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Toxoplasma Rhoptry Protein 16 (ROP16) Subverts Host
Function by Direct Tyrosine Phosphorylation of STAT6"
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The obligate intracellular parasite, Toxoplasma gondii, mod-
ulates host immunity in a variety of highly specific ways. Previ-
ous work revealed a polymorphic, injected parasite factor,
ROP16, to be a key virulence determinant and regulator of host
cell transcription. These properties were shown to be partially
mediated by dysregulation of the host transcription factors
STAT3 and STAT6, but the molecular mechanisms underlying
this phenotype were unclear. Here, we use a Type I Toxoplasma
strain deficient in ROP16 to show that ROP16 induces not only
sustained activation but also an extremely rapid (within 1 min)
initial activation of STAT6. Using recombinant wild-type and
kinase-deficient ROP16, we demonstrate in vitro that ROP16
has intrinsic tyrosine kinase activity and is capable of directly
phosphorylating the key tyrosine residue for STAT6 activation,
Tyr®*!. Furthermore, ROP16 co-immunoprecipitates with
STATG6 from infected cells. Taken together, these data strongly
suggest that STATG6 is a direct substrate for ROP16 in vivo.

Toxoplasma gondii, a ubiquitous, intracellular parasite of the
phylum Apicomplexa, infects an estimated one-third of the
human population as well as a broad range of warm-blooded
animals. Infection is typically asymptomatic and chronic; how-
ever, severe and even fatal disease can result from acute infec-
tions of congenitally infected or immunocompromised hosts.
Strikingly, Toxoplasma-induced inflammatory pathology in
adult immunocompetent patients has also been reported (1, 2).

Understanding the host/parasite interactions that underpin
these various disease manifestations has become an area of
active investigation, and recent work has implicated as key play-
ers a set of polymorphic proteins that are secreted from the
apical organelles known as rhoptries (3). One of these, a puta-
tive serine-threonine kinase known as ROP16, was revealed as a
parasite factor responsible for many changes in host gene expres-
sion (4). Much of the effect of ROP16 on transcription was found
to depend on sustained activation of STAT3 and STAT6, two host
transcription factors that can negatively regulate Thl inflamma-
tory responses. ROP16 is thus poised to mediate the inflammatory
status of the host, an intriguing role for a parasite effector because
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Thl-driven immunopathology, not just uncontrolled parasite
growth and dissemination, has been proposed to be a significant
contributor to the disease outcome (5).

Although the potential significance of the ROP16 effect on
STATs is clear, the molecular mechanism by which it accom-
plishes this sustained activation was not apparent from the initial
studies. STAT activation requires phosphorylation at specific,
conserved tyrosine residues; this phosphorylation, which induces
dimerization and nuclear translocation of the STATS, is canoni-
cally initiated and maintained in the cytosol by either receptor-
associated tyrosine kinases (such as the JAKs) or non-receptor
tyrosine kinases (e.g. Src family kinases) (6). The duration of STAT
activation is usually limited by negative feedback because STATSs
up-regulate transcription of many negative regulators, such as
suppressors of cytokine signaling (SOCS).> ROP16-induced STAT
activation, however, can persist despite transcriptional up-regula-
tion of these negative regulators. As a predicted serine-threonine
kinase, we hypothesized that ROP16 might regulate STAT activa-
tion and bypass conventional host negative feedback by phos-
phorylation of one or more host substrates.

To define the molecular function of ROP16, we generated
parasites deficient in ROP16. We show that ROP16 is required
for not only sustained activation of STAT3 and 6 but also initial
activation upon parasite invasion. We further show that ROP16
is able to interact with STAT6 in infected cells and, surprisingly,
that it can directly phosphorylate the critical tyrosine for
STATG6 activation in vitro.

EXPERIMENTAL PROCEDURES

Mice, Host Cell Culture, and Parasites—2fTGH (human
fibrosarcoma) cells, 2fTGH-derived mutant cells deficient in
JAK1 (U4A), JAK2 (y2A), Tyk2 (U1A) (a gift from G. R. Stark,
The Cleveland Clinic Foundation, OH), and primary human
foreskin fibroblasts (HFFs) were maintained in complete
DMEM, consisting of Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% heat-inactivated fetal calf
serum (FCS; Hyclone, Logan, UT), 2 mm L-glutamine, 100
units/ml penicillin, and 100 ug/ml streptomycin.

JAK3 knock-out (B6;12954-JAK3"™'""/]) and B6129SF2/]
mice were purchased from the Jackson Laboratory (Bar Harbor,
ME). Mouse bone marrow-derived macrophages were gener-
ated as described previously (7). Briefly, femurs were harvested
from 10 —20-week-old mice. Bone marrow was flushed from the

2 The abbreviations used are: SOCS, suppressors of cytokine signaling; HFF,
human foreskin fibroblast; MOI, multiplicity of infection; HXGPRT or HPT,
hypoxanthine-xanthine-guanine phosphoribosyltransferase; KD, kinase-
deficient; ROP, rhoptry protein.

JOURNAL OF BIOLOGICAL CHEMISTRY 28731



ROP16 Directly Activates STAT6 by Tyrosine Phosphorylation

femurs, and red blood cells were lysed with ACK lysis buffer
(Invitrogen). Cells were then cultured in complete DMEM sup-
plemented with macrophage colony-stimulating factor for 3
days. Half the medium was then replaced with fresh medium,
and the cells were cultured for an additional 3—4 days before
use in infection assays. T. gondii tachyzoites were maintained in
vitro by serial passage on confluent monolayers of HFFs grown
in complete DMEM at 37 °C with 5% CO.,,

