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The capacity to migrate is fundamental to multicellular
and single-celled life. Apicomplexan parasites, an ancient
protozoan clade that includes malaria parasites (Plasmo-
dium) and Toxoplasma, achieve remarkable speeds of
directional cell movement. This rapidity is achieved via a
divergent actomyosin motor system, housed within a nar-
row compartment that lies underneath the |eng’rh of the
parasite plasma membrane. How this motor functions at a
mechanistic level during motility and host cell invasion is
a matter of debate. Here, we integrate old and new in-
sights toward refining the current model for the function of
this motor with the aim of revitalizing interest in the me-
chanics of how these decc”y pcthogens move.

Introduction

The ancient phylum Apicomplexa includes many of the world’s
preeminent pathogens (Woo et al., 2015), such as Plasmodium,
the genus responsible for more than half a million malaria-related
deaths each year (White et al., 2014), and Toxoplasma gondii,
one of the most prevalent pathogens of humankind (Torgerson
and Mastroiacovo, 2013). At some point in their life cycle, most
Apicomplexa are obligate intracellular parasites (Gubbels and
Duraisingh, 2012) that develop and proliferate inside a surro-
gate host cell before being released to infect new host cells.
Although each pathogen has evolved highly specialized strat-
egies for coopting host cells during infection (Marsolier et al.,
2015; Coffey et al., 2016; Curt-Varesano et al., 2016), it is the
cellular biology of their extracellular forms, often referred to as
zoites, that defines many of the key hallmarks of apicomplexan
cell biology, not least their ability to move and invade host cells.
The classic apicomplexan zoite cell is ideally adapted for motil-
ity and invasion; for example, the Plasmodium sporozoite (see
Glossary of terms) glides at speeds an order of magnitude faster
than the fastest of human cells (Miinter et al., 2009), whereas
Plasmodium or Babesia merozoites penetrate host cells within
a few tens of seconds (Dvorak et al., 1975; Asada et al., 2012).
Each motile zoite has a distinctive apical complex consisting
of secretory organelles and microtubule-based structures, from

which the phylum derives its name (Fig. 1 a). The secretory or-
ganelles contain protein constituents or lipids that are released
via the apex, which then take one of several routes: passing
rearward over the zoite plasma membrane; spewed out into the
surrounding milieu; or injected directly into the host cell (Brad-
ley and Sibley, 2007; Boothroyd and Dubremetz, 2008; Bargieri
et al., 2014). The stepwise release of each constituent (and their
inherent subcompartmentalization or differentiation into differ-
ent subsets) likely defines a hierarchy of steps in zoite motility
and invasion (Zuccala et al., 2012; Kremer et al., 2013).

Apicomplexan cell motility, broadly referred to as gliding,
is unlike conventional strategies used by most eukaryotic cells
to move, differs from amoeboid movement, and is not reliant on
tubulin-dependent appendages, such as cilia or flagella (Sibley,
2004). Gliding is instead intimately involved with a highly or-
ganized outer pellicle of the zoite cell. This outer pellicle con-
sists of the plasmalemma and the underlying organized cortex
of the parasite cell (Fig. 1). Underpinning the entire structure is
a static microtubule and intermediate filament-based cytoskel-
eton (Morrissette and Sibley, 2002). This nondynamic, rigid
structure gives the zoite its fixed but flexible shape (Russell and
Sinden, 1982; Cyrklaff et al., 2007; Hanssen et al., 2013; Kan et
al., 2014). Built over the cytoskeleton is a double-membraned,
flattened compartment called the inner membrane complex
(IMC), above which sits the parasite plasma membrane (PPM).
These together create a three-layered appearance (Fig. 1)
that is broadly conserved across the infrakingdom Alveolata
(Gould et al., 2011). It is within the 20- to 30-nm lumen be-
tween the IMC and PPM that apicomplexan zoite motility is
thought to be generated.

Currently, the most widely accepted model for a how a
subcortical actomyosin motor might function in apicomplexan
cell motility envisages a complex of proteins, called the glideo-
some, anchoring the divergent apicomplexan class XIV myosin
to the outer IMC membrane, linked to the surface via actin fil-
aments, bridging proteins and secreted surface proteins. Force
from the motor drives actin filaments and linked adhesins rear-
ward, creating a traction force that drives the parasite forward
or into the host cell (Soldati et al., 2004). The model is based on
several molecular and microscopy-based studies localizing key
glideosome components to the IMC and immunoprecipitating
partner proteins to provide a linkage between the zoite and the
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Figure 1. Motile apicomplexan zoite cells designed for invasion and motility. (a) Schematic of an apicomplexan zoite cell (here a merozoite) showing
key cellular structures and apical complex, characteristic of motile zoites. (b and c) Electron micrographs of a P. knowlesi merozoite (b) and a Toxoplasma
tachyzoite (c). Apicomplexan zoites are generally polarized and elongated, with either a crescent or oval shape. Each has a distinctive apical complex,
which consists of secretory organelles called micronemes, rhoptries, and dense granules. Micronemes (oval or pear-shaped organelles) secrete their
contents at the anterior tip of motile zoites during motility/invasion. Rhoptries (club-shaped organelles) fuse and release their contents concomitantly with
host-cell invasion (Carruthers and Tomley, 2008; Counihan et al., 2013; Hanssen et al., 2013). Dense granules (a mixed grouping of secretory vesicles)
are released via fusion with the plasma membrane before or affer invasion (also called exonemes; Yeoh et al., 2007). Insets highlight the triple-layered
appearance of the parasite pellicle at higher magnification (double-membraned IMC, lying under the PPM). The myosin motor is thought to lie between
the outer (o) IMC membrane and the PPM. APR, apical polar (tubulin-rich) rings; Dg, dense granules; Go, Golgi apparatus; i, inner membrane of the IMC;
Mn, micronemes; Mt, subpellicular microtubules; Nu, nucleus; Rh, rhoptries. Bars, 200 nm. Micrograph images courtesy of L.H. Bannister (Kings College

London, London, England, UK) and D. Ferguson (University of Oxford, Oxford, England, UK).

extracellular environment (Buscaglia et al., 2003; Jewett and
Sibley, 2003; Gaskins et al., 2004; Jones et al., 2006; Frénal et
al., 2010; Fig. 2 a). Although a great deal of recent work has
extended our understanding of the constituent molecular com-
ponents of the glideosome and related structures (Alexander et
al., 2005; Frénal et al., 2010; Riglar et al., 2011; Srinivasan et
al., 2011; Weiss et al., 2015), the model is still incomplete in
its ability to fully explain the mechanics of how zoites move on
substrates or enter cells. Some of this deficit arises from lim-
itations in the ability of immunoprecipitation, as a technique,
to determine precise motor topology. Similarly, several recent
studies that have viably knocked out key proteins associated
with glideosome function, previously thought of as essential
to the motor model, challenge our ability to completely under-
stand how each protein is involved (Andenmatten et al., 2013;
Egarter et al., 2014; Kehrer et al., 2016). Some residual motility
from such mutants can certainly be explained by a redundancy
in the expression of paralogs, as is the case for Toxoplasma api-
cal membrane antigen 1 (AMA1) (Lamarque et al., 2014), or
by prolonged protein stability over successive generations, as
might be the situation with Toxoplasma actin (Drewry and Sib-
ley, 2015). However, many of the nuances of each mutant pheno-
type and ongoing debates about the essential or nonessential role
each factor might play (reviewed extensively by Meissner et al.
[2013]) remain unresolved. For example, such explanations still
require the definition of mechanisms that can trigger paralogue
gene expression or the ability of proteins to remain stable over
generations and across parasite systems (i.e., not just in 7oxo-
plasma). Trrespective of these key debates, which we do not at-
tempt to address here, it is our opinion that robust resolution for
a detailed molecular basis of gliding motility is still left wanting.

Because several reviews have catalogued the molecular
and cellular components of the gliding machinery or assessed
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essential versus nonessential roles for proteins involved (Daher
and Soldati-Favre, 2009; Skillman et al., 2011; Cowman et al.,
2012; Boucher and Bosch, 2015; Heintzelman, 2015), here we
have instead focused our discussion on the fundamental me-
chanics of the motor. Our review, drawing predominantly on
work from Plasmodium and Toxoplasma, aims to integrate new
and old work to try and build an understanding of the motor’s
architecture and topology and how its force might be transmit-
ted to the extracellular environment. Looking to the future, we
also point out outstanding questions, gaps in our understanding,
and types of experiments that might yield insights to resolve
¢gliding motor mechanics.

Mechanistic insights into gliding and invasion:
The macroscopic level

For more than 100 years, parasitologists have observed api-
complexan gliding motility (Schewiakoff, 1894; Crawley,
1902; Freyvogel, 1966; Vanderberg, 1974), with the first mov-
ies of host-cell invasion taken more than 50 years ago (Hirai
et al., 1966; Bannister et al., 1975; Dvorak et al., 1975). These
original, premolecular descriptions, together with their de-
tailed illustration by electron microscopy (Ladda et al., 1969;
Bannister et al., 1975; Aikawa et al., 1977, 1978; Stewart et
al., 1986) have played a key role in informing how we under-
stand apicomplexan motility.

Continuous motion. The first detailed observations
of Gregarina or Eimeria zoites (and later those of Plasmodium
or Toxoplasma) reported the capping of surface markers, such
as pigment (Crawley, 1902; Russell and Sinden, 1981) or anti-
bodies (Speer et al., 1985; Stewart and Vanderberg, 1988), at the
posterior of motile cells or, in some cases, their dynamic move-
ment rearward over the motile parasite’s length. In live studies,
surface-bound markers were seen to move backward along the
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Glossary

Sporozoite. A motile life cycle stage of the Plasmodium parasite.
Sporozoites develop within the oocyst on the mosquito midgut wall and
release into the hemocoel of the mosquito, whereupon they migrate to
the salivary glands. Upon mosquito biting, the sporozoites are released
from the salivary glands into the mammalian dermis, where they enter
capillaries that take them to the liver. After hepatocyte invasion, the
parasite then develops to produce the blood stage merozoite form.
Sporozoites are the fastestmoving lifecycle stages, able to reach
speeds of several micrometers per second.

