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Abstract
Phylum Apicomplexa comprises several thousand parasitic protozoans that cause
significant disease in humans and animals worldwide. Of particular relevance to human
health are Plasmodium spp., the causative agents of malaria; and Toxoplasma gondii,
which infects approximately 30% of all humans on earth, and causes serious disease in
immunocompromised individuals and neonatally infected fetuses.
Central to the pathogenesis of apicomplexans is a unique form of substratedependent locomotion termed “gliding motility”, which is essential for traversing the
environment and actively invading host cells. Driving motility is the class-XIV
unconventional myosin motor (MyoA), which is notably divergent from canonical
myosins in that it lacks a “tail” and conventional sequence motifs in both the neck and
motor regions. Thus, the mechanisms that enable MyoA to function with a step size and
velocity similar to canonical human myosins are not well understood.
Over the past 2 decades, the apicomplexan research community has identified many
of the components involved in gliding motility, resulting in a functional model of MyoA
and accessory proteins forming the “glideosome” macromolecular complex. However,
there was still relatively little known about the unique physical processes that drive force
production and transduction in the apicomplexan motor complex. Thus, I set out to use
structural and biophysical methods to interrogate this divergent molecular motor, and
provide the first high-resolution model of apicomplexan motility. Towards this goal, I
first used structural and biophysical methods to establish the most complete model to date
of class-XIV motor complex assembly, answering key questions about the interface
between MyoA and its accessory proteins. To understand the unique molecular basis of
force production in apicomplexan motors, I then solved the first ever crystal structure of a
class-XIV myosin, MyoA from T. gondii. Supplementing this structure with further
biophysical data, I was able to determine the functional consequences of class-defining
sequence polymorphisms, and elucidate the basis of phosphorylation-dependent motor
regulation. The systematic dissection of apicomplexan motor complexes described herein
provides crucial insight into a fundamental biological process, and may help overcome
existing barriers for targeted therapeutic development.
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Chapter 1: Introduction
1.1 Apicomplexan disease around the world
Phylum Apicomplexa comprises a diverse group of more than five thousand obligate
intracellular parasitic protozoans, many of which cause severe human and animal disease
on a global scale. Of particular relevance to human health are Plasmodium spp., the
causative agents of malaria (1,2); and Toxoplasma gondii, a globally pervasive
opportunistic pathogen that causes serious disease in immunocompromised individuals
and neonatally infected fetuses (3-5).
Malaria, the deadliest human disease caused by an apicomplexan, is
predominantly confined to the tropical and sub-tropical climates of the world. Over 40%
of the world’s population lives in malaria-endemic areas, and approximately 90% of
malaria-related deaths occur in sub-Saharan Africa (1,2). There were an estimated 200250 million cases of malaria infection in 2017 (reflecting an incidence rate of 59 cases
per 1,000 population), resulting in approximately half a million deaths, the majority of
which were children less than 5 years of age (1,2). The annual incidence rate of malaria
had been declining consistently for several decades, largely due to the success of various
public health initiatives. However, this once-steady decrease in annual incidence started
to slow dramatically in 2013, and the incidence hasn’t changed at all since 2015. This
troubling trend is likely to continue, and is primarily driven by rising rates of drug
resistance observed in the Plasmodium parasite, highlighting the need for novel
therapeutics to treat this devastating disease (2).
In contrast with malaria, toxoplasmosis is often less well-recognized outside of
the scientific community, probably due to the relatively lower rates of mortality and
morbidity resulting from infection. However, T. gondii is one of the most successful
pathogens ever known, chronically infecting approximately 1/3 of the global human
population, although prevalence of T. gondii varies significantly (from 10 to 80%)
between different regions (6,7). Somewhat unique among parasitic diseases, high
prevalence of T. gondii infection is observed in developed and developing nations alike
(Fig. 1) (6,8).
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Figure 1: Global status of T. gondii seroprevalence in humans.
Data are for females of reproductive age or pregnant, as described by Pappas et al (7).
One reason for T. gondii’s success as a parasite is its ability to enter a quiescent
stage, forming dormant tissue cysts, in order to escape clearance by a hosts immune
system. The latent parasite can then be reactivated if immune pressure is lifted, causing a
secondary infection. As such, it is virtually impossible to clear the T. gondii parasite from
an infected host, and current public health measures focus on preventing exposure to T.
gondii altogether. Encysted forms of T. gondii are highly resilient, able to survive and
remain infective for long periods in the environment outside of a host, under a variety of
harsh conditions. Large-scale T. gondii epidemics have been known to result from
contamination of water supplies with oocysts, typically by fecal contamination from wild
felines (9,10). Humans can also be exposed to T. gondii through ingestion of surface
contaminated fruits and vegetables (oocysts), or consumption of undercooked meat from
a chronically infected animal (tissue cysts). Risk factors associated with T. gondii
exposure include: proximity to cats, either wild or domestic; meat consumption; limited
access to safe drinking water; and low socio-economic status (8).

1.1.1 Studying apicomplexan disease
Many apicomplexans pose significant challenges to biomedical research because it is
often difficult, if not impossible, to maintain live parasite cultures in the laboratory, and
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molecular biology tools for genetic manipulation of certain species remain limited. Thus,
among thousands of apicomplexan species currently known, T. gondii has been adopted
as the model organism for study of apicomplexan biology due to a number of features
that make this organism particularly amenable to experimental manipulation (11). T.
gondii is easily cultured in the lab, and there are well-established models of infection for
in vitro research, using several different widely available human cell lines, as well as in
vivo, mostly using mice and rats. Furthermore, well-established methodologies for
generating genetic crosses of different strains, and the relative amenability of T. gondii to
genetic manipulation, have facilitated the identification of numerous essential
apicomplexan genes and virulence factors. As such, many genes are often characterized
thoroughly in T. gondii first, after which their related homologues can be more readily
identified and characterized in other, less experimentally tractable apicomplexan species,
such as Plasmodium spp.. Accordingly, much of what we now know about apicomplexan
motility, the main subject of this dissertation, comes from experiments performed first, or
exclusively, in T. gondii. It is for this reason that I chose to focus my own research on T.
gondii as well. However, I have also endeavored to provide discussions of related
apicomplexan genera to provide greater context, where it is warranted. Before discussing
apicomplexan motility, I will first provide a brief overview of the current state of
treatments against apicomplexan disease, as well as the phylum’s taxonomy,
ultrastructure, life cycle, and pathogenesis. A basic understanding of these features will
help appreciate how the motility machinery fits into the overall biology of
apicomplexans, and facilitates their intracellular lifestyle.

1.2 Treatment and prevention of apicomplexan disease
As eukaryotes, apicomplexan parasites have much more in common with their animal
hosts than any bacterial or viral pathogens. This poses significant barriers to the
development of novel therapeutics, since greater overlap in essential cellular processes
means that any drugs targeting apicomplexans are much more likely to harm the human
hosts as well. Consequently, treatment options remain limited, and there are currently no
human vaccines available that fully protect against any apicomplexan parasite. There are,
however, a number of methods available that can reduce the risk and severity of infection
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by apicomplexans. This includes public health measures that can reduce exposure to
parasites and a limited repertoire of antiparasitic drugs, although currently available
treatments often come with severe side effects, and drug resistance is increasingly
pervasive in many apicomplexans. Furthermore, limited supply and unaffordable pricing
can seriously affect access to life-saving therapeutics, especially in impoverished
communities. This issue was highlighted recently, when the cost of Daraprim, a frontline
drug in treatments for toxoplasmosis, was increased 5,000% by Turing Pharmaceuticals,
the sole U.S. manufacturer. The price per pill of Daraprim went from $13.50 to $750.00
virtually over night, placing it out of reach for many people whose lives depended on it
(12). Current obstacles make it clear that improved treatment and preventative measures
are imperative to the control of apicomplexan disease, making the pursuit of novel
therapeutics an object of intense scientific focus. As the two most well-studied examples,
current methods for treating and preventing toxoplasmosis and malaria, and their
limitations, are discussed below.

1.2.1 Malaria
Malaria infection is typically treated with a form of artemisinin-based combination
therapy (ACT), significantly improving disease outcomes (13). However, adverse sideeffects are common in most of the recommended formulations, and many are
contraindicated for pregnant women and children under 8 years old, who are also among
the most vulnerable to P. falciparum-related mortality (14). Furthermore, the efficacy of
such treatments is declining as a result of rising rates of resistance to artemisinin and
partner drugs, combined with a lack of novel therapeutic alternatives (1,13-15).
Prophylactic drugs (typically a form of ACT) are available that provide limited
protection against P. falciparum infection, and significantly reduce the severity of
symptoms and mortality rate should an infection occur (2). As a result, various
chemoprevention measures have been recommended for malaria-endemic regions
including mass drug administration campaigns, intermittent preventative treatment for
pregnant women and children, and seasonal malaria chemoprevention in areas of highly
seasonal malaria transmission (2). However, availability of prophylactic medications is
limited, resulting in less than 50% coverage of chemoprevention measures in most
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malaria endemic regions (2). Furthermore, no drug regimens are able to provide 100%
effective protection from P. falciparum infection, and resistance to these drugs is on the
rise around the world (2,15).
After decades of effort, a vaccine for malaria was licensed in 2015, the
RTS,S/AS01 vaccine developed by GlaxoSmithKline. It is a recombinant vaccine
targeting a fragment of the circumsporozoite protein, an antigen expressed on the surface
of Plasmodium when it first enters the human bloodstream. However, the genetic
diversity of circumsporozoite protein among the global Plasmodium population presents
challenges to the vaccine’s efficacy (16,17). A phase-III clinical trial of the vaccine’s
efficacy in children showed a reduction in clinical malaria of 28%, increasing to 36.3%
when a booster was provided (18). While these results are promising, improved
protective efficacy will likely be needed to fully eradicate malaria, and the potential for
natural selection and recombination of circumsporozoite protein suggest that genetic
polymorphism could lead to vaccine-resistant parasites in the future.
P. falciparum is a vector-borne pathogen, meaning it is critically reliant on its
mosquito vector to complete its life cycle and move from person to person. Thus, there
has been enormous investment in large-scale efforts to eradicate malaria by focusing on
control of the mosquito vector in malaria endemic regions. The most common method of
vector control is the implementation of insecticide-treated bed nets which can prevent
human exposure to the parasite (2). This is also complimented by large-scale attempts to
control populations of the anopheles mosquito itself, or replace them with transgenic
mosquitos that are unable to transmit disease (1). However, vector control efforts have
also been hampered recently by a rise in insecticide resistance among the anopheles
mosquito (2).

1.2.2 Toxoplasmosis
The basis of most treatment regimens for toxoplasmosis is a dihydrofolate reductase
inhibitor, most often pyrimethamine, sold under the trade name Daraprim. This is usually
employed in combination with at least one other antimicrobial, such as a sulfonamide
antibiotic, which inhibits dihydropteroate synthetase (14,19). The combination of
pyrimethamine and sulfadiazine (pyr-sulf) is currently considered the gold standard when
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treating T. gondii infection (19,20). Both of these medications act by interfering with
folic acid metabolism in the parasite, which is essential for DNA synthesis. However,
these medications also interfere with human folic acid metabolism in a similar manner.
Thus, patients receiving pyr-sulf therapy require supplementation with folinic acid, a folic
acid derivative that humans can metabolize, but parasites cannot. This supplementation is
not perfect however, resulting in a series of side effects including nausea, gastrointestinal
upset, anemia, and bone marrow suppression, often severe enough to result in
discontinuation of treatment (20).
The specifics of a treatment regimen for T. gondii infection will vary depending on
a number of factors including the age and immune status of the patient, the location of the
infection, and whether or not the patient is currently pregnant. T. gondii infection in
immunocompetent adults is typically self-limiting, so treatment is not usually
recommended unless symptoms are abnormally severe, or persist for an extended period
of time (19). In immunocompromised hosts, such as HIV/AIDS patients, Toxoplasma
encephalitis (TE) often occurs via reactivation of a previously acquired latent infection.
In such patients, TE is universally fatal if left untreated. Thus, Toxoplasma-seropositive
HIV/AIDS patients are typically treated with T. gondii prophylaxis consisting of low
doses of pyr-sulf to prevent reactivation of a latent infection. HIV/AIDS patients
displaying common clinical manifestations of TE will be treated with pyr-sulf
immediately, unless TE is ruled out via brain biopsy (19). Pregnant women who develop
a primary T. gondii infection are typically treated with the antibiotic spiramycin, which
can prevent vertical transmission to the fetus, although it is ineffective at treating an
established infection. Pyr-sulf therapy is teratogenic, primarily due to the acute sensitivity
of developing fetuses to folic acid deficiency, and pyr-sulf treatment is not recommended
for pregnant women, however it will be administered if fetal infection is confirmed by
amniocentesis (19).
Unfortunately, all drugs currently available to treat T. gondii infection are only
effective against the active tachyzoite stage of the parasite, and have no effect on the
latent bradyzoite-containing cysts (19,20). Because T. gondii is able to rapidly transition
into the bradyzoite stage when stressed, it is currently impossible to clear an infection
once the parasite accesses the protective environment of a host cell.
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While research is ongoing to establish an effective vaccine for protection against T.
gondii infection, there are none currently available (21). Current preventative measures
center around public-health campaigns to prevent environmental transmission of T.
gondii. In particular, surveillance of livestock as well as proper handling and cooking of
meat can prevent foodborne transmission of bradyzoite-containing cysts (22). People
should also avoid drinking untreated water from streams, lakes, rivers, or ponds, as
waterborne oocysts are a frequent cause of T. gondii outbreaks. If untreated surface water
is the only available source of drinking water, filtering with a 1 µm filter or boiling will
eliminate T. gondii oocysts (9). Additionally, as cat feces may contain T. gondii oocysts,
high-risk individuals, such as seronegative pregnant women, should not handle cat litter
boxes if possible (19).

1.3 Apicomplexan classification and morphology
The key defining feature of apicomplexans is their highly specialized anterior region,
termed the apical complex, comprised of a collection of unique secretory organelles and
cytoskeletal arrangements that are required for host invasion during the parasitic stages of
the apicomplexan life cycle (23,24). Most apicomplexans also possess an apicoplast, a
unique chloroplast-like organelle thought to be a relic from a distant photosynthetic
ancestor to the Apicomplexa (25,26). While it is no longer able to carry out
photosynthesis, the apicoplast still performs several important functions including
synthesis and scavenging of fatty acids (25,27), and synthesis of heme for mitochondrial
respiration (25). Apicoplasts have been particularly useful in determining the
evolutionary history of apicomplexans, as genes encoded in the apicoplast genome can be
useful markers for resolving the phylogeny of different species (28). This is not always
possible, however, as several different genera, such as cryptosporidium, have lost the
apicoplast over time (Fig. 2), and many others have significantly reduced apicoplast
genomes (29).
Within the phylum, apicomplexans are broadly divided into two general classes,
the Conoidasida and the Aconoidasida, which are defined by the presence or absence,
respectively, of an apical conoid structure. The Conoidasida consist mainly of the
coccidians, such as T. gondii, while Class Aconoidasida is represented mainly by the
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Hematozoa, such as Plasmodium, which lost the conoid at some point after their
divergence from the coccidians (Fig. 2) (29).
Apicomplexan genera vary significantly in size and diversity, ranging from one to
several hundred species in a single genus. There are over 100 different Plasmodium
species, for example, five of which can infect humans. The majority of severe human
disease is caused by P. falciparum and, to a lesser extent, P. vivax, while many of the
other species infect a large variety of animals including birds, reptiles, and other
mammals (30,31). There are a number of traits associated with variations in virulence
between different strains and species of Plasmodium, including drug resistance and
multiplication rate. However, the primary determinant of virulence is typically considered
to be the parasite’s ability to mediate cytoadhesion (i.e. the adherence of infected red
blood cells to the linings of small blood vessels), as it is this process that results in many
of the most severe symptoms of malaria (32,33).

Figure 2: Phylogenetic tree of Phylum Apicomplexa.
Adapted from Templeton et al (29). Phylogenetic relationships were built using genomic
DNA libraries. Notable families include: Haemosporidia, a family of intraerythrocytic
parasites; Sarcocystidae, the cyst-forming coccidians; and Cryptosporidiidae, which
cause acute intestinal illness in a variety of mammalian species.
In contrast to the numerous distinct Plasmodium species, the genus Toxoplasma
contains just a single species divided into three classical clonal lineages designated type I,
II, and III, which differ in virulence and epidemiological distribution (34). Humans are
predominantly infected by type II strains, but type I strains are found disproportionally in
cases of congenital toxoplasmosis and cases of acute ocular disease in immunocompetent
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individuals (34). Type III strains are typically associated with animal infections, and are
rarely found in humans (34). Virulence of T. gondii strains is typically assessed based on
mouse models of infection. Type I strains are highly virulent, with an average LD50 as
low as 1-10 live parasites in mice (6,35). Type II strains show intermediate virulence
(LD50 = 100-200), while type III strains are considered the least virulent, often considered
to be avirulent in humans, with an LD50 of ~100,000 in mice (6,35). Differences in
virulence between strains and clinical isolates of T. gondii are attributed to a variety of
factors including parasite growth and migration rates, mechanisms of immune
stimulation, and preference for different cell types (35).