Generation of ROP16 Knock-out Parasites—A targeting con-
struct was engineered using the pTKO vector (a gift from Gus
Zeiner, Stanford University, Stanford, CA) essentially as
described elsewhere (8). Briefly, the construct flanks a hypo-
xanthine-xanthine-guanine phosphoribosyltransferase-select-
able marker 5" with the 2144 bp immediately upstream of the
ROPI6 start codon and 3’ with the 3363 bp of ROP16 Type I
(RH strain) genomic sequence immediately downstream of the
ROPI6 stop codon. A GFP marker upstream of the 5'-flanking
sequence facilitated negative selection against single recombi-
nation events. The genomic regions flanking the ROPI6 open
reading frame (ORF) in the RH strain were amplified by PCR
using the following primers: 5'-ATTGAGGTCGTCCGTGTA-
TTTG-3" and 5'-TGCTTCGTTTCCCATTTTAGTTG-3’
(5'-targeting sequence) and 5'-CGAGGATGTTACCGCT-
TTTG-3" and 5'-CGTTTGGAGGGGAGTGTCTT-3' (3'-tar-
geting sequence). The 5’'-targeting sequence was cloned into
the Kpnl and EcoRYV restriction sites of the pTKO vector, and
the 3’-targeting sequence was cloned into the Nhel and Hpal
restriction sites of pTKO to generate the targeting plasmid. The
plasmid was linearized by restriction digest with Notl, and 25
pg of plasmid was transfected into the RHA/pt strain of para-
sites by electroporation, as described previously (9). Stable inte-
grants were selected with mycophenolic acid (MPA)/xanthine
essentially as described elsewhere (10) and cloned by limiting
dilution.

MPA /xanthine-resistant, GFP-negative clones were selected
for screening. Disruption of the ROP16 locus was confirmed by
PCR of parasite genomic DNA using the following primers: 5'-
TTTTAGGTGTCGGCTTTGCTG-3" and 5'-ACGAGATGT-
TCCGCGACTTC-3' (integration of 5’ targeting sequence);
5-TGTGGATGTCATACGCCAAC-3' and 5'-TAGGTTCT-
GGCGTTTGGAGG-3’ (integration of 3’ targeting sequence);
5'-GCAACTGCACGATACATGTCG-3" and 5'-CATCCGA-
TGTGAAGAAAGTTC-3' (presence of ROP16 ORF). Initial
characterization of the knock-out was performed using two
clones derived from independent populations to verify pheno-
types; all results shown in this paper utilize one clone, B23.

Generation of Transgenic Parasites Ectopically Expressing
ROPI6 Variants—Transgenic parasites expressing engineered
forms of ROP16 were generated essentially as described previ-
ously (4). Briefly, RHA/pt parasites were transfected by electro-
poration with a plasmid expressing HA-tagged Type I ROP16-
K404N (pTKO-mutK404N), followed by selection in MPA/
xanthine and single-cell cloning by limiting dilution as
described above. Site-directed mutagenesis to generate
ROP16-K404N was carried out using splice overlap extension
PCR as described elsewhere (11). The Type I ROPI6 point
mutant, from 2144 bp upstream of the predicted ATG start
codon to the base pair immediately preceding the stop codon
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that was replaced with a single HA tag, was cloned into the KpnI
and EcoRV sites of the pTKO vector, which provided the GRA2
3'-UTR from Type I parasites and the HXGPRT gene. The
following primers were used: 5'-TGCCTCAACTGTAAACG-
TCTT-3' and 5'-TTACGCGTAGTCCGGGACGT-3'. Ectopic
expression of HA-tagged ROP16-K404N in MPA /xanthine-re-
sistant clones was confirmed by immunofluorescence and
immunoblot for the HA tag.

ROP16 knock-out parasites were complemented with Type I
ROP16-HA essentially as described elsewhere (12). Briefly,
Aropl6 parasites were transfected by electroporation with a
plasmid expressing Type I ROP16-HA and the Tn5 bleomycin
resistance gene flanked by the SAG1 5'- and 3'-UTRs, followed
by selection in bleomycin and single-cell cloning by limited
dilution as described above. As above, the ROP16-HA gene was
flanked by 2144 bp of upstream sequence and the GRA2
3'-UTR. Ectopic expression of Type I ROP16-HA was con-
firmed by immunofluorescence and immunoblot for the HA
tag.

Expression of ROP16 in E. coli—The coding sequences for C-
terminally HA-tagged ROP16-W'T or ROP16-K404N, exclud-
ing the predicted signal peptide, were cloned into the expres-
sion vector pET28a (Novagen, Madison, WI) using the
following primers: 5'-CCATGGCTCGATACATGTCGTTT-
GAGGAA-3' and 5'-TCCGTCGACCGCGTAGTCCG-
GGACGTC-3'.

The resulting constructs were used to transform chemically
competent E. coli strain BL21 (DE3) cells. Overnight cultures
were diluted 1:1000 into 1.5-liter 2X YT cultures and grown
shaking at 37 °C. When an A, of 0.6 was reached, protein
expression was induced by the addition of isopropyl 1-thio-3-
D-galactopyranoside (to a final concentration of 300 um), and
cultures were grown shaking at 18 °C for 16 h. Polyhistidine-
tagged recombinant protein was purified from soluble lysates of
induced bacterial pellets using standard nickel resin affinity
chromatography (Qiagen, Valencia, CA). Enrichment for full-
length recombinant ROP16 was accomplished by adding
ammonium sulfate to a final concentration of 1.5 M and reserv-
ing the soluble fraction. Purified fractions were dialyzed against
10 mm Tris (pH 7.5) overnight at 4 °C.

