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Abstract Insect odorant binding proteins (OBPs) are the
first components of the olfactory system to encounter and
bind attractant and repellent odors emanating from various
sources for presentation to olfactory receptors, which
trigger relevant signal transduction cascades culminating
in specific physiological and behavioral responses. For
disease vectors, particularly hematophagous mosquitoes,
repellents represent important defenses against parasitic
diseases because they effect a reduction in the rate of
contact between the vectors and humans. OBPs are targets
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for structure-based rational approaches for the discovery of
new repellent or other olfaction inhibitory compounds with
desirable features. Thus, a study was conducted to char-
acterize the high resolution crystal structure of an OBP of
Anopheles gambiae, the African malaria mosquito vector,
in complex with N,N-diethyl-m-toluamide (DEET), one of
the most effective repellents that has been in worldwide use
for six decades. We found that DEET binds at the edge of a
long hydrophobic tunnel by exploiting numerous non-polar
interactions and one hydrogen bond, which is perceived to
be critical for DEET’s recognition. Based on the experi-
mentally determined affinity of AgamOBP1 for DEET (K,
of 31.3 uM) and our structural data, we modeled the
interactions for this protein with 29 promising leads
reported in the literature to have significant repellent
activities, and carried out fluorescence binding studies with
four highly ranked ligands. Our experimental results con-
firmed the modeling predictions indicating that structure-
based modeling could facilitate the design of novel repel-
lents with enhanced binding affinity and selectivity.

Keywords Crystal structure - Molecular modeling -
AgamOBP1 - DEET - Malaria

Abbreviations

AgamOBP1 Odorant binding protein 1 from Anopheles
gambiae

OR Odorant receptor

ON Olfactory neuron

DEET N,N-Diethyl-m-toluamide

1-NPN N-Phenyl-1-naphthylamine

IPTG Isopropyl-galacto-pyranoside

MOP (5R,6S5)-6-Acetoxy-5-hexadecanolide

TLS Translation/libration/screw

vdW van der Waals
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Introduction

A number of potentially lethal diseases, including encepha-
litis, yellow fever and malaria, are transmitted by blood-
feeding insects. Amongst them, the most deadly tropical
disease is malaria. According to the World Health Organi-
zation, in 2008, 247 million malaria infections were
diagnosed causing the death of 863,000 people, mainly
children under the age of 5 [1]. Malaria is transmitted to
humans by female mosquitoes, particularly Anopheles gam-
biae, carrying the pathogen parasite Plasmodium falciparum
in their saliva. Current research efforts are focused on the
development of new drugs for the disease [2], development of
vaccines against the parasite [2, 3], and mosquito vector
transgenesis for the generation of mosquitoes refractive to
parasite infection, multiplication and/or development [4, 5].
To date, however, the most successful approaches for control
of malaria transmission have been based on methods that
aimed at a reduction of the frequency of contact between the
mosquito vectors and their human targets.

Second to insecticides, which represent a serious burden
for the environment and human health [6, 7], and whose
prolonged use results in the selection of resistant vector
populations [8], mosquito repellents are the most com-
monly used agents for prevention of infection by keeping
infected mosquitoes away from human targets and pre-
venting an infected human from spreading the parasite to
uninfected mosquitoes [9]. At present, a synthetic carbox-
amide discovered in 1946 [10], N,N-diethyl-m-toluamide
(DEET), is the most widely used insect repellent [11], and
it has proved to be effective against a broad spectrum of
insects, including mosquitoes, black flies, chiggers, ticks,
bedbugs and fleas [9]. Besides its repellent action, DEET
has been reported to possess larvicidal and adulticidal
activities against mosquitoes [12].

Surprisingly, after five decades of use, the molecular
targets of DEET have remained poorly characterized
making its mechanism of action a controversial matter
[13]. Early behavioral studies have suggested that DEET
acts on olfactory neurons (ONs) of mosquitoes and
decreases their sensitivity to lactic acid [14]. Later studies
have provided evidence that DEET targets the function of
insect odorant receptors (ORs) and, in the case of mos-
quitoes, blocks an OR/co-receptor complex which is
involved in the recognition of 1-octen-3-ol, a component of
human sweat [15]. However, another recent study proposes
that mosquitoes have the ability to smell and avoid DEET
through a specific DEET-sensitive olfactory receptor neu-
ron (ORN), housed in a trichoid sensillum, without
inhibiting the reception of other chemical signals such as
CO,, lactic acid or 1-octen-3-ol [16].

Parallel to the success and widespread use of DEET, a
significant effort is devoted nowadays toward the discovery
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of new insect repellents with improved characteristics,
which include reduced toxicity [17, 18] and wider activity
against DEET-insensitive vectors [19] or species that
develop resistance to DEET [19].

To date, the most promising new repellent product, and
the only one more effective than DEET, has been butan-2-
yl 2-(2-hydroxyethyl)piperidine-1-carboxylate (Picaridin
or KBR3023) developed in the mid-1990s [20, 21]. How-
ever, as with most existing repellents, animal tests showed
a tendency for picaridin to cause skin irritation [22].
Additionally, all currently used repellents, including
DEET, become ineffective a few hours after their appli-
cation. Therefore, the need for new more effective
repellents is evident.

DEET and picaridin share similar structural motifs that
might be useful for the development of new repellents [23].
To date, a number of QSAR studies of carboxamides [24—
26] and piperidines [27] have been employed for the
development of more efficient and environmentally
friendly repellents and insecticides. However, in the
absence of structural data on repellents in complex with a
macromolecular target, a rational structure-based design
approach by necessity has yet to be realized.

The number of candidate genes for such a structure-
based approach that targets the olfactory system consis-
tently grows, especially after the completion of the genome
sequences of several insect species including Drosophila
melanogaster [28] and A. gambiae [29]. Several protein
classes have been identified to be involved in olfactory
processes, including insect olfactory receptors (ORs) and
83b sub-type receptors [30, 31], odorant binding proteins
(OBPs) [32], sensory neuron membrane proteins (SNMP)
[33, 34], arrestins [35] and degrading enzymes [36-39].
Despite the fact that ORs are considered as the gold stan-
dard in the quest for new insect repellents, the necessary
structural information for their exploitation as targets for
structure-based design is still missing. Among the other
putative targets, the fact that OBPs are so far the best
characterized olfactory macromolecules makes them
appealing targets for structural studies.

