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Abstract

The Anopheles gambiae mosquito is the main vector of malaria transmission in sub-Saharan Africa. We present here a 1.5 Å crystal
structure of AgamOBP1, an odorant binding protein (OBP) from the A. gambiae mosquito. The protein crystallized as a dimer with a
unique binding pocket consisting of a continuous tunnel running through both subunits of the dimer and occupied by a PEG molecule.
We demonstrate that AgamOBP1 undergoes a pH dependent conformational change that is associated with reduced ligand binding. A
predominance of acid-labile hydrogen bonds involving the C-terminal loop suggests a mechanism in which a drop in pH causes C-ter-
minal loop to open, leaving the binding tunnel solvent exposed, thereby lowering binding affinity for ligand. Because proteins from two
distantly related insects also undergo a pH dependent conformational change involving the C-terminus that is associated with reduced
ligand affinity, our results suggest a common mechanism for OBP activity.
� 2005 Elsevier Inc. All rights reserved.
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Olfactory stimulus plays a major role in insect behaviors
such as host-seeking, oviposition, and mating. For exam-
ple, female Anopheles gambiae mosquitoes, which are the
main vectors of malaria transmission in sub-Saharan
Africa, use olfactory cues to find human hosts and avoid
non-human hosts [1]. It is therefore of interest to better
understand the olfactory system of mosquitoes and other
insects in the hopes of disrupting undesirable host-insect
interactions.

Considerable progress has been made in understanding
insect olfaction, and it is known that odorant binding pro-
teins (OBPs) and odorant receptors (ORs) play important
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roles [2]. This system has been most fruitfully studied in
pheromone detection, where there are clear behavioral
responses that can be measured, and where the chemicals
that elicit these responses have been identified. It is clear
that pheromones bind to pheromone binding proteins
(PBP) [3,4], a functional subclass of OBPs, which are highly
abundant in insect antennae and that ORs on the olfactory
receptor neurons are activated directly or indirectly by
pheromones [5]. In addition, it has been shown that there
are odorant degrading enzymes (ODEs) that quickly clear
odorant to allow for response to rapid changes in odorant
concentrations as insects navigate toward the source [6–8].

It is clear from several lines of evidence that OBPs play
some role in behavioral responses to odorants, such as
pheromones [7,9–14]. One hypothesis holds that, analo-
gous to bacterial chemical sensory mechanisms, binding
of an odorant to OBP leads to a conformational change
in the odorant binding protein which is then detected by
the OR [15]. An alternate hypothesis holds that odorants
bind directly to ORs and that the function of OBPs is to
protect the odorants from degradation by ODEs [16]. In
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addition, or instead, the function of the OBP may be to sol-
ubilize highly hydrophobic odorants [3], though in some
cases, as with the cockroach Leucophaea maderae, the pher-
omone is water soluble on its own [17]. In either case, OBPs
will function to deliver odorants to ORs, which in turn are
activated directly by the odorant [13].

Structural evidence for the latter hypothesis was provid-
ed by a pair of structures of the PBP from Bombyx mori.
The crystal structure of the B. mori PBP–bombykol com-
plex (in pH 8.2 buffer) showed a 6 helix globular protein
with the pheromone bombykol ((E,Z)-10,12-hexadecane-
dienol) bound in a hydrophobic binding pocket [18]. Most
interestingly, the NMR structure showed that at pH lower
than 4.9, a seventh helix forms which occupies the hydro-
phobic pocket, thus precluding binding of the pheromone
at a low pH [19]. In vitro, B. mori PBP has been shown
to bind bombykol at neutral, but not acidic pH. Studies
have shown that the membrane surface around the OR in
insect antennae is negatively charged [20], which induces
a drop in pH immediately around the membrane surface.
It appears, therefore, that B. mori PBP transports bomby-
kol to the membrane surface, where it encounters a low pH
and releases the bombykol [19]. The free bombykol would
then be able to bind to OR. In support of this hypothesis, it
has been demonstrated the artificial anionic lipids are suf-
ficient to cause B. mori PBP to release bound bombykol,
while artificial neutral lipids are not sufficient [21]. It has
also been demonstrated that OR from Drosophila and from
B. mori expressed in Xenopus can be activated by odorant
alone [5,22].