Merozoite. A motile life cycle stage of the Plasmodium parasite
specifically adapted for invasion of the erythrocyte. Merozoites
develop within the liver cell after its infection by the sporozoite and are
released into the bloodstream after hepatocyte rupture. Merozoites are
invasive but not traditionally thought of as being able to glide, although
this remains relatively untested.

Tachyzoite. The rapidly multiplying stage of Toxoplasma development,
highly motile and promiscuous in its ability to invade almost all
nucleated cell types.

Inner membrane complex (IMC). Membranous vesicles, or alveoli, that
are located beneath the plasma membrane of apicomplexan cells.
These vesicles are subtended by the microtubule-based cytoskeleton
and, in motile forms, house key components of the glideosome complex
believed to anchor myosin XIV, required for motility.

Reflection interference contrast microscopy (RICM). A type of microscopy
that determines a specimen’s shape and distance from a nearby,
usually flat, reflective surface by using the interference pattern produced
by light reflecting from both the object and the surface. The interference
patterns that arise permit assessment of differences in proximity
between cell membrane and substrate surface; in the case of a motile
zoite, the cell body adhering to and lying just above the glass slide.

Traction force microscopy (TFM). When undertaken on soft elastic
substrates with embedded marker beads, TFM provides spatially
resolved measurements of the motion of beads around the motile cell
within an in vitro elastic environment (e.g., Matrigel), permitting
estimation of the traction forces applied by a moving cell on the
extracellular milieu.

Tight junction. In the case of apicomplexan cells, the tight junction is
used to define a structure that forms between the invading apicomplexan
zoite and the host cell. By electron microscopy this is seen as a region
of close approximation between the cells (it is electron dense, too). The
rhoptry neck protein, RON4, is thought to be a core component of the
tight junction, secreted within the host cell, where it binds plasma
membrane—inserted RON2, which itself interacts with micronemal
secreted protein AMAT1 on the surface of the invading zoite (Baum and
Cowman, 2011).

zoite surface at the same rate as that at which the entire cell
progressed forward (Russell and Sinden, 1981). Crucially, this
motility-dependent capping was sensitive to inhibitors of fila-
mentous actin (F-actin) turnover, such as cytochalasin, but not
to microtubule inhibitors (Russell and Sinden, 1981; Stewart
and Vanderberg, 1988; Bumstead and Tomley, 2000). This indi-
cated the existence of subcortical oriented actin filaments (lo-
cated in the IMC space; Fig. 1) that, when moved by myosin
motors, would translocate surface ligands along the cell body to
drive gliding. The concept of this motor and models for its orga-
nization were most clearly formulated first by King (1988),
with a topology originally presented with myosin linked to the
PPM (Fig. 2 b); however, as discussed in Gliding motor organi-
zation at the molecular level, later models reversed this.

Host cell invasion. At the same time that actin inhibi-
tors were shaping our understanding of gliding, invasion studies

with Toxoplasma and Plasmodium parasites (Ryning and Rem-
ington, 1978; Miller et al., 1979; Dobrowolski and Sibley, 1996)
consolidated the view that a subcortical linear motor was also
responsible for driving host cell entry (Bannister et al., 1975;
Dvorak et al., 1975; Pinder et al., 1998). These works proposed
that invasion proceeded via distinct steps, from loose to intimate
attachment between zoite and host cell, followed by subsequent
apical reorientation and then invasion. Most strikingly, it ap-
peared that the parasite was active in driving this process, as
illustrated by Plasmodium merozoites that were seen to literally
pull the target erythrocyte when attempting invasion (Dvorak et
al., 1975). This process was also found to be sensitive to cyto-
chalasin (Miller et al., 1979), providing further support for a
parasite-centric process. Parasite actin-dependent invasion was
then described for Toxoplasma (Nguyen and Stadtsbaeder,
1979; Morisaki et al., 1995), with tachyzoites arresting on cyto-
chalasin treatment when attempting to invade cytochalasin-
resistant fibroblasts (Dobrowolski and Sibley, 1996). These
findings helped to define apicomplexan host-cell entry as being
distinct from the induced phagocytic-dependent entry mecha-
nism that characterizes invasion strategies of other intracellular
pathogens (Sibley, 2004).

Gliding motor organization at the

molecular level

One of the most important insights to shape our molecular un-
derstanding of gliding motor topology was the identification
of a complex of proteins (glideosome-associated proteins or
GAPs) that localize to the IMC, where they were demonstrated
to (indirectly) anchor the myosin motor inside the zoite cell
(Gaskins et al., 2004). Combined with an additional study that
linked surface secreted adhesins, such as MIC2, with aldolase
(itself binding F-actin; Jewett and Sibley, 2003), these works
helped propose a reversed molecular topology of the gliding
motor (King, 1988; Opitz and Soldati, 2002), leading to the
currently envisaged linear surface motor (Fig. 2 a). The role
of aldolase has since been shown to be nonessential (Shen and
Sibley, 2014), leaving a gap between actin and its connection
with the PPM surface. It is worth stressing, however, that the
assumption about topology derives largely from immunopre-
cipitation data linking individual interactions: MIC2/M-TRAP/
TRAP with aldolase (Buscaglia et al., 2003; Jewett and Sibley,
2003; Baum et al., 2006); aldolase with actin (Jewett and Sibley,
2003); actin with myosin; myosin with its light chains (Nebl et
al., 2011); and light chains with GAP proteins (Gaskins et al.,
2004). Although immunoprecipitation can show direct interac-
tions, topology prediction of (for example) MIC2 through GAP
protein remains unproven.

Fundamentally, the motor itself has not been visualized
in situ, in part because of the challenges involved in visualiz-
ing parasite actin microfilaments. Apicomplexan actin is mark-
edly divergent from that of other eukaryotes (Wesseling et al.,
1988). It forms very short dynamic filaments (Schmitz et al.,
2005; Sahoo et al., 2006), likely specifically evolved for a non-
structural but instead dynamic motile function (Skillman et al.,
2011, 2013). As such their short length and transient nature
preclude their definitive visualization, even using the best cur-
rent cryo—electron microscopy techniques (Kudryashev et al.,
2010). Complementary studies using electron microscopy of
freeze-dried replica trails from moving Toxoplasma tachyzoites
(Wetzel et al., 2003), superresolution fluorescent microscopy
on various parasite stages, and biochemical association of actin
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Figure 2. Alternative models for the apicomplexan gliding motor organization. Schematics for three alternative gliding motor models. (a) The fixed linear
motor model, based on Soldati et al. (2004), the most widely accepted current model responsible for the mechanics of gliding and invasion. (b) An alter-
native reversed topology model from King (1988) developed before isolation of the GAP protein complex and now less widely considered. (c) A “free”
motor model that the authors support, in which actin filaments are bound to the underlying PPM directly (avoiding a linking protein) and myosin motor
orientation is not fixed along the anterior—posterior axis. Proteins labeled include the glideosome-associated proteins, GAP40, 45, and 50. GAP45 spans
the IMC space embedded in both membranes via palmitoylation and myristoylation. In each model, myosin XIV is shown with its neck bound by essential
and regulatory light chains (ELC and RLC, the latter also called MTIP in Plasmodium or MLC in Toxoplasma). F-actin is shown as a red doublet helical
polymer. In model a, and with aldolase no longer believed to play a mechanical role (Shen and Sibley, 2014), an unknown linker is shown connecting
actin filaments to the cytoplasmic domain of a surface-bound adhesin (e.g., a TRAP-like protein). Model b requires a reversed polarity of actin filaments
so that myosin-generated motor force correlates with forward motion. In our alternative model, ¢, actin is arranged into filament bundles by organizing
proteins, such as Coronin (Olshina et al., 2015; Bane et al., 2016). Because the direct inferaction between the myosin XIV motor complex and GAP45/
GAP-protein complex is unknown, this is presented with dashed arrows and question marks. This means the direction of motor force is not fixed to the
anterior—posterior axis. Instead directional movement would rely on other factors such as cell shape [restricting direction of movement) or be entirely reliant
on F-actin orientation (restricted to those myosin heads oriented to produce viable motor force). An additional innovation of this model is that motor force
generated by myosin XIV moves a patch of membrane (F-actin bound) in which multiple adhesins are embedded. Links to the extracellular substrate are left
infentionally ambiguous in light of conflicting evidence for the role played by previously implicated candidates in transmitting force (Bargieri et al., 2013;

Riglar et al., 2016). HPM, host plasma membrane.

with the PPM (Angrisano et al., 2012) all certainly converge to
support the presence of filamentous structures compatible with
actin filaments positioned underneath the PPM. Similarly, re-
cent colocalization of the actin-filament binding and bundling
protein coronin with F-actin (Olshina et al., 2015; Bane et al.,
2016) reinforce this architecture and the prevailing IMC-motor
PPM-F-actin topology (Fig. 2 a). However, it is the view of the
present authors that a reversed topology (Fig. 2 b) has never
been formally disproven.