Insect OBPs are divided into three main classes: pher-
omone binding proteins (PBPs), general odorant binding
proteins (GOBPs), and antennal binding proteins X (AB-
PXs), named according to their putative binding properties
(OBPs reviewed in [32]). They are small soluble proteins
(10-20 kDa) found in millimolar ranges in the sensillar
lymph of mosquitoes [40], and mediate the first steps in the
olfactory signal transduction cascade. They are proposed to
be involved in several aspects of odorant perception,
including odorant solubilization, transport and delivery to
olfactory receptors as well as protection against degrada-
tion by odorant degrading enzymes (ODEs) [40]. In fact, a
more active role of OBPs, where the OBP-odorant complex
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acts as an OR activating ligand, has recently been dem-
onstrated for the Drosophila odorant binding protein LUSH
in complex with the pheromone, 11-cis vaccenyl acetate
(cVA) [41].

Most importantly, OBPs are expected to make a sig-
nificant contribution to the remarkable selectivity of the
olfactory system. OBPs have been found to bind specifi-
cally a limited number of candidate ligands [42-46].
However, given that the number of odorants that insects
can detect is considerable higher than the number of OBPs,
each OBP may specifically recognize a class of structurally
related odorants, and also distinguish semiochemicals of
different chemical structures [47-51].

On the other hand, the ORs also demonstrate broad
spectrum diversity. Functional studies revealed that, while
some receptors respond to single or a small set of aro-
matics, others exhibit substantial lower specificity [52-55].

Provided that neither OBPs nor ORs are extremely
specific, the selective odor perception is likely to be
achieved through interplay between compartmentalized
OBPs and ORs, as if they constitute a two-step filter, with
only one or very few common ligands [56]. Their syner-
gistic function could be accomplished if they possess
binding sites of similar 3D-shapes and physicochemical
properties, thus making feasible the design of OR ligands
based on the OBPs binding sites. It is possible that DEET
and perhaps other repellents are transported to their specific
receptors only via OBPs as has been shown for other
odorants.

Structurally, the majority of the OBPs, termed classic
OBPs, share a common fold with six o-helices connected
by loops and interlinked by three disulfide bonds. Despite
their structural homology, however, they are predicted to
bear binding cavities of different shapes and hydrophobic
environments that are capable of reversibly binding a wide
range of organic molecules and naturally occurring odor-
ants [57].

Of the 60 OBPs encoded in the genome of the African
malaria vector Anopheles gambiae, several were shown to
be expressed at a high level in female antennae [58].
Specifically, for one of them, AgamOBPI, previous
experiments have shown that its mRNA is significantly
more abundant in female relative to male antennae and also
that its abundance is reduced after a blood meal suggestive
of a possible involvement in host odor detection [58].
Indole, a known oviposition attractant, was subsequently
shown to be a specific ligand for AgamOBP1; in fact,
RNAi-mediated silencing experiments in conjunction with
electrophysiological ones demonstrated that AgamOBP1
lies at the top of the signaling cascade triggered by this
chemical and the associated physiological responses—
when the levels of the protein are reduced drastically, the
antennal responses to indole are severely impaired [59].

These findings identify OBPs, and AgamOBPI in par-
ticular, as potential targets for the design of novel insect
repellents or attractants.

In this work, we report on the first, high-resolution
structure of a mosquito OBP, AgamOBP1, in complex with
the synthetic repellent DEET bound at its binding site, and
propose an OBP structure-based approach for the rational
design of novel insect repellents that may interfere with
mosquito olfactory function. Structural analysis of the
AgamOBPI-DEET complex and molecular modeling cal-
culations with known carboxamide derivatives of DEET
and piperidines reveal that AgamOBPI1 is a promising
molecular target for structure-based design of more effi-
cient insect repellents. Our results and conclusions are also
correlated to those obtained recently from the analysis of
the crystal structure of a Culex quinquefasciatus OBP,
CquiOBP1, with a Culex attractant, the major oviposition
pheromone, bound to it [60].

Materials and methods

Bacterial expression and purification of recombinant
protein

AgamOBP1 cDNA (AF437884) [61], was PCR-amplified
and subcloned into the Ndel/Xhol site of pET22b(+)
expression vector (Novagen). For protein expression,
E. coli Origami B(DE3) (Novagen) competent cells were
transformed with pET22b(+)-AgamOBP1 and cultured at
37°C until ODggg was 0.5-0.6. Afterwards, 1 L of cell
culture was induced with 1 mM IPTG (Sigma) and
grown at 37°C for 4 h. Cells were disrupted by sonica-
tion in a lysis buffer containing 10 mM Tris—HCI, pH
8.0, 2mM EDTA, 0.1% (v/v) Triton X-100, 1 mM
PMSF and a mixture of protease inhibitors (Roche). The
cell lysate was clarified by ultracentrifugation at
130,000g for 30 min at 4°C. The cleared supernatant was
first applied to a HiTrap Q FF column (GE Healthcare)
equilibrated with 10 mM Tris—=HCI, pH 8.0 (buffer A)
and eluted with a 0-500 mM NaCl gradient. Fractions
containing the target protein, as judged by SDS-PAGE
analysis, were loaded onto a Resource-Q column (GE
Healthcare) and eluted with a linear gradient of
0-300 mM NaCl. The major peak of the ion-exchange
step, was subsequently loaded onto a Superdex75 gel
filtration column (GE Healthcare) equilibrated with buffer
A containing 200 mM NaCl, and the peak of protein
eluted was further purified by two ion-exchange purifi-
cation steps on a Resource-Q column with 0-250 and
0-300 mM NaCl, respectively [62]. Highly purified pro-
tein was desalted by dialysis and concentrated to 70 mg/
ml in deionized water.
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1-NPN binding competition assays

