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Background: Mosquito odorant-binding proteins constitute molecular targets for structure-based discovery of novel host-

seeking disruptors.

Results: “Plus-C” AgamOBP48 exists as a three-dimensional domain-swapped dimer containing a combined binding site.
Conclusion: Domain swapping has important implications for AgamOBP48 binding specificity.
Significance: OBP dimerization should be considered in a successful OBP-based discovery strategy.

Much physiological and behavioral evidence has been pro-
vided suggesting that insect odorant-binding proteins (OBPs)
are indispensable for odorant recognition and thus are appeal-
ing targets for structure-based discovery and design of novel
host-seeking disruptors. Despite the fact that more than 60
putative OBP-encoding genes have been identified in the
malaria vector Anopheles gambiae, the crystal structures of only
six of them are known. It is therefore clear that OBP structure
determination constitutes the bottleneck for structure-based
approaches to mosquito repellent/attractant discovery. Here,
we describe the three-dimensional structure of an A. gambiae
“Plus-C” group OBP (AgamOBP48), which exhibits the second
highest expression levels in female antennae. This structure
represents the first example of a three-dimensional domain-
swapped dimer in dipteran species. A combined binding site
is formed at the dimer interface by equal contribution of
each monomer. Structural comparisons with the monomeric
AgamOBP47 revealed that the major structural difference be-
tween the two Plus-C proteins localizes in their N- and C-ter-
minal regions, and their concerted conformational change
may account for monomer-swapped dimer conversion and
furthermore the formation of novel binding pockets. Using a
combination of gel filtration chromatography, differential
scanning calorimetry, and analytical ultracentrifugation, we
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demonstrate the AgamOBP48 dimerization in solution. Eventu-
ally, molecular modeling calculations were used to predict the
binding mode of the most potent synthetic ligand of AgamOBP48
known so far, discovered by ligand- and structure-based virtual
screening. The structure-aided identification of multiple OBP
binders represents a powerful tool to be employed in the effort to
control transmission of the vector-borne diseases.

The olfactory system of mosquitoes plays a crucial role in
their survival and reproductive success as it facilitates sugar
feeding (1), mating (2), and oviposition (3) as well as host detec-
tion and blood feeding (4). Odorant-binding proteins (OBPs)*
are the first components of their odor detection unit. Hydro-
phobic odorant molecules entering the aqueous sensillar lymph
of insect antennae are captured by OBPs that solubilize, carry,
and deliver them to their cognate odorant receptors (5).

The fact that OBPs are so far the best characterized olfac-
tory macromolecules has identified them as potential targets
for the design of novel insect repellents or attractants. The
AgamOBP1-DEET (N,N-diethyl-m-toluamide) complex struc-
ture has been the first example of a repellent recognized by an
OBP (6).

More than 60 OBP-encoding sequences have been found
in the A. gambiae genome (7-9). These proteins have been
classified into three different groups based on primary pro-
tein sequence features as follows: “classic” OBPs with a typ-
ical six-cysteine signature; “atypical” OBPs, and Plus-C
OBPs (8, 10, 11).

2The abbreviations used are: OBP, odorant-binding protein; AgamOBP48,
odorant-binding protein 48 from A. gambiae; EN12, (E)-3-[4-(dimethyl-
amino)phenyl]-2-(2,2-dimethylpropanoyl)-2-propenenitrile; GF, gel filtra-
tion chromatography; DSC, differential scanning calorimetry; FEB, free
energy of binding; aa, amino acid; 1-NPN, N-phenyl-1-naphthylamine.
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Several three-dimensional structures of insect OBPs have
been determined to date, including those of the classic
AgamOBPs 1 (6, 12), 4 (13), 7 (14), and 20 (15) as well as one
member of the Plus-C group, AgamOBP47 (16). Their observed
structural diversity results in a wide variety of cavities that differ
in size, shape and position, solvent accessibility, and nature of
amino acids involved in their wall formation and hence enable
OBPs to selectively recognize and bind a wide range of organic
molecules and naturally occurring odorants.

The Plus-C OBPs were first reported in Drosophila and
Anopheles (9, 17) and recently to the pea aphid Acyrthosiphon
pisum (Hemiptera) (18) indicating that protein evolution
occurred before the divergence of diptera from other species;
therefore, these proteins may also be present in other insect
orders. The Anopheles gambiae Plus-C OBPs are distinguished
from the other classes by their longer sequences and the pres-
ence of 12 cysteines in conserved positions, six of which corre-
spond closely to the conserved cysteines residues of the classic
OBPs (8, 19).

Previous studies have shown that two members of the A.
gambiae Plus-C group, AgamOBP48 and AgamOBP47, are
preferentially expressed in the antennae of female mosquitoes
and belong to the subset of 10 OBPs that exhibit the highest
transcript level in this olfactory organ (10, 19). Moreover,
AgamOBP48, which displays the second highest expression
level in antennae, was shown to be down-regulated after a blood
meal, a finding suggesting that protein is an important deter-
minant of the host-seeking behavior of female mosquitoes.

Dimerization of insect OBPs in solution has been reported
several times (20 —24) and has been also identified in the crystal
state by x-ray crystallography since nearly all determined
OBP crystal structures represent dimers (6, 14, 25-27). The
dimerization of OBPs has been proposed to create new binding
sites at the interface between the two subunits leading to the
formation of dimers with binding features different from those
of the monomeric proteins (6, 22, 28). In the case of Plus-C
AgamOBP438, ex vivo yeast two-hybrid screens, in vitro co-im-
munoprecipitation experiments, and cross-linking studies have
suggested that this protein is capable of forming readily detect-
able homodimers (28).

In this work, we describe the three-dimensional crystal
structure and solution studies of the Plus-C group member,
AgamOBP48. The AgamOBP48 structure constitutes a three-
dimensional domain-swapped dimer thus far unique among
dipteran OBPs. The three-dimensional domain swapping
results in the creation of novel binding sites. Structural com-
parison with the monomeric AgamOBP47 reveals significant
structural characteristics and differences that may play a role in
dimer formation and consequently in odor detection. Finally, in
silico and in solution binding studies with a synthetic com-
pound, EN12, discovered by ligand- and structure-based virtual
screening, reveal potential interactions and binding character-
istics that promote its strong binding to AgamOBP48.

