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Abstract

Secretory polymorphic serine/threonine kinases control pathogenesis of Toxoplasma gondii in the mouse. Genetic studies
show that the pseudokinase ROP5 is essential for acute virulence, but do not reveal its mechanism of action. Here we
demonstrate that ROP5 controls virulence by blocking IFN-c mediated clearance in activated macrophages. ROP5 was
required for the catalytic activity of the active S/T kinase ROP18, which phosphorylates host immunity related GTPases (IRGs)
and protects the parasite from clearance. ROP5 directly regulated activity of ROP18 in vitro, and both proteins were
necessary to avoid IRG recruitment and clearance in macrophages. Clearance of both the Drop5 and Drop18 mutants was
reversed in macrophages lacking Irgm3, which is required for IRG function, and the virulence defect was fully restored in
Irgm32/2 mice. Our findings establish that the pseudokinase ROP5 controls the activity of ROP18, thereby blocking IRG
mediated clearance in macrophages. Additionally, ROP5 has other functions that are also Irgm3 and IFN-c dependent,
indicting it plays a general role in governing virulence factors that block immunity.
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Introduction

Toxoplasma gondii is an obligate intracellular parasite that infects

a wide range of vertebrate animal hosts and causes zoonotic

infection in humans, leading to potentially severe congenital

infections and risk of reactivation in immunocompromised patients

[1]. In North America and Europe, T. gondii exists as four distinct

clonal lineages that show marked virulence differences in

laboratory mice, which serve as a model for infection [2,3].

Forward genetic analyses have been used to map the genes

responsible for virulence in laboratory mice [4,5]. Remarkably,

this complex trait is largely mediated by a few members of a large

family of polymorphic serine threonine (S/T) protein kinases

secreted from rhoptries (ROP) into the host cell during invasion

[6,7]. The ROP kinase family consists of ,20 active members, as

well as a similar number of putative pseudokinases that are

predicted to lack kinase activity [8]. The structures of several ROP

pseudokinases reveal they contain a typical kinase fold and yet they

are structurally and phylogenetically diverse [9,10].

Most strains of T. gondii survive within naı̈ve macrophages;

however, when previously activated by exposure to IFN-c
macrophages acquire the ability to kill or inhibit parasites [11].

During primary infection, inflammatory monocytes are recruited

to the site of infection where they are critical for control of

intracellular T. gondii [12,13]. Macrophages control T. gondii

through induction of iNOS, which leads to stasis [14], reactive

oxygen intermediates, which leads to killing of opsonized parasites

[15], and upregulation of immunity related GTPases (IRGs),

which destroy intracellular parasites [16,17]. Recruitment of IRG

effectors to the parasite containing vacuole results in destruction of

the parasite residing within it [18,19]. Compared to most

mammals, the IRG gene family is highly amplified in rodents

[20], where it plays a major role in natural resistance to T. gondii

[21,22].

Not all strains of T. gondii are susceptible to clearance in IFN-c-

activated macrophages: highly mouse virulent type I parasites

resist IRG recruitment and consequently avoid clearance, while

intermediate virulent type II and avirulent type III parasites are

unable to block IRG recruitment and are destroyed [14,23].

Recent studies have revealed the mechanism for this escape: the

S/T kinase ROP18 phosphorylates a number of IRGs on key

threonine residues in switch region I of the GTPase domain,

thereby preventing assembly on the vacuole and blocking

clearance in activated macrophages [24,25]. The IRG system is

also dependent on the autophagy protein Atg5, although the

molecular basis for this requirement remains unclear [23,26].
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Genetic mapping studies have also implicated the pseudokinase

ROP5 in acute virulence [27,28], a result that is unlikely to be due

to kinase activity as ROP5 lacks a key catalytic residue and binds

ATP in an unconventional manner [29]. Comparison of several

pair-wise genetic crosses suggest that ROP5 interacts with ROP18

[27]; however, the molecular basis for the dramatic effects of ROP5

on virulence remains uncertain. Pseudokinases in other systems

have recently been shown to perform regulatory roles [30], raising a

similar possibility for ROP5. Herein, we explore the mechanism of

action for ROP5 and demonstrate that it controls ROP18 activity,

while also serving a separate and essential role in acute virulence.

Results

ROP5 deficient parasites show limited expansion in vivo
Previous studies have shown that ROP5 deficient (RHDku80Drop5)

parasites grow normally in vitro, but are highly attenuated in laboratory

mice [27]; however, the molecular basis of this phenotype is not

understood. To examine growth in vivo, CD-1 outbred mice were

infected with either wild type (RHDku80) or ROP5 deficient

(RHDku80Drop5) parasites expressing luciferase and growth was

followed over time. Virulent RHDku80 parasites expanded rapidly,

as detected by luciferase activity, until the mice succumbed to infection

between days 6–8 (Figure 1A, Figure S1). In contrast, ROP5 deficient

(RHDku80Drop5) parasites expanded normally for the first few days and

then dramatically decreased by the end of the first week, resulting in

survival of the mice (Figure 1, Figure S1).

To examine innate immune responses, we measured inflam-

matory cytokines in serum during the first week post infection. The

levels of IFN-c, IL-6, and MCP-1 increased at day 3 and were all

significantly higher at day 5 (P#0.01) in mice infected with wild

type (RHDku80) parasites as compared to ROP5 deficient

(RHDku80Drop5) parasites (Figure 1A, B). Consistent with a rise

in IFN-c, we also observed an increase in IL-12p40 at day 3 and 5

in mice infected with wild type (RHDku80) parasites. In contrast,

IL-10 and TNFa were essentially unchanged. Overall, changes in

cytokine levels appeared to track closely with parasite burden.

To test whether ROP5 modulates host cell transcription, we

infected human foreskin fibroblasts (HFF) with either wild type

(RHDku80) or ROP5 deficient (RHDku80Drop5) parasites and

examined gene expression using the Affymetrix HG-U113A_2

Human Array. There were no significant differences in gene

expression in HFF infected with wild type (RHDku80) or ROP5

deficient (RHDku80Drop5) parasites (NCBI GEO record

GSE32104), indicating ROP5 does not directly modulate host

gene expression, at least under the conditions tested in vitro.

IFN-c signaling is required for clearance of ROP5 deficient
parasites

The failure of ROP5 deficient parasites to expand in vivo could

emanate from some alteration in the immune response. For

example, if ROP5 were normally immunosuppressive, in its

absence, a stronger or more potent immune response might

provide more effective control of infection. To test whether ROP5

deficient parasites lack a normally suppressive function, mice were

infected separately, or coinfected with wild type (RHDku80) and

ROP5 deficient (RHDku80Drop5) parasites, and followed for 30

days to assess survival. Consistent with previous studies, mice

infected with wild type (RHDku80) or ROP5 complemented

(RHDku80Drop5 Complement) parasites succumbed in 9–10 days

(Figure 2A). Although ROP5 deficient parasites failed to cause

lethal infection, coinfection with wild type parasites led to rapid

death of all mice by day 10 (Figure 2A). Moreover, mice

immunized with ROP5 deficient parasites were able to generate

a normal adaptive immune response and survive a secondary

challenge with a normally lethal dose of wild type parasites

(Figure 2B). These findings indicate that it is unlikely that ROP5 is

globally immunosuppressive.

