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Background: Competition between pathogens and their hosts drives the evolution of molecules that give either organism an

edge.

Results: Structural and biochemical data show how the parasite pseudokinase ROPS5 inhibits the murine GTPase IRGaé.
Conclusion: The surfaces of both ROP5 and IRG proteins that interact in the complex are under strong selective pressure.
Significance: This highlights an extreme case of evolutionary competition.

The Red Queen hypothesis proposes that there is an evolu-
tionary arms race between host and pathogen. One possible
example of such a phenomenon could be the recently discovered
interaction between host defense proteins known as immunity-
related GTPases (IRGs) and a family of rhoptry pseudokinases
(ROP5) expressed by the protozoan parasite, Toxoplasma gon-
dii. Mouse IRGs are encoded by an extensive and rapidly evolv-
ing family of over 20 genes. Similarly, the ROP5 family is highly
polymorphic and consists of 4—10 genes, depending on the
strain of Toxoplasma. IRGs are known to be avidly bound and
functionally inactivated by ROP5 proteins, but the molecular
basis of this interaction/inactivation has not previously been
known. Here we show that ROP5 uses a highly polymorphic sur-
face to bind adjacent to the nucleotide-binding domain of an
IRG and that this produces a profound allosteric change in the
IRG structure. This has two dramatic effects: 1) it prevents olig-
omerization of the IRG, and 2) it alters the orientation of two
threonine residues that are targeted by the Toxoplasma Ser/Thr
kinases, ROP17 and ROP18. ROP5s are highly specific in the
IRGs that they will bind, and the fact that it is the most highly
polymorphic surface of ROP5 that binds the IRG strongly sup-
ports the notion that these two protein families are co-evolving
in a way predicted by the Red Queen hypothesis.

Large GTPases, such as the dynamins, dynamin-related pro-
teins, and immunity-related GTPases (IRGs),* are character-
ized by their low affinities for nucleotide and their multimeriza-

* This work was supported, in whole or in part, by National Institutes of Health
Grant Al73756.

The atomic coordinates and structure factors (codes 4LV5 and 4LV8) have been
deposited in the Protein Data Bank (http://wwpdb.org/).

' Present address: Dept. of Pharmacology, University of Texas Southwestern
Medical Center, Dallas, TX 75390.

2Supported by a Canadian Institutes of Health Research postdoctoral
fellowship.

3 To whom correspondence should be addressed: Dept. of Microbiology and
Immunology, Stanford University, Fairchild Bldg. D305, 299 Campus Dr.,
Stanford, CA 94305-5124. Tel.: 650-723-7984; E-mail: john.boothroyd@
stanford.edu.

“The abbreviations used are: IRG, immunity-related GTPase; GAP, GTPase-
activating protein; GDI, GDP dissociation inhibitor; RMSD, root mean
square deviation; GMPPNP, 5'-guanylyl imidodiphosphate.

SASBMB

OCTOBER 3, 2014« VOLUME 289-NUMBER 40

tion-driven cooperativity (1-3). Thus, unlike canonical small
GTPases, large GTPases do not require additional partners,
such as guanine exchange factors or GTPase-activating pro-
teins (GAPs) to efficiently hydrolyze GTP. This allows large
GTPases like dynamin to act independently from other adaptor
and regulatory proteins to catalyze membrane fission in vitro
(4, 5). Given their similar biochemical properties, it appears
likely that the dynamin-related proteins and IRGs function
analogously.

The IRGs are a critical component of the cell-autonomous
immune response against intracellular pathogens in verte-
brates. IRGs recognize, assemble on, and lead to the clearance
of foreign membranes, although the mechanism is poorly
understood (6). As is typical for molecules at the interface of the
host-pathogen interaction, the IRGs are fast evolving (7), prob-
ably as a result of their competition with the pathogens they
must control. In fact, specific alleles of IRG have recently been
shown to protect mice against otherwise virulent strains of the
parasite Toxoplasma gondii (8). T. gondii, which infects an esti-
mated one-third of the world’s human population, secretes the
ROPS5 family of pseudokinases that competitively inhibits IRG
oligomerization (9, 10) and two active kinases, ROP17 and
ROP18, that phosphorylate and permanently inhibit the IRGs
(11-13). The ROP5 proteins are a family of closely related, cat-
alytically inactive kinases, or pseudokinases, that are critical for
Toxoplasma virulence (14, 15). Each strain of the parasite
encodes multiple, divergent copies of the ROP5 genes (14, 15),
and allelic variation is concentrated in hotspots of positive
selection in the ROP5 pseudokinase domains (14). These differ-
ences are the greatest identified determinant of disease out-
come between strains and are responsible for a >10°-fold dif-
ference in virulence in a mouse model of disease (14, 15).

