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Profilins promote actin polymerization by exchanging ADP for ATP on
monomeric actin and delivering ATP-actin to growing filament barbed
ends. Apicomplexan protozoa such as Toxoplasma gondii invade host cells
using an actin-dependent gliding motility. Toll-like receptor (TLR) 11
generates an innate immune response upon sensing T. gondii profilin
(TgPRF). The crystal structure of TgPRF reveals a parasite-specific surface
motif consisting of an acidic loop, followed by a long p-hairpin. A series of
structure-based profilin mutants show that TLR11 recognition of the acidic
loop is responsible for most of the interleukin (IL)-12 secretion response to
TgPRF in peritoneal macrophages. Deletion of both the acidic loop and the
B-hairpin completely abrogates IL-12 secretion. Insertion of the T. gondii
acidic loop and R-hairpin into yeast profilin is sufficient to generate TLR11-
dependent signaling. Substitution of the acidic loop in TgPRF with the
homologous loop from the apicomplexan parasite Cryptosporidium parvum
does not affect TLR11-dependent IL-12 secretion, while substitution with
the acidic loop from Plasmodium falciparum results in reduced but significant
IL-12 secretion. We conclude that the parasite-specific motif in TgPRF is the
key molecular pattern recognized by TLR11. Unlike other profilins, TgPRF
slows nucleotide exchange on monomeric rabbit actin and binds rabbit actin
weakly. The putative TgPRF actin-binding surface includes the p-hairpin
and diverges widely from the actin-binding surfaces of vertebrate profilins.
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titration calorimetry; PIP2, phosphatidylinositol
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Protein Data Bank.

The ancient phylum of Apicomplexa encompasses
thousands of unicellular animal parasite species,
including important human pathogens such as
Plasmodium, Toxoplasma, Cryptosporidia, and Cyclos-
pora species. In the United States, Toxoplasma gondii
infects nearly a quarter of the population and is the
third leading cause of death attributed to food-borne
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illness. While most healthy adults do not develop
disease symptoms, congenital infection of infants
during pregnancy can lead to severe developmental
impairments or death. Toxoplasm051s can also be
fatal in immunocompromised patlents

T. gondii and other apicomplexan parasites rely on
changes in the actin cytoskeleton, especially at the
aplcal end, to invade the host cell. Specifically, host—
cell invasion requires parasite gliding motility,
which is powered by the movement of TgMyoA
and possibly other myosin motors along unusually
short and unstable actin filaments.”” One actin and
10 putative actin-related genes have been identified
or annotated in the T. gondzz genome.*’ The profilin
from T. gondii (TgPRF) is strictly required for the
actin-dependent gliding motility that enables T
gondii to invade and exit from host cells."
Because of the low abundance of actin filaments,
apicomplexans depend on proteins governing
actin dynamics, and they are extremely susceptible
to compounds that modulate actin polymerization or
depolymerization. "'

In most eukaryotes, a profilin promotes the rapid
elongation of actin filaments by delivering mono-
meric (globular) actin, or G-actin, to the filament
barbed ends.!%151¢ Apicomplexans lacking profilin
can grow and replicate, but they can cannot invade
host cells, presumably because their ability to
polymerize actin for host invasion is compromised. "’
Profilin is recruited to the barbed end when it binds
to proline-rich regions on a formin protein, which is
bound to the barbed end of most growing actin
filaments. Binding of multiple profilin-actin com-
plexes to formin concentrates actin near the barbed
end, thereby stimulating elongation of the filament.
Yeast and human profilins catalyze the exchange of
actin-bound ADP for cytosolic ATP." Interestingly,
one of the two actin-depolymerizing factor (ADF)
homologues of Plasmodium falciparum, PfADFl
slightly enhances nucleotide exchange on G-actin,"”
in contrast to the typical 1nh1b1t10r1 of nucleotide
exchange caused by ADFs.'®'” However, the single
ADF of T. gondii, TgADF, inhibits nucleotide
exchange on both T. gondii actin and rabbit G-actin
and was recently shown to have weak severing
activity on T. gondii actin.” Thus, the primary function
of TgADF appears to promote efficient turnover of
actin filaments by sequestering actin monomers.

Apicomplexans lack the Arp2/3 complex, an
1mp0rtant nucleator of actin filaments in other
phyla.” However, apicomplexan genomes encode
other putative actin regulatory proteins including
barbed-end capping factors, G-actin-sequestering
factors, formins, and cofilin-like proteins that may
promote actin depolymerization.?!?? The regulatory
activities of most of these proteins on fllamentous
actin have yet to be demonstrated experimentally.*’

Some profilins are known to bind inositide lipid
head groups, providing a possible mechanism for

the localization of proflhns to actin-rich regions near
the plasma membrane.”*** Phosphatidylinositides
may also compete with the profilin-actin interac-
tion, promotmg the release of actin near the
membrane.”” Tt has been proposed that profilin
regulates the cleavage of phosphatidylinositide
head groups and thereby link Cytoskeletal dynamics
to phosphoinositide metabolism.* >

Toll-like receptors (TLRs) are responsible for the
initial recognition of a wide variety of molecular
patterns that are highly conserved in microbes but
absent in the host.?? TLR11 generates a powerful
NEF-kB-dependent inflammatory response upon
recognizing TgPRF. TLR11-deficient mice have a
greatly impaired mterleukm (IL)-12 response when
challenged with T. gondii,* and T. gondii parasites
lacking profilin are unable to induce TLR11-depen-
dent production of the defensive host cytokine IL-
12."% Profilins from other apicomplexan parasites
including P. falciparum, Cryptosporidium parvum, and
Eimeria tenella also activate TLR11-dependent sig-
naling but to a lesser extent than TgPREF.3031
Following the same paradigm as all known TLR
ligands, apicomplexan profilins have conserved
features that are not found in other eukaryotic
profilins. However, the molecular basis for the
recognition of TgPRF by TLR11 remains unknown.

We report here a structure-based analysis of the
molecular basis of the recognition of TgPRF by TLR11.
The structure shows broad similarities to P. falciparum
profilin (PfPRF).*> However, the structure of TgPRF
reveals specific surface features that are likely
candidates for TLR11 recognition of T. gondii. By
mutating these features, we show that the parasite-
specific motif consisting of an acidic loop and a p-
hairpin is important for TLR11 recognition, while the
putative actin-binding surface is not. By inserting this
motif from T. gondii into yeast profilin, we show that
the motif is sufficient to generate TLR11-dependent
signaling. We have therefore identified the molecular
pattern that is recognized by TLR11. Other mutants
show that the acidic loop performs a major function in
TLR11-dependent recognition of apicomplexan profi-
lins. The structure of TgPRF also provides a frame-
work for understanding its low actin polymerization
activity'” and its contribution to the unusually short
length and high depolymerization rates of apicom-
plexan actin filaments.

