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Summary

An analysis of the crystal structure of [BmPBP---bom-
bykol] complex identified nine amino acid residues
involved in a variety of intermolecular interactions
binding the ligand. Using simple model fragments as
the representatives of the residues, the interaction
energies of their complexes with bombykol were cal-
culated using high-level ab initio methods. The results
were discussed in terms of the method and basis set
dependence and were further corrected to account for
their pair nonadditivities. This enabled us to describe
quantitatively the nature and origin of the binding
forces in terms of contribution of the individual amino
acids and individual types of interaction to the overall
stability. All of these interactions are well defined and
cannot be considered as nonspecific hydrophobic in-
teractions, one of the major conclusions of this work.

Introduction

Interactions of insects with their surroundings are mostly
based on chemical signals. One of the most remarkable
communication systems known mediates sexual behav-
ior of moths. Mature females ready to have offspring
emit a sexual pheromone from their abdomen to attract
conspecific males for mating. The “single-pheromone
molecule” tuned detection system [1] of males is located
in branches of males’ antennae. On these antennae are
located olfactory hairs, sensilla trichodea, which are
filled with sensillar lymph and house specialized den-
dritic cells innervated to insect brain globular structures.
Here, the signal received from the cell is processed and
further recognized as a call for copulation.

The sensillar lymph contains a high concentration (10
mM) of water-soluble pheromone binding protein (PBP),
whose role is not fully understood. Three possible sce-
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narios have been suggested [2]: (1) PBP acts as a carrier
that shuffles the lipophilic pheromone through the sen-
sillar lymph to the pheromone receptor; (2) PBP-phero-
mone complex is recognized by a putative receptor; and
(3) PBP is involved in the pheromone “cleaning” after
its recognition on the receptor.

PBPs belong to a family of odorant binding proteins
(OBP), which exhibit a certain degree of functional simi-
larity (but not sequence homology) to fatty acid binding
proteins (FABP) and belong to the lipocalin family.

For sexual communication, the silkworm moth Bombyx
mori (Lepidoptera, Bombycidae) uses sex pheromone
composed of three molecular species: (10E,12Z)-hexa-
deca-10,12-dien-1-ol, bombykol; (10E,12E)-hexadeca-
10,12-dien-1-ol; and (10E,12Z)-hexadeca-10,12-dienal
[3, 4, 5]. The first component is by far the most abundant.
A pheromone binding protein (BmPBP) has been iso-
lated from male antennae and biochemically character-
ized [6]. The principal contributions to understanding its
role were: (1) the determination of the crystal structure
of its complex with the pheromone [7]; (2) evidence for
the existence of this complex in solution using electrosp-
ray ionization mass spectroscopy (ESI-MS) [8, 9]; and (3)
the indication of pH-dependent conformation changes
that alternate the binding and/or release of the phero-
mone from PBP using circular dichroism (CD), fluores-
cence spectroscopy [10], and nuclear magnetic reso-
nance (NMR) [11].

These studies have shown that bombykol is tightly
bound in a flask-like pocket of BmPBP. The exact nature
of binding is assumed unclear, except for a hydrogen
bond between the polar OH group of the bombykol and
the side chain of Ser56 that is quite apparent from the
analysis of the crystal structure. The character of other
binding interactions is rather speculative, and they are
described as unspecific hydrophobic interactions. Only
residues Phe12 and Phe118 are suggested to form a
sandwich-like structure with the double bonds of the
pheromone, but their role is also assumed to be nonspe-
cific [7].

We attempt to give a more detailed and accurate de-
scription of the binding mode of the pheromone in the
binding cavity and to examine roles of different types
of interactions. We also attempt to demonstrate that it
is possible to describe quantitatively all types of weak
interactions, including those with a major dispersion
energy component. The thorough understanding of the
interactions involved in the bombykol binding can pro-
vide a solid basis for a discussion of future engineering
of both molecules.

However, it must be noted that the study is dealing
with a static representation of a dynamic system and
that there is always a certain degree of uncertainty in
the determination of the atomic positions in crystal
structures owing to the thermal motion of the subunits
of the studied macromolecule (quantitatively described
by B factors). Besides, the X-ray crystal structures are
biased during the refinement toward the minimal values
of the used force field. This is especially true for low-
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and medium-resolution data and for heterocompounds
such as a substrate.