1.3.1 Apicomplexan morphology
Different apicomplexans, and different life stages of a given species, can vary
substantially in size, shape, and subcellular structure. Despite this variation, however,
there are several key distinguishing features that can be found across the phylum. For
example, all apicomplexan life cycles include invasive stages, referred to as zoites, which
can be easily recognized by a polarized cell structure defined by their rounded posterior
end and more pointed anterior end. Variations on this theme include T. gondii
tachyzoites, which typically maintain a characteristic elongated crescent shape
approximately 2-4 µm wide and 4-8 µm long (Fig. 3), while Plasmodium merozoites tend
to be significantly rounder and smaller (1-2 µm in diameter). Apicomplexan zoites also
share a specialized anterior end that includes an arrangement of organelles and
cytoskeletal elements called the “apical complex”, from which the phylum derives its
name (36). As alveolates, all apicomplexans also have a peripheral alveolar membrane
structure, known within the phylum as the inner membrane complex (IMC). Of particular
interest to this study is the highly organized glideosome macromolecular complex,
located between the IMC and the parasite outer membrane, which underlies the unique
form of ‘gliding motility’ observed in all apicomplexans (37).
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Figure 3: T. gondii tachyzoite as a model for the general morphology of an invasivestage apicomplexan parasite.
Left, general overview of a T. gondii tachyzoite. Right, close-up of the apical region,
highlighting details of the conoid. Ultra-structural features depicted here are generally
maintained in the invasive life cycle stages of apicomplexans, although organization and
internal composition of various components may differ between different species and/or
life cycle stages. The conoid is presented here in the protruded state associated with host
cell invasion.
The ultra-structural features depicted in Figure 3 are generally maintained by the
major invasive life cycle stages of all apicomplexans, although the size, organization,
quantity, and internal composition of the organelles can differ significantly between the
various stages and species.

1.3.2 The apical complex
The motile invasive stages of all apicomplexans are characterized by the presence of a
phylum-specific subcellular structure termed the apical complex. This region consists of
the micronemes, the rhoptries, and the apical polar ring which, in class conoidasida,
surrounds the conoid structure (Fig. 3) (23,24). Rhoptries and micronemes are secretory
organelles that contain proteins required for adhesion to host cells, invasion of host cells,
and establishment of the PV (38,39). The apical polar ring serves as one of the three
microtubule-organizing centers in apicomplexans, the other two being the spindle poles
and the centrioles (23,40). Anchored to the apical polar ring are 22 evenly spaced
subpellicular microtubules that lie just beneath the IMC, projecting outwards in a spiral
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fashion, and spanning at least 2 thirds of the length of the parasite, defining the cell shape
(Fig. 3) (41).
Found only in the Conoidasida, the conoid is recognized as a set of
counterclockwise-spiraling tubulin filaments creating a truncated cone-shaped structure at
the apical end of the parasite that can move backwards and forwards, independent of the
apical polar ring (Fig. 3) (23,42,43). Periodically, the conoid will protrude beyond the
apical polar ring in response to intracellular calcium signaling, a process that is crucial to
the initiation of host cell invasion by coccidians. Conoid protrusion is thought to result
from the action of dynein motors along the tubulin filaments, although the exact
mechanism remains unknown (42,44). The tubulin filaments of the conoid maintain a
more flattened shape and greater curvature than is typically seen in conventional
microtubules. This is likely due to accessory proteins that alter filament dynamics, as the
amino acid sequence of conoid tubulin is largely conserved with that of conventional
tubulin, particularly within surfaces that mediate polymerization (43). The identities of
such accessory proteins are not yet known, however, as the conoid contains at least 200
different proteins in addition to tubulin, the majority of which have yet to be
characterized (43).

1.4 Life cycle and pathology of apicomplexan parasites
Apicomplexan life cycles can be very complex, often alternating between multiple
different host organisms and cell types throughout several distinct stages of parasite
development, and typically including periods of both sexual and asexual replication.
Adding further complexity, different apicomplexan species can have drastically different
life cycles, including specificity for a particular host organism or cell type. Despite this
variation, there are some key distinguishing features shared by the life cycles of all
apicomplexans. As obligate intracellular parasites, all apicomplexans must invade a host
cell at some point in their life cycle in order to reproduce and disseminate throughout the
environment. The invasion process is typically divided into several discrete steps (Fig. 4).
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Figure 4: Major steps in the lytic cycle of apicomplexan parasites.
a) Host cell recognition and reversible attachment. b) Secretion from the rhoptries and
micronemes, parasite reorientation, and tight, irreversible attachment. c) Active host cell
invasion through the constricted invasion pore. d) Complete envelopment within the
newly formed parasitophorous vacuole. e) Parasite replication. f) Host cell lysis and
parasite egress (45-48).
When the free parasite encounters an accessible host cell, it first transiently binds to
the cell surface and secretes a diverse repertoire of proteins from the rhoptries and
micronemes at the anterior end of the parasite. Many of these proteins are injected
directly into the host cell cytoplasm, manipulating the host cell to facilitate parasite
invasion and intracellular growth. However, parasites also inject effector proteins into
cells without proceeding with invasion, possibly serving as a mechanism to further
manipulate the host environment to facilitate pathogenesis (49). In the case of a
productive invasion, discharge of the rhoptries and micronemes typically coincides with
reorientation of the parasite, such that the apical end is pointed towards the host cell
surface, preparing the parasite for active invasion (45). In T. gondii, key secreted proteins
include apical membrane antigen 1 (AMA1), a type 1 transmembrane protein deposited
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onto the surface of the parasite, and the rhoptry neck proteins (RONs), the parasitederived receptors for AMA1 that are inserted directly into the host cell plasma membrane
(46). Homologues of these secreted proteins are found in all apicomplexans, highlighting
their essential contribution to the highly conserved invasion mechanism used by these
parasites.
In addition to mediating strong attachment between the apical end of the invading
parasite and target host cell, secreted adhesins form tight lateral interactions with each
other, ultimately forming a ring around the circumference of the parasite called the
moving junction. The adhesins of the moving junction complex are then translocated
rearward along the parasite cell body by the action of parasite acto-myosin motor
complexes, propelling the parasite through the invasion pore and into the nascent PV. It
has been suggested that lateral interactions between adhesins of the moving junction also
act as a sort of “molecular sieve”, contributing to the exclusion of host membrane
proteins from the developing PV, likely supplementing the active trafficking/ingestion of
host proteins by the parasite (50). The exclusion of host proteins from the PV prevents
detection of the parasite by the host cell, and protects the PV from fusion with hostderived vacuoles containing digestive enzymes or other defense molecules. The invasion
process is complete when the parasite is fully enveloped by the newly formed PV. From
start to finish, this process typically lasts less than one minute (45).
Following successful invasion, the parasite then undergoes several rounds of
replication inside the host cell cytoplasm. Eventually, the parasite initiates egress and
ruptures the host cell, releasing up to several hundred active parasites from a single host,
each of which go on to infect neighboring cells. The repeated process of invasion,
multiplication, and host-cell lysis is known as the “lytic cycle”, and is observed in all
apicomplexans at some point in their life cycle, causing much of the tissue damage and
pathology associated with apicomplexan disease (47,48,51).
Aside from their highly conserved invasion mechanism, there is broad variation in
the basic pattern of life cycles observed in different apicomplexans. Some species, such
as Cryptosporidium parvum, are able to complete their entire life cycle within a single
host, while others have complex life cycles that alternate between intermediate and
definitive hosts. Some species, such as P. falciparum, can only invade specific cell types
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in a limited range of host organisms, while T. gondii is capable of invading virtually any
nucleated cell of any warm-blooded organism (47,48).

1.4.1 T. gondii life cycle
The life cycle of T. gondii is divided between its definitive feline hosts, in which the
parasite is able to undergo sexual reproduction, and a wide range of potential
intermediate hosts that support asexual replication (Fig. 5).

Figure 5: Life cycle and transmission of T. gondii.
See main text for thorough description of life cycle stages.
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The asexual portion of the T. gondii life cycle is further divided into two distinct
phases, starting with an acute/active phase that typically progresses to a chronic/latent
phase. T. gondii can infect virtually any nucleated cell in any warm blooded animal,
providing an incredibly diverse range of intermediate hosts that plays a significant role in
its success as a parasite (47,48).
The sexual stage of T. gondii’s life cycle starts when a feline ingests either
sporozoite-containing oocysts, due to fecal contamination of food or water by another
feline host, or bradyzoite cysts in tissues from a chronically infected animal. Ingested
parasites will then differentiate into micro- and macrogametes, a process that occurs
exclusively in the cat gut. Sexual reproduction then occurs in the intestinal epithelium of
feline hosts, resulting in the production of several million oocysts, which are then shed in
the feces over a period of 7-21 days. Oocysts will sporulate 1-21 days after shedding,
rendering them infective, after which ingested oocysts will release sporozoites that
quickly convert to the invasive tachyzoite stage (Fig. 5) (22). Encysted forms of the
parasite are capable of surviving relatively harsh conditions, remaining viable for
extended periods of time in the environment outside of a living host (52).
As with feline hosts, intermediate hosts become infected following ingestion of
cysts from undercooked meat or from feline fecal contamination of food or water (47,48).
When ingested, parasites move through the digestive tract, ultimately invading the
intestinal epithelium where they transform into the fast-moving tachyzoite stage. These
tachyzoites actively invade host cells, where they multiply intracellularly in a nonfusogenic parasitophorous vacuole (PV) derived from the host cell plasma membrane,
which separates the parasite from the host cell cytoplasm. Repeated rounds of asexual
replication ultimately result in the rupture of the host cell, release of tachyzoites, and
subsequent infection of neighboring cells (the lytic cycle). During the acute phase of a T.
gondii infection, a single replicative cycle typically takes between 6-8 hours, and
produces 64-128 parasites per infected cell (47). T. gondii tachyzoites will multiply and
spread throughout the body until they are controlled by the ensuing immune response, at
which point the tachyzoites will transform into slow-replicating bradyzoites, which form
persistent intracellular cysts. Tissue cysts preferentially form in the brain and muscle
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tissue of a host, and may contain one to several thousand individual bradyzoites,
depending on the age of the cyst. Cysts will remain for the lifespan of the host, defining
the chronic/latent stage of the asexual cycle. Bradyzoites are able to differentiate back
into tachyzoites if they are ingested by another host, or if immune pressure is lifted,
which is the main cause of T. gondii-associated morbidity and mortality in immunecompromised hosts (47,48,51).
In humans, most primary infections with T. gondii are asymptomatic or cause only
mild flu-like symptoms until the infection is controlled by the immune system (47).
However, unlike most coccidians, T. gondii is able to cross the placental barrier and
primary infection during pregnancy may result in vertical transmission, which is often
harmful or even fatal to the developing fetus (Fig. 5). T. gondii is suspected to be the
most common cause of congenital neurological defects in humans, and children that
survive prenatal infection are likely to suffer severe life-long physical and neurological
defects, resulting in significantly reduced quality of life (48).
In immunocompromised hosts (e.g. HIV/AIDS patients or organ transplant
recipients), bradyzoite-containing cysts may become reactivated, convert back into
tachyzoites, and cause acute disease including toxoplasmic encephalitis (TE) and ocular
toxoplasmosis (OT) (22). In addition to the tissue damage caused by the T. gondii lytic
cycle, much of the pathology of acute toxoplasmosis is attributed to the host immune
response, particularly in the case of OT (22).
While latent T. gondii infection was long thought to be asymptomatic, mounting
evidence suggests this may not be the case, and that bradyzoite-containing cysts in the
brain may be correlated with increased risk for variety of psychiatric disorders in humans
(53-56). It is important to note that most studies published to date on this subject have
reported a correlative link only, and such studies are particularly difficult to control. For
example, mental health issues are often comorbid with poverty, which also drastically
increases the risk of infectious disease, and a definitive causal mechanism for these
effects remains elusive. It has been suggested that T. gondii infection could alter human
behavior through similar mechanisms by which T. gondii is known to alter the behavior
of murine hosts (54,57-60). Previous work has shown that latent T. gondii infection in the
brain of a mouse lowers general anxiety, increases explorative behaviors, and reduces the
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natural aversion of mice to odors associated with predators, including (but not specific to)
felines. A positive correlation has been shown between the severity of behavioral
alterations and cyst load in the brain, and these alterations can persist after clearance of
an infection (60,61). While these changes in behavior significantly increase the likelihood
of feline predation, and therefore transmission of the parasite to its definitive host, there
is no evidence to suggest that altered mouse behavior is directed towards felines in any
way (54,58). Early evidence suggested that alterations in mouse (and possibly human)
behavior may result from T. gondii-induced increases in the production of dopamine in
certain regions of the brain (53,62,63). However, more recent evidence shows that any
alterations to host behavior likely result from non-specific consequences of general
neuroinflammation during an infection, rather than a directed manipulation of host
cognition that is specific to T. gondii (60).

1.5 Apicomplexan motility and active invasion
Despite differences in parasite biology, and a diverse array of host and cell-type
specificities, all apicomplexans share common mechanisms for motility and host cell
invasion (37). Notably, host cell invasion by apicomplexans is distinguished from many
other intracellular pathogens in that it does not rely on the passive recruitment of host
phagocytic machinery. Apicomplexan invasion is an active, parasite-driven process
powered by the same motor mechanisms that facilitate extracellular motility. This unique
form of “gliding motility” does not involve cilia or flagella, but is instead driven by the
displacement of surface adhesins towards the posterior end of the parasite. The force for
motility is provided by acto-myosin motors at the heart of a sophisticated and highly
organized motor assembly called the “glideosome” macromolecular complex, which is
precisely localized to the narrow region underlying the parasite plasma membrane. Thus,
an understanding of apicomplexan morphology and glideosome architecture is important
for appreciating the mechanistic aspects underlying apicomplexan motility.
1.5.1 The inner membrane complex and glideosome
The inner membrane complex (IMC) is a system of flattened Golgi-derived vesicles lying
directly below the parasite plasma membrane, creating a three-layered pellicle

18

characteristic of the Apicomplexa (Figs. 3, 6) (23,40). Typically covering two thirds of
the length of the parasite cell body, with openings at the apical and basal ends, the IMC is
supported on its internal side by interactions with the subpellicular microtubule
cytoskeleton (Fig. 3), as well as a network of polymerized alveolin, which resembles
intermediate filaments (64).
In addition to its structural role, the IMC is critical for anchorage and stabilization
of the glideosome macromolecular complex that lies in the narrow space between the
IMC and the outer plasma membrane (Fig. 6). The glideosome is considered the minimal
functional unit of apicomplexan motility, comprising the unique acto-myosin motors that
drive parasite motility and active host invasion, accompanied by an array of gliding
associated proteins (GAPs, which should not be confused with GTPase activating
proteins, despite sharing the same acronym) (37).

Figure 6: Leading model describing the general architecture of MyoA and the
glideosome.
MyoA (motor domain, light purple circle; converter domain, dark purple oval), with
ELC1 (orange) and MLC1 (teal) bound to the neck region (dark purple cylinder), and
accessory proteins comprising the glideosome macromolecular complex.
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The GAPs are all embedded within, or closely associated with, the IMC. GAP40
and GAP50 are both integral IMC proteins that are conserved across all apicomplexans.
GAP45 is not itself a transmembrane protein, although it is localized to the IMC via
interactions with GAP50 at its C-terminus, while the acylated N-terminus of GAP45 is
inserted into the outer plasma membrane (65,66). The primary function of GAP45 is
anchoring the myosin motor to the glideosome, although it also appears to be important
for maintaining the appropriate distance between the IMC and the outer cell membrane of
the parasite. GAP45 is well conserved across the entire apicomplexan phylum, while two
larger homologues, termed GAP70 and GAP80, exist only in some coccidians, including
T. gondii. GAP70 and GAP80 are specifically involved in forming the glideosome at the
apical cap and posterior pore, respectively, where the distance between the IMC and outer
membrane is significantly greater. However, they both show a limited ability to relocalize
and compensate for the lack of GAP45 in knockdown experiments (67). While GAP50
and GAP 40 are both inserted into the IMC membrane co-translationally, the rest of the
glideosome appears to be pre-assembled, and recruited to the cell periphery via the
localization of GAP45 (67).
In its role as an anchor for the myosin motor, GAP45 serves as the key attachment
point for myosin light chain 1 (MLC1), also known as myosin tail interacting protein
(MTIP) in Plasmodium. Similar to previously studied myosin light chain proteins, MLC1
binds to the C-terminal α-helical domain of MyoA, known as the “neck”. However,
MLC1 also interacts with GAP45 via a unique N-terminal extension that functionally
compensates for the absence of a tail domain in the divergent class-XIV MyoA (Fig. 6).
MyoA is also bound by one of two essential light chains, ELC1 or ELC2, which are
important for fast motility (Fig. 6) (68,69).
Like all myosins, MyoA uses energy released by ATP hydrolysis to generate
directed movement along actin filaments. Apicomplexan actin is relatively divergent
from canonical actin, and the actin filaments of apicomplexan parasites are known to be
significantly shorter and less stable as a result (70-72). Because the myosin motors are
anchored in place by their connection to the IMC and parasite cytoskeleton, the
movement of myosin along actin results in the rearward translocation of the filaments
down the length of the parasite, in a manner often compared to a conveyer belt.
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While being moved by the action of the myosin motor, apicomplexan actin
filaments are also attached to the cytoplasmic tails of transmembrane surface adhesins via
a bridging protein termed “glideosome-associated connector” (GAC) (73). Parasite
surface adhesins are in turn attached to proteins of the extracellular matrix, or receptors
embedded in a host cell membrane during invasion. Thus, the rearward translocation of
actin filaments and associated proteins results in the forward movement of the entire
parasite though its environment, or into the host cell.