Results

Overall architecture of TgPRF

TgPRF adopts the overall canonical profilin fold
and exists as a monomer in solution as evidenced by
size-exclusion chromatography and multi-angle laser
light scattering (data not shown). TgPRF has N- and
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Fig. 1. Overall structure of TgPRF. (a—c) Ribbon representations of TgPRF in blue with the acidic loop and p-hairpin
highlighted in red and green, respectively. (b) TgPRF is in the standard profilin orientation, which shows the putative
actin-binding surface. (c) An overlay of all four molecules in the asymmetric unit using residues 38-80 as the reference
shows flexibility in the extended p-hairpin. p-Hairpin residues 50-67 have an average RMSD of 0.50 A. The average main-

chain RMSD between the four molecules is 0.15 A.

C-terminal a-helices that lie parallel on one molecular
face and two a-helices on the opposite face that
sandwich seven antiparallel 3-strands (Fig. 1a). The
internal B-sheet of TgPRF shows a high degree of
structural conservation to non-apicomplexan para-
site profilins with the exception of elongated R-
strands 6 and 7, which form the solvent-exposed
edge of the p-sheet. These strands extend past the

conserved non-apicomplexan parasite profilin
strands 4 and 5 by seven residues, making them
nearly twice as long as in other profilins.

There are notable differences in the structure of
TgPRF compared to non-apicomplexan profilin
structures. TgPRF has a 31-amino-acid insertion
between B-strand 2 and a-helix 3 (residues 37-68),
with general features that appear to be conserved in
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Fig. 2. Sequence alignment of apicomplexan protozoan profilins. Secondary structure is shown for TgPRF on top and
for S. cerevisiae, representing the conserved non-apicomplexan profilin structure, on the bottom. Secondary-structure
nomenclature follows the canonical profilin fold. Strictly conserved residues are highlighted in black, orange denotes
conserved residues, and residues absolutely conserved in the parasites most closely related to TgPRF are in yellow. The
apicomplexan-specific acidic loop (AL) and p-hairpin (pH) are boxed in red and green, respectively. GenBank accession
numbers are as follows: T. gondii, 61612092; C. parvum, 126644761; Cryptosporidium hominis, 67593937; Eimeria acervulina,
405637; E. tenella, 117960055; P. knowlesi, 193808670; P. falciparum, 206581653; Theileria annulata, 84994870; T. parva,
71030962; B. bovis, 78458472; S. cerevisiae, 6324696. The sequence for Neospora caninum is from toxoDB, accession no.

NC_LIV_10440.
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apicomplexan parasites (Figs. 1 and 2). In TgPRF, this
novel region includes a highly acidic loop, a-helix 2
(which is absent in non-apicomplexan profilins), and
a prominent B-hairpin (residues 50-67) that extends
away from the otherwise globular protein.

We determined the structure of TgPRF with four
molecules in the asymmetric unit showing the
extended p-hairpin in two distinct conformations
(Fig. 1b). The average root-mean-square deviation
(RMSD) of all four molecules, excluding the
p-hairpin residues, is 0.15 A. The p-hairpin struc-
tures of three of the molecules overlay well with an
average RMSD of 0.25 A. The p-hairpin of the fourth
molecule, crystallized in a more extended conforma-
tion, has an average RMSD between it and the
R-hairpin of the other three molecules of 0.75 A.
Normal mode analysis using both species of TgPRF
predicts even greater 3-hairpin flexibility than was
observed in the crystallized conformations of TgPRF.
Thus, we interpret the different conformations
observed in the crystal to represent flexibility of the
B-hairpin.

Novel structural features of TgPRF stimulate
TLR11-dependent signaling

TgPRF shares low (18-24%) sequence identity to
non-apicomplexan profilins. Comparing profilins
from all sequenced species of apicomplexan para-
sites shows better conservation and suggests that
apicomplexan protozoan parasites contain a diver-
gent class of profilins (Fig. 2). TgPRF and P{PRF, the
causative agent of malaria, share 42% sequence
identity, suggesting that even within a subset of
closely related apicomplexan parasites, structural
and perhaps functional differences have evolved in
their profilins. Though TgPRF and PfPRF have a
main-chain RMSD of 1.06 A (Fig. 3), dlrect compar-
ison of TgPRF and PfPRF structures® shows that
regions with divergent sequences translate to
surface-exposed differences in the protein structures
(Figs. 2 and 3). The outer face of the apicomplexan-
specific B-hairpin, the novel acidic loop, and
residues on the putative polyproline binding cleft
formed by the N- and C-terminal a-helices represent
the most divergent regions, while the surface
corresponding to the actin-binding site of non-
apicomplexan profilins is most conserved.

TgPRF and PfPRF diverge in the region preceding
and including the large apicomplexan-specific
B-hairpin extension (Fig. 2). TgPRF has a surface-
exposed acidic loop in this region composed of four
aspartic acids, followed by a-helix 2. TgPRF and
PfPRF have almost identical backbone and side-chain
conformations for residues flanking the acidic loop,
but the loops adopt different structures (Fig. 3d). The
PfPRF acidic loop contains five additional residues,
forming a more prominent but less acidic surface
feature. In addition to the acidic loop differences,

TgPRF has one extra residue in the extended
B-hairpin compared to PfPRF. Notably, TgPRF has a
solvent-exposed cysteine on one strand of the
extended p-hairpin that is not present in PfPRF.

To test whether the novel structural features of
TgPRF are recognized by TLR11, we created various
mutants of TgPRF. First, we replaced the acidic loop
and flanking residues (36-44) with two glycines,
which correspond to the homologous sequence in
both Saccharomyces cerevisize and mouse profilins
(mutant AAL). Second, we deleted the R-hairpin
(residues 50-67, mutant ABH). In a third mutant,
both the acidic loop and the p-hairpin were deleted
(AALBH). Finally, to test the importance of the
B-hairpin, we mutated the p-hairpin residues to the
homologous sequence in PfPRF. All profilin mutants
were tested for the ability to stimulate IL-12(p40) in
peritoneal macrophages isolated from wild-type mice
and mice lacking TLR11 (TLR11 /7). Importantly,
deletion of the acidic loop reduced IL-12 production
in wild-type cells by at least 70% relative to wild-type
TgPRF, while changing the amino acid sequence or
deletion of the B-hairpin did not significantly reduce
IL-12 production. However, stimulation with the
mutant lacking both the acidic loop and the B-hairpin
failed to induce significant IL-12 production (Fig. 4b),
suggesting that the acidic loop/p-hairpin motif is
required for TLR11 recognition.

