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ABSTRACT ARTICLE HISTORY
The mechanism by which the chemical identity of odourants is Received 17 May 2017
established by olfactory receptors is a matter of intense debate. %ﬁ?pted 4 September
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1. Introduction and motivation

Consider the fate of a hydrogen sulphide molecule (smells of rotten eggs) which
we shall name M. We join M while it is inside a small glass vessel - a stink bomb -
which breaks open when dropped onto the laboratory floor. As the glass breaks,
M is set free along with a great many of its companions. M then finds itself
caught in the updraft produced by the inhalation of the human who dropped
the glass vessel, and is carried upwards through a nostril of its liberator into a
cavity behind the nose, sitting between the eyes (above) and the mouth palate
(below). The ceiling of this cavity is covered by a warm damp layer of mucus,
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on the other side of which are neurons projecting down from the human brain
through openings in the skull. After a short while M becomes submerged in
this mucus and experiences collisions with the water and proteins. M eventually
completes a random walk that leads to contact with the cell membrane of an
olfactory neuron. Since hydrogen sulphide is only slightly soluble in water, M
spends some time in the lipid membrane of the neuron. However, the next event
of interest to us is when M’s journey takes it to the entrance of an olfactory
receptor. M then tumbles into the receptor and is pushed and pulled by atoms
in the seven transmembrane helices that form the walls. The orientation of M
changes quite rapidly at first, but quickly M forms a number of weak bonds
using van der Waals and electrostatic interactions. This stabilises the position
and orientation of M within the receptor. The receptor is now able to recognize
the chemical identity of M, and then initiate the signalling machinery.

This review is about the recognition step. How does it happen? What are the
options? Two possibilities are considered: the docking theory, and the vibrational
theory. First we consider an overarching theme: the structure of the receptor.

2. Olfactory receptor structure

The structure of an olfactory receptor will necessarily be strongly connected to
the mechanism it employs to establish odourant chemical identity. Vertebrate
olfactory receptors are g-protein coupled receptors, or GPCRs [1], and olfactory
receptors constitute the largest subclass within GPCRs. However, we do not
have good atomic level structural information for olfactory GPCRs, though X-
ray structures have been found for other GPCRs, such as bovine rhodopsin [2].
However, the sequence of amino acids is known for many receptor proteins [3],
and general structural features, and the general manner in which they operate,
are well established [4].

GPCRs work by transducing the signal received on the outside of the mem-
brane into an intracellular signal [4]. GPCRs are of enormous biological and
medical importance and excellent reviews of their structure, evolutionary ori-
gin and pharmacology have been written, to which the reader is referred for
background [5]. It is generally assumed that a conformational change in the
receptor releases an intracellular assembly of proteins called g-proteins, though
the details are an active research topic [6]. These in turn activate other enzymes,
for example kinases. These kinases then phosphorylate ion channels to activate
them. The multi-step system achieves gain at the expense of speed. Structurally,
GPCRs appear to be remarkably conserved in the transmembrane part and highly
diverse in the cytoplasmic loops, especially the extracellular ones where in many
cases the ligand binding takes place [3]. The most conspicuous structural motif
of GPCRs is a sequence of seven transmembrane helices spanning back and forth
across the membrane, abbreviated to 7-TM.

Depending on the type of GPCR, ligands can either bind close to the extracel-
lular face of the receptor, or in other locations on the extracellular loops which
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can sometimes be extremely large, up to 500 amino-acids long (for comparison
a TM helix contains about 20 amino acids) [7]. Intense crystallographic effort
has given us high resolution pictures of the 7-TM part, which appears to be
strikingly similar in outline in widely diverse GPCRs despite a low homology
in sequence [8]. The extensive pharmacology and accurate structural data for
receptors in which the binding occurs between the helices has yielded remarkably
detailed models for the physics of the conformational change induced by ligands.
Dynamical NMR measurements are adding a time dimension to the static X-ray
picture, and the field is progressing rapidly [9,10].

It is not clear, however, whether a general mechanism for GPCR activation,
applicable to all GPCR classes will emerge from these studies, which so far have
been mainly focused on the B-adrenergic receptor [11]. The relationship, if any,
of the larger and more distant binding sites to the intricate clockwork of the 8-AR
binding pocket remains to be determined. One interesting feature of the binding
pocket is that it contains different structural features depending on whether
the ligand is hydrophilic (neurotransmitters) or hydrophobic [12]. Hydrophobic
ligands are bound under a ‘lid’ which shields them from the surrounding water,
whereas hydrophilic ligands remain in part exposed to the outside aqueous phase.