In Vitro Kinase Assays on Immunocomplexes—Parasites
expressing HA-tagged ROP16-WT or ROP16-K404N were
harvested by syringe lysis. Pellets of 107 parasites were lysed in 1
ml of buffer containing 50 mm Tris-HCI (pH 7.5), 5 mm EDTA,
150 mm NaCl, 0.1% Nonidet P-40, and EDTA-free complete
protease inhibitor mixture (Roche Applied Science) and immu-
noprecipitated using anti-HA 3F10 affinity matrix (Roche
Applied Science) for 12 h at 4 °C with gentle mixing. The beads
were washed three times with lysis buffer and then once with
kinase assay buffer containing 20 mm HEPES (pH 7.5), 10 mm
MnCl,, 1 mMm DTT, and 1X Halt phosphatase inhibitor (Pierce).
The immunoprecipitates were then incubated with 30 ul of
kinase buffer and 10 uCi of [y-**P]JATP (MP Biomedicals,
Solon, OH) at 30 °C for 30 min with shaking. Kinase reactions
were stopped by the addition of SDS sample buffer and boiled to
elute the immunocomplexes. Samples were separated by elec-
trophoresis on polyacrylamide gels and blotted to PVDF mem-
branes (Millipore Corp., Billerica, MA). To assess ROP16-HA

VOLUME 285+NUMBER 37+-SEPTEMBER 10, 2010



ROP16 Directly Activates STAT6 by Tyrosine Phosphorylation

levels, membranes were immunoblotted using 3F10 anti-HA
HRP-conjugated antibodies (Roche Applied Science). To assess
2P incorporation, the membrane was dried and exposed to a
PhosphorImager screen overnight and then analyzed using the
STORM Phosphorlmager system (Amersham Biosciences).

In Vitro Kinase Assays with Recombinant ROP16—All assays
were performed using a kinase assay buffer containing 50 mm
Tris-HCI (pH 7.5), 10 mm MgCl,, 1 mm EGTA, 0.01% Brij 35,
and 2 mm DTT. For autophosphorylation assays, reaction vol-
umes of 30 ul were incubated with 10 uCi of [y->**P]ATP at
30 °C for 30 min with shaking and analyzed as described above
for immunocomplex kinase assays. Tyrosine kinase activity
assays were performed using the Antibody Beacon tyrosine
kinase assay kit from Molecular Probes, Inc. (Eugene, OR).
Recombinant JAK3-GST was obtained from Active Motif
(Carlsbad, CA). Pan-JAK inhibitor (JAK Inhibitor I) was
obtained from Calbiochem. 50-ul kinase reactions composed
of recombinant kinase in kinase assay buffer, poly(Glu-Tyr)
peptide substrate, and 1 mm ATP were incubated at 30 °C; fluo-
rescence was read using excitation/emission of 492/517 nm on
a Flexstation II-384 (Amersham Biosciences). Phosphorylation
assays on STAT6 were performed under similar conditions,
using 0.5 ug of recombinant STAT6-GST as substrate and 1
mM ATP (Abnova, Taipei, Taiwan). Reactions were incubated
at 30 °C for 30 min, stopped by the addition of SDS sample
buffer, and boiled. Samples were analyzed by SDS-PAGE and
immunoblot using the primary antibodies: a rat monoclonal
anti-HA antibody (3F10) that has been directly conjugated to
HRP (Roche Applied Science) and rabbit polyclonal anti-
STATS®6 antibodies (Cell Signaling Technology, Danvers, MA).
For STAT6 immunoblots, a goat anti-rabbit-IgG secondary
antibody conjugated to HRP (Bio-Rad) was used. HRP activity
was detected using the SuperSignal West Pico chemilumines-
cent system (Pierce).

Microarray Analysis—Parasites were harvested by syringe
lysis and extensively washed (three washes in 50 ml of complete
DMEM). Confluent monolayers of serum-starved HFFs in T25
flasks were infected at multiplicity of infection (MOI) 5, and
total RNA was extracted at 1 and 5 h postinfection using TRIzol
(Invitrogen). Two biological replicates were performed for each
strain. Total RNA from each sample was labeled using either
the Affymetrix one-cycle labeling kit or the Affymetrix 3" IVT
express kit as indicated (Affymetrix, Santa Clara, CA). 20 ug of
the resulting cRNA was hybridized onto Affymetrix Human
Genome U133 Plus 2.0 gene chips. Gene expression values were
computed by implementing the robust multichip average pro-
cedure for normalization (13). Data were subjected to Signifi-
cance Analysis of Microarrays (SAM 2.0) analysis (14). Genes
meeting the threshold of a <5% false discovery rate and abso-
lute expression -fold change greater than 2 were considered as
significantly differentially expressed.

Immunofluorescence Assays—Monolayers of host cells
(HFFs, bone marrow-derived macrophages, or 2fTGH-derived)
were grown on 12-mm glass coverslips. To investigate the
kinetics of STAT6 activation, a potassium buffer shift was used
to synchronize invasion as described elsewhere (15, 16). Briefly,
tachyzoites were harvested, washed, and resuspended in Endo
buffer (44.7 mm K,SO,, 106 mM sucrose, 10 mm Mg,SO,, 20
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mM Tris (pH 8.2), 5 mMm glucose, and 3.5 mg/ml BSA). Parasites
were added to cells at MOI ~1 and allowed to settle at 37 °C for
15 min. Endo buffer was exchanged for prewarmed, serum-free
DMEM (Invitrogen) to initiate parasite invasion. To assess the
kinetics of IL-4 activation, uninfected cells were treated with
serum-free DMEM containing either DMSO or recombinant
human IL-4 at 50 ng/ml (R&D Systems, Minneapolis, MN).
Cells were fixed at defined time points in ice-cold 100% meth-
anol for 10 min.

For other immunofluorescence assays, parasites were
washed, resuspended, and allowed to settle on host cells in
serum-free DMEM for 10 —20 min at room temperature. Para-
sites and cells were then shifted to a 37 °C incubator. To assess
IL-4 activation, uninfected host cells were treated with serum-
free DMEM containing either DMSO, recombinant human
IL-4 (R&D Systems, Minneapolis, MN), or murine IL-4
(BioLegend, San Diego, CA) at 100 ng/ml. For experiments with
chemical inhibitors, host cells were pretreated for 1 h at 37 °C.
Chemical inhibitors (PP2 and PP3 for Src family kinases; JAK
inhibitor I for JAKs) were obtained from Calbiochem. Cells
were fixed at defined time points after temperature shift or
cytokine addition as described above.

