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1 | INTRODUCTION

Abstract

Ostrinia furnacalis is an invasive lepidopteran agricultural pest that relies on
olfaction for mating and reproduction. Male moths have an extremely sensitive
olfactory system that can detect the sex pheromones emitted by females over a
great distance. Pheromone-binding proteins present in the male moth antenna
play a key role in the pheromone uptake, transport, and release at the den-
dritic membrane of the olfactory neuron. Here, we report the first high-
resolution NMR structure of a pheromone-binding protein from an Ostrinia
species at pH 6.5. The core of the Ostrinia furnacalis PBP2 (OfurPBP2) consists
of six helices, ala (2-14), alb (16-22), a2 (27-37), a3 (46-60), a4 (70-80), oS5
(84-100), and a6 (107-124) surrounding a large hydrophobic pocket. The struc-
ture is stabilized by three disulfide bridges, 19-54, 50-108, and 97-117. In con-
trast to the unstructured C-terminus of other lepidopteran PBPs, the C-
terminus of OfurPBP2 folds into an a-helix («7) at pH 6.5. The protein has
nanomolar affinity towards both pheromone isomers. Molecular docking of
both pheromones, E-12 and Z-12-tetradecenyl acetate, to OfurPBP2 revealed
that the residues Met5, Lys6, Met8, Thr9, Phel2, Phe36, Trp37, Phe76, Ser115,
Phel18, Lys119, Ile122, His123, and Alal28 interact with both isomers, while
Thr9 formed a hydrogen bond with the acetate head group. NMR structure
and thermal unfolding studies with CD suggest that ligand release at pH 4.5 is
likely due to the partial unfolding of the protein.
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insect olfaction, NMR structure, NOE, Ostrinia furnacalis, pheromone-binding
proteins (PBPs)

Lepidopteran moths rely on their olfactory system for the
detection of minute quantities of sex pheromones over

Olfaction provides a vital means of perception and com-
munication in animals. Indeed, many animals employ
this sensory system to locate food sources, avoid preda-
tors, identify mates, and promote reproduction.

Salik R. Dahal and Jacob L. Lewellen equally contribited to this work.

long distances. The sex pheromones secreted by the
females initiate the mating process in moths." Male
antennae detect these pheromones with remarkable spec-
ificity.> Male antennae is covered with many sensory
hairs and each sensory hair contains numerous pores.
When the hydrophobic pheromones diffuse through
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these olfactory pores, pheromone-binding proteins
(PBPs) present in high concentration in sensillar lymph
of male moth antennae bind and transport them to the
olfactory receptor neuron (ORN).’

Many lepidopterans are aggressive agricultural pests,
costing billions of dollars annually.*> The Asian corn
borer (Ostrinia furnacalis Guenée) is a highly destructive
polyphagous pest, widespread throughout Asia,
Australia, and Oceania. O. furnacalis is difficult to control
with broad-spectrum insecticides and is becoming resis-
tant to common control measures.® Disrupting the mat-
ing process via inhibition of pheromone detection offers
an alternative strategy for biorational control.

Lepidopteran PBPs are small acidic proteins com-
posed of 130-150 amino acids with molecular weights of
13-20 kDa. These water-soluble proteins are composed of
six or seven helices surrounding a hydrophobic binding
pocket. Although these proteins have over 50% sequence
identity and six strictly conserved cysteines that form
disulfide bonds’ (Figure 1), the chemical structure of
their substrates are quite different. Of the five reported
O. furnacalis PBPs (OfurPBPs), only OfurPBP2 and
OfurPBP3 have male-biased expression and are involved
in sex pheromone detection.*® However, O. furnacalis is
unique within Ostrinia since it has evolved to use a blend
of E-12 and Z-12-tetradecenyl acetate (E-12- and Z-12-14:
OAc) pheromones as opposed to E-11 and Z-

11-tetradecenyl acetate (E-11- and Z-11-14: OAc) used by
the remaining species of the genus.®'*'"'*!3 This subtle
change in the pheromone structure may correspond to
distinct structural features in OfurPBP2. OfurPBP2 shares
about 50% sequence identity to well-studied lepidopteran
PBPs and retains six strictly conserved cysteine resi-
dues.'*'>'® Despite high sequence similarity to other
well-studied lepidopteran PBPs,'*'>!® OfurPBP2 has
remarkable differences in both biological gates
(Figure 1).>'7'* Specifically, His70, which forms the
histidine-gate with His95, is replaced by an arginine in
OfurPBP2. Moreover, the C-terminal gate contains four
additional charged residues, unlike other well-
characterized lepidopteran PBPs'®'®'® (Figure 1). These
two gates have been reported to be critical for ligand-
binding at higher pH and release at lower pH.’>*' It has
been shown for Anthereae polyphemus PBP1 (ApolPBP1),
Bombyx mori PBP (BmorPBP), and Amyelois transitella
PBP1 (AtraPBP1) that these proteins bind ligand at pH
above 6.0 in PBP® conformation (open or bound form)
and release it at pH 4.5 while undergoing a pH-driven
conformational switch to PBP* (closed or free form).?%*!
In these proteins, the C-terminal gate is opened at pH
above 6.0 with the unstructured C-terminus exposed to
the solvent in the PBP® conformation, allowing the
ligand to enter the binding pocket. However, at acidic
pH, the newly formed C-terminal helix occupies the