To test whether the acidic loop/p-hairpin motif is
sufficient for TLR11 recognition, we inserted the
acidic loop and/or p-hairpin from TgPRF into S.
cerevisige profilin (ScPRF). We found that insertion of
either the acidic loop or the p-hairpin from TgPRF
into the yeast profilin induced low levels of IL-12
production, while insertion of both the acidic loop
and the p-hairpin induced nearly the same level of
IL-12 production as for wild-type TgPRF (Fig. 4c).
Wild-type ScPRF did not induce significant levels of
IL-12 production. A peptide consisting of the 35
C-terminal amino acids of Legionella flagellin has been
shown to elicit signaling by cytosolic innate 1mmune
receptor Ipaf, which senses bacterial flagellin.”
Similarly, we used a synthetic peptide with the acidic
loop and R-hairpin sequence (ALBH peptide) to test
whether the peptide alone is sufficient for TLR11
recognition. The ALBH peptide did not stimulate IL-
12 production (Fig. 4b), indicating that the physical
constraints imposed by the context of the TgPRF
three-dimensional fold are required to effectively
present the B-hairpin for TLR11 recognition.

For a finer analysis of the role of the acidic loop in
TLR11 recognition, we substituted the acidic loop of
TgPRF with the homologous acidic loops from the
apicomplexan parasites C. paroum and P. falciparum.
The C. parvum acidic loop differs from that of T.
gondii by only two amino acids; thus, substitution
with the C. parvum acidic loop is equivalent to a
D38Q, D39G double point mutation of TgPRFE. This
mutant induced the same level of IL-12 production
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Fig. 3. Structural comparison of profilins from T. gondii, S. cerevisiae, and P. falciparum. TgPRF is in blue with red acidic
loop and green p-hairpin. (a) Superposition of TgPRF onto ScPRF (PDB ID: 1YPR) in orange, which represents the
conserved non-apicomplexan profilin structure (RMSD is 2.35 A). (b) Superposition of TgPRF onto PfPRF (PDB ID: 2JKF)
in cyan (RMSD is 1.06 A). (c and d) The divergent features of TgPRF include a highly acidic loop (AL, TgPRF residues 37—
40) and a B-hairpin (pH, residues 50-67). The latter is conserved among apicomplexans in length and overall structure but

not in sequence.

as wild-type TgPRF (Fig. 4d). Substitution of the
longer acidic loop of P. falciparum (Fig. 2) into TgPRF
resulted in lower but significant IL-12 production
(Fig. 4d). IL-12 production was significantly reduced
only when the acidic loop is replaced with two
glycines, which corresponds to the homologous
residues in S. cerevisize and mouse profilin.

To test whether amino acids on the putative actin-
binding surface of TgPRF are recognized by TLR11,
we created two additional mutants in which we
replaced two or six unconserved side chains on the
actin-binding surface with their structural homo-
logues from Schizosaccharomyces pombe and bovine

profilin: R97N and P98I; K94Q, VI95F, R97N, P98I,
T112A, and M113T.'°** Both of these mutants
showed a 10% reduction in IL-12 production relative
to wild-type TgPRF, which is unlikely to be
significant (Fig. 4b).

All profilin mutants eluted from a size-exclusion
chromatography column as single monomeric peaks
at their expected sizes (data not shown). Circular
dichroism (CD) spectra confirmed that wild-type
TgPRF, ScPRF, and all profilin mutants and chi-
meras had similar secondary structure (Fig. S1).
Moreover, CD measurements during reversible
thermal denaturation showed that, although the
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Fig. 4. TLR11 recognizes specific features of TgPRF. (a) Peritoneal macrophages from wild-type (WT) and TLR11 /"~
mice were stimulated for 24 h with 3.0 ng/ml of TgPRF, TgPRF purified from Sf9 insect cells, or 5 mM CpG as a positive
control. Macrophages were stimulated with 3.0 ug/ml of human cofilin as a negative control. (b) Peritoneal macrophages
were stimulated with 3.0 pg/ml of TgPRF, acidic loop deletion mutant TgPRF (AAL), B-hairpin deletion mutant TgPRF
(ABH), double deletion mutant TgPRF (AALBH), a TgPRF mutant with P. falciparum B-hairpin (TgPRF+Pf BH), actin-
binding surface TgPRF point mutants 2 PM or 6 PM, and a peptide with the acidic loop and p-hairpin sequence (ALBH
peptide). (c) Peritoneal macrophages were stimulated with TgPRF, a TgPRF mutant with the acidic loop from C. parvum
(TgPRF +Cp AL), a TgPRF mutant with the acidic loop from P. falciparum (TgPRF +Pf AL), and a TgPRF acidic loop
deletion mutant that, like ScPRF, has two glycines in place of the acidic loop (TgPRF +Sc AL). (d) Peritoneal macrophages
were stimulated with ScPRF, an ScPRF mutant containing the T. gondii acidic loop (ScPRF +Tg AL), an ScPRF mutant
containing the T. gondii p-hairpin (ScPRF +Tg BH), and an ScPRF mutant containing both the acidic loop and the {-
hairpin (ScPRF +Tg ALBH). After 24 h, supernatant was removed and analyzed for IL-12p40 levels by ELISA. Each bar
represents the mean +SD of triplicate measurements of three independent experiments. Statistical analysis was
performed using the Student’s ¢ test where "P<0.01 and *P>0.05 arbitrary units. In the columns marked with an asterisk,
the IL-12p40 concentration was below detectable levels. Together, these data show that the parasite-specific motif in
TgPRF is the key determinant for recognition by TLR11, with the acidic loop as the primary determinant and the p-hairpin
as a secondary but necessary determinant.

melting temperature varied between mutants, each
mutant remained fully folded well above 25 °C, the
temperature at which the signaling assays were
performed (Table 1).