The affinity of the examined ligands for AgamOBP1 was
measured indirectly by competitive binding assays, which
determined the displacement of the ligands from Aga-
mOBP1 by the fluorescent probe N-phenyl-1-naph-
thylamine (1-NPN). Purified recombinant AgamOBP1 was
mixed with different concentrations of each ligand (in
methanol) and 1-NPN (in methanol) in a final volume of
200 pL 20 mM Tris—HCI, pH 8.0, 100 mM NaCl (con-
taining 1.5% methanol). The final concentration of
AgamOBPI and 1-NPN in the assays was 2 uM. DEET
concentration ranged from 2.5 to 20 uM while the other
ligands were tested at lower concentrations (0.156-5 uM).
The probe was excited at 337 nm and emission spectra
were recorded between 386 and 460 nm (peak emission in
the presence of AgamOBPI is at 402—406 nm). Emission
spectra were recorded on an Infinite M-200 fluorimeter
(Tecan Trading, Switzerland) using black 96-well plates
(Greiner Bio-One).

K4 calculations

The dissociation constant of 1-NPN (K,) was determined
by fluorescence measurements of protein solutions con-
taining 2 uM AgamOBP1 and various concentrations of
I-NPN (1-10 uM). After subtraction of the background
spectra (1-NPN in buffer), the residual fluorescence
intensities were transformed to concentrations of bound
1-NPN  ([1-NPNJpouna) by the equation [1-NPN];_
bound = (Fi/Fy) x Cap, where F; is the fluorescence at a
given 1-NPN concentration, Fy is the corresponding fluo-
rescence at 1-NPN saturation and “Cap” is the maximum
binding capacity of AgamOBP1 at 1-NPN saturation. For
this calculation, “Cap” was set equal to the total protein
concentration (2 uM) assuming that [protein]:[1-NPN]
stoichiometry at saturation was 1:1. The [1-NPNl]young
plotted versus [1-NPN]gee ([1-NPN]gee = ([1-NPNJiota —
[1-NPN]youna) concentration yielded a curve from which a
K, value of 4.5 £ 0.3 uM was calculated by non-linear
regression (Supplement, Fig. 1).

To determine the dissociation constant of DEET, the
normalized fluorescence intensity F* was plotted as a
function of DEET concentration (Fig. 1). By assuming
mutually exclusive binding of 1-NPN and DEET to Aga-
mOBP1 (see modeling studies), data were fitted to equation
Eq. 1 [63]

g, Ke(P" = [Pl Ly i
; — Ko (F*—[P F_[P
[Pl — F [E]; — E;EP]TJF]*T) _ yi[I]T
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Fig. 1 Ligand-concentration-dependent fluorescence quenching of
AgamOBP1/1-NPN solutions. Fluorescence data obtained with 2 uM
AgamOBP1 at constant concentration of 1-NPN (2 uM; [P]r) and
various concentrations of DEET (2.5, 5, 10 and 20 uM; [L]t). The
experiment was performed three times using duplicate wells. Inset
replot of the normalized fluorescence F* (RFU/Q) versus various
concentrations of DEET. A Kj, value of 31.3 uM for DEET can be
calculated by Eq. 1 (see “Materials and methods”), assuming that
DEET competes with 1-NPN for the same binding site. Normalization
factor (Q) was 541.5 and fluorescent enhancement (y) was 3.32. The
dissociation constant for 1-NPN (Kp) was 4.5 uM

where K7 and Kp are the dissociation constants of ligand
(DEET) and probe (1-NPN), respectively, F* (relative
fluorescence intensity/Q) is the normalized intensity, Q is a
constant that depends on the sensitivity of fluorimeter and
photophysical properties of free 1-NPN, y (fluorescence
enhancement) is the ratio of respective fluorescence
intensities of bound and free 1-NPN. [E]r, [P]r and [L]t
are the concentrations of protein, probe and DEET,
respectively.

The value of Q was determined by measuring the
fluorescence intensity of 2 pM 1-NPN in pure buffer

(F};SNCPN = [I-NPN]gee x @), whereas 7 was determined
by measurement of the corresponding fluorescence inten-

sity in the presence of 2 pM AgamOBP1 (y = FLNPN
FLENPNY  The Ky, was calculated by using a non-linear-
regression data analysis program (GraFit) [64]. Similar
calculations were employed for the estimation of Ky values
for the other chemical compounds which are under inves-

tigation in this report.
Crystallization and data collection

AgamOBPI1 crystals were grown at 22°C using the hanging
drop vapour diffusion technique with 35 mg/ml of protein
in a buffer comprising 32% PEG 8000, 250 mM MgCl,
and 50 mM Tris—HCI, pH 8.0 [62] (Supplement, Fig. 2).
For soaking experiments, preformed crystals were soaked
in a solution containing 2.5 mM DEET, 0.5% methanol,
32% PEG 8000, 250 mM MgCl, and 50 mM Tris—HCI, pH
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8.0 for 5 h. Prior to data collection, crystals were trans-
ferred to fresh buffer containing 10% (v/v) glycerol as
cryoprotectant and flash frozen in a nitrogen stream at
100 K. Diffraction data were collected from a single crystal
on the X12 beamline at EMBL/Hamburg (4 = 0.81 A)
using a 225-mm MAR CCD detector. The crystal-to-image
plate distance was 200 mm and gave a maximum resolu-
tion of 1.6 A at the edge of the detector.

Structure determination

Integration and data reduction were performed with the
programs MOSFLM [65] and SCALA of the CCP4 suite
[66] and intensities were converted to amplitudes using
TRUNCATE [67]. Phases were obtained with MOLREP
[68] using the 2ERB structure [62] as molecular replace-
ment model (R¢/o = 12.22, Ti/lo = 27.25, Z score = 0.64).

Alternate cycles of manual building with the program
COQT [69] and refinement using the maximum likelihood
target function as implemented in the program REFMAC [70]
improved the model phases. At this stage, water molecules
were added to unidentified F, — F. map peaks >1.0c by
using the “water find” module of the program COOT. After
an additional cycle of refinement and manual building, Mg ™,
Cl™ ions and methanol as well as DEET and PEG models were
fitted into electron density and included in subsequent
refinement cycles. DEET and PEG models were generated by
PRODRG server [71]. The final model was generated by TLS
refinement [72] within REFMAC using nine and eight TLS
groups for chain A and B, respectively, to a final R factor of
0.172 (Rfree = 0.203). Details of data processing and refine-
ment statistics are summarized in Table 1.

