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Toxoplasma gondii is a widespread protozoan parasite that
commonly infects domestic, wild, and companion animals (8).
Like related tissue coccidians, T. gondii has a complex life cycle
alternating between a sexual cycle, which occurs only within
enterocytes of the small intestines of cats (all members of the
Felidae appear to be susceptible), and asexual propagation in
a variety of warm-blooded vertebrate hosts (8). The sexual
phase culminates with fecal shedding of a spore-like stage
called the oocyst, which is diploid and undergoes meiosis in the
environment. During the asexual cycle, the parasite intercon-
verts between a fast-growing lytic form known as the tacyhzoite
and a slow-growing, semidormant form called the bradyzoite.
Tachyzoites propagate rapidly in virtually all types of nucleated
cells, including macrophages, while differentiation to brady-
zoites is favored in long-lived, terminally differentiated host
cells (49). Tachyzoites are adept at direct migration across
cellular barriers and also disseminate rapidly within leukocytes,
thereby reaching sites of immune privilege such as the central
nervous system and the developing fetus, where they are more
likely to cause disease (2). The life cycle shows remarkable
flexibility between lytic and dormant states, thus facilitating
asexual transmission between intermediate hosts. This adapta-
tion may account for the recent spread and emergence of a few
dominant clonal groups within North America and Europe
(46).

Toxoplasma is well adapted to mammalian hosts, being
transmitted by ingestion of undercooked meat harboring tissue
cysts and through food and water supplies contaminated with
oocysts shed from cats (8). Humans are accidental hosts of T.
gondii, yet seroprevalence rates indicate high rates of chronic
infection in many countries of Europe and Central and South
America (16). Infections are often mild or subclinical in
healthy adults; however, toxoplasmosis can present as a clini-
cally important infection in immunocompromised patients and
the developing fetus (32). In many regions of the world, toxo-
plasmosis remains a frequent problem in patients infected with
human immunodeficiency virus, due to lack of access to effec-
tive antiviral therapy (29). Additionally, in regions such as

southern Brazil, ocular toxoplasmosis often presents as a clin-
ically severe infection in otherwise healthy adults (18).

Although T. gondii is primarily an opportunistic pathogen, it
has emerged as a model for study of the biology of apicompl-
exan parasites, a group that contains Plasmodium spp. (malaria
parasites), Cryptosporidium spp., and a variety of animal patho-
gens. Although the life cycles of these parasites differ substan-
tially, they share common pathways for actin-myosin-based
motility, calcium-dependent secretion, and active cell invasion
(41). Toxoplasma offers excellent tools for studying molecular
and cell biology, forward and reverse genetics, and animal
models. Hence, exploration of the molecular basis of complex
traits such as pathogenesis has been feasible in this system.
This review summarizes recent advances using forward genet-
ics to identify genes involved in pathogenesis, as well as the use
of reverse genetics to validate the roles of prospective candi-
date genes.

STRAIN DIVERSITY AND GENETIC
ANALYSIS IN T. GONDII

Toxoplasma gondii has a highly unusual population structure
comprising three predominant clonal populations in North
America and Europe (42). These lineages are found in over-
lapping geographic regions, where they infect a variety of
warm-blooded animals, including humans. Despite being
maintained as clonal lineages, they are highly similar geneti-
cally and originated from several closely related parental types
in the wild (6). Estimates of their last common ancestry indi-
cate that this event occurred within the past 10,000 years,
followed by rapid expansion of these three lineages (46). The
cause of this unusual pattern is uncertain, but it may indicate a
localized bottleneck followed by the expansion of a few lin-
eages, or a strong genetic sweep that replaced abundant and
more-diverse isolates. Intriguingly, this recent origin is also
marked by the common inheritance of a single monomorphic
chromosome Ia that is shared by the three clonal lineages (19).
The population structure differs substantially in South Amer-
ica, where lineages are genetically more diverse and undergo
both sexual recombination and asexual transmission (20, 28).