Alternatively, it was possible that ROP5 deficient parasites were

metabolically restricted in vivo, similar to the previously reported

pyrimidine biosynthesis mutants (i.e. cpsII mutants), which are

unable to propagate in vivo due limitations in uracil for salvage

[31]. cpsII mutants fail to expand in both wild type and Ifng2/2

mice [31], consistent with their metabolic limitation. To determine

if ROP5 deficient (RHDku80Drop5) parasites were controlled by an

IFN-c-dependent mechanism, we tested the virulence of ROP5

deficient (RHDku80Drop5) parasites in Ifngr12/2 mice, which are

unable to respond to IFN-c and hence, are highly susceptible to

toxoplasmosis [32]. Ifngr12/2 mice were completely susceptible to

infection with ROP5 deficient parasites, succumbing in the same

time frame as wild type C57BL/6 or Ifngr12/2 mice infected with

virulent wild type parasites (Figure 2C). To further clarify the role

of ROP5 in immune evasion we tested the virulence of ROP5

deficient (RHDku80Drop5) parasites in mice lacking the inducible

nitric oxide synthase (iNOS) (Nos22/2mice), the superoxide-

generating NADPH-oxidase gp91phox (X-CGD mice), or the

recombination activating gene 1 (Rag12/2 mice), important for B

and T cell function. iNOS2/2 and X-CGD mice survived

infection with ROP5 deficient (RHDku80Drop5) parasites

(Figure 2D) and did not present symptoms of illness or weight

loss (data not shown), similar to C57BL/6 control mice (Figure 2C).

Although Rag12/2 mice succumbed to ROP5 deficient

(RHDku80Drop5) infection, death was delayed compared to wild

type (RHDku80) infection (Figure 2D).

Collectively these findings indicate that IFN-c signaling is

necessary for controlling ROP5 deficient parasites and suggest that

ROP5 is critical to the parasites’ ability to resist innate immune

effectors generated by the IFN-c response.

Inflammatory monocytes are recruited to the site of
infection in mice infected with ROP5 deficient parasites

Previous studies have shown that inflammatory monocytes,

which are recruited to the peritoneal cavity following i.p.

Author Summary

The ability of microorganisms to cause disease in their
hosts is often mediated by proteins that are secreted by
the pathogen into the host cell as a means of disarming
host signaling. Previous studies with the protozoan
parasite Toxoplasma gondii have revealed that secretion
of parasite protein kinases into the host cell mediates
virulence in mouse, a natural host for transmission.
Curiously, some of these virulence factors are active
protein kinases, while other related pseudokinases lack
enzymatic activity; hence, it was unclear how they
functioned in promoting virulence. In the present work
we demonstrate that ROP5, an inactive member of this
protein kinase family, regulates the active protein kinase
ROP18, which normally prevents clearance of the parasite
in interferon-activated macrophages. Allosteric regulation
of enzymes is a common theme in biology, but this is the
first example of such a mechanism regulating a pathogen
virulence factor. The potential advantage of such a layered
process is that it might allow greater temporal or spatial
control and perhaps protect the parasite from disabling
strategies by the host.

Pseudokinase Controls Acute Virulence
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infection [13], are critical for controlling toxoplasmosis in mice

[12]. To determine if the altered growth kinetics of ROP5

deficient (RHDku80Drop5) parasites in mice were due to

differences in cellular recruitment, we examined the frequency

of myeloid cells in the peritoneum at intervals after infection by

FACS. Infection with wild type (RHDku80), ROP5 deficient

(RHDku80Drop5) and ROP5 complemented (RHDku80Drop5

Complement) parasites all induced robust recruitment of

inflammatory monocytes to the peritoneal cavity by day 3

(Figure 3A, B middle gate). Although the numbers of

inflammatory monocytes were similar at day 3, the number

of resident monocytes drastically decreased in mice infected

with all three strains of T. gondii compared to uninfected mice

(Figure 3B, Figure S2), a result that is likely due to cell lysis as a

consequence of high parasite replication at this time point

(Figure 1A). The number of inflammatory monocytes at day 5

also correlated with parasite growth, declining in mice infected

with wild type or ROP5 complemented parasites (Figure 3A),

while remaining elevated in mice infected with ROP5 deficient

parasites. Increased numbers of neutrophils were also observed

in infected mice (Figure S2), a phenomenon that has been seen

previously in association with high parasite burdens [12].

Figure 1. ROP5 deficient parasites are controlled in wild type mice and trigger a cytokine response proportional to the parasite
load. (A) In vivo parasite growth was monitored using luciferase expressing wild type (RHDku80) or ROP5 deficient (RHDku80Drop5) parasites. CD-1
mice were i.p. injected with either 106 or 103 parasites and imaged on indicated days. { denotes one or more deaths. Mean values shown per group
(n = 5). Representative of 2 experiments with similar outcomes. (B) Analysis of cytokines in serum of infected mice used in (A) (106 inoculum) on days
0 (uninfected), 3, and 5. The levels of IFN-c, IL-6, MCP-1, IL-10, and TNF-a were determined using a Cytometric Bead Array analyzed on a FACS Canto.
IL-12p40 was measured by ELISA. Mean 6 S.D., n = 3 animals per group. Student’s t test * P,0.01. Representative of 2 experiments with similar
outcomes.
doi:10.1371/journal.ppat.1002992.g001
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Collectively these findings indicate that ROP5 deficient

parasites initially expand in resident macrophages, but that

following recruitment of inflammatory monocytes, the infec-

tion is controlled.

ROP5 and ROP18 mediate survival in inflammatory
monocytes by altering the recruitment of IRGs

Based on the differences in initial growth in vivo (Figure 1A), we tested

the ability of ROP18 deficient and ROP5 deficient parasites to survive

in resident peritoneal macrophages (Gr12 F4/80+) vs. inflammatory

monocytes (Gr1+ F4/80+). Naı̈ve macrophages isolated from the

peritoneal cavity of normal mice showed limited ability to clear either

wild type (RHDku80), ROP18 deficient (RHDku80Drop18), ROP5

deficient (RHDku80Drop5) or ROP5 complemented (RHDku80Drop5

Complement) parasites (Figure 4A). In contrast, parasites that were

deficient in either ROP18 or ROP5 were efficiently cleared by Gr1+

monocytes in vitro (Figure 4B), a result that was not accompanied by loss

of cells from the monolayer. Survival was completely restored to wild

type levels in a strain genetically complemented for ROP5 expression

(Figure 4B).

Since ROP18 is known to enhance survival through disrupting

IRG recruitment to the parasite containing vacuole [24], we

examined the cellular localization of Irgb6 after infection with

ROP18 or ROP5 deficient parasites. Although Irgb6 remained

diffuse in cells infected with either wild type (RHDku80) and ROP5

complemented (RHDku80Drop5 Complement) parasites, both the

ROP18 and ROP5 deficient parasites readily accumulated Irgb6

on the vacuole membrane. The level of Irgb6 recruitment was

lower than the extent of clearance in the overnight assay, a result

that may be due to kinetic differences (Figure 4C, D). Collectively,

these results show that inhibition of recruitment of IRGs by

virulent strains of T. gondii requires both ROP18 and ROP5.

ROP5 regulates the catalytic activity of ROP18
Given that ROP18 has previously been shown to be both

necessary and sufficient to subvert IRG clearance in murine

macrophages infected with T. gondii [24], it became important to

determine how ROP5 influences this pathway. The dependence of

ROP18-dependent functions on ROP5 might result from either

altered expression or localization of ROP18. Western blot analysis

Figure 2. ROP5 deficient parasites vaccinate against lethal challenge and IFN-c signaling is required for control of Drop5 parasites.
(A) CD-1 mice were separately injected i.p. with 103 wild type (RHDku80), ROP5 deficient (RHDku80Drop5) or ROP5 complemented
(RHDku80Drop5Complement) parasites, or co-infected with 103 each of wild type (RHDku80) and ROP5 deficient (RHDku80Drop5) parasites. Survival
was followed for 30 days. Mean values shown per group (n = 5). Representative of 2 experiments with similar outcomes. (B) CD-1 mice were
inoculated with either media alone or 103 ROP5 deficient (RHDku80Drop5) parasites. After 30 days, mice were challenged with 104 wild type
(RHDku80) parasites and survival followed for 30 days. Mean values shown per group (n = 5). Representative of 2 experiments with similar outcomes.
(C) C57BL/6 control or Ifngr12/2 mice were i.p. injected with 103 wild type (RHDku80) or ROP5 deficient (RHDku80Drop5) parasites and survival was
followed for 30 days. Mean values shown per group (n = 5). Representative of 3 experiments with similar outcomes. (D) Nos22/2, Rag12/2, or X-CGD
mice were injected i.p. with 103 wild type (RHDku80) or ROP5 deficient (RHDku80Drop5) parasites and survival was followed for 30 days. Mean values
shown per group (n = 5), except X-CGD mice (RHDku80 n = 3 and RHDku80Drop5 n = 4). Representative of 2 experiments with similar outcomes.
doi:10.1371/journal.ppat.1002992.g002
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demonstrated that ROP18 was expressed at near wild-type levels

in the absence of ROP5 (Figure 5A,B). Immunofluorescence

analysis detected ROP18 properly localized at the vacuolar

membrane in both wild type cells (RHDku80) and ROP5 deficient

(RHDku80Drop5) parasites (Figure 5C,D). Collectively, these

findings indicate that absence of ROP5 is not responsible for

altered expression or localization of ROP18.