ROCHECK [73] was used to assess the quality of the
final structure. Structural superimpositions were performed
with the LSQKAB program [66]. Possible hydrogen bonds
were calculated with HBPLUS [74]. Van der Waals (vdW)
contacts were determined by CONTACTS of the CCP4
suite for non-hydrogen atoms separated by <4 A. Solvent-
accessible areas were calculated with NACCESS [75].
Plots of protein-ligand interactions and ligand accessibility
were created with LIGPLOT [76]. Ligand-binding cavity
visualized and analyzed with CAVER 2.0 [77]. Cavity
volume was calculated with VOIDOO [78]. Shape
complementarity between AgamOBPl and DEET was
calculated with SC [79]. All figures were created with
PyMOL [80]. The coordinates of the protein complex have
been deposited with the RCSB Protein Data Bank
(http://www.rcsb.org/pdb) with code 3N7H.

Molecular docking

DEET and several carboxamides and piperidines were
studied for their binding to AgamOBP1 using the

Table 1 Statistics of data collection, processing and refinement of
the AgamOBPI1-DEET complex

PDB ID 3N7H

EMBL/DESY, HAMBURG X12; 1 (A) 0.81

Space group P2;22,

Cell dimensions (A), a, b, ¢ & = f =y = 90° 55.9, 63.5,
68.1

Resolution (A) 31.8-1.60

Outermost shell (A) 1.68-1.60

Reflections measured 161,566

Unique reflections (¢ > 0) 32,417

Riymm 0.080 (0.414)

Completeness (%) 99.3 (98.2)

(llal) 12.6 (3.5)

Redundancy 5.0 (4.7)

Wilson Plot B value (A%) 215

Final Rlys (Rfree) % 17.2 (20.3)

Error in coordinates by Luzzati plot (1&) 0.17

No. of water molecules in final cycle 343

r.m.s. Deviation from ideality

In bond lengths (A) 0.009

In bond angles (°) 1.3
Average B factor (10\2)

Protein atoms (chain A; chain B) 15.0; 14.1
Water molecules 27.5

DEET (chain A; chain B) 22.3; 249
PEG (chain A; chain B) 36.6; 42.4

Ramachandran (#—w) plot

Residues in most favored regions 91.4%, residues in
allowed regions 8.6%

Values in parentheses are for the outermost shell
a Reymm = 5. I(h) — I(h)/Z, X0 (h) where I(h) and I(h) are the ith
and the mean measurements of the intensity of reflection &

b Reryst = SilF, — FL/Z,,FO, where F, and F, are the observed and
calculated structure factors amplitudes of reflection &, respectively

¢ Rpee is equal to Ry for a randomly selected 5% subset of
reflections not used in the refinement

molecular docking program AutoDock 4.0 [81]. The
Lamarckian genetic algorithm (LGA) search method with
default parameters (2,500,000 maximum number of energy
evaluations, 27,000 maximum number of generations) was
used and all ligands were treated as flexible. Docking
results were both visually inspected and quantitatively
evaluated based on the estimated free energy of binding
(FEB), ligand efficiency (LE) and fit quality (FQ). The
AutoDock empirical free energy model is able to predict
binding free energies to within 2.5 kcal/mol. This is suf-
ficient to distinguish ligands with inhibition constant in the
range of millimolar, micromolar or nanomolar. Ligand
efficiency can be defined as the ratio of the ligand affinity
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(AG, pK;, pICs) divided by its molecular size. We used
pK; as a measure of affinity and defined the molecular size
as the number of heavy (non-hydrogen) atoms [82]. LE is a
simple measure to assess the ‘goodness of fit’ of a ligand.
However it is strongly dependent on molecular size and it
cannot be used to compare ligands across wide size ranges.
Thus, a size-independent efficiency score termed fit quality
(FQ) was calculated as proposed in Bembenek et al. [83].
FQ is a scaled ligand efficiency that facilitates identifica-
tion of ligands with near optimal binding (FQ scores near
1.0) and compounds of sub-optimal binding with low FQ
scores.

Results and discussion
DEET-dependent 1-NPN displacement

To deduce whether the inhibition of mosquito olfactory
function by DEET may also include, besides ORs, a
component involving one or more OBPs, particularly
AgamOBP1 whose crystallographic structure has been
solved [62], we sought to examine the ability of DEET to
interact with this OBP using as a measure DEET’s capacity
to displace the fluorescent probe 1-NPN from AgamOBPI.
This reporter system has been documented extensively for
studying OBP-ligand interactions in vertebrates and insects
[84-86]. Measurement of fluorescence quenching, at a
constant concentration of 1-NPN (2 uM) and different
concentrations of DEET, showed that DEET can displace
1-NPN from its binding site. In particular, titration with
20 uM DEET resulted in a ~30% reduction in the fluo-
rescence obtained from the AgamOBPI1-bound 1-NPN
complex (Fig. 1). Analysis of the fluorescence data, as
described in “Materials and Methods” and Fig. 1, gave a
K4 value of 31.3 £ 1.4 uM for DEET assuming competi-
tion with 1-NPN for the same binding site. In fact,
modeling studies show that DEET and 1-NPN compete for
the same binding pocket in AgamOBP1 and, although
1-NPN is located in the inner part and DEET towards the
outer part of the binding pocket, coexistence in the binding
pocket is most improbable (Supplement, Fig. 3).

