: RMSD of the Cα of the core atoms of the converter subdomain
after alignment to the N-terminal domain (top) and density plots of this
RMSD for each replica (bottom). The average RMSD value over the pseudo-
trajectory is 4.6 ± 1.51 Å.

By investigating in more details the deviation of the converter, in
the ten replicas, it samples three distinct configurations, as highlighted
in the bottom panel in Figure 8.22, by the curves pictured with contin-
uous, dashed and dotted lines.

This data is quite interesting if compared to the behavior of the
motor domain of β-CM (Planelles-Herrero et al., 2017), over a pseudo-
trajectory of 2µs, analyzed after concatenation of ten trajectories of
200 ns. Throughout the whole trajectory, the motor domain of β-CM
is stable in its core atoms, with an average RMSD of 1.8 ± 0.22Å (see
Figure 8.23), with respect to the minimized structure.



134 myosin vi : structural features & dynamics

Figure 8.23: Timeseries of the RMSD of the Cα of the core atoms motor do-
main in ten replicas of β-CM (top plot). Distribution plot of the same RMSDs
on the bottom. The average value of the RMSD over the pseudo-trajectory is
1.8 ± 0.22 Å. Also in this case the RMSD of the converter was computed after
alignment to the N-terminal domain of the minimized structure of β-CM.

The analysis of the RMSD of the Cα of the converter, after alignment
to the N-terminal domain (Figure 8.24), shows a constant fluctuation
around 3.5 Å with exception of R3, whose average RMSD is 3.9 Å.
These data suggest that the converter in β-CM samples a unique
configuration in PPS, compared to the PPS of MyoVI, in which instead
it undergoes again a peculiar dynamic.
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Figure 8.24: RMSD of the Cα of the core atoms of the converter subdomain
after alignment to the N-terminal domain (top) and density plots of this
RMSD for each replica (bottom). The average RMSD value over the pseudo-
trajectory is 3.5 ± 0.9 Å.

RMSD analysis shows that the converter is flexible in MyoVI PPS,
with some replicas sampling deviations up to 15 Å. This suggests that
the large fluctuations of the converter are robust to the change in the
protonation state added in the model. By contrast, the same analysis
shows that the converter of cardiac myosin is more stable in PPS. The
increased dynamics of the converter thus appears to be a feature of
myosin VI.
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8.4.2 Further characterization of MyoVI in PPS state

8.4.2.1 Movements of the subdomains

Aside from the intrinsic pliancy of the converter, which reflects what
was previously observed in Section 8.2.1, we further investigated the
reason for the variability in the RMSD of the core atoms of the motor
domain in MyoVI. We computed the RMSD of all the subdomains
except the converter: Upper50 (U50); Lower50 (L50) and N-terminal
(Nter). Figure 8.25 shows that even after excluding the converter from
the RMSD calculation, the same four replicas (R1, R4, R5, and R10)
deviate more from the minimized structure with respect to the other
ones (Figure 8.25, density plot on the bottom).
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Figure 8.25: RMSD of the core atoms of the motor domain without the
converter subdomain. On the top is the time-series over 2µs and on the right
is the distribution of the RMSD per replica. In dashed lines the replicas
whose RMSD deviates the most from the reference structure (minimized
structure of the model of 2v26.pdb).

To understand the reason behind this divergence we analyzed the
behavior of the different subdomains in relation to each other (plots
reported in Section A.2) and we found that U50 moves with respect to
the N-terminal subdomain in all the replicas whose RMSD deviates the
most from the reference structure, often with a bimodal distribution
(Figure 8.26).
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Figure 8.26: RMSD of the core atoms of the U50 subdomain over 2µs, after
alignment on the Cα of the N-terminal subdomain. On the top the time-series
over the whole trajectory and on the bottom the density plot of the same
RMSD for each replica. In dashed lines the replicas whose RMSD deviates
the most from the reference structure (minimized structure of the model of
2v26.pdb).

We tried to identify a possible "pinning point", which, once broken,
could mediate the rotation of U50. By inspecting the trajectories we
identified a plausible "pinning point" in a residue (ASP308) belonging
to a loop of the U50, in which is inserted the unique insert1 of MyoVI
(Pylypenko et al., 2011) (see Figure 8.27 sub-figure (a)). The side chain
of this residue seems to interact with the hydroxyl groups of the
ADP ribose sugar and, once the interaction breaks, the subdomain is
destabilized. After monitoring the distance between the side chain of



8.4 exploring the stability of pps 139

ASP308 and the ribose of ADP in the different replicas, we noticed
that in the replicas in which the U50 rotates with respect to the N-
terminal (Figure 8.26) the above-mentioned distance diverges the most
with respect to the reference value (see Figure 8.27 sub-figure (b)).
In particular R1, R4, R5, and R10 (represented in dashed lines in
Figure 8.27 sub-figure (b)) are the four replicas in which we observed
both a deviation of the converter (Figure 8.22) and a rotation of the U50

(Figure 8.26) and the loss of the interaction between D308 and ADP
(Figure 8.27 sub-figure (b)). This interaction is also broken in R6 and R9

(Figure 8.27 sub-figure (b)), replicas in which we observed neither full
destabilization of the U50 (Figure 8.26) nor different configurations for
the converter (Figure 8.22). This probably means that the interaction
D308-ADP is not sufficient to destabilize U50 and the converter.
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(a) Cartoon representation of the interaction between D308 and ADP in the structure used as
reference. In orange the unique insert1 (residues from C278-A303) and cyan the interposing
loop (residues G304-D312). In sticks the residue ASP308 and the nucleotide in the active site
(ADP · MG2+ · H2PO−

4 ). In yellow the distance between CGD308-O4’ADP.

(b) Density plot of the distance expressed in Å between ASP308 and ADP O4’ in the different
replicas of MyoVI

Figure 8.27: ASP308 is a residue of the loop belonging to U50 subdomain in which
is interposed the insert1 (Pylypenko et al., 2011). This loop is close to the active site
and the interaction of ASP308 with the hydroxyl groups of the ribose in the ADP
structure could stabilize the U50, preventing its rotation. The distance considered is
the one between ASP308CG and O4’ of ADP (the oxygen of the ribose). This distance
is representative of the interaction of the side chain of ASP308 with the two hydroxyl
groups of the ribose. The distance in the reference structure (minimized model) is 6.1
Å (see sub-figure (a)). In sub-figure (b) is plotted the density of this distance in the
various replicas of PPS MyoVI. In dashed/dotted lines are depicted the replicas (R1,
R4, R5, R6, R9, and R10) in which the distance ASP308-O4’ diverges significantly
from the reference value.
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8.4.2.2 Hydrogen bonds pattern between β-strands

Investigating in detail the possible cause of this instability, we observed
that the movement of the U50 could be determined by the breaking
of the same pattern of fundamental H-bonds connecting the U50 and
Nter subdomains analyzed in Section 8.2.1.2. As previously explained
(in Section 8.2.1.2), β4, β5, and β6 strands are interacting through
H-bonds to keep the active site in a closed configuration in PPS to trap
the products of ATP-hydrolysis (Coureux et al., 2004). As shown in
Figure 8.28 and Figure 8.29, the H-bonds that break in the simulations
in which the RMSD of U50 has a bimodal distribution or a higher
value to the N-terminal subdomain (R1, R3, R4, R5, R7, R10) are the
ones between L455 (β5)-V149 (β4) and between D456 (β5)-K208 (β6).

Figure 8.28: H-bonds pattern between β5-β4. L455 is a residue of β5 and
V149 and I147 are residues of β4.
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Figure 8.29: H-bonds pattern between β5-β6. D456 and K208 are respectively
residues of the β5 and β6 strands.

Following the loss of these interactions, U50 could uncouple from
the N-terminal subdomain, propagating this instability to some key
elements of the motor domain such as the switch II (swII) and the
Relay helix (RH) with which the U50 relates to the β5-strand. The
RH is part of the L50 subdomain (Ménétrey et al., 2007), and it is
connected to the converter with its C-terminal portion. Motion at the
level of the U50, RH, and L50 as a result of the break of the above-
mentioned hydrogen bonds could explain the higher deviation in the
RMSD value of the motor domain previously described (Figure 8.25).
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8.4.2.3 Monitoring geometrical observables over the pseudo-trajectory

To pursue our characterization of the PPS state in MyoVI, we mon-
itored the stability of the same collective variables analyzed in Sec-
tion 8.2.1 over the pseudo-trajectory of 2µs. We used the same reference
structure as before for the different states: 2BKH for the Rigor (R) state
(Ménétrey et al., 2005); 4PFO for the Pi release (PiR) state (Llinas et al.,
2015); 2VAS for the post rigor (PR) state (Ménétrey et al., 2008); 5O2L
for the Pre-Transition State (PTS) (Blanc et al., 2018) and 2V26 for the
PPS state (Ménétrey et al., 2007). The critical salt bridge between swII
(E461) and swI (R205), e is formed with a probability of 23% with a
distance between the CD of E461 and the CZ of R205 consistent with
that in the PPS X-ray structure (2v26.pdb) of 4 Å. This salt bridge is
not stable at the reference distance along the entire trajectory, due to a
rotation of the side chain of E461, that breaks this interaction. The dis-
tance defined for the second geometrical observable, named "opening
of swI", peaks at the reference values of the PPS state (11.8 Å) with
respect to the PTS one (14 Å). As mentioned above, myosin in PPS
traps in the active site the inorganic phosphate (H2PO−

4 ), a product
of the ATP-hydrolysis, unlike the PTS state in which the hydrolysis
did not occur yet and we still find the ATP in the active site (Blanc
et al., 2018). To monitor the trapping of H2PO−

4 in the active site we
inspected its coordination with the magnesium ion (MG). As shown
in Panel C of Figure 8.30 the distance is picked at 1.8 Å, equal to the
reference value of 1.8 Å (2v26.pdb). This observation suggests that
the coordination H2PO−

4 -MG is stable in all PPS replicas despite the
breaking of the critical salt bridge. Last but not least, we followed
the movement of the converter subdomain, to determine if the three
distinct conformations previously described (Figure 8.22) are related
to the uncoupling from the N-terminal domain. The average value of
the distance defined for this observable over the 2 µs is 6.5 ± 1.4 Å,
far from the uncoupled PTS value of 13.2 Å and, instead, close to the
reference value of PPS of 5.9 Å (Figure 8.30, Panel D).
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Figure 8.30: Distribution plots of the different observables defined to describe
the PPS state of MyoVI in the ten replicas of 200 ns each. Panel A: critical
salt-bridge between E461CD-R205CZ (Onishi et al., 2006). Panel B: distance
of the center of mass of the Cα of some residues of swI (residues 197 to 200)
and swII (residues 463 to 466). Panel C: coordination H2PO−

4 with MG2+,
defined as distance among O2 of H2PO−

4 and MG2+. Panel D: coupling of
the converter to the N-terminal subdomain, typical of PPS state.

