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Sol i 2 is a potent allergen from the venom of red imported fire ant, which
contains allergens Soli 1, Soli 2, Sol i 3, and Sol i 4 that are known to be
powerful triggers of anaphylaxis. Sol i 2 causes IgE antibody production in
about one-third of individuals stung by fire ants. Baculovirus recombinant
dimeric Sol i 2 was crystallized as a native and selenomethionyl-derivatized
protein, and its structure has been determined by single-wavelength
anomalous dispersion at 2.6 A resolution. The overall fold of each subunit
consists of five helices that enclose a central hydrophobic cavity. The
structure is stabilized by three intramolecular disulfide bridges and one
intermolecular disulfide bridge. The nearest structural homologue is the
sequence-unrelated odorant binding protein and pheromone binding
protein LUSH of the fruit fly Drosophila, which may suggest a similar
biological function. To test this hypothesis, we measured the reversible
binding of various pheromones, plant odorants, and other ligands to Sol i 2
by the changes in N-phenyl-1-naphthylamine fluorescence emission upon
binding of ligands that compete with N-phenyl-1-naphthylamine. The
highest binding affinity was observed for hydrophobic ligands such as
aphid alarm pheromone (E)-B-farnesene, analogs of ant alarm pheromones,
and plant volatiles decane, undecane, and p-caryophyllene. Conceivably,
Soli2 may play a role in capturing and/or transporting small hydrophobic
ligands such as pheromones, odors, fatty acids, or short-living hydrophobic
primers. Molecular surface analysis, in combination with sequence
alignment, can explain the serological cross-reactivity observed between
some ant species.

© 2011 Elsevier Ltd. All rights reserved.
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Abbreviations used: SeMet, selenomethionine; PDB,
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Introduction

Fire ants of the genus Solenopsis have spread over
large parts of the temperate and tropical world from
their ori]ginal habitats in South and Central
America.” Today, fire ants are serious gests in the
southern United States, Pacific Islands,” Southeast
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Asia,®>* and Middle East.” In the southeastern
United States, the stings of imported fire ants are
the most common cause of insect venom
anaphylaxis."*” Fire ant venom COl’lSlStS of a
mixture of very basic piperidine alkaloids® and a
small agueous phase containing four major
proteins.” A single fire ant sting is sufficient to
cause specific IgE antibody productlon although it

contains only 1-10 ng of protein." In some endemic
areas, 30-50% of the population shows evidence of
sensitization to fire ant venom, as revealed by the
presence of serum—spec1f1c IgE antibodies and by
skin testing.®

Four allergenic proteins have been 1solated from
Solenopsis invicta venom and characterized.” Sol i 1 is
a phospholipase A'B that is similar to those found in
wasp venoms and belongs to the lipoprotein lipase
family. '? It contains carbohydrates and exhibits some
cross-reactivity with wasp venom proteins. Soli3isa
member of the antigen 5/pathogenesis-related pro-
tein family.'"'* It is not cross-reactive with wasp
venom antigen 5, since there is almost no conserva-
tion of surface structure.’® Sol i 2 and Sol i 4 are
members of a unique protein family.”'*'* Soli 2 is a
covalent dimer composed of two identical mono-
mers. Each monomer contains seven cysteines: six
cysteines form three intramolecular disulfide bridges
that stabilize the structure, whereas the seventh
cysteine (Cys22) links two monomers by a disulfide
bridge. Soli 4 shares a 37% sequence identity with Sol
i 2, lacks the dimerizing cysteine, and is present in
venom as a monomer rather than as a disulfide-
linked dimer. Proteins similar to Sol i 2 are found in
venoms of other Solenopsis species, including Sole-
nopsis richteri (Sol r 2), Solenopsis <geminata (Sol g 2),
and Solenopsis saevissima (Sol s 2)."° Sol i 2 has a high
level of sequence identity with Sol r2(78.1%), as well
as with Sol s 2 and Sol g 2 (71.4%). Although all of the
Sol 2 allergens show a high degree of immunological
cross-reactivity among the species tested, there are
some species- sli)ec1f1c determinants in the Sol 2 family
of allergens Mouse monoclonal antibodies that
are species-specific have been produced, and human
IgE cross-reactivity between S. invicta and S. richteri
venoms is not complete.'®'” Sol i 2 proteins are less
stable than Sol i 3 proteins, and their decomposition is
responsible  for the decay of allergen activity in
vaccine extracts.'

Only a few three-dimensional structures of insect
venom allergens are known to date: the X-ray
structure of the major bee venom allergens phos-
pholipase A2 and melittin;> hyaluromdases from
bee venom? and | wasp venom; * antigen 5 from
Vespula vulgaris®™® and red fire ant;'” and the
complex between bee venom hyaluronidase and its
specific IgG Fab.** To date, no unique structural
feature responsible for the onset of allergenicity has
been identified. In this work, the crystal structure of
a major allergen from red fire ant (Sol i 2) is reported

and compared to its closest structural homologue,
that is, the protein LUSH from Drosophila, which has
specific alcohol and pheromone binding functions in
vivo.*>*® The structures of Sol i 2 and LUSH have
similar folds consisting of five and six a-helices that
surround a central hydrophobic cavity. To verify
whether the structural similarity to LUSH also
implies functional similarity, we studied the binding
of various insect pheromones, repellent, attractants,
and plant volatiles to Sol i 2.