Overview of structural features

The structure of AgamOBP1 with PEG has previously been
described [62]. In that structure, a PEG molecule, intro-
duced from the crystallization condition, was found to
occupy the whole length of a long tunnel, which is running
through both subunits of a non-crystallographic dimer. In
order to identify the presumed binding site of DEET on
AgamOBP1 and its binding mode, we have determined the
crystal structure of the AgamOBPI1-DEET complex at
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Fig. 2 The chemical structure of N,N-diethyl-m-toluamide (DEET)
with the numbering used in the crystallographic study

1.6 A resolution (Table 1). The structural formula and
numbering of DEET atoms are shown in Fig. 2.

The crystal structure showed that one DEET molecule is
bound to each subunit at a site located near the interface
between the two monomers (Fig. 3). DEET binding results
in the splitting of the continuous tunnel into two equal
parts, each 28 A long. In addition to a DEET molecule, the
remaining area of each cavity is filled with a PEG molecule
(5 ethylene glycol units), which is derived from the crys-
tallization agent.

The binding of DEET

DEET’s binding pocket is formed by residues belonging to
helices a4 (Leu73, Leu76, His77, Leu80), a5 (Ala88,
Met89, Met91, Gly92), a6 (Trpll14) and Leu96, Lys93’,
Arg94’ and Leu96’, where the prime (') refers to residues
from the other molecule of the dimer (Fig. 4). DEET binds
with high shape complementarity (shape correlation sta-
tistic Sc = 0.834) to this pocket and exploits numerous
contacts. Upon binding, DEET makes 57 vdW interactions,
mainly with non-polar protein atoms, and also one

Fig. 3 Cartoon representation of AgamOBP1 dimer with molecules
of DEET and PEG bound. DEET’s binding site is located at the center
of a long hydrophobic tunnel (represented as a mesh) running through
the dimer interface. The tunnel is bordered by residues Leul5, Alal8,
Leul9, Leu22 (from ol helix), Ala62 (from «3/10 helix), Lys63
(residue in isolated beta-bridge), Leu73, Leu76, His77, Ser79, Leu80
(from a4 helix), Met84, Ala88, Met89 (from o5 helix), Leu96 (loop),
His111, Trp114 (from o6 helix) and Phe123 from the C-terminal loop
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hydrogen bond from its carbonylic oxygen to a water
molecule (distance 2.69 and 2.76 A for A and B molecules,
respectively), which, in turn, interacts with the NEI

Fig. 4 DEET and PEG (with carbon atoms coloured in yellow) form
one hydrogen bond each with a water molecule and the side chain of
Ser79, respectively. Hydrogen bonds are shown as dashed lines. The
contacts between ligands and AgamOBP1 are dominated by non-polar
vdW interactions. In particular, DEET makes vdW interactions with
residues from o4, o5 helices and residues from the other monomer as
well as with the neighboring DEET’ molecule. The three disulfide
bonds are represented by bonds coloured in light orange

nitrogen atom of the Trp114 ring and the carbonylic oxy-
gen of Cys95 or Gly92, alternately (Fig. 4 and Table 2a).
Three additional vdW interactions arise from non-polar
contacts between the ethyl groups (C10, C11, C10' and
C11") of the adjacent DEET molecules (Table 2b).

DEET binds in a conformation where the benzyl ring is
inclined by 51.4° to its amide plane and 31.1° to the aro-
matic ring of Trp114 (Fig. 4). Upon binding to AgamOBP1
monomer, there is a total reduction of 310 AZ in the pro-
tein’s solvent-accessible area and the greatest contribution
comes from the non-polar groups which contribute 287 A?
(92%) of this buried surface. Interestingly, on forming the
complex with AgamOBP1, DEET becomes almost entirely
buried. The solvent accessible surface area of the ligand is
reduced from 388 A in the free state to 38 A in the bound
state, resulting in a 90% decrease of the ligand’s accessible
surface area. The non-polar atoms contribute 322 A? (92%)
to the surface of DEET that becomes buried (Fig. 5a). In
the dimer, the vdW interactions between the ethyl groups
of the two DEET molecules lead to their total entrapment
(99.9%) (Fig. 5b). In addition, upon binding of DEET
molecules, the non-polar surface of the protein’s dimer
interface is increased by 33.1 A? and the polar surface is
reduced by 5 A% (1%).

Table 2 Hydrogen bonds (a) and van der Waals contacts (b) between DEET and AgamOBP1 residues

(a) Potential hydrogen bonds

DEET atom of molecule A (B)

AgamOBP1 atom of molecule A (B)

Distance (A)

0 (0" Wat360 (Wat153%)

2.69 (2.76)

(b) van der Waals contacts®
DEET atom of molecule A

AgamOBP1 atom of molecule A (B)

Number of contacts

Cl Wat360; Ala88 O 2
C2 Ala88 C, O; Gly92 CA; Trpl14 NEI; Wat360 5
C3 Ala88 O, CB; Trpl14 CE2, CZ2 4
C4 Leu76 CD2, CG; Leu80 CD1; Ala88 CB 4
C5 Leu73 O; Leu76 CB, CD2, CG; His77 CA, N, CB, CD2 8
Co6 Leu73 O; His77 CB, CD2 3
C Ala88 O, CB; Met91 SD; Trpl14 NE1,CD2, CE2, CZ2 7
Cc7 Gly92 CA; Wat360 2
(¢} Leu73 CD1; Gly92 CA, C, O; Leu96 CD2 5
C38 His77 NE2, CD2, ND1, CB, CG; Met89 SD 6
Cc9 Leu73 O; His77 CB, ND1, CG; (Lys93' O; Arg94’ NH1; Leu96’ CD1) 7
C10 Leu96 CD2; (DEET’ C11') 2
Cl1 Met89 O, CG; Leu96 CD2; (DEET’ C10/, C11') 5
Total number of contacts 60

Residues from chain B are indicated with a prime (') and in bold type

* Wat360 is in turn hydrogen bonded to Trp114 NE1 (2.83 A), while it can donate an additional ‘hydrogen to make a hydrogen bond either to
Gly92 O (3.39 A) or Cys95 O (2.87 A). The corresponding distances are O%'>—0*? = 325 A and OV'3-_09*” = 2.85 A

° Van der Waals interactions were assigned for non-hydrogen atoms separated by <4 A
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Fig. 5 LIGPLOT diagram of
DEET a if bound to the
monomer and b bound to the
dimer. Hydrogen bonds are
represented by green dashed
lines and hydrophobic contacts
by arcs with radiating spokes.
The solvent accessibility is
shown in brown or blue semi-
circles for buried and highly
accessible atoms, respectively.
Corresponding atoms, involved
in hydrophobic contacts, are
represented by black circles

This analysis indicates that DEET binds more favorable
in the dimeric form of AgamOBP1. Since it has been found
that a monomer—dimer equilibrium exists in solution [60,
87] and considering the exceptionally high concentration of
OBPs in the insect’s sensillum lymph (up to 10 mM; [88]),
it is possible that the protein dimer is the molecular target
of DEET under physiological conditions.