Nevertheless, we can appreciate small peaks in Figure 8.30, Panel
D at values close to 10 and 15 Å. These peaks correspond to three of
four replicas in which the converter appeared unstable in Figure 8.22,
notably R4, R5, and R10. To verify whether the uncoupling of the
converter, which is typical of the PTS state, also occurred in these
three replicas, we followed the evolution of the observables defined in
Section 8.2.1.6.

8.4.2.4 Monitoring geometrical observables for three replicas

We first elongated these three simulations to 300 ns for R5 and R10 and
400 ns for R4 and then we analyzed the sequence of events. Below, the
three panels (one for each of the three replications under examination)
in which we depicted the time-series of the five observables monitored
so far, following the order of the pathway proposed for the previous
transition (in Section 8.2.1, Figure 8.17).
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Figure 8.31: Panel representing the possible sequence of events that lead to
the uncoupling of the converter from the N-terminal subdomain in R4 along
400 ns MD. Panel A: time-series of the critical salt bridge (CDE461-CZR205).
Panel B: time-series of the "opening" of the switches computed as the distance
between the center of mass of some residues of swI (residues 197 to 200)
and swII (residues 463 to 466). Panel C: coordination between H2PO−

4 and
MG2+, monitored as the distance between O2 of H2PO−

4 and the ion. Panel
D: time-series of the H-bond between O1 of H2PO−

4 and O of S204 (residue
of swI in U50). Panel E: time-series of the uncoupling of the converter from
the N-terminal subdomain, monitored as the distance between Cα of L120

and F763, residues of N-terminal and converter, respectively.
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Figure 8.32: Panel representing the possible sequence of events that lead to
the uncoupling of the converter from the N-terminal subdomain in R5 over
300 ns MD.Panel A: time-series of the critical salt bridge (CDE461-CZR205).
Panel B: time-series of the "opening" of the switches computed as the distance
between the center of mass of some residues of swI (residues 197 to 200)
and swII (residues 463 to 466). Panel C: coordination between H2PO−

4 and
MG2+, monitored as the distance between O2 of H2PO−

4 and the ion. Panel
D: time-series of the H-bond between O1 of H2PO−

4 and O of S204 (residue
of swI in U50). Panel E: time-series of the uncoupling of the converter from
the N-terminal subdomain, monitored as the distance between Cα of L120

and F763, residues of N-terminal and converter, respectively.
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Figure 8.33: Panel representing the possible sequence of events that lead to
the uncoupling of the converter from the N-terminal subdomain in R10 over
300 ns MD.Panel A: time-series of the critical salt bridge (CDE461-CZR205).
Panel B: time-series of the "opening" of the switches computed as the distance
between the center of mass of some residues of swI (residues 197 to 200)
and swII (residues 463 to 466). Panel C: coordination between H2PO−

4 and
MG2+, monitored as the distance between O2 of H2PO−

4 and the ion. Panel
D: time-series of the H-bond between O1 of H2PO−

4 and O of S204 (residue
of swI in U50). Panel E: time-series of the uncoupling of the converter from
the N-terminal subdomain, monitored as the distance between Cα of L120

and F763, residues of N-terminal and converter, respectively.

By inspecting the time-series of Figure 8.31, Figure 8.32 we can ap-
preciate how both in R4 and R5 the breaking of the critical salt bridge
(Panel A of the two panels) is the initial event in the sequence of rear-
rangements that leads to the uncoupling of the converter (following
the time-series from A to E). In contrast to these two replicas, in R10,
the only one of the three in which the uncoupling of the converter is
not reached (Panel C in Figure 8.33), the primary salt bridge results
stable for more than half of the simulation time (Figure 8.33, Panel A).
In conjunction with the rupture of the critical salt bridge in R4 and
R5, the opening of the swI (Panel B in Figure 8.31 and Figure 8.32).
The coordination between H2PO−

4 and MG2+ is preserved in all three
replicas (Panel C of the three panels) at a constant value of 1.8 Å.
Conversely, the H-bond between H2PO−

4 and S204 (residue of swI) is
seldom formed in any of the three replicas (Panel D in Figure 8.31,
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Figure 8.32 and Figure 8.33). Lastly, the uncoupling of the converter
from the N-terminal subdomain occurs both in R4 and R5, but not in
R10 (Panel E in Figure 8.31, Figure 8.32 and Figure 8.33). Since we saw
in the previous analysis (Section 8.2.1 Figure 8.15) that the uncoupling
of the converter correlates with the loss of hydrophobic interaction
with the N-terminal subdomain, we computed this correlation also
in R4 and R5, replicas in which the converter uncouples from the
N-terminal subdomain.

Figure 8.34: Correlation between the initial rotation of the converter and
the uncoupling from the N-terminal subdomain along the MD. The dots
in the plot are colored according to the color map on the right side, which
indicates the trajectory of 200 ns. On the x-axis is plotted the angle formed
between the center of mass of Cα atoms of some residues of the N-terminal
subdomain (residues 128 to 140), of RH-SH1, here considered merged into
a single element, (residues 489 to 500 and residues 700 to 705) and of the
converter (residues 750 to 770). On the y-axis the distance of the center of
mass of the side chains of L120 (residue of N-terminal) and F763 (residues of
the converter) which establish an initial hydrophobic interaction that then
breaks simultaneously with the uncoupling.
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Figure 8.35: Correlation between the initial rotation of the converter and the uncoupling
from the N-terminal subdomain along the MD. The dots in the plot are colored according
to the color map on the right side, which indicates the trajectory of 200 ns. On the x-axis
is plotted the angle formed between the center of mass of Cα atoms of some residues
of the N-terminal subdomain (residues 128 to 140), of RH-SH1, here considered merged
into a single element, (residues 489 to 500 and residues 700 to 705) and of the converter
(residues 750 to 770). On the y-axis the distance of the center of mass of the side chains of
L120 (residue of N-terminal) and F763 (residues of the converter) which establish an initial
hydrophobic interaction that then breaks simultaneously with the uncoupling.

From both Figure 8.34 and Figure 8.35 we can surmise that also
in these trajectories the uncoupling of the converter from N-terminal
subdomain strongly correlates with an initial rotation of the converter,
triggered by thermal fluctuations of RH and SH1. Also, in this case, the
uncoupling of the converter is highlighted by the loss of a hydrophobic
interaction at the interface between the two subdomains.

As already mentioned, the transducer plays an important role in
the transition of the motor domain towards the different states of the
actomyosin cycle (Coureux et al., 2004; Ménétrey et al., 2008; Yang
et al., 2007), thus we run the same analysis as before (Section 8.2.1,
Figure 8.18) to study the twisting of the β-sheets of the transducer (Lli-
nas et al., 2015). The results of this analysis, both for the trajectory of
200ns of the initial model of MyoVI in PPS with standard protonation



150 myosin vi : structural features & dynamics

state of some titratable residues and the concatenated ten trajectories
of 200ns described so far, reveal that the transducer twists towards a
post-rigor like (PR) or amidst PR and Pi-release (PiR) conformation
(see Figure 8.36) in both cases.

Figure 8.36: Distribution of the twisting of the β-sheets. Panel A: distribution
of the angle computed for the 200 ns MD of the model of MyoVI in PPS with
a standard protonation state for the titratable residues. Panel B: distribution
over the 2 µs trajectory of the initial PPS model. The twisting was computed
over the catted trajectory from the ten replicas.

Additional analyses of the MD simulation described in this chapter
and the definition of the core atoms of all the subdomains are collected
in Appendix A.

8.5 conclusions & future perspectives

Overall, we could conclude that our 2 µs cumulated simulation time
represents on average a PPS state of MyoVI and, although there are
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fluctuations in some of the observables we chose (see the case of
the primary salt bridge) the analysis is consistent with the flexible
nature of the PPS state (Fisher et al., 1995; Gourinath et al., 2003;
Houdusse et al., 2000). Perhaps the fluctuations are related to an
intrinsic conformational variability distinctive for MyoVI and maybe
for processive myosins if compared with non-processive ones (like
we did with cardiac myosin in this chapter). Moreover, we can assert
that the possible sequence of events that leads to a transition toward a
PTS-like state, proposed in the previous Section 8.2.1, is reproducible
both in R4 and R5, two of the ten replicas in which the breaking of
the critical salt bridge triggers the final uncoupling of the converter. A
very interesting counter result in this analysis, if compared with the
previous one, is the preservation of the coordination between H2PO−

4
and MG2+. We previously supposed that the loss of this coordination
would have contributed to communicating further instability from
the nucleotide binding site to the force-generating element (RH, SH1,
and converter), as also hypothesized by Mugnai et al (Mugnai and
Thirumalai, 2021a). Our results for R4 and R5, instead, suggest that
the uncoupling of the converter, driven by thermal fluctuation of RH,
SH1, and switch loops would occur even in presence of coordination
between inorganic phosphate and magnesium. Thus, we infer that the
different parameters used for the phosphate in these simulations could
play an important role in the stability of the interactions established
by the ligands trapped in the nucleotide binding pocket. Another
finding is the independence of the protonation state chosen for some
titratable residues in inducing major rearrangements, such as the
uncoupling of the converter from the N-terminal subdomain, in the
transition to a different intermediate state (PTS-like). Regarding the
distortion of the transducer, as previously speculated, the twisting of
the β-sheets towards a PR or PiR conformation in the vast majority of
our simulation could be the attempt of the motor to switch, through
distortion of the transducer, toward lower free-energy states (PR or
PiR) (Karatzaferi et al., 2004; Yang et al., 2007), without an unnecessary
release of hydrolysis products from the active site. A more practical
explanation might lie in the choice of Cα atoms considered to describe
the vectors representing the transducer. With a different selection, the
final distribution may change. A potential future study could be the
comparison of the behavior of various processive myosins (i.e myosin
I, V, and X), versus non-processive ones (different myosins being class
II myosins) to delineate specific and/or common properties in the two
groups. Furthermore, as already mentioned, many factors could play
an important role in the stability of the system, such as the forcefield
used, the parametrization of the ligands, as well as the initial model
selected. Our study could open a new understanding of the stability
of the transition state in MyoVI, paving the way for further analyses.
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M Y O S I N V I : C L I N I C A L R E L E VA N C E & R AT I O N A L
D R U G D I S C O V E RY