Results and Discussion

Structure determination

The crystal structure of the mature recombinant
major allergen from fire ant venom, Sol i 2 (residues

Table 1. Data collection and refinement statistics

P Ia Ib
Data collection
Protein Native SeMet SeMet
Space group P2,2424 1222 1222
Number of monomers 8 2 2
per asymmetric unit
Cell dimensions 110.2,139.2, 62.8,68.7, 575,678,

a, b, c(A) 62.1 111.7 100.9

Wavelength (A) 1.0000 0.97930 1.48520
Number of unique 29,059 3638 3739

reflections
Resolution (A) 70-2.58 58-3.30 56-3.10

(2.72-2.58)  (3.48-3.30) (3.27-3.10)

Reym (%)* 5.5 (28.4) 6.4 (68.3) 5.6 (39.3)
Completeness (%) 95.0 (86.3)  90.7 (37.9) 944 (62.8)
Redundancy 3.2 (2.3) 16.6 (3.0) 7.0 (2.8)
I/0() 17.3 (3.8) 24.5 (2.0) 15.6 (1.9)
Refinement statistics
Resolution range A) 15.0-2.6
Number of unique 26,886

reflections
Ruork’/RireeS (%) 23.7/27.1
Number of atoms

Protein 6872

Water 79

Heptane (HP6) 56
RMSD from ideal values

Bond lengths (A) 0.0097

Bond angles (°) 1.00
Average B-factors (A%

Protein 37.9

Water 36.1

Heptane 33.1
Ramachandran plot (%)

Favored region 98.5

Allowed region 15

Disallowed region 0.0

The highest-resolution shell is shown in parentheses.
* Rym=X 1 I;i={I;) I /XI;, where I; is the intensity of the ith
observatlon and (I;) is the mean intensity of the reflection.
work Z(“Fol - |FC||/Z |Fo |)
Rfree =R value for a randomly selected subset (5%) of the data
that were not used in the refinement.
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1-119 of the mature protein corresponding to
residues 20-138 of the full-length protein, which
includes the signal sequence), was determined to a
resolution of 2.6 A (Table 1) in space group P2,2,2;
(crystal form P) with eight monomers in the
asymmetric unit. Selenomethionine (SeMet)-deriva-
tized Sol i 2 crystallized in space group 1222, crystal
forms Ia and Ib, which each contained two mono-
mers per asymmetric unit. Initial phases were
obtained by single-wavelength anomalous disper-
sion phasing of SeMet-derivatized crystal form Ia
and by subsequent 4-fold multicrystal averaging
with crystal form Ib. Finally, the electron densities of
all 12 monomers of the three crystal forms were
cyclicly averaged, yielding an interpretable electron
density map.

Crystallographic statistics are shown in Table 1.
The eight protomers of the P2,2,2; crystal with
virtually identical structures (RMSD of 0.20-0.26 A
for all C* positions) are arranged into four nearly
identical dimers: A-B, C-D, E-F, and G-H.
Refinement with strong noncrystallographic sym-
metry constraints yielded a final model (Fig. 1)
with an R/ Rgee value of 23.7%/27.1%. The residual
density remained in the central hydrophobic cavity
of each monomer, but its extent and appearance
differed from monomer to monomer. In Fig. 1, the
residual density of monomers A and B is tenta-
tively modeled with a short hydrocarbon fragment.

The following residue segments are absent in the
final model due to missing electron density:
residues 118-119 in chains A, C, D, E, and G;
residue 21 in chain A; residue 4 in chain B; residue 22
in chain C; residues 1, 4, 14, 19, and 46 in chain D;
residues 4 and 21 in chain F; and residues 1-4 in
chain H.

The monomers within four nearly identical dimers
are held by one disulfide bridge (Cys22-Cys22’) and
by an average of 22 hydrogen bonds and 16 salt
bridges. Most intermonomeric contacts within the
dimers are made by residues belonging to the
loop between helices a1 and a2 and to helix o5
and the following loop. In the crystal packing,
most of the interdimeric interactions are observed
between chains A-C and E-G, which are held
together by 10 hydrogen bonds and 8 salt bridges
formed by residues located in the N-terminal part
of the a3 helix and the preceding loop. The final
model comprises protein chains A-H (Aspl-
Lys119), 79 water molecules, and 7 hydrocarbon
groups (n-heptane). The following discussion is
restricted to the A-B dimer (Fig. 1).

The overall structure of Sol i 2
The overall structure of the Sol i 2 monomer

consists of five a-helices and is stabilized by three
intramolecular disulfide bridges: Cys15-Cys38,

Fig. 1. Ribbon diagram showing the overall crystal structure of Sol i 2 homodimer. The two virtually identical
monomers (blue and turquoise) form a disulfide-bonded dimer involving residue Cys22 from both protomers. Each
monomer is composed of five a-helices, whereby helices a2-a5 surround a central hydrophobic cavity. Residual electron
density (F,—F. map countered at 30) is observed in the hydrophobic cavity of each monomer and is tentatively modeled

with a hydrocarbon chain (n-heptane).
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Cys62-Cys75, and Cys82-Cys103 (Figs. 1 and 2a).  (Fig. 1). The interior face of the hydrophobic cavity is
Helices a2-a5 surround a central hydrophobic  lined with 18 apolar residues and 3 polar residues,
cavity with a volume of approximately 400 A®  asindicated in Fig. 2b.