While the origins of the unique population structure are
uncertain, it has profound consequences for population stud-
ies. For example, association studies generally are not infor-
mative for defining the contributions of genes to particular
phenotypes, since linkage disequilibrium is so high. However, a
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number of strong phenotypic differences have been noted; for
example, type I strains are acutely virulent in outbred mice (see
below). Additionally, type I strains have been shown to exhibit
enhanced migration across biological barriers in vitro and to
disseminate more rapidly in vivo in the mouse model than
other strains (3). It is not clear how these traits translate to
human infections, which are caused primarily by type II strains,
although several reports have indicated an increased frequency
of type I strains (or strains bearing type I alleles) among clin-
ical isolates (11, 14, 21). Although the laboratory mouse ap-
pears to be highly sensitive to toxoplasmosis compared to hu-
mans, it provides a useful starting point for investigating genes
that contribute to pathogenesis.

Classical genetic crosses in T. gondii were pioneered by the
studies of Elmer Pfefferkorn and his colleagues, who estab-
lished procedures for crossing strains of the parasite by coin-
fecting cats and collecting the resulting recombinant oocysts.
These early studies established several key properties, includ-
ing the following. (i) A single cloned tachyzoite can give rise to
the entire life cycle, indicating that there is not a predeter-
mined mating type (34). (ii) The replicating stages are all
haploid, and mating leads to a diploid stage (35). (iii) When
coinfecting a single cat, strains undergo self-mating or out-
crossing at approximately equal frequencies (35). (iv) Un-
linked genes segregate randomly and yet can demonstrate ep-
istatic interactions (33). These studies provided the beginnings
of a working genetic system, which was later expanded by the
development of molecular markers, thus allowing the construc-
tion of rudimentary linkage maps (44). Further expansion of
the number of markers was used to support preliminary map-
ping of acute virulence in the mouse model; remarkably, viru-
lence was linked to a single major locus on chromosome VII
(since renamed VIIa) (47). This study was also notable because
it demonstrated that acute virulence was a genetically heritable
trait and suggested that fine mapping could likely be used to
identify the specific gene(s) involved. For the current version
of the genetic map, the segregation of more than 200 markers
was compared among crosses between either types II and III or
types I and III, to generate linkage maps for the 14 chromo-
somes (23). This composite map defined the order of markers
on the chromosomes, established the basic parameters for re-
combination, and provided a framework for assembly of the
T. gondii genome, which is approximately 65 Mb (http:
//ToxoDB.org). The composite genetic map consists of �600
cM (1 cM � 1% recombination), with an average map unit of
around 100 kb. Although the markers are fairly widely dis-
persed, the most limiting attribute of genetic mapping in T.
gondii is the relatively modest recombination rate; hence, map-
ping precision is limited by the number of available progeny
rather than by the frequency of markers. The various advan-
tages and limitations of forward genetics in T. gondii have been
discussed previously in more detail (1).

MAPPING ACUTE VIRULENCE IN THE MOUSE MODEL

Toxoplasma gondii naturally infects a variety of rodents, and
laboratory mice provide a reasonable model for both acute and
chronic infections (38). Type I strains are acutely virulent in
mice: limiting dilution indicates that a single tachyzoite admin-
istered by needle inoculation is lethal in many laboratory

mouse strains, including outbred mice (43). In contrast, type II
and III strains are nonvirulent in outbred mice, although dif-
ferences can be discerned in the susceptibilities of inbred mice
(38). Death of the animals results from overwhelming cytokine
production, an outcome that occurs following inoculation with
low doses of type I strains but only after high doses of type II
strains (12, 30). While needle inoculation bypasses the natural
oral route of infection, it has the advantage of being easily
quantifiable and reproducible and giving very discrete end-
points. For these reasons, genetic mapping studies of complex
phenotypes have relied largely on this model. Additional phe-
notypic differences include the variable induction of cytokines
following in vitro infection. For example, type II strains are
potent inducers of interleukin 12 (IL-12) from naïve macro-
phages, while type I and III strains are relatively quiescent
(39). Differences in the activation of pathways for IL-12 induc-
tion have also been noted: type I strains rely primarily on a
non-MyD88-dependent pathway, while type II strains trigger
both dependent and independent pathways, leading to greater
overall levels of IL-12 (24). While this seems counter to the
results described above for in vivo infection (type I leads to
greatly elevated cytokine levels later in infection), differences
including growth rate (37), escape from cellular destruction
(50), and ability to disseminate rapidly (3) also contribute to
different outcomes in vivo.