1.5.2 Class-XIV myosin
In apicomplexans, the essential processes of parasite motility and host cell invasion are
both critically dependent on the unique acto-myosin motors found in the glideosome
complex (Fig. 6). Myosins comprise a large superfamily of ATP-dependent motor
proteins capable of producing directed force along filaments of polymerized actin. The
force produced by these motors powers numerous cellular processes in eukaryotic
organisms including intracellular transport, cell migration and division, and muscle
contraction in animals. Most apicomplexan myosins belong to the highly divergent classXIV of the myosin superfamily, which exist only in apicomplexans and some ciliates. T.
gondii Myosin A (TgMyoA) is the founding member of class-XIV, first described in
1997, and was immediately recognized as being unique within the superfamily due to its
complete lack of a tail domain, making TgMyoA ~20 kDa smaller than any other myosin
known at the time (74). Closer inspection of TgMyoA also revealed a highly divergent
motor domain, with unique polymorphisms in several important functional regions,
forming the basis of the new class-XIV designation (74-76).
The total number of different myosin genes varies between apicomplexan species,
with the largest repertoire being found in T. gondii, which has 11 different myosins
resulting from 10 different genes (one gene gives rise to two myosins, B and C, via
alternative splicing). T. gondii myosins are named A-K, in order of discovery, and
myosins of other apicomplexans are named based on homology to specific T. gondii
myosin genes, except where there is no significant homology with a T. gondii myosin, as
is the case with multiple plasmodium myosin isoforms (75,76).
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MyoA is the main class-XIV myosin isoform implicated in apicomplexan gliding
motility, host cell invasion, and egress. As such, MyoA is the most well-conserved
myosin across the phylum, and orthologues of MyoA have been found in all available
apicomplexan genomes (76). TgMyoA is dispensable to the parasite in vitro, but its
deletion severely impacts parasite motility and leads to the compensatory relocalization
of TgMyoC into the IMC, away from its normal position at the basal polar ring where it
is typically restricted. This rescues enough motility to sustain parasite survival in vitro,
although such parasites are typically avirulent in mouse models of infection.
Simultaneous deletion of TgMyoA and TgMyoC blocks parasite motility and host
invasion in T. gondii (77-79). Without its own homologue to TgMyoC, Plasmodium spp.
is not capable of the same functional compensation observed in T. gondii, as shown by
the complete block in Plasmodium motility observed upon deletion of MyoA (80,81).
Unique to coccidians, myosin H (MyoH) is localized to the conoid in order to
initiate the penetration of the parasite into the host cell, serving as the first translocator of
the moving junction from the apical tip of the parasite to the start of the IMC. There,
TgMyoA takes over, relaying the moving junction towards the basal end of the parasite
(82). In contrast to TgMyoA, TgMyoH is indispensable to coccidians, due to its absolute
requirement in the process of host invasion. Due to the absence of a conoid in
Plasmodium, MyoA is the only motor reported to act at the moving junction, although it
is not yet known how this impacts the initiation of host cell invasion (83).

1.6 Research objectives
As obligate intracellular parasites, pathogens from Phylum Apicomplexa must traverse
their environment and actively invade a host cell, at which point clearing an infection
becomes virtually impossible. Both of these essential processes are critically dependent
on class-XIV myosin motors, which are highly divergent from canonical human myosins,
while remaining relatively well conserved within the Phylum. These features make the
class-XIV myosins an attractive target for specific inhibitors of motor function, for use as
potential therapeutics to prevent apicomplexan disease.
Prior to this dissertation, the field had been critically lacking any detailed structural or
functional studies of the core MyoA motor complex, and only low-resolution insights into

22

the organization of the glideosome macromolecular complex were available. As such, the
processes underlying motility and host cell invasion were poorly understood, representing
a clear gap in the knowledge required to understand this fundamental aspect of
apicomplexan biology. Several questions remained regarding the function of the
apicomplexan motor machinery: What mechanisms mediate assembly of the MyoA
motor complex? What are the effects of divergent sequence elements on force production
in class-XIV motors? Could this information facilitate the design of myosin inhibitors
specific to T. gondii and/or other apicomplexans? Myosin motors are complicated
molecular machines, and every change or perturbation exists in the context of a highly
complex and interconnected network of allosteric interactions, necessitating an in-depth
structural analysis to answer such questions. Thus, I sought to provide a systematic, highresolution dissection of the T. gondii MyoA motor complex, with the goal of
understanding the unique molecular mechanisms driving apicomplexan motility and host
invasion. In pursuit of this goal, the three main objectives of this dissertation project were
as follows:
1) Establish the first detailed model of the dynamic assembly of the TgMyoA
complex.
2) Establish the first high-resolution model of a class-XIV myosin motor.
3) Assess the potential of TgMyoA structural data for guiding the rational
development of class-XIV-specific myosin inhibitors in search of novel
therapeutics against apicomplexan disease.
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Chapter 2: Dissecting the molecular assembly of the
Toxoplasma gondii MyoA motility complex

Adapted from:
C. J. Powell, M. L. Jenkins, M. L. Parker, R. Ramaswamy, A. Kelsen, D. M. Warshaw,
G. E. Ward, J. E. Burke, and M. J. Boulanger* (2017). “Dissecting the molecular
assembly of the Toxoplasma gondii MyoA motility complex.” J Biol Chem 292(47):
19469-77.
*Corresponding author
Contributions:
CJP designed synthetic peptide constructs, designed ELC1 mutants, performed and
analyzed all ITC experiments; MLJ performed HDX-MS experiments and analyzed data,
with support from CJP and JEB. MLP produced, purified, and crystallized the MLC1MyoA complex. CJP solved and analyzed the MLC1-MyoA crystal structure. CJP and
MJB wrote the manuscript, with editorial support from all authors.

2.1 Abstract
While the overall importance of the apicomplexan MyoA-light chain complex is well
established, the mechanisms governing its assembly and regulation are relatively
unknown. To establish a molecular blueprint of this dynamic complex, we first mapped
the adjacent binding sites of light chains MLC1 and ELC1 on the MyoA neck (residues
775-818) using a combination of hydrogen-deuterium exchange mass spectrometry
(HDX-MS) and isothermal titration calorimetry (ITC). We then determined the 1.85 Å
resolution crystal structure of MLC1 in complex with its cognate MyoA peptide.
Structural analysis revealed a bi-lobed architecture with MLC1 clamping tightly around
the helical MyoA peptide, consistent with the stable 10nM Kd measured by ITC. We next
showed that coordination of calcium by an EF-hand in ELC1, and prebinding of MLC1 to
the MyoA neck, enhanced the affinity of ELC1 for the MyoA neck 7 and 8 fold,
respectively. When combined, these factors enhanced ELC1 binding 49 fold (to a Kd of
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12nM). Using the full length MyoA motor (residues 1-831), we then showed that, in
addition to coordinating the neck region, ELC1 appears to engage the MyoA converter
sub-domain, which couples the motor domain to the neck. These data support an
assembly model where staged binding events cooperate to yield high affinity complexes
that are able to maximize force transduction.

2.2 Introduction
Central to the pathogenesis of apicomplexans is a unique form of substrate-dependent
locomotion termed “gliding motility”, which is essential for traversing the environment
and invading host cells (37). Driving motility is a class-XIV unconventional myosin
motor (MyoA), which is notably divergent from canonical myosins in that it lacks a “tail”
and conventional sequence motifs in both the neck and motor regions (75,76,84). Thus,
the mechanisms that enable MyoA to function with a step size and velocity similar to
canonical fast muscle myosins are not well understood (85).
Genetic studies in the model apicomplexan T. gondii have led to a functional model
of MyoA in complex with its accessory proteins that form part of the “glideosome”
complex located between the outer plasma membrane and the inner membrane complex
(IMC) (Fig. 6) (83,85-87). While the MyoA motor domain generates the force for
motility, it is the interactions between the MyoA neck, essential light chain 1 (ELC1) and
myosin light chain 1 (MLC1) that support force transduction from the motor to the
gliding associated protein (GAP) complex, which provides the crucial link between the
glideosome and the parasite cytoskeleton (37). MLC1 also supports localization of the
motor complex, due to its unique N-terminal anchoring function (67), and the presence of
ELC1 enhances the in vitro velocity of the motor (69). Assembly of the glideosome is
precisely orchestrated in time and space. Thus, defining the molecular mechanisms
underlying apicomplexan motility necessitates a detailed characterization of the MyoAMLC1-ELC1 complex.
Here we use a combination of solution binding and structural studies to establish a
molecular blueprint of the MyoA-MLC1-ELC1 complex from the model organism T.
gondii. Our data supports a model that relies on staged and cooperative binding events to
generate high affinity complexes that are optimal for efficient force transduction. These
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data, combined with the divergence of MyoA from canonical myosins, may prove
valuable for ongoing research in targeted therapeutic development.

2.3 Materials and methods
Materials
All basic chemicals for experiments done in the Boulanger Lab were purchased from
Sigma Aldrich (Oakville, ON) or Bio Basic Canada (Markham, ON). Enzymes for
molecular cloning were purchased from New England Biolabs (Pickering, ON). Gibco
Express Five Serum-Free Medium (SFM) for Hi5 cell growth, Gibco Sf-900 III SFM for
Spodoptera frugiperda 9 (Sf9) cell growth, Gibco gentamicin reagent solution, Gibco Lglutamine, and Cellfectin insect cell transfection reagent were purchased from Invitrogen
(Burlignton, ON). Orbigen Sapphire linearized baculovirus DNA was purchased from
Fisher Scientific (Pittsburgh, PA). Greiner bio-one Cellstar six-well sterile tissue culture
plates were purchased from VWR (Radnor, PA). Compact 300 crystallization plates were
purchased from Emerald Biosystems (Bainbridge Island, WA).
Cloning, protein production and purification
ELC1/MLC1/MyoA (801-831) – Clones encoding ELC1, the C-terminal domain of MLC1
(A66-E210) and the C-terminal region of the MyoA neck (K801-F831) were codon
optimized for expression in E. coli and synthesized by GenScript. Light chain genes were
subcloned into an engineered vector encoding a TEV protease cleavable N-terminal hexahistidine tag, while the MyoA (801-831) vector encoded an additional N-terminal GB1
fusion tag. ELC1, MLC1, and MyoA (801-831) were expressed in BL21 cells overnight
at 30 °C, and purified with Ni-affinity chromatography. For crystallization, MLC1 was
combined with a 2 fold molar excess of the MyoA peptide to ensure saturation of MLC1,
and cleaved overnight with TEV protease. The MLC1-MyoA (801-831) complex was
further purified using size exclusion chromatography (SEC) in 20 mM HEPES pH 8.0,
150 mM NaCl and 1 mM DTT. The final, purified sample was concentrated to 8 mg/mL
for crystallization. For ITC, Ni-purified ELC1 and MLC1 were cleaved overnight with
TEV protease and purified with SEC in 20 mM HEPES pH 7.5, 150 mM NaCl and 1 mM
TCEP.
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MyoA - Full length MyoA (1-831) was expressed with a C-term hexa-histidine tag
in Hi5 cells along with MLC1 and the co-chaperone UNC, according to protocols
established by Bookwalter et al. (69). After 72 h, the cells were lysed by sonication in 30
mM imidazole, 20 mM HEPES pH 8.0, and 1.0 M NaCl, purified with Ni-affinity
chromatography, and cleaved overnight with TEV protease. The MyoA-MLC1 complex
was further purified with SEC in 20 mM HEPES pH 7.5, 150 mM NaCl and 1 mM
TCEP.
In vitro motility assays
Flag-tagged MyoA was co-expressed in Sf9 cells with UNC and purified by Flag affinity
chromatography as previously described (69). It was further purified using His-tagged
ELC1, as follows: 500 mg of cobalt-derivatized magnetic beads (Dynabeads His-tag
Pulldown and Isolation, Life Technologies) were placed in a 1.5 mL microcentrifuge tube
on a DynaMag-2 magnet (Life Technologies) and washed 4 times with 250 mL B/W
Buffer (50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 0.01% Tween-20). Beads
were resuspended in 500 mL B/W buffer containing 7.5 mg of bacterially expressed Histagged ELC1 (69) and gently rotated for 15 min at 4 oC. The ELC1-coupled beads were
washed 4X with 1.0 mL B/W buffer, then resuspended with 15 mg recombinant MyoA in
500 mL 3.25 mM sodium phosphate, pH 7.4, 70 mM NaCl, 0.01% Tween-20 and rotated
for 30 min at 4 oC. The beads were washed 4X on the magnet with 1000 mL B/W buffer
and the MyoA-ELC1 binary complex eluted by gentle rotation for 15 min at 4 oC in 115
mL 300 mM Imidazole, 50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 0.01%
Tween-20. Tubes were again placed on the magnet; the eluate was recovered and
analyzed by SDS-PAGE.
In vitro motility assays were performed using the eluted MyoA-ELC1 as previously
described (69) with the following modifications: (a) Neutravidin (40 mg/mL, Molecular
Probes) in buffer B was added to the flow cells first, followed by 3 washes with BSA (in
buffer B) and 3 washes with buffer B; (b) 85 ng of ELC1-affinity purified MyoA was
used per flow cell; (c) Buffer C was in all cases supplemented with oxygen scavengers (3
mg/ml glucose, 0.125 mg/mL glucose oxidase and 0.05 mg/mL catalase); (d) All washes
with Buffer C were done 3 times; and (e) Bacterially-expressed ELC1, MLC1 and
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truncated MLC1 were each added to the flow cells at a concentration of 25 mg/mL. Data
were collected on an Eclipse Ti-U inverted microscope (Nikon) equipped with a 100×
Plan Apo objective lens (1.49 NA) and an XR/Turbo-Z camera (Stanford Photonics)
running Piper Control software (v2.3.39). Data were collected at 10 frames per second.
Actin filament tracking and analysis was done using Dia Track 3.04 (Semasopht).
Isothermal titration calorimetry
Purified ELC1, MLC1, and MyoA (1-831) were dialyzed separately against 20 mM
HEPES pH 7.5, 150 mM NaCl and 1 mM TCEP (±1 mM CaCl2) at 4 °C overnight. All
MyoA neck peptide constructs used for ITC were synthesized by Genscript, N-terminally
acetylated and C-terminally amidated. All ITC experiments were carried out at 25 °C on
a MicroCal iTC200 instrument (GE Healthcare). The sample cell contained MyoA (1831) or MyoA neck peptides, with or without pre-bound MLC1 (20 to 40 µM), and ELC1
(200-400 µM) was added in 19 injections of 2 µL each. Data was processed using Origin
software (MicroCal) and the dissociation constants (Kd) were determined using a one-site
model. Figures are of a single experiment, but are representative of at least three
independent experiments.
Crystallization and data collection
Crystals of MLC1/MyoA (801-831) complex were grown at 18 °C by mixing the
preformed, purified complex in a 1:1 ratio with reservoir solution containing 0.1 M BISTRIS pH 5.5, and 25% PEG3350. Crystals were cryoprotected in reservoir solution
supplemented with 12.5% glycerol and flash cooled in liquid nitrogen. Diffraction data
was collected on beamline 7-1 at the Stanford Synchrotron Radiation Lightsource (SSRL)
at 1.127 Å.
Data processing, structure solution and refinement
Diffraction data for MLC1-MyoA (801-831) were processed to 1.85 Å resolution using
Imosflm (88) and Aimless (89). The structure of MLC1-MyoA (801-831) was determined
by molecular replacement in Phaser (90) using PDB ID 2QAC as the search model.
COOT (91) was used for model building and selection of solvent atoms and the model
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was refined in Phenix.refine (92). Structural validation was performed with Molprobity
(93), including analysis of the Ramachandran plots, with greater than 98% of residues in
the most favored conformations. Five percent of reflections were set aside for calculation
of Rfree. Data collection and refinement statistics are presented in Table 1. Atomic
coordinates and structure factors have been deposited in the PDB with ID 5VT9.
Table 1: Data collection and refinement statistics for MLC1/MyoA(801-831).
Crystals contained two complexes in the asymmetric unit. Complex 1 (chains A and C for
MLC1 and MyoA, respectively) was used for all structural evaluation.
Data collection statistics
Spacegroup
a, b, c (Å)
α, β, γ (deg.)
Wavelength (Å)
Resolution range (Å)
Measured reflections
Unique reflections
Redundancy
Completeness (%)
I/σ(I)
Rmerge

