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Apicomplexa have developed distinctive adaptations for invading and surviving
within animal ceils. Here a synthetic overview of the diversity and evolutionary
history of cell membrane-associated, -secreted, and -exported proteins related to
apicomplexan parasitism is presented. A notable feature in this regard was the
garly acquisition of adhesion protein domains and glycosyiation systems through
lateral transfer from animals. These were utilized in muitiple contexts, including
invasion of host cells and parasite-specific developmental processes.
Apicomplexans possess a specialized version of the ancestral alveolate extrusion
machinery, the rhoptries and micronemes, which are deployed in invasicn and
delivery of proteins into host cells. Each apicomplexan lingage has evelved a
unigue spectrum of extruded proteins that modify host molecutes in diverse ways.
Hematozoans, in particular, appear tc have evolved novei systems for export of
proteins intc the host organelles and cell membrane during intraceilular
deveicpment. These exported proteins are an important aspect of the pathogenesis

--of Plasmodium and Theileria, being involved in response 1o fever and in leukocyte

proliferation respactively. The complement of apicomplexan surface proteins

has primarily diversified via massive lineage-specific expansions of certain
protein families, which are often coded by subtelomeric gene arrays. Many of these
families have been found to be central to immune evasion. Domain shuffling and
accretion have resulted in adhesins with new domain architectures. In terms of
individuat genes, constant selective pressures from the host immune respense has
resylted in extensive protein polymorphisms and gene losses. Apicomplexans have
also evolved complex regulatory mechanisms controlling expression and
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maturation of surface proteins at the chromatin, transcriptional,
posttranscriptional, and posttransiational levels. Evolutionary reconstruction
suggests that the ancestral apicomplexan had thrombospondin and EGF domain
adhesins, which were linked to the parasite cytoskeleton, and played a central role
in invasion through formation of the moving junction. It also suggests that the
ancestral parasite had O-linked glycosylation of surface proteins which was
partially or entirely lost in hematozoan lineages.

KEY WORDS: Apicomplexa, Apicomplexan parasitism, Adhesions, Alveolate
extrusion, Hematozoans, Protein export. o 2007 Eisevier Inc.

. Introduction

Apicomplexa are an extraordinary lineage of eukaryotic microorganisms that
have been recognized since the carliest microscopic observations—Leeuwen-
hoek described spores of Eimeria from infected rodents. To date approxi-
mately 2400 specics have been described using microscopic observations
(Levine, 1988; Vivier and Desportes, 1990). More recently, sampling of
eukaryotic diversity via environmental sequencing of ribosomal DNA
(rDNA) and other phylogenetic markers suggests that traditional observa-
tions might have considerably underappreciated their actual diversity (Moon-
van der Staay et al., 2001). All well-studied apicomplexans are parasites of
animals and infect most major invertebrate and vertebrate lineages. Apicom-
plexans are causative agents of major human and veterinary diseases: (1)
Malaria is caused by several Plasmodium species in various mammals, includ-
ing humans, reptiles and birds (Kreier, 1977). (2) Two forms of theileriosis,
namely East Coast fever and tropical theileriosis in cattle and water buffaloes
are caused respectively by Theileria parva and T. annulata (Dobbelaere and
McKecever, 2002). (3) Babesiosis or Red-water fever is caused by Babesia
species in cattle, horses, dogs, and rarely humans (Levine, 1988). (4)
Toxoplasma gondii causes toxoplasmosis in several mammals including
rodents, felids, and humans. In humans, especially, fetal infections can result
in serious eye and brain damage (Dubey and Beattie, 1988). (5) Neospora
caninum infects dogs, cattle, and other mammals and has been implicated as a
major cause of abortion in cattle. (6) Sarcocystis species infects muscles of
various wild herbivores, suck as hare and deer, thereby making them easier
prey for their predators (Levine, 1988). (7) Eimeria species infect birds and are
a major cause of morbidity in poultry. (8) Isospora is the causative agent of an
acute diarrhea in humans and other mammals and is particularly common in
immunosuppressed or young individuals. (9) Cryprosporidium species have
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been implicated in gastrointestinal disease that is a major cause of morbidity
in HIV-infected patients (Fayer, 1997). Several poorly studied apicomplexans
are also known to infect all major invertebrate lineages; most commeon among
these are gregarines which infect various organs of arthropods, annelids, and
moliusks (Levine, 1988; Vivier and Desportes, 1990). As yet uncharacterized
apicomplexans are also believed to infect umicellular foraminiferans
{(Kopecna et al., 2006).

Diespite a wealth of traditional morphological investigations using light
and electron microscopy (EM), molecular studies on apicomplexa were
slowed by difficulties posed by complex life cycles, problems in maintaining
growth or perpetuating development in cell cultures, and in several cases
absence of effective genetic tools. However, the avalanche of information
coming from genome sequences and associated high-throughput proteomics
and gene expression are rapidly improving our understanding of every aspect
of apicomplexan biology and providing new tools to complement traditional
approaches (Aravind ef al., 2003b; Roos, 2005). An area of iremendous
interest in light of the quest for antiparasite treatments is the parasite cell
surface and extracellular events related to host-parasite interactions (Miller
and Hoffman, 1998). Also relevant are developments in understanding regu-
latory processes that allow stage-specific expression of particular surface
proteins, as well as the differential gene-expression mechanisms that allow
immune evasion by parasites (Ralph and Scherf, 2005). In this article we
synthesize these data in an evolutionary context to present an overview of
proteins involved in interactions of apicomplexan parasites with their hosts.
In particular, we concentrate on transmembrane and secreted or extruded
proteins at the focus of the parasite-host interface. We begin by providing a
background on apicomplexan biology, phylogenetics, and the current state
of genomics and use this as a scaffold to explore developments relating to the
core topics.

A. Apicomplexa: Overview of Morphology, Life Cycles, Host,
and Tissue Range

The motile form (the zoite) of the apicomplexan cell that initiates infection
has a highly polar cell structure. The apical end of the zoite contains a polar
ring from which emerge microtubules going back ail the way into the cell.
Also associated with the apex are paired pedunculate organelles termed
rhoptries, which are unique extrusive organelies. Another distinctive organ-
elle is the apicoplast, which is a degenerate photosynthetic organelle descend-
ing from a eukaryotic secondary endosymbiont, most probably of rhodophyte
ancestry {Foth and McFadden, 2003). The apical end of the cell is also enriched
in dense tubular bodies termed micronemes, which contain molecules required

Material may be protected by copyright law (Title 17, U.S. Code)




APICOMPLEXAN SURFACE PROTEINS 5

for interacting with the host cell (Fig. 1). During invasion they appear to fuse
to the neck of the rhoptry to discharge their contents. Together, these
features form the distinctive apical complex that lends apicomplexa its
name. Apicomplexa are also characterized by a life cycle along with certain
halimark phases that appear to be present in most studied members of the
clade (Fig. 1). The zoite initiates infection by entering the host cell or
associating intimately with it. It then grows by deriving nutrients from the
host (the trophozoite stage) and often undergoes a phase of repeated mitotic
divisions termed schizogony or merogony. Daughter zoites of this phase are
generally termed merozoites and go on to infect a new set of cells. There is

FIG. 1 Alveolate phylogeny and life cycles of apicomplexan species with completely sequenced
genomes. Cartoon representations of various species are shown to highlight conserved celkular
features shared by apicomplexa with other closely related alveolate species. A generic life cycle
shows stages and events conserved in ail apicomplexans, and specific life cycles are shown for the
main species with sequenced genomes. The sporozoite of Cryptosporidium emerges from excreted
pocysts and infects vertebrate gut epithelial cells. A distinct class of merozoites eventually gives
rise to intracellular micro- and macro-gamonts. These develop into micro- and macro-gametes
that fusc to form the intraceliular zygote enclosed within either thin-walled or thick-walled
oocysts. The former maintain auto-infection, whereas the latter are excreted out and perpetuate
infection to new hosts upon ingestion. . gondii infects gut epithelial cells of cats (definite host).
In course of infection some merozoites eventual lead to micro- and macro-gametes which fuse to
form an cocyst-enclosed zygote inside an epithelial cell. Excreted oocysts sporulate te form two
sporocysts within them, which in turn contain four sporozoites each. These resistant sporulated
cocysts, when ingested by intermediate hosts. typically mice, release sporozoites and initiale
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asexual development. Upon invading host cells, sporozoites transform into tachyzoites that

. rapidly multiply within cells through binary fission and rupture them to infect new cells.

3 Tachyzoites are disseminated via macrophages, lymphocytes, and in plasma and spread through-

g i out the host body. This marks the acute phase of infection, which is followed by the chronic

§ t phase. Here, tachyzoites transform to morphologically distinct bradyzoites that multiply slowly
T"“T" é : % and form thin-walled tissue cysts. These enter the definitive host upon predation of the interme-
2 § % 2 3 % diate host. In Theileria, the sporozoite delivered by blood-sucking ticks invades mammalian host

g 13 S S T 5 g s : \ lymphocytes and undergoes schizogony to give rise to macroschizonts. Such lymphocytes are

§ — 5 § 5’ g § § g : g g ] ] transformed resulting in a leukemia-like phenotype. Some macroschizonts metamorphose into
" % § § — % EE E T r‘ g ' microschizonts that then spawn merozoites, which invade erythrocytes. Return to the definitive
5 E §‘ g § § 2 2 £ % :% ’§ T oz k- i = host occurs when such infected erythrocytes are ingested by the tick. In the tick gut, they emerge
E g § ;:? ] § §§§ {T E g i%: § *é g é’ E 3 i 3 . from erythrocytes and spawn gametes that fuse to form a zygote. The zygotc invades gut
2 2238 3582 8 £ 585 3 5 £ 3 %"% i 2 epithclial cells where it-develops into a kinete that traverses the gut wall and via the coelom
L1 1:s | loculizes to salivary glands. In the glandular epithelium they undergo massive division termed

sporogony to form thousands of sporozoites that escape inte salivary ducts. In Plasmodium
sporozoites first invade vertebrate host hepatocytes and underge rounds of schizogony. Resul-
tant merozoites infect erythrocytes, where they grow as trophozoites, passing through a distine-
tive morphology termed the ring stage. and give rise to merozoites. Some merozoites transform
into gametocytes that are taken up by the mosquito during feeding and develop into flagellated
micro- and macro-gametes in the mosquito gut. Upon fusion of gametes, a kinete forms that
traverses the gut and on the external side of the gut wall forms an cocyst. Within it are generated
hundreds of sporozoites, which reach the salivary glands for a new round of transmission.
Genomes that are completely sequenced or nearly complete are marked with an asterisk in the
tree. {See also color insert.} |
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also a sexual phase that typically results in sexually dimorphic gametes.
Fusion of gametes results in a zygote that is enclosed within an oocyst.
Within the oocyst there is a reductive division, which might be followed by
additional rounds of mitotic division, finally resulting in a new zoite termed
the sporozoite that is ready to infect new hosts. Divisions within the oocyst
may result in formation of resistant sporocysts that are shed to the exterior of
the host and transmitted to new hosts via the environment. Here, sporozoites
emerge from sporocysts to infect cells of the new host. Although this pattern
is shared by all apicomplexans, in actual life cycles of various members of this
clade, these phases play out in a bewildering diversity of contexts with respect
to the number of hosts, type of hosts, and tissue types they infect {Levine,
1988; Vivier and Desportes, 1990) (Fig. 1).

The simplest life cycles invelve a single host (monoxenous) and are typified
by that of Cryptosporidium (Fig. 1} and members of the gregarine grade of
apicomplexa. However, in many of the latter organisms, trophozoites are not
located entirely within host cells, but partially invade them, and are attached
via structures known as the epimerite or mucron. In addition to invading the
gut epithelium, several of these parasites enter the coelom and invade a range
of other tissues (c.g., Monocystis agilis invades seminal vesicles of earth-
worms, whereas Ophiriocystis invades insect Malphigian tubules) (Levine,
1988; Vivier and Desportes, 1990). Selective pressures from the necessity of
reaching new hosts appear to have favored inclusion of additional hosts,
resulting in heteroxenous life cycles (Lafferty, 1999) (Fig. 1). These additional
hosts or intermediate hosts typically serve as carriers that act as vehicles in
delivering the parasite to the definitive host in which the parasite’s sexual
cycle is completed. There have been multiple convergent innovations of
heteroxenous cycles even within apicomplexa that parallel similar life cycles
in a variety of eukaryotic parasites, such as kinetoplastids, various platyhel-
minth lineages, nematodes, and acanthocephalans (Lafferty, 1999). One
such cycle, seen in Toxoplasma gondii and related coccidian apicomplexans
involves reaching a predatory mammalian definitive host via prey which
serves as the intermediate host (Fig. 1). T. gondii and several related apicom-
plexans are also known or suspected tc modify the behavior or health of
intermediate hosts such that they become more susceptible to predation by
definitive hosts and thereby perpetuate their life cycle. Similar predation-
dependent heteroxenous cycles are encountered in invertebrate-parasitic api-
complexans such as Aggregata eberthi, which uses crabs as intermediate hosts
and their molluscan predators, cuttlefish, as definitive hosts. Hematozoans
{hemosporidians and piroplasms) appear to have evolved from precursors
that infected arthropods by adding vertebrate intermediate hosts (Fig. 1).
Emergence of vertebrate hemophagy in invertebrates appears to have been a
driving force that led to using vertebrate tissues, especially blood cells as the
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site for asexual development, thereby enabling reentry into the definitive host
(Levine, 1988; Vivier and Desportes, 1990).

B. Evolutionary History of Apicomplexa and Implications for
Origins of Parasitism

Like many other specialized parasites, apicomplexa exhibit drastic morpholog-
ical modifications with respect to other enkaryotes but retain a degree of
structural conservatism within the clade (Leander er o/., 2003). This resulted
in considerable confusion in traditional taxonomical schemes of relationships
within apicomplexa. However, several molecular phylogenies point to an
emerging consensus on intra-apicomplexan relationships, as well as some clarity
regarding their affinities to other major eukaryotic lineages (Fig. 1). Within
apicomplexa, the basal-most lincage recognized in most studies is the archigre-
garine clade, which is typified by Selinidium, a parasite of marine worms. The
next clade comprises a large assemblage that links Cryptosporidium with two
major gregarine clades typified respectively by Monocystis + Ophriocystis and
Gregarina. The two correspond approximately to neogregarines and eugregar-
ines of classical taxonomy. Although the bootstrap support for this assemblage
is weak, it is consistently recovered in most studies supporting its reality
(Kopecna et al., 2006; Leander e al., 2006). This is followed by a crown
group formed by classical coccidians including, among others, Toxoplasma,
Sarcocystis, and Eimeria and hematozoans, which arc specialized vertebrate
blood parasites. The hematozoan clade in turn contains piroplasms such as
Theileric and hemosporidians containing various species of the genus
Plasmodiwm and related gencra such as Hemoproteus and Leucocytozoon
{Yotoko and Elisei, 2006). Genome comparisons of Theiferia and Plasmodium
show regions of microsynteny and also reveal several shared protein sets to the
exclusion of other apicomplexans, thereby strongly supporting the monophyly
of hematozoans (Pdin ez al., 2005). Monophyly of the coccidian + hematozoan
crown group is similarly strongly supported by several uniquely shared protein

-sets that have become available from genome sequencing efforts.

