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Pheromone-binding proteins (PBPs) located in the antennae of male moth
species play an important role in olfaction. They are carrier proteins,
believed to transport volatile hydrophobic pheromone molecules across
the aqueous sensillar lymph to the membrane-bound G protein-coupled
olfactory receptor proteins. The roles of PBPs in molecular recognition
and the mechanisms of pheromone binding and release are poorly under-
stood. Here, we report the NMR structure of a PBP from the giant silk
moth Antheraea polyphemus. This is the first structure of a PBP with specific
acetate-binding function in vivo. The protein consists of nine a-helices: ala
(residues 2-5), alb (8-12), alc (16-23), a2 (27-34), a3a (46-52), a3b
(54-59), o4 (70-79), o5 (84-100) and o6 (107-125), held together by
three disulfide bridges: 19-54, 50-108 and 97-117. A large hydrophobic
cavity is located inside the protein, lined with side-chains from all nine
helices. The acetate-binding site is located at the narrow end of the cavity
formed by the helices a3b and a4. The pheromone can enter this cavity
through an opening between the helix ala, the C-terminal end of the
helix a6, and the loop between o2 and a3a. We suggest that Trp37 may
play an important role in the initial interaction with the ligand. Our
analysis also shows that Asn53 plays the key role in recognition of acetate
pheromones specifically, while Phel2, Phe36, Trp37, Phe76, and Phell8
are responsible for non-specific binding, and Leu8 and Ser9 may play a
role in ligand chain length recognition.
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Introduction

capable of perceiving airborne pheromone mol-
ecules released by the females and responding to

Olfaction is an extremely important process for a
large number of animals. Indeed, their survival
depends on the recognition and discrimination of
chemical signals from the environment. Some
insects, particularly Lepidoptera male moths, have
an exquisitely sensitive olfactory system that is

Abbreviations used: PBP, pheromone-binding protein;
GPCR, G protein-coupled receptor; OBP, odorant-
binding protein; GOBP, general OBP; ApolPBP, Antheraea
polyphemus PBP; HSQC, heteronuclear single quantum
coherence; NOE, nuclear Overhauser effect; IPTG,
isopropyl-B-D-thiogalactopyranoside; NOESY, NOE
spectroscopy; rms, root-mean-square; rmsd, rms
deviation.
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them over great distances.' They are capable of dis-
tinguishing between closely related pheromones of
different species. The organs responsible for
olfaction are the sensory hair (sensilla trichoidea)
on the surface of the moth’s antennae. Each
sensillum contains several dendrite endings of the
olfactory neurons surrounded by aqueous protein-
rich lymph. Lepidopteran pheromones are volatile
hydrophobic molecules, insoluble in aqueous
media. Upon entering the sensillum, the phero-
mone binds to a small water-soluble carrier
protein, pheromone-binding protein (PBP), which
transports it to the dendrite membrane. This is the
first step in a series of sequential events leading to
the activation of a G protein-coupled receptor
(GPCR) mediated signal transduction cascade in
olfaction.?

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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PBPs belong to a family of proteins called
odorant-binding proteins (OBPs). They are highly
soluble acidic proteins with molecular masses of
14-16 kDa. While PBPs are found in male moths
only, general odorant-binding proteins (GOBPs),
the other OBP subfamily, are found in both sexes.
GOBPs are believed to respond to a range of
volatile plant and food odorants.> The PBPs from
different moth species share over 50% sequence
identity and about 30% identity with GOBPs. All
insect OBPs have six strictly conserved cysteine
residues (Figure 1). The individual roles of each of
these proteins in olfaction are not well understood.
Since PBPs can bind pheromone molecules, it has
been proposed that they can either transport the
hydrophobic pheromone molecules through the
aqueous sensillar lymph to the membrane-bound
GPCR proteins,? or that they can remove the phero-
mones from the receptors,* or have a dual function.
It has been also shown that PBP—pheromone com-
plexes, rather than free pheromones, activate the
olfactory receptors.”> PBPs exhibit specificity in
binding their respective pheromones,®” although
they are sometimes capable of binding other simi-
lar molecules.®” It has been suggested that despite
their in vitro promiscuity, in vivo each PBP might
be tuned to interact with a specific pheromone in
a unique way.” "