The binding of PEG

The PEG molecule is found to have entered the L-shaped
tunnel of the AgamOBP1 binding site via its opening to the
solvent which is delimited by helices a1, 3 and o4 and
occupies the area from the entrance to the channel’s bend
(Fig. 2). PEG forms 18 vdW contacts with protein atoms
and one hydrogen bond to the side chain of Ser79 (distance
2.92 and 3.18 A for A and B molecules, respectively)
(Fig. 4; Supplement, Table 1). The solvent accessible sur-
face of the bound PEG (48 A?) is constituted by polar
atoms and corresponds to 11% of the total accessible sur-
face in the free state (435 Az).

In its totality, the tertiary structure of AgamOBPI1-
DEET complex resembles the previously reported PEG-
bound AgamOBP1 protein (2ERB). The overall root mean
square deviation (RMSD) of the Co and backbone atoms
between AgamOBP1-DEET and 2ERB complexes is 0.209
and 0.254 A respectively. Furthermore, no differences are
observed in the positions of the amino acid side chains in
the vicinity of DEET’s binding site.

Therefore, the structural data show that the AgamOBP1
binding site can accommodate ligands with diverged
chemical structure (DEET and PEG) without undergoing
significant conformational changes. The binding potency of
DEET for AgamOBP1 appears to arise from the energeti-
cally favorable transfer of a hydrophobic molecule from
the polar solvent to the hydrophobic environment of the
binding site. In addition, DEET displays remarkable shape
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complementarity with the binding site of AgamOBP1. The
ability of synthetic ligands to exhibit complementarily (an
index of specificity) with physiological binding sites by
inducing conformational changes is not uncommon. How-
ever, the AgamOBPI-DEET complex conforms better to
“the lock and key” model. This structural information may
prove to be a valuable tool in the design of novel repellents
where enhanced potency and specificity are required.

Implications for structure-based design

In addition to numerous non-polar interactions and shape
complementarity between the ligand and the protein, the
unique hydrogen bond between the amide oxygen and a
water molecule is proposed to play an important role in the
ligand recognition process. The identification of such an
ordered water molecule into the binding pocket could
prove to be very useful tool for the design of novel com-
pounds [89]. Multiple approaches could be pursued in
order to achieve this objective. For instance, new ligands
can be designed which maximize contacts with the water
molecule [90]. Alternatively, the water molecule could be
incorporated into the ligand’s structure leading to improved
binding affinity by increasing both the number of direct
protein—ligand interactions and the entropy due to the
water’s displacement. Such an approach has already been
proven successful for the rational design of novel HIV
protease inhibitors [91]. In addition, the water molecule
could be included into modeling or QSAR calculations to
improve the accuracy and effectiveness of the prediction
[92].

The shape of the binding pocket of DEET (Fig. 6a)
suggests that larger aromatic systems (e.g., indole or
naphthalene ring) may be accommodated and exploit n—mn
interactions with Trpl14. Furthermore, attachment of ali-
phatic chains to the C3 and/or C4 carbon atoms of the
benzene ring (meta- and/or para-substitution) could lead to
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Fig. 6 a Stereo diagram of the
Connolly molecular surface
(yellow) in the vicinity of
DEET’s binding site. The
corresponding path of the
binding tunnel is represented as
a white line. The existence of an
empty pocket that diverges from
the tunnel direction and emerges
above the 3-methyl group of
DEET is apparent. The shape of
this cavity suggests that
substitution at 3 (meta-) and 4
(para-) positions of the benzene
ring could be exploited for the
design of DEET analogues with
improved affinity for
AgamOBPI. b Stereo diagram
illustrating the binding mode of
DEET (green) and MOP (blue)
at the binding site of
AgamOBP1 and CquiOBP1
(PDB id 30GN), respectively.
The structural conservation of
binding cavities is apparent. The
overall root mean square
deviation (RMSD) between Co
and backbone atoms of
AgamOBP1-DEET and 30GN
are 0.306 and 0.308 A,
respectively. MOP overlaps
both with DEET and part of
PEG molecule whereas its
acetyl ester branch enters the
extra pocket lined by residues
Phel23, 1le87, Met91, Met84
and Tyrl10

novel derivatives that will utilize additional interactions
with protein residues from both DEET’s and PEG’s bind-
ing sites.

Importantly, the cavity analysis revealed the presence of
a complementary pocket extending from the 3-methyl
group of DEET towards Tyr10. This extra pocket is sur-
rounded on either side by the side chains of Met84, Met91,
Tle87 and Phel23, whereas the side chain of Tyr10 con-
stitutes the polar bottom of the pocket with its hydroxyl
moiety oriented opposite to the 3-methyl group (Fig. 6a).
The shape and the nature of this side-pocket suggest that
substitution of the 3-methyl group by groups bearing polar
moieties might lead to DEET derivatives with enhanced

vd

Tyrl0  Phel2s = Tyri0  phe12s

“Metol =

affinity for AgamOBP1. Furthermore, the plane of the
phenyl ring of Phe123 lies perpendicular to the plane of the
aromatic ring of Tyr10 (91.3° for the A and 89.3° for the B
chain of the dimer).

The occupancy of this side-pocket cavity by a polar
group could lead to formation of favorable hydrogen bond
to the hydroxyl group of Tyrl0. Alternatively, the occu-
pation of this side-pocket cavity by an aromatic substitute
could induce the rotation of the Phel23 ring by 90° into a
parallel position leading to the optimization of interactions
with the ligand (two-ring stacking interactions).