The closest sister elade of apicomplexa is a group of environmentally pre-
valent, predatory, bifiagellate protists, the colpodellids (typified by Colpodelia)
(Kuvardina et al., 2002; Leander et /., 2003). Together these are related to an
assemblage formed by dincflagellates and their sister-group, the parasitic
perkinsids. All these groups further unify with ciliates to form the alveolate
clade (Fig. 1). The alveolate lineage is supported by several morphological
synapomorphies, most of which appear in some form in apicomplexans.
These include presence of a system of inner membranous sacs or alveoli,
micropores of diverse morphologies that communicate with the cell exterior
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and specific “extrusome’ organeties (Leander ef al., 2003). Additionally, it is
believed that the common ancestor of alveoclates or an even earlier ancestor
shared by alveolates and the entire stramenopile (chromist) lineage possessed
an originally photosynthetic secondary endosymbiont of possible rhodo-
phyte provenance (Bhattacharya er al., 2004; Foth et al., 2003). This endo-
symbiont, precursor of the apicomplexan apicoplast, appears to have been
repeatedly lost or at least become incapable of photosynthesis on multiple
occasions in alveolates. In apicomplexans, colpodellids, perkinsids, and
other poorly characterized forms such as Acrocoelus (a hemichordate gut
parasite) and Cryptophagus (a cryptomonad algal parasite), the primary
extrusome is the rhoptry. In ciliates several morphologically distinet forms
of extrusomes (e.g., cjectisomes and trichocysts) are seen. These observations
suggest that the common ancestor of alveolates already possessed a
specialized extrusion system that might have played a role in interaction
with other organisms and the environment and a micropore that possibly
played a role in feeding (Leander ef al., 2603). These ancestral preadaptations
aided repeated emergence of parasitism in several alveolate lineages.
Several dinoflagellates and their closest sister group perkinsids are para-
sites of diverse eukaryotes. Both perkinsids, dinoflagellates like Paulsenella
{an algal parasite), and predatory colpodellids deploy their rhoptry secre-
tions to respectively invade host cells or penetrate them and directly draw
up cytoplasmic contents. Close morphological similarities of colpodellids
and perkinsids implies the common ancestor of this entire subgroup of the
alveolate clade was probably a similarly modeled, actively motile predator
that used rhopiry secretions to attack target cells, penetrate them, and draw
their contents (Kuvardina et af., 2002; Leander et al., 2003). Consistent with
this proposal, trophozoites of basal apicomplexans, such as Selenidium,
directly imbibe nutrients by penetrating the host cell rather than being an
entirely intracellular parasite like crown group apicomplexans (Vivier et al.,
1990). Aspects of the ancestral predatory/parasitic life style continue to show
up in invasion strategies of extant forms such as Plasmodium. Imaging
studies on sporozoites indicate they actively glide against the blood flow to
reach the hepatic sinusoidal cell layer. They then tightly adhere to it and pass
through Kupffer cells to reach hepatocytes. Sporozoites reach their target
hepatocyte only after leaving a trail of dead hepatocytes, which they pene-
trate en route to their destination (Frevert et al., 2005). Thus, one could
conceive evolution of apicomplexan parasites as an adaptive series from
colpodetlid-like predators to archigregarine-like parasites to completely in-
tracellular forms. On one hand, this was accompanied by gain of adaptations
for intracellular parasitism, evasion of host defenses, and modification
of host cell and host behavior. On the other hand, there was degeneration
in the form of loss of flagella and decreased metabolic capabilities. Mono-
phyly of alveolates is firmly established on molecular and morphological
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grounds. The higher-order relationship of alveolates and stramenopiles (the
chromoalveolate clade), which include diverse photosynthetic taxa such as
diatoms and brown algae, bicosoecid flagellates, and comycetes, while re-
quiring more investigation, has been supported by certain morphological and
molecular features (Bhattacharya er al., 2004). Comparative genome analy-
sis and trees built from concatenated multiple alignments of all ribosomal
proteins suggest the chromoalveolate assemblage form a sister group to the
crown group that includes animal, fungi, amebozoans such as Dictyostelium,
and plants. Outside of these are kinetoplastids and diplomonads such as
Gigrdia forming successively ecarlier branching cukaryotic lineages
(Bhattacharya et al., 2004; Templeton et al., 2004a).

il. Comparative Genomics and Apicomplexan Bioclogy

A. Current State of Apicomplexan Genomics

Apicomplexan genomics was initiated with sequencing of the complete
genome of Plasmodium falciparum. Genomes of the human benign tertian
malaria parasite P. vivax and the murine parasite P. yeelii were also se-
quenced in parallel, although their assembly and annotation is in a consider-
ably poorer condition than that of P. falciparum (Carlton et al., 2002;
Gardner et al., 2002, 2005). Lower coverage sequencing and limited annota-
tion have also become available for genomes of P. berghei and P. chabaudi,
which are rodent parasites widely used as models for human malaria (Hall
et al., 2005). The genome of carly-branching Cryptosporidium parvum was
sequenced next and more recently complemented with a second species,
C. hominis (Abrahamsen et al., 2004; Xu et al., 2004). This was followed by
sequencing of two piroplasm species, T. parva and 7. anmulata (Gardner
et al., 2005; Pain er al., 2005). All these genome sequences have become
available through the Genbank database of NCBI and the apicomplexan

- - database ApiDB. The genome of T. gondii has also been sequenced and has

been made available via ToxoDB/ApiDB, but to date there has not been a
publication on the genome sequence (Roos, 2005). These genomic efforts
have also facilitated a variety of high-throughput analyses, data sets from
which are publicly available to varying degrees. Of these, most detailed
studies have been on P. fulciparum, where multiple groups have published
high-throughput transcriptome and proteome analysis of the intraerthryo-
cytic developmental cycle (IDC) (Bozdech et al., 2003; Hall et al., 2005; Le
Roch et al., 2003). Transcriptome analysis of febrile response of P. falci-
parum is underway, and that of intrahepatocytic development of P. yoelii
has been published (Oakley ez al., 2007, Wang et al., 2004). Likewise, the

Material may be protected by copyright law (Title 17, U.S. Code)




10 ANANTHARAMAN £T AL.

transcriptome analysis of the blood stages of 7. parva has also been published
{Bishop er al., 2005). Transcriptome analysis has been complemented by in-
depth proteomic analysis, at least in P. faiciparum, and is promising to shed
light on parasite proteins targeted to the merozoite cell surface as well as
those routed to the infected erythrocyie surface (Florens et al., 2002, 2004;
Hall er al., 2005). Additionally, a substantial subsection of the protein
protein interaction map of P. falciparum has been determined through two-
hybrid mteraction mapping {LaCount er al., 2005). However, this data is
riddled with several false positives due to presence of large low-complexity
stretches in Plasmodium proteins.

Apicomplexan genemes are marked by striking base-compositional
differences: 7. gondii has an even GC content (~50%), whercas those of
Theileria (~34%), Cryptosporidium (30%), and Plasmodium (19.5%) have
low GC content (Gardner er al., 2005). The strikingly AT-rich genome of
Plasmodium is also reflected in its proteins in the form of enrichment for
asparagine as well as numerous low-complexity inserts of asparagine-rich
segments even within globular domains of proteins (Aravind ez al., 2003b).
Gencral results of apicomplexan comparative genomics point in the direction
of considerable molecular specialization of each parasite, beyond a core set
of uniquely apicomplexan features. Predicted apicomplexan proteomes
range from approximately 4000 to over 7000 annotated proteins, which is
comparable to what is seen in free-living and pathogenic fungi with yeastlike
morphologies, Entamoeba, Giardia, and some kinetoplastids. Apicomplexan
genomes are clearly larger than microsporidian genomes, but distinctly
smaller than those of free-living alveolates, namely the ciliate Tetrahymena,
and multicellular crown-group eukaryotes (Eisen ef al., 2006; Gardner ef al.,
2005; Templeton ez al., 2004a). Apicoplast and mitochondrial genomes of all
apicomplexans show considerable reduction, with the extreme case being
Cryptosporidium. In this organism the apicoplast and its genome have been
completely lost, whereas the mitochondrion is degenerate and has lost its
genome (Abrahamsen ef al., 2004). The mitochondrial genome of Theileria is
reduced to a 7.1-Kb DNA element with limited coding capacity (Kairo et af.,
1994). Even though metabolic capabilities of all studied apicomplexans are
highly reduced relative to free-living eukaryotes with comparable genome
sizes, they display noticeable lineage-specific diversity. In T. gondii and
Plasmodium, there is evidence for several distinct functionally linked meta-
bolic processes, such as fatty acid synthesis, amino acid interconversions, and
carbohydrate metabolism, happening in the cytoplasm, apicoplast, and mi-
tochondrion, with the apicoplast playing a particularly major anabolic role
(Ralph, 2005). At the other extreme, practically all of these anabolic path-
ways appear to have been lost in Cryptosporidium, and it possesses very
limited metabolic capabilities, implying heavy dependence on the host
(Abrahamsen et al., 2004). Theileria represents an intermediate situation,
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having lost several enzymes seen in Plasmodium and T. gondii, related to
shikimate and type-Il fatty acid metabolism (Gardner et af., 2005).

Hercinafter, when referring to apicomplexans we mean the aforemen-
tioned taxa with completely sequenced genomes. Functional partitioning of
apicomplexans proteomes show similarities as well as differences from free-
living eukaryotes with similar genomc sizes. Numbers of protein kinases and
phosphatases, GTPases, and basal chromatin and transcription complex
components are similar, suggesting that they are likely to possess comparable
signal transduction and global transcription regulatory capabilities. Except
for Cryptosporidiem, which has lost a large number of introns and spliceo-
somal components, apicomplexans possess a robust complement of introns
and a well-developed splicing apparatus. Apicomplexans markedly differ
from free-living eukaryotes in allocating a notable section of their proteomes
for parasitic adaptations (Templeton ef af., 2004a). Most significant among
these proteins are the secreted and cell-surface transmembrane or membrane-
anchored proteins. These proteins shall form the focus of this review and will
be discussed in detail in the remainder of the article.

B. Genomic Perspective on Transmembrane {TM] and
Secreted Proteins in Apicomplexa and Uther Eukaryotes

Eukaryotic TM and secreted proteins {(collectively termed “‘surface pro-
teins™) are usually characterized by presence of signals that determine their
localization or topology (Nilsson ef al., 2005). The situation is more complex
in apicomplcxans because they spend a significant part of their life cycle
within host cells. Except piroplasms, others reside within a parasitophorous
vacuole (PV) membrane within host cells. Hence, after secretion from the
parasite membrane (PM), a protein might technically localize to the PV
lamen or exit it to reach the host cytoplasm or cell membrane (Lingelbach
and Joiner, 1998). Additionally, in most apicomplexans, there is a subset of
proteins with hydrophobic signal peptides followed by a substantially sized

“leader sequence that serves as a localization signal for apicoplast targeting

rather than secretion (Foth er af., 2003). Localization to the membrane is
determined by hydrophobic TM helices that anchor proteins to cell mem-
brane, and they are broadly classified as type I (N-terminus extracellular or
fuminal), type I (C-terminus extracellular or luminal), multipass, lipid-
anchored, or GPI-anchored TM proteins. In apicomplexans, a TM protein
could potentially localize to the nuclear, ER, mitochondrial, apicoplast, or
plasma membranes (Nilsson et «f., 2005). Additionally, in the course of
intracellular development, they could localize to the PV membrane (PVM),
if present, or the host cell membrane (Lingelbach and Joiner, 1998). How-
ever, a number of lines of evidence, such as immunological/proteomics
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FIG.2 Distribution of surface proteins in apicomplexa and other eukaryotes. (A} Scaling of all
TM and secreted (surface) proteins with genome size. Organisms shown in the graph are Giardia
lamblia, Saccharomyces cerevisiae, Schizosaccharomyces pombe, Trypanosoma eruzi, Plasmodium
faleiparum ( Pfa), Plasmodium yoelii { Pyoe), Theileria parva ( Tpar), Toxoplasma gondii (Tgon),
Cryptosporidium parvum (Cpar), Tetrahymena thermophila { Tther), Leishmania major, Arabi-
dopsis thaliana { At), Caenerhabditis elegans, and Drosophila melanogaster. (B) Scaling of just
TM proteins with genome size. The organisms studied are as shown in A. The organisms with
higher fraction of TM proteins than expected are marked. (C) Scaling of just secreted proteins
with genome size. The organisms studied are as shown in A. (D) Fraction of the total number of
TM proteins with a given number of TM segments (1, 2, 3. .n). The number of TM segments in
cach TM-containing protein of each organism were counted and binned, and the results are
shown in the graph. The organisms are shown in the legend on the side. The spike of 7 TM
proteins (odorant/chemoreceptors) in C. elegans is shown (E) Scaling of ABC transporters with
genome size. In addition to the organism studied in A, Encephalitozoon cuniculi and Ostreococcus
tauri are shown. (F) Scaling of Major Facilitator Superfamily proteins with genome size. The
organisms studied are as shown in (E). Transmembrane regions and signal peptides were
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studies, conserved localization signals, and sequence conservation and phy-
letic patterns, suggest that the majority of membrane proteins coded by
apicomplexan genomes appear to localize to the external membranes rather
than organellar or internal membranes (Florens ef al., 2002; Hall et a/., 2005;
Sam-Yellowe er al., 2004a; Tonkin ef al., 2006).

External membrane and secreted proteins, which are major determinants
of survival and pathogenesis, mediate a range of biological functions. Gen-
eral functional groups of these proteins that will be considered in this article
inctude: (1) TM proicins that localize either to the parasite cell membrane or
to the host-cell membrane (if the parasite is residing in the host cell) and play
a role in adhesion, immune-evasion, host-cell remodeling, and mobilizing
nutrients. (2) Secreted proteins that might perform a variety of functions
such as formation of protective cysts, degradation or modification of host
molecules, or modification of host behavior. (3) Proteins that are exported
from the intracellular parasite into the host cell cytoplasm and influence host
physiclogy by interacting with components of different host-cell compart-
ments. There will be relatively limited discussion of membrane proteins
localizing to internal and organellar membranes. We also do not cover all
aspects of transporter evolution, reviewing just those aspects relevant to
specific facets of parasite-host interactions.

Systematic analysis of complements of predicted membrane and secreted
proteins in diverse eukaryotes ranging from early branching diplomonads to
large genomes of ciliates, animals, and plants shows that their counts scale
more or less linearly (R* = 0.91) with proteome size (Fig. 2). Thus, most
eukaryotes devote approximately 30% of their protein-coding capacity to
secreted or T™M proteins. TM and membrane-anchored proteins by them-
selves show a strong linear trend (R? = 0.92) and represent approximately 15
to 20% of eukaryotic proteomes. Secreted proteins by themselves also show a
linear trend with respect to proteome size, but the correlation is lower (R? =
0.8). Lincar scaling of protein counts is also discernible for some of the
largest conserved superfamilies of membrane proteins observed in all eukary-
otic genomes, such as the major facilitator superfamily (MFS) and ABC

~iransporters ( R? =0.8-0.81); these two transporters constitute around 6% of

membrane proteins on average in a eukaryotic proteome. Most noticeable
instances of overrepresentation in terms of overall counts of TM proteins are
seen in Plasmodivm and the nematode Caenorhabditis elegans, suggesting
that particular sclective pressures of lifestyle might indeed produce

identified using the prediction algorithms of TMHMM and SignalP and the TASS package
(V.A., S.B., L. A, unpublished). In graphs A, B, C, E, and F, regression analysis was conducted,
and the linear best fit is shown. The p-value was <1077 in all the cases, demonstrating a linear
relationship between the proteins studied and genome size at 95% or greater significance level.
The corresponding R? values and the equation are shown on the graph. (See also color insert.)
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deviations from the general trend. In all eukaryotes the most frequent group
of membrane proteins are single pass and GPI-anchored membrane proteins
and constitute about 45% of all the membrane proteins. Counts of multipass
proteins with two or more TM segments steadily decrease in number follow-
ing a roughly exponential decay, with the exception of animals that shown
anomalous counts for 7 TM proteins (resulting from expansions of 7TM
chemoreceptors) (Nilsson et al., 2005) (Fig. 2}.

A simple explanation for the striking linear scaling of surface proteins is
that with increasing genome size their numbers increased in direct proportion
through duplications. However, a more careful exaniination of these proteins
suggests this is not the case. Most secreted proteins of eukaryotes are not
conserved across kingdoms or even within monophyletic lineages such as
apicompiexa. Although some membrane proteins such as ABC transporters
and MFS transporters, or proteins of inner membrane trafficking systems
contain lincages conserved throughout eukaryotes (Igarashi et al., 2004,
Saier et al., 2001), remaining classes of membrane proteins show no evidence
for widespread conservation. Even within widespread conserved superfami-
lies such as ABC and MFS, there is no evidence that the majority of members
show orthologous relationships across eukaryotes. This implies that despite a
relatively strong constraint on the total fraction of membrane and secreted
proteins coded by eukaryotes throughout their evolution, actual evolution-
ary affinities and type of families of membrane and secreted proteins con-
tributing to the total fraction can widely vary across organisms. This also
suggests that the selective pressure imposing linear scaling of numbers of
membrane proteins probably arises from a fundamentai cellular constraint.
A possible constraint is a strong limitation on the fraction of proteins being
synthesized in a cell that can be secreted or routed to membrane proteins at a
given point. This idea is also supported by the observation that organisms
such as Plasmodium or C. elegans showing major deviations do not express
their surplus of membranc proteins at the same time. Rather, the surplus
membrane proteins, namely rifins/stevors in Plasmodium (see Section 111.B.2)
and 7 TM odorant receptors in C. elegans are expressed a few at a timme,
respectively in different cell cycles or different neurons (Florens et al., 2002,
2004; Spehr and Leinders-Zufali, 2005}.

Thus, parasitic adaptations of apicomplexa in general are not strongly
reflected in differences in the fraction of membrane and secreted proteins, but
qualitatively in terms of the distinctness of the types of such proteins in the
proteome. Thus, the key to investigating parasitism-related adaptations
among surface proteins is identification of innovations shared by apicom-
plexa as a whole and innovations specific to internal branches of the clade.
These are best understoed in terms of lineage-specific expansions and inno-
vations in membrane and secreted protein families, which supply molecular
determinants of parasite-host interactions.

APICOMPLEXAN SURFACE PROTEINS 15

C. Lingage-Specific Expansions and Biversification of
Apicomplexan Secreted and Membrane Proteins

Lineage-specific expansions (LSEs) arc defined as the proliferation in the
number of a particular protein family (protein domain) in a given lineage
relative to a sister lineage (Lespinet ef a/., 2002). For example, there is a single
or few proteins with Duffy binding-like (DBL) domains in various
Plasmodium species such as P. vivax, but P. falciparum codes for numerous
PEMP-1 proteins with muitiple DBL. domains (Singh er af., 2006; Tolia
et al., 2005) (Table I}. Thus, there is a LSE of the DBL domain proteins in
the latter lineage. Previous studies have shown that LSEs are a prevalent
feature of all eukaryotic genomes including Plasrnodium species. The number
of lineage-specifically expanded clusters of a given member count have been
skown to follow a power-law scaling in various cukaryotes (Fig. 3), indicat-
ing that there are a few massively expanded families of proteins in each
lineage. Sequence analysis shows a major fraction of the expanded proteins
might have no close homologs in other lineages. Analysis, across diverse
eukaryotes, of proteins that showed massive LSEs suggested they usually
belong to a few general Tunctional categories: (1} transcription factors; (2)
secreted/TM proteins that are required in abundant quantity {¢.g., for geher—
ation of extracellular protein matrices or certain secreted enzymes) or in
diverse forms. This category includes both immune evasion proteins of par-
asites and pathogen recognition proteins of hosts that exhibit diversity or
antigenic variation or {3) proteins involved in a detoxification or recognition
of xenobiotics (Lespinet et al., 2002).