The PBP of the giant silk moth Antheraea
polyphemus (ApolPBP) was the first PBP that was
identified by its pheromone binding capability."
This protein binds (6E,11Z)-hexadeca-6,11-dienyl-
1-acetate (Figure 2), the most abundant pheromone
for A. polyphemus. At present three different phero-
mone-binding proteins have been found in this
species”  (Figure 1). However, no three-
dimensional structure has been determined either
by X-ray crystallography or by NMR spectroscopy
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Figure 2. Chemical structure of the pheromone of
Antheraea  polyphemus, (6E,11Z)-hexadeca-6,11-dienyl-1-
acetate.

for any of these proteins. ApolPBP has over 50%
sequence identity with PBPs from other moth
species but differs in substrate specificity.**"

In order to address the questions of pheromone
recognition, specificity, and the mechanism of
acetate binding by proteins, we have initiated a
detailed structural study of the giant silk moth
A. polyphemus PBP. We observe a conformational
transition for this protein between pH 5.0 and
6.0." It has been reported that ApolPBP binds
pheromone only at pH above 6.0."° Here, we report
the first NMR structure of the pheromone-binding
conformation of ApolPBP determined at pH 6.3.
This structure reveals the details of the putative
acetate-binding site and provides sensible delinea-
tion of the roles of the residues involved in phero-
mone binding.

Results and Discussion

Despite over 50% sequence identity and six
strictly conserved cysteine residues, PBPs from
different moth species have different substrate
specificity. It is therefore of considerable interest
to investigate the three-dimensional structures of a
variety of PBPs in order to uncover structural and
conformational features responsible for pheromone
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Figure 1. Primary sequences of the PBPs of the moths Antheraea polyphemus (GenBank accession numbers X17559,
AJ277266, AJ277267), Bombyx mori (acc. no. X94987), Antheraea pernyi (acc. no. X96773), Heliothis virescens (acc. no.
X96861) Argyrotaenia velutinana (acc. no. AF177641), Ostrinia nubilalis (acc. no. AF133643), Choristoneura rosaceana (acc.
no. AF177652), Lymantria dispar (acc. no. AF007867). Conserved residues are shown on yellow background. Residues
expected to be involved in ligand binding are indicated with white letters on red background.
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binding. The solution structure of ApolPBP deter-
mined and analyzed here will aid in this endeavor.

NMR structure of ApolPBP

ApolPBP at pH 6.3 consists of nine a-helices
with residues 2-5 (ala), 8-12 (alb), 16-23 (alc),
27-34 (a2), 4652 (a3a), 54-59 (a3b), 70-79 (ad),
84-100 («5) and 107-125 (a6). The secondary
structure elements are shown in Figure 3. The C?
chemical shifts of all six cysteine residues are
equal to or larger than 35 ppm, confirming that
they are involved in disulfide bridges. The bridge
between Cys19 and Cys54 connects helices a2 and
a3b, the Cys50-Cys108 disulfide bridge connects
a3a and o5, and the helices o5 and a6 are linked
via Cys97 and Cys117. The helices are packed in a
roughly globular structure (residues 1-125) with
an unstructured C terminus (residues 126-142)
extending into the solvent and a large hydrophobic
cavity enclosed inside. Stereo views of the super-
position of 20 lowest energy structures and a
ribbon diagram of the overall structure are
displayed in Figure 4.

The ApolPBP primary sequence contains 17
aspartate, seven glutamate, 13 lysine, one arginine
and five histidine residues. Out of these 43 polar
amino acid residues, six are involved in the for-
mation of salt-bridges (Aspl06-Arg46, Glu22-
Lys58 and Glu98-Lys110), two are partially sol-
vent-accessible (His69 and Lys74) and the rest are
fully solvent-accessible, which accounts for the
protein’s high solubility. Closely packed helices
have a range of crossing angles: a4-a5 (35°), a5—
ab (62°), ada-ab6 (73°), a3a-a2 (55°), alc—a3b
(78°). The helix alb is connected to the loop
between a3a and a3b with a hydrogen bond, and

(a)

ala does not have close contacts with other helices
and exhibits increased flexibility as evidenced by
weak or missing nuclear Overhauser effect (NOE)
resonances.

The structure of the acetate-binding ApolPBP is
different from the structure of the alcohol-binding
PBP_ from Bombyx mori'® with an rmsd value of
4.6 A for the backbone atoms. In the case of
ApolPBP the third helix of the ideal hexahelical
fold is broken up into two helices: a3a and a3b,
with only one non-helical residue, Asn53, at the
junction. This feature plays an important role in
the ligand-binding site as discussed below. This
residue is involved in an N-capping interaction
accepting a hydrogen bond from the side-chain of
Thr57 to its carbonyl. The helix alc is tethered to
a3b by the Cys19-Cys54 disulfide bridge and a
Glu22-Lys58 salt-bridge. Glu22 and Lys58 are strictly
conserved through lepidopteran PBPs (Figure 1).
The side-chain of Ser9 from the helix alb forms a
hydrogen bond with the carbonyl of Ile52 from a3a.
These interactions lead to the kink of 61° between
a3a and a3b. This causes the arrangement of the
helices around a3 to be different from the ideal helix
packing, resulting in the split of the helix al into
three helices ala, alb and alc.

Several parts of the ApolPBP backbone exhibit
increased mobility as apparent from weak or miss-
ing NOE resonances resulting in large local rmsd
values in the ensemble of structures. The flexible
regions comprise helices ala and olb (residues
1-11), the loop between alc and «2 (residues
26-28), part of the loop between a2 and «3a
(residues 34-39), part of the helix a3b (residues
54-56), beginning of the loop between a3b and a4
(residues 60-64), and the beginning of the disor-
dered C terminus (residues 126—129).
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Figure 3. (a) Secondary structure of ApolPBP as predicted by CSI and (b) PsiCSI. Helical conformations are indicated
by negative bars, extended conformations by positive. (c) Summary of sequential NOE contacts. (d) Secondary
structure of ApolPBP as observed in the final set of energy-minimized conformations.
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Figure 4. Stereo views of the three-dimensional structures of ApolPBP. (a) Superposition of the 20 energy-minimized
and water-refined conformations of ApolPBP. Backbone of the residues 1-125 is shown in green and the disulfide
bridges are shown in yellow. (b) Ribbon drawing of one of the ApolPBP structures. Helices, N and C termini, and the

residues Asn53 and Trp37 are indicated.

Temperature and pH effect

In order to investigate the effect of temperature
and pH on the conformation of the protein, 2D
{®N,'H}-HSQC NMR spectra of ApolPBP were
recorded over the temperature range 5-40°C
(data not shown) and pH range 4-7 (Figure 5). No
significant differences were found in the spectra
collected at different temperatures, indicating
absence of major conformational changes or
denaturation. The heteronuclear single quantum
coherence (HSQC) spectra recorded at pH 4, 5, 6,
and 7 are displayed in Figure 5. As can be noted,
a significantly different pattern of resonances was
observed at pH 4 and 5, compared to pH 6 and 7.
Comparison of the resonance positions in the
spectra shows that only 27% of resonances are in
identical positions between pH 5 and 6, while 59%
are identical between pH 4 and 5 and 70% between

pH 6 and 7. This implies that different confor-
mations are predominant at pH 4 and pH 7, and
that a major conformational change occurs
between pH 5 and 6. The HSQC spectra at pH 6
and 7 are more dispersed than the spectra at pH 4
and 5, indicating a more structured conformation
at basic pH. This conformational change is not
confined to a few residues or the residues in the
binding cavity, rather an overall conformational
change involving most residues. This confor-
mational transition may explain the loss of phero-
mone binding ability observed for ApolPBP at
acidic pH."

Pheromone-binding cavity in ApolPBP
The structure of ApolPBP contains a large,

282(+40) A3 hydrophobic cavity (Figure 6(a)). This
cavity is lined by the side-chains of 29 residues:
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opening of approximately 15 A? between helix a3b
and the N-terminal ends of a4 and «6. Another
opening of approximately 20 A” is located between
helix ala, the C-terminal end of the helix a6 and
the loop between «2 and «3a.

Structure of the acetate-binding site

The three-dimensional structure of ApolPBP is
the first structure of a PBP with acetate binding
function. This allows for the first time a compari-
son with the alcohol-binding PBP from B. mori, for
which a recent ab initio study'” identified nine resi-
dues involved in direct interaction with the bound
pheromone. These are Leu8, Ser9, Phel2, Phe36,
Trp37, Ser56, Met61, Phe76, and Phell8. Of these
nine residues only two are not conserved in
ApolPBP, namely Ser56 and Met61, both of which
form the B.mori alcohol-binding site.'”"® In
ApolPBP positions 56 and 61 are occupied by
hydrophobic residues alanine and valine, respect-
ively. Interestingly, a comparison of the primary
sequences of this polypeptide chain (residues
56-61) among the PBPs from different moth
species (Figure 1) does not reveal any obvious
amino acid residues suited to distinguish the PBPs
that bind acetates from those that bind alcohols or
other types of pheromones. However, the region
encompassing residues 50—61 in the three-dimen-
sional structure of ApolPBP (Figure 6(b)) clearly
shows that the side-chain of Asn53 is located at
the end of the hydrophobic cavity and directed
towards the anticipated location of the bound
pheromone. Asparagine side-chains were shown
to form amide-carboxyl hydrogen bonds with
acetate ligands in such proteins as esterase-like
catalytic antibodies” and predicted to play this
role in muscarinic acetylcholine receptors.*>*! Con-
sidering this, and the fact that the Asn53 side-
chain amide is the only hydrogen bond donor at
the narrow end of the hydrophobic cavity of
ApolPBP (Figure 6a), we propose that Asn53 is
responsible for the interaction with the acetate
group of the pheromone. It should also be noted
that additional selectivity and stability of the
ApolPBP acetate-binding site may be caused by
CH/mw interaction” between the acetate methyl
protons and the phenyl ring of Phe76 suitably
located at the wall of the cavity between helices
a4 and a3b (Figure 6(b)). Since all the binding site
residues except those located in the stretch 53-61
are conserved between PBPs with different func-
tions, we further suggest that this region plays the
crucial role in the PBP substrate specificity by
recognizing the terminal polar group of the ligand.

Roles of the other amino acid residues
involved in ligand binding

The five aromatic residues Phel2, Phe36, Trp37,
Phe76, and Phell8 are strictly conserved through-
out all known lepidopteran PBPs and GOBPs with
Phe76 and Phel2 replaced by tyrosine in rare

cases. These residues are therefore most clearly
responsible for non-specific binding of a wide
range of unsaturated aliphatic odorant molecules.
In the solution structure of ApolPBP all these
aromatic residues are found inside the cavity with
the exception of Trp37, which is solvent-accessible
and forms a part of the mouth of the second, larger
opening. This, together with the fact that the
second opening is formed by the polypeptide
chains that exhibit considerable mobility (helix
ala, C-terminal end of helix a6 and the loop
between o2 and o3a) allows us to present a tenta-
tive pheromone-binding scenario. The unsaturated
aliphatic pheromone chain interacts with the
aromatic side-chain of Trp37 before entering the
internal cavity of the PBP through the opening
between ala, a6, and the a2-a3a loop, causing a
conformational change in the loop, that takes
Trp37 into the cavity. In fact, we observe the same
pattern in the alcohol-binding B. mori PBP where
Trp37 is found outside the cavity in the unliganded
protein'® but is located inside the cavity in the
complex,'”® which suggests that our mechanistic
proposal may be of general nature.