P21
40.99, 64.39, 65.15
90, 97.72, 90
1.127
64.56 – 1.85 (1.89 – 1.85)
172,371 (10,604)
28,665 (1,749)
6.0 (6.1)
99.6 (99.8)
15.3 (2.9)
0.076 (0.627)

Refinement statistics
Resolution (Å)
40.63 – 1.85
Rwork/Rfree
0.191/0.229
No. of atoms
Protein (A-C/B-D)
1057-238/1093-220
Solvent
147
B-values (Å2)
Protein (A-C/B-D)
26.6-24.0/28.4-25.1
Solvent
27.2
r.m.s. deviation from ideality
Bond lengths (Å)
0.005
Bond angles (deg.)
0.95
Ramachandran statistics (%)
Most favoured
98.5
Allowed
1.5
Disallowed
0.0
Values in parentheses are for the highest resolution shell
5% of reflections were set aside for calculation of Rfree
HDX-MS
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HDX reactions were conducted in 50 µL reactions with a final concentration of 2.0 µM
of each protein per sample. Reactions were initiated by the addition of 45 µL of D2O
buffer (10 mM HEPES pH 7.5, 50 mM NaCl, 0.5 mM TCEP, 97% D2O) to 5 µL of
protein solution to give a final concentration of 87% D2O. Exchange was carried out for 3
s at 0 °C and 23 °C for MyoA neck experiments, 300 s at 23 °C for ELC1 calcium
experiments, and all three time points for MyoA (1-831) experiments. Exchange was
terminated by the addition guanidine-HCl (final 0.6 M) and 0.8% formic acid.
Experiments were carried out in triplicate. Samples were immediately frozen in liquid
nitrogen and stored at -80 °C until mass analysis. Protein samples were rapidly thawed
and injected onto an ultra-performance liquid chromatography (UPLC) system at 2 °C.
The protein was run over two immobilized pepsin columns (Applied Biosystems;
Porosyme, 2-3131-00) at 10 °C and 2 °C at 200 µL/min for 3 min and the peptides
collected onto a VanGuard Precolumn trap (Waters). The trap was subsequently eluted in
line with an ACQUITY 1.7 µm particle, 100 x 1 mm2 C18 UPLC column (Waters), using
a gradient of 5%–36% B (buffer A 0.1% formic acid, buffer B 100% acetonitrile) over 16
min. Mass spectrometry experiments were performed on an Impact II QTOF (Bruker)
acquiring over a mass range from 150 to 2,200 m/z using an electrospray ionization
source operated at a temperature of 200 °C, and a spray voltage of 4.5 kV. Peptides were
identified using data-dependent acquisition methods following tandem MS/MS
experiments (0.5 s precursor scan from 150-2200 m/z; twelve 0.25 s fragment scans from
150-2200 m/z). MS/MS datasets were analyzed using PEAKS7 (PEAKS), and a false
discovery rate was set at 1% using a database of purified proteins and known
contaminants.
HDExaminer Software (Sierra Analytics) was used to calculate deuterium
incorporation into each peptide. All peptides were manually inspected for correct charge
state and presence of overlapping peptides. Deuteration levels were calculated using the
centroid of the experimental isotope clusters. The average error of all time points and
conditions for each HDX project was less than 0.2 Da.

2.4 Results
MLC1 forms a bimolecular complex with the MyoA neck.
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To map the assembly of MLC1 and ELC1 on MyoA, we first synthesized a MyoA neck
peptide incorporating residues 775-818, which was designed based on secondary
structure predictions and previous studies of MyoA from T. gondii and P. falciparum
(68,94). A C775S mutation was included to prevent spurious disulfide bond formation
with free cysteines in ELC1. We recombinantly produced full-length ELC1 and an Nterminal deletion construct of MLC1 (A66-E210; hereafter referred to simply as MLC1).
Notably, the N-terminal tail was also removed in related plasmodium experiments (94)
and actin-based motility assays show that its removal does not affect in vitro motility, as
MyoA bound with either full-length MLC1, or the A66-E210 truncation, moved actin
filaments with no significant difference in velocity (2.58 ± 0.25 µm/s or 2.62 ± 0.02 µm/s,
respectively). Solution binding studies were then performed using hydrogen-deuterium
exchange mass spectrometry (HDX-MS), which quantifies exchange of amide hydrogens
with deuterium to reveal differences in secondary structure upon complex formation.
HDX-MS studies were carried out using a short pulse of deuterium exposure (3s at 0° and
23°C) with MyoA neck peptide (775-818) in the presence of MLC1 and ELC1
individually and collectively (Fig. 7a). The apo MyoA neck peptide was fully deuterated
at every time point of exchange, indicating a complete lack of secondary structure.
Decreased amide exchange was observed in residues 775-795 upon ELC1 binding,
consistent with a recent study that identified a binding region of 770-800 (68).
Meanwhile, MLC1 binding induced large decreases in exchange in residues 801-818.
These decreases in HDX suggest that there is a disorder-order transition in the MyoA
neck peptide upon either MLC1 or ELC1 binding. MLC1 binding alone also induced a
small decrease in exchange in residues 779-784, which might reflect either an additional
MLC1 protein binding with low affinity in the absence of ELC1, or MLC1 causing an
allosteric conformational change at the ELC1 binding site. We used isothermal titration
calorimetry (ITC) to address this possibility, and definitively measure stoichiometry.
These data show that MLC1 bound to MyoA neck constructs 775-818 and 801-818 with a
1:1 stoichiometry (Fig. 7b) (Table 2), consistent with a discrete binary complex. Notably,
a larger entropic penalty was associated with MLC1 binding the full MyoA neck (775818) (Table 2) consistent with the HDX data that showed a general order imparted by
MLC1 binding.
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Table 2: Summary of thermodynamic parameters for all ITC experiments.
All experiments performed in triplicate. Thermodynamic parameters fitted using Origin
software (Microcal).
Light chain
MLC1

MyoA/
Light chain
801-818
775-818
775-818

ELC1

775-818/MLC1
FL/MLC1

-

Molar
Ratio
1.05 ± 0.01
1.00 ± 0.01

Kd
(nM)
10.0 ± 1.4
43.1 ± 6.5

△H
(kcal/mol)
-26.9 ± 0.2
-40.7 ± 0.6

-T△S
(kcal/mol)
16.0 ± 0.2
30.6 ± 0.6

+
+
-

0.99 ± 0.03
1.02 ± 0.03
1.02 ± 0.04
1.02 ± 0.04
1.02 ± 0.01

590.6 ± 46.5
82.8 ± 17.7
71.8 ± 5.0
11.5 ± 5.2
1.9 ± 1.5

-5.7 ± 0.2
-10.4 ± 0.1
-9.9 ± 0.1
-13.2 ± 0.4
-15.8 ± 0.3

-3.0 ± 0.1
0.8 ± 0.2
0.1 ± 0.1
2.3 ± 0.5
3.7 ± 0.8

CaCl2

ELC1 WT

---

+
MgCl2

0.97 ± 0.38
0.34 ± 0.09

2.3 E4 ± 0.9 E4
14.4 E4 ± 2.1 E4

ELC1 D80A

---

+

1.43 ± 0.05

1.8 E4 ± 0.3 E4

1.3 ± 0.3 -7.6 ± 0.1
9.0 ± 2.5 -14.3 ± 2.4
0.9 ± 0.1

-7.3 ± 0.1

Figure 7: MLC1 binding to MyoA assessed via HDX-MS and ITC.
a) HDX heat maps showing difference in percentage of back bone amide deuterium
incorporation of MyoA neck induced by binding of light chains at two time points of
exchange. Putative directly ordered regions are marked with solid lines, and putative
indirectly ordered regions are marked with dashed lines. Sequence of the MyoA peptide
is shown. Red coloring of terminal residues indicates N-terminal acetylation or Cterminal amidation. b) Representative ITC binding isotherms following the titration of
MLC1 into a solution of MyoA (775–818) or MyoA (801–818).
To complement the solution binding studies and further dissect the molecular
interface, we next determined the 1.85 Å resolution crystal structure of MLC1 in complex
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with a truncated MyoA neck peptide (Fig. 8). Several MyoA constructs were tested in
combination with MLC1, though only the complex with the MyoA neck peptide (801831) yielded diffraction quality crystals. Structural analysis revealed a calmodulin-like
fold (95,96), with two lobes, each composed of 4 α-helices, connected by a flexible linker
(Fig. 8), consistent with the well established evolutionary relationship of myosin light
chains to calmodulin proteins (97,98). Notably, however, MLC1 lacks functional
calcium-binding motifs, and no role for calcium was identified from previous studies with
the plasmodium homologue, PfMTIP (85,99). The two lobes of MLC1 completely
encompass the MyoA peptide, resulting in an extensive buried surface area (1186.1 Å2).
The complex is stabilized via an apical salt-bridge (MLC1, D145 – MyoA, R808) (Fig. 8,
inset 1) and a basal, inter-domain clamp, which secures MLC1 in a closed conformation
around MyoA with a pair of hydrogen bonds (MLC1, E179 - backbone amides of Y114
and A115) (Fig. 8, inset 2). Overall, the buried interface between MLC1 and MyoA is
largely electrostatic in nature (Fig. 8, right). While residues 801-818 of MyoA adopt an
ordered alpha helix, consistent with the HDX results (Fig. 7a), the C-terminal extension
(819-831) lacks secondary structure and its conformation appears to be a byproduct of the
crystal-packing interface. A comparison of the binary complex with the homologous
MTIP-MyoA peptide structure (PDB I.D. 4AOM) (94) from Plasmodium falciparum
yielded an RMSD of 0.83 Å (114 Cαs) and a comparable buried surface of 1131.5 Å2.

Figure 8: X-ray crystal structure of MLC1 bound to MyoA neck.
Left panel, 1.85 Å resolution crystal structure ofMLC1 in complex with MyoA (801–831)
with close-ups of the apical salt bridge (inset 1) formed between MLC1 Asp145 and
MyoA Arg808 and MLC1 “clamp” (inset 2) formed via two hydrogen bonds between
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Glu179 and backbone amides ofTyr114 and Ala115. Right panel, electrostatic surface
maps of MLC1 and the MyoA neck peptide. In this view, the MyoA neck peptide has
been extracted from the surrounding MLC1 and rotated to reveal the basic surface along
its helical longitudinal axis.
A discrete ELC1-calcium complex shows enhanced affinity for MyoA.
Myosin light chains are evolutionarily related to calmodulin proteins, which employ “EFhand motifs” (Fig. 9a) to coordinate calcium (95-98). Two putative EF-hand motifs were
identified in ELC1 using the program PROSITE (100) consistent with a previous
prediction (68). Notably, calcium was previously observed to enhance the thermostability
of T. gondii ELC1 (68), though no effect was observed on the in vitro velocity generated
by the MyoA complex (69,101). To assess the ability of ELC1 to directly coordinate
Ca2+, we generated D15A and D80A mutants, corresponding to key Ca2+-coordinating
residues of putative EF hands 1 and 2, respectively, based on the EF-hand consensus
motif (Fig. 9a). HDX-MS revealed significant decreases in exchange in the N-terminal
lobes (~ residues 1-58) of ELC1 WT and D80A in the presence of calcium, however, no
decreases in exchange were observed in the D15A mutant (Fig. 9b). ITC measurement
revealed low µM affinity of Ca2+ binding to ELC1 WT and D80A, but no binding to
D15A (Fig. 9c). These data definitively show that ELC1 possesses a single functional EFhand motif capable of directly binding Ca2+ ions. It is of note that ELC1 was also shown
to bind Mg2+, albeit with an affinity at least 6-fold weaker (Table 2).