TLR11 /" macrophages failed to produce signifi-
cant levels of IL-12 when stimulated with any of our
profilin constructs, although other TLR ligands such
as lipopolysaccharide (data not shown) and un-
methylated CpG DNA oligonucleotides did stimulate
IL-12 production in these cells (Fig. 4a). This is con-
sistent with previous studies suggesting that TLR11
can recognize TgPRF.*® TgPRF purified from insect
cells stimulated similar levels of TLR11 IL-12 produc-
tion as TgPRF from Escherichia coli (Fig. 4a), indicat-
ing that our measurements are not significantly

influenced by bacterial contaminants such as lipo-
polysaccharide. Together, these data suggest that the
acidic loop and B-hairpin are key molecular patterns
that are recognized by TLR11.

Surface and actin-binding properties of TgPRF

Like all profilin structures determined to date,
TgPRF has N- and C-terminal a-helices, 1 and 4, that
lie parallel on one face of the protein. Three co-
crystal structures of proline-rich peptides with
human profilin 1, mouse profilin 2a, and PfPRF
show that four or five aromatic residues near the
helix 1-helix 4 interface bind directly to the
peptides.”>**® The unliganded bovine and yeast
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Table 1. Summary of profilin mutants and analysis of
wild-type and mutant TgPRF constructs based on CD
measurements

Protein Mutated amino acids T (°C)

TgPRF Wild-type T. gondii sequence 53.1

AAL Amino acids 36-44 44.0
replaced with GG

ABH Amino acids 50-67 deleted 54.3

AALBH Amino acids 36-67 50.1
replaced with GG

TgPRF +Pf BH Amino acids 50-67 replaced 59.5
with PfPRF amino acids 59-74

TgPRF +Cp AL D38Q, D39G 51.3

TgPRF +Pf AL Amino acids 3741 replaced with 42.5

PfPRF amino acids 40-50

2PM R97N, P98I —

6 PM K94Q, V95F, R97N, P98I, 62.2
T112A, M113T

ALBH peptide Consists of TgPRF amino N.A.
acids 36-67 only

ScPRF Wild-type S. cerevisiae sequence 67.9

ScPRF +Tg AL TgPRF amino acids 3740 inserted 459
after ScPRF amino acid 33
TgPRF amino acids 50-67 inserted 36.7
after ScCPRF amino acid 39
ScPRF +Tg ALBH TgPRF amino acids 3740
and 50-67 inserted
after SCPRF amino acids

33 and 39, respectively

ScPRF +Tg BH

>95.0

profilin structures have aromatic residues in all five
positions, and yeast mutagenesis studies show that
these residues directly interact with polyproline.””
In TgPRF, four of the five aromatic residues, W4,
F32, Y157, and Y163, are conserved and have the
same relative orientations as in canonical profilins.
An otherwise conserved tyrosine (Y5 in yeast
sequences) is missing in TgPRF; however, TgPRF
contains an additional aromatic residue nearby
(W11), pointed at the polyproline binding cleft.
Interestingly, PfPRF has a different unconserved
aromatic residue, Y5, which binds polyproline
directly.”* While the array of conserved aromatic
residues in the helix 1-helix 4 interface of TgPRF
suggests that TgPRF should bind polyproline, we
were unable to detect any binding of TgPRF to a
proline-rich peptide from the T. gondii formin 2
(TgFRM2) FH1 domain (MPPPPPPGLTP) by iso-
thermal titration calorimetry (ITC). Moreover, a
structure of TgPRF determined from crystals grown
in the presence of 2.8 mM TgFRM2-FH1 peptide did
not reveal any electron density corresponding to the
peptide (data not shown).

TgPRF is indispensible for parasite viability and
pathogenesis but the specific cellular functions of
apicomplexan parasite profilins are not well under-
stood. TgPRF may regulate actin polymerization in
parasites, though little is known about protozoan
parasite actin or actin regulation. One conserved
function of profilins is the ability to increase
nucleotide exchange in monomeric actin. Though
previous studies have demonstrated that apicom-

plexan profilins bind vertebrate actin in vitro,3? their
nucleotide exchange activity has not been measured.

TgPRF unexpectedly slows ATP exchange from
vertebrate actin monomers (Fig. 5). The acidic loop
deletion mutant and the mutant with six point
mutations on the putative actin-binding surface also
slow actin nucleotide exchange (Fig. 5). The -hairpin
deletion mutant binds actin monomers weakly and
inhibits ATP exchange only at very high concentra-
tions (>50 uM). Inhibition of actin ATP exchange is a
well-documented activity of cofilin,'®'” which regu-
lates actin dynamics by severing actin filiments.3%#!
TgPREF binds vertebrate ATP-actin with a K4 of 13.9+
5.0 uM. This value is in reasonable agreement with the
previously reported value of 6+1 uM'? and similar to
other reported apicomplexan profilin-vertebrate actin
affinities,'’ but weaker than profilin-actin interactions
reported for other organisms. Human cofilin binds
monomeric actin with a 1.7 (£0.3) uM dissociation
constant (Ky) (Fig. 5b) and Acanthamoebcizproﬁlin binds
to amoeba actin with a Kq of 1 pM.™ The TgPRF
B-hairpin deletion mutant binds vertebrate ATP-actin
weakly with a K4 >150 pM. This result is consistent
with a previously Proposed model of P. falciparum actin
bound to PfPRF.”> Though the activities of various
apicomplexan actin regulatory groteins have been
studied using vertebrate actin,'”** future studies are
required to measure the actin binding and nucleotide
exchange activities of TgPRF using T. gondii actin, to
ensure that the slower nucleotide exchange activity
and low actin-binding affinity are not due simply to
high structural divergence between vertebrate and T.
gondii actin.

By comparing the structure of TgPRF to well-
characterized eukaryotic profilins, such as ScPRF,
we have identified divergent properties of TgPRF
that may have implications for the function of
TgPRF in parasite actin regulation. The structure of
bovine profilin bound to bovine actin and extensive
mutagenesis studies of yeast profilins have defined
the conserved actin-binding surface of these
profilins.'®** Twelve profilin residues are needed
for actin binding in yeast. Six putative TgPRF actin-
binding residues, defined by conservation to non-
apicomplexan profilins, lie on the homologous yeast
actin-binding protein surface, supporting the char-
acterization of TgPRF as a true profilin. However,
a-helix 3 and two residues that are known to bind
actin in non-apicomplexan profilins are absent in
the TgPRF and PfPRF structures. The extended
B-hairpin of TgPRF may contact native T. gondii actin
and compensate for low conservation of actin-
binding residues in TgPRF. These differences sug-
gest that TgPRF may have specialized functions
compared to non-apicomplexan profilins.