The 7-TM arrangement of GPCRs invariably puts the amino terminal of the
protein outside the cell, and the carboxylate terminal inside. By contrast, insect
olfactory receptors, while also possessing a 7-TM structure (none yet determined
by crystallography) have an inverse arrangement: amino inside and carboxyl
outside. Furthermore, they have no sequence homology to GPCRs and - even
more remarkably — a low homology to one another [13]. Drosophila contains
63 such receptors involved in olfaction proper, and related gustatory receptors.
It should be noted that the evolutionary ‘decision’ to use non-GPCR receptors
for olfaction is not due to a scarcity of GPCRs in insects: conventional GPCRs
resembling mammalian ones are found everywhere in the fly nervous system,
transducing octopamine, dopamine and acetylcholine among others [14,15].

Insect olfactory receptors appear to work as dimers made up of a constant and
a variable part. The constant part is also a 7-TM receptor formerly designated as
OR 83b (now ORCO for odourant receptor coreceptor). Flies in which Orco is
absent are anosmic. The rapid, and rapidly extinguished response of fly receptors
to odourants suggests a direct (‘ionotropic’) rather than a biochemically amplified
(‘metabotropic’) mechanism, though a mixture of the two has not been ruled
out [16]. From the standpoint of an electron-mediated vibrational detection
mechanism this is not a crucial distinction, since the same electroreduction step
(for example disulfide to dithiol) could be used both to turn on a channel directly
or to effect g-protein mediated transduction. Unlike the mammalian olfactory
neuroepithelium, where the exact position of neurons bearing different receptors
is unknown, the position of olfactory receptor neurons and their attendant
receptors in the fly is stereoptypic and has been extensively mapped [13]. This
has enabled the construction of an extensive database of odourants and receptors
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which respond to them, which is accessible online. The overall impression one
derives from this database is that fly odourant receptors are relatively nonspecific
and will often respond vigorously to several, even chemically distant odourants.

A frequently voiced objection to the notion that vertebrate olfactory receptors
can sense vibrations is the fact that other GPCRs apparently do not. One editorial
article put it thus: “‘Why should olfactory receptors be so difterent?” [17]. The
answer is twofold. First, it depends on one’s perspective on GPCRs. For example,
since rhodopsin is the ancestral GPCR, one could ask ‘why don’t all GPCRs sense
light?” or ‘why aren’t they all ion pumps like bacterorhodopsin?’. The answer is, of
course, that evolution frequently recycles similar structures to achieve different
functions [18,19]. A related question is the apparent similarity in function
between vertebrate olfactory receptors and insect ones when the sequences have
no similarity and even the topology of the proteins is different. Again, evolution,
this time convergent, may be the answer. If sensing vibrations confers the same
advantage to animals as IR spectroscopy did to chemists, i.e. providing them
with an analytical sense probing functional groups, then evolution will favour
its appearance and, if necessary, rediscovery. It is remarkable in this context that
insects do have other GPCRs but do not use them for olfaction.

Finally, there may be something more subtle underlying the use of electrons in
olfactory receptors. The mechanism of activation of non-olfactory GPCRs may
indeed be the same, but it has not been elucidated yet. In particular, it is not clear
how binding causes the crucial receptor activation step. One of us has proposed
that electron transfer may be an ancestral general mechanism in GPCRs, and that
the additional trick of making electron transfer contingent on vibrations may be
a later evolutionary advance [20].

3. Mechanisms of molecular recognition

Having considered the receptor structure, we now ask the question: how do
olfactory receptors work? There are two proposed mechanisms for the initial
molecular recognition step: one based purely on shape and weak bonding in-
teractions between the odourant and the receptor (which we shall refer to as
the docking theory); the other asserts receptors can also identify vibrational
frequencies (which we shall refer to as the vibrational theory). Both theories
acknowledge that a recognition event requires some level of match between the
odourant and the receptor. This involves both some shape compatibility (to
avoid high energy repulsive interactions), and alignment of atomic groups to
support weak bonding interactions (to ensure the time the odourant resides in
the receptor is sufficient to trigger recognition). However, they differ in how this
contributes to the final recognition. The docking theory proposes that a change
in configuration of the receptor follows the arrival of a molecule that binds
sufficiently strongly, which then initiates a signal (the binding and release of a
trimeric G protein in mammals). The vibrational theory proposes that the signal
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can only occur once the receptor recognizes a part of the vibrational spectrum of
the odourant [21].

We now analyze these mechanisms in more detail. We note that the question
of mechanism plagued the vibrational theory for many years. In 1996 Luca Turin
published a paper [21] in which he proposed that inelastic tunneling spectroscopy
is a possible mechanism. This is the primary vibrational mechanism considered
here.