(a)

dimerizing

(b) " . 0
Sol i 2 --DNKELKIIRKDVAECLRTLPKCGNQPDDPLARV-—==—=====—
LUSH mtMEQFLTS LDMIRSG(*ZAPKFKL— —-KTEDLDRLrvgdfnfpps
ol

Sol i 2 --ILHHHHHHHHHHHHHHHEHLLLLLLLLLLHHHLH--=-===—=
LUSH 11HHHHHHHHHHHHHHHHHHLLL---LHHHHHHHEh111111111

al o2
. c o cc = ¢ e cc o c
Sol i 2 —-—--DVWHCAMAKRGVYDNPDPAVIKERSMKMCTKIITDPANVENC
LUSH qdlnCY TKEVSLMAGTVNKK— gefNAPKALAQLPHLVEPE-MMEMS
o2 o3
Sol i 2 -—--HHHHHHHHHLLLLLLLIHHHHHHHHEHEHEEELL LHEHHHHE

LUSH hhhhHHHHHHHHHHLLLLLL-111 LHHHHHHHHHHH LLHH-HHHHH
o3
Ccm cCC 20 1002 cc Ct‘nc
Sol i 2 KKVASRCVDRETQGPKSNRQKAVNIIGCALRAGVAETTV--LARKK
LUSH RKSVEACR-DTHKQFKRSCERVYQTAKCFSENA-AGOFMWP-----

o4 o5
Sol i 2 HHHHHHHHHHHLLLLLLHHHHHHHHHHHHHHHLHHHHLH--HHHHL
LUSH HHHHHHHL-LHHHHHLLHHHHHHEHHEHHEHLL-1LLLL1 1 --———
o5 b

Fig. 2. (a) Superpositioning of the C* chains of Sol i 2 (turquoise) and LUSH (red; PDB ID: 2gte), an OBP and PBP of the
fruit fly Drosophila. Thin red lines indicate segments of LUSH polypeptide that could not be superimposed on Sol i 2. (b)
Structure-based sequence alignment of Sol i 2 and LUSH. Upper-case letters indicate structurally equivalent positions
with Sol i 2, whereas lower-case letters stand for insertions relative to Sol i 2. The lower part shows secondary structure
assignments (H/h: helix; E/e: strand; L/1: coil). The residues lining the inner cavity of Sol i 2 are marked by “C.”
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Sol i 2 is a globular dimeric protein of 2-fold
symmetry with approximate core dimensions of
49 Ax41 Ax37 A. The two chains are covalently
linked by a disulfide bridge formed by residue
Cys22 and by its symmetry mate Cys22’, located
in the long loop joining helices a1l and a2 (Fig. 1).
The dimer interface was determined to be
1187 A% The native form of Sol i 2 isolated
from fire ant venom is also found as a disulfide-
linked dimer, as shown b1y SDS-PAGE with and
without a reducing agent.™

Structural homologues of Sol i 2

A search for proteins with similar structures in the
Protein Data Bank (PDB) was performed with the
program Dali,”” and superpositioning of molecules
was performed with the program Dalilite.*® Sol i 2 is
structurally most similar to general odorant binding
proteins (OBPs) and pheromone binding proteins
(PBPs), with the following general characteristics:
usually composed of 130-150 amino acids; with a
compact structure mainly composed of a-helices;
contain six conserved cysteines paired in three
intramolecular disulfide bridges; and the signal
sequence of an immature protein. The highest
structural similarity is observed with the structure
of LUSH from the fruit fly Drosophila melanogaster,
which has alcohol and pheromone binding func-
tions in vivo.*>** In terms of protein sequence, LUSH
and Sol i 2 are very different, sharing only an 11.6%
identity (18.6% similarity) (Fig. 2b). The top score
revealed by Dali is observed with LUSH, as found in
a complex with the pheromone 11-cis-vaccenyl
acetate (cVA) (PDB ID: 2gte).29 After the super-
positioning of the C* chains of Sol i 2 and LUSH, the
RMSD was found to be 3.4 A for 102 residues (Fig.
2a). The fold of Sol i 2 and LUSH consists of five and
six a-helices, respectively, whereby helices a2-a5 in
Sol i 2 and helices a2-a6 in LUSH surround a
hydrophobic cavity that is a suitable binding site for
apolar molecules.

Structure-based sequence alignment is shown in
Fig. 2b. Two intramolecular disulfide bridges of Sol i
2 (Cys15-Cys38 and Cys82-Cys103) and LUSH
(Cys17-Cys50 and Cys92-Cysl12) are conserved.
Structural alignment shows that the major differ-
ences are observed near the N-terminus, where (i)
the long loop following helix a1 in Sol i 2 is aligned
with helix a2 of LUSH and (ii) the insertion of 14
residues in Sol i 2, at the beginning of helix a2,
resulted in the alignment of helices a2-a5 of Sol i 2
with helices a3—a6 of LUSH (Fig. 2a and b).