Some mammalian pseudokinases have been reported to

allosterically regulate active kinases [30], suggesting that ROP5

may regulate ROP18. To test this hypothesis in vitro, recombinant

Figure 3. Gr1+ F4/80+ inflammatory monocytes are recruited to the peritoneum after infection with wild type or ROP5 deficient
parasites. (A) CD-1 mice were infected with 103 wild type (RHDku80), ROP5 deficient (RHDku80Drop5), or ROP5 complemented
(RHDku80Drop5Complement) parasites and the number of Gr1+ F4/80+ cells was determined by cell surface staining and FACS. Mean 6 S.E.M.,
n = 3 animals per group. (B) FACS plots of Gr1 and F4/80 gated cells from representative animals at day 3 postinfection in (A). Top left gate represents
neutrophils (Gr1+ F4/802), middle gate represents inflammatory monocytes (Gr1+ F4/80+), bottom right gate represents resident macrophages (Gr12

F4/80+). Data are derived from a single experiment, n = 3 mice/group. Plots for representative animals are shown.
doi:10.1371/journal.ppat.1002992.g003
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ROP18 was used to phosphorylate the artificial substrate dMBP

(Figure 5E), or the natural substrate Irgb6 (Figure 5F), in the

presence or absence of recombinant ROP5. To determine

whether a similar interaction occurs in vivo, ROP18 was

immunoprecipitated from wild type (RHDku80) parasites or those

that were ROP5 deficient (RHDku80Drop5) (Figure 5G,I) and used

to phosphorylate dMBP (Figure 5H) or Irgb6 (Figure 5J) in vitro. In

the absence of ROP5, both recombinant ROP18 (Figure 5E,F)

and endogenous ROP18 (Figure 5H,J), demonstrated a greatly

diminished capacity to phosphorylate both dMBP and Irgb6

substrates based on 32PO4 labeling. Activity of recombinant

ROP18 increased ,12 fold (Figure 5 E,F), while a ,35 fold

increase in endogenous ROP18 activity was observed in the

presence of ROP5 (Figure 5J). Restored expression of ROP5 in the

complemented clone resulted in phosphorylation of dMBP or

Irgb6 by immunoprecipitated ROP18 (Figure 5 H,J). The

enhanced activity of ROP18 in the presence of ROP5 did not

result from a stable complex between these proteins, as they failed

to co-immunprecipitate in lysates of infected, IFN-c activated cells

(Figure S3A). Enhanced activity of ROP18 in the presence of

ROP5 also did not result from an interaction between ROP5 and

Irgb6 (Figure S3B), nor did the previously demonstrated interac-

tion between ROP18 and Irgb6 [24], require the presence of

ROP5 (Figure S3C). Although ROP5 activated ROP18, it failed

to demonstrate catalytic activity of its own in vitro (Figure 5E,F),

consistent with the prediction that it encodes a pseudokinase

[27,28]. Taken together, these results indicate that the catalytic

activity of ROP18 is regulated by the predicted pseudokinase

ROP5, and that this pathway is required for avoidance of IRG

clearance in inflammatory monocytes.

ROP18 and ROP5 are both required for avoidance of IRG-
mediated clearance

Our results indicate that ROP5 and ROP18 are both required

for escape from the IRG pathway, consistent with the finding that

ROP5 regulates the activity of ROP18. We sought to determine

whether the defects in ROP5 and ROP18 could be compensated

by defects in the IRG pathway. However, of the two IRG proteins

that are shown to be targeted by ROP18, there is presently no

knockout available for Irgb6, and the phenotype of Irga6 mutants

challenged with T. gondii is very modest, especially in cell-

autonomous control of parasite survival [33]. Nevertheless, Irgm

proteins are known to regulate the proper recruitment of Irga6

and Irgb6 to the vacuole surrounding susceptible strains of T. gondii

[34,35]; absence of Irgm1 or Irgm3 alters the targeting and

function of Irgb6 and Irga6 and effectively cripples the IRG

system. However, the use of mice lacking Irgm1 is complicated by

pleomorphic effects of Irgm1-deficiency on T cell development

[36] and macrophage motility [37]. In contrast, Irgm3-deficient

mice have shown normal immune cell development, yet are highly

susceptible to infection by T. gondii [17]. Heterologous expression

of tagged proteins indicates that Irgm proteins are necessary for

Figure 4. ROP5 and ROP18 are required for avoidance of clearance and IRG recruitment. In vitro clearance of parasites in naı̈ve peritoneal
macrophages (A) or Gr1+ inflammatory monocytes (B) was measured by immunofluorescence microscopy. Cells were stained at 0.5 and 20 h post
infection for host cell surface markers (see methods) and the parasite surface marker SAG1. Infection rates at 20 h post infection were normalized to
initial infection rates. Means 6 S.E.M., n = 3 samples each, from 3 combined experiments. Student’s t test, **P,0.0005. (C) Immunofluorescence
localization of Irgb6 on the parasitophorous vacuole membrane in Gr1+ inflammatory monocytes infected for 0.5 h in vitro. The vacuole membrane
was visualized by staining with mAb Tg 17-113 for GRA5 (secondary: Alexa Fluor 594, red). Irgb6 was visualized with rabbit anti-Irgb6 (secondary:
Alexa Fluor 488, green). Scale = 5 microns. (D) Quantification of Irgb6 localization to the vacuolar membrane in Gr1+ monocytes. Mean 6 SEM, n = 3
samples each, from 3 combined experiments. Student’s t test, *P,0.005.
doi:10.1371/journal.ppat.1002992.g004
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Figure 5. ROP5 regulates the kinase activity of ROP18. (A) Expression of ROP18 and ROP5 detected by western blotting of parasite lysates with
rabbit anti-ROP18 (Rb a-ROP18), rabbit anti-ROP5 (Rb aROP5), and rabbit anti-actin (Rb aACT1) as a loading control. Representative of 3 experiments
with similar outcomes. (B) Quantification of ROP18 expression by phosphorimager analysis of western blots, normalized for loading by actin staining.
Means 6 S.E.M. n = 3 experiments. (C) Immunofluorescence localization of ROP18 on the parasitophorous vacuole membrane in wild type (RHDku80)
and ROP5 deficient (RHDKu80Drop5) parasites infecting HFF cells in vitro. ROP18 was localized based on the C-terminal Ty-1 epitope described
previously [7] using mAb BB2 (directly conjugated to Alexa Fluor 488, green). The vacuole membrane was stained with polyclonal rabbit anti-GRA7,
described previously [64], (secondary: Alexa Fluor 594, red). Scale = 5 microns. (D) Immunofluorescence localization of ROP5 on the parasitophorous
vacuole membrane in wild type (RHDku80) and ROP5 deficient (RHDku80Drop5) parasites infecting HFF cells in vitro. The vacuole membrane was

Pseudokinase Controls Acute Virulence
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proper recruitment of Irga6 and Irgb6 to the vacuole surround

susceptible strains of T. gondii [35], suggesting the same require-

ment might be true for endogenous proteins.

