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Summary

Apicomplexan parasites utilize a unique form of “gliding motility” to traverse across substrates,
migrate through tissues, and invade into and finally egress from their vertebrate host cells. Parasite
gliding relies on the tread milling of surface adhesins linked to short actin filaments that are
translocated rearward by a stationary small myosin motor. New details reveal mechanistic insight
into the coordinated release and processing of adhesins, the complexity of adhesin-substrate
interactions, the regulation of the actin-myosin motor complex, and the formation of a novel junction
atthe host-parasite interface. These activities are carefully orchestrated to provide an efficient process
for motility that is essential for parasite survival. The parasite-specific nature of many of these steps
reveals several essential points that may be targeted for intervention.

Introduction

Apicomplexan parasites infect a wide range of vertebrate hosts including humans where they
are responsible for severe diseases such as malaria, toxoplasmosis, and cryptosporidiosis.
Apicomplexans are unified by a specialized cytoskeleton [1], apically-directed secretory
organelles, and a unique form of motility called “gliding” [2]. Unlike motility mechanisms
based on cilia, flagella, or crawling, gliding operates by translocation of adhesive proteins along
the cell surface in process akin to moving cargo along a conveyor belt. Apical discharge of
adhesive proteins is coupled to their reward translocation by an actin-myosin motor and
ultimate cleavage from the surface by intramembrane proteases called rhomboids [2]. This
system has been most extensively studied in T. gondii due to its facility for cell biological,
biochemical, and genetic studies, although a similar process is conserved in other
apicomplexans, including Gregarines, which are common endoparasites of invertebrates [2].
Gliding is essential for the active invasion of host cells by T. gondii and is responsible for tissue
migration and hence is a key component of virulence [3]. Gliding motility is also essential in
the biology of Plasmodium sporozoites both for entry into the salivary glands in the mosquito
insect host and in the vertebrate host where it plays important roles in migration through the
skin as well as traversal though and invasion into hepatocytes [4]. Although Plasmodium
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merozoites do not display gliding motility on substrates, they nonetheless enter red blood cells
by a similar active invasion process [5].

Due to their small size and corresponding low Reynolds number, the movement of parasites
is dominated by viscous forces and they are not able to drift using inertial motion, but rather
must continually crawl along the substrate as they burrow into tissues and cells. In doing so,
they face several fundamental challenges including control of directionality, adhesion to the
substrate (i.e. traction), power generation, and release from the substratum to allow forward
movement. The complex machinery that governs gliding is largely unique to apicomplexans,
although many underlying core aspects are shared among many systems, such as cytoskeletal
components, adhesive domains, and proteases. Identifying those essential and unique aspects
of the parasite machinery that governs gliding is the first step to validating potential targets for
improved therapeutic intervention. This review summarizes recent work focused on defining
the molecular mechanisms of key steps in gliding motility by apicomplexans.

Setting course: directional discharge and gaining traction

Discharge of adhesive proteins from apical storage organelles called micronemes is stimulated
by contact with host cells and this process is regulated by increases in intracellular calcium
within the parasite [6] (Fig. 1). Microneme secretion is also essential for gliding motility, a
process that depends on contact with the substratum and leaves characteristic “trails” consisting
of shed surface proteins (Fig. 1A). Gliding is controlled by secretion of microneme proteins
and gents that alter calcium fluctuations in the cytosol, and hence stimulate microneme
discharge, enhance gliding, while chelation of intracellular calcium blocks parasite motility
[6]. Recent studies indicate that calcium-dependent protein kinases are key mediators of
signaling in apicomplexans [7]. This family of serine threonine (S/T) kinases is uniquely
expanded in apicomplexans, and is related to kinases found in ciliate and plants but distinct
from those found in animal cells [7]. The recently solved X-ray crystal structures of CDPK1
from T. gondii and C. parvum reveal interesting structural rearrangements that accompany
activation [8,9]. CDPKs are unique in having an N-terminal S/T kinase domain fused to a C-
terminal calmodulin like domain. In their inactive state, the four EF-hands comprise an
elongated inhibitory domain that contacts the kinase domain [8,9]. Upon binding to calcium,
the EF hand domains undergo a massive rearrangement to fold back on the opposite face of
the kinase domain, thus exposing the substrate binding site and nucleotide pocket [8,9].