Forward genetic analysis of acute virulence in the murine
model was based on a genetic cross between the acutely viru-
lent type I strain called GT-1 (marked by resistance to fluoro-
deoxyuridine) and the type III strain CTG (marked by resis-
tance to adenine arabinoside and sinefungin) (47). Progeny
clones from this cross were tested in outbred mice to define
acute virulence based on cumulative mortality during the initial
phase of infection following different doses of trachyzoites.
The progeny were also genotyped in order to analyze the
segregation of acute mortality with specific markers. Genetic
associations of other traits were also analyzed based on the
ability to migrate across polarized epithelia (transmigration)
and the ability to migrate away from a focus of infection, traits
that had previously been associated with type I strains (3).
Differences in growth rate were also analyzed based on previ-
ous findings that type I strains have a shorter cell cycle (37).
Finally, we examined the serological responses in surviving
animals, since less-virulent strains readily give rise to chronic
infections, while acutely virulent type I strains do not (43).
Because these traits were likely to arise as the result of a
combination of genetic effects, the phenotypes were analyzed
using quantitative trait locus (QTL) mapping (26, 27), a sta-
tistical method for defining the association of complex pheno-
types with multiple underlying genetic regions. Analyses of 34
genetically independent recombinant progeny were based on
175 of the genetic markers from the composite genetic map
that were informative in the type I-versus-type III cross (the
remaining markers being identical between these two lineages
but different in type II) (23).

Genomewide association studies revealed the remarkable
finding that nearly all of the phenotypes described above were
strongly associated with the same major peak on chromosome
VIIa (48). This was highly unexpected, since the assumption
was that such complex biological phenotypes would be multi-
genic and controlled by a number of separate loci. Instead, a

1086 MINIREVIEW EUKARYOT. CELL



single locus was estimated to be responsible for 90% of the
migration, transmigration, mortality, and serum response traits
(a plot of two of these traits is shown in Fig. 1A). The only
other significant QTL associated with virulence was a region
on chromosome Ia that was positively associated with chromo-
some VIIa (Fig. 1A). This minor QTL on chromosome Ia has
not been localized to a specific gene, but it is intriguing that it
lies on a chromosome that has been shown to be recently
inherited and essentially monomorphic among the clonal lin-
eages (19). In contrast to the single major peak for virulence,
growth was multigenic, with five to six separate QTLs showing
statistical support, one of which coincided with the acute mor-
tality peak on chromosome VII (48).

Initially, resolution of QTLs for acute virulence and migra-
tion was limited by the density of genetic markers, which only
allowed mapping to approximately 1.5 to 2 Mbp. Finer map-
ping of these traits was accomplished by including additional
markers on the central region of chromosome VIIa and by
identifying several additional progeny that had crossovers in
this region. This led to the resolution of distinct QTLs, one of
which controlled both migration traits while a second con-
trolled acute mortality and the serum response traits (48).
Because the T. gondii genome scaffolds had been assembled
using the genetic map (23), it was possible to pin these regions
directly to the genome and hence to identify candidate genes.
The region encompassing the mortality QTL comprised 140 kb
and contained 21 predicted genes. Analysis of their expression
profiles by microarray hybridization revealed a starkly different

expression level for one gene at the end of this region (Fig.
1B). This gene was named ROP18 based on the sequential
numbering of rhoptry proteins (ROPs) as they were described
either from a proteomic study or through functional analyses
(7, 9). Inspection of the predicted open reading frame reveled
several intriguing features (Fig. 1C). First, ROP18 contained a
signal sequence and was predicted to be a secretory protein.
Second, it contained a conserved prodomain and processing
site, typical of the ROP2 family of proteins (9). Third, the
N-terminal region contained a cluster of three low-complexity
regions typified by amphipathic alpha-helical regions. Finally,
it contained a serine threonine (S/T) kinase domain that was
predicted to be catalytically active. ROPs were known to be
secreted from the rhoptries into the host cell at the time of
invasion and to accumulate in the parasite-containing vacuole
(15) (Fig. 1D). Hence, it was reasonable to suspect that this
candidate might behave similarly and that its vital function in
contributing to virulence might be related to its kinase activity.