The two remaining residues expected to interact
with the ligand are Leu8 and Ser9. These residues
are not conserved among all PBPs. Leu8 is replaced
by methionine in several species and Ser9 is some-
times replaced by threonine or cysteine (Figure 1).
Comparison of the primary sequences of lepidop-
teran PBPs (Figure 1) shows that Leu8 and Ser9
are found in the PBPs from the moths A. polyphe-
mus, B. mori, Antheraea pernyi, and Heliothis vires-
cens. For these four species the most abundant
pheromones have 16-carbon chains. The residues
Met8 and Thr9 are found in the PBPs from the
moths Ostrinia nubilalis, Argyrotaenia velutinana
and Choristoneura rosaceana, and for these species
the most abundant pheromones have 14-carbon
chains. Given the fact that the side-chains of both
methionine and threonine are larger than those of
leucine and serine, these bulky side-chains may
restrict the available space for the pheromone in
the cavity, making it more favorable to have the
short 14-carbon chain pheromones in combination
with the longer side-chains and the long 16-carbon
chain pheromones with the shorter side-chains.
However, many moths use a mixture of phero-
mone compounds, often including both 16 and 14-
carbon chains, and therefore other combinations of
the residues are also found in positions 8 and 9.
Although it is likely that these two residues are
involved in pheromone chain length recognition,
more experimental data are clearly needed to clar-
ify their roles in detail.

Conclusion

Complete understanding of the chemistry and
function of the PBPs requires the combination of
many approaches. Here, NMR spectroscopy identi-
fied the physiological conformation of ApolPBP,
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which gave us a novel reasonable model for phero-
mone uptake and selective interaction with the
protein. Our study not only solves the first acet-
ate-binding PBP structure but also provides a fra-
mework for future investigation and analysis of
substrate recognition and specificity. The key
elements of the PBP structure identified in this
study are a step forward towards understanding
how acetate ligands interact with proteins. That,
in turn, will have a far-reaching impact on both
insect control, through pheromone-based inte-
grated pest management programs, and pharma-
cology, through design and development of novel
therapeutic drugs for Alzheimer’s disease and
other acetylcholine-related disorders.

Materials and Methods

Expression, purification, and refolding of ApolPBP

Recombinant ApolPBP was expressed in Escherichia
coli XA-90 cells using pHN1+ vector. Saturated over-
night LB-ampicillin culture was diluted (1:100, v/v) in
minimal medium containing 0.1% (w/v) "NH,Cl and
0.4%(w /v) D-["*C]glucose (Isotec) and grown at 37 °C to
an Ag nm Of 0.5-0.6. Expression was induced with 1 mM
IPTG and cells were harvested by centrifugation after
overnight incubation at 30 °C. The pellet was suspended
in B-PER (Pierce) bacterial protein extraction reagent
with lysozyme (100 pg/ml) and lysed with a French
Press. Inclusion bodies were collected by centrifugation
(14,000 rpm, 30 minutes), resuspended by sonication in
B-PER reagent with lysozyme (200 pg/ml) and pelleted
again (14,000 rpm, 30 minutes). This pellet was washed
by sonication in dilute B-PER reagent and centrifugation
three times, resulting in over 95% pure protein in the
inclusion body as assessed by SDS-PAGE. Refolding of
the protein into its native form was achieved by four
different refolding protocols: redox refolding,' refolding
using non-detergent sulfobetaines (NDSB,*”) refolding
using protein disulfide isomerase (PD]*) and refolding
by step dialysis, yielding active protein in all cases.
Refolded ApolPBP was purified by preparative isoelec-
tric focusing (IEF) using a Rotofor (Bio-Rad) apparatus
and gel-filtration on a Sephacryl 5-100 column (Amer-
sham Biosciences). Dynamic light-scattering and size-
exclusion chromatography measurements revealed that
ApolPBP was homogenous and monomeric at pH 6.3.
The refolded protein was found to be able to bind phero-
mone by photoaffinity labeling with a tritium-labeled
photoactivable diazoacetate pheromone analog' and
transfer NOE experiments.”