The structural similarity of Sol i 2 and LUSH also
applies to the central cavity, which is lined mainly
by hydrophobic residues but also contains three
polar residues: Tyr46, Ser58, and Thr113 in Sol i 2
(Fig. 3a), and Thr48, Ser52, and Thr57 in LUSH (Fig.
3b). Two polar groups—Ser52 and Thr57 in LUSH

Fig. 3. Close-up view of the hydrophobic cavities of Sol i
2 (a) and LUSH (b) shown as ribbon representation. The
same molecular orientation in (a) and (b) is chosen to
optimize the viewing of the inner cavity. (a) Stick
presentation of n-heptane (gray) modeled in the residual
electron density of the Sol i 2 inner cavity. Part of helix a5
(residues 100-111) is omitted for clarity. (b) Ligand binding
pocket of LUSH with the ligand cVA (gray) filling up the
pocket and forming polar interactions with Ser52 and
Thr57. For clarity, helices a5 and a6 (residues 81-118) are
not shown. No cysteines are shown in (a) and (b).

and Ser58 and Tyr46 in Sol i 2—occupy a similar
location in the hydrophobic cavity. In LUSH, Ser52
and Thr57 form a polar edge of the alcohol binding
pocket formed by residues from helix a3, helix a6,
and the C-terminal end.* In the structures of LUSH
complexes with alcohols (ethanol and butanol)®
and Drosophila pheromone cVA, 29 residues Ser52
and Thr57 form hydrogen bonds with the OH™
group of alcohols and with the O atom of cVA (Fig.
3b), with Thr57 being the most critical residue for
alcohol binding, as shown by mutagenesis studies. *°
In Sol i 2, the polar residues Tyr46 and Ser58 form a
polar edge similar to that of LUSH. The study aimed
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to verify whether the structural similarity to LUSH
also implies the binding of similar ligands, as
reported below.

Affinity
P tadi i P ; Monomer Average constant”
Solution binding of competitive ligands to Sol i 2 Ligand A B A+Bg 1/KS (M)

The binding method is based on the reduction of ~ P-Farnesene 13357 12313 12835 29.6
the fluorescence emission signals of the probe N- S&iﬁgggﬁguene gz;‘% ggg'; g?é'i iISDS
phenyl—l—naphthylamine (NPN) bound to Sol i 2 Decane 828:6 829:3 828:9 29.6
upon competitive binding of various ligands. The = Heptane 6475 7339 6907 3.1
fluorescence probe NPN reversibly binds to Sol i 2~ 1-Octen-3-ol 3706 7953 5829 4.8
Ethanol -164.5 3.0 -80.8 1.3

(Kq=0.447 uM). In the absence of NPN, the intrinsic
fluorescence of a single tryptophan residue of Sol i 2,
Trp36 (Fig. 3a), located in the hydrophobic cavity
shows a strong blueshift (330 nm) as compared to
tryptophan in solution (348 nm). The binding of
NPN to Sol i 2 reduces the intrinsic fluorescence
emission of the tryptophan at 330 nm and induces a
new emission peak at 400 nm. This indicates that the
bound NPN lies close to Trp36 and that there is
fluorescence resonance energy transfer from the
tryptophan, resulting in an increase in NPN
fluorescence emission at 400 nm. Upon the addition
of an increasing concentration of competitive bind-
ing ligands, the intensity of NPN fluorescence at
400 nm decreases due to the displacement of NPN
from the binding pocket caused by ligand binding.

The binding of various insect pheromones,
repellent, attractants, and plant volatiles to the
hydrophobic cavity of Sol i 2 was examined in
order to determine if there is a possible functional
similarity to the in vivo binding of the pheromones
and alcohols to protein LUSH. The ability of 24

Table 2. Ligand affinity for Sol i 2 as measured in vitro and
as estimated by modeling

Modeling scores®

ND, not determined.

? The overall binding score is the sum of the binding values of
all interacting atoms. The binding value for a given interacting
atom pair is defined in Materials and Methods.

® As also shown in Fig. 3.

¢ K; is the equilibrium dissociation constant. The competition of
fluorescence probe (NPN) binding and the dissociation constant
(K;) of the ligand (0.05-50 pM) are determined by fitting the
binding curve (GraphPad Prism 5) using 5 uM NPN and an NPN
equilibrium binding constant (Kg) of 0.447 pM.

4 (2R)2-Methyl-6-alkenylpiperidine.

different ligands to displace NPN from the NPN-
Sol i 2 complex was measured by following the
changes in NPN fluorescence emission, which was
used to determine the affinity constant for each
ligand (Fig. 4). For LUSH, there are no quantitative
binding data for these compounds, except for
alcohols (ethanol, butanol, and hexanol) and cVA,
which were shown to bind to LUSH by
crystallization.”>* The crystal structure of LUSH,
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Fig. 4. The affinity constant 1/K; of various ligands for Sol i 2, as measured by competitive ligand binding assay,
whereby K; (M) is the equilibrium dissociation constant.
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in complex with ethanol and butanol, revealed the
presence of a single binding site involving residues
Ser52 and Thr57, which were hydrogen-bonded to
the OH group of alcohols.”” Similarly, in LUSH
complexes with cVA, the polar moieties of Ser52
and Thr57 are also hydrogen-bonded to an O atom
of cVA (Fig. 3b), whereby LUSH undergoes a
pheromone-specific conformational change.” In
Sol i 2, the residues Tyr46 and Ser58 could be
expected to form similar hydrogen-bonded interac-
tions with ethanol and cVA. However, the binding
affinity for Sol i 2 of ligands containing polar
groups such as -OH or oxygen [e.g., 1-octen-3-ol
(4.8 pM), ethanol (1.3 pM), and cVA (0.3 uM)] is
significantly lower than that of purely hydrophobic
ligands such as iso-caryophyllene (40.1 pM), decane
(29.6 M), and (E)-p-farnesene (29.6 uM) (Fig. 4 and
Table 2). This is in agreement with the high
hydrophobicity of the central cavity. Furthermore,

the mutagenesis study of LUSH® revealed that
hydrogen-bonding interactions involving residues
Ser52 and Thr57 are crucial mainly for short-chain
alcohols such as ethanol, whereas the contribution
of hydrophobic interactions becomes dominant for
alcohols with longer alkyl chains. Indeed, indepen-
dent competitive binding studies by Zhou et al.
revealed that ethanol could not displace NPN in
complex with LUSH, even at ethanol concentra-
tions as high as 15 mM.*" Since the binding of a
purely hydrophobic compound to LUSH was not
tested, it is conceivable that, similar to Sol i 2, the
hydrophobic ligands may bind to LUSH with a
higher affinity than polar ligands.