Most large LSEs in apicomplexans, which have been functionally char-
acterized, encode secreted or membrane proteins with several distinct roles
related to host interaction, pathogenesis, and immune evasion (Aravind
et al., 2003b; Templeton et &/, 2004a). All apicomplexan genomeé encode
at least one major LSE of proteins that might play a major role in cytoadhe-
sion and éntigenic variation (Table I). Examples of these include unrelated
PIEMPI1 (var genes) of the Dbl superfamily and rifins/stevors of the rifin
superfamily in P. falciparum, vir family in P. vivax, and related expansions
such as the yir and bir familics in P. yoelii and P. berghei (del Portillo ef al.,
2001; Gardner er al., 1998). Comparable expansions are seen in other api-
complexan lineages, namely the FAINT domain family in Theileria, the SRS/
SAG! domain family in 7. gondii, and mucin proteins in Cryptosporidium
{Abrahamsen ez al., 2004; He et ol., 2002; Pain et al., 2005) (Table I). It is
likely that all of these LSEs have general functional properties comparable to
var, rifin, and vir families of Plasmodium. Evidence suggests in Plasmodium
they exploit their high copy number for differential expression in different cell
eycles or for diversification through recombination. Thus, one driving force
for LSE in these cases is probably the need to have sufficient antigen
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R45 kinase expansion of P. fulciparum, TPO3 0339-like Major Facilitator Superfamily trans-
¢lusters in all four apicomplexans. Cluster size (X-axis) is plotted against the number of lineage
specific clusters of cach size in double logarithmic coordinates. The equation of the power law

distribution fitting the linear part of the data is shown on the graph. (See also color insert.)
Theileria show an expansion of a specific class of ABC transporters, whereas

both Theileria and T. gondii show an expansion of MFS transporters (Fig. 3).
Like the aforementioned variant surface proteins, many of the expanded
transporters are also encoded in subtelomeric regions, suggesting the

cytoadherence, are likely to come under attack from the host immune system

Cryprosporidium parviem, and brown for Tetrahymena thermophila. Trees for Rhoptry (Ron2)
P chabaudi (Pcha) are additional abbreviations. (B} Size distribution of the lineage-specific
variation because these exposed proteins, which might also be required for
{Freitas-Junior ef al., 2000).

for Toxoplasma gendii, orange for Plasmodium falciparum, red for Theileria parva, bluc for
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possibility that they are expressed differentially in different cell cycles to
provide antigenic variation for immune evasion (Figuciredo er al., 2002;
Freitas-Junior et a/., 2000) (Table I). However, as noted, the overall fraction
of transporters encoded by apicomplexa is on average comparable to the
other eukaryotes, and subtelomeric transporter gene expansions are also seen
in free-living cukaryotes such as S. cerevisiage (Mortimer ez «l., 1992) (Fig. 2).
Hence, these transporters might instead represent specially adapted versions
that expanded duc to efficient nutrient uptake properties in unigue intrahost
locations. Another functional theme associated with LSEs of apicomplexan
surface proteins is exemplified by the oocyst wall protein (OWP) family in
Cryptosporidium (Templeton et al., 2004b). In this case, the multiple OWP
genes probably play a role similar to gene amplifications in providing suffi-
cient templates for synthesizing large amounts of protein, especially for
production of thick-walled cysts required for transmission to new hosts.

Another major group of proteins that show lineage-specific expansions
are those exported into the host cytoplasm. Several examples are seen in
P. falciparum (Fig. 3), such as the RESA-like specialized DNAJ-domain
proteins, SER A proteases, plasmepsin proteases, and fatty acyl CoA synthe-
tases (PFACS). Plasmepsins are involved in degradation of hemoglobin, and
the PEACSs localize to the peripheral erythrocyte skeleton and mobilize fatty
acyl-CoA for the parasite, which is unable to carry out de nove fatty acid
synthesis {Liv ef af., 2006, Matesanz ef al., 2003; Miller er al., 2002b).
Lineage-specific TASH family of proteins from T. anmulaia includes several
proteins with DNA-binding AT-hook motifs, which localize to the host-cell
nucleus and appear to alter its chromatin structure and potentially transcrip-
tion of host genes (Pain et af., 2005; Shicls er ai., 2004). A similar theme is
suggested by two independent groups of kinases respectively expanded in some
Plasmodivm species such as P. falciparum (the R45-kinase family) and T gondii
(ROP2-like rhoptry kinases), at least some of which might directly phosphory-
late host proteins (El Hajj ef al., 2006; Schneider and Mercereau-Puijalon,
2005} (Fig. 3, Table TI). In these cases, two major selective pressures could
have led to LSE: (1) LSEs might allow targeting a diverse range of host proteins
by means of a common biochemical mechanism—similar catalytic (c.g.,
kinases) or protein-ligand interactions (e.g., AT-hook-DNA interactions).
Members of the R45 kinase expansion in P. falciparum show differential
expression patterns, whereas 7. gondii ROP2-like kinases show major differ-
ences in the active site, implying that they might target different host proteins at
different spatial or temporal points. (2) LSEs might also allow more efficient
channeling of host resources for the parasite. Thus, expansions of plasmepsins
and PfACS might respectively increase efficiency of hemoglobin digestion and
fatty acid mobilization.

Several striking examples of differential LLSEs of surface proteins are seen
even between species of the genus Plasmodium with otherwise congruent life

Examples of Surface Proteins with Antient Conserved Domains

Extracellular molecules

Phyletic
distribution

Specific proteins/

Architectures/comments

geéne names

Domain family

Adhesins

SP + vWA + TSP1; links moving junction to parasite cytoskeleton

PL, Th
Pl SP

TRAP

TSP1-domain

2xTSP1 + TM; links moving junction to parasite cytoskeleton in merozoites

'
-

MTRAP

CTRP

SP + SxvWA + 6xTS5P1; Essential for ookinete penetration of mosguito midgut

Pl

epithelium
SP + TSP1 + vWA + TM; Possible merozoite adhesin

Pl

PFF0800w
PTRAMP

SP + TSP1 + TM; Expressed in merozoites and colocalizes with AMA-1 to the
micronemes and cell surface

Pl

21

SP + vWA + 6xTSP1; Microneme protein also present on parasite surface and

Tgon

TgMIC2

binds target cells

SP -+ TSP1 + TM; Major surface protein of sporozoites. Believed to be required

Pl

CSP

for invasion of mosquito salivary glands and known to bind heparan sulfate
proteoglycans during hepatocyte invasion. Shows population polymorphism

SP + 2xAPPLE + TM; Stored in micronemes and is probably involved in

PL, Tgon, Th

AMA-1

Apple domain

merozoite attachment to via binding of erythrocyte protein Kx. Shows

population polymorphism
SP + 4xAPPLE + MAEBL-C + TM; Essential for sporozoite invasion of

PL. Th

MAEBL

salivary glands. Is also expressed by merozoites and shows alternative splicing

to generate a soluble version

SP + SAGT; Cupredoxin fold domain present on tachyzoite and bradyzoite cell

Tgon

SAGI

surfaces

(continued)
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cycles, hosts, and tissue specificity (Cariton er af., 2002; del Portillo er af.,
2001; Gardner ef al., 1998). Further, members of several of these L.SEs show
evidence for rapid sequence divergence or high nonsynonymous versus syn-
onymous codon substitution rates (Plotkin er al., 2004). Hence, different
members of expanded clusters appear to be under strong selection to diversi-
fy, either to acquire distinct roles or evadc host attack. One notable example
of this diversification within LSEs is illustrated by the subset of DBL domain
proteins of P. faiciparum involved in erythrocyte invasion (i.e, EBA175
and its paralogs}. Members of this LSE have acquired capabilities to bind
multiple erythrocyte receptors, thereby providing P. falciparum with multiple
means of invading erythrocytes, in contrast to P. vivax which is entirely
dependent on binding the Dufly antigen (Mayer ef al., 2004). Thus, L.SEs
are not only of notable adaptive significance at the level of diverse apicom-
plexan genera, but also in closely related species within a genus. In conjunc-
tion with sequence analysis, these observations alse provide contextual
precedence for deciphering functions of uncharacterized proteins that show
LSEs. For instance, two major uncharacterized LSEs unique to the P. yoelii/
FP. berghei lineage, respectively typified by membrane proteins PY00238 and
PY07566, with rapidly diverging sequences, are likely to be novel variable
antigens that might have a role in cytoadherence. On the other hand, a
uniguc lineage-specific family of 11 TM proteins from Crypiosporidium,
encoded in subtelomeric regions, might potentially function as a novel type
of transporter.

ill. Conserved Domains in Apicomplexan Adhesion and
Host-Interaction Proteins

The diversity of apicomplexan surface proteins involved in pathogenesis is
astonishing. Yet, previous studies have suggested they can be effectively
organized based on the evolutionary histories of conserved protein domains
found in them {Aravind er al., 2003b; Templeton et @f., 2004a). Accordingly,
we use this as a framework for the further discussion of various aspects of
apicomplexan parasitism. The main categories of domains as per their evo-
lutionary categories in apicomplexan surface proteins include: (1) conserved
globular domains that are otherwise found primarily in animal or bacterial
cell-surface proteins, which mainly function in cytoadherence; (2) conserved
domains, as wel! as distinctive low complexity segments in proteins, found
exclusively in apicomplexa or only certain lineages within apicomplexa; and
(3) another prominent category, distinct from the former two, composed
of diverse enzymatic domains that catalyze a range of extracellular or cell
surface reactions or their catalytically inactive derivatives.
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Not surprisingly, proteins containing these domains perform diverse bio-
logical roles, but their functions show several unifying themes. A summary of
these functional themes and structural information for representative protein-
containing domains from all these categories is provided in Tables [ and EL

A Conserved Domains of Animal, Bacterial, and Ancient
Eukaryotic Provenance

The major role of a distinctive set of protein domains in cytoadherence first
came to light in the course of early molecular studies on the animal connec-
tive tissue, immune cytoadherence, and blood-clotting systems. Examples of
these protein domains include EGF repeats, thrombospondin-1 (TSP1),
APPLE, kringle, von Willebrand factor A (VWA), fibronectin-type Il and

type 111 domains (FNII and FNIII), and scavenger receptor (SR) domains
- (Patthy, 1999). These domains span the entire spectrum of structural diversi-

ty, including entirely disulfide-supported forms such as the EGF-repeat,
ancient o/B globular folds such as the VWA domain and the FNIII domain
containing B-sandwich folds with immunoglobulin (Ig)-like topology. Some

_ of these domains exclusively occur in extracellular contexts (c.g., kringle or
_ APPLE), whereas others occur in both intracellular and extracellular con-
texts {e.g., VWA), with the latter versions typically forming evolutionarily
_ distinct groups. Yet, most of these domains have similar functions, mediating
cell-cell or cell-connective tissue interactions by means of protein-protein or
_ protein-polysaccharide interactions of varying specificity (Patthy, 1999).
. Early molecular studies on circumsporozoite protein (CSP) and TRAP

from Plasmodium (Robson et al., 1988) showed that they contained the
TSP1 domain. Likewise, the merozoite surface protein, MSP1, and sexual

_ stage antigen Pfs25, also from Plasmodium, were revealed to contain EGF
~ repeats (Blackman ef af., 1991; Kaslow et al., 1988) (Fig. 4A). These studies
_ suggested that apiconiplexa possess surface proteins that share conserved
~domains with animal cytoadhesion proteins. These commonalities in animal
~ and parasite proteins sparked considerable interest because these molecules
“were seen as potential vaccine targets and they hinted that both parasite and
~ host might exploit similar mechanisms for cytoadherence. Subsequently
~ accumulating genomic sequence made it increasingly clear that not just
 Plasmodium but also other apicomplexans possessed several proteins with a
~diverse range of domains typical of animal adhesion molecules (Fig. 4A).
. This suggested that animal-like adhesion domains were probably acquired by
- the apicomplexans in the course of their long parasitic evolution through

lateral gene transfer from the animal host (Aravind et af., 2003b). However,

_ representatives of a subset of these domains also turned up in plants, fungi,
~ other eukaryotes, and bacteria {Aravind et «l., 2003a), raising the possibility
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t they are ancient vertically inherited domains that were similarly

ployed in animal and apicomplexan cytoadherence.

Availability of genomes from the major branches of apicomplexa, as well

s free-living alveolate outgroups such as Terrahymena (Eisen et al., 2006)

ad several other eukaryotes has enabled us to more or less settle the issue of

ateral acquisition of animal domains versus vertical inheritance from more

ncient ancestors. The emerging picture for adhesion domains is rather

omplex (Templeton et al., 2004a). Some are indeed of unequivocal animal

rovenance acquired through lateral transfer, but others were vertically

nherited from earlier eukaryotic ancestors and yet others through lateral

ransfer from bacteria (Fig. 4B). A total of 18 types of noncatalytic extracel-

ular adhesion domains from apicomplexan proteins could be established as

being of ultimately animal origin. Several domains in this list, namely TSP1,

Sushi/CCP, Notch/Linl (NL1), NEC (Neurexin-Collagen domain), Fibro-

nectin type 2 (FN2), MAM, and the Scavenger receptor domain, are only

found in animalis and apicomplexans. The remaining domains (e.g., VWA

and SCP/PR1, kringle, and the newly identified FO9FT.1-like domains) are
found in other eukaryotes or prokaryotes, but apicomplexan versions are
closer to animal versions to exclusion of all others. In these cases, apicom-
plexan versions of the domain showed either a significant relationship in
phylogenetic trees or uniquely shared patterns of disulfide-honding cystines
or arrangement of cysteines with their animal counterparts {Templeton ez al.,
2004a). Some domains, such as EGF repeats, are found in a number of other
eukaryotic lineages including free-living alveolates (Eisen er al., 2006). The
small size and poor sequence conservation, beyond the disulfide-bonding
cysteines precludes statistically well-supported resolution of phylogenetic
relationships of all apicomplexan EGF repcats. However, presence of some
distinctive versions of this domain {e.g., the ephrin-receptor-type EGF do-
main), uniquely shared with animals, suggests that at least certain apicom-
plexan representatives have an ultimately animal provenance. 7. gondii

FiG. 4 Domain architectures and evolution of conserved adhesion and invasion proteins. The
figure particularly emphasizes domains that were acquired by apicomplexa from bacteria and
animals. (A) Domain architectures are grouped in boxes based on their conservation pattern within
alveolates. Proteins are denoted by their gene/common names and their species abbreviations
separated by an underscore, shown below the architecture. For conserved domain architectures
found in more than one alveolate lineage, phyletic patterns are shown next 1o protein names in
brackets. Domains enclosed in square brackets are not present in all orthologs of the displayed
protein. Domain names are given in Fig. 3B. SP represents a signal peptide, and TM represents a
transmembrane region. (B) Domains are shown around an alveolate tree and grouped according to
their inferred point of origin or acquisition as depicted by blue arrows. Within each group, domains
predicted to have been laterally acquired from bacteria or animals are further segregated. Boxes
without a title depict domains acquired in apicomplexa by vertical inheritance or of unclear
derivation. Cpar, Cryprosporidium parvum; Pl, Plasmodivum; Plal, Plasmodium falciparum; Tgon,
Toxoplusma gondii, Tthe, Tetrahymena thermophila; Th, Theileria. (See also color insert.)
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contains two proteins respectively, with a C-type lectin domain and galectin
domain {Saouros ef af., 2005}, both of which are found commonly in animals
and infrequently in plants or fungi. In phylogenetic analysis, the 7 gondii
versions show weakly supported, but consistent, grouping with animal
forms. Taken together with their sporadic distribution in apicomplexa, it is
likely that the C-type lectin and galectin domains in coccidians are probably
of animal origin.

Systematic cxamination of apicomplexan genomes revealed that domains
showing animal affinities are more frequently found in cytoadherence pro-
teins rather than uniformly across all functional categories of proteins
(Templeton et «¢i., 2004a). In addition to the noncatalytic adhesion domains,
apicompiexans contain several secreted or TM proteins with adhesion-
related enzymatic domains showing evolutionary affinities to animal protein
domains (see later for discussion, Fig. 4B). These obscrvations suggest
that domains acquired at some point in evolution from animal hosts were
predominantly recruited in functional contexts pertaining to cytoadherence.
Nevertheless, current comparative genomic analysis indicates a subset of
adhesion domains, previously believed to be of animal provenance, appears
to have been vertically inherited by apicomplexans from a more ancient
eukaryotic common ancestor. Chief among these are the pentraxin domain
(also found in vertebrate serum proteins such as the C-reactive protein
and the serum-amyloid protein) and the Mac-perforin domain (found in
vertehbrate membrane attack complex/perforin-like proteins) (Aravind
et al., 2003b; Templeton ¢r al., 2004a). Apicomplexan proteins with both
these domains contain orthologs in ciliates suggesting they were inherited
from the alveolate common ancestor. Apicomplexans and ciliates also share
a membrane protein (e.g., P. falciparurm MALTP1.92) with 10 TM segments
and a core conserved N-terminal extracellular module with at least two EGF
repeats (Fig. 4A). This protein family has undergone a huge lineage-specific
expansion in ciliates, and orthologs are also sporadically found in other
unicellular eukaryotes such as the chlorophyte Ostreococcus tauri and
Dictyostelium discoideum. Hence, this protein was probably vertically inher-
ited from the alveolate common ancestor, rather than laterally transferred
from animals.