The electrostatic surface potentials were calculated
for TgPRF and ScPRF and mapped to the respective
molecular surfaces (Fig. 6).3743 TgPRF shows much
stronger polarity in overall surface potential
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Fig. 5. Effect of TgPRF on the rate of nucleotide
exchange of ATP bound monomeric actin. (a) Time courses
of e-ATP exchange from actin monomers in the absence
(red trace) and presence of TgPRF (black traces; 10-60 pM
from left to right. The continuous lines through the data
represent the best fits to single exponentials. The final
concentrations were 0.5 pM monomeric actin, 2.5 pM
eATP, 2 mM ATP, and 10-60 pM TgPRF. Shown for
comparison are the effects of 1.7 pM human profilin
(HuPfn, blue trace) and 1.1 pM human cofilin I (green
trace). The inset shows the same data and fits over shorter
timescale for visualization. (b) TgPRF concentration
dependence of the observed ATP exchange rate constant
(black). The e-ATP exchange rate constant of actin alone
varied from 0.03 to 0.1 s~ for various preparations. For
comparison, the following are shown: TgPRF R-hairpin
deletion mutant (ABH, orange), TgPRF acidic loop
deletion mutant (AAL, pink), TgPRF point mutant 6 PM
(brown), and human cofilin (green). The lines represent the
best fits of the data to Eq. (1) (see Materials and Methods),
which yields K,=13.9+5.0 uM for wild-type TgPRF.

compared to ScPRF. The putative actin-binding
surface of TgPRF has a positive electrostatic potential
with a positively charged pocket formed by the
surface of B-sheet strands 7 and 8 (residues R97,
K144, and R148). In contrast, the opposite face of the
molecule has a negative potential.

Some profilins can bind some phosphatidylinosi-
tide lipids.”*** We tested TgPRF binding to phos-
phatidylinositol 4,5-bisphosphate (PIP2) using a
liposome binding assay. TgPRF did not bind PIP2

while >90% of ScPRF bound PIP2-containing lipo-
somes (Fig. S2). We also tested TgPRF binding to a
range of phospholipids and phospholipid head
group derivatives immobilized on a hydrophobic
membrane. TgPRF did not bind any of the phos-
pholipids tested using the experimental conditions
described. A structure of TgPRF determined from
crystals soaked in 2.5 mM of various soluble phos-
phatidylinositide lipid derivatives (see Materials
and Methods) did not reveal any electron density
corresponding to the lipid derivative.

Discussion

We have shown here that the structural features
and biological activities of TgPRF diverge from those
of yeast and vertebrate profilins and from a subset of
the biological activities of PfPRF. We demonstrate
that TgPRF slows actin nucleotide exchange on
heterologous actin rather than accelerating it as do
other characterized profilins, suggesting that profilin
may serve distinct functions in T. gondii compared to
other organisms. TgPRF along with other proteins
such as TgADF, which promotes actin filament
turnover via weak severing of filaments and strong
sequestering of actin monomers,”’ may contribute to
the atypical actin dynamics and short length and
instability of actin filaments observed in apicom-
plexan protozoan parasites.

TgPRF did not bind to common phosphatidylino-
sitide lipids immobilized on a hydrophobic mem-
brane or to PIP2-containing liposomes (Fig. S2). In
Acanthamoeba, there are two isoforms of profilin that
differ in their binding affinity for PIP2 but not actin.
The acidic isoform, profilin-I, has a 50-fold lower
affinity (500 uM Kg) for PIP2 compared to the more
basic profilin-1I, implying that profilin-II is primarily
membrane associated while profilin-I remains pri-
marily cytoplasmic.”” Like Acanthamoeba profilin-,
TgPRF may have very low affinity for phosphati-
dylinositide lipids. More sensitive assays are
required to determine whether TgPRF binds any
phosphatidylinositide lipids with a physiologically
relevant dissociation constant. Binding of TgPRF
to a proline-rich peptide from TgFRM2 could not
be detected by ITC. TgPRF may bind to other
proline-rich sequences, however, and like human
profilin,®> TgPRF may have a higher affinity for
proline-rich peptides when it is bound to actin
monomers. In the context of the specialized nature
of the apicomplexan actin machinery, our results
suggest that TgPRF may perform currently un-
known functions in the parasite in addition to the
activities usually assigned to profilins.

With respect to immune recognition of TgPRF, we
show that stimulation of IL-12 secretion by TgPRF is
dependent on TLR11. Through structure-based
mutagenesis studies, we have identified the
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Fig. 6. Surface representations of profilins from T. gondii and S. cerevisiae. Comparison of the surface representations of
TgPREF (top row) to SCPRF (bottom row) suggests divergent profilin function. (a) TgPRF residues that are conserved with
known actin-binding residues in S. cerevisiae, S. pombe, and Bos taurus profilins are shown in green and labeled. (b) ScPRF
residues known to bind actin monomers are shown in green. Only residues that share conservation with putative TgPRF
actin-binding residues are labeled. (c) Comparison of electrostatic surface charge shows polarization of the TgPRF surface.
(d) In comparison, the surface of S. cerevisiae is more uniformly neutral. Positive and negative electrostatic protein surface
potentials, contoured from +5 kT to —5 kT, are shown in blue and red, respectively. The TgPRF acidic loop (AL) is labeled

for reference.

parasite-specific, surface-exposed motif in TgPRF
consisting of an acidic loop and a p-hairpin as the
key pattern recognized by TLR11. Since changing the
sequence of the p-hairpin and deletion of only the
B-hairpin did not significantly affect the ability of
wild-type macrophages to produce IL-12, the
B-hairpin may not be as important for binding to
TLR11. However, when both the acidic loop and the
B-hairpin are deleted, IL-12 production is almost
completely abrogated, confirming the importance of
the motif in recognition by TLR11. Furthermore, by
inserting the T. gondii recognition motif into ScPRF,
we showed that the motif was sufficient to generate
comparable levels of TLR11-dependent IL-12 pro-
duction as TgPRF.