HINT modeling of ligands

The program HINT (Hydropathic INTeractions)****
was used to theoretically evaluate the binding

6 10
7,11-dimethyl-3-methylene-1,6,10-dodecatriene

Fig. 5. (a) Stereo view of the ribbon diagram of Sol i 2 with (E)-p-farnesene (magenta) modeled in the inner
hydrophobic cavity. (b) Close-up view of the ligand binding cavity. Helix a5 is omitted for clarity. (c) Chemical structure

of (E)-p-farnesene.
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strengths of several ligands when complexed with
the newly determined structure of Sol i 2. These
ligands, identified from fluorescence binding studies,
were manually docked into the known hydrophobic
binding pocket of Sol i 2, which was followed by
energy minimization of ligand-protein complexes.
This process allowed the adjustment of the atomic
positions of the ligand and protein atoms, contained
within a sphere of 6 A from the ligand, for optimum
binding distances. HINT calculations were carried
out on these minimized complexes for each mono-
mer (A and B) separately. The overall HINT binding
scores, which were subsequently computed, repre-
sent net values summed over all positive and
negative contributions from each interacting atom
pair within the 6-A sphere Tables were generated
for each complex to examine and compare in detail
the nature of those interactions (hydrophobic,
hydrophilic, and acid-base) that contrlbute signifi-
cantly to the overall binding score.** It was possible
to select the ligand orientations that resulted in
optimal binding using these HINT scores as a
quantitative tool.

Table 2 lists the HINT binding scores for seven
ligands together with their experlmentally deter-
mined solution binding constants 1/K; (nM ™~ 1. With
error estimates (+200) for each of these types of
binding constant taken into account, the HINT
results correlate reasonably well with the affinity
constants obtained from solution binding studies,
except for one anomaly. The similar affinity con-
stants for decane and (E)-pB-farnesene (29.6 uM) do
not correlate well with their respective HINT scores
(829 and 1283). Perhaps other conformations of
decane, besides the one modeled, exist in solution,
or its binding mode is different. The binding data
shown in Table 2 lead to the conclusion that
nonpolar (aliphatic) compounds such as (E)-p-
farnesene (Fig. 5), B-caryophyllene, decane, and
heptane constitute better ligands for Sol i 2 than
those containing hydrophilic groups (1-octen-3-ol
and ethanol). This is reasonable considering the
highly hydrophobic nature of the pocket interior.
Data analysis shows that the presence of oxygen
atoms in the alcohols causes unfavorable interac-
tions with several hydrophobic protein side chains.
Comparing the HINT values for decane and
heptane, assuming an estimated error of +200, we
observed a reasonable correlation. Heptane was
chosen because of its excellent fit to the residual
electron density observed in the electron density
map (Fig. 1). In the case of (E)-B-farnesene and -
caryophyllene, which share the same molecular size
(Cy5Hz4), the higher binding affinity for (E)-p-
farnesene (29.6 uM), as compared to -caryophyl-
lene (25.5 pM), may be explained by its intrinsic
structure, which allows for a higher degree of
conformational flexibility and thus greater adapt-
ability to the nonpolar side chains inside the pocket,

compared with the constrained ring structure of {2-
caryophyllene.

Hydrophobic cavity: Biological implications

Chemical communication in insects is mediated
by two types of small soluble proteins that have
distinct structures: OBPs (130-150 amino acids),
which are specific for pheromones and general
odorants, and chemosensory proteins (CSPQ
which are slightly smaller (100-120 residues).
Although the structures of OBPs and CSPs differ,
both contain an inner hydrophobic cavity and
perform a similar function (i.e., to reversibly bind
small ligands with dissociation constants in the
micromolar range). OBPs and CSPs are essential
components of insect olfactory systems that mediate
neuronal responses to airborne stimuli of phero-
mones and food odors. Both OBPs and CSPs are
secreted into the lymph of chemosensilla, where
their concentration can reach millimolar levels. The
striking self-organization of social insect colonies is
due to well-developed communication, which is
mainly performed by sociochemicals, including
both releaser and primer pheromones. Pheromones
are very volatile chemicals that are released by one
member of a particular species into the environ-
ment, where they affect the behavior or the
physiology of another member of the same species.
Insects belonging to Hymenoptera have several
pheromone-producing glands. It has been reported
that the venom gland of S. mvzcta is the storage site
for the attractive pheromone.” The trail phero-
mones of S. invicta, produced by Dufour's gland, are
essential for the recruitment and orientation of ant
workers to food sources and foraging areas.’*”’