It is assumed that both hydrophobic effect and the
hydrogen bonds significantly contribute to binding of
small ligands to proteins, but they differ in their specific-
ity. While the former is considered to be nonspecific,
the latter, due to its directionality, should determine the
specificity of ligand-receptor binding. This simple pic-
ture recently underwent a thorough reexamination, and
two important findings have been reported. First, the
hydrophobic effect can be specific for a certain shape
of hydrophobic (nonpolar, or low electrostatic potential)
surface [12]. Second, it is becoming widely accepted
that practically every amino acid, including those earlier
described as hydrophobic and space filling, apparently
can provide some type of attractive, orientation-specific
interaction. The hydrogen bond is a complex interaction
composed of several constituents that differ in their
nature [13, 14]. Its understanding usually requires a par-
titioning of the total energy of a hydrogen bond. The
various schemes for the interaction energy decomposi-
tion generally follow the one used by Morokuma [15].
Thus, we speak about it in terms of electrostatics, polar-
ization, charge transfer, dispersion, and exchange repul-
sion contributions. The dispersion and exchange repul-
sion terms are often combined into an isotropic van der
Waals contribution. Besides classical X-H---Y hydrogen
bond [13, 16], amino acid side chains are capable of
weaker H bonds [17-19], namely C-H---O [20], X-H---7
(X-H functional group in a weak interaction with func-
tional group containing w electrons) (X = O, N, S, C)
[21-23], and =---w [24-27] interactions. Then, there are
interactions of hydrocarbon chains of almost purely van
der Waals character which must be also taken into ac-
count. Although they are not specific with respect to
C-H-:--C angle [28], the shape of surfaces of interacting
species can be complementary (i.e., specific) [12]. The
interaction energy is not negligible and is considerably
dependent on their orientation [29-31].

The qualitative (or semiquantitative) energetical de-
scription of the [BmPBP-bombykol] structure can be
carried out using the interaction parameters derived
from statistical structural analysis (database research)
or the high-level calculations of small molecular com-
plexes. However, to account for specific distance/orien-
tation between ligand and receptor groups and to obtain
the accurate value of the interaction energy, an appro-
priate description of the model representing the system
of interest must be applied. The resulting values can
then help us to distinguish between minor changes in
the structure of ligand or its two possible orientations.
On the protein side, it may give us important information
about effects of various mutations in the binding site or
elucidate which of two side chains’ orientation with
equal occupancy seen in X-ray crystal structure is more
favorable.

For polar molecules, it is classical electrostatics [32]
that usually gives a simplified, yet sufficiently accurate
description of the interaction process. Molecular me-
chanics—widely used for theoretical treatment of mac-
romolecules—usually describes nonbonding interac-
tions by the coulombic electrostatic term with the fixed
point charges on the atoms and Lenard-Jones potential

for van der Waals interactions. However, for interactions
where nonelectrostatic contributions prevail, it is prob-
lematic and its application is usually accompanied by
comparison [33, 34] with nonempirical (ab initio) calcu-
lations or experimental results, which prohibits its usage
as a routine and universal method. We believe that even
a tedious and large-scale reparametrization of the em-
pirical parameters utilizing the most recent high-level
quantum chemical data will not change this situation in
near future.

Nowadays, only the size-consistent correlated ab ini-
tio methods are capable of accurate description of all
the above-mentioned types of weak interactions. Unfor-
tunately, these methods are limited to complexes of
rather small molecules. The most common method of
choice for systems of size similar to the model intermo-
lecular complex studied in this work is the second order
Moller-Plesset (MP2) perturbation method [35]. When
used together with the resolution of identity technique
(RI-MP2 method) [36, 37], a very favorable “accuracy/
CPU time” ratio can be achieved [38, 39].

However, MP2 method is known to overestimate the
interaction energies in many cases [40-43]. These defi-
ciencies are improved to a large extent in coupled clus-
ter (CC) method [44, 45], incorporating single, double,
and noniterative triple excitations (CCSD(T)) [46] and
using a large and flexible basis set. Nevertheless, its
usage is strongly limited by the size of a system, and
the values of calculated interaction energies exhibit a
similar basis set dependency to MP2 ones. On the other
hand, the overestimation of the MP2 method (compared
to CCSD(T)) shows only moderate basis set dependence
[41, 42, 47, 48].

The interaction energy (AE;,) can then be expressed
as

AE, = AEyp, + ACCSD(T). )

In the above equation, the first term is the MP2 interac-
tion energy computed with the largest possible basis
set or extrapolated to the basis set limit. The second
term (correction) is a difference between interaction en-
ergies obtained from MP2 and CCSD(T) calculated using
a smaller basis set.

The total interaction energy of interconnected hydro-
gen bonds is not just a sum of contributions of the
isolated bonds. In general, an interaction of two groups
is influenced by the third one. On the basis of mutual
polarization of the involved groups, it may be strength-
ened or weakened [13]. Hence, the total interaction en-
ergy of the cluster of any three molecules (A, B, and C)
can be expressed as the sum of the pair interaction
energies and the three-body interaction term:

AERBC = AFAB + AFEBC + AFEAC + AES, (2)

Similarly, the total interaction energy of a weakly inter-
acting four-body complex can be expressed as the sum
of the pair interactions and the term AE*, which is the
sum of four three-body terms and a four-body term. The
sum of the nonpair contributions is called the coopera-
tive effect and has to be taken into account for the
correct description.
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Results and Discussion

Analysis of X-Ray Structure and Selection

of the AminoAcid Residues for Calculations

The [BmPBP---bombykol] complex consists of one pro-
tein molecule (MW 15.9 kDa) and one molecule of phero-
mone. Two slightly different conformations of the com-
plex are known to build up one asymmetric unit of the
crystal in solid phase [7], and hence the analysis has
been performed for both structures, denoted as struc-
tures A and B throughout this work (Figure 1).