9.1 clinical relevance of myosin vi

Myosin VI plays a role in endocytotic processes, as well as in the
preservation of Golgi’s morphology and integrity of stereocilia of the
inner ear (Jung et al., 2006). In mammalian cells it also controls the
adherence at the junction of epithelial cells (Sweeney et al., 2007) and
it has been demonstrated that it is highly expressed in the nucleus,
modulating the RNA polymerase II transcriptional activity (Vreugde
et al., 2006). In humans, overexpression of Myosin VI is observed
in breast and medium-grade prostate cancer as well as in ovarian
cancer and for the latter, it has also been found to correlate with the
malignancy of the disease (Dunn et al., 2006; Hari-Gupta et al., 2022;
Makowska et al., 2015; Vreugde et al., 2006). A significantly reduced
expression of Myosin VI has been detected in deaf mice, in which the
integrity of the inner ear hair was not preserved, due to a possible
lack of cytoplasmic components that leads to disruption of membrane
recycling (Avraham et al., 1995). More recently some mutations at the
level of the motor domain of Myosin VI (C442Y, H246R, E216V, and
D179Y) have been associated with the deregulation of endocytosis
processes, resulting in disruption of stereocilia structural integrity
(Ahmed et al., 2003; Melchionda et al., 2001; Pylypenko et al., 2015).

Due to the ample range of functions in which it is involved, Myosin
VI represents a very important therapeutic target (Preller et al., 2011),
particularly to treat human cancers (Buss and Kendrick-Jones, 2008;
Naydenov et al., 2021). According to World Health Organization
(WHO), breast and prostate cancers have the highest incidence rate
worldwide (58.5% and 36%, respectively.
See https://gco.iarc.fr/today/online-analysis-multi-bars). Be-
yond that, recent studies (Lukasiewicz et al., 2021; Rahib et al., 2021)
predict that both the incidence and mortality of breast cancer will
continue to worsen. It, therefore, becomes pivotal to develop selective
inhibitors, able to target Myosin VI.

9.2 allosteric inhibition of myosin vi

Given the social impact linked to diseases related to the overactivity
of Myosin VI and the benefits that can be derived from the develop-
ment of novel selective inhibitors, we conducted a vHTS campaign
on Myosin VI (MyoVI). The small molecules eligible as promising
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lead compounds should be allosteric inhibitors, viz. non-competitive
inhibitors. Why is this important? It is critical to target myosins on
their allosteric pockets rather than on their active site because po-
tent competitive inhibitors would prevent the binding of ATP and
its hydrolysis, leading to a permanent rigor state of myosin (strongly
bound to actin) (Bond et al., 2013). Competitive inhibitors, structurally
similar to ATP, would not be selective for myosins and could target
other ATP-ases (Bond et al., 2013). Moreover, myosin’s active site is
highly conserved among different classes (Smith and Rayment, 1996),
so choosing competitive (or orthosteric) ligands would induce a loss of
selectivity for the class of myosin to be targeted. Allosteric modulators,
instead, would be more selective by binding pockets that do not arise
from evolutionary selection. For these reasons, our study was based
on the hunt for possible allosteric inhibitors of MyoVI.

9.3 vhts on myosin vi

9.3.1 What protein structure to use?

Our purpose is to search for (and perhaps find) allosteric inhibitor(s)
of MyoVI, as we would like to suppress the overactivity unveiled in
human pathological conditions, such as cancer. For this to be achieved,
we need to block the force generation cycle of MyoVI, therefore we
decided to target the PPS sate (Ménétrey et al., 2005). This is the state
of the myosin cycle that precedes the conformation tightly bound to
actin, able to initiate the powerstroke. As initial structure we selected
2v26.pdb (Ménétrey et al., 2005), PPS state of MyoVI with ADP-VO4

and MG2+ trapped in the active site (Figure 9.1). This is the MyoVI S1

expressed in Sus Scrofa (https://www.uniprot.org/uniprot/Q29122)
that shares 96.7% of sequence identity with the human MyoVI’s motor
domain (data obtained running Basic Local Alignment Search Tool
(BLAST) (Madden, 2002) in UniProt. (See this link to the web page
with the result).

9.3.1.1 Protein preparation

The missing portions in the protein structure (residues: 1 to 4; 34

to 37; 174 to 179; 396 to 406; 622 to 637) were modeled using MOD-
ELLER (Webb and Sali, 2016) and the best model was chosen ac-
cording to the lowest Discrete Optimized Protein Energy (DOPE)
score. The structure was then uploaded on the MolProbity webserver
(http://molprobity.manchester.ac.uk/) to add missing hydrogens,
optimize H-bond networks and detect the more reasonable rotameric
states of the side chains of Asn, Gln and His. The topology and
parameter files for the ligand (ADP, Pi and MG2+) were obtained
from CGenff (https://cgenff.umaryland.edu/) (Vanommeslaeghe
et al., 2012) and the entire system was modeled with CHARMM

https://www.uniprot.org/uniprot/Q29122
https://www.uniprot.org/blast/uniprot/B202206216320BA52A5CE8FCD097CB85A53697A35043A6BD
http://molprobity.manchester.ac.uk/
https://cgenff.umaryland.edu/
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Figure 9.1: Cartoon representation of 2v26.pdb. The active site is depicted
with a green sphere the MG2+ and in cyan sticks the ADP-VO4. In orange
the structure of the motor domain of MyoVI in the PPS (also known as
post-transition) state.

(Chemistry at HARvard Molecular Mechanics) (Brooks et al., 2009).
The most probable protonation state of titratable residues at neu-
tral pH was predicted by Karlsberg (Rabenstein, 2000). CHARMM-
GUI (Jo et al., 2008) was used to solvate and ionize the system
that was then minimized and equilibrated with Gromacs2021 (Abra-
ham et al., 2015; Lindahl et al., 2001; Markidis and Laure, 2015)
(https://zenodo.org/record/4457591#.YrHG43hBxH4).

9.3.2 What pocket to target?

To the best of our knowledge, there are no allosteric inhibitors of
MyoVI employed for the treatment of human (breast, prostate, and
ovarian) cancers. In 2012 Hessler et al., found a selective inhibitor
of human MyoVI, named 2,4,6-triiodophenol (TIP) and classified as
a non-competitive inhibitor (Heissler et al., 2012). Actin-activated
ATP-ase assays shown that TIP, also known as Bobel-24 or AM24,
inhibits MyoVI dependent secretion processes with an IC50 of 1.6 ±

https://zenodo.org/record/4457591#.YrHG43hBxH4
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0.6 µM (Heissler et al., 2012). Moreover, with the same measurements,
Heissler et al., demonstrated that TIP has a "biphasic behavior" in
MyoVI (Heissler et al., 2012). This result suggested that TIP may bind
to two different binding sites, contributing to 37% or 63% of inhibition
of actin-activated ATP-ase activity (Heissler et al., 2012). This is the
only currently documented inhibitor of MyoVI, but there has never
been conclusive evidence regarding the effective binding site targeted
by this molecule. One of the plausible binding sites proposed by
Heissler and co-workers (Heissler et al., 2012) is a hydrophobic pocket
at the apex of the 50kDa cleft, known as Blebbistatin pocket, from
the name of a non-muscle myosin II inhibitor (Straight et al., 2003).
Blebbistatin is a small molecule ((S)-blebbistatin (–)-1-phenyl-1,2,3,4-
tetrahydro-4-hydroxypyrrolo[2,3-b]-7-methylquinolin-4-one) that has
been co-crystallized in Dictyostelium discoideum (Dicty) non-muscle
myosin II S1 (Allingham et al., 2005) (Figure 9.2) and whose name
derives from its ability to arrest cell blebbing (Straight et al., 2003).

Blebbistatin stabilizes the transition state of non-muscle myosin II
(PPS state) by blocking the release of inorganic phosphate from the
active site, thereby preventing the initiation of the force generation
cycle (Allingham et al., 2005). By binding at the apex of the 50kDa
cleft, Blebbistatin impedes its closure and the cleft remains partially
open. This incomplete closure of the cleft gives long life to the PPS
state of the motor domain, delaying the transition to the Rigor state
when the cleft is completely closed and myosin is strongly bound to
actin. Blebbistatin establishes two H-bonds in the binding site, respec-
tively with the amine of SER456 and the one of GLY240, otherwise,
hydrophobic interactions prevail (see Figure 9.3 and Figure 9.4).
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(a) 1yv3.pdb

(b) 3D structure of Blebbistatin

Figure 9.2: In (a) the X-ray structure of Dicty Myosin II (PDB code: 1yv3.pdb).
In magenta, the ADP-VO4 and MG2+ are trapped in the active site. In
yellow Blebbistatin and its binding pocket’s surface. In (b) the 3D structure
of Blebbistatin.
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Figure 9.3: 2D scheme of Blebbistatin interactions in the binding pocket. The
image has been produced by using LigPlus (Laskowski and Swindells, 2011).
The red rays represent the hydrophobic interactions, instead, the dashed
green lines indicate the hydrogen bonds. In blue, the PDB code 1yv3 and the
name of the small molecule are depicted in violet in the middle (Blebbistatin).
"(A)" stands for the name of the chain.
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Figure 9.4: 3D representation of Blebbistatin in the binding pocket. In cyan
are depicted the two hydrogen bonds formed with S456 and G240 and
Blebbistatin is in yellow sticks. The surface of the binding site is colored
coded from red to blue based on the polarity of the atoms.