Moreover, a DEET derivative comprising a long side
aliphatic chain, which is extended towards the position of
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PEG and contains an aromatic system attached to its edge,
is likely to develop additional m—n stacking interactions
with the aromatic ring of Phel23 and, thus, display
enhanced binding capacity.

Recently, the 3D structure of an odorant protein from
Culex quinquefasciatus mosquito (CquiOBP1) in complex
with the major oviposition pheromone (5R,65)-6-acetoxy-
5-hexadecanolide (MOP) has been determined [60]. Aga-
mOBP1 exhibits 90% sequence identity with CquiOBP1,
and the amino acids that define the ligand/pheromone
binding site are well conserved between the two pro-
teins. Superimposition of the AgamOBPI1-DEET and
CquiOBP1-MOP complex structures revealed that DEET
and MOP are bound in the same hydrophobic tunnel
(Fig. 6b). MOP comprises a long lipid chain, which is
localized in the same position where DEET is bound, and a

lactone ring, which lies opposite to Phe123 and occupies
part of PEG’s binding site.

Significantly, MOP’s acetyl ester branch enters the
complementary pocket and is located in hydrogen bond
distance (2.95 A) from Tyr10 proving the great importance
of this extra cavity in the designing of ligands.

The structural comparison between AgamOBP1-DEET
and the PEG-free CquiOBP1-MOP structures revealed that
PEG did not perturb the structure of the PEG’s binding
sub-cavity. Since the crystal structure of unliganded OBP1
lacks, it is difficult to conclude the effect of PEG within the
cavity. However, the ability of 2.5 mM DEET or
~3.5 mM MOP to displace PEG, present in the crystalli-
zation medium at a concentration of 40 mM (32% PEG
8 K w/v) or 50 mM (20% PEG 4 K w/v), respectively,
indicates the loose binding between PEG and OBPI.

Table 3 Predicted binding characteristics of potential insect repellents for AgamOBP1

ala ligand HA FEB (kcal/mol) K, (M) LE FQ
DEET 14 —5.86 50.51 0.31 0.50
1-NPN 17 —17.55 2.92 0.33 0.61
1 1-(3-Cyclohexyl-1-oxopropyl)-2-ethylpiperidine 18 —8.19 0.99 0.33 0.66
2 1-(3-Cyclohexyl-1-oxopropyl)-2-methylpiperidine 17 —8.06 1.24 0.3 0.66
3 2-Ethyl-1-(1-oxo-10-undecylenyl)piperidine 20 —17.81 1.90 0.29 0.61
4 4-Methyl-1-(1-oxo-10-undecylenyl)piperidine 19 —7.64 2.50 0.29 0.61
5 4-Methyl-1-(1-oxodecyl)piperidine 18 —7.54 2.99 0.31 0.60
6 2-Methyl-1-(1-oxodecyl)piperidine 18 —7.36 4.04 0.30 0.59
7 1-(1-Oxo-10-undecylenyl)piperidine 18 —7.26 4.79 0.30 0.58
8 1-(1-Oxoundecyl)piperidine 18 —7.20 5.28 0.29 0.58
9 2-Ethyl-1-(1-oxononyl)piperidine 18 —-7.12 6.05 0.29 0.57
10 4-Methyl-1-(1-oxooctyl)piperidine 16 —6.88 9.05 0.32 0.57
11 (E)-N-cyclohexyl-N-ethyl-2-hexenamide 16 —7.34 4.18 0.34 0.61
12 Hexahydro-1-(1-oxohexyl)-1H-azepine 14 —6.49 17.59 0.34 0.56
13 N-Cyclohexyl-N,3,3-trimethylbutanamide 15 —6.79 10.50 0.33 0.57
14 2-Ethyl-N-methyl-N-phenylbutanamide 15 —6.57 15.40 0.32 0.55
15 N-Cyclohexyl-N,2,2-trimethylpropanamide 14 -591 46.31 0.31 0.51
16 N,N,2-Triethylhexanamide 14 —5.51 92.18 0.29 0.47
17 (+/—)-2-Ethyl-N,N-diisopropylhexanamide 16 —5.37 114.99 0.25 0.44
18 N,N,2-Triethylbutanamide 12 —4.77 320.17 0.29 0.44
19 1-(Cyclohexylcarbonyl)pyrrolidine 13 —6.41 19.90 0.36 0.57
20 N,N-Diethylcyclohexanecarboxamide 13 —6.22 27.37 0.35 0.55
21 N,N-Diethyl-3-phenylpropanamide 15 —6.49 17.51 0.32 0.55
22 1-(3,3-Dimethylbutanoyl)pyrrolidine 12 —5.54 87.18 0.34 0.51
23 2-Ethyl-N-isopropyl-N-methylbutanamide 12 —5.55 86.06 0.34 0.51
24 N,N-Diallyl-2-ethylbutanamide 14 —5.58 80.64 0.29 0.48
25 Piperine 21 —8.64 0.46 0.30 0.67
26 Capsaicin 22 —7.77 2.00 0.26 0.60
27 #15_Gaudin et al., 2008 29 —7.97 1.43 0.20 0.58
28 Pelitorine 16 —6.77 10.84 0.31 0.56
29 Insect repellent 790 (Merck) 14 —5.47 98.31 0.29 0.47

HA Number of heavy atoms, FEB free energy of binding, K; inhibition constant, LE ligand efficiency, FQ fit quality
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The exploitation of this structural information for the
design of new potent repellents and/or attractants remains
to be realized.

Modeling of structurally related repellents

In a first approach to assess whether the above predictions
could serve as the basis for structure-based modeling of
compounds with similar structures for binding to Aga-
mOBP1, a test set of 29 carboxamides and piperidine
derivatives were studied by docking simulation. These
derivatives have been characterized as physiologically
relevant lead compounds with repellent properties [24, 26,
27]. To evaluate the accuracy of our methodology, DEET
and I-NPN were used as bench-mark molecules. The
re-docked complex of AgamOBP1 with DEET is in good
agreement with the experimentally solved one (Supplment,
Fig. 4). In the case of the non-hydrated binding site, DEET
moved slightly towards Trp114 to directly form a hydrogen
bond with the NEI nitrogen atom of the Trp114 imidazole.