Is motor topology simply a choice between the anchor-
age of myosin to the IMC (Soldati et al., 2004) versus its an-
chorage to the PPM (King, 1988; Opitz and Soldati, 2002;
Fig. 2, a vs. b)? One GAP protein (GAP45) clearly spans the
IMC and PPM compartment (Frénal et al., 2010). It is, as
yet, not determined where the myosin motor complex binds
this protein, which suggests that myosin anchorage need not
necessarily be restricted to either side but could be almost
anywhere within the space (which is only 20-30 nm wide;
Raibaud et al., 2001). Although a myosin head and actin fil-
ament need to be precisely aligned to interact, the actual di-
rectionality or organization of motor force (precisely which
direction myosin pushes) similarly remain unknown beyond
the net movement of many myosin heads being rearward.
The architecture of the motor could, therefore, be much more
loosely organized (as we suggest in Fig. 2 c¢), wherein indi-
vidual motors push in a general rearward direction (perhaps
oriented by actin filaments kept according to a particular po-
larity at the PPM) but not precisely guided by GAP proteins
or other cytoskeletal features. Such a motor would still result
in rearward motor force and zoite forward motion. Either way,
testing the transduction of motor force to the extracellular mi-
lieu (e.g., as per Miinter et al. [2009]) is critical for resolving

JCB » VOLUME 214 « NUMBER 5 » 2016

precisely whether and how the glideosome is organized and
thereby the mechanics of how motility is achieved.

Cell shape and surface adhesion forces in
cell movement

An underappreciated area of study has been the role of shape
in determining the mechanics of parasite motility. Two- and
three-dimensional time-lapse imaging of zoites from Plasmo-
dium, Toxoplasma, and Eimeria (Freyvogel, 1966; Russell and
Sinden, 1981; Frixione et al., 1996; Hakansson et al., 1999;
Harker et al., 2014; Kan et al., 2014; Leung et al., 2014) has
revealed important observations. For example, Toxoplasma and
Plasmodium zoites move with a largely conserved left-handed
gait (Kan et al., 2014; Leung et al., 2014). This likely arises
as a direct result of the chiral zoite cytoskeleton, which guides
a twisted cell shape (Kudryashev et al., 2012; Battista et al.,
2014; Kan et al., 2014) that can itself define the mode of move-
ment or even the tissue to be infected, by virtue of the physical
proportions of the parasite cell and target structure (Battista et
al., 2014; Hopp et al., 2015). Following this train of thought,
it is possible to envisage that a spiral shape might then relax
the need for a precisely organized motor (approaching Fig. 2 c).
In a twisted cell (like a corkscrew), motor forces exerted from
the parasite surface in any direction, from perpendicular to par-
allel (although not toward the cell’s anterior), will always re-
sult in forward rotating motion (Kan et al., 2014). Under such
conditions, the motor could theoretically be loosely organized
within the pellicle, able to rely on chance interactions between
randomly oriented microfilaments and myosin or between other
organizing factors. Under certain circumstances, parasites have
been seen to move with opposing gaits (Hakansson et al., 1999),
perhaps indicative of changes in the orientation of the underlying
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microtubule-based cytoskeleton or changes in torsional forces
in the zoite cell. Greater efforts are clearly required to connect
these macro concepts of a twisted chiral shaped cell, torsional
forces experienced during motion (Frixione et al., 1996), and
internal motor organization.

How surface forces and retrograde flow
interact to drive motility

A series of analyses with motile Plasmodium berghei spo-
rozoites on elastic substrates have attempted to address the
question of how forces generated internally connect with ex-
tracellular substrates and where they concentrate on the moving
zoite (Miinter et al., 2009). Sporozoites imaged using reflection
interference contrast microscopy and traction force microscopy
moved in what has been called a “stick-slip” manner, with ad-
hesive sites first forming at the anterior, then at the posterior,
followed by movement of adhesion over the sporozoite middle
region. Adhesion sites at the poles showed less turnover (stick),
providing stable attachment to substrates (a stall force). Mid-
regions, in contrast, were associated with high turnover and
slip-like (rapid) movement once the stall force at the poles was
removed. Disrupting adhesion sites, via perturbing actin dy-
namics or removing key adhesins such as the TRAP protein,
revealed that zoite adhesion turnover is critical for sporozoite
movement, indicating that the regulation of gliding motility in
general might have as much to do with coordinating de-adhesion
as it does with adhesion (Miinter et al., 2009).

To distinguish between actomyosin rearward motor force
and retrograde flow (the constant movement of material, such
as membrane and associated proteins, over the surface of mo-
tile Plasmodium sporozoites), Quadt et al. (2016) measured the
rates of bead movement versus the force required to displace
a surface-bound bead under different conditions. Foremost
among their observations was that retrograde flow (bead move-
ment over the surface) was faster than overall parasite speed
(i.e., >1-2 um/s; Miinter et al., 2009; Quadt et al., 2016). This
suggests that retrograde flow and force generation need not be
the same thing—the rate of retrograde flow does not directly
translate to forward migration, as is often implied. In terms of
forces, normal parasites can produce 70-190 pN force, equiv-
alent to +20-50 myosin motor heads, depending on the force
potential of class XIV myosins (currently unknown) in compar-
ison to better-studied myosins such as those from human skele-
tal muscle (Finer et al., 1994). Parasites lacking a well-studied
surface adhesin, TRAP-like protein (TLP) produce a much
weaker force than wild-type parasites, but remarkably demon-
strate retrograde flow at twice the rate (12—15 pum/s). Similar
observations are seen when actin is disturbed using jasplakino-
lide, a compound that elongates F-actin into disordered arrays
(Wetzel et al., 2003). These data suggest that TLP (and possi-
bly other surface adhesins such as TRAP) and organized short
actin filaments might act like a molecular clutch (Swamina-
than and Waterman, 2016), stabilizing and slowing retrograde
flow to permit force production, or disengaging to let the flow
run free. What is the actual nature of retrograde flow? Either
it arises by the natural secretion of membrane material (e.g.,
from micronemes) onto the parasite surface, sloughing off at
the parasite’s rear (Stewart and Vanderberg, 1988; Wetzel et al.,
2003), or it is the result of free-wheeling interactions between
the myosin motor and membrane-attached filaments of actin.
The engagement of surface adhesins would then be expected
to link motor activity to retrograde flow, slowing it down for

effective force engagement. As to the role of retrograde flow in
the absence of motility: like speed regulation by de-adhesion,
it currently remains unclear, although resolution of its role is
clearly of critical importance.

As if the complexity of these studies were not enough,
surveying the history of bead studies often turns up further is-
sues that sit less comfortably with a linear gliding motor. For
example, and as exemplified by time-lapse imaging with Plas-
modium sporozoites, surface-bound material does not always
move rearward. Sometimes particles are seen to move back and
forth (Miinter et al., 2009), indicative of a loosely ordered motor
(Fig. 2 ¢). How such observations fit with a simplified, linear
motor, however, is often ignored in reviews on gliding.

Forces involved in invasion at the
host-zoite interface

Attempts to bring similar detail to the process of invasion has
also benefited from advanced microscopy techniques, such as
the use of optical tweezers to study invading Plasmodium mero-
zoites (Crick et al., 2014) or the intensive analysis of videos of
Toxoplasma tachyzoites invading host cells under different con-
ditions (Bichet et al., 2014). By using optical traps to bring Plas-
modium merozoites to erythrocytes, Crick et al. (2014) showed
that the adhesive force of a normal merozoite—erythrocyte
interaction could withstand up to 40 pN of force; this adhesion
force lessened when discrete populations of receptors were re-
moved (using chymotrypsin). Despite the size of the force and
its origins in receptor—ligand interactions, the adhesiveness of
a merozoite did not necessarily correlate with whether it was
competent for invasion (Crick et al., 2014). This suggests that
adhesiveness alone (determined by the lifetime of a secreted
adhesin on the surface) cannot define whether invasion occurs,
leaving other interfaces, such as the junction (Bargieri et al.,
2014), to determine functional entry. If the optical trap system
could be used to measure the contribution to invasion from acto-
myosin motor forces, it could be used to test a recent biophysi-
cal estimation of the number of motors required for a merozoite
to penetrate a target cell (Dasgupta et al., 2014), their orienta-
tion in the cell (along the anterior—posterior axis or circumfer-
ential), and any potential contribution from host cell forces (as
discussed in the next section).

In addition to assessing the contribution of the motor, a
major challenge remaining is determination of where motor
force is actually applied during an invasion event. This again
speaks to the need to understand motor organization and how
continued force is applied at a specific point of entry/traction
(in contrast to gliding, which might require traction to be ap-
plied across the surface of the zoite or in distinct but changeable
areas as required). Predictions from imaging of fixed parasites
midentry (Riglar et al., 2011; Angrisano et al., 2012) indicate
that actomyosin force is applied consistently at, or proximal to,
the tight junction, a key host—parasite interface around which
invasion is organized (see Glossary). Compelling evidence
for just such a traction force exerted at the junction has come
from live observations of Toxoplasma tachyzoites which, hav-
ing encountered host resistance to entry, continue to pull on
the junction, effectively tracking a nascent vacuole onto them-
selves (Bichet et al., 2014).

These findings together suggest that to understand gliding
motility and invasion, we will need to integrate the currently
separate concepts of retrograde flow across the zoite surface,
actomyosin motor force potential, and the engagement of motor
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force by surface-bound adhesins. It appears from these results
that linked adhesins play a central anchoring role in gliding,
effectively slowing the (retrograde-dependent) flow of adhe-
sion sites. This anchoring, when linked to the motor, maximizes
traction forces, causing the net forward motion of the zoite.
For invasion, links between the host and parasite membranes/
cytoskeletons (through the tight junction) could then provide
force transmission to a motile traction point (rather than to fixed
adhesion site) that scans the zoite surface.

Finally, is invasion all about the parasite?