9.3.2.1 Blebbistatin pocket in MyoVI

Blebbistatin pocket is a druggable pocket in non-muscle myosin II, as
demonstrated by the co-crystallization of the small molecule in the
motor domain (Allingham et al., 2005). Furthermore, since there is
evidence that this pocket also exists in MyoVI in the PPS state, as
shown by Heissler and co-workers (Heissler et al., 2012) and that the
motor domains of Dicty myosin II and Sus scrofa MyoVI share 39% of
sequence identity (data computed by using HHPRED (Söding et al.,
2005)), we have chosen this as a pocket to target. Moreover, being a
pocket at the interface between Relay Helix, L50, and U50 subdomains,
which are highly conserved portions of the motor domain, we expected
high sequence identity of the binding site between MyoVI and Dicty
myosin II. Considering the residues within 5 Å from Blebbistatin, only
three differ (Figure 9.5): S456-A458; T474-C476; Y634-F647 (on the left
the residues name and number in Dicty myosin II and on the right
the corresponding ones in Sus scrofa MyoVI). After aligning Sus scrofa
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MyoVI (2v26.pdb) over Dicty myosin II (1yv3.pdb), the RMSD of the
residues in the Blebbistatin pocket was 1.96 Å, considering also the
side chains. All these data together strengthen our decision to target
this specific pocket in MyoVI.

Figure 9.5: Zoom on the Blebbistatin pocket in Sus scrofa MyoVI (2v26.pdb),
after alignment on Dicty myosin II(1yv3.pdb). The RMSD between the two
structures is 1.04 Å. In sticks the three residues that differ in MyoVI at the
level of this binding site. In orange sticks, the residues in MyoVI and white
sticks are the ones in Dicty myosin II. F647 assumes a different rotameric
state with respect to Y634 in Dicty myosin II. This difference creates a new
space in the pocket that can be explored. In white the surface of the binding
pocket in Dicty myosin II and Blebbistatin is in yellow sticks.

9.4 vhts protocol

Once the structure (model of 2v26.pdb minimized with
CHARMM36mff (Huang et al., 2016)) and the pocket (Blebbis-
tatin binding site) have been selected, all that remains is to select the
library of compounds to be screened and the strategy to be adopted.
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9.4.1 Chemical library to screen

Regarding the library of compounds to screen, we chose Maybridge,
a library containing more than 53K lead-like molecules in stock for
efficient order and testing (Arnaud, 2006). These molecules have been
previously prepared by using PrepFlow (Sisquellas and Cecchini, 2021),
to obtain 3D structures of the most probable conformers at neutral
pH. After this step of ligand preparation, around 69K structures were
generated. Since these 3D structures have been taken from the common
virtual archive of compounds existing in our laboratory, we proceeded
with a filtering step, to filter out molecules with a molecular weight
larger than 500 Da and with more than 10 rotatable bonds. This
selection has been performed through Knime (Berthold et al., 2007).
The decision to keep only molecules with less than ten rotatable bonds
was dictated by a limitation in the use of QHMB (Pereira and Cecchini,
2021) for the estimation of the entropy correction in the final step of
prediction of free energy of binding. In addition, a number of ten or
fewer rotatable bonds also matches the Veber rules for drug-likeness
(Veber et al., 2002). The final number of 3D structures to screen was
66885.

9.4.2 vHTS Strategy

To perform molecular docking we have used our in house workflow
DockFlow and for the free energy rescoring with MMGBSA method
a fast procedure involving Gromacs and AmberTools, that will be
implemented in the upcoming version of ChemFlow. In particular, the
docking was run with AutoDock VINA on the supercomputer Jean Zay,
by defining as searching space a box with the following coordinates for
the center (all dimensions are in Å): x = 28.120; y = -6.105 and z = 4.002.
The size of the box was set to 15 Å in the three dimensions. The screen-
ing was parallelized, running 50 docking per each slurm job, on a sin-
gle CPU-node on IDRIS (Institut du développement et des ressources
en informatique scientifique : http://www.idris.fr/). The docking
results were then post-processed to keep only the best pose for each
compound (namely the one ranked first by the VINA scoring function).
The compounds were ranked according to their docking score and the
first 10K were further analyzed. A minimization of maximum 50000

steps was performed with Gromcas2020.3 to then proceed with a con-
version of the structure and topology files (.gro and .top extension) to
Amber format (.prmtop extension), carried out with Gromber (https://
parmed.github.io/ParmEd/html/parmed.html). An initial single point
MMGBSA (with GB model 7 and internal dielectric constant 4 (Case
et al., 2021)) rescoring was performed over the ten thousand min-
imized structures with AmberTools2021 and the compounds were
newly ranked, according to their MMGBSA score. The first thousand

http://www.idris.fr/
https://parmed.github.io/ParmEd/html/parmed.html
https://parmed.github.io/ParmEd/html/parmed.html
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complexes were selected from this novel classification and MD simula-
tions of 10 ns, after a short equilibration of 100 ps, were performed
with Gromacs2020.3. A second conversion and free energy rescoring
with the MMGBSA method was run over these trajectories and the best
80 systems were chosen for the subsequent configurational entropy
correction, performed with QHMB (Pereira and Cecchini, 2021) always
on the supercomputer Jean Zay. The QHMB approach includes an MD
simulation of at least 300 ns of the ligand free in solution and a simu-
lation of at least 50 ns for the protein-ligand complex. We performed
the MD simulations of the unbound states on ROMEO Super Com-
puter Center (https://romeo.univ-reims.fr/pages/aboutUs) using
Gromacs2020.4, whereas for the bound state we elongated the previ-
ous MD of 10 ns, for the chosen 80 systems. Unfortunately, for ten
compounds QHMB failed for the unbound state, probably due to the
high degree of flexibility of these molecules, such that the sampling
was not sufficient to populate the clusters which are parsed by the
algorithm. We applied the same workflow both for Blebbistatin and
TIP. For TIP we did not perform configurational entropy correction,
because the molecule does not have any rotatable bond. Moreover,
looking at the MD simulations of 50 ns of the bound state, we observed
that TIP is not stably bound in the pocket. The molecule is too small
and explores different possible cavities. It could be considered as a
fragment for the identification of other possible cavities. However, we
will not include TIP in our results.

In Figure 9.6 a summary of the strategy adopted in this study.

Figure 9.6: Main steps of the vHTS strategy adopted for our case study. The
average size of the systems was about 130 thousand atoms.

https://romeo.univ-reims.fr/pages/aboutUs
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9.4.3 Structural Analyses & final predictions

In the end, we proceeded with some structural analyses.
One might wonder why we need to conduct structural analyses and go
beyond the values of predicted free energy of binding. We previously
discussed in Chapter 8 the flexible behavior of MyoVI in PPS and in
Chapter 6 the impact of an allosteric modulator on the stability of
cardiac myosin in PPS. By analogy, we believe in the importance of an
allosteric modulator to be able to stabilize the PPS structure of MyoVI
to preserve the functionality of the motor.

9.4.3.1 RMSD binding pocket

To limit possible induced fit of the side chains of the targeted pocket,
which comes with a free energy cost of the protein that is not ac-
counted for in our calculations, we defined as first observable the
RMSD of the binding pocket. To perform these structural analyses we
clustered the trajectories of 50 ns of the protein-ligand complexes and
we extracted the most populated cluster centers. We then calculated
the RMSD of the residues describing the binding pocket, including the
side chains, to the initial structure used for the vHTS (the minimized
model of 2v26.pdb). We performed these structural analyses for all
selected complexes and additionally for Blebbistatin. Even if Blebbis-
tatin could not fit the pocket in MyoVI as it does in Dicty myosin II
because of severe clashes with F647 (see Figure 9.5), we have forcibly
introduced it in our campaign, to exploit it as a negative control, since
it experimentally shows lack of activity in MyoVI (personal communi-
cation). Our in silico results are in agreement with the experimental
ones since even with our approach Blebbistatin was predicted as one of
the worst binders for MyoVI in the targeted pocket (positive docking
score). Nevertheless, we computed also for Blebbistatin a final value of
binding free energy, including configurational entropy correction and
we obtained a prediction of −43.97kcal/mol. This value will later be
used for a final selection of hit compounds. We arbitrarily established
a cut-off of 3 Å for the RMSD of the pocket. Ranking the molecules
according to this cut-off, a total of 53 compounds bound to the pocket
with an RMSD lower than 3 Å. After visual inspection of the cluster
centers of the systems, we noticed that the rotameric states of some
residues were different from the reference structure. This would have
changed the space explored by the molecules in the pocket.

9.4.3.2 χ1 dihedral angle F647

F647 is one of the three residues that differ in the binding pocket to
Dicty myosin II (see Section 9.3.2). In particular, it assumes a com-
pletely different rotameric state in MyoVI, if compared to the Y634

in non-muscle myosin II (see i.e. Figure 9.5). This orientation opens a
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different space in the pocket that could be explored, giving the pos-
sibility of finding interesting new scaffolds selective for MyoVI. We,
therefore, monitored a new observable in the various cluster centers,
Blebbistatin included: the dihedral angle χ1 of F647, defined as the
angle described by the atoms N-CA-CB-CG.
We compared the value of the angle of the cluster centers with the
X-ray structure of porcine MyoVI (2v26.pdb).

As mentioned before and as shown in Figure 9.7, several compounds
(53 to be exact) stabilize the pocket keeping its average RMSD value
below 3 Å along the 50 ns trajectory. However, very few molecules
are keeping both the RMSD of the pocket underneath 3 Å and the χ1

angle value of F647 close to the reference value of the X-ray structure
of 272.3◦ ( Figure 9.7).

Figure 9.7: Results of the structural analyses conducted on the data of the
vHTS on MyoVI in PPS. The dots represent the compounds extracted from the
final ranking of MMGBSA, for which the entropic correction was calculated
by applying QHMB (Pereira and Cecchini, 2021). Their color is assigned
according to the color map shown on the right of the plot, per their final
∆G of binding. On the x-axis is plotted the value of the dihedral angle χ1

of F647 (N-CA-CB-CG) for each system, computed by using an in-house
script of Wordom (Seeber et al., 2007). The y-axis reports the RMSD value
of the binding pocket, including the side chains of residues within 5 Å of
Blebbistatin. The label "Blebb" refers to Blebbistatin. The red dotted lines are
the arbitrary cut-offs selected for the RMSD of the targeted pocket. In orange
dotted line the χ1 value of F647 in the X-ray structure of porcine MyoVI
(272.3◦).