To explore the interaction between ROP5 and ROP18 and the

IRG pathway, we examined the recruitment of Irgb6 and parasite

clearance in IFN-c-activated, bone-marrow-derived macrophages

derived from wild type C57BL/6 and Irgm32/2 mice. To provide

a more complete set of parasite strains for this comparison, we

complemented the RHDku80Drop18 mutant described previously

[24] by reintroducing a single copy of ROP18 that restored normal

expression and reversed the virulence defect seen in outbred mice

(Figure 6A,B, Figure S4, S5). Parasites deficient in ROP18 or

ROP5 demonstrated decreased survival in IFN-c activated wild

type macrophages compared to their respective complemented

lines or the wild type strain (RHDku80), which is resistant to

clearance as previously reported [24] (Figure 6C). The enhanced

clearance of ROP5 or ROP18 deficient parasites was largely

reverted in IFN-c activated Irgm32/2 macrophages (Figure 6D).

Vacuoles containing both ROP18 deficient (RHDku80Drop18) and

ROP5 deficient (RHDku80Drop5) parasites showed enhanced

Irgb6 accumulation that was restored to normal in the comple-

mented parasite strains in wild type macrophages (Figure 6 E,F).

Additionally, the enhanced recruitment of Irgb6 seen in ROP5 or

ROP18 deficient mutants was restored to normal in the absence

Irgm3 (Figure 6 E,F). Deletion of Irgm3 also affected the

abundance and pattern of Irgb6, which tended to aggregate in

clusters in the absence of Irgm3 (Figure 6F). These studies

reinforce the model that recruitment of Irgb6 is dependent on

Irgm3 and establish that ROP18 and ROP5 have indistinguish-

able phenotypes when it comes to survival in activated macro-

phages in vitro.

To examine survival in vivo, wild type and Irgm32/2 mice were

challenged with parasites and luciferase activity and survival were

recorded. Following s.c. challenge of C57BL/6 mice, wild type

(RHDku80) parasites rapidly expanded while ROP5 deficient

(RHDku80Drop5) parasites were controlled as shown by luciferase

imaging studies (Figure 7A). Interesting, ROP18 deficient

(RHDku80Drop18) parasites expanded with delayed kinetics in

C57BL/6 mice and tissue burdens had begun to recover when

animals succumbed to infection (Figure 7A). A similar response

was also seen in CD1 outbred mice challenged with ROP18

deficient (RHDku80Drop18) parasites (Figure S4). In the absence of

Irgm3, both wild type (RHDku80) and ROP18 deficient

(RHDku80Drop18) parasites underwent rapid expansion and

reached high tissue burdens as reflected by luciferase activity,

while ROP5 deficient (RHDku80Drop5) parasites showed a delayed

expansion and reached lower total levels (Figure 7A). The

expansion of parasites observed by bioluminescence imaging

mirrored survival outcomes. Challenge with wild type strain

(RHDku80) parasites led to rapid and complete mortality of both

wild type and Irgm32/2 mice (Figure 7B). Wild type mice infected

with ROP18 deficient (RHDku80Drop18) parasites exhibited a

delayed death phenotype similar to that seen in outbred mice

(Figure 6B), while Irgm32/2 mice succumbed rapidly, similar to

wild type parasite infection (Figure 7B). In contrast, ROP5

deficient (RHDku80Drop5) parasites were completely avirulent in

wild type C57BL/6 mice, while they caused 100% mortality in

Irgm32/2 mice, albeit with a delay in time to death (Figure 7B).

The susceptibility of Irgm32/2 mice infected with ROP5 deficient

(RHDku80Drop5) parasites was more rapid when injected i.p. with

a similar time to death as wild type parasites (Figure S6).

Discussion

Although the pseudokinase ROP5 was previously shown to be

essential for acute virulence of T. gondii in laboratory mice, the

basis for this was initially unclear, especially given the predicted

lack of catalytic activity of this protein. Here we demonstrate that

ROP5 regulates the activity of ROP18, an active S/T kinase that

phosphorylates IRGs, thus blocking their accumulation on the

parasite containing vacuole. ROP5 was necessary for the full

enzymatic activity of ROP18, although it was not required for

stable expression or normal trafficking to the parasite-containing

vacuole. Studies using Irgm3 deficient macrophages revealed that

the inability of ROP5 and ROP18 deficient parasites to avoid IRG

recruitment was fully reverted in vitro. Moreover, the attenuation of

the ROP deficient mutants was fully reversed in Irgm3 deficient

mice. These findings reveal that ROP5 is a multifunctional

pseudokinase that regulates acute virulence in T. gondii in part by

governing the active kinase ROP18, and by affecting additional

effectors that are both IFN-c and Irgm3-dependent.

ROP5 is a member of a polymorphic family of secretory S/T

kinases that are highly divergent from human kinases and which

have been amplified in the genome of T. gondii [8]. Forward

genetic mapping revealed that ROP5 is primarily responsible for

differences in mouse virulence between highly virulent type I

strains and intermediate virulent type II strains [27], and also

between type II and avirulent type III strains, although

paradoxically the type III ROP5 locus is positively associated

with virulence [28]. In all strains, the ROP5 locus encodes a

cluster of predicted pseudokinases all of which lack the central

conserved Asp residue of the catalytic triad typical of S/T kinases

[38]. Our findings demonstrate that the virulence defect in ROP5

deficient parasites is completely reversed in mice lacking Ifngr12/

2 or Rag12/2, indicating that ROP5 mediates escape from IFN-

c-dependent effector mechanisms. Alternative models, such as

ROP5 deficient parasites being auxotrophic for nutrients that may

be limiting in vivo, or ROP5 being a global suppressor of immune

responses, are not supported.

Previous studies have shown that IFN-cR1 is required for

control of T. gondii in both hematopoietic and non-hematopoietic

cells [32], and both compartments likely contribute to IRG-

mediated clearance, which in the mouse provides one of the most

labeled with mAb Tg 17-113 for GRA5 (secondary: Alexa Fluor 594, red). ROP5 was labeled with polyclonal Ab for ROP5 (secondary: Alexa Fluor 488,
green). Scale = 5 microns. (E) In vitro kinase reaction using the kinase domain of ROP18 (ROP18-KD, 100 ng) and the heterologous substrate dMBP 6
recombinant ROP5 (rROP5, 200 ng). (F) In vitro kinase reaction using full length ROP18 (ROP18-FL, 25 ng) and the natural substrate Irgb6 6

recombinant ROP5 (rROP5, 50 ng). Irgb6 was immunoprecipitated (,10–20 ng/reaction) from IFN-c activated RAW cells with polyclonal rabbit anti-
Irgb6. (G) Immunoprecipitation of ROP18 (,5 ng/reaction) from parasite lysates with polyclonal rabbit anti-ROP18 (Rb anti-ROP18). Bound (denoted
as B) and unbound (denoted as UB) samples were resolved by SDS-PAGE and blotted for ROP18 (Rb anti-ROP18 biotin). (H) In vitro kinase reaction of
ROP18 using the heterologous substrate dMBP. ROP18 immunoprecipitations from (G) were incubated with or without substrate in the presence of
32P ATP. Reactions were resolved by SDS-PAGE and subjected to phosphorimager analysis. (I) Immunoprecipitation of ROP18 (,5 ng/reaction) from
parasite lysates with rabbit anti-ROP18 as in (G). (J) In vitro kinase reaction of ROP18 and a natural substrate Irgb6. ROP18 immunoprecipitations from
(I) were incubated with or without substrate in the presence of 32P ATP. Irgb6 was immunoprecipitated from IFN-c activated RAW cells with
polyclonal rabbit anti-Irgb6. Reactions in E, F, H, and J were carried out in the presence of 32P ATP, resolved by SDS-PAGE and subjected to
phosphorimager analysis. E–J are representative of 3 or more experiments with similar outcomes.
doi:10.1371/journal.ppat.1002992.g005
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effective means of control [21,22]. At the level of survival in

macrophages in vitro, ROP5 and ROP18 were both required for

avoidance for recruitment of IRGs and clearance. In previous

studies we have shown that ROP18 deficient parasites exhibit

normal survival in naive macrophages, but are restricted in IFN-c

activated peritoneal macrophages and that survival correlates with

avoidance of Irgb6 recruitment [24]. Here we extend these

findings to show that ROP18 or ROP5 deficient parasites show

enhanced Irgb6 recruitment and clearance in Gr1+ monocytes,

and in bone marrow derived macrophages activated in vitro with

IFN-c. In separate studies, others have shown that ROP18 or

ROP5 deficient parasites also fail to block recruitment of Irga6

and Irgb6 in IFN-c-activated MEFs [39]. In the present study, the

increased susceptibility of ROP18 and ROP5 deficient parasites to

clearance by IFN-c-activated macrophages was completely

dependent on Irgm3, a regulatory protein required for homeosta-

sis of IRGs. Moreover, deficiency in Irgm3 reverted the phenotype

of both the Drop18 and the Drop5 mutants in vivo.