Figure 9: Calcium binding in ELC1 assessed via HDX-MS and ITC.
a) Putative EF-hands 1 and 2 of ELC1, based on consensus sequences. Ca2+-interacting
residues are numbered, and mutated aspartates are boxed in red. b) Bar graphs of
representative peptides from ELC1 WT and mutants, showing changes in backbone
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deuterium exchange induced by Ca2+ binding. Sequences of peptides are shown above
corresponding graphs. The data are from a single time point of exchange (300 s at 23 °C).
The error bars (S.D.) are from independent triplicate experiments. c) Representative ITC
binding isotherms of CaCl2 titrated into ELC1 wild-type (left panel), ELC1 D15A
(middle panel), or ELC1 D80A (right panel).
We next reasoned that an ELC1-Ca2+ complex might display enhanced binding to the
MyoA neck. ITC experiments revealed greater than a 7 fold (Kd: 591 nM to 83 nM)
stronger binding affinity of ELC1 to MyoA (775-818) when titrations were carried out in
the presence of CaCl2 (Fig. 10a) (Table 2). Together, these results are consistent with a
model where calcium functions as a regulator for ELC1 binding to the MyoA neck.
ELC1 is cooperatively recruited to the MyoA neck by MLC1.
Through mapping of the molecular interfaces, we established that MLC1 and ELC1 bind
adjacent sites on the MyoA neck (Fig. 7a). The close proximity of the two light chain
binding sites suggests the possibility of direct interactions between light chains, as
observed in canonical myosins (98,102). This, coupled with the observation that MLC1
indirectly orders the ELC1 binding region in absence of ELC1 (Fig. 7a), led us to
speculate that ELC1 may be cooperatively recruited to the MyoA neck when MLC1 is
already present. We reasoned that if such an interaction were to occur, the affinity for
ELC1 should be greater for the preformed MyoA-MLC1 complex. To test this, ITC
experiments were performed assessing the affinity of ELC1 binding to the MyoA neck
peptide (775-818), with the added step of pre-binding MLC1 to the peptide (Fig. 10b).
These experiments showed significantly stronger binding of ELC1 to MyoA when MLC1
is prebound (Kd: 591 nM to 72 nM). It is worth noting that the reverse experiment,
binding MLC1 to the pre-formed MyoA-ELC1 complex, was attempted, but could not be
completed due to limited solubility of the MyoA-ELC1 complex. The enhanced binding
supports an assembly mechanism that relies on cooperative binding. Repeating these
experiments in the presence of CaCl2 further strengthened binding of ELC1 to MyoAMLC1 (Kd: 12 nM). These data support a model where ELC1 binds weakly on its own,
but calcium and MLC1-based cooperative recruitment of ELC1 combine to yield a highly
stable ternary complex.
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Figure 10: Effects of calcium binding and cooperative recruitment on the affinity of
ELC1 for the MyoA neck.
a) Representative ITC binding isotherms of ELC1 titrated into MyoA (775–818) without
(left panel) and with (right panel) calcium. b) Representative ITC binding isotherms
ELC1 titrated into MyoA (775–818), prebound with MLC1 without (left panel) or with
(right panel) calcium.
ELC1 interacts with MyoA converter domain, increasing binding affinity and further
stabilizing the MyoA neck.
To control for the fact that our previous binding studies were performed with truncated
neck peptides and with the C775S mutation, we next used ITC to measure the affinity of
ELC1 for the full-length, WT MyoA (1-831) pre-bound with MLC1 (Fig. 11a). Fulllength recombinant MyoA was produced in insect cells by co-expressing with MLC1 and
the recently identified myosin chaperone, UNC (69). Notably, co-expression with MLC1
was required to stabilize the neck region of full-length MyoA and thus we were unable to
perform ITC studies with the apo form of the motor. These experiments revealed
significantly stronger binding of ELC1 to full length MyoA (1-831), compared to the
truncated MyoA neck peptide (775-818) (Kd: 72 nM to 1.9 nM). While our previous
experiments suggest it is likely that the addition of Ca2+ would further enhance binding
affinity, a Kd of 1 nM is near the detection limit of ITC and thus, enhanced binding could
not be accurately measured. We reasoned that the increase in affinity was likely due to
interactions between ELC1 and additional regions of full length MyoA not represented in
the MyoA peptide based experiments. Previous genetic studies have shown that MyoA
residues 706-763 may form the “converter sub-domain” (85), a discrete region of the
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myosin responsible for transducing small conformational changes in the motor domain,
that are then amplified into larger steps by the swinging motion of the neck region. This
led us to hypothesize that ELC1 could form contacts with the converter sub-domain of
MyoA, in addition to its contacts with the MyoA neck. To test this hypothesis, HDX-MS
was performed on the MyoA (1-831)/MLC1 complex in the presence and absence of
ELC1-Ca2+ (Fig. 11b,c). These results showed the expected reduction in deuterium
incorporation in the MyoA neck (775-818) as observed previously (Fig. 7a). Notably,
however, an additional region of reduced deuterium incorporation on MyoA (~710-740)
was observed, which corresponds to the predicted converter sub-domain (Fig. 11b,c).
Thus it appears that ELC1 engages two distinct regions on MyoA (710-740 and 775-795)
resulting in an exceptionally stable complex that is optimized for force transduction.
Interestingly, an isolated region of the MyoA N-terminus also showed reduced
deuteration in response to ELC1 binding consistent with a stabilizing interaction (Fig.
11b). Notably, the N-terminus of MyoA has been shown to contain a regulatory
phosphorylation site important for parasite egress (103) and ELC1 was shown to interact
with the N-terminus of smooth muscle Myosin type II (104). However, the variability in
the N-termini of myosins makes it difficult to draw firm conclusions regarding the role of
an interaction between the N-term of MyoA and ELC1. The structure of the full length
MyoA ternary complex will likely be required to ultimately validate this putative
interaction.
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Figure 11: ELC1 binding to full-length MyoA assessed via ITC and HDX-MS.
Schematics shown are colored as previously. a) Representative ITC binding isotherm of
ELC1 titrated into MyoA(1–831) prebound with MLC1. b) HDX difference map showing
reduction in total deuteron incorporation of full-length MyoA, prebound with MLC1,
when ELC1 is added. The decreases in amide exchange between conditions are summed
over three time points of HDX (3, 30, and 300 s at 23 °C), and the error bars (S.D.)
represent independent triplicate. Peptide # corresponds to the centroid amino acid of the
peptide from which a data point is obtained. Inset, expanded view of HDX difference
map showing order induced in MyoA converter domain (residues ~710–740) by ELC1
binding. c) Representative deuterium incorporation time course for MyoA peptide in the
converter subdomain (716–720).
2.5 Discussion
Apicomplexan parasites rely on a unique form of “gliding motility” powered by a
divergent class-XIV myosin motor. Previous studies have identified key components of
the apicomplexan motor complex composed of MyoA and its light chains, MLC1 and
ELC1/ELC2 (37,67,68,83,105-109). Here we sought to interrogate the dynamic interface
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underlying complex formation and establish the mechanisms governing assembly and
overall architecture of this intriguing motor complex.
Solution binding studies were initially used to define the binding regions of both
ELC1 and MLC1 on the MyoA neck, which showed a clear 1:1:1 stoichiometry for the
ternary complex. Complementary structural data yielded a high-resolution blueprint of
the binding interface between MLC1 and its cognate MyoA neck peptide. Notably, the
MLC1-MyoA complex showed significant homology to the P. falciparum PfMTIPMyoA complex (94). Thus, our MLC1-MyoA crystal structure, which is only the second
from any apicomplexan parasite, and the first from T. gondii, may prove valuable in
refining engineered peptidomimetics capable of disrupting assembly of the class-XIV
myosin complexes.
Following our mapping of the light chain binding sites on TgMyoA, I then
investigated the calcium binding properties of ELC1, definitively showing that ELC1
employs a single EF-hand motif to bind a Ca2+ ion, and that this significantly enhances
the affinity of ELC1 for the MyoA neck. The low micromolar affinity of ELC1 for Ca2+
measured here supports the possibility that ELC1 may act as a Ca2+-activated “switch”,
induced by the rapidly oscillating levels of intracellular calcium observed during T.
gondii motility (110-113). These data are consistent with a recent study that showed a
role for Ca2+ in increasing thermostability of ELC1 and maximizing invasion and egress
of host cells (68). It is also noteworthy, that ELC1 binds to the full length MyoA-MLC1
complex with a Kd of 1-2 nM in the absence of calcium, which suggests a limited role for
calcium in complex assembly in vivo. It is possible, however, that calcium binding to
ELC1 acts to stabilize the ELC1-MyoA complex and reduce compliance of the MyoA
lever arm, facilitating more efficient transduction of force through the motor complex. It
should be noted that in vitro motility data that do not show a clear effect for calcium in
enhancing motor velocity (69,101). However, these assays were performed in the
presence of a molar excess of ELC1, as well as a buffer containing magnesium, which we
show can also bind ELC1, albeit with a significantly lower affinity than calcium (Table
2). Furthermore, it is possible that, through enhancing ELC1 binding to MyoA, calcium
effectively reduces the amount of ELC1 in the cell required to saturate MyoA, rather than
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calcium directly enhancing motor velocity. This explanation would effectively reconcile
our own calcium binding data with that of the aforementioned motility assay.
My results strongly support the hypothesis that ELC1 is cooperatively recruited to
the myosin neck by MLC1. However, the mechanistic basis for cooperativity remains
enigmatic as this phenomenon could result from the pre-ordering of the MyoA neck,
induced by MLC1 or additional interactions between MLC1 and ELC1 as they assemble
on the MyoA neck. The HDX data support the former scenario (Fig. 7a), while structural
studies of canonical myosins support the latter, and suggest that binding of Ca2+ may alter
the conformation of ELC1 so as to generate more extensive contacts with MLC1
(98,102). Notably, we did not observe any direct interactions between MLC1 and ELC1
in the absence of the MyoA neck. Ultimately, the structure of the full MyoA-MLC1ELC1 ternary complex will likely be required to define the complement of supporting
interactions.
Finally, we performed solution binding studies with the full-length MyoA, which
yielded the first evidence that the MyoA converter sub-domain may constitute an
additional binding interface for ELC1. The additional ELC1 binding surface is likely to
provide greater rigidity, which is necessary when force transduction is mediated by the
coordinated light chains, rather than simply through the neck or tail regions as observed
in canonical myosins.
In this study, we have established a detailed model of the assembly of the MyoA,
MLC1 and ELC1 complex, which relies on calcium coordination and a prescribed order
of binding to support cooperativity. Structural and binding data of the MLC1/MyoA
complex may enable the expansion and refinement of current efforts to develop
peptidomimetic and small-molecule inhibitors that interfere with assembly of the
apicomplexan MyoA complex (114,115).
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Chapter 3: Structural and mechanistic insights into the
function of MyoA from Toxoplasma gondii

Adapted from:
C. J. Powell, R. Ramaswamy, A. Kelsen, D. J. Hamelin, D. M. Warshaw, Jürgen Bosch,
J. E. Burke, G. E. Ward, and M. J. Boulanger* (2018). “Structural and mechanistic
insights into the function of the unconventional class XIV myosin MyoA from
Toxoplasma gondii.” Proc Natl Acad Sci U S A 115(45): E10548-55.
*Corresponding author
Contributions:
CJP designed all TgMyoA expression constructs, expressed, purified, and crystallized
TgMyoA 1-778. CJP and MJB solved the TgMyoA 1-778 crystal structure. CJP analyzed
the crystal structure. CJP and DJH designed and performed HDX-MS experiments. CJP,
DJH, and JEB analyzed and interpreted HDX-MS data. CJP performed all DSF
experiments. AK performed in vitro motility assays. CJP and JB performed in silico
pocket analysis. CJP and MJB wrote the text with support from all authors.

3.1 Abstract
Central to the virulence of apicomplexan parasites are the phylum-specific,
unconventional class-XIV myosins that power the essential processes of parasite motility
and host cell invasion. Notably, class-XIV myosins differ from human myosins in key
functional regions, yet they are capable of fast movement along actin filaments with
kinetics rivaling previously studied myosins. Towards establishing a detailed molecular
mechanism of class-XIV motility, we determined the 2.6 Å resolution crystal structure of
the Toxoplasma gondii MyoA (TgMyoA) motor domain, the first of any class-XIV
myosin. Structural analysis reveals novel strategies for force transduction and chemomechanical coupling that rely on a divergent SH1/SH2 region, the class-defining
“HYAG” site polymorphism, and the actin-binding surface. In vitro motility assays and
hydrogen-deuterium exchange coupled with mass spectrometry (HDX-MS) further reveal
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the mechanistic underpinnings of phosphorylation-dependent modulation of TgMyoA
motility whereby localized regions of increased stability and order correlate with
enhanced motility. Analysis of solvent accessible pockets reveals striking differences
between apicomplexan class-XIV and human myosins. Extending these analyses to high
confidence homology models of Plasmodium and Cryptosporidium MyoA motor
domains supports the intriguing potential of designing class-specific, yet broadly active
apicomplexan myosin inhibitors. The successful expression of the functional TgMyoA
complex combined with our crystal structure of the motor domain provides a strong
foundation in support of detailed structure-function studies and enables the development
of small molecule inhibitors targeting these devastating global pathogens.

3.2 Introduction
As obligate intracellular parasites, the life cycle of apicomplexans critically depends on
their ability to traverse the environment and actively invade host cells (51). These
processes are accomplished via “gliding motility”, a unique form of locomotion whereby
membrane adhesins anchored to intracellular actin filaments are thought to be
translocated rearward by parasite myosin motors interacting with these actin filaments to
generate fast, forward motion of the parasite (109,116).
T. gondii has the largest repertoire of myosins among Apicomplexa with 11 unique
isoforms that are implicated in numerous essential processes including cell division,
organellar inheritance, motility and host cell invasion (76,117). The major myosin driving
parasite motility and host cell invasion, MyoA, belongs to class-XIV of the myosin
superfamily, which exists only in apicomplexans and select ciliates (76,117). Of the
class-XIV isoforms, MyoA is the most well conserved across the phylum, likely due to its
central role in motility and invasion (37); depletion of MyoA in T. gondii severely
impairs both of these processes (77,79,118,119).
Myosins adopt a generally conserved architecture that includes a force generating
motor domain, a light chain/calmodulin-binding neck domain that acts as a lever arm,
followed by a tail region that serves as a cargo-binding domain or mediates dimerization,
which for class II myosins leads to filament formation. Due to the lack of a tail region,
apicomplexan MyoA is among the smallest known myosin isoforms, yet it maintains a
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functional neck domain that coordinates the ELC1 and MLC1 light chains, the latter of
which anchors the myosin via a unique N-terminal extension (67). The myosin motor
domain itself is typically comprised of several subdomains including the upper (U50) and
lower (L50) 50 kDa subdomains, the transducer, the converter and, depending on the
myosin class, an src homology 3 (SH3) subdomain (120). The U50 and L50 subdomains
are separated by a large cleft that opens and closes in a nucleotide-dependent manner to
mediate actin binding while the transducer plays a key role in integrating structural
changes throughout the motor domain. The converter then amplifies structural changes
associated with the myosin ATPase cycle to generate the force-producing powerstroke
and motion. Each subdomain critically relies on conserved motifs that couple
conformational changes in the active site with large-scale force production (121).
Intriguingly, sequence analysis of class-XIV myosins reveals substitutions in key sites
that are likely to have profound effects on force generation, transduction, and motor
modulation (74,85). In class-II myosins, for example, substitution of a conserved Gly for
Ala or Val in the hinge connecting helices SH1 and SH2 uncouples this mechanical
communication pathway to the lever arm, impairing force transduction, ATPase activity,
actin binding, and in vitro motility (122). Strikingly, the SH-helices of class-XIV
myosins, which are structurally analogous to the reactive thiol region of class-II muscle
myosins, possess a Ser instead of the conserved Gly at this position, yet the kinetic and
mechanical properties of the motor remain similar to conventional myosins (69,85,101).
Furthermore, class-XIV myosins rely on phosphorylation-dependent modulatory
processes (103,123), and possess divergent actin-binding motifs with implications for
actin binding dynamics (85,101), and a key substitution in the “HYAG” site where a Phe
or Tyr in almost all other myosin classes is substituted for a Ser or Thr, and is considered
a defining trait of the class (76). Ultimately, the mechanistic details of how class-XIV
myosins function with kinetics rivaling previously studied myosins are largely
unresolved.
Towards establishing a more comprehensive model of myosin-dependent
apicomplexan motility, we report the 2.6 Å resolution crystal structure of the TgMyoA
motor domain in complex with the nucleotide analogue ADP-AlF4. Notably, this is the
first reported structure of a class-XIV myosin. Structural analysis complemented with
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mutagenesis and functional data reveals novel mechanisms of force transduction and
chemomechanical coupling, in addition to the functional modulation resulting from
phosphorylation sites, while surface pocket analysis highlights the potential for the design
of novel class-XIV-specific myosin inhibitors.

3.3 Materials and methods
Cloning, protein production and purification
Twin-strep-II

(TST)-tagged

TGGT1_070410/GenBankTM accession

TgMyoA
number

(1-831)
EPR60343.1)

(ToxoDB
wild-type

ID
and

phosphomimetic mutants were co-expressed with 6xhis-tagged TgELC1 (ToxoDB
TGME49_269442, GenBankTM XP_002365635.1) and TgMLC1ΔN66 (ToxoDB
TGME49_257680, GenBankTM KYK62927.1) in Hi5 cells. Protein was first purified by
nickel-affinity, followed by streptactin affinity, and finally SEC, using a final buffer
containing 20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM CaCl2, and 1 mM DTT.
Purified, concentrated complex was used for motility assays, HDX-MS, and DSF.
TgMyoA (1-778) was expressed and purified as described previously (124) into a final
buffer containing 20 mM HEPES pH 7.5, 150 mM NaCl and 1 mM DTT. Purified,
concentrated TgMyoA (1-778) was diluted with buffer containing MgCl2, ADP, NaF, and
Al(NO3)3, to final concentrations of 2 mM MgCl2, 2 mM ADP, 6 mM NaF, 1.75 mM
Al(NO3)3.
Actin co-sedimentation assay
Purified TgMyoA was dialyzed over-night into “buffer A” containing: 150 mM KCl; 20
mM HEPES, pH 7.5; 30 mM imidazole; 1 mM MgCl2; 0.2 mM ADP; 5 mM BME.
TgMyoA was then diluted to a concentration of 2.8 µM and combined with 6.0 µM rabbit
skeletal muscle actin and spun down at 340,000 x g; supernatant containing globular actin
and non-actin-binding myosin was removed. The pellet was then resuspended in “buffer
B”, which is identical to “buffer A” with the exception of ADP being replaced with 4 mM
ATP, to elute functional myosin from actin filaments. The protein was again spun down
at 400,000 x g and the supernatant containing functional myosin was removed. The pellet
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was resuspended in “buffer A” that now included only non-functional myosin, and
leftover actin.
Crystallization and data collection
Crystals of TgMyoA (1-778) were grown at 4 °C by mixing protein in a 1:1 ratio with
reservoir solution containing 22% PEG 8000, 200 mM NH4(SO4), and 100 mM MES, pH
6.5. Crystals were cryoprotected in reservoir solution supplemented with 15% glycerol
and flash cooled in liquid nitrogen. Diffraction data was collected on beamline 14-1 at the
Stanford Synchrotron Radiation Lightsource (SSRL).
Data processing, structure solution and refinement
Diffraction data for TgMyoA (1-778) were processed to 2.6 Å resolution using Imosflm
(88) and Aimless (89) and initial phases were obtained by molecular replacement in
Phaser (90). The search model consisted of the motor domain of human myosin 1c (PDB
ID 4BYF, chain A) with the N-terminus and converter subdomain removed and loops
trimmed using CHAINSAW (125). Iterative rounds of refinement first allowed for
building of the converter subdomain and several surface loops, after which sufficient
electron density emerged to enable tracing of the N-terminal region using D. discoideum
myosin II (PDB ID 1FMW) as the model. Despite relatively higher B-factors in this
region, electron density maps were sufficient for building main chain loops and
secondary structure elements of the SH3 sub-domain. The electron-dense side chains of
residues W39 and W90, which flank the SH3-domain at its N- and C-termini, displayed
clear electron density enabling their accurate placement (Fig. 12). However, high Bfactors limit confidence in precise sequence register and side chain positions in the
intervening region. COOT (91) was used for model building and selection of solvent
atoms and the model was refined in Phenix.refine (92). Structural validation was
performed with Molprobity (93), including analysis of the Ramachandran plots, with
97.5% of residues in the most favored conformations. Five percent of reflections were set
aside for calculation of Rfree. Data collection and refinement statistics are presented in
Table 3. Atomic coordinates and structure factors have been deposited in the PDB with
ID 6DUE.
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Figure 12: Solving the structure of the TgMyoA SH3 subdomain.
a) Overview of the TgMyoA SH3 subdomain. 2Fo-Fc electron density map is shown in
blue, contoured at 1.0 σ. Fo-Fc difference map is shown in green (+ve) and red (-ve)
mesh, contoured at 2.0 σ. b) Close-ups of electron-dense side-chains used to anchor
sequence register of the SH3 subdomain. Density maps coloured and contoured same as
in a), with the exception that maps were obtained from refinement of a poly-ala model,
omitting side-chains from density calculations.
Table 3: Data collection and refinement statistics for TgMyoA (1-778).
Crystals contained one monomer in the asymmetric unit.
Data collection statistics
Spacegroup
a, b, c (Å)
α, β, γ (deg.)
Wavelength (Å)
Resolution range (Å)
Measured reflections
Unique reflections
Redundancy
Completeness (%)
I/σ(I)
Rmerge
Refinement statistics
Resolution (Å)
Rwork/Rfree
No. of atoms

C121
99.25, 96.23, 92.05
90, 110.98, 90
1.19
85.95 – 2.60 (2.74 – 2.60)
93,371 (13479)
24,306 (3,495)
3.8 (3.9)
97.6 (96.7)
7.3 (1.6)
0.124 (0.856)
48.11 – 2.6
0.219/0.261