In Figure 9.7 we also noticed that in several cluster centers the
value of this dihedral angle was around 175 and 200◦. Monitoring
the distribution of the value of this angle in the pseudo-trajectory of
2µs of MyoVI in PPS, discussed in Chapter 8, we observed a higher
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frequency in the same range of values (see Figure 9.8). In particular,
we can define a couple of ranges of χ1 values that exist with higher
frequency. The first is between 175 and 200◦ and it is populated in
57% of the total frames of the trajectory. The second one is between
260 and 290◦ and it is populated for 25% of the whole trajectory.

Figure 9.8: Distribution of χ1 angle in the pseudo-trajectory of 2µs of PPS
MyoVI discussed in Chapter 8. In orange dashed line the value of the angle in
the X-ray structure of reference. The frequency of the χ1 angle value between
175 and 200◦ is 57.6 %. Instead, the frequency of a value between 272 and
273◦ is 1.2%.

This suggests that we cannot use the reference value of the χ1 of
F647 as a criterion for compounds to be prioritized in our vHTS,
because it would be too restrictive for the final selection.

9.4.4 Solubility of molecules

For the final selection of molecules, we determined their solubility.
The solubility of the molecules to opt for experimental testing is a
fundamental parameter so that compounds that would otherwise
precipitate in solution are not tested. We used DataWarrior (Sander
et al., 2015) for in silico prediction of aqueous solubility of the seventy
compounds, expressed in terms of LogS (10-based logarithm of the
solubility measured in mol/liter). We then plotted the predicted ∆G
of binding and the LogS values for the 70 compounds, including
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Blebbistatin (Figure 9.9). We set two cut-offs, one for the free-energy of
binding and one for the LogS, respectively. We chose −43.97kcal/mol
as free-energy energy cutoff because this was the predicted ∆G for
Blebbistatin. As mentioned before, we know that Blebbistatin is not a
good binder for MyoVI, so we aim at keeping molecules with a better
free-energy prediction (lower ∆G). As concerns the LogS cut-off, we
fixed it at −4, since 62% of the FDA approved drugs available on the
market share a calculated LogS greater than −4 (data computed with
Datawarrior over the 3545 approved drugs extracted from ChEMBL
database (Gaulton et al., 2017)). Looking at the plot in Figure 9.9, we
see that around 30 compounds meet the selection criteria (blue dots
on the bottom right). It should not be surprising that many other
molecules have better predicted ∆G at lower LogS values than the
cut-off since we are targeting a predominantly hydrophobic pocket.

Figure 9.9: Aqueous solubility (LogS) and ∆G predicted for the final 70

compounds (blue dots) and Blebbistatin (red dot). In cyan are highlighted
the compounds acquired for experimental testing. The dashed orange lines
represent the cut-off established both for the ∆G and for the LogS value for
the final selection of compounds.

To summarize, the final criteria for the selection of molecules to be
tested are:

1. compounds with a predicted binding affinity
(MMGBSA+QHMB) better than Blebbistatin.
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2. a LogS greater than −4.

3. RMSD of the targeted pocket lower than 3 Å.

In the end, we extracted 22 molecules that we proposed as possible
hits to our collaborator at Institut Curie in Paris (Dr. Anne Houdusse’s
laboratory). After a visual inspection of the systems, eight compounds
were acquired for the following experimental testing.

No scaffold will be shown for confidentiality reasons.
Below in Figure 9.10, depicted in mesh, one of the prioritized

molecules in the cavity of interest. We can appreciate how the molecule
nicely accommodates in the cavity. All the molecules that were se-
lected for in vitro testing occupy the space of this cavity of interest
by establishing mostly hydrophobic interactions. Nevertheless, few
recurrent H-bonds are found in all the systems with L229 and Y228.
Moreover, a few molecules interact with some of the three residues
that differ from the Blebbistatin pocket in Dicty myosin II (F647, A458,
and C476). This could ensure selectivity for MyoVI to Dicty myosin II.

Figure 9.10: Representation of how one of the molecules selected for the in
vitro testing settles into the cavity of interest (represented in surface whose
color changes according to the polarity of the atoms).

The molecules occupy the cavity of interest to stabilize key elements
in allosteric transmission in the motor domain (U50, RH, and the
central β-strands of the transducer).

9.4.5 Experimental testing: ATP-ase assay

Once purchased from Thermo Fisher Scientific, the eight molecules
were re-suspend in 100% DMSO and keep them at −20°C at 50mM
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to then be tested with ATPase assay. This assay is the experiment
optimized for studying the in vitro inhibition of small molecules tar-
geting myosin (Cheung et al., 2002; De La Cruz and Michael Ostap,
2009). Via a phosphoryl transfer reaction, the enzyme Pyruvate kinase
transfers a phosphate group from phospho-enol-pyruvate (PEP) to
ADP, a product of ATP-hydrolysis of myosin. The reaction produces
one molecule of ATP and one molecule of pyruvate (De La Cruz and
Michael Ostap, 2009). The pyruvate serves as a substrate for the lactate
dehydrogenase (LDH), which catalyzes its conversion to lactate (De
La Cruz and Michael Ostap, 2009). The reaction proceeds with the
consumption of NADH that is oxidated to NAD+ (De La Cruz and
Michael Ostap, 2009). Since NADH absorbs light at 340 nm and since
one molecule of NADH is consumed in the last reaction per molecule
of ATP that is generated in the first one, the assay measures the change
in absorbance of NADH at 340 nm as an indirect measurement of
ADP obtained by ATP-hydrolysis by myosin (De La Cruz and Michael
Ostap, 2009). To measure the inhibitory activity of small molecules,
one has to set a baseline of the reaction to measure the basal enzymatic
activity of myosin in absence of modulators. Once the reference rate
is set, one can monitor the inhibition of myosin mediated by a small
molecule by incubating the actomyosin complex with the plausible
inhibitor. In case of a positive result (inhibitory activity), the slope
of the curve should decrease to the basal rate of ATPase activity. In
case no inhibition is registered, the slope of the curve of absorbance
reaction of NADH does not change over time.

9.4.5.1 Experimental testing: Results

The results of the first ATP-ase assay performed by Lee Sweeney’s
group, in Philadelphia, for the eight molecules are shown in Fig-
ure 9.11. As we can infer rather clearly, unfortunately, none of the 8

molecules showed inhibitory activity at neither a concentration of 50

µM nor at 200 µM.
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Figure 9.11: ATP-ase assay carried out for the eight molecules selected from
vHTS. The assay has been performed at 25oC with two different concentra-
tions of drugs: 50µM and 200µM. The concentration of actin used for the
assay was 40µM. The ATPase rate of reference was 4.3sec−1.

9.5 conclusions & future perspectives

Our first vHTS campaign on MyoVI ended with no detected active
compounds, for the moment. It could be due to misfortune, as often
happens in the vHTS campaign, or to the small number of molecules,
we could afford to test, among which there was not an active one. It
could also be that the molecules were degraded and this interfered
with the experiment. Otherwise, it could be that the molecules we
prioritized are good binders (based on our prediction of binding
affinity) but not good inhibitors of MyoVI. Our collaborators in Paris
are, therefore, trying to co-crystallize MyoVI with the drugs selected
for the tests, to verify this hypothesis. In a favorable scenario, where
the group of Houdusse can co-crystallize MyoVI with at least one of
the molecules, we would finally have a reference structure from which
to start our predictions. This could open up new avenues for future
vHTS campaigns to find hit compounds and inhibitors of MyoVI.
Undoubtedly, the best possible scenario would be to have a reference
structure of MyoVI co-crystallized with a modulator (inhibitor in our
case) with known IC50 and Kd. Moreover, the group of Sweeney in
Philadelphia is currently conducting other biochemical assays over
these eight molecules. For the time being, the results obtained open
up many questions, such as which computational approaches should
be used in a vHTS campaign since we predict binding affinities and
not the activities of the molecules. Additionally, we performed a blind
vHTS not having a straightforward definition of the binding site to
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target, as well as no co-crystallized known binders from which to
obtain useful information. Other questions that arise are what can
be changed in our protocol to ameliorate the predictions (different
docking program(s) and scoring function(s)? Another possible binding
pocket to target? Consider a larger and more diverse library from
Maybridge? Run more replicas to better sample the binding mode
of the molecules? etc). Future developments of screening strategies
might be built on this first challenging attempt, which looked, anyway,
very promising.



10
P R O T E I N K I N A S E S

Since the 1950s, when the regulatory role of reversible phosphorylation
of glycogen phosphorylase was discovered, the study of protein phos-
phorylation in regulating vital functions in cells has assumed great
importance (Manning et al., 2002). A class of enzymes that mediate the
reversible transfer of a phosphate group to other proteins is known as
protein-kinase (Kinases) (Attwood et al., 2021; Manning et al., 2002).
Kinases play a key role in regulating cellular metabolism, transcrip-
tion, growth, and proliferation (Manning et al., 2002). Deregulation
in their activity, especially abnormal activation due to point mutation
(Attwood et al., 2021), takes part in tumor-cell growth (Downward,
2003; Scarpi-Luttenauer et al., 2022). Protein kinases became a po-
tential drug target (Parsons and Parsons, 2004) for small molecules
that could act as anticancer drugs (Scarpi-Luttenauer et al., 2022). In
1977 Omura and co-workers discovered Staurosporine (STU) while
screening for microbial alkaloids (ŌMura et al., 1995). The molecule is
an indolo-carbazole derivative (ŌMura et al., 1995) (see Figure 10.1)
which was later shown to be a great inhibitor of phospholipid/CA2+

dependent protein kinases (protein kinase C), with an IC50 = 2.7 nM
(Tamaoki et al., 1986). STU binds the pocket of Kinases establishing a
pattern of H-bonds between its lactame fragment and some residues
of the enzyme (Gani and Engh, 2010; Scarpi-Luttenauer et al., 2022)
Albeit its strong inhibitory activity, STU was not highly selective and
therefore too toxic to be used as a drug (Attwood et al., 2021; Gani and
Engh, 2010). STU represented the starting point for the development
and synthesis of highly selective analogs, with drug-like properties
(Attwood et al., 2021).

171
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Figure 10.1: 2D representation of Staurosporine
((2S,3R,4R,6R)-3-methoxy-2-methyl-4-(methylamino)-29-oxa-1,7,17-
triazaoctacyclo[12.12.2.12,6.07,28.08,13.015,19.020,27.021,26]nonacosa-
8,10,12,14,19,21,23,25,27-nonaen-16-one).