OfurPBP2 SQAVMKDMTKNFIKAYEVCAKEYNLPEAAGAEVMNFWKEGYVL-TSREAGCAILCLSSKL 59
ApolPBP1l SPEIMKNLSNNFGKAMDQCKDELSLPDSVVADLYNFWKDDYVM-TDRLAGCAINCLATKL 59
BmorPBP SQEVMKNLSLNFGKALDECKKEMTLTDAINEDFYNFWKEGYEI-KNRETGCAIMCLSTKL 59
AtraPBPl SPEIMKDLSINFGKALDTCKKELDLPDSINEDFYKFWKEDYEI-TNRLTGCAIKCLSEKL 59
BmorGOBP2 TAEVMSHVTAHFGKTLEECREESGLSVDILDEFKHFWSDDFDV-VHRELGCAIICMSNKF 59
LUSHOBP --MTMEQFLTSLDMIRSGCAPKFKLKTE---DLDRLRVGDFNFPPSQDLMCYTKCVSLMA 59
OfurPBP2 GNTVE FAKQHGSDDAMAIQLVD I CEKSVPPNEDNCLMALGISMCFK 119
ApolPBP1l GNAKDFAMKHGADETMAQQLVDIIHGCEKSAPPNDDKCMKTIDVAMCFK 119
BmorPBP GNAMEFAKKHGADETMAQQLIDIVEGCEKSTPANDDKCIWTLGVATCFK 119
AtraPBP1l GNAREFAMKHGADDAMAKQLVDLIBGCEKSIPPNDDRCMEVLSIAMCFK 119
BmorGOBP2 EYIKGFPNGQVLAEKMVKLIBNCEKQFDTETDDCTRVVKVAACFK 114
LUSHOBP GTVNKKGEFNAPKALAQL-PHLVPPEMMEMSRKSVEACRDTHKQFKESCERVYQTAKCFS 114
OfurPBP2 TEIHKLNWAPDHELLLEEMMAEMKQ 144
ApolPBP1 KEITHKLNWVPNMDLVIGEVLAEV-- 142
BmorPBP AEIHKLNWAPSMDVAVGEILAEV-- 142
AtraPBPl KEIHNLKWAPNMEVVVGEVLAEV-- 142
BmorGOBP2 KDSRKEGIAPEVAMIEAVIEKY--- 141
LUSHOBP ENADGQFMWP——============= 124
FIGURE 1 Primary sequences of the PBPs of the moths: Ostrinia furnacalis (Acc. Num. LC027679), Antheraea polyphemus (Acc. Num.

X17559), Bombyx mori (Acc. Num. X94987), Amyelois transitella (Acc. Num. GQ433364), Bombyx mori GOBP2 (Acc. Num. X94989), and
LUSH OBP (Acc. Num. AF001621), conserved cysteines are shown in red, histidine gate residues (His70 and His95) are highlighted in red
background. The C-terminal gate is shown in the yellow background, with charged residues highlighted in red
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pocket, causing the dissociation and release of the ligand
through the opened histidine gate in the PBP* conforma-
tion.! To understand the impact of histidine and C-
terminal gate substitutions on OfurPBP2 structure and
function, a detailed investigation was carried out. Here,
we report the high-resolution structure and functional
characterization of OfurPBP2 using circular dichroism
(CD), fluorescence, nuclear magnetic resonance (NMR),
and computational techniques. Surprisingly, the
OfurPBP2 C-terminus at pH 6.5 forms a well-structured
helix outside the hydrophobic pocket, in stark contrast to
the wunstructured C-terminus previously observed
in lepidopteran PBPs.'®'®?*23 Docking studies provided
important insight into the similarities and differences in
the binding interactions of the protein to both phero-
mone isomers.

2 | RESULTS

2.1 | Pheromone-binding affinity
Recombinant OfurPBP2 for the binding assay was
expressed in bacteria and purified following the previ-
ously reported method.'*!” Delipidation was carried out
to remove the lipid bound to the protein from the bacte-
rial cells.”’** The successful delipidation of OfurPBP2
was verified by 2D {'H, "N} HSQC (Figure S1).

OfurPBP2 affinities to both E and Z pheromone iso-
mers (E12-14: OAc and Z12-14: OAc) were determined by
competitively displacing the N-phenyl-1-naphthylamine
(NPN) fluorescent probe from the OfurPBP2:NPN complex
at both pH 6.5 and 4.5 using fluorescence-based binding
assays. At pH 6.5, the dissociation constants (K;) obtained
were 47.3 and 33.5 nM for E12-14: OAc and Z12-14: OAc,
respectively (Figure 2). However, at pH 4.5, the dissocia-
tion constants could not be determined as the pheromones
were unable to displace the NPN from the OfurPBP2:NPN
complex (Figure S2).

2.2 | Thermal unfolding of OfurPBP2

To study the thermal unfolding of the OfurPBP2, the
temperature dependence of the CD signal in the far UV
region was used. Thermal unfolding of OfurPBP2 at pH
6.5 and 4.5 was monitored at 222 nm, as shown in
Figure 3, Figures S3 and S4. The melting temperature
(Ty,) was found to be 87 and 90°C at pH 4.5 and pH 6.5,
respectively. The thermodynamic parameters of unfold-
ing were calculated from the data. The AGunfoiding Of the
protein at pH 6.5 and pH 4.5 were 47.1 +1.9 and
32.3 + 0.8 kJ/mol, respectively.