46

Protein
5824
Solvent
25
Ligand
51
2
B-values (Å )
Protein
68.92
Solvent
53.28
Ligand
56.69
r.m.s. deviation from ideality
Bond lengths (Å)
0.004
Bond angles (deg.)
0.950
Ramachandran statistics (%)
Most favoured
97.54
Allowed
2.32
Disallowed
0.14
Values in parentheses are for the highest resolution shell
5% of reflections were set aside for calculation of Rfree
Homology Modeling
Using our crystal structure of TgMyoA (1-778) as a template, high confidence homology
models of other class XIV myosins were generated using MODELLER v 9.18 (126).
Models were generated for MyoA from P. falciparum, C. parvum, and MyoH from T.
gondii (TgMyoH), which respectively share 63%, 54%, and 34% sequence identity with
TgMyoA (1-778), and harbor no major insertions or deletions (Fig. 19). The best models
were chosen based on the lowest discrete optimized protein energy (DOPE) score and
GA341 score closest to 1, which were -90,376/1.0 for PfMyoA, -89,210/1.0 for CpMyoA,
and -89,376/1.0 for TgMyoH. Comparing these scores to those of models generated
without using TgMyoA as template (~-50,000/0.45) supports the conclusion that these
models are more accurate than previously possible.
HDX-MS
HDX reactions were conducted with TST-tagged TgMyoA (1-831), wild-type and
phosphomimetic mutants, co-expressed with 6xhis-tagged TgELC1 and TgMLC1ΔN66
in 50 µL reactions with a final concentration of 400 nM of each protein per sample.
Protein was saturated with Mg2+ and ADP to lock TgMyoA in near-rigor state. Reactions
were initiated by the addition of 49 µL of D2O buffer (10 mM HEPES pH 7.5, 100 mM
NaCl, 97% D2O) to 1 µL of protein solution to give a final concentration of 94% D2O.
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Exchange was carried out for 3 s and 300 s at 23 °C. Exchange was terminated by the
addition of guanidine-HCl (final 0.6 M, pH 2.5) and 0.8% formic acid. Experiments were
carried out in triplicate, with all replicate samples obtained from a single preparation of
MyoA complex. Samples were immediately frozen in liquid nitrogen and stored at -80 °C
until mass analysis. Protein samples were rapidly thawed and injected onto an ultraperformance liquid chromatography (UPLC) system at 2 °C. The protein was run over
two immobilized pepsin columns (Applied Biosystems; Porosyme, 2-3131-00) at 10 °C
and 2 °C at 200 µL/min for 3 min and the peptides collected onto a VanGuard Precolumn
trap (Waters). The trap was subsequently eluted in line with an ACQUITY 1.7 µm
particle, 100 x 1 mm2 C18 UPLC column (Waters), using a gradient of 5%–36% B
(buffer A 0.1% formic acid, buffer B 100% acetonitrile) over 16 min. Mass spectrometry
experiments were performed on an Impact II QTOF (Bruker) acquiring over a mass range
from 150 to 2,200 m/z using an electrospray ionization source operated at a temperature
of 200 °C, and a spray voltage of 4.5 kV. Peptides were identified using data-dependent
acquisition methods following tandem MS/MS experiments (0.5 s precursor scan from
150-2200 m/z; twelve 0.25 s fragment scans from 150-2200 m/z). MS/MS datasets were
analyzed using PEAKS7 (PEAKS), and a false discovery rate was set at 1% using a
database of purified proteins and known contaminants. Notably, no phosphorylation was
detected for any peptides from TgMyoA, TgELC1, or TgMLC1, even when reducing the
false discovery rate to 0.1%, following purification from Hi5 cells. The parameters for
MS/MS searches had a fragment mass error of 0.02 Da, and a precursor mass error of 20
ppm, with phosphorylation searched on all Ser, Thr, and Tyr residues.
HDExaminer Software (Sierra Analytics) was used to calculate peptide deuterium
incorporation. All peptides were manually inspected for correct charge state and presence
of overlapping peptides. Deuteration levels were calculated using the centroid of the
experimental isotope clusters. The average error of all time points and conditions for each
HDX project was less than 0.2 Da.
Motility Assays
in vitro motility assays were performed with TST-tagged TgMyoA (1-831), wild-type
and

phosphomimetic

mutants,

co-expressed

with

6xhis-tagged

TgELC1

and
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TgMLC1ΔN66, as previously described (69) with the following modifications: (a) mouse
Anti Strep-tag Immo antibody (0.2 ug/ml: BioRad Cat# MCA2488) in buffer B was
added to the flow cells first, followed by three washes with BSA (in buffer B) and three
washes with buffer B; (b) 180- 250 ng of purified TgMyoA was used per flow cell; (c)
buffer C was in all cases supplemented with oxygen scavengers (3 mg/ml glucose, 0.125
mg/ml glucose oxidase, and 0.05 mg/ml catalase); (d) all washes with buffer C were done
three times; and (e) bacterially expressed ELC1 and MLC1 were each added to the flow
cells at a concentration of 25 µg/ml. The data were collected on an Eclipse Ti-U inverted
microscope (Nikon) equipped with a 100× Plan Apo objective lens (1.49 NA) and an
XR/Turbo-Z camera (Stanford Photonics) running Piper Control software (v2.3.39). The
data were collected at 10 frames/s. Actin filament tracking and analysis was done using
Imaris x64 v 7.6.4 (Bitplane). Presented mean velocities and error calculations (S.D.)
represent five independent experiments with all replicate samples obtained from a single
preparation of MyoA protein.
Differential Scanning Fluorimetry
Purified TgMyoA (1-778) and TgMyoA (1-831)/ELC1/MLC1 were diluted to 0.5 mg/mL
in buffer containing 150 mM NaCl; 20mM HEPES, pH 7.5; 1 mM MgCl2; 1 mM ADP; 1
mM DTT; and SYPRO® orange dye at a final concentration of 5X. 20 µL reactions were
tested in triplicate using the StepOnePlus™ Real-Time PCR System from ThermoFisher,
with all replicate samples obtained from a single preparation of MyoA protein.
Pocket Analysis
Pocket analysis was carried out using the OpenEye software OEDocking 3.2 (127). The
TgMyoA crystal structure was completely submerged in a box to identify potential
pockets using the slower but more precise molecular detection algorithm. Four pockets
were readily identified using this approach: The P1 pocket between the converter domain
and the L50 domain with a volume of 2700 Å3, the ATP-binding pocket (2200 A3), the
P2 pocket (1070 Å3), and the P3 pocket (550 Å3). Notably, the P2 pocket was not
detected until the missing residues of Loop 2 (M632-K639) were modelled in silico using
I-TASSER (128), followed by energy minimization in Openeye, and manual correction of
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stereochemistry in Coot (91,129). The presence or absence of Loop 2 did not affect any
other pockets. Representative animal myosin crystal structures* were analysed using the
same parameters, for comparison of pocket volumes. Visualization and inspection of each
pocket of TgMyoA was carried out with OpenEye’s visualization software VIDA 4.3.
Residues contacting corresponding pockets were manually selected and are indicated in
the structure-guided sequence alignment (Fig. 19).
*PPS Myosin Crystal structures used for comparison:
- Class-I: PDB 4BYF (Human); 1LKX, 1VOM (D. discoideum)
- Class-II: PDB 5N6A (Bovine); 1BR1, 1BR2 (Chicken); 1DFL, 1QVI (Scallop)
- Class-V: PDB 5HMP, 4ZG4 (Human)
- Class-VI: PDB 2V26, 4E7Z (Porcine)
- Class-X: PDB 5IOI (Human)
Structure-guided sequence alignment
Structure-guided sequence alignment was carried out using the PROMALS3d multiple
sequence and structure alignment server (130). Crystal structures were included as input
for TgMyoA, HsMyo-Ic, DdMyo-Ie, and DdMyo-II. Additionally, homology models,
using the TgMyoA crystal structure as template, were included as input for PfMyoA_3D7
and CpMyoA_IowaII. A full list of sequence accession numbers and PDB entries (where
applicable) are as follows:
TgMyoA: PDB 6DUE - Accession: O00934
PfMyoA_3D7: Accession: XP_001350147
CpMyoA_IowaII: Accession: XP_628541
HsMyo-Ic: PDB 4BYF - Accession: NP_001074419
DdMyo-Ie: PDB 1LKX - Accession: XP_636580
DdMyo-II: PDB 1VOM - Accession: XP_637740

3.4 Results
Structural analysis of the class-XIV TgMyoA.
Sequence analysis of TgMyoA predicts a central motor domain framed by smaller
ancillary domains. To probe the structural modularity of TgMyoA and identify a stable
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crystallization construct, we generated truncations at both the N and C-termini (Fig. 13a)
that were co-expressed in insect cells with the recently identified MyoA chaperone, UNC
(69). Of the expression constructs screened, only TgMyoA full length (1-831) and (1778; lacks the neck region), yielded soluble protein and only TgMyoA (1-778) could be
crystallized. TgMyoA (1-778) eluted as a monomer by size exclusion chromatography
(SEC) (Fig. 13b) and was functional to bind and release actin in a nucleotide-dependent
fashion (Fig. 13c).

Figure 13: Purifying a functional MyoA crystal construct.
a) Schematic representation of TgMyoA expression and crystallization (blue line)
constructs. b) Sx200 SEC profile and SDS/PAGE gel showing homogenous preparation
of monomeric TgMyoA 1–778. c) Schematic illustration of actin cosedimentation assay
(left) showing that TgMyoA 1–778 is able to bind actin and is responsive to ATP (right).
F-actin with bound TgMyoA was pelleted at 340,000 × g. Supernatant containing excess
globular actin and non–actin-binding MyoA (lane 1). ATP was added to the resuspended
pellet, dissociating functional TgMyoA from the actin, and the F-actin was pelleted again,
leaving only functional myosin in the supernatant (lane 2). The pellet containing F-actin
and ATP nonresponsive myosin was then resuspended (lane 3).
Diffraction quality crystals were obtained with TgMyoA (1-778) in complex with
MgADP-Aluminum Fluoride (MgADP-AlF4), a stable analogue of post-hydrolysis ADP
and inorganic phosphate associated with the priming of the converter and lever arm for
force generation, known as the pre-powerstroke state (PPS) (Fig. 14).
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Figure 14: Schematic of the myosin ATPase cycle.
Schematics shown are colored as previously. Nucleotide mimics are shown for ATP
(green box) and post-hydrolysis ADP with inorganic phosphate (yellow box).
The structure of PPS TgMyoA (1-778) was solved by molecular replacement
using the pruned, core motor domain of PPS Human myosin 1c (PDB 4BYF) (131) and
refined to a resolution of 2.6 Å. Through iterative refinements, electron density emerged
for the N and C-terminal ancillary domains resulting in a final model extending from Y33
through S777 with residues M632-K639 (loop 2) remaining unmodeled (Fig. 12, 15).
Overall, TgMyoA adopts a modular architecture with the predominantly α-helical upper
(U50 - orange) and lower (L50 - magenta) 50 kDa subdomains separated by the actinbinding cleft in the open position (Fig. 15). Located at the base of the actin-binding cleft
is the active site with bound MgADP-AlF4, and the central transducer subdomain
comprised of 7 sequence-distal β-strands (blue) (Fig. 15). The U50, L50 and transducer
domains comprise the core of the motor, which most closely resembles that of
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Dictyostelium discoideum class-I myosin (PDB ID 1LKX), aligning with a RMSD of
0.99 Å over 394 Cαs (132). The TgMyoA core is remarkably well conserved with
increasing divergence radiating outwards (Fig. 16). Divergent actin binding loops (Fig.
16) likely represent adaptations required to bind the unconventional apicomplexan actin
(70-72,133). The sequence divergent N-terminus (M1-N111) is comprised of a disordered
N-terminal extension (M1-V32) and a more domain-like region (Y33-L95). Iterative
building cycles of the Y33-L95 region revealed a partial beta barrel topology consistent
with a src homology 3 (SH3) domain (green) found in class II, V, and VI myosins (120)
(Fig. 12, 15). The lack of sequence identity and partial disorder, however, made it
difficult to unambiguously classify the domain and register the primary sequence. To
build the final model of the putative SH3 domain, simulated annealing maps were first
generated using a poly-alanine model to limit phase bias introduced by misplaced
residues. Large, electron-dense side chains such as Trp 39, Met 53, and Trp 90 were then
used to anchor the sequence register, after which the remaining residues could be placed
with a reasonable degree of accuracy (Fig. 12). Importantly, none of the key divergent
sequences of class-XIV myosins are found within Y33-L95 and thus the localized
structural ambiguity does not impact the mechanistic analysis herein. The C-terminal
ancillary domain (TgMyoA residues G704-E774), also known as the converter
subdomain (red), is oriented in the upwards “primed” position, typical of PPS myosins
(Fig. 14,15). In contrast to the motor core, the converter domain most closely resembles
that of class-II myosin from Drosophila melanogaster (PDB 4QBD), aligning with an
RMSD of 0.80 Å over 43 Cαs. Overall, the modular architecture of TgMyoA is
functionalized through a network of loops, switches and relays that govern myosin force
generation (Fig. 15b).
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Figure 15: Overview of the TgMyoA crystal structure.
a) Overview of TgMyoA 1–778 structure, highlighting the upper (orange) and lower
(purple) 50-kDa domains and the putative SH3 (green), transducer (blue), and converter
(red) subdomains. The region encompassing 779–831 (hashed lines) is not present in the
crystal construct. b) Topology map of TgMyoA motor domain with subdomains colored
as in (a).
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Figure 16: TgMyoA maintains a conserved core with divergent surface elements.
a) Consurf presentation of the TgMyoA motor domain, highlighting position of the
nucleotide (yellow). Actin filaments are not to scale. b) Top, cut-away consurf
presentation of nucleotide binding pocket with bound MgADP-AlF4 (cyan). 2Fo-Fc
electron density map is shown in yellow mesh, contoured at 1.0 σ. Bottom, LigPlot
presentation highlighting key interactions in the active site, including hydrogen bonds
(black dashed lines) and hydrophobic interactions (red lines).
Novel interactions with the SH-helices maintain chemo-mechanical coupling.
The SH-helices comprise a structurally conserved motif composed of adjacent α-helices,
SH1 (TgMyoA L695-Q702) and SH2 (TgMyoA P682-A691), connected by a short linker
(Fig. 15b, 17a). Together with the adjacent relay helix and transducer elements, the SHhelices participate in coupling the conformation of the active site to the converter and
lever arm position, thereby playing a key role in force generation. In class-II myosins,
substitution of a conserved Gly in the SH1/SH2 linker (G680 in D. discoideum class-II
myosin) with Ala or Val displaces the SH-helices from the relay helix and transducer,
effectively uncoupling force transduction, which causes severe motor defects (134-136).
In TgMyoA, a Ser (S693) is substituted for the conserved Gly. The result is a stabilizing
hydrogen bond between S693 and the side-chain of Q496 in the relay helix (Fig. 17b,
left), which likely serves to maintain, and possibly enhance, transduction of force from
the active site to the lever arm, via the SH-helices. Interpreted in the context of class-II
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myosins, this interaction may facilitate class-XIV myosin motility by enhancing the
kinetics of the myosin ATPase cycle, particularly by reducing the duration of the ratelimiting ADP release step following the force generating powerstroke (136). Serine 693
also appears to play a role in supporting the class-XIV-defining HYAG site
polymorphism, where the conserved Tyr or Phe of most other myosin classes is
substituted for Thr or Ser in class-XIV myosins (T588 in TgMyoA). To further assess the
scope of these observations, we simulated the near-rigor state of the class-XIV SHhelices by aligning the relevant substructures with their counterparts in the near-rigor
state (ADP-bound) of D. discoideum myosin-II (Fig. 17b, right) (PDB 1MMA) (137). In
this state, the HYAG-containing loop shifts towards the SH1/SH2 linker by
approximately 6.0 Å. The bulky side chains of Tyr or Phe in other myosin classes, which
are normally accommodated by an opposing Gly, are unlikely to be tolerated in classXIV motors due to steric clashes with S693. Thus, it appears that the class-XIV HYAG
sequence divergence (Y/F à T/S) is required to accommodate the GlyàSer change of
the class-XIV SH1/SH2 linker.
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Figure 17: Assessing unique interactions that maintain chemomechanical coupling
of the class-XIV SH helices.
a) Overview showing the position of the SH helices and relay helix (yellow) within the
TgMyoA L50 domain (purple). b) SH helices of TgMyoA (yellow) and class-II myosin
(green) highlight unique interactions between the SH1/SH2 pivot point, the relay helix,
and the HYAG site in the PPS (Left) and near-rigor (Right) states. c) Sequence
alignments of β1/2 linker regions from various coccidian myosins (yellow and cyan),
Plasmodium MyoA (pink), and non-class-XIV myosins (green). d) Unique interactions
between the β1/2 linker, SH helices, and relay helix in TgMyoA and TgMyoH colored as
in (c).
Next, we evaluated the interactions between the class-XIV SH-helices and the
transducer sub-domain. TgMyoA D133, located in the loop connecting β1 and β2 of the
transducer, takes the place of a conserved Gly in previously studied myosins (G118 in
chicken Class-II myosin, PDB 1BR1) (Fig. 17c), and is oriented towards the SH1 helix
(Fig. 17c). The side chain of D133 is positioned within 3.3 Å and 4.0 Å, respectively,
from the backbone amides of SH1 helix residues L698 and R701, suggesting the potential

57

for coccidian-specific stabilizing interactions between the transducer and SH1 helix,
further strengthening the coupling between these sub-structural elements. To interrogate
the structural implications of divergence in the β1/β2 loop across different class-XIV
myosins, we generated a high-confidence homology model of T. gondii Myosin H
(TgMyoH). MyoH is a coccidian-specific, class-XIV myosin that is localized to the
parasite conoid region and is thought to initiate motility/invasion before “handing off”
actin filaments to MyoA at the border between apical complex and the IMC (73,82).
Intriguingly, TgMyoH does not share the divergent D133 with TgMyoA and instead
retains the Gly (G117) of previously studied myosins, which is unable to bridge the
transducer and SH1 helix. However, an Arg (R118) in the β-1/β-2 loop of TgMyoH, that
is conserved in all class-XIV MyoH isoforms (Fig. 17c), forms a salt-bridge with the side
chain carboxylate of E494 of the relay helix (Fig. 17d), which also interacts with R694 of
the converter subdomain, potentially providing an alternative pathway for force
transduction, or tighter coupling of this region to the swing of the converter/lever arm
throughout the TgMyoH ATPase cycle.