Aside from B. mori PBP, structures of four more OBPs
have been published from Drosophila (LUSH), cockroach
L. maderae (LmaPBP), the honeybee Apis mellifera

(Amel-ASP1), and the giant silk moth Antheraea polyphe-

mus (ApolPBP1) [17,23–25]. These proteins are structural-
ly homologous to the B. mori PBP. All contain helices,
and three disulfide bridges which connect the helices in
a similar manner. Thus, the overall topology of these four
structures is essentially identical. The structures differ in
the relative distances between the helices, the lengths
and positions of loops connecting the helices and the
lengths of C and N-terminal loops. The nature and shape
of the binding pockets also differ, presumably reflecting
the different specificities for odorants. Significantly, of
the five structures, only the Lepidopteran B. mori PBP
and ApolPBP1 have a C-terminal tail long enough to
form a helix that would fit into the binding pocket. Apol-
PBP1 also undergoes a pH dependent conformational
change that is associated with a loss of ligand binding
at low pH [25,26]. This seemed to suggest that the mech-
anism of odorant release differed in B. mori PBP and
ApolPBP1 from that of the other three proteins. This fur-
ther suggested that perhaps the hypothesis that OBPs
serve as carrier proteins delivering their cargo to ORs in
response to a drop in pH might not be generally true
for OBPs, which do not all have this C-terminal
extension.
Recently, in an effort to further understand olfactory
sensing in the mosquito A. gambiae, a search for OBPs
from this species was carried out by isolating mRNAs that
were abundantly and specifically expressed in mosquito
antennae. These were screened to determine which had size
and amino acid sequence characteristics of OBPs. Seven
putative A. gambiae OBPs were discovered from this
screen, all of which were found in both male and female
antennae [27].

We have expressed and crystallized purified protein of
one of these OBPs, AgamOBP1, and determined its 1.5 Å
crystal structure. This protein crystallized as a dimer in
the asymmetric unit. This dimer has an unusual binding
pocket, which consists of a single tunnel running through
both molecules. There was a serendipitous ligand in the
tunnel, which we have identified as PEG, which was used
as a precipitant to induce crystallization of the protein.
While the native ligand of AgamOBP1 has not been iden-
tified, we have demonstrated that AgamOBP1 undergoes
a pH dependent conformational change which is associated
with a diminished capacity for binding a non-native ligand.
The structure suggests that several acidic residues that con-
nect the N and C termini of this protein may play a role in
the reduction of binding by allowing these termini to
unfold at low pH, thereby exposing the ligand to solvent.
Together, these data suggest that the ability to release
ligand on pH reduction may not be limited to B. mori

PBP but rather be a more general feature of OBPs.

Materials and methods

Protein expression and purification. Protein was produced using
Escherichia coli BL21(DE3) transformed with a pET-22 b(+) periplasmic
expression vector containing AgamOBP1 cDNA sequence, essentially as
previously described for B. mori PBP [21]. Recombinant protein,
identical in sequence to that of secreted native AgamOBP1, was purified
by ion exchange chromatography and gel filtration. Ion exchange was
first carried out on a Q-Sepharose column with a 0–500 mM NaCl
gradient, followed by the first mono-Q gradient: 0–300 mM NaCl. A
Superdex75 size exclusion column was run, with an earlier eluting peak
containing AgamOBP1 dimer and a later peak containing monomer. The
monomeric fraction was then further purified on a Mono-Q column,
with a 0–250 mM NaCl gradient, followed by a third Mono-Q column
eluted with 0–300 mM. The purest AgamOBP1 fractions were pooled,
desalted into water with a HiTrap column, and concentrated to 100
mg/ml in a Amicon 5 kDa cutoff concentrator. The mass of the protein
was confirmed through electrospray ionization mass spectroscopy. The
selenomethionine preparation was done similarly, except that the cultures
were inoculated into minimal media. After growing to log phase, tem-
perature was dropped to 15 �C. One hundred milligram per liter of
lysine, phenylalanine, and threonine, and 50 mg/L isoleucine, leucine,
and valine were added to suppress methionine biosynthesis. After
30 min., selenomethionine was added at 60 mg/L. Fifteen minutes after
adding selenomethionine, cells were induced with 0.24 mM IPTG and
induced overnight at 15 �C. Mass spectroscopy measurements on purified
SeMet AgamOBP1 indicated that all four methionines had been
completely replaced with selenomethionine.