The protein consists of a single strand twisted into
six a helices fixed with three disulfide bonds. The four
« helices form a conical cavity in which the pheromone
is bound. The cavity is capped by the fifth « helix. There
are no water molecules inside the cavity (in X-ray crystal
structure).

By comparing the mean B factors of the amino acids
on the surface of the binding cavity (19.80 A2) and of
the whole complex (25.25 AZ), it is apparent that the
cavity of the protein is more rigid then the rest of the
complex. In contrast, the pheromone molecule has a
much higher mean B factor (40.06 A, suggesting, to-
gether with its ambiguous conformation in the binding
cavity (A and B), that pheromone itself is rather flexible.

The analysis of the interactions involved in the phero-
mone binding according to their known parameters
yielded a set of amino acids and types of interactions
listed in Table 1.

Met53 meR

Figure 1. Schematic Representation of the
Binding Cavity with Superimposed Bombykol
and Amino Acid Residues from Structures A
and B

Only hydrogen atoms which are connected
to the bombykol double bonds are shown.
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The donor-acceptor (or hydrogen-acceptor) distance
and the X-H-A angle are characteristic parameters of a
hydrogen bond. Owing to the absence of hydrogen atom
coordinates in the available X-ray crystal structure, the
assessments of the angles require an additional optimi-
zation. For preliminary assessment, the donor-acceptor
distances were compared to those extracted from struc-
tural or computational analyses.

(1) O-H:--A or O:---H-X interactions [16, 19, 49-54].
For this type of hydrogen bond, the optimum distance
between nonhydrogen atoms in crystal structures range
from 2.7 A to 3.6 A, depending on a type of donor and
acceptor atom. Ser56 in A and Ser56 and Met61 in B
fulfill this distance criterion. The distances for Ser56A
and Ser56B are 2.72 A and 3.10 A, respectively, and
suggest that the latter should be weaker than the former
but still important. Met61 is 3.14 A away from the termi-
nal oxygen of bombykol, which is indicative of another
hydrogen bond. For organic molecules [19, 55] and pro-
teins [50, 51, 55], the S-O distance between C-S-C-
containing groups and O-H is 3.37 to 3.53 A. We have
accounted for the possibility of S---X interaction, which
is characterized by the absence of hydrogen and elec-
trophilic character of sulfur [56], but due to character
of the interacting groups and their orientation, this is
not the case.

(2) C-H---m interaction [23] is the weakest of the
X-H---7 kind of interaction [17-19, 57, 58] and has the
smallest electrostatic character. In the protein struc-
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Table 1. Set of Selected Potential Interactions of Amino Acid Residues in BmPBP with Bombykol

Structure A

Structure B

Type of Interaction AA:Atom Bombykol-Atom Distance (f-\) AA:Atom Bombykol-Atom Distance (f\)
OH---O0 Ser56:0y o 3.10 Ser56:0y o 2.72
OH---S 7.58 Met61:S o 3.14
, CH--m Phe118:X C5 4.64 Phe118:X Cc6 4.32
Phe118:X C11 5.29 Phe118:X C8 4.43
Phe118:X C14 5.06 Phe118:X C10 5.26
, CH-m Phe12:X Cc8 3.98 Phe12:X Cc8 4.84
Phet2:X C9 4.84 Phet2:X C11 4.57
Phe12:X Cc11 4.63 Phe12:X o 4.46
, CH-- 7 Phe36:X C9 4.37 Phe36:X Cc9 4.60
, CH---7 Phe76:X C13 5.57 Phe76:X C13 5.35
CH---O Ser9:0y C10 3.70 Ser9:0vy C10 4.00
CH--m Leu8:C C12 4.06 Leu8:C C12 4.35
Ser9:N C12 4.36 Ser9:N C12 4.72
Van der Waals contact Leu8:CB C12 3.79 Leu8:CB C12 3.74
Leu8:CG C13 4.15 Leu8:CG C13 4.16
Leu8:CD2 C13 4.22 Leu8:CD2 C13 3.82

X represents the center of an aromatic ring, Oy the terminal oxygen of Ser, and N and C are nitrogen and carbon atoms in the protein

backbone.

tures, the distribution of the distances between C-H
carbon and the center of an aromatic ring has its maxi-
mum around 3.7 A [21]. Several aromatic residues
(Phe12, Trp35, Phe36, Phe76, and Phe118) are in the
vicinity of the pheromone in A and B. In particular, Phe12
and Phe118 are oriented favorably to C-H groups of the
pheromone. None of C-H groups is in an ideal distance
and orientation, but theoretical calculations show that
the potential energy surfaces of the model systems of
C-H---w interaction are very shallow near the minimum
and that substantial attraction still exists, even if inter-
molecular distance is larger than 4.0 A [42]. Another
C-H:--m interaction can be found between Leu8-Ser9
peptide bond and the pheromone, where peptide bond
can act as an acceptor. This type of interaction has not
been described in the literature, but evidence of stacking
interaction of peptide bond has been reported [22]. In
our case, the donor and acceptor are in favorable mutual
orientation.