For all immunofluorescence assays, coverslips were blocked
in PBS supplemented with 3% BSA and permeabilized with
0.2% Triton X-100 for 1 h at room temperature and then incu-
bated in block/permeabilization buffer with mouse monoclonal
anti-ROP2/4 antibody (T34A7; a gift from J. F. Dubremetz) and
antibodies specific for phospho-STAT6 (Tyr®*!) (Cell Signaling
Technology, Danvers, MA) overnight at 4 °C. Fluorescent anti-
bodies (Invitrogen/Molecular Probes) were used for antigen
visualization. Coverslips were mounted using Vectashield
mounting medium containing 4’,6-diamidino-2-phenylindole
(Vector Laboratories, Burlingame, CA) to stain DNA and visu-
alized with an Olympus BX60 microscope with a X100 oil
objective.

Phosphoamino Acid Analysis—In vitro kinase assays contain-
ing recombinant WT ROP16 and 20 uCi of [y->**P]JATP were
performed as described above. Samples were separated by elec-
trophoresis on polyacrylamide gels and blotted to PVDF mem-
branes (Millipore Corp.). The membrane was dried, and follow-
ing exposure to film (Eastman Kodak Co. Biomax MR), bands
labeled with **P were excised and subjected to acid hydrolysis
and phosphoamino acid analysis as described elsewhere (18).

Co-immunoprecipitation—Cells were infected at MOI ~10
for 2 h with RH:ROP16-WT or RH:ROP16-K404N parasites.
Cells were lysed in lysis buffer containing 20 mm Tris-HCI (pH
7.5), 1 mMm EDTA, 150 mm NaCl, 0.1% Nonidet P-40, and
EDTA-free complete protease inhibitor mixture (Roche
Applied Science). Clarified lysates were incubated with aga-
rose-conjugated rabbit polyclonal M-20 (anti-STAT6) antibod-
ies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) or an iso-
type control, agarose-conjugated rabbit IgG (Santa Cruz
Biotechnology, Inc.) for 12 h at 4 °C with gentle mixing. Beads
were washed three times with lysis buffer, and immunocom-
plexes were eluted by boiling with SDS sample buffer. Samples
were separated by SDS-PAGE and blotted onto PVDF mem-
brane. Immunoblots were carried out using the following pri-
mary antibodies: mouse monoclonal anti-STAT6 (BD Bio-
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FIGURE 1. ROP16 is an active kinase. /n vitro kinase assays were performed
using WT or kinase-deficient (KD) K404N point mutants of ROP16-HA,
obtained either by immunoprecipitation from Type | parasites ectopically
expressing these proteins (A) or by recombinant expression in E. coliand puri-
fication (B). Kinase reactions including [y->2P]ATP were performed directly on
the immunocomplexes (A) or with the recombinant proteins (B) for 30 min at
30 °C. Following SDS-PAGE and transfer to PVDF membranes, *2P incorpora-
tion was measured by Phosphorimager, and membranes were immuno-
blotted (/B) for ROP16-HA. Molecular masses are noted in kDa on the /eft.

sciences), rat monoclonal anti-HA (3F10, Roche Applied
Science), mouse monoclonal anti-ROP1 (Tg49) (19), or mouse
polyclonal anti-toxofilin antiserum (20).

RESULTS

ROP16 Has Kinase Activity and Autophosphorylates in Vitro—
ROP16 is a ~79-kDa bipartite protein; its N-terminal domain
lacks homology to known proteins, but its C-terminal domain
has homology to serine-threonine protein kinase domains, and
the residues generally required for catalytic activity are con-
served (21, 22). Many protein kinases show marked autophos-
phorylation activity. As a first step to determining if ROP16 is
an active kinase, therefore, we performed in vitro assays on
Type I ROP16 (ROP16-WT) immunoprecipitated using an
anti-HA monoclonal antibody from parasites expressing an
HA-tagged form of the protein (previously described in Ref. 4).
Phosphorylation assays were carried out in the presence of
[y-**P]ATP; reaction mixtures were resolved by SDS-PAGE
and analyzed by autoradiography and immunoblot (Fig. 1A).
32P labeling of bands co-migrating with the various forms of
ROP16-HA was strongly suggestive of autophosphorylation
(ROP16 appears highly susceptible to proteolysis and is rou-
tinely obtained from parasite lysates as a reproducible collec-
tion of four or five bands in the 55— 80 kDa size range) (4). To
confirm that the kinase activity in the immunocomplexes was
due to ROP16 catalytic activity, phosphorylation assays were
carried out using parasites expressing a kinase-deficient (KD)
Type I ROP16 (ROP16-K404N) where the critical residue
Lys*®* (necessary for ATP binding) was mutated to Asn (Fig.
1A). The results showed that in reactions containing compara-
ble amounts of the ROP16-WT and ROP16-K404N immuno-
precipitates (as revealed by HA immunoblot), **P labeling of
the ROP16-comigrating bands was eliminated. Low amounts of
32P labeling were still detectable using the ROP16-K404N
immunoprecipitate; this seems most likely to be due to activity
of a small amount of a parasite kinase that associates with the
epitope-tagged ROP16, possibly endogenous wild-type, non-
epitope-tagged ROP16. Regardless, these results strongly sug-
gest that ROP16 is indeed an active protein kinase.

To facilitate biochemical characterization of ROP16 kinase
activity, full-length WT and K404N ROP16 (C-terminally His,-

28734 JOURNAL OF BIOLOGICAL CHEMISTRY

and HA-tagged but lacking the predicted signal peptide) were
recombinantly expressed in E. coli and purified by nickel-aga-
rose chromatography followed by ammonium sulfate precipi-
tation. In vitro kinase assays using equivalent amounts of WT
and K404N recombinant ROP16 were carried out and analyzed
as described for native ROP16. As expected, **P labeling consis-
tent with ROP16 autophosphorylation was only observed in
reactions containing WT recombinant ROP16 and not K404N
recombinant ROP16 (Fig. 1B). These results confirm that
ROP16 has catalytic kinase activity.