In a finer analysis of the role of the acidic loop in
TLR11 recognition, we show that TgPREF still elicits
TLR11-dependent signaling when the acidic loop is
substituted with the homologous loops from C.
parvum or P. falciparum but not S. cerevisiae. The C.
parvum profilin acidic loop has the sequence DQGD
instead of DDDD in TgPRF. This double point
mutation did not significantly affect IL-12 levels
after stimulation. Like TgPRF, PfPRF has four
negatively charged amino acids in the acidic loop;
however, it also has five additional residues that
could occlude some of the acidic residues or dilute

their local concentration. This may explain why
substitution of the P. falciparum acidic loop into
TgPRF results in lower levels of IL-12 production
compared to wild-type TgPRF. In other apicom-
plexan parasites including Plasmodium knowlesi,
Theileria parva, and Babesia bovis, the homologous
acidic loops contain four to nine neutral or acidic
residues. However, none of the loops are as acidic as
the TgPRF sequence. Further work is necessary to
determine to what extent TLR11 can recognize the
acidic loops of profilins from other apicomplexan
parasites and whether recognition requires other
interaction partners.

Actin nucleotide exchange analysis of the TgPRF
mutants suggests that the B-hairpin plays a role in
actin binding since the TgPRF p-hairpin deletion
mutant binds vertebrate ATP-actin only weakly.
This is consistent with the model of P. falciparum
actin bound to PfPRF proposed by Kursula et al., in
which negatively charged residues at the end of the
B-hairpin contact positively charged actin surface
residues.”” The p-hairpin may have evolved as a
novel actin-binding motif, making it indispensible.
Given the diversity of length and sequence in acidic
loops, it is less clear why they are retained in
apicomplexan parasites. There is currently no
biochemical evidence for a specific function of the
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profilin acidic loop or for the analogous protein
surface in any profilin characterized to date.

Our studies provide new molecular insight into
the critical ability of the innate system to sense non-
self molecules. TLR5 recognizes a highly conserved
surface on bacterial flagellin.** A recent study shows
that this surface includes a R-hairpin structure
similar in length to the R-hairpin of TgPRF.*
Similarly, our data suggest that TLR11 recognizes
a surface motif that includes the acidic loop and the
B-hairpin in apicomplexan profilins. Furthermore,
differences in the acidic loop and p-hairpin across
apicomplexan species appear to modulate the
TLR11 response. Compounds targeting this para-
site-specific protein surface could potentially pro-
vide a highly selective therapy for important human
diseases such as toxoplasmosis and malaria.

Materials and Methods

Protein expression and purification

TgPRF was expressed in B834(DE3)pLysS E. coli cells
using the pET28b vector (Novagen), in methionine-free
minimal media (50% Luria broth and 50% DLM
medium).*” At mid-log growth, cells were centrifuged
and the pellet was washed once with phosphate-buffered
saline (PBS). Cells were then resuspended in 100% DLM
medium supplemented with 2 mg/1 thiamine, 0.1 uM
CaCl,, and 50 mg/l L-selenomethionine. Cells were
induced with after 3 h of growth and grown for 15-18 h
at 37 °C. Mass spectrometry of the selenomethionine-
substituted protein showed that the level of selenium
substitution was essentially 100% (data not shown).
Selenomethionine-substituted TgPRF yield was approxi-
mately 10 mg per liter of cell culture.

Selenomethionine-substituted TgPRF was purified by
nickel-affinity, anion-exchange, and size-exclusion chro-
matography. Cells were lysed on ice in lysis buffer [50 mM
Hepes, pH 7.5, 100 mM KCl, 5% glycerol, and 10 mM DTT
plus protease inhibitors (Roche)]. Cell debris were pelleted
for 1.5 h at 40 krpm at 4 °C. The cell supernatant was
diluted using lysis buffer without DTT to a final
concentration of 1 mM DTT and purified using a HisTrap
HP nickel-affinity column (GE Healthcare). TgPRF was
eluted with lysis buffer and 0.25 M imidazole, pH 7.5.
Protein was then dialyzed overnight in 20 mM Tris-HCl,
pH 8.5, at 4 °C, 30 mM KCl, 2.5 mM CaCl,, and 10 mM tris
(2-carboxyethyl)phosphine with bovine a-thrombin (Hae-
matologic Technologies) at 100 U/mg TgPRF. Uncleaved
protein was retained on Ni-NTA agarose (Qiagen), and
the flow-through solution was loaded on a MonoQ anion-
exchange column (GE Healthcare) and eluted in a gradient
to 20 mM Tris-HCl, pH 8.5, 1.0 M KCl, and 10 mM DTT.
Protein was further purified on a Superdex 200 size-
exclusion column (GE Healthcare) in the final protein
buffer, 10 mM Tris-HCI pH 7.5, 40 mM KCl, and 10 mM
DTT for crystallization, and 10 mM Hepes, pH 7.5,
100 mM KCl, and 2 mM DTT for activity assays. All
TgPRF mutants were purified as described above but
without the anion-exchange step.

The ScPRF mutants with T. gondii acidic loop and/or -
hairpin were generated from a synthetic expression
construct with codons optimized for E. coli (Genescript).
The construct included the TgPRF acidic loop and p-
hairpin with flanking Spel and Pstl restriction enzyme sites,
respectively. The TgPRF acidic loop (DDDD) was inserted
between S. cerevisize residues 32 and 33. The TgPRF p-
hairpin (HEEDTIGEDGNACGKYVSI) was inserted between
S. cerevisiae residues 38 and 39. The plasmid was digested
with either Spel or Pstl and religated to generate the single
insertion mutants. To generate the native ScPRF, we
sequentially digested the plasmid with Spel and Pstl to
remove both acidic loop and p-hairpin sequence insertions.
ScPRF and the three TgPRF-insertion mutants were
expressed and purified as described for TgPRF mutant
proteins. The acidic loop and p-hairpin peptide [acetyl]-
ADDDDGWSKLYKDDHEEDTIGEDGNACGKVSI-[OH]
was synthesized and judged to be greater than 98% pure by
HPLC (Tufts University Core Facility).

For insect cell-expressed protein, the gene encoding
TgPRF was sub-cloned into pFastBac HTb (Invitrogen).
Recombinant virus was produced as described in the
Invitrogen baculovirus expression system manual. Sf9
cells (Invitrogen) were infected with approximately five
virus particles per cell. After 72 h, whole cells were
collected by centrifugation at 300 ¢ and washed once with
PBS. Protein was purified as described above for E. coli-
derived TgPRF except that tobacco etch virus protease
was used to remove the N-terminal histidine tag. Typical
yields were 60 mg per liter of cell culture. Mass
spectrometry of TgPRF purified from E. coli and TgPRF
purified from insect cells gave the expected molecular
mass £0.8 Da, indicating that neither protein had
posttranslational modifications.