Crystallization and data collection. Purified protein was concentrated to
100 mg/ml in deionized water. Crystals were formed by the hanging drop
method. One microliter of protein was mixed with 1 ll well buffer, con-
sisting of 32% PEG 8000, 250 mM MgCl2, 50 mM Tris–HCl, pH 8.0.
Crystals were harvested and cooled to 100 K using well buffer as a
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cryoprotectant. Data were collected at beamline 9–2 at the Stanford
Synchrotron Radiation Laboratory. Selenomethionine data were collected
to 2.0 Å at peak, inflection, and remote wavelengths. A native dataset was
collected to 1.5 Å at a wavelength of 0.88557 Å. Both datasets indicated
crystals in the P21 spacegroup. However, the native dataset had unit cell
dimensions of a = 30.1 Å, b = 68.2 Å, c = 61.5 Å, a = c = 90�, and
b = 99.77�, while the selenomethione dataset had unit cell dimensions of
a = 59.7 Å, b = 68.1 Å, c = 63.6 Å, a = c = 90�, and b = 109.6�. This
difference in unit cell dimensions did not seem to be due only to the
presence of selenomethionine, since some native crystals had the larger
unit cell as well.

Structure determination. Exhaustive efforts to phase a native dataset
by molecular replacement, using the programs EPMR [28], Phaser [29],
and Amore [30], with any of the four previously solved OBP structures
(alone or in combination) failed. Native data were integrated and scaled
using the program MOSFLM [31]. Data collected from selenomethio-
nine crystals were integrated using the program MOSFLM and then
scaling, and initial phase calculation was done using the program Solve,
yielding a figure of merit of 0.36 [32]. Phases were improved using
Resolve (figure of merit = 0.78) [32] which automatically built 223
alanine and glycine residues. The resulting density clearly showed four
molecules per asymmetric unit. The AgamOBP1 sequence was manually
built into the density of one molecule using the program O [33]. The
native dataset had two molecules per asymmetric unit and two molec-
ular replacement solutions for the native dataset were found by the
program Phaser using the monomer as a search model. The model was
refined by several rounds of simulated annealing followed by positional
refinement using the program CNS [34]. Final adjustments were done
manually, with water molecules added using CNS. One Mg2+ ion
(coordinating six water molecules) was clearly visible and modeled in.
Unexplained continuous electron density in the binding pocket was
interpreted as PEG and was modeled in by hand using the program O
and refined using positional refinement in CNS. PDB, topology, and
parameter files for PEG were generated by the PRODRG website [35].
The final structure consisted of residues 3–125 of each monomer, 431
water molecules, one Mg2+ ion, and one PEG molecule of 28 ethylene
glycol subunits. Ser117 from both chains A and B, as well as Glu43
and Met 89 from chain A, showed alternate conformations of side
chain atoms. In all five cases, each conformation was set to an occu-
pancy of 50% and refined. Ramachandran statistics were calculated
with the program Procheck [36]. Buried surface area was calculated
using the program CNS. RMS deviations were calculated with the
Table 1
Data collection and structure refinement statistics for AgamOBP1

Native SeMe

k1 (p

Data collection statistics

Wavelength (Å) 0.88557 0.979
Resolution (Å) (highest shell) 30–1.5 (1.54–1.50) 100–2
Reflections (observed/unique) 147,410/39,190 182,6
Completeness (%) 99.9 (100) 100 (1
I/r(I) 11.0 (3.1) 11.1 (
Rmerge 0.038 (0.133) 0.132