Loss of ROP16 Leads to Loss of STAT6 Activation—Given the
role of ROP16 in virulence and its demonstrated catalytic activ-
ity, we hypothesized that it might regulate host signaling path-
ways by phosphorylating one or more host substrates. To find
candidate substrates, we first sought to identify signaling path-
ways that were altered in a ROP16-dependent manner. For this,
we needed a Type I (RH) parasite line deficient for ROP16
(Arop16), which we generated by homologous recombination.
The targeting construct contained the selectable marker
HXGPRT flanked by ~2 kb of the ROP16 upstream and down-
stream genomic regions as well as a GFP marker to allow for
negative selection against heterologous recombinants (Fig. 2A4).
Disruption of the ROP16 locus in Aropl6 parasites was con-
firmed by showing a failure to amplify by PCR using primers for
the ROP16 ORF (Fig. 2B). Replacement of the complete ROP16
ORF with the selectable marker HXGPRT was also confirmed
by PCR (Fig. 2B).

We reasoned that signaling pathways directly modulated by
ROP16 might be revealed as a ROP16-dependent signature at
the level of host cell transcription. To test this, we used
Affymetrix microarrays to compare host transcriptional
response to infection by parental (WT) parasites and Arop16
parasites. Parasites were harvested by syringe lysis from HFFs
and extensively washed to minimize cytokine carry-over;
serum-starved HFFs were then infected at MOI ~5, and total
RNA was harvested at 1 or 5 h postinfection. These conditions
were chosen to ensure that the vast majority of host cells would
be infected and that there would be time for transcriptional
up-regulation in response to signaling perturbations while min-
imizing secondary or tertiary transcriptional effects that might
be dominant at later time points. Inspection of host genes sig-
nificantly up-regulated by infection with parental versus
Arop 16 parasites revealed a striking enrichment for genes char-
acterized as STAT6-regulated (Fig. 2, C and D) (23-30).

To control for the possibility that the observed differences in
host gene expression were due to some unrelated defect in the
Arop 16 parasite line, comparative host gene expression profil-
ing at 5 h postinfection was also conducted using Arop16 para-
sites that had been complemented with HA-tagged Type I
ROP16. Analysis of the host genes revealed to be up-regulated
in the complemented parasites versus control ROP16-deficient
parasites (KO.c) recapitulated the pattern observed for parental
versus ROP16-deficient parasites, confirming that the differ-
ences observed are ROP16-dependent. Although STAT6 acti-
vation was by no means sufficient to explain all of the genes that
were up-regulated, this well characterized transcription factor
appeared to be one of the most dominant signatures among this
set of host genes altered in a ROP16-dependent manner.
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FIGURE 2. Deletion of the ROP16 locus identifies STAT6 as a potential target. A, schematic of Arop16
generation (not to scale). The top line shows the construct used with the Toxoplasma sequences derived
from the ROP16 flanks shown as a thick line. Bent arrows indicate promoters driving the negative (GFP) and
positive (HXGPRT) selectable markers. The middle line represents the region of chromosome Vllb contain-
ing ROP16.The bottom line shows the resulting deletion of the ROP16 locus. Primers used for PCR detection
of homologous integration of the targeting construct are indicated by horizontal arrows. B, confirmation
of replacement of the ROP16 locus with HXGPRT by PCR. Correct 5'- and 3'-integration was demonstrated
with primer pairs 1/2 and 3/4 of Fig. 2A, respectively. Primers 5 and 6 were used to demonstrate the loss of
the ROP16 coding region in the Arop16 mutant. Toxoplasma surface antigen 1 (SAG1) primers were used
as a positive control for the PCRs. C and D, microarray analysis of HFFs infected with either WT or Arop16
(KO) parasites at 1 h (C) and 5 h (D) postinfection. Expression data for HFFs 5 h post-infection with
ROP16-complemented Arop16 parasites or control Arop16 parasites that underwent transfection and
selection alongside the complemented parasites (KO.c) are shown in D. Two biological replicates of each
infection per time point were analyzed. Genes shown are those identified as significantly up-regulated by
SAM analysis in cells infected with WT versus Arop16 parasites and >2-fold change in expression (C) or
>3-fold change in expression in cells infected with either WT or complemented parasites versus Arop16
parasites (D). Genes that have previously been characterized as STAT6-regulated are highlighted in gray;
genes not known to be regulated by STATs are in white.
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The results shown in Fig. 2 indicate
that, even 1 h after infection, the
STAT6-dependent genes CCL11 and
CCL26 are markedly more expressed
in cells infected with WT versus
Aropl6 parasites. These results
strongly suggested that initial ROP16-
dependent STAT6 activation is an
extremely rapid event. To investigate
this further, preliminary experiments
were performed using immunofluo-
rescence analysis of phospho-STAT6
(Tyr®*') in HFFs 20 min postinfec-
tion; phosphorylated STAT6 was
detected in cell nuclei upon infection
with WT or ROP16-complemented
parasites but not in cells infected with
either of two independently gener-
ated Aropl6 parasites, confirming
that STAT6 activation is rapid and
dependent on the ROPI6 locus (data
not shown). To examine the kinetics
of this initial activation more closely,
HFFs were infected with Arop16 or
WT parasites using a potassium
buffer shift (15, 31) to allow more pre-
cise control of invasion. Strikingly,
phosphorylated STAT6 was detected
in host cell nuclei within 1 min of par-
asite invasion upon infection with the
control parasites (the earliest time
point that was experimentally tracta-
ble; Fig. 3A). This effect appeared to
be ROP16-dependent in that infec-
tion with Arop16 parasites resulted in
no activation of STAT6 at this or any
other time point (up to 24 h postinfec-
tion; Fig. 3A and data not shown). In
contrast, and as previously reported
by others (32), stimulation of HFFs
with IL-4 did not induce levels of
STATG6 activation similar to that seen
in infected cells until ~5 min post-
stimulation (Fig. 3B). These results
suggest that ROP16-dependent acti-
vation of STAT6 is somehow circum-
venting the normal signal transduc-
tion pathways.