Phosphomimetic mutations alter the stability and motility of TgMyoA.
Phosphorylation of the TgMyoA N-terminal extension that precedes the putative SH3
domain (S20, S21, and S29) and converter subdomain (S743) are important for fast
motility and host cell egress of T. gondii tachyzoites (103,123). To interrogate the
associated molecular mechanisms, we generated a series of phosphomimetic mutants and
measured the associated dynamics of altered solvent accessibility (hydrogen-deuterium
exchange coupled with mass spectrometry (HDX-MS)), thermostability (differential
scanning flourimetry (DSF)) and functional response to actin (in vitro motility assays)
(Fig. 18). In previously studied myosins, the flexible N-terminal extension interacts with
the converter/lever arm, L50 subdomain, and first light chain when the lever arm is in the
downwards position (138-140) associated with the near-rigor state, but not in the upwards
primed position associated with the PPS (104). Notably, we previously reported HDXMS data showing that binding of TgELC1 to the neck region of MgADP-bound TgMyoA
stabilized the TgMyoA N-terminus, in addition to the neck and converter (124).
Presuming that interactions between the TgMyoA N-terminus and lever arm likely form
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the basis for modulation of TgMyoA motility by N-terminal phosphorylation, double
(S20/21D) and triple (S20/21/29D) phosphomimetic mutants of full-length TgMyoA
were generated and characterized in the near-rigor (MgADP-bound) state, with both light
chains (MLC1 and ELC1) bound. HDX-MS data show that not only is the N-terminus
stabilized by these mutations, several sequence-distal regions within TgMyoA also
showed significant increases in order and solvent protection (Fig. 18a). Mapping these
changes on to our crystal structure of the PPS TgMyoA motor reveals protected regions
around the hinge between the motor domain and converter subdomain, including the
converter itself, the relay helix and the SH1 helix (Fig. 18b). While we are unable to draw
conclusions regarding the specific conformational changes induced in these regions, due
to lack of an MgADP-bound crystal structure, the HDX-MS data support a model
whereby the phosphorylated N-terminus of TgMyoA modulates motility via interactions
formed with the motor and converter when the lever arm is in the downwards position.
Intriguingly, phosphomimetic mutations in the N-terminus also resulted in solvent
protection of the switch-II loop in the TgMyoA active site, ~30 Å away from the
aforementioned cluster of interactions (Fig. 18c). The significant distance between the
active site and other affected regions indicates an allosterically driven effect, likely
mediated via the relay helix. Next we measured the effects of the phosphomimetic
mutations using DSF and in vitro motility assays, which showed significant increases in
thermal stability (Fig. 18e) and actin-based motility (Fig. 18f), consistent with previously
reported cell-based assays (103). In contrast, mutation of S743 in the converter
subdomain, another phosphorylation site shown to be crucial for parasite motility
(103,123), to Asp significantly reduced solvent protection (Fig. 18d) and overall stability
(Fig. 18e) in the converter subdomain. When analyzed in the context of the structure, it
appears that destabilization may result of electrostatic and steric repulsion formed
between the longer, more negative side chain of D743, and the closely packed helices that
comprise the remainder of the converter subdomain, particularly the nearby residue D722
(Fig. 18d). Notably, there was no statistically significant change in actin-based motility
relative to wild-type (Fig. 18f), suggesting that if S743 phosphorylation plays a role in
modulating motility in cell-based assays (103), it may do so by stabilizing the glideosome
complex rather than directly affecting motor activity. To assess the potential for
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synergistic effects arising from phosphorylation at both the N and C-termini, we
generated the hybrid phosphomimetic construct S20/21/743D. No cooperativity was
observed by DSF, in vitro motility assays or HDX-MS (Fig. 18e,f).

Figure 18: Assessing the effects of phosphomimetic mutations on TgMyoA via HDXMS, DSF, and in vitro motility assays.
a) Schematic representation of TgMyoA aligned with HDX difference map showing
change in percent deuterium incorporation of full-length TgMyoA phosphomimetic
mutants in the near-rigor state relative to WT over 300 s. Error bars (SD) represent
independent triplicates. Peptide number corresponds to the centroid amino acid of the
peptide from which a data point is obtained. (b–d). Expanded views of HDX difference
map showing change in percent deuterium incorporation in different TgMyoA
subdomains by the phosphomimetic mutants (Top) with the stabilized (blue) and
destabilized (orange) regions mapped onto the TgMyoA crystal structure (Bottom). The
protected regions in the relay, SH1, and converter associated with the S20/21D and
S20/21/29D mutations are indicated as I, II, and III, respectively, in b; change in
percentage incorporation in the switch II loop associated with the S20/21D, S20/21/29D,
and S743D mutations are shown in c (AlF4 is omitted in figure to prevent obstruction of
switch II); and change in percentage incorporation in the converter subdomain associated
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with the S743D mutation is shown in d. e) DSF thermal shift assay of TgMyoA
comparing WT vs. phosphomimetic mutants. Error bars (SD) represent independent
triplicates. f) Actin filament displacement velocities of WT and phosphomimetic mutants
in in vitro motility assays. Error bars (SD) represent five independent experiments.
Mutant speeds were compared with WT by one-way ANOVA and Sídák’s multiple
comparison tests: *P < 0.05 and **P < 0.005; “ns” indicates P > 0.05.
Surface pocket analysis supports the potential for designing Class-XIV specific inhibitors.
Class-XIV myosins are promising targets for the development of small-molecule
inhibitors of apicomplexan parasites due to their divergence from animal myosins, and
their essential role in the apicomplexan life cycle. A comprehensive pocket analysis
combined with a structure-guided sequence alignment was performed to identify possible
binding sites for allosteric inhibitors (Fig 18). In addition to the conserved active site, a
large pocket (“P1”, 2700 Å3) was identified between the TgMyoA core and the converter
subdomain (Fig. 19a). The residues lining the P1 pocket are largely conserved between
the MyoA homologues (78% I.D, 84% Similar, over 44 AA) but diverge between the
myosin classes (14% I.D, 33% Similar, over 44 AA) (Fig. 19b). Notably, the P1 pocket is
already known as the binding site for Omecamtiv Mecarbil (OM), a specific allosteric
inhibitor of human cardiac myosin (141,142). We next investigated the halogenated
pseudilin class of small molecules that bind deep in the actin-binding cleft of other
myosin classes, including class-Ie and class-II from D. discoideum (143,144). In the
absence of inhibitor, these motors present a clear solvent accessible pseudilin pocket with
a volume of ~2900 Å3 in the pre-powerstroke state (Fig. 20). In contrast, the
corresponding pocket appears to be significantly smaller in our PPS TgMyoA structure
(“P2”, 1100 Å3) (Fig. 19, 20). To explain this difference in pocket volume, we next
aligned our TgMyoA structure with several previous PPS myosin structures via the L50
domains alone. This alignment revealed a ~4.0 Å shift in the position of the class-XIV
U50 domain towards the L50 domain (Fig. 20). The result is a class-XIV actin-binding
cleft which, while in the open conformation associated with the PPS, remains
significantly more closed than previous PPS myosin structures, accounting for the
reduced volume of the pseudilin-binding pocket, relative to other myosin classes for
which there are structural data available. Similar to the P1 pocket, the residues lining P2
are largely conserved between MyoA homologues (76% I.D, 91% Similar, over 33 AA)
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but diverge with respect to other myosins (30% I.D, 60% Similar, over 33 AA) (Fig. 19).
Strikingly, analysis of our crystal structure also revealed a smaller pocket (“P3”, 550 Å3),
which is not observed in other myosin crystal structures examined (Fig. 19) and therefore
may be ideally suited for selective inhibitors. The success of OM and halogenated
pseudilins as specific myosin inhibitors supports the viability of P1 and P2 as druggable
sites, and the divergence of pocket-lining residues between class-XIV and human
myosins could form the basis of specificity for a targeted class-XIV inhibitor.
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Figure 19: Pocket analysis of TgMyoA to assess potential for class-XIV-specific
inhibitors.
a) Surface pocket analysis of the TgMyoA crystal structure. Solvent-accessible pockets,
shown in green (P1), purple (P2), and blue (P3), were identified by using default
parameters in OEDocking software, allowing the shape of the pockets to extend toward
the solvent by one solvent radius. Pocket labels include the number of identical residues
between TgMyoA and sequence-aligned myosins (b) among the total pocket residues. b)
Structure-guided sequence alignment of the core motor domains from class-XIV, class-I,
and class-II myosins. Highly variable N- and C-terminal regions have been omitted for
clarity. Residues belonging to each of the solvent-accessible pockets are indicated with
colored triangles.
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Figure 20: PPS TgMyoA has a more closed actin-binding cleft than canonical
myosins, resulting in a smaller P2 pocket.
a) Surface pocket analysis of the TgMyoA crystal structure, showing same view as Fig.
19a, left. b) Enlarged and rotated view of the actin-binding cleft, comparing P2 pockets of
PPS DdMyo-II (Left) (PDB 1VOM), and PPS TgMyoA (Right), with the volume of the
corresponding P2 pocket labeled. c) U50 domains of TgMyoA (Orange) and DdMyo-II
(Green)(PDB 1VOM). Motors were aligned via L50 domains only, in order to highlight
~4 Å closure of class-XIV actin-binding cleft, relative to class-II.
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3.5 Discussion
To accomplish the essential processes of motility and host cell invasion, apicomplexan
parasites rely on force generated by the unconventional class-XIV myosins such as the
glideosome-associated MyoA. This dependence is highlighted by severe impairments in
host cell invasion, parasite motility, and parasite virulence upon depletion of these
myosins (77,79,118,119). The essential nature of class-XIV myosins, combined with their
divergence from human myosins, supports the potential for targeted therapeutic
intervention. Here I’ve presented the first in-depth structural characterization of a classXIV myosin in the form of MyoA from the apicomplexan parasite, T. gondii. Structural
analyses reveal unique spatial relationships within key functional regions, providing
important mechanistic insight into the molecular basis of motility for these global
pathogens.
A central question in apicomplexan motility is how class-XIV myosins maintain
fast motility despite numerous divergent sequence motifs in functionally important
regions. Mutation of a key Gly to Ala or Val in the hinge between the SH1/SH2 helices
of class-II myosins impairs force production by uncoupling the allosteric communication
pathway that connects the active site to the lever arm by way of the SH-helices. These
mutations result in a myosin that binds actin filaments, hydrolyzes ATP but proceeds
very slowly through the subsequent force-generating steps, effectively blocking motility
(145). Strikingly, structural analysis of TgMyoA revealed a unique network of
interactions that are able to maintain chemo-mechanical coupling between the transducer
subdomain, the SH-helices, and the relay helix despite sequence differences. Specifically,
unlike Ala or Val substitutions for the conserved Gly in class-II myosins, the polar sidechain of TgMyoA S693, at the equivalent Gly site, forms a stabilizing hydrogen bond
with Q496 of the relay helix. The functional significance of the class-defining HYAG
polymorphism was also revealed as the smaller Ser and Thr residues that define classXIV motors are required to accommodate S693 in the SH1/SH2 linker. Therefore, a
potential outcome of S693 in the class-XIV myosins is to strengthen the coupling of the
SH-helices with neighboring structural elements, which would allow strain through the
lever arm to be more effectively transmitted to the active site, in turn impacting the
kinetics of the ATPase cycle (146) so that fast actin filament motility by TgMyoA is
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possible (147). A similar effect may result from potential H-bond formation between
TgMyoA D133 in the transducer domain and backbone amides of the SH1 helix.
Conversely, R118 in the TgMyoH transducer domain is ideally positioned to form a salt
bridge with E494 of the relay helix, which is likely important for coupling the transducer,
relay and SH-helices communication pathway to the converter, as is the conserved salt
bridge already formed between E494 and R694 of the converter subdomain. This could
enhance force transduction to counter-act the greater compliance expected in the
significantly longer lever arm of TgMyoH, or could result in different actin affinities
between TgMyoA and TgMyoH, as may be necessary for actin filaments to be “handed
off” from TgMyoH to TgMyoA at the apical complex/IMC border in coccidians (73,82).
Class-XIV myosin dependent motility and host cell egress (103,123) in
apicomplexan parasites is enhanced by phosphorylation of the TgMyoA N-terminus (S20,
S21, and S29) and converter subdomain (S743). To interrogate the underlying molecular
mechanisms, we measured the effects of corresponding phosphomimetic mutations on
class-XIV myosin function. Compared to the unphosphorylated motor, which is active
and supports actin filament motility, the phosphomimetic mutants have up to 2-fold faster
actin filament speeds (Fig. 18f). Thus, TgMyoA phosphorylation appears to modulate
rather than activate the motor. This 2-fold increase in actin filament speeds in vitro
corresponds well with the ~3-fold increase in parasite motility initiation and gliding
speed seen in parasites expressing similar TgMyoA phosphomimetic mutations (103).
From a structural standpoint, HDX-MS analyses support a model whereby a
phosphorylated N-terminal extension (encompassing S20, S21, and S29) is stabilized
through contacts with a groove formed between the motor domain and the converter
subdomain as observed in previously characterized myosins (120,139,140). Not only do
these interactions stabilize the interface between the TgMyoA motor and lever arm, they
also alter the state of the switch-II loop in the active site, which influences coordination
of the γ-phosphate of the bound nucleotide (148). This change could be an allosteric
effect mediated via the long relay helix, which extends from the C-terminus of the
switch-II loop to the hinge between the converter and core motor domain, where the
majority of stabilization by N-terminal phosphomimetics was observed. The relay helix is
crucial for transforming small conformational changes in the switch-II loop into large
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movements of the lever arm throughout the ATPase cycle. Intriguingly, the HDX-MS
analysis presented herein supports a mechanism whereby structural information is
communicated to the active site, via the relay helix, that may modulate affinity for
nucleotides or the kinetics of the ATPase cycle in a phosphorylation-dependent fashion.
Alternatively, changes in the active site due to N-terminal phosphorylation could be a
result of direct interactions between S20/S21 and the switch-II loop. While the recently
published structure of P. falciparum MyoA in the near-rigor state showed such
interactions (149), we would not expect to observe them in our PPS structure, even if
residues S20 and S21 could be confidently modeled. It is reasonable to predict that these
interactions would be conserved in TgMyoA, but our current data is not sufficient to
distinguish between allosteric or direct effects on the active site, and it is certainly
possible for both scenarios to be true, as these mechanisms are not mutually exclusive.
Regardless of the mechanism, we can still speculate on the downstream effects of the
observed alterations to the active site. Based on a previous study of class-I myosin, we
expect that phosphorylation of the TgMyoA N-terminus would enhance motility via a
faster rate of ADP release, in an inverse fashion to that observed upon deletion of the
Class-Ib N-terminal region (140). Furthermore, TgMyoA residues S21 (the most
frequently phosphorylated site on the protein (123)) and S29 are completely conserved in
the MyoA, C, and D isoforms of all apicomplexans, suggesting that mechanisms of
phosphorylation-dependent regulation are broadly conserved across the phylum. There
are notable differences elsewhere in the motor domain, however, as observed in
polymorphisms unique to the T. gondii GT1 strain characterized herein. Residue A725,
oriented towards the core of the converter subdomain, is replaced with Val in type II and
III strains (e.g. ME49 and VEG, respectively) and is proximal to the region destabilized
by the S743D phosphomimetic mutation. The larger side chain of a Val residue may
result in additional steric clashes, further enhancing the effects of phosphorylated S743.
Despite the divergence of this residue within different strains of TgMyoA, the Ala at this
position is conserved with MyoA from P. falciparum and C. parvum, as well as
TgMyoH.
The divergence of class-XIV from human myosins, combined with their crucial role
in apicomplexan biology, makes them attractive potential targets for therapeutic
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development. To assess the feasibility of class-specific small-molecule inhibitors of
apicomplexan myosin, we carried out a comprehensive pocket analysis on our crystal
structure of the TgMyoA motor domain, combined with a structure-guided sequence
alignment to identify possible binding sites for specific myosin inhibitors (Fig 18). The
largest pocket observed by volume was the nucleotide-binding active site, occupied in our
structure by the MgADP-AlF4 analogue of post-hydrolysis ADP and inorganic phosphate.
While this pocket may seem at first like an intuitive choice for targeting a competitive
inhibitor of class-XIV ATPase activity, the active site is actually very well conserved
between all myosins, including those as distantly related as apicomplexan and human
myosins. This high degree of conservation means that competitive inhibitors would not
be able to form unique interactions with the active site residues of any specific myosin
class or isoform, preventing establishment of the selectivity required for any inhibitor to
have therapeutic value. It is for this reason that all selective myosin inhibitors identified
thus far have acted as noncompetitive inhibitors of motor function, binding to the protein
at an allosteric site outside of the ATP binding pocket. Due to greater sequence variation
outside of the myosin active site, and the highly interconnected network of forcetransducing elements throughout the entire motor domain, noncompetitive inhibition of
myosin activity can be an effective strategy for interfering with the functionality of a
targeted myosin isoform while avoiding unwanted off-target effects on other myosins,
ATPases, or ATP-binding proteins.
The most promising target identified in our pocket analysis, P1, was located
between the TgMyoA core and the converter subdomain (Fig. 19a). The P1 pocket is
already known as the binding site for Omecamtiv Mecarbil (OM), a specific myosin
inhibitor that is currently in phase-3 clinical trials for treatment of cardiac failure
(141,142). OM has already displayed a high degree of selectivity for human β-cardiac
myosin, a class-II myosin found in cardiac muscle tissue, despite the relatively high
degree of conservation in the residues lining P1 in other closely related human myosins.
The high degree of selectivity observed for OM suggests that a similar small molecule
could exploit the relatively high divergence of P1 residues between class-XIV and human
myosins (Fig. 19b), forming specific interactions with those residues unique to
apicomplexan motors. Intriguingly, the relative conservation of P1 residues within class-
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XIV myosins suggests a partial overlap of drug space, perhaps allowing the identification
of a single, shared pharmacophore that can be used to target the class-XIV myosins of
multiple apicomplexan parasites. However, one should note that the high degree of
selectivity observed for OM and the P1 pocket of β-cardiac myosin may be a doubleedged sword. If such selectivity turns out to be characteristic of all small molecules that
bind to the P1 pocket, it could raise obstacles towards developing inhibitors that maintain
specificity for class-XIV motors while remaining broadly active within the class, which
would be the ideal scenario for any potential therapeutics against apicomplexan disease.
Following our dissection of the P1 pocket, we next investigated the P2 and P3
pockets for potential drugability. Both of these pockets are found in the open actinbinding cleft that separates the U50 and L50 subdomains of our TgMyoA crystal
structure, which is also the binding site for the halogenated pseudilin class of small
molecules that bind other myosin classes (143,144). In the absence of inhibitor, the actinbinding cleft of PPS myosin motors presents a clear solvent accessible pocket for
pseudilins to bind, although the pseudilin pocket was notably larger in canonical myosins
than was observed in our class-XIV crystal structure (Fig. 19, 20). It should be noted,
however, that the exact size of these pockets is dependent upon the conformation of the
highly flexible Loop 2 and CM-loop, although variations in these loops would not be
expected to account for the almost 3-fold greater pocket volume found in canonical
myosins. This difference in pocket volume was instead found to be a result of the
significantly more closed conformation of the actin-binding cleft observed in our
TgMyoA crystal structure (Fig. 20). Notably, the crystal structure of PPS MyoA from P.
falciparum published in 2019 (PDB 6I7E) also showed a more closed actin-binding cleft,
identical to TgMyoA (149). The PfMyoA structure lends further support to the possibility
that a closed actin-binding cleft is a defining characteristic of the class-XIV myosins as a
whole, rather than an anomaly observed in one crystal structure. Similar to the P1 pocket,
the residues lining P2 are largely conserved between class-XIV myosins but diverge with
respect to other classes (Fig. 19). The success of halogenated pseudilins as specific
myosin inhibitors supports the viability P2 and P3 as druggable sites, and the divergence
of pocket-lining residues between class-XIV and human myosins could form the basis of
specificity for a targeted class-XIV inhibitor.
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The first structural characterization of a class-XIV MyoA reported herein reveals a
detailed network of divergent features that govern regulation and maintain chemomechanical coupling in these unconventional myosins. The insight gained from these
studies will continue to support structural and functional dissection of these crucial
molecular motors to better understand motility in apicomplexan parasites and support
structure-guided inhibitor design.
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Chapter 4: Discussion