EXPERIMENTAL PROCEDURES

Bacterial Expression of AgamOBP48—AgamOBP48 cDNA
(AF533512) (29) was PCR-amplified and subcloned into the
Ndel and Xhol sites of the pET22b(+) expression vector
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(Novagen). The resultant pET22b(+)-AgamOBP48 plasmid
was used to transform Escherichia coli Origami B(DE3) (Nova-
gen) competent cells. Protein expression was performed as
described previously (6). After centrifugation of the cell lysate
at 15,000 X g for 30 min at 4 °C, the supernatant and pellet were
analyzed by 12% SDS-PAGE. Nearly 80% of the expressed
AgamOBP48 is aggregated in the form of inclusion bodies.

Purification of Recombinant Protein from Inclusion Bodies—
Refolding of AgamOBP48 was performed according to Boix
(30), with minor modifications. Following buffer exchange by
dialysis to 10 mm Tris-HCI, pH 8.0 (Buffer A), the protein was
applied on a HiTrap Q FF column (GE Healthcare) equilibrated
with Buffer A and eluted with a 0 —460 mm NaCl gradient. Frac-
tions containing the target protein (judged by SDS-PAGE anal-
ysis) were loaded onto a Resource-Q column (GE Healthcare)
and eluted with a linear gradient of 0—350 mm NaCl. The major
peak of this step was then loaded onto a 16/73 Superdex75
gel filtration column (GE Healthcare) equilibrated with Buffer
A containing 200 mm NaCl. Finally, the highly purified
AgamOBP48 was desalted by dialysis and concentrated to 20
mg/ml in Buffer A.

Crystallization and Data Collection—AgamOBP48 single
crystals were grown at 20 °C employing the sitting drop vapor
diffusion technique. AgamOBP48 orthorhombic crystals belong-
ing to space group P2,2,2 were grown using a protein solution
consisting of 7 mg/ml AgamOBP48/AgamOBP1 (1:1) with a res-
ervoir solution of 0.1 M Tris-HCI, pH 8.5, and 25% (w/v) PEG3000.

Prior to data collection, crystals were transferred to an arti-
ficial mother liquor containing 10% (v/v) glycerol and flash-
frozen in a nitrogen gas stream at 100 K. A total of 200° of data
were collected.

Structure Determination—Data were integrated and scaled with
the programs XDS (31) and SCALA of the CCP4 suite (32), and
intensities were converted to amplitudes using TRUNCATE
(33). Data analysis with phenix.xtriage from the Phenix suite
(34) suggested strong anisotropy. Therefore, the scaled data
were imported into the UCLA diffraction anisotropy server (35)
for elipsoidal truncation and anisotropic scaling. Initial phases
were obtained with PHASER (36) using the AgamOBP47 struc-
ture (Protein Data Bank code 3PM2) (16) as molecular replace-
ment model. The molecular replacement solution yielded a sin-
gle noncrystallographic symmetry dimer in the asymmetric
unit corresponding to a solvent content of 37% (V,, = 1.95 A®
Da™%).

Maximum likelihood refinement of the molecular replace-
ment solution (composed of positional minimization, B-factor
optimization, and simulated annealing) was performed using
the program phenix.refine (37), to give an initial model with
R-factor of 0.343 (Rpe. = 0.412). Alternate cycles of manual
building with the program COOT (38) and phenix.refine
employing positional and individual atomic displacement
(B-factor) parameters resulted in a final model with R-factor
0f 0.198 (R;,.. = 0.245). MolProbity (39) was used to assess
the quality of the final structure. Details of data processing
and refinement statistics are summarized in Table 1.

Structural superimpositions were performed using DALI
server (40). Possible hydrogen bonds were identified using the
program HBPLUS (41). van der Waals contacts were deter-
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mined by CONTACTS of the CCP4 suite for nonhydrogen
atoms separated by less than 4 A. Solvent-accessible areas were
calculated with NACCESS (42). Protein cavities were visualized
and analyzed by CAVER 2.0 (43). The dimerization interface of
AgamOBP48 was analyzed by using the PISA (Protein Inter-
faces, Surfaces, and Assemblies) server (44). Protein domain
motions were analyzed by using the DynDom server (45). All
figures were created with PyMOL (46).

Gel Filtration Experiments—The GF column was calibrated
for molecular weight estimations with bovine serum albumin
(dimer, 132.8, and monomer, 66.4 kDa), carbonic anhydrase (29
kDa), and lysozyme (14.3 kDa) as molecular weight standards
(Sigma). The plot of log(M,) versus partition coefficients of the
standards (K,, = V, — V_/V, — V,) yields a linear calibration
curve log(M,) = 5.2706 —2.5865 K, where M, is the molecular
weight in thousands; V, is the elution volume of the standards;
V, (56.03 ml) is the void volume (elution volume for blue dex-
tran 2000); and V, (146.75 ml) is the total bed volume. The
apparent molecular weights of AgamOBP48 monomer and
dimer were estimated from their elution profiles, after storage
of the concentrated ion exchange AgamOBP48 sample for 0, 48,
and 96 h at 4 °C before GF chromatography.