Pseudokinases, such as ROP5, are proteins with a kinase fold
that have substitutions at key residues that make them unable
to efficiently catalyze phosphoryl transfer. Pseudokinases are
emerging as key regulators of cellular signaling (16) and often
serve as scaffolds to organize signaling complexes (17-20) but
not to amplify a signal, as an active kinase might. Pseudokinases
have evolved independently from different lineages in eukary-
otes, so their functions and mechanisms of action are diverse;
the known structures of pseudokinases in complex with their
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partner proteins (17-21) have revealed a wide variety of bind-
ing modes that are often distinct from the interactions typical of
an active kinase with its substrate and regulatory proteins.

ROPS5 and the active Toxoplasma kinase ROP18 exhibit epis-
tasis in their genetic effects on virulence (14), and cellular data
demonstrate that ROP5, ROP17, and ROP18 are required
together to inhibit IRG activation in vivo (9, 10, 22, 13). This
appears to be due, at least in part, to the inhibition of IRG
oligomerization by ROP5 (9, 10). Here, we present the crystal
structures of two alleles of ROP5 in complex with the murine
GTPase IRGa6. The structures reveal not only that ROP5 uses
an unusual, polymorphic binding surface to bind IRGa6 but
also that ROP5 binding induces an allosteric rearrangement of
the IRGa6 active site. This has implications for the competition
of Toxoplasma with the IRGs, which are, themselves, polymor-
phic in the region ROP5 recognizes.

EXPERIMENTAL PROCEDURES

Mutagenesis—Mutant ROP5C; was generated using the Phu-
sion (New England Biolabs) mutagenesis protocol with forward
primer (5'-TGTACACCTCTGCCTGACTTCGTG-3’) and ei-
ther reverse primer G490D (5'-TGAGTCGAATGCCAGACT-
GTCAGTCCC-3") or G490F/S491P (5'-TGGGAAGAAT-
GCCAGACTGTCAGTCCCTGG-3").

Protein Expression and Purification—All recombinant pro-
tein was expressed in E. coli Rosetta2(DE3) (EMD Biosciences).
ROP5B; and ROP5C; were affinity-purified on nickel-nitrilotri-
acetic acid resin (Qiagen), and the His, tag was removed by
overnight thrombin (Hematologic Technologies) cleavage at
4 °C. GST-IRGa6 was affinity-purified on glutathione-Sephar-
ose (GE Healthcare) and eluted by on-bead thrombin cleavage
overnight at 4 °C. All proteins were further purified by anion
exchange and size exclusion chromatography.

Crystallization—Crystals of ROP5-IRGa6 grew at a wide
range of pH (5 - 9) and PEG molecular weights. ROP5-IRGa6
complex was formed by adding equimolar amounts of individ-
ually purified ROP5 and IRGa6 in 10 mm HEPES, pH 7, 100 mm
NaCl, 10 mm DTT. High quality crystals of ROP5B,-IRGa6 were
grown at 18 °C by mixing equal volumes of protein solution
(125 um complex), nucleotide solution (10 mm MgCl,, 1 mm
ADP, 1 mm GDP, 10 mm DTT), and a reservoir containing 20%
PEG 3350, 0.1 m NH, citrate, pH 7.0. Similarly, high quality
crystals of ROP5C;-IRGa6 were grown using a reservoir con-
taining 12% PEG 20,000, 0.1 M MES, pH 6.0. Crystals were flash-
frozen in a cryoprotectant of mother liquor with 25% (ROP5B;-
IRGa6) or 30% (ROP5C;-IRGa6) ethylene glycol.

Data Collection, Structure Determination, and Refinement—
The diffraction data were collected at beamline 11.1 of the Stan-
ford Synchrotron Radiation Laboratory at a wavelength of
0.979 A and a temperature of 100 K. Indexing, integration, and
scaling of the diffraction data were performed using the XDS
suite (23). Because both ROP5B;-IRGa6 and ROP5C;-IRGa6
crystallized in the low symmetry space group P1, data sets from
multiple crystals were merged for each complex (see Table 1).
Initial phases for the two complexes were obtained by molecu-
lar replacement using Phaser (24) with the structures of
ROP5B; (3Q60) and IRGa6-GDP (1TPZ) used as initial search
models. Probably due to the conformational changes we even-
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tually discovered in the structure, molecular replacement was
only successful by first searching for ROP5, followed by IRGa6.
Manual rebuilding in Coot (25) and refinement in Phenix (26)
led to a final 1.70 A structure of ROP5B,-IRGa6 and a 1.72 A
structure of ROP5C;-IRGa6, which were deposited in the Pro-
tein Data Bank (accession numbers 4LV5 and 4LVS8, respec-
tively). Both structures show good stereochemistry (97.1 and
97.4% favored for ROP5B;-IRGa6 and ROP5C,;-IRGa6, respec-
tively) from Ramachandran plots, as validated by the program
MOLPROBITY (27).