4.1 Summary of research objectives
Parasites of phylum Apicomplexa are collectively responsible for significant
morbidity and mortality worldwide, in both humans and animals. To enable their
widespread success, these obligate intracellular parasites have evolved a number of
unique biological processes that facilitate dissemination and replication within a host
organism. One important example is the phylum’s unique form of gliding motility and
active host cell invasion, both of which are driven by a sophisticated motor assembly
called the glideosome. In contrast with many other features of apicomplexan biology, the
components of the glideosome are broadly conserved within the phylum, highlighting
their essential contribution to parasite fitness. Central to glideosome function are the
highly divergent class-XIV myosin motors that generate the force required for fast
motility and host invasion. While the key components of the glideosome have been
gradually identified over the last two decades, several outstanding questions still
remained regarding the molecular processes underlying force generation by the
apicomplexan motility machinery. With this dissertation, I sought to answer these
questions with a systematic, high-resolution dissection of the T. gondii MyoA motor
complex.
Previous work established that MyoA binds two accessory light chains for optimal
motility, but the architecture of this complex and the mechanisms governing assembly
were unknown. There was also conflicting data regarding the capacity of light chain
proteins to bind calcium ions, and the potential effects thereof. In chapter 2, I used
solution-binding and structural studies to establish a detailed model of the assembly of
the MyoA-MLC1-ELC1 complex. My data definitively showed that motor assembly
relies on calcium coordination, cooperative binding, and extensive interaction interfaces
spanning multiple surfaces of each protein. These processes cumulatively yield a rigid,
high-affinity complex that is able to maximize force transduction for efficient parasite
motility.
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After expanding significantly on previous models of class-XIV motor assembly, the
investigation then turned to mechanisms of force generation in the divergent class-XIV
motor domain. When Class-XIV myosins were first identified in 1997, it was
immediately clear that they differed substantially from previously studied motors, with
notable divergence in key functional regions. Despite considerable research effort in the
intervening years, it still wasn’t clear what effects this divergence had on the
chemomechanical basis of force generation in class-XIV motors. In chapter 3, I first
determined the 2.6 Å resolution crystal structure of the T. gondii MyoA motor domain,
the first of any class-XIV myosin. Subsequent structural analysis revealed novel
strategies for force transduction and chemo-mechanical coupling, including the functional
consequences of the class-defining “HYAG” site polymorphism. In vitro motility assays
and HDX-MS further revealed the mechanistic underpinnings of phosphorylationdependent modulation of MyoA motility, a key regulatory mechanism in the parasite.
Notably, a similar characterization of the Plasmodium homologue of TgMyoA has since
been published, providing further validation to many of the conclusions drawn here, and
confirming several of the more speculative elements of the discussion above (149).
While the work presented in the preceding two chapters addressed my first two
research objectives, the aim of this discussion chapter is to address my final research
objective by assessing the relevance of structural data obtained by myself and others to
guiding the rational design of small molecule inhibitors specific to class-XIV motors, for
potential use as novel therapeutics.

4.2 Assessing the relevance of TgMyoA structural data to the
development of novel therapeutics
Currently available therapeutics targeting apicomplexan parasites have been ineffective at
controlling disease, particularly due to rising rates of drug resistance, as well as severe
adverse side-effects resulting from off-target activity. Given the obligate intracellular
nature of the apicomplexan life cycle, inhibiting parasite motility and preventing parasites
from accessing the protective environment of the host cell presents an attractive target for
novel therapeutics. Driving both of these essential processes are the class-XIV myosin
motors at the heart of the glideosome macromolecular complex. While these motors,
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MyoA in particular, are widely conserved within the Apicomplexa, class-XIV myosins
are remarkably divergent from previously studied myosins, including those found in
humans. This divergence suggests the possibility to target apicomplexan motors with
class-specific inhibitors of myosin-based motility. Such inhibitors may demonstrate
improved selectivity for parasites over the human host, avoiding the adverse reactions
that come with many current treatments.
With the characterization of the TgMyoA motor complex reported in this
dissertation, combined with recent work on the Plasmodium homologues (101,149), we
now have a more detailed model of class-XIV motor function than ever before, but it
remains to be seen if this structural insight can be leveraged towards the rational design
of new small-molecule drugs.
Peptidomimetics as competitive inhibitors of glideosome complex assembly.
Previous work has shown that peptidomimetic or small-molecule inhibitors of motor
complex assembly may be a viable approach toward targeted disruption of apicomplexan
motility (150-152). One such target that has garnered significant interest is the interaction
between MLC1 (or MTIP in Plasmodium) and MyoA that is essential for proper
localization of MyoA to the glideosome. Synthetic peptides mimicking the MLC1binding motif of the MyoA neck domain can saturate MLC1, outcompeting the
endogenous motor complex for MLC1 binding, and preventing proper localization of the
motor. As a proof of concept, previous work has shown that a 15 AA long synthetic
PfMyoA peptide inhibited the in vitro growth of P. falciparum parasites, while a
randomized 15-mer or mutant forms of the peptide had no effect on growth (99). A
subsequent study used a medium-throughput DSF approach to identify small-molecule
fragments that stabilized MTIP, then conjugated selected top hits onto the synthetic
PfMyoA peptide, generating peptide-fragment chimeras with greater affinity for MTIP
than the unmodified PfMyoA peptide alone (114). This preliminary work shows that an
initial peptidomimetic scaffold can be modified using an SAR-based approach to improve
affinity and specificity, such that it can better outcompete endogenous MyoA for MLC1
binding.
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Our MLC1-MyoA crystal structure, which is only the second from any
apicomplexan parasite, and the first from T. gondii, may prove valuable in refining
engineered peptidomimetics capable of disrupting assembly of the class-XIV myosin
complexes. While there is significant sequence divergence between the neck domains of
PfMyoA and TgMyoA, several key interactions between MTIP and PfMyoA were
preserved in our MLC1/TgMyoA crystal structure. For example, the basal clamping
mechanism of MLC1 is conserved with that of PfMTIP, which was shown to be crucial
for high affinity binding to MyoA. This basal clamping mechanism was also shown to be
a key interaction hot spot for the PfMyoA peptide-fragment chimeras that showed
enhanced affinity for PfMTIP (94,114). While it is unlikely that synthetic neck peptides
would be cross-reactive between MLC1/MTIP from different apicomplexans due to
sequence divergence, conserved interactions suggest that affinity-enhancing chemical
modifications to those peptidomimetics may be easily transferred between parasites. This
transferability would streamline an SAR approach to peptidomimetic refinement and
significantly reduce the overall workload of developing peptidomimetic inhibitors of
apicomplexan motility.
Disrupting the interaction between MyoA and MLC1/MTIP is particularly
interesting as a means to interfere with parasite motility, as it would likely preclude the
compensation for loss of MyoA by relocalization of another myosin isoform, as seen with
MyoC in T. gondii. This is because it is suspected that compensatory relocalization is also
mediated by MLC1 binding to MyoC, when MyoA is not present. The peptidomimetic
approach to disrupting motor complex assembly is also likely to provide specificity for
apicomplexan motors over humans’, due to the significant divergence of the light chainbinding neck domains of class-XIV motors. In fact, TgMyoA was first described as
lacking a neck domain completely, while its C-terminal region was erroneously classified
as a tail domain due to the absence of any recognizable light chain-binding motifs (74). It
was only after the corresponding light chains were identified and characterized that the
nomenclature was changed to better reflect the function of this region, as opposed to its
sequence. Such divergence suggests that any peptidomimetics capable of binding
apicomplexan light chains with high affinity would be unlikely to bind and disrupt the
assembly of human motor complexes, reducing the likelihood of off target effects.
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Selective small-molecule inhibitors of Class-XIV motor function.
Previous work with canonical myosins has shown that it is possible to make classspecific, even isoform-specific, small-molecule inhibitors of myosin function, and that
these can have therapeutic value for a variety of myosin-dependent diseases (143,153155). Previously studied selective myosin inhibitors all bind to pockets in the forceproducing motor domain, effectively stabilizing a particular conformation of the motor
such that an insurmountable energetic barrier blocks the motor from proceeding through
the ATPase cycle as normal. One advantage of using small-molecules over
peptidomimetics is that small-molecules will typically pass through biological barriers
much more readily than a long polypeptide, and won’t be susceptible to proteolytic
degradation, although other forms of degradation are certainly possible. Nonetheless,
these features can increase the bioavailability of a drug, enhancing the therapeutic
potential.
Analysis of the T. gondii MyoA crystal structure reveals an active site that is highly
conserved with that of canonical myosins, likely precluding the development of specific
competitive inhibitors of myosin ATPase function, due to the limited potential for
forming specific interactions. Accordingly, development of class-XIV-specific smallmolecule inhibitors is likely to be restricted to allosteric pockets of the myosin motor
domain, similar to previously characterized specific inhibitors of canonical myosins.
Based on surface pocket analysis of the TgMyoA crystal structure, the P1 and P2 pockets
emerged as the most intriguing candidate sites. Sequence variation between residues
lining the P1 pockets of class-XIV motors and human homologs suggests that a structurebased in silico approach, coupled with biochemical validation, is a promising avenue
towards the development of novel class-XIV-specific myosin inhibitors. Intriguingly, the
relative conservation of P1 residues within class-XIV myosins suggests a partial overlap
of drug space, perhaps allowing the identification of a single, shared pharmacophore that
can be used to target the class-XIV myosins of multiple apicomplexan parasites.
The larger volume observed for the P1 pocket compared to P2 and P3 indicates that
P1 can likely accommodate larger compounds. Furthermore, the greater number of
residues lining the P1 pocket offers more opportunities for a bound molecule to form
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specific interactions, thereby increasing affinity and specificity of binding. It is for these
reasons that the P1 pocket presents a more promising candidate for further exploration
into specific class-XIV inhibitors.

4.3 Future explorations
As our understanding of apicomplexan motility and class-XIV myosin grows, the
widespread scientific and therapeutic applications of apicomplexan myosin inhibitors
have become increasingly evident. The goals of such inhibitor development include both
the study and further characterization of class-XIV myosin, as well as the development of
more potent, and more selective, treatments for apicomplexan disease. These studies will
benefit greatly from the foundations I have laid out over the course of my doctoral
research project, in addition to future improvements in methods for high-throughput
screening of myosin function, and the increasing utility of in silico structural modeling
and analyses.
The first step in this process will be initiating high-throughput screens for inhibitors
of class-XIV myosin function, while counter-screening against human myosins to ensure
selectivity of any candidates identified. Such screens will likely require large amounts of
heterologously expressed myosin protein, and will benefit significantly from my efforts
to optimize the expression of functional class-XIV motors. Once a panel of class-XIVselective myosin inhibitors has been established, an in-depth biochemical analysis can be
performed employing many of the same strategies I have reported in this dissertation.
HDX-MS can be used in concert with the T. gondii MyoA crystal structure to identify
interaction hotspots for inhibitory compounds, and form preliminary models of their
mechanisms of action. These models can be further refined by the use of ITC and DSF to
obtain detailed information on the binding kinetics of potential inhibitors, information
that can also be used to optimize affinity and selectivity of subsequent generations of
inhibitory compounds. Ideally, co-structures of TgMyoA with specific inhibitory small
molecules would be very informative for structure-based drug design initiatives, and
inhibitors may actually aid in crystallization of class-XIV myosins by providing increased
conformational stability and homogeneity. Such co-structures would be valuable to
characterizing mechanisms of action, and to the rational design of further improved

76

inhibitors using an SAR-based approach. As other myosin isoforms are likely to play a
role in redundant pathways for MyoA-driven invasion, biochemical characterization of
these proteins from T. gondii, P. falciparum, and additional apicomplexans is also of high
priority. Furthermore, while significant progress has been made in understanding the
unique molecular basis of force production in class-XIV motors, there is still much that
can be learned by obtaining structural data of other stages in the class-XIV ATPase cycle.
While we now have a solid foundation from which to build further studies of
apicomplexan motors, there is still much work to be done before we will have a robust
and comprehensive model of the complete repertoire of class-XIV myosins sufficient to
fully understand the unique molecular basis of class-XIV motor function. With my
systematic, high-resolution characterization of the T. gondii MyoA motor complex, this
dissertation will serve as a resource for future efforts in the study of apicomplexan
motility and host invasion, and may help overcome existing barriers for targeted
therapeutic development.
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