Calorimetric Experiments—Differential scanning calorime-
try (DSC) measurements were carried out on solutions of iso-
lated AgamOBP48 monomer (“0-h” sample; see under “Gel Fil-
tration Experiments”) and within 48 h after the gel filtration
step. Protein concentration was 5 mg/ml in PBS buffer, pH 7.
DSC experiments performed with a nano-DSC (CSC, TA
Instruments Distributor) apparatus at 0.5 °C/min scan rate in
the 10-110 °C range. This instrument uses capillary cells with
0.3 ml sensitive volume. The capillary cell design often prevents
and/or mitigates aggregation phenomena. Data were analyzed
by means of the software THESEUS (47). The excess molar heat
capacity (AC,) or C;(T), i.e. the difference between the appar-
ent molar heat capacity C,(T) of the sample and the molar heat
capacity of the “native state,” C, \(7), was recorded across the
scanned temperature range. Details on the raw data treatment
methods, (base-line scaling, etc.), are reported elsewhere (48,
49). The heat capacity drop, A ,C,, across the signal was affected
by a rather large error and was therefore not taken into account
in this work. The value of the apparent denaturation enthalpy
A _H was 230 * 10 k] mol ™' (monomer, mass of 19,200 Da).

Several thermodynamic models (see text) were tested to
interpret the calorimetric data (the fitting functions of these
models are described in the literature (48 —51)). The theoretical
models used to fit the experimental data were tested through
the nonlinear Levenberg-Marquardt method (52). Best fitting
parameters error was calculated in the 95% confidence limit.

Analytical Ultracentrifugation Experiments—All experiments
were carried out using an XL-I analytical ultracentrifuge (Beck-
man-Coulter Inc.), with a UV-visible optics detection system,
using an An60Ti rotor and 12-mm double sector centerpieces.
Sedimentation equilibrium analyses were carried out at 20 °C, in
PBS buffer, pH 7, at 15,000 rpm. Total protein concentration
was 0.5 mg/ml. The “96-h” GF concentrated sample (see “Gel
Filtration Experiments”) was stored for 2 months at 4 °C before
dilution for the analytical ultracentrifugation experiments. The
results of 18-h runs were analyzed using the SEDPHAT pro-
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gram (53). The density of the system: 1,005 g/ml and the Vbar
0.728 were calculated using the SEDNTERP program.

Fluorescent Assays—The affinity of AgamOBP48 for the
EN12 was evaluated indirectly by determining the displace-
ment of the fluorescent probe N-phenyl-1-naphthylamine
(1-NPN) by the ligand, as described previously by Campanacci
et al. (54) with minor modifications.

The emission spectra were recorded on a VarioScan Flash
fluorimeter plate reader (Thermo Scientific) at 30 °C using
black 96-well plates (Greiner, Bio-One). The probe was excited
at 337 nm, and the emission spectra were recorded from 390 to
460 nm. The maximal fluorescence emission intensity in the
presence of AgamOBP48 was observed between 408 and 410
nm, after subtraction of the background spectra (only ligand
and/or 1-NPN in the buffer). Purified recombinant Aga-
mOBP48 was assayed at a final volume of 200 ul. The buffer
used for all measurements was PBS, pH 7.0. Fresh stock solu-
tions of 1-NPN and EN12 were prepared in 100% DMSO.
The final DMSO concentration of 2% was maintained in all
dilutions.

The K, ™"™ of the probe was determined in protein solutions
containing 6 uM AgamOBP48 by plotting the fluorescence
intensity as a function of 1-NPN concentration (0—100 um).
To determine the dissociation constant of EN12 (K5\'?),
AgamOBP48 was assayed at a final concentration of 6 um in the
presence of varying concentrations of EN12 (0—-50 uM) and a
constant concentration of 1-NPN (60 um).

Three independent experiments were run for each probe or
ligand concentration. Data were analyzed by the use of the non-
linear regression program GraFit (55).

Molecular Docking—EN12 was studied for its binding to
AgamOBP48 using the molecular docking program AutoDock
4.0 (56). The AutoDock empirical free energy model is able to
predict binding free energies to within 2.5 kcal/mol. The
Lamarckian genetic algorithm search method with 5,000,000
maximum number of energy evaluations was used, and the
ligand was treated as flexible. Docking results were both visually
inspected and quantitatively evaluated based on the estimated
free energy of binding (FEB).

RESULTS

AgamOBP48 Crystallizes as a Three-dimensional Domain-
swapped Dimer—The crystal structure of AgamOBP48 from A.
gambiae, in complex with PEG, was determined at 2.25 A res-
olution (Table 1). The three-dimensional structure revealed a
compact three-dimensional domain-swapped dimer formed by
exchange of the closely associated N- and C-terminal regions
(Fig. 1, A and B and supplemental Video).

Each 172-residue-long monomer of AgamOBP48 contains
eight a-helices (a1 to a8) linked by flexible loops and stabilized
by six disulfide bridges (Fig. 1C). The structure of the mono-
meric subunit can be divided into 3 main domains as follows: (i)
the central “Core” domain that resembles the classic OBPs fold
(helices a1-5, a7, and the 50-s loop); (ii) a flanking domain,
called from now on as the “NC-term” domain (N-terminal res-
idues 1-25 and C-terminal residues 148 -172), and (iii) the
“Cap” domain (helix a6 and the 120-s loop) (Fig. 1C). The two
subunits orient themselves so that the NC-term domain of one
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TABLE 1

Statistics of data collection, processing and refinement of the
AgamOBP48-PEG complex

Values in parentheses are for the outermost shell.
Protein Data Bank code 41J7

SRS; A EMBL-DESY, X12; 1.07 A

Space group P2,2,2 .

Cell dimensions, g, b, ¢ 80.65, 89.11,43.40 A
a=B=y=90°

Resolution 38.22t0225 A

Outermost shell 2.37t02.25 A

Reflections measured
Unique reflections (0>0)
a

123,630 (17,874)
15,437 (2,206)

Ry 0.088 (0.53)
Completeness 100% (100%)
{I/ol) 18.6 (4.4)
Redundancy 8.0(8.1)
Wilson plot B-value 24.8 A?

Final R,,,.” (Ryel?) 19.8% (24.6%)
Error in coordinates by Luzzati plot 0.26 A

No. of water molecules in final cycle 133
Root mean square deviation from ideality

Bond lengths 0.011 A

Bond angles 1.15°
Average B-factor .

Protein atoms (chain A; chain B) 32.0;32.6 A?