(3) -+ interaction: Phe12 and Phe118 are almost
parallel to the plane of the conjugated double bonds of
the pheromone [interplanar angle is 14° (8°) for
Phe12A(B) and 20° (18°) for Phe118A(B)], while Trp35,
Phe36, and Phe76 are not [58° (56°), 40° (52°), and 78°
(71°), respectively]. In crystal structures of larger m sys-
tems with the repetitive stacking motive, the interplanar
distance ranges from 3.3 Ato 3.6 A[59]. From theoretical
calculations performed for a model system of two ben-
zene rings, it is known that the optimum distance be-
tween centers of parallel rings ranges between 3.8 and
4.1 A, depending on the level of theory [40, 60-62]. In
proteins, aromatic residues prefer to form networks of
interacting aromatic side chains rather than just isolated
pairs [24, 27, 63]. The distribution of distances between
the ring centers has its maximum at about 5.5 A (a set
of 34 protein structures) [24]. Recently, a similar analysis
has been published for minimal interatomic distance
between two aromatic residues, which was found to
have a maximum of 3.8 A (a set of 593 proteins) [64].

The interaction between Phe12, Phe118, and conju-

gated double bonds of pheromone exhibit a certain de-
gree of similarity to parallel displaced stacking of ben-
zene dimer. The other three aromatic side chains can
also contribute to binding because perpendicular or
close to perpendicular orientation is favorable for the
quadrupole-quadrupole interaction, an important contri-
bution to benzene dimer interaction [47].

It must be noted that aromatic moiety can concomi-
tantly participate in multiple interactions. It may serve
as a multiacceptor site and/or partner for multiple -+
stacking [57, 65-67]. Indeed, the two amino acids Phe12
and 118 are involved to some extent in several C-H---m
interactions and a mw---w stacking with the pheromone.

(4) C-H---Ointeractions [17, 19, 68, 69]: The separation
of the groups is strongly dependent on the nature of
both contact partners [70, 71, 72]. In our system, terminal
OH group of Ser9 is in favorable contact with Cg,-H
group of the pheromone. Although the distance is
slightly larger than the mean distance found in crystal
structures of organic molecules [19] and proteins [20]
(both 3.5 A), this arrangement is expected to favorably
contribute to the overall interaction.

(5) Interaction of saturated hydrocarbon chains does
not exhibit the directionality of a hydrogen bond [28],
but still it shows orientation preference to other mole-
cules [12, 29]. It is not surprising, then, that interaction
energy of propane dimer is non-negligible, and it is con-
siderably dependent on the mutual orientation [30, 31].
There is a close contact of this kind between Leu8 side
chain and the pheromone.

We considered the previous detailed analysis as a
very important step in this computational study, since
it made clear that several types of interactions are pres-
ent in the binding cavity. None of those, however, is in
ideal conformation known from theoretical calculations
on model systems, because the interacting groups be-
long to two separate molecules, and a balance among
those interactions and geometrical constrains must be
established. How are these interactions affected and
which of them are strongest in effect? How strong an
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impact has the multiacceptor and stacking ability of
systems on the interaction energy? Are these interac-
tions additive or is there a strong cooperativity? What
is the difference in binding energy between A and B?
These are questions to which the following calculations
should give a clue.

Ab Initio Calculations of Individual Interaction Terms
Owing to computer limitations, it is not possible to carry
out MP2 (RI-MP2) calculations of the entire complex to
study interaction of the binding cavity with pheromone
molecule. Therefore, a strategy of partitioning the whole
system into well-defined, chemically distinct interacting
groups has been adopted, assuming that only the near-
est atoms have major influence on the strength of partic-
ular interaction. For all types of interactions selected for
[BmPBP:--bombykol] (Table 1), minimal models were
constructed (Table 2) with the coordinates of nonhydro-
gen atoms fixed at the values obtained from X-ray crystal
structures (both amino acid and bombykol molecule).
Since all of the nearest residues of bombykol have been
taken into account, this approach should describe all
steric repulsion between the cavity and the ligand. It
should also localize the most important attractive inter-
actions and give an excellent opportunity to compare
their strength and evaluate the different contributions
in a relative scale. On the other hand, it does not yield
the absolute value of interaction energy, because it is
not describing a whole system and its environment. Un-
fortunately, the direct calculation of a binding constant
(AG for an entire process of pheromone desolvation
and its binding to the solvated protein) is not possible
nowadays by means of theoretical chemistry.