Previous genetic analyses of acute virulence in type I strains of

T. gondii indicated that ROP5 and ROP18 interact to control

virulence [7,27]. We now demonstrate that the basis for this

relationship is that ROP5 controls the kinase activity of ROP18,

thus affecting its ability to phosphorylate substrates. ROP5

activation of ROP18 activity contributes to avoidance of IRG

recruitment in IFN-c activated macrophages, hence promoting

survival. ROP18 actively phosphorylates a number of IRG

Figure 6. Irgm3 deficiency reverts the IRG recruitment and
clearance defects of both Drop18 and Drop5 parasites in vitro. (A)
Western blot analysis of wild type (RHDku80), ROP18 deficient
(RHDku80Drop18) and ROP18 complemented (RHDku80Drop18Comple-
ment) parasites. Western blot probed with rabbit anti-ROP18 and rabbit
anti-actin flowed by goat anti-rabbit conjugated to HRP and detected
by ECL. (B) Survival of female outbred CD1 mice challenged with 100
parasites by i.p. inoculation. n = 5 animals per group from a single
experiment. In vitro clearance of parasites in wild type C57BL/6 (WT) (C)
or Irgm3 deficient (Irgm32/2) (D) bone marrow derived macrophages
following IFN-c activation (50 units/mL). Means 6 S.D. n = 6 samples
from 2 combined experiments. For statistical analysis, parasite survival
in Irgm3 deficient cells was compared to survival in wild-type cells.
Student’s t test, **P,0.001. Quantification (E) and immunofluorescence
localization (F) of Irgb6 localization to the vacuolar membrane in WT or
Irgm32/2 IFN-c-activated macrophages. (E) Means 6 S.D. n = 6 samples
from 2 combined experiments. Student’s t test, *P,0.005. (F) The
vacuole membrane was visualized by staining with mAb Tg 17-113 for
GRA5 (secondary: Alexa Fluor 594, red). Irgb6 was visualized with rabbit-
Irgb6 (secondary: Alexa Fluor 488, green). Scale = 5 microns.
doi:10.1371/journal.ppat.1002992.g006

Figure 7. Irgm3 deficient mice revert the phenotypes of Drop18
and Drop5 parasites. (A) Wild type (C57BL/6) (n = 4 per parasite strain)
or Irgm3 deficient (Irgm32/2) (n = 4 per parasite strain) mice were
infected with 102 luciferase expressing wild type (RHDku80), ROP5
deficient (RHDku80Drop5), or ROP18 deficient (RHDku80Drop18) para-
sites by s.c. injection and imaged on indicated days. { denotes one or
more death per group. Representative experiment. (B) Survival curves
for mice challenged with T. gondii strains as shown. Combination of two
experiments (n = 8 animals per group).
doi:10.1371/journal.ppat.1002992.g007
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proteins in a common motif in switch region I [24], thereby

affecting GTPase activity, and oligomerization [25]. Following

phosphorylation, IRG proteins are unable to load onto the

parasite containing vacuole, thus blocking this interferon-mediated

clearance pathway [40]. Previous studies have indicated that

Irgm3 is recruited to the PVM [19,41], and it contains the

conserved motif [24], and therefore is a potential substrate of

ROP18. Additionally, the activity of ROP18 in phosphorylating

ATF6b [42], is likely to also dependent on ROP5. ATF6b has

been proposed to affect a later step in resistance mediated through

dendritic cell activation of T-cells, a process likely important in

adaptive immunity [42]. At an earlier stage, ROP18 is essential for

controlling avoidance of the IRG pathway, a process that

participates primarily in innate immunity [43]. Collectively, these

two pathways likely control the ROP5-dependent activities of

ROP18 in mediating virulence.

Our findings are consistent with a model whereby ROP5 acts as

an allosteric regulator of ROP18. ROP5 was required for full

catalytic activity of ROP18 using endogenous enzyme immuno-

precipitated from cells and in vitro testing against the heterologous

substrate dMBP or the natural substrate Irgb6. ROP5 also directly

activated the kinase activity of recombinant ROP18 in vitro against

both dMBP and Irgb6. These results are reminiscent of recent

reports of a role for pseudokinases in mammalian cells regulating

their active partners [30,44]. For example, the pseudokinase

STRADa regulates LKB1, a S/T protein kinase that regulates

AMP activated kinase and acts as a tumor suppressor [45].

Although catalytically inactive, STRADa adopts a closed confor-

mation typical of an active kinase and together with the adaptor

MO25a promotes the active conformation of LKB1 [46,47].

Unlike the situation with LKB and STRADa, the activation of

ROP18 occurs despite there not being a strong interaction with

ROP5, which does not coIP from cell lysates [48], and present

report. However, the failure to observe a stable complex under

these conditions does not preclude ROP5 and ROP18 from

interacting at a lower affinity, or in a complex that depends on

local interactions on the PVM. It is conceivable that transient

binding of ROP5 to ROP18 facilitates auto-catalytic activation,

which results from phosphorylation in helical extensions of the N-

lobe of the kinase domain [10]. In separate studies, using a more

sensitive approach based on tandem-affinity purification (TAP)

[49] of ROP5, ROP18 was one of the major components to

copurify in a complex with ROP5, and this was validated by

reciprocal TAP-tagging of ROP18 (Etheridge, Sibley unpub-

lished). Moreover, we observed that ROP5 is found in a complex

with other ROP kinases, suggesting it may activate other kinases

similar to ROP18 (Etheridge, Sibley unpublished). Although the

precise mechanism of regulation is yet unclear, our data indicate

that ROP5 is an allosteric activator of ROP18, thus establishing a

new role for pseudokinases in controlling pathogen virulence

factors.

Our findings differ from a recent report that also examined the

interaction of ROP5 and ROP18 [48]. This prior study reported

that co-expression of a cosmid contain the locus of ROP5 from the

type I strain was not able to enhance the activity of ROP18 from a

type II strain, when co-transfected into a recombinant strain called

S22 [48]. Interpretation of this experiment is complicated by the

fact that S22 is the product of recombination between types II and

III and it also contains the type II ROP5 locus, which has

previously been associated with avirulence [27]. Either due to this

complex mixture of ROP5 alleles, or another undefined locus, this

strain may harbor an epistatic activity that suppresses activation of

ROP18. In contrast we demonstrate that the major allele of ROP5

from the type I strain activates the kinase activity of ROP18 from a

type I strain in vivo, using isogenic strains, and in vitro using purified

recombinant protein to phosphorylate both heterologous and

endogenous substrates. This later result was also observed using

GST-Irga6 as a substrate in vitro [39], confirming the ability of

ROP5I to enhance the activity of ROP18I.

Two recent studies also reported that ROP5 binds directly to

some IRGs, notably Irga6, affecting its oligomerization and

GTPase activity in vitro [39,48]. This result suggests that ROP5

may also inhibit oligomerization in vivo, thus decreasing IRG

accumulation on the parasite-containing vacuole. However, this

activity alone is unlikely to be sufficient for parasite survival, given

the inability of type III strains to avoid IRG recruitment despite

expressing the same complement of ROP5 alleles as seen in type I

strains [27]. Additionally, although ROP5 binds reasonably well to

Irga6, it binds less efficiently to other IRGs such as Irgb6 ([39] and

present study). As such, the ability of ROP5 to directly activate the

kinase activity of ROP18 may be more important for targets such

as Irgb6. Collectively, the binding of ROP5 to IRGs and inhibition

of oligomerization is expected to work cooperatively with its ability

to enhance the catalytic activity of ROP18, thus disrupting IRG

function.