Although apicomplexans contain a diverse array of CDPKSs, preliminary evidence suggest that
they are not redundant but rather control distinct aspects of the biology [7]. For example, genetic
suppression of TYJCDPK1 specifically blocks microneme secretion, leading to disruption of
gliding motility, cell invasion, and egress [10]. Fortuitously, CPDK1 in T. gondii and C.
parvum contain a small residue (Gly) at the so called gatekeeper position in the nucleotide
binding pocket, rendering them naturally sensitive to analogs of pyrazolopyrimidines (PP1)
[8-10]. Mutation of this small gatekeeper to a large bulky residue (Met) does not alter enzyme
kinetics but confers resistance to PP1 analogs [10]. Allelic replacement of such mutants in T.
gondii transfers resistance to PP1 analogs, which normally block cell invasion in vitro, thus
validating that TJCDPKZ1 is the primary target of PP1 analogs [10]. Because nearly all
mammalian Kinases contain large gatekeeper residues, they are naturally resistant to PP1
analogs. Hence this chemical scaffold may provide a lead for developing improved inhibitors
that block CDPKZ1 function and hence prevent infection. Another member of this family (i.e.
CDPK3 in T. gondii or the orthologue known as CDPK1 in Plasmodium) may phosphorylate
and hence regulate the myosin motor complex involved in motility [11], and a small molecular
inhibitor of PFCDPK1 has also been described [12], although its specificity in vivo has yet to
be demonstrated.
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Among the proteins discharged from micronemes are the TRAP family of adhesins, which
contain an integrin A domain and a variable number of thrombospondin TSR-1 domains
[13]. Genetic disruption of TRAP in Plasmodium berghei, and suppression of the orthologue
called MIC2 in T. gondii, impairs gliding motility and cell invasion, and several TRAP-related
proteins have also been shown to be important for gliding motility and/or tissue migration in
Plasmodium sporozoites [13]. Combined with evidence that these adhesins are translocated
reward during gliding and cell invasion, these findings have lead to the prevailing model that
gliding motility relies on treadmilling of adhesins, akin to a conveyor belt. Gliding motility of
Plasmodium sporozoites in vitro occurs primarily in a circular pattern, although it shows much
more complex patterns in vivo [14]. Likewise, tachyzoites of T. gondii undergo both circular
and helical gliding, only the later of which leads to cell invasion [15].

Recent studies using reflection-interference or traction-force microscopy reveal new features
of gliding motility that were not captured by previous techniques. Specifically, Plasmodium
sporozoites were shown to move by a process of adhesion, release, and forward motion during
which discrete portions of the crescent-shaped parasite change their contact points with the
substratum [16]. Strong adhesion sites at the front and rear of the parasite are associated with
initial attachment and breakage of these sites results in rapid forward motion [16]. Tractional
forces at the poles orient with the direction of movement, although forces along the middle of
the sporozoite run perpendicular to the axis of movement, likely reflecting attachment [16].
These studies also reveal important roles for TRAP in forming and breaking adhesion sites at
the poles. Importantly, trap—/— parasites are still able to undergo pendulum movement and
translocate beads along the cell surface, indicting that additional adhesins also contribute to
actin-based motility [16]. Finally, perturbation of F-actin levels revealed that the cytoskeleton
is involved in forming adhesive contacts with the substrate, in addition to its previously
postulated role in translocation of adhesin-receptor complexes [16]. Thus far, such quantitative
microscopy studies have focused on circular gliding sporozoites and it will be of interest to
extend this approach to the more complex behaviors seen in vivo. Such methods would also
be useful for analyzing mutants with altered motility. For example, a conditional knockout of
mic2 in T. gondii shifts to predominately circular gliding, and consequently is impaired in
invasion [17]. These patterns suggests that greater tractional forces are necessary to perform
helical gliding and cell invasion, compared to the more simple circular pattern.