3.1. Docking theory

Here we give a very brief overview of the main ideas for the docking theory of
olfaction, which has evolved steadily over many decades, and continues up to the
present time [22]. One early view from 1944 due to Moncrieft [23] and Pauling
in 1946 [24] was that the odor of a molecule is defined by its selective adsorption.
Every contemporary theory accepts this in some way: receptors have a shape
and bonding landscape, so odourants will inevitably bind selectively to different
receptors. In 1963 Amoore produced a more prescriptive view [25], based on the
interesting idea that there might be smell ‘primaries’, as there are for color. Based
on the seven most prevalent odor descriptors, he saw odor as defined by a set
of rigid shapes. While steric effects are clearly relevant, strict shape matching is
no longer held onto as individual receptors are known to accommodate multiple
odourants [26-28].

While we do not know the secondary structure of any olfactory receptors, we
do know that vertebrate olfactory receptors are GPCRs [1]. As the structures
of some other GPCRs are known, it has been possible, by a combination of
experiment and computer simulation, to work out a number of aspects of
how they operate [29]. It is natural to assume that olfactory receptors share
characteristics with these other receptors.

What is also clear, however, is that the typical ligands of odourant receptors
are quite different from the typical ligands of other GPCRs, both in respect
of affinity and specificity. Figure 1 shows three ligands, in decreasing order
of affinity and specificity from left to right. These diagrams are generated by
Poseview [30]. At left is norbiotin (pdb 1LDO), a ligand with a near-covalent
binding energy to the protein avidin. Norbiotin makes seven hydrogen bonds
with the protein, each contributing between 2 and 5 kcal/mole. At the center is
an emblematic GPCR ligand, noradrenalin, depicted with its interactions with
the B-adrenergic receptor. Five hydrogen bonds are listed. At right is an insect
pheromone, tetradecadien-1-ol, attached to its odourant-binding protein. It is
safe to assume that this protein has evolved for high affinity, since the insect
can perceive the odourant at low concentrations. The pattern of interactions is
quite different: most of the odourant interacts by dispersion forces, and only the
terminal hydroxyl forms a single hydrogen bond with a nearby carboxylate.

The ability to form hydrogen bonds influences bulk physicochemical prop-
erties as well as binding to receptors. Biotin and noradrenalin make hydrogen
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noradrenalin in (10E12Z)-tetradecadien-1-ol in
beta-adrenergic receptor odorant binding protein

norbiotin in avidin

Figure 1. This figure shows three ligands in decreasing order of affinity and specificity from left
to right. These diagrams are generated by Poseview [30].

bonds to themselves and the substrate and are nonvolatile solids, while tetrade-
cenol is a volatile liquid. Accordingly, most odourants - volatile by definition
— will have few molecular features available for molecular recognition. We do
not have a picture of an odourant in a receptor, but human odourant-binding
proteins serve as second best. Remarkably, most of the Poseview analysis of
odourants bound to OBPs reveal few interactions, sometimes no interactions at
all aside from generic dispersion forces. For example different odorants inter-
acting with a bovine odorant binding protein (pdb ID 1GT1 to 1GT5) show no
specific interactions, while the LUSH odorant protein of drosophila [31] interacts
with odorants via one hydrogen bond.

What the above implies is that odourant receptor specificity and affinity are
expected to be generally low [26], as indeed seems to be the case both in insects
and vertebrates. An interesting illustration of this relates to the odor character
of enantiomers. While some enantiomer pairs have distinct odours [32], many
enantiomer pairs smell identical [33], which is not what would be expected
from a shape-based model involving chiral receptors. Interestingly, there is some
evidence that people can learn to distinguish enantiomers that previously smelled
identical to them [34]. Extensive data on interactions between chiral drugs and
receptors reveals in general large changes in affinity and efficacy of enantiomers
[35]. Some data exists on the pattern of olfactory bulb activation by enantiomers
in rat preparations. Two patterns are shown in Figure 2. What is striking about
these patterns is how similar enantiomer responses are to one another. This is
especially striking when compared to responses to different odourants, as can
be seen in Ref. [36]. This suggests that chirality of the receptor binding pocket
is weak. It is also worth noting that the limonene enantiomers, long held up
as an example of odor character difference, actually smell identical to humans
when sufficiently pure [37], and that the small differences in rat olfactory bulb
activation may be due to impurities.

This does not mean that odourants are somehow unable to activate GPCRs
by conventional means. The dynamics of a GPCR is very important to how
it operates [39]. The role of the odourant may be to perturb the dynamics
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R - carvone S — carvone
(Spearmint) (Caraway)

Figure 2. This figure shows olfactory bulb activation by enantiomers in rat preparations. Note
how similar the activation is in both cases. Reproduced with permission from Ref. [38].

through its interactions with the residues of the receptor, causing it to explore
configurations with probabilