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Abstract

Malaria is the deadliest parasitic disease (0.5 million deaths per year) and results from infection
by Apicomplexan parasites from the genus Plasmodium. PfIMyoA, an atypical class XIV
myosin from Plasmodium falciparum, is essential both for parasite motility and infectivity. In
this work, we combined X-ray crystallography, transient kinetics, molecular dynamics and
parasitology to decipher the specificities of this motor. PfMyoA comprises an atypical N-
terminal extension that acts as a switch allowing the motor to move at high speed when the
extension is phosphorylated (during motile stages) or to produce more force when
dephosphorylated (during invasion). The full-length structures of PfMyoA reveal that the
specific light chains are involved in the stabilization of a more primed pre-power stroke through
unforeseen motor domain/lever arm interactions. Interestingly, the atypical essential light chain
of PfMyoA (PfELC) is also essential for the infectivity of the parasite. Altogether, these results
define PfMyoA as a first order target to design a new generation of antimalarial compounds

able to block motor function or light chains targeting to the lever arm.

Keywords: P. falciparum; PfELC; antimalarial drugs; erythrocytes invasion; infectious disease;

malaria; microbiology; gliding motility; molecular biophysics; myosin A; structural biology.



Résumé

La malaria est la maladie parasitaire la plus mortelle (0,5 million de morts par an), elle résulte
de I’infection par un parasite Apicomplexe du genre Plasmodium. PfMyoA, une myosine de la
classe XIV de Plasmodium falciparum, est essentielle a la fois pour la motilité et pour
I’infectivit¢ du parasite. Dans ce travail, nous avons combiné des expériences de
cristallographie aux rayons X, de la cinétique transitoire, de la dynamique moléculaire et enfin
de la parasitologie afin de décrypter les spécificités de ce moteur. PfMyoA comprend une
extension N-terminale atypique qui agit comme un interrupteur permettant au moteur de se
déplacer a haute vélocité lorsque 1’extension est phosphorylée (pendant les stades mobiles) ou
de produire plus de force lorsqu’elle est déphosphorylée (pendant I’invasion). Les structures de
PfMyoA entiere révelent que ses chaines légeres spécifiques sont impliquées dans la
stabilisation d’un état pre-powerstroke avec un bras de levier plus relevé que chez les autres
myosines griace a des interactions spécifiques entre le bras de levier et le domaine moteur.
Etonnamment, la chaine Iégére essentielle (PfELC) atypique joue aussi un rdle important pour
I’infectivit¢ du parasite. Ensemble, ces résultats définissent PfMyoA comme une cible
thérapeutique de premier ordre pour concevoir une nouvelle génération de composés
antipaludiques capables de bloquer la fonction du moteur ou 1’association des chaines 1égeres

au bras de levier.

Mot clés : P. falciparum; PfELC; anti-paludiques; invasion des érythrocytes; maladie
infectieuse; malaria; microbiologie; motilité par glissement; biophysique moléculaire; myosine

A; biologie structurale.



Abreviations

ADP
ATP
ELC
F-actin
FL

g
G-actin
HPLC
IPTG
IQ

Kb

kd
kDa
K rpm
MALS
MD

MST
N

nm
(0) )]
PBS
PH

Pi
RLC
SAXS

adenosine diphosphate
adenosine triphosphate
essential light chain
filamentous-actin
full-length protein
grams or gravity
globular (monomeric) actin
high performance liquid chromatography
isopropyl-f-D-thiogalactopyranoside
light chain binding motif
kilobases
dissociation constant
kilo-Daltons
thousands of rotations per minute
« Multiangle Light Scattering »
« Motor Domain »
molar
« Microscale Thermophoresis »
number of filaments
nanometres
optical density
phosphate buffered saline
pleckstrin homology domain
inorganic phosphate
regulatory light chains

« Small-angle X-ray Scattering »

SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis
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1. Introduction

1.1 The cytoskeleton and its molecular motors

The proper functioning of eukaryotic cells depends on the motility properties of
nanomachines (molecular motors) which are capable of generating molecular movements. This
is thanks to the combination system between molecular motors and polarized tracks (Robert-
Paganin et al., 2020). Molecular motors act on the cytoskeleton to ensure the control and
coordination of intracellular traffic, which is essential for carrying out most of the essential
biological processes such as cell motility, muscle contraction, chromosomal segregation,
intracellular organelle transport as well as endocytosis and exocytosis. These molecular motors
interact with the cytoskeleton to generate forces and movements along those tracks, by
harnessing the free energy of the ATP to generate mechanical forces. They have both structural
functions, anchoring of organelles and organization of the cytoskeleton, as well as cargo

transport functions, motility and contractility.

Cargo transport is ensured by three superfamilies of molecular motors: kinesins and
dyneins, which move along microtubules to ensure rapid delivery of vesicles over long
distances between the nucleus and the cell periphery (Langford. 1995). Myosins, on the other
hand, associate with actin filaments to anchor organelles or transport cargos on short distances.
However, this simple model has been recently debated as dispersion of melanosome and long
range movements in oocytes seem to be linked to long-range transport by Myosin V towards
the cell periphery without the need of microtubule transport (Alzahofi et al., 2020). However,
the complementarity of these two addressing systems (Figure 1) ensures the delivery of the
various cargo ships to the right place and in a well-defined time. The way in which several
molecular motors cooperate to organize cell content remains poorly known today although it is
essential for numerous cellular functions, including cell division (Tab et al., 1998; Gross et al.,

2002; Ross et al., 2008).

The polarity is a characteristic of microtubules and actin filaments. The majority of
kinesins and all myosins known to date, but one class, move towards the positive-end of these
cytoskeleton filaments (Buss & Kendrick-Jones 2007). Myosin VI is the exception as it moves
towards the negative-end of the actin filament (Wells et al., 1999). Conversely, all dyneins and

one class of Kinesin (Kin14) move towards the negative-end of the microtubules.
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Myosin Va Myosin VI

+ end
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Kinesin
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FIGURE 1- Cytoskeletal motors and function in the cell

Taken from (Ross et al., 2008). This simplified cartoon present different types of cytoskeletal motors
involved in vesicles transport (in gray) and other cargoes into the different cell compartments. In orange
kinesins and in dark blue dynein, moving on the microtubules. The myosins move along the actin
filaments represented here in red. Myosins are present in particular in the cellular cortex. The myosin
Va (in dark) moves towards the positive-end of the actin filament, while the myosin VI (in blue) moves
towards the negative-end of the actin filament. The two types of filaments, actin and microtubule, are
in contact in the cellular cortex (black arrows), which allows collaboration between the two systems.

1.2 Myosins

The myosin superfamily regroups actin-based motor proteins that use the energy derived
from ATP hydrolysis to translocate actin filaments and to produce force (Coluccio, 2020).
Progress has been made over the years to understand how these molecular motors couple the
chemical energy derived from ATP hydrolysis to mechanical work, which allows a relative
displacement of the motor along the actin filament. Moreover, myosins are essential for the
formation and deformation of plasma membranes and therefore for the maintenance of cell
morphology (Anitei & Hoflack, 2011). They are also involved in cytokinesis, phagocytosis,
vesicular trafficking, extension of the growth cone, signal transduction as well as in the
polymerization of actin (Berg et al., 2001). The human genome contains 39 known myosins

divided into 45 different classes to date (Odronitz & Kollmar., 2007) (Figure 2).
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The myosin superfamily contains:

i) conventional myosins (Figure 2), the first myosin to be characterized. Skeletal muscle
myosin-II was isolated over 150 years ago. It was not until many years later, however, that
myosin was recognized as the ATPase responsible for muscle contraction (Coluccio, 2020;
Engelhardt & Ljubimowa 1939), while acto-myosin was separated from one another revealing
the existence of an actin system separated from muscular myosin class II. This class of myosins
forms filaments (thick filaments) that are able to pool actin microfilaments (thin filaments).
When involved in muscle contraction, these myosins are organized into sarcomeres. Other
myosins of this class are involved in the formation of the contractile ring during cell division,
they are present in all cells and are thus called non-muscle myosins II (Wilhelm Kuhne. 1864;
Gordon et al., 2000).

ii) Unconventional myosins that do not form thick filaments and most often act as isolated

molecules or dimers.

Myosins are associated with serious human pathologies. The dysfunction of these
motors leads to cardiomyopathies, deafness, or Griscelli's disease which is a rare hereditary
disorder characterized by hypopigmentation and can lead to death. The infectivity of parasites
such as Apicomplexa relies on class XIV myosins (see section 1.7). It is therefore essential to
understand the force generation mechanism of these motors in order to propose new therapeutic

approaches when they are involved in diseases.
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FIGURE 2-Phylogenetic tree of myosin motor domains based on sequence

(Hodge and Jamie. Cope 2000) The phylogenetic tree was constructed from the sequences of 1984
different myosin motor domains.
1.3 The structural diagram of a myosin

Myosin structure can be generally subdivided in three parts. A globular N-terminal
domain called the motor domain which hydrolyzes ATP, followed by a neck region able to

bind the light chains and finally, in C-terminus, the tail domain (Sweeney er al., 2020).

1.3.1 The motor domain

The motor domain carries the active site able to hydrolyze the ATP and the actin binding
region that is composed of actin-binding loops as well as a helix-turn-helix region. Myosin
motor domain consists of four subdomains (Figure 3): the N-terminal subdomain, the upper
50-kDa (U50) and the lower 50-kDa (L.50) subdomains forming a large outer cleft that opens
and closes depending of the nucleotidic state of the motor. The inner cleft near the Switch-I1
connector controls the phosphate release and closes to the active site where ATP is bound. The
central beta-sheet called the Transducer plays a critical role by adopting specific
conformations affecting the opening/closure of the inner cleft, but also affecting the
conformation of the active site. In the other hand, the so-called P-loop (belonging to the N-
terminal subdomain) and Switch-I (belonging to the Upper 50-kDa subdomain) control the

release of the Mg.ADP from the active site. In the C-terminal region of the motor domain the
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Converter plays the role of a movement amplifier. Two highly deformable connectors play an
important role in motor mechano-chemical transduction: The Relay (an extension of the L50
subdomain) and the nearby SH1-helix (at the periphery of the N-term subdomain). These
connectors transmit the small conformational changes that occur during the powerstroke (force
production) to the converter (Reviewed by Robert-Paganin et al., 2020; Sweeney, Houdusse &
Robert-Paganin, 2020).

The connectors of the motor domains of myosin are conserved in sequence. Moreover, it
is in itself based on this conservation of the sequence of the motor domain that the classification

of myosins was carried out (Foth et al., 2006).

Loopl

Nucleotide-binding
P-loop
Switch

% Backdoor
(inner cleft)

Transducer
(T-strardied baln shoot
and asocisted loapa)

Lever arm
Actin-binding Loops Connectors

Loop2 Switch-ll
HCM Loop Ralay

Loop3 SH1 helix

Loop4 Strut

FIGURE 3-The cartoon diagram representing the different elements of a myosin motor domain

(adapted from Sweeney, Houdusse 2010) . Structural elements of the myosin motor domain. The myosin
motor domain consists of four subdomains and connectors that link these different subdomains.
Subdomains are colored as follows: N-terminal (in dark grey), upper 50-kDa (in blue), lower 50-kDa
(in light grey) and converter (in green). The actin-binding site is composed of Loop2,3,4 and the HCM
Loop that belong to both the upper and lower 50 subdomains, near the outer cleft. The closure of the
outer cleft controls the actin interface and thus actin affinity. Different connectors have been identified
in the motor domain (Houdusse et al 1999) that are involved in controlling the lever arm orientation.
Among them, switch-II in the active site is close to the inner cleft, next to where the gamma-phosphate
of ATP is bound. It has been proposed that switch-II plays the role of doorkeeper whereas it opens a
backdoor (%) to release hydrolysis product as phosphate upon actin binding (Llinas et al 2015).
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1.3.2 The neck region

The neck region is a region that consists of a long helix of the heavy chain able to
recognize partners called light chains, its length is variable amongst myosin classes (Provance
& Mercer. 1999). The neck and the converter are called the lever arm since this part of the
motor plays the role of an amplifier of the conformational changes required to produce force
(Sweeney & Houdusse 2010; Robert-Paganin et al., 2020). It is a region composed of a variable
number of 1Q motifs whose consensus sequence is [IQxxxRGxxxR] that are able to bind
calmodulins (CaM) or proteins homologous to calmodulin (essential or regulatory light chains)
to stiffen its structure and regulate its activity (Houdusse and al. 1996; Sweeney & Houdusse
2010; Mukherjea et al., 2014). Extension of the lever arm by single alpha-helix (SAH) or other
domain is also present in certain myosins such as Myo6 and Myol0 (Mukherjea et al., 2014;

Ropars et al 2016).

Classical organization of a myosin
(a) Lever arm
Tail

Motor domain Neck

b >
H

L& Coiled-coil Cargo binding
Converter  1Q domain (CBD)
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Vesicle
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CaM S
Dimerization region . Q.
A domain
Actin

Cargo transporter (Myosin VI) Anchor (Myosin Ib under strain)

Thick filament (myosins)
Thin filament (actin)

Skeletal myosin 2 organized in sarcomere
FIGURE 4- Structural organization of myosin motor

Taken from (Robert-Paganin et al., review 2019): (a) Schematic representation of a myosin. (b—d)
Examples of myosin motors with different time spent on actin (duty ratio): dimeric myosin VI involved
in cargo transport, monomeric myosin Ib anchoring membrane to the cytoskeleton, and the sarcomere
in panel. Each of these examples represents a distinct duty ratio between weak (green) and strong (blue)
binding states for actin of the overall motor cycle.
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1.3.3 The tail region

The sequence and the topology of this region are very variable among myosin classes.
It plays a role of adapter and regulator. This region allows the oligomerization of certain
myosins (Figure 4), the binding to protein partners, phospholipids. In conventional myosins,
the sequence form a long coiled-coil that promote the formation of the thick filament, an
assembly of dimeric myosin molecules. Thanks to the interactions established by the tail, each

myosin is addressed to the different compartments of the cell.

1.4 The motor cycle of myosins

Force production in myosin goes through several stages and states of low to high
affinity for the actin filament. The state of hydrolysis of the nucleotide in the active site dictates
the affinity for actin, thanks to the conformational changes resulting during force production.
These rearrangements are transmitted to the lever arm, whose orientation is therefore nucleotide
dependent. The generation of force and movements by myosins is established via sequential
structural changes linked to ATP hydrolysis. The study of the myosin force production cycle
through X-ray crystallography and electron microscopy have made possible to characterize
distinct structural states and to reconstitute the kinematics of the motor cycle (Sweeney &
Houdusse, 2010). However, this task has been quite complicated due to technical limitations.
Indeed, actin cannot be crystallized due to its fibrous nature, and acto-myosin complexes per
se have to be studied by electron microscopy (EM), a technique that has been able to provide
medium to high resolution only recently with the cryo-electron microscopy (cryoEM)

revolution (reviewed by Robert-Paganin et al., 2020).

The first structure that was solved at high resolution was that of chicken skeletal
myosin, at 2,8 A resolution (Rayment et al., 1993). This structure was the key to understand the
structural features of myosins. At first, this structure was difficult to place in the motor cycle
as it was not bound to nucleotide yet it was not clear that it would fit well into the low resolution
electron microscopy (EM) maps of skeletal acto-myosin available at that time (Rayment et al.,
1993b). Later, it was recognized as the state with ATP in which the myosin is dissociated from
actin: the so-called Post-Rigor state (PR). Even if there was no nucleotide in the crystal, the
sulfate was coordinated in the active site, thereby, mimicking the ATP state (Houdusse et al.,

2000). Few years later, the structural study of Dictyostelium, smooth muscle myosin and scallop
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myosin 2 revealed the pre-powerstroke (PPS), with the lever arm up and complexed to
Mg.ADP.Vanadate, an analogue of Mg.ADP.Pi (Smith & Rayment, 1996 ; Dominguez et al.,
1998; Houdusse et al., 2000). A Rigor-like state, crystallized without actin, was finally
identified with Myosin Va (Coureux et al., 2003). This state, with the actin binding cleft closed
and the lever arm down, corresponds to the state of highest affinity for F-actin. Technological
advances in cryoEM allowed to solve the structure of the acto-myosin complex of Dictyostelium
discoidum myosin 1E at a resolution of 7.4 A (Behrmann et al., 2012). But higher resolution
cryoEM structures solved more recently were critical to establish that the rigor-like state solved
with Myosin Va by crystallography is similar to the state populated when bound to F-actin at
the end of the powerstroke (Von der Ecken et al., 2016; Gurel et al., 2017; Mentes et al., 2018).
The crystallization of myosin VI in a state releasing the phosphate (Pi), the Pi release,
demonstrated the existence of other myosin conformations and permitted a precise model for
the chronology of events during the powerstroke, including how Pi is released from the active
site and when the lever arm swings (Llinas et al., 2015). Finally, another state of high affinity
for the actin filament, the Strong ADP state with MgADP in the active site was solved by
cryoEM at medium resolution for Myosin Va (Wulf et al., 2016) and at higher resolution for
Myosin 1b and Myosin VI (Gurel et al., 2017; Mentes et al., 2018).

Thanks to all these structures, the structural states of the myosin motor cycle were
visualized. In the Rigor state (nucleotide-free state), the myosin binds strongly to the actin
filament. ATP binding triggers the conformational changes in the transducer that cause the
opening of the internal cleft, which facilitates the fast detachment of myosin from actin
(Coureux et al., 2004), the myosin is thus in PR state. Myosin then undergoes an isomerization
called Recovery stroke that leads to the PPS state, in which the lever arm is primed and in
which ATP hydrolysis into ADP and Pi can occur. The PPS state associates only weakly with
the actin filament. Actin binding induces conformational changes in the motor, which cause the
release of the phosphate (Pi) from the active site, An intermediate state called Pi Release is
populated to allow this release. After Pi release, rearrangements occur to populate the strong
ADP state. They involve the closure of both the outer and inner cleft by the formation of the
high affinity actin interface. In so doing, a large swing of the lever arm is produced to generate
force. Finally, the release of MgADP induces other conformational changes in the active site
which cause the tilt down of the lever arm and a reorientation of the N-term subdomain, the

motor is now in the Rigor state. From this state, ATP binding can start a new cycle. So, the
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motor cycle of myosins follows its course (Figure 5) (Sweeney & Houdusse, 2010; Robert-

Paganin et al., 2020).

(a)

MgADP

ADP strong (6C1D)

Force generation

(b) -

Pi release state (4PFQ)

Rigor (2058)

MgATP

F-actin

Pre-Powerstroke Docked on Actin R oy

Post-Rigor (6FSA)

Recovery stroke

Pre-Power stroke (1QVI)

FIGURE 5-Myosin force production cycle

Taken from (Sweeney, Houdusse and Robert-Paganin. 2020). The actin-activated ATPase cycle of the
myosin superfamily consists of three major nucleotide state dependent; these states differ in their affinity
for the actin filament (actin is represented here in yellow spheres). (a) In the Rigor state, the myosin is
strongly associated with actin filament with the outer cleft closed. The entry of ATP into the active site
causes conformational changes to the motor, thus myosin is detached from F-actin, this state is called
Post-rigor (PR). ATP hydrolysis along with the lever arm priming occur in the Recovery stroke
transition that leads to the pre-powerstroke state (PPS). Reattachment of myosin to actin accelerates the
release of the hydrolysis products (Pi first, then ADP) and involves conformational changes in the motor
on actin, generating movement (powerstroke). (b) During the powerstroke, the unpriming of the Relay-
helix and the piston-like movement of the SH1-helix are associated with the swing of the lever arm.
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1.5 Myosin-related diseases

Myosins are critical for the achievement of different cellular processes. These motors
power not only muscle contraction but also participate in cell division and polarization (myosin
classes I and II) (Hartman et al., 2011). Other more specific myosin genus are responsible
of cytokinesis, cells crawling on surfaces as well as formation of diverse forms of cellular
protrusions, aspects of endo- and exocytosis, as well as Golgi function and maintenance of its
shape (Titus MA. 2018; Berg et al., 2001). So, it is not surprising that the dysfunction of these
molecular motors leads to various human diseases. These pathologies are often associated with
mutations in myosin genes that affect the motor function and regulation. A close link between

cancers and molecular motors has also been established, as well as with other serious illnesses.

One of the most frequent pathologies linked to myosin II are inherited cardiomyopathies
that result from mutations in the B-cardiac myosin (Kaski et al., 2008; Morita et al., 2008).
Hypertrophic cardiomyopathies (HCM) for example, can affect 1 individual among 500
(Maron, 2002), and remains so far an important public health problem in the world (WHO
statistics 2016). The heart is a pump highly synchronized with nutritional and oxygen
requirements of all other organs. So, the loss of this myosin or a mutation on its heavy chain
(amino acid change) directly affects the average force involved in heart contractility. The
effects of these mutations on the motor cycle of myosin has been studied in our laboratory
(Robert-Paganin et al., 2018). The Non muscular myosin IT (NM-II) also plays an essential role
in the tumor invasion and metastasis (Martson et al. 2020). It was demonstrated that the genetic
deletion of both isoforms NM-IIA and NM-IIB decreases tumor proliferation (Picariello et al.,
2019). In most of the cases, the lack of information about the molecular consequences of these
mutations on myosin functions constitutes a major obstacle in finding new treatments (Robert-

Paganin et al., 2018).

Other myosin classes are overexpressed in cancers, such as Myosin VI that is
overexpressed in glioblastomas, as well as in prostate and ovarian cancers (Dunn et al., 2006;
Knudsen, 2006; Yoshida et al., 2004). Furthermore, its expression is regulated by pS3 (Jung et
al., 2006) and varies according to the stage of the tumor. Interestingly, cell partners of myosin
VI, such as GIPC1 and the autophagy receptors Optineurin and NDP52, are also linked to
tumorigenesis. Suppression of myosin VI in cancer cells decreases cell migration in vitro and

suppression of GIPC1 in mouse reduces tumor development and has no negative effects on the
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mouse (Chittenden et al., 2010; Fejzo et al., 2011). Another example is Myosin18a, which has
an important role in the organization of the Golgi but is also involved in cell migration,
adhesion, cytokinesis and transcription (Hartman & Spudich, 2012). Myosin 18a is also

involved in the development of many cancers (Ouderkirk et al., 2014).

Another myosin class that is involved in other diseases is unconventional vertebrate myosin
class IX. Myo9a plays a role in epithelial differentiation and morphology whereas Myo9b
regulates the migration of macrophages and immune cells (Hanley et al., 2010; Ma et al; 2010).
Defect of these motors is associated with neurological diseases (O’Connor et al., 2018) and

immune disorders (as Crohn’s disease), respectively (Nunez et al., 2007 ; Coluccio, 2020).

1.6 Myosins, excellent therapeutical targets

As a consequence of being sophisticated nanomachines, myosins can be highly specific
therapeutical targets. They constitute a safe alternative for the treatment of certain diseases by
using small molecules capable of binding myosins and modulating their activity. The
development of these small molecules is essential for the development of non-invasive

treatments against the diseases in which myosins are involved.

The study of these small molecules in our laboratory constitutes a tool to i) deepen the
understanding of the myosins force production mechanism, and ii) to identify new chemical
entities of therapeutic interest. This approach has important advantages in cell biology
experiments (such as reversibility) and is complementary to the suppression of genes by
silencing RNA (SiRNA). For some human disease, such as cardiomyopathy, it can open new

therapeutic potential for diseases for which the only solution is often heart transplant.

We can divide these modulators into two groups: i) The competitive modulators that bind
to the nucleotide hydrophobic pocket (mostly conserved in myosins and close to ATP binding
sites found in other proteins). Such modulators would prevent ATP binding, thus prevent motor
activity. ii) The non-competitive modulators bind outside the active site and are more specific.
These modulators are allosteric molecules that act on myosin activity, using different sites that
are important in the mechanochemical coupling between critical remote sites in the motor
(Manstein & Preller, 2020). The crystallographic X-ray structures of myosins with modulators

(small molecules) have revealed four distinct modulator binding pockets in myosins
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(Allingham et al., 2005; Fedorov et al., 2009; Preller et al., 2011; Sirigu et al., 2016; Planelles-
Herrero et al., 2017).

The best known and characterized modulator is Blebbistatin that targets specifically class
IT Myosin (Straight et al., 2003). It binds to the hydrophobic pocket at the interface between the
U50 and L50 subdomains (Figure 6). By stabilizing the PPS state of myosin (Allingham et al.,
2005), it prevents release of Pi. Blebbistatin inhibits class II myosins with half maximal
inhibitory concentration (IC50) of 0.50 to 80 uM while myosins from classes I, V, and X have
IC50 > 150 uM, demonstrating the specificity of this molecule (Limouze et al., 2004).

The other excellent identified small-molecule therapeutic against heart failure is Omecamtiv
Mecarbil (OM) developed by the biopharma company Cytokinetics inc. and targeting human
B-cardiac myosin. This small molecule represents a new generation of modulators. It increases
the ejection fraction volume of the heart. Thus, used as a treatment against heart failure without
any secondary effect below the maximum tolerated dose (0.5 mg/kg/h) (Malik et al., 2011;
Cleland et al., 2011). It targets the motor domain near the SH1 helix and at the interface
between the motor domain and the Converter (Planelles-Herrero et al., 2017) (Figure 6). Unlike
other modulators already described here, this molecule plays the role of activator for the -
cardiac myosin since it accelerates the rate of Pi release in presence of actin (Malik et al., 2011;
Liu et al., 2012; Swenson et al., 2017). The crystallographic structure of this modulator bound
to cardiac myosin has been solved in our laboratory. It allowed to decipher the mechanism of
action of OM. S1 fragment/OM crystallized in PPS revealing how OM shifts the hydrolysis
equilibrium of MgATP towards the products, MgADP + Pi and favors the PPS state. OM thus
increases the number of heads available to produce force and increases the force output of the
heart (Planelles-Herrero et al., 2017), by increasing the amount of myosin heads in the PPS
state. In addition, OM is not compatible with the resting state of cardiac myosin and its binding
therefore makes more heads available for force production (Robert-Paganin et al., 2018). OM
is currently in clinical phase III (8000 patients) to study its effect on patients with chronic

cardiac insufficiency (Malik et al., 2011; Teerlink et al., 2016).

Mavacamten (Mava) is a selective inhibitor of human B-cardiac myosin (Green et al.,
2016; Kawas et al., 2017). Mava is able to decrease the contractility of the heart and to suppress
hypertrophy and cardiomyocyte disarray in mice (Green et al., 2015). Mava is currently in phase

III clinical trials for treating obstructive HCM (Heitner et al., 2019).
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These examples highlight the importance of structural studies to understand the

mechanism of action of such modulators.

Blebbistatin
Inhibitor of Myosin I

Allingham et al., 2005

Omecamtiv mecarbil
activator of B-cardiac myosin
Planelles-Herrero et al., 2017

CK=571

Inhibitor of Smooth muscle
~ myosin

Actin binding ~

interface ~

Sirigu et al., 2016

FIGURE 6-Overview of three allosteric binging pockets in myosin 11

The binding sites were determined by co-crystallization of myosin in complex with Blebbistatin (PDB
code 1yv3), CK-571 (PDB code 5t45), and OM (PDB code 5n69). The different structural elements of
the motor domain are color coded and labeled in the diagram.
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1.7 Myosin XIV and Malaria

1.7.1 Malaria
Malaria is an infectious disease caused by parasites of the genus Plasmodium transmitted
to humans by a female mosquito bite of the genus Anopheles, previously infected. This disease

is characterized by symptoms like fever, vomiting, diarrhea, headache and chills.

Malaria is the cause of death for about over then half a million people per year. Children
under the age of five are the most vulnerable group affected by this disease (WHO, 2018). It
mainly affects tropical regions and intertropical zones, several regions in Southeast Asia, South
America, Oceania but especially in Africa and sub-Saharan Africa. Malaria is gaining more and
more ground in the world, spreading over the dry regions of Africa (WHO, 2018). Europe is
experiencing so-called imported malaria. In France, in 2011, 3,560 cases of imports were

reported (source InVS).

Five species of Plasmodium cause malaria in humans: Plasmodium falciparum,
Plasmodium vivax, Plasmodium ovale, Plasmodium malaria and Plasmodium knowlesi.

P.falciparum is the most pathogenic species and accounts for 90% of human mortality.

Despite the efforts and the money invested in the fight against malaria, the parasite
develops resistance to existing treatments currently used, such as chloroquine, sulfadoxine-
pyrimethamine (SP) (Dhingra et al., 2019) and more recently to CATs (therapeutics
combinations based on artemisinin) (Miiller et al., 2019). Not only does the parasite become
resistant to anti-malaria treatments, but also the Anopheles mosquitoes have developed
resistance to insecticides which initially seemed a promising strategy to fight against malaria
(WHO, 2018). Faced with this health crisis, a new approach to develop treatments against
malaria is essential, hence the interest and motivation of our scientific project which aims to

seek a new generation of treatment against malaria.

1.7.2 The Parasite's infectivity cycle

The Apicomplexa phylum includes parasites of the group protozoa which cause severe
pathologies in both humans and animals. All Apicomplexans, including Toxoplasma gondii

(responsible for toxoplasmosis, which affects up to one-third of the human population) and
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Plasmodium falciparum have developed a motility system which facilitates their infectivity and
their dissemination (Frénal et al., 2013). They use a mode of displacement unique to protozoa

that allows them to invade host cells.

These organisms have complex and diverse life cycles alternating between different
stages and different hosts. For example, Toxoplasma gondii carries its sexual portion in the
intestines of cats (the definitive host) (Dubey et al., 2009) while Plasmodium falciparum carries
its sexual portion in the intestines of mosquito of the genus Anopheles. Zygotes undergo
meiosis to become sporozoites that infect human (Pietro Alano, 2007). Despite these
differences, these parasites have in common to actively generate the force to invade their target
cells, the driving force necessary for their internalization being essential for this invasion

(Frénal et al., 2017).

The life cycle of the Plasmodium spp. starts with the bite of an infected female Anopheles,
thus injecting sporozoites into the human dermis. The sporozoites travel to the blood vessels
and migrate to the liver, where they migrate along the sinusoidal cells, enter and cross Kupffer
cells, and finally traverse and invade hepatocytes. As it enters, the parasite induces the
formation of a new intracellular compartment called parasitophore vacuole (VP), in which it
will be able to divide away from the immune system protected from fusion with endosomes and
lysosomes of the host cell. The sporozoites multiply in hepatocytes (10-15 days) and form a
schizonts (30-40um) that releases thousands of merozoites into the bloodstream and infect host
cells such as erythrocytes. Merozoites multiply in red blood cells by forming schizonts. A new
generation of merozoites will be deliberated after the bursting of red blood cells and it is at this
stage that the symptoms appear in the patient. The release merozoites will i) either infect new
host cells ii) or will develop into gametocytes, which will be transmitted to the next Anopheles
mosquito when it bites the person infected with malaria (Soulard et al., 2015; reviewed by

Frénal et al., 2017).

1.7.3 The Glideosome, the war machine

Locomotion of apicomplexan parasites occurs through a process called gliding motility.
This mode of displacement and the infectivity of the parasite are based on a macromolecular
assembly called the glideosome, which is anchored in an internal membrane complex located
approximately 25 nm below the plasma membrane of the parasite. The heart of the glideosome

is composed of an atypical class XIV myosin A (PfMyoA) and a divergent actin (PfActl).
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PfMyoA is a short myosin with a conserved globular motor domain and a lever arm that
associates with two light chains: an essential light chain (PfELC) (Green et al., 2017;
Bookwalter et al., 2017) and MTIP (Myosin Tail Interacting Protein) (Miinter et al., 2009; Crick
et al., 2014). The N-terminal extension of MTIP binds to integral membrane proteins called
GAP (proteins associated with glideosomes), which anchor myosin so that it can produce force
when it interacts cyclically with actin (Meissner et al., 2002) (Figure 7). This model was
proposed by (Bergman et al., 2003) but it is still mostly a schematic view of the assembly of
these proteins, for which much remains unknown. PfMyoA is a critical molecule in the
parasite's life cycle as it fuels the rapid motility (~ 2 um.s™!) required during the mobile stages
of sporozoites (Andenmatten et al., 2013), and is essential for providing strength (up to 40 pN)
necessary for the non-mobile stages of the parasite, such as the merozoite stage that invades

erythrocytes (Frenal et al., 2013; Egarter et al., 2014).
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FIGURE 7-Cartoon representation of the Glideosome components

Taken from (Nemetski and al. 2015). The gliding machinery is located within the pellicle in the space

between the parasite plasma membrane and the inner membrane complex (IMC). An actin-myosin
system at the core of the glideosome is composed of a divergent actin (PfActl) and a divergent myosin
called PtMyoA. GAP45 (Green) recruits PfMyoA to the IMC. Aldolase mediates a bridging function
between short actin filaments and thrombospondin related anonymous protein TRAP.
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1.7.4 Myosin A is a promising therapeutic target

Unconventional class XIV myosins are myosins specific to Apicomplexa phylum. A total
of six myosin genes are found in the genome of Plasmodium : class XIV Myosin A, Myosin B
and Myosin E; class VI Myosin J and Myosin K; and class XXII Myosin F (Foth et al., 2006;
Wall et al., 2019). Interestingly, only myosin A (MyoA; Class XIVa) is well- conserved across
Apicomplexa, and a further three myosins, MyoF, Myol, and MyoK, are common between
Plasmodium and Toxoplasma (Foth et al., 2006). Myosin A is also the best characterized to
date. The structure and the role in the cycle of infectivity of the parasite played by Myosins B,

E, F, J and K remains unknown.

Myosin A from P. falciparum (PfMyoA) is a tailless myosin consisting of only a motor
domain and a light chain interaction domain. The light chains of conventional myosins are
recognized by motifs whose consensus sequence is (IQ XXX RG XXX R), these motifs are
generally conserved in classical myosins but are degenerate in the case of the atypical myosin
PfMyoA. The degenerate patterns of PfMyoA: PfIQ1 and PfIQ2 recognize the light chains i)
Essentiel Light Chain (PfELC) and ii) Myosin Tail Interacting Protein (MTIP), respectively
(Figure 7). PfMyoA is also a divergent motor, sharing only 30% of sequence identity with class
II myosins (Figure 7). Myosin A from Toxoplasma gondii (TgMyoA) has been implicated in
the invasion and egress of host cells but also in the motility of the parasite (Meissner et al.,
2002; Andenmatten et al., 2013). TgMyoA is however not essential for invasion and its function
can be compensated by TgMyoB or TgMyoC (Egarter et al., 2014; Frénal et al., 2013).
Interestingly, according to studies performed in Plasmodium, although forces are produced by
the motors of the parasite to allow merozoites to invade erythrocytes, the host-cell has also a
contribution during membrane wrapping, but it still has to be investigated (Dasgupta et al.,

2014).

In the Plasmodium genus, the first experiments investigating the role of Myosin A have
been carried with the mouse pathogen (P. berghei parasite) responsible of malaria in this
animal. This study has demonstrated that myosin A (PbMyoA) is necessary for the motility of
the parasite (Siden-Kiamos et al, 2006). More recently, studies made on P. falciparum have
shown that inhibition of the expression of the GAP45 gene leads to the abolition of the invasion
during the merozoite stage, but interestingly no role in the motility of the parasite was found

(Perrin et al., 2018). While this study highlights a key role of the glideosome in the invasive
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stage of Plasmodium, the structural role of Gap45 as well as its interaction with MyoA and their
role together in the infectivity of the parasite remains unknown. Since MyoA is the motor at
the heart of the glideosome, its importance in the different stages of the parasite's infectivity
cycle was suspected for a long time and has recently been shown for invasion of merozoites

(Robert-Paganin et al., 2019).

2. Problematics

2.1 Sequence divergence in the connectors of PfMyoA suggests compensatory
mechanisms of force production

Myosin A is a very interesting myosin to study for various reasons: i) it shows sequence
divergences comparing with other conventional myosins, it shares only 30% as best score of
sequence identity with B-cardiac Myosin II ii) according to the sequence analysis of myosin A,
the domain organizations is different from known human myosins: it comprises an extension
in the N-terminal region predicted to be an alpha helix which is unique to Myosin A. However,
the role of this N-terminal extension was unknown. In addition, based on sequence analysis
the PfMyoA is shorter than the conventional myosins and devoid of a tail region. This region
usually regulates certain myosins via its interaction with cellular partners which allow the
recruitment of these motors in different biological processes. Theses specificities suggest that
Myosin A has a different mode of regulation. iii) the other difference which is not at all
negligible is the lack of glycine in the sequence of Myosin A SH1 helix. This glycine plays a
role of a fulcrum which promotes the piston-like movement of the connector SH1 during the
force generation. The mutation of this glycine in conventional myosins blocks there force
production. Despite the lack of this glycine in myosin A, this motor is still capable to produce
force and to move on the actin filament. This suggests a compensatory mechanism present in
PfMyoA in order to allow force production. A structural study of the motor domain and of the

motor cycle of this atypical motor was necessary address this question.

2.2 Sequence analysis suggested an atypical recognition of Light chains PFELC1
and MTIP
Myosins binds to light chains via IQ motifs with conserved element of the consensus

(IQXXXRGXXXR) that are crucial for the interactions that maintain the anchoring of the light
chains. In the case of Myosin A, the IQ motifs are completely degenerated (Figure 8), none of

the consensus element are conserved in the case of IQ1 motif that bind ELC. This is a first for
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myosin, so we were wondering how myosin A is able to recognize its light chains. PfELC that
was discovered recently by our collaborator Jake Baum and his team is very important for the
functionality of the motor (Bookwalter et al., 2017), we will detail this point in the methodology
section. To answer the question of how the PfELC is recognized by the degenerated IQ1 motif
from the Myosin A lever arm, we needed to solve the atomic structure of Myosin A Full Length

by X-ray crystallography.
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FIGURE 8-Degenerated IQ motif

Taken from (Moussaoui et al., 2020). Sequence alignment of the IQ motifs present on the lever arm of
PfMyoA, TgMyoA, conventional myosins from class 2: scallop myosin 2 (ScMyo2), cardiac myosin
(Cardiac), smooth muscle myosin (SmMyo2) and and the unconventional myosin VI (MyoVI).

In Plasmodium zoites (Sporozoites and Merozoites) MTIP localizes to the periphery of the
cell, MTIP compensates the lack of the tail domain in Myosin A and allows it to anchor the
inner membrane complex (IMC) (Bergman et al., 2003). The atomic structure of the lever arm
peptide complexed with MTIP was solved by (Bosch et al., 2006; Douse et al., 2012).
TgMyosin and other structure recently solved for MLC1 and TgELCI1 together complexed with
the lever arm (Pzicki et al., 2020).

It is difficult to make an analogical comparison between the light chains of PfMyoA and
TgMyoA because of their low percent of sequence identity: between 20 and 30% between
TgELCs and PfELC; 42% between MTIP and MLC1. Moreover, the TZELCs are able to bind
calcium which is not the case of PfELC (Green et al., 2017; Powell et al., 2017; Pazicki et al.,
2020).
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We wanted to understand how these specific light-chains could recognize the target
degenerated 1Q motifs of PfMyoA. For this purpose, a structural investigation on the lever
arm was necessary.

2.3 Role of PfMyoA in P. falciparum invasion was not clearly established

During malaria infection, the parasite spreads through blood vessels, thanks to the
gliedeosome complex it is endowed with a high speed which allows it to escape the immune
system (Reviewed by Tardieux & Baum, 2017). In the other hand this complex provides the
parasite with the necessary force to actively invade host cells (Perrin et al., 2018). The PfMyoA
is at the core of this complex within a divergent actin. MyoA is critical but not essential to the
invasion of host cells in Toxoplasma gondii (Egarter et al., 2014). Indeed, TgMyoA KO in
Toxoplasma gondii leads to the diminution of the parasite invasion and egress but not to the
complete blocking of one of these, due to the fact that there is a potential compensatory
mechanism between MyoA and another Toxoplasma myosin, TgMyoC (Egarter et al., 2014;
Frénal et al., 2013). Since a recent study which showed that the disruption of the glideosome
blocks the invasion of the parasite at the merozoite stage (Perrin et al, 2018), we wanted to
further study the role of PfMyoA in the parasite infectivity. To investigate the role of PfMyoA
in P. falciparum asexual stages, we planned with our collaborator Jake Baum to delete the heavy
chain of PfIMyoA and evaluate the effect of this deletion to the infectivity of merozoites.
we used kinetics and parasitology studies which demonstrated the role of PfMyoA in both

invasion and motility of the parasite.

2.4 Development of a new generation of antimalarial drugs targeting myosins

Since recent studies suggested the role of PfMyoA in the parasite infectivity we start to
view PfMyoA as an excellent therapeutic target. We planned to use strategies developed in our
laboratory and already used to characterize a modulator able to block PfMyoA functions. Our
lab has established strong collaborations to screen and to synthesize small molecules able to

modulate myosin functions (see conclusions).
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3. Methodologies

3.1 Expression and purification of the PfMyoA / ELC / MTIP complex

The expression and purification of PfMyoA is carried out in collaboration with the
laboratory of Dr. Kthleen Tribus at the University of Vermont. The long years of research by
our collaborators into the production conditions of PfMyoA have borne fruit recently in
(Bookwalter et al., 2017). Expression of PfMyoA occurs in baculovirus with an expression
system in insect cells (§9) and requires specific UCS (UNC-45 / CRO1 / She4p) chaperones
of the Plasmodium spp. genus (Bookwalter et al., 2017) . These chaperones are required for the
correct folding of myosin PfMyoA. Thanks to these results we were able to produce and purify
PfMyoA-MD that we characterized later. Today If we manage to express, purify (Figure 9)
and characterize the PfIMyoA FL / PfELC / MTIP complex, it is thanks to the work of our
collaborators who have led to the identification of the Essential Light Chain type (PfELC)
which coexists with the PfMyoA motor isolated from the parasite lysate (Bookwalter et al.,
2017). The major difficulty with which we are confronted in order to be able to purify a myosin
is the identification of its light chains like the ELCs (see in Table 1 for a list of all the identified
light-chains and historical nomenclature) . In addition to that, there are myosins that can bind
several ELCs as is the case for TgMyoA with ELC1 and ELC2 (Heissler & Sellers. 2015;
Williams et al., 2015). PfELC from Plasmodium falciparum is very divergent from known
ELCs including that of 7. gondii. Surprisingly the binding of PfELC to the heavy chain requires
the binding of MTIP, means that one can purify PfMyoA in complex with MTIP without PfELC
but the opposite is not possible. In vitro motility assays done by collaborators have shown that
when the two light chains PfELC and MTIP are bound to the heavy chain, the PfMyoA motor
is capable of producing a speed of 3.8 um / S, therefore the presence of PfELC is necessary
operation of the PfIMyoA motor (Bookwalter et al., 2017).

With this strategy we purified (i) the PfMyoA Motor domain (1-768 residues) and its
different mutants (ii) the construct PfMyoA FL associated with its two light chains in order to

study their structure and function.
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FIGURE 9-PfMyoA purification and characterization by in vitro motility assays

a) SDS-PAGE showing the purified PfMyoA FL with its light chains ELC and MTIP. The samples have
been obtained in sufficient quantity and purity for structural studies by X-ray crystallography. b) In vitro
motility assays. Speed distributions of PfMyoA FL with no light chain bound (green), 0.670.16 um/s,
with MTIP bound (blue), 1.750.32 um/s and with both light chains MTIP and PfELC bound (red),
3.780.52 um/s, taken from (Bookwalter et al., 2017).

Light chain Historic abbreviation

Essential (ELC) LC17

Alkali LC

Al, A3

gl g3
MLC1
SH-LC
Regulatory (RLC) LC20

MLC1

MRLC
DTNB LC
A2

g2
P-LC
Calmodulin (CaM) CDR

Table 1- List of recent and historic abbreviation of ELCs, RLCs and CaM. Taken from (Heissler
and Sellers. 2015)
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3.2 Reconstruction of the motor cycle of PfMyoA

As we have seen before, the motor cycle of a myosin is composed of distinct structural
states. Trapping these states is challenging, since the conformational changes involved in force
generation are in the order of nano seconds (Nesmelov et al., 2011). Our laboratory has spent
years developing strategies for the co-crystallization of myosins and developed approaches to
trap each state. These approaches consist in the use of nucleotide hydrolysis product analogues,
including the Mg.ADP and the VO4 which is phosphate analogue that stays in the nucleotide
pocket. The use of different nucleotide analogues allows to trap distinct states and thus to
reconstitute the motor cycle.

Other techniques are used to crystallization and help in difficult cases. We can for
example use limited proteolysis or seeding approaches. The principle of limited proteolysis is
to co-crystallize the protein in presence of few amount of a protease such as the trypsin. The
trypsin will digest and remove the flexible portions of the protein and thus help crystallization.
Seeding approaches are used in order to improve the quality of the crystals. When for example
we obtain poor quality crystals such as needles or microcrystals, the crystals are collected and
crushed mechanically, leading to a solution of seeds. Seeds are small nuclei that will be serially

diluted and put in the conditions to favor nucleation and the growth of larger crystals.

All the crystals are treated with a cryoprotectant (in our case glycerol) prior to freezing
in order to avoid the formation of crystalline ice, and frozen in liquid nitrogen. All the crystals
were analyzed at the SOLEIL Synchrotron (on lines Proxima-1 and Proxima-2 or to the ESRF
(ID23a et ID30a-1 beamlines).

When I arrived in the team, Julien Robert-Paganin, a researcher in our team and co-
supervisor of my PhD thesis project, had solved the structures of PfIMyoA-MD in the PR and
the Rigor-like states without any nucleotide in the crystal (nucleotide free) at a 2.8 A resolution.
The PPS state was recalcitrant to crystallize at this time. I finally identified a condition with
poor quality crystals. Thanks to optimization in the buffer of the condition, I could improve the
crystals. Finally, I get and solved the PPS structure of the PfMyoA at 3.49 A which was missing

to reconstitute and understand the force production cycle of this atypical motor (Figure 10).
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FIGURE 10-Structural states and motor cycle of PfMyoA

Modified from (Robert-Paganin et al., 2019). PfMyoA MD crystallized in different states in Rigor,
PR and PPS. The lever arm is represented here in cartoon. In the square the zoom of the
phosphorylated N-terminal extension (purple) that tunes the proprieties of this motor.

Once the motor domain was characterized, the crystallographic structures of the
PfMyoA-FL was necessary for the study of the lever arm orientation during the force
production and how the lights chains anchor the lever arm to contribute to its rigidity. Until
here the information of the lever arm was missing because the ELC of PfMyoA (PfELC) was
not identified. Once our collaborator Jake Baum could get this information (Bookwalter et al.,
2017), the lab of Kathleen Trybus started to set up a purification protocol. As soon as we
succeeded in producing PfMyoA-FL in collaboration with Dr. Kathleen Trybus laboratory, we

proceeded crystallization trials with the full-length construct comprising the two light-chains.

The same crystallization strategy used for PfMyoA-MD was used for PfMyoA-FL. 1
succeeded to crystallize and solve the structure of PfMyoA-FL in PPS and PR state at a
resolution of 2.6 A and 3.9 A, respectively (Figure 11). The PPS state was recalcitrant to
crystallize and I identified a condition with microcrystals. I could improve the size and the
quality of these crystals by a seeding approach. We did molecular replacement for solving both

structures by using the structures motor domain and of MTIP bound to its IQ motif as target

models (PDB code 4AOM), PfELC and its IQ were built manually.
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FIGURE 11-Crystallographic structures of PfMyoA FL

Taken from (Moussaoui et al., 2020). Overall structures of the full length PfMyoA motor in the PPS and
PR states, displayed so that their N-terminal subdomains adopt a similar orientation. As expected, the
orientation of the Converter and lever arm differs in these two states.

Since the N-terminal extension was proven be involved in tuning force production of
PfMyoA, see (Robert-Paganin et al., 2019), we designed construct deprived of the
phosphorylated extension N-terminal in order to study the impact of N-terminal extension
deletion on the structure of PfMyoA-FL. We succeeded to crystallize these mutant in PR and
PPS states at 2.6 A and 1.9 A, there structures were solved by molecular replacement using the
WT PfMyoA-FL models without the N-terminal extension (residues 1-19). Notes that for the
PPS state, the crystallization conditions were different for the WT PfMyoA and truncated
construct. To get these two crystals, we set off on new conditions that we found by screening

and that we refined as described in the strategy cited above.

3.3 The effect of mutants on the functionality of PfMyoA

The crystallographic structures alone are not sufficient to study the role of a particular
extension or a residue a connector in force production. That is why kinetics experiments are

mandatory to conclude on these questions.
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The myosin force production cycle is quite complex, hydrolysis products are indeed
released in two steps: the state of Pi release and the state of ADP release are detailed in the text
dedicated to the explanation of the motor cycle states (see the motor cycle of myosins). To
study the functional proprieties of PfMyoA and the specific aspects of the states of the cycle,
in vitro motility assay, transient kinetics and Actin-activated ATPase activity were done by our

collaborator Kathleen Trybus laboratory.

3.3.1 Unloaded irn vitro motility assays are used to measure the ability of the myosin
to move actin. The principle consists in skeletal actin filaments labelled with Rhodamine
phalloidin. Functionalized myosin containing a C-terminal biotin tag are fixed in a flow cell
with streptavidin. Actin filaments were visualized and tracked using an inverted microscope.

This set up allow to measure the speed of the PfMyoA WT and its mutants on actin.

3.3.2 Loaded in vitro motility assays are used to measure ensemble force produced by
myosins functionalized in the flow cell. The only difference with unloaded motility assays is
the addition of utrophin fused to a biotin tag. Utrophin binds actin filaments and add some
mechanical resistance once the myosins pull on the actin filaments. The experiment is done
with crescent utrophin concentrations and thus the speed of actin filaments is tracked with
increasing mechanical load. In this experiment, it is assumed that the speed is linked to the force

applied by the myosins to move loaded actin filaments.

3.3.3 ADP release assays are transient kinetics experiments that measure specifically
the rate of ADP release. In a quenched-flow apparatus, actin is labeled with Pyrene, the acto-
PfMyoA (MgADP) were mixed with a high concentration of MgATP to cause the dissociation
of myosin from actin. The dissociation rate of PfMyoA were measured by light scattering at
295 nm. The fluorescence detected change depending of the cleft closure, whereas, when the
affinity of the motor is weak to the actin (myosin detached from actin=> cleft opened) the
fluorescence is detected means that ADP is released whereas in Rigor state (state with high

affinity to the actin=> cleft closed) the fluorescence of the pyrene is quenched.

For each construct, steady-state actin activated ATPase assays are used to evaluate
general effect on the cycle. Steady-state basal ATPase assays (measurement of the activity
without actin) are used to evaluate the stability of the PPS state. ADP-release and in vitro

motility assays are used as well to evaluate the effect of a mutation on specific aspects of the
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cycle. This approach is highly powerful since it allows to study the function of a residue or a
connector on a specific step or parameter of the motor cycle of the myosin. For more details

see (Robert-Paganin et al., 2019).

3.4 The dynamics of the lever arm

The possible conformations of the lever arm as well as the dynamics of the elements of
the motor domain have been studied by molecular dynamic simulations in collaboration with
Dr. Daniel Auguin from Université d’Orléans. The principle of the method is to use all-atom
simulations performed with GROMACS (Charmm force field), during a time course of several
hundreds of nanoseconds and to specifically inspect the dynamics of specific connectors or
regions of the myosin. This approach is adapted to study movements and dynamics in myosins
since it has been developed to investigate impact of HCM causing mutations on the flexibility

of the lever arm of B-cardiac myosin (Robert-Paganin et al., 2018).

We used molecular dynamics to demonstrate the role of the N-terminal extension in
stabilizing the Rigor orientation of the converter. The dynamics of the ANt-MD construct and
phosphonul mutants have been compared to the WT, all in Rigor-like conformation. In this last
experiment, the orientation of the converter has been inspected during all the time course of the
simulations. The same experiments has been used to study the role of specific residues in
stabilizing the atypical priming of the lever arm in the PPS state, the dynamics of the WT-
construct has been compared to the dynamics of a variant with alanine mutants in three residues
that were suspected to maintain the priming. We expected that the priming was not maintained

in the triple mutant.

Molecular dynamics complements crystallography and is essential to understand the

flexibility and the allostery underlying the progression during the motor cycle.

3.5 PfMyoA and PfELC are critical in parasite blood stages

In order to confirm the essential role of PfMyoA and PfELC, respectively in the
invasion of erythrocytes, we collaborated with the laboratory of Pr. Jake Baum who designed a
conditional knock out (cKO) DiCre system inducible to Rapamycin treatment. Rapamycin
induces a constitutively expressed DiCre recombinase that deletes the sequence between two

loxP sites integrated either into the PfmyoA or in PfELC which leads to the expression of
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truncated and non-functional fragments of PfMyoA and PfELC individually.Truncated proteins

are expressed fused to GFP in our system.

Conditional KO are done in merozoites stages (Figure 12), which cause the
symptomatic stages of the disease. Erythrocytic blood cells are infected by P. falciparum
merozoites and parasitaemia is measured by flow-cytometry (FACS) as the proportion of red
blood cells containing DNA (with SyBR green). Immunofluorescence allow to check the

location of GAP45, PfMyoA and PfELC.

This technique has the great advantage to work on the specie infecting humans, P.
falciparum. Indeed, a lot of experiments are done on P. berghei (Siden-Kiamos et al, 2006), a
species infecting rodents, because it is easier to study in laboratory. Due to the high divergence

amongst the Apicomplexan genus, data are stronger when they all come from the same species.
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FIGURE 12-PfMyoA conditional knock down with Dicre system

Taken from (Robert-Paganin et al., 2019). Schematic showing replacement of the wild-type myoa locus
with the full-length mutant locus by single crossover recombination in the myoa HR region using a T2A
skip peptide (yellow box) to couple genomic integration to neomycin selection.
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Plasmodium myosin A drives parasite invasion
by an atypical force generating mechanism
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Plasmodium parasites are obligate intracellular protozoa and causative agents of malaria,
responsible for half a million deaths each year. The lifecycle progression of the parasite is
reliant on cell motility, a process driven by myosin A, an unconventional single-headed class
XIV molecular motor. Here we demonstrate that myosin A from Plasmodium falciparum
(PfMyoA) is critical for red blood cell invasion. Further, using a combination of X-ray
crystallography, kinetics, and in vitro motility assays, we elucidate the non-canonical
interactions that drive this motor’s function. We show that PfMyoA motor properties are
tuned by heavy chain phosphorylation (Ser19), with unphosphorylated PfMyoA exhibiting
enhanced ensemble force generation at the expense of speed. Regulated phosphorylation
may therefore optimize PfMyoA for enhanced force generation during parasite invasion or
for fast motility during dissemination. The three PfMyoA crystallographic structures
presented here provide a blueprint for discovery of specific inhibitors designed to prevent
parasite infection.
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alaria is a mosquito-borne disease caused by obligate

protozoan parasites from the genus Plasmodium.

Despite global efforts to control the disease, malaria is
still responsible for half a million deaths each year, with the
vast majority of mortality caused by P. falciparum!. During its
complex life-cycle, the parasite transforms through motile
and non-motile stages in its two hosts: human and mosquito
(Supplementary Fig. 1a). The sporozoite stage that establishes
infection, is injected into the dermis following the bite of an
infected female mosquito from the genus Anopheles. This elon-
gated and highly motile parasite form reaches dermal capillaries
and is rapidly transported to the liver, where it targets and infects
hepatocytes. Within hepatocytes the parasite grows and divides,
eventually releasing tens of thousands of merozoite forms en
masse into the blood stream. Merozoites, in contrast to spor-
ozoites, are relatively non-motile stages that specifically target
erythrocytes, where they develop and lead to all symptoms
associated with malaria disease. Beyond this asexual replicative
stage of development, some parasites switch commitment to
develop into sexual forms (following an as yet unknown signal)
producing male and female gametocytes that re-establish mos-
quito infection on the next bite? (Supplementary Fig. 1a). Whilst
anti-malarials are available, resistance to all frontline drugs,
including combination therapies based on artemisinin, continues
to emerge® (Supplementary Fig. 1a), reinforcing the need to find
drugs with new modes of action.

Force production and movement are essential for the progres-
sion at each stage of the parasite’s two host life-cycle. Erythrocytic
invasion by a merozoite, for example, involves a force of ~40 pN¥,
while sporozoites can move at a speed of 2 pm.s~!, an order of
magnitude faster than the fastest human immune cells®. Like all
Apicomplexa (the phylum to which Plasmodium belong), malaria
parasites move using a substrate-dependent mechanism called
gliding motility, a sophisticated substrate-dependent form of cell
movement based on a macromolecular complex called the gli-
deosome (Supplementary Fig. 1b). At the glideosome core is the
single-headed class XIV myosin A (PfMyoA), and short and
oriented filaments of a divergent actin (PfActl). PIMyoA is a
tailless myosin consisting only of a motor domain and light chain
binding domain. The N-terminal region of one of the light chains
(LC), called myosin tail interacting protein (MTIP), is believed to
anchor the myosin to a membrane bound complex of glideosome
associated proteins (GAP45-GAP50-GAP40) (Supplementary
Fig. 1b). Several studies have investigated the role of myosin A in
both the coccidian parasite Toxoplasma gondii and across the
genus Plasmodium. In Toxoplasma gondii, Myosin A (TgMyoA)
has been implicated in both invasion and egress of the parasite
from the infected cell®’. TgMyoA is not, however, essential for
invasion and its function can be compensated for by TgMyoB or its
splicing isoform TgMyoC®°, or by active host cell-mediated
internalization!0. Although host cell membrane wrapping forces
likely play a role in merozoite invasion of red blood cells!!, their
role has not been tested in the absence of a parasite motor. In the
Plasmodium genus, initial experiments using the mouse malaria
parasite P. berghei, showed that PbMyoA is required for cell
motility and midgut colonization during parasite mosquito
stages2. More recently, genetic ablation of GAP45 in P. falciparum
blocked parasite invasion in merozoite stages, but not egress!3,
Whilst this study points to a critical role for the motor complex in
blood stages of infection, the structural role GAP45 plays in api-
complexan cell architecture and glideosome function leaves the
essential functionality of MyoA in the merozoite unresolved.

Given that the core of the glideosome is composed of
divergent forms of both myosin and actin, the actomyosin system
of P. falciparum is an attractive target for generation of new
anti-malarial drugs. Actin is a highly conserved, ubiquitous

protein in all Eukaryotes, with yeast and human actins sharing
87% identity, in contrast to <80% identity of PfActl with cano-
nical actins. The sequence of PfAct1 differs from canonical actins
in regions implicated in inter-protomer interfaces of the actin
filament!4. Accordingly, high resolution cryo-electron micro-
scopy (CryoEM) studies confirmed altered inter-strand and intra-
strand contacts that provided a structural basis for the instability
of PfActl filaments!41>. PfMyoA is also a divergent motor,
sharing only 30% sequence identity with Class II myosins.
Interestingly, important sequence differences are located precisely
in structural elements predicted to be relaying parts of the
allosteric communication pathway within the myosin motor
domain. In Class XIV myosins, to which PfMyoA belongs, the
sequence of critical canonical residues for the motor mechanism
are not conserved, including a pivotal SH2-SHIGly (G695 in
scallop myosin 2) at the beginning of the SH1-helix. The con-
nectors (Switch-2, the Relay helix, and the SH1-helix) are struc-
tural elements that coordinate rearrangements of the four motor
subdomains, whose motions are amplified into a larger swing of
the distal light chain binding lever arm (Supplementary Fig. 2).
Mutations of this SHZ-SHIGly greatly impede motor activity
in class 2 myosins (Myo2) by reducing the flexibility of the
fulcrum!6-18, Despite lacking this fulcrum, PfMyoA nonetheless
displays robust motor activity!. Resolving this conundrum
requires structural studies of MyoA in different nucleotide states
to reveal the key compensatory intra-molecular rearrangements
that are involved in guiding the lever arm. Such a force generation
mechanism is likely to be unique to the apicomplexan class XIV
myosins. Based on a recently solved crystal structure of only one
state (Pre-powerstroke, PPS) of the TgMyoA motor domain with
a disordered N-terminal region, Boulanger and coworkers could
only speculate about how sequence adaptations in the Wedge, the
Relay and the fulcrum (Supplementary Fig. 2) may compensate
for this mechanism20,

By combining parasitological studies of MyoA in P. falciparum
with structural, motility, and kinetic studies of the motor in vitro,
we show that PfMyoA is critical for P. falciparum erythrocyte
invasion, and that this atypical motor diverges significantly with
regard to how force and motion is produced compared with
conventional myosins. By solving three structural states of the
PfMyoA motor domain, corresponding to three states of the
motor cycle, we show how the unique class XIV N-terminal heavy
chain extension and its interactions with other structural
elements define motor function. We also show that Ser19 phos-
phorylation in this N-terminal extension substantially modulates
the speed and force output generated by the motor. These insights
allow us to propose a phosphorylation-dependent mechanism
that tunes the motor for optimal invasion (high force) or dis-
semination (fast motility speed). Together, these insights provide
a complete foundation from which to understand the non-
canonical mechanism of force production in these globally sig-
nificant parasites.

Results

PfMyoA is critical for erythrocytic invasion by merozoites.
Whilst GAP45 has been reported to be essential for erythrocytic
invasion by merozoites!? the role of the gliding motor itself,
PfMyoA, in Plasmodium blood stages, has never been directly
tested. To address this question, we generated a rapamycin (RAP)
inducible PfMyoA KO?! (Fig. 1a). Rapamycin treatment induces
a constitutively expressed DiCre recombinase, leading to excision
of the sequence between two loxP sites integrated into the pfmyoa
gene?2, deleting the last 543 bases and bringing gfp into frame
as a truncated fusion protein (residues 1-638). The resulting
truncated PfMyoA motor lacks the C-terminal residues predicted
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Fig. 1 PfMyoA is critical for red blood cell invasion by merozoites. a Schematic showing replacement of the wild-type myoa locus with the full-length mutant
locus by single crossover recombination in the myoa HR region using a T2A skip peptide (yellow box) to couple genomic integration to neomycin selection.
b Treatment of two MyoA-cKO clones (B9 and H6) or WT with rapamycin (RAP) shows an almost complete invasion block (~90%) compared to DMSO
treatment (—). This is comparable to the defect with known invasion inhibitors heparin and Cytochalasin D (CytoD) (90-95%). Parasitaemia was

measured in the following cycle (cycle 1) by flow cytometry as the percentage of red blood cells (RBCs) that were DNA-positive by staining with SYBR
Green |. Mean of three biological replicates (except for WT+heparin: two biological replicates), each three technical replicates, + standard deviation (S.D.)
of biological replicates. Data from each biological replicate were normalized to the DMSO-treated sample for each parasite line. Significance assessed using
parametric t-test (paired, two-tailed). ¢ Genotyping PCR of WT or cKO parasites following DMSO (—) or RAP (+4) treatment detecting the wild-type (WT,
red half-arrow), unexcised (UN, blue half-arrow) and excised (EX, green half-arrow) pfmyoa loci. d Immunofluorescence analysis of cKO parasites following
DMSO or RAP treatment. FLAG-tag is detectable in DMSO-treated schizonts fixed ~48 h post-treatment, colocalising with motor complex protein GAP45,
while after RAP treatment GFP but not FLAG is detectable, and the signal is restricted to the cytosol, consistent with a non-functional truncated MyoA.
Scale bar 1pum. Image stacks were deconvolved using the EpiDEMIC plugin for Icy, with a z-step size of 200 nm. e Western blot of WT and cKO parasites
following DMSO (—) or RAP (+) treatment. Parasites were lysed ~40 h post-treatment, before the end of cycle 0. In DMSO-treated cKO parasites, the
original FLAG-tag is detectable, but following RAP-treatment, only GFP is detectable. PfAct1 was used as a loading control. Representative blot shown from

three biological replicates

to be required for the folding of the motor domain and would
therefore be expected to be non-functional.

Two PfMyoA-cKO clones (B9 and H6) were compared with
both WT and non-excised (DMSO treatment) controls to assess
motor function. In addition, two known invasion inhibitors,
heparin (that blocks cell-to-cell interactions) and CytoD (that
blocks actin polymerization) served as positive controls®3
(Fig. 1b). Synchronized parasites were treated with 100 nM
RAP and incubated for 16 h at the start of one cycle (cycle 0) to
trigger truncation of pfmyoa. These were then tested for invasion
of red blood cells (RBCs). Parasitaemia was measured in the
following cycle (cycle 1) by flow cytometry as the percentage of
RBCs that were DNA-positive by staining with SYBR Green I
(Fig. 1b). Successful excision of the loxP section of pfmyoa was
monitored by PCR (Fig. 1c), localization of PfMyoA by
immunofluorescence (Fig. 1d) and western blotting (Fig. le), all
confirming loss of the functional protein.

The KO of PfMyoA induced in the two PfMyoA-cKO clones
demonstrated an almost complete block in invasion (~90%)

compared to DMSO treatment, comparable to rates of invasion
detected with known invasion inhibitors heparin and CytoD
(90-95%) (Fig. 1b). This confirms the long-held assumption that
PfMyoA is directly involved in merozoite invasion of the
erythrocyte in P. falciparum. Given the combined evidence that
MyoA is critical for both invasion and for motility!?> in
Plasmodium parasites, it would appear to be a bona fide first-
order therapeutic target for preventing malaria parasite infection
and disease progression.

X-ray structures of three structural states of PfMyoA. To define
the motor cycle of PIMyoA, we determined the crystallographic
structures of the motor domain (MD) of PfMyoA (1-768) in a
nucleotide-free (NF) condition at 2.82 A resolution (crystal type
1) (Supplementary Table 1, PDB code 6I7D) and complexed to
ADP.Vanadate at 3.45A resolution (crystal type 2) (Supple-
mentary Table 2, PDB code 6I7E). Four molecules are present in
the asymmetric unit of crystal type 1, one of the motor domain is
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in the Rigor-like state and three molecules adopt the Post-rigor
(PR) state. These two structural states correspond, respectively to
the state of highest affinity for F-actin?42> (Rigor-like) and to the
state that allows detachment from F-actin but prior to the lever
arm recovery stroke2® (Post-rigor). The PfMyoA Rigor-like state
adopts a fully closed cleft as found for non muscle Myo2c and
Myolb Rigor states?>27 and is thus likely a good model of myosin
XIV in the Rigor state.

The crystal type 2 contains one molecule per asymmetric unit.
It corresponds to the Pre-powerstroke (PPS) state, a state with the
lever arm up and able to dock to actin with electrostatic contacts.
The resolution of the PPS state is poorer, but the electron density
map is of good quality and allowed the entire motor domain to be
built, including loops with good refinement statistics (Supple-
mentary Table 2). Description of these three structural states for
the PfMyoA motor provides a direct way to assess the major
conformational changes that would occur during the motor cycle
(Fig. 2a).

These structures enable visualization of the large conforma-
tional changes required for the powerstroke (PPS/Rigor), for
detachment of the motor from actin (Rigor/PR), and for re-
priming of the lever arm (PR/PPS). The amplitudes of the
subdomain movements and converter swing are similar to that of
other myosins?8 (Fig. 2a), but the stabilization of the states and
the connector rearrangements differ. A key observation we made
is the role of the unusual N-terminal (N-term) extension of
PfMyoA (Fig. 2b, Supplementary Movie 1). This extension makes

conserved interactions with the N-term subdomain in all three
structures, and consists of a helix followed by a linker that
contains the phosphorylated Ser19 (SEP19) (Supplementary
Fig. 3). Structural analysis presented in detail below shows an
unforeseen compensatory mechanism that involves the N-term
extension driving the PfMyoA powerstroke despite the lack of
sequence conservation in canonical residues of the motor domain
connectors (Fig. 3a).

Motor mechanism in classical myosins. During motor domain
rearrangements required for the motor cycle, movement near the
active site involves the connector Switch-2, and is transmitted to
the lever arm through interactions between Switch-2 and an
important structural element of the Lower 50kDa (L50) sub-
domain called the Wedge (Fig. 3b, Supplementary Fig. 2, 4). To
drive the lever arm swing in all myosins studied thus far (classical
myosins), these Switch-2 rearrangements are coordinated with
specific changes of two other connectors: the Relay helix kink
straightening and a SH1-helix rotation?3 (Fig. 3c, Supplementary
Fig. 4, Supplementary Movie 2). The highly conserved glycine
(SHZ-SHIGly) acts as a fulcrum to promote the piston-like
movement of the SH1-helix?®. Conserved interactions between
the Relay/SH1-helix and the Wedge/Switch-2 are critical for
motor activity (Fig. 3, Supplementary Fig. 5, Supplementary
Movies 2 and 3). In classical myosins, such as scallop myosin II
(ScMyo2) (Supplementary Fig. 5a), the active site rearrangements
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Fig. 2 Structural states and motor cycle of PfMyoA. a The crystallographic structures of the three states of the motor cycle of PfMyoA are represented
along the motor cycle: the Rigor-like and the Post-rigor (PR) states reveal how the motor detaches from F-actin upon ATP binding; the Pre-powerstroke
(PPS) state corresponds to the state in which hydrolysis occurs and that rebinds to F-actin to trigger the powerstroke. The Rigor-like state is the
conformation the motor adopts at the end of the powerstroke when hydrolysis products have been released. To appreciate the movement of the converter
and how it can be amplified by the rest of the lever arm, the IQ region and the two LCs (PfELC and MTIP, Supplementary Fig. 1) are represented
schematically in continuity of the last helix of the converter. PfMyoA displays the four canonical subdomains which are the hallmark of the myosin
superfamily: N-terminus (N-term) (gray), Upper 50 kDa (U50) (marine blue), Lower 50 kDa (L50) (tint) and the converter (green) and central elements
(including a beta-sheet) forming the transducer (dark cyan). During the motor cycle, rearrangements in the motor domain are allosterically transmitted
through the Relay helix (yellow) and are amplified by the swing of the converter with the rest of the lever arm. b In the center diagram, a zoom of the Rigor-
like structural state is presented to show the opposite side of the motor domain compared to a. Note the position of the unique N-terminal extension
(purple) which is close to the connectors that direct rearrangements between motor subdomains (Switch-2 (orange), Relay (yellow) and SH1-helix (red)).
PfMyoA employs an atypical motor mechanism in which the N-term extension (purple) compensates for non-canonical sequences in subdomain

connectors essential for motor function
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Fig. 3 Sequence alignment of connectors essential in driving motor conformational changes-lack of canonical residues in PfMyoA. a Sequence comparison
of several key elements involved in myosin mechanical transduction and allosteric communication. The consensus is represented on top of each sequence
and the PfMyoA sequence is compared to other myosins. This comparison shows that the sequences of the Switch-2, Wedge, and Relay differ from the
consensus. Consensus code: a is an aromatic residue, h a hydrophobic residue, x colored in red is an acidic residue. Residues important in allosteric
communication in the motor are indicated in rectangles (blue rectangle if the residue is involved in a conserved interface, red rectangle if the residues
are involved in interactions specific to PfMyoA). If the position is not conserved in PfMyoA, the residue is colored in dark red. To see how these residues
affect the PfMyoA motor rearrangements along the cycle, see Fig. 4 and Supplementary Movie 2. b Switch-2/Wedge interactions in classical Myo2.

¢ Conformational changes of two connectors before (PPS, transparent) and after (Rigor-like, plain) the powerstroke in Myo2. The Relay helix unkinks while
the SH1-helix undergoes a piston-like movement using the canonical flexibility found at the fulcrum SH2-SH1Gly (pink ball)

are linked to Switch-2 changes that are guided by hydrophobic
interactions of SWitth-2F464 with canonical residues of the Wedge
such as WedgeH582 and WedgeA584 (Supplementary Fig. 5b). In
the PPS state, the Relay, the SH1-helix and the lever arm are in a
“primed” conformation: the interactions between the Relay and
the SH1-helix are mainly hydrophobic. Here the conserved
RelayM514 and SHI-helixE698 are nearby (Supplementary Fig. 5b).
During the powerstroke, release of hydrolysis products induces
specific structural rearrangements in the active site, and specifi-
cally of Switch-2 that repositions the L50 subdomain. In so doing,
the Wedge which belongs to the L50 subdomain becomes closer
to the Relay/SH1-helix position. The steric hindrance caused by a
conserved bulky aromatic, WedgeY583 with residues from the
SH1-helix and the Relay, Rel2YM514 and SH1-belixEg9g, drives the
straightening of the Relay, the piston-like movement of the SH1-
helix (Supplementary Fig. 5b, Supplementary Movies 2 & 3) and
thus the lever arm swings because these two connectors interact
strongly with the converter (Supplementary Fig. 5¢). The move-
ment of the SH1-helix and the Relay are defined by interactions
between these two connectors which are not only hydrophobic
but supplemented with electrostatic interactions between con-
served residues in the Rigor-like state: the conserved SH1-helixR701
binds RelayDp515; SHI-helxEG98 binds Rel2YQ485; and Rel2ayN489
(Supplementary Fig. 5b).

The atypical structural motor mechanism of PfMyoA. In
PfMyoA, the amplitude of the converter swing is similar to that
observed for classical myosins, despite the absence of the canonical
residues essential for allosteric movement in classical myosins.
This occurs while the SH1-helix is mostly immobile (Fig. 4), rather
than performing a piston-like movement previously described for

classical myosins (Supplementary Fig. 5, Supplementary Movies 2
and 3). As predicted from sequence alignments, the replacement of
the conserved SH2-SHIGlycine restrains the mobility of the SH1-
helix. Several sequence adaptations are needed to compensate for
the lack of mobility of the SH1-helix. First, the aromatic and bulky
residue of the Wedge is absent in PfMyoA and replaced by a
threonine (T586), and the nearby bulky methionine residue from
the Relay (Rel2y511-DFGMD-515 in ScMyo2) is also absent and
replaced by a threonine (T522) in PfMyoA (Reky520-KYTS-523)
(compare Fig. 4b and Supplementary Fig. 5b; Supplementary
Movie 4). The movement of the Wedge during the powerstroke
results in less steric hindrance and is thus adapted to the lack of
mobility of the SH1-helix which stays in position while the Relay
kink resolves and the lever arm swings (Fig. 4b, c, Supplementary
Movie 3). Second, the interaction between the Relay and the
SH1-helix is mainly hydrophobic both in the PPS state and in the
Rigor-like state, with the exception of an electrostatic bond between
the RelayQ494 and the fulcrum SH2-SHIS691 that is present in the
two states (Fig. 4b, Supplementary Movie 3). Third, the PfMyoA
Rigor-like state is stabilized by atypical interactions of Wedge[587
with Switch—2F473’ Switch—2v475) SH2- e]ij688 and SHZ—SHIS691 (red
circle in Fig. 4b). Additional interactions with the N-term extension
further stabilize the Rigor-like state, including a strong salt bridge-nt
interaction between the N-termextensionGlyg Switch-1Ar994]1 and
Switch-2Phe476 (Fig. 4c). In addition, electrostatic contacts directly
stabilize the converter since ConverterK764 interacts with the phos-
phorylated N-term.extensiongEp19 (Fig, 4c).

We conclude from the structures that the electrostatic
interactions with the N-term extension compensate for the
absence of a piston-like movement of the SH1-helix, enabling
force production by accelerating the transitions of the
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Fig. 4 The unconventional mechanism of force production by PfMyoA. a Overall view of the mechanical communication within the PfMyoA motor domain
during the powerstroke. In both the PPS and the Rigor-like states, interactions between Switch-2 and the Wedge are maintained (highlighted by dashed
blue lines and detailed in b). The Rigor-like structure indicates that the sequential release of hydrolysis products upon the powerstroke triggers
displacement of the Wedge which is associated with straightening of the Relay helix and the converter swing. The PfMyoA unconventional powerstroke
requires sequence compensation near the Ser691 (blue dashed lines) since this residue is bulkier than the canonical SH2-SH1Gly found in classical myosins
at this position. Thus, motor domain rearrangements are allowed by changes in the interactions between the Wedge and the Relay and SH1-helix
connectors (details in b). Additional interactions (highlighted by dashed red lines) involving the N-term extension (purple) also stabilize the Rigor-like state
and compensate for the immobility of the SH1-helix. (Details are shown using the same view in €). b Non-conserved residues are highlighted by a red
rectangle. The SH1-helix lacks the conserved glycine SH2-SH1Gly at the fulcrum which is replaced by a serine (light pink spheres, $S691). A hydrogen bond is
formed between S691 and Rel2YQ494 in both the PPS and Rigor-like states. The presence of a less pliant fulcrum requires sequence adaptation in the
Wedge and in the Relay and results in the immobility of the SH1-helix during the powerstroke. SWitch-2y475 establishes hydrophobic interactions with
SH2He88, helping to stabilize the Rigor-like position of the Switch-2 (red dashed lines). E503 (shown in pink) is a reporter to indicate the kink of the Relay.
¢ In PfMyoA, the converter establishes a network of interactions with the Relay and the SH1-helix. Non-conserved residues are highlighted by a red
rectangle. An electrostatic bond between phosphoserine 19 (SEP19) (N-term extension) and K764 (converter), as well as a salt bridge-r interaction
between the N-term extensiongg, Switch-1R241, Switch-2F476 (red dashed lines) stabilize the position of the converter in the Rigor-like conformation. For
comparison with Myo2, see Supplementary Fig. 5 and Supplementary Movies 2 and 3

powerstroke. In particular, these interactions could accelerate
ADP release which was slowed when the SH2-SHIGly was mutated
in a canonical Myo2 motor!7-18,

PfMyoA phosphorylation tunes its motor properties. To further
analyze the compensatory mechanism and more fully decipher
the role of the N-term phosphorylation, we functionally char-
acterized PfMyoA constructs with a 19 amino acid N-term
deletion (AN), or with point mutations that disrupt the N-term
extension/converter interaction formed in the Rigor-like state
(phospho-null S19A or K764E) (Figs. 4c, 5a). In agreement with
the phosphorylated Ser (SEP19) observed in the crystallographic
structures described above, we verified that PfIMyoA was phos-
phorylated at Ser19 on the heavy chain during expression in Sf9
cells. Phosphoprotein gels qualitatively showed heavy chain
phosphorylation, and mass spectrometry confirmed that 96 + 1%

(£SD, n=6, 2 independent preparations) of the peptides found
in the untreated sample were phosphorylated compared with a
phosphatase-treated sample (Supplementary Fig. 6).

In vitro motility assays showed that the N-term extension and,
specifically the Serl9 phosphorylation, are necessary for actin
displacement at maximal speed (~4pm.s~1). AN-PfMyoA
reduced speed ~17-fold, while both the phospho-null (S19A)
and charge reversal mutation in the converter (K764E) mutants
slowed speed 2-fold to ~2um.s~—! (Fig. 5b, Supplementary
Table 3). The phosphomimic S19E did not fully recapitulate the
enhancing effect of bona fide phosphorylation on speed, moving
actin at a value intermediate (~2.8 pm/s) between S19A and
phosphorylated PfMyoA (Supplementary Fig. 7a).

The same pattern seen for in vitro motility was also observed
for the maximal rate of the steady-state actin-activated ATPase
activity (WT >S19A or K764E >AN) (Fig. 5¢). A linked assay with
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Fig. 5 Functional properties of wild-type (WT) and mutant full-length PfMyoA constructs. a Schematic of constructs used for functional analysis. Ser19 is
fully phosphorylated during protein expression in Sf9 cells (Supplementary Fig. 6). b Speed distributions from a representative in vitro motility assay. WT,
3.88+0.54 um/s; S19A, 2.07 + 0.28 um/s; K764E, 1.75 £ 0.22 um/s; and AN, 0.23 £ 0.04 um/s. Values, mean + SD (Supplementary Table 3 shows data
from multiple protein preparations). ¢ Actin-activated ATPase activity for WT, V. =138 + 45~ 1and K., = 30.3 £ 2.3 uM; S19A, V. =74.0 £ 2.0 s~ T and
Km=8.5%1.0 uM; K764E, Vinax =72.9%195 " and K, =18.2 1.4 uM; and AN, Viax =9.1320.20 s~ ' and K, = 7.34 + 0.67 uM. Data from 2 protein
preparations and 3 experiments for each construct were fitted to the Michaelis-Menten equation. Error, SE of the fit. d ADP release rates from acto-
PfMyoA. WT, 334 £36 5~ 1; S19A, 115.8 +10.9 s~ T; K764E, 103.5 £ 8.6 s~ T; AN, 10.32 + 0915, Values, mean + SD. WT vs. any other construct. p < 0.0001;
S19A vs. K764E, NS; S19A or K764E vs. AN, p < 0.01 (one way ANOVA followed by a Tukey's Honest Significant Difference post-hoc test). Data from at
least 3 protein preparations of each construct at different temperatures are shown in Supplementary Table 4. e Ensemble force measurements using a
utrophin-based loaded in vitro motility assay. A myosin that produces more force requires higher utrophin concentrations to arrest motion: WT, 1.40 £
0.08 nM; S19A, 2.42 £ 0.17 nM; K764E, 3.04 + 0.30 nM; AN, 10.8 £ 0.8 nM. Error, SE of the fit. Data from two protein preparations and three experiments
for each construct. Supplementary Fig. 7b shows these force data and fits extended to higher utrophin concentrations. Supplementary Fig. 7c-e shows AN
data shown with an expanded y-axis. Skeletal actin was used for all experiments. Temperature, 30 °C. Source data are provided as a Source Data file

an ATP regenerating system was used to prevent ADP buildup
during the course of the assay, which could potentially slow the
ATPase rate. Transient kinetics were used to directly measure the
rate of ADP release from acto-PfMyoA. A high concentration of
MgATP was mixed with acto-PfMyoA (MgADP). Under these
conditions, the rate of dissociation of PfMyoA from actin, as
measured by light scattering, is limited by the rate of ADP release
from the motor (Fig. 5d, Supplementary Table 4). For
phosphorylated WT, S19A, and K764E, the rate of ADP release
was faster than the steady-state ATPase rate. Interestingly,
deletion of the N-term extension caused ADP release to become
the rate-limiting step in the cycle (~10s™!), a hallmark of high
duty-ratio motors that spend the majority of their ATPase cycle
in a state strongly bound to actin0.

Ensemble force measurements using a utrophin-based loaded
motility assay and automated filament-tracking software3! showed
that AN produced ~8-fold more force, and S19A and K764E
produced ~2-fold more force than phosphorylated PfMyoA
(Fig. 5e, Supplementary Fig. 7b). These results demonstrate that
Ser19 phosphorylation, which has been shown to occur in vivo32,
likely tunes PfMyoA motor properties. The absence of Serl9
phosphorylation, or removal of the N-term extension, enhances
ensemble force at the expense of speed, confirming the role of this
atypical extension in force generation.

The  electrostatic  bond  between  SEP19  and
Converterg764 stabilizes the Rigor-like conformation while it is
unlikely to form in high ADP affinity states. The rate of the last

transition of the powerstroke (ADP release) is thus faster when
Ser19 is phosphorylated. Faster ADP/ATP exchange and motor
detachment from F-actin leads to higher speed by accelerating
motor turn-over. The role of SEP19 in this transition was further
investigated in silico using the mutant K764E. Molecular dynamic
simulations on a 60 ns time-course further confirm the role of this
electrostatic bond for the stability of the converter position, by
comparing phosphorylated WT and K764E mutant in the Rigor-
like state (Supplementary Fig. 8). In the WT phosphorylated
motor domain, the converter is maintained in its Rigor-like
position throughout the simulation (Supplementary Fig. 8a, ¢, d,
Supplementary Movie 5). Conversely, in the K764E mutant, the
converter position is not maintained and progressively deviates
from its initial position together with the Relay, while the SH1-
helix stays immobile (Supplementary Fig. 8b, c, d, Supplementary
Movie 6). The in silico and in vitro results confirm that the
electrostatic interaction between SEP19 and K764 stabilizes the
Rigor-like state and is important for modulating ensemble force
and the speed at which PfMyoA moves actin.

Discussion

The divergent force production mechanism of PfMyoA, which we
now show underpins the breadth of Plasmodium parasite lifecycle
progression, is the result of sequence adaptations in which the
N-term extension compensates for the absence of the SHI-SH2Gly
fulcrum residue, shown as essential for the piston-like movement
of the SH1-helix of canonical myosins!®. By providing three
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structural states of the PfIMyoA motor, our data directly show the
atypical mechanism of force production. While the sequence
adaptation near the SHI-SH2Gly/Wedge was correctly predicted
from the TgMyoA PPS structure as part of this mechanism??, the
authors could not envisage that this would lead to a lack of
piston-like movement of the SH1-helix as shown here. Other
speculations in the study were incorrect because of an inability to
visualize the N-term extension in the TgMyoA structure and the
absence of a Rigor-like state structure. The details provided by the
PfMyoA structures here, highlight how this N-term extension
plays a direct and critical role in the force generation mechanism
by direct interactions with Switch-2 and the converter.

The PfMyoA Rigor-like structure reveals how an interaction of
the phosphorylated serine in the N-term extension with the
converter is directly involved in the last step of the lever arm
swing associated with ADP release. In so doing, phosphorylation
directly controls the speed and force sensitivity of the PfMyoA
motor by modulating the time spent strongly attached to F-actin.
These insights into the PIMyoA mechanical cycle reveal that a
specific phosphorylation event on class XIV myosins tunes their
motor activity by a change in their duty ratio. This allows
switching between an ability of the motor to generate force under
loaded conditions, or to move actin for highest speed under
unloaded conditions. The ATPase activity and unloaded in vitro
motility speed of expressed PfMyoA were also recently measured
by Green et al.33, but with values for both that were over 10-fold
lower than reported here. Although part of this discrepancy (~2-
fold) can be attributed to different assay temperatures (our study
30 °C, their study 23 °C), and part to not knowing the state of
phosphorylation of their expressed myosin (dephosphorylation
would slow values 2-fold), it is unclear why their values are
considerably lower than reported here.

In mammalian Myolb, ADP release has been shown to involve
the N-terminal extension of the motor that docks at the motor
domain/lever arm interface in the Rigor state but is free of inter-
action in the strong ADP state?”>34, The position of the N-terminal
extension and the location of the bonds that favor the Rigor-like
state differ greatly between PfMyoA and Myolb (Supplementary
Fig. 10), although in both cases, the presence of the N-terminal
extension increases ADP release by forming precise bonds stabi-
lizing the Rigor state. No phosphorylation has been reported for
the Myolb N-terminal extension which contains two serine resi-
dues (Ser8, Ser9), so it is unknown whether the tuning of ADP
release found by phosphorylation of PfMyoA might be recapitu-
lated in other members of the myosin superfamily such as Myolb.
If phosphorylation on either of these Myolb serines occurs,
it would greatly perturb and likely prevent the docking of the
N-terminal extension required for stabilizing the Rigor state. Thus,
while both N-terminal extensions contribute to stabilizing the
Rigor state, the nature of how this is done differs greatly between
these myosins. The PfMyoA N-term extension, in contrast to that
of Myolb, is integral to the motor domain and directly influences
the connectors that drive the lever arm swing in addition to the
position of the converter. Depending on its phosphorylation state,
the PfMyoA N-term extension stabilizes the Rigor state in a unique
and tunable way to control the motor duty ratio.

The mechanism presented here provides new insights into how
PfMyoA may modulate its motor properties and adapt for opti-
mized Plasmodium parasite function across the lifecycle. Liver-
stage sporozoites can move at speeds of >2 pm.s~! across sub-
strates or within extra-cellular space. This high speed is one of the
fastest characterized for any eukaryotic cell. In contrast, blood
stages merozoites, which are relatively immotile away from host
cells, require the development of force (~40 pN) by the glideo-
some against the erythrocytes specifically for invasion®. Because it
is now clear that PfMyoA is required for both motility and

invasion processes, Serl9 phosphorylation could provide a
mechanism to optimize motor properties (speed vs. force)
depending on parasite life-cycle stage (Fig. 6). From proteomic
studies there is evidence of S19 phosphorylation in schizonts,
merozoites3? and salivary gland sporozoites3> but further study
with invasion-ready parasites will be required to show the extent
of S19 phosphorylation in each stage. Motility studies with liver-
stage sporozoites would be required to definitively test this
hypothesis and how it relates to the subtleties of motor tuning.

All the Apicomplexan parasites differ in their life-cycle, as well
as in the host organisms that they target. The function of myosin
A amongst these organisms may differ too, as suggested by the
differences found for the role and essentiality of MyoA in the
genus Plasmodium vs. Toxoplasma. In T. gondii, TgMyoA is
essential for egress®’ but not for host cell invasion®®. Here, we
demonstrate that PfMyoA is critical for erythrocytic invasion in
P. falciparum, but the parasite is still able to egress in the absence
of GAP45, the protein anchoring PfMyoA to the inner membrane
complex!3. This example shows likely key differences in the cel-
lular basis of host cell entry and exit across Apicomplexan
parasites, highlighting that caution should be used when extra-
polating conclusions from one genus to another.

These results also raise the question about the conservation of
the atypical and tunable mechanism of PfMyoA in other api-
complexan parasites. All the sequence adaptations described here
are present in the recently solved PPS structural state of
TgMyoA?%: the G-to-S substitution at the SH2-SH1 fulcrum; the
sequence adaptation to maintain the interaction between the
Relay and the SH1-helix; the substitution of the aromatic residue
of the Wedge by a threonine. In the TgMyoA converter there is a
lysine (K766) equivalent to K764 in PfMyoA. Moreover, the
TgMyoA N-term extension contains three serines that can be
phosphorylated: S20, S21 that is equivalent to S19 in PfMyoA,
and S$29. An additional serine can be phosphorylated (S743) in
the converter. Phosphomimetic mutants showed that the number
of charged residues in the N-terminus modulates the speed at
which TgMyoA moved actin filaments20, although we showed
here that a phosphomimic does not recapitulate the full effect of a
phosphorylated Ser. While the N-term extension was not defined
in the electron density of the TgMyoA X-ray structure, the
sequence conservation is sufficient to assume that it may form a
helix and a turn, as found in our PfMyoA structures (Supple-
mentary Fig. 3d, ). The basis of the tunable mechanism described
here for PfMyoA is thus likely conserved in TgMyoA, although
possibly more complex because it involves two additional phos-
phorylation sites in the N-term extension and one additional site
in the converter. These differences in the possible tuning of
PfMyoA and TgMyoA activity may result from variations of
the requirement for the glideosome motor during the different
life-cycles of the two parasites. Indeed, across its human host,
Plasmodium falciparum alternates between the highly motile
sporozoite and the invasive but relatively immobile merozoite.
In contrast, the free stage of Toxoplasma gondii is the tachyzoite
with a speed of 5pum.s~1, similar to the maximum in vitro
motility speed for TgMyoA when this myosin had three
N-terminal phospho-mimic Asp residues?’. Tachyzoites, how-
ever, can either undergo dissemination, invasion or egress. Thus,
controlling the phosphorylation status of TgMyoA in tachyzoites
could in principle modulate the speed and/or force developed by
TgMyoA and thus adapt its motor properties depending on the
need for either the dissemination, invasion or egress phases of the
parasite. It may be possible to test this hypothesis with future
studies on TgMyoA, permitting a direct comparison to the
PfMyoA tuning mechanism revealed here.

Finally, we show here definitively for the first time that PfMyoA
is critical for erythrocytic invasion. Myosin A is thus not only
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Fig. 6 Phosphorylation of PfMyoA tunes its motor properties. Scheme representing how phosphorylation tunes PfMyoA motor properties and how this
could optimize the motor for parasite motility or invasion at different stages of the parasite. In highly motile stages, sporozoites move at a speed higher
than 2 um/s. At this stage, phosphorylation of PfMyoA would allow the parasite to move actin at maximal speed but with low ensemble force. In
merozoites, which lack continuous motility, but are instead adapted for erythrocyte invasion, dephosphorylation of PfMyoA localized at the invasion
junction would result in active motors efficient in invasion. This merozoite PfMyoA motor would spend more of its total cycle time strongly bound to actin,
thereby resulting in greater ensemble force output. The apparent duty ratio in the two phosphorylation states was estimated from the rate of ADP release
divided by the total ATPase cycle time. The S19A, K764E and AN mutants would likely impair speed but not invasion, because their ensemble force is
higher than phosphorylated, wild-type PfMyoA. Phosphorylation of the N-term extension of PfMyoA can thus act as a switch to tune motor activity
depending on the needs of the parasite (high speed and low force for gliding, or higher force for the low speed invasion process)

required for motility in general in the Plasmodium genus but also
for establishing blood stage infection during the symptomatic
stages. The levels of reinvasion are commensurate with a complete
block in invasion, as shown by comparison with CytoD and
heparin. Nevertheless, there may be some residual invasion due to
parasites with non-excised pfmyoa locus and there is a possibility of
invasion by RBC membrane wrapping interactions alone!l. How-
ever, the size of this residual population appears much smaller than
found in T. gondii tachyzoites lacking TgMyoA® and would argue
against redundancy in motor function like that seen in Toxoplasma.

In recent years, several small molecules targeting myosins have
been developed as promising treatments for diverse pathologies
such as cardiac diseases and asthma30-3%, Amongst these mod-
ulators, CK-571 is able to selectively block smooth muscle myosin
by trapping an intermediate of the recovery stroke38. The design
of molecules able to block PIMyoA activity based on similar
principles, such as that found for CK-571, would be a highly
specific and efficient way to treat malaria. A ~1000-fold difference
in IC50 allows CK-571 to be tuned for inhibition of smooth
muscle myosin compared with cardiac or skeletal muscle myo-
sins, despite the fact that the allosteric drug binding pocket cor-
responds to conserved residues in sequence among these Myo2
motors. The divergence of PfMyoA in terms of sequence and
mechanism would ensure an even higher selectivity for inhibitors
of the recovery stroke. The atypical mechanism of PfMyoA
described here and the structural blueprints provided should
therefore enable the specific design of inhibitors that could stall
the progression of malarial infection.

Methods

Expression constructs. Full-length PfMyoA heavy chain (PlasmoDB ID
PF3D7_1342600/ GenBank accession number XM_001350111.1), with Sf9 cell
preferred codons, was cloned into the baculovirus transfer vector pFastbac (pFB). A
13 amino acid linker separates the C-terminus of the PfMyoA heavy chain from an
88 amino acid segment of the Escherichia coli biotin carboxyl carrier protein®,
which gets biotinated during expression in Sf9 cells, followed by a C-terminal
FLAG tag for purification via affinity chromatography. The S19A or K764E
mutated versions were generated using site directed mutagenesis. The AN version
of full length PfMyoA heavy chain was made by removing residues Ala2 through
Ser19. All PCR products were cloned into the baculovirus transfer vector pAcSG2
(BD Biosciences) to make recombinant virus for the Sf9 expression system. The
mouse utrophin (NP_035812) clone was a gift from Kathleen Ruppel and James
Spudich. It was modified so that utrophin residues 1-H416 were followed by
C-terminal biotin and FLAG tags. It was cloned into pFastbac for production of
recombinant baculovirus and subsequent expression in Sf9 cells.

Protein expression and purification. The full-length PfMyoA heavy chain or
mutant constructs (S19A, K764E, AN) were co-expressed with the chaperone
PUNC and the light chains (PfMTIP and PfELC) in Sf9 cells as described in ref. 1°.
The cells were grown for 72h in medium containing 0.2 mg/ml biotin, harvested
and lysed by sonication in 10 mM imidazole, pH 7.4, 0.2 M NaCl, 1 mM EGTA,
5mM MgCl,, 7% (w/v) sucrose, 2mM DTT, 0.5 mM 4-(2-aminoethyl)benzene-
suflonyl fluoride, 5 pg/ml leupeptin, 2 mM MgATP. An additional 2 mM MgATP
was added prior to a clarifying spin at 200,000xg for 40 min. The supernatant was
purified using FLAG-affinity chromatography (Sigma). The column was washed
with 10 mM imidazole pH 7.4, 0.2 M NaCl, and 1 mM EGTA and the myosin
eluted from the column using the same buffer plus 0.1 mg/ml FLAG peptide.
The fractions containing myosin were pooled and concentrated using an
Amicon centrifugal filter device (Millipore), and dialyzed overnight against 10 mM
imidazole, pH 7.4, 0.2 M NaCl, 1 mM EGTA, 55% (v/v) glycerol, 1 mM DTT, and
1 pug/ml leupeptin and stored at —20 °C. Utrophin purification was essentially the
same as for myosin but without the MgATP steps. Skeletal muscle actin was
purified from chicken skeletal muscle tissue essentially as described in*!.
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His-tagged PfMTIP and PfELC were bacterially expressed using BLR(DE3)-
competent cells and the isopropyl p-D-thiogalactopyranoside induction system®(.
Pellets were lysed by sonication in 10 mM sodium phosphate, pH 7.4, 0.3 M NaCl,
0.5% (v/v) glycerol, 7% (w/v) sucrose, 7mM f-mercaptoethanol, 0.5 mM 4-(2-
aminoethyl)benzenesuflonyl fluoride, and 5 pg/ml leupeptin. The cell lysate was
clarified at 26,000xg for 30 min. The supernatant was boiled for 10 min in a double
boiler, clarified at 26,000xg for 30 min, and the supernatant loaded on a His-select
nickel-affinity column (Sigma). The resin was washed in 10 mM sodium
phosphate, pH 7.4, 0.3 M NaCl before being eluted in the same buffer containing
200 mM imidazole. The protein was concentrated and dialyzed overnight against
10 mM imidazole, pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM MgCl,, 55% (v/v)
glycerol, 1 mM DTT and stored at —20 °C.

Crystallization and data processing. Crystals of PIMyoA motor domain in Post-
rigor and Rigor-like states (type 1 crystals) (10 mg.ml~!) were obtained at 4 °C by
the hanging drop vapor diffusion method from a 1:1 mixture of protein with 2 mM
EGTA and precipitant containing 18% PEG 3350; 100 mM glycine pH 8.6. Crystals
of PIMyoA motor domain in Pre-powerstroke state (type 2 crystals) were obtained
at 17 °C by the hanging drop vapor diffusion method from a 1:1 mixture of protein
(21 mg.ml~!) with 2mM MgADP.VO, and precipitant containing 0.6 M K-
Phosphate dibasic and 0.7 M Na-Phosphate monobasic. Crystals were transferred
in the mother liquor containing 30% glycerol before flash freezing in liquid
nitrogen. X-ray diffraction data were collected at 100 K on the PX1 (A = 0.906019
A) for type 1 crystals and on the PX2 (A =0.979384 A) for type 2 crystals, at the
SOLEIL synchrotron. Diffraction data were processed using the XDS package*? and
AutoProc®3. Data obtained from the crystal type 2 were anisotropic, processing has
been performed with StarAniso?4. The crystals type 1 belong to the P2, space group
with four molecules per asymmetric unit. The type 2 crystals belong to the
P6,22 space group with one molecule per asymmetric unit. The cell parameters and
data collection statistics for these crystals are reported in Supplementary Tables 1
and 2, respectively.

Structure determination and refinement. Molecular replacement in type 1
crystals was performed with the motor domain (residues 66-688) of scallop myosin
2 in Post-rigor state (PDB code 1B7T) and in Rigor-like state (PDB code 20S8)
without water and ligand with Phaser®> from the CCP4i program suite. Manual
model building was achieved using Coot*¢. Refinement was performed with Bus-
ter*”. The statistics for most favored, allowed and outlier Ramachandran angles are
95.63, 3.97, and 0.4%, respectively. Structure determination indicated that this
crystal form corresponds to three molecules in the Post-rigor state (chains A, B, C)
and one molecule in the Rigor-like state (chain D). The final model has been
deposited on the PDB (PDB code 617D). The procedure for structure determina-
tion and refinement for crystals type 2 was identical, using one molecule of
PfMyoA in Post-rigor state without the converter (residues 2-704) and without
water and ligand as search model for molecular replacement. The statistics for most
favored, allowed and outlier Ramachandran angles are 82.49, 13.40, and 4.11%,
respectively. Structure determination indicated that this crystal form corresponds
to the Pre-powerstroke state. The final model has been deposited on the PDB (PDB
code 6I7E).

Molecular dynamics simulations. The procedure used for molecular dynamics
simulation is similar to what was described in*® Inputs were prepared with the
CHARMM-GUI#® with the Quick MD Simulator module>°. The CHARMM36
force field>! was used to describe the full systems in a box with explicit water
(TIP3P model) and salt (KCl reaching 150 mM). The protocol provided in the
Quick MD output was followed. Gromacs®? (VERSION 5.0-rc1) was used to
execute the 60 ns simulations. Each molecular dynamics simulation was analyzed
with the Gromacs tools.

Motor cycle reconstitution and visualization. In this study, we reconstitute the
motor cycle based on three structural states: Post-rigor (PR), Pre-powerstroke
(PPS) and Rigor-like. To visualize structural changes during the powerstroke, we
used a comparison between the PPS and the Rigor-like states. We have made some
animations (Supplementary Movies 1-4) to compare the conformation of the
different connectors in the PPS and in the Rigor-like in conventional myosins
(ScMyo2) and in the atypical PfMyoA. Morphs were not used to illustrate the
transition between the PPS and the Rigor-like states since the isomerization occurs
through intermediate states® which are not known for these myosins, this kind of
procedure would thus be misleading.

In order to visualize the powerstroke of a conventional class IT myosin, we have
used scallop myosin II (ScMyo2). The structures of the Pre-powerstroke (PPS) and
of the Rigor-like states of ScMyo2 have been solved in different organisms: PPS of
bay scallop (Argopecten irradians) ScMyo2 (PDB code 1QVT, resolution 2.54 A)
and Rigor-like state of Atlantic deep-sea scallop (Placopecten magellanicus) ScMyo2
(PDB code 2088, resolution 3.27 A). The sequence of ScMyo2 heavy chain in these
two species is highly conserved for the motor domain (92% identity, 95%
similarity) and the two structures can thus be used to reconstitute the powerstroke
of ScMyo2.

Unloaded and loaded in vitro motility measurements. Before the assay, myosin
heads that cannot release from actin upon binding MgATP were removed by a 20
min spin at 350,000xg in the presence of 1.5 mM MgATP and a three-fold excess of
skeletal actin. Myosin and utrophin (when applicable) concentrations were
determined using the Bio-Rad Protein assay. The following solutions were added to
a nitrocellulose-coated flow cell in 15 pl volumes. 0.5 mg/ml biotinylated bovine
serum albumin (BSA) in buffer A (150 mM KCl, 25 mM imidazole pH 7.5, 1 mM
EGTA, 4 mM MgCl,, and 10 mM DTT) was added and incubated for 1 min. Three
additions of 0.7 mg/ml BSA in buffer A and a 2 min wait prevent subsequent
nonspecific binding of either the myosin or utrophin. 25 ug/ml neutravidin
(Thermo Fischer Scientific) in buffer A was added for 1 min and then rinsed three
times with buffer A. 120 ug/ml PfMyoA (and utrophin, when performing a loaded
in vitro motility assay) was flowed into the cell and rinsed 3 times with buffer A
after a 1 min wait. All myosin and utrophin constructs contained a C-terminal
biotin tag for specific attachment to the neutravidin coated flow cell. Rhodamine-
phalloidin labeled skeletal muscle actin was incubated for 30 s followed by one
rinse with buffer A and one rinse with buffer B. Buffer B is buffer A plus 0.5% (w/v)
methylcellulose, 25 ug/ml PfELC and 25 pg/ml PMTIP and oxygen scavengers (50
pg/ml catalase (Sigma), 125 pug/ml glucose oxidase (Sigma), and 3 mg/ml glucose).
Motility was initiated by adding buffer B containing 2 mM MgATP twice to the
flow cell, and waiting 1 min for temperature equilibration (30 °C) on the
microscope.

Actin filaments were visualized using an inverted microscope (Zeiss Axiovert 10)
equipped with epifluorescence, a Rolera MGi Plus digital camera, and a dedicated
computer with the Nikon NIS Elements software package. Filaments were
automatically tracked and analyzed, both under unloaded and loaded conditions,
with the Fast Automated Spud Trekker analysis program (FAST, Spudich
laboratory, Stanford University). This online software is available free for download
(http://spudlab.stanford.edu/fast-for-automatic-motility-measurements/).

Speeds for all unloaded motility experiments were fit to a Gaussian curve. All
loaded motility data sets were fitted to the equation:

Time mobile = KMy -
K + M, [utrophin|

Where M, is percent mobile filaments in unloaded conditions, Ks is a pseudo actin-
utrophin dissociation constant (in nM), that is sensitive to myosin ensemble force,
and % time mobile is the total duration of filaments in the mobile state divided by
the total duration of the combined stuck and mobile states (see ref. 3! for a detailed
explanation).

Actin-activated ATPase activity. The actin-activated ATPase activity of all
PfMyoA constructs was determined at 30 °C in 10 mM imidazole pH 7.5, 5 mM
KCl, 1 mM MgCl,, 1 mM EGTA, 1 mM DTT, and 1 mM NaNj as a function of
skeletal actin concentration. The salt concentration was kept low (5 mM) to
minimize K., values and reach V., with actin concentrations that are compatible
with this assay. Actin-activated ATPase activity was determined using a linked
assay, which couples the regeneration of hydrolyzed ATP to the oxidation of
NADH to NAD+. Pyruvate kinase (Sigma), in the presence of phophoenolpyruvate
(Sigma) and low ADP concentrations, regenerates ATP. In a subsequent reaction,
pyruvate is converted to lactate by L-lactate dehydrogenase (Sigma) which oxidizes
NADH (Sigma) to NAD+-. The decrease in optical density at 340 nm as a function
of time was measured on a Lambda 25 UV/VIS spectrophotometer (Perkin Elmer),
with a 300 s data monitoring window sampled every 2 s. Data were fit to the
Michaelis-Menten equation.

Transient kinetics. All kinetic experiments were performed in 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.5, 50 mM KCl, 4 mM MgCl,,
1 mM EGTA, and 1 mM DTT at 30 °C using a KinTek stopped-flow apparatus
(KinTek Corporation, model SF-2001). All concentrations stated are those after
mixing in the stopped-flow cell. Light scattering at 295 nm was used to monitor the
dissociation of the actomyosin.ADP complex (skeletal actin) by 2 mM MgATP.
Light scattering of unlabeled acto-PfMyoA was observed with an incident beam of
295 nm and detected orthogonal to the incident beam with a 295 nm interference
filter. All traces were analyzed using the software provided by KinTek and fit to
single exponential fits. Typically, multiple (3-10) time courses were averaged before
fitting to an exponential.

Mass spectrometry. The phosphorylation status of expressed PIMyoA was
determined by liquid chromatography tandem mass spectrometry (LCMS/MS).
Aliquots of PfMyoA heavy chain (104 kDa) and PfMyoA heavy chain treated with
dephosphorylation with calf intestinal phosphatase (CIP; New England Biolabs,
MO0290S) were separated by SDS-PAGE, stained with Coomassie and excised from
the gel. The bands were destained with 50% acetonitrile (ACN), dehydrated with
100% ACN and dried in a speed vacuum device. The bands were destained,
reduced, alkylated and digested with 2 pg of trypsin (Promega) as decribed!®. The
resultant peptides were dried in a speed vacuum device and then reconstituted in
0.05% trifluoroacetic acid. The peptides were separated on an Acquity UPLC HSS
T3 column (100 A, 1.8 pm, 1 mm x 150 mm) (Waters) attached to a Dionex Ulti-
Mate 3000 high pressure liquid chromatography system (HPLC) (Dionex). The
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HPLC effluent was directly injected into a Q Exactive Hybrid Quadrupole-Orbitrap
mass spectrometer through an electrospray ionization source (ThermoFisher). Data
were collected in data-dependent MS/MS mode with the top 5 most abundant ions
being selected for fragmentation.

Peptides were identified from the resultant MS/MS spectra using SEQUEST run
via Proteome Discoverer 2.2 software (ThermoFisher). These searches were
performed against a custom database that reflected the cloned gene (PfMyoA heavy
chain) plus tags. Peptide oxidation was accounted for by addition of 15.99 and
31.99 Da to each methionine, carbamidomethylation was accounted for by addition
of 57.02 Da to each cysteine, and phosphorylation was accounted for by adding
79.97 Da to each serine, threonine or tyrosine residue. All identifications were
manually confirmed by inspection of the MS/MS fragmentation spectra. LC peak
areas were quantified for each peptide using Proteome Discoverer 2.2. The LC peak
areas were normalized using the median abundance of the top 5 most abundant
PfMyoA peptides. The degree of phosphorylation was estimated from abundance
of non-phosphorylated VSNVEAFDK peptide (containing serine 19) in the
untreated PfMyoA samples relative to that in the samples dephosphorylated with
CIP using a mass-balance approach’%.

DNA manipulation. For generation of Myo-LP constructs, synthetic gene frag-
ments were ordered (GENEWIZ or Thermo Scientific) comprising the re-codon
optimized myosin sequence, loxPint module, tags and T2A skip peptide with 30 bp
Gibson flanks. These were assembled with a ~700 bp long homology region
(amplified from 3D7 genomic DNA) by Gibson assembly. The parent vector
(pARL-FIKK10.1) was a gift of Dr Moritz Treeck (Crick Institute). Plasmids were
purified from E. coli cultures using QITAGEN Plasmid Maxi kit.

P. falciparum culture and transfection. Strain B1113, which constitutively expresses
inducible DiCre, was cultured in RPMI 1640 (Life Technologies) under standard
conditions®” at 4% hematocrit and synchronized with 5% sorbitol (Sigma)°C. Parasites
were grown to 5% at ring stage and electroporated with 100 ug of plasmid in 15 pL
of sterile TE buffer added to 385 pL sterile Cytomix°’. Plasmid uptake was selected
for by adding fresh media with 3 nM WR99210 daily for 7 days, then every

2-3 days until parasite population re-established. Transfectants were grown to
2-4% parasitaemia and integration was selected for with 400 pg/mL G41821. Fresh
media with G418 was added for 10 days before parasites were returned to drug-free
media. MyoA-cKO parasites were cloned by limiting dilution.

Genotyping, western blotting, and immunofluorescence assays. DNA was
extracted using the PureLink Genomic DNA Mini kit (Invitrogen) for genotyping.
Schizonts at ~5% parasitaemia were lysed using 0.1% saponin/PBS (Sigma) and
prepared for Western Blotting by standard methods. The presence of FLAG
(F1804, Sigma) or GFP (Roche) was probed using primary antibody at 1:1000
dilution with the appropriate HRP-coupled secondary antibody added at 1:3000
dilution. Detection was performed with ECL (Amersham).

Schizonts at 5% parasitaemia or higher were treated with cysteine protease
inhibitor E64 (10 uM) for 4-6 h to prevent egress, then fixed with 4% PFA/0.025%
glutaraldehyde/PBS for 1h, permeabilised with 0.1% Triton X-100/PBS for 10 min
and blocked overnight at 4 °C in 3% BSA/PBS. Fixed cells were incubated with
aFLAG (F1804, Sigma), aGAP45°8 and aGFP antibodies (Roche) at 1:500 dilution
in 3% BSA/PBS for 2 h, then washed three times in PBS. Secondary antibodies were
added at 1:1000 dilution in 3% BSA/PBS and incubated for 1h, then cells were
washed three times in PBS. The cells were resuspended to a hematocrit of 10% and
mounted with DAPI-VECTASHIELD (Vectorlabs). Images were acquired with an
OrcaFlash4.0 CMOS camera using a Nikon Ti Microscope (Nikon Plan Apo 100 x
1.4-N.A. oil immersion objective). Z-stacks were acquired with a step size of 0.2 pm
and images were deconvoluted using the EpiDEMIC plugin with 50 iterations in
Icy®. Subsequent image manipulations were carried out in ImageJ260-62,

Conditional myosin knockout and quantification. 30 ml of synchronous, late
stage parasites at 5% parasitaemia were purified by density gradient centrifugation
with 70% Percoll supplemented with sorbitol®3. The purified schizonts were
incubated with fresh RBCs at 1% hematocrit for 2-3 h, shaking at 100 rpm. Once
new rings reached >10% parasitaemia the remaining schizonts were lysed by sor-
bitol treatment and rings were split equally into two 10 ml dishes at 2-4% para-
sitaemia, 4% hematocrit and incubated for 16 h with 0.05% DMSO or rapamycin
(100 nM, Sigma), as well as heparin to prevent any further invasion (Pfizer, 1:25
dilution). Cultures were washed twice in complete media to remove heparin and
DMSO/RAP, then transferred to 96 well plates in triplicate at 2% parasitaemia,
0.15% hematocrit for quantification, with invasion inhibitors heparin (1:25) or
CytoD (500 nM) added to control samples. Parasites were allowed to proceed to the
following cycle, and at 16-24 h post invasion were stained with SYBR Green I
(Sigma) at 1:5000 dilution for 15 min. After three washes in PBS the parasites were
analyzed by flow cytometry. Gates were set for RBCs, single cells and SYBR Green-
positive cells (Supplementary Fig. 11).

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

All data are available from the corresponding author upon reasonable request. The
crystallographic structures can be found on the Protein Data Bank (PDB codes 617D and
61I7E). The source data underlying Figs. le, 5b—e and Supplementary Fig 7 are provided
as a Source Data file.
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Supplementary Figure 1 | Plasmodium falciparum life cycle and current treatments. (a) The
apicomplexan parasite Plasmodium falciparum displays a complex life-cycle with two hosts:
mosquitos from the genus Anopheles and Homo sapiens. In the human host, the parasite alternates
between highly motile stages called Sporozoites, able to use a substrate-dependent mode of
locomotion broadly termed gliding motility (~2 pm/s) and immobile but invasive Merozoites.
Merozoites invade blood cells, performing asexual reproduction until gametocytes appear, in order
to perform sexual reproduction once they are collected via another mosquito bite. Current
antimalarial therapeutics for malaria, targeting the Plasmodium parasite can be subdivided into
three classes: (i) Prophylactic treatments aimed at blocking malarial infection in the early stages.
Liver stage prophylaxis (Primaquine, Malarone) blocks hepatic invasion by sporozoites. Blood
stage prophylaxis (Chloroquine, Mefloquine, Amodiaquine) blocks primary infection of the
erythrocytes by the merozoites. These treatments are preventive but resistance by the parasite is
already demonstrated'. (ii) Symptomatic treatments aim to eliminate the parasite in the asexual
reproduction blood stages. The most important of these treatments are derivatives and combination
therapies (ACTs) based on artemisinin which likely work in many ways such as via interfering with
hemoglobin digestion by the parasite, thus blocking its development. Recent reports of resistant to
ACTs suggests this frontline antimalarial is under threat. See? for review. (iii) Transmission blocking
treatments which aim to block the transmission of the parasites in a population. Drugs in this class
may target gametocytes or stages of development in the mosquito. For a review see®. (b) Schematic
representation of the glideosome, the macromolecular complex responsible of gliding motility.
Movement production relies on a specific actomyosin system comprising myosin A (PfMyoA) and
actin 1 (PfActl). PfMyoA contains the essential light chain (ELC) and the myosin tail domain
interacting protein (MTIP). MTIP anchors PfMyoA to the inner membrane complex (IMC) via GAP
proteins. Short and oriented PfAct1 filaments are anchored to the parasite plasma membrane (PPM)
via adhesins that bind host receptors from the host plasma membrane (HPM).
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Supplementary Figure 2 | Motor cycle of a canonical myosin. (a) During the mechanical cycle,
myosins explore distinct structural states depending on the nucleotide bound. ATP binding in the
myosin active site triggers detachment of the motor from F-actin while myosin adopts the Post-rigor
state (PR) of poor affinity for F-actin and with a lever arm down. The recovery stroke allows
priming of the lever arm (comprising the essential light chain (ELC) and the regulatory light chain
(RLC)), leading to the pre-powerstroke state (PPS) in which ATP hydrolysis can occur. The PPS
state has a low affinity for F-actin but its association with F-actin triggers rearrangements during the
powerstroke that couples the release of hydrolysis products and the swing of the lever arm. The
nucleotide-free Rigor state has high affinity to F-actin. (b) Cartoon representation of scallop myosin
IT (ScMyo02) in the Rigor-like state (PDB code 20S8). The subdomains of the myosin are shown in
transparency: N-terminal (N-term, grey); Upper 50 kDa (U50); Lower 50 kDa (L.50); converter
(green). The myosin lever arm is composed of the converter whose last helix extends to form a
helical domain containing the IQ motifs to which light chains bind. Here the first IQ domain,
(cyan), which binds an ELC (pale pink) is represented schematically. The active site loops and the
connectors driving the lever arm swing during the powerstroke are represented in plain: P-loop
(light pink); Switch-1 (olive); Switch-2 (orange); Relay (yellow); Wedge (pale green); SH1-helix
(red); SH2-helix (grey) as well as the conserved SH2-SH1 glycine (fulcrum) (pink sphere). For
detail on the rearrangements of these connectors during the powerstroke see Supplementary Fig. 4.



Supplementary Figure 3 | The interface between the N-term extension and the N-term
subdomain is conserved during the motor cycle of PfMyoA, as well as in T. gondii myosin A
(TgMyoA). The network of interactions between the PfMyoA N-term extension and N-term
subdomain are represented in the PR state (a), the PPS state (b) and the Rigor-like state (c). In all
states, these interfaces are conserved and the N-term extension stays in the same position with the
same conformation, although small differences occur for the distal flexible loop (residues 25-29).
Most of these interactions are hydrophobic, with an exception for the electrostatic interactions
involving the phosphoserine 19 (SEP19). (d) A structure of the motor domain of TgMyoA lacking
the N-term extension (6DUE) has been solved* and is similar to our PfMyoA PPS structure, but its
SH3 domain is disorganized and it lacks the key N-term extension containing the phosphorylation
sites. Homology modeling (SWISS-MODEL?) based on the Pf structures solved here predict that
the TgMyoA N-term extension has the same structure and would interact similarly as shown here
with the PfMyoA structures. A study of the interface between the N-term extension and the N-term
subdomain of TgMyoA, suggests that the interactions described in PfMyoA are conserved in
TgMyoA. This assessment is supported by the sequence alignment between the two motors. (e),
revealing that most of the residues involved in the interactions, including the phosphorylated serine,
are conserved. Interestingly, TgMyoA displays three phosphorylation sites in the N-term extension:
S20; S21 (homologous to S19 in TgMyoA) and S29. This also suggests that the tunable force-
transduction mechanism described in this work may be conserved in Toxoplasma gondii. A
complete structure of phosphorylated TgMyoA is needed to confirm these hypotheses.
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Supplementary Figure 4 | Canonical structural rearrangements in a myosin motor domain.
Cartoon representation of scallop myosin II (ScMyo2) in the pre-powerstroke state (PPS) (PDB
code 1QVI) and of scallop ScMyo2 in the Rigor-like state (PDB code 20S8). (Top), an overall view
of the motor domain is presented to show the canonical structural elements of conventional myosin.
(Bottom), a zoom on the Wedge shows the allosteric transduction within the motor domain. During
the powerstroke, sequential release of the hydrolysis products triggers global rearrangements of the
motor domain. Changes in the Switch-2 conformation push the Wedge near the Relay/SH1-helix
since they interact via conserved hydrophobic interactions between S“'“"?F464 and “*‘®*H582,
Wedgey' 583 and V¢ A584. The bulky side chain of “*%°Y583 participates in the release of the Relay
kink and in the piston-like movement of the SH1-helix, triggering the lever arm swing.
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Supplementary Figure 5 | The mechanism of force production by a conventional myosin II
(scallop myosin II, ScMyo2). Here the key elements in allosteric communication during the
powerstroke of a conventional myosin II are presented. The structure of the pre-powerstroke state
(PPS) of scallop myosin II (PDB code 1QVI) and the structure of the Rigor-like state of scallop
Myo2 (PDB code 20S8) have been used for the figures. (a) In the PPS state of conventional
myosins, the Relay is in a primed position and it establishes a network of hydrophobic interactions
with the SH1-helix. The Wedge is in a distal position from these elements. Release of hydrolysis
products triggers a reorganization of Switch-2 and thus a cascade of events favoring the lever arm
swing (arrows). (b) During the powerstroke, Switch-2 rearrangements displaces the Wedge close to
the Relay and the SH1-helix. To avoid steric hindrance with the aromatic side chain of Y583, a
piston-like movement of the SH1-helix occurs coordinated with the straightening of the kink in the
Relay while the network of interactions between these two elements is remodeled. The piston-like
movement of the SH1-helix is allowed by the presence of a deformable connector at the SH2-SH1
junction called the fulcrum (G695) (shown as a pink ball). As with PfMyoA (see Fig. 5b), in Myo2,
a conserved aromatic residue from Switch-2 (F464) interacts with hydrophobic residues of the
Wedge in both the PPS and Rigor-like state. This conserved interaction drives the movement of the
Wedge during the powerstroke and positions it close to the Relay. The view in (b) is rotated ~45°
anticlockwise compared to (a). (c¢) Similar figure as in (a) in which now the major interactions
between the converter and both the Relay and the SH1-helix are shown. These interactions transmit
and amplify the structural rearrangements of the motor domain. Thus, the piston-like movement of
the SH1-helix and the straightening of the Relay kink trigger the swing of the converter.
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Supplementary Figure 6 | Gel and mass spectrometry-based analyses of PfMyoA
phosphorylation state. (a) 12% SDS-PAGE of PfMyoA expressed with full-length MTIP or
truncated AN-MTIP (starts at residue Ser61), stained with Coomassie (left panel) or ProQ Diamond
(Invitrogen, P33300) phosphoprotein stain (right panel). Lanes 1,1°, molecular mass markers; lanes
2,2, 3, 3, two loads of PfMyoA-AN-MTIP; lanes 4, 4°,5, 5°, two loads of PfMyoA-MTIP. The
heavy chain and full-length MTIP were phosphorylated, but AN-MTIP was not. (b) 4-12% SDS-
PAGE of PfMyoA expressed with full-length MTIP and stained with Coomassie (left panel) or ProQ
Diamond phosphoprotein stain (right panel). Lanes 1, 1°, molecular mass markers; lanes 2, 2’
PfMyoA as expressed in Sf9 cells; lanes 3, 3’ following dephosphorylation with calf intestinal
phosphatase (CIP; New England Biolabs, M0290S). Both the heavy chain and MTIP were
dephosphorylated by CIP. (c) PfMyoA bands were excised from the 4-12% SDS-PAGE gels,
digested with trypsin to produce peptides and analyzed by liquid chromatography mass
spectrometry (LCMS). LCMS MS fragmentation spectra of the VSpNVEAFDK phosphopeptide
containing PfMyoA serine 19. The sequence identity and position of phosphate were confirmed by
the continuum of fragment ions (y- and b-ions). Similar mass spec analyses identified the sites of
phosphorylation on MTIP as Ser 51, 55, 58 and 61°. (d) LCMS peptide elution profiles for the non-
phosphorylated VSNVEAFDK (RT = 25.2 min; m/z = 504.7535) and phosphorylated
VSpNVEAFDK (RT = 28.0 min; m/z = 544.7366) peptides found in the untreated and CIP-treated
PfMyoA samples. Y-axis for the right panel was increased 40-fold to account for the difference in
the intrinsic ionization efficiency between the non-phosphorylated and phosphopeptides (right
panel). 96 + 1% (+ SD, n = 6, 2 independent preparations) of the peptides found in the untreated
sample were phosphorylated at serine 19 and CIP treatment removed almost all of the phosphate
from the peptide.
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Supplementary Figure 7 | Phospho-mimic S19E does not recapitulate phosphorylation,
ensemble force data shown in Fig. 5e extended to higher utrophin concentrations, and data for
AN with expanded y-axis scale compared with Fig. 5b-d. (a) Speed distributions from a
representative in vitro motility assay showing that the phospho-mimic S19E does not recapitulate
phosphorylation. WT (black), 3.88 + 0.54 pm/sec (n=4294 filaments); S19A (red), 2.07 £ 0.28
pm/sec (n=5291 filaments); S19E (purple), 2.82 + 0.47 pm/sec (n=4213 filaments). Values are
mean * SD. (b) Ensemble force fits from Fig. 5e with data at higher utrophin concentrations shown.
() In vitro motility speed for AN, (d) actin-activated ATPase activity for AN, and (e) ADP release
rate for AN, each with expanded y-axis scales compared with Fig. 5b-d. Source data are provided as
Source Data File.
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Supplementary Figure 8 | Molecular dynamics of the phosphorylated wild-type (WT) and
K764E mutant. The mutant K764E in the Rigor state has been studied in silico to analyze the
effect of introducing a repulsive interaction instead of the electrostatic bond between “™*"*'K764
and SEP19 from the N-term extension. On the left (a and b), a “putty representation” of the
PfMyoA motor domain in the Rigor state (aa 1-768) represents the RMS fluctuations observed
during 60 ns simulations with RMS scale ranging from 0.6 A (yellow) to 4.8 A (red). (a) WT, (b)
K764E. In (c), superimposition on the N-term subdomain of the two putty representations. In the
WT, during the entire duration of the dynamics, the converter stays in position and the electrostatic
bond established between SEP19 and K764 is maintained. In contrast, the electrostatic repulsion
introduced in the K764E mutant fails to maintain the converter in position. It is progressively
displaced from its original position together with the Relay but not with the SH1-helix that
maintains its position. (d) Schematic representation of the molecular dynamics results: the motor
domain is represented in pale purple, the N-term in light grey, the WT converter in light blue and
the K764E converter in light orange. In the WT, the converter establishes an electrostatic bond with
SEP19 from the N-term extension via K764, this stabilizes the Rigor-like conformation of PfMyoA.
When the mutation K764E is introduced, the converter is no longer stabilized in its rigor
conformation and is progressively exploring positions that are further away from the N-terminal
subdomain and its WT position.



Supplementary Figure 9 | Stereo view of the electron-density map for the phosphoserine
SEP19 in the three PfMyoA structural states. The 2Fo-Fc electron density map contoured at 1.0
o is presented for each state. The structures of the Rigor and the Post-rigor (PR) states comes from
the asymmetric unit of the same crystal (crystal type 1) and have been solved at a resolution of 2.82
A. The structure of the pre-powerstroke state (PPS) has been solved at 3.49 A (crystal type 2).
Despite the lower resolution for the PPS state, the electron density map is well-defined for SEP19
and for the interacting residues. See Supplementary Tables 1 & 2 for data processing and
refinement statistics.
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Supplementary Figure 10 | N-terminus extension in PfMyoA and Myosin-1b. (a) Cartoon
representation of the Rigor-like state of PfMyoA (top) and of Myosin-1b (Myolb) (bottom, PDB
code 4L79). The N-term extension of PfMyoA and Myo1b are represented as spheres and colored in
purple and hotpink respectively. The comparison between the two structures illustrates the
differences in terms of location and orientation between the N-term extensions of these two
myosins. Note that Class 1 myosins do not have a SH3-like domain as part of their N-term sequence
as most other class do (shown in cyan for PfMyoA). Color code: N-term (grey), U50 (marine blue),
L50 (wheat tint), Relay helix (yellow), SH1-helix (red), transducer (deepteal cyan), converter
(green), last helix of the converter (yellow sand).
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Supplementary Figure 11 | flow cytometry plots showing the gating strategy used to produce
data for Fig 1B. RBCs were gated out, then single cells, then infected RBCs as DNA-positive cells.



Supplementary Tables

Supplementary Table 1. Data collection and refinement statistics of crystal type 1 (Rigor-
like and PR states). PDB code 617D.

Rigor-like and PR MD PfMyoA

Data collection

Space group P2,
Cell dimensions
a,b, ¢ (A) 63.52, 258.73, 103.09
a, B,y (©) 90 92.08 90
Resolution (A) 44.22-2.82 (2.921-2.82)*
Rineas 0.1163 (0.8961)
1/ ol 12.54 (1.97)
CCip (%) 99.7 (70.5)
Completeness (%) 98.75 (96.41)
Redundancy 5.1 (5.0)
Refinement
Resolution (A) 44.22-2.82
No. reflections 403,952 (total), 78757 (unique)
Ryork / Riree (%) 18.70/24.10
No. atoms
Protein 23917
Ligand/ion 14
Water 423
B-factors
Protein 71.85
Ligand/ion 57.10
Water 53.64

R.m.s. deviations
Bond lengths (A) 0.015
Bond angles (°) 1.82

*Values in parentheses are for highest-resolution shell.



Supplementary Table 2. Data collection and refinement statistics of crystal type 2 (PPS

state). PDB code 6I7E.

PPS MD PfMyoA
Data collection
Space group P6,22
Cell dimensions
a, b, c(A) 197.460, 197.460, 175.144
a, B,y (©) 9090 120

Resolution (A)
Runeas (all I+ and 1-)
Runeas (within I+/1-)
1/ ol

CCi2 (%)
Completeness (%)
(Spherical)
Completeness (%)
(Ellipsoidal)
Redundancy

Refinement
Resolution (A)
No. reflections
Rwork / Rfree (%)
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)

171.005-3.492 (3.735-3.492)*
0.186 (2.456)

0.201 (2.490)

12.10 (1.40)

99.9 (69.4)

59.5 (16.50)*

94.7 (66.4) *

22.6 (21.8)*

25.17-3.492 (3.615-3.492)
31114 (total), 15557 (unique)
19.50/23.30

6061

33

0

150.76

140.47

0.017
1.88

*Values in parentheses are for highest-resolution shell.
Data collection values obtained after using StarAniso.



Supplementary Table 3. In vitro motility speed distributions of various PfMyoA constructs.

PfMyoA mean +SD Number of
construct (um/s) (um/s) Filaments

WT 3.84 0.55 4408
3.92 0.53 5475

3.82 0.59 3748

3.90 0.47 6600

3.89 0.66 3634

S19A 2.07 0.33 6441
2.04 0.35 6072

1.99 0.26 5039

2.02 0.26 5250

2.07 0.28 5260

K764E 1.76 0.29 3962
1.70 0.24 5555

1.73 0.32 3079

1.75 0.23 5962

AN 0.23 0.04 2310
0.26 0.04 3485

0.25 0.03 2474

0.23 0.03 1696

0.22 0.04 2046

WT, 5 technical replicates, 3 protein preparations; S19A, 5 technical replicates, 2 protein
preparations; K764E, 4 technical replicates, 2 protein preparations; AN, 5 technical replicates, 2
protein preparations. Conditions: 25 mM imidazole, pH 7.5, 150 mM KCI, 1 mM EGTA, 4 mM
MgClz, 10 mM DTT, 2 mM MgATP, 0.5% (w/v) methylcellulose, 25 pg/ml PfELC, 25 pg/ml
PfMTIP and oxygen scavengers (50 pg/ml catalase, 125 pug/ml glucose oxidase, and 3 mg/ml
glucose. 30°C. SD, standard deviation.



Supplementary Table 4. Rate of ADP release from actomyosin at various temperatures.

PfMyoA 20°C 25°C 30°C
construct (s?) (s?) (s?)
WT 79.4+0.6 171.5+09 2859123
98.0+0.5 188.2+1.2 320425
1314+1.2 266.0+2.2 384.4+6.0
93.1+0.7 186.2+1.2 333.2+3.1
1142+1.0 233.1+34 347.81+4.8
S19A 30.2x0.1 - 111.5+0.2
29.8+0.1 58.4+0.2 107.7+£0.3
39.1+0.1 72903 128.2+0.6
K764E 18.1+0.1 43.2+0.2 95.2+0.6
26.8+0.1 56.2+0.3 112.3+0.9
20.2+0.2 451+04 103.0+1.2
AN 1.64 £0.01 3.78£0.01 9.26 £ 0.01
2.10+0.01 5.03+0.01 10.90+£0.01
1.99+0.01 4,79+0.01 10.80 £ 0.02

Data from 3-5 protein preparations are shown for each construct.
Conditions: 10 mM HEPES, pH 7.5, 50 mM KCI, 4 mM MgCl,,
1 mM EGTA, and 1 mM DTT.
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Abstract Parasites from the genus Plasmodium are the causative agents of malaria. The
mobility, infectivity, and ultimately pathogenesis of Plasmodium falciparum rely on a
macromolecular complex, called the glideosome. At the core of the glideosome is an essential and
divergent Myosin A motor (PfMyoA), a first order drug target against malaria. Here, we present the
full-length structure of PfMyoA in two states of its motor cycle. We report novel interactions that
are essential for motor priming and the mode of recognition of its two light chains (PfELC and
MTIP) by two degenerate 1Q motifs. Kinetic and motility assays using PfMyoA variants, along with
molecular dynamics, demonstrate how specific priming and atypical sequence adaptations tune the
motor’s mechano-chemical properties. Supported by evidence for an essential role of the PfELC in
malaria pathogenesis, these structures provide a blueprint for the design of future anti-malarials
targeting both the glideosome motor and its regulatory elements.

Introduction

Parasites from the genus Plasmodium, the causative agents of malaria, are responsible for half of a
million deaths per year (WHO, 2018). Despite significant effort and money having been devoted for
developing vaccines and new preventive treatments, the malaria parasites are becoming resistant to
current artemisinin-based therapies (Haldar et al., 2018). The global death rate from malaria has
recently started to rise after many years of decrease (WHO, 2018), emphasizing the necessity to
develop new interventions, particularly because climate change may further expand the range of
Anopheles mosquitoes (Hertig, 2019; Ryan et al., 2020).

The mosquito-borne parasite P. falciparum, the deadliest species that infects humans, alternates
between motile and non-motile stages. Locomotion of apicomplexan parasites occurs by a process
called gliding motility (reviewed in Frénal et al., 2017). This mode of displacement and the infectiv-
ity of the parasite rely on a macromolecular assembly called the glideosome that is anchored in an
inner membrane complex located ~25 nm below the parasite plasma membrane (PPM). The core of
the glideosome consists of an atypical class XIV myosin A (PfMyoA) and a divergent actin (PfAct1).
PfMyoA is a short myosin with a conserved globular motor domain and a lever arm that binds two
light chains: an essential light chain (PfELC) and myosin tail interacting protein (MTIP) (Green et al.,
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2017, Bookwalter et al., 2017). The N-terminal extension of MTIP binds to integral membrane pro-
teins called GAPs (glideosome associated proteins), which anchors the myosin so that it can interact
cyclically with actin (Jones et al., 2012; Figure 1a) (reviewed in Frénal et al., 2017). PfMyoA is a
critical molecule in the parasite life-cycle because it powers the fast motility (~2 um.s™") required
during motile sporozoite stages (Mtinter et al., 2009), and is essential for providing the force (up to
40 pN) needed for non-motile merozoites to invade erythrocytes (Crick et al., 2014; Robert-
Paganin et al., 2019).

The molecular motor myosin has a conserved ATPase cycle in which the state of hydrolysis of the
nucleotide drives both the association with actin and movements of the lever arm. Structural reorga-
nization initiated at the active site is transmitted allosterically by connectors, and amplified by the
lever arm (Figure 1—figure supplement 1a, ¢ and d) (reviewed by Robert-Paganin et al., 2020).
We recently solved the X-ray structures of the P. falciparum MyoA motor domain in three states of
this ATPase cycle (Robert-Paganin et al., 2019), which revealed how the lack of consensus residues
in the connectors is compensated by the presence of a unique N-terminal extension of the heavy
chain (Figure 1—figure supplement 1d). Phosphorylation of Ser19 within this extension directly
tunes speed and force production (Robert-Paganin et al., 2019). The motor moves actin at high-
speed and exerts low ensemble force when phosphorylated; conversely, it produces more force at
the expense of slower speed when unphosphorylated (Robert-Paganin et al., 2019; Figure 1—fig-
ure supplement 1b). According to this model, phosphorylated PfMyoA would allow the parasite to
move at high velocity during motile stages such as the sporozoites, and when unphosphorylated,
would provide the high force necessary for merozoites to enter erythrocytes in invasive stages (Rob-
ert-Paganin et al., 2019).

The motor domain is not the only region of PfMyoA lacking myosin consensus sequences. The
lever arm typically contains ‘IQ motifs’ (consensus sequence IQxxxRGxxxR) that binds light chains or
calmodulin. In PfMyoA, both the first IQ motif and the PfELC that binds to it are so degenerate in
their sequence that the existence of an essential light chain was only recently recognized
(Green et al., 2017, Bookwalter et al., 2017, Figure 1a). The structure of MTIP in complex with a
Plasmodium 1Q2 peptide is the only structural information available for the PfMyoA lever arm
(Bosch et al., 2006; Bosch et al., 2007; Douse et al., 2012). Further structures are required to
establish how interactions between the motor domain and the lever arm influence the overall dynam-
ics and properties of the motor.

Here, we present the X-ray structures of full-length (FL) PfMyoA complexed to PfELC and MTIP in
two states of the motor cycle. These structures, together with molecular dynamics and small-angle
X-ray scattering (SAXS), reveal the specific orientation of the lever arm in the pre-powerstroke
state (PPS). This atypical priming, which enables a larger powerstroke, is stabilized by the converter
and PfELC forming specific interactions with the motor domain. Kinetic and motility assays on
mutant PfMyoA constructs show how the specific priming and unique sequence adaptations tune
the motor properties of this atypical myosin. The lever arm structure explains how the PfELC and
MTIP light chains evolved to recognize degenerate 1Q motifs. The PfELC, a weak link in forming a
fully functional motor, is shown here to be essential for red blood cell invasion, thus providing a
novel target for the design of anti-malarial compounds.

Results

FL structures of PfMyoA reveal a specific priming of the lever arm

We determined the crystal structures of FL PfMyoA with two light chains bound (PfMyoA/PfELC/
MTIP-An) in the post-rigor (PfMyoAeFL-PR) and in the pre-powerstroke (PfMyoAeFL-PPS) states at
2.5 A and 3.9 A resolution, respectively (Supplementary file 1a; Figure 1b and c). To investigate
the structural consequences of the deletion of the N-terminal extension (N-ter) of the PfMyoA heavy
chain (HC), we also crystallized the truncated construct (PfMyoA-ANter/PfELC/MTIP-An). The struc-
ture was solved in the post-rigor (PR) state at 3.3 A resolution (PfMyoAsANter-PR) (Figure 1—figure
supplement 2a and b). In all the constructs, MTIP was truncated and lacking the N-terminal exten-
sion (residues 1-60) because this extension is predicted to be intrinsically disordered. For all three
structures, the electron density was well-defined for the motor domain and the lever arm, in
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Figure 1. Crystal structures of PfMyoA in the Post-rigor (PR) and the Pre-Powerstroke (PPS) states. (a) (Left) The PfMyoA motor is located in the
intermembrane space of the parasite. PIMyoA (blue) binds two light chains, PIELC and myosin tail interacting protein (MTIP). MTIP connects the motor
to the glideosome-associated proteins (GAP) complex, which is anchored in the inner membrane complex (IMC). PfMyoA cyclically interacts with PfAct1
filaments, which are bound to adhesins from the parasite plasma membrane (PPM); these adhesins also bind receptors from the host cell plasma

Figure 1 continued on next page
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Figure 1 continued

membrane (HPM). The displacement of PfAct1 filaments by PfMyoA drives parasite gliding motility. (Right) The crystal structure of the motor domain of
PfMyoA has been solved (Robert-Paganin et al., 2019), but the lever arm structure was not known. (b,c) Overall structures of the full-length PfMyoA
motor in the PPS and PR states, displayed so that their N-terminal subdomains adopt a similar orientation. As expected, the orientation of the
converter and lever arm differs in these two states. (d) The lever arm has been built in these two states of the motor, revealing the structure of the two
bound light chains, PfELC and MTIP, displayed here in a similar orientation. The kink in the lever arm helix at the end of the converter (pliant region in
orange; last helix of the converter in deep olive green) induces different converter/PfELC interfaces in the PPS (interface A, left) compared to the PR
state (interface B, right). To illustrate that the two interfaces are different, two reporter residues are displayed as spheres, A722 from the converter and
V83 from PfELC. These residues are the part of interface A but not the part of interface B. (e) and (f) represents the recovery stroke (left) and the
powerstroke (right) for PfMyoA and scallop myosin 2 (ScMyo2), respectively. Structures of ScMyo2 used: PR (PDB code 1S5G); PPS (PDB code 1QVI).
The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. The atypical and tunable mechanical cycle of PfMyoA.