Water molecules 29.2 A2

PEG 30.8 A2
Ramachandran favored/outliers 98.2/0%

“Ryymm = 2,2 | I(h) — Ti(h)/EhZili(h), where I,(h) and I(h) are the ith and the
mean measurements of the intensity of reflection /.

b Reryst = 3,|E, — F|/%,F,, where F, and F. are the observed and calculated struc-
ture factors amplitudes of reflection /4, respectively.

€ Reee is equal to R, for a randomly selected 5% subset of reflections not used in
the refinement.

cryst

monomer inserts into the center of the neighboring monomer,
to form a compact homodimer (Fig. 1, A and B).

Inspection of the electron density maps showed a strong F,, —
F, positive peak accompanied by a 2F, — F, electron density,
which can neatly accommodate one PEG molecule. The pres-
ence of PEG was subsequently confirmed by a simulated
annealing omit map (Fig. 2). To further support this finding, the
crystal structure of AgamOBP48 dimer was determined to a
resolution of 3.3 A using crystals formed in the absence of PEG
(Protein Data Bank code 4KYN; data not shown). In this case,
the electron density maps showed no electron density in this
region, which gives additional confidence that the density we
observed in the 2.2 A crystal structure is derived from a PEG
molecule.

The PEG molecule is located at the interface between the 7
and a7’ helices, in the center of a double L-shaped, 51-A long
tunnel (Channel-1) with mouths on either side of the protein
(Figs. 1, A and B, and 3A). The openings of this tunnel are
created by the residues Ser-151, Glu-90, and Ser-93 of one
chain and Ile-50" and Glu-112' of the other chain, whereas its
walls are composed by residues from both chains.

It is noteworthy that the shape and length of Channel-1
resembles the 56-A long tunnel of the AgamOBP1 dimer, which
was found to be occupied simultaneously by PEG and DEET
(N,N-diethyl-m-toluamide) molecules (6). However, in the
AgamOBP1 dimer, the full-length double L-shaped tunnel is
generated by two individual 28-A long L-shaped channels, one
from each monomer, lying adjacently to each other. In contrast,
the AgamOBP48 channel is formed at the dimer interface by
the equal contribution of each monomer and therefore cannot
exist in the monomeric form.
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Two deep pockets lie underneath both ends of the PEG mol-
ecule, were also identified in the AgamOBP48 dimer (Fig. 3B).
Each pocket is formed by residues of the NC-term domain of
the corresponding subunit and is located between the a0 helix
and the 150-s loop (Fig. 1C). The two pockets (NC-term pock-
ets) communicate with each other and are joined into a central
cavity positioned behind the PEG-binding site between helices
a7,a7', a8, a8’, and the two N-terminal stretches. This cavity is
accessible to the bulk solvent through a second 56-A long tun-
nel (Channel-2), which shares the same openings as Channel-1
(Fig. 3C). Similar to Channel-1, residues from both subunits
participate in the formation of Channel-2. The residues that
define Channel-1 and Channel-2 and the amino acids that
make contact with the PEG molecule are listed in Table 2.

Dimer Interface Analysis—The interface present in the
AgamOBP48 crystal dimer is hallmarked by hydrophobic interac-
tions. Seven putative hydrogen bonds and six salt bridges
between interface residues also contribute to the stability of the
homodimer, including the interaction between the carbonyl
oxygen of the last C-terminal amino acid Ile-172 and the amine
nitrogen of Lys-21 from the other subunit (Fig. 4).

The PISA analysis suggested that the crystallographic dimer
represents a very stable assembly in solution (AG¥** = 38.7
kcal/mol). Upon dimer formation a total surface area of 4,670
A? becomes buried, and the greatest contribution comes from
the nonpolar atoms, which contribute 69.4% of the buried sur-
face. Indeed, PISA reported a p value of the observed solvation
free energy gain (A'G) on dimer formation equal to 0.103 (<
0.5), which indicates an interface with higher than average
hydrophobicity.

Structural Analysis of AgamOBP48 Monomer—The individ-
ual domains of AgamOBP48 monomer are illustrated in Fig.
1C. Structurally, the Core domain shares a common architec-
ture with classic OBPs and consists of four a-helices, al (aa
26-38), a3 (aa 54— 64), a5 (88 —108), and o7 (131-147) bearing
six conserved cysteines. These Cys residues form three disulfide
bridges linking helix a1 to a3 (Cys-33—Cys-59), a3 to the start
of helix a7 (Cys-55-Cys-129), and the middle of a7 to a5 (Cys-
139 -Cys-102). A seventh cysteine (Cys-54) is located at the top
of a3 helix and does not participate in a disulfide bond forma-
tion. Additionally, this domain also contains two nonbridged
a-helices, a2 (aa 39-45) and o4 (aa 73—85), and a loop of 8
amino acids (50-s loop).

The Cap domain is composed of helix a6 (aa 109 -118) and
the 120-sloop (aa 119 -130). The Cap and “@2-50-s loop” mod-
ules are oriented almost antiparallel to each other, and they
interact through multiple hydrogen bonding that apparently
serves to stabilize the local protein structure.

The most distinct protein region is the NC-term domain that
is formed by residues of the long N-terminal stretch (aa 1-25),
the C-terminal 150-s loop (aa 148-155), and the following
C-terminal a8 helix (aa 156 —172). The N-terminal component
of this domain is characterized by an a-helical segment («0; aa
14-19) that contains two additional cysteines located in adja-
cent positions. Cys-19 forms a disulfide bridge with Cys-148
that is positioned at the 150-s loop region, whereas Cys-18
makes a second disulfide bond with Cys-159 at the top of a8.
The cysteine bridge Cys-19-Cys-148 can be considered the
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lle172