In terms of protein sequences, Sol i 2 is very
different from any OBP sequence, including PBPs,
CSPs, and antennal-specific proteins. In contrast, the
structure of Sol i 2 is very similar to that of the OBP
and PBP LUSH of the fruit fly D. melanogaster, which
may suggest a similar function. Although the
biological function of Sol i 2, produced by the
venom gland and released through the stinger, is not
yet known, the following analysis of the ant
pheromone-producing machinery may allow some
insights. Dufour's gland is one of the pheromone-
producing exocrine glands and is located near the
venom gland, at the base of the sting apparatus,®*’
through which its content and the venom gland
content are released. The most prominent trail
pheromone produced in Dufour s gland of Solenopszs
species is Z,E-a-farnesene.?® Tt is more effective in
combination with homofarnesene synergists from
Dufour's gland, but even more effective in combi-
nation with 1ncomp1etely characterized primer
pheromones.®” In S. invicta, Dufour's gland contains
trail primer pheromones, which are small hydro-
phobic compounds required to trigger orientation
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response upon release through the stinger. This was
shown by the observation that addition of Dufour's
gland extract at the beginning of a trail increased the
recruitment activity of Z,E-a-farnesene by more
than 4-fold.*” In one study, the short-living hydro-
phobic primer stored in Dufour's gland was shown
to be replaceable with heptadecane.” Modeling of
(E)-p-farnesene, the isomer of Z,E-a-farnesene that
differs by the location of one double bond, showed
that it is one of the ligands with the strongest
binding to Sol i 2 (Table 2, Fig. 5). Thus, the role of
Sol i 2 may be to bind and protect the hydrophobic
moiety of pheromones, fatty acids, or a short-living
hydrophobic primer needed for, for example, mass
recruitment or transport to their receptor analogous
to an OBP.

Another possible role of Sol i 2 is related to the
chemical composition of fire ant venom, which is
very rich in piperidine alkaloids (Chen and
Fadamiro*' and references therein). The venom
of S. invicta is composed mainly of water-insoluble
2-methyl-6-alkyl or 2-methyl-6-alkenyl piperidines,
known as solenopsins.*' Figure 4 shows that two
alkanes (decane and undecane) and one alkene
[(E)-p-farnesene] (Fig. 5) bind to the hydrophobic
cavity of Sol i 2. These compounds are similar to
alkane and alkene chains attached at the sixth
position of piperidine alkaloids. It is thus conceiv-
able that Sol i 2 could also be involved either in
the transport of an alkaloid ingredient from the
site of synthesis to the venom reservoir or in the
formation of a protective complex with the
alkaloid in the venom duct.

Allergenicity

Sol i 2 is a potent major allergen of red fire ant
venom that can induce serious, occasionally fatal,
systemic IgE-mediated anaphylactic reactions in
humans.!®7 The structure of the Sol i 2 surface
contains an unusually high number of charged
residues that are evenly distributed on the surface
(Fig. 6). Of all surface residues, 38% are charged:
Asp, Glu, Lys, or Arg. This is considerably higher
than the average value (27%) for proteins.*?
Charged amino acids often contribute significantly
to the free energy of binding in protein—protein
interactions, including antibody-antigen binding.
Charged residues have been found in epitopes
identified from the crystal structure of the bee
venom hyaluronidase in complex with its specific
IgG antibody,** as well as in the structure of the
grass pollen allergen Phl p 2 in complex with
monoclonal human IgE.*> The importance of sur-
face-charged residues in IgE binding and in the
allergenicity of the dust mite allergen Der f 13 and
other major allergens has been demonstrated by
mutagenesis studies.** Likewise, site-directed mu-

Fig. 6. Molecular surface of Sol i 2. The surface is color-
coded according to residue property: red, acidic residues;
blue, basic residues; yellow, apolar residues; green,
aromatic residues; gray, polar residues. The molecular
view at the top row is as shown in Fig. 1. In the bottom
row, the molecule has been rotated by 180° along the
horizontal axis with respect to the view in the top row.

tagenesis of Sol i 2 surface-exposed charged residues
may lead to the identification of the Sol i 2 epitope(s)
and the production of mutant variants with low IgE
binding activity (hypoallergens), which may be used
in immunotherapy without the risk of side effects.
The full characterization of antigen—antibody recog-
nition sites will require the elucidation of the
structure of complexes between Sol i 2 and its
specific antibodies, since allergens' epitopes are
generally composed of a discontinuous array of
amino acids.*

Sensitization of patients to a given insect venom
may lead to sensitivity to multiple insect venoms.
The IgE antibodies from patients sensitized to fire
ant stings are usually cross-reactive among the
species, including S. invicta, S. richteri, S. geminata,
S. xyloni, S. aurea, and S. saevissima.*®'” This cross-
reactivity is variable, and some sera exhibit
species-specific reactivity with large differences in
inhibition of IgE antibody binding."” The IgE cross-
reactivity between the venoms of S. invicta and S.
richteri was studied with sera from four patients
living in northern Mississippi and sensitized to Sol r
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2. The sera from three patients reacted to both Sol r 2
and Sol i 2, whereas one patient exhibited species-
specific IgE antibody binding to Sol r 2 but was
unreactive to Sol i 2 as shown by RAST and RAST
inhibition studies.'” Cross-reactivity between S.
invicta and S. richteri occurs mainly due to a high
sequence similarity between major allergens Sol i 1
and Sol r 1 (phospholipase AB) and Sol i3 and Sol r 3
(antigen 5), which share a 95.8% sequence identity.
Sol i 2 and Sol r 2 share a 78.1% sequence identity
and have some species-specific reactivity, whereas
an allergen comparable to Sol i 4 is not found in
S. richteri. The sequence alignment of allergens
homologous to Sol i 2 is shown in Supplementary
Fig. 1. It has been suggested that IgE epitopes that
are responsible for cross-reactivity are preferential-
ly located in the surface area conserved among the
species.”* In Fig. 7, the surface-exposed residues
conserved between Sol i 2 and Sol r 2 are shown in
green and have highly similar surface properties
and thus may account for the observed IgE cross-
reactivity, whereas those in yellow may account for
species-specific reactivity. The yellow surface area