Refinement statistics

Resolution (Å) 30–1.5
Rcryst (%) 16.9
Rfree (%) 20.2
r.m.s.d. bond lengths (Å) 0.0098
r.m.s.d. bond angles (�) 1.51
Ramachandran plot
% in most favorable regions 92
% in allowed regions 8.0

Parentheses indicate values for the high resolution shell.
program LSQKAB [37]. All figures were generated using the program
PyMol (DeLano Scientific, LLC).

Protein extraction and mass spectroscopy analysis. A sample of the
same batch of protein used to make crystals was extracted by mixing
200 ll of 1 mg/ml aqueous solution of AgamOBP1 with 25 ll sodium
formate, pH 3, and 50 ll of distilled hexane. Control sample had double-
distilled water instead of the protein. Samples were vortexed for 30 s and
then centrifuged at 1240 · g for 7 min and analyzed by GC–MS.

Circular dichroism spectroscopy. Circular dichroism spectra were
obtained on a JASCO J-810 spectrophotometer essentially as described
previously [21]. Measurements were taken at pH 7.0 and pH 5.5, both
above the theoretical pI of 5.4.

Binding assay. Binding of 64 lM bombykol ((E,Z)-10,12-hexadecadie-
nol) to 100 lg/ml AgamOBP1 in either 100 mM ammonium acetate, pH 7,
or 100 mM sodium acetate, pH 5.0, was done as previously described [3].
Results

Overall structure

The structure of OBP from A. gambiae was determined
by X-ray diffraction to a resolution of 1.5 Å. Initial phases
were determined using a MAD dataset from crystals from a
seleno-methionine preparation of AgamOBP1. A crude ini-
tial model was built using these data, and this model was
then used to phase the native dataset. Electron density
for the protein was quite clear and produced a structure
with a final Rcryst of 16.9% and Rfree of 20.2% (Table 1).
The overall fold of six helices connected by loops and con-
taining a hydrophobic binding pocket is similar to seen in
five other OBPs whose structures have been determined.
The three conserved disulfide bonds are also present and
are structurally conserved (Fig. 1). Despite the similarity
of the overall fold, there were significant differences
between AgamOBP1 and the five other OBPs whose
three-dimensional structures have been determined. An
LSQKAB alignment using the alpha carbons of only the
t

eak) k2 (remote) k3 (inflection)

22 0.81914 0.97936
.0 (2.11–2.0) 100–2.0 (2.11–2.0) 100–2.0 (2.11–2.0)
73/32,651 183,843/32,640 182,906/32,649
00) 100 (100) 100 (100)
5.4) 12.7 (5.9) 11.9 (5.3)
(0.393) 0.120 (0.366) 0.131 (0.458)



Fig. 1. Three-dimensional structure of AgamOBP1. Stereo view of
AgamOBP1 dimer in cartoon representation. The N and C termini and
the six helices are labeled. In addition, the N-terminus is shown in blue, the
C-terminus in red, and the three disulfide linkages are orange stick
representations.
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74 residues of the 6 helices showed an RMSD from Aga-
mOBP1 of 4.2 Å for ApolPBP1, 2.4 Å for B. mori PBP,
2.3 Å for LmaPBP, 1.6 Å for LUSH, and 1.7 Å for
Amel-ASP1. Sequence conservation is very low between
AgamOBP1 and these other proteins ranging from 12%
to 24% identity. There were also significant differences in
the loops connecting these helices, but insertions and dele-
tions in these loops relative to AgamOBP1 made a mean-
ingful RMSD comparison of the loops in these six
structures difficult.