FIGURE 1. Structure of the AgamOBP48. A and B, schematic representation of the three-dimensional domain-swapped dimer. Two views are shown, one from
the face of the dimer formed by the swapped N- and C-terminal domain (A) and one from the face formed by the a5 and a5" helices (B). Within each monomer,
residues from the helices a1 to a5, a7, and the N-terminal stretch form the walls of a central cleft that is occupied by the C-terminal helix a8 of the adjacent
subunit. A long tunnel with mouths on each side runs through the dimer interface. The center of the tunnel between a7 and 7' helices is occupied by a PEG
molecule. Chain A is colored red, and chain B is colored, green. Disulfide bonds are in yellow. The helices and residues in chain B are indicated with a prime (').
G, schematic representation of the AgamOBP48 monomer. Each monomeric subunit consists of three domains; the Core (indicated by red color) and the Cap
and the NC-term domain (both presented by cyan color). D, comparison of AgamOBP48 with the Plus-C AgamOBP47. The AgamOBP48 adopts an open
conformation as compared with the closed conformation of AgamOBP47 (orange). In AgamOBP47 the final C-terminal residue, Leu-173, is located in the center
of the monomer and interacts with His-34. In contrast, the corresponding residue of AgamOBP48, lle-172, interacts with Lys-21' from the neighboring subunit
(A). The root mean square deviation of Ca atoms between the overall structures of AgamOBP48 and AgamOBP47 is 2.35 A, and between the two proteins

excluding their NC-term domains is 0.85 A.

border between the Core and NC-term domains. In addition,
the N- and C-terminal ends belonging to this domain are linked
through a third disulfide bridge formed between Cys-5 and
Cys-169 at the end of a8 helix.

Comparison with AgamOBP47 Revealed Putative Hinge
Regions—The AgamOBP48 amino acid sequence exhibits 56%
identity, 75% similarity, and one gap insertion (between aa 87
and 88) with the Plus-C AgamOBP47.

Overall, the tertiary structure of AgamOBP48 resembles
the previously reported AgamOBP47 protein structure that has
been crystallized as a monomer (16). Superimposition of
AgamOBP48 and AgamOBP47 structures revealed that the major
conformational difference between the two proteins occurs in
the region of their NC-term domains, which form an angle of
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27° (Fig. 1D). Specifically, the NC-term domain of AgamOBP48
structure is oriented away from the Core domain resulting in a
monomer existing in an open conformation. In AgamOBP47,
the corresponding region is in proximity to the Core domain,
and its C-terminal extension enters the center of the monomer,
where it participates in the formation of the binding site.
Because three-dimensional domain swapping is often accom-
panied by the presence of hinge elements, the AgamOBP48 and
AgamOBP47 structures were subjected to protein domain
motion analysis using DynDom server (45) for the identifica-
tion of putative hinge regions. In this analysis, AgamOBP48 and
AgamOBP47 represented the open and closed conformers,
respectively. The analysis proposed the existence of two hinge
regions, the a0 helix and the 150-s loop, that could facilitate
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FIGURE 2. Electron density maps in the vicinity of the PEG-binding site. A,
2F, — F_electron density map of the final refined model. The polar contacts of
PEG are depicted as yellow dashed lines. The water molecule that interacts
with PEG is shown as a red sphere. PEG makes 15 van der Waals interactions
mainly with nonpolar atoms of the binding side residues, as well as two puta-
tive hydrogen bonds with NZ of Lys-109 (OP5°-NZ; 2.84 A) and a water mole-
cule (O”%°-0%; 2.46 A) (B). 2mF, — DF, simulated annealing omit electron
density map obtained by omitting the PEG molecule and the surrounding
protein residues. The contour levels corresponds to 1o.

large conformational transition between the open and closed
states. Amino acids Glu-17-Cys-18 of a0 helix and Val-152—
Phe-153 of 150-s loop are potentially acting as hinge-bending
residues. During the transition, the ¢-dihedral angles of Glu-17
and Cys-18 change by 40.1 and —35.5°, respectively, whereas
the corresponding values for Val-152 and Phe-153 are 21.0
and —55.3° indicating that these residues contribute most to
the intersubunit rotation. Therefore, a shift from a closed to
an open conformation, controlled by the hinge regions,
could be proposed as a possible mechanism required for the
formation of a stable homodimer through three-dimensional
domain swapping.

AgamOBP48 Is Self-assembled into Dimers in Solution—
PISA analysis (see above) suggested that the AgamOBP48
dimer present in the crystal could also be stable in solution.
This result prompted us to determine the oligomeric state of
AgamOBP48 in solution by performing GF experiments on a
calibrated Superdex75 column. Concentrated protein samples
that applied to the GF column immediately after the ion
exchange chromatography step were eluted as a single peak
with apparent molecular mass of 24.4 kDa. However, a higher
oligomeric form appeared as a left shoulder on the main peak
when the protein sample was kept for 48 h at 4 °C before GF,
although when the storage period was increased to 96 h at 4 °C,
two distinct protein species with apparent molecular masses of
26.7 and 40.7 kDa were isolated (Fig. 5). Given that the esti-
mated molecular weight of the AgamOBP48 monomer is 19.2
kDa, based on its amino acid composition, our analysis revealed
that AgamOBP48 undergoes a time-dependent dimerization in
solution. Moreover, the GF profiles showed that the dimer is
the predominant form in solution. The higher apparent molec-
ular weight of the eluted monomer indicates deviation from
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"NC-term"”
pocket

FIGURE 3. Channels of the AgamOBP48 three-dimensional swapped
dimer. A and B, surface representation of the AgamOBP48 swapped dimer
(slice). A, Channel-1 is represented by yellow mesh. This double L-shaped
channel is 51 A long with an average width of 2.5 A. The PEG-binding site is
located at the center of the tunnel. B, two deep pockets adjacent to the PEG-
binding site are formed by residues of the NC-term domain (indicated by
yellow dashed circles). C, Channel-2 is represented by blue mesh. Channel-2 is
56 A long and shares the same mouth openings as Channel-1. The NC-term
pockets are located in the regions where Channel-2 begins to deviate from
Channel-1.
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globular shape, which is in agreement with its elongated shape
observed in the AgamOBP48 crystal structure. Additionally,
the possible hinge movement of the NC-term domain in solu-
tion may lead to a significant increase of the hydrodynamic
radius of the monomer unit.