The IRG pathway has been described as a major immunity

mechanism in the murine system due to the expansion of this

family of innate immune effectors in the rodent lineage [20]. The

nearly exclusive expression of IRGs in the murine system has led

some to question its relevance to human infection. However, this

view overlooks the obvious importance of rodents in the natural

transmission of toxoplasmosis, which is a zoonotic disease that

humans acquire from infected food animals and cats, although not

directly from rodents. Additionally, there are several reasons to

believe IRGs are also directly relevant to humans. Humans

express only two IRG family members: IRGC, which is testis

specific and unlikely to be involved in immunity, and IRGM,

which is truncated [20]. Despite likely not being a functional

GTPase, IRGM has been implicated in autophagy-mediated

control of Mycobacterium tuberculosis [50] and Salmonella typhimurium

[51]. Additionally, both humans and rodents express a second

family of related GTPases called guanylate binding proteins

(GBPs), which are also strongly upregulated following treatment

with IFN-c [52]. GBPs have recently been shown to be required

for the control of Listeria monocytogenes and M. tuberculosis in the

mouse [53]. GBPs are also recruited to vacuoles containing T.

gondii in a strain-dependent manner [52,54], suggesting a role in

pathogen control. Direct evidence for such a role was recently

provided by a study reporting deletion of a locus on chromosome 3

in the mouse, encoding 5 GBPs, impairs immunity to challenge

with a type II strain of T. gondii [55]. In separate studies, we have

shown that these effects are partially dependent on Gbp1 and that

recruitment of Gbp1 to the PVM is mediated in a ROP5 and

ROP18-dependent manner (Selleck, Sibley submitted). Homeo-

stasis of GBPs requires Irgm proteins in the murine system [56],

hence the dramatic reversal of the ROP5 deficient parasites in

Irgm32/2 mice may be due to defects in both the IRG and GBP

systems. Further studies will be needed to determine the

relationship between these different IFN-c induced systems and

to define the role of ROP kinases and IRG-dependent immunity

mechanisms in control of human infection.

Previous genetic crosses have implicated only a few loci in

controlling acute virulence in the mouse model [6,22,28,57].

Notably, only type I parasites are efficient at blocking IRG

clearance [14,23] and they have a combination of a type I allele at

ROP18 and a type I allele at ROP5, the latter of which is also

expressed by type III parasites [7,27]. Consistent with their

extremely low level of ROP18 expression, type III parasites are

Pseudokinase Controls Acute Virulence

PLOS Pathogens | www.plospathogens.org 10 November 2012 | Volume 8 | Issue 11 | e1002992



avirulent, a phenotype that is fully reverted with transgenic

expression of type I [7] or type II [6] ROP18. Although type II

strain parasites have a functional ROP18, they have a type II

ROP5 locus that is associated with avirulence. Although we have

not tested the ability of type II ROP5 to regulate the activity of the

type II allele of ROP18, genetic studies indicate that this

interaction is not sufficient to promote full virulence [28,57], nor

is it sufficient to mediate avoidance of IRG recruitment and

clearance [14,23].

The more severe defect of ROP5 deficient parasites vs. ROP18

deficient parasites in wild type mice, suggest that in addition to

regulating ROP18, it has other functions, perhaps serving as

scaffold for regulating other important kinases in T. gondii. ROP

kinases are highly polymorphic and have expanded in the T. gondii

genome under strong selective pressure [8]. Similarly, the IRG

pathway is highly amplified in rodents where it plays a major role

in resistance to intracellular pathogens such as T. gondii. Placing

the ROP5 pseudokinase at the center of this pathway may be an

evolutionary strategy to divert attention from the active kinases, in

which diversity is constrained to preserve catalytic activity.

Materials and Methods

Ethics statement
All animal experiments were conducted according to the U.S.A.

Public Health Service Policy on Humane Care and Use of

Laboratory Animals. Animals were maintained in an AAALAC-

approved facility and all protocols were approved by the

Institutional Animal Care and Use Committee (School of

Medicine, Washington University in St. Louis).

Mouse strains and infectivity studies
CD-1 and C57BL/6 mice were purchased from Charles River

Laboratories. Ifncr12/2, Rag12/2, and Nos22/2 mice,, all on a

C57/BL6 background were obtained from Dr. Herbert Virgin

(Washington University). Mice deficient in the superoxide-

generating NADPH-oxidase gp91phox subunit (NOX2), referred

to as X-CGD mice, on a C57BL/6 background [58] were

obtained from Dr. Mary C. Dinauer (Washington University).

Irgm32/2 mice [17] from Dr. Greg Taylor (Duke University) were

bred locally at Washington University. Age and sex- matched mice

were challenged by i.p. or s.c. injection with parasites and survival

followed for 30 days post injection, as described previously [27].

In vivo imaging and cytokine measurements
Mice inoculated with luciferase expressing parasites were

weighed at intervals after infection and imaged by biolumines-

cence as described previously [59]. For cytokine measurements,

blood was obtained from the saphenous vein. Sera were obtained

using microtainer serum separators (BD Bioscience) by centrifu-

gation at 3,000 g and stored at 220uC. IL-12p40 was measured

using a mouse OptEIA ELISA kit (BD Biosciences). The other

cytokines were quantified using the Cytometrix Bead Array Mouse

Inflammation Kit (BD Biosciences), detected using a FACS Canto

II flow cytometer (BD Biosciences), and analyzed using FCAP

ARRAY (Soft Flow, Inc.).

Parasite and cell culture
Fully virulent, type I RH strain parasites that are deficient in

Ku80 (RHDku80), attenuated Drop18 (RHDku80Drop18), avirulent

Drop5 (RHDku80Drop5), and virulent ROP5 complemented

(RHDku80Drop5Complement) parasite strains were described

previously [24,27]. Generation of the ROP18 complement

(RHDku80Drop18Complement) is described in Figure S4. Parasites

were serially passaged in human foreskin fibroblasts (HFF)

monolayers, as described previously [24]. Cultures were negative

for mycoplasma contamination using the e-Myco plus mycoplas-

ma PCR detection kit (Boca Scientific). Peritoneal macrophages

harvested from naı̈ve CD1 mice, bone marrow derived macro-

phages, and RAW 264.7 cells (American Type Culture Collection

(ATCC)) were cultured as described previously [24]. Cells were

activated by treatment overnight with either 10 or 50 units/mL

murine IFN-c (R&D Systems) and 0.1 ng/mL LPS from E. coli

O55:B5 (Sigma-Aldrich). Gr1+ monocytes were harvested at day 4

from the peritoneal cavity of mice that have been primed 4 days

previously by inoculation with 200 CTG strain parasites, as

described previously [24]. Macrophages were characterized by

expression of the cell surface markers using mAb RB6-8C5 against

Gr1 that was directly conjugated to Alexa Fluor 594 and/or mAb

HB-198 (ATCC) against F4/80 that was directly conjugated to

Alexa Fluor 488, using commercially available coupling kits

(Invitrogen).

Generation of luciferase expressing parasites
The pDestR4R3-UPRTKO-Clickluc plasmid was constructed

with the MultiSite Gateway 3-fragment pDest-R4R3 system

(Invitrogen). Flanking fragments (1 kb 59 pDONR-P41r and 39

pDONR-P2rP3) for the T. gondii uracil phosphoribosyl transferase

gene (UPRT) gene were amplified from RH strain lysate with

iProof High Fidelity DNA polymerase (Bio-Rad). The middle

fragment (pDONR-P1P2) contained the Click Beetle luciferase

(Clickluc) gene driven by the dihydrofolate reductase (DHFR)

promoter as described [60] (Table S1). RHDku80, RH Dku80-

Drop18, or RHDku80Drop5 parasites (1), were electroporated with

pDestR4R3-UPRTKO-Clickluc linearized with BsiWI, selected

with fluorodeoxyuridine (FUDR)(161025 M), and luciferase

positive single cell clones were identified by positive biolumines-

cence.

