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Study of chiral recognition of model peptides
and odorants: Carvone and camphor
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An atomistic calculation of the interaction between
peptide motifs and enantiomeric odorant molecules
(carvone and camphor) is performed. The peptide motifs
are mimics of segments of the helical receptor structure.
The model shows that the enantiomers of carvone have
distinctly different interaction profile with all peptides
considered, but the enantiomers of camphor do not
exhibit any significant enantiodifference. This parallels
the experimental fact that the enantiomers of carvone
have different smells, while those of camphor cannot
be discriminated by olfaction. This is expected to be a
pilot study in further atomistic calculations to under-
stand molecular recognition in olfaction process.

CHIRAL discrimination has tremendous importance in biologi-
cal and biomimetic systems'”. Nature has strong chiral
preference at all levels of structural hierarchy, from micro-
to meso- to macroscopic organizations. Most common exam-
ples are proteins and their constituent amino acids, nucleic
acids and their constituent sugars as well as membranes
and their constituent lipids and membrane proteins. While
the structural difference between the enantiomers of the
basic building blocks (like amino acid, sugar, lipid) are
only subtle; the higher level structures (such as protein,
nucleic acid and membrane) are active with only one enanti-
omeric form of the basic subunit. Why nature prefers only
one enantiomer of its building blocks remained a puzzle.
Understanding the reason for chiral preference shown by
nature has also tremendous practical applications. Single
enantiomeric drugs constitute more than 30% of the total
therapeutic drugs used in recent years. However, a molecu-
lar level understanding of the chiral discrimination of biologi-
cal molecules is still in its infancy.

Like other chiral recognition processes, discrimination
of enantiomeric odorant molecules by olfaction is a com-
plex process and is not understood in molecular detail.
While the simpler biomimetic systems exhibit either hetero-
chiral or homochiral preference (with varying degree) in
all known cases of biomimetic recognition, olfactory rec-
ognition is dependent on chirality for specific cases. For
example, while o-pinene, carvone and limonene can be
discriminated based on their odour quality, no significant
olfactory discrimination is reported”’ ® for the enantiomers
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of camphor, menthol, rose oxide, a-terpineol, B-citronellol
and 2-butanol. Tt is observed that the presence or absence
of a certain functional group at the chiral carbon atom or
membership of a certain chemical class is not a sufficient
condition that the corresponding enantiomers will be dis-
criminable by olfaction. It is known that enantiomeric
odorants give rise to olfactory discrimination of various
degrees®®. The two existing major theories of olfactory
recognition, namely the stereochemical theory and the vibra-
tional theory, fail to explain the odour difference of iso-
meric compounds’ .

It was expected that the G-protein coupled transmem-
brane (TM) olfactory receptor (OR) helices being chiral
at all levels of structure (primary to quaternary), the molecular
chiral feature (or its absence) of OR and odorant may
play a role in odorant recognition. Recent studies have
shown that the chirality present in a peptide at its secondary
level structure plays a significant role in orientation-depen-
dent ligand—helical peptide recognition'’. The study dem-
onstrated that the two enantiomers of a ligand molecule
have favourable interactions at different mutual helix—ligand
orientations. Such differences in the helix orientations
lead to different binding properties. It is thus worthwhile
to investigate the role of the chiral structure of the odorant
molecules and receptors as a primary event of olfaction
cascade.

The binding processes between D- and L-enantiomers
of a particular odorant (denoted by O, and O, respectively)
with an OR molecule (denoted by Re) can be represented as

Op + Re <> OyRe (D
O, + Re «— ORe. 2

The respective equilibrium constants for the odorant—receptor
interactions are given by

—AGL /RT
= D/ .

v 3)

~AG, I RT
K =e ™',

™

where AG, and AG, are the free energy changes corres-
ponding to the binding processes described above and 7 is
the temperature. One can relate the contribution of intermo-
lecular interaction to free energy using standard statistical
thermodynamic relations'”. The Helmholtz free energy is re-
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lated to the change in free energy in an isothermal iso-
baric (NPT) ensemble as

dG=dA + PdV + VdP, ()

Here 4 is the Helmholtz free energy, P is the pressure of
the system and V is the volume. A(V, 7) is related to the
partition function of the system, Q(V, T) by the relation

AV, T) = ks TinQ(V, T). (5)

The potential energy contribution to the partition function
is dependent on the configurational integral of the system,
Z\(V, T) and the latter is related to the intermolecular poten-
tial Uy(7") by the relation