Anchorage: junction formation and entry

Following contact with the host cell, a second set of apical secretory organelles called rhoptries
are discharged, injecting their contents into the forming vacuole and also into the host cell
cytosol, where they for small vesicles known as “evacuoles” [18] (Fig. 1B). Rhoptries contain
adiverse array of proteins including a polymorphic family of kinases, which are though to alter
host cell functions [19,20]. During invasion of apicomplexans, a tight junction forms between
the parasite and host membranes and is visible as a prominent constriction as the parasite
squeezes into the host cell, stretching the host plasma membrane to form the vacuole (Fig. 1C).
Although this interface has been called the “moving junction”, this isa misnomer as the junction
itself remains fixed with respect to the host cell and substratum, while the parasite migrates
past this point of anchorage. The process of invasion by T. gondii is rapid, occurring much
faster than phagocytosis, and is accompanied by exclusion of many host proteins based both
on membrane fluidity and interactions with the cytoskeleton [21,22]. Although early studies
stressed the essential nature of parasite actin filaments in invasion [23], recent studies indicate
that host cell actin may also participate in apicomplexan entry [24]. A variety of perturbations
that alter actin dynamics, and hence reduce assembly of F-actin in host cells, where shown to
decrease the invasion of T. gondii tachyzoites and P. berghei sporozoites into their respective
host cells [24]. Interpretation of these findings is complicated by the fact that all of the
conditions used to perturb assembly of new actin filaments also affect the steady state
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distribution between F and G actin. Hence, although these results have been interpreted to
indicate that actin polymerization occurs at the site of entry, they could equally be explained
by a requirement for a stable F-actin cytoskeleton in the host cell in order to provide anchorage
of the moving junction.

Although the moving junction has been recognized morphologically for many decades, the
proteins that contribute to this interface were only recently identified. Analysis of the proteins
of the secretory organelles called rhoptries revealed a class of proteins found in the neck of
this bulb-like organelle, and these have been called RONSs, for rhoptry neck proteins [25].
Remarkably, several of these RON proteins are found in a complex along with the microneme
protein AMAL, and these concentrate at the moving junction, forming a ring at the site of
invasion [26,27] (Fig. 1C). Following the discovery of RON proteins in T. gondii, a similar
complex was shown to participate in invasion of Plasmodium [28]. In T. gondii several RON
proteins are inserted into the host cell plasma membrane and partially exposed to the host cell
cytoplasm, suggesting one or more of them adopts a transmembrane topology [29]. The wide
host cell range and efficient invasion mechanism of apicomplexan parasites may result from
its unique ability to place its own receptor into the host cell, thus providing a point of anchorage
for invasion. It is highly likely that members of the RON-junctional complex also mediate
attachment to the host cytoskeleton as discussed above. Consistent with this, heterologous
expression of RONS results in a subcortical localization in mammalian cells [30]. Defining the
mechanism by which RON proteins are inserted across the host cell plasma membrane, and
elucidating the role of individual members of this complex remains a high priority for future
work on apicomplexan invasion.

Power: the actin-myosin motor

Gliding motility is powered by class XIV myosins, a family unique to and conserved within
apicomplexans and closely related taxa [31]. The myosin motor complex is anchored within
the space between the inner membrane complex and the plasma membrane and is comprised
of asmall myosin motor, a calmodulin-like regulatory light chain (TgMLC), and two anchoring
proteins known as GAP45 and GAP50 [32]. Following the description of this motor complex
in T. gondii, a similar complex was described in Plasmodium, where recent structural data
reveal that the light chain wraps around the short neck region of the myosin motor [33];
presumably in position to regulate its activity, although the mechanism by which this occurs
is not yet defined. Post-translational modification of TgMLC in response to treatment with a
small molecule that inhibits motility and hence blocks cell invasion, demonstrates the potential
to exploit these unique and essential motor complexes to prevent parasite infection [34].

Gliding motility in apicomplexans also depends on polymerization of F-actin and yet
paradoxically the majority of actin exists in small complexes rather than stable filaments [35,
36]. Apicomplexans are also unique in lacking many actin-regulatory proteins, including the
Arp23 complex, which normally induces polymerization of branches by polymerization at the
pointed filament end [37,38]. Instead, apicomplexans contain formins, which complete with
capping protein and direct actin polymerization at the barbed end [39]. Formins are expressed
by invasive stages of apicomplexans where they are found peripherally distributed beneath the
cell membrane, with a concentration at the apical pole and the moving junction [40]. Whether
formins act primarily at the junction remains unclear and current studies have not established
if they are essential to the process of matility. Additionally, although the activities of several
parasite formins have been studied in vitro using heterologous actins [40], their interactions
with natural substrates have not been characterized. Although formins remain the most likely
candidates for directing assembly of new actin filaments in apicomplexans, their role in this
process is as yet incompletely described.
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Linking the motor complex to the extracellular adhesins also requires a bridging function,
which has been ascribed to the F-actin binding protein aldolase, an abundant glycolytic enzyme
[41]. Studies initially conducted in T. gondii revealed binding of aldolase to the cytoplasmic
tail of MIC2 [41] and this was also subsequently demonstrated for the Plasmodium orthologue
TRAP [42]. Therole of aldolase in bridging adhesin-cytoskeletal interactions has recently been
tested in vivo using transgenic parasites that express various mutants of aldolase in T. gondii
[43]. Mapping the requirements of binding in vitro revealed a positive charged ridge lining a
pocket in aldolase that is occupied by the acidic tails of MIC2 [43] and TRAP [44]. Mutations
in these residues in T. gondii aldolase abrogated tail binding in vitro while minimally disrupting
enzyme activity, thus allowing these two functions to be separated. Expression of various
mutants of aldolase in vivo under a system where the wild type allele was suppressed revealed
an essential role for aldolase in energy production and also in mediated binding to the MIC2
cytoplasmic tail [43]. The fact that the tail-binding pocket lies adjacent to but outwith the
enzyme substrate-binding pocket suggests that specific inhibitors that bock adhesin-tail
binding might provide selective inhibition of parasite motility and cell invasion.

Release: shedding of surface adhesins

Gliding motility and invasion of host cells depends on the rearward translocation of adhesins
and this process culminates in shedding from the surface and accumulation of trails on the
substrate [2]. Shedding occurs by proteolysis within the membrane spanning domain and this
isaccomplished by one of several rhomboid proteins found in apicomplexans [45]. Rhomboids
are a broadly distributed family of serine proteins that perform a diverse variety of functions
in development and signaling [46]. The major surface rhomboid expressed by merozoites of
Plasmodium is called ROM4, and in vitro studies indicate it has a broad substrate specificity
and can process a variety of adhesins [47]. Processing of EBA-175, an important ligand for
binding to red blood cells, is mediated by PFROM4, and mutants of the transmembrane region
that prevent processing of EBA-175 are unable to support parasite viability, indicating this step
is essential to the life cycle [48]. Tachyzoites of T. gondii express two major surface rhomboids
TgROMA4, which is uniformly distributed and TJROMS, which has a posterior concentration
[49]. The posterior localization of TJROMS suggests that it is primarily responsible for
processing surface ahdhesins as they complete their reward translocation. Consistent with this,
TgROMS has a broad specificity and is highly active in vitro, while no activity has been
demonstrated for TJROM4 using similar assays [49,50]. Somewhat surprisingly, genetic
suppression of TJROM4 recently revealed that this protease also participates in processing of
surface adhesins including MIC2 and AMAL in T. gondii [51]. Suppression of TgROM4
reduced processing of surface adhesins such as MIC2, resulting in the uniform accumulation
on the cell surface. As a result the normal polarity of adhesins is disrupted and parasites attach
laterally to the host cell, but are impaired in cell invasion [51]. Gliding motility is also disrupted
and parasites remain stuck by their posterior end and twirl unproductively, yet are unable to
make forward progress across the substrate [51]. These findings indicate that TJROM4 is
responsible for maintaining an apical-posterior gradient of adhesins, and this is necessary for
directional motility and cell invasion. Similar studies underway with TJROMS5 should reveal
if it in fact plays a role in terminal processing of adhesins at the back of the cell, a step that is
likely critical at a later stage in invasion.