Interface Analysis and Figure Generation—The interface res-
idues listed in Table 2 were determined using NCONT in CCP4
(28) with a 4 A cut-off. Polymorphisms were analyzed with
DnaSP version 5 (29). Figures were rendered using PyMOL
(Schrodinger, LLC, New York).

In Vitro GTPase Activity Assay—10-20 uM IRGa6 was incu-
bated at 37 °C with 2 mm GTP (Sigma) in reaction buffer (10 mm
HEPES, pH 7.4, 100 mm KCl, 10 mm MgCl,, 10 mMm DTT) either
with or without the addition of ROP5. All protein was of crys-
tallographic purity. Individual 5-ul reactions were initiated at
time points between 0 and 40 min such that all reactions could
be halted simultaneously with the addition of 100 ul of
BIOMOL Green (Enzo) to measure free inorganic phosphate
according to the manufacturer’s instructions. A standard curve
was measured with each independent experiment.

IRG Oligomerization—Oligomerization of IRGa6 was mea-
sured by an increase in turbidity at A,,, and was carried out
essentially as described previously (30). Briefly, oligomerization
of 60 uM IRGa6 alone or in the presence of 100 um wild-type or
mutant ROP5C,; was initiated by the addition of 5 mm GTP.
Assays were conducted at 25 °C in 20 mm HEPES, pH 7.0, 100
mMm NaCl, 10 mm MgCl,, 10 mm DTT.

RESULTS

The ROP5-IRGaé6 Interface Is Distal from the Protein Active
Sites—Previous work demonstrated that ROP5 can physically
interact with and inhibit the IRG system in vivo (9, 10, 22).
Although the ROP5-IRGa6 interface was partially mapped (9),
the analysis was based on limited mutagenesis and low resolu-
tion NMR data. To determine the molecular mechanism of
ROPS5 inhibition of the IRGs at atomic resolution, we solved the
crystal structure of murine IRGa6 in complex with the pseu-
dokinase domains of each of two allelic isoforms of ROP5,
ROP5B,and ROP5C,, at 1.70 and 1.72 A resolution, respectively
(Fig. 1 and Table 1). The two alleles of ROP5 bind IRGa6 in
essentially the same orientations (Fig. 1B).

As suggested by previously published NMR data (9), the
region of ROP5 that binds IRGa6 is on the opposite face of the
pseudokinase domain from the activation loop and substrate
recognition site (Fig. 1A). This is consistent with the idea that
pseudokinases have evolved away from catalysis to adopt roles
such as protein-protein interaction (16, 31, 32). Instead, the
region of ROP5 that binds IRGa6 is the face sometimes recog-
nized by specific kinase regulatory proteins (33). Specificity at
this surface is achieved by discrimination of three-dimensional
structure rather than simply primary sequence (as is typical in
substrate recognition). For ROP5, the IRG-binding surface
includes two structural elements that define the parasite-spe-
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FIGURE 1.ROP5B, and ROP5C, bind IRGa6 in a similar conformation distal
from the pseudokinase and GTPase active sites. A, the structure of IRGa6
(orange) bound to ROP5B, (gray) is shown with their respective bound nucle-
otides shown in sticks. B, an overlay of the two structures near the ROP5-IRGa6
interface is shown. Ca RMSD for the complex s 1.6 A over 754 atom pairs, and
the Ca RMSD values for the individual IRGa6 and ROP5 chains are 1.1 A over
398 atom pairs and 0.9 A over 356 atom pairs, respectively. The ROP5 N-ter-
minal extension is highlighted in pink, and the conserved disulfide bridge
(Cys-458/492) that stabilizes the loop in ROP5 that interacts with IRGa6 helix 3
is indicated with an arrowhead.

TABLE 1
Crystallographic information
Values in parentheses are for the highest resolution shell.

ROP5BI—IRGa6~GDPa ROP5CI—IRG36—GDPb
Data collection
Space group P1 P1
Cell dimensions
a, b, c(A) 52.6, 54.7, 85.6 53.4,53.7, 86.8
o, By (degrees) 99.0, 106.6, 106.9 104.7,95.3, 111.0
Resolution (A) 1.70 A 1.72 A
erge 5.8 (183.1) 9.2 (202.8)
I/ol 19.19 (1.15) 19.43 (1.52)
CC(1/2) (52) 100.0 (53.7) 100.0 (65.9)
Completeness (%) 99.5 (99.6) 99.9 (99.9)
Redundancy 8.07 (7.61) 13.8 (13.7)
Refinement
Resolution (A) 1.70 1.72
No. of reflections 92,476 90,512
Ryond Risee 0.1923/0.2277 0.1951/0.2298
No. of atoms 6647 6676
Protein 6081 6065
Ligand/ion 83 96
Water 483 515
B-factors 38.00 35.90
Protein 37.50 35.50
Ligand/ion 31.52 38.32
Water 44.80 41.10
RMSD )
Bond lengths (A) 0.008 0.007
Bond angles (degrees)  1.106 1.128

“ Three independent data sets were merged.
’ Four independent data sets were merged.

cific family of kinases to which ROP5 belongs (32, 34): a loop
rigidified by a conserved disulfide bridge and an N-terminal
helical extension nested between the N- and C-lobes of the
kinase domain (Fig. 1B).