B ey WILEY-L 2o

2.3 | NMR structure determination

In OfurPBP2, 97% of backbone and 88% of side-chain reso-
nances were assigned using various 3D NMR experiments
as reported previously.'” Analysis of the NOESY data
showed strong sequential d,s NOEs for all proline residues
in OfurPBP2. The '*Cy chemical shifts of all six cysteine
were identified by NOE patterns. The characteristic
downfield-shifted '°Cy chemical shifts indicated that all
cysteines are in the oxidized form.*® The three-
dimensional structure of OfurPBP2 was determined using
NOEs, dihedral angles, and hydrogen bonds as restraints.
The structure obtained has a resolution of 1.5 A with root
mean square deviations (rmsd) of 0.48 and 1.1 A for back-
bone and heavy atoms, respectively. Table 1 summarizes

® 1.0 1 n (E)-12-tetradecenyl acetate
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FIGURE 2 Competitive binding of pheromones (Z12-14: OAc

and E12-14: OAc) with NPN. The error bar indicates the standard
deviations. The emission spectra were collected in the range of 370-
600 nm upon excitation at 337 nm. Quenching in the NPN
fluorescence was monitored at 420 nm. The plot was fitted using
non-linear fitting module of Origin 2019 as described under
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FIGURE 3

function of temperature determined using the dichroic activity at
222 nm. (m) represent pH 6.5. ((]) represent pH 4.5

Plot of the fraction of unfolded protein as a

9SUAIIT suowwo)) danear) a[qedrjdde ay) Aq pautaA0d ale sa[oNIR YO SN JO SA[NI 10] AIRIQIT UIUQ AJ[IA\ UO (SUOIIPUOI-PUEB-SULId)/WO0d"ASIM" ATRIqI[aul[uo//:sdny) suonipuo) pue swia ], ay) 33§ [7z07/11/#0] uo A1eiqry autjuQ Aa[ip ‘Aisiaatupn ajelg ewoyepQ Aq 8¢ 01d/z001°01/10p/wod Kapim  Areiqijaurjuo//:sdny woiy papeofumo( ‘01 ‘7207 X96869¥% 1



DAHAL ET AL.

4of13 PROTEIN
sore | WILE Y4 oy

TABLE 1 Restraints and structural statistics for OfurPBP2
Properties Values
Restraints

Total experimental distance restraints 2,557
Sequential li — jl <1 1,314
Mediumrange1 <1li —jl <5 841
Long range li —jl > 5 402
Dihedral angle restraints (@ and ¥) 260
Hydrogen bond distance restraints 80

Residual restraint violations after simulated
annealing

Distance restraint violation greater than 0.01 A 6.0
Maximum distance restraint violation (A) 0.33
Dihedral angle restraint violations 0.0

RMSD of backbone atoms from ideal geometry

Bond length (&) 0.009
Bond angles (°) 1.5°
RMS deviations from the averaged coordinates A)
Backbone of the residues 1-130 0.48
All heavy atoms of the residues 1-130 1.10
Residual target function value (A?) 2.92
Total energy (kJ/mol) —18,360.68
Ramachandran plot statistics (%)
Most favored regions 97.7
Additionally allowed regions 2.3
Generously allowed regions 0.0
Disallowed regions 0.0

the structural statistics of the 20 lowest energy conformers.
The three-dimensional structures of OfurPBP2 have been
deposited in the RCSB Protein Data Bank (7U06).

The strong and the medium-range NOE connectivity
indicates the presence of seven helices, with the C-
terminal helix, a7, formed by the polypeptide segment
131-143. Lack of long-range NOEs, from Hisl31 to
GIn144 implies a flexible C-terminus; however, several
dun (G 04 2), den (0, 1+ 2), don (G, © + 4), and dog (,
i + 3) NOEs in this region confirm an o-helical structure
(Figure S5). Furthermore, the Lys38-Ser45 segment has
few medium-range NOEs, and no long-range NOEs,
which indicates an unstructured region.

2.4 | Overall structure of OfurPBP2 at

pH 6.5

At pH 6.5, the OfurPBP2 core structure consists of six
o-helices with residues 2-14 (ala), 16-22(alb), 27-37

B-strands

B-strands

FIGURE 4 Stereo views of the three-dimensional structures of
OfurPBP2. (A) Superposition of the 20 energy-minimized and
water-refined conformations of OfurPBP2. Backbone residues are
shown as red, and disulfide bonds are shown in green. (B) Ribbon
drawing of one of the OfurPBP2 structures, where disulfide bonds
are highlighted in cyan. The beta-flap is pointed by the arrow. The
figure was prepared using Pymol

(a2), 46-60 (x3), 70-80 (0d), 84-100 (a5), and 107-124
(a6). The C-terminus of the protein forms the seventh
helix consisting of residues 131-143 («7). The loops con-
necting the helices are named L1, L2, L3, and so on. L1
connects helices between aland o2 and so on. All the
seven helices of OfurPBP2 have C-capping hydrogen
bond interactions. In addition, the a6 contains both C-
capping and N-capping hydrogen bond interactions.
These capping interactions play a central role in the sta-
bilization of helices.

The protein is globular with approximate dimensions
of (33 x 39 x 53) A. Three disulfide bonds stabilize the
helices and maintain the overall architecture of the pro-
tein. The six cysteine residues are conserved throughout
the PBPs and form three disulfide bridges. The ol, a3,
and o6 helices are anchored by two disulfide bonds
between Cys19-Cys54 and Cys50-Cys108. Similarly, the
third disulfide bond, Cys-97-Cys-117, connects a5 and
a6, providing structural rigidity to the protein. A large
hydrophobic cavity is formed by the six helices encom-
passing residues 1-130. Stereo views of the superposition
of 20 lowest energy-minimized structures and a ribbon
diagram of the overall structure are shown (Figure 4).
The N-terminal segment (3-22) forms an amphipathic
helix (Figure 4, Figure S6A) but has slight distortion in
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FIGURE 5 The three-dimensional structures of OfurPBP2.
(A) Pheromone binding cavity of OfurPBP2; the surface of the
hydrophobic cavity is shown in yellow. (B) The position of p-flap
region of ofurPBP2 (shown in red) relative to the hydrophobic
cavity

the middle (at Tyrl6) similar to AtraPBP1** and
BmorPBP.*® The most interesting and prominent feature
in the OfurPBP2 structure is its C-terminus (131-143)
with well-defined sequential dyy (i, i + 1) NOEs
(Figure S5) forms an amphipathic helix (Figure S6B).
This C-terminal helix shows no long-range NOEs to the
core of the protein, thus located outside the hydrophobic
pocket exposed to the solvent (Figure 5).

The helices in the core of the protein are packed
closely with the crossing angles of 34° between alb-a2,
88°(a2-a3), 102°(a3-a4), 122°(ad-a5), and 126°(a5-ab).
The al helix is slightly distorted at 27° (ala-alb), likely
due to the Cys19-Cys54 disulfide bridge that pulls the
olb helix towards a3. Residues Thr73, Val74, and Ala77
of a4 and Ala87, Leu90, and Val91 of a5 pack in a knobs-
into-holes manner, while residues Ile93, Val94, and
Cys97 of a5 and Cys117, Phell8, and Glul2l of a6 are
packed in ridges-into-grooves fashion (Figure S6C,D).
These residues are well-conserved in lepidopteran PBPs,
including BmorPBP.*® Helices ol and a3 pack at an angle
of 95° through hydrophobic interactions between Tyr16,
Cys19, Alal5 of ol and Cys54, Ala51, and Leu55 of o3.
There is also an electrostatic interaction between Glu22
(a1) and Lys58 (a3). The a2 and a3 helices pack at 88°
and form a tiny hydrophobic core along with residues
from ol. Residues involved in the formation of this core
are Tyrl6 and Cys19 from helix al, Val33 from a2, and
Ala48, Alas1, Ile52, and Leu55 from 3. Helices a3 and
a6 cross at 85° with residues Gly49, Ile52, Leu53 of o3
having hydrophobic interactions with Cys108 and Alal11l
of a6. The sidechain of Lys119 of a6 forms the cation-x
interaction with the aromatic ring of the Phe36, the ter-
minal residue of the a2, which provides additional stabil-
ity to the core structure.

The primary sequence of OfurPBP2 contains 7 aspar-
tates, 15 glutamates, 11 lysine, 2 arginine, and 6 histidine
residues. Of these charged residues, three pairs are

involved in the formation of the salt bridges:
Glu22-Lys58, Arg46-Aspl06, and Asp84-Lys78. The salt
bridges, Glu22-Lys58 and Arg46-Aspl06, are common for
both OfurPBP2 and ApolPBP1.'® Two amino acids,
His123 and Lys119 are partially solvent accessible, while
the remaining are found at the surface of the protein and
are fully solvent-accessible, which accounts for the high
solubility of the protein in water. The activities of many
proteins are modulated by pH through the protonation
and deprotonation of the histidine sidechain.*’ The histi-
dine acts as a general acid-base by either donating or
accepting a proton. There are two hydrogen bonds
between Asp63-His69 and Asp92-His88 that keep the
imidazole ring in a fixed orientation.

The hydrophobic cavity is lined with several aromatic
residues including Phel2, Phe36, Trp37, Phe76, Phells,
and Trp127, which are highly conserved among lepidop-
teran PBPs. The aromatic ring of the Phe76 is orthogonal
to Phel2. Moreover, Phel2 and Phell8 are sandwiched,
forming a strong z-z interaction. These residues in the
pocket are responsible for nonspecific binding. The Trp37
and Lys6 are solvent accessible and strictly conserved in
Lepidopteran PBP; both of these residues form the open-
ing of one end of the hydrophobic cavity.

Residues 61-69 (L3) connecting 3 and a4 form a f
flap. L3 closely resembles a flap projecting over one of the
openings of the hydrophobic pocket (Figure 6). This flap is
flexible and allows for hinge-like motion, which may be
responsible for the hydrophobic specificity. L3 has three
distinct regions: residues 62-63 are in a p-strand conforma-
tion, residues 64-66 form a turn, and residues 67-68 are
again in a p-strand conformation. The antiparallel f-strand
conformation is stabilized by three hydrogen bonds: Gly66
HY-Asp63 O, Asp63 O-Glu65 HY, and Asp63 HN-Thr67
O. Furthermore, the sidechain of Thr67 and the main
chain NH of Asp63 interact to enforce this conformation.
This antiparallel B-strand conformation in L3 encompass-
ing residues 61-69 is reminiscent of BmorPBP complex.’

The flap residues together with His69, Arg70, His88,
and His95 may play a major role in controlling the open-
ing and closing of the pocket. These residues are con-
served throughout the PBPs except Arg70, which is a
His70 in many well-studied lepidopteran species.'**°
Furthermore, these flap residues may play a role in
ligand recognition and facilitate ligand entry or exit into
or out of the pocket.

2.5 | The binding pocket of OfurPBP2

The OfurPBP2 has a large horseshoe-shaped hydrophobic
cavity (Figure 5). The mouth of the cavity formed by the
a3 helix, loop L3, and the N-terminus of a6 helix opens
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f
Hydrophobic /‘

FIGURE 6
pB-flap covering the binding pocket.
Residues Asp63, Glu65, Gly66, Thr67,
and His69 that form hydrogen bonds are
shown by dashed lines. The figure was

Close-up view of the

prepared using VMD
(A) LySG (B) A128 lle122 FIGURE 7 The view of interactions
E»m of amino acid sidechains in the binding
MetS g Lys119 Phe76 Lys6 pocket of OfurPBP2 with pheromone
%'His1 23 DS CZ""‘(‘\ %His1 23 isomers. (A) The amino acids interacting
with E-12-tetradecenyl acetate