Generation of ROP18 complemented parasites
A 5-fragment Gateway clone was generated to integrate the

ROP18 gene under control of the IMC1 promoter into the

UPRT locus (Figure S5). The targeting construct was amplified

by PCR as described previously [61], and electroporated into

RHDku80Drop18 strain parasites, stable transformant clones

isolated and verified by immunofluorescence staining and

western blotting.

Cell recruitment assay
Recruitment of cells to the peritoneal cavity was analyzed by

FACS, using protocols described previously [59]. In brief, mice

were sacrificed at intervals after infection, peritoneal cells were

isolated, and stained and analyzed by FACS. Cells were incubated

at 4uC in Fc block (clone 2.4G2, BD Bioscience) in MACS buffer

(PBS, 0.5% BSA, 2 mM EDTA, pH 7.2) and negative cells

excluded by staining with AmCyan-Aqua Fixable Dead Cell Stain

(Invitrogen). Labeled antibodies V450 anti-Gr1 (RB6-8C5, BD

Bioscience), APC-anti-F4/80 (Invitrogen), PE-Cy7 anti-CD11b

(M1/70, BD Bioscience), and APC-eFluor 780 anti-B220 (RA3-

6B2, eBioscience) were incubated for 15 min at room-temp,

washed and re-suspended in MACS buffer. Samples were detected

using a FACS Canto II flow cytometer (BD Biosciences), and

analyzed with FlowJo software (Tree Star, Inc). Absolute cell

numbers were calculated using the total cell count multiplied

successively by the percentages for the appropriate gates obtained

through flow cytometry. A total of 100,000 cells were analyzed for

each sample.
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Immunofluorescence microscopy
Infected HFF or macrophage monolayers cultured on coverslips

were fixed in 4% formaldehyde and permeablized in 0.05%

Triton X-100 in PBS or 0.05% saponin for 10 min. Samples were

blocked with 10% FBS, incubated with primary antibodies for

,20 min, washed 3 times with PBS, and incubated with species-

specific secondary antibodies conjugated to Alexa Fluors (Invitro-

gen) for ,20 min. Samples were rinsed in PBS, mounted in

ProLong Gold with DAPI (Invitrogen) and examined with a Zeiss

Axioskop 2 MOT Plus microscope (Carl Zeiss, Inc.). Images were

acquired with an AxioCam MRm camera (Carl Zeiss, Inc.) and

processed with Photoshop CS4.

In vitro macrophage clearance assays
Macrophage monolayers were challenged with parasites that

were propagated in HFF cells as described above. Clearance was

assessed by comparing the percentage of cells infected following a

30 min infection pulse vs. those remaining after 20 h, as described

previously [24]. The numbers of infected cells were determined by

counting of 10 fields using a 406 objective lens from 3 replicates

per condition. Two or three replicate experiments were performed

for each assay.

Accumulation of IRGs to the parasite containing vacuole
Gr1+ monocytes or IFN-c treated bone marrow derived

macrophages were challenged with parasites for 30 min, fixed in

formalin buffered saline, and processed for immunofluorescence,

as described previously [24]. T. gondii containing vacuoles were

stained with mAb Tg17–113, which recognizes dense granule

protein 5 (GRA5) [62]. Irgb6 was localized with rabbit anti-Irgb6

[34], and the numbers of positive vacuoles were determined by

counting of 10 fields using a 406 objective lens from 3 replicates

per condition. Two or three replicate experiments were performed

for each assay.

Western blot analysis
Parasite lysates were resuspended in denaturing Laemmli

sample buffer, resolved in 10% acrylamide gels, transferred to

nitrocellulose and probed with rabbit anti-ROP18 [24], rabbit

anti-ROP5 [27], or rabbit anti-actin [63]. Blots were washed,

incubated with goat anti-rabbit IgG conjugated to HRP (Jackson

ImmunoResearch), and detected using the ECL Plus western

blotting system (GE Healthcare) and FLA5000 phosphorimager

analysis (Fuji Life Sciences).

Immunoprecipitation
Immunoprecipitations were performed as described previously

[24]. In brief, cells were lysed 1% NP-40, 50 mM Tris–HCl,

150 mM NaCl, pH 8.8 plus protease inhibitors, centrifuged at

1,000 g 4uC, and pre-cleared by incubation with protein G

sepharose (Pierce Biotechnology Inc.) for 1 h at 4uC. ROP18 was

immunoprecipitated using either the mAb BB2 against the Ty-1

tag, or polyclonal rabbit anti-ROP18. Irgb6 was immunoprecip-

itated from IFN-c activated bone marrow derived macrophages

with rabbit anti-Irgb6, and purity was confirmed by MS/MS, as

described previously [24]. Protein G sepharose was charged with

antibodies for 1 h at room temperature, washed with PBS,

incubated with cell lysates overnight at 4uC, followed by washing

with PBS. The efficiency of ROP18 precipitation was assessed by

probing with rabbit anti-ROP18 that was directly conjugated to

NHS-biotin (Pierce, Thermo Scientific), washed in PBS, incubated

with streptavidin conjugated to HRP, and detected as described

above for western blotting.

Production of recombinant proteins
ROP18-kinase domain (ROP18-KD) was expressed and puri-

fied as described previously [10]. Genomic DNA from the type I

RH strain of T. gondii was used to amplify the genes encoding full

length ROP18 (ROP18-FL) (starting from Glu83 based on the

second ATG of GenBank protein CAJ27113) or ROP5 (starting

from Val25 of GenBank protein AAZ73240.1) using iProof high-

fidelity polymerase (Bio-Rad) and primers listed in Table S1.

Amplicons were cloned into pGEX-6P-1 using primers that

introduced a C-terminal His6 tag. ROP18-FL was expressed in

BL21 (DE3)-V2R-pACYC LamP, as described previously [10].

ROP5-FL was expressed in Rosetta (DE3)pLysS (Novagen). Cells

were induced with 1 mM IPTG, grown overnight at 15uC, and

soluble proteins were purified using Glutathione Sepharose 4B

(GE Healthcare) according to the manufacturer’s recommenda-

tions. Protein purity and concentration were assessed by SDS-

PAGE and SYPRO Ruby staining.

In vitro 32P kinase assays
Kinase activity of recombinant or immunoprecipitated ROP18

was tested on the heterologous substrate dephosphorylated myelin

basic protein (dMBP) (Millipore) (0.5 mg/reaction), or separately

on Irgb6 that was immunoprecipitated from IFN-c activated

RAW cells using rabbit anti-Irgb6. Kinase reactions were

conducted in 25 mM Tris–HCl pH 7.5, 15 mM MgCl2 and

2 mM MnCl2. containing 10 mCi of 32P c-ATP (specific activity:

3,000 Ci/mmol) (Perkin Elmer, Inc) in addition to 33 mM

unlabelled ATP (Sigma-Aldrich). Reactions were allowed to

proceed at 30uC for 30 min, samples were heated to 95uC in

Laemmli sample buffer, resolved on 12% or 10% SDS–PAGE

gels, dried, and imaged using a FLA5000 phosphorimager.

Statistics
Statistical calculations were performed in Excel. Student’s t tests

were performed under the assumption of equal variance and using

a two-tailed test,, where P#0.05 was considered significant.

Host expression microarray analysis
Confluent HFF monolayers grown in T75 flasks were infected

with 126106 wild type (RHDku80) or ROP5 deficient (RHDku80-

Drop5) parasites (MOI of 4), or mock infected and allowed to grow

for 24 hours. Cells were washed in PBS lacking divalent cations,

removed by trypsinization, washed in DMEM containing 10%

FBS, pelleted by centrifugation at 400 g for 10 min, and the pellets

stored at 280uC. To extract RNA, pellets were thawed and

processed with the Qiagen RNeasy kit supplemented with b-

mercaptoethanol and DNase I treatment (Qiagen). Total RNA

was processed and labeled into cRNA using the Ambion Message

Amp Premier (Ambion) according to the manufacturer’s protocol

using 500 ng starting RNA. A total of 10 mg cRNA was hybridized

to the HG-U113A_2 Affymetrix Human Genome Array (Affyme-

trix) using standard manufacturer’s hybridization and scanning

protocols. Data was processed using GeneSpring 7.2 (Agilent

Technologies) with the following normalizations: Robust Multi-

array Average (RMA), Data transformation: Set measurements

less than 0.01 to 0.01, Per Chip and Per Gene: Median Polishing.