Actin was purified from rabbit back and leg skeletal
muscle,* gel filtered over Superdex S300 in Buffer A (2 mM
Tris, pH 8.0,0.2 mM ATP, 0.5 mM DTT, 0.1 mM CaCl,, and
1 mM NaNj3), and used within 1 week. Actin concentrations
were determined by measuring absorbance at 290 nm using
an extinction coefficient of 2.65x10* M cm ".* Actin
monomers with bound Mg-eATP were prepared by
exchanging bound Ca** for Mg** with the addition of
0.2 mM ethylene glycol bis(p-aminoethyl ether)N,N’-tetra-
acetic acid and 80 pM MgCl,, removing free ATP with
Dowex AGX-1 slurry (9% v/v), pelleting Dowex beads by
centrifugation (14 kg for 20 s), and mixing supernatant with
200 pM e ATP.*>°0

Human profilin was a generous gift from Dr. Thomas
Pollard and was purified as previously described.”
Human cofilin T was purified as previously described.”

TgPRF crystallization and data collection

Crystals grew from a 15-mg/ml solution of TgPRF by
hanging drop vapor diffusion. TgPRF (0.5 ul) in 10 mM
Tris-HCl, pH 7.5, 40 mM KCl, and 10 mM DTT was mixed
with 0.5 pl of 2.2 M ammonium sulfate, 0.1 M sodium
citrate, pH 5.8, and 0.2 M K/Na tartrate at 16 °C. Only
selenomethionine-substituted TgPRF produced crystals
suitable for diffraction studies. Crystals with improved
diffraction properties were obtained by micro-seeding and
by controlled dehydration® in buffer containing 10% more
ammonium sulfate than the precipitant buffer. Crystals
were flash frozen in liquid nitrogen in dehydration buffer
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containing 20% glycerol for data collection at 100 K.
Without dehydration, crystals belonged to space group
P2,242; and diffraction patterns contained additional
reflections with variable spacings that were indicative of
non-merohedral twinning. Dehydrated crystals belonged
to space group P1 with four molecules in the asymmetric
unit. See Table 2 for data collection statistics.

For TgFRM2-like peptide co-crystallization trials, pep-
tide and protein were mixed at 4:1 and 1.5:1 molar ratios of
peptide:protein with a final protein concentration of
8.5 mg/ml and 17.0 mg/ml, respectively. Crystallization
drops with and without 10 mM MgCl, grew crystals as
described above. For phosphatidylinositide lipid deriva-
tives, TgPRF crystals were soaked in dehydration buffer
containing 2.5 mM or 5:1 molar ratio phosphatidylinosi-
tide lipid derivative to protein with and without 10 mM
MgCl,. Phosphatidylinositide lipid derivatives were as
follows: PIP2 C-6, inositol-1,4,5-triphosphate, inositol-1,5-
diphosphate, and phosphatidylinositol-3-monophosphate
C-8 (Cayman Chemicals).

Structure determination of TgPRF

The structure of TgPRF was determined by molecular
replacement using PfPRF [Protein Data Bank (PDB) ID:
2JKF]*? as the search model. Phaser™ was used to find all
four molecules in the asymmetric unit. Cycles of model
building with Coot™ and positional and B-factor refine-
ment with CNS>® were performed, with non-crystallo-
graphic symmetry restraints applied to all four molecules

Table 2. Data collection and refinement statistics

Data collection

Space group P1
Cell dimensions
a,b,c(A) 49.53, 53.34, 68.62

74.70, 73.82, 68.98
40.0-1.7 (1.76-1.70)
0.073 (0.410)

a, B,y (%)
Resolution (A)?
Rsym or Rmergea

I/o6% 17.18 (3.0)
Completeness (%)* 94.0 (69.9)
Redundancy® 3.8 (3.5)
Number of unique reflections measured 64,017
Refinement
Resolution (A) 26.3-1.70
Number of reflections, working set 61,203
Number of reflections, test set 2814
Ruworks Reree 0.159, 0.196
Number of atoms 5841

Protein 5036

Water 753

DTT and SO7~ 52
Average B-factors 26.26 (19.0)
(residual after TLS refinement)®
Protein (A%) 25.7 (17.1)
Water (A?) 28.9 (N.A.)
DTT and SO~ 40.1 (N.A)

RMSDs .

Bond lengths (A) 0.01

Bond angles (°) 1.17

# Values for the highest-resolution shell (1.76-1.70 A) are
shown in parentheses.

P Rereer Rwork With 5% 0Of Fope sequestered before refinement.

¢ See PDB entry 3NEC for TLS refinement parameters.

during initial rounds of refinement. Rigid-body motions of
the four TgPRF molecules in the crystal were then
modeled with REFMACS5 in terms of TLS tensors for
translation, libration, and correlations of libration and
translation.*® After refinement, R, o and Riree were 15.8%
and 19.2%, respectively. Of all the residues, 91.3% are in
the most favored regions of the Ramachandran plot, and
no residues are in disallowed regions. See Table 2 for
additional refinement statistics.

Structure comparisons, normal mode analysis,
and coordinate deposition

Protein superpositions were done in CCP4,”°® and
coordinates were viewed using PyMOL.” The following
structures were used: PfPRF (PDB ID: 2JKF), ** ScPRF
(PDB ID: 1YPR), *° and bovine profilin in complex with p-
actin (PDB ID: 2BTF).®’ TgPRF and PfPRF are 42%
identical. Protein electrostatic surface potential calcula-
tions were done using the PyMOL plugin APBS.®* Normal
mode analysis of the B—hairzpin was performed with the
web-based server EINemo.®

Phospholipid and TgFRM2 peptide binding assays

PIP strips (Echelon Biosciences) were used to test TgPRF
phospholipid binding specificity. Strips were blocked for
24 h in 5% nonfat dry milk with or without 50 pg/ml
bovine serum albumin in PBS at 4 °C and then incubated in
PBS with 20 pg/ml TgPRF and 50 pg/ml bovine serum
albumin for 2 h. The strip was washed three times for
10 min with PBST (PBS with 0.2% Tween-20). For detection,
the strip was incubated with goat anti-TgPRF antibodies
(R&D Systems) at 1:30,000 dilution for 1 h followed by
secondary anti-goat horseradish-peroxidase-conjugated
antibodies (Abcam) at 1:50,000 dilution and developed
using the ECL Advance kit (GE Healthcare). All steps were
performed at 25 °C unless otherwise specified.

POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line) (Avanti Polar Lipids) liposomes prepared with and
without PIP2 (Cayman Chemical Company) as previously
described.®* For PIP2 liposomes, the molar ratio of POPC:
PIP2 was 50:50. TgPRF or ScPRF protein was incubated for
30 min at 25 °C with liposome buffer, PC liposomes, or PIP2
liposomes at 250:1 molar ratio of PIP2 to protein. The final
protein concentration for all reactions was 0.46 pM. To
detect binding, we adapted a protocol from Haarer et al.**
Briefly, the reactions were centrifuged using polyethersul-
fone micro concentrators (with 100 kDa molecular mass
cutoff; Vivascience) for 5 min at 2000 krpm. Liposomes
were retained and the unbound protein flow through was
analyzed by SDS-PAGE. Protein bands were visualized by
silver staining.

The TgFRM2-like peptide sequence was derived from
TgFRM2 GenelD 20.m039631 amino acids 3402 to 3412.
The peptide [acetyl]-MPPPPPPGKTP-[amide] was synthe-
sized and judged to be greater than 98% pure by HPLC
(Tufts University Core Facility). For ITC binding affinity
measurements, 112 pM TgPRF was titrated with 1.68 uM
peptide dissolved in TgPRF buffer at 25 °C in the

T www.toxoDB.org
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calorimeter (MicroCal iTC200). Data were viewed and
analyzed using the Microcal Origin software package.

TgPRF site-directed mutagenesis

TgPRF deletion mutants and chimeras were generated
from the wild-type sequence by PCR using the following
primers: AAL cttgtacaggccgeccgecgeggegaacacaacacegtc,
geegeggegggeggectgtacaaggatgatcatgaggaggac, ABH
ggaggcctegttatcatecttgtacagettggaccatee, gtacaaggatgataac-
gaggcctccacgatcaaagetgeag; AALBH primers are the same
as for AAL and ABH; 2 PM and 6 PM gaagtacaaggttgtcaa-
cattgagaaaggattcgag, ctcgaatcctttctcaatgttgacaaccttgtacttc,
ggceggccagaagtaccagtttgtcaacattgagaaagg, cctttctcaatgttga-
caaactggtacttctggecgee, gceaccttcgacatcgetacgtgtgeac-
ggtccaaggg, cccttggaccgtgeacacgtagegatgtcgaaggtgce;
TgPRF +Cp AL gccgeggeggctgatcagggtgacggatggtccaag,
cttggaccatccgtcacectgatcagecgecgeggc; TgPRF +Pf AL ccatt-
tatcaaaatttgggtcactctcttcaccctgagecgecgeggegaacac, cagggt-
gaagagagtgacccaaattttgataaatggtccaagctgtacaaggat; TgPRF
+Pf BH cgttttggtagttttagtaccattttcatcttcaacttcaatatcataat-
catccttgtacagctt, tatgatattgaagttgaagatgaaaatggtactaaaac-
taccaaaacgatcaacgaggcctccacg. TgPRF mutants were
expressed in E. coli strain BL21(DE3) grown in Luria broth
and purified as described above for wild-type protein.

CD spectroscopy

CD data were recorded on an AVIV model 215 CD
spectrophotometer (AVIV Instruments) equipped with a
thermoelectric temperature controller. Measurements
were performed in 10 mM Hepes, pH 7.5, 100 mM
KCl, and 2 mM DTT using a 1-mm-path-length quartz
cuvette. Far-UV wavelength scans were recorded at
25 °C using 10 pM protein. Thermal unfolding experi-
ments (4-95 °C) were preformed at 15-20 uM protein
concentration by measuring ellipticity at 220 nm, allow-
ing 60 s equilibration per 1 °C temperature increment.
Melting temperature (T,,) for each protein was taken as
the slope minimum for the first derivative of the melting
curve (Table 1).

TLR11-dependent IL-12 stimulation

All experimental animals used in this study, TLR11 "/~
and wild-type littermates strains (both on C57/B6
background) were females, 6-8 weeks old, bred, and
maintained in specific pathogen-free conditions. Peritone-
al macrophages were isolated from mice injected intraper-
itoneally with 2 ml of 4% thioglycolate. After 5 days, mice
were euthanized and their peritoneal cavities were
lavaged with PBS. The PBS solution was harvested by
syringe, centrifuged for 5 min at 1500 rpm, and resus-
pended into Dulbecco’s modified Eagle’s medium with
5% fetal bovine serum. For ELISA analysis, peritoneal
macrophages were plated at 5x10* cells per well on a 96-
well plate. Cells were stimulated with 3.0 ug/ml of TgPRF
or mutant, or 5 uM CpG for 24 h at 25 °C. Supernatant was
harvested and analyzed for production of IL-12(p40) by
ELISA according to the manufacturer’s instructions (R&D
Systems). The sequence of DNA oligonucleotide CpG1826
is TCCATGACGTTCCTGACGTT.

Actin nucleotide exchange

Nucleotide exchange was measured by rapidly mixing
eATP-actin monomers (1-1.5 pM) with an equilibrated
mixture of 2 mM ATP and varying concentrations of
TgPRF, human profilin,”' or human cofilin® using an
Applied Photosystems SX18 MV-R stopped-flow appa-
ratus. Reaction experimental conditions were 10 mM
Tris (pH 8.0), 45 mM KCI, 1 mM ethylene glycol bis(p-
aminoethyl ether)N,N'-tetraacetic acid, 1 mM MgCl,,
and 5 mM DTT, at 25 °C. Time courses of fluorescence
change were fitted to single exponentials. The affinity of
profilin for Mg-e ATP-actin monomers (Ko, expressed as
a dissociation equilibrium constant), the rate constant of
Mg-eATP dissociation from actin monomers (k-,), and
the rate constant of ¢ATP dissociation from profilin—-
actin (k_pa) were determined from the profilin concen-
tration dependence of the observed nucleotide exchange
rate constants (kops) as defined by Eq. (1):

ka,A + [P}kpr

kobs = [P] T Kp (1)

Accession number

TgPRF coordinates and experimental amplitudes have
been deposited in the PDB under accession code 3NEC.

Supplementary materials related to this article can be
found online at doi:10.1016/j.jmb.2010.09.022
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