The pheromone binding protein from A. mellifera has
the closest primary sequence similarity to AgamOBP1.
However, both Drosophila melanogaster and A. gambiae
Fig. 2. Comparison of three related OBP structures. Stereo view of overlay of
and LUSH (yellow). Coloring of N and C termini and disulfides is the same a
belong to the order Diptera, and so are evolutionarily the
most closely related organisms among these six. In all three
of these most closely related structures, the C-terminal loop
makes up part of the wall of the binding pocket, with the
C-terminal residue abutting the first helix (Fig. 2). In Aga-
mOBP1, the C-terminal carboxylate oxygens are within
hydrogen bonding distance of the hydroxyl of Tyr54 and
of the d nitrogen of His23. This is in contrast to LmaPBP
and ApolPBP1 in which the C-terminal residues do not
touch the first helix at all, and to PBP from B. mori, in
which the C-terminal strand does make contact with the
first helix, but the C-terminal carboxylate is solvent
exposed and makes no contact with the first helix. The
N-terminal residues differ between these three most closely
related structures. In the case of LUSH, the N-terminal
amino acid is a part of the first helix. In Amel-ASP1, as
in AgamOBP1, there is an N-terminal loop leading into
the helix. In both cases, this loop contacts the C-terminal
loop that makes up part of the binding pocket wall. How-
ever, the N-terminal extension of AgamOBP1 is six resi-
dues longer than that of Amel-ASP1.

Dimer interface

Gel purified AgamOBP1 elutes from the column in two
peaks, which correspond to monomer and dimer fractions,
with the majority being in the monomer fraction. These
fractions interconvert over time (data not shown), and
the fraction that was used for these crystallization studies
was the monomeric fraction. Despite starting as a mono-
mer, the native protein crystals contained two protein mol-
ecules per asymmetric unit, and the selenomethionine
protein contained four. The dimeric interface of the native
protein is formed across the noncrystallographic twofold
axis and primarily engages the fourth and fifth helices,
and the loop that is C-terminal to the fifth helix. These con-
tacts bury 1212 Å2 of surface area. The non-polar side
chains making up the contact are Leu73, Leu96, and
Met89, as well as non-polar atoms in His72 and His90.
The remaining contacts are polar and involve the side
one dimer each of AgamOBP1 (salmon, as in Fig. 1), Amel-ASP1 (blue),
s in Fig. 1.



Fig. 3. AgamOBP1 binding pocket consists of a single, long tunnel
running through the dimer. (A) Cutaway view of a surface representation
of the AgamOBP1 dimer. Carbon atoms of monomer A are in magenta
and those of monomer B are in white. All oxygen atoms are in red and
nitrogen atoms in blue. PEG ligand was removed to generate the surface
representation. (B) An Fo–Fc map contoured at 3r phased without any
ligand modeled in. The map was contoured around the PEG model. One
PEG molecule (consisting of 28 ethylene glycol subunits) is shown passing
through one AgamOBP1 dimer. (C) Boxed area shown in (B) was rotated
approximately 180� and is shown closeup in stereo view with the final
refined 2Fo–Fc map. Hydrogen bonds involving the PEG molecule are
shown by red dotted lines.
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chains of Glu74, His77, Asp78, Lys93, Arg94, Leu96, and
Tyr97, and the main chain atoms of Leu73 and Leu96. The
large surface area of the interface suggests that the dimer is
not due strictly to crystal packing. However, the presence
of so few hydrophobic side chains in the interface (about
50% of the interface is due to hydrophobic atoms) suggests
that AgamOBP1 is more likely a monomer in vivo.

The LUSH crystal structures at pH 4.6 (with ethanol, n-
propanol, and n-butanol bound) show a dimer in the asym-
metric unit. This dimer buries an interface of 1280 Å2 [24].
Despite the structural similarities between LUSH and Aga-
mOBP1, the buried interfaces are in different locations,
with the LUSH interface being largely due to symmetrical
contacts between helices 1 and 2 of each molecule and the
AgamOBP1 interface being due largely to symmetrical con-
tacts between helices 4 and 5 of each molecule. The other
three structurally characterized OBPs all had either no
obvious dimeric interfaces or had only small surface areas
buried.