Soli2/Solr2

Fig. 7. The molecular surface of Sol i 2. Green denotes
amino acids identical with Sol r 2, whereas nonidentical
residues are shown in yellow. The molecular view in the
bottom row has been rotated by 180° along the horizontal
axis with respect to the view in the top row.

is composed of the remaining 24 nonconserved
residues, of which 19 are surface-exposed and 5 are
buried in the protein interior. Although the yellow
area is relatively small, it is probably large enough
to accommodate at least one epitope specific for
either Sol i 2 or Sol r 2 and thus may account for
the lack of IgE cross-reactivity observed in some
patients.

The binding of human polyclonal IgE antibodies
to Sol i 2 was shown to be conformation-
dependent.’® Mouse monoclonal antibodies A4
and C6 raised against natural Sol i 2 were species-
§p2>elcsifli§ but did not inhibit human IgE binding to Sol
i2.”

Concluding Remarks

The structure of the fire ant allergen Sol i 2 was
solved at 2.6 A resolution, revealing a homodimer
with each subunit consisting of five a-helices that
surround a central hydrophobic cavity. This is the
first structure reported for Sol i 2 and the family of
homologous insect allergens. The highest structural
similarity, including the central hydrophobic cavity,
is observed with the nonhomologous PBP and
alcohol binding protein LUSH. To infer the role of
the central hydrophobic cavity, we studied the
binding of ant alarm pheromone analogues and
other insect attractants of various sizes and hydro-
phobicities using fluorescence emission measure-
ments. The highest binding affinity was observed
with hydrophobic ligands such as aphid alarm
pheromone (E)-B-farnesene and with plant volatiles
such as decane, B-caryophyllene, and iso-caryophyl-
lene. In contrast, the binding affinity of ligands
containing polar groups such as ethanol and 1-
octen-3-ol was significantly lower, in agreement
with the highly hydrophobic character of the Sol i 2
cavity. The affinity of ligand binding correlated well
with the highest-fitting scores obtained from ligand
modeling, except for decane. Conceivably, the role
of Sol i 2 may be similar to other transport proteins,
that is, to sequester water-insoluble hydrophobic
ligands such as pheromones, fatty acids, or short-
living hydrophobic primers and to transport them to
their receptor and/or to act as a cofactor in the
activation of an odorant receptor. Further studies
are required to validate this hypothesis. An analysis
of the molecular surface, in combination with
sequence alignment, revealed that a large part of
the molecular surface is conserved between the two
species, thus explaining the observed serologI ical
cross-reactivity between S. invicta and S. richteri.'*"”
However, a small part of the nonconserved molec-
ular surface may accommodate at least one epitope
that is unique for Sol i 2 and thus may account for
the lack of IgE cross-reactivity observed in certain
patients who are allergic to Sol i 2."
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Materials and Methods

Expression and purification of recombinant Sol i 2

Mature recombinant Sol i 2, composed of residues 20—
138 (UniProt ID: P35775) and a C-terminal 6x His tag,
was produced by Baculovirus-infected insect cells (Sf9),
as described previously."”” The recombinant wild-type
Sol i 2 was produced by infecting 1 L of Sf9 insect
cell culture (2x10° cells/ml) with a viral high-titer
stock at a multiplicity of infection of 1. The supernatant
harvested 2 days postinfection was dialyzed and
purified by Ni**-chelate chromatography. The protein
purity, tested by SDS/PAGE and Western blot analysis,
was higher than 95%, and the yield was 10-11 mg/1
cell culture.

The production of SeMet-derivatized Sol i 2 was
performed by infecting Sf9 insect cells (1.8 x 10° cells/ml)
with high-titer stock (multiplicity of infection=1) using a
modified procedure based on the method of Cronin et al.*
After 7 h, the insect cells were separated by centrifugation
at 600 rpm and resuspended in methionine-free medium
ESF-21 (Expression Systems LLC). At 11 h postinfection,
DL-SeMet (Calbiochem) was added to a final concentration
of 100 mM. The supernatant was harvested 4 days after
infection and purified by Ni**-chelate chromatography.
The final yield was 7-8 mg/ml, and the total substitution
of methionine by SeMet was between 28% and 40%. The
presence of SeMet was verified by liquid chromatogra-
phy—mass spectrometry of the purified protein digested
with Glu-C and by the X-ray fluorescence spectrum of a
crystal. Three intramolecular cysteine bridges and the
dimerizing Cys22 were verified, using liquid chromatog-
raphy-mass spectrometry, by the absence of cysteine
alkylation with iodoacetamide, which is characteristic of
free cysteines.

For crystallization experiments, Sol i 2 was dialyzed
against 50 mM Hepes buffer (pH 7.5) and concentrated to
12 mg/ml.