IDENTIFICATION OF ROP KINASES AS
MEDIATORS OF PATHOGENESIS

The �100-fold-lower expression of ROP18 in type III strains
provided a convenient background for testing activity by gain
of function. This difference proved fortuitous, since allelic re-
placements are relatively difficult to perform in T. gondii, while
expression of exogenous genes is straightforward. Transgenic
lines expressing epitope-tagged ROP18 from the type I lineage

FIG. 1. Genetic mapping of ROP18 as a major virulence determinant in the mouse. (A) Whole-genome analyses of the traits of acute mortality
(vir) and serum responsiveness (serum) show a strong peak on chromosome VIIa with a minor peak on chromosome Ia. The x axis shows the 175
informative markers aligned across the 14 chromosomes. LOD score, log odds ratio. (B) Microarray analysis of a cluster of 21 genes from the
central region of the QTL shown in panel A. Wild-type strains are untagged strains of the type I (GT-1) and type III (CTG) backgrounds, while
“parental” refers to the drug-resistant strains used in the cross. (Reproduced from reference 48.) (C) Schematic of ROP18 showing the signal
peptide, processing site, N-terminal domain containing low-complexity regions, and S/T kinase domain. (D) Discharge of rhoptries accompanies
cell invasion. An empty rhoptry profile of a recently invaded tachyzoite (R) is visible. Bar, 200 nm.
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(ROP18I) were created in the type III CTG line. Correct
targeting to rhoptries and secretion into the host cell during
invasion were demonstrated for the transgenic line (48). Test-
ing of the acute virulence phenotype of these transgenic lines
established that ROP18 was able to recapitulate the high-
mortality phenotype characteristic of type I strains and that
this ability required the catalytic activity of the kinase (48).
This finding established that the major virulence determinant
distinguishing between type I and III strains in terms of acute
mortality in the mouse model is a single gene encoding
ROP18. In a separate study, it was shown that overexpression
of this type I allele in the type I RH strain slightly enhanced
parasite replication in vitro and that this activity was also de-
pendent on the kinase activity (10). Following the secretion of
ROP18 into the host cell, it is targeted back to the parasite-
containing vacuole (48) (Fig. 2). Ectopic expression of ROP18
in BHK cells also leads to targeting to the parasite-containing
vacuole membrane (PVM) (10), and this effect is mediated by
the low-complexity region in the N terminus of the protein
(Fig. 1C and 2) (25). This strongly implies that the critical
targets of ROP18 phosphorylation are found on the surface of
the PVM (Fig. 2). In vitro studies discussed below implicate
other ROPs as potential targets, although the identities of
substrates in vivo have remained elusive.

Differences in pathogenicity have also been recognized be-
tween other lineages of T. gondii, including differences among
the progeny of a cross between type II and III strains (13).
While both of these parental strains are avirulent in outbred
mice, differences can be recognized in various inbred lines,
which are less resistant to infection. Mapping of QTLs that
controlled differences in pathogenesis among progeny from
this cross identified five distinct QTLs, although most of these
had only modest statistical support (40). Within a relatively
minor QTL seen on chromosome VIIa, ROP18 proved to be
the functionally important difference. The presence of an in-
sert of DNA upstream of ROP18 in the type III lineage was

associated with underexpression. In a result similar to that
described above for the type I allele of ROP18, expression of
transgenes of ROP18II in the type III background led to a gain
of virulence, although this time in inbred BALB/c mice (40). A
second QTL on chromosome VIIb was tracked down to a
related rhoptry kinase called ROP16. In this case, introduction
of the type I or III allele into the type II background attenu-
ated virulence, consistent with the prediction of the QTL (40).
Further characterization of this protein revealed that it acts by
prolonging the phosphorylation of STAT3 and STAT6
(STAT3/6), hence activating some host genes but suppressing
immune responses such as the induction of IL-12 (40). Type I
and III strains share a highly similar allele that shows this
activity, while the type II allele differs substantially and leads to
only transient STAT3/6 phosphorylation (40) (Fig. 2). ROP16
appears to partially account for the previously described dif-
ference in the production of IL-12, which is induced by type II
strains but not by type I or III strains (39). ROP16 is predicted
to be an active kinase, and although its direct targets are
unknown, it is translocated to the host cell nucleus following
injection into the host cell (40). While the other QTLs identi-
fied in the type II � type III cross have not been fully resolved,
preliminary mapping of the QTL on chromosome XII identi-
fied a cluster of several nearly identical genes encoding ROP5
paralogues, and these are currently candidates for this locus
(J. C. Boothroyd, personal communication).