Phe36 még
Trp37'%

Ser1 15":%

3 ;:”‘61
[ 208 %Phe76

c12@

Lys1 1;%
Trp3w%

@:-C14
pheromone (B) The amino acids
interacting with Z-12-tetradecenyl

i Met5

o7 acetate pheromone. The hydrogen bond

iph 118 between the Thr9 sidechain and the
c4
3

acetate group of the pheromone is

02 ) ‘ - shown in dotted line. The figure was
Phe36'% o %A1 28 c ' 3°° - 121 prepared using Ligplot
(o) S N
Met\g% ?‘u”/ Thro o1 o2 i‘“ Met8
Phe12 R
Phe12
into a buried pocket. The lip of this pocket is elliptical with 2.6 | Molecular docking

dimensions of 12 A by 6 A and is composed of mostly
hydrophobic residues from L3 (Leu62, Gly66, and Leu68),
o6 (Metl10, Alalll, and Ilel14), a3 (Leu53 and Ser56),
and o5 (Val94). The other end of the pocket lies in the
interface of L2, a1, and a2 helices. The pocket is lined with
the following residues: Met5, Lys6, Met8, Thr9, Phel2,
and Ile13 of o1, Glu 32, Val33, Phe36, and Trp37 of o2,
Ala 48, Tle52, Ser56 of a3, Leu61, Leu62, Thr67, and Leu68
of L3, Asn72, Thr73, Phe76, and Ala77 of a4, Leu90, and
Val94 of a5, and Alalll, Leull2, Ile114, Serl15, Phells,
and Lys119 of a6, and Ala128 from Lé6.

There are two openings to the hydrophobic pocket of
OfurPBP2: (i) the flexible flap (61-69), Arg70, and the
His88 situated at one end of the cavity (ii) the C-terminal
amphipathic helix (His131-Lys143) at the other end
(Figure S6B). The C-terminal helix is 18.7 A long; it is
composed of six charged residues that include five nega-
tively charged residues (Asp130, Glul32, Glul36, Glul37,
and Glul41) and one positively charged residue at pH 6.5
(Lys143). The charged residues lie on the same face of the
helix, giving it an amphipathic character (Figure S6B).

The molecular docking studies of OfurPBP2 with each
pheromone isomer suggests that, in the lowest energy
docking pose, both tpheromones assume a U-shape to be
accommodated in the pocket. The E-isomer interacts
with Met5, Lys6, Met8, Thr9, Phel2, Phe36, Trp37,
Phe76, Serll5, Phell8, Lys119, Ile122, His123, and
Alal28 while the Z-isomer interacts with Met5, Lys6,
Met8, Thr9, Phel2, Phe36, Trp37, Phe76, Phell8, Lys119,
Ile122, and Alal28. These poses predict that the side-
chain of Thr9 forms a hydrogen bond with the acetate
group of the ligand with an O-O the distance of 2.94 A
(E) and 3.00 A (Z) (Figure 7).

3 | DISCUSSION

The 3D structure of OfurPBP2 (Figure 4) reported here is
the first high-resolution PBP structure in an Ostrinia spe-
cies. The structure of OfurPBP2 at pH 6.5 has distinct
structural features compared to other well-studied
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lepidopteran PBPs.'®**?® The core of the protein has a
similar architecture to that of ApolPBP1,'° BmorPBP,*®
and AtraPBP1*® with an rmsd of 4.29, 1.95, and 1.86,
respectively. However, the C-terminus of OfurPBP2
forms an amphipathic helix in contrast to ApolPBP1,'
BmorPBP,*® and AtraPBP1.>* Surprisingly, Bombyx mori
general odorant-binding protein 2 (BmorGOBP2)*® has a
long amphipathic C-terminal o-helix similar to
OfurPBP2, although these two proteins have only 29%
sequence identity.

In many lepidopteran PBPs, including ApolPBP1,
BmorPBP, and Atra PBP1, His70 and His95 are strictly
conserved and act as a pH-dependent molecular switch
that in part regulates the characteristic conformational
change associated with ligand binding and release.
Although OfurPBP2 has about 50% sequence identity with
ApolPBP1,'® BmorPBP,*® and AtraPBP1*® including six
strictly conserved cysteine residues, there are major differ-
ences in the two biological gates (Figure 1). In ApolPBP1,
BmorPBP, and AtraPBP1, the two biological gates are:
(i) histidine gate composed of His70 and His95 (ii) C-
terminal gate encompassing residues Pro129-Val142.*°
These two gates have been implicated in ligand-binding
and release mechanisms.?>*' However, the His70 in the
histidine gate is substituted with an Arg in OfurPBP2. In
fact, there are several lepidopteran odorant binding pro-
teins (OBPs) that have His70 substituted with either an
arginine (Helicoverpa armigera OBP15* and Papilio
xuthus GOBP*) or with a lysine (Maruca vitrata PBP2*!
and Conogethes punctiferalis PBP1).*> Furthermore, in
OfurPBP2 there is a His88 residue in a5 helix that is not
present in the other PBPs.'***?° In OfurPBP2 NMR struc-
ture, Arg70, His88, and His95 are located close to the base
of the flap. The distance between Arg70 and His88 is about
43 A. At pH 6.5, Arg70 is positively charged and form a
cation—r interaction (His-Arg+, Figure 8)**~*> with His88
in the open or PBP® conformation. The Arg70 is closer to
His88 (4.3 A) than His95 (9.3 A; Figure 8). The distance
between His70 and His95 in the histidine gate of
ApolPBP1 is 8.1 A,'® and 11.4 A in AtraPBP1,> which sug-
gests that His95 in OfurPBP2 may also participate in the
cation-n interaction with Arg70. Based on our pH 6.5
structure, it is clear that Arg70-His88 gate likely performs
the same function as the His70-His95 gate in ApolPBP1,
BmorPBP, and AtraPBP1 at near-physiological pH in PBP®
conformation.

The core of the 3D structure of OfurPBP2 encapsulates
a large horseshoe-shaped hydrophobic pocket (Figure 5)
formed by the six helices (a1-a6) along with the loops L3
(the flap) and L6. This pocket is lined with 30 amino acid
residues from al to a6, and L6 that are mostly hydropho-
bic. This pocket is suitable to bind, protect, and transport
the hydrophobic pheromones to the olfactory receptor site.

The hydrophobic pheromones of OfurPBP2 are geometric
isomers consisting of an unsaturated C-14 aliphatic chain
with an acetate (-OCOCH3) headgroup.'” In contrast, the
pheromones of Bombyx mori,*® Amyelois transitella,”® and
Antheraea polyphemus'®>° are not isomers and contain an
alcohol (Bmor), or aldehyde (Atra), or acetate (Apol) as a
headgroup with an unsaturated C-16 chain. While most of
the hydrophobic residues that stabilize the pheromone in
the pocket are conserved in moth PBPs, the residues that
form hydrogen bonds with the head group vary among
species: Ser56 in BmorPBP,*® Asn53 in ApolPBP1,'° and
Argl07 in AtraPBP1.>* Molecular docking studies revealed
that the hydroxyl group of Thr9 in OfurPBP2 forms a
hydrogen bond with the acetate head group of both E- and
Z- pheromones (Figure 7). OfurPBP2 with a 14-carbon
chain (C-14) pheromone has Met8 and Thr9 in the binding
pocket in place of Leu8 and Ser9, which are present in
PBPs that bind to a 16-carbon (C-16) pheromone. This
observation is consistent with a previous suggestion that
Met8 and Thr9 with bulky sidechains replace the less
bulky Leu8 and Ser9 to reduce the volume of the pocket,
making it favorable for shorter-chain pheromones.'
Indeed, at pH 6.5 the OfurPBP2 had nanomolar binding
affinity towards both E12-14: OAc and Z12-14: OAc pher-
omones. OfurPBP2 has slightly higher affinity to Z-isomer
of the pheromone (33.5 nM) than the E-isomer (47.3 nM).
Lepidopteran PBPs bind and release the pheromone
through a pH-dependent conformational switch.'>'®'%
23.2636-57 These PBPs are in the PBP® conformation at
neutral pH when bound to the hydrophobic ligand but
switches to a well-defined PBP* conformation at low pH
when the ligand is released.'®'?213%37:39-40:4243 e have
previously reported that OfurPBP2'*'” undergoes revers-
ible pH-dependent conformational change akin to
ApolPBP1, BmorPBP, AtraPBP1, and LdisPBP2. However,
unlike these other PBPs,¢-19721-3637:39:404243 fiyPBP) does

FIGURE 8

Stick representations of the sidechains of Arg70,
His88, and His95, showing the formation of cation-pi interactions
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not switch to a well-defined PBP* conformation at pH 4.5.
Instead, partial unfolding or a molten globule-like state has
been reported during pH titration studies with NMR, which
is also consistent with the far-UV CD data of OfurPBP2 at
pH 6.5 and 4.5 as reported previously.'* Although, there is
a decrease in the magnitude of negative ellipticity at pH 4.5,
the protein maintains 75% of helical structure compared to
that at pH 6.5 based on deconvolution of CD spectra using
DICROWEB.”® Intramolecular disulfide bonds are known
to provide structural stability to proteins even in denatured
state.’”® The three intramolecular covalent bonds involv-
ing Cys19-Cys54, Cys50-Cys108, and Cys-97-Cys-117 that
hold a1, a3, a5 and a6 helices of OfurPBP2 in place play a
critical role in maintaining the overall architecture of the
protein in the molten globule state at acidic pH. Indeed, the
melting point of OfurPBP2 at pH 4.5 is very close to the
melting point at pH 6.5 (87 and 90°C, respectively) suggest-
ing that the overall architecture of the protein is maintained
in the molten globule state at acidic pH. Thus, the unfold-
ing process of the protein at pH 4.5 is expected to be similar
to that at pH 6.5.

Indeed, Ostrinia nubilalis PBP3(OnubPBP3) behaves in
a similar manner.** It seems likely that at acidic pH, the
protonated His88 would disrupt the cation-r interactions
with Arg70. In addition, the repulsion between the posi-
tively charged His88 («5) and His95 (a5) would disrupt
the helix, causing it to unwind and unfold partially at pH
4.5. Additionally, the C-terminal gate (Pro129-Lys143) of
OfurPBP2 has seven charged residues at pH 4.5 (Asp130,
His131, Glul32, Glul36, Glul37, Glul4l, and Lys143) as
opposed to the three charged residues (Aspl32, Glul37,
and Glul4l) for ApolPBP1, BmorPBP, and AtraPBP1.
Thus, the C-terminus of OfurPBP2 is less hydrophobic
than the other PBPs. This could explain the inability of
OfurPBP2 to switch conformation at low pH. Indeed, par-
tial unfolding to a molten globule-like state may be the
key to ligand release in OfurPBP2.

In order to further verify the structural stability of
OfurPBP2 at two different pH (6.5 and 4.5), thermal unfold-
ing of OfurPBP2 was carried out using circular dichroism
(CD) to determine the thermodynamic parameters. In the
far-UV CD, we observed a gradual decrease in the elliptic-
ities of the characteristic minima at 208 and 222 nm of
OfurPBP2 with increasing temperature (Figure S4). The
two-state nature of the unfolding transition is evident due
to the presence of an isodichroic point at 203 nm in both
heating and cooling curves at pH 6.5 and 4.5 (Figure S4).
Moreover, the similarity in the heating and cooling curves
(Figure S4) at both pH values suggest the reversibility of
the unfolding process. The slope of the unfolding curve
qualitatively determines the cooperativity in the unfolding
transition. A highly cooperative unfolding transition indi-
cates the initial existence of the protein in a compact, well-

folded structure. The sigmoidal curve at pH 4.5 has a smal-
ler slope (0.6) compared to pH 6.5 (0.9) indicating a less
cooperative unfolding of the protein at low pH (Figure 3).°!
This suggests that at pH 4.5, the protein exists in a flexible
form. The thermodynamic parameters of unfolding at pH
6.5 and 4.5 were compared to get detailed insight into pro-
tein stability. Although the T}, at pH 6.5 was slightly higher
than that of at pH 4.5, other thermodynamic properties
such as AG, AH, and AS of unfolding were significantly dif-
ferent. The free energy change of unfolding (AGunfolding)
and enthalpy change (AHynfolding) Were: 47.1 +1.9 and
262.8 +10.5 kJ/mol at pH 6.5, 323 +0.8 and
186.4 + 4.8 kJ/mol at pH 4.5, respectively. These values
indicate a non-spontaneous unfolding. The reduction in
AGunfolding and AHynfo1ding at PH 4.5 is a clear indication of
the decrease in structural stability or disruption of tertiary
structure at pH 4.5. Furthermore, at pH 4.5, the entropy of
unfolding (ASunfolaing) at equilibrium (AG = 0) is 208 J/
mol K less as compared to that at pH 6.5, which demon-
strates unfolding of the protein from a less compact state.
In conclusion, the reduction in ASunfoudings AHunfoldings
AGuynfolding and cooperativity of unfolding at pH 4.5 reveals
that the protein exists in a more flexible form or in a molten
globule state. At acidic pH, electrostatic repulsions could be
a driving force for the collapse of the native tertiary struc-
ture. The thermodynamic data are consistent with what
was observed previously in our pH-titration studies with
NMR." In addition, the lack of affinity of OfurPBP2 at pH
4.5 to the pheromones strongly supports the loss of tertiary
structure (Figure S2). Taken together, it appears that the
ligand release in OfurPBP2 occurs through partial unfold-
ing of the protein at acidic pH. This proposed mechanism
of ligand release in OfurPBP2 is different from the ligand
release mechanism reported for several well-studied Lepi-
dopteran PBPs. In these PBPs, charge repulsion between
the protonated histidines (His70 and His95) at acidic pH
opens the His gate while the newly formed C-terminal helix
outcompetes the ligand for the hydrophobic pocket releas-
ing it through the opened His gate,'®!972136,37,39:40.42:43
Thus, these proteins unlike OfurPBP2 form a well-defined
ligand-releasing conformation at low pH.

4 | METHODS

4.1 | Sample preparation

Uniformly isotopically labeled (**N and '°N/'3C),
recombinant OfurPBP2 was expressed in E.coli and
purified by ion exchange and size exclusion chromatog-
raphy as described previously.'*'” NMR samples used
for the structure determination contained 0.4 mM pro-
tein solution in 90% H,0/10% D,O in 50 mM
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phosphate buffer at pH 6.5 containing 1 mM EDTA
and 0.1% NaNj.

4.2 | Thermal unfolding by circular
dichroism

Thermally induced equilibrium unfolding was monitored
by measurement of the change in mean residual ellipticity
at 222nm using a Jasco 815 Circular Dichroism
(CD) Spectropolarimeter in Dr. Smita Mohanty's labora-
tory, Chemistry Department at Oklahoma State University
or with a Jasco 715 CD Spectropolarimeter in the core
facility of Department of Biochemistry & Molecular Biol-
ogy at University of Oklahoma Health Sciences Center.
For thermal scans, 30 pM protein samples in a 0.05 cm
quartz cuvette at pH 6.5 and 4.5 were heated from room
temperature to 110°C. The temperature was ramped at the
rate of 2°C/min controlled by a Jasco programmable Pel-
tier element. A scan rate of 1°C/min was taken. Far-UV
CD spectra were recorded at 2°C or 5°C increments and
the dichroic activity at 222 nm was continuously moni-
tored every 2°C with a 4 s averaging time. All the spectra
were corrected for the buffer used. For the melting temper-
ature (Ty), the fraction of the protein unfolded with
increasing temperature was fitted with a Boltzmann func-
tion for perfect sigmoidal line shapes. Here the midpoint
of the unfolding transition reflects the T,,. However, other
thermodynamic properties (AHunfolding, AGunfolding, €tC.)
were calculated by fitting the variation of ellipticity at
222 nM with temperature into the Gibbs—-Helmholtz equa-
tion that illustrates protein folding as a function of temper-
ature.®” The best fit values to the raw data were extracted
using the fitting procedure in Origin.*®

4.3 | Delipidation

OfurPBP2 was delipidated using a protocol modified from
prior work.?"** Briefly, OfurPBP2 in 50 mM sodium cit-
rate buffer (buffer A) at pH 4.5 was loaded to a column
packed with Lipidex-1000 and equilibrated in buffer
A. The column loaded with the protein was incubated at
37 C for 30 min. The protein was eluted from the column
with buffer A. The eluted protein was concentrated, and
buffer exchanged to 20 mM sodium phosphate buffer at
pH 6.5 for fluorescence studies.

44 | Fluorescence spectroscopy

The fluorescence binding assay was performed on a Per-
kinElmer LS 55 Fluorescence Spectrophotometer at room

temperature with a 1 cm light-path quartz cuvette. The
emission slit width of 7.0 nm and excitation slit width of
4.5 nm was used. Each spectrum was average with 5 scans
at a speed of 500 nm/min. The fluorescence measure-
ments were carried out in 20 mm phosphate buffer at pH
6.5 or 4.5.