There was only one gene .2.5 fold different between RHDku80

and RHDku80Drop5 infected host samples, a serine protease

inhibitor - BC005224 (Genbank id for the probe set specific for

this gene; http://www.ncbi.nlm.nih.gov/nuccore/BC005224) and

the variance in the RHDku80Drop5 data for this gene resulted in

the difference being non-significant. Data was submitted to NCBI

GEO record GSE32104.

Pseudokinase Controls Acute Virulence

PLOS Pathogens | www.plospathogens.org 12 November 2012 | Volume 8 | Issue 11 | e1002992



Supporting Information

Figure S1 Luciferase imaging of infected mice. CD-1 mice

infected with either 106 (A) or 103 (B) luciferase expressing wild type

(RHDku80) or ROP5 deficient (RHDku80Drop5) parasites, Day 0

through Day 8. Mice were injected i.p. with D-luciferin (Biosynth

AG) at 150 mg/kg, anesthetized with 2% isoflurane for 5 min and

imaged with a Xenogen IVIS 200 Imager and processed using

Xenogen Living Image software (Caliper Life Sciences). Quantifi-

cation of these images was used to graph data in Figure 1A.

(TIF)

Figure S2 FACS analyses of cell populations in the
peritoneum of challenged mice. (A) CD-1 mice were infected

with 103 wild type (RHDku80), ROP5 deficient (RHDku80Drop5),

or ROP5 complemented (RHDku80Drop5Complement) parasites

and the number of Gr1+ F4/802 cells (A, neutrophils) and Gr12

F4/80+ cells (B, resident macrophages) was determined by cell

surface staining and FACS. Mean 6 S.E.M., n = 3 animals per

group. Representative experiment. Data in (A) and (B) were

derived from the same cell populations as those in Figure 3A.

(TIF)

Figure S3 Irgb6-ROP18 protein interaction is present in
the absence of ROP5. RAW cells were activated for 24 hr with

10 U/mL IFN-c and 0.1 ng/mL LPS prior to infection for

30 min with indicated strains. (A) Immunoprecipitation of ROP5

from infected cell lysates with polyclonal rabbit anti-ROP5 (Rb

aROP5). Unbound (UB) and bound (B) fractions were resolved by

SDS-PAGE and blotted for ROP18 (Rb aROP18 biotin). ROP18

is denoted by the double arrows representing both full length and

proteolytically processed protein. A third lower molecular weight

nonspecific band present in all bound fractions likely represents

heavy chain antibody. (B) Immunoprecipitation of ROP5 from

infected cell lysates with polyclonal rabbit anti-ROP5 (Rb

aROP5). Unbound (UB) and bound (B) fractions were resolved

by SDS-PAGE and blotted with goat anti-Irgb6 (Gt aIrgb6, Santa

Cruz A-20, denoted by arrow). (C) Immunoprecipitation of Irgb6

from infected cell lysates with polyclonal rabbit anti-Irgb6 (Rb

aIrgb6). Bound (B) fractions were resolved by SDS-PAGE and

blotted for ROP18 (Rb aROP18 biotin, denoted by double

arrows).

(TIF)

Figure S4 Luciferase imaging of RHDku80Drop18 in-
fected CD-1 mice. CD-1 mice were i.p. injected with either 103

luciferase expressing wild type (RHDku80) or ROP18 deficient

(RHDku80Drop18) parasites and imaged on indicated days. {
denotes one or more deaths. Mean values shown per group (n = 5).

Representative experiment. (B) Survival curves for mice chal-

lenged in A. Representative experiment, n = 5 mice per group.

Although luciferase signals returned to background levels in some

mice before they expired, the presence of parasites in these mice

could be detected with longer exposure, suggesting the mice

eventually succumbed from low burden chronic infections.

(TIF)

Figure S5 Gateway cloning construction of ROP18
complementation plasmid. The Gateway Cloning Tech-

nology (Invitrogen) is currently designed to allow for cloning of

1 to 4 separate fragments using site-specific recombinases

(http://www.invitrogen.com/site/us/en/home/Products-and-

Services/Applications/Cloning/Gateway-Cloning.html). We

utilized currently available Gateway plasmids to construct a

5-fragment cloning strategy. By combining two 3-fragment

MultiSite Gateway systems, pDEST-R1R2 and pDEST-R4-

R3, we generated a 5-fragment plasmid that was used to

complement ROP18. The middlemost cassette was first cloned

into pDEST-R1R2 and used as the center fragment (pDONR-

P1P2) in the second round of cloning into pDEST-R4R3.

Although there are internal attB4 and attB3 sites in this center

fragment, they do not hinder the ability to obtain a correct

entry clone after the BP reaction with pDONR-P1P2 or an

expression clone after the LR reaction with the 3-fragment

pDEST-R4R3 system. To create the ROP18 complementation

plasmid, we combined three fragments contained in separate

plasmids: a genomic region 1,000 bp upstream of the IMC1

gene, assumed to contain its promoter, (i.e. TGME49_031630)

(pDONR-P1P4); the ROP18 gene with a 39 Ty tag (pDONR-

P4rP3r); and the DHFR 39 UTR (pDONR-P3P2) into the

pDEST-R1R2 system. The IMC1 promoter and ROP18 gene

were amplified from RH strain lysate using iProof High

Fidelity DNA polymerase (Bio-Rad). The 3-fragment pDEST-

R1R2 plasmid was used to clone the IMC1p-ROP18Ty-

DHFR 39 UTR fragment into pDONR-P1P2. This plasmid

was then combined with the plasmids containing flanking

regions of the UPRT gene used to construct pDestR4R3-

UPRTKO-Clickluc (see Material and Methods) into the

pDEST-R4R3 system to create the final 5-fragment plasmid

referred to as pDEST-R4R3 (5-Frag)-UPRTKO-IMC1p-

ROP18Ty-DHFR39. Primers used for the various plasmids

are found in Table S1. The fragment containing the UPRT 59

KO-IMC1p-ROP18Ty-DHFR 39 UTR- UPRT 39 KO target

sequence was PCR amplified, as described previously [61],

from pDEST-R4R3(5-Frag)-UPRTKO-IMC1p-ROP18Ty-

DHFR39 with iProof High Fidelity DNA polymerase (Bio-

Rad), purified using the QIAquick PCR Purification Kit

(Qiagen), and resuspended in cytomix. The purified template

was electroporated into RHDku80Drop18 parasites and selected

with fluorodeoxyuridine (FUDR)(161025 M). Stable parasites

were cloned and assessed for Ty expression by immunofluo-

rescence assay using anti-Ty Ab conjugated to Alexa Fluor 488

(Invitrogen). ROP18 was assessed by Western blot using

primary rabbit anti-ROP18 or rabbit anti-Actin detected with

secondary anti-rabbit-HRP, as described previously [27].

(TIF)

Figure S6 Luciferase imaging of i.p. injected Irgm32/2

mice. (A) Wild type (C57BL/6) (n = 4 per parasite strain) or

Irgm3 deficient (Irgm32/2) (n = 4 per parasite strain) mice were

infected with 102 luciferase expressing wild type (RHDku80),

ROP5 deficient (RHDku80Drop5), or ROP18 deficient (RHDku80-

Drop18) parasites by i.p. injection and imaged on indicated days. {
denotes one or more death per group. Representative experiment.

(B) Survival curves for mice challenged with T. gondii strains as

shown. Combination of two experiments (n = 8 animals per

group).

(TIF)

Table S1 Primers used in this study.
(PDF)
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