Although IRGa6 adopts slightly different conformations to
interact with the two ROP5 isoforms, it retains an identical
active site conformation in the two structures (Fig. 1B). The
surface of IRGa6 that interacts with ROP5 is a face near but not
including the GTPase active site. This surface of IRGa6 does,
however, contain a number of highly conserved residues that
have been implicated in IRG activation and oligomerization
through mutagenesis studies (9, 30) (Fig. 2 and Table 2). Impor-
tantly, several of these IRG residues have been previously
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FIGURE 2. ROP5 binds a region of IRG required for oligomerization that is
distinct from the GTPase active site. A, the structure of ROP5-IRGa6 is
shown with IRGa6 as a surface and ROP5 as a gray schematic. IRGa6 residues
whose mutation disrupts oligomerization are highlighted in red and orange
(such residues in the active site are orange). B, contacts between ROP5 (gray)
and IRGa6 (orange) in the region around IRGa6 helix 3 and Arg-159 are high-
lighted. C, an alignment of sequences surrounding the conserved Arg-159 in
IRGa6 from diverse mammalian species (mouse, Chinese hamster, African
elephant, and rabbit) are shown.

mutated and shown to disrupt ROP5 binding (Table 2). These
data are consistent with the proposed model that ROP5 com-
petitively inhibits IRG oligomerization by sterically occluding
its multimerization (9).

ROPS Binding Alters the Conformation of the IRGa6 Active
Site—NMR data previously indicated that ROP5 binding to
IRGa6 alters the conformation of the GTPase active site (9),
although the extent of these changes was unknown. Consistent
with this observation, the IRGa6 switch loop adopts a helical
conformation in ROP5-IRGa6-GDP that differs radically from
the conformation in the IRGa6-GDP structure (35) (Fig. 3).
Unlike other proteins that modulate GTPase active site confor-
mation, such as RhoGAPs (36), RhoGDIs (37), or GPR/GoLoco
motif proteins (38), ROP5 makes direct contacts neither with
the switch loops of its target GTPase nor with the IRGa6-bound
nucleotide. ROP5 binding does, however, cause significant con-
formational changes throughout IRGa6 (Fig. 3). A major
change occurs near IRGa6 helix 3, which exhibits ~5-A trans-
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TABLE 2
Interface contacts

Interface residues from ROP5 and IRGa6 that directly contact the other protein
(within 4 A) are listed. An “X” indicates that the interaction is present in the struc-
ture of IRGa6 in complex with ROP5B; and/or ROP5C;. Polymorphisms are noted in
the right-hand columns. Mutations in IRGa6 that were previously shown to reduce
ROPS5 binding (9) are indicated in the “Mut” column.

Present in: Polymorphisms:
ROP5B; ROP5C, A Bl C_ A Cu
Backbone — backbone interactions
Irga6 Mut ROPS
X X Lys162 Glu N Gly490 0 Phe Gly Gly Asp Asp
X X  Lys162 Glu N Cys492 (0]
X X Asn163 N Gly490 (0] Phe Gly Gly Asp Asp
X Gly195 Arg O Leu191 N
Backbone — side chain interactions
Irgaé ROP5
X Lys161 Glu NZ Ser491 o Pro Ser Ser Ser Ser
X X Asn163 ND2 Gly490 0 Phe Gly Gly Asp Asp
X Asn191 Arg ND2 Phe353 (¢]
X X GIn198 Glu N Glu190 OE2
X Asn212 Arg ND2 Arg358 (0]
X Asn212 Arg OD1 Gly359 N Gly Gly Ser Gly Gly
Side chain — side chain interactions
Irga6 ROPS5
X X Gl77 OE2 Ser491 oG Pro Ser Ser Ser Ser
X X Arg159 Glu NH1,NH2 Asp352 OD1 Asn Asp Asp Asp Asp
X Glu192 OE2 Arg358 NH1, NH2
X X Lys196 Asp NZ Glu188 OE2
X GIn198 Glu NE2 Glu190 OE1
X X Asp208 0OD2 Arg358 NH1,NH2,NE
X X Asn215 ND2 Asp/Thr360 OD1/0G1 Gly Asp Thr Glu Glu
X X Glu219 OE1,0E2 Asp/Thr360 OD1/0G1 Gly Asp Thr Glu Glu
Van der Waals
Irga6 ROP5
X X Gly195, Lys196 Leu191
X X Asp194, Gly195 Tyr194
X X Asn191 Phe353
X X Asn191, Glu192 Leu/Val354 Val Val Leu Val Val
X X Arg159 Tyr355
X X Arg159 Leu459
X X Lys162 Phe489
X X Phe160 Thr493 Ala Thr Thr Thr Thr
X X Phe160, Lys161 Pro494
X X Lys162 Lys/GIn500 Glu Lys GIn GIn Gin