A third group of domains in apicomplexan adhesion molecules show clear
affinities to domains found in bacterial surface molecules involved in cell-cell
interactions, S-layer biogenesis, and film formation (Fig. 4B). These include
the Anthrax-protective antigen ff-strand rich domain, the levanase-associated
(levan-b), the Cys-arch (archaeal-cysteine rich), and discoidin domains
(Templeton et af., 2004a). The majority of these domains might participate
in carbohydrate-protein interactions as in the case of their bacterial counter-
parts (Pradel ef af., 2004). A few other adhesion domains in apicomplexan
proteins, such as the APPLE domain, fascilinl domain, B-helix repeats and
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ome versions of the ricin domain, are widely distributed in both eukaryotic
ad bacterial adhesion proteins. This, taken with their absence in currently
vailable ciliate genomes makes their provenance unclear. They could have
otentially been acquired through lateral transfer from ecither an animal
t bacterial source, or inherited from an earlier ancestor, but lost in ciliates.
RS/SAGT1 surface antigen proteins of T gondii (He et ai., 2002) contain a
onserved globular domain found in animal ephrins that are ligands involved
1t neural development and also extracellular copper-chelating proteins (plas-
ocyanins) from cyanobacteria and plants. The extreme sequence divergence
£ T gondii SRS/Sagl domain from all these forms makes it equally probable
t was acquired through lateral transfer from animals or evolved from a
lastocyanin-like precursor inherited from the apicoplast. Likewise, the
-propelier domain found in P. faleiparum GBP and GBPH2 (Nolte et al.,
991) proteins have homologs in both animals and bacteria. Their unique
resence in just one apicomplexan taxon supports an origin through lateral
ransfer, but their comparable similarity to both bacterial and animal pro-
eins makes it impossible to identify the original source of these domains.
.ikewise, origins of the divergent B-helix repeats in the N-terminal module of
keleton-binding protein 1 (PISBP1) of P. fuiciparum (Maier et af., 2006) and
“ryptosporidium cgdS_4480 remain unclear, although their sporadic occur-
ence is suggestive of potential involvement of lateral gene transfer. Further
enomic sequences and protein-structure data might resolve some of these
ncertain evolutionary affinities.

Phyletic distribution of conserved adhesion protein domains in apicom-
lexa sheds light on the temporal sequence of their evolution (Fig. 48). Most
omains of clear-cut bacterial provenance appear to have been acquired
rior to the divergence of apicomplexans from their common ancestor.
A few inherited from the common alveolate ancestor, such as the mac-
erforin and pentraxin domains also appear to be of ultimately bacterial
rigin. This suggests that the major period of lateral transfer from bacteria of
uch domains was in the carly phase of alveolate and apicomplexan evolu-
ton. Although some such domains could ultimately be derived from the
picoplast chloroplast, which is of cyanobacterial origin, it is more likely
hey were derived from environmentally co-occurring bacteria, as was previ-
usly suggested for the mac-perforin and discoidin domains through phylo-
enctic analysis. Interestingly, the majority of domains of animal origin
re also traceable to the ancestral apicomplexan, suggesting that the major
cquisition of animal-like adhesion domains occurred early in their evolu-

n. However, there are examples such as the C-type lectin, FNIII, and vWA
omains that show a more sporadic phyletic distribution, suggesting that
here have been occasional lineage-specific acquisitions of adhesion domains
from the animal hosts in the course of apicomplexan evolution (Templeton
eral., 2004a) (Fig. 4B).
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Apicomplexan surface proteins generally do not share identical or closely
refated architectures with counterparts from animals or bacteria containing
homologous domains. In apicomplexan proteins, domains of different origins
may be combined together to result in novel architectures. For example, in the
Plasmodium protein, MAL1P2.18, LCCL, and FNII domains of animal
origin are combined with the Anthrax-protective antigen domain of bacterial
origin {Claudianos et al., 2002; Delrieu et al., 2002; Pradel et al., 2004).
Another such case is the member of the aforementioned family with EGF
repeats and 10 TM segments. In one of the paralogs of this family in hema-
tozoans (e.g.. PFI0550w), ephrin-receptor type EGF repeats and a kringle
domain of animal origin were added to the conserved core inherited from the
ancestral alveolate (Fig. 4A). Thus, although particular adhesion domains
were acquired through lateral transfer from different sources, they were
uniquely combined in apicomplexans to spawn novel architectures. In ani-
mals there is a strong correspondence between the protein domain and the
exon coding it in adhesion proteins {Patthy, 1999). However, no significant
correlation was observed in multidomain apicomplexan adhesion proteins.
Hence, it appears that architectural diversity in apicomplexan surface pro-
teins, in contrast to their animal counterparts, did not arise via conventional
exon-shuffling (Templeton et af., 2004a}. Domain architectures of adhesion
proteins are fluid within the apicomplexa. They diversify mainly due to
domain accretion, in which new domains are added to the pre-existing archi-
tectural core (e.g., in PFI0550w as mentioned previously). However, a few
architectures such as a protein with FNII and Anthrax-protective antigen
domain; a protein with multiple LCCL domains, SR, LH2, and PTX; and a
domain and a protein with the FO9F7.1-like domain are conserved through-
out apicomplexa, suggesting these architectures had already emerged early in
evolution and were maintained due to strong functional constraints (Fig. 4A).
The maximum architectural innovation (17 distinct architectures}) is observed
in the Cryptrosporidium lincage, suggesting that it had a long independent
history after separating from the crown group of coccidian and hematozoans.
Surprisingly, hematozoans do not share many unique architectures compared
to those traceable to the ancestor of the crown group, suggesting that archi-
tectural innovation in these adhesion proteins did not play a major role in
adapting to vertebrate blood parasitism. In addition to architectural diversi-
fication, some conserved adhesion domains might show rapid sequence evo-
fution. One such case is the APPLE domain, found in proteins throughout
apicomplexa. However, there is a specific family of them in the crown group
apicomplexa, prototyped by Plasmodium AMAIL and MAEBL proteins in
which the APPLE domains have greatly diverged in sequence while retaining
their structure (Bai et al., 2005; Nair et ¢/, 2002). This suggests rapid and
extreme sequence divergence might have also been important in adaptation of
conserved adhesion modules for specific new functions.

PICOMPLEXAN SURFACE PROTEINS 3

. Blobular Domains, Transmembrane, and Low-Complexity
Segments of Exclusively Apicompliexan Provenance

\picomplexa also display a wide range of unique protein domains that are
ither found throughout the clade or more often only in particular taxa.
hese domains figure prominently among the larger lineage-specific expan-
{ons shown by apicomplexans (Table E}. At least a subset of them appears to
nclude surface antigens that show antigenic variation enabling immune
vasion. There are three broad categories of such domains in surface pro-
eins: (1) Distinct globular domains of diverse structural categories; (2) multi-
‘M domains with variable solvent-cxposed loops; and (3} low-complexity
epments enriched in particular amino acids that sometimes undergo
ovalent modification (Fig. 5).

. Apicomplexa-Specific Globular Domains

'his category of domains first came to light in classical studies on
dlasmodium variant surface antigens. Typical examples are globular domains
n products of lineage-specifically expanded vir and var gene families, respec-
ively, from P. vivax and P. falciparum. Best studied of these are products of
he var gene family, PIEMPI proteins, which adhere to endothelial cell
eceptors and thereby enable the parasite to avoid splenic clearance (Smith
t al., 1995; Su et al., 19935). PFEMPL contains multiple copies of the DBL
lomain (Duffy-binding-fike}, and they are also found in 1 to 2 copies in the
rythrocyte glycophorin  A-binding protein, EBA-175, and related
rythrocyte-invasion proteins such as BAEBL, EBL-1, and JESEBL from
falciparum (Mayer ef al., 2001; Singh et al., 2006; Tolia ez al., 2005)
g. 5). Orthologs of this second group of proteins are found in other
asmodium species in single or small copy number and include the Duffy-
antigen binding protein DBP from P. vivax (Singh et af.. 2006). The DBL
fomairt fold is versatile with different versions specializing in binding poly-
accharide chains (sialates on glycophorin A bound by EBA-175 and
heparan sulfate bound by PfEMP! DBL domains) or sulfated tyrosines
those on Duffy antigen bound by DBP) (Choe et al., 2005; Singh et al.,
906; Vogt et al, 2003). The EBL-1 and DBP proteins share another
Plasmodium- spcmﬁc cysteine-rich globular domain (the MAEBL-C domain)
sresenit C-terminal to DBL domains in these proteins and also C-terminal to
\PPLE domains in MAEBL (Kappe ef @l., 1998). Most PITEMP1 proteins
nstead contain a novel C-terminal o-helical globular domain (PFEMPIC) of
ipproximately 90 amino acids. The PEEMP1-C domain is also independently
present in multiple copies combined with an N-terminal vir-type globular
domain (VGD) in P. falciparwm surfin proteins or as stand-alone copies in
PFB1045w-like proteins, the giant protein P332 and P. knowlesi SICAvar
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protein (Fig. 5). From the structure of surfins and PvSTP1 it is clear that
PfEMP1-C domains are likely to be in the cytoplasm, anchoring the molecule
via local interactions, whereas the VGD or DBL G8mains form its extracel-

8D . é g é E:
661)3 3 8?% % lular part. Likewise, the SICAvar protein contains six copies of a novel
s > =23 g-helical domain with conserved cysteines in the extracellular portion of
g I £ (O) g @ % "é the protein instead of the VGD or DBL domains (Fig. 5). The VGD is a
§ e 50 % R distinct globular domain shared by the Vir family, the P. vivax PvSTP1, and
%ﬁ E 3 E Q e § § 3 ;§ = 5 P. falciparum surfins (Winter et al., 2005). There was a report that claimed
: : 0 3. % é § g g the rifins might be related to the VGD (Janssen ef ol., 2004). However, there %\
] 0, H ] = %g &g = < is absolutely no basis for this claim, and it is not supported by any objective o
s 2 : % £ s §8 g % g 2 ; method of sequence analysis or secondary structure prediction. In contrast, O
g EE g i 83 %g 1 o 23 L sequence profile analysis shows VGDs are remotely related to another glob- g
£ E g L) ‘E,’,g 'e;—jgf a % z % g P: é“j ulaf domain, .PfI.QESA N-terminal domain, whicfh is found N-terminal to the -
N g §8 z §E 16 ;3 5 _% ?§ DNAJ domqm in PfRES.A and a numb.er of other(el_ryth_rocyte—exported —
H g TR £ 3 - E £ proteins Sp.GClﬁC to P. falczparum (see Sec'tlon IV.E.2} (Fig. 5). o g
%E @ 8519 O L = 5355 Similar lineage-specific globular domains have also come to light in ana- =
4 G ¢ 25 _g 7 lyses of proteomes of other apicomplexans {Fig. 5). In Theileria, the major 2
22 © E § B % g family of lineage-specific globular domains is the FAINT domain family with _.—‘f
P 22 g 2 2 3 EETS over 190 members (Table 1). These proteins, which are either secreted or S
2 g ‘5 - Eé H Y EEE membrane-anchored proteins, typically contain one to several FAINT =3
& & g g :g ¥ = 20 B g domains. A subfamily of divergent FAINT domains includes Tash/TpHNs o3
I ) S E § % e § 5 “_g = proteins, which were first discovered in 7. annulata and usually localize to the ;
va B %_ N . ~§ E S E3 host L}CH (Ifam etal., 2905). T. gor?dii contains a family of at ieagt 26 surface g
) gé gz: g §= £E § = _:: proteins with a r}ov§l lineage-specific ?\I-termma'l globular domain fused‘lo a _g
o 3 - = i s¥ 7 f % g % C-term‘mag muc1n-11kc segment. .In C,rnypzo‘spm‘zdzum, §everal comparatwfﬂy o
g & pE & z g ;q .“g‘ £ small families of secreted proteins with lineage-specific globular domains o
gg 2 . 5 %5 23 é such as MEDLE, FGLN, GGC, and SKSR (named after the conserved 3
s : - SEZ 2z sequence motifs) have been identified (Abrahamsen ef al., 2004). Domain Qo
g E z *‘éé § 5 go architectures of proteins with VGD, DBL, MAEBL-C, and PfEMP1-C &
H 22 g ‘: ,§ g g % 2 domalps indicate thflt they undergo appreciable shuffling b;tween themselves E
; @ 2 gg;; ‘ZS 3 &g 2 5= and with conserveld domains of the former group {(see Section IILA), such as 3
u & el g g “‘3‘ <7EA 2 ?E 3 the APPLE domains. However, other lineage-specific globular domains, such %
5 E L4838 -as the one present in 7. gondii-specific mucin proteins and Cryptosporidium- =
%5 ) 3 g g3 G specific domain families show no evidence for extensive domain shuffling
3 3+ § g g EE2%¢ (Fig. 5), with all members sharing a stereotypic architecture (Templeton
%% “ 2 § % g §" § et al., 2004a). This observation, in conjunction with what is known of their
8 td af - STy 2 function, indicates that the former group has probably undergone major
: ! §,§ g S285x functional diversification, whereas most members of the latter group proba-
£2 - i f;)% g E bly perform identical or similar roles.
g’ %%52 Many lineage-specific globular domains are cysteine-rich, «-helical, or

both. This structural trend is very consistent with lineage-specific giobular
domains mmnovated in eukaryotes in general (Aravind et al., 2003b}. This is
because stabilization of structures by disulfide bonds and long helix—helix
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interactions represent “easier’”’ pathways for innovation of globular domains,
which bypass the more intensive selection nceded to generate elaborate
hydrogen-bonding interactions of complex o + § domains. Such an evolu-
tionary pathway is strikingly illustrated by solved structures of DBL domains
(Singh er al., 2006; Tolia et al., 2005). Structural analysis of a single DBL
domain shows that it contain three subdomains: an N-terminal flap predom-
mmantly stabifized by disulfide bonds; the first helical subdomain with four
conserved helices, of which three form a central bundle packed by hydropho-
bic interactions and are further stabilized by disulfide bonds; and a second

helical subdomain that is similarly structured. Structural comparison of the

two helical subdomains reveals that they are homologous 4-helical units that
have duplicated from a common ancestor. Thus, the DBL domain appears
to have emerged in part by scrial duplication: long helical segments initially
duplicated to form the ancestral version of the two helical subdomains.
This whole unit further duplicated resulting in a two subdomain structure,
which appears to have contained an exposed cleft. This cleft then was fitled
in by innovation of a cystine-supported N-terminal flap (the first subdo-
main), resulting in a stable globular DBL domain. Thus, the principal
stabilizing forces in emergence of this domain were the hydrophobic interac-
tions between helices and the disulfide bonds. VGD and related PRESAN
( Plasmodium RESA N-terminal domain) domains and PIEMP1-C domains,
are other comparable examples of innovations of entirely «-helical domains.
On the other hand, the MAEBL-C domain and cysteine-rich repeats in the
OWP domain appear to represent examples of innovations of cystine-
supported structures.

In contrast, FAINT domains and the N-terminal domain of the T. gondii
mucin-like proteins are different in being all B-strand domains. They have
about 7 to 8 predicted f§ sirands and are of comparable length to f-sandwich
folds with Ig domain-like topologies (Patthy, 1999). Hence, similar the SRS
antigen extracellular domain from 7. gordii (He et al., 2002), they might be
divergent representatives of pre-existing B-sandwich domains. This implies
these B-rich domains might not be real de novo lineage-specific innovations,
but divergent versions of ancient [g-like folds.

2. Apicomplexa-Specific Multi-TM Domains

All apicomplexans contain several lineage-specific multi-TM proteins unrelated
to ancient conserved multi-TM proteins such as transporters and ion channels.
These proteins have two or more TM segments along with soluble extracellular
and intracellular loops of variable lengths. One prominent group of such multi-
TM proteins are the 2 TM proteins, which were initially identified in studics
on Maurer’s cleft proteins in P. falciparum (Khattab and Klinkert, 2006;
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_ Sam-Yellowe et al., 2004a). This study noted the PPMC-2 TM family was

structurally and functicnally related to the PfST-2TM family and the large
rifin superfamily (including stevors) from P. falciparum and the PyST-B-2 TM
family from P. yoelii, P. chubaudi, and P. berghei. Further analysis of
Plasmodium genomes reveals there might be several other such proteins, some
of which form moderate-sized families such as the PFB0995w-like 2 TM family
in P. falciparum. Together, these proteins might form a large assemblage of at
feast 205 proteins in P. falciparum (including ~180 of the rifin superfamily, 11
of PIMC-2 TM, 3 to 4 of PF-ST-2 TM, and 12 PFB0995w-like 2 TM) and 32
proteins in P. yoelii (all of the PyST-B-2 TM family, Table 1). These proteins
share a characteristic structure with an N-terminal signal-like sequence fol-
lowed by a cytoplasmic loop, in turn followed by two transmembrane regions
with a highly variable externally located loop between them and a charged
cytoplasmic C-terminal tail (Fig. 5) (Khattab and Khinkert, 2006; Sam-Yellowe
et al., 2004a). The N-terminal signal-like sequence is often associated with a

_ conserved cysteine that could potentially be lipid-modified while the protein is

being localized to the membrane. The signal is typically followed by PEXEL
motifs {see Section IV.E} that target the protein for erythrocyte export. The
N-terminal cytoplasmic tail also often contains cysteines (Sam-Yellowe et a/.,

- 2004) that might stabilize this structure via disulfide bonding. In rifins alone, the

equivalent of the N-termiinal TM segment has an unusual sequence composi-

~ tion, suggesting it might have functional interactions different from the rest of

the family. Analysis of genomes of other apicomplexans revealed smaller

~expansions of comparable 2 TM domains in Theileria (e.g., TPOS_ 00609 family)
_and T. gondii (Table I). Onc of these 2 TM families typified by PFL0O745¢ is

interestingly conserved in all completely sequenced apicomplexans. Although

there is no detectable sequence similarity between thesc proteins and the
. Plasmodium proteins, it is likely that they all adopt similar structures. Thus,
2 TM proteins appear to have a much wider presence in apicomplexa and
.~ possibly emerged from a common ancestor earlier in evolution.