Egress: Invading from within

Time lapse video microscopy studies reveal that invasion of host cells by T. gondii is rapid
event that occurs without dramatic reorganization of the host cell membrane or cytoskeleton
[15]. Within the safe haven provided by the parasitophorous vacuole, the parasite replicates
by binary fission, giving rise to daughter cells that form a srosette within the host cell (Fig.
1D). Cell division is not dependent on actin polymerzation, but rather occurs by a novel process
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called endodyogeny, in which daughter cells are formed de novo from within each parasite
[1]. Parasites exit host cells by a similar actin-based motility process, either due to natural
triggers or in response to agonists that perturb intracellular calcium [6,15]. During natural
egress, accumulation of the plant hormone abscisic acid leads to a rise in cCADPR and release
of calcium from intracellular stores, thus stimulating egress [52]. In exiting the cell, the process
of invasion is essential repeated, but in this case the parasite first crosses the parasitophorous
vacuole membrane and then the host cell membrane (Fig. 1E). Importantly, the topology of
this event is reversed from invasion and hence the parasite must recognize different receptors
to complete this transaction. Discharge of micronemes and rhoptries also accompanies egress,
and the formation of a tight junction consisting of RON proteins also accompanies crossing of
membranes during exit form the cell [27]. One of the early events in egress is the release of a
microneme protein bearing a membrane attack complex (MAC-perforin) domain that results
in permeation of the parasitophorous vacuole membrane followed by activation of motility and
egress [53]. As with invasion, egress in T. gondii is under the control of CPDK1, which controls
microneme release [10]. Egress in Plasmodium merozoites from infected red blood cells
appears to be less dependent on elevated calcium as a trigger, but rather relies on an elaborate
cascade of proteases that are active with in the parasitophorous vacuole [54].

Conclusions and future directions

Despite recent progress, our current models for how gliding motility works does not adequately
account for the physical or mechanical requirements or fully explain the role of adhesive
proteins, sites of anchorage, or regulation of the actin-myosin motor. Among the unanswered
questions are: 1) are adhesive proteins clustered into multimeric complexes and if so, what is
the composition and functional consequences of this? 2) Do adhesive complexes signal outside-
in to direct assembly of the motor complex either by initiating or stabilizing actin-myosin
complexes? 3) What is the force generating capacity of an individual adhesion-motor
complexes and how many such complexes are needed to drive different sorts of forward
motility? 4) How are actin dynamics and the myosin motor regulated? 5) Does formation of
the junction rely on a specific membrane composition, how are these proteins transferred across
the host cell membrane, and how are they anchored to the host cell cytoskeleton? Addressing
these important questions will require new methods for quantitative microscopy, biochemical
and biophysical methods for evaluating the roles of protein complexes, and genetic and cell
biological approaches for analyzing a variety of mutants. In addition to providing fundamental
insight into a novel means of cell locomotion, such studies may identify essential and druggable
targets that might be exploited for specific and selective inhibition of apicomplexan infections.
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Figure 1.

Schematic depiction of intracellular cycle of T. gondii tachyzoites, which are representative of
the invasive stages of most apicomplexans. A) Microneme secretion is required for gliding
motility, cell attachment, and invasion, which are all powered by the parasite’s actin-myosin
cytoskeleton. Gliding results in deposits of trails comprised of surface membrane proteins on
the substratum (SAG1). During the initial contact with host cells, microneme secretion is
stimulated by increases in intracellular calcium causing release of adhesive proteins at the
apical end of the cell (i.e. MIC2). B) During invasion, discharge of rhoptry proteins results in
formation of small vesicles within the host cell cytoplasm known as evacuoles [55]. In the
electron micrograph at the lower left, the vacuole membrane is marked by arrows, while
immunogold staining detects ROP1. C) Following formation of a tight junction, mediated by
rhoptry neck proteins (i.e. RON4)(red ring), the parasite squeezes into the parasitophorous
vacuole, which forms by invagination of the host cell membrane. The contents of rhoptries
also decorate the PV membrane and fill the lumen as shown by immunofluorescence staining
(i.e. ROP1 in the central top panel). D) Intracellular replication occurs by binary fission the
parasite to form a rosette of daughter cells within the vacuole. E) The parasite actively egresses
from the host cell, a process triggered by elevated calcium. Egress also requires microneme
secretion, and is powered by the actin-myosin cytoskeleton, much the same as cell invasion.
(Graphic drawing provided by S. Lourido, electron micrographs provided by W.L. Beatty,
remaining panels adapted with permission from [2,18,27,55]).
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