ROP16 Directly Phosphorylates
STAT6 on Tyr®* in Vitro—We next
sought to dissect the mechanism
underlying this unconventional
activation. Given the speed with
which parasites containing a func-
tional ROP16 induce STAT6 activa-
tion, we hypothesized that ROP16
might directly phosphorylate STAT6
or some host tyrosine kinase imme-
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FIGURE 3. STAT6 activation is ROP16-dependent and much faster than
IL-4-induced activation. A, parasite infection was synchronized by potas-
sium shift as described under “Experimental Procedures.” Infected HFF cells
were fixed 1 min postinvasion with methanol and stained with DAPI and the
indicated antibodies. B, HFF cells were stimulated with IL-4 (50 ng/ml), fixed at
the indicated time points, and stained with DAPI and the indicated
antibodies.

diately upstream of STAT6. Because most tyrosine kinases are
activated by tyrosine phosphorylation, both models invoke
such an activity as a key step. This raised the question of
whether ROP16, contrary to what was predicted by its amino
acid sequence (4), might also possess tyrosine kinase activity.
To address this, an in vitro tyrosine kinase assay was performed
using recombinant ROP16. The assay makes use of a small mol-
ecule fluorescent ligand that is quenched when bound to anti-
phosphotyrosine antibodies. Tyrosine phosphorylation of sub-
strate peptides results in competition for antibody binding and
liberation of the fluorescent ligand, providing a quantitative
measure of the extent of tyrosine kinase activity in a reaction
mixture. Incubation of recombinant ROP16-WT with the
detection complex and ATP resulted in a marked increase in
fluorescence, comparable with fluorescence levels from reac-
tions containing the known tyrosine kinase JAK3, whereas
incubation of an equivalent amount of recombinant ROP16-
K404N did not (Fig. 4A4). To confirm tyrosine kinase activity by
an independent approach, phosphoamino acid analysis of auto-
phosphorylated ROP16 was performed. This revealed the pres-
ence of phosphotyrosine residues only (Fig. 48). These results
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FIGURE 4. ROP16 has tyrosine kinase activity. A, Antibody Beacon tyrosine
kinase detection complex was incubated with either equivalent amounts of
recombinant ROP16-WT (rWT) and kinase-deficient ROP16-K404N (rKD) or 0.6
g of JAK3 (rJAK3) as described under “Experimental Procedures”; tyrosine
kinase peptide substrate (poly(Glu-Tyr), 4:1) and ATP were then added to
each well, and the reactions were incubated at 30 °C for 30 min. Fluorescence
was measured in a fluorescence microplate reader using excitation at 492 nm
and emission at 517 nm. Background fluorescence, or fluorescence from reac-
tion mixtures lacking kinase, was subtracted to normalize samples. Each sam-
ple was analyzed in triplicate; data shown are from one assay representative
of at least three independent replicates. B, phosphoamino acid analysis of
32p_labeled ROP16 by semidry cellulose thin layer electrophoresis. Left, pho-
tograph of the TLC plate stained with ninhydrin; positions of phosphoserine
(S), phosphothreonine (7), and phosphotyrosine (Y) standards are circled and
labeled. Right, autoradiograph of the TLC plate.

together demonstrate that, contrary to original predictions,
ROP16 has intrinsic tyrosine kinase activity.

To distinguish between the two models of direct and indirect
STAT6 activation proposed above, we next investigated
whether ROP16 might act via a tyrosine kinase known to be
upstream of STAT6. To do this, we examined the role of the Src
family kinases and the Janus kinase family (JAK1, JAK2, JAK3,
and TYK?2) by employing chemical inhibitors that are reported
to be largely specific for these kinases. HFFs were pretreated
with the inhibitors and infected with Arop16 or WT parental
parasites, and STAT6 activation was assessed by immunofluo-
rescence analysis as described above. Pretreatment with the Src
family kinase inhibitor PP2 had no effect on parasite-induced
STAT6 activation compared with pretreatment with the con-
trol compound PP3 (data not shown). Pretreatment with the
pan-JAK inhibitor at 10 um (the concentration preliminary
experiments showed was necessary to diminish IL-4 stimula-
tion of STAT6 activation), however, diminished WT parasite-
induced STAT6 activation relative to pretreatment with
DMSO (data not shown). Because chemical inhibitors can often
have “off-target” effects, we asked whether the pan-JAK inhib-
itor might also affect the ability of ROP16 to phosphorylate
substrates. To test this, we used the inhibitor in in vitro tyrosine
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FIGURE 5. A pan-JAK inhibitor inhibits ROP16 in vitro. ROP16 tyrosine
kinase activity was assessed by fluorescence essentially as described in the
legend to Fig. 4. Recombinant ROP16-WT (rWT) or recombinant JAK3 (rJAK3)
were incubated with detection complex and either DMSO or pan-JAK inhibi-
tor at the indicated concentrations for 15 min at room temperature; ATP was
then added to each well, and reactions were incubated at 30 °C for 30 min.
Fluorescence (excitation at 492 nm and emission at 517 nm) was measured at
1 and 30 min post-ATP addition. Background fluorescence at 1 min was sub-
tracted; changes in fluorescence for recombinant ROP16-WT (black bars) and
recombinant JAK3 (gray bars) reactions are shown normalized to DMSO-
treated reactions.