10.1 design of promising metal coordinated inhibitors

10.1.1 Phenanthroline-based ligands and Titanium complexes

Since the early 2000s, there has been a focus on coordination complexes
to design novel protein kinase inhibitors, by mimicking the structure
of Staurosporine with organometallic molecules (Bencini and Lippolis,
2010; Dörr and Meggers, 2014). In particular, since the coordination
chemistry of 1,10-phenanthroline (1,10-phen) derivatives is well docu-
mented (Bencini and Lippolis, 2010) and the backbone of these ligands
can be modified and optimized with H-bond donor-acceptor groups
(Scarpi-Luttenauer et al., 2022) to mimic the interactions of STU in the
pocket (Gani and Engh, 2010), Mobian and co-workers proposed to
design a series of 1,10-phen derivatives as novel kinases’ inhibitors
(Scarpi-Luttenauer et al., 2022). Scarpi-Luttenauer and Mobian synthe-
sized a series of 1,10-phen derivatives introducing in some of them a
pyridinone moiety to mimic the structure of STU (Scarpi-Luttenauer
et al., 2022) (see Figure 10.2).

Moreover, in 2020, Scarpi-Luttenauer et al demonstrated that coor-
dination complexes based on a TiO4N2 core incorporating 1,10-phen
derivatives could generate highly robust molecules, which could be of
particular interest for biochemical applications as protein kinase in-
hibitors (Scarpi-Luttenauer et al., 2020). Due to their expertise with this
coordination chemistry and to the fact that Ti(IV) is a good candidate
element for the design of therapeutic molecules (Scarpi-Luttenauer
et al., 2020), Mobian and co-workers introduced the TiO4N2 motif
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Figure 10.2: Series of 1,10-phenanthroline derivatives (A-E) linked with a
pyridinone group through various spacers and the last derivative F without
the pyridinone group (Scarpi-Luttenauer et al., 2022). The image has been
taken from (Scarpi-Luttenauer et al., 2022) without modifications.

in the series of 1,10-phen derivatives (Scarpi-Luttenauer et al., 2022).
The synthesis was successful for only two complexes, named Ti(1)2A
and Ti(1)2F, depicted in Figure 10.3. These two complexes were char-
acterized by NMR spectroscopy, mass spectrometry, and elemental
analysis (Scarpi-Luttenauer et al., 2022). Both Titanium complexes and
1,10-phen derivatives were tested for cytotoxicity, by measuring the
cell viability in human gastric adenocarcinoma cells (AGS) (Scarpi-
Luttenauer et al., 2022). Unfortunately, the Ti(IV) compounds were
not soluble in the medium used in the test (DMSO) and their toxicity
could not be evaluated. Among the 1,10-derivatives only one com-
pound was not toxic (F) (Scarpi-Luttenauer et al., 2022). However, the
cytotoxicity of the other 1,10-phen derivatives is not surprising since
it was already detected as a consequence of intercalation between
DNA strands for some complexes incorporating a phenanthroline,
that could not be entirely repaired by cellular mechanisms (Roy et al.,
2008; Scarpi-Luttenauer et al., 2022).

10.1.1.1 Molecular docking on MST2 kinase

To understand the possible therapeutical application of the synthesized
molecules as anticancer drugs, we performed molecular docking on
MST2 kinase (PDB code: 5DH3) (Fan et al., 2016; Scarpi-Luttenauer
et al., 2022). MST2 is a kinase that plays a key role in the Hippo
signaling pathway (Qin et al., 2013). This pathway is involved in
cell proliferation, cell differentiation, and control of apoptosis (Qin
et al., 2013; Scarpi-Luttenauer et al., 2022). Deregulation of the Hippo
pathway is associated with the occurrence of gastric cancer, for which
effective therapies are lacking (Qiao et al., 2018; Scarpi-Luttenauer
et al., 2022). At first, we defined the docking protocol by re-docking
in MST2 the co-crystallized molecule XMUMP-1 (Fan et al., 2016),
after preparing the ligand using PrepFlow (Sisquellas and Cecchini,
2021). We performed the docking with DockFlow, choosing PLANTS
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Figure 10.3: Complexes Ti(1)2 A and Ti(1)2F (Scarpi-Luttenauer et al., 2022).
The image has been taken from (Scarpi-Luttenauer et al., 2022).

as docking program and ChemPLP as scoring function. As shown in
Figure 10.4 the molecule was correctly re-docked in its binding pocket,
with an RMSD of 0.5 Å to the reference coordinates.
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Figure 10.4: Re-docking of XMUMP-1 in MST2 (PDB code: 5DH3) (Fan et al.,
2016). In blue sticks is depicted the co-crystallized ligand and in magenta
ones the re-docked molecule. In green are highlighted the hydrophobic
interactions and in yellow are the hydrogen bonds. The docking score of this
binding mode is −76.72. The re-docked molecule establishes both the same
H-bonds (with CYS102, LYS298, and ASP109) and hydrophobic interactions
(with LEU33 and TYR101) as the reference in the crystal structure (Scarpi-
Luttenauer et al., 2022). The analysis of ligand-protein interactions has been
produced using PLIP (Adasme et al., 2021).

Once the docking protocol was validated with the re-docking ex-
periment, we docked some more soluble molecules of the series of
1,10-phen derivatives (A, B, C, and F) and the two Ti(IV) complexes
with the same procedure. The phenanthroline derivatives properly
fit the targeted pocket with a favorable docking score, ranging from
-84.91 (compound A) to -64.65 (compound F) (Scarpi-Luttenauer et al.,
2022). On the other hand, Ti(1)2A and Ti(1)2F turn out to be too bulky
for the binding pocket (see Figure 10.5).
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Figure 10.5: Docking results of Ti(1)2 A and Ti(1)2F compounds. In yellow spheres Ti(1)2 A,
on the left, and in green spheres Ti(1)2F, on the right. The docking score of the best pose for
the two molecules (here reported) is +285.9 and +600.1 for Ti(1)2 A and Ti(1)2F respectively.

10.1.2 Ruthenium and Platinum complexes

Since molecule F is the only non-toxic one in the series of 1,10-phen
derivatives and it can also bind the pocket of MST2 without steric
clashes and with a favorable docking score (docking score of -64.65),
it can be selected as a promising scaffold for the design of novel
coordination complexes able to inhibit MST2 and, consequently, the
Hippo signaling pathway (Scarpi-Luttenauer et al., 2022). Intending to
develop new generations of less bulky compounds, based on hydrogen
bond donor-acceptor phenanthroline ligands (Scarpi-Luttenauer et
al., 2022), Mobian and co-workers considered the coordination with
other metals, such as Ruthenium (Ru(II)) and Platinum (Pt(II)) (Scarpi-
luttenauer, 2022).

10.1.2.1 Molecular docking on MST2 kinase

They designed a new series of compounds that we then examined
by docking experiments, using the same procedure we defined for
the previous series of molecules (ligand prepared with PrepFlow
(Sisquellas and Cecchini, 2021) and docked with DockFlow using
PLANTS and ChemPLP scoring function). Hereinafter we describe the
results of four compounds that are the most promising in the analyzed
series and have also been experimentally tested. In Figure 10.6 and
Figure 10.7 are reported the docking results of Ru(3), Ru(5) and Pt(3)
and Pt(4a), respectively.
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(a) Best binding mode of Ru(3) docked in MST2. The analysis of ligand-protein
interactions has been produced using PLIP (Adasme et al., 2021).

(b) Best binding mode of Ru(5) docked in MST2. The analysis of ligand-protein
interactions has been produced using PLIP (Adasme et al., 2021).

Figure 10.6: In sub-figure (a) the best docking pose of Ru(3) in MST2 kinase.
The docking score is +13.7. In sub-figure (b) the best docking pose of Ru(5)
in MST2 kinase. The docking score is -74.6
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(a) Best binding mode of Pt(3) docked in MST2. The analysis of ligand-protein
interactions has been produced using PLIP (Adasme et al., 2021).

(b) Best binding mode of Pt(4a) docked in MST2. The analysis of ligand-protein
interactions has been produced using PLIP (Adasme et al., 2021).

Figure 10.7: In sub-figure (a) the best docking pose of Pt(3) in MST2 kinase.
The docking score is -11.9. In sub-figure (b) the best docking pose of Pt(4a)
in MST2 kinase. The docking score is -22.8.

From our analysis, it emerged that Ru(5) interacts stronger with
MST2 than all the other molecules of the series. Moreover, Ru(3) shows
a positive docking score, due to a high value for the steric contact
score and repulsion score of ChemPLP scoring functions. These scores
represent the Van der Waals and electrostatic contribution, respectively.
Therefore, the binding of Ru3 is unfavorable in this pocket of M2ST,
due to steric hindrance of the molecule and repulsive forces.
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10.1.2.2 In vitro testing of inhibition of MST2 kinase

The inhibitory activity of these four compounds has been tested, mon-
itoring the inhibition of the phosphorylation of YAP (Yes-associated
protein), namely co-transcriptional activator of the Hippo signaling
pathway (Qin et al., 2013; Scarpi-luttenauer, 2022). AGS cells were
incubated with the four complexes at a concentration of 2 and 25 µM.
The results in Figure 10.8 show that the proportion of pYAp and YAP
is five times smaller than the control, in presence of Ru(3).

Figure 10.8: Determination of MST2 inhibition for the four complexes under investigation.
The data reported are the average values of three different experiments. The image has
been taken from (Scarpi-luttenauer, 2022) without modifications. The experiments were
conducted by Scarpi and Orvain at Inserm U1113.

10.1.3 Investigation of specificity

To verify the selectivity of these compounds for MST2 to avoid off-
target toxicity the same docking experiment and experimental evalua-
tion of inhibitory activity have been performed on a different protein
kinase, named S6K1 (Qin et al., 2015). S6K1 is involved in the con-
trol of cell size, protein synthesis, and regulation of glucose levels in
the cell through a different biological pathway than the Hippo one
(Qin et al., 2015; Scarpi-luttenauer, 2022). Since the inhibition of one
pathway does not interfere with the other, we can understand if the
molecules are selective inhibitors for one kinase rather than the other.
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Figure 10.9 shows that Ru(3) does not have the same inhibitory effect
on S6K1 and the most remarkable variation in activity results for Pt(3)
and Pt(4a). These compounds, indeed, show almost no activity for
MST2 but, on the contrary, they strongly inhibit the phosphorylation
of S6 (see Figure 10.9).