Figure supplement 2. The crystal structure of the PfMyoA-PR state displays a kink at the pliant region.

Figure supplement 3. Electron density in the PfIMyoA structures.

Figure supplement 4. The orientation of the lever arm of PfMyoA in PPS differs in the structures of the MD and of the FL.

particular for the interfaces between the HC and the PfELC and the interface between the two
light chains (Figure 1—figure supplement 3).

These structures allow the description of the lever arm that was not present in the previously pub-
lished PfMyoA motor domain (MD) structures (Robert-Paganin et al., 2019). When comparing the
PR and PPS states, the overall fold of both the IQ region of the HC/PfELC/MTIP and converter
regions are highly similar. Major differences are located at the ELC/converter interface when the PR
and the PPS are compared (Figure 1d), predominantly due to a sharp kink in the pliant region
(Houdusse et al., 2000) observed in the PR structures that promotes contacts between the ELC and
the motor domain (Figure 1—figure supplement 2c). SAXS experiments demonstrate that this
‘folded-back’ position of the lever arm is not primarily populated in solution and is selected by crys-
tal contacts. In solution, the lever arm adopts an extended conformation as seen in other myosins
(Figure 1—figure supplement 2d and e-h).

The converter orientation is the same in both the motor domain (PfMyoAeMD-PR) (Robert-
Paganin et al., 2019) and the FL (PfMyoAsFL-PR) post-rigor structures (Figure 1—figure supple-
ment 4a). In the PPS states, crystallized with ADP and Pi analogs, however, the converter orientation
is less primed by ~30° in the MD structure compared with that found in the FL structure (Robert-
Paganin et al., 2019; Figure 1—figure supplement 4b). SAXS experiments validated that the PPS
of PfMyoA adopts the more primed orientation in solution (Figure 1—figure supplement 2e). The
MD structure with ADP.VO, bound thus likely corresponds to an intermediate state populated dur-
ing the recovery stroke, close to that of the fully primed PPS (Figure 1—figure supplement 4c and
d). Interestingly, the priming of the lever arm in the TgMyoAeMD-PPS structure (Powell et al., 2018)
is identical to that of the PfMyoAeFL-PPS structure (Figure 1—figure supplement 4e). No major dif-
ference is found in the motor domain when the FL and MD structures are compared (Figure 1—fig-
ure supplement 4f). Notably, the lever arm is more primed in the PPS state of Pf/MyoA compared
with that of conventional myosins, leading to a larger powerstroke than most myosins.

The FL structures of Pf/MyoA can be used to define the lever arm swing occurring during the
PfMyoA motor cycle. The converter is reoriented ~90° during the powerstroke (Figure 1e). In con-
ventional myosins, such as ScMyo2, the converter is reoriented only ~60° during the powerstroke
(Figure 1f). In comparison, Myo10 undergoes a large ~140° swing during the powerstroke
(Ropars et al., 2016) linked to both a highly primed lever arm orientation in its PPS state and an
unusual rigor converter position. Specific structural features of PfMyoA thus control the lever arm
repriming and larger swing amplitude during the powerstroke.

Sequence adaptations tune distinct transitions of the cycle

Specific sequence differences in PfMyoA do not alter the global positioning of subdomains com-
pared with conventional myosins, but instead affect the stability of structural states the motor
explores and tune the kinetics of transitions between these states. Deletion of the Nter enhanced
the duty-ratio (time spent strongly bound to actin) by greatly slowing ADP release to the extent that
it rate-limited the overall ATPase cycle, which is ~14 fold slower than WT (Robert-Paganin et al.,
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2019). The similarity of the ANter heavy chain and WT PfMyoA structures (rmsd of 0.415 A on 993
atoms) (Figure 1—figure supplement 2b) strongly argues that the dramatic kinetic differences
observed between these two constructs are due to an altered equilibrium between the states of the
motor cycle (Robert-Paganin et al., 2019).

We previously showed that Serine 19 phosphorylation (SEP19) accelerates ADP release by stabi-
lizing the converter in its rigor orientation through a polar interaction with “©°"*"*'K764 but other res-
idues likely modulate these motor properties. In the Rigor state, **x*"si°"E¢4 establishes cation-t
stacking interactions with S"*"-2F476 and S"h'R241 from the Switch-2 and Switch-1 elements of
the active site (Robert-Paganin et al., 2019; Figure 2a). The charge reversal E6R mutant was
designed to disrupt the interaction seen in the rigor state, a state the motor needs to populate to
release ADP. The effects of the E6R mutation are similar to that observed with mutants disrupting
the polar bond between SEP19 and the converter (S19A and K764E) (Robert-Paganin et al.,
2019):~2 fold reduced maximal actin-activated ATPase,~2 fold reduced rate of ADP release that is
correlated with a reduced speed of moving actin,~3 fold increased ensemble force, and ~2.5 fold
faster dissociation of acto-PfMyoA by MgATP (Figure 2b-f, Supplementary file 1b). All these
results are consistent with E6 stabilizing the rigor state in WT via its interactions with Switches-1 and
-2.

Two residues that are conserved in most myosins but not in Pf/MyoA were mutated to further
investigate the role of sequence differences that are unique to PfMyoA (S691G and T586F). These
residues are part of the environment between the Relay and SH1 helix, two critical connectors for
the control of converter repriming and the powerstroke (Figure 2a). The presence of S691 at the
base of the SH1 helix, which is typically a glycine in all other myosins, restrains the mobility of the
SH1 helix. S691G is the only mutant to date that showed faster in vitro motility and faster ADP
release than WT, implying that the mutation destabilizes the strong-ADP state (Figure 2b-
d, Supplementary file 1b). The enhanced speed could be attributed to an increased flexibility of
the SH1 helix or a decrease in steric hindrance that favors converter movement, resulting in faster
ADP release. The maximal actin-activated ATPase activity was half that of WT and not rate-limited
by ADP release (Figure 2e, Supplementary file 1b). S691 is involved in the communication between
the Relay and the SH1 helices by maintaining an electrostatic bond with R¢'Q494, which is part of
the sequence compensation specific to PfMyoA. This bond is formed in the PR and PPS states but
must be lost during the powerstroke. The absence of this bond in the mutant could reduce actin-
activated ATPase because of altered communication between the connectors that affects the kinet-
ics of the transitions in the motor cycle, introducing a slower step most likely early in the power-
stroke. The nine-fold higher basal ATPase activity in the absence of actin (Supplementary file 1b)
indicates that the pre-powerstroke (PPS) state of the mutant is less stable than WT, while the similar
rate of dissociation of acto-PfMyoA by MgATP implies that the stability of the rigor state and the
transition to PR are like WT (Supplementary file 1b). The mutant retains the ability to undergo con-
formational transitions when bound to actin under strain, with a modestly enhanced ensemble force
(1.4-fold) compared with WT (Figure 2f, Supplementary file 1b). The role Ser691 plays in PfMyoA is
thus to stabilize the PPS state and to slow the steps that are involved in rearrangements on F-actin
to control the powerstroke.

Thr586 from the Wedge was replaced by the bulkier aromatic residue Phe that is present in con-
ventional myosins (T586F). The wedge guides the movement of the relay-helix and the SH1-helix
connectors depending on L50 subdomain movements that result from events in the active site (Fig-
ure 1—figure supplement 1c). This mutation had relatively little effect on in vitro motility speed or
on ADP-release rates compared with WT (Figure 2b-d, Supplementary file 1b), despite the fact
that the bulkier Phe would likely reduce the mobility around the wedge due to steric hindrance and
thus impede the communication between the active site and the lever arm during the lever arm
swing. The rate-limiting step for motility is not the first transition of the powerstroke that leads to
the strong-ADP state on actin, but the following ADP-release step, which is not affected by this
mutation. Rearrangements near the wedge thus play a minor role for ADP release, consistent with
previous structural results (Mentes et al., 2018). The ~40% faster transition to the PR state suggests
that rigor is slightly destabilized, while the elevated basal ATPase indicates a reduced stability of the
PPS state (Supplementary file 1b). The reduced maximal actin-activated ATPase activity of the
mutant indicates that other transitions in the motor cycle have slowed (Figure 2e,
Supplementary file 1b). Similar to the other two point mutants (E6R and S691G), its ability to
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Figure 2. Sequence adaptations tune distinct transitions of the cycle. (a) Location and function of three mutated residues. (b) Speed distributions from
representative in vitro motility assays. Supplementary file 1b shows values from additional experiments. (c) ADPrelease rates from acto-PfMyoA. WT
data are from Robert-Paganin et al., 2019. Data for LRA (three experiments, two protein preparations); E6R (three experiments, three protein
preparations); T586F (three experiments, two protein preparations); S691G (four experiments, three protein preparations). Values, mean + SD. (d)
Correlation of ADP -release rates and in vitro motility speed. (e) Actin-activated ATPase activity. WT data are from Robert-Paganin et al., 2019 . Data
from at least two protein preparations and two experiments for each construct were fitted to the Michaelis-Menten equation. Error, SE of the fit. (f)
Ensemble force measurements using a utrophin-based loaded in vitro motility assay. A myosin that produces more force requires higher utrophin
concentrations to slow motion: E6R, 4.02 + 0.31 nM; T586F, 2.38 £ 0.18 nM; S691G, 1.99 £ 0.19 nM; WT, 1.40 + 0.08 nM. WT data are from Robert-
Paganin et al., 2019. Error, SE of the fit. Data from two protein preparations and three experiments for each mutant construct. Figure 6—figure
supplement 1d shows additional data with an expanded x-axis. Skeletal actin was used for all experiments. Temperature, 30°C. See also
Supplementary file 1b for values.

The online version of this article includes the following source data for figure 2:

Source data 1. Source data for kinetic experiments presented in Figure 2.
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generate motion under force was better than WT, implying more time spent in actin-bound states of
the powerstroke (Figure 2f, Supplementary file 1b). Thr586, which is an adaptation to the immobile
SH1 helix, contributes to stabilizing both the PPS and Rigor states.

The FL structures are consistent with the model previously proposed for the atypical and tunable
mechanism of force production (Robert-Paganin et al., 2019). The new mutants analyzed here vali-
date the idea that the sequence compensations observed in the SH1-helix, the Wedge and the Nter
are key-elements that not only maintain the allosteric communication between the different myosin
connectors, but also tune the motor properties.

Specific recognition of the degenerate IQ motifs in the atypical PfMyoA
lever arm

PfMyoA, like other class XIV myosins, is short and lacks a tail domain (Foth et al., 2006). The C-ter-
minal region of PfMyoA consists of two degenerate IQ motifs (PflQ1 and PflQ2) that deviate from
the consensus 1Q sequence (IQxxxRGxxxR) but are recognized by the native light chains, PfELC and
MTIP. The recognition of PflQ2 by MTIP has already been described (Bosch et al., 2006;
Bosch et al., 2007; Douse et al., 2012) and involves several residues from the consensus 1Q motif
sequence (Figure 3—figure supplement 1a—e).

The FL structures allow the description of how PfELC binds to the lever arm and the interactions
it forms with the motor domain. PfELC interacts with the long HC o-helix with its N-lobe in a closed
conformation and its C-lobe in a semi-open conformation, as it is the case for other ELCs (Figure 3;
Houdusse and Cohen, 1995). While the structure of the N-lobe is mostly conserved compared to
other ELCs (Figure 3a and b; Houdusse and Cohen, 1996), the C-lobe contains an extremely short
o5 helix, which consists of only one turn (a5*) followed by a short linker in which a small inserted
helix turn forms (a5*) (Figure 3c and d). In addition, the inter-lobe linker is shorter than canonical
ELCs and forms an internal hairpin-like structure, that interacts strongly with the N-lobe and does
not contact residues of the HC helix (Figure 3e and f). This unusual feature for an inter-lobe linker
prevents the PfELC from fully surrounding the HC helix.

The sequence of the first IQ motif is adapted to the atypical features of PfELC. PflQ1 is highly
degenerate, containing none of the consensus IQ motif residues (IQxxxRGxxxR) (Figure 4a; Fig-
ure 4—figure supplement 1a, b and c). In particular, PflQ1 lacks the glutamine and the proximal
arginine that makes specific polar interactions with the C-lobe intra-lobe linker (between a6 and a7)
in other myosins (Houdusse and Cohen, 1996; Figure 4b). In PfMyoA, these two residues are
replaced by a valine (V781) and a glutamate (E785), respectively (Figure 4c). While they also bind
the intra-lobe linker of the semi-open C-lobe, the change in the nature of these interactions
(Figure 4b and c) results in a shift of the position of the intra-lobe linker relative to the HC helix
(Figure 3e and f). Interestingly, compared to other myosins, the IQ1 motif starts one residue earlier
in the PfMyoA HC sequence because a HC residue is missing in the pliant region at the end of the
converter. This feature, in addition to a kink in the pliant region itself, contributes to a different ori-
entation of the PflQ1 HC helix (and thus the PfELC C-lobe) compared with other myosins when the
converter regions are superimposed (Figure 4—figure supplement 2). A different converter/ELC
interface is thus established (Figure 4—figure supplement 2b and c) and specific recognition of the
semi-open C-lobe occurs both by its interaction with the converter and with the HC helix. An atypical
Trp (W777) in this helix strengthens the hydrophobic interactions between PflQ1 and PfELC
(Figure 4d and e). Conventional myosins have a smaller side chain (1782) that interacts weakly with
the C-lobe (Figure 4d). In PfIMyoA, W777 is sandwiched between the a5*, a5* and a6 helices, thus
interacting with the hydrophobic core of the PfELC C-lobe (Figure 4e). These interactions between
W777 and the a5* and o5'* helices are not present in the folded-back PR structure that displays a
much larger kink at the pliant region and thus moves W777 away. The absence of electron density
for the two helical turns of a5* and a5* in this crystal structure indicates that lack of stabilization by
the converter and the W777 side chain affects the fold of these atypical PfELC structural elements
(Figure 1—figure supplement 2¢, Figure 4—figure supplement 1d, Figure 5a). These results dem-
onstrate how the degenerate PflQ1 motif is adapted to the peculiar structural features of PfELC,
promoting specific recognition.
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Figure 3. PfELC adopts an atypical fold. (a) The N-lobe of scallop myosin 2 ELC (ScMyo2) is compared to (b) the N-lobe of PfELC. The two lobes are
conserved in structure, and adopt a closed conformation. In contrast, the C-lobe of ScMyo2 ELC (c) and PfELC (d) differ. The most divergent feature is
the much shorter a5* helix (comprised of only one turn) and the presence of the short a5 helix in PfMyoA. (e) shows the elongated inter-lobe linker of
ScELC (red) compared with (f) the kinked, hairpin-like inter-lobe linker of PfELC (light blue). The specific structure of the inter-lobe linker makes the
PfELC structure more compact than canonical ELCs and no direct interaction can occur between the lobes in PfIMyoA to encircle the heavy chain,
contrary to what is seen in the case of ScMyo2.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. MTIP bound to PfMyoA.
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Figure 4. PfELC binds a degenerate IQ motif. (a) Sequence alignment of PfIMyoA IQ1 to the consensus IQ motif and IQ motifs from other myosins:
MyoA from Toxoplasma gondii (TgmyoA); bay scallop (Argopecten irradians) myosin 2 (ScMyo2); human (Homo sapiens) B-cardiac myosin 2 (Cardiac);
human smooth muscle myosin 2 (SmMyo2); human myosin 6 (MyoVI). Consensus residues are contoured by a black box. (b) The intra-lobe linker of the
scallop C-lobe interacts with the HC consensus residues with polar contacts. (c) In contrast, the intra-lobe linker of the Pf C-lobe is predominantly
Figure 4 continued on next page
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bound to the HC with apolar contacts. (d,e) Intra-lobe interactions maintain the semi-open C-lobe. Specificity in the recognition of the PfELC occurs via
the W777 residue in PfMyoA. (d) In conventional myosins such as ScMyo2, a small side chain (1782) is found at the equivalent position, contributing to
few interactions within the semi-open lobe. (e) In PfMyoA the bulky Trp (W777) is sandwiched between the a5*%, a5* and a6 helices, increasing the
hydrophobic interactions with the PfELC C-lobe.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Interaction between the Q1 motif and the ELC.
Figure supplement 2. The converter/ELC interface differs in PfMyoA and in ScMyo2.

Compliance and hinge flexibility in the PfMyoA lever arm

The so-called pliant region between the converter and the lever arm (Houdusse et al., 2000) and
the interfaces between light chains are hinges promoting lever arm flexibility (Pylypenko and Hou-
dusse, 2011; Robert-Paganin et al., 2018). The numerous differing structural features of the
PfMyoA lever arm described above change these hinges of flexibility. We describe below the con-
verter/PfELC interface (interface A) seen in the PfMyoAeFL-PPS crystal structure, which is similar to
the solution structure (Figure 1—figure supplement 2e-h).

The shift in the PfELC position as compared with other myosins (Figure 4—figure supplement 2)
results in a different converter/ELC interface (Figure 5a and b). In canonical myosins, the converter/
ELC interface is established between residues from the converter and the o5 helix and includes
mainly polar and few apolar interactions (Figure 5b). In PfMyoA, a more rigid interface forms
because it involves mainly hydrophobic contributions from the a5*, a5%, and a6 helices whose con-
formations are stabilized by W777 (Figure 5a). The PfELC/MTIP interface is also mainly hydrophobic,
involving residues from the MTIP o5 and a6 helices (H150, F151, 1167, W171) and residues from the
PfELC a1 helix and the following loop1 (Figure 3—figure supplement 1f). Interestingly, this interac-
tion is possible only after the formation of a ~ 130" kink in the HC helix between the two 1Qs motifs
of the PfMyoA lever arm. The kink is facilitated by proline (H“P802) and is similar in all molecules of
the asymmetric units of the structural states we crystallized (Figure 3—figure supplement 1g). The
contacts at the MTIP/P{ELC interface contribute to stabilizing the kink and providing a specific con-
served feature for this rather rigid lever arm.

To further investigate the dynamics of the PfMyoA lever arm, we performed molecular dynamics
with explicit solvent on the PfMyoAeFL-PPS structure, an approach successfully used to investigate
other myosins (Robert-Paganin et al., 2018; Robert-Paganin et al., 2019). The first insight from this
experiment is that priming of the PfMyoA lever arm is maintained throughout the time course. Even
if the lever arm position slightly diverges at the beginning of the simulation, the priming is restored
quickly and thus stays stable during the entire simulation (Video 1). As expected, the converter/
PfELC and PfELC/MTIP interfaces are rigid. All the hydrophobic interactions between PfELC and
MTIP are maintained during the simulation and the Converter/PfELC interface is more rigid as com-
pared with conventional myosins (Videos 1 and 2). In B-cardiac myosin, the converter/ELC interface
displays a controlled dynamic driven by labile polar interactions, the so-called ‘musical chairs” (Rob-
ert-Paganin et al., 2018). These interactions between charged residues are located at the pliant
region, and involve the a5 helix of the ELC and the specific top-loop of the converter (Figure 5a
and b, Video 2). The dynamic associations between the musical chairs govern the flexibility of the
converter/ELC interface and the conformations allowed for the top-loop (Robert-Paganin et al.,
2018). In contrast, in PfMyoA, most of the converter/ELC interface is hydrophobic and the bulky
W777 introduces rigidity at this interface. The only musical chairs of the PfMyoA lever arm are
located in two regions. Charged residues from the top-loop (E725 and D726) interact alternatively
with residues of the a6 helix (PF-°D88, PELCN89), restricting the top-loop conformation. Other musi-
cal chairs involve residues from the converter (D720; K773 and E776) with polar residues from the
a5* and a5'* helices (**'N75; *>*N77; *>"E78; *>"Q79) (Figure 5a; Video 2). We conclude that the
priming seen in the PfMyoAsFL-PPS crystal structure is stable, and that the PfMyoA lever arm is
more rigid than in conventional myosins.
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Figure 5. The atypical PfELC/Converter interface. Comparison of the converter/ELC interface of (a) PfMyoA and (b) B-cardiac myosin. (Left),
hydrophobic contacts are displayed. (Right), polar residues responsible for the contacts identified as ‘musical chairs’ in molecular dynamics experiments
(Robert-Paganin et al., 2018) are labeled.

Motor domain/lever arm interactions stabilize the atypical PfMyoA
priming

The atypical priming of the PfMyoA lever arm in the PPS state results from several interactions
between the lever arm and the motor domain that are not present in conventional myosins. Confor-
mational changes at the end of the SH1 helix are required to allow an additional Converter rotation

Moussaoui et al. eLife 2020;9:e60581. DOI: https://doi.org/10.7554/eLife.60581

11 of 24



e Llfe Research article

Microbiology and Infectious Disease | Structural Biology and Molecular Biophysics

Video 1. Molecular dynamics performed on the
structure of full-length (FL) PfMyoA in the PPS state
(wild-type). Zooms show the interface between PfELC
(light pink) and MTIP, and the interface between the
lever arm and the motor domain.

Video 2. Molecular dynamics performed on the
structure of full-length (FL) PfMyoA in the PPS state
(wild type). Zoom at the interface between the
converter and PfELC showing the musical chairs.
https://elifesciences.org/articles/60581#video?2

https://elifesciences.org/articles/60581#video’

so that it can reach the PfMyoA motor domain
surface with which it interacts (Figure 1—figure
supplement 4d). These interactions involve two
interfaces: interactions of PfELC with Loop-1 and the B-bulge and a specific interface between the
Converter and the N-terminal subdomain (N-term) (Figure 6a and b). Interestingly, interactions
between PfELC, loop-1 and the B-bulge are highly labile during molecular dynamics (Video 1), but
the interface between the Converter and the N-term subdomain is highly stable and maintained
throughout the time course (Video 1).

The converter/N-term subdomain interface can be subdivided into two regions. The first region
involves a set of two polar interactions involving €°"vere'R707/NtermN177/Transducerpg 60 and Converter.
E711/Nt™K183 and also hydrophobic interactions established between €°™¢*"Y714 and Ntmy181
and N**"™N182 (Figure 6b). These interactions are maintained throughout the duration of the molec-
ular dynamics (Video 1). While the position of Convertery714 shifts, it remains part of the interface.
The second region consists in cation/r-stacking interactions between “°"°"*'R771 from the last helix
of the Converter and N*™H160. This interaction is also stable throughout the time course of the
dynamics, while Converterp771 occasionally establishes an interaction with Nterm)159 (Video 1).

To test the hypothesis that this Converter/N-term interface is key for stabilization of the atypical
priming of PfMyoA in the PPS state, we designed the triple mutant R707A/E711A/Y714A in silico. As
expected, molecular dynamics show that the three mutations destabilize the Converter/Nterm sub-
domain interface and cause a loss of priming, demonstrating that this interface stabilizes the atypical
priming of PfMyoA in the PPS state (Figure 6¢c, Videos 3 and 4).

The consequences of this atypical priming on the motor properties of PfMyoA were tested with
two triple mutants: R707A/E711A/Y714A and R707L/E711R/Y714A (priming AAA and LRA mutants).
The two sets of mutations are expected to disrupt the converter/MD interface and thus to reduce
the priming of the PPS. Both triple mutants greatly impact and tune the properties of the motor sim-
ilarly: they reduce the maximum actin-activated ATPase to ~30% of WT, and decrease both in vitro
motility speed and the ADP release rate to a similar extent (~35% of WT) (Figure 2b—e, Figure 6—
figure supplement 1a-d, Supplementary file 1b). The decreased ADP-release rate implies that
these converter residues play a role in the stability of the strong-ADP state the motor populates
when attached to actin. It is likely that a smaller step size also contributes to the reduced speed at
which the mutant motor moves actin, because in silico studies show that the AAA mutant fails to
maintain the WT lever arm orientation, although the Converter stays oriented in a primed orientation
(Figure 6c).

The PfELC is essential for Plasmodium invasion

As described above, the PfELC is uniquely suited to bind to the degenerate 1Q motif and is also
engaged in stabilizing the unusual priming of this motor, as well as being an essential element to
maintain the rigidity of the lever arm. To validate this essential role and to test whether alternate
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Figure 6. Interactions stabilizing the priming of the PfMyoA PPS state. (a) Overall structure of PfIMyoAsFL-PPS. The priming of the lever arm is stabilized
by interactions between elements of the lever arm and the motor domain (boxed in black). (b) Zoom on the lever arm/motor domain interface. The
residues involved in the interaction are labeled. Key residues that have been mutated to disrupt the interface (see d) are labeled red. (c,d) MD
simulations comparing the WT and triple mutant R707A/E711A/Y714A. (c) The primed PPS state is stable during the entire duration of the simulation
(320 ns). (d) In contrast, the priming is lost with the triple R707A/E711A/Y714A mutant and the position of the lever arm deviates by up to 54°.

The online version of this article includes the following source data and figure supplement(s) for figure é:

Figure supplement 1. Transient kinetics and genetic engineering of the parasite.

Figure supplement 1—source data 1. Source data for kinetic experiments presented in Figure 6—figure supplement 1.
Figure supplement 2. Interactions between the motor domain (MD) and the lever arm stabilizing the priming in PPS in different myosins.
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light chains might compensate for PfELC function

(as exists in T. gondii [Williams et al., 2015]), we
generated a conditional knockout (cKO) for the Pfelc gene in Plasmodium falciparum. Using a com-
bined process of drug selection-linked integration and engineering of artificial Cre recombinase sites
into the PfELC gene via synthetic introns (Jones et al., 2016; Birnbaum et al., 2017, Figure 7—fig-
ure supplement 1a), we were able to selectively induce PfELC truncation at the protein C-terminus
(lacking amino acids 93-134, predicted to render it non-functional). Integration of the introns did not
affect parasite asexual growth (Figure 7a). Treatment with rapamycin, inducing DiCre dimerization
and gene excision, led to gene truncation (as validated by PCR Figure 7—figure supplement 1b).
Truncation was also confirmed by immunoblot and immunofluorescence assay (Figure 7b, ¢ and d).
Analysis of rapamycin-treated parasites was associated with a near complete ablation of red blood
cell invasion over 60 hr of an asexual growth cycle, on a par with inhibition levels seen with the non-
specific invasion inhibitor heparin (Boyle et al., 2010; Figure 7e). Further analysis over a single 48 hr
or double 96 hr cycle showed that this inhibition of invasion was near total (Figure 7f and g) sug-
gesting residual invasion after a single cycle is likely the result of incomplete gene excision. The level
of invasion retardation following loss of PfELC suggests that, like the heavy chain PfMyoA (Robert-
Paganin et al., 2019), PfELC is essential for asexual blood-stage life-cycle progression. Unlike T.
gondii, there is no evidence for redundancy in essential light chains. Both PfMyoA motor domain
and PfELC thus represent attractive targets for arresting parasite invasion in pathogenic blood
stages.

Discussion

The FL PfMyoA structures reveal how the atypical lever arm of this myosin is part of the adaptations
tuning its motor cycle. This information could not be extracted from the previous PfMyoA-MD (Rob-
ert-Paganin et al., 2019) and TgMyoA-MD (Powell et al., 2018) structures that lacked the IQ region
bound to its specific light chains. The PPS-FL structure of the PfMyoA motor reveals how critical
adaptations in the converter and PfELC play a central role in defining and stabilizing the PPS lever
arm orientation.

Unexpectedly, the lever arm of PfMyoA is ~30° more primed upon reattachment to the actin track
than it is in conventional class Il myosins. Designed from structural insights, in vitro and in silico
experiments reveal that specific interactions stabilize the priming of PfMyoA and define specific
adaptations tuning the properties of this motor. These interactions are not present in
ScMyo2 (Figure 6—figure supplement 2). Myo10 and Myo1lc are two motors for which the lever
arm priming position is also large in the PPS (Ropars et al., 2016), (Miinnich et al., 2014), but their
lever arm orientation is stabilized by a different set of interactions when compared with PfMyoA
(Figure 6—figure supplement 2). The contribution of the transducer in the stabilization of the
primed lever arm also differs in the three myosins. It is thus tempting to speculate that the nature of
these interactions will tune each motor for its specific functions. Increasing the amplitude of the lever
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Figure 7. PfELC is essential for parasite invasion of the red blood cell. (a) Growth curve comparing wildtype (B11) and PfELC-3xHA parasites over the
course of three cycles indicates no detrimental effect of genetic modification in the pfelc locus. Mean ring-stage parasitemia is shown of two biological
replicates as determined by flow cytometry. (b) Western blot analysis of parasite extracts separated by SDS-PAGE probed with anti-HA and anti-actin
antibodies as a loading control. PfELC-3xHA runs at the expected MW of ~21 kDa in mock DMSO -treated samples (D) and the HA signal is lost upon
treatment with rapamycin (R), indicating successful excision. (c-d) Representative immunofluorescence assays (IFAs) of schizont and ring-stage parasites
co-labeled with the IMC marker GAP45. Peripheral staining is lost after treatment with rapamycin and a diffuse/punctate pattern is seen with anti-cMyc
antibodies. (e) R-treated PfELC-3xHA parasites are significantly impaired in invading red blood cells as determined by flow cytometry analysis of ring-
stage parasites over 60 hr, comparable to that seen with the non-specific inhibitor heparin. A small amount of residual invasion seen after 48 hr (f)
disappears after 96 hr post-treatment (g) suggesting that the absence of PfELC results in complete ablation of invasion. D-treated parasites show no
invasion defect. Parasitemias were normalized to D-treated for each line, bars show mean + /- S.D.

The online version of this article includes the following source data and figure supplement(s) for figure 7:

Source data 1. Source data for parasitology experiments presented in Figure 7.
Figure supplement 1. Genetic integration of LoxP Cre recombinase sites into the Pfelc gene of Plasmodium falciparum.

arm priming could be a way to lengthen the step size of the motor and thus to increase the speed at
which it can move actin. This is consistent with the reduced speed of in vitro motility obtained with
PfMyoA mutants designed to reduce the priming of the lever arm as well as data for Myo10 indicat-
ing that this motor is tuned for performing large steps on actin bundles (Ropars et al., 2016). Spe-
cific interactions with the transducer may also be involved in enlarging the stroke and tuning the
orientation of the powerstroke for high duty-ratio motors able to resist rearwards load, as with the
Myo1b motor that anchors the cell membrane to the cytoskeleton (Clark et al., 2005). As it is the
case for class | myosins (Shuman et al., 2014), (Greenberg et al., 2015), the duty-ratio of PfMyoA is
regulated by a specific N-terminal HC extension (Robert-Paganin et al., 2019). The observation that
converter mutations involved in priming PfMyoA also decrease the ADP-release rate suggests that

these converter residues might be involved in facilitating the transitions occurring during the PfMyoA
powerstroke.
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eLife

Microbiology and Infectious Disease | Structural Biology and Molecular Biophysics

Atomic structures of the PfMyoA lever arm indicate how degenerate IQ motifs of the HC are rec-
ognized by PfELC and MTIP, as well as how unusual apolar interactions occur between PfELC and
the converter. These unusual features could not have been predicted from recently solved TgMyoA
structures of the lever arm bound to TgELC or TgELC2 (Pazicky et al., 2019), because TgELC is a
poor model for PfELC considering the low sequence identity (20% and 21% between PfELC and
TgELC and TgELC2, respectively). Interestingly, T9JELC1 and TgELC2 are homologous to classical
ELCs and do not display the specific inter-lobe linker nor the atypical a5* and o5* helices found in
PfELC, which are also part of the interface with the Converter. This structural difference illustrates
again that Myosin A from different organisms differ in detail due to the high divergence of the differ-
ent taxa from the Apicomplexa phylum. The structure of PfELC and its specific association with the
HC and MTIP also explains the cooperative binding of these elements and why PfELC does not bind
to the HC in the absence of MTIP (Bookwalter et al., 2017). Indeed, the structures reveal a
sequence shift near the pliant region resulting in a specific orientation of the HC helix to stabilize the
converter/PfELC interface (Figure 4—figure supplement 2). The PfELC o5* and a5* helices are
involved in this interface but may not be properly folded prior to its establishment. In addition,
PfELC cannot surround the IQ1 motif due to its unusual inter-lobe linker, which may contribute to
diminishing a stable association with the HC. According to this hypothesis, PfMTIP may need to bind
first to the 1Q2 motif and its presence could add stabilizing interactions to cooperatively recruit
PfELC to the PflQ1 motif via formation of the interfaces with PfMTIP and the Converter, allowing sta-
bilization of the PfELC a5* and a5'* helices. PfELC is thus a weak point in the assembly of the fully
functional motor complex, and compounds targeting PfELC may be a good strategy for decreasing
motor activity. PfMyoA lacking the ELC moves actin at half the speed of the motor containing both
light chains (Bookwalter et al., 2017). Surprisingly, the ensemble force of PfMyoA lacking the PfELC
is comparable to that of the motor with both light chains (Figure 6—figure supplement 1e). This is
in contrast to what was seen with skeletal muscle myosin, in which the absence of the ELC results in
a twofold reduction in isometric force (VanBuren et al., 1994). One possibility is that the atypical
priming of the PfMyoA lever arm in the PPS state, which results from several interactions that are
not present in conventional myosins, is responsible for allowing force to remain high in the absence
of the ELC. It should be noted that video microscopy showed that PfELC cKO merozoites can still
deform red blood cells, unlike cKO of PfMyoA heavy chain (Blake et al., 2020). Nonetheless, cKO of
either PfMyoA or PfELC left merozoites entirely incapable of invasion. The reduced speed of PfMyoA
in vitro without PfELC may thus be sufficient to disrupt invasion. Alternative possibilities are that in
vivo other factors need to be considered that are not assessed by the in vitro assays. In vivo, the lack
of the PfELC may result in proteolysis that would effectively decrease the number of functional
motors. In addition, the shortened neck in the absence of the PfELC may not allow the motor to
reach the actin filaments as effectively as the WT does, within the constraints of the space between
the plasma membrane and inner membrane complex.

Taken together, the data presented here reveal important new findings about the PfMyoA motor,
and how the lever arm is involved in tuning the specific mechano-properties of this atypical myosin.
While the N-terminal HC extension of PfMyoA is involved in regulating the transition between the
strong -ADP and the rigor states, the sequence adaptations located in the relay, the SH1-helix or the
wedge (Robert-Paganin et al., 2019) influence other structural transitions essential for motor func-
tion. We show that the overall stabilization of the PPS differs in this myosin compared with all other
myosins in the superfamily. Control of the recovery and powerstroke transitions differ in detail
although the overall sequence allows conservation of the essential properties of a motor: the ability
to couple the lever arm priming with ATP hydrolysis and control of the powerstroke via interaction
with F-actin, associated with sequential controlled release of the products phosphate and ADP.

Lastly, we have also demonstrated that PfELC, like PfMyoA (Robert-Paganin et al., 2019), is
essential in parasite asexual invasion of the red blood cell and therefore a second attractive target
within the glideosome for targeting malaria parasite asexual replication, where absence of either
alone or in combination would block red blood cell entry. While strategies to disrupt the glideosome
have already been investigated (Perrin et al., 2018), inhibition of the PfMyoA motor (Robert-
Paganin et al., 2019) or the association of the PfELC light chain opens up new strategies toward
therapeutic solutions. Importantly, the structures described here provide a precise blueprint for
designing just such small molecules that could prevent binding of PfELC or target PfMyoA full-length
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motor activity and thus diminish glideosome function. These results inform the design of new thera-
pies that specifically target life-cycle progression in the pathogenic blood stages of Plasmodium.