A large body of data has accumulated over the years on the par-
asitic components required for motility, but it is important not to
overlook a potential contribution from the host cell to invasion.
Several studies have investigated this role (Bargieri et al., 2013;
Bichet et al., 2014), highlighting the energetic contributions
that host cells might make to invasion, whether a fibroblast in
Toxoplasma, a liver cell in Plasmodium sporozoites, or even an
erythrocyte for Plasmodium merozoites (Koch and Baum, 2016).
A key concept to emerge from these studies is that of membrane
wrapping, wherein the wrapping forces of the host cell mem-
brane reduce the energetic requirements for invasion, which if
validated would reduce the number of myosin motor heads re-
quired for entry (Dasgupta et al., 2014). As an example, if inva-
sive zoites can initiate host cell changes that increase membrane
wrapping, such changes would account for a sizeable energetic
contribution beyond that of the parasite’s motor. Evidence is
certainly accumulating for host cell changes that precede or cor-
relate with invasion (Gonzalez et al., 2009; Zuccala et al., 2016).
Although it is challenging to disentangle a process such as actin
polymerization (or other cytoskeletal remodeling events) specif-
ically in response to parasite entry versus its cycles of formation
and deformation under normal cellular conditions, if proven to
reduce the energy barrier for invasion, it might indicate that com-
bined host—parasite energetic contributions bring about host-cell
entry across apicomplexan genera (as is already well described
for the apicomplexan genus Theileria [Shaw, 2003]).

Future challenges
Reassessing the literature on gliding motility and invasion gives
rise to many new questions that need to be answered if we are
to achieve a comprehensive mechanistic model of actomyo-
sin force generation and transmission in apicomplexan zoites.
We have highlighted potential areas for future research below.
Many of these will be advanced by the acceleration of technol-
ogies and methods, which have flourished in the apicomplexan
cellular sciences in recent years.

Imaging technologies, for example, will likely be a source
of key future insights. Advances in structural cryo—electron mi-
croscopy will undoubtedly prove very powerful for exploring
the architecture of the zoite pellicle, which lies at the heart of
motility (Mahamid et al., 2016). Similarly, as live-imaging plat-
forms improve in resolution and speed (Chen et al., 2014; Li et
al.,2015), we will be able to explore in space and in real time the
forces at play and the molecules involved during gliding. Cal-
culating force measurements from 3D displacement of beads by
traction force microscopy could yield profound insights but will
require advances in computational biology to process the huge
amounts of information from beads moving as a result of distinct
forces (such as elastic forces in the medium, retrograde flow on
the parasite surface, and parasite-derived forces from the motor).
Other techniques, such as atomic force microscopy (to make
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Future areas of research into the mechanics of apicomplexan gliding
motility and host-cell invasion

As technological advances continue, they can be used to address
unresolved questions concerning the mechanics of apicomplexan cell
motility and host-cell invasion. Potential future research directions could
include the following.

High-resolution imaging to resolve the organization of myosin, actin
filaments, and their accessory proteins (and their respective
stoichiometry) along the length of the motile apicomplexan zoite,
possibly making use of advances in either superresolution microscopy
(Chen et al., 2014; Li et al., 2015) or cryo-electron microscopy
(Mahamid et al., 2016).

Structural understanding of how motor force is transmitted in an
organized way to the exiracellular milieu, together with continued
molecular interrogation of the role that adhesive proteins, for example
(following Quadt et al. [2016]), motor regulatory proteins (including
the role of posttranslational modifications) and retrograde flow play
in this process.

Detailed traction force exploration of motile zoites in three dimensions
to explore how force within the parasite is exerted to the extracellular
milieu, with extension fo parasites within an in vivo context (e.g., Hopp
et al. [2015]).

Exploration of the links between parasite and host cell at the tight
junction, which permit force to be stably transmitted from the internal
actomyosin motor. New fechnological advances need to address
whether the linkages at this key interface are entirely parasite derived
or whether host proteins anchor the complex as well.

Detailed dissection of the signaling pathways (e.g., host kinases or
signaling networks) that are activated in host cells and that might
facilitate invasion to understand how cytoskeletal reorganization
(e.g., Gonzalez et al. [2009]) or host-protein phosphorylation events
(e.g., Zuccala et al. [2016]) contribute to parasite entry.

Detailed assessments of host and parasite lipids during invasion to
understand where membrane curvature of the host cell might contribute
to invasion and fo resolve the contribution of host- versus parasite-
derived lipids to the nascent vacuolar membrane.

precise measurements of the adhesive force of parasite surface
proteins; del Rio et al., 2009), optical tweezers applied to mero-
zoites (Crick et al., 2014), and imaging approaches in the course
of real-time in vivo infection (Vlachou et al., 2004; Amino et al.,
2006; Hopp et al., 2015), will each no doubt help to resolve some
of the key outstanding questions concerning parasite motion.

Above all, the insights gained to date point to the need for
a more integrative and less reductionist approach to understand-
ing the motile and invasive mechanics among the Apicomplexa.
The journey will be long, and we should resist the temptation to
arrive too early, only to find that our understanding has taken us,
unlike the parasites, in the wrong direction.

Acknowledgments

We thank L. Bannister and D. Ferguson for electron micrographs,
H. Delowar for help with motor schematics, and L. Zuccala and
M. Koch for critical reading of the manuscript.

J. Baum is funded through a Wellcome Trust investigator award
(100993/2/13/Z). |. Tardieux is funded by the Fondation pour la
Recherche Médicale agency (FRM-DEQ20100318279) and Fonda-

tion Innovations en Infectiologie-Rhone Alpes.

The authors declare no competing financial interests.

920z Atenige g0 uo 1senb Aq Jpd 001509102 A9l/6282091/L06/G/v L Z/spd-alomue/qol/Bio ssaidnyy/:dny wol pspeojumoq



Submitted: 26 May 2016
Accepted: 9 August 2016

References

Aikawa, M., Y. Komata, T. Asai, and O. Midorikawa. 1977. Transmission and
scanning electron microscopy of host cell entry by Toxoplasma gondii.
Am. J. Pathol. 87:285-296.

Aikawa, M., L.H. Miller, J. Johnson, and J. Rabbege. 1978. Erythrocyte entry by
malarial parasites. A moving junction between erythrocyte and parasite.
J. Cell Biol. 77:72-82. http://dx.doi.org/10.1083/jcb.77.1.72

Alexander, D.L., J. Mital, G.E. Ward, P. Bradley, and J.C. Boothroyd. 2005.
Identification of the moving junction complex of Toxoplasma gondii: A
collaboration between distinct secretory organelles. PLoS Pathog. 1:e17.
http://dx.doi.org/10.1371/journal.ppat.0010017

Amino, R., S. Thiberge, B. Martin, S. Celli, S. Shorte, F. Frischknecht, and
R. Ménard. 2006. Quantitative imaging of Plasmodium transmission
from mosquito to mammal. Nat. Med. 12:220-224. http://dx.doi.org/10
.1038/nm1350

Andenmatten, N., S. Egarter, AJ. Jackson, N. Jullien, J.P. Herman, and
M. Meissner. 2013. Conditional genome engineering in Toxoplasma
gondii uncovers alternative invasion mechanisms. Nat. Methods. 10:125—
127. http://dx.doi.org/10.1038/nmeth.2301

Angrisano, F.,, D.T. Riglar, A. Sturm, J.C. Volz, M.J. Delves, E.S. Zuccala,
L. Turnbull, C. Dekiwadia, M.A. Olshina, D.S. Marapana, et al. 2012.
Spatial localisation of actin filaments across developmental stages of the
malaria parasite. PLoS One. 7:¢32188. http://dx.doi.org/10.1371/journal
.pone.0032188

Asada, M., Y. Goto, K. Yahata, N. Yokoyama, S. Kawai, N. Inoue, O. Kaneko,
and S. Kawazu. 2012. Gliding motility of Babesia bovis merozoites
visualized by time-lapse video microscopy. PLoS One. 7:€35227.
http://dx.doi.org/10.1371/journal.pone.0035227

Bane, K.S., S. Lepper, J. Kehrer, J.M. Sattler, M. Singer, M. Reinig, D. Klug,
K. Heiss, J. Baum, A.K. Mueller, and F. Frischknecht. 2016. The actin
filament-binding protein coronin regulates motility in Plasmodium
sporozoites. PLoS Pathog. 12:¢1005710. http://dx.doi.org/10.1371/
journal.ppat.1005710

Bannister, L.H., G.A. Butcher, E.D. Dennis, and G.H. Mitchell. 1975. Structure
and invasive behaviour of Plasmodium knowlesi merozoites in vitro.
Parasitology. 71:483-491. http://dx.doi.org/10.1017/S0031182000047247

Bargieri, D.Y., N. Andenmatten, V. Lagal, S. Thiberge, J.A. Whitelaw,
1. Tardieux, M. Meissner, and R. Ménard. 2013. Apical membrane
antigen 1 mediates apicomplexan parasite attachment but is dispensable
for host cell invasion. Nat. Commun. 4:2552. http://dx.doi.org/10.1038/
ncomms3552

Bargieri, D., V. Lagal, N. Andenmatten, I. Tardieux, M. Meissner, and
R. Ménard. 2014. Host cell invasion by apicomplexan parasites: The
junction conundrum. PLoS Pathog. 10:¢1004273. http://dx.doi.org/10
.1371/journal.ppat.1004273

Battista, A., F. Frischknecht, and U.S. Schwarz. 2014. Geometrical model for
malaria parasite migration in structured environments. Phys. Rev. E
Stat. Nonlin. Soft Matter Phys. 90:042720. http://dx.doi.org/10.1103/
PhysRevE.90.042720

Baum, J., and A.F. Cowman. 201 1. Biochemistry. Revealing a parasite’s invasive
trick. Science. 333:410—411. http://dx.doi.org/10.1126/science.1209875