Zy(V, T) = Jexp[ BUMF")1dP". (6)
Suppose the odorant contains 1, 2, ..., 7,..., N atoms and
receptor contains 1, 2, ....j, ...., N' atoms, then the total

intermolecular potential, Uy(7") can be obtained by
summing over the effective atom-atom pair potential,
U(#y, Q,-j), where 7, Q,-j are the mutual distance and ori-
entation of the respective atom pairs of odorant and receptor.
The effective atom-—atom pair potential is dependent on
the interatomic distance and orientation. Thus, binding of
the two enantiomers can be discriminated if the intermolecu-
lar potential has different distance and orientation dependency
in the two cases.

It is known that the odorant molecules are recognized
by the guanine nucleotide binding protein (G-protein)-
coupled olfactory receptors. Here, the odorant molecule
is in contact with many transmembrane helices'’. It is
likely that there is a large family of receptor molecules
(about 100-1000 members). These seven transmembrane
domain proteins (TM7) are encoded by a large multigene
family. The OR proteins have 300-350 amino acids. Obvi-
ously, numerous combinations of amino acids are possible,
which can serve as binding sites. However, it is important
to note that such an OR always works as a chiral entity
for the odorant, irrespective of the amino acid sequence.
Hence, it suffices for our purpose to study chiral dis-
crimination by taking model peptide sequences, which
can serve as helical chiral subunits of the receptor. If the
interaction profiles of both enantiomers of the odorant
with a given peptide turn out to be significantly different,
then one can conclude a chiral discrimination. The nature
of the Uy(7") profiles for equilibrium conditions described
by eqs (1) and (2) (their distance and orientation depend-
ence) for a particular peptide with each pair of enantio-
mers, will then reveal the discrimination.

The organization of the rest of the article is as follows.
In the following section we present theoretical calculations.
Next, the results are presented and discussed followed by
concluding remarks.
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Theoretical calculation

In the present article, we have investigated the interaction
profile of enantiomeric pairs of carvone and camphor with
four peptides composed of five residues. The chiral peptide
structures are H-Leu—His—Thr—Pro—-Met—OH (designated
as Peptide 1), H-Met—Ala—Tyr—Asp—-Arg—OH (designated
as Peptide 2), H-Tyr—Val-Ala—Ile-Cys—OH (designated as
Peptide 3) and H-Phe—Ser—Thr—Cys—Ser—OH (designated
as Peptide 4) respectively. Although these sequences are
observed in OR, they are used in the present work only as
different helical chiral mimics of the receptor segments,
which can be used to observe the discrimination of inter-
molecular interaction and no more. The energy minimized
structures of the four peptides, carvone and camphor
molecules are shown in Figure 1 a—f respectively.

The geometry of the molecule, net dipole moment as
well as charges on the individual atoms are generated us-
ing MOPAC". The theory used is at the semi-empirical
PM3 level'®. The charges are obtained using Mulliken
population analysis (MPA) technique'®. Variation of intermo-
lecular potential is calculated as a function of mutual ori-
entation and distance of the peptide and odorant (carvone and
camphor). The geometry of the mutual arrangement con-
sidered is shown in Figure 1 g.

The intermolecular interaction energy between the enantio-
mer of the odorant and the peptide is given by a Lennard—
Jones (LJ) potential (short-range repulsion and long-range
attraction over all nonbonded pairs of atoms) supplemented
by Coulombic interaction.