Materials and methods

Expression constructs

Full-length PfMyoA heavy chain (PlasmoDB ID PF3D7_1342600/GenBank accession number
XM_001350111.1), with Sf9 cell preferred codons, was cloned into the baculovirus transfer vector
pFastBac (pFB) (Thermo Fisher). A 13 amino acid linker separates the C-terminus of the PfMyoA
heavy chain from an 88 amino acid segment of the Escherichia coli biotin carboxyl carrier protein
(Cronan, 1990), which gets biotinylated during expression in Sf9 cells, followed by a C-terminal
FLAG tag for purification via affinity chromatography. Heavy chain mutants (point mutants E6R,
T586F, S691G; triple mutants R707A/E711A/Y714A and R707L/E711R/Y714A) were generated on
this backbone using site directed mutagenesis. An N-terminal truncation of MTIP (MTIP-An, residues
1-E60 deleted and an N-terminal HIS tag), and an N-terminal truncation of the heavy chain (AN-ter-
minal HC extension (ANter), residues 1-S20 deleted) were also cloned for use in constructs that were
crystallized. Recombinant baculovirus was produced using the Bac-to-Bac Baculovirus expression sys-
tem (Thermo Fisher). The mouse utrophin (NP_035812) clone was a gift from Kathleen Ruppel and
James Spudich. It was modified so that utrophin residues 1-H416 were followed by C-terminal biotin
and FLAG tags. It was cloned into pFastbac for production of recombinant baculovirus and subse-
quent expression in Sf9 cells.

Myosin expression and purification

For biochemical characterization, FL PfMyoA heavy chain mutant constructs were co-expressed with
the chaperone PUNC and the light chains (PfMTIP and PfELC) in Sf9 cells as described in
Bookwalter et al., 2017. Two constructs were expressed for crystallization. In one, the WT heavy
chain, PfELC, and MTIP-An were co-expressed with the chaperone PUNC. In the second, ANter
heavy chain, PfELC, and MTIP-An were co-expressed with the chaperone PUNC. The cells were
grown for 72 hr in medium containing 0.2 mg/ml biotin, harvested and lysed by sonication in 10 mM
imidazole, pH 7.4, 0.2M NaCl, 1 mM EGTA, 5 mM MgCl,, 7% (w/v) sucrose, 2 mM DTT, 0.5 mM 4-
(2-aminoethyl)benzenesuflonyl fluoride, 5 pg/ml leupeptin, 2 mM MgATP. An additional 2 mM
MgATP was added prior to a clarifying spin at 200,000 x g for 40 min. The supernatant was purified
using FLAG-affinity chromatography (Sigma). The column was washed with 10 mM imidazole pH 7.4,
0.2M NaCl, and 1 mM EGTA and the myosin eluted from the column using the same buffer plus 0.1
mg/ml FLAG peptide. The fractions containing myosin were pooled and concentrated using an Ami-
con centrifugal filter device (Millipore), and dialyzed overnight against 10 mM imidazole, pH 7.4,
0.2M NaCl, 1 mM EGTA, 55% (v/v) glycerol, 1 mM DTT, and 1 pg/ml leupeptin and stored at —20°C.
Utrophin purification was essentially the same as for myosin but without the MgATP steps. Skeletal
muscle actin was purified from chicken skeletal muscle tissue essentially as described in Pardee and
Spudich, 1982.

Biochemical assays

Unloaded and loaded in vitro motility assays, actin-activated ATPase assays, and transient kinetic
measurements were performed as described in Robert-Paganin et al., 2019. Skeletal muscle actin
was used for all in vitro assays.

Crystallization and data processing

Crystals of PfMyoAsFL-PR (10 mg.ml~") (Type A) were obtained at 4°C by the hanging drop vapor
diffusion method from a 1:1 (v:v) of protein with 2 mM MgADP and precipitant containing 1.9M
ammonium sulfate, 0.1M sodium HEPES pH 6.8, 2% PEG400. Crystals of PfMyoAeFL-PPS (Type B)
were obtained at 17°C by the sitting drop vapor diffusion method from a 1:1 mixture of protein (10
mg.ml~") with 2 mM MgADP.VO, and precipitant containing 1M Na Citrate tribasic; 0.01M Na
Borate pH 8.0. Crystals of PfMyoAeANter-PR were obtained at 4°C by the hanging drop vapor diffu-
sion method from a 1:1 mixture of protein (10 mg.ml~") with 2 mM MgADP and precipitant contain-
ing 2.0M Ammonium sulfate, 0.1M Sodium HEPES pH 7.5, 6% PEG400.
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Crystals were transferred in the mother liquor containing 30% glycerol before and flash freezing
in liquid nitrogen. X-ray diffraction data were collected at the SOLEIL synchrotron, on PX1 beamline
(A = 0.906019 A for type A, A = 0.978570 A for type B, A = 0.978570 A for type C), at 100 K. Diffrac-
tion data were processed using the XDS package (Kabsch, 2010) and AutoPROC (Vonrhein et al.,
2011). Crystals type A and C belong to the P2,2,2; space group, crystals type B belong to the
P2,2,2 space group, with one molecule per asymmetric unit for type A and C and two molecules
per asymmetric unit for type B. The data collection and refinement statistics for these crystals are
presented in (Supplementary file 1a).

Structure determination and refinement

Molecular replacement was performed with the PfMyoA motor domain coordinates (21-768) (PDB
code 6I7E for the PPS; PDB code 617D chain A for the PR [Robert-Paganin et al., 2019]) with Phaser
(McCoy et al., 2007). The structure in the PR state (PDB code 617D, chain A) without ligand and
water was used as a target model for type A and C crystals. Pf/MyoA motor domain in the PPS state
(PDB code 6I7E) was used as a target model for type B crystals. Manual model building was achieved
using Coot (Emsley and Cowtan, 2004), the structure of MTIP complexed with the cognate 1Q motif
peptide (PDB code 40AM (Douse et al., 2012) was used to rebuild MTIP). Refinement was per-
formed using Buster (Bricogne, 2017). The statistics for most favored, allowed and outlier in Rama-
chandran angles are for each crystal type respectively (in %): 96.40, 3.41, 0.19 for PfMyoA«FL-PR;
91.93, 6.80 and 1.27 for PfMyoAsFL-PPS; 93.12, 5.92, 0.96 for PfMyoAsANter-PR.

SAXS experiments

SAXS data were collected at the SOLEIL synchrotron, on the SWING beamline (A = 1.03319947498
A). Purified PfMyoA/ELC/MTIP-An was extensively dialyzed against 10 mM HEPES pH 7.4, 100 mM
NaCl, 1 mM DTT, 1 mM NaN3 (without any ATP) in order to remove nucleotide. We prepared two
samples PfMyoA-PR and PfMyoA-PPS. Both were subsequently incubated with 2 mM MgADP for 20
min on ice, and then we added 2 mM vanadate for PfMyoA-PPS, but not for PfMyoA-PR. All samples
were centrifuged at 20,000 x g for 10 min at 4°C prior to the analysis. 40 pl of the protein at 2, 5
and 9 mg.ml’1 (17, 41 and 75 uM, respectively) were injected between two air bubbles using the
auto-sampler robot. Thirty-five frames of 1.5 s exposure were averaged and buffer scattering was
subtracted from the sample data. As all 2, 5 and 9 mg ml~" curves displayed no traces of aggrega-
tion, only the 9 mg.ml~" curve was used for further analysis because of the higher signal/noise ratio.
The theoretical SAXS curves were calculated with CRYSOL and compared based on the quality of
their fits against the different experimental curves. We computed the SAXS envelopes of the two
samples with GASBOR, two programs from the ATSAS suite (Franke et al., 2017). The analysis and
the fit of the computed SAXS envelopes and the X-ray structures were performed with FoXS
(Schneidman-Duhovny et al., 2016). Furthermore, to analyze if we have a mixed population of PR-
Closed and PR-open conformations of PfMyoA-PR in solution we used Oligomer (Franke et al.,
2017). The model of PR-open conformation used in this study was generated by Swiss model
(Waterhouse et al., 2018) after manual positioning of the lever arm, as found in the PPS structure in
which the pliant region is not kinked.

Molecular dynamics

Molecular dynamics experiments were performed with a procedure close to Robert-Paganin et al.,
2018. All the systems (WT + mutants) were built with the CHARM-GUI (Brooks et al., 2009;
Jo et al., 2017), with the Solution Builder module. The entire proteins were relaxed in a box contain-
ing explicit water (TIP3P) and salt (150 mM KCI) at 310.15 K in the CHARMM36m force field
(Huang et al., 2017). The duration of the simulations was 320 ns in GROMACS (version 2018.3)
(Abraham et al., 2015).

Generation of the PfELC,,,p construct

A gene fragment (GeneArt) was synthesized comprising a 454 bp targeting sequence of the pfelc
gene (3D7_1017500), a loxPint module replacing the second intron and the last 126 bp (codon-opti-
mized) exon, encoding the C-terminal end of PfELC (lle93 to lle134) and a triple hemagglutinin tag.
The fragment was cloned into the Notl/Avrll site of a modified version of the conditional KO vector
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(Tibdrcio et al., 2019), containing the SLI elements (Birnbaum et al., 2017) and a cMyc/FLAG tag.
The resulting plasmid was purified from E. coli using the Qiagen Plasmid Maxi kit.

P. falciparum culture and transfection

P. falciparum B11 parasites expressing the DiCre recombinase (Perrin et al., 2018) were cultured in
RPMI 1640 medium containing 0.5% w/v Albumaxll and at 4% hematocrit using human erythrocytes
(blood group 0%) according to standard procedures (Trager and Jensen, 1976). Ring-stage parasites
were synchronized with 5% sorbitol (w/v) and transfected with 100 pug of purified pARL PfELC,..p
plasmid. Transgenic parasites harbouring the episomal plasmid were initially selected with 2.5 nM
WR99210 (Jacobus Pharmaceuticals) for 7 days and integration into the genomic locus was achieved
by G418 treatment (400 pg/ml) for 10 days.

DiCre-mediated excision was achieved by treating synchronized ring-stage parasites with 100 nM
rapamycin (Sigma) in DMSO for 14-16 hr. Additionally, parasites were mock-treated with 1% (v/v)
DMSO as a negative control. Cultures were washed three times with culture media to remove rapa-
mycin and DMSO, respectively. Treated parasites were transferred into 96-well plates at 0.1% parasi-
temia (in triplicate) containing fresh red blood cells at 0.1% hematocrit and were allowed to proceed
to the next ring-stage cycle for FACS analysis. Samples for gDNA extraction and PCR amplification,
western blot and immunofluorescence analysis were taken toward the end of the treatment cycle or
subsequent cycles. Parallel assays were carried out with a negative control, B11 parasites treated
with heparin throughout (Pfizer, 1:25). For these assays, parasites were treated with rapamycin and
washed as above, then transferred to 48-well plates at 1% parasitaemia (in triplicate) containing fresh
red blood cells at 5% hematocrit and parasitaemia was analyzed as above, at around 60 hr post-
treatment.

Genotyping, western blot analysis and immunofluorescence assays

DNA was extracted using the PureLink Genomic DNA Mini kit (Invitrogen) for genotyping by PCR
using primers P1 5 CATTACTTTAATTTTTATACTACTGTTTATTTITACAGTAC 3’, P2 5' CTAATCC
TATTATTT AAATATTTCATATTTTTTAAACATAGATGG 3', P3 5 GGCCAGCCACGATAGCCGCGC
TGCCTCG 3, P4 5 CTTGTCGTCATCGTCTTTGTAGTCCTTGTC 3' and P5 5 CAGGAAACA GCTA
TGACCATG 3’ and KOD Hot Start DNA Polymerase (Millipore).

Schizonts were lysed with 0.2% saponin/PBS, washed three times with PBS (supplemented with
cOmplete EDTA-free protease inhibitors, Roche) and resuspended in 1x SDS loading dye. Proteins
were separated on NuPAGE Novex 4-12% Bis-Tris protein gels in MES buffer (Life Technologies)
and were transferred onto nitrocellulose membranes using the iBlot system (Life Technologies).
Membranes were blocked in 5% skim milk/PBS (w/v) and probed with the following antibodies
diluted in 5% skim milk/PBS (w/v): anti-HA (1:4000, clone C29F4, Cell Signaling), anti-cMyc (1:100,
clone 9E10, Invitrogen) and rabbit anti F-actin (Angrisano et al., 2012)(1:1000), Horseradish peroxi-
dase-conjugated goat anti-rabbit and goat anti-mouse antibodies were used as secondary antibod-
ies and diluted 1:10,000 (Jackson IR).

Late stage parasites were treated with cysteine protease inhibitor E64 (10 uM) for 4 hr prior to fix-
ation with 4% PFA/0.0025% glutaraldehyde/PBS for 1 hr. Fixed cells were permeabilised with 0.1%
TX-100/PBS for 15 min, blocked in 3% BSA and probed with anti-HA (clone 12CA5, Roche), anti-
cMyc (clone 9E10, Invitrogen) and anti-GAP45 (Baum et al., 2006) antibodies at 1:500 in 3% BSA/
PBS for 1 hr, followed by three washes in PBS. Secondary Alexa Fluor conjugated antibodies (Invitro-
gen) and DAPI (4,6-diamidino-2-phenylindole) were diluted at 1:4000 and incubated for 1 hr, fol-
lowed by three washes in PBS. Images were acquired with an OrcaFlash4.0 CMOS camera using a
Nikon Ti Microscope (Nikon Plan Apo 100 x 1.4 N.A. oil) and Z-stacks were deconvolved using the
EpiDEMIC plugin with 80 iterations in Icy (de Chaumont et al., 2012). Images were processed in
Fiji/lmage J (Schindelin et al., 2012) Representatives of 3-5 biological replicates are shown. Signifi-
cance was assessed by unpaired t-test, two tailed.

Growth analysis by FACS

Tightly synchronized ring-stage parasites were diluted to 0.1% parasitemia (in triplicate) for growth
curves and transferred into 96-well plates containing fresh red blood cells at 0.1% hematocrit. Para-
sites were allowed to proceed to the next ring-stage cycle, were stained with SYBR Green (1:10,000,
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Sigma) for 10 min and washed three times with PBS prior to collection by flow cytometry using a BD
LSRFortessa. A 100,000 cells were counted and FCS vs SSC was used to gate for red blood cells,
SSC-A vs SSC-W for singlets and FSC-H vs SYBR-A was applied to gate for infected red blood cells.
Flow cytometry data were analyzed in FlowJo. Biological replicates are indicated in the figures.
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Figure 1-figure supplement 1 The atypical and tunable mechanical cycle of
PfMyoA. (a) Motor cycle of myosin motors. The nucleotide free state, strongly bound to
actin, is called Rigor. Binding of ATP in the Rigor state detaches the head from actin. Upon
detachment, the motor first populates the Post-Rigor state (PR) with ATP bound.
Isomerization towards the Pre-Powerstroke state allows ATP hydrolysis. This state binds
weakly to actin. The sequential release of the products of hydrolysis drives the lever arm
swing and thus the powerstroke, which generates force. Detachment of the motor upon
ATP binding starts a new cycle. (b) PfMyoA properties are tuned by a phosphorylation in
the N-terminal extension of the motor domain (SEP19). When the motor is
phosphorylated, it moves actin with a high velocity spending a short fraction of the cycle
strongly bound to actin. When the motor is dephosphorylated, it produces more force at
the expense of speed. (c) and (d) show the mechanism of force production in Scallop
myosin 2 (5cMyo2) and PfMyoA respectively. In ScMyo2 the mobility of the SH1-helix is a
key element for the mechanism driving the powerstroke of most myosins and requires
the presence of a conserved glycine (G695), the so-called fulcrum, at the basis of the
SH1-helix*?134, In PfMyoA, the SH1-helix is immobile, due to the presence of a Serine at
the fulcrum (S691). The lack of mobility of the fulcrum is compensated by a
phosphorylatable N-terminal extension (SEP19) and sequence adaptations in the
connector.
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Figure 1-figure
supplement 2 - The
crystal structure of
the PfMyoA PR state
displays a kink at the
pliant region. (a)
Overall structure of
PfMyoAe<ANter-PR. (b)
PfMyoA<+ANter-PR and
PfMyoA«FL-PR
superimpose perfectly
(rmsd 0.330 A),
indicating that the
deletion does not
change or alter the
protein fold. (c) The PR
state of PfIMyoA«FL
displays a kink in the
lever arm at the pliant
region (orange). The
Converter thus
becomes far from the
a5* and a5*’ helices
which are destabilized
(not modeled since no
density is indicated in
the electron density
map). (d) Crystal
packing shows that the
kinked lever arm is
involved in a large
surface of the crystal
packing. (e), (f), (9)
Small-Angle X-ray
Scattering experiment
investigating the
conformation of PfMyoA
in solution. (e) When
the motor is bound to
ADP and Pi analogs, the
theoretical curve
computed from the
3.32).

(f) When the motor is bound to MgADP, the experimental curve fits poorly to the
theoretical curve from the kinked PfMyoA<FL-PR crystal structure (x* = 302), (g) The
SAXS experimental curve fits better to the theoretical curve obtained from a model of
the PR state in which no kink occurs at the end of the Converter (open conformation) (x?
= 19.2). (h) A fit of the theoretical curve in the PR condition with the software
Oligomer®. The fit has been performed with the closed PfMyoA+FL-PR structure obtained
from the crystal with a kink at the pliant region (interface A) and a computed open
PfMyoA-«FL-PR structure (interface B from the PfMyoA *FL-PPS structure) (see Figure 1).

Calculations predict 98% of the sample in the open conformation (x?

= 8.69).
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Figure 1-figure supplement 3 - Electron density in the PfMyoA structures. For all
structures, the lever arm and the connectors are displayed and the 2Fo-Fc map is shown,
contoured at 1.0 a. (a) PfMyoA<FL-PR at 2.5 A resolution. (b) PfMyoAsFL-PPS at 3.9 A

resolution. (c) PfMyoAs+ANter-PR at 3.3 A resolution.




Figure 1-figure
supplement 4 - The
orientation of the
lever arm of
PfMyoA in PPS
differs in the
structures of the
MD and of the FL.

(a) The orientation of
the Converter in the
Post-Rigor state (PR)
of PfMyoA is identical
in the structures of
the full-length (FL)
and of the motor
domain (MD)

constructs (PDB code
617D chain A). (b) In
the Pre-Powerstroke
state (PPS), the lever
arm is 30° more
primed in the FL
structure compared to
that found in the MD
structure (PDB code

Connectors

6I7E). (c)
Superimposition  on
the N-terminal
subdomain of

PfMyoA.FL-PPS and
PfMyoA+«MD-PPS. On
the left, overall view
showing that the

conformation of the
motor  domain is
similar for the two
structures. On the
right, zoom on the
transducer and on the
connectors of the
active site (P-loop,

Switch-1 and Switch-2) show that the conformation of these elements, which is
characteristic of the state, is highly similar. On the following panels, all the structures
are superimposed on the SH2-helix. (d) The positions of both the Relay-helix and the
Converter (also shown in Supplementary Fig. 6) vary between the FL and the MD
constructs. Since the SH1-helix was reported to be immobile in PfMyoA?®, its position only
slightly differs between the two constructs. (e) The priming of PfMyoA<FL-PPS is
identical to the priming of TgMyoA*MD-PPS (PDB code 6DUE). The communication
described between the SH1- and the Relay helices (polar bond between S691 and
Q494)° is similar as well as the orientation of the lever arm. (f) Comparison of the
position of the connectors between the PPS and the Rigor-like states in PfMyoA (Left),
and ScMyo2 (Right). The priming described in the PfMyoA«FL-PPS structure indicates
that the SH1-helix remains mostly immobile: this connector is only rotated 10° during
the powerstroke. This rotation is of smaller amplitude compared to that of conventional
myosins such as ScMyo2 (~30°).



~
]
-

-2
b
=
>

Consensus E\ [ ) Residues that interact with C-lohe

© om o omom ()

Wom oo ()

N 00 O%RO
O = m o m(R) o

B oe e 4G

s o e N

10 10 O 0K

""“_'

_-il

1]

"

o

=
(3]

-
e
=

SRS Sl B\ Zw
Pfl o] .. T
o AE=ERN W
AN Rl gy~ \

S R fEm § i

[ = N N Wi\
= i

. L 2 == 11

[ O, Ao

> 1 L !
— Lo 4 -~ 1 1

e » 1 L Py

"~ Y & y . A ~\ s
( W R -~ Y A
M J A

Figure 3-figure supplement 1 - MTIP associated to PfMyoA. (a) Sequence alignment
of PfMyoA 1Q2 with conventional IQ motifs. Residues at consensus positions are colored in
blue. (b) MTIP is bound to the heavy chain (HC) in a similar manner as a conventional
ELC. Several residues from the consensus are conserved in PflQ2. (c) Zoom on the
specific contacts involved in the MTIP/PfMyoA recognition. (d, e) The recognition of the
HC by MTIP is highly similar to the recognition of the HC by TgMLC1 (PDB 5VT9) and the
residues involved in the apical salt bridge and the inter-lobe clamp (dotted lines)® are
conserved. (f) and (g) Interface between PfELC and MTIP. (f) The interface between
PfELC and MTIP is hydrophobic and includes two aromatic residues ("™ H150, "M W171)
that maintain the relative positioning of the two light-chains. A 132°angle occurs
between the two HC helices that contain the PflQl and PflQ2 motifs. The kink is
facilitated by the presence of a proline at the hinge (P802). (g) Alignment of the two
molecules of the asymmetric unit in the PfMyoA«FL-PPS crystal structure. The hinge at
the PfELC/MTIP interface is a restricted point of compliance since ~10° difference is found
for the orientation of the PflQ2 motif HC helices for these two molecules, when the
structures are aligned using the PflQ1 motif residues.
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Figure 4-figure supplement 1 - Interaction between the IQ1 motif and the ELC. (a)
Sequence alignment of the 1Q1 motif from ScMyo2 and PfMyoA. Residues interacting with
the ELCs are contoured following the same color code as defined in Fig. 4. (b, c) Two
different orientations (180° rotation around the y axis) are shown to depict all residues
involved in the 1Q1 motif/ELC complex recognition, in order to compare (b) ScMyo2 and
(c) PfMyoA Residues at consensus positions are labeled in red.(d) The tryptophan W777
stabilizes the a5* and a5’* helices. The left and the right panels show W777 and its
environment in the structures of PfIMyoA<FL-PPS and PfMyoA«*FL-PR, respectively. Note the
change in position of the W777 side chain due to its position at the kink of the pliant
region. In PfMyoA<FL-PPS, W777 interacts with the a5* and a5’* helices stabilizing their
structure. In PIMyoA<FL-PR, the interaction between W777 and the a5* and a5* helices
are lost due to the kink at the pliant region, and a loss of interaction of these helices with
the Converter. These helices become disordered.
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Figure 4-figure supplement 2 -The Converter/ELC interface differs in PfMyoA and in
ScMyo2. (a) The first IQ motif residues of PfMyoA starts one residue downstream to that
of ScMyoA (PDB code 1QVI), resulting in a sequence shift in the pliant region and
different orientation for the consensus IQ1 motif residues (balls). A difference in the kink
at the pliant region accentuates the difference in position of the 1Q1 residues in the two
lever arms. (b, c) The C-lobe of PfELC and ScELC bound to the I1Q1 motif are shown for
comparison. The difference in the position of the HC consensus residues result in a
different Converter/ELC interface in (b) ScMyo2 compared with (c) PfMyoA (see Fig. 6
for details of the interactions).
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Figure 6-figure supplement 1 - Transient kinetics and genetic engineering of the
parasite. (a) (e) Triple mutants that affect the atypical priming of PfMyoA. Speed, ADP
release rate, and actin-activated ATPases for LRA (see also data presented in Fig. 2)
compared with the AAA mutant (LRA: R707L/E711R/Y714A; AAA: R707A/E711A/Y714A).
(a) Speed distributions from a representative in vitro motility assay for LRA (1.19 * 0.18
um/s, n= 4092) and AAA (1.24 = 0.24 um/s, n= 3030). (b) ADP release rates from
ActoPfMyoA for LRA (117 + 4 s) and AAA (122 + 2 s?). 3 experiments, 1 protein
preparation of AAA. (c) Actin-activated ATPase activity for LRA (Vmax = 46.8 £ 1.0 s* ;
Km = 9.1 £ 0.6 uM) and AAA (Vmax= 42.7 £ 0.9 s* ; Km = 12.3 + 0.8 uM). Error, SE of
the fit. 2 experiments, 1 protein preparation of AAA. (d) Ensemble force measurements
using a utrophin-based loaded in vitro motility assay, showing more data and an
expanded x-axis compared with the main Fig. 2f. Temperature, 30°C. (e) Ensemble force
measurement of full-length PfMyoA with only MTIP light chain bound. A myosin that
produces more force requires higher utrophin concentrations to slow motion. Minus
PfELC: 1.57 = 0.18 nM (red diamonds and solid red line fit); WT, 1.40 = 0.08 nM; S19A,
2.42 £ 0.17 nM. WT and S19A data are from®. Error, SE of the fit. Data for minus PfELC
are from one protein preparation and 2 experiments. Skeletal actin was used for all
experiments. Temperature, 30°C.
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Figure 7-figure supplement 1 Genetic integration of LoxP Cre recombinase sites
into the Pfelc gene of Plasmodium falciparum. (a) Schematics of the targeting
plasmid (pARL PfELCloxP), expected selection linked integration (SLI) into the pfelc locus
leading to C-terminally tagged PfELC 3xHA and the DiCre-mediated recombinase event
resulting in the PfELC conditional KO (cKO). The recodonised version of the pfelc gene is
shown as a red striped box, the 3x HA tag is depicted in blue, the T2A skip peptide in
gray and the cMyc/Flag tag in orange. The stop codon is indicated by an asterisk and
primers used for genotyping are indicated by numbered arrows. (b) PCR analysis and
confirmation of integration into the pfelc locus in transgenic PfELC 3x HA parasites as
evidenced by loss of the wild-type band at ~1 kb (P1 & P2) and amplification of an ~1.2
kb (P1 & P3), ~1.9 kb (P1 & P4) and ~1 kb (P5 & P2) product. Successful rapamycin-
induced excision results in the expected loss of the ~1.2 kb band and size reduction of
the ~1.9 kb product leading to PfELC cKO.
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Figure 6-figure supplement 2 Interactions between the motor domain (MD) and
the lever arm stabilizing the priming in PPS in different myosins. Important
interactions occur in PfMyoA between the Converter and the N-terminal subdomain while
the PfELC is involved in interactions with Loopl and the B-bulge of the Transducer. In
comparison, limited interactions occur in ScMyo2 consistent with smaller priming of the
lever arm. Myo10 is another highly primed myosin but the interactions involve mainly the
Converter with the N-terminal subdomain, without contribution from the Transducer. The
priming of another highly primed PPS structure from Myolc requires interaction of the
CaM light chain with Loopl and the HO-linker of the Transducer.




Supplementary file 1a. Data collection and refinement statistics
(molecular replacement)

PfMyoAe+FL-PR

PfMyoAe+FL-PPS

PfMyoAe+ANter-PR

Data collection
Space group
Cell dimensions
a, b, c(R)
o B,y (%)

Resolution (A)

Rmerge

/ol
CC1/2
Completeness (%)

Redundancy

Refinement
Resolution (A)

No. reflections

Ruwork / Riree

No. atoms
Protein
Ligand/ion
Water

B-factors
Protein
Ligand/ion
Water

R.m.s. deviations
Bond lengths (A)

Bond angles (°)

P2.2,2,

89.67 114.69 169.46
90 90 90

25.6-2.55(2.641-
2.55)*

0.169 (1.918)
10.57 (0.83)
0.998 (0.505)
99.62 (97.94)
11.2 (11.5)

25.57-2.55 (2.62-
2.55)

641 293 (total)
57 507 (unique)
0.199/0.248

8571
47
290

79.82
83.16
69.70

0.014
1.82

P2.2,2

168.24 287.43 78.61
90 90 90

48.4-3.99 (4.133-
3.99)

0.4443 (2.491)
4.19 (0.64)
0.989 (0.319)
99.49 (96.58)
10.3 (10.1)

48.4-3.99 (4.11-3.99)

343 030 (total)
33 243 (unique)
0.237/0.273

17 386
66
0

70.84

23.55

0.014
1.65

P2.2:2;

90.08 114.43 170.70
90 90 90

48.3-3.27 (3.387-
3.27)

0.3707 (2.157)
9.02 (1.68)
0.992 (0.553)
99.88 (99.85)
12.8 (12.9)

48.3-3.27 (3.39-3.27)

358 945 (total)
27 977
0.184/0.232

8490
51
4

92.81
78.44
63.85

0.015
1.82

*Number of crystals for each structure should be noted in footnote. *Values in
parentheses are for highest-resolution shell.



Supplementary file 1b. Kinetic and motility parameters of PfMyoA
mutants

In vitro ADP ATPase ATPase Rate of Basal Ensemble

motility release acto- ATPa force
PfMyoA  ¢peed rate Vimax Ko PfMyoA se (oM
constru (e + (st+ (s'% (um = dissociat (s)*  utrophin
ct SD)* sp)x SE)* SE)* ion by
MgATP + SE)*
(s)*
WT! 3.88 334+ 138+4 303=% 326 = 9 0.3 1.40 +
0.54 36 2.3 0.08
(1) (1) (1)
(1) (1) (1) (1)
E6R 191 + 157+8 61.8=+ 41 % 857 = 22 0.5 4.02 =
0.35 0.9 0.3 0.31
(0.47) (2.62) (1.67)
(0.49) (0.45) (7.39) (2.9)
S691G 5.06 + 580 + 703 154 + 348 = 7 2.7 1.99 +
0.58 31 1.4 1.0 0.19
(1.07) (9)
(1.30) (1.74) (0.51) (1.97) (1.4)
T586F 4.04 = 323 + 501+« 136+ 47127 2.1 2.38
0.44 54 14 1.3 0.18
(1.44) (7)
(1.04) (0.97) (0.36) (2.23) (1.7)
LRA? 1.19 = 117 x4 46.8 % 9.1+ 472 = 35 0.7 n.d.
0.18 1.0 0.6
(0.35) (1.45) (2.3)
(0.31) (0.34) (3.33)
AAA3 1.24 = 1212 42,7 % 12.3 % n.d. 0.5 n.d.
0.24 0.9 0.8
(0.36) (1.67)
(0.32) (0.31) (2.46)
minus 1.75 = n.d. n.d. n.d. n.d. n.d. 1.57 =
PfELC 0.32¢ 0.18
(0.45) (1.1)

*Values inside parentheses are normalized relative to WT as 1.

! Data from?®

2 LRA: R707L/E711R/Y714A

3AAA: R707A/E7T11A/Y714A

*Data from’

STemperature, 20°C. See Supplementary file 1c for additional values.

n.d., not determined



Supplementary file 1c. Dissociation of acto-PfMyoA by MgATP at 20°C.

PfMyoA

construct

WT
E6R
K764E
AN
S19A
S691G
T586F
LRA

vmax
(st)

326 £ 9
857 £ 52
801 = 54
616 * 45
592 + 40

348 = 7
471 = 27
472 £ 35

Km
(kM)

240 = 18
351 £51
257 = 38
103 = 25
227 = 44
201 =12
364 = 50
198 + 42

Fits to Michaelis-Menten equation * SE of the fit.



Chapter I11: PIMyoA motor domain
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1. The conservation of the adaptations in Apicomplexa Phylum

One of the remaining issues of our work is the conservation of the adaptations described
in PIMyoA in Myosin A of other organisms from the Apicomplexa phylum and in other myosin
from the class XIV. In order to address this question, I have made a comparison of PfMyoA
with another myosin A from another organism, 7. gondii (TgMyoA). I also extended the
analysis to Myosin B from P. falciparum (PfMyoB), another member of class XIV. Data on the
function of PfMyoB in invasion have been obtained only recently by our collaborators (Blake
et al., 2020): PfMyoB drives the first stage of internalization of the parasite. Even if PfMyoB
is not essential to invasion, it is close to PIMyoA in sequence (35% of sequence identity and

59% of sequence similarity, NCBI Blast).

If the structure of Toxoplasma gondii Myosin A (TgMyoA) motor domain construct was
solved in the PPS state at the same time (Powell et al., 2018), this structure was lacking the N-
term extension. Interestingly, several phosphorylations were reported in the N-terminus of
TgMyoA, but they could not be visualized in the structure (Powell et al., 2018). In order to
complete the structure of TgMyoA, I generated a homology model of TgMyoA in the Rigor-
like state with Swissmodel and PIMyoA in the Rigor-like state as a template (PDB code 617D).
I used the same strategy to generate a homology model of the motor domain of PfMyoB in the
Rigor-like state. I used a combination of sequence alignments and structural analysis of the
homology models in order to study the conservation of the unique features of the motor domain

of PfMyoA described in our two articles (Robert-Paganin et al., 2019; Moussaoui et al., 2020).

2. The Glycine that plays a role of fulcrum is also replaced by a
Serine in PfMyoB and TgMyoA

As explained previously, the force production in myosins relies on small changes in the
active site (site of ATP hydrolysis) which are transmitted via connectors to the lever arm,
involving the interaction between the Switch-2 and the Wedge (structural elements from L50
subdomain). In conventional myosins such as Scallop Myosin II the swing movement of the
lever arm is coordinated by two connectors: The Relay helix kink and the piston-like movement
of the SH1-Helix. The presence of a highly-conserved Glycine at the basis of the SH1-helix
which plays the role of fulcrum promotes the piston-like movement. Unlike conventional

myosins, in PIMyoA this Glycine is not conserved and it is replaced by Serine. This is
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surprising since the mutation of this Glycine in conventional myosins impedes force production
(Preller et al., 2010). Surprisingly, PfMyoA is still able to produce force and to move on actin
filament. That means a new mechanism of force production that was described by our team
(Robert-Paganin et al., 2019). Based on structural and sequence alignment this Glycine G SH!-
SH2 that promotes the mobility of the SH1 in conventional myosins is also absent in both
PfMyoB and TgMyoA (as shown in table 1) and replaced by S673 and S693, respectively
(Figure 13). which leads us to think that the SH1-helix of PfMyoB and TgMyoA is unable to

perform the piston-like movement during the cycle. Given the fact that these myosins are both

able to produce force, this implies compensatory mechanism, as it is the case for PfMyoA.