The partial molecular geometry optimization of hydro-
gen atoms and subsequent interaction energy calcula-
tion were performed at the RI-MP2/aug-SVP level (by
RI-MP2 method in aug-SVP basis set). As the MP2
(RIMP2) method is known to overestimate the interac-
tion energies, corrections of the RI-MP2 values were
performed (see Experimental Procedures). The results
are listed in Table 2.

To minimize the effects of the truncation of the system,
the smaller molecules modeling the part of the protein
or the pheromone were selected to capture all the impor-
tant chemical properties of the real system (Experimen-
tal Procedures). If more than one amino acid residue
was interacting with a part of the bombykol molecule,
the cooperative effect (i.e., the pair nonadditivity in
many-body interaction terms) has been also evaluated,
and the values corresponding to particular interactions
corrected according to Equation 2 (Table 2). However,
the cooperative effect calculated separately for several
systems has been shown to be negligible (in the order
of 0.1%-1.4%).

The values of the interaction energies for selected
amino acids in Table 3 are based on the calculated and
corrected values presented in Tables 2A and 2B. The
total interaction energy (the best gas-phase estimate)
of bombykol molecule with BmPBP is then calculated
as a sum of individual contributions.

For the purpose of this work, mapping of the cavity
and relative comparison of contributions of individual

amino acids, only MP2 (RI-MP2) calculations would suf-
fice. We expect that the importance of the correction
will emerge when several X-ray structures with ligand
analogs are compared. When small differences would
be expected or when the error could rise by multiple
summations, then the corrections would have to be esti-
mated.

Types of Interactions in the PBP Binding Pocket

and the Role of Hydrophobic Residues and

the Hydrophobic Part of Pheromone

The difference in geometry between the two complexes
(A, B) in one asymmetric unit also has an effect on the
interaction energy. Besides one extra residue, Met61,
interacting with the pheromone in B (O-S distance of
3.14AinBversus 7.58 A in A), there is a shift in energy for
every residue. Although these individual shifts exceed 1
kcal/mol for Ser56 (AE,_g = 1.63 kcal/mol) and for Leu8
(AE5_g = 1.18 kcal/mol), the total sum of contributions
of all the amino acids for A and B differs only by 0.03
kcal/mol. The calculations indicate that the pheromone
and the residues in the cavity are able to occupy two
states with almost identical interaction energy. This is
in agreement with the equal occupancies of both confor-
mations observed in the X-ray structure. The polar termi-
nus of the pheromone with an alcohol group shows high
flexibility, as its conformations in A and B differ to a
large extent. In A, it forms a single hydrogen bond to
Ser56, while in B it binds both to Ser56 and to Met61,
resulting in a slightly stronger interaction. Interaction
energies of Phe12 and Phe118 indicate that a hybrid
interaction combining multiple C-H---m and stacking in-
teractions is indeed present, showing that the aromatic
rings can bind the pheromone with strength comparable
to the “classical” H bond of the terminal OH group.
The remaining aromatic moieties also contribute to the
overall interaction. It is clear that together they over-
whelm the contribution of the classical H bonds in
[BmPBP---bombykol] complex (Figure 2) and cannot be
neglected in the description. Interaction energy between
OH group of Ser9 and C,,,-H group of the pheromone
is attractive, indicating that a weak C-H---O hydrogen
bond is also present. Interaction of pheromone with
Leu8-Ser9 peptide bond also contributes to the attrac-
tive part of the overall interaction. The side chain of Leu8
exhibits a weak attraction in A and a weak repulsion in
B, despite the minor difference in geometry.

For future experiments that may investigate the modi-
fication of the pheromone molecule, several observa-
tions are important. The aliphatic unsaturated hydrocar-
bon chain of the pheromone is responsible for dominant
contribution, so its modification may be critical. Conju-
gated double bonds fit between aromatic rings of Phe12
and Phe118 and their modification or enlargement by
addition of another double bond is expected to be prob-
lematic. A parallel displacement of stacking molecules
is energetically inexpensive, but the results for Leu8 side
chain show that there is simply not enough space for
it. Owing to the rigidity of the cavity in comparison with
the pheromone and the resting state of the protein (see
analysis of B factors in Introduction), a reorganization
of the cavity can be energetically expensive. Thus, its
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Table 2. Interaction Energies of Complexes Representing Interactions of Selected Amino Acids in Table 1 with Pheromone in the