Baum, J., D. Richard, J. Healer, M. Rug, Z. Krnajski, T.-W. Gilberger,
J.L. Green, A.A. Holder, and A.F. Cowman. 2006. A conserved molecular
motor drives cell invasion and gliding motility across malaria life cycle
stages and other apicomplexan parasites. J. Biol. Chem. 281:5197-5208.
http://dx.doi.org/10.1074/jbc.M509807200

Bichet, M., C. Joly, A.H. Henni, T. Guilbert, M. Xémard, V. Tafani, V. Lagal,
G. Charras, and I. Tardieux. 2014. The toxoplasma-host cell junction is
anchored to the cell cortex to sustain parasite invasive force. BMC Biol.
12:773. http://dx.doi.org/10.1186/s12915-014-0108-y

Boothroyd, J.C., and J.F. Dubremetz. 2008. Kiss and spit: The dual roles of
Toxoplasma rhoptries. Nat. Rev. Microbiol. 6:79-88. http://dx.doi.org/10
.1038/nrmicro1800

Boucher, L.E., and J. Bosch. 2015. The apicomplexan glideosome and adhesins -
Structures and function. J. Struct. Biol. 190:93-114. http://dx.doi.org/10
.1016/j.jsb.2015.02.008

Bradley, P.J., and L.D. Sibley. 2007. Rhoptries: An arsenal of secreted virulence
factors. Curr. Opin. Microbiol. 10:582-587. http://dx.doi.org/10.1016/j
.mib.2007.09.013

Bumstead, J., and F. Tomley. 2000. Induction of secretion and surface capping
of microneme proteins in Eimeria tenella. Mol. Biochem. Parasitol.
110:311-321. http://dx.doi.org/10.1016/S0166-6851(00)00280-2

Buscaglia, C.A., I. Coppens, W.G. Hol, and V. Nussenzweig. 2003. Sites of
interaction between aldolase and thrombospondin-related anonymous
protein in plasmodium. Mol. Biol. Cell. 14:4947-4957. http://dx.doi.org
/10.1091/mbc.E03-06-0355

Carruthers, V.B., and EM. Tomley. 2008. Microneme proteins in apicomplexans.
Subcell. Biochem. 47:33-45. http://dx.doi.org/10.1007/978-0-387-78267-6_2

Chen, B.C., W.R. Legant, K. Wang, L. Shao, D.E. Milkie, M.W. Davidson,
C. Janetopoulos, X.S. Wu, J.A. Hammer III, Z. Liu, et al. 2014.
Lattice light-sheet microscopy: Imaging molecules to embryos at high
spatiotemporal resolution. Science. 346:1257998. http://dx.doi.org/10
.1126/science.1257998

Coffey, M.J., C. Jennison, C.J. Tonkin, and J.A. Boddey. 2016. Role of the
ER and Golgi in protein export by Apicomplexa. Curr. Opin. Cell Biol.
41:18-24. http://dx.doi.org/10.1016/j.ceb.2016.03.007

Counihan, N.A., M. Kalanon, R.L. Coppel, and T.F. de Koning-Ward. 2013.
Plasmodium rhoptry proteins: Why order is important. Trends Parasitol.
29:228-236. http://dx.doi.org/10.1016/j.pt.2013.03.003

Cowman, A.F,, D. Berry, and J. Baum. 2012. The cellular and molecular basis
for malaria parasite invasion of the human red blood cell. J. Cell Biol.
198:961-971. http://dx.doi.org/10.1083/jcb.201206112

Crawley, H. 1902. The progressive movement of gregarines. Proc Natl Acad Sci
Philadelphia. 54:4-20.

Crick, A.J., M. Theron, T. Tiffert, V.L. Lew, P. Cicuta, and J.C. Rayner. 2014.
Quantitation of malaria parasite-erythrocyte cell-cell interactions using
optical tweezers. Biophys. J. 107:846-853. http://dx.doi.org/10.1016/j
.bpj.2014.07.010

Curt-Varesano, A., L. Braun, C. Ranquet, M.A. Hakimi, and A. Bougdour. 2016.
The aspartyl protease TgASP5 mediates the export of the Toxoplasma
GRA16 and GRA24 effectors into host cells. Cell. Microbiol. 18:151—
167. http://dx.doi.org/10.1111/cmi.12498

Cyrklaft, M., M. Kudryashev, A. Leis, K. Leonard, W. Baumeister, R. Menard,
M. Meissner, and F. Frischknecht. 2007. Cryoelectron tomography
reveals periodic material at the inner side of subpellicular microtubules
in apicomplexan parasites. J. Exp. Med. 204:1281-1287. http://dx.doi.org
/10.1084/jem.20062405

Daher, W., and D. Soldati-Favre. 2009. Mechanisms controlling glideosome
function in apicomplexans. Curr. Opin. Microbiol. 12:408-414. http://dx
.doi.org/10.1016/j.mib.2009.06.008

Dasgupta, S., T. Auth, N.S. Gov, T.J. Satchwell, E. Hanssen, E.S. Zuccala,
D.T. Riglar, A M. Toye, T. Betz, J. Baum, and G. Gompper. 2014.
Membrane-wrapping contributions to malaria parasite invasion of the
human erythrocyte. Biophys. J. 107:43-54. http://dx.doi.org/10.1016/j
.bpj.2014.05.024

del Rio, A., R. Perez-Jimenez, R. Liu, P. Roca-Cusachs, J.M. Fernandez, and
M.P. Sheetz. 2009. Stretching single talin rod molecules activates vinculin
binding. Science. 323:638—641. http://dx.doi.org/10.1126/science.1162912

Dobrowolski, J.M., and L.D. Sibley. 1996. Toxoplasma invasion of mammalian
cells is powered by the actin cytoskeleton of the parasite. Cell. 84:933—
939. http://dx.doi.org/10.1016/S0092-8674(00)81071-5

Drewry, L.L., and L.D. Sibley. 2015. Toxoplasma actin is required for efficient host
cell invasion. MBio. 6:¢00557. http://dx.doi.org/10.1128/mBio.00557-15

Dvorak, J.A., L.H. Miller, W.C. Whitehouse, and T. Shiroishi. 1975. Invasion of
erythrocytes by malaria merozoites. Science. 187:748-750. http://dx.doi
.org/10.1126/science.803712

Egarter, S., N. Andenmatten, A.J. Jackson, J.A. Whitelaw, G. Pall, J.A. Black,
D.J. Ferguson, I. Tardieux, A. Mogilner, and M. Meissner. 2014. The
toxoplasma Acto-MyoA motor complex is important but not essential for
gliding motility and host cell invasion. PLoS One. 9:¢91819. http://dx.doi
.org/10.1371/journal.pone.0091819

Finer, J.T., RM. Simmons, and J.A. Spudich. 1994. Single myosin molecule
mechanics: Piconewton forces and nanometre steps. Nature. 368:113—
119. http://dx.doi.org/10.1038/368113a0

Frénal, K., V. Polonais, J.-B. Marq, R. Stratmann, J. Limenitakis, and D. Soldati-
Favre. 2010. Functional dissection of the apicomplexan glideosome
molecular architecture. Cell Host Microbe. 8:343-357. http://dx.doi.org
/10.1016/j.chom.2010.09.002

Freyvogel, T.A. 1966. Shape, movement in situ and locomotion of plasmodial
ookinetes. Acta Trop. 23:201-222.

Frixione, E.,R. Mondragén, and I. Meza. 1996. Kinematic analysis of Toxoplasma
gondii motility. Cell Motil. Cytoskeleton. 34:152-163. http://dx.doi.org
/10.1002/(SICI)1097-0169(1996)34:2<152:: AID-CM6>3.0.CO;2-D

Gaskins, E., S. Gilk, N. DeVore, T. Mann, G. Ward, and C. Beckers. 2004.
Identification of the membrane receptor of a class XIV myosin in
Toxoplasma gondii. J. Cell Biol. 165:383-393. http://dx.doi.org/10.1083
/jcb.200311137

Apicomplexan gliding and invasion mechanics ¢« Tardieux and Baum

920z Atenige g0 uo 1senb Aq Jpd 001509102 A9l/6282091/L06/G/v L Z/spd-alomue/qol/Bio ssaidnyy/:dny wol pspeojumoq