SH1-helix
Consensus R
PEMyoA 691 I L ALIVILRQLGY 5704
PfMyoB IV TLINJI KY-FFOQ
TgMyoA vV L ALIQILRQLG Y S
ScMyo2 VL GIIRIIGREGTFP

PfMyoB [5673]

PfMyoA [S691]
TeMyoA [5693]

SH1-helix

Converter

FIGURE 13- Non-conservation of the fulcrum at the basis of the SHI-helix

At the top of the panel the sequence alignment of SH1-helix of PfMyoA, PtMyoB, TgMyoA and
ScMyo2. At the bottom of the panel the structural alignment of the converter (green), the SH2-helix
(red) and the SH1-helix (gray) of PfMyoA-B, TgMyoA. The glycine that plays a role of fulcrum is
replaced in PfMyoA-B, TgMyoA by a Serines, Serine S691, S673 and S693, respectively. This is
expected to reduce the flexibility of the fulcrum.
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3. Sequence alignment of PfMyoA, PfMyoB and TgMyoA

CLUSTAL O(1.2.4) multiple sequence alignment

PfMyoB
PfMyoA
TgMyoA

PfMyoB
PfMyoA
TgMyoA

PfMyoB
PfMyoA
TgMyoA

PfMyoB
PfMyoA
TgMyoA

PfMyoB
PfMyoA
TgMyoA

PfMyoB
PfMyoA
TgMyoA

PfMyoB
PfMyoA
TgMyoA

PfMyoB
PfMyoA
TgMyoA

PfMyoB
PfMyoA
TgMyoA

PfMyoB
PfMyoA
TgMyoA

PfMyoB
PfMyoA
TgMyoA

——-MVNKINELNNY---F--RINSTFINKSENESENFYVWTYKSPNVDLYPDLVFFKCQVL53
--MAVTNEEIKTASKIVRRVSNVEAFDKSGSVFKGYQIWTDISPTIENDPNIMFVKCVVQ58
MASKTTSEELKTATALKKRSSDVHAVDHSGNVYKGFQIWTDLAPSVKEEPDLMFAKCIVQ60

oK o e . ek . . ** .k . K. . * ** K

NING-DNY-EVKEISPETNSVYTVKKEHLEFNCNNMVNINSH-RLNDMVHQONSAEVLNTLA110
QGSKKEKLTVVQIDPPGTGTPYDIDPTHAWNCNSQVDPMSFGDIGLLNHTNIPCVLDFLK118
AGTDKGNLTCVQIDPPGFDEPFEVPQANAWNVNSLIDPMTYGDIGMLPHTNIPCVLDFLKIZO

* . * [ A . .« X K *xe K

LRYEKNYIYTIAEPMLISVNPYQVIDTDMNEYKNKS---—— TDLLPPHVYTYAKDAMLDF165
HRYLKNQIYTTAVPLIVAINPYKDLGNTTNEWIRRYRDTADHTKLPPHVFTCAREALSNL178
VRFMKNQIYTTADPLVVAINPFRDLGNTTLDWIVRYRDTFDLSKLAPHVFYTARRALDNL180

* . kk KAk ok Ke oo Kk e . . * *** * . * .

P Loop
INTKNSQSIIISGESGSGKTEASKLVIKFYLSGVRED--NDISKTLWDSNFILEAFGNAK223
HGVNKSQTIIVSGESGAGKTEATKQIMRYFASSKSGNMDLRIQTAIMAANPVLEAFGNAK238
HAVNKSQTIIVSGESGAGKTEATKQIMRYFAAAKTGSMDLRIQNAIMAANPVLEAFGNAKZ40

sEK XK kKKK g okkkkk ok e e e, * .. sk XXX KKK KK

Switchl
ISSRYGKYIKIQLDENQNIVSSSIEIFLLEKIRVVSQEPDERCYHIFYEILKGMN283

REFGRFMQLVISHEGGIRYGSVVAFLLEKSRIITQDDNERSYHIFYQFLKGAN298

‘RFGRFMQLDVGREGGIKFGSVVAFLLEKSRVLTQDEQERSYHIFYQMCKGAD300

Koggkkkkkk ke oe oy . * * . Khkkk kee ok ok k kkkkk. . kK

DEMKKKYKIKSEEDYKYISNKSINIPEIDDAKDFENLMISFDKMKMSDLK-DDLFLTLSG342
STMKSKFGLKGVTEYKLLNPNSTEVSGVDDVKDFEEVIESLKNMELSESDIEVIFSIVAG358
AAMKERFHILPLSEYKYINPLCLDAPGIDDVAEFHEVCESFRSMNLTEDEVASVWSIVSG360

** .. . ** . . ** . K .. * . K e o o . . oK%

LLLLGNIQFNGIEKGGKSNCSELDDENLEVVNEASELLGIDYESLKNSLVITEKSIANQK402
ILTLGNVRLIEKQEAGLSDAAAIMDEDMGVENKACELMYLDPELIKREILIKVTVAGGTK418
VLLLGNVEVTATKDGGIDDAAAIEGKNLEVFKKACGLLFLDAERIREELTVKVSYAGNQE420

HEE R SN R T S I R S S

Switch2

IEIPLSIEESLSICRSISKDIYNKIFEYITKRINNEFLNNNKELENFIGILDIFGFEIFVK462
IEGRWNKNDAEVLKSSLCKAMYEKLFLWIIRHLNSRIEPEGGFKTFMGMLDIFGFEVFKNA478
IRGRWKQEDGDMLKSSLAKAMYDKLFMWIIAVLNRSIKPPGGFKIFMGMLDIFGFEVFKN480

* . Kok sk ekek ok .ok .. s ek akkkkkkok .k

Relay Helix Relay Loop
NSLEQLLINIANEETHNIYLFVVYEKESNLYKKEGIIIESVKYTNNESTIDLLRGK-TSI521
NSLEQLFINITNEMLOKNEFVDIVFERESKLYKDEGISTAELKYTSNKEVINVLCEKGKSV538
NSLEQFFINITNEMLOKNEVDIVEFDRESKLYRDEGVSSKELIFTSNAEVIKILTAKNNSV540

Kkhkhkkhkk o o kkhkkokk .« .. .. ek o o e kk e hk oo * Kk . . -k K -k .k * * .

Wedge
ISILEDNCLAPGKKDESIVSVYTNKEFSKNEHYSVCKKNITESFVIKHTVSDVTYSISNFIS581
LSYLEDQCLAPGGTDEKFVSSCATNLKENNKEFTPAKVASNKNFITIQHTIGPIQYCAESFL598
LAALEDQCLAPGGSDEKFLSTCKNALKGTTKFKPAKVSPNINFLISHTVGDIQYNAEGFL600

KhKkoekkkkk kK .ok .. * Kok kk . X * .

SKNKDILSPNILKLLKVSNNKLIQNLYDDAEVT-DSLGRKNLITYKYLENLKKICSYLKS 640
LKNKDVLRGDLVEVIKDSPNPIVQQLFEGQVIEKGKIAKGSLIGSQFLNQLTSLMNLINS 658
FKNKDVLRAEIMEIVQQSKNPVVAQLFAGIVMEKGKMAKGQLIGSQFLSQLQSLMELINS660

* Kk Kk ko * ....... *  *x .. ok o . . * % . o % .k . ook
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SH1

P£MyoB TNIYFIKCIKPNETKEKNNFNPKKVYPQLFSLSIVETLNIKY-FFQYKYTFASFLSYYQY 699
PfMyoA TEPHFIRCIKPNENKKPLEWCEPKILIQLHALSTLEALVLRQLGYSYRRTFEEFLYQYKF718
TgMyoA TEPHFIRCIKPNDTKKPLDWVPSKMLIQLHALSVLEALQLROLGYSYRRPFKEFLFQFKF 720
PfMyoB LDIAVSNDSSLDEKTKVTM-LLERNFDKDSYKVGHTMVFLKKEAVHKIRDI INSNLKCYR758
P£MyoA VDIAAAEDSSVENQNKCVNILKLSGLSESMYKIGKSMVFLKQEGAKILTKIQREKLVEWE 778
TgMyoA IDLSASENPNLDPKEAALRLLKSSKLPSEEYQLGKTMVFLKQTGAKELTQIQRECLSSWE 780
102
PfMyoB IKKKRIVEENIKNLQLAQAYFRKYKYIKEHE-—-————— 801
PfMyoA HKYKQKVNKNTPSLLRVQAHTRKKMVAQ——--————---— 818
TgMyoA RRHKKQLLKKTPFIIRAQAHIRRHLVDNNVSPATVOPAF 831
ScMyoll | PfMyoA PfMyoB TgMyoA The interface role
Y583 Not Conserved | Not Conserved replaced | Not Conserved Interaction with M514 Relay
replaced by by T569 replaced by T588 and E698SHIHelX = Jever
T586 arm swing
E6985H!- Conserved Conserved interact with | Conserved interact with
Helix interact with V570 V589
1587
M514 Ry | Not Conserved | Not Conserved replaced | Not Conserved
replaced by by T506 replaced by T524
T522
Sep19 S16 S21 Sepl9 N-terminal extension
- interact with K764 further
stabilize the Rigor like
G768 K764 Not Conserved replaced | K766
by Histidine
Y583 T586 Conserved Conserved Replace the aromatic and
the bulky wedge
G513 T522 Conserved Conserved Replace the methionine
residue from the relay
Q485 Q494 Relay Conserved Not conserved Q494 Relay/ §691
replaced by Histidine Interaction present in PPS
and Rigor like
G694 Stt- Not Conserved | Not Conserved replaced | Not Conserved GSHISSH2 promotes the
SH2 (fulcrum) replaced by by S693 replaced by S673 mobility of the SH1
S691
A583 1587 Wedee Not conserved Not conserved F4735"h2 interact with
replaced by valine replaced by valine 1587 Wedee Stabilize the
Rigor like
F464 F4735vich2 Conserved Conserved
1466 V475 Switch2 Not conserved Conserved V475 3%ieh2 interact with
replaced by Isoleucine H688 SH2 Stabilize the
Rigor like
Q692 H688 SH2 Not conserved Conserved
replaced by F
R236 R241 Switch! Not conserved Conserved R241 Sl jpteract with
replaced by K
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F476 SvihZ additional
interaction further stabilize
the Rigor like

F467

F 47 6 Switch2

Conserved

Conserved

TABLE 2-Comparison of critical residues that play important role in force production of PfMyoA,

PfMyoB and TgMyoA.

4. Stabilization of the Converter by the N-term extension

In order to study the sequence adaptations in class XIV, we have made a structural

alignment of the motor domain PfMyoA with complete homology models of PfMyoB and

TgMyoA. We found that the N-terminal extension discovered in P MyoA (residues 1-35) tunes

the mechanical proprieties of this motor (Robert-Paganin et al., 2019) is present in both

PfMyoB (residues 1-30) and TgMyoA (residues 1-37) but their helices are shorter than that of

PfMyoA N-terminal extension. In addition to being divergent from each other, these N-terminal

extensions present some structural differences. PfMyoB N-terminal extension contains an

additional turn helix 19-INK-21 and TgMyoA N-terminal extension is more extended and less

compact.
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a) b)

PfMyoA_Nterminal 529

extension

TgMyoA_Nterminal
extension

S20

821

516

PfMyoB_Nterminal
extension

FIGURE 14-Interactions that stabilize the rigor state in PfMyoA may be conserved in TgMyoA and
PfMyoB

The converter/motor domain interfaces of PIMyoA (PDB code: 617D), PfMyoB (model generated by
Phye2) and TgMyoA (PDB code: 6DUE) are represented. Residues that could be involved in the
stabilizing the Rigor state are boxed with red dashed lines. The phosphorylated Serine seems to be
conserved in all these myosins, also the contacts that stabilized the rigor are mainly conserved especially,
the Lysine in the last helix of the converter that establish electrostatic contact with the phosphorylated
N-terminal extension.

The phosphorylated Serine S19 present in PfMyoA and which is the key of the new
mechanism discovered for PIMyoA (Robert-Paganin et al., 2019) is also present in the same
location in space in TgMyoA S21, this phosphorylation which was demonstrated with other
phosphorylations S20 and S29 in the N-terminal extension and S743 in the converter to be
essential for fast motility and host cell egress of T.gondii Tachyzoites (which is equivalent to
merozoites stages in P.falciparum) (Tang et al., 2014; Gaji et al., 2015; Powell et al., 2018).
According to previous studies, phosphomimetic mutants of the three serines in the N-term
extension leads to an increase of the speed of the protein in in vitro motility assays, which is
not the case for a phosphomimetic of S743 (Powell et al., 2018). At the time of the study,
Boulanger and coworkers could not explain the role of the phosphorylations of the N-term
extension since the region was missing from the structure of TgMyoA, and hypothesized they
were necessary to stabilize the N-term subdomain. Thanks to the homology model of the Rigor-
like state of TgMyoA containing the N-term extension, we can model the three phosphoserines
and their interactions in the Rigor-like state. Interestingly, the serine homologous the

PtMyoASEP19, TeMyoaSEP20 is oriented to interact with temyoaK766, which is the equivalent to
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piMyoaK764 (Figure 14). A second phosphorylation of TemyoaS21 is also oriented to interact
with TemyoaK766, which would strengthen the interactions with the converter, and thus induces
additional stability of the Rigor-like state (Figure 14). The third phosphorylation from the N-
term extension, SEP is not oriented to interact with the Converter TemyoaSEP29, it may be
involved in the stability of the N-terminal extension of the N-terminal subdomain of TgMyoA
(Figure 14). Finally, the phosphorylation from the Converter, temyoaSEP743, is far from the
N-terminal extension and has no impact on the motility when TgMyoA is complexed to
TgELCI1 (Powell et al 2018). Interestingly, this phosphorylation is close to the Converter/ELC
interface, it may be an element of regulation governing the association with TgELC1 and 2
(Figure 14b). The authors have only evaluated the effect on mobility and stability of the
complex TgMyoA/TgELC1/TgMLC1, but nothing has been done with TgELC2 and transient

kinetics experiments to evaluate other parameters than motility are still to be done.

However, my analysis suggests that the N-term extension of TgMyoA is also involved in
electrostatic interactions stabilizing the Rigor-like conformation. Interestingly, contrarily to
PfMyoA that displays only one phosphorylation in the N-terminal extension, TgMyoA displays
two additional phosphorylated serines. The fact that the phosphorylation of these three serines
gradually increases both the stability and the motility of the motor is interesting. As we
concluded in our first study, this may come from the biology of T. gondii. Indeed, Tachyzoites
from 7. gondii are all more or less mobile depending on the stage of the cycle, the
phosphorylation state of TgMyoA N-term extension may be an element of regulation allowing
to tune the motor to different ratio of force production/mobility in order to fit the needs of the
parasite in the different stages (Robert-Paganin et al., 2019). On the other hand, the
phosphorylation from the Converter has no impact on motility and may have an effect on the

association with the TgELCs.

In PfMyoB, the N-term extension is highly divergent in sequence compared to TgMyoA
and PfMyoA. Interestingly, there is a serine at an equivalent position compared to pamyoaSEP19:
piMyoBS 16. This serine could be phosphorylated and interact with the last helix of the Converter
in the Rigor-like state (Figure 14). If there is no equivalent for the lysine from MyoA,
piMyoBSEP16 could interact with the residue at the equivalent position pvyosH744 and another
residue from the last helix of the Converter, pemyoK740. This suggests that the N-term extension
of PIMyoB may be involved in stabilizing the orientation of the Converter in the Rigor state of

PfMyoB, but with a different set of interactions.

48



According to this analysis, we can hypothesize that the N-term extension in both TgMyoA
and PfMyoB has a function to stabilize the Rigor-like conformation with phosphorylated
serines. However, the position and the number of these serines, but also the residues from the
last helix of the Converter involved in the interaction as well seem to vary. This may be another
level of regulation present in the class XIV from Apicomplexa. Future studies on TgMyoA and
PfMyoB will determine if these hypotheses are right and conclude if the tuning of the force
production mechanism by phosphorylations of the N-term extension could be generalized to all

the members of class XIV.

PfMyoB remains the most divergent and both the unknown structure of the N-term
extension and the absence of lysine in the last helix from the Converter suggest some
differences that may results from a different function. Future structural and functional studies
on PfMyoB will allow to study its mechanism of force production and evaluate how the

adaptations differ from PfIMyoA and TgMyoA.

5. Conservation of the adaptations stabilizing the Rigor

conformation

In conventional myosins the release of hydrolysis products induces structural
rearrangements of critical elements of the active site. Along with the phosphorylations, another
residue of the N-term extension, pimyoaE6, participates to the stabilization of the Rigor state,
interacting with the Switch-1 and Switch-2 (Robert-Paganin et al., 2019; Moussaoui et al.,
2020). The stabilization of the Rigor-like state is mediated by a cation-pi interaction between
N-term extensionE0, Switch-1R241and switch-2F476 in PIMyoA. A similar interaction is observed in the
homology model of TgMyoA between Nierm extensionE8, switch-1R243 and  switen2F478,
demonstrating that this interaction is likely to be conserved. Conversely, in PfMyoB the
glutamate from the N-term extension is not conserved, so this interaction is not conserved,

suggesting that this adaptation is not present or may involve different residues (Figure 15).
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FIGURE 15-PfMyoA force generation

Taken from (Robert-Paganin et al., 2019). Overall view of the additional interactions established
between the N-terminal extension and the motor domain connectors involving the Switch-1 and the
Switch-2. We highlight how this N-terminal extension stabilizes the Rigor-like and compensates the
immobility of the SH1-helix during the powerstroke.

6. Conservation of the adaptations within the connectors

As we have demonstrated in our work, major sequence differences are present within
the connectors of PIMyoA compared to conventional myosines (Robert-Paganin et al., 2019).
Transient kinetics demonstrated the importance of these differences in force production of this
atypical motor, leading to the conclusion that they constitute some adaptation to the atypical

mechanism of PfMyoA (Moussaoui et al., 2020).

In conventional myosins, the conserved aromatic residue at the tip of the wedge
(Y583Wedee ScMyoll) favors the unpriming of the Relay and the piston-like movement of the
SH1-helix in the motor domain. Rearrangements of these connectors are induced by steric
clashes between the aromatic residue and M514R% and E6985H!"belix (R obert-Paganin et al.,
2019). Thus, the movements of the Relay and the SH1-helix which interact strongly with the
Converter are associated with the lever arm swing. In all cases PfMyoA, PfMyoB and TgMyoA
the aromatic residue from the wedge (Tyrosine 583 in ScMyoll) is replaced by a Threonine:
T586"Wedee T569Wedee and T588Wed2e respectively. In the case of PEMyoA, this has been studied
in depth because the presence of this Threonine instead of Tyrosine is not trivial, it causes less
steric clash in PfMyoA which allows the wedge to establish contact with the Relay during the
powerstroke and is an adaptation to the immobility of the SH1-helix (Robert-Paganin et al.,
2019). To further study this adaptation in PfMyoA, we mutated T586" ¢ by Phenylalanine

that is supposed to increase the steric hindrance with the Relay and the SH1-helix, thus reduces
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the mobility around the Wedge. Interestingly, there is no major effect on the motility and ADP-
release of PfMyoA (Moussaoui et al., 2020). This mutation increased the transition to the PR
state by 40% faster suggests that Rigor is slightly destabilized. The mutant TS86F would likely
destabilizes the PPS state, justified by the increase in basal ATPase (Moussaoui et al., 2020).
This loss of stability more likely due to additional steric hindrance that alters the

communication between the connectors, as shown by our structural analysis...

In PfMyoA, this adaptation of the Wedge is accompanied by adaptation in the SH1-helix
and in the Relay. E6985H!Melix g conserved in PfMyoA, PfMyoB and TgMyoA but not the
M514R¢Y which is replaced in all of PfMyoA, PfMyoB and TgMyoA by T522R¢ly T506R<1y
and T524R% respectively.

These adaptations of the Wedge and of the communication between the Relay and the SHI-
helix all result from the immobility of the SH1-helix in PfMyoA due to the replacement of the
conserved glycine by a serine at the fulcrum. Since both TgMyoA and PfIMyoB have a serine
at the fulcrum, and consequently an immobile SH1-helix, some adaptations in the Wedge and
in the communication between the Relay and the SH1-helix were expected. The fact that the
specific adaptations described in PfMyoA are conserved in both TgMyoB and PfMyoA is fully

consistent with our model.
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Chapter IV: PIMyoA Full Length
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1. The resolved atomic structures of PfMyoA in PR and PPS

The study of the full-length (FL) structure of PfMyoA complexed to its two light chains
PfELC1 and MTIP revealed an atypical priming of the lever arm in the PPS state (Moussaoui
et al., 2020). Moreover, our study reveals how specific contacts between the converter and the
motor domain, but also the interaction between atypical light chains and degenerated 1Qs
stabilizes the priming and maintain the lever arm. In this part, I have tried to determine if the
specific features of the lever arm of PfMyoA are conserved in TgMyoA and PfMyoB. For this
purpose, I have generated homology models of both FL. TgMyoA and PfMyoB and compared
the adaptations. The homology models have been generated with SwissModel, with the FL.
structure of PfMyoA in PPS as a search model (PDB code 6 YCX).

2. The interface that stabilizes the priming of the lever arm

Our structural study of the priming of the PfIMyoA lever arm (Moussaoui et al., 2020)
revealed an interface between the converter and the motor with mainly hydrophobic and polar
contacts between the converter on one side and the N-ter subdomain and the Transducer on the
other side (Figure 16a, 16b). We subdivided these interfaces into two regions: 1) region that
involves a set of two polar interactions involving ConerterR7(7/NtermN [ 77/transducerG66() and
Converterg71 1/NtermK 183 and also hydrophobic interactions established between “°™*'Y714 and
Nermy7181 and N™N182 ii) The second region consists in cation/m-stacking interactions
between C°"'R771 from the last helix of the Converter and N*™H160 (Moussaoui et al.,

2020).

To further study the effect of this interface on the stability of the lever arm priming, we
designed triple mutant E711A +Y714A +R707A (mutant AAA) and we performed transient
kinetic studies coupled with molecular dynamic (Moussaoui et al., 2020). Finally, we found
that this interface drastically affects the stability of the lever arm priming and the functionality
of the motor. Here, I study the conservation of this interface in both PfMyoB and TgMyoA,
based on the structural analysis of this atypical interface (not present in conventional myosin).
The structure of the PPS state of TgMyoA is already known (Powell et al., 2018) and displays

the same priming as that found for PfMyoA. Interestingly, there are equivalent residues
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maintaining the interface (Table 2, Figure 16¢) showing that the structural features underlying

TgMyoA and PfIMyoA priming are similar in the two motors.

(a)

_J_ TgMyoA.MD-PPS (6D

y

Loop-1
HC B-bulge
PFEL! Transducer

Relay-helix
SH1-helix

FIGURE 16-Interface that promotes the priming of the PfMyoA lever arm

Taken from (Moussaoui et al., 2020). (a) Overall structure of PfIMyoA.FL-PPS. The priming of the lever
arm is stabilized by interactions between elements of the lever arm and the motor domain (boxed in
black). (b) Zoom on the lever arm/motor domain interface. The residues involved in the interaction are
labeled. (¢) MD/Converter interface in the structure of the motor domain of TgMyoA in PPS (PDB code
6DUE), the equivalent key-residues are colored in red.

In PfMyoB, the interface is completely degenerated but has adaptations that could
maintain the stability of this interface, including polar interactions between the converter and
the Nterm subdomain (See the Table 3). These interactions may stabilize the same lever arm

priming as observed for PfMyoA, but the structure will be needed to conclude on the priming

of PIMyoB.

PfMyoA PiMyoB TgMyoA
E711 S692 E713
Y714 S695 F716
R707 Y688 R709
V181 T168 interacts with S692 V183
N177 D164 interacts with Y688 N179
K183 N170 interacts with S692 K185
N182 K169 N184

TABLE 3-Critical elements of the interface that stabilizes the lever arm priming
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3. Recognition of light chains (LCs) by IQ motifs

In myosins, the lever arm is constituted of the Converter, followed by an elongated single
alpha helix, located downstream to the motor domain. It recognizes light chains such as
calmodulins or calmodulins-like that stabilize it. Light chains recognize specific sequences
called the IQ motifs (usually two or more IQ motifs are found in myosins): in conventional
myosins from class II, the ELC (essential light chain) bind to the N-terminal region of the lever
arm, while the RLC (Regulatory Light Chain) binds to the C-terminal part of the lever arm
(Anne Houdusse & Carolyn Cohen. 1996). Unlike PfMyoA, TgMyoA has two ELCs including
TgELC1 and TgELC?2 that are able to recognize the first IQ motif. MLC1 (which is equivalent
to MTIP in PfMyoA), interacts with the second IQ motif. The N-terminus of the MLC1 interacts
with the GAP protein (glideosome-associated protein) complex, thus establishing the crucial
link between the glideosome and the parasite motor (Powell et al., 2017). MTIP and MLC1
play a dual role as (1) adaptors which act on the structural characteristics of the motor and (2)
as regulators that they recruit these motors to the inner membrane of the complex (Frénal et al.,

2010).

In PfIMyoA, MTIP is also important to promote the docking of PfELC to the lever arm
(Bookwalter et al., 2017). Indeed, PfELC does not bind to the lever arm in the absence of MTIP
(Bookwalter et al., 2017). Interestingly, in TgMyoA, MLCI requires the association of TgELC1
or 2 to the lever arm to bind (Pazicky et al., 2019). This is surprising because the first IQ of
TgMyoA and PfMyoA are very close in sequence (Figure 17a). This may be due to a difference
in the interfaces TGELC/MLCI1 and PfELC/MTIP or the differences in the structures of the
ELC.

In PfMyoA, the contacts between MTIP and PfELC are mainly hydrophobic, so the
interface ELC/MTIP is more rigid than in conventional myosins (Moussaoui et al., 2020). This
interface is supported by a kink, which is facilitated by a Proline (P802) (Moussaoui et al.,
2020) (Figure 17d). We found also in the same position Proline in TgMyoA (P804) in the
homology model, the presence of the proline suggests the presence of the kink between TgELC
and MLC1 in TgMyoA (Figure 17d). Sequence alignments of PfELC and 7. gondii TgELCl1
and TgELC2 the ELCs reveal how these light chains are divergent from conventional ELCs
and from each other (see Table 3). A recent preprint described different structures of the lever

arm of TgMyoA bound to TgELC1 or 2 and MLC1 (Pazicki et al., 2019). Surprisingly, TgELC1
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and 2 have a structure that is similar to that described previously for conventional calmodulin-
like ELCs, suggesting that they display specific sequence adaptations in order to recognize the
degenerated 1Qs. Since the work from Pazicki and coworker is not reviewed and that the PDBs
are not available, I could not make a direct comparison of structures, but this will have to be
investigated in the future and may explain why the association of the light chains is different in

PfMyoA and TgMyoA.

The lever arm of PfMyoB is predicted to be very divergent since its IQ motif does not
conserve any element of the consensus and is highly different in sequence from Class XIV
MyoA (Figure 17a). PfMyoB is deprived of the proline mentioned above, suggesting that the
angle between the two 1Qs may be different than found in PfMyoA (Figure 17c). These
findings are consistent with preliminary results from Jake Baum’s laboratory: co-expression of
the PfMyoB FL with both PfELC and MTIP does not allow co-purification of the PfELC light
chain, indicating that this light chain does not bind to PfMyoB (Jake Baum, unpublished

results).

According to my analysis, even if there is a different behavior of the light chains in
PfMyoA and TgMyoA, the IQs are quite conserved and suggest a lever arm with sequence
similarities such as the kink between the 1Qs. PfMyoB seems to be more divergent. In order to
understand why PfMyoB is not capable to bind the PfELC, a close look at the conservation of

the crucial residues involved in the anchoring of the PfELC is needed (see Table 3).
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a)

Consensus I O|X X X|R G
PfMyoB 7TSON|L C|C I T|S
PfMyoA T9N|C V]S V I|E
TgMyoA 781P|L V|S VL|E A

FIGURE 17-Degeneration of IQ motif

(a) The sequence alignment of the IQ1 from PfMyoA, PfMyoB and TgMyoA with the elements from
the consensus. The Proline that facilities the kink of the lever arm P802 (red) in PfMyoA (b) is replaced
by K782 in PfMyoB (c) but conserved in TgMyoA (d).

PfMyoA PiMyoB TgMyoA

E725 Top-loop N706 Top-loop E727 Top-loop
D726 Top-loop D707 Top-loop N728 Top-loop
D720 Converter D701 Converter D722 Converter
K773 Converter N753 Converter C775 Converter
E776 Converter C756 Converter S778 Converter

TABLE 4-The conservation of the residues that maintain the interactions between the ELC and the
Heavy chain helix of the lever arm




a) HC-PfMyoA b) HC-PfViyoB

Converter Converter Y757

HC-PfMyoB

FIGURE 18- Model of the PfMyoB and analysis of why PfELC is not interacting strongly on the 1"
10 motif.

(a) The heavy chain/PfELC interface, residues allowing the anchoring of the PfELC to the PfMyoA
lever arm are shown. (b) Alignment and superimposition of the PFELC was done with the generated
model of the PfMyoB lever arm. We noticed that the aromatic residue Y757 is facing down and might
hinder the binding of the PfELC to the PfMyoB lever arm. In addition, the contacts that are crucial to
the interaction with PfELC are not conserved in the PfMyoB lever arm. (¢) The Converter / SCELC
interface in Scallop myosin II (d) we have done the same comparison with SCELC and PfMyoB lever
arm but the converter is oriented differently, therefore the comparison is not reliable.

4. Why cannot PfMyoB associate with PFELC?

Preliminary experiments performed by our collaborator Jake Baum suggest that
PfMyoA and PfMyoB does not share the same light chain, PfELC. Indeed, they demonstrated
that PfELC is not able to bind PfMyoB (Pr. Jake Baum, unpublished results). According to
these results, PfMyoB should have a distinct ELC.

As described in our study, the PfELC structure in itself is divergent from the
conventional ELCs that are usually more similar to calmodulin with conventional EF-hands
helices (Moussaoui et al., 2020). The PfELC binds the PfMyoA lever arm in a similar
conformation than other ELCs: the PfELC N-lobe interacts with the heavy chain in a closed

conformation while PfELC C-lobe binds the heavy chain in a semi-open conformation. Major
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differences are located in the C-lobe and in the interlobe linker. The a5 helix is shorter and
followed by an additional small turn helix that we called a5’. Due to a smaller interlobe linker,
PfELC is more compact compared to other ELCs. These specificities allow PfELC to recognize

the first IQ of PfMyoA specifically (Figure 18a, 18c) (Moussaoui et al., 2020).

Based on the analysis of the IQs of PfMyoA, PfMyoB and TgMyoA by sequence
alignment, we found that the 1Q motif of PfMyoB is highly divergent from the consensus
IQxxxRGxxxR (no element is conserved), and also differs from the IQ motif of PfMyoA (only

two residues are conserved).

In addition, the residues from the converter (D720, K773, E776) and E725, D726 from
the top-loop participate to the anchoring of the PfELC (Table 3, Figure 18a). We found that
these residues are not conserved in PfMyoB (see table 4) except for two residues: “°YD701 and
0p-looby7()7. More importantly, the aromatic bulky W777 that stabilizes the PfELC is replaced
by a Tyrosine (Y757) in PfMyoB (Figure 18b). Y757 like W777 is sandwiched by helices of
the C-lobe, but with a different orientation, that may interfere with the binding of PfELC.
Possible steric clashes between Y757 and L97 would indeed prevent this association (Figure
18d). This analysis could explain why PfELC does not bind PfMyoB but also suggests that the
ELC of PfMyoB may recognize its IQ differently than found for the PfIMyoA myosin. In turn,
this could also result in promoting a different ELC/Converter interface and a different

ELC/MTIP interface.

5. MTIP recruits PfMyoA to the plasma membrane of the

complex
Myosin tail-domain interacting protein (MTIP) is a protein of 24 KDa discovered in

2002 by Bergman et al., 2003. It interacts with the C-terminal region of the lever arm. In
Bergman, et al., 2003, they showed by yeast two-hybrid screen assays that the 15-amino acid
of MyoA C-terminal are involved in the interaction with MTIP. MTIP consists of four
degenerated EF-hand motifs but none of these motifs have been shown to coordinate Ca** as it

is the case of Myosin light chainl (MLC1) (Bosch et al., 2005).

The PfIMyoA sequence stops after the second IQ motif and is thus devoided of a tail
sequence. It is thus addressed to the inner plasma membrane of the parasite by the interaction

of MTIP with GAPs proteins. MTIP in complex with PIMyoA adopts a compact conformation
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(Bosch et al., 2007). Mutagenesis and structural studies in Bosch et al., 2007 have shown that
the K813 residue in the PIMyoA lever arm is crucial in maintaining the compact conformation
of MTIP by interacting with M?G103 and M™PQ204 (Figure 19a) (Bosch et al., 2007). We
found that the residue equivalent in PfMyoB is K793, possibly indicating that the MTIP

homologue that binds the second IQ motif of PfMyoB may use in part similar interactions.

FIGURE 19-Interaction MTIP-lever arm

(a) Cartoon representation of how MTIP anchors the PtMyoA 1Q2, we highlight the role of
K813 in the maintaining of the MTIP compact conformation.(b) Superimposition of MTIP with
the 1Q2 from PfMyoB (generated model by Phyre2), the lysine is conserved in PfMyoB (K793)
and is predicted to interact with both Q204 and G103 as it is the case in PfMyoA.

Based on the assumption that PfIMyoA and PfMyoB may have a redundant function,
Harnandez et al., 2018 had the idea to study the interaction between PfMyoB and MTIP (the
light chain of PfIMyoA). They used both molecular docking predictions (Harnandez et al., 2017)
and in vitro protein—protein interaction assays using far western blot (FWB) and in vitro
pulldown (Hernandez et al., 2018). Based on these experiments, their conclusion was that
PfMyoB may have some redundant function with PfMyoA at some stages of the cycle, such as
merozoite invasion. In fact, these results are not surprising considering that the lysine K813 that
is crucial for the binding of MTIP is conserved in PfMyoB. In addition, the H810 which is also
important in the interaction between MTIP and PfMyoA is replaced by Tyrosine Y790 in
PfMyoB which could establish the same interactions than H810 especially, the electrostatic
interaction with D139 of MTIP (Figure 20a, 20b). Thus, nothing major indicates why MTIP
would not associate with PfMyoB. However, this interaction characterized in silico or in vitro
may not make sense in the in vivo context since PfMyoB has not been found to be associated
to MTIP or to the glideosome in co-immunoprecipitation assays (Yusuf et al., 2015).

Interestingly, in vivo experiments reported the interaction of PfMyoB with a novel CaM-like
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protein that was called MLC-B (Yusuf et al., 2015). MLC-B was shown to interact with the
second IQ of PfMyoB and comprises a long helical N-terminal extension that may be involved
in addressing PfMyoB (Yusuf et al., 2015). Further investigations will be needed to identify
precisely the light chain(s) specifically binding to the second 1Q motif of PfMyoB and how this

is regulated and linked to the biological function of this myosin.

MTIP has a N-terminal extension (residues 1-74) (Tardieux and Baum, 2016). In T.
gondii, MLC1, the analog of MTIP, is also binding TgGAP45, and this association occurs
through the N-terminal extension (Frénal et al., 2010). Based on sequence alignment (see
Figure 23), MTIP and its analog from 7. gondii MLC1 share 57 % sequence identity and 73%
sequence similarity in their N-terminal region (Figure 21). Given the similarity of the N-
terminal extension of these two light-chains, it is tempting to speculate that MTIP also associate
to PfGAP45 through its N-terminal extension as it is the case in 7. gondii, even if this is still to

be demonstrated.