Theileria contains a unique LSE of TM proteins with a conserved 7 TM

 domain (Fig. 5), the Theileria-specific repeat protein family (TSRP; also
__known as Theileria parva repeat, TPR family. We recommend the former
. nomenclature to avoid conflation with the well-known but unrelated tetra-
- tricopeptide or TPR repeats) (Gardner et ¢f.. 2005; Pain ez af., 2005). The

family contains around 40 proteins, most of which are closely related, sug-

_ gesting a proliferation. This domain appears to have a distinct conservation
- pattern in both the TM and loop segments including one GXG signature
_ embedded in a TM segment, suggesting it might form channel-like structures.

There are several other smaller families of multi-TM proteins conserved
in one or few apicomplexan lineages, but most are of unclear functional
significance (Table I}.
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3. Low-Complexity Protein Families Among Apicomplexan
Surface Proteins

Extracellular domains of numerous apicomplexan surface proteins are Com-
posed almost entirely of low-complexity segments of regions that show a
biased/repetitive anino acid composition with overrepresentation of certain
types of residues. Such low complexity segments may also be combined with
previously described types of structured domains in the same polypeptide
(Fig. 5). These low-cornplexity segiments do not necessarily have similar func-
tions and might have convergently evolved on muitiple occasions. Yet, in most
apicomplexans several genuine families of Tineage-specifically expanded low-
complexity proteins can be identified (Table I}. For example, the lineage-
specific ETRAMP family from Plasmodivm, whose members localize to the
PVM, contains proteins with an external-facing, highly positively charged,
lysine-rich, low-complexity region (Spietmamn et al., 2003). A comparable
family of proteins with external low-complexity segments was detected in
T. gondii. T. gondii also codes for two proteins cach with a C-terminal 4 TM
domain and an N-terminal extracellular region with 3 to 6 repeats of a specific
highly polar low-complexity sequence (Fig. 5). Thus, such surface proteins with
charged or polar low-complexity external domains appear to be widely utilized
in the apicomplexan crown group. Alcoholic side chains of low-complexity
segments enriched in serine/threonine serve as sites for polysaccharide attach-
ment and are termed mucins. These are found in a large number of surface
proteins from Cryptosporidiumand T. gondii, which possess an O-linked glyco-
sylation pathway (Stwora-Wojczyk et al., 2004; Templeton et al., 2004a)
(see Section IV.A; Table 1). In Cryptosporidium there is an cxpansion of
such proteins, the glycoprotein 40/15 family, whose extracellular regions are
largely comprised of mucin segments. C yyptosporidium also contains a
remarkable 11,696 residue-long secreted protein (cgd3_720) with 17 copies
ofa Cryptosporidium-speciﬁc all-p strand cysteine-rich globular domain, most
copies of which contain an insert of a mucin segment. In both T. gondii and
Cryptosporidium, there are several mucin segments that form low-complexity
stalks for globular domains {Fig. 5). Glycosylated g/T-rich stretches or mucins
thus appear to be another common theme between animal and apicomplexan

adhesion proteins {Templeton et al., 2004a).

C. Secreted and Celi-Surface Enzymatic Domains
in Apicomplexans

Apicomplexans possess several secreted or membrane-anchored enzymes, SOMe
of which might be extruded via rhoptries or exported into the host cell during
intracellular parasitism. Some of the most common among these extracellular
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e?‘iymesf?lrcdsevcrai types of peptidases, protein kinases (Table ), a diverse
? up o y rolases, and some metabolic enzymes that utilize host substrates
or synthesis of metabolites needed by the intracellular parasite

1. Peptidases

Secretion or deployment of memb i
it of rane-anchored peptidases is a com
fea%ur‘e of several paragites (Rosenthal, 2004). Importance of these en;';:i::;
in dglcomplexaq physiology was first realized m P. falciparum wl';ere a
number of peptidases were found to be used in degrading the, host cell
Iggt:n;lsl (IGf)f)ef)it;alfrTl et al., 2002; Liu er al., 2006; Miller er al ’;007b'
senthal, 2004). The falcipain—/cryptopain-like far;{ io] proteases
, , 20 . amily of thiol proteas
?1thlpept1dasc dpm;uns of the papain-like fold and the toxomeéjsin}}igl:
simz y with pepsm.-hke': .aspartyl peptidase domains are found in all apicom-
piexans an'd also in ciliates (Eisen er af., 2006; Rosenthal, 2004). In each
;:fziit; (l%nza}ge,l thecyl' ISI}’;OW small or large LSEs and potential ;ubstrate
: ables 1 and II). Their phyletic patterns sugges ik
! esla . s suggest they are likely
lée' aecreted. 'dlgcstwe proteases inherited from the ancestilal alveiiitte?
(t; ;}:é{ég)g ld%wéij 7]”3 gondii, and Plasmodium encode a subtilisin-like protease;
v Tg and PfSUB2) secreted into rhoptries {
fied by T : 32) ¢ ptries {Bradley et al.,
g)OSI;-Il\./ﬁllcr et cgzl., 2003). Analyms of rhoptry proteins has also uncgverefll a
grf,i i 1d Iel: dtrypsm-tgp.e serine protease conserved in the apicomplexan crown
¢ secreted into rhoptries. Evolutionary affiniti
: > an ,, . ary affinities of both thes
Erate?ses suggest they were probably acquired by the apicomplexan throue:iel
étera trans:fqr from a bacterial source. Another interesting protease fo und?n
mryptt)()fporldzun1 and 7. gon.dii .(e.g., cgd6 670), but lost in other lineages, is a
aesr: fr(;ge-%ﬁchored cl.ostnpam'-type peptidase {thiol peptidase of the ,cas-
E)) se o. é The N-tf:rmmall peptidase domain of this protein is bacterial in
rigin and is combined with C-terminal NL1 and EGF domains of animal
origin (Templeton e? «l., 2004a) (Fig. 4). e
pa"lilsjifarartz XTS?TLbSIESI)OfPOther secreted protease families restricted to
a (Table I): P. falciparum shows expansions of pepsin-li
vart taxa (Te ) P f : epsin-lik
n;pa.rtyl proteases and papain-like thiol proteases, respectively, fgrging ihcei
goeészlgepsm and_ SERA protease families (Liu er al., 2006; Miller et af
Sé\rme): Inlterestlfngllly, some members of the SERA family have an activ;
in place of the usual catalytic cysteine seen in oth i
fold. Cryptosporidium has a LSE of insulinas o e
X over 11 insulinase-like metall ¢
whereas T. gondii has a singl ' i i g o the
_ s gle homolog of this protein localizing t
rhopt;les (Abra}.lamsen et al., 2004; Bradley et al., 2005). Son%e (())t}lnzi
fne:m rarllc-assomated proteases are present more sporadically in certain
dpxcmr:p €xans. .One notable example is a large secreted zincin-like metallo-
p?teahse found in hemailtozoans (e.g., PFD0425w) and is related to a family
of such enzymes found in the predatory bacterium Bdellovibrio. Ilfhte]restimglyy
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Cryptosporidium also possesses a stand-alone secreted version of the HINT-
type peptidase domain (Templeton ez al., 2004a} that is closely related to the
equivalent domain found in animal developmental regulators, the Hedgehog
proteins (Dellovade et al., 2006) (Fig. 4). This appears to be a clear case of
lateral transfer from animals, and as in the latter might function as a
signaling molecule.

2. Secreted Protein Kinases and Phosphatases

Members of the R45 kinase family have signal peptides, a peculiar variant of

the ATP-binding site in the N-terminal kinase subdomain, a conserved
N-terminal extension with a characteristic tryptophan, and cysteines forming
potential disulfide bonds in the C-terminal kinase subdomain. They are
present in Plasmodium, T. gondii, and Cryptosporidium, suggesting they
were present in the ancestral apicomplexan. The P. falciparum versions
contain a PEXEL motif (see Section IV.E.1) and are imported into the host
erythrocyte where they are believed to target host proteins (Oakley et al.,
2007; Schneider et al., 2005). Presence of signal peptides in other apicom-
plexans suggests they were ancestrally secreted kinases that probably
mediated host-protein phosphorylation from early in their evolution. Expan-
sion of this family in a few Plasmodium species is mirrored by the expansion
of a very different kinase family, namely the Rop kinases in 7. gondii (El Hajj
et al., 2006). The remarkable LSE of Rop kinases in 7. gondii includes 34
distinct kinases, at least 15 of which localize to tachyzoite rhoptries and are
extruded into the host cell during invasion (Bradley er al., 2005) (Table I1}.
These kinases are characterized by the presence of a conserved pair of
cysteines in the C-terminal kinase subdomain that are likely to form a
disulfide bridge. Some of these proteins appear to have disruptions of cata-
lytic residues in the kinase domain, suggesting they might be inactive and
merely act as peptide-binding molecules. Plasmodium and T. gondii also
contain a family of secreted protein phosphatases of the PP2C superfamily.
Although a single copy is seen in all Plasmodium species, it shows an LSE in
T. gondii with around eight members, of which at least one is delivered by
rhoptries and localizes to the host nucleus (Gilbert et «f., 2006). It is quite
possible that, like secreted kinases, these phosphatases are also extruded into
the host cell via rhoptries and target specific phosphorylated serines and
threonines on them (Table II).

3. Other Secreted Enzymes

Of the several other extracellular enzymes hydrolases, especially phosphohy-
drolases seem to be dominant. At least six different types of such phospho-
hydrolases are seen in apicomplexans, namely pyrophesphatase (PPX),

APICOMPLEXAN SURFACE PROTEINS 39

apyrase, glycerophosphoryldiesterase, a membrane-anchored alkaline
phosphatase-like enzyme, an AP-endonuciease-like phosphodiesterase, and
rhoptry protein Rop9, which is a phosphatase of the HAD superfamily. All
apicomplexans also encode two uncharacterized secreted «/f hydrolases,
which might possibly function as lipoesterases or even proteases. 7. gondii
and Cryptosporidium alsc code for a peculiar copper-dependent amine oxi-
dase, whose N-terminal catalytic domain and C-terminal adhesion-related
MAM domain both appear to have been acquired through lateral transfer
from the animal lineage (Templeton ef «l., 2004a) (Fig. 4). However, ali of
these enzymes, irrespective of their ultimate provenance, show phyletic pat-
terns indicating their presence in the common ancestor of apicomplexa, with
subsequent loss in certain lineages. This suggests the ancestral apicompiexan
already deployed a sizable battery of cell-surface enzymes. At least a subset
of these, like one of the o/B hydrolases, are also present in ciliates (Eisen et al.,
2006), suggesting they might belong to a more ancient alveolate set of
secreted enzymes. In contrast, secreted versions of the PFACSs involved in
fatty acyl CoA synthesis appear to be a Plasmodiwm-lineage -specific innova-
tion, derived from related enzymes that normally function in intracellular
contexts (Matesanz ¢f al., 2003; Norimine et al., 2006). Plasmodium also
exports a paralogous group of lysophospholipases that might degrade host
phospholipids to provide it with lipid intermediates or to modify the host
membrane (Qakley er ¢/., 2007). Another lincage-specific enzyme expressed
specifically in insect stages of Plasmodium development is the chitinase,
belonging to the TEM barrel fold. This enzyme might have been acquired
through later transfer from insects themselves and is required for degrading
chitin while penetrating the peritrophic membrane of the mosquito gut
{Vinetz et al., 2000).

4. Membrane-Embedded Enzymes with Possible Role in Survival,
Signaling, or Pathogenesis

Like other eukaryotes, apicomplexans possess a range of membrane-

embedded enzymes that might drive ionic and molecular transport (e.g.,

classical P-type ATPases and ABC transporter ATPases), lipid and glycolip-
id biosynthesis, or membrane protein modification and processing
(Abrahamsen er al., 2004; Gardner et al., 2005). However, apicomplexans
do not appear to have membrane-anchored receptor kinases and possess only
a few other receptor enzymes compared to crown-group eukaryotes. As they
spend most of their existence as intracellular parasites or need to shicld their
cell surfaces from host immune responses, they might not extensively depend
on enzymatic receptor molecules. Yet, there are few notable exceptions,
which might play a potential role in the parasite’s interactions with the
host. Two adenylyl cyclasecs with highly distinctive domain architectures
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are found exclusively in apicomplexans and ciliates (Linder et al., 1999,
Weber et al., 2004). The first of these represented in all four sequenced
apicomplexan taxa is a gigantic protein with 22 TM segments, a P-type
ATPasc domain, and two cyclase catalytic domains (PF11_0395). The sec-
ond, which is lost in Theileria, combines a distinctive N-terminal potassium

channel domain with a C-terminal cyclase domain followed by TPR repeats :

(PF14_0043). Their remarkable conservation suggests they were part of the
ancestral signaling apparatus shared by alveolates. Localization of the first
version to outer alveolar membranes suggests it might transmit signals in
response to icnic changes in the alveolar sac. The second version might be a
dual regulator that uses both ion flux and cyclic nucleotide generation to
control alveolate extrusomes. This suggests cCAMP signaling induced by these
enzymes is likely to play a major role in the parasite response to extracellular
stimuli or environmental ionic changes.

Other membrane-embedded enzymes with possible signaling roles include
an enigmatic pan-apicomplexan protein {(e.g., PF14 0350), with an
N-terminal multi-TM domain fused to a C-terminal intracellular GCN3-
related N-acetyltransferase domain. This implies apicomplexans might pos-
sibly deploy an unprecedented signaling mechanism involving acetylation of
downstream proteins by this membrane-embedded enzyme. Another enig-
matic enzyme is a highly distinctive S2P-superfamily membrane-embedded
Zn-metalloprotease of apicoplast endosymbiont origin, which is found in
T. gondii and Plasmodium (e.g., PF13 0260}. S2P proteases have been impli-
cated in both bacteria and eukaryotes in signaling via intramembrane cleav-
age of substrate proteins (Makinoshima ez /., 2006). This phenomenon plays
a major rele in regulating expression of virulence factors in Vibrio cholerae
and Mycobacterium tuberculosis (Makinoshima et al., 2006), pointing to the
possibility that similar membrane-associated cleavages may be critical for
apicomplexan host-pathogen interaction.

V. Maturation, Deployment, and Export of
Apicomplexan Surface Proteins

Apicomplexans share with other eukaryotes an elaborate apparatus, composed
of vesicular transport systems and the Golgi network, which is required for
maturation of surface proteins (Lingelbach and Przyborski, 2006). However,
they also have the unique extrusion system of the ancestral alveolate in the form
of the apical complex and the system for exporting proteins into the host cell.
Here, we consider some key molecular aspects of surface protein maturation
and modification relevant for parasitic interactions. Then we explore new
insights regarding the specialized export and extrusion systems.
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urface Protein Maturation: Glycaosylation Pathways

complexans possess two major glycosylation pathways in common with
or eukaryotes—the GPI anchor pathway that synthesizes glycophospho-
d anchor of membrane-anchored proteins and the N-linked glycosylation
hway that carries out oligosaccharide modification of amide groups of
sparagines (Templeton et al., 2004a; Varki et al., 1999) (Fig. 6). However,
reconstructed apicomplexan versions of these two pathways show several
unique features. Cryptosporidium, T. gondii, and Plasmodium also possess
one or both of two O-linked glycosylation pathways that modify hvdroxyl
groups of alcoholic amino acids (Stwora-Woiczyk et ai., 2004; Templeton
et al., 2004a). Comparable O-linked glycosylation pathways occur primarily
in animals (Varki ef al., 1999). GPI anchor biosynthesis in apicomplexans is
similar to other eukaryotes except for the absence of enzymes catalyzing
adducts of multiple ethanolamine units and the fourth mannosy! unit. This
latter feature is shared with ciliates, suggesting the mannose chain in alveo-
late GPI anchors is shorter (Fig. 6). Ciliates possess only two homologs of
ethanolamine transfer enzymes (GP17 and PIG-0O}, whereas apicomplexans
only possess one (PIG-Q}. This might mean that either PIG-O catalyzes
multiple ethanolamine transfers by itself, or alveolates have fewer ethanol-
amine adducts, with apicomplexans specifically having only the one adduct to
which the polypeptide is covalently linked. Cryptosporidium, interestingly.,
tacks the classical deacetylase catalyzing the second step of the GPI pathway.
However, it encodes an unrelated bacterial-type sugar deacetylase that might
effectively perform the same function (Templeton ez ¢/., 2004a). All alveolates
lack the GPI anchor deacylase which removes the palmitoyl chain in the
terminal step of the pathway. Cryprosporidium and Tetrahymena also lack
the palmitoyltransferase (P1G-W). This raises the intriguing possibility that at
least in some alveolates the pathway might entirely bypass the palmitoylation
step (Fig. 6). In crown-group apicomplexans, which possess a palmitoyltrans-
ferase, a different distantly related enzyme, such as the membrane-anchored
esterase prototyped by PF11 0168, could perform deacylase function.
Alveolates possess enzymes to synthesize the primer for polysaccharide
slongation in N-glycosylation, dolichyl phosphate, from dolichol. However,
~analysis of reconstructed N-glycosylation pathways suggests alveolates are
- unlikely to possess elaborately branched oligosaccharide side chains present
~in crown-group eukaryotes (Fig. 6). Plasmodium possesses only the first two
. enzymes for addition of two N-acetylglucosamine units and the final enzyme
- that transfers the polysaccharide chain from dolichyl phosphate to an aspar-
agine side chain in a protein (Templeton et al., 2004a). In contrast, remaining
lveolates possess enzymes for addition of a fonger linear chain of mannose
~and glucose to core N-acetylglucosamine (NAG) units, as well as enzymes
that trim the terminal glucose residues to produce pure mannan-modified
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proteins. Close similarity of ciliate and apicomplexan N -glycosylation path-
ways suggests that the latter more or less retain the essential core of the
ancestral alveolate pathway, without any currently known elaborations. Loss
of much of the pathway in malarial parasites suggests selective pressures
from host immune response against heavily glycosylated proteins have
possibly played a role in its abbreviation or aHeration {Gowda er al., 1997,