Collectively these studies revealed that members of the ROP
kinase family contribute to differences in pathogenesis be-
tween different strains of T. gondii in the mouse model. Com-
parison of these two genetic crosses has shown that the roles of
individual genes can range from small to large quantitative
effects, and interactions between the loci are also important in
controlling the overall level of pathogenicity. For example,
QTL mapping indicates that ROP18 is the major locus con-
trolling differences in acute virulence between the type I and
III lineages and that it also contributes to differences between

FIG. 2. Model for the proposed roles of ROP16 and ROP18. (Right) ROP18 is highly expressed in type I and II strains, and following secretion it
is targeted to the PVM by a series of low-complexity helical regions (LCR) in the N terminus. ROP18 has been shown to phosphorylate other ROPs in
vitro, suggesting that it may also perform this function in infected cells (i.e., ROP2, -4, and -8, as shown). Additionally, host cell proteins may be targets
of ROP18. The virulence-enhancing potential of ROP18 requires kinase activity and has been associated with slightly enhanced growth. (Left) ROP16
is targeted to the host cell nucleus (N) by a nuclear localization sequence (NLS), although it may also be active in the cytosol. ROP16 from type I and
III strains induces prolonged activation of STAT3/6, thus activating gene expression in the host cell nucleus but blocking the production of IL-12.
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types II and III. In contrast, ROP18 contributes only partially
to growth differences between type I and type III lineages, and
multiple other loci also contribute to this trait (48). This result
indicates that enhanced virulence is not simply the result of
faster replication, although this is certainly one factor that
influences pathogenesis in the mouse model. Additionally, as
predicted from the genetic mapping studies, ROP18 plays no
role in the enhanced migration phenotype, which also maps to
chromosome VIIa (supplemental data in reference 48). Within
this migration locus are a number of genes that might contrib-
ute to actin-myosin-based motility, and the precise genetic
control of this trait is still under investigation. It is conceivable
that traits controlled by this migration QTL may also affect the
severity of disease, for example, by advancing the onset of
infection.

Following the discovery that ROP18 mediates differences in
acute virulence between different laboratory strains, we also
investigated to what extent these properties were conserved
among natural isolates. Not surprisingly, given the extremely
clonal population structure in North America and Europe,
other isolates of the canonical type I, II, and III lineages share
the same alleles and expression profiles as the laboratory
strains used in the genetic crosses (22). Hence, it is highly likely
that ROP18 contributes to the pathogenesis of these isolates in
a manner similar to that described for the common laboratory
isolates. However, in other regions, such as South America, the
population consists of a number of unique lineages, some of
which have undergone greater recombination in the wild (20,
28). To analyze the diversity of ROP18 among these popula-
tions, we compared genetic diversity to a set of selectively
neutral introns as well as housekeeping genes and other anti-
gens (22). Remarkably, although genetic diversity among these
isolates was high, ROP18 displayed only three distinct alleles,
corresponding to those already described for the North Amer-
ican lineages (22). Furthermore, these alleles have coexisted
over a long period of evolutionary time and show very different
profiles in terms of diversifying selection. While the type III
allele is the oldest, it shows little evidence of positive selection.
In contrast, the type I and II alleles show high levels of diver-
sifying selection. This is correlated with major differences in
expression levels that are associated with the presence of an
upstream region in the type III allele. Comparison to the
outgroup Neospora caninum revealed that this upstream region
is ancestral (22). Taken together, these findings suggest that
deletion or rearrangement of this upstream region led to up-
regulation of ROP18 and promoted diversifying selection (22).
These findings also suggest that the stable coexistence of three
subtypes results from adaptations to different niches in the
environment. The long-term maintenance of the type III allele,
which is associated with low levels of virulence, suggests adap-
tation for hosts where this trait is advantageous (or where high
virulence is disadvantageous). In contrast, the more recent
expansion and widespread nature of the type II and I alleles,
which show moderate and high levels of virulence, respectively,
suggest that these traits are adaptive in a different niche. While
the phenotypes of ROP18 have been studied primarily in the
laboratory mouse, this host is highly susceptible to toxoplas-
mosis relative to wild rodents. Thus, it may be that enhanced
expression of ROP18 is an adaptive trait for the infection of

natural hosts, where rather than contributing to pathology, it
enhances transmission.

DIVERSITY AMONG THE ROP KINASES

The kinase domains of S/T kinases are characterized by the
conservation of 12 subdomains that have been defined by the
comparison of a large number of kinases in eukaryotic cells
(17). Within these subdomains, specific residues have been
implicated in functional roles based on structural information,
sequence conservation, and mutational data. Highly conserved
residues are shown in Fig. 3A, including a glycine-rich loop
that binds the �� phosphates of the nucleotide. As well, a
critical lysine in subdomain II of protein kinase A (PKA)
(K72), combined with an aspartate in the catalytic domain
(D166) and a second aspartate (D184) involved in � phosphate
transfer, defines a key catalytic triad. Mutation of these resi-
dues abrogates activity, and their strong conservation among
active kinases argues for their essentiality (17). However, there
are exceptions to this pattern; for example, WNK (with-no-
lysine kinase) lacks the K72 residue in subdomain II yet is active,
relying on a separate K residue in subdomain I to substitute in this
critical role (5). In the ROP2 family, most of the members are
predicted to be catalytically inactive due to divergence at residues
that are normally required for activity (Fig. 3A). Such pseudoki-
nases have been shown in other systems to have regulatory roles,
acting either to form complexes with active kinases and control
their functions, to recruit substrates, or to form molecular scaf-
folds that regulate active kinases (5). Remarkably, the changes
that are predicted to disrupt catalytic activity in ROPs are con-
served between the different parasite lineages, indicating that they
have been around for some time. Unlike ROP16 and ROP18,
which are highly divergent between the lineages, ROP2, ROP4,
and ROP8 are extremely conserved. ROP2 and ROP8 are also
highly similar to each other and likely arose by a gene duplication
event, since they lie in tandem in the genome upstream of a third
member that is predicted to be a pseudogene (ROP2B). In con-
trast, ROP16 and ROP18, discussed above, as well as ROP17,
retain the catalytic triad and show conservation of other residues
implicated in function (Fig. 3A). In addition to those ROP mem-
bers highlighted here, there are a large number of other paral-
ogues in the genome, some of which are predicted to be pseudoki-
nases while others are likely catalytically active.

The ROP family of S/T kinases is highly divergent compared
with eukaryotic kinases, which have previously been grouped
into four major classes (Fig. 3B). The cyclic-AMP-dependent
(PKA), cGMP-dependent (PKG), and PKC kinases make up
the AGC family. The calmodulin-regulated kinase family
(CAMK) includes kinases regulated by calcium-calmodulin.
Cyclin-dependent kinases, mitogen-activated protein kinases,
and casein kinases make up the GMGC family. The final
group, the TK family, includes the tyrosine kinases and ty-
rosine-like kinases. The phylogenetic divergence of the ROPs
suggests that they are likely to have unique substrates and
mechanisms of activation. While ROP18 is closely related to
ROP5 and is a member of the ROP2 family, ROP16 and
ROP17 are only distantly related to the ROP2 family (Fig. 3B).
The ROP kinases also are not found in Plasmodium falcipa-
rum, which instead has a family of secretory S/T kinases re-
ferred to as FIKK kinases, named for a stretch of amino acids
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that occurs in their N termini (31). FIKK kinases are exported
via a PEXEL (Plasmodium export element) motif and are
found in the infected red blood cell in association with a mem-
branous system, although their role there is not understood
(31). ROP kinases are found in related tissue coccidia, notably
Neospora caninum, for which there is a genome project (http:
//www.sanger.ac.uk/sequencing/Neospora/caninum/).

Early studies of ROP2 revealed that it was targeted to the
PVM and suggested, based on differential staining with anti-
bodies to the N and C termini, that it adopted a transmem-
brane topology (4). The N-terminal region of ROP2 was also
implicated in binding to the host endoplasmic reticulum and
mitochondria, which are recruited into close proximity with the
PVM (45). More-recent analysis of members of the ROP2 family
suggests that they adopt a kinase fold and that the originally
proposed transmembrane domain is in fact buried in the core of
the C lobe of the kinase domain (9). This suggests an alternative
explanation for the detergent accessibility experiments described
above based on protein folding rather than membrane topology.
Furthermore, while the N-terminal amphipathic alpha-helical re-
gions are involved in recruitment to the PVM (9), they may also
participate in organelle recruitment, especially if ROPs form
complexes at this interface. In this regard, ROP18 is more similar
to the ROP2 family in that it conserves this N-terminal low-
complexity region, which is important in binding to the PVM (Fig.
1C), while ROP16 does not.