Interestingly, phosphorylations have been demonstrated to govern the association of
MTIP to the heavy chain of PfMyoA. S107 and/or S108 are the only residues from MTIP to be
phosphorylated in vivo (Douse et al., 2012; Jacot et al., 2014). The analyzing of our structure
shown that MTS107 and M™PS108 are oriented outside of the lobe, so that they interact with
R806 and L80S5 from the lever arm , respectively.
In vitro, phosphomimetic mutants on these sites reduce the affinity of MTIP to PfMyoA (Douse
etal.,2012; Jacot et al., 2014). These phosphorylations are thus able to modulate the interaction
between MTIP and PfMyoA. There is only one serine at this site in MLC1 (S113) and it
corresponds to M™’S107. Surprisingly, the phosphomimetic mutation of this residue does not
affect the interaction with TgMyoA in vitro (Jacot et al., 2014). However, in the same paper the
authors identified other phosphorylations of MLC1, S92 and S97 whose role is not yet known.
As long as the role of these phosphorylations remains unknown, we cannot say if these

interactions are involved in the association to TgMyoA or even TgGAP45.

Given the key-role of MTIP and MLCI in connecting the Myosin A to GAP45, it is
tempting to speculate that they may be involved in the regulation of the function of the
glideosome. The presence of specific phosphorylations in MTIP disrupting the interaction with
PfMyoA is a strong argument in favor of this idea. Future studies will be necessary to decipher

the role of this putative regulation and how it may be different with MLCI1 that has different

61



phosphorylation sites. These differences in MLCI1 could be due to the fact the 7. gondii has a
different life cycle compared to Plasmodium. This explanation was also evoked to discuss the
different number of phosphorylation sites in TgMyoA compared to PfMyoA (Robert-Paganin
et al., 2019).

a) Consensus IQ|x x x|R G|x x x|R
PimyoA |S L L RIVQ|A H I|R K|IKM V]|A
PimyoB [N L Q L|A Q [2 ¥ F|R K|Y K Y|I
TgmyoA |FF I I RIAQ|AH I|R R|H L V|D

b)

FIGURE 20-MTIP may anchor PfMyoB

(a) Sequence alignment of IQ2 from PfMyoA, PfMyoB and TgMyoA, most of the element from
PfMyoA consensus are conserved in PfMyoB. (b) Superimposition of MTIP with the lever arm from
PfMyoB showing the potential ability of MTIP to bind PfMyoB

MLC1 MSKVEKKCPVCYQKLPNPADVLGPMDKELNYFMWMPGFEWRPEPKVGEYDGACESPSCRE 60

MTIP —--MKQECNVCYFNLPDPESTLGPYDNELNYFTWGPGFEYEPEPQRKPLSIEESFENSEE 57
:::* * %k :i*:* __*** *:***** * ***‘k:'*i*: . . _._1‘:

MLC1 GGRPAADEDMQEALEEMVEADEMYARFNARASGGKVSTGDAMILARQLGLAPSYADKQAF 120

MTIP SEES---VADIQQLEEKVDESDVRIYFNEKSSGGKISIDNASYNARKLGLAPSSIDEKKI 114

3 * &k *: % 3% | * % ::#(‘k‘*k:'k ':* t‘k:tt**‘k* *:: g
MLC1 EEKSGDNLDYASFQKFVGTSTHPEDNIEDLVEAFAYFDVSKHGYLTRKOMGNILMTYGEP 180
MTIP KELYGDNLTYEQYLEYLSICVHDKDNVEELIKMFAHFDNNCTGYLTKSOMKNILTTWGDA 174
sk kkkk ks sma, ..k shkkakadkas kdkakdk | dkdokdks kk kkk ko
MLC1 LTTEEFNALAAEYFTSDQIDYRQFCKAMLERRE 213
MTIP LTDQEAIDALNAFSSEDNIDYKLFCEDILQ-~~ 204

*k ok 2 s, Kadkkka khks kg

—— N-terminal region
Linker between N- and C- lobe

Sequence identity (42%)
Sequence similarity (62%)

FIGURE 21-Sequence alignment of MTIP from P.falciparum and MLCI1 from T.gondii.
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6. Towards the production of a minimal glideosome

The critical missing piece to reconstitute a minimal glideosome (Figure 22) in our
study are GAPs proteins (GAP45, GAP40 and GAP50). GAP45 were first described in
Toxoplasma gondii (Gaskins et al., 2004; Ridzuan et al.,2012). GAP40 and GAP50 were later
identified in the IMC (Inner Membrane Complex) (Ridzuan et al.,2012). In the case of
TgMyoA, the C-terminal region of TgGAP45 recruits MLC1-TgMyoA to the IMC (Frénal et
al., 2010). In this same paper, they showed that TgGAP4S5 is essential in gliding, invasion and
egress in Toxoplasma gondii. The glideosome model is built by identifying the proteins that
compose it. It is localized in the region between the PM and the IMC of the parasite (Keeley &
Soldati, 2004) (See Figure 24). The GAP complex allows to anchor the specific PMyoA motor
that interacts with the polymerized actin 1 (PfActl) (Wetzel et al., 2003) to the glideosome, by
interactions with MLC1 or MTIP, specific light chain of the motor (Bergman et al., 2003;
Herm-Gotz et al., 2002; Frénal et al., 2010).

Interestingly, GAP45 displays several post-translational and co-translational
modifications in GAP45, including a set of phosphorylations (Gilk et al., 2009; Ridzuan et al.,
2012). The reconstitution of a complex between PfGAP45 and PfMyoA was initially an aim of
my PhD, in order to reconstitute a minimal glideosome. Unfortunately, we could not purify
GAPA45, the protein was not soluble and could not be produced either alone or by co-purification
with PfMyoA (Kathleen Trybus, unpublished results). The other complication also lies in the
fact that despite that we solved the full length structure of PfMyoA associated to its lights chains
ELC and MTIP, we still lack the structural information of the MTIP N-terminal region. We will
explain later our analysis and the strategies that we will adopt to study this region of MTIP,

which could be the key for the formation of a minimal glideosome.
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FIGURE 22-Glideosome localization in merozoite

Modified from Baum et al., 2006.

As I already mentioned in the methods section, the laboratory of our collaborator
Kathleen Trybus succeeded in producing the PfMyoA full length with its two light chains. One
major goal of my PhD was to find crystallization conditions for PFMyoA in different nucleotide
states. However, in our constructs, the N-terminal region of MTIP was truncated because it was
predicted unstructured by HCA analysis (see below). Generally, the unstructured regions of a
protein make its crystallization difficult or even impossible. MTIP was first analyzed by
hydrophobic cluster analysis (HCA), a method that aims to predict the disordered regions of
proteins based on sequence analysis (Callebaut et al., 1997) (see Figure 23). Based on the HCA
of MTIP we found that the MTIP N-terminal region could be unstructured (1-74 amino acids)
since this region is rich in proline and charged residues, upstream of this region, some
hydrophobic residues could play important roles in the interaction with GAP proteins. Another
argument that was in favor of the deletion of the N-terminal region was that this region is
missing in all the crystal structures of MTIP to date (Bosch et al., 2007; Douse et al., 2015).
However, the understanding of the structural features governing the association of GAP45 with

both MTIP and the IMC is crucial to reconstitute a minimal glideosome.
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FIGURE 23-MTIP Hydrophobic Cluster Analysis (HCA)

HCA allows to locate disordered and folded regions of a protein based on the sequence.

7. Association of GAP45 to the IMC and to MTIP

MLC1 and MTIP play a bridging role between Myosin A and the inner membrane
complex via its interaction with GAP45 that has been described as interacting with the two
membranes of the pellicle IMC and the PM (Rees-Channer et al., 2006; Frenal et al., 2010;
Jacot et al, 2014). In Toxoplasma gondii, the N-terminal region of MLC1 interacts with the C-
terminal region of GAP45, while the N-terminal region of GAP45 anchors the PM (Frénal et
al., 2010). The N-terminal region of TgGAP45 contains two acylation sites, including a
myristoylated glycine (G2) and a cysteine (C5) which is predicted to be palmitoylated. These
two sites have been suggested to govern the anchoring of TgGAP45 to the PM (Frénal et al.,
2010; Ridzuan et al., 2012). Based on the sequence alignment of GAP45 (Figure 24) we found
that glycine (G2) and cysteine (C5) of the N-terminal sequence are conserved across the phylum
of Apicomplexa suggesting that the contacts established between GAP45 and the PM are
conserved across the Plasmodium genus and in Toxoplasma gondii. In addition, the N-terminal
region of TgGAP45 and PfGAP45 share 39% of sequence identity, 70% sequence similarity.
While the C-terminal of TgGAP45 and PfGAP45 share 49% of sequence identity, 67%
sequence similarity. Since the C-terminal region of GAP45 binds to MLC1 (Frénal et al., 2010)
and it is conserved across the phylum of Apicomplexa especially across Plasmodium genus (see
Figure 24), it is likely that the interactions between GAP45 and MLCI/MTIP or other

Plasmodium myosin tail domain-interacting proteins are conserved across the phylum.
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8. GAP4S5 phosphorylations and glideosome assembly

As explained earlier, GAP45 displays a set of phosphorylations. The calcium-dependent
protein kinase (CDPK1) of P. falciparum, has been proposed to phosphorylate both PFGAP45
and MTIP, but also their homologs in 7. gondii TgGAP45 and MLCI1 (Ridzuan et al., 2012;
Jacot et al., 2014). PfGAP45 was reported also to be phosphorylated in vitro by the protein
kinase B (PfPKB) (Vaid et al., 2008; Thomas et al., 2012). Whereas, pulse-chase analysis
showed that GAP45 is phosphorylated before its association with GAPS50 in the IMC (Rees-
Channer et al., 2006; Ridzuan et al., 2012).

The role of the phosphorylations of GAP45 has been studied in 7. gondii. S163 and
S167 control the association of TgGAP45 with TgGAPS50 (Gilk et al., 2009; Ridzuan et al.,
2012). The expression of phosphomimetic mutants abolished the association of TgGAP45 with
TgGAP50 (Gilk et al., 2009; Jacot et al., 2014). Interestingly, these two phosphorylated serines
are not conserved in PFGAP45, T86AP455163 is replaced by an aspartic acid and T¢6AP438167 is
replaced by a Threonine in PfGAP45 (Figure 24). In PFGAP45, residues S89, S103 and S149
from PfGAP45 were reported to be phosphorylated in vitro by PfCDPK1 (Vaid et al., 2008;
Green et al., 2008; Ridzuan et al., 2012). In this same paper, the authors show that the mutation
of the phosphorylated serines S89 and S103 in PfGAP45 by Alanine do not affect the
localization to the IMC or the formation of the complex. Further studies demonstrated that these
phosphorylation sites may not be involved directly in glideosome complex formation (Thomas
et al, 2012). Further studies are required to establish the role of the phosphorylations of
PfGAPA4S5 in the function of the parasite.

The role of GAP45 phosphorylations will require further studies to be elucidated.
However, in TgGAP45, two of these phosphorylations seem to be involved in glideosome
assembly, regulating the association of GAP complex. Here again, the position, the number and
the role of the phosphorylations differ between GAP45 from 7. gondii and P. falciparum. These
phosphorylations may be another component of the fine regulation of the function of the
glideosome. If this is true, this regulation may be different in P. falciparum and in T. gondii,
this is another example of the differences existing among the phylae of the Apicomplexan
parasites. Future investigations will shed light on these mechanisms and we will have to study
specifically how the phosphorylation sites could impact binding of PfGAP45 to MTIP in order

to reconstitute the complex and assemble a minimal glideosome.
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9. Approaches for the treatment against malaria

As we mentioned previously, the parasite develop resistance against all antimalarial
treatments discovered to date (Figure 25, Table 5) (Sinha et al., 2014). The first synthetic
antimalarial drug that had a great success was chloroquine which was discovered around 1934
(Wellems and Plow. 2001). Unfortunately, this success did not continue since several cases of
parasite resistance against chloroquine appeared in South-East Asia around 1957, then it was
spread to all the countries affected by malaria. (Wellems and Plow. 2001; Pazhayam et al.,
2019). Another treatment recommended by WHO, 2001 is Artemisinin-based Combination
Therapies (ACTs) which is an important class of antimalarial medication (Yeung et al., 2004).
This treatment had the same fate as the treatment mentioned above. First cases of ACTs
resistance were observed in Western Cambodia and then in all malaria endemic countries
(Amaratunga et al., 2014; Phyo et al., 2012; Ashley et al., 2012; Huang et al., 2013). Efforts are
being made by researchers to find new therapeutic approaches and elaborate vaccines against
malaria. Among the drugs against malaria developed these last years, the proton pump
inhibitors (PPIs), esomeprazole magnesium and omeprazole (Pazhayam et al., 2019) are
described as promising, safe and orally administrated but needs further studies to anticipate a
potential treatment resistance (Manickam et al., 2018; Das et al., 2018; Pazhayam et al., 2019).
In addition, several vaccines are in clinical phase 2b (see Table 5), and the most advanced
candidate vaccine to date is RTS,S/AS0O1 completed the clinical phase 3. This vaccine received

a favorable opinion from the European Medicines Agency (Laurens. 2018).

Interestingly, all the treatments currently available target elements of the metabolism of
the parasite. Given the high mutability of the unicellular parasites such as Plasmodium, it is not
surprising that they can develop resistance strategies. Once the machinery that powers the
gliding motility was discovered, it is naturally that researchers started to study it deeply to
understand the different interactions that stabilize it and understand the mechanism of its
regulation. Among the inhibitor targets that are currently studied, one can cite the junction
between AMA 1 and RON protein complex, inhibitors of actin dynamics, peptides that target
the interface between MyoA and MTIP. Targeting the acto-myosin system that fuels parasite
motility and infectivity would be a solution to resistance since actin has very low variability
and that single point mutations in the myosins are often associated with severe motor

dysfunctions (Robert-Paganin et al., 2018; reviewed by Robert-Paganin et al., 2020).
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Our collaborator Jake Baum showed that divergent PfMyoA is essential in both motility and
red blood cell invasion (Robert-Paganin et al., 2019), which gives us an evidence that PfMyoA
is an excellent therapeutic target. Later, we demonstrated (Moussaoui et al., 2020) the
essentiality of the PfELC in the invasion mechanism of the parasite. Based on our results, we
can thus propose different strategies targeting the acto-myosin complex of P. falciparum: (i)
treatments specifically blocking/inhibiting the motor function of PfMyoA; (ii) treatments
blocking the association of the light chain with the lever arm (iii) treatments that could block

the interaction between PfMyoA and the actin filament.
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Antigen

| Vaccine mechanism

| Most advanced status

Plasmodium falciparum

RTS,S (CSP fused to HBsAg)

Inhibits sporozoite motility,
prevents hepatocyte invasion

Pilot implementation, phase 4
Pharmacovigilance baseline

RTS,S fractional dose (CSP
fused to HBsAg)

Inhibits sporozoite motility,
prevents hepatocyte invasion

Phase 2b clinical testing in
endemic areas

ChAd63/MVA, ME-TRAP

Inhibits sporozoite motility,
prevents hepatocyte invasion

Phase 2b clinical testing in
endemic areas

PfSPZ (radiation-attenuated
whole-organism sporozoites)

Inhibits sporozoite motility,
prevents hepatocyte invasion

Phase 2b clinical testing in
endemic areas

PfCelTOS

Inhibits sporozoite motility,
prevents hepatocyte invasion

Phase 1 clinical testing

R21 (CSP-HBsAg fusion
protein)

Inhibits sporozoite motility,
prevents hepatocyte invasion

Phase 1 clinical testing

mediates erythrocyte invasion

Recombinant CSP Inhibits sporozoite motility, Preclinical testing
prevents hepatocyte invasion
EBA175 Targets merozoite ligand that Phase 1 clinical testing

Genetically attenuated
whole-organism sporozoites

Inhibits sporozoite motility,
prevents hepatocyte invasion

Phase 1 clinical testing

TABLE 5-Current malaria vaccines stages

Modified from Matthew B. Laurens, 2018.

10. Three strategies to develop treatments targeting the acto-
myosin complex of P. falciparum

The "Structural Motility" team and its collaborators are involved in the search of
developing new treatments against malaria, with PfMyoA as a target. The team is interested in
defining how specific modulators of myosin activity can be used for the treatment of human
diseases, but also to investigate the mechanism of these allosteric modulators. Identifying

specific modulators for the inhibition of PfMyoA activity will open a door for the development

of a new generation of anti-malarial drugs.

Structure-based drug discovery approaches like docking have significantly contributed to
the identification of hit compounds in the Pharma industry (Kitchen et al., 2004). However, in
the case of allosteric proteins such as myosin, several problems arise. First, the protein adopts

multiple structural states during the motor cycle that are not all characterized at atomic
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resolution, which is key to understand in which of them the ligand may bind. Transient kinetics
and relevant structures of myosin/drug complexes provide this information (Planelles-
Herrero et al., 2017). The Structural Motility team has shown that allosteric inhibitors can bind
to pockets that only transiently exist in the absence of ligands (e.g. SMM2 in complex with
CK571 (Sirigu et al., 2016), which cannot be guessed without co-crystallization. Once
visualized, however, these pockets can be exploited to search for new scaffolds that might bind
and thus modulate motor activity. Third, the design of inhibitors versus activators in allosteric
proteins is challenging per se. It requires an understanding of how a compound may allow or

prevent a functional transition, and this remains an unsolved problem.

Search for inhibitors will be performed thanks to the combined expertise of our
laboratory and members or an international consortium of experts (Figure 26). Libraries of
compounds will be screened in a miniaturized ATPase assays in order to identify potential
modulators of the activity of PEMyoA. The precise effect of the selected compounds on ATPase
activity will be evaluated by coupled enzyme assays in order to calculate the inhibition constant
(Ki). In parallel, transient kinetics and in vitro motility assays performed in the team of Kathleen
Trybus will determine which transitions are affected by the compounds in the motor cycle. The
structure of PfMyoA complexed to each compound will be solved by X-ray crystallography to
decipher the mechanism of action of the drug candidates. The structure analysis and SAR
studies will allow to optimize the compound and thus perform rational drug design. Iterative
cycles of optimization will be performed if necessary. Finally, the effect of the most promising
and efficient inhibitors will be tested directly on the parasite in the lab of Jake Baum (Imperial

College, London, UK) (Figure 26).
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FIGURE 26-Global strategy to target PfMyoA.

(1) First step is to do screening with miniaturized ATPase assays, once promising effectors will be
identified (from libraries), the specificity and efficiency of these compounds in inhibiting ATPase
activity will be performed as well as transient kinetics (Dr. Kathleen Trybus laboratory) (2) the most
promising compounds will be co-crystallized with PfMyoA (3) Structural information will guide the
optimization of the compounds by structure activity relationship (4) and synthesis of most promising
optimized compounds will be performed (5). In addition, in vivo assays will be performed to measure
the effect of these compounds on invasion and motility of the parasite (6).

10.1 Inhibition of PfMyoA activity

As already mentioned in the section of motor effectors, (Chapter I, 1.7) several small
molecules have been identified that target specifically Myosin I, II, V and VI. These small
molecules interact in different ways with the motor domain of target myosins and have not the
same effect on the motor cycle. Some of these drugs affect the rate of transitions between states
of the motor cycle (Kawas et al., 2017; Planelles-Herrero et al., 2017), others are able to block
intermediate states (Sirigu et al., 2016).

Four binding sites (pockets) have so far been identified by structural studies (Allingham
et al., 2005; Fedorov et al., 2009; Preller et al., 2011b; Sirigu et al., 2016; Planelles-Herrero et
al., 2017). These pockets share a hydrophobic nature with some polar and apolar contacts that

are involved in the interaction with the small molecules. They are distributed in the vicinity of
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critical regions for the mechanochemical properties of the motor domain such as connectors
(Manstein &Preller, 2020). Thus, each modulator has different properties and acts differently
on the myosin force production cycle (Manstein & Preller, 2020).

In this chapter I will detail the properties of the best characterized myosin

inhibitors, and why this strategy can be promising against malaria.

10.1.1 Blebbistatin — a myosin inhibitor
Blebbistatin binds in a pocket that is located between the U50 and L50 subdomains. The
drug fits in the pocket as found in the pre-powerstroke state. It thus is compatible with ATP
hydrolysis but myosin is then blocked in the PPS state (Allingham et al., 2005; Kovécs et al.,
2004; Ramamurthy et al., 2004). Blebbistatin is a specific inhibitor of the Myosin II class. It
inhibits muscle myosins (skeletal and cardiac) as well as non-muscle myosins (NMM?2a,
NMM2B), with an IC50 between 0.5 pM and 5 pM (Limouze et al., 2004; Zhang et al., 2017).
I studied the conservation of the residues of the Blebbistatin binding pocket in PfMyoA.
I found that both M¥°"[.262 and M¥°'G240 that interact with Blebbistatin are conserved in
PfMyoA (PM¥AL271 and P™M¥°AG249). In addition, the tyrosine M°'Y261 that stacks the
Blebbistatin is replaced by another aromatic residue ("™Y°AF270). However, the M¥*°!1S456 is
replaced by P™Y°AF471 which could cause a steric hindrance with Blebbistatin binding (Figure
27). The presence of "™Y°AF471 reduces the pocket and makes it unable to bind Blebbistatin

derivatives.

Myo2-Blebb PfMyoA-Blebb
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FIGURE 27-The Blebbistatin pocket in PfMyoA

(a) The binding of Blebbistatin in Myo?2 with crucial residues of its binding labeled. (b) Blebbistatin
in the equivalent binding pocket of PfMyoA, most of the essential residues for the binding of
Blebbistatin are conserved in PfMyoA pocket, except the serine S456 which is replaced by F471 and is
predicted to cause steric hindrance with the Blebbistatin, explaining why Blebbistatine cannot target
PfMyoA.

10.1.2 CK-571 - a myosin inhibitor

CK-571 is another inhibitor that targets specifically the smooth muscle myosin (SMM)
with an IC50 of 9 nM. It targets also other class II myosin such as cardiac, skeletal myosin and
NM2b but with a high IC50 compared to SMM (Sirigu et al., 2016). CK-271 has been proposed
as a treatment against asthma. The effect of this small molecule has been characterized by a
California-based pharmaceutical company, Cytokinetics Inc, engaged in the discovery and
development of small therapeutic molecules targeting muscle proteins, especially myosins. This
inhibitor prevents motor domain binding of Actin SMM and promotes relaxation of smooth
muscle in vitro and in vivo (Sirigu et al., 2016). Unlike the Blebbistatin, CK-571 prevents
hydrolysis of MgATP, blocking the conformational changes required for the interaction of the
motor domain with actin (Sirigu et al., 2016). It targets a novel pocket that opens during the
‘recovery stroke’ (Sirigu et al., 2016). So, CK-571 blocks Myosin Il in an intermediate state of
the recovery stroke (Sirigu et al., 2016). These results show that two inhibitors, such as
Blebbistatin and CK-571, target different allosteric pockets and inhibit myosin with different

mechanisms.

10.1.3 Halogenated pseudilins — myosin inhibitors

Pentachloropseudilin (PCIP), pentabromopseudilin (PBP) and Tribromodichloropseudilin
(TBDCIP) are three small molecules sharing a similar molecular structure. They inhibit myosin
[ (IC50 = 1.0 uM), myosin Va (IC50 = 1.2 uM) and myosin II (IC50 = 47.2 uM), respectively
(Fedorov et al., 2009; Chinthalapudi et al., 2011; Preller et al., 2011; Manstein and Preller.
2020).

These small molecules target myosins in yet another novel allosteric binding pocket, which
is located below the subdomain U50 and close to the actin interaction region. The binding of

these small molecules in the pocket reduces the ATPase activity of myosins by inhibiting the
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rate of hydrolysis of ATP and affect a global protein dynamics (Fedorov et al., 2009;
Chinthalapudi et al., 2011; Manstein and Preller. 2020).

10.1.4 Mavacamten — a myosin inhibitor

Mavacamten is a specific inhibitor of B-cardiac myosin. Mavacamten decreases the
contractility of the heart and suppresses cardiomyocyte disarray specific of cardiomyopathies
in mice (Green et al., 2015). On a kinetic point of view, Mavacamten decreases the Pi release
rate and is able to increase the proportion of cardiac myosin heads in the inactive auto-inhibited

state (Kawas et al., 2017; Anderson et al., 2018).

Mavacamten is currently in clinical trials phase 3 against obstructive hypertrophic

cardiomyopathies (https://clinicaltrials.gov/ct2/show/NCT03470545). The structure of cardiac

myosin complexed to Mavacamten is not yet available but will be mandatory to describe its

mode of action.

10.1.5 Omecamtive mecarbil (OM) — a myosin activator
OM is an activator specifically targeting B-cardiac myosin. OM is currently in phase 3

clinical trials against heart failure (https://cytokinetics.com/omecamtiv-mecarbil/) and has been

suggested as a treatment against dilated cardiomyopathy (DCM) (Utter et al., 2015). The oral
administration of OM increases cardiac contractility with no side effects on calcium
concentration or oxygen consumption of the cardiomyocytes (Shen et al., 2010; Malik et al.,

2011).

The effects of OM on the kinetics and mechanical properties of B-cardiac myosin have
been extensively studied. OM increases both the rate of the Pi release, but also the time spent

by the motor on actin (Malik et al., 2011; Cleland et al., 2011; Swenson et al., 2017).

The crystal structure of the S1 fragment of B-cardiac myosin complexed to OM allowed
to decipher the molecular mechanism of the activator (Planelles-Herrero et al., 2017). OM binds
to a pocket located at the interface of the Converter, the relay helix and the N-terminal domain
(Planelles-Herrero et al., 2017) and thus stabilizes the PPS conformation. This explains the
mode of action of OM that increases the proportion of myosin heads in PPS, that are available
to produce a powerstroke in systole thus increasing the force output of the sarcomere (Planelles-

Herrero et al., 2017).

76



10.1.6 Specificity and efficiency of inhibitors against PfMyoA

Several small-molecules specifically modulating the activity of myosins are currently
in clinical trials. The fact that such molecules are able to modulate specifically the activity of
myosins when they are administrated orally is a proof of concept that these molecules could be
used as efficient treatments. The maximum tolerated doses and the efficiency of OM as an oral

treatment have been intensively studied (Kaplinsky & Mallarkey, 2018).

Interestingly, the structure revealed why OM targets specifically B-cardiac myosin
(Planelles-Herrero et al., 2017), which could be surprising since myosin from class II are all
very close in sequence (B-cardiac myosin and skeletal myosin with 80% identity and 88%
similarity). We are thus confident that small-molecules can be found that target specifically
PfMyoA which belongs to a class specific to the Apicomplexan, absent in humans. In fact,

PfMyoA is highly divergent from human myosins (~30% identity with myosin from class II).

For all these reasons and because this approach is currently studied in the lab for other
myosins, the development of small molecules to inhibit specifically PIMyoA activity is the

most promising at the moment (Figure 28a).

10.2 Inhibiting the association of the light chains

As it was revealed in our work, PfMyoA binds two specific light chains: PfELC and
MTIP (Moussaoui et al., 2020). PFELC was shown to be essential for the invasion mechanism
of the parasite in Jake Baum’s laboratory, our collaborator (Moussaoui et al., 2020). and MTIP
is essential for connecting PfMyoA to the glideosome (Frénal et al., 2010). Blocking the
association of the light chains with PfMyoA is thus a promising approach to develop
antimalarial approaches. However, depending on which light chain is targeted, the aim is
slightly different (i) in the case the adaptor protein MTIP is targeted, the assembly of a
functional glideosome is altered, (ii) in the case PfELC is targeted, PfMyoA will not be

sufficiently functional to support efficient invasion.

The interaction between PfMyoA and MTIP is essential for the invasion of erythrocytes
(Bosch et al., 2006). Another argument for MTIP to be a viable therapeutic target is its
divergence from any human homologs (Figure 28¢) (Bosch et al., 2006; Burns et al., 2019). A

strategy has already been described to identify small molecule inhibitors preventing the
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MTIP/MyoA association in a library of 300 000 compounds (Kortagere. 2010; Burns et al.,
2019). An interesting compound was identified C416 with an IC50 of 0.145 uM. Structure-
based screening identified several derivatives of C416 (C2-1 and C3-21) with IC50 of 0,047
uM and 0,385 pM, respectively. Whereas, C3-21 was found to inhibit gliding motility of

mosquito stage sporozoites (Kortagere 2010; Burns et al., 2019).

In our published work (Moussaoui et al., 2020), we showed also the crucial role of PFELC
in the invasive stage of the parasite. The inhibition of the expression of PfELC leads to the
drastic drop of the erythrocytes invasion by the merozoites. For all these reasons, we believe

that PfELC is an interesting therapeutic target against malaria (Figure 28b).

10.3 Inhibiting the association of PfMyoA to the actin

The divergent acto-myosin system is responsible of the gliding motility and the invasion of
the erythrocytes (Soldati et al., 2004). The acto-myosin actively pulls on the actin filament
bound to the adhesins establishing tight junctions with the receptors of the host erythrocyte.

This results in wrapping of the merozoite in the membrane of the erythrocyte and invasion

(Soldati et al., 2004; Tardieux & Baum 2016).

The importance of actin in the invasion of erythrocytes has been demonstrated, using
the cytochalasins which disrupts the polymerization of the actin and blocks totally the invasion
of the erythrocytes (Miller et al., 1979; Cooper 1987; Johnson et al., 2015). To further study
and investigate how we can block myosin association to actin by targeting the interface,
structural studies are requested. So far, this strategy has not been investigated for myosin
motors. The availability of the CryoEM structure of the PfActo-myosin complex, solved
recently in the team by CryoEM at high resolution, (Robert-Paganin et al., submitted to PNAS),
could provide a basis for drug design for such a strategy, allowing identification of specific

inhibitors preventing the association of this divergent and specific acto-myosin complex.

So, three approaches could be adopted in our laboratory to design a new generation of

anti-malarial drugs, targeting distinct elements of the glideosome core (Figure 28d).
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C A hope for the birth of novel anti-malarial treatments)
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FIGURE 28-Strategies to block the parasite infectivity.
(a)Identify small molecules that are able to block PfMyoA force production. (b)(c) By blocking the

association of the light chains MTIP or ELC to the lever arm of PfMyoA. (d) Disrupting the
association of the PfActo-myosin.
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Conclusions

The work presented in this thesis allowed a complete description of PIMyoA properties
and unique mechanism of force production. Thanks to the solved atomic structures of PfMyoA
motor domain we were able to explain the crucial role of the phosphorylated N-terminal
extension, which in fact compensates the immobility of the connector SH1 helix. We also
showed in this work that a phosphorylated serine in the N-terminal extension not only plays a
role in the force production mechanism of Myosin A but tunes directly its properties. For a
motor that stays longer on the actin filament, thus produces more force at the expense of the
speed or a motor that moves at high speed on the actin filament with lower produced force. The
two collaborations with the teams of Pr. K. Trybus and Pr. J. Baum permitted to perform
complementary and interdisciplinary studies and thus to investigate the atypical and tunable
mechanism of PfMyoA at different scales, from the atomic level to the organism. We finally
proposed a model that explains the role of Myosin A both in the invasion and in the motility of
the parasite. On a more fundamental point of view, this work brings a new understanding on
the function of the N-terminal region of myosins since it provides another example of N-
terminus extension allowing to directly tune the function of a specific myosin. Such a function
for N-terminal extension was already described in myosin-1b (Greenberg et al., 2015; Mentes
etal., 2018) All these results allowed us to write and publish a paper in Nature Communications

journal (Robert-Paganin et al., 2019).

In our publication Moussaoui et al., 2020, we complete the study with the description
of the lever arm of PfMyoA associated with its light chains. We solved the atomic structure of
PfMyoA Full Length with its light chains PFELC and MTIP in PR and PPS states at 2.5 A and
3.9 A, respectively. This is a first structure of a myosin Full Length. We explained how these
lights chains anchor the lever arm and why MTIP is so important for the binding and the
stabilization of the ELC. The atomic structures of PfMyoA FL in PPS and PR allowed us to
study the orientation of the lever arm in each state and to compare it with the orientation of the
lever arm of conventional myosins. By studying the structure, we realized that some features
of this myosin could explain its high velocity and its atypical mechanism of force production.
Our study revealed the important role of the ELC for parasite invasion, but also specific
interactions between the lever arm and the motor domain stabilize the priming in PPS. This

work was published in eLife journal (Moussaoui et al., 2020).
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Our results provided an entire study of PfMyoA, a myosin of unknown structure at the
beginning of my PhD, for which the mechanism was mysterious. The structures allowed us to
reveal the unique features of PfMyoA and to compare it with other myosins from class XIV
such as myosin B for example. The example of PfMyoA is unique and provides an unforeseen
example of divergent myosin able to tune its motor properties in order to satisfy the
physiological needs of the parasite. Moreover, the tools developed by us and our collaborators
will be useful to investigate the role of the other myosins from P. falciparum. On a therapeutic
point of view, the structures described in this work will be mandatory for the rational design of

specific inhibitors and open the road to novel anti-malarial treatments.

Perspectives
I. Other P.falciparum myosins

The comparison of the sequences of PIMyoA and PfMyoB revealed that myosin B seem
to also have a divergent force production mechanism with some differences compared to
myosin A. During my thesis, I worked on the study of myosin B which is important for the
invasion of erythrocytes but not essential (Blake et al., 2020). However, the function of PfMyoB

has not yet been defined in detail. Future investigations will provide further information.

In the last months of my PhD, I started to work on PfMyoB in order to solve its structure
at atomic resolution. I received cells (§f9) with expressed PIMyoB, I succeeded in optimizing
the constructs and the purification protocol of this myosin which was initially poorly soluble,
then I characterized PfMyoB by DLS to be sure that it is not aggregated. Following these
encouraging results, I started to crystallize PfMyoB and I obtained promising hits.
Unfortunately, I could not continue because of lack of time and limitation of the of protein
amount.

Currently, our collaborators are working on the expression of PfMyoB in order to

continue these experiments.

I1. PfMyoA effectors

Regarding the drugs that target PfMyoA, we are still in the first phase of our study, we

are looking for the best way to obtain them quickly. We aim to apply the strategies already used
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in our laboratory to identify small molecules capable of binding myosin and affecting its
mechanics. Some collaborations are planned in order to screen libraries and get some hits. Once
small molecules are identified, we will directly test the effects of the compounds of interest on

the ATPase activity of PfMyoA.

The most promising compounds will be co-crystallized with PfMyoA in our laboratory.
For that purpose, the structures solved in my PhD and the crystallization conditions will be
essential. Since many compounds target the PPS state, the crystallization assays will start with
the PPS conditions described in this work. Together with transient kinetic experiments, the
structural information of how and where these small molecules target PEMyoA will allow us to
describe the mechanism of action of the drug. The next step will be to collaborate with chemists
to improve the specificity of these modulators. Finally, thanks to our collaboration with Pr. Jake

Baum, it will be possible to directly test the effect of the compounds on the parasite.
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