NN N N . L
Y'Y Qi kT =YY (4 kg DIRY /67y -
i j i j

N N
(R"16")°1+) Y (q,9,)/(4neeoRY). ()
T

Here R is the orientation-dependent distance between the
atoms i and j (of enantiomeric odorant and peptide respec-
tively), 6” is the average LJ diameter of the corresponding
atoms and the energy parameter &£/ is given by the
Berthelot rule, £’ = (¢’ j)m. Explicit expressions for the cal-
culation of R were developed earlier'. Charges on the ith
and jth atom are designated as g; and g, & is the effective
static dielectric constant of the medium and &, is the vac-
uum permittivity. The LJ parameters are taken from OPLS
potential parameter set'>. Intermolecular interaction is
calculated based on free energy functional given by eq.
(7) with rigid geometry approximation for the pair of mole-
cules. The optimized geometries obtained from semi-
empirical PM3-based theory (as discussed previously) are
used for both molecules. In the present work the dielectric
constant of the medium is considered as 4 and 20, representa-
tive values of the limiting range of dielectric constant of
the nonpolar membrane medium where the recognition
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Figure 1a—g. a—d, Energy-minimized structures (as stick model) of Peptides 1-4. e, f, Energy-minimized structures of carvone and camphor.
2, Relative arrangement of peptide and odorant. Arbitrarily chosen centre of peptide and odorant is shown pointed by solid arrows and top end
atoms of molecules (used to calculate azimuthal orientation) are shown by dotted arrows. While the position and orientation of a particular peptide
are fixed at a given tilt and azimuthal orientation, the orientation of enantiomeric odorants is varied through 27 and simultaneously separated from
the peptide to generate the potential profile. See text for detail.
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Figure 2.

Energy-minimized structures of dipeptides formed by combination of Peptide 1 with Peptide 2 (designated as Peptide 12) and

with Peptide 5 (designated as Peptide 15). See text for amino acid sequence details. Choice of geometry relative to odorant molecules re-

mains the same as in Peptide 1 and is shown in Figure 1 g.

takes place. The interaction energy is calculated by rotating
the odorant molecule by 27 and simultaneously separating it
from the peptide. The relative position of a given peptide
is the same for all odorant molecules considered.

To investigate the effect of the increase in overall
chirality of the peptide on the intermolecular interaction,
we considered the addition of Peptides 2 and 5 (H-Pro—
Met-Leu—Asn—Pro—OH sequence) to Peptide 1 and calcu-
lated the interaction profile with the corresponding dipep-
tide and odorants. Thus, keeping the relative position of
carvone and Peptide 1, the interaction profile is investi-
gated for H-Leu-His—Thr—Pro-Met-Met—-Ala—Tyr—Asp-
Arg—OH and H-Leu-His—Thr—Pro-Met-Leu—Asn—Pro—OH.
These two higher peptides are designated as Peptides 12
and 15 respectively, and the structures are shown in Fig-
ure 2. The results are described in the next section.

Results and discussion

The calculated total interaction energy profiles (composed
of nonbonded LJ potential and electrostatic Coulombic
interaction potential) of Peptide 1 with enantiomeric carvones
are shown in Figure 3 @, with a low value of dielectric
constant (&5 =4) of the medium. In this case, R-carvone
has more favourable interaction with Peptide 1 compared
to S-carvone. This is consistent with the experimental fact
that R-carvone is a stronger odorant compared to the S-
carvone on threshold basis. The depths of the potential
profiles for enantiomeric carvones are reduced with increase
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in dielectric constant (g = 20), as shown in Figure 3 5. Thus
the magnitude of favourable electrostatic interaction between
the carvone and the peptide is reduced by increase in magni-
tude of the dielectric constant. However, chiral discrimi-
nation can still be observed in Figure 3 5. In contrast, the
interaction profiles of Peptide 1 and enantiomers of cam-
phor have no significant difference (Figure 3 ¢). As a result,
the Peptide 1 cannot recognize the difference between
enantiomers of camphor. The subtle difference observed
between RR- and SS-enantiomers (Figure 3 ¢) is of the order
of &gT and thermal motion can destroy this small enantiodif-
ference. The result is consistent with the fact that enantiomers
of camphor do not have significant odour difference.
Differences in the orientation-dependent pair potential
can be understood from the difference in chiral structure
of carvone and camphor, as shown in Figure 4. Atoms
(which act as interaction centres) of carvone are spatially
less symmetrically distributed (Figure 4 @) and contained
in two (approximately) asymmetrically oriented planes
while atoms of the camphor molecule are distributed in
three (approximately) more symmetrically distributed planes
(Figure 4 b). The interaction centres of the camphor molecule
are radially more distributed in space than carvone and
the former has more periodic interaction (less orientation-
dependent or more isotropic) with the given peptide com-
pared to the latter. Thus, the peptide—carvone interaction
profile shows more chiral discrimination than the peptide—
camphor profile. This is consistent with our previous studies
that ligand chirality plays a significant role in recognition
by peptidelz. As a point of caution, it may be noted that
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both carvone and camphor are chiral and the planes in
Figure 4 are drawn just to visualize the average planes on
which a reasonable number of atoms of a given molecule
can be placed, and have no relation with the plane of
symmetry.