lation of the helix base (residue 162) as well as ~20° rotation
upon ROPS5 binding. This necessitates a structural rearrange-
ment within the GTPase active site, in which catalytic Lys-82
swaps an interaction with the GDP B-phosphate for a salt
bridge with Asp-106 in the switch loop (Fig. 4, A and B). The
residues that coordinate Mg>" are also rearranged upon ROP5
binding, apparently excluding a highly ordered Mg>* from the
active site and binding two water molecules in its place (Figs. 3C
and 4, A and B). We cannot, however, rule out that Mg>" is
somehow involved in binding, although we see no evidence of
an ordered cation in these structures.

The ROP5 partner kinases, ROP17 and ROP18, phosphory-
late Thr-102 and Thr-108 on the IRG switch loop I (11-13).
Although ROP5 does not directly contact the switch loop, the
closest pseudokinase residue is ~15 A away, suggesting that an
additional conformational change may be required to allow the
kinases simultaneous access. Alternatively, the kinases may be
in dynamic exchange with the pseudokinase as they continu-
ously inactivate each successive IRG protein that targets the
parasitophorous vacuolar membrane. Further work is neces-
sary to differentiate these two models.

ROP5 Binding Inhibits IRG GTPase Activity—Structural
changes in these key regions motivated us to ask whether ROP5
stabilizes an active or off-pathway conformation of IRG. Previ-
ous work has led to the model that IRG proteins must multi-
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merize to efficiently turnover GTP (3, 30), complicating the dis-
section of inhibition of oligomerization and activity. Because
ROP5 binding blocks IRG oligomerization in vivo and in vitro
(9), ROP5-IRGa6 would be expected to be catalytically inhib-
ited. We tested IRGa6 GTPase activity in the presence and
absence of ROP5. ROP5C; strongly inhibits IRGa6 catalytic
activity (Fig. 4C), whereas ROP5B,; is a less efficient inhibitor
(Fig. 4D). It is important to note, however, that both isoforms of
ROP5 are able to inhibit IRG activation iz vivo (9, 10), suggest-
ing that this difference in in vitro potency may be of limited
significance in vivo.

Polymorphic Residues Cluster in the ROPS-IRG Interface—
To determine whether ROP5 binding to IRG may be driving the
evolution of either molecule, we first used IRG sequences from
diverse, non-laboratory-derived mouse strains (8) to map the
sequence variation of three IRG proteins (IRGa6, IRGb6, and
IRGDb2) on our crystal structure of the ROP5-IRGa6 complex
(Fig. 5). IRGa6 appears to be under purifying selection across
the sequences examined (Tajima’s m(a)/m(s) = 0.18), with few
non-synonomous substitutions. Other IRG family members,
including IRGb6 and IRGb2, are highly substituted both in the
ROP5 binding site and in switch loop I, which is the location of
the threonine residues targeted for phosphorylation by the
active kinases ROP17 and ROP18 (11-13). IRGb6 is a second
major target of ROP5 inhibition (9, 13). IRGb2 has been shown
to act as a protector of the IRG system from Toxoplasma inhi-
bition, possibly by sequestering ROP5 from interaction with its
functional targets, such as IRGa6 and IRGb6 (8).

IRGD6 is highly polymorphic, and many of these polymor-
phisms occur at the ROP5 interface or border the switch loop
phosphosites targeted by ROP17 and ROP18 (Fig. 5). Given the
high level of polymorphism throughout IRGb®6, it is not clear
that the polymorphic regions near the ROP5 interface are over-
represented. As predicted by Lilue et al. (8), however, IRGb2
shows a strong enrichment for substitutions near the ROP5
interface, suggesting that there is indeed some evolutionary
pressure on this IRG that may result from its interaction with
ROPS5.

Like the IRGs, ROP5 is encoded by an expanded locus that
harbors 4-10 genes in each of the three major Toxoplasma
strains (14). Mapping of the ROP5 polymorphisms on the com-
plex structure demonstrated that ROP5 uses a highly polymor-
phic surface to recognize IRG; 24 of 51 residues that differ
between alleles (14, 39) of ROP5 are located on this surface (Fig.
6). Whereas ROP5B; and ROP5C; inhibit murine IRG activa-
tion in vivo, ROP5A;, ROP5A,;, and ROP5Cy; do not (9, 10, 22).
Consistent with this observation, the IRG-binding interfaces of
ROP5B; and ROP5C; are highly substituted when compared
with alleles unable to inhibit IRG (Fig. 6, B—D). It should be
noted, however, that alleles unable to inactivate the IRG system
in breeds of mice tested to date still have a substantial number
of substitutions in the IRG binding interface. For example, this
region of ROP5A, differs at 16 residues from ROP5A; (Fig. 6, C
and D), suggesting that these alleles still experienced positive
selective pressure on the sequence that composes this surface.
Thus, these ROP5 alleles may be important inhibitors of IRG in
another genetic context or may use the same surface to bind
other targets.
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IRGa6:GDP (1TPZ)

FIGURE 3. ROP5 binding induces conformational changes throughout the IRGa6 structure. A, the ROP5-bound structure of IRG is shown colored
according to Ca displacement compared with the published ROP5-unbound IRGa6-GDP structure (Protein Data Bank code 1TPZ). B, the ROP5-bound
structure of IRGa6 (orange) is overlaid on the published IRGa6-GDP structure (Protein Data Bank code 1TPZ). In both panels, helix 3 is indicated with a
closed arrowhead, and switch loop | is indicated with an open arrowhead. Ca RMSD of IRGa6 between the two structures is 2.1 A over 399 atom pairs (2.6
R over the G-domain alone; 166 atom pairs). C, stereo image of switch loop | and the bound GDP in the ROP5-IRGa6 structure superposed with the

2F, — F_electron density map countered at 2.00.

These varying patterns of substitutions on the IRG proteins
as compared with ROP5 highlight the crux of the host-patho-
gen evolutionary arms race: whereas a pathogen’s effector often
evolves with a singular function (to inhibit a host process), the
host target protein must evolve not only to evade inhibition by
the pathogen but also to maintain its critical function. This may
help to explain why the IRG family has expanded to >20 mem-
bers in many non-primate mammals but with apparently little
functional redundancy (7).

The ROP5-IRGa6 interface is relatively small, burying only
~960 A of surface area. Consistent with this small surface area,
few residues form direct side chain-side chain interactions
between the two proteins (Table 2 and Fig. 2B). Although 24 of
the residues in the ROP5 pseudokinase domain that differ
between alleles are clustered near the surface involved in rec-
ognizing IRGa6, only 8 of these residues make direct contacts
with IRGa6. This suggests that many of these polymorphisms
may have provided a stabilizing or long distance tuning of the
three-dimensional surface. Alternatively, these polymorphic
residues may be involved in initiating the recognition of IRG,
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whereas the GTPase is in a conformation not captured in our
structure. Those polymorphic ROP5 residues that do contact
IRGa6 are largely located in and around a loop containing Cys-
492 that is rigidified by a conserved disulfide bridge. Several of
the ROP5 residues in this region form backbone hydrogen
bonds with the loop at the base of IRGa6 helix 3 (Table 2 and
Fig. 2B). Just proximal to this interaction, IRGa6 Arg-159 is
buried in a pocket in ROP5 that is capped by Asp-352 (Fig. 2B).
Consistent with this, a charge swap mutation of Arg-159 has
previously been shown to disrupt ROP5 binding (9). Intrigu-
ingly, Arg-159 is well conserved in IRG family members and
among species (Fig. 2C) and appears to be required for IRGa6
function (30).

Given the patterns of polymorphism observed, we next asked
what effect the polymorphic residues in ROP5C; might have on
ROP5 inhibition of IRGa6 activity. Two of the most polymor-
phic positions in ROP5, Gly-490 and Ser-491, contact the base
of IRGab helix 3, and those positions in IRGa6 have been pre-
viously shown to disrupt ROP5-binding (9) (summarized in
Table 2). We expressed ROP5C;, protein that had been mutated
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FIGURE 4. ROP5 inhibits IRGa6 GTPase activity. The active sites of IRGa6-GDP (A) and ROP5-IRGa6-GDP (B) are shown with residues that coordinate GDP,
associated waters, and Mg?*. C, 20 um IRGa6 was incubated with GTP in either the presence or absence of 150 um ROP5C, and released phosphate was
measured over time. Error bars, S.D. (n = 3). D, 10 um IRGa6 was incubated with 2 mm GTP and varying concentrations of either ROP5B, or ROP5C, for 40 min,
phosphate release was measured, and activities were normalized to IRGa6 activity without ROPS5. Error bars, errors in slope by GraphPad Prism (n = 3 per data
point).
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FIGURE 5. A schematic representation of the IRGa6-ROP5 complex with polymorphic residues shaded according to their level of substitution in each of
three IRG family members.