http://dx.doi.org/10.1083/jcb.77.1.72
http://dx.doi.org/10.1371/journal.ppat.0010017
http://dx.doi.org/10.1038/nm1350
http://dx.doi.org/10.1038/nm1350
http://dx.doi.org/10.1038/nmeth.2301
http://dx.doi.org/10.1371/journal.pone.0032188
http://dx.doi.org/10.1371/journal.pone.0032188
http://dx.doi.org/10.1371/journal.pone.0035227
http://dx.doi.org/10.1371/journal.ppat.1005710
http://dx.doi.org/10.1371/journal.ppat.1005710
http://dx.doi.org/10.1017/S0031182000047247
http://dx.doi.org/10.1038/ncomms3552
http://dx.doi.org/10.1038/ncomms3552
http://dx.doi.org/10.1371/journal.ppat.1004273
http://dx.doi.org/10.1371/journal.ppat.1004273
http://dx.doi.org/10.1103/PhysRevE.90.042720
http://dx.doi.org/10.1103/PhysRevE.90.042720
http://dx.doi.org/10.1126/science.1209875
http://dx.doi.org/10.1074/jbc.M509807200
http://dx.doi.org/10.1186/s12915-014-0108-y
http://dx.doi.org/10.1038/nrmicro1800
http://dx.doi.org/10.1038/nrmicro1800
http://dx.doi.org/10.1016/j.jsb.2015.02.008
http://dx.doi.org/10.1016/j.jsb.2015.02.008
http://dx.doi.org/10.1016/j.mib.2007.09.013
http://dx.doi.org/10.1016/j.mib.2007.09.013
http://dx.doi.org/10.1016/S0166-6851(00)00280-2
http://dx.doi.org/10.1091/mbc.E03-06-0355
http://dx.doi.org/10.1091/mbc.E03-06-0355
http://dx.doi.org/10.1007/978-0-387-78267-6_2
http://dx.doi.org/10.1126/science.1257998
http://dx.doi.org/10.1126/science.1257998
http://dx.doi.org/10.1016/j.ceb.2016.03.007
http://dx.doi.org/10.1016/j.pt.2013.03.003
http://dx.doi.org/10.1083/jcb.201206112
http://dx.doi.org/10.1016/j.bpj.2014.07.010
http://dx.doi.org/10.1016/j.bpj.2014.07.010
http://dx.doi.org/10.1111/cmi.12498
http://dx.doi.org/10.1084/jem.20062405
http://dx.doi.org/10.1084/jem.20062405
http://dx.doi.org/10.1016/j.mib.2009.06.008
http://dx.doi.org/10.1016/j.mib.2009.06.008
http://dx.doi.org/10.1016/j.bpj.2014.05.024
http://dx.doi.org/10.1016/j.bpj.2014.05.024
http://dx.doi.org/10.1126/science.1162912
http://dx.doi.org/10.1016/S0092-8674(00)81071-5
http://dx.doi.org/10.1128/mBio.00557-15
http://dx.doi.org/10.1126/science.803712
http://dx.doi.org/10.1126/science.803712
http://dx.doi.org/10.1371/journal.pone.0091819
http://dx.doi.org/10.1371/journal.pone.0091819
http://dx.doi.org/10.1038/368113a0
http://dx.doi.org/10.1016/j.chom.2010.09.002
http://dx.doi.org/10.1016/j.chom.2010.09.002
http://dx.doi.org/10.1002/(SICI)1097-0169(1996)34:2<152::AID-CM6>3.0.CO;2-D
http://dx.doi.org/10.1002/(SICI)1097-0169(1996)34:2<152::AID-CM6>3.0.CO;2-D
http://dx.doi.org/10.1083/jcb.200311137
http://dx.doi.org/10.1083/jcb.200311137

514

Gonzalez, V., A. Combe, V. David, N.A. Malmquist, V. Delorme, C. Leroy,
S. Blazquez, R. Ménard, and I. Tardieux. 2009. Host cell entry by
apicomplexa parasites requires actin polymerization in the host cell. Cell
Host Microbe. 5:259-272. http://dx.doi.org/10.1016/j.chom.2009.01.011

Gould, S.B., L.G. Kraft, G.G. van Dooren, C.D. Goodman, K.L. Ford,
A.M. Cassin, A. Bacic, G.I. McFadden, and R.E. Waller. 2011. Ciliate
pellicular proteome identifies novel protein families with characteristic
repeat motifs that are common to alveolates. Mol. Biol. Evol. 28:1319—
1331. http://dx.doi.org/10.1093/molbev/msq321

Gubbels, M.J., and M.T. Duraisingh. 2012. Evolution of apicomplexan secretory
organelles. Int. J. Parasitol. 42:1071-1081. http://dx.doi.org/10.1016/j
.ijpara.2012.09.009

Hakansson, S., H. Morisaki, J. Heuser, and L.D. Sibley. 1999. Time-lapse video
microscopy of gliding motility in Toxoplasma gondii reveals a novel,
biphasic mechanism of cell locomotion. Mol. Biol. Cell. 10:3539-3547.
http://dx.doi.org/10.1091/mbc.10.11.3539

Hanssen, E., C. Dekiwadia, D.T. Riglar, M. Rug, L. Lemgruber, A.F. Cowman,
M. Cyrklaff, M. Kudryashev, F. Frischknecht, J. Baum, and S.A. Ralph.
2013. Electron tomography of Plasmodium falciparum merozoites
reveals core cellular events that underpin erythrocyte invasion. Cell.
Microbiol. 15:1457-1472. http://dx.doi.org/10.1111/cmi.12132

Harker, K.S., E. Jivan, FY. McWhorter, W.F. Liu, and M.B. Lodoen. 2014.
Shear forces enhance Toxoplasma gondii tachyzoite motility on vascular
endothelium. MBio. 5:¢01111-e01113. http://dx.doi.org/10.1128/mBio
01111-13

Heintzelman, M.B. 2015. Gliding motility in apicomplexan parasites. Semin. Cell
Dev. Biol. 46:135-142. http://dx.doi.org/10.1016/j.semcdb.2015.09.020

Hirai, K., K. Hirato, and R. Yanagwa. 1966. A cinematographic study of the
penetration of cultured cells by Toxoplasma gondii. Jpn. J. Vet. Res.
14:81-90.

Hopp, C.S., K. Chiou, D.R. Ragheb, A. Salman, S.M. Khan, A.J. Liu, and
P. Sinnis. 2015. Longitudinal analysis of Plasmodium sporozoite motility
in the dermis reveals component of blood vessel recognition. eLife.
4:4. http://dx.doi.org/10.7554/eLife.07789

Jewett, T.J., and L.D. Sibley. 2003. Aldolase forms a bridge between cell surface
adhesins and the actin cytoskeleton in apicomplexan parasites. Mol. Cell.
11:885-894. http://dx.doi.org/10.1016/S1097-2765(03)00113-8

Jones, M.L., E.L. Kitson, and J.C. Rayner. 2006. Plasmodium falciparum
erythrocyte invasion: A conserved myosin associated complex. Mol.
Biochem. Parasitol. 147:74-84. http://dx.doi.org/10.1016/j.molbiopara
.2006.01.009

Kan, A., Y.H. Tan, F. Angrisano, E. Hanssen, K.L. Rogers, L. Whitehead,
V.P. Mollard, A. Cozijnsen, M.J. Delves, S. Crawford, et al. 2014.
Quantitative analysis of Plasmodium ookinete motion in three dimensions
suggests a critical role for cell shape in the biomechanics of malaria
parasite gliding motility. Cell. Microbiol. 16:734-750. http://dx.doi.org
/10.1111/cmi.12283

Kehrer, J., F. Frischknecht, and G.R. Mair. 2016. Proteomic analysis of the
Plasmodium berghei gametocyte egressome and vesicular biolD of
osmiophilic body proteins identifies MTRAP as an essential factor
for parasite transmission. Mol. Cell. Proteomics.:mcp.M116.058263.
http://dx.doi.org/10.1074/mcp.M116.058263

King, C.A. 1988. Cell motility of sporozoan protozoa. Parasitol. Today (Regul.
Ed.). 4:315-319. http://dx.doi.org/10.1016/0169-4758(88)90113-5

Koch, M., and J. Baum. 2016. The mechanics of malaria parasite invasion of the
human erythrocyte—towards a reassessment of the host cell contribution.
Cell. Microbiol. 18:319-329. http://dx.doi.org/10.1111/cmi.12557

Kremer, K., D. Kamin, E. Rittweger, J. Wilkes, H. Flammer, S. Mahler, J. Heng,
C.J. Tonkin, G. Langsley, S.W. Hell, et al. 2013. An overexpression
screen of Toxoplasma gondii Rab-GTPases reveals distinct transport
routes to the micronemes. PLoS Pathog. 9:¢1003213. http://dx.doi.org/10
.1371/journal.ppat.1003213

Kudryashev, M., S. Lepper, W. Baumeister, M. Cyrklaff, and F. Frischknecht.
2010. Geometric constrains for detecting short actin filaments by
cryogenic electron tomography. PMC Biophys. 3:6. http://dx.doi.org/10
.1186/1757-5036-3-6

Kudryashev, M., S. Miinter, L. Lemgruber, G. Montagna, H. Stahlberg,
K. Matuschewski, M. Meissner, M. Cyrklaff, and F. Frischknecht. 2012.
Structural basis for chirality and directional motility of Plasmodium
sporozoites. Cell. Microbiol. 14:1757-1768. http://dx.doi.org/10.1111/j
.1462-5822.2012.01836.x

Ladda, R., M. Aikawa, and H. Sprinz. 1969. Penetration of erythrocytes by
merozoites of mammalian and avian malarial parasites. J. Parasitol.
55:633-644. http://dx.doi.org/10.2307/3277308

Lamarque, M.H., M. Roques, M. Kong-Hap, M.L. Tonkin, G. Rugarabamu,
J.B. Marq, D.M. Penarete-Vargas, M.J. Boulanger, D. Soldati-Favre, and

JCB » VOLUME 214 « NUMBER 5 » 2016

M. Lebrun. 2014. Plasticity and redundancy among AMA-RON pairs
ensure host cell entry of Toxoplasma parasites. Nat. Commun. 5:4098.
http://dx.doi.org/10.1038/ncomms5098

Leung, J.M., M.A. Rould, C. Konradt, C.A. Hunter, and G.E. Ward. 2014.
Disruption of TgPHIL1 alters specific parameters of Toxoplasma gondii
motility measured in a quantitative, three-dimensional live motility assay.
PLoS One. 9:¢85763. http://dx.doi.org/10.1371/journal.pone.0085763

Li, D., L. Shao, B.C. Chen, X. Zhang, M. Zhang, B. Moses, D.E. Milkie,
J.R. Beach, J.A. Hammer III, M. Pasham, et al. 2015. Extended-resolution
structured illumination imaging of endocytic and cytoskeletal dynamics.
Science. 349:aab3500. http://dx.doi.org/10.1126/science.aab3500

Mahamid, J., S. Pfeffer, M. Schaffer, E. Villa, R. Danev, L.K. Cuellar, F. Forster,
A.A. Hyman, J.M. Plitzko, and W. Baumeister. 2016. Visualizing
the molecular sociology at the HeLa cell nuclear periphery. Science.
351:969-972. http://dx.doi.org/10.1126/science.aad8857

Marsolier, J., M. Perichon, J.D. DeBarry, B.O. Villoutreix, J. Chluba, T. Lopez,
C. Garrido, X.Z. Zhou, K.P. Lu, L. Fritsch, et al. 2015. Theileria parasites
secrete a prolyl isomerase to maintain host leukocyte transformation.
Nature. 520:378-382. http://dx.doi.org/10.1038/nature 14044

Meissner, M., D.J. Ferguson, and F. Frischknecht. 2013. Invasion factors of
apicomplexan parasites: Essential or redundant? Curr. Opin. Microbiol.
16:438-444. http://dx.doi.org/10.1016/j.mib.2013.05.002

Miller, L.H., M. Aikawa, J.G. Johnson, and T. Shiroishi. 1979. Interaction
between cytochalasin B-treated malarial parasites and erythrocytes.
Attachment and junction formation. J. Exp. Med. 149:172—184. http://dx
.doi.org/10.1084/jem.149.1.172

Morisaki, J.H., J.E. Heuser, and L.D. Sibley. 1995. Invasion of Toxoplasma gondii
occurs by active penetration of the host cell. J. Cell Sci. 108:2457-2464.