To further analyze the ability of AgamOBP48 to dimerize,
the thermal stability of the isolated monomer (Fig. 54), in 5
mg/ml solution, was investigated by means of DSC within 48 h
after the gel filtration step. We observe a biphasic thermogram

TABLE 2

AgamOBP48 residues lining the central cleft and the two channels
EN12 is predicted to bind into the central cleft of the AgamOBP48 monomer. The
combined PEG-binding site is part of Channel 1 and is found only in the dimer. A
single copy of the NC-term binding pocket is present in the monomer. In the dimer,
the NC-term pocket is duplicated and forms part of Channel 2. The residues that
interact with the PEG molecule (P) in the crystal structure, and those that interact
with the compound EN12 (L) in the modeled complexes are represented in bold.

Central cleft, Channel 1 (PEG Channel 2 (NC-term
chain A site),” chain A/B pockets), chain A/B
Lys-21 (L) Gly-49 Pro-15 (L)
Pro-22 (L) Ile-50 Cys-18 (L)
Met-23 (L) Pro-51 Cys-19 (L)
Leu-24 (L) Pro-89 Leu-45 (L)*
Val-25 (L) Glu-90 Tle-50
Gly-27 (L) Ser-93 Pro-51
Met-30 (L) Leu-94 Glu-90
Met-31 (L) Leu-105 (P/L) Ser-93
Leu-137 (L) Lys-109 (P) Leu-94
Met-140 (L) Glu-112 Lys-109
Gly-141 (L) Ile-113 Glu-112
Met-144 (L) Pro-131 Met-142
Gly-134 (L) Phe-145 (L)
Thr-135 (P/L) Ala-146 (L)
Arg-138 (P/L) Gln-147
Cys-139 (P/L) Cys-148 (L)
Met-142 (P/L) Pro-149
Met-143 (L) Ala-150 (L)
Ala-146 (P/L) Ser-151
Gln-147 (L) Phe-153 (L)
Pro-149 Leu-162 (L)
Ala-150 Arg-163 (L)
Ser-151 Gly-166
Ser-167 (L)

“In the dimer only.

Crystal Structure of the “Plus-C” AgamOBP48

that covers an exceptionally large temperature range that indi-
cates the presence of more than one species of the protein (Fig.
6A). Indeed, if we assume the presence of only a monomer in
solution, the classical thermodynamic models, i.e. the assump-
tion of the presence of two or more energetic domains in the
monomer (taking also into account the case of the concomitant
exothermic aggregation processes during denaturation), were
tested and were not able to interpret these calorimetric data.
However, the simplest hypothesis of the presence in solution of
two species with different stability, i.e. a monomer and a dimer
at a fixed ratio (as a first approximation and in line with the GF
analysis suggestion), each of which undergoes in a simple one-
step denaturation, was sufficient to produce an acceptable fit as
a starting point (see Fig. 64). The best fitting parameters corre-
sponding to the theoretical curve calculated according to a sin-
gle step denaturation model of a fixed ratio monomer/dimer
system are as follows: monomer, composition 80%; denatur-
ation temperature 7, = 327.6 = 0.1 K, A,H = 210 * 10 kJ
mol ™! (monomer); dimer, composition 20%, denaturation tem-
perature T, = 340.6 = 0.1 K, A,H = 330 = 10 k] mol™"
(monomer).

The fixed monomer/dimer ratio assumed represents an aver-
age approximation in the temperature range investigated, and
more refined models that include dissociation may produce a
better fit. However, as observed with the GF, the initial mono-
mer/dimer ratio seems time-dependent, and more refined
models at this stage will be pure speculation without a better
characterization of the kinetic features that are involved in the
oligomer formation. Indeed, a further thermodynamic analysis
is needed, i.e. the exploitation of the monomer-oligomer equi-
librium and/or kinetics features in function of the concentra-
tion, temperature, presence of ligands, etc., that is beyond the
purpose of this paper. Suffice it here to say that, independently
of the denaturation mechanism peculiarities, these calorimetric

FIGURE 4. Polar interactions at the dimer interface. The interface is stabilized by 13 polar interactions (depicted as yellow dashed lines). Disulfide bonds are
in orange. Chain A is colored red, and chain B is in green. The helices and residues in chain B are indicated ().
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FIGURE 5. Gel filtration experiments of AgamOBP48. The concentrated
pooled elution fraction from ion exchange chromatography was applied
immediately (A), after 48 h (B), and after 96 h (C) of storage at 4 °C, to a cali-
brated Superdex 75 16/73 column.A, AgamOBP48 was eluted as a single peak
corresponding to a monomer with apparent mass of 24.4 kDa. The monomer
self-associates to form dimers as indicated by the appearance of a left shoul-
der (B) and a predominant peak (C), corresponding to a dimer with apparent
mass of 40.7 kDa. Inset, SDS-PAGE analysis (12% stained with Coomassie) of
the eluted fractions showed that both peaks contain AgamOBP48 protein
with apparent mass of about 20 kDa. mAU, milliabsorbance units.

data strongly support the evidence of the GF experiments, i.e.
the presence of oligomers in solution.

Finally, to accurately determine the molecular weight of the
oligomer observed in GF and DSC studies, we carried out sed-
imentation equilibrium experiments at 20 °C using analytical
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FIGURE 6. DSC and analytical ultracentrifugation experiments of Aga-
mOBP48. A, differential scanning calorimetry on AgamOBP48 solution.
Experimental (continuous line) and theoretical (dashed line) DSC thermal
denaturation curves of AgamOBP48 (5 mg/ml in PBS buffer, pH 7, 0.5 °C/min
scan rate). The theoretical curve was calculated according to a single step
denaturation model of a fixed ratio monomer/dimer system (see text). B, ana-
lytical ultracentrifugation (AU) equilibrium experiment on AgamOBP48. The
data were obtained at 280 nm and analyzed using SEDPHAT (circles represent
the experimental data and lines fit the equivalent of 37,619 Da).

ultracentrifugation at 0.5 mg/ml AgamOBP48. The “96-h” GE-
concentrated sample (Fig. 5C; fractions 29-34), stored for 2
months at 4 °C, was used for the preparation of the protein
dilutions. A typical experiment is presented in Fig. 6B. The
analysis showed that the molecule eventually forms dimers with
an M, of ~37,619, in full agreement with the GF and the crys-
tallographic results.