Binding Cavity of BmPBP

A. Structure A

Interaction? Model of Interaction Calculated Ewp2® Eco®
0,C1-4---Ser56 [Butanol---methanol] -4.84 —4.42
0,C1---Ser56 [Methanol---methanol] —4.57 —-4.18
Bom:---Phe118 [(10E,12Z)-hexadecadiene-1-ol---benzene] —-4.70 -4.29
Bom-:-Phe12 [(10E,12Z)-hexadecadiene-1-ol---benzene] -4.15 -3.78
Bom---Phe36 [(10E,12Z)-hexadecadiene-1-ol---benzene] —-2.02 -1.81
Bom---Phe76 [(10E,12Z)-hexadecadiene-1-ol---benzene] -1.41 -1.25
C8-13---Trp37-:- Phe36 [(1,3E)-Hexadiene*--indole] -1.38 -1.22
[(1,3E)-Hexadiene*--benzene] -1.50 -1.33
[Benzene---indole] —4.22 —3.84
AE® = —0.05 kcal/mol?
C4-15---Phe12:--Phe118 [(8Z,5E)-Dodecadiene---benzene12] —4.49 —-4.10
[(83Z,5E)-Dodecadiene---benzene118] -3.52 -3.20
AE® = —0.01 kcal/mol?
C9-14---Ser9 [(2E,4Z)-Hexadiene---methanol] -1.04 -0.91
C9-14---Leu8Ser9 peptide [(2E,4Z)-Hexadiene---N-methyl acetamide] -0.98 -0.85
0,C1---Phe118 [Methanol---benzene] 0.00 0.05
C2-8---Phe118 [Heptane---benzene] -2.12 -1.90
C9-16---Phe118 [(2E,4Z)-octadiene-:-benzene] —2.65 —-2.39
C5---Phe118 [Methane-:-benzene] -0.82 -0.70
C4-6---Phe118 [Propane---benzene] -1.41 -1.24
C9-16---Leu8 [(2E,4Z)-octadiene---2-methylbutane] -0.92 —0.82
B. Structure B
0,C1:--Ser56---Met61-:-Phe12 [Methanol-:-methanol56] —3.08 —-2.79
[Methanol---dimethyl sulfide] -3.09 —2.80
[Methanol-+benzene] -0.27 —0.20
[Dimethyl sulfide---benzene] —0.86 -0.74
[Benzene:--methanol56] —-0.80 —0.69
[Dimethyl sulfide---methanol56] —-0.47 -0.38
AE* = —0.12 kcal/mol?
Bom-:-Phe118 [(10E,12Z)-hexadecadiene-1-ol-:-benzene] -3.94 —3.59
Bom-:-Phe12 [(10E,12Z)-hexadecadiene-1-ol-:-benzene] —5.01 —4.57
Bom---Phe36 [(10E,12Z)-hexadecadiene-1-ol-:-benzene] -2.15 -1.93
Bom-:-Phe76 [(10E,12Z)-hexadecadiene-1-ol-:-benzene] -1.30 -1.15
C8-13---Trp37---Phe36 [(1,3E)-Hexadiene---indole] -1.36 -1.20
[(1,3E)-Hexadiene*--benzene] -1.47 -1.30
[Benzene:--indole] —4.72 —4.31
AE® = —0.03 kcal/mol?
C9-14---Ser9 [(2E,4Z)-Hexadiene---methanol] -0.98 -0.84
C9-14---Leu8Ser9 peptide [(2E,4Z)-Hexadiene:--N-methyl acetamide] -0.92 -0.79
C9-16---Leu8 [(2E,4Z)-octadiene---2-methylbutane] 0.30 0.36

Interaction energies are in kcal/mol.
2Atoms of bombykol (Bom)---amino acid fro|

m BmPBP.

°Pair interaction energy corrected for BSSE.

°See text.

9Many-body contributions to interaction energy (see Introduction).

Table 3. The Interaction Energy of Amino Acid Residues in BmPBP with Bombykol

Complex A? E..° [kcal/mol] Complex B E..® [kcal/mol]
Ser56 —4.42 Phel2 —4.57
phe118 -4.29 phe118 -3.59
Phe12 -3.78 Met61 -2.80
Phe36 -1.81 Ser56 —-2.79
Phe76 -1.25 Phe36 -1.93
Trp37 -1.22 Trp37 -1.20
Ser9 -0.91 Phe76 -1.15
Pept. bond L8-S9 -0.85 Ser9 -0.84
Leu8 -0.82 Pept. Bond L8-S9 -0.79
Leu8 0.36
Sum -19.35 Sum -19.32

2The three letter code and a serial number of interacting amino acid of structure A (B).
®Corrected interaction energy of bombykol with the corresponding amino acid extracted from Table 2.
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Met 61

Phe 118 ~3-6

0.3

Figure 2. Schematic Representation of the Structure B Binding Cav-
ity with Bombykol and Amino Acid Residue Side Chains

The arrows show the main interactions of the pheromone in the
binding pocket. Interaction energies are in kcal/mol.