The shared O-linked glycosylation pathway of apicomplexans contains
two core enzymes (Fig. 6). First is the protein O-fucosyltransferase {e.g.,
PF16445¢) that transfers fucose to the hydroxyl group in target proteins. The
second step is catalyzed by the fringe-type glycosyltransferase that serially
elongates a carbohydrate chain on the fucose primer by adding B1.3 NAG
units. In Cryptosporidium alone, the fringe-type glycosyltransferase is fused
to a C-terminal polysaccharide pyruvyl transicrase (Andreishcheva er al.,
2004), suggesting the O-linked carbohydrate is further decorated by pyruvy-
lation. The first apicomplexan enzyme is closely related to the animal fuco-
syliransferases (POFUT1/2) and the second enzyme to animal fringe
proteins. In animals both enzymes are known to cooperate in producing
oligosaccharide modifications specifically on serines or threonines found in
EGF and TSPt domains (Luo ez al., 2006); hence, it is possible that apicom-
plexan versions similarly carry out O-linked glycosylation of the equivalent
domains found in various parasite adhesion molecules. Apicomplexans also
encode a sugar transporter related to the animal fucose-GDP transporter
involved in fucose uptake for surface adhesion protein modificatior: in ani-
mal cells (Lubke er al., 2001; Luhn et al., 2001). It is possible they use this
transporter for obtaining fucose-GDP from their hosts. The second O-linked
glycosylation pathway is found only in Cryprosporidium and T. gondii and is
rudimentary compared to that of animals (Fig. 6). Presence of mumerous
surface proteins with mucin segments in both these taxa indicates this system
is mainly geared toward modification of these segments on endogenous

FG. 6 Protein glycosylation pathways in apicomplexa. Four distinct pathways arc depicted:
GPi anchor biosynthesis, N-linked glycosylation, and two types of O-linked glycosylation-
conserved sections of pathways are enclosed in colored boxes, and lineage-specific or speculative
parts are shown outside boxes. Yeast homologs for proteins involved in GPI-anchor biosynthesis
and N-linked glycosylation pathways are shown below the enzyme name. Intra-alveolate phyletic
distributions of enzymes involved in N-linked gtycosylation and GPI anchor biosynthesis are
shown in black boxes next to enzymes. Genes in Plasmodium or Crypiosporidium are shown in
blue boxes next to the enzyme names in the O-linked glycosylation pathways. The reconstructed
oligosaccharide chain is represented using abbreviations for various sugars and functional
groups. Sugar residues or functional groups added or medified during a particular step of the
pathway are enclosed in white boxes. Speculative parts of the pathway are marked with a “?”".
Dol, dolichol; EtN-P, Phosphocthanolamine: Gal, Galactose: GalNAc, N-acetylgalactosamine;
Gle, Glucose; GleNAce, N-acetylglucosamine; Man, Mannose; Ine, Inositol. “X?” indicates the
uncharacterized sugar added by the LPS- glveosyliransferases. (See also color insext.)
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proteins (Stwora-Wojczyk ef af., 2004; Templeton e al., 2004a). This path-
way is initiated by the 5 to 6 polypeptide N-acetyl-galactosaminyltransferase
proteins that belong to three distinct orthologous groups, each having an
animal representative. These enzymes catalyze transfer of NGlc from UDP-
N-acetylgalactosamine to the hydroxyl group in the protein. It is possible that
in apicomplexans subsequent elongation of the carbohydrate chain by addi-
tion of B 1,3-N-acetylglucosamine or f 1,3 galactose is carried out by the
fringe-like enzymes from the preceding pathway or by iterative action of the
first family of enzymes. Cryptosporidium also contains two genes (cgd5 3140,
cgdS 3150) for enzymes related to the bacterial LPS glycosyltransferases,
which might allow further organism-specific modification of either O- or
N-linked polysaccharides (Templeton er al., 2004a) (Fig. 6).

Phyletic patterns of these O-linked pathways, clear-cut evolutionary
affinities of core enzymes and the fucose transporter to animal versions,
and presence of the target adhesion protein domains such as EGF and
TSP1 shared with animals suggest that this pathway was acquired early in
apicomplexan evolution through lateral transfer of corresponding genes
from animal hosts. The pathway related to the modification of mucin seg-
ments is retained in Cryptosporidium and T. gondii, suggesting that it was
originally selected for an important role in adhesion and survival in condi-
tions specific to animal guts. Subsequently, with emergence of predominantly
hemal parasitism in hematozoans, there appears to have been intense selec-
tion against O-glycosylated proteins by the vertebrate immune system. As a
result, one {the mucin modification) or both (in piroplasms) pathways were
eliminated in different hematozoan lineages. Thus, the O-glycosylation, es-
pecially the fucose-primed pathway, represents a probable example of acqui-
sition of both target protein domains and multiple enzymatic domains
through lateral gene transfer from animals.

B. Surface Protein Maturation: Protein Processing

Apicomplexans retain much of the conserved eukaryotic machinery for pro-
cessing of surface proteins through proteolytic cleavage, disulfide bond for-
mation, and lipid modifications. This includes core catalytic and structural
components of the signal peptidase complex, CAAX proteases, lipid
transferascs, diverse disulfide bond isomerases, and membrane-associated
proteases such as rhomboids and presenilins. We mainly discuss
apicomplexa-specific peculiarities in evolution of these components and
their role in regulating the dynamics of localization and exposure of diverse
cytoadherence and other host-interaction proteins. All apicomplexans have
multiple systems for modifying proteins with lipids, and thereby allow them to
be anchored the membrane. N-myristoyltransferases that modify N-terminal
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cines of proteins with myristoyl groups are conserved in all alveolates
Rajala et al., 2000). The ancestral alveolate also appears to have had at
gast 2 o-subunits and 3 B-subunits of the prenyliransferase (Zhang et al.,
- 1996), which potentially combine to form a farnesyltransferase that adds
farnesyl groups to CAAX signals and two distinct geranylgeranyltransferases
that modify CAAL or CC signal in proteins. The apicomplexan Rabll
protein with a CC signal, which might be critical for trafficking of proteins
to rhoptries (Bradley ez al., 2005), is one potential conserved substrate for type
o geranylgeranylation. Strangely, 7. gondii does not seem to encode any
homologs of the «-subunit. In contrast the CAAX metallopeptidase that
cleaves proteins for farnesylation appears to be missing in Plasmodium;
however, Theileria has three different versions. It would be of tremendous
interest to determine whether the Plasmodium protein has been displaced in
_evolution by another peptidase because these enzymes could potentially be
- exploited as drug targets. Protein palmitoylation system {Mitchell ez a/., 2006)
is extremely well-developed in all apicomplexans with 7 to 18 palmitoyltrans-
ferases of the DHHC family found in different taxa. One of these, typified by
PiAnkDHBC from Plasmodium, is conserved in all apicomplexans and hasa
unique architecture with N-terminal ankyrin repeats. This enzyme localizes to
the Golgi and is expressed in late schizont, just before merozoites escape
(Seydel er al., 2005). This suggests stage-specific palmitoylation of proteins
might be conserved across apicomplexans and serve to target proteins to
rhoptries and micronemes by means of lipid rafts. In particular, presence of
conserved cysteines in N-termini of several Plusmodium 2 TM proteins (see
earlier) and the pan-apicomplexan family of lipid-anchored proteins typified
by Cryptosporidium antigen CP15/60 (PF10_0107) are excellent candidates
for modification by palmitoylation.
Two major classes of membrane-embedded peptidases catalyzing intra-
membrane protein cleavage in eukaryotes are the presenilin and rhomboid
proteases (Dowse et al., 2005; Kopan et af., 2004). Rhomboids are found in
__three to eight copies in ditferent apicomplexans, and in both T. gondii and
_ Plasmodium they participate in cleavage of diverse surface proteins required
feor cytoadherence (Baker ef al., 2006; Baum et af., 2006; Dowse et al., 2005;
O’Donnell er /., 2006). It is known that parasites shed different adhesion
- molecules repeatedly in particular stages of their invasion. This alows them
_ to sequentially form initial transient contacts with the host cell, then reorient
_ the apical end for invasion, form the moving junction with invagination of
_ the host membrane, and finally complete internalization by dissolving the
_moving junction. In Plasmodium, two of cight rhomboid proteases (PFROM1
-~ and PFROM4) have been shown to be capable of cleaving a diverse range of
~adhesins from all stages of the parasite’s life cycle, including the TRAP
protein (Baker et «f., 2006). Similarly, at least three of six 7. gondii thom-
- boids have been implicated in cleavage of micronemal proteins, such as
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TgMicZ2 (Dowse et al., 2005). This suggests the action of rhomboid
proteases might be a conserved feature critical for shedding adhesins extrud-
ed by the apical complex during completion of invasion. PfROM3 is
expressed in gametocytes (Baker et a/., 2006), and it would be of interest to
investigate its role in processing stage-specific surface proteins required for
sexual union. A single presenilin is found in all apicomplexans except
Theileria and might be required for as yet unexplored aspects of surface
proteins dynamics.

Another group of enzymes required for surface protein maturation in
eukaryotes are protein disulfide bond isomerases, and apicomplexans possess
several paralogs of both versions belonging to the thioredoxin fold and
the unrelated ERV1-like superfamily (Mahajan er af., 2006). Investigation
has shown that one thioredoxin fold protein prototyped by PfPDI-8
(MALS8P1.17), which was ancestrally present in apicomplexans, facilitates
folding of the cysteine-rich adhesin EBA-175 in P. falciparum (Mahajan
et al., 2006). Given abundant cysteine-rich surface proteins in all apicom-
plexans, one might expect other PDISs to also be involved in proper folding of
these proteins during secretion or membrane targeting. In this context, it is
of considerable interest to note that PF13_0272 typifies a predicted PDI with
two membrane-spanning segments unique to apicomplexans and highly
conserved in them. This protein could possibly mediate a specialized folding
pathway for membrane-anchored, cysteine-rich proteins in apicomplexa.

C. Surface Protein Deployment and Connection
with Cytoskeleton

Studies indicate apicomplexan gliding movement and motoring of moving
junctions during invasion might share cytoskeletal components. TSP1-
domain adhesins such as TRAP, TgMIC2, and MTRAP (PF10 0281),
which are central to invasion, might be linked by aldolase to the glidosome
complex consisting of F-actin, Myosin A, and myosin light chain (Baumet al.,
2006, Kappe et al., 1999). Glidosome components also include (Gaskins et al,
2004): (1) GAPS0, 2 TM protein containing a divergent calcineurin-like
phosphatase domain that might be catalytically inactive; (2) GAP45 that
contains a C-terminal Zn-chelating domain similar to the knuckle-type Zn-
clusters. Both proteins are conserved throughout apicomplexa and are unique
ancestral innovations complementing the pan-apicomplexan TSP1-domain
adhesins. Localization of these adhesins to the motor complex appears to
depend on distinetive cytoplasmic tails, which are enriched in charged resi-
dues and bear an aromatic residue just prior to the C-terminus. GAP50 is
homologous to another membrane-associated protein, IMC2 conserved in
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T gondii (two copies) and Plasmodium. IMC2 and articulins, which are
conserved across alveolates, form the subpellicular protein-network (Mann
et al., 2001; Templeton er ¢/, 2004a). The two related membrane-associated
calcincurin-like proteins might possibly link the two distinct cytoskeletal
complexes with the pellicle. Thus, phosphopeptide-binding or phosphatase
activity of these proteins might be an unexplored aspect of cytoskeletal
dynamics. It will also be of interest to investigate whether other components
of the ARP complex, such as p34 or p20, which are highly divergent in
apicomplexa, are also part of the motor-adhesin linkage.

D. Rhoptries, Micrenemes, and Protein Exirusion
During Invasion

Release of rhoptry and microneme contents, following apical reorientation of
the parasite, is the key step in commencement of invasion. Rhoplry and
microneme contents appear to be required for forming the host-parasite inter-
face during invasion, as well as the PV upon completion of invasion. Primary
rhoptry proteins themselves seem to be packed in a crystalline array in the
rhoptry’s bulb. Detection of specific proteins, such as CLAG (Kaneko ef al.,
2001, 2005), localizing only to the neck of the rhoptry, suggests it forms a
specialized duct comparabile to unicellular glands in animals. Insights regarding
the operation and function of rhoptries have emerged from large-scale pro-
teomic studics on 7. gondii and P. falciparum rhoptries (Bradley ef al., 2005;
Sam-Yellowe et al., 2004b). As a result, it appears that rhoptry components
might be distinguished into several distinct functional categories:

1. Structural and operational components of rhoptries include proteins that
actually contribute to the structure of organelle and its working. This cate-
gory contains ancient eukaryotic proteins related to protein trafficking that
appear to have been recruited for rhoptry-specific functions. The GTPase
Rabll is one such conserved component potentially critical for protein
trafficking into rhoptries. A sodium-hydrogen exchanger typified by
TgNHE2 appears to be critical for maintenance of osmolarity in rhoptries.
Another such multi-TM protein (PFF0645c¢), which is also found in ciliates
and animals, might form a critical structural component of the rhoptry
membrane. Interestingly, an uncharacterized protein rhoptry membrane
protein conserved in all apicomplexans contains 8 TM domains followed
by four calcium-binding EF-hand domains at the C-terminus (PF14 0607).
This might point to involvement of calcium signaling in the operation of
rhoptries. CLAG/Ron?2 proteins of the crown group apicomplexa appear to
be a key structural component of the neck.
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2. Processing components of rhoptries appear te be needed to further
process rhoptry proteins that initially pass through the classical secretory
pathway by means of their signal peptides. Although a short YXXh (where
h is a hydrophobic residue) motif has been implicated in localization of
proteins to rhoptries in 7. gondii (Hoppe et al., 2000}, there is no evidence
for such a motif in other apicomplexans. However, all apicomplexans possess
a group of conserved papain-like proteases that might be critical for proces-
sing rhoptry proteins. Likewise, the rhoptry localized insulinase-like metal-
lopeptidase, subtilisin-2 (TgSUB2), DegP-like serine proteases, and their

orthologs in other apicomplexans might be critical for processing of -

rhoptry-localized proteins.

3. Some surface proteins extruded by rhoptries are conserved to differing
degrees in apicomplexa and include various catalytic and noncatalytic pro-
teins that are potentially released into the host cell. Conserved enzymes
include diverse phosphatases such as PPX1, Rop9-like HAD phosphatases,
and the PP2C-like protein phosphatases, whereas noncatalytic proteins in-
clude sushi domain proteins which are either secreted or have a GPI anchor
(c.g., TgRonl) and an ancient apicomplexan protein with eight conserved
cysteines (¢.g., cgd5 170).

4. Analysis of both T gondii and Plasmodium rhoptry proteins suggests
there are lineage-specific vhoptry surface proteins, which might have con-
served domains, like the kinase domain, or no known conserved domain
Other than several kinase domain proteins, 7. gondii also extrudes cight
lineage-specific secreted or membrane-anchored proteins with no homologs
found even in other apicomplexans.

The last two categories of proteins are likely to be principal purveyors of
host-parasite interactions. Kinase domain proteins appear to have acquired
diverse roles—ROP2 seems to be inactive and is involved in recruiting host
mitochondria to the PV, presumably to fucl the growing parasite (Sinai et al.,
2001). Some extruded kinases and phosphatases might be targeted to host-
cell organelles (e.g., the nucleus) and play a critical role in altering the
behavior of the host (Gilbert et al., 2006). PPX1-like phosphatases localize
to the PV and might be needed to supply phosphate to the parasite. Evidence
from Plasmodium suggests the conserved sushi domain localizing to the
rhoptry neck (TgRonl) in 7. gendii might play a role in invasion and is
subsequently shed by proteolytic cleavage (O’Keeffe er al., 2005). The
lineage-specifically expanded Py235 family of P. yoelii thopiry proteins
with coiled-coil regions and their homologs, P. vivax, RBP-2, and PfRBP-
2Ha/b are required to target erythrocytes, and in P. vivax, they appear to be
critical for preferentially targeting reticulocytes (Galinski et af., 2000; Keen
et al., 1994; Rayner et al., 2000).
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Throughout apicomplexa, micronemes deliver adhesins, with EGF, vWA,
and APPLE domains (¢.g., TeMIC2, TgMIC6, TgMICE, TRAP, AMAL,
CTRP), invasion proteins {(e.g., MAC-perforin proteins), and low-complexity
proteins (¢.g., PISPECT[!] and TgMIC12) (Baum er af., 2006; Ishino et of.,
- 2004, 2005). Many microneme TM proteins possess a C-terminal tail with
- charged residues and a conserved aromatic residue close to the C-terminus
and are targeted for cleavage by rhomboid proteases during adhesin-
shedding upon completion of invasion (Opitz et af., 2002). Different stages
of the parasite might express different microneme contents; for example,
Plasmodium sporozoite micronemes deliver PbSPECT(1), a secreted protein
with extracellular coiled-coil segments similar to animal extraceliular matrix
protein laminin domain, and SPECT2, with a MAC-perforin domain for
initiat penetration of Kupfier cells (Ishino ef af., 2004). Interestingly, analysis
of T. gondii rhoptries did not recover microneme-targeted proteins, such as
adhesins (e.g., TgMIC12). Thus, it secems likely adhesins and other compo-
nents are separately trafficked into micronemes and probably delivered to the
neck of rhoptries, just prior to invasion. This is supported by the association
of rhoptry neck protein PfRond with the AMA] adhesin delivered by
micronemes during P. falciparum invasion (Alexander ef al., 2006).