to reflect the substitution from either the ROP5A; (G490F/ were soluble to similar concentrations as wild-type protein,
S491P) or the type II allele (G490D) at these positions (Fig. 7).  suggesting that they folded correctly. Although wild-type
These alleles of ROP5 do not inhibit IRG in vivo (9, 10, 22). ROP5C; was able to inhibit both oligomerization and GTPase
Given the nonconservative nature of these mutations, they activity of IRGa6, neither of the mutants showed any inhibition
would be predicted to clash with IRGa6 binding according to  (Fig. 7, Band C). These data are consistent with a model where
our structure (Fig. 7A). Both of the mutants expressed well and  these residues form critical contacts with IRGaé helix 3.
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FIGURE 6. ROP5 uses a polymorphic surface to bind IRGa6. A, overview of the ROP5-IRGa6 structure. ROP5 is shown as a black surface with polymorphic
residues shaded green or yellow (the latter are in the pseudoactive site). IRGa6 is shown in orange. B, an alignment of regions of ROP5 sequence that are hotspots
of polymorphism (green shading) and involved in the interaction with IRGa6. C, a phylogenetic tree of five ROP5 alleles in which all residues not located at the
interface with IRGa6 were held constant. D, pairwise comparison of different ROP5 alleles reveals that all alleles of ROP5 appear to have experienced diversi-
fying selective pressure on the interface with IRGa6 (polymorphic interface residues shaded green; note that the orientation of ROP5 shown in A has been
rotated to show the full binding surface in D). The numbers of polymorphic residues at the IRGa6 interface versus in the entire sequence are indicated.
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FIGURE 7. Polymorphisms determine ROP5 inhibition of IRGa6. A, the predicted structural consequences of mutating ROP5C, (black) at polymorphic
residues that interact with IRG (orange) helix 3 are shown shaded. In particular, mutation of Gly-490 is predicted to clash with Asn-163 in IRG helix 3 and with the
short helical stretch at IRG residues 129-132. B, oligomerization of IRGa6 was monitored after the addition of GTP in the presence or absence of wild-type or

mutant ROP5C,. C, IRGa6 GTPase activity was measured, as in Fig. 4, in the presence 150 um wild-type or mutant ROP5C,. Error bars, S.D.

In comparing the ROP5-bound structure of IRGa6 with pre-
viously published structures, we observed that the structure of
IRGa6™'”?* (Protein Data Bank entry 1TQ6) was in a similar
conformation as our ROP5-IRGa6 complex structures. This
mutant was originally designed to destabilize an observed crys-
tallographic dimer interface to test the interface’s importance
for oligomerization (35). Although the conformational differ-
ences seen in this structure were originally thought to be due to
crystallographic contacts, when we examined the structure
more closely, we observed helical rotations, switch loop, and
active site residue conformation similar to those we describe
here for wild-type IRGa6 when bound to ROP5 (Fig. 8). Met-
173 sits on the terminus of helix 3, which may form part of
the allosteric switch that regulates the inactivating confor-
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mational change upon ROPS5 binding (Fig. 3). Consistent with
this idea, IRGa6™"”** was reported to have decreased catalytic
activity (35). Taken together with the published structure of
IRGa6™'7?*, our data suggest that IRGa6™"'”?>* samples the
conformation that IRGa6 occupies when bound to ROP5, with
a similar biochemical outcome. Furthermore, these similarities
strengthen the idea that the ROP5-bound conformation of
IRGa6 is an off-pathway, inhibited conformation.

DISCUSSION

We have demonstrated that ROP5 is an inhibitor of IRG that
blocks its oligomerization and thus its GTPase activity, through
a mechanism that is revealed by our crystal structures. ROP5
binds a conserved surface of IRGaé that is required for oligo-

JOURNAL OF BIOLOGICAL CHEMISTRY 27855



A Parasite Pseudokinase Is an Allosteric Inhibitor of IRGs

Irga6:GDP (1TPZ)

A Irga6(M173A):GNP (1TQ8)

Switch Loop |

ROPS:Irga6:GDP

B Irga6(M173A):GNP (1TQ8)

FIGURE 8. IRGa6™M'7** occupies a conformation similar to that of ROP5-bound wild-type IRGa6. The previously published structure (Protein Data Bank
code 1TQ6; green) of the mutant M173A Irga6 bound to GMPPNP (GNP) is overlaid with the published structure of Irga6-GDP (Protein Data Bank code 1TPZ;
gray) (Ca RMSD of 2.5 A over 393 atom pairs) (A) or ROP5-bound Irga6 (orange) (Ca RMSD of 1.9 A over 383 atoms) (B). Closed arrowhead, helix 3; open arrowhead,
switch loop I. Additional helical rotations are indicated with a small closed gray arrowhead. C, the IRGa6 active site of 1TQ6 is overlaid with that of the
ROP5-bound structure. Residues that coordinate the nucleotide and associated waters are shown as sticks. D, the published structure factors for 17TQ6 were
used to calculate the 2.7 A 2F, — F, map, which is shown contoured at 1.50-around the bound nucleotide. Note that although the 1TQ6 coordinates include a
bound Mg?*, there is no density at the ion’s position, nor is there evidence for the octahedral coordination typical of a Mg?™. This suggests that the

conformation of M173A IRGa6 captured in this structure, like ROP5-bound IRGa6, excludes a highly ordered Mg?™" from the active site.

merization (30). ROP5 binding induces the rearrangement of
the IRGab active site, suggesting that it allosterically stabilizes a
less active conformation of IRGa6.