Morrissette, N.S., and L.D. Sibley. 2002. Cytoskeleton of apicomplexan
parasites. Microbiol. Mol. Biol. Rev. 66:21-38. http://dx.doi.org/10.1128
/MMBR.66.1.21-38.2002

Miinter, S., B. Sabass, C. Selhuber-Unkel, M. Kudryashev, S. Hegge, U. Engel,
J.P. Spatz, K. Matuschewski, U.S. Schwarz, and F. Frischknecht. 2009.
Plasmodium sporozoite motility is modulated by the turnover of discrete
adhesion sites. Cell Host Microbe. 6:551-562. http://dx.doi.org/10.1016
/j.chom.2009.11.007

Nebl, T., J.H. Prieto, E. Kapp, B.J. Smith, M.J. Williams, J.R. Yates III,
A.F. Cowman, and C.J. Tonkin. 2011. Quantitative in vivo analyses
reveal calcium-dependent phosphorylation sites and identifies a novel
component of the Toxoplasma invasion motor complex. PLoS Pathog.
7:1002222. http://dx.doi.org/10.1371/journal.ppat.1002222

Nguyen, B.T., and S. Stadtsbaeder. 1979. Modes of entry of Toxoplasma gondii
trophozoites into normal mouse peritoneal macrophage and HeLa cell
monolayers. A phase-contrast microcinematographic study [in French].
Z. Parasitenkd. 60:135-146 http://dx.doi.org/10.1007/BF00927970

Olshina, M.A., F. Angrisano, D.S. Marapana, D.T. Riglar, K. Bane,
W. Wong, B. Catimel, M.X. Yin, A.B. Holmes, F. Frischknecht, et al.
2015. Plasmodium falciparum coronin organizes arrays of parallel
actin filaments potentially guiding directional motility in invasive
malaria parasites. Malar. J. 14:280. http://dx.doi.org/10.1186/
$12936-015-0801-5

Opitz, C., and D. Soldati. 2002. ‘The glideosome’: A dynamic complex
powering gliding motion and host cell invasion by Toxoplasma gondii.
Mol. Microbiol. 45:597-604. http://dx.doi.org/10.1046/j.1365-2958.2002
.03056.x

Pinder, J.C., R.E. Fowler, A.R. Dluzewski, L.H. Bannister, FM. Lavin,
G.H. Mitchell, R.J. Wilson, and W.B. Gratzer. 1998. Actomyosin motor
in the merozoite of the malaria parasite, Plasmodium falciparum:
Implications for red cell invasion. J. Cell Sci. 111:1831-1839.

Quadt, K.A., M. Streichfuss, C.A. Moreau, J.P. Spatz, and F. Frischknecht. 2016.
Coupling of retrograde flow to force production during malaria parasite
migration. ACS Nano. 10:2091-2102. http://dx.doi.org/10.1021/acsnano
.5b06417

Raibaud, A., P. Lupetti, R.E. Paul, D. Mercati, P.T. Brey, R.E. Sinden, J.E. Heuser,
and R. Dallai. 2001. Cryofracture electron microscopy of the ookinete
pellicle of Plasmodium gallinaceum reveals the existence of novel pores
in the alveolar membranes. J. Struct. Biol. 135:47-57. http://dx.doi.org
/10.1006/jsbi.2001.4396

Riglar, D.T., D. Richard, D.W. Wilson, M.J. Boyle, C. Dekiwadia, L. Turnbull,
F. Angrisano, D.S. Marapana, K.L. Rogers, C.B. Whitchurch, et al. 2011.
Super-resolution dissection of coordinated events during malaria parasite
invasion of the human erythrocyte. Cell Host Microbe. 9:9-20. http://dx
.doi.org/10.1016/j.chom.2010.12.003

Riglar, D.T., L. Whitehead, A.F. Cowman, K.L. Rogers, and J. Baum. 2016.
Localisation-based imaging of malarial antigens during erythrocyte
entry reaffirms a role for AMA1 but not MTRAP in invasion. J. Cell Sci.
129:228-242. http://dx.doi.org/10.1242/jcs. 177741

920z Atenige g0 uo 1senb Aq Jpd 001509102 A9l/6282091/L06/G/v L Z/spd-alomue/qol/Bio ssaidnyy/:dny wol pspeojumoq


http://dx.doi.org/10.1016/j.chom.2009.01.011
http://dx.doi.org/10.1093/molbev/msq321
http://dx.doi.org/10.1016/j.ijpara.2012.09.009
http://dx.doi.org/10.1016/j.ijpara.2012.09.009
http://dx.doi.org/10.1091/mbc.10.11.3539
http://dx.doi.org/10.1111/cmi.12132
http://dx.doi.org/10.1128/mBio.01111-13
http://dx.doi.org/10.1128/mBio.01111-13
http://dx.doi.org/10.1016/j.semcdb.2015.09.020
http://dx.doi.org/10.7554/eLife.07789
http://dx.doi.org/10.1016/S1097-2765(03)00113-8
http://dx.doi.org/10.1016/j.molbiopara.2006.01.009
http://dx.doi.org/10.1016/j.molbiopara.2006.01.009
http://dx.doi.org/10.1111/cmi.12283
http://dx.doi.org/10.1111/cmi.12283
http://dx.doi.org/10.1074/mcp.M116.058263
http://dx.doi.org/10.1016/0169-4758(88)90113-5
http://dx.doi.org/10.1111/cmi.12557
http://dx.doi.org/10.1371/journal.ppat.1003213
http://dx.doi.org/10.1371/journal.ppat.1003213
http://dx.doi.org/10.1186/1757-5036-3-6
http://dx.doi.org/10.1186/1757-5036-3-6
http://dx.doi.org/10.1111/j.1462-5822.2012.01836.x
http://dx.doi.org/10.1111/j.1462-5822.2012.01836.x
http://dx.doi.org/10.2307/3277308
http://dx.doi.org/10.1038/ncomms5098
http://dx.doi.org/10.1371/journal.pone.0085763
http://dx.doi.org/10.1126/science.aab3500
http://dx.doi.org/10.1126/science.aad8857
http://dx.doi.org/10.1038/nature14044
http://dx.doi.org/10.1016/j.mib.2013.05.002
http://dx.doi.org/10.1084/jem.149.1.172
http://dx.doi.org/10.1084/jem.149.1.172
http://dx.doi.org/10.1128/MMBR.66.1.21-38.2002
http://dx.doi.org/10.1128/MMBR.66.1.21-38.2002
http://dx.doi.org/10.1016/j.chom.2009.11.007
http://dx.doi.org/10.1016/j.chom.2009.11.007
http://dx.doi.org/10.1371/journal.ppat.1002222
http://dx.doi.org/10.1007/BF00927970
http://dx.doi.org/10.1186/s12936-015-0801-5
http://dx.doi.org/10.1186/s12936-015-0801-5
http://dx.doi.org/10.1046/j.1365-2958.2002.03056.x
http://dx.doi.org/10.1046/j.1365-2958.2002.03056.x
http://dx.doi.org/10.1021/acsnano.5b06417
http://dx.doi.org/10.1021/acsnano.5b06417
http://dx.doi.org/10.1006/jsbi.2001.4396
http://dx.doi.org/10.1006/jsbi.2001.4396
http://dx.doi.org/10.1016/j.chom.2010.12.003
http://dx.doi.org/10.1016/j.chom.2010.12.003
http://dx.doi.org/10.1242/jcs.177741

Russell, D.G., and R.E. Sinden. 1981. The role of the cytoskeleton in the motility
of coccidian sporozoites. J. Cell Sci. 50:345-359.

Russell, D.G., and R.E. Sinden. 1982. Three-dimensional study of the intact
cytoskeleton of coccidian sporozoites. Int. J. Parasitol. 12:221-226. http
://dx.doi.org/10.1016/0020-7519(82)90020-0

Ryning, FEW., and J.S. Remington. 1978. Effect of cytochalasin D on Toxoplasma
gondii cell entry. Infect. Immun. 20:739-743.

Sahoo, N., W. Beatty, J. Heuser, D. Sept, and L.D. Sibley. 2006. Unusual kinetic
and structural properties control rapid assembly and turnover of actin in
the parasite Toxoplasma gondii. Mol. Biol. Cell. 17:895-906. http://dx
.doi.org/10.1091/mbc.E05-06-0512

Schewiakoff, W. 1894. Uber die Ursache der Fortschreitenden Bewegungder
Gregarinen. Z. Wiss. Zool. 58:340-354.

Schmitz, S., M. Grainger, S. Howell, L.J. Calder, M. Gaeb, J.C. Pinder,
A.A. Holder, and C. Veigel. 2005. Malaria parasite actin filaments are
very short. J. Mol. Biol. 349:113-125. http://dx.doi.org/10.1016/j.jmb
.2005.03.056

Shaw, M.K. 2003. Cell invasion by Theileria sporozoites. Trends Parasitol.
19:2-6. http://dx.doi.org/10.1016/S1471-4922(02)00015-6

Shen, B., and L.D. Sibley. 2014. Toxoplasma aldolase is required for metabolism
but dispensable for host-cell invasion. Proc. Natl. Acad. Sci. USA.
111:3567-3572. http://dx.doi.org/10.1073/pnas.1315156111

Sibley, L.D. 2004. Intracellular parasite invasion strategies. Science. 304:248—
253. http://dx.doi.org/10.1126/science.1094717

Skillman, K.M., K. Diraviyam, A. Khan, K. Tang, D. Sept, and L.D. Sibley.
2011. Evolutionarily divergent, unstable filamentous actin is essential for
gliding motility in apicomplexan parasites. PLoS Pathog. 7:¢1002280.
http://dx.doi.org/10.1371/journal.ppat.1002280

Skillman, K.M., K. Diraviyam, A. Khan, K. Tang, D. Sept, and L.D. Sibley.
2011. Evolutionarily divergent, unstable filamentous actin is essential for
gliding motility in apicomplexan parasites. PLoS Pathog. 7:¢1002280.
http://dx.doi.org/10.1371/journal.ppat.1002280

Skillman, K.M., C.I. Ma, D.H. Fremont, K. Diraviyam, J.A. Cooper, D. Sept,
and L.D. Sibley. 2013. The unusual dynamics of parasite actin result
from isodesmic polymerization. Nat. Commun. 4:2285. http://dx.doi.org
/10.1038/ncomms3285

Soldati, D., B.J. Foth, and A.F. Cowman. 2004. Molecular and functional aspects
of parasite invasion. Trends Parasitol. 20:567-574. http://dx.doi.org/10
.1016/j.pt.2004.09.009

Speer, C.A., R.B. Wong, J.A. Blixt, and R.H. Schenkel. 1985. Capping of
immune complexes by sporozoites of Eimeria tenella. J. Parasitol.
71:33-42. http://dx.doi.org/10.2307/3281974

Srinivasan, P., W.L. Beatty, A. Diouf, R. Herrera, X. Ambroggio, J.K. Moch,
J.S. Tyler, D.L. Narum, S.K. Pierce, J.C. Boothroyd, et al. 2011.
Binding of Plasmodium merozoite proteins RON2 and AMA1 triggers
commitment to invasion. Proc. Natl. Acad. Sci. USA. 108:13275-13280.
http://dx.doi.org/10.1073/pnas.1110303108

Stewart, M.J., and J.P. Vanderberg. 1988. Malaria sporozoites leave behind trails
of circumsporozoite protein during gliding motility. J. Protozool. 35:389—
393. http://dx.doi.org/10.1111/j.1550-7408.1988.tb04115.x

Stewart, M.J., S. Schulman, and J.P. Vanderberg. 1986. Rhoptry secretion of
membranous whorls by Plasmodium falciparum merozoites. Am. J. Trop.
Med. Hyg. 35:37-44.

Swaminathan, V., and C.M. Waterman. 2016. The molecular clutch model for
mechanotransduction evolves. Nat. Cell Biol. 18:459-461. http://dx.doi
.org/10.1038/ncb3350

Torgerson, P.R., and P. Mastroiacovo. 2013. The global burden of congenital
toxoplasmosis: A systematic review. Bull. World Health Organ. 91:501—
508. http://dx.doi.org/10.2471/BLT.12.111732

Vanderberg, J.P. 1974. Studies on the motility of Plasmodium sporozoites.
J. Protozool. 21:527-537. http://dx.doi.org/10.1111/j.1550-7408.1974
.tb03693.x

Vlachou, D., T. Zimmermann, R. Cantera, C.J. Janse, A.P. Waters, and
F.C. Kafatos. 2004. Real-time, in vivo analysis of malaria ookinete
locomotion and mosquito midgut invasion. Cell. Microbiol. 6:671-685.
http://dx.doi.org/10.1111/j.1462-5822.2004.00394.x

Weiss, G.E., PR. Gilson, T. Taechalertpaisarn, W.H. Tham, N.W. de Jong,
K.L. Harvey, FJ. Fowkes, PN. Barlow, J.C. Rayner, G.J. Wright, et
al. 2015. Revealing the sequence and resulting cellular morphology of
receptor-ligand interactions during Plasmodium falciparum invasion
of erythrocytes. PLoS Pathog. 11:¢1004670. http://dx.doi.org/10.1371/
journal.ppat.1004670

Wesseling, J.G., M.A. Smits, and J.G. Schoenmakers. 1988. Extremely diverged
actin proteins in Plasmodium falciparum. Mol. Biochem. Parasitol.
30:143-153. http://dx.doi.org/10.1016/0166-6851(88)90107-7

Wetzel, D.M., S. Hakansson, K. Hu, D. Roos, and L.D. Sibley. 2003. Actin
filament polymerization regulates gliding motility by apicomplexan
parasites. Mol. Biol. Cell. 14:396-406. http://dx.doi.org/10.1091/mbc
.E02-08-0458

White, N.J., S. Pukrittayakamee, T.T. Hien, M.A. Faiz, O.A. Mokuolu, and
A .M. Dondorp. 2014. Malaria. Lancet. 383:723-735. http://dx.doi.org/10
.1016/S0140-6736(13)60024-0

Woo, YH., H. Ansari, T.D. Otto, C.M. Klinger, M. Kolisko, J. Michilek,
A. Saxena, D. Shanmugam, A. Tayyrov, A. Veluchamy, et al. 2015.
Chromerid genomes reveal the evolutionary path from photosynthetic
algae to obligate intracellular parasites. eLife. 4:¢€06974. http://dx.doi.org
/10.7554/eLife.06974

Yeoh, S., R.A. O’Donnell, K. Koussis, A.R. Dluzewski, K.H. Ansell,
S.A. Osborne, F. Hackett, C. Withers-Martinez, G.H. Mitchell,
L.H. Bannister, et al. 2007. Subcellular discharge of a serine protease
mediates release of invasive malaria parasites from host erythrocytes.
Cell. 131:1072-1083. http://dx.doi.org/10.1016/j.cell.2007.10.049

Zuccala, E.S., AM. Gout, C. Dekiwadia, D.S. Marapana, F. Angrisano,
L. Turnbull, D.T. Riglar, K.L.. Rogers, C.B. Whitchurch, S.A. Ralph, et al.
2012. Subcompartmentalisation of proteins in the rhoptries correlates with
ordered events of erythrocyte invasion by the blood stage malaria parasite.
PLoS One. 7:¢46160. http://dx.doi.org/10.1371/journal.pone.0046160

Zuccala, E.S., T.J. Satchwell, F. Angrisano, Y.H. Tan, M.C. Wilson, K.J. Heesom,
and J. Baum. 2016. Quantitative phospho-proteomics reveals the
Plasmodium merozoite triggers pre-invasion host kinase modification of
the red cell cytoskeleton. Sci. Rep. 6:19766. http://dx.doi.org/10.1038/
srep19766

Apicomplexan gliding and invasion mechanics ¢« Tardieux and Baum

515

920z Atenige g0 uo 1senb Aq Jpd 001509102 A9l/6282091/L06/G/v L Z/spd-alomue/qol/Bio ssaidnyy/:dny wol pspeojumoq


http://dx.doi.org/10.1016/0020-7519(82)90020-0
http://dx.doi.org/10.1016/0020-7519(82)90020-0
http://dx.doi.org/10.1091/mbc.E05-06-0512
http://dx.doi.org/10.1091/mbc.E05-06-0512
http://dx.doi.org/10.1016/j.jmb.2005.03.056
http://dx.doi.org/10.1016/j.jmb.2005.03.056
http://dx.doi.org/10.1016/S1471-4922(02)00015-6
http://dx.doi.org/10.1073/pnas.1315156111
http://dx.doi.org/10.1126/science.1094717
http://dx.doi.org/10.1371/journal.ppat.1002280
http://dx.doi.org/10.1371/journal.ppat.1002280
http://dx.doi.org/10.1038/ncomms3285
http://dx.doi.org/10.1038/ncomms3285
http://dx.doi.org/10.1016/j.pt.2004.09.009
http://dx.doi.org/10.1016/j.pt.2004.09.009
http://dx.doi.org/10.2307/3281974
http://dx.doi.org/10.1073/pnas.1110303108
http://dx.doi.org/10.1111/j.1550-7408.1988.tb04115.x
http://dx.doi.org/10.1038/ncb3350
http://dx.doi.org/10.1038/ncb3350
http://dx.doi.org/10.2471/BLT.12.111732
http://dx.doi.org/10.1111/j.1550-7408.1974.tb03693.x
http://dx.doi.org/10.1111/j.1550-7408.1974.tb03693.x
http://dx.doi.org/10.1111/j.1462-5822.2004.00394.x
http://dx.doi.org/10.1371/journal.ppat.1004670
http://dx.doi.org/10.1371/journal.ppat.1004670
http://dx.doi.org/10.1016/0166-6851(88)90107-7
http://dx.doi.org/10.1091/mbc.E02-08-0458
http://dx.doi.org/10.1091/mbc.E02-08-0458
http://dx.doi.org/10.1016/S0140-6736(13)60024-0
http://dx.doi.org/10.1016/S0140-6736(13)60024-0
http://dx.doi.org/10.7554/eLife.06974
http://dx.doi.org/10.7554/eLife.06974
http://dx.doi.org/10.1016/j.cell.2007.10.049
http://dx.doi.org/10.1371/journal.pone.0046160
http://dx.doi.org/10.1038/srep19766
http://dx.doi.org/10.1038/srep19766