shape may be critical for the selectivity, and the nature
of interacting residues will influence the overall affinity.
It is in agreement with the sequence analysis of the cavity
amino acids presented by Sandler et al. [7], which re-
vealed that the aromatic residues of the cavity are con-
served in all lepidopteran OBPs. Those amino acid resi-
dues in the cavity that show no interaction and only form

the shape of the cavity are variable across lepidopteran
OBPs and hence specific for BmPBP binding cavity.
Since CH---w interactions are relatively distance tolerant
[42] and the CH groups of pheromone are farther-than-
optimum distance from the aromatic rings, we believe
that modifications in the saturated part of the phero-
mone increasing donor potential of the pheromone in
C-H---m interaction are possible. This may be achieved
either by a polarization of C-H bonds that would increase
their donor potency or by the closure of the hook shape
of the pheromone using a short hydrocarbon bridge that
would introduce more donors for the interaction into the
cavity. For the polar end of the pheromone, two things
are important: flexibility, allowing it to adopt different
conformations in A and B, and the ability to concomi-
tantly act as a donor and acceptor (this feature is mainly
apparent in structure B).

Significance

We present high-level ab initio calculations addressing
questions about the origin of intermolecular forces
that bind the pheromone inside the PBP pocket. For
the first time, we were able to localize and quantita-
tively evaluate forces responsible for an interaction of
lipophylic ligand with protein residues at such a high
level of theory. In this study, it was shown that the
pheromone molecule is not just expelled into the bind-
ing cavity from the outer environment (polar sensilar
liquor) due to its hydrophobicity. On the contrary, the
pheromone is mainly attracted by several aromatic
residues in the cavity that interact (via X-H---w and
=---7 interactions) with practically the whole hydrocar-
bon unsaturated chain of the pheromone.

We would like to point out that the common analyses
of ligand-receptor interactions using classical force
fields are not sufficient for the accurate description
of such phenomena as C-H---&r and =---7 interactions.
The type of analysis presented here cannot be used
for the calculations of the overall affinity (AG), because
it does not describe the whole complex in its environ-
ment as a dynamic system. However, it yields the rela-
tive importance of the different contributions to overall
binding. Thus, we consider the presented result as
invaluable for an understanding of a large area of li-

Figure 3. [Benzene---Methane] MP2/aug-SVP
and MP2/aug-TZVPP Interaction Energy

Benzene---methane interaction energy, cor-
rected for BSSE, was calculated at the MP2
level as a function of distance, R, defined in
the schematic picture of the complex geome-
try. The curve marked by open squares is the
result obtained with the aug-SVP basis set.
The one marked with open circles represents
values computed with larger aug-TZVPP ba-
sis set. Polynomial fit, depicted by the solid
line, was used for searching the minima on
the curves. They were located at 3.82 A and
3.73 A with the corresponding energies —1.56
kcal/mol and —1.75 kcal/mol.
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Table 4. Interaction Energies of Weakly Bonded Complexes Representing All Types of Studied Interactions in [BmPBP:--Bombykol]

Complex

E;.: [kcal/mol]

MP22 ACCSD(T)® RI-MP2° CCSD(T)e
[Methane---benzene] -0.51 0.10 —0.82 -0.72
[Methanol---benzene] 0.28 0.05 -0.25 -0.20
[Propane---benzene] -0.92 0.19 -1.41 -1.22
[Butadiene---benzene] -0.98 0.19 -1.50 -1.31
[Hexadiene---methanol] —0.62 0.05 -1.04 -0.99
[Butadiene---N-methyl acetamide] -0.27 0.11 -0.93 -0.82
[Methanol---dimethyl sulfide] -1.62 0.51 -3.07 —2.55
[Butanol---methanol] —3.50 0.29 —4.84 —4.55

2Calculated using cc-pVDZ basis set.
b Difference of MP2 and CCSD(T) interaction (cc-pVDZ).
°RI-MP2/aug-SVP.

dEstimated CCSD(T) energy (RI-MP2 + ACCSD(T) according to Equation 1).
¢Plotting RI-MP2 versus estimated CCSD(T)/aug-SVP data yielded the linear regression equation: y = 0.9237x + 0.0554; with RMSD = 0.0096.

gand-protein interactions mediating a chemical com-
munication by semiochemicals (alarm signals, cuticu-
lar hydrocarbon signatures, etc.), which are quite often
hydrocarbons or fatty acids. The theoretical treatment
of similar types of interactions as presented in this
work for the PBP-pheromone complex has broad ap-
plications in related lipocaline-fatty acid complexes
as well as in the general understanding of interactions
of lipophilic moieties of drugs with their receptor or
transport proteins.