kinase assays on ROP16 as described above. Strong (greater
than 90%) inhibition of ROP16 tyrosine kinase activity was
indeed observed in the presence of the pan-JAK inhibitor at the
concentration used for the cell-based assay (p < 0.05; Fig. 5).
Inhibition of ROP16 activity was significantly greater than inhi-
bition of JAK3, one of the specifically intended targets of the
inhibitor (p < 0.05; Fig. 5). As such, inhibition of either ROP16
or JAK activity might account for the observed effects of the
pan-JAK inhibitor on STAT6 activation. As an independent
approach to testing whether JAKs might contribute to ROP16-
induced STAT®6 activation, we obtained a panel of singly JAK-
deficient cells that have been described elsewhere: JAK1-defi-
cient U4A, JAK2-deficient y2A, and TYK2-deficient UIA
fibrosarcoma cells (33, 34). JAK3-deficient cells were obtained
by generating bone marrow-derived macrophages from JAK3-
deficient mice (35). By immunofluorescence analysis of phos-
pho-STAT6 localization, similar levels of STAT6 activation
upon parasite infection were observed in all singly JAK-defi-
cient and parental cell lines (data not shown). Although these
results do not completely exclude a role for intermediary
kinases (e.g. multiple JAKs operating in a redundant manner or
some other upstream tyrosine kinase), they provide further
support for a model where ROP16 acts directly upon STAT6.

To ask whether ROP16 could directly phosphorylate STAT6
on the critical Tyr®*' residue required for activation, in vitro
kinase assays with recombinant ROP16 were carried out using
full-length recombinant STAT6-GST as a substrate. Efficient
phosphorylation of Tyr®*' on STAT6 was indeed readily
detected by immunoblot in reactions containing WT but not
K404N recombinant ROP16 (Fig. 6). These results demonstrate
that ROP16 can recognize this specific tyrosine residue of
STATSG6 as a phosphorylation substrate.

Because not all in vitro kinase substrates are bona fide phys-
iological substrates, we sought to determine whether ROP16
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FIGURE 6. Tyrosine 641 of STAT6 is directly phosphorylated by ROP16.
Recombinant STAT6 (rSTAT6) was incubated with recombinant JAK3 (rJAK3)
or recombinant (E. coli-produced) ROP16-HA (WT) or the kinase-deficient
K404N (KD) in kinase assay conditions for 30 min at 30 °C, followed by SDS-
PAGE and immunoblotting (/B) using antibodies specific for STAT6 phosphor-
ylated on the key activation residue for STAT6, tyrosine 641 (Y641; top), anti-
bodies that recognize STAT6 regardless of activation state (middle), or
antibodies for HA-tagged ROP16 (bottom). Molecular masses are noted in kDa
on the left.

and STAT6 interact in their native environments. To this end,
we analyzed whether ROP16 could be co-immunoprecipitated
with endogenous STAT6 from infected cells. HFFs were
infected at MOI ~10 with parasites ectopically expressing
either HA-tagged ROP16-WT or ROP16-K404N. To ensure a
high rate of invasion and secretion, parasites were not synchro-
nized by potassium buffer shift but allowed to settle and invade
for 2 h, at which point lysates were collected for immunopre-
cipitation. Both WT and K404N HA-tagged ROP16 were
detected in STAT6 immunoprecipitates but not in immuno-
precipitates using an isotype-matched control antibody (Fig. 7).
This interaction was specific for ROP16 because two other
rhoptry-secreted, soluble proteins, toxofilin (8) and ROP1 (36),
were not co-precipitated with STAT6 (Fig. 7). These results
suggest that the co-immunoprecipitation of ROP16 and
STATSG6 represents a genuine, specific interaction.

DISCUSSION

Wehaveusedareversegeneticapproachtoidentify ROP16-
dependent host responses and show that immediate as well
as sustained STAT6 activation by Toxoplasma is dependent
on ROP16. We further demonstrate that a STAT6/ROP16
interaction can be detected from infected cells and that
recombinant, purified ROP16 has intrinsic tyrosine kinase
activity in vitro and can directly phosphorylate STAT6 on
the crucial activation residue Tyr®*'. Together, these results
indicate that ROP16 may directly activate STAT6 upon
secretion into host cells; they also provide a molecular basis
for observations by Ahn et al. (37, 38) and Saeij et al. (4) that
Toxoplasma induces rapid STAT6 activation in an invasion-
dependent manner.
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FIGURE 7. Co-immunoprecipitation of ROP16 and STAT6 in infected cells.
HFFs were infected at MOI ~10 with Type | parasites ectopically expressing
HA-tagged wild type ROP16 (WT) or ROP16-K404N (KD). 2 h postinfection,
cells were washed with cold PBS and lysed in situ. Immunoprecipitation was
carried out on clarified lysate (input) for 12 h at 4 °C using either nonspecific
rabbit IgG-conjugated to agarose beads (Control IP) or anti-STAT6 polyclonal
rabbit IgG conjugated to agarose beads (STAT6 IP). Inmunocomplexes were
washed in lysis buffer at 4 °C and then eluted in SDS sample buffer. Input and
eluates were analyzed by SDS-PAGE and immunoblotting (/B) using antibod-
ies specific for STAT6 (top panel), HA epitope of ROP16 (second panel), and
parasite-secreted proteins ROP1 (third panel) and toxofilin (bottom panel).
Cell equivalents are noted (1 X or 20X) at the top; molecular masses are noted
in kDa on the left.

While this manuscript was in preparation, Yamamoto et al.
(39) described similar results for host STAT3. Although their
elegant work clearly demonstrates that STAT3 phosphoryla-
tion is dependent on ROP16 kinase activity, their use of immu-
noprecipitated ROP16 from overexpressing host cells for their
in vitro STAT3 phosphorylation assay did not allow them to
exclude the possibility that a co-precipitating host cell tyrosine
kinase dependent upon ROP16 for activation (e.g. a JAK) might
be directly responsible for the observed STAT3 phosphoryla-
tion. Although our data do not exclude the possibility that
ROP16 might also target intermediary tyrosine kinases for
phosphorylation and thereby amplify STAT6 activation, our
results do clearly indicate that ROP16 in the absence of host
tyrosine kinases is competent to directly phosphorylate
STATe®.