In evolutionary terms, very few rhopiry proteins are also found in ciliates
and mainly include operational components such as Rabli, TgNHE2, or
PFF0645¢. Processing proteases of the papain-like fold and perhaps the
msulinase-like peptidase also show comparable phyletic patterns (Table I1).
Few other conserved, uncharacterized membrane proteins, as well as a
large armadillo-repeat protein {c.g., MAL13P1.308), and some cytoskeletal
proteins which are shared by ciliates and apicomplexans might also be as-yet-
unidentified components of rhoptries or alveolar sacs. The ancestral extru-
sion system of alveolates might have in large part been an adaptation of pre-
existing cytoskeletal, protein-processing and secretory elements, with a few
Hneage-specific innovations. At least four proteins are suggested to be ances-
tral components of the apicomplexan rhoptry. These include a secreted
enzyme (RopS HAD phosphatase), potential adhesion molecules (the sushi
domain protein [O’Keeffe ef of., 2005; Templeton e al., 2004a}), and a
potential signaling molecule {the 8-TM protein with EF-hand domains).
The apicomplexan crown group appears to have acquired DegP-like pro-
teases and Clag/Ron2- and Rond-like rhoptry neck proteins. Most other
proteins appear to be lineage-specific adaptations. Thus, although rhoptries
are morphologically conservative structures, their major protein contents ap-
pear to have undergone notable lineage-specific diversification in apicomplexa,
probably providing the fine-tuning to suit ecach parasite’s requirements.
Likewise, microncme products also display lineage-specific diversity, but at
least one adhesin each with TSP1 and EGF domains, and a MAC-perforin
prolein was potentially present in ancestral micronemes.
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E. Protein Export by Apicomplexans During Intracellular
Life Cycle

1. The PV and the PEXEL/VTS System in Plasmodium

Phyletic distribution of the PV indicates it is an ancestral feature of apicom-
plexa, which probably emerged as a result of the ancestral invasion strategy
used by the progenitor of the dinoflagellate-perkinsid-colpodeilid-apicom-
plexan clade. The PV is derived from invagination of the host cell formed
during invasion (Lingelbach and Joiner, 1998). Consistent with this, experi-
ments in different apicomplexans have shown the PV is largely composed of
host lipids, but initiation of its formation depends on discharge of rhoptry
contents. It is also likely the PVM, while excluding host proteins, incorpo-
rates proteins initially discharged from rhoptries and those exported by the
internalized parasite. Lack of PVs in piroplasms is a derived condition
resulting from their escape from incipient invaginations formed during inva-
sion (Lingelbach and Joiner, 1998; Ward et al., 1993). The PV is believed to
participate in protein export as well as nutrient concentration and uptake.
The latter function has several facets such as providing diffusion pores for
nutrients or recruitment of host mitochondria around the PV in the case of
T. gondii. Both parasites residing within PVs or directly in the host cytoplasm
are known to export proteins that enter different organelles of the host cell or
localize to the host cell membrane. This is one of the most important areas of
parasite physiology that is poorly understood. Several advances, especially in
Plasmodium, have provided leads regarding protein export into the host, but
at the same time have raised muitiple unanswered puzzles. In the course of
IDC, Plasmodium faces challenges very different from most other parasites.
Mammalian erythrocytes, in particular, have limited metabolic activity,
being more or less just hemoglobin packets. As a result, findings from
Plasmodium TDC might not necessarily generalize to other stages, such as
the hepatic cycle, or across other apicomplexans, which often infect nucleat-
ed cells with an active physiology. Newer ultrastructural studies have sug-
gested the PV membrane itself is continuous with the membranous network
termed the tubulovesicular network (TVN) that pervades the erythrocyte
during the ring stage (Wickert et al., 2003a). However, there is considerable
debate among researchers as to whether structures known as Maurer’s
clefts (MC) are also directly connected to the TV network or whether the
MCs bud off from the TVN {Spycher et al., 2006; Wickert er al., 2003a).
Several studies seem to indicate that parasite-encoded trafficking proteins
such as COPII, SARI1-like GTPases, Sec3l, and Sec23 localize to MCs
suggesting they might play a major role in the transport of molecules to the
host cell or the host membrane {Sam-Yellowe et al., 2004a; Wickert er al.,
2003b). Petails of the process by which membrane proteins are trafficked to
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the PYM and beyond are also debated and not well understood (Lingelbach
and Przyborski, 2006).

The main advance in understanding protein export was the discovery of
a short peptide motif termed PEXEL (Plasmeodium export clement} or
VTS (vacuolar translocation signal) required for targeting of both TM and
soluble secreted proteins to the host cell or host membrane, respectively
(Hiller et al., 2004; Marti er al., 2004). This motif is of the form [RK]X
[LFIIXE, where X is any amino acid, and is likely to form a short-charged
helical segment. It is often encoded by a separate exon and usually occurs at
the N-terminus of the protein, downstream of the conventional signal pep-
tide, and in proteins with other glcbular domains, it typically precedes the
globular domain. Independent studies have confirmed the requirement of the
PEXEL motif and shown its ability to drive trafficking of heterologous
proteins, such as GFP, into the host cytoplasm (Hiller ef af., 2004; Marti
et al., 2004; Spielmann ez af., 2006). Yet, several issues question the wider
significance of the PEXEL motif: {1) There are several proteins without
PEXEL motifs (e.g., MAHRPI, REX1, and REX2) that are also exported
into the host cell {Spielmann er al., 2006; Spycher et al.,, 2006). (2) The
PEXEL motif is implicated in transport of soluble proteins, TM proteins,
as well as the more mysterious PFEMP! which lacks any obvious TM or
signal peptide (Hiller ez al., 2004; Marti ef al., 2004; Spielmann e7 ai., 2006).
Conventional knowledge of protein transport has indicated vesicle or mem-
brane fusion mechanisms for export of TM proteins and use of generic or
specific pores or translocators for soluble proteins (Spycher e7 al., 2006).
Hence, use of a common targeting motif by different types of proteins is
puzzling. (3) The rise to prominence of the PEXEL motif appears to have
happened relatively recently in species such as P. falciparum. Proliferation of
the exon encoding the PEXEL motif region and combination with portions
of genes encoding remainders of exported proteins, followed by lincage-
specific expansion of several of these genes, has been the main cause for the
explosion of PEXEIL-containing proteins. (4) The PEXEL motif is not con-
served in other apicomplexan genera, despite at least some of them being
known to export proteins into hosts. These points suggest the PEXEL motif
is an important adaptation in Plasmodium, but it is unlikely it is the ancestral
apicomplexan host-targeting signal or the only signal for protein export.
Nevertheless, it has considerabie predictive value in delineating the comple-
ment of proteins exported by Plasmodium into the host cytoplasm, especially
during the IDC (Hiller er al., 2004; Marti ef /., 2004). One study has also
proposed the phylogenetically distant oomycete intracellular parasite,
Phytophthora, might have an export motif similar to the PEXEL

_ (Bhattacharjee ez al., 2006). However, even if confirmed, given the previous

points, it is likely to be a case of chance resemblance or convergence.
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2. Role of Exported Proteins in Apicomplexan Pathogenesis

The functions of exported proteins are of enormous interest given that
parasites not only modify the host cell at a microscopic level, but also alter
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Many host-cell-targeted enzymes in P. falciparum may or may not contain
canonical PEXEL motifs. These include the plasmepsin and SERA pepti-
dases, the PACS family of acyl CoA synthetases and lysophopholipases
involved in lipid metabolism, and R45 family of kinases. Of these, plasmep-
sins and PfACSs appear to be involved in obtaining nutricnts for the parasite
by mobilizing fatty acyl CoA and amino acids from digestion of hemoglobin,
respectively. A subset of R45 kinases appears to be overexpressed in response
to conditions such as febrile temperature, suggesting they might modify
target host proteins for phosphorylation in specific conditions to allow

parasite survival (Oakley ef &f., 2007). It would also be of interest to investi- .

gate whether host-targeted lipid metabolism enzymes are required for mod-
ifying internal membranes or forming the PV and TVN. The RESA family of
DNAJ domain proteins is another major set of exported proteins with
PEXEL motifs {Aravind et «¢l., 2003b). The majority of RESA-like genes
show elevated expression under febrile temperatures (Oakley er al., 2007),
and disraption of the RESA gene results in decreased parasite survival under
these conditions. RESA appears to interact with the spectrin cytoskeleton
and possibly stabilizes it from disruption under high temperatures by recruit-
ing components of heat shock machinery such as proteins of the HSP70
family (Silva er «l., 2005). RESA proteins contain an N-terminal PRESAN
domain that occurs in over 70 distinct copies in P. falciparum, including
numerous stand-alone subtelomerically encoded versions with N-terminal
signal peptides and PEXEL motifs (Figs. 5, 7B, Table I). They are present
in fewer copies in other species such as P. vivax. The PRESAN domain is
distantly related to the a-helical VGD but lacks the cysteines present in them
(Oakley er al., 2007), suggesting that in all cases it is likely to function within
the host cytoplasm. There is also evidence from genome-scale expression
analysis that most genes encoding PRESAN domain proteins are expressed
during the IDC (Bozdech et al., 2003; Daily et «l., 2005) (Fig. 7A). Given the
precedence of RESA’s interaction with spectrin (Silva et of., 2005), it is
possible that it is required for interacting and remodeling the host cytoskele-
ton, which might be especially significant for formation of the parasite-
induced structures such as MCs and knobs. PRESAN domains, which were
probably derived from the VGD, along with the spread of the PEXEL motif
among subtelomerically encoded protein families appear to represent major
new adaptations of the Plausmodium lincage.

A single ortholog of three paralogous P. falciparum proteins REX3/REX4/
MAL3P8.16 is seen in other Plasmodium species. These proteins contain
a conserved all o-helical domain of about 150 residues and are likely to
form aggregates in the host cytoplasm through interhelical interactions
(Spielmann et al., 2006). They represent a set of peorly characterized con-
served proteins with PEXEL motifs present across Plasmodium and might be
early adaptations of the genus involved in modifying the host cytoplasm.

APICOMPLEXAN SURFACE PROTEINS 55

They also indicate that in P. yoelii and P. vivax the PEXEL motif might
assume more divergent forms like RXLX[AS]. It is possible that PEXEL
motif-based protein export emerged as a parasitic adaptation to survive in
the metabolically limited crvthrocytes. This was possibly followed by an
evolutionary arms race resulting from development of different host defense
mechanisms, including possibly the febrile response. As a result, certain
families of PEXEL-containing proteins appear to have undergone expansion
as countermeasures in species such as P. falciparum. In contrast, apicomplex-
ans such as 7. gondii, which reside in host cells with more active metabolism
than erthrocytes, possibly do not require as extensive an cxport system as
Plasmodium during intracellular development.

Macroschizonts of Theileria undergoing nuclear division within leukocytes
cause their proliferation and dedifferentiation and protect them against
apoptosis. As they continue development into merozoites, proliferation of
leukocytes slows down and ultimately stops. These unique aspects of
Theileria bioclogy have been attributed to secretion of proteins into the host
cell by the parasite. Two related types of DNA-binding proteins, TashATs
and SuATs, with AT-hook motifs that translocate to the host nucleus might
play a major role in this process in 7. annulata (Pain et of., 2005; Shiels et al.,
2004). These proteins are encoded as a part of a large tandem cluster of
chromosomally internal genes and might use their AT-hook proteins to alter
host chromatin structure similar to the HMG-I/Y proteins {Aravind and
Landsman, 1998). TashATs might induce transcription changes that favor
proliferation, and SuAT1 might have a role in regulating host cytoskeletal
gene expression. Interestingly, related T. parva TpHN genes do not encode
canonical AT-hook proteins (Pain er af., 2005). Some of them have motifs
such as “PGRP” C-terminal to their FAINT domains that might bind DNA
analogous to AT-hooks of the 7. annuluta proteins. Thus, proliferation of
proteins with AT-hook motifs C-terminal to FAINT domains is a develop-
ment that occurred only in the 7 anmuduta lincage. Both the Theileria species
and Babesia encodé an array of related proteins with FAINT domains
(Fig. 5) likely to be secreted into the host cytoplasm and act as mediators

»of physiological ‘changes associated with tracellular parasitism by

piroplasms. The possible Ig-like B-sandwich structure predicted for FAINT
domain provides an excellent scaffold that might have diverged to bind a
variety of target molecules.

Comparison of functions of various extruded or exported proteins point to
certain analogous adaptations that appear to have evolved convergently.
Ancestrally apicomplexans might have used extruded kinases as 4 means of
altering host physiology through phosphorylation. Proliferation of exported
or extruded kinases in both Plasmiodium and T. gondii suggest that this theme
was repeatedly expanded, probably broadening the range of targeted pro-
teins. Within hematozoans, Plasmodium and Theileria have relied upon LSE
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and diversification of a single novel domain (PRESAN or FAINT) as an
interface for different aspects of host interaction. However, Plasmodium
appears to be unique in deploying a panoply of proteins ranging from meta-
bolic enzymes and proteases to host-cell stabilizing components such as
RESA. Another salient point is that, as a rule, there is immense lineage-
specific diversity in host-interaction proteins even in closely related species
with similar hosts and life cycles. This is best exemplified by the numerous AT-
hook proteins within FAINT domain expansion in 7. anaulata and RESA-
like DNAJ domains expanded in P. falciparum (Fig. 5). These observations
imply that proteins at the interface of host-parasite association are under
intense selective pressures and are constantly modified via fresh innovations.

V. Regulation of Surface Protein Gene Expression

Regulation of genes encoding surface proteins is an important aspect of
parasitic life cycles with each stage requiring a different set of proteins to
be secreted or expressed on the membrane. Additionally, antigenic variation
in apicomplexans appears to be mainly due to specific regulation of gene
expression. Though these processes were poorly understood, data suggest
that like other cukaryotes, apicomplexans show evidence for chromatin level,
transcriptional, and posttranscriptional RNA-level regulation. However,
there is evidence apicomplexans differ considerably in their repertoire of
regulatory factors, especially transcription factors and RNA-level regulators
(Ralph er al., 2005).

A. Chromatin-Level Controls, Telomere Effect, and
Transcription Reguiation

Apicomplexans are seen to have a rcbust complement of chromatin proteins,
including certain lineage-specific versions, suggesting they effectively deploy
chromatin remodeling and epigenetic mechanisms to regulate gene expres-
sion. Studies on antigenic variation of P. falciparum have yielded considerable
details regarding chromatin level regulation (Ralph et al., 2005). At a given
time parasites overexpress one var gene while silencing most others. Promo-
ters of both active and silenced var genes can drive expression of plasmid-
borne reporters, suggesting they are all competent to drive transcription. This
pointed to epigenetic factors playing a major role in regulation var gene
expression, The highly conserved intron in var genes can silence expression
of var promoters, and this intron itself contains a promoter which can
generate “sterile” transcripts that do not yield proteins. Establishment of
silencing by activity of the intron requires passage through S-phase. Taken
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together, these observations implied that a RNA transcribed from the intron
promoter could be involved in establishing repressive chromatin structure
that shuts off a var gene (Deitsch et ¢f., 2001; Frank e7 o/., 2006). Other studies
have shown subtclomeric location of var genes also plays an important role
(Duraisingh ef al., 2005; Figuciredo ef al., 2002; Ralph ef al., 2005). First, it
provides condensing chromatin (heterochromatin) that propagates inward
into subtelomeric regions from telomeres. Second, rep20 DNA repeats found
m P. falciparum chromosomes are often close to var promoters and allow
stable maintenance of transcription state by shielding it from surrounding
influences. Also, PfSir2, a histone deacetylase from telomeres, deacetylates
histones associated with var promoters and thereby favors their repression
(Duraisingh et al., 2005). Furthermore, it was shown that silenced var genes
cluster together in condensed heterochromatin in the nuclear periphery,
whereas the single active var gene leaves such a cluster and probably localizes
close to the nuclear pore, where it might be in a euchromatinic state. Here the
var promoter is hyperacetylated and drives active transcription. Shutoff is
believed to occur when the competing weaker intron promoter stochastically
generates 4 noncoding RINA that facilitates assembly of heterochromatin.
Possible involvement of noncoding RNA points to close coupling between
posttranscriptional silencing with chromatin-level silencing (Ralph er af.,
2005).