ENI2 Fluorescence and in Silico Binding Studies—W e have
recently developed a ligand- and OBP structure-based screen-
ing protocol in an effort to identify multiple new and effective
disruptors of the mosquito host seeking behavior.? Several syn-
thetic compounds targeting OBPs have been discovered. One
of these compounds, (E)-3-[4-(dimethylamino)phenyl]-2-(2,2-
dimethylpropanoyl)-2-propenenitrile (EN12) (Fig. 7, inset), was
found to be the most potent binder of AgamOBP48 known to
date. Fig. 7 shows the effect of EN12 on the fluorescence inten-

3 E. Eliopoulos, P. M. Guerin, K. latrou, and S.E. Zographos, manuscript in
preparation.
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FIGURE 7. Fluorescence data analysis. Single site saturation curves were
obtained by titration of AgamOBP48 (6 um) with EN12. Replot of the fraction
of 1-NPN displaced versus various concentrations of EN12. The fraction of the
displaced fluorescent probe Y =1 — ((F, = Fin)/(Fmax — Fmin)) Was plotted as
afunction of the EN12 concentration, where F, ., is the fluorescence intensity
of the AgamOBP48-1-NPN complex in the absence of ligand; F,,;, is the fluo-
rescence intensity at saturating concentration of the ligand, and F, is the
fluorescence intensity at any given EN12 concentration. Data were fit to
the single binding site equation Y = Y, -[LI/(K; .., 1 [L]), where Y, ., equals
the fraction displaced at infinite ligand concentration, [L] is the concentration
of ligand, and K,; ,,,, is the concentration of ligand needed to displace half of
the bound 1-NPN, which is assumed as the apparent dissociation constant of
the respective ligand. EN12 binds to AgamOBP48 with a K, ., (K, apparent)
value of 5.55 + 0.49 um. The dissociation constant, K5¥2 (2.58 = 0.23 um), was
calculated using the equation K5N'> = K, . /(1 + [1-NPNI/K;NPN), where
[1-NPN] is the probe concentration (60 um), and KN is the dissociation
constant of AgamOBP48-1-NPN complex (52.34 *+ 4.80 n.M; data not shown).
Inset, chemical structure of EN12. Plot shows reduction of fluorescence inten-
sity as a function of the EN12.

sity of the AgamOBP48-1-NPN complex. Analysis of the data,
as described in the figure legend, gave a K5™N'? value of 2.6 um.
The corresponding K, values for the 1-NPN was 52.3 uM (data
not shown).

The resulting binding data fit the one binding site model,
indicating the presence of a single binding site. However, given
the symmetry of AgamOBP48 dimer, ligand binding to 2 equiv-
alent binding sites, such as the NC-term pockets, cannot be
excluded.

In the absence of direct crystallographic evidence for the
binding mode of EN12 to AgamOBP48, we decided to perform
in silico docking studies. EN12 is predicted to bind, with com-
parable affinities, either to the center of the PEG-binding site
(Pose 1a, FEB = —7.83 kcal/mol, and Pose 1b, FEB = —7.67
kcal/mol) or to the two NC-term pockets of the dimer (FEB =
—7.35 kcal/mol) (Fig. 84). Poses 1a and 1b overlap with the five
central ethylene glycol units of PEG molecule and make 69 van
der Waals and 2 polar interactions via the carbonyl oxygen
(Pose 1a) or the nitrile nitrogen (Pose 1b).

In each of the NC-term pockets, EN12 makes contacts
mainly with residues of the one subunit and two additional van
der Waals interactions with the backbone carbonyl oxygen and
the side chain of Leu-45' from the other subunit. The residues
predicted by docking analysis, to interact with EN12, are listed
in Table 2. Considering that AgamOBP48 may exist also as a
monomer in solution (GF and DSC experiments), we subse-
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quently carried out modeling studies on the monomeric form of
the protein.

EN12 is predicted to bind to the NC-term pocket of the
AgamOBP48 monomer (Fig. 8B) with an affinity similar to
the one for the dimer (FEB = —6.86 kcal/mol). It has to be
noted that the NC-term pocket is absent from the
AgamOBP47 monomer. Therefore, this site constitutes a
novel binding site of AgamOBP48.

In the AgamOBP47 monomer, two surface-binding cavities
connected by a narrow channel have been predicted to accom-
modate the aromatic rings of 4-hydroxy-4’-isopropylazoben-
zene (AZO) molecule. Modeling of the AgamOBP48 monomer
showed that EN12 can be docked into the bottom of this central
cleft, with a calculated FEB value of —6.57 kcal/mol (Fig. 8B). In
this position, EN12 makes contacts with several residues,
including Met-30, Leu-137, and Arg-138. Their structurally
equivalent amino acids in the AgamOBP47 structure, Phe-30,
Leu-138, and Ala-139, have been suggested to interact with the
AZ0O compound (16).

However, in the AgamOBP48 dimer, this central cleft is par-
tially occupied by the C-terminal part of helix a8’ of the neigh-
boring subunit, leading to a volume reduction of the corre-
sponding binding site (Fig. 8C). Although small hydrophobic
ligands (e.g. 1-NPN) are predicted in silico to bind to this region
of the AgamOBP48 dimer, this pocket is barely large enough to
accommodate bulkier compounds like EN12, due to space
restrictions between the ligand and the a8’ helix residues
according to the analysis.

Based on the calculated FEB values, an undoubted conclu-
sion in favor of the PEG-binding site over the NC-term pockets
and vice versa is difficult. Nevertheless, our docking calcula-
tions are in close agreement with the results from the fluores-
cence binding assays. EN12 is suggested to bind either to a
single site (PEG-binding site) or to 2 equivalent sites (NC-term
pockets) of AgamOBP48 dimer.