UNIQUE STRUCTURAL AND REGULATORY
FEATURES OF ROP KINASES

Initial attempts to model the kinase domain of ROPs pro-
vided only low-homology models based on comparison to
known kinases (9, 48), in part due to the sequence divergence
within this family. This problem was resolved by the recent
solution of X-ray crystal structures for the kinase domains of
ROP8 (Protein Data Bank [PDB] accession no. 3BYV) and

ROP2 (PDB accession no. 3DZO and 2W1Z) (25, 36). Impor-
tantly, these structures do not have the N-terminal domains
that contain amphipathic regions in ROP2-related proteins.
Rather, they are based on the conserved kinase domain plus a
short N-terminal extension of �50 amino acids that was found
to be necessary for the stability and solubility of the kinase
domain when expressed in Escherichia coli (36). From these
studies it is clear that ROPs share a common structural fold
with S/T kinases, composed of an N lobe, a narrow hinge, and
a C lobe (Fig. 4A). In addition, ROPs contain several inser-
tions not seen in other kinases. The most unusual of these is
the short N-terminal extension that forms a �-sheet completing
the N lobe and also includes two helices running down the face
of the kinase and wrapping around the hinge region (Fig. 4A).
Although the 12 subdomains that define S/T kinases are con-
served, a number of structural features indicate that the nu-
cleotide-binding pockets of ROP2 and ROP8 are unable to
bind ATP (25, 36). Additionally, a highly conserved cysteine
pair in subdomains IX and X forms a disulfide bond that is
likely conserved within the family (36). Within the ROP2 fam-
ily, the conserved PPE motif on the substrate binding loop
strongly kinks the helix in domain VII and makes a hydropho-
bic interaction with the indole ring of a tryptophan from sub-
domain IX (36). This interaction is also stabilized by an inter-
domain salt bridge, providing a rigid platform for the
substrate-binding region. It is noteworthy that the primary
differences between ROP2 and ROP8 lie along the surfaces of
this substrate-binding region, which differ in charge and hy-
dropbobicity (36). This conservation predicts that the ROPs
are involved in binding to different substrates and that they
may be biologically, even if not catalytically, active.

The unique N-terminal extension of the ROP kinase do-
mains also suggests a unique mechanism of regulation (36).
The two alpha-helical regions wrap the kinase, fitting into a
hydrophobic cleft formed by subdomains V and VIa. As a
result of this close proximity, the side chain of Arg228 in ROP8

FIG. 3. Divergence of ROP2 family members and degeneracy in the conserved kinase domains. (A) Alignment of several mammalian kinases
(PKA-C� and Jun N-terminal protein kinase [JNK]) showing conservation of key residues implicated in binding to ATP and in catalysis. The
catalytic triad is boxed in red. While a majority of ROP2 family members are divergent and are predicted to be inactive, ROP16, ROP17, and
ROP18 conserve the key residues associated with activity. (B) Phylogenetic tree showing the relationship between ROP kinases, FIKK kinases from
P. falciparum, and major families of human kinases. TK, tyrosine kinases; AGC, cAMP-regulated kinase, c-GMP regulated kinase, and PKC;
CAMK, calcium-regulated kinases; GMCC, cyclin-dependent, mitogen-activated, and casein kinases. (Reproduced from reference 36.)
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(Arg220 in ROP2) protrudes into the nucleotide-binding
pocket, precluding ATP binding (36). Although this is incon-
sequential for ROP2 and ROP8, because they are inactive
pseudokinases, homology studies predict a similar N-terminal
subdomain in ROP18, with Gln199 instead of an arginine oc-
cluding the conserved ATP binding pocket (25, 36). The posi-
tioning of these N-terminal helices is stabilized by a number of
other interactions. These sequence motifs are conserved in
other ROP2 family members, including ROP4, ROP5, ROP7,
and ROP18. Collectively, these findings indicate that the heli-
cal regions of the N-terminal extension wrap the kinase do-
main in order to stabilize it and to regulate activation, as
discussed below.