Figure 10.9: Determination of S6K1 inhibition for the four complexes under investigation.
The data reported are the average values of three different experiments. The image has
been taken from (Scarpi-luttenauer, 2022) without modifications. The experiments were
conducted by Scarpi and Orvain at Inserm U1113.

These results (Figure 10.8 and fig:experiment-S6K1) demonstrate
that Pt(3) and Pt(4a) show better inhibitory activity of S6K1, associated
with the phosphorilation of S6, than both Ru(3) and Ru(5). Vice versa
Ruthenium compounds, in particular Ru(3), inhibit more MST2 kinase,
thus the phosphorylation of YAP.

10.1.3.1 Molecular docking on S6 kinase

To check the propensity of the four molecules to bind MST2 or S6K1,
we conducted molecular docking analyses on S6 kinase, using the
structure of the human S6K1 solved in complex with a ruthenium-
based inhibitor, named FL772 (Qin et al., 2015). At first, we designed
the docking protocol by re-docking FL772 in the active site of human
S6 kinase with DockFlow. We used, again, PLANTS and ChemPLP
scoring function. As shown in Figure 10.10 the re-docked compound
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was overlapping with the co-crystallized molecule with an RMSD of
0.9 Å.

Figure 10.10: Re-docking of FL772 in S6K1 (PDB code: 4RLP). The co-crystallized ligand
is depicted in cyan and the re-docked molecule is in orange. In green are highlighted the
hydrophobic interactions and in yellow are the hydrogen bonds. The docking score of
this binding mode is -97.17. The re-docked molecule establishes the same H-bonds (with
LEU75, GLU73, and LYS15) as well as the same hydrophobic contacts (with THR135, LEU13,
and VAL21) as the reference structure (FL772) in the X-ray. The analysis of ligand-protein
interactions has been produced using PLIP (Adasme et al., 2021).

We, therefore, used the same protocol to dock Ru(II) and Pt(II)
compounds under investigation (see Figure 10.11 and Figure 10.12).
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(a) Best binding mode of Ru(3) docked in human S6 kinase. The analysis of ligand-
protein interactions has been produced using PLIP (Adasme et al., 2021).

(b) Best binding mode of Ru(5) docked in human S6 kinase. The analysis of ligand-
protein interactions has been produced using PLIP (Adasme et al., 2021).

Figure 10.11: In sub-figure (a) the best docking pose of Ru(3) in S6K1. The
docking score is -61.3. In sub-figure (b) the best docking pose of Ru(5) in
S6K1. The docking score is -68.9.
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(a) Best binding mode of Pt(3) docked in human S6 kinase. The analysis of ligand-
protein interactions has been produced using PLIP (Adasme et al., 2021).

(b) Best binding mode of Pt(4a) docked in human S6 kinase. The analysis of ligand-
protein interactions has been produced using PLIP (Adasme et al., 2021).

Figure 10.12: In sub-figure (a) the best docking pose of Pt(3) in S6K1. The
docking score is -79.5. In sub-figure (b) the best docking pose of Pt(4a) in
S6K1. The docking score is -91.5.

The docking of the designed inhibitors in the active sites of the two
kinases reveals a different propensity of the two classes of compounds
to bind S6K1 or MST2 kinase (see Table 10.1). The results in Table 10.1
show that the Platinum compounds prefer binding to S6K1, whereas
Ru(5) interacts stronger with MST2. Ru(3) has a positive docking
score for MST2 and a negative one for S6K1, showing a preference for
binding S6 kinase whose active site is bigger and can better accom-
modate the molecule. This result is in contrast with the experimental
measurement, according to which Ru(3) is a strong inhibitor of MST2

(Figure 10.8).
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LIGAND S6K1 MST2 ∆(S6K1-MST2)

Ru(3) -61.3 +13.7 -75

Ru(5) -68.9 -74.6 +5.7

Pt(3) -79.5 -67.5 -11.9

Pt(4a) -91.5 -68.6 -22.8

Table 10.1: Docking scores of molecular docking performed for the four
molecules both on S6K1 and MST2 kinases. The second and third columns
report the docking score of the chosen binding pose of each molecule in the
two proteins. In the last column is calculated the delta of the docking scores
for S6K1 and MST2 to determine the preference to bind to one kinase or the
other.

The docking results are in agreement with the in vitro testing, ac-
cording to which Pt(3) and Pt(4a) show better inhibitory activity in
S6K1 than both Ru(3) and Ru(5) (Figure 10.9). Conversely, Ru(5) shows
a delta docking score that favors the binding for MST2 kinase, as also
shown experimentally (Figure 10.8).

10.2 conclusions

In conclusion, we can assert that the in silico results and the in vitro
outcomes agree, showing that the Platinum compounds are putative
inhibitors for S6K1 kinase, instead, the Ruthenium compounds are
designed as possible inhibitors of MST2 kinase. These findings could
represent a novel frontier in protein kinase inhibitor design.
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Myosins are a class of biomolecular motors fundamental for a wide
range of cellular functions in eukaryotic organisms, such as cell pro-
liferation, cell migration, muscle contraction just to mention a few.
Myosins move on actin filament thanks to a refined mechanism of
signal amplification that converts chemical energy derived from ATP
hydrolysis into mechanical work. Dysfunctions of these molecular mo-
tors lead to several human disorders. Deregulation of cardiac myosin,
for instance, is involved in both systolic heart failure and hypertrophic
cardiomyopathy, depending on a decreased or increased cardiac con-
tractility, respectively (McMurray et al., 2013; Planelles-Herrero et al.,
2017; Robert-Paganin et al., 2018). It has also been demonstrated an
interesting connection between overexpression of Myosin VI and some
human cancers progression, ranging from prostate cancer to ovarian
cancer to breast cancer (Dunn et al., 2006; Hari-Gupta et al., 2022;
Makowska et al., 2015; Vreugde et al., 2006). Mutations of Myosin VI
are connected to deafness due to the role of this myosin in preserv-
ing the integrity of stereocilia of the inner ear (Ahmed et al., 2003;
Melchionda et al., 2001; Pylypenko et al., 2015). Nowadays, there are
drugs able to indirectly improve cardiac contractility through signaling
cascades, but mechanism-related side effects limit their application.
Moreover, although Myosin VI has been extensively studied, no ef-
fective modulators are known. Both heart disease and cancer have a
major impact on today’s society. The current pharmacological treat-
ments for heart disease rely on drugs that activate second messenger
signal cascades, whereas there is a total lack of effective modulators
for Myosin VI. It becomes, therefore, essential to find innovative and
safe treatments with molecules able to target both cardiac myosin and
Myosin VI. To find novel small molecules able to modulate allosteric
proteins such as myosins, without interfering with other intracellular
processes, one can rely on the rational design of allosteric modulators.
These non-competitive modulators have innumerable advantages over
other drugs that could target the active site of the enzyme. In par-
ticular, allosteric modulators would bind a different binding pocket
than the active site with high selectivity for a specific isoform of the
protein, since allosteric pockets are less conserved among myosins’
classes. To find new small molecules one can run a vHTS campaign
using innovative tools like ChemFlow, our in-house software presented
in Chapter 5, which offers a fully automated workflow for drug dis-
covery with some state-of-the-art techniques in the field of CADD (i.e.
molecular docking, free energy re-scoring with end-point methods).

185
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Rational drug design relies also on in-depth studies of both structure
and function of the target protein. Nowadays the huge amount of
structural data available from X-ray crystallography and NMR ex-
periments allow us to best accomplish these studies. Thanks to the
availability of the X-ray structure of both cardiac myosin and Myosin
VI we have been able to perform our research. In Chapter 6 and Chap-
ter 8, we have extensively analyzed the behavior of the two myosins
in the PPS state of the actomyosin cycle with Molecular Dynamics
simulations. We have observed peculiar dynamics of the motor do-
main in both myosins. Notably, a pliancy of the converter-lever arm
domain seems characteristic of the PPS state and that could be mod-
ulated by the presence of allosteric modulators binding nearby. This
is evident from our analyses on cardiac myosin (Chapter 6), whose
PPS structure was solved in presence of the known allosteric activator
Omecamtiv Mecarbil (OM) (Planelles-Herrero et al., 2017). Despite
the initial huge instability of the PPS structure detected in absence of
OM, we succeeded in modeling this state of cardiac myosin so that it
was stable both with and without an allosteric modulator. We inferred
that our model represents a proper PPS state and can be used for
pharmacological studies, as we have done in Chapter 7. For cardiac
myosin, we selected this state because we aimed at understanding
what makes a small molecule a cardiac myosin’s activator and we
believed that activators may shift the configurational ensemble of the
motor domain towards PPS, being this the onset state for the power-
stroke in myosins. We wondered whether the binding affinity (kd) or
dissociation rate constant (ko f f ) of small molecules would correlate
with biological activity. In Chapter 7 we described how we predicted
both relative binding free energy and residence time of a small dataset
of compounds with available experimental activity data (Morgan et
al., 2010). We designed a protocol that can be used for future vHTS
campaigns on cardiac myosin, aiming at the discovery of novel car-
diac activators. Moreover, this strategy can be verified by introducing
decoys (false positive molecules) of OM in the screening protocol
designed from some analogs of this drug. We also did not find any
correlation between biological activity and free energy calculations,
nor with predictions of the residence time of binding. These findings
left unanswered the question “What makes a small molecule a cardiac
myosin activator?” The question may be addressed by performing
free energy calculations with a more rigorous approach, such as Free
Energy Perturbation (FEP). We have started to develop a FEP protocol
to predict absolute binding free energy for OM in PPS and we are still
working on it. Another possibility would be to consider a different
state of the actomyosin cycle, in equilibrium with PPS, for example,
the post-rigor (PR) state. We may apply the same procedure to predict
kd for this state and then compute a ∆∆G of binding between the two
states. The ∆∆G of binding would elucidate if the molecules bind
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preferentially to one state or the other. This approach could be further
explored to design a new strategy for the screening of potential small
molecules activators of cardiac myosin. Another avenue for predicting
the activity of promising activators of cardiac myosin could envisage
the calculation of ko f f of Pi, depending on the nature of the allosteric
modulator bound. This is because, as discussed in Chapter 7 the
known allosteric modulators either accelerate (if activators) or slow
down (if inhibitors) the Pi release. Moreover, using τ-RAMD for Pi
release we could predict the various egress routes from the active
site (with and without modulators), with a given probability (Kokh
et al., 2020). This could allow us to better understand and describe the
preferred route of escape of Pi from myosin’s head, a concept that still
remains to be clarified.
As previously mentioned, we also explored the dynamics of Myosin
VI, another relevant target studied in this thesis. In Chapter 8, we
wondered if the fluctuations observed in the simulations of Myosin
VI reflect an intrinsic conformational variability distinctive for this
myosin. A way to shed light on this consideration might be the com-
parison of various processive myosins (i.e myosin I, V, and X) versus
non-processive ones (different myosins being class II myosins) to de-
lineate unusual and/or common properties in the two classes. We
investigated in detail the dynamics of Myosin VI in PPS, for some
simulations in which the motor domain undergoes a spontaneous
transition. We proposed a possible sequence of events (in Chapter 8