Our results further indicate that there are probably addi-
tional targets of ROP16 beyond the STAT6 shown here and
STATS3 indicated by Yamamoto et al. (39). This is indicated by
the fact that many of the genes that we observe to be up-regu-
lated at 5 h postinfection with wild type and ROP16-comple-
mented parasites relative to infection with ROP16-deficient
parasites are not known to be under the control of either of
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these STATSs or factors downstream of them. Of the 11 unique
genes shown in Fig. 2D that have not been previously charac-
terized as STAT6-regulated, only one (RGS16) has been char-
acterized as STAT3-regulated (40); of the remaining 10 genes,
only TNFAIP6 has an in silico predicted STAT binding site
(STAT®6) in its promoter region. Yamamoto et al. (39) sug-
gested based on in silico modeling that ROP16 may possess dual
specificity kinase activity. Although we have only found evi-
dence for tyrosine kinase activity to date, it is possible that
under the right conditions, ROP16 may indeed possess dual
specificity kinase activity. Hence, the other genes that appear
dependent on ROP16 for their activation could be controlled
by a factor that is regulated by ROP16-driven Ser/Thr
phosphorylation.

In our hands, phosphorylated STAT6 was observed by
immunofluorescence analysis in infected cell nuclei within 1
min of a single parasite invasion event, which was considerably
more rapid than IL-4 stimulation of STAT6 activation that we
and others have observed (41). This extreme speed further
argues that ROP16 directly activates STAT6 rather than act-
ing through stimulation of signaling cascades involving
receptor cross-linking and JAKs. Recent studies have shown
that unphosphorylated STATs may freely cycle between the
cytosol and the nucleus (42, 43). Because ROP16 also traffics
to the host cell nucleus, it is possible that it is phosphory-
lating STAT6 there as well as or even instead of in the
cytosol. Arguing against this possibility, we do not see
ROP16 in the nucleus 1 min post-invasion by immunofluo-
rescence, but detectable levels have been seen at 10 min post-
invasion (4), and we cannot exclude the possibility that the
failure to see it at 1 min is a matter of the sensitivity of the
reagents used. Finally, it should be noted that detecting
phosphorylated STAT6 in the nucleus this rapidly does not
require that it start in this compartment because this is suf-
ficient time for proteins to translocate from the cytoplasm
(44). Resolution of this particular issue will require genera-
tion and analysis of parasites exclusively expressing a
mutated ROP16 that lacks a nuclear localization signal.

In contrast to the results described here, Yamamoto et al.
(39) reported that ROP16-dependent STAT3 phosphorylation
was slower than IL-6- or IL-10-induced activation and sug-
gested that this could be due to a lag in injection of ROP16 or
lower activity of ROP16 toward STAT3 compared with cellular
tyrosine kinases, such as the JAKs. One possible explanation for
the discrepancy between their results and ours is that STAT6
may be more rapidly phosphorylated by ROP16 than is STATS3.
Some support for this comes from our analysis of host tran-
scriptional responses at 1 and 5 h postinfection, which reveals a
STAT6-dominated rather than STAT3-dominated signature at
these early time points. Arguing against this explanation, how-
ever, is the fact that, as with STAT6, we also observe phosphor-
ylated STAT3 in infected cell nuclei within 1 min of parasite
invasion (data not shown), but this level of activation may not
be sufficient for turning on STAT3-dependent genes, and/or
another factor may interfere with its activity. Another possible
explanation for the discrepancy between our results and those
of Yamamoto et al. (39) is that the latter group based their
conclusions on immunoblot analysis of total phospho-STAT3
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from populations of non-synchronously infected cells rather
than examining STAT activation at a single-cell level in cultures
where invasion was synchronized. As such, the lag of several h
in maximal STAT3 activation might simply reflect a lag in par-
asite attachment and invasion, which we have also observed
using the method employed by Yamamoto et al. (39), where we
find the bulk of the invasion events are occurring 1 h or longer
after the addition of the parasites.

The results presented here also suggest a molecular model
for how Toxoplasma might induce sustained STAT6 activation
despite negative feedback induction. Our microarray results
show that the suppressors of cytokine signaling (SOCS1, -2, and
-3) as well as CISH (cytokine-inducible SH2-containing pro-
tein) are all up-regulated by 5 h postinfection in a ROP16-de-
pendent manner. These proteins down-regulate STAT activa-
tion by inhibition of JAK kinase activity or competition for key
receptor residues that are required for STAT recruitment to
their cognate receptors (45). Our results indicate that JAK
kinases do not play a direct role in ROP16-dependent STAT6
activation, so the up-regulation of SOCS may have little to no
effect on the activation of this STAT. Another mode by which
cells normally exert feedback control on STAT activation is
dephosphorylation of JAKs or direct dephosphorylation of
either cytoplasmic or nuclear STATSs (46). Direct phosphoryla-
tion of STAT6 by Type I ROP16 would allow ROP16 to bypass
at least the mechanisms involving JAKs. This is similar to the
mechanisms operating with some oncogenic cellular tyrosine
kinases, such as Src family kinases (47). Collectively, although
we cannot exclude the possibility that ROP16 might also have
activity on JAKS, the data strongly support the more parsimo-
nious model in which all of the parasite-mediated early activa-
tion of STAT6 is a result of the direct phosphorylation of
STAT6 by ROP16. The ability of Toxoplasma to then sustain
the STAT6 phosphorylation may also indicate an inhibition of
the regulating phosphatases and/or simply being more efficient
at adding the key phosphate than the cell is at removing it.

Direct activation of STAT6 by Toxoplasma could have many
advantages for the parasite. Toxoplasma has been observed to
subvert host response by dysregulation of apoptosis (48) and
IFN-+v-induced STAT1 activation (49) as well as inhibition of
dendritic cell maturation (50). All of these host responses have
been shown to be influenced by STAT6 activation (17, 24, 51).
The evolution of such a process by an obligate intracellular
parasite represents an important and potent addition to the
means by which such organisms successfully occupy their
unusual intracellular niche.
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