NMR experiments and data analysis

NMR samples contained ~1mM uniformly "N or
N /BC-labeled ApolPBP in 50 mM phosphate buffer
(pH 6.33), 1 mM EDTA, 0.1% (w/v) NaNj, 95% H,O and
5% 2H,O. All NMR data were collected on Bruker
DMX500, DMX600, and DRX800 spectrometers at 35 °C.
The following NMR experiments® were performed for
the purpose of sequential assignment, which we have
reported earlier,’* and structure analysis: 2D {®N,'H}-
HSQC, 2D {*C,'H}-HMQC, 3D HNCA, 3D HNCO, 3D
HNCACB, 3D CC(CO)NH, 3D HC(CC)(CO)NH, 3D
CBCA(CO)NH, 3D HCACO, 3D P N-edited and

BC-edited {'H,'H}-NOESY. The NOE spectra were
collected with mixing times of 110ms (**C-edited
NOESY) and 120 ms (**N-edited NOESY). The *C carrier
frequency was set to 63.5 ppm (*C-edited NOESY) and
the N carrier frequency was set to 117.2 ppm (*N-
edited NOESY). All NMR data were processed with
NMRPipe” and peak-picked interactively using
NMRView? resulting in 2682 NOE cross-peak intensities.
Secondary structure elements were found using the pro-
grams CSI* and PsiCSI*° based on the assigned chemical
shifts (Figure 3).

Structure calculation and analysis

The 2171 NOE cross-peaks were assigned manually
using NMRView. The assignments were confirmed and/
or corrected with CANDID,*® a module of CYANA,
using the standard protocol consisting of seven cycles of
iterative NOE assignments and structure determination.
A total of 243 dihedral angle restraints were derived
with the program TALOS® based on the ApolPBP pri-
mary sequence and chemical shifts. A total of 120 hydro-
gen bond distance restraints (two restraints per bond)
were derived from the CSI output by ARIA.* These
derived restraints were added to the CANDID restraints
for each iteration cycle. During the iterative NOE assign-
ments 419 NOEs were corrected, 66 were removed and
396 were added, yielding a final count of 2501 assigned
NOE cross-peaks (Table 1). The experimental upper dis-
tance restraints were derived from the intensities of the
assigned NOE signals with the program CYANA*
using two calibration functions: d ¢ for the backbone of
the residues 1-134 and d~* for the rest of the backbone
and for all side-chain resonances. The structure of
ApolPBP was calculated by torsion angle dynamics
simulated annealing as implemented in the program

Table 1. Restraints and structural statistics for ApolPBP

Property Value
Restraints

Total experimental distance restraints 2501
Intraresidue (Ii — jl = 0) 1552
Sequential (li —jl =1) 553
Medium range (2 < li — jl = 4) 258
Long range (li — jl = 5) 138
Dihedral angle restraints 243
Hydrogen bond distance restraints® 120
Residual restraints violations after simulated annealing

Distance restraint violations greater than 0.1 A 22*+2
Maximal distance restraint violation (A) 0.29
Dihedral angle restraint violations greater than 2.5° 17 + 4
Maximal dihedral angle violation (°) 5.27
rms deviations from the averaged coordinates (A)

Backbone of the regular secondary structure 0.73
All heavy atoms of the regular secondary structure 112
Backbone of the residues 1-125 0.85
All heavy atoms of the residues 1-125 1.25
Ramachandran plot statistics (%)

Most favored regions 823
Additionally allowed regions 16.1
Generously allowed regions 1.0
Disallowed regions® 0.6

? Two distance restraints per bond.
' All residues found in the disallowed regions belong to the
flexibly disordered C terminus.
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CYANA. The length of the annealing procedure was
increased to 16,000 steps and the starting temperature
was set to 20 target function units per degree of freedom.
The calculation was started with 200 randomized confor-
mers and the 50 best calculated CYANA structures were
used to review and correct the TALOS and CSI-predicted
restraints. The structure calculation was repeated and the
50 best structures were energy-minimized in a thin layer
of water using the protocol implemented in ARIA.** The
20 structures with the lowest potential energy and the
best Ramachandran plot scores (Figure 4(a)) were
selected for further analysis.

Statistics and visualization

Visualization, root-mean-square distance, hydrogen
bond and helix packing angle calculations were per-
formed with the program MOLMOL.** Ramachandran
plot statistics were calculated by PROCHECK.” The
internal cavity was analyzed with the program
VOIDOO,*® and visualized with RIBBONS.*

PDB and BMRB accession codes

The atomic coordinates have been deposited in
the Protein Data Bankf (accession code 1QWYV). The
assigned chemical shifts have been deposited in the
BioMagResBank: (accession code 5689).
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