In all apicomplexans, most large lineage-specifically expanded families are
encoded by subtelomeric gene arrays (Fig. 7B, Table I). In P. falciparum,
there are var gencs, various families of PEXEL-containing proteins, and
other membrane proteins such as ETRAMPS. In P. yoclii and P. vivax
there are respectively PyST-B-2 TM and vir gene families. In Theileria, the
FAINT domain, ABC transporter, and TSRP families are predominantly
subtelomeric, whereas in subtelomeric regions of 7. gondii genes for SAG1/
SRS proteins and a group of mucins are found {Table I). In Cryptosporidium,
there are several smaller gene families coding such proteins as MEDLE,
SKSR, FGLN, and Cryprosporidium-specific 11 TM in subtelomeric regions.
Such expanded subiclomeric families are also encountered in both free-living
enkaryotes (e.g., S. cerevisiae) and other distantly related eukaryotic para-
sites (e.g., Giardia) (Mortimer ez al., 1992; Upcroft et al., 1997). This suggests
that the primary role of subtelomeric location of expansions is in regulating
transcription of genes, which is likely to be a general phenomenon in eukar-
yotes. However, a unique feature observed in apicomplexa was the much-
greater-than-average enrichment of TM or secreted proteins in subtelomeric
regions (Fig. 7B). This suggests subtelomeric location is a major aspect in
regulation of genes for surface proteins. As with P. falciparum var genes, it
is possible in some of these cases the subtelomeric gene clusters are used
for exclusive expression of one or a few members of the family. However,
studies on gene expression in IDC development and febrile conditions in
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P. falciparum and during asexual infection in C. parvum indicate that some of
these subtelomeric surface protein gene clusters might actually show similar
coexpression patterns in similar stages or conditions (Abrahamsen ef al.,
2004; Bozdech er al., 2003; Hall er al., 2005; Oakley er af., 2007). Thus,
subtelomeric regions might actually have a more complex chromatin struc-
ture, with certain subsections displaying condition-specific extended zones of
open chromatin that allow concerted transcription of whole groups of genes.
Subtelomeric location also provides an added advantage in evolutionary
terms—clustering of telomeres within the nucleus could accentuate gene
conversion and recombination between paralogous members of multigene
families from heterologous chromosomes, thereby resulting in increased
adhesive and antigenic diversity (Freitas-Junior er al., 2600}.

In the past, ail studies indicated an astonishing paucity of transcription
factors compared to eukaryotes with similar number of genes (Aravind et al.,
2003b). However, our investigations suggest apicomplexans do possess a
unique cxpanded group of transcription factors that contain DNA-binding
domains of the AP2 family (ApiAP2 proteins), which is also found in plant
transcription factors (Balaji er al., 2005). Analysis of expression patterns of
these proteins in Plasmodium suggest these are likely to be the dominant
transcription factors that set up the transcriptional program in the course
of parasite development. Expression analysis in P, falciparum points to a
cascading program of gene expression, starting with genes involved in
housekeeping and generalized and culminating in lineage-specific genes in-
cluding those involved in host-response and adhesion (Bozdech er af., 2003;
Daily et al., 2005; Hall ez /., 2005) (Fig. 7A). This observation coupled with
expression patterns of ApiAP2 proteins hints that specific guilds of these
transcription factors might regulate specific sets of membrane proteins asso-
ciated with cach developmental stage (Balaji et al., 2005). T. gondii has a
particularly well-developed complement (around 50 paralogs) of ApiAP2
transcription factors, suggesting it might have elaborately developed tran-
scriptional regulation. Future investigation of roles of apicomplexan
transcription factors is likely to be an important factor in understanding
regulation of gene expression.

B. Posttranscriptional or BNA-Based Regulation

The classical RNAI pathway, including key proteins such as the Dicer
helicase-nuclease involved in maturation of miRNAs/siRNAs, the RNA-
dependent RNA polymerase involved in amplification and propagation,
and argonaute proteins involved in degradation of the targeted mRNA,
was ancestrally present in eukaryotes. Yet this system appears to have been
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iost in all apicomiplexans studied to date except 7. gondii (Aravind et al., 2003b;
Ullu er al., 2004). Nevertheless, involvement of possible noncoding tran-
scripts in var gene regulation suggests other RNA-based post-transcriptional
regulatory mechanisms comparable to those found in other eukaryotcs might
be in action. For example, apicomplexans encode orthologs of the S. pombe
Mei2p that bind a noncoding meiRNA and regulate cell cycle progression.
Apicomplexans also uniguely share with the plant lineage FCA-type RNA-
binding proteins that have been implicated in mRNA processing in flowering
{Razem et al., 2006). Furthermore, Plasmodium and Cryptosporidium con-
tain expansions of two distinct but related tvpes of proteins, also related to
certain plant proteins, with the RNA-binding CCCH domain (PFE1245w
and cgd6_4910, respectively). These proteins could mediate as yet unexplored
posttranscriptional regulatory mechanisms. Thus, there are several hints that
novel RNA-level regulation might emerge as a major factor in expression of
adhesion and proteins complement of apicomplexan genomes.

Vi. General Evolutionary Considerations
and Conclusions

A, Evolution of Parasitism and Comparisons
with Other Parasites

Despite technical difficulties in studying apicomplexans, our understanding
of this lineage has immensely increased in licu of information from compar-
ative genomics. At present, apicomplexa represents one of the best models to
characterize evolutionary trajectories of surface proteins of an exclusively
parasitic lineage of organisms. Evolution of surface protein complements

- Is very dynamic at practically every organizational level. At the highest level,

it is chatacterized by massive lincage-specific innovations and expansions
of adhesins and other surface proteins across the entire apicomplexan phy-
fogeny. These expanded genc families often entirely alter the “genomic
landscape,” especially of subtclomeric gene-arrays (Fig. 7). At the middle
level, we find extensive architectural innovation through domain shuffling,
novel deployments of enzymatic domains to target host substrates, and
drastic functional shifts in various protein families {e.g., DBL domains).
At the microscopic level, we find evidence for constant adaptation through
subtle sequence variations. In each category of surface proteins (Section I1¥),
several parasite proteins tend to show amino acid polymorphisms in popula-
tion, suggesting that new variants are constantly selected te evade any host
counteradaptation (Mayer e al., 2004).
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We are also now in a position to reasonably reconstruct the temporal
picture of apicomplexan innovations (Fig. 8). Although apicomplexan ge-
nemes are highly streamlined and their parasitic adaptations are extremely
ancient, some distinct evolutionary steps and preadaptations can be clearly
discerned. First, the ancestral alveolate had robust signaling systems includ-
ing several calcium-dependent kinases, ion channels, and adenylyi cyclases,
which appear to have been retained in part as the conserved core of apicom-
plexan signaling systems. Apicomplexans inherited several protein domains
from the ancestral apicoplast endosymbiont even though it appears to have
vastly degenerated in many cxtant lineages (Aravind et al., 2003b; Foth ef al.,
2003; Templeton e7 al., 2004a). Apicoplast contributions were mainly incor-
porated in reguiatory and metabolic systems, but a small subset of thesc
domains were possibly recruited for more direct pathogenic roles. The ances-
tral unique core of the alveolate extrusion system was probably relatively
simple as implicd by the relatively small number of genes with potential
involvement in this system. It appears to have developed in different alveo-
lates to greater or lesser degrees, with the apical complex emerging well
before the origin of apicomplexans sensu strictu. The ancestral extrusion
apparatus of apicomplexans was already extruding a distinct set of enzymes
with potential to modify host molecules. Subsequently, a diverse range of
proteins with catalytic, adhesive, and structural properties came to be ex-
truded in different apicomplexan lineages. This is a unique feature of api-
complexan parasites that distinguishes them from other well-studied
cukaryotic or bacterial parasites. Hematozoans, in the least, also developed
a system of targeting proteins to the host cell during intracellular develop-
ment. This feature, although possibly having parallels in other intracellular
parasites like oomycetes, has undergone extraordinary development in these
apicomplexans and is thus far unprecedented in the parasite world.

An exciting feature of apicomplexan parasites is that carly in their evolu-
tion they acquired several conserved adhesion protein domains and glycosyl-
ation pathways which modify these domains from animal hosts through
lateral gene transfer. These were combined with similar adhesion domains
acquired from ultimately bacterial sources or ancient alveolate inheritances
to generate an array.of novel adhesion molecules (Fig. 4). Some of these
ancient pan-apicomplexan adhesion proteins, such as those with LCCL
domains, were also recruited for parasite sexual development and maturation

FIG. 8 Reconstructed evolutionary history of apicomplexa showing some major iransitions.
The major morphological or operational transitions are enclosed in vellow ovals, and key
changes to the proteome are enclosed in blue boxes. Numbers on nodes indicate total number
of surface proteins {excluding plastid and mitochondrial membrane or imported proteins)
present in all members of the species unified at a particular node. The number of surface proteins
reconstructed to have been uniguely present or acquired at a node is indicated in brackets. NLG,
N-linked glycosylation; OLG. O-linked glycosylation. (See also color insert.}
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(Claudianos et al., 2002; Delricu et al., 2002; Pradel et al., 2004). Presence of
conserved adhesins with TSP1 domains and a glidosome with unique
GAP45/50 components suggests some “‘animal-like” adhesins were com-
bined with the gliding motor for invasion in the ancestral apicomplexan.
Large-scale acquisition of components of pathogenesis-related molecules
through lateral transfer has not been confirmed for other eukaryotic para-
sites, though there is some evidence for comparable phenomena, in bacterial
parasites of animals and plants. However, even in the latter instances, there is
little evidence for full-scale recruitment of adhesion domains of host prove-
nance (Koonin et al., 2001). Several large eukaryotic DNA viruses have a
wide range of protein domains acquired through lateral transfer from hosts.
These include a few surface proteins related to adhesion and several anti-
apoptotic proteins (Iyer ef a/., 2006). Apicomplexans differ from these viruses
in largely lacking antiapoptotic protein domains acquired through lateral
transfer from the host. Secondly, uniike these viruses, apicomplexans display
extensive shuffling of the adhesion protein domains, which they laterally
acquired early in evolution. Like several bacterial and eukaryotic pathogens,
apicomplexans display LSEs of distinct antigenically variant adhesins
and viralence factors. In most cases, these variant surface proteins contain
a-helical- or cystine-supported cores, suggesting this is a general evolutionary
trend among parasites (Aravind ef al., 2003b).

Several bacterial intracellular pathogens and comparable eukaryotic para-
sites such as microsporidians show magsive genomic degeneration, with gene
loss across most functional categories (Katinka et /., 2001; Sallstrom ef al.,
2005). Apicomplexans also show gene reduction, particularly genes coding
metabolic enzymes, but their overall genome degeneration is not comparable
to that observed in the aforementioned parasites. They retain reasonably
robust regulatory systems, which are closer in complexity to free-living forms
with similar gene numbers. Thus, apicomplexans, by virtue of their complex
life cycles and parasitic adaptations are probably constrained at an interme-
diate level of genome degeneration in the parasite world. Comparative
genomics strengthens the molecular phylogenetic view of intra-apicomplexa
relationships and clarifies how gene loss and innovation occurred in different
apicomplexans. Within the crown group, there appears to have been innova-
tion of several adhesion-related features, such as MAEBL-like and AMAIL-
like proteins with divergent APPLE domains and proteins combining vWA
and TSPl domains in a single polypeptide. Analysis of conserved genes
across apicomplexa indicates there has been notable gene loss in Theileria
relative to other lineages.

Extensive sharing of unigue gene sets by hematozoans indicates an extend-
ed shared history. This suggests that blood parasitism emerged on a single
occasion in the ancestral hematozoan as it evelved from a gut parasite of a
hemophagous invertebrate by acquiring a vertebrate intermediate host to
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merease its chances of transmission. Several proteins, which are used to
invade both arthropod and vertebrate cells, contain the same set of “ani-
mal-like” adhesion domains (Table II}. Hence, acquisition of vertebrate
intermediate hosts might have depended on reusing pre-existing adhesins.
Subsequently, the diversification within hematozoa appears to have cccurred
vid a more complex pattern of host switching. Convergent evolution of
hemophagy in different invertebrates, such as leeches, ticks, and mosquitoes,
appears to have allowed hematozoans to gain new definitive hosts, whereas
broadening of vertebrate targets by hemophagous invertebrates might have
transmitted the parasite to new intermediate hosts. For instance, studies on
Plasmodium and related genera indicate that these parasites might have
switched between avian and reptilian hosts on more than one occasion, and
atleast once from reptiles to mammals (Yotoko ez ¢f., 2006). More recently,
host switching among Old World monkeys, humans, and New World
monkeys might have played a critical role in the spread of P. vivax (Mu
et al., 2005). Another interesting aspect revealed by comparative genomics
i5-a group of molecular adaptations shared by Cryptosporidium and T. gondii,
despite them being paraphyletic branches of the tree. These include a suite of
extracellular proteins with animal-like domains, OWPs, mucins, and the
O-linked giycosylation pathway to modify them. Their presence in the two
successively basal branches of apicomplexa, together with their life cycle
similarities, implies that they were part of the complex of adaptations for
animal gut parasitism in the ancestral apicomplexan.

8. Generat Conclusions

The biggest revelation from apicomplexan comparative genomics is the
degree of lineage-specific diversification of adhesion and host-interaction
molecules, even between closely related species. Conversely, it has also
shown that there aré several conserved elements of host-parasite interaction
that appear to be present throughout animal-infecting apicomplexa. More
zenerally, compardtive genomics also provides a platform to fill lacunae in
key areas of apicomplexan pathogenesis through future investigations. Thus,
we'are now on a much firmer basis to decide between investment in pan-
picomplexan models and taxon-specific investigations. Some examples
f major problems that might be addressed on a more general basis across
apicomplexans are: (1) connections between adhesion and deployment
f parasite cytoskeletal motors carly in invasion; (2) processing of precursor
olypeptides in rhoptries; (3) mechanism of extrusion by rhoptries and micro-
emes; (4) role of conserved extruded rhoptry and microneme enzymes and
dhesion molecules in interaction with the host; (5) involvement of conserved
ignaling systems such as potassivm channels and adenylyl cyclases; and
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(6) implications of folding, covalent modifications, proteolytic processing,
and shedding of adhesins. For these studies investigators could resort to more
tractable apicomplexan systems such as 7. gondii. In contrast, major lineages-
specific expansions that mediate key aspects of pathogenesis necessarily re-
guire case-by-case taxon-specific investigations. Furthermore, given their
redundancy, conventional knockout-based approaches might not provide
sufficient functional information, necessitating more elaborate approaches
via high-throughput methods. Each parasite also has several lineage-specific
secreted proteins with no detectable relationship to other proteins (e.g., those
highlighted in analysis of 7. gondii thoptry components [Bradley et al., 2005]),
which need new directed approaches to elucidate their functions. However,
caution is always warranted while using analogies rather than homologies
when comparing features across parasites. Because high-throughput methods
arc becoming increasingly standard and affordable, an explosion of new data
addressing these problems is likely to occur. One considerably neglecied area
of investigation is establishment of activities of uncharacterized secreted
enzymes. Here recently developed methods of biochemical genomics might
provide new leads (Phizicky et af., 2003).

Finally, it should be noted that the new insights could have enormous
implication for development of vaccines and therapeutics against apicom-
plexan parasites, which have proven to be considerably refractory to various
treatments (Miller er al., 1998, 2002a). Much effort has been expended on
development of vaccines against P. falciparum, and surface proteins expres-
sed in every stage of its life cycle have been targeted. Adhesion proteins
with conserved domains of animal, bacterial, and ancient eukaryotic origin
are obvious candidates because some of them possess indispensable functions
and they do not show much antigenic variation (Miller ef af., 1998, 2002).
Genomics has played a central role in increasing the sheer number of poten-
tial targets, but the “‘meta-information” critical for prioritizing candidates is
only now beginning to build up. For instance, expression patterns during
development, posttranslational maturation of molecules through covalent
modifications and proteolytic cleavage, and positional distribution on the
cell surface (e.g., all over the cell or only in apices) are critical constraints in
potential success of a vaccine. It is hoped that future improvements in our
understanding of the biochemistry and molecular biology of adhesins trans-
late into improvements for vaccine development and diagnostics. Discovery
of several secreted enzymes that might be critical for parasite invasion and
survival within cells provides new targets for a different approach to anti-
apicomplexan therapies namely drug development. Given the molecular
quirks of many apicomplexan enzymes as well as adaptors such as the
DNAJ domain in RESA, it is hoped specific small molecule inhibitors
might be useful in functionally disrupting these proteins (Bentley, 2006;
Winstanley et al., 2006). Major advances in host and vector genomics {ape,
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1ouse, and mosquito genome projects) have considerably aided in under-
anding host immune responses to parasites. Several ongoing genome-scale
tudies promise to deliver new results in this direction. These taken with
dvances in population genetics of hosts and parasites are hoped to contrib-
te a future layer of information regarding parasite biology and development
f antiapicomplexan therapies.

It 'may be objectively said that we are in the midst of a revolution in
aderstunding the complexities of apicomplexa—its implications for funda-
ental cell biology as well as therapeutics are simply staggering.
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Basic science research in tissue engineering and regenerative medicine aims to
investigate and understand the deposition, growth, and remodeling of tissues by
drawing together approaches from a range of disciplines. This review discusses
approaches that use biomimetic proteins and cellutar therapies, both in the
development of clinical products and of modei platforms for scientific investigation.
Current clinical approaches to repairing skin, bone, nerve, heart valves, blood
vessels, ligaments, and tendons are described and their limitations identified.
Opportunities and key questions for achieving clinical goals are discussed through
commonly used exampies of biomimetic scaffolds: colfagen, fibrin, fibronectin, and
silk. The key questions addressed by three-dimensional culture models, biomimetic
materials, surface chemistry, topography, and their interaction with celis in terms of
durotaxis, mechano-regulation, and complex spatial cueing are reviewed tc give
context to future strategies for biomimetic technology.
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introduction

Tl}e field of research covered by this review represents and feeds into the basic
science platform for a wide range of biotechnical activities commonly
grouped under the umbrellas of tissue engineering and regenerative medicine.

International Review of Cyeology, Vol. 262 75
Fonveraht 2007 Fieavier Tae. Al Hohts revarvad

0074-7696/07 $35.00
T T T SARONYTA TENMETUTVEY WY 6

Material may be protected by copyright law (Title 17, U.S. Code)