Binding pocket

The most unusual feature of AgamOBP1 relative to the
other five OBP structures is its binding pocket. Unlike the
other structures, which have a single entrance (though in
the case of B. mori PBP, it is not entirely clear how the
pheromone enters the protein) that opens up into a larger
binding pocket or are monomers, AgamOBP1 has one con-
tinuous channel running from one side of one molecule,
through the dimeric interface, and then out through the
second molecule of the dimer (Fig. 3A).

While solving the structure of AgamOBP1, it became
clear that there was unexplained density running through
the binding channel of the protein. Several possibilities
existed to account for this: (1) a water channel, (2) endog-
enous lipids from the bacterial expression host, and (3)
PEG from the crystallization conditions. Water is unlikely
because the 2Fo�Fc density is unbroken for a very large
distance (roughly 30 Å) through a hydrophobic tunnel
(Fig. 3B). To determine whether a host-derived compound
from the protein expression and purification were the
source of the density, protein from the batch used to form
the crystals was concentrated, extracted, and analyzed by
GC–MS. The only reasonably significant amount of con-
taminant found was of oleimide (amidated oleic acid) (data
not shown). This was found in low concentrations and
despite attempts to model it, it was not consistent with
the density. On the other hand, PEG was present at high
concentrations (well buffer contained 32% PEG 8K) and
a short PEG molecule fit the density very well (Fig. 3B).
Furthermore, PEG could be modeled so as to provide
polar contacts between the oxygen atoms in PEG and
ordered water near the opening of the binding pocket
(Fig. 3C). Oleimide could not be positioned so as to pro-
vide hydrogen bonding contacts with that water. Thus,
the high concentration of PEG in the crystallization condi-
tions, the ability to fit PEG into the electron density, and
the absence of other alternate ligands all lead to the conclu-
sion that PEG is highly likely to be the ligand, although it
is impossible to definitively exclude all other possibilities.

The surface of the binding pocket is largely hydropho-
bic. In fact, the PEG ligand makes only hydrophobic con-
tacts through the whole length of the dimer and makes
polar contacts with the protein only through ordered water
molecules, and even then, only in a limited number of plac-
es. Polar atoms from the side chains of Tyr10, Ser79,
His111, and Trp114 are exposed to the binding pocket in
AgamOBP1, as are Phe123 backbone carbonyl and
Val125 backbone nitrogen. The C-terminal carboxylate of



Fig. 4. AgamOBP1 undergoes a pH dependent conformational change
that is associated with loss of affinity for ligand. (A) CD spectrum of
AgamOBP1 in the absence of ligand at pH 7.0 and pH 5.5. (B) Bombykol
was incubated with AgamOBP1. Total bombykol still remaining after
filtration and wash is shown. Experiment was run at pH 7.0 (white) or pH
5.5 (black). A no protein control at pH 7.0 was also run (gray). There was
no bombykol on the filters in the no protein control. Previous experiments
have shown that binding of bombykol to filter is independent of pH [3].
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Val125 is within hydrogen bond distance of Tyr54, and this
hydrogen bond is exposed to the binding pocket solvent.

AgamOBP1 binding channel opens to the solvent
through a space created by helices one, three, and four.
This opening is bordered by residues Leu15, Ala18,
Leu22, Ala62, Val64, and Leu73. Binding pockets of
LUSH and Amel-ASP1 also open to solvent through a hole
formed by helices one, three and four. In all three cases,
residues from the first three turns of helix one, and from
the N-termini of helices three and four contribute to form-
ing the opening. In the case of LmaPBP, the opening is on
the opposite side of the molecule and is formed by residues
on helices 5 and 6, as well as on the loop between helices 3
and 4. With ApolPBP1, there are two openings, one
formed by helix 3 and the N-terminal ends of helices 4
and 6, and the other between helix 1a, the C-terminus of
helix 6, and the loop between helices 2 and 3.