Immunoprecipitation of ROP18 from parasites revealed
that it is capable of phosphorylating other ROPs in vitro (36).
ROP2 was weakly labeled, while ROP8 and a truncated, inac-
tive version of ROP18 were more strongly labeled (36). These
studies also revealed that ROP18 undergoes autophosphory-
lation and that this activity is dependent on a conserved
Asp394 in the catalytic triad, indicating that the observed ac-
tivity is not likely to be due to coprecipitation of another active
kinase (36). In keeping with the predictions that ROP2 and
ROP8 are inactive, they showed no ability to undergo auto-
phosphorylation in vitro. In contrast, expression of a highly
soluble form of ROP18 in E. coli also supported evaluation of
its in vitro kinase activity. Mass spectrometry mapping identi-
fied several Thr residues in the N lobe and several residues in
the first alpha-helix of the N-terminal extension of the ROP18
kinase domain that were autophosphorylated (36). Mutation of
these residues reduced phosphorylation activity toward both
ROP18 itself and the heterologous substrate myelin basic pro-
tein (36). Analogously to the interaction of the Arg220 residue
seen in ROP8, ROP18 has a pair of Gln residues at 199 and
201, and the side chains of these residues extend into the
nucleotide-binding pocket (Fig. 4B). Phosphorylation of key
residues on the N lobe or upstream alpha-helices may alter the

position of these side chains by extending the N-terminal ex-
tension away from the kinase domain, thus relaxing inhibition.
Consistent with this, mutation of these key Gln residues to Ala
results in partial activation of kinase activity (36).

Collectively, these features suggest a novel means of regu-
lation. When the N-terminal helical extension is closely ap-
posed to the kinase domain, it stabilizes the inactive confor-
mation. However, when the N-terminal extension becomes
phosphorylated, it swings out from the kinase domain and
relieves inhibition. While these studies have thus far been
demonstrated in vitro, it remains to be investigated whether
similar regulation is important in vivo. In this regard, the clus-
tering of ROP18 on the PVM may be important for transphos-
phorylation and regulating activation. As well, the ability of
ROP18 to phosphorylate other ROPs in vivo may be important
in modulating its activity. Testing these and other modifica-
tions of ROP18 will be facilitated by reverse genetic ap-
proaches as described above.

FUTURE PERSPECTIVES

Although the development of forward genetic mapping re-
quired a substantial investment, it has proven to be a powerful
method for investigating complex biological traits, such as
acute mortality in the mouse model and the influence of the
parasite on host cell gene expression. One of the advantages of
genetic mapping in T. gondii is that the progeny can be cryo-
preserved and tested repeatedly for a variety of different phe-
notypes. At present, only a few of the potential phenotypes or
experimental models have been explored by this approach.
Additional traits that would be of interest to map include
differences in pathology following natural routes of infection,
dissemination to deep tissues, such as the central nervous sys-
tem, and escape from innate immunity. Recent advances in
whole-genome analysis of gene expression in the parasite using
Affymetrix arrays have provided an enhanced genetic map,

FIG. 4. Ribbon models of the ROP8 and ROP18 kinase domains. (A) Model of ROP18 derived by homology modeling (yellow), superimposed
on a model derived from the X-ray crystal structure of ROP8 (green). The N-terminal extension of the kinase domain is found in both proteins
and is shown in blue. This extension consists of a �-sheet that completes the N lobe and two alpha helixes that wrap the main kinase domain.
Substantial differences also occur in the substrate-binding domain, where ROP18 is shown in cyan and ROP8 in magenta. (B) Model of ROP18
showing residues that are phosphorylated and implicated in the regulation of activity. (Reproduced from reference 36.)
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thus facilitating fine positional mapping. As well, additional
genetic crosses, including a recently completed cross between
type I and II strains (unpublished data), will make it possible to
compare the roles of specific genes in different genetic back-
grounds. To facilitate wider application of genetic analysis, the
progeny from the existing crosses have been made available
through the Biodefense and Emerging Infectious Disease Re-
search Resources Repository (www.beiresources.org/), and the
genetic maps, coordinates, and markers are freely available at
http://toxomap.wustl.edu/policy.htm.

Thus far, the role of ROPs has been investigated only in the
murine system, although some of the in vitro phenotypes are
also expressed in human cells. It will be important to expand
these findings to human infection in order to assess their po-
tential to contribute to the variable clinical outcomes seen in
toxoplasmosis. The availability of reagents for various ROPs
will be useful for establishing whether they are recognized by
the human immune system and whether variants of the various
ROPs correlate with the clinical presentation of different iso-
lates in human disease. Structural information combined with
biochemical assays will also be useful for screening small-mol-
ecule libraries to define chemical inhibitors of the ROPs. Com-
pounds that selectively inhibit ROP kinases might be expected
to block the virulence potential of the parasite, thus allowing
the immune system to control the infection and prevent pa-
thology.
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