In contrast, binding to the central cleft of the dimer can be
more safely excluded due to the energetic cost of a8 helix dis-
placement, and probably of dimer disruption, which would be
required for EN12 binding to this site of the dimer. In support of
this, dimer dissociation upon EN12 binding would result in
sigmoidal rather than the hyperbolic binding curves that have
been observed in this study.

DISCUSSION

The AgamOBP48 and AgamOBP47 proteins are to date the
only two insect Plus-C OBPs of known three-dimensional
structure. A comparison of their crystal structures revealed that
although the two proteins share common secondary structural
elements, they exist in two distinct tertiary conformations indicat-
ing distinguishable physiological function. The AgamOBP48
monomer adopts an open conformation, which has a profound
influence on the tertiary and quaternary structure of the protein
and also on the type and number of ligand-binding sites. In
contrast to all the other AgamOBPs of known structure, the
C-terminal extension of AgamOBP48 does not interact with
the interior of the protein but orients toward the bulk solvent.
This unique structural feature of AgamOBP48 monomer has
two major consequences. First, it results in the creation of a
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O

FIGURE 8. EN12 docking to the AgamOBP48. A, EN12 is docked to the AgamOBP48 dimer. EN12 makes two polar contacts through its carbonyl oxygen
(pose-Tainyellow; K, ... = 1.8 um) orits nitrile nitrogen (pose-1b in orange; K, .,ic = 2.4 um). The top-ranked EN12 pose docked to the NC-term pocket is shown
in purple (K, c,ic = 4.1 um). B, binding site predictions of AgamOBP48 monomer. Predicted EN12 poses in the vicinities of the NC-term pocket (K, .,ic = 9.3 um)
and the central cleft (K, ., = 15.2 um) of AgamOBP48 monomer. C, each swapped a8 helix occupies the central cleft of its neighboring monomer reducing the
volume available to ligands. The central cleft of AgamOBP48 dimer is predicted to accommodate less bulky molecules such as 1-NPN. The theoretical K, values
(K, cate) Were calculated from the corresponding FEB values using the equation K,; ., = exp(AG/(R'T)).

novel binding site (NC-term pocket). Second, and more impor-
tantly, the open conformation promotes the formation of a sta-
ble three-dimensional domain-swapped homodimer with
novel functionality. The dimerization results in the duplication
of the NC-term pocket and the creation of an additional com-
bined binding site where a PEG molecule was found to bind.

Three-dimensional domain swapping has been previously
observed in the case of a bovine OBP (57) as well as in the
honeybee (hymenoptera Apis mellifera) pheromone-binding
protein ASP1 (58), but the AgamOBP48 swapped dimer repre-
sents the first example for a mosquito (dipteran) OBP. Notably,
as in AgamOBP48, bovine OBP dimerization results in the gen-
eration of a novel, combined binding site.

Combining the experimental evidence from our crystal and
solution studies, we were able to explain the regulatory proper-
ties of AgamOBP48 according to the Eisenberg’s model for
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three-dimensional domain-swapped proteins (59). This model
includes a transition from a closed to an open conformer,
through hinge motions, followed by the interaction of two open
monomers that leads to three-dimensional domain-swapped
dimer formation.

Our gel filtration experiments show that monomer to dimer
conversion occurs slowly in vitro. However, the calculated high
free energy of dissociation suggests that, in all likelihood, the
rate-determining step of this process is the interconversion
between the closed and open states. Although we have observed
the shelf assembly of monomers in the absence of ligand, it is
tempting to speculate that ligand binding at the hinge region
(NC-term pocket) may lock the monomer in its open confor-
mation, thus accelerating dimer formation. However, because
we have not yet been able to obtain the AgamOBP48-EN12
crystal complex, this hypothesis remains to be proven or not.
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Crystallographic dimers have also been previously reported
for AgamOBP1, AaegOBP1, and CquiOBP1. OBP1s were crys-
tallized as dimers and found to exhibit an unusual binding
pocket consisting of a long tunnel running through both mono-
mers and occupied by a PEG molecule (12). AgamOBP48 dimer
possesses a similarly sized and shaped tunnel, which is also
occupied by a PEG molecule. Intriguingly, a comparative bind-
ing study of five A. gambiae OBPs against 20 virtual screening
hits, in solution, revealed that EN12 has significant higher affin-
ity for both AgamOBP1 and AgamOBP48 than for the other
OBPs tested (data not shown). Previous studies using yeast two-
hybrid screens, co-immunoprecipitation, and cross-linking
techniques have suggested that AgamOBP48 is capable of gen-
erating not only homodimers but also heterodimers with
AgamOBP1 (28). Moreover, in situ hybridization experiments
have shown that the support cells producing AgamOBP48 and
AgamOBP1 are located in close proximity to each other and to
olfactory receptor neurons that express the odorant receptor
AgamOR1 and thus co-exist in the lymph of the same sensilla
(60). The accumulative outcome of these studies indicates a degree
of common specificity for the two proteins and their cooperative
action. The possible interplay of these two proteins needs to
be explored in future research, as it will provide a great asset to the
OBP-structure-based discovery of new repellents/attractants.

We have recently proposed for the first time OBPs as valua-
ble molecular targets for the structure-based discovery and
design of disruptors of normal olfactory and host-seeking mos-
quito behavior (6). Significantly, we have now developed and
successfully validated a ligand- and structure-based discovery
protocol that led to identification of novel bioactive leads such
as EN12, attesting the applicability of the OBP structure-aided
discovery method.? In the effort to discover and design multiple
disruptors of host-seeking behavior, several factors such as
cooperation and oligomerization must be taken into account.
Therefore, the study on OBPs of A. gambiae and the determi-
nation of their three-dimensional structures and binding spec-
ificities could help us understand the molecular basis of odor-
ant detection in this and other anthropophilic species and
develop safe, effective, and environmentally friendly strategies
for mosquito control.
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