The opening through the dimer interface is through a
hole between helices 4 and 5, and is not present in the open-
ing to solvent of any of the other structurally characterized
OBPs. Five residues line this opening: Leu73, His77,
Met89, Gly92, and Leu96. In the case of Amel-ASP1, side
chains of four of the five homologous residues block this
opening: Glu67, Leu71, Gln83, and Met86. AgamOBP1
Leu73 and His77 (homologous to Amel-ASP1 Glu67 and
Leu71, respectively) are in alternate rotomer conformation
relative to the Amel-ASP1 residues, which move them out
of the way of the opening. AgamOBP1 Met89 is in essen-
tially the same rotomer conformation as the homologous
residue in Amel-ASP1 (Gln83), but helix five, which con-
tains AgamOBP1 Met89 and Gly92, is shifted roughly
2 Å away from helix four in AgamOBP1 relative to
Amel-ASP1. Finally, in addition to being shifted approxi-
mately 2 Å, the Amel-ASP1 Met86 side-chain is missing
in the homologous residue of AgamOBP1 (Gly92).

pH dependent conformational changes and binding

Both B. mori PBP and ApolPBP1 undergo a pH depen-
dent conformational change that leads to release of phero-
mone [19,25,26]. We were therefore interested in
determining whether AgamOBP1 also undergoes pH
dependent changes. CD spectra (Fig. 4A) indicate that
AgamOBP1 does, in fact, show conformational changes
upon changing pH. We next examined the effect of pH
on the ability of AgamOBP1 to bind a ligand. Since the
native ligand of AgamOBP1 is unknown, an artificial
ligand was used. Bombykol was chosen because its long ali-
phatic chain was likely to fit in the long hydrophobic bind-
ing tunnel of the protein and also because previous studies
of bombykol binding to B. mori PBP made it a convenient
substitute ligand [3]. As seen in Fig. 4B, bombykol binds
with significantly lower affinity to AgamOBP1 at pH 5 than
at pH 7. This is reminiscent of the pH dependent binding of
bombykol to B. mori PBP, though the effect is more dra-
matic in B. mori PBP. In the case of B. mori, loss of ligand
binding at low pH is due to a conformational change in the
C-terminal extension. This extension forms a helix that
actually occupies the binding pocket of the protein. In
the case of AgamOBP, as with LUSH and Amel-ASP1,
the C-terminus is too short to form a helix that fits in the
binding pocket. However, the AgamOBP1 C-terminus does
form a wall of the binding pocket, and this wall is held in
place by hydrophobic and polar contacts with the N-termi-
nus and surrounding helices. The majority of the polar con-
tacts between the N and C-terminal loops are between
carboxylates and NH groups. For example, in addition to
the previously mentioned Tyr54, the C-terminal carboxyl-
ate of Val125 also interacts with the d nitrogen of His23,
and this interaction is exposed to bulk solvent. In addition,
there are three aspartic acid residues (Asp7, Asp42, and
Asp118) that interact with either arginine (Arg5 with
Asp7, and Arg6 with Asp42), histidine (His121 with
Asp118) or backbone nitrogen (Tyr10 with Asp7). We
expect that one or more of these interactions would be dis-
rupted at lower pH, causing these loops to separate. This
would leave the binding pocket open to solvent, significant-
ly decreasing the binding affinity of the protein for the
ligand.
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Discussion

The comparison of the six OBPs whose structures have
been solved suggests that three of them—LUSH, Amel-
ASP1, and AgamOBP1—belong to a structural subclass
of OBPs [17,18,23–25]. This subclass is distinguished from
other OBPs by having a C-terminus that forms a wall of the
binding pocket and abuts the N-terminal helix, and by
having an opening to the binding pocket that consists of
residues from the first three turns of the first helix and
the N-termini of the third and fourth helices. At least in
the case of AgamOBP1, the structure of the N and C termi-
ni may have implications for the functioning of the protein
(see below).