Crystallization, data collection, and structure
determination

Two crystal forms suitable for X-ray analysis were
obtained by hanging-drop vapor diffusion at 20 °C. The
best-diffracting crystals of native Sol i 2 grew in space
group P2,2,2; and were obtained by mixing 1.0 ul of Soli2
solution (2.8 mg/ml) with 1.0 ul of 35% polyethylene
glycol 8000, 0.1 M glycine (pH 9.2), and 0.1 M Na-acetate,
and equilibrated over the latter solution. Two crystal
forms (Ia and Ib) of SeMet-derivatized Sol i 2 grew within
2 months in space group 1222 and were obtained by
mixing 1 pl of protein solution (12 mg/ml) with 1 pl of
35% polyethylene glycol 8000, 0.2 M glycine (pH 9.2), and
0.2 M Na-acetate, giving rise to needle-like crystals up to
4 mm in length and 50 pm in thickness.

For crystal structure determination, diffraction data
were collected from single crystals (100 K) at the Swiss
Light Source (Villigen, Switzerland) using a MAR CCD
detector. The images were indexed and integrated using
the program MOSFLM,* and the data were reduced
and scaled using programs of the CCP4 package®
(Table 1).

Three different crystal forms (P, Ia, and Ib) (Table 1)
were used for structure determination. Initial phases were
determined by single-wavelength anomalous dispersion
on a SeMet-derivatized crystal of [222 symmetry (la)
diffracting only to low resolution (3.3 A). The program
SHELXD"" identified all six selenium atoms of the 2-fold
symmetric dimer of the asymmetric unit. Phases were
improved by SHARP,”" and the cut-out map of the dimer
was used for molecular replacement (program
PHASER™?) to solve crystal form Ib that also belonged to
space group 1222, with a dimer in the asymmetric unit but
with significantly distinct cell axes. The map was
improved by 4-fold multicrystal averaging over the two
dimers using the program DMM.* Then, the map of the
averaged dimer was used to solve crystal form P with four
dimers in the asymmetric unit by molecular replacement.
Finally, multicrystal averaging over all 12 monomers of
the three crystal forms and phase extension to the
resolution limit of form P (2.6 A) drastically improved
the map.

Model building was performed with the programs
Coot™™ and O, starting with a homology model
identified by HHpred.”” After modeling the side chains,
we refined the model with noncrystallographic symmetry
restraints and TLS parameters using REFMAC.”® The
progress of the refinement was monitored with a decrease
in free R-factor, while the divergence between R and Rgee
was minimized. The final model includes four dimers of Sol
i2 and has an R/ Rgee value of 23.7%/27.1%. Data statistics
are given in Table 1. The stereochemistry of the refined
structure was validated with the program Procheck,”
which showed that 98.5% of residues were found within
the favored region and 1.5% of residues were found within
the allowed region of the Ramachandran plot.

All figures were produced with the program DINOf,
except for Fig. 7, which was produced with the program
SPDBV.%

Fluorescence competitive binding assay

The binding affinities of various compounds for Sol i 2
were determined by assays based on the reduction of the
fluorescence emission of the probe NPN, which is caused
by ligand competition with NPN. To measure the binding
of the fluorescent probe NPN to Sol i 2, we titrated a 2 pM
protein solution (1 ml) in 20 mM Tris-HCI (pH 7.4) with
aliquots of 1 mM NPN dissolved in methanol to final
concentrations of 0.05-40 pM. The protein/NPN complex
was excited at 280 nm, and emission spectra were
recorded between 350 nm and 450 nm. The competitive
binding of ligands was measured by using NPN (5 uM) as
fluorescent reporter and 0.05-50 pM concentrations of
each ligand dissolved in methanol. The total volume of
methanol in the protein solution was maintained at 21 pl
(2.1%) by adding methanol without ligands. Bound ligand
affinity for Sol i 2 was evaluated from the values of
fluorescence intensity with a protein/ligand stoichiometry
of 1:1 at saturation. The reductions in NPN fluorescence
emission at 400 nm were normalized to the NPN
fluorescence before titration.

thttp://www.dino3d.org
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Modeling of ligands

Modeling of selected ligands identified by fluorescence
binding studies into the hydrophobic cav1tg/ was per-
formed manually using the program Coot.”>> This was
followed by energy minimization of the protem—hgand

complex within a 6-A sphere of the ligand using the
program SYBYL (version 8.1; Tripose Associates, St. Louis,
MO).%! Subsequently, the program HINT, 32734 which was
integrated into the SYBYL modeling environment, was
used to compute an overall HINT binding score (HINT,
version 3.1) that analyzes ligand-receptor interactions.
This overall binding score is generally useful as a scoring
method in molecular docking, as it represents the sum of
all binding values from each interacting atom pair. The
binding value B;; for a given interacting atom pair 7j, where
iis an atom on the ligand and j is an atom on the protein, is
defined as:

B,] = Zi Z]. [S[ﬂ,‘SjﬂjRij + 1’,‘]‘}

where s is the solvent-accessible surface area, a is the
hydrophobic atom constant, and R;; and r;jare functions of
distances between interacting atoms.®> HINT is based on
the prediction of the hydrophobic atom constants for each
atom of the ligand and the receptor and, together with
proximity factors, enables the evaluation of the interac-
tions between ligand and biomolecules. HINT has been
created and utilized to identify the major noncovalent
hydrophobic and polar interactions (so-called hydropa-
thy) between small molecules and macromolecules.

PDB accession numbers

Coordinates and structure factors have been deposited
in the PDB with accession numbers 2ygu and r2ygusf,
respectively.
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