Experimental Procedures

Used Methods, Basis Sets, and Programs

All the calculations were performed using Turbomole 5.3 [73] and
MOLPRO 2000 [74] program suites. Several types of basis sets have
been used throughout the calculations: aug-SVP, aug-TZVPP [38],
and cc-pVDZ [75, 76]. Electron correlation energies were accounted
for by the second-order Mgller-Plesset perturbation method (MP2)
[35] using approximate resolution of the identity MP2 technique (RI-
MP2) [36, 37] and by coupled cluster method using single, double,
and noniterative triple excitations (CCSD(T)) [46]. The values of inter-
action energies have been corrected for the basis set superposition
error (BSSE) using the counterpoise method of Boys and Bernardi
[77]. Since the crystal structure contained only nonhydrogen atoms,
these were added with the standard geometrical parameters (ac-
cording to geometry, atom type, and hybridization) to both bombykol
and interacting amino acid residues, and their positions were opti-
mized at the RI-MP2/aug-SVP level.

Basis Set Dependence of the Interaction Energies

To evaluate the dependence of the results on the size (quality) of
the basis set, we compared the results obtained using aug-SVP and
aug-TZVPP basis sets.

A complex of benzene and methane served as a model of C-H---w
interaction. MP2/aug-SVP and MP2/aug-TZVPP interaction energ-
ies were calculated as a function of distance between benzene and
methane (Figure 3). Five points around the minimum, separated by
0.1 A, were fitted by a polynomial of the second order. The interac-
tion energies are —1.54 kcal/mol for RI-MP2/aug-SVP and —1.75
kcal/mol for RI-MP2/aug-TZVPP. Thus, aug-SVP basis set underes-
timates the value of the interaction energy by 11% in comparison
with aug-TZVPP basis set. For classical hydrogen bond and for
stacking interaction, the former (smaller) basis set underestimates
the interaction energies by 7.1% and 6.8%, respectively, in compari-
son with the larger basis set [38]. It shows that combination RI-MP2/
aug-SVP captures most of the interaction energy and is sufficiently
accurate for the quantitative comparison of different types of inter-
action.

Estimation of the Errors Caused by Molecule Truncation

Errors caused by a truncation of the bombykol molecule and the
amino acid residues in BmPBP were estimated at the RI-MP2/aug-
SVP level. For a representative comparison, OH:--O and CH--'=
interactions were chosen. The truncation of the complex [butanol---
methanol] (Table 2A, O,C1-4-:-Ser56) to [methanol---methanol] (Ta-
ble 2A, O,C1---Ser56) decreases the interaction energy by 5.6%, as
can be expected in gas-phase calculations (positive induction effect
of propyl group). In reference [41], MP2 interaction energy extrapo-
lated to the basis set limit of complex [water---methanol] is —4.99
kcal/mol, which is 10.6% less than complex [methanol---methanol].
In reference [42], the MP2 interaction energy extrapolated to the
basis set limit of complex [methane---benzene] is —1.74 kcal/mol,
which is 25.3% less than for complex [ethane-:-benzene]. In this
study, reduction of complex [propane---benzene] (Table 2A, C4-6---
Phe118) to complex [methane---benzene] (Table 2A, C5---Phe118)
decreases the interaction energy by 41.8%, indicating that trunca-
tion of bonded environment has a strong impact on calculated in-
teraction energy, especially for the C-H---w interaction. It was an
important criterion in our selection of model systems for the calcula-
tions of interaction energies (Table 2). For example, the whole phero-
mone molecule has been used for calculation of the interaction
energy with aromatic benzene rings of the phenylalanine residues.

Correction of MP2 Calculated Interaction Energies

The anticipated systematic errors of MP2 method (overestimation
of the studied types of interactions) have been corrected by CCSD(T)
method. The cc-pVDZ basis set has been used because it has been
found to yield results of sufficient accuracy [42]. Owing to the huge
computational demands of this method, a set of simplified com-
plexes representing the studied structures and interactions has
been selected. The results are summarized in Table 4. In this case,
MP2 method systematically overestimates interaction energies by
4.8%-16.6%. The linear regression of the calculated data, RI-MP2
(x axis) versus CCSD(T) (y axis), resulted in the following equation:
y = 0.9237x + 0.0554; RMSD = 0.0096. It has been used for a
calibration of RI-MP2 values, thus yielding the estimates of CCSD(T)/
aug-SVP interaction energies (Table 2, E,).

Evaluation of the Cooperative Effect

Three complexes were selected for evaluation of the significance
of the cooperative effect. First, there is an alcohol group of the
pheromone in close contact with three amino acids in structure B:
Ser56, Met61, and Phe12 (Table 2B, O, C1---Ser56---Met61---Phe12).
Second, Phe36, Trp37, and the hydrocarbon chain of the pheromone
are in close contact in both structures A and B (Table 2A, C8-
13---Trp37---Phe36; Table 2B, C8-13---Trp37---Phe36). As can be
seen, the cooperative effect accounts for only 1.4%, 0.7%, and
0.4% of the interaction energy, respectively. Third, the conjugated
double bonds of the pheromone are sandwiched by Phe12 and
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Phe118 (Table 2A, C4-15---Phe12---Phe118). The cooperative effect
accounts for 0.1% of the interaction energy. It can be concluded
that the neglect of the cooperative effect for the types of interactions
studied in this work is a plausible approximation.
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