Section 8.2) of this transition that results in a huge movement of the
converter, concluding that the breaking of the critical salt-bridge (On-
ishi et al., 2002) could trigger the uncoupling of the converter. We still
do not know if the uncoupling of the converter is a possible normal
progression of the actomyosin cycle for Myosin VI, which could bind
to actin with an uncoupled converter, as proposed by Menetrey et
al in 2005 (Ménétrey et al., 2005). Moreover, we don’t know if the
transition we captured is towards a pre-transition state or a Pi release
state. A possible future study may involve Potential of Mean Force
(PMF) calculations to predict free energy barriers compatible with the
unbinding of the inorganic phosphate from the active site. Moreover,
we could explore the advantages of enhance sampling techniques
(i.e metadynamics; umbrella sampling; rep. exchange; etc) to increase
the sampling and overcome energetic barriers between states. More
evidence is certainly needed to shed light on the chemo-mechanical
transduction in Myosin VI. As discussed in Chapter 9, we conducted
also a vHTS on Myosin VI, choosing the PPS state as the target con-
figuration of the protein. We chose the PPS state because this state
was already targeted during a screening in 2012 by Heissler (Heissler
et al., 2012) who found a molecule named 2,4,6-triiodophenol (TIP)
and classified it as a non-competitive inhibitor. Since then, no further
evidence has been provided to describe the binding of this molecule.
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Given the apparent success of their screening, we pursue the same
initial step choosing the structure solved by Menetrey and co-workers
in 2007 (Ménétrey et al., 2007). In Chapter 9 we described our vHTS
campaign on Myosin VI which, unfortunately, did not yet culminate in
the discovery of novel modulators. We performed blind docking since
no X-ray structure with a co-crystallized compound for Myosin VI is
available. This is, undoubtedly, a factor that increases the difficulty of
successful screening. To cope with this initial setback, we could test
various docking scoring functions to get a different prioritization of
compounds. Furthermore, we may also choose more molecules to test
or a different library to be screened. Although the structural dynamics
of MyoVI in PPS taught us a lot, the structure-based virtual screening
in highly flexible allosteric proteins, such as myosin, remains very
challenging. Last but not least, in Chapter 10 we described the design
of novel promising kinase inhibitors, by Scarpi-Luttenauer and Mo-
bian. We contributed to this project by performing molecular docking
of their metal-coordinated molecules. The results are encouraging for
the development of selective inhibitors of the Hippo signaling path-
way, using an innovative chemistry that envisages the coordination of
transitional metals in the structures.
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a.1 definition core atoms subdomains in myosin vi

Table A.1: Definition core atoms for the various subdomains in MyosinVI

Subdomain Core atoms

N-terminal resid 47 to 51 or resid 62 to 65

or resid 70 to 97

or resid 109 to 116 or resid 128

to 151 or resid 157 to 172

or resid 661 to 668 or resid 682

to 689

U50 resid 185 to 198 or resid 200 to
214 or resid 220 to 235 or resid
246 to 263 or resid 285 to 305 or
resid 313 to 328 or resid 331 to
352 or resid 372 to 379 or resid
383 to 394 or resid 409 to 442 or
resid 450 to 457 or resid 604 to
612 or resid 615 to 622

L50 resid 468 to 499 or resid 511 to
520 or resid 525 to 535 or resid
540 to 550 or resid 576 to 590 or
resid 593 to 600 or resid 642 to
660

Converter resid 707 to 788

a.2 rmsd distribution plots of the various subdomains

in the ten replicas

In order to understand which domain was deviating the most in the
simulations, we analyzed how the interfaces between sub-domains
were changing with a series of RMSD calculations, shown hereafter.

L50 subdomain vs N-terminal

189
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Figure A.1: Distribution plot of the RMSD of the core atoms of the L50 subdomain
after alignment on the N-terminal in the ten replicas of MyosinVI.

L50 subdomain vs U50

Figure A.2: Distribution plot of the RMSD of the core atoms of the L50 subdomain
after alignment on the U50 subdomain in the ten replicas of MyosinVI.

N-terminal subdomain vs L50
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Figure A.3: Distribution plot of the RMSD of the core atoms of the N-terminal
subdomain after alignment on the L50 subdomain in the ten replicas of MyosinVI.

N-terminal subdomain vs U50

Figure A.4: Distribution plot of the RMSD of the core atoms of the N-terminal
subdomain after alignment on the U50 subdomain in the ten replicas of MyosinVI.

U50 subdomain vs L50
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Figure A.5: Distribution plot of the RMSD of the core atoms of the N-terminal
subdomain after alignment on the U50 subdomain in the ten replicas of MyosinVI.

U50 subdomain vs N-terminal

Figure A.6: Distribution plot of the RMSD of the core atoms of the N-terminal
subdomain after alignment on the U50 subdomain in the ten replicas of MyosinVI.
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a.3 contact adp - n98 in the ten replicas

Figure A.7: Distribution plot of the distance between ADP (N6) and N98 (residue of
the N-terminal subdomain) in the ten replicas of 200 ns of MyosinVI.

a.4 summary md simulations performed

Table A.2: List MD simulations performed

Myosin’s state MD simulation’s length

PPS with standard
protonation
state of titratable residues, at
pH 7.4

200 ns (CHARMMff)

PPS with non-standard
protonation
state of titratable residues, at
pH 7.4

10 replicas of 200 ns each
(CHARMMff)

PTS 10 replicas of 100 ns each
(CHARMMff)

PR 100 ns (CHARMMff)
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b.1 definition core atoms subdomains in β cardiac

myosin (β-cm)

Table B.1: Definition core atoms for the various subdomains in β-CM

Subdomain Core atoms

N-terminal resid 79 to 82 or resid 87to90 or
resid 95 to 123 or resid 133 to
140 or resid 151 to 165 or resid
169 to 175 or resid 181 to 199 or
resid 663 to 668

U50 resid 208 to 228 or resid 235 to
247 or resid 252 to 261 or resid
265 to 269 or resid 278 to 296 or
resid 300 to 304 or resid 319 to
361 or resid 375 to 394 or resi
411 to 442 or resid 601 to 618

L50 resid 404 to 499 or resid 511 to
520 or resid 526 to 534 or resid
539 to 551 or resid 557 to 559 or
resid 571 to 583 or resid 587 to
593 or resid 640 to 661

Converter resid 712 to 785

b.2 summary md simulations performed
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Table B.2: List MD simulations performed

Myosin’s system MD simulation’s length

PPS with standard
protonation
state of titratable residues,
at pH 7.4, with OM bound

375 ns (Amberff)

PPS with standard
protonation
state of titratable residues,
at pH 7.4, w/o OM

330 ns
and two replicas of 200ns

each (Amberff)

PPS with standard
protonation
state of titratable residues,
at pH 7.4, w/o OM

330 ns (CHARMMff)

PPS with non-standard
protonation
state of titratable residues,
at pH 7.4, w/o OM

300 ns (CHARMMff)

PPS with non-standard
protonation
state of titratable residues,
at pH 7.4, with OM

300 ns (CHARMMff)
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Résumé 

Les myosines sont des biomoteurs qui contrôlent la vie et le mouvement des cellules, via la 
conversion de l'énergie chimique en travail mécanique pour se déplacer sur le filament d'actine, par 
un mécanisme cyclique. Il est crucial de comprendre la transduction chimiomécanique de ces 
moteurs, mais plusieurs aspects sont inconnus. Le dysfonctionnement des myosines implique de 
graves maladies, des myopathies aux cancers. Dans cette thèse, nous avons étudié la dynamique 
de la myosine cardiaque et de la myosineVI dans un état configurationnel spécifique. Nous avons 
capturé une transition spontanée vers un état intermédiaire différent du cycle dans la myosineVI et la 
comparaison avec la dynamique de myosine cardiaque a dénoté une plasticité marquée de 
myosineVI. Nous avons aussi étudié les deux protéines sur le plan pharmacologique, avec de 
nombreuses méthodes de calcul pour concevoir des activateurs allostériques de la myosine 
cardiaque et pour réaliser un criblage virtuel sur la myosineVI. 

Myosines ; Dynamique moléculaire ; Allostérie ; Criblage virtuel ; Cinétique de liaison ; Énergie libre 
de liaison 

 

Résumé en anglais 

Myosins are biomolecular motors that coordinate life and motion in cells, by converting chemical 
energy into mechanical work to walk on actin filament, via a cyclic mechanism . Undertsanding the 
chemomechanical transduction in these motors has been crucial for decades, but many features 
remain unknown. Dysfunction of myosins relates to severe human disorders, from myopathies to 
cancers, becoming relevant targets. In this thesis we studied the dynamics of cardiac myosin and 
myosinVI in a peculiar configuration state of the actomyosin cycle. We captured a spontaneous 
transition towards a different intermediate state of the force generation cycle in myosinVI and 
comparison with the dynamics of cardiac myosin denoted a remarkable plasticity of the structure. We 
also investigated the two proteins from a pharmacological point of view, with a wide range of 
computational approaches to design cardiac myosin allosteric activators and to perform a virtual high 
throughput screening on myosinVI. 

Myosins; Molecular Dynamics; Allostery; Virtual Screening; Kinetics of binding; Binding free energy 
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