The capability of discrimination of carvone by Peptides
2 and 3 is less than that of Peptide 1 as shown in Figures

a -
b :
~ - -
c
- .
. e R
. - pn ad < —
Figure 3. Interaction profile of Peptide 1 with (@) R- and S-carvone

with & =4, b, R- and S-carvone with &; = 20 and ¢, RR- and SS-camphor
with &; = 20. Plots with dotted lines correspond to R-enantiomer and
those with solid lines correspond to S-enantiomer.
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5 and 6. This is expected due to the fact that variation in
chiral structure of the peptide leads to the difference in
chiral recognition. In contrast, no enantiodifference is ob-
served for camphor for Peptides 2 and 3. Plots for camphor
are shown in Figures 5c¢ and 6 ¢, respectively. The inter-
action of Peptide 4 is more favourable with S-carvone than
R-carvone, in contrast to the interaction with Peptides 1-3,
as shown in Figure 7. This is consistent with the fact that
one enantiomeric molecule may have less favourable in-
teraction with a particular peptide, but may have favourable
interaction with other peptides depending on the chiral
structure of the peptide. Significantly, camphor is not
discriminated by Peptide 4 like other peptides.

The peptide—carvone interaction profiles shown in Figures
3, 5-7 clearly show that the all peptide sequences can dis-
criminate between the R- and S-enantiomers of carvone.
This conclusion corroborates the recent coarse-grained
calculation that the interaction profiles of chiral helical
peptide with chiral ligand are different for two enantio-
mers of the ligandlg. Thus, each peptide segment of a receptor
transmembrane helix present in the membrane can have
different orientation-dependent interaction with each en-
antiomer. This leads to the remarkable capacity of relatively
less number of receptors to distinguish the enormous variety
of odorant molecules.

However, Peptides 14 could only be considered as mimics
of small fragments of the large transmembrane helix. Does
the higher level organization (for example, larger secondary
level helical structure or more organized tertiary level
structure) have further influence on the interaction? Ex-
plicitly, it is worthwhile to investigate the effect of the
surrounding chiral subunits over the interaction of chiral
peptide units closest to the approaching ligand. Coarse-
grained model showed that increasing chirality of the
helical peptide (more spatially dissymmetric arrangement
of amino acid residues) leads to increasing dissymmetry of
the potential profile (becomes more orientation-speciﬁc)lz.
The potential profiles of the two higher peptides (namely
Peptides 12 and 15) are expected to be more orientation-
specific than the lower peptides, such as Peptide 1. The
interaction profiles for Peptides 12 and 15 with enantio-
meric carvone are shown in Figure 8a and b, respecti-
vely. The plots show that the nature of the potential
profile becomes more funnel-like in the former higher
peptides. The funnel shape of the potential profile drives
the interaction between the carvone and peptide as more
orientation-specific compared to the case where the interac-
tion profile has multiple minima (for example, with Peptides
1, 2 or 5). Thus, it is expected that the increasing diver-
sity in peptide sequence in the helical structure will lead
to better discrimination of enantiomeric odorants by the
peptide. This explains the necessity of hypervariability of
amino acid sequence in receptor proteins, which leads to
higher-order chirality of variable degree.

In the present article, one representative mutual spatial
arrangement between peptide and odorant is considered.
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Figure 4. a, Imaginary planes that contain a number of atoms of carvone and asymmetric orientation of these planes. b, Similar planes
containing a number of atoms of camphor are distributed in approximately three symmetrically distributed planes. The planes are an
indication of the more globular structure of camphor compared to the planar structure of carvone and have no relation with the plane of

symmetry. More spatially distributed interaction centres are present in camphor compared to carvone.
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Figure 5. Interaction profile of Peptide 2 with (@) R- and S-carvone with & = 4, (b) R- and S-carvone with ¢ = 20 and (¢) RR- and SS-camphor

with € = 20. Plots with dotted lines correspond to R-enantiomer and those with solid lines correspond to S-enantiomer.
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However, a number of mutual positions and orientations
between peptide and odorant are possible'”, that may have
varying degrees of stability of odorant binding. The global
minima may be most effective in binding the odorant.
Related conformational changes may control the signal
transduction event and resulting odour characteristics.
However, the other minima can also be effective in binding
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Figure 6. Interaction profile of Peptide 3 with (@) R- and S-carvone
with & =4, (b) R- and S-carvone with & =20 and {¢) RR- and SS-
camphor with & = 20. Plots with dotted lines correspond to R-enantio-
mer and those with solid lines correspond to S-enantiomer.
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(according to Boltzmann distribution) depending on the
availability of sufficient number of odorant molecules in
proximity of the peptide at the corresponding mutual spa-
tial separations and orientations. As a result, depending on
the concentration of the odorant, the nature of binding with
the peptide may vary. This is consistent with the fact
that odour characteristic of odorants depends on concen-