The binding of extrinsic fluorescent probe (NPN) to
delipidated OfurPBP2 at pH 6.5 was reported previously
by monitoring the increase in the NPN fluorescence at
420 nm.®®> The competitive displacement of NPN from
OfurPBP2:NPN complex with E-12 or Z-12-tetradecenyl
acetate pheromone was performed to determine the
affinity of each pheromone to OfurPBP2 at pH 6.5. All
experiments were repeated at least three times to con-
firm reproducibility. Briefly, 2 pM delipidated OfurPBP2
was equilibrated overnight with 2 yM NPN at 4°C,
which were then titrated individually with 1.0 mM stock
of E-12 or Z-12 pheromone dissolved in methanol. The
pheromones are hydrophobic small organic molecules
that are soluble in organic solvents. Methanol was found
to be suitable as it is miscible in water/buffer with a
minimum effect on the protein up to 5% v/v.*! All mea-
surements for the binding assay contain ~0.3% of meth-
anol in the total volume of the sample (v/v). Decrease in
NPN fluorescence was monitored with addition of
increasing concentration of pheromone from a 1 mM
stock. NPN fluorescence was recorded with an excita-
tion wavelength of 337 nm and the emission of 370-
600 nm. After each addition, the complex was incubated
for 10 min before recording the spectrum. Appropriate
controls were recorded to correct each spectrum. The
assay was performed in triplicate sets. The decrease in
the fluorescence intensity of NPN at the A, (420 nm)
was calculated as (Fc — Fmin)/(Fo — Fmin), Where F, is
the initial fluorescence intensity of NPN-OfurPBP2 com-
plex; Fc is the corrected fluorescence intensity at a
ligand concentration (C), and F;, is the fluorescence
intensity at the saturating concentration of the competi-
tor. The plot of (Fc — Fupin)/(Fo — Fmin) against
(C) (Figure 2) was fitted using the nonlinear fitting mod-
ule of Origin 2019 to obtain ICs, using the equation pro-
vided below.'**!

y=1-x/(k+x)

where k is the ICsy, x is the pheromone concentration,
and y is the fluorescence intensity at the specific ligand
concentration. The ligand concentrations at which the
NPN fluorescence was quenched to half of its maximal
intensity provided the ICsy values. The dissociation con-
stant (K4) was calculated using the equation: Ky = [ICs]/
(1 + [NPN]/Kypn), Where [NPN] is the free concentra-
tion of NPN and Kypy is the dissociation constant for
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protein-NPN complex.®* The fluorescence binding assay
at pH 4.5 was carried out in a similar manner.

4.5 | NMR spectroscopy and resonance
assignment

All NMR data were acquired at 35°C on a Bruker Avance
IT 800 MHz spectrometer equipped with a triple resonance
H/C/N cryoprobe TCI with pulse field gradients at the
National High Magnetic Field Laboratory (NHMFL) at
Tallahassee, FL. The following experiments were per-
formed for sequential assignments'’ and structure analy-
sis: 2D {'H, '*N} HSQC, 2D {*H, *C} HSQC, 3D HNCA,
3D HN(CO)CA, 3D HNCO, 3D HN(CA)CO, 3D HNCACB,
3D CACB(CO)NH, 3D CC(CO)NH, 3D H(CCCO)NH, 3D
HCCH-TOCSY, 3D '°N-edited HSQC TOCSY, 3D "°N-
edited HSQC- NOESY (T,, = 85 ms) and 3D *C-edited
HSQC-NOESY (T, = 120 ms). In the **C-edited NOESY,
the 3C carrier frequency was set to 43 ppm for the ali-
phatic and 125 ppm for the aromatic region. The NMR
data were processed using NMRPipe®® and analyzed with
NMRFAM SPARKY.

4.6 | NOE assignments and structure
calculation

NOE peaks were manually peak-picked and integrated
interactively. The 2,557 NOE cross-peaks were assigned
using NMRFAM-SPARKY. Structure calculation was car-
ried with CYANA 3.98.13.°” The assignments were con-
firmed or corrected with CYANA, using the standard
protocol of seven cycles of iterative NOE assignment and
structure calculation.” A total of 260 upper-limit con-
straints based on backbones dihedral angle (¢ and y)
were determined from TALOS+,%® and standard upper
and lower distant constraints for three disulfide bonds
were used. During the iterative NOE assignment,
446 NOEs were corrected, 80 were removed, and 375 were
added, resulting in a total of 2,557 assigned NOE cross-
peaks. The experimentally derived upper distance
restraints were derived from the NOE intensities using
two calibration functions of d~° for the backbone and
d~* for the sidechain resonances of the assigned peaks.
There are 402 long-range NOEs. The calculation was
started with 100 initial conformers, and the 20 conformers
with the lowest residual target were used for energy mini-
mization with YASARA® by using the YASARA force
field.”” The 20 structures with the lowest potential energy
and best Ramachandran plot score were assessed by Mol-
probity”! and PROCHECK.”” Complete statistics are
given in Table 1.

4.7 | Molecular docking studies

Molecular docking studies were performed to predict the
potential binding mode and to estimate the free energy of
binding of the OfurPBP2 and the pheromones molecule.
Docking was performed using AutoDock.””> AutoDock
Tools 1.5.6 was used to create the PDBQT format. Polar
hydrogens were added using the AutoDock Tools inter-
face. All torsion was released except around the double
bond. The default AutoDock force field was employed.”
The protein pocket was covered by a grid box with a spac-
ing of 0.375 A. For the genetic algorithm, default parame-
ters were used. Each ligand was subjected to
200 Lamarckian genetic algorithm runs, with 25 x 10°
evaluations in each and the rest of the parameters were
default. The root means square deviation (rmsd) toler-
ance of the resulting docked structures was <2 A. Auto-
Dock performs cluster analysis based on all-atom root
mean square deviation (rmsd). The resulting families of
docked conformations were ranked according to increas-
ing energy. The pose with the most populated cluster was
selected for the analysis.”®

4.8 | Statistics and visualization
Visualization, root-mean-square distance, hydrogen
bond, and helix packing angle calculations were per-
formed with the programs PYMOL, Chimera, MOL
MOL, and VMD. Ramachandran plot statistics were cal-
culated by PROCHECK.

4.9 | PDB and BRMB accession codes

The atomic coordinates of OfurPBP2 have been deposited
to the Protein Data Bankt (accession code 7U06) and
BMRB ID 30762. The assigned chemical shifts have been
deposited in the BioMagResBanki (accession code
57004).
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