A significant difference among the six structures is the
presence or absence of a clear dimer interface. Despite
evidence that it forms a dimer under certain circumstanc-
es (including the pH 8.2 at which crystals form) [38], the
crystal structure of PBP from B. mori did not show a
clear dimer interface, having an interface that was either
far too small or non-symmetrical to be a true dimer [18].
On the other hand, both LUSH at pH 4.6 [24] and Aga-
mOBP1 form symmetrical dimers with over 1000 Å2 bur-
ied surface. However, the interfaces are not structurally
conserved. Thus, there does not appear to be any struc-
turally conserved mechanism by which OBPs form
dimers.

The most distinctive feature of AgamOBP1 is the very
long hydrophobic tunnel that goes through the dimer
interface and is open to solvent on both sides. Such a long
feature is surprising in an odorant binding protein, since
it can accommodate a chain of at least 40 PEG atoms
entirely within the protein cavity (Fig. 3). A fatty acid
or aliphatic hydrocarbon alcohol measuring a fraction
of this length would be too large to be significantly vola-
tile. Given the large percentage of polar contacts in the
interface, it is likely that the protein is largely a monomer
in the antennae. However, the actual concentration of
AgamOBP1 in vivo is unknown. If the concentration is
sufficiently high, then the protein may exist as a dimer
in the antennae. If this is so, it is possible that whatever
the ligand is that binds to AgamOBP1, it requires the fair-
ly straight binding pocket that is found running through
the dimer interface. In this model, the channel from the
bend or ‘‘elbow’’ of the channel to the solvent surface
would be unoccupied upon ligand binding, leaving only
the central portion of the molecule occupied. That is, if
the dimer interface is physiological, it might have evolved
to accommodate a ligand that binds best in an extended
conformation that is too long to fit in a single molecule
but not so long as to occupy the whole binding pocket.
An alternative hypothesis is that AgamOBP1 binds more
than one ligand and does so in different portions of the
molecule. Thus, for example, one ligand might bind near
the dimer interface while the other binds in the ‘‘elbow’’
(which is analogous to the binding pocket of the other
OBPs whose structures have been determined). The differ-
ent ligands could be bound at different times as the mos-
quito encounters different odorants or they could bind
simultaneously.

Previous work has demonstrated that B. mori PBP
undergoes a conformational change as pH goes from neu-
tral to low[19]. This change in pH causes the C-terminus
to form a helix that actually occupies the binding pocket
of the PBP, thus precluding binding of the pheromone
bombykol. It has been proposed that this has functional
significance for odorant sensing. The model is that bom-
bykol enters the sensillar lymph and is bound by PBP.
The complex of PBP and bombykol then diffuses to the
negatively charged sensory neuron surface. This negative
charge lowers the pH around the neuronal surface, which
has the odorant receptors. This lower pH causes a change
in PBP conformation that releases bombykol, thereby
delivering the pheromone to the receptor. Subsequent
OBP structures showed that the C-terminal tail long
enough to form a helix was not a feature shared by all
OBPs. This suggested, then, that this pH dependent bind-
ing and releasing was not a general feature of OBPs.
However, current data show that AgamOBP1, which also
lacks a C-terminal extension long enough to form a helix
that would displace a ligand, does undergo a pH depen-
dent conformational change (Fig. 4A). Furthermore, this
conformational change is associated with a decrease in
binding ability of the protein. This is consistent with
the structural features of AgamOBP1, which show that
the predominant polar interactions between the N- and
C-terminal loops involve interactions between carboxy-
lates and either asparagines, histidines, or main chain
amides. Such interactions are likely to be acid-labile due
to the protonation of the carboxylate in low pH. In this
case, rather than the C-terminus forming a helix to dis-
place ligand, the C-terminus might move out away from
the ligand, thus exposing it to bulk solvent and lowering
the affinity of the protein for the ligand. Thus, the crystal
structure itself, the CD data, and the binding data all sup-
port the concept that AgamOBP1, like B. mori PBP and
ApolPBP1, undergoes a pH dependent conformational
change that lowers affinity for the ligand. Since distantly
related OBPs have the same property, it seems likely that
this is a more general property of OBPs and is perhaps a
common mechanism of odorant delivery to odorant
receptors.
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