Whereas the IRG GTPase subdomain has a Rho family fold,
ROPS5 binds a surface that is not shared by canonical Rho family
regulators. Whereas RhoGDIs and RhoGAPs bind directly to
their target GTPase switch loops (36, 37), ROP5 binds distal
from both the IRGa6 switch loops and active site. In addition,
Rho-GDI binding to its GTPase buries an unstructured region
of the GDI, whereas ROP5 binds IRGa6 using a well folded
pseudokinase domain whose conformation is unchanged upon
binding. This is a striking evolutionary adaptation in which a
normally catalytic kinase fold has evolved to recognize and
inhibit an enzyme through a mechanism not related to catalysis.

The existence of this inhibited conformation of IRGa6 and
the allosteric switch that ROP5 exploits to trigger it suggests

27856 JOURNAL OF BIOLOGICAL CHEMISTRY

that native (mammalian) inhibitors also exist to regulate these
proteins. Indeed, the IRGM proteins, which act as critical neg-
ative regulators of the IRG system, have been proposed to act as
GDIs (40, 41), although this has not been tested experimentally.

One of the primary mechanisms by which GDIs for small G
proteins (e.g. RhoGDIs) regulate their target G-proteins is by
solubilizing prenyl groups on the GTPase, thus stripping the
GTPase from the membrane and altering its subcellular local-
ization (42). Many of the IRGs, including IRGa6, are myristoy-
lated in vivo, raising the question of whether binding to ROP5
may influence the myristoyl accessibility. Because the ROP5-
IRGa6 crystal structures were solved with bacterially expressed
protein that is not myristoylated, the ROP5-IRGa6 complex can
clearly be formed in the absence of myristoylation. It should be
noted that ROP5 has been shown to interact not only with
IRGa6, which is natively myristoylated, but also with the
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unmyristoylated IRGb6 (9); thus, any potential interaction with
a myristoyl group is not likely to be the primary determinant of
binding. The N terminus of IRGa6 is on the opposite side of the
protein from the ROP5-binding site (ROP5 is ~65 A away from
IRGa6b residue 14, the most N-terminal residue that is ordered
in our structure), which also makes it unlikely that an N-termi-
nal myristoyl could reach the ROP5 pseudokinase domain. A
more likely scenario for modification of myristoyl accessibility
due to ROP5 binding would be that ROP5 stabilizes an IRGa6
conformation that allows the burying of the myristoylated N
terminus in IRGa6, itself, as is seen in Arfl (43). Alternatively,
the myristoyl group might be recognized by an additional ROP5
domain that is not present in our crystal structure. Regardless,
the lack of myristoylation in these recombinant proteins pre-
vents a deeper investigation of these hypotheses.

Large GTPases, including dynamins and the IRGs, exhibit
cooperative GTPase activity that is mediated by intermolecular
activation through oligomerization. As such, regulation of
these proteins is thought to be based largely on regulation of
oligomerization rather than direct modulation of GTPase con-
formation and localization by effector proteins. This paradigm
is directly challenged by the report that the phox homology
domain of mammalian phospholipase D is able to directly stim-
ulate dynamin GTPase activity (44). Regulatory partners for
small GTPases alter both catalytic activity and subcellular local-
ization (42, 45). Targeting and timing of large GTPase oligo-
merization at the correct membrane is critical to their function.
This is particularly true of the IRG system, which must discrim-
inate between “foreign” and “self” membranes as it forms a het-
erogeneous assembly containing multiple families of large
GTPases (46, 47) as well as recruiting autophagy (48, 49), oxi-
dative (49), and inflammasome (50) machinery. Because target-
ing to this assembly requires functional GTPase domains (30,
40, 51), regulation of these immune GTPases by binding part-
ners could tune the specific GTPase family members present
and the downstream effects that they potentiate.

IRGM, a negative regulator of the system, has been suggested
as a mark of “self” membranes, protecting them from destruc-
tion by the IRG system (40, 41). Intriguingly, the surface on
IRGa6 that ROP5 binds is required both for IRG activation and
for interaction with IRGM (30). It is therefore attractive to pro-
pose that the parasite pseudokinase ROP5 evolved to act as an
allosteric molecular mimic of IRGM to inhibit the IRG system,
thus disguising the Toxoplasma vacuolar membrane as self and
enabling the parasite to efficiently evade clearance by this cell-
autonomous mechanism.
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