These findings indicate that docking simulations could
be used to investigate whether AgamOBP1 (and, perhaps,
other structurally related OBPs as well) is a potential
molecular target for novel insect repellents.

The test dataset included ten piperidine derivatives
(Table 3; a/a 1-10) proposed by Katritzky et al. [27] with
structural features essential for repellency of Aedes ae-
gypti; and two carboxamides (Table 3; a/a 11, 12) with
improved duration of repellency and minimum effective
dosage (MED), also suggested by Katritzky et al. [26].
Additionally, we have investigated 12 carboxamides pro-
posed by Gaudin et al. [24]. Six of them have very
promising olfactory profiles (Table 3; a/a 13-18), four
share improved repellency properties against three breeds
of cockroach (Table 3; a/a 19-22) and two combine both
characteristics (Table 3, a/a 23, 24). The remaining five
ligands (Table 3; a/a 25-29) are simple or naturally
occurring carboxamides known to be active against insects
[24].

To investigate the ability of the examined ligands to
bind on AgamOBP1, we used AutoDock to calculate the
FEB, K;, LE and FQ values of DEET and 1-NPN con-
formations in the AgamOBPl binding site. The
corresponding values were —5.9 kcal/mol, 50.5 uM, 0.3
and 0.5 for DEET and —7.6 kcal.mol, 2.9 pM, 0.3 and 0.6
for 1-NPN, respectively.

The estimated FEB, LE and FQ of the docking simu-
lations for the specific dataset are summarized in Table 3.
Characteristic cases of the piperidine derivatives, which
have comparable or better FEB and FQ values than
DEET are 1-(3-Cyclohexyl-1-oxopropyl)-2-ethylpiperidine,
4-methyl-1-(1-oxodecyl)piperidine and 1-(1-oxo-10-undec-
ylenyl)piperidine (a/a’s 1, 5 and 7, respectively). Similarly,

typical examples from the dataset of carboxamides are
hexahydro-1-(1-oxohexyl)-1H-azepine, 2-ethyl-N-methyl-
N-phenylbutanamide, N,N-diethylcyclohexanecarboxamide,
and piperine (alas 12, 14, 20 and 25, respectively). The
predicted binding of these ligands to AgamOBP1, which
occurs in the same region of the AgamOBP1 cavity as DEET,
is shown in Supplment, Fig. 5.

To test the validity of the modeling predictions, four of
the test compounds, 1-(3-cyclohexyl-1-oxopropyl)-2-eth-
ylpiperidine, 4-methyl-1-(1-oxodecyl)piperidine, piperine
and capsaicin (a/as 1, 5, 25 and 26, respectively, in
Table 3; Fig. 7), were examined experimentally for their
ability to compete out the binding of 1-NPN to Aga-
mOBP1. The results of the binding experiments showed
very clearly the increased capacity of these ligands to
displace 1-NPN from the AgamOBP1 cavity at much lower
concentrations (nM range) compared to DEET (Fig. 8).
The analysis of the fluorescence data for the four ligands
revealed Ky values significantly lower than the one
obtained with DEET. Specifically, 4-methyl-1-(1-oxode-
cyl)-piperidine was the best ligand with a K4 of 1.3 uM
while piperine and 1-(3-cyclohexyl-1-oxopropyl)-2-ethyl-
piperidine gave Ky values of 2.1 and 2.4 pM, respectively.
The affinity of capsaicin for AgamOBP1 was sixfold lower
than the other ligands (13.0 uM) but still 2.5-fold higher
than DEET. The fairly good correlation coefficient between
the experimental K, and the Autodock predicted K; values
(R2 = (0.867) indicates that docking simulations can facil-
itate the study for novel candidate ligands (Supplement,
Fig. 6).

Fig. 7 Representation of the AgamOBP1 binding pocket with DEET
and PEG (yellow) superimposed with selected insect repellents.
Molecular docking calculations were performed for 1-(3-cyclohexyl-
1-oxopropyl)-2-ethylpiperidine  (raspberry), 4-methyl-1-(1-oxode-
cyl)piperidine (red), piperine (blue) and capsaicin (green). These
studies predicted that the binding affinities (K;) of these compounds
are in the 0.5-3.0 uM range, indicating that carboxamide and
piperidine repellents may possibly affect insects’ olfaction by
interfering with AgamOBP1
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Fig. 8 Comparative fluorescence quenching of AgamOBP1/1-NPN
solutions titrated with various concentrations of selected repellents.
a Fluorescence data of 1.25-20 uM capsaicin (green triangle),
0.625-5 pM  1-(3-cyclohexyl-1-oxopropyl)-2-ethylpiperidine (rasp-
berry square), 0.156-1.25 uM piperine (blue inverted triangle) and
0.156-1.25 pM 4-methyl-1-(1-oxodecyl)piperidine (red diamond), as
compared with 2.5-20 uM DEET (orange circle). b Fluorescence
data were treated as has been described for DEET (Ky = 31.3 &+
1.4 uM) and the obtained Kgs were 13.0 £+ 1.4, 2.4 + 0.5, 2.1 + 0.1
and 1.3 £ 0.02 puM, respectively

Conclusions

Previous efforts to identify more efficient insect repellents
were hindered by the absence of a known molecular target
and were thus limited to only ligand-based computational
approaches. The AgamOBPI1-DEET structure provides the
first example of a repellent recognized by an odorant
binding protein and should give a significant impetus to
structure-based design of novel repellents. With more than
50 OBP-encoding genes identified so far, the list of
potential molecular targets for OBP-based design of novel
repellents/attractants is expected to increase substantially
in the very near future. Therefore, structure-based ligand
design can provide promising leads with improved binding
characteristics and specificity that could be further evalu-
ated for ORs activation. This rational approach can

@ Springer

dramatically shorten the number of ligands to be tested in
subsequent behavioral or field studies providing thus a
powerful tool for acceleration of novel repellents
discovery.

We are currently pursuing crystallographic analyses of
additional OBPs in conjunction with in silico ligand
binding and design aimed at the identification of novel
molecular targets and potential repellents.
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