a Toprres W prmee
Papiims > uyeew

B i

VS «t¢

b A A
Tt ites 3y

. . ¢ T I

C Petten N Cawres
Ragtioer & Liwme

ot vt

o — -
A, p

N s . o

Figure 7. Interaction profile of Peptide 4 with (@) R- and S-carvone
with & =4, (b) R- and S-carvone with & =20 and {¢) RR- and SS-
camphor with g = 20. Plots with solid lines correspond to R-enantio-
mer and those with dotted lines correspond to S-enantiomer.
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tration. The intensity of the signal is expected to be de-
pendent on the total interaction energy. As a result, a
threshold concentration of odorants is always required,
which is dependent on the shape and depth of the corre-
sponding potential well. This is consistent with the well-
known fact that different odorants have varying degrees
of threshold concentration.

Buck and Axel' have pointed out that individual sub-
families of genes may encode receptors that bind distinct
structural classes of odorant. The degree of variability of
the residue is less among the subfamily and may recognize
more subtle variation among odour molecules of a given
class. Such a model indicates that activation of distinct
receptors with similar structure could give rise to different
odours, because the perceived odour will depend on higher-
order processing and this model is in contrast with the stereo-
chemical theory. The present calculation indicates that the
discrimination could start even at the level of initial recog-
nition by OR. One chiral receptor will give rise to differ-
ent molecular interactions with odorant molecules that
may belong to the same class of structure, but have subtle
stereochemical or conformational differences. As a result,
the binding event and subsequent signal transduction are ex-
pected to be different for these odorants.

The present calculation also shows that the increase in
chirality of the receptor fragment (as shown by dipep-
tide — odorant interaction) increases the specificity of
binding with the ligand. Thus, at a given relative position
and orientation, the recognition is more specific for enhanced
chirality of the ligand. This draws our attention to the omni-
presence of chirality in biological receptors. The enantio-
difference of odorant molecules (or its absence) indicates that
the chirality of molecular structure has a decisive role in
molecular recognition events in biological systems. More
systematic molecular studies using different classes of
odorant with subtle variation in molecular structure are
necessary and future studies are to be aimed in this direction.
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Interaction profile of (@) dipeptide 12 and (b) dipeptide 15 with R- and S-carvone with g = 4.

Conclusion

The present calculation shows that the two enantiomers
of an odorant could have different orientation-dependent
favourable potential profile with different peptide molecules
depending on the chiral molecular structure of the odorant.
Details of the potential profile depend on the chirality of the
odorant as well as the peptide. It is shown that despite the
presence of chirality in both carvone and camphor molecules,
the former enantiomeric pair can be discriminated, while
the latter pair does not show significant enantiodifference.
More spatial dissymmetry of carvone leads to successful
enantiodifference in its odour perception compared to
camphor. Two enantiomers of carvone molecule have fa-
vourable interaction with different peptides with varying
degree of stability and mutual orientation. This result is
consistent with the fact that the identified receptor sub-
types respond not to one but to many odorants. The pre-
sent calculation corroborates the fact that the naturally
occurring hypervariability of amino acid sequence is used to
recognize the wide variety of odorants. Variation in seque-
nce leads to diverse chiral structures, each of which can suc-
cessfully recognize multiple odorants. According to the
present calculation, a threshold concentration of odorants
is always required to bind with the receptor that is de-
pendent on the shape and depth of the corresponding
potential well. This is consistent with the well-known fact
that different odorants have varying degrees of threshold
concentration. In the present work it is shown that olfac-
tory discrimination could start even at the level of initial
recognition by OR. A given chiral receptor will have differ-
ent molecular interactions with a number of odorant mole-
cules that may belong to the same class of structure, but
have subtle stereochemical or conformational differences.
As a result, the binding event and subsequent signal
transduction are expected to be different for these odor-
ants. The present calculation also corroborates the fact
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that the multiple odorant receptors can recognize a parti-
cular odorant and different odorants are recognized by dis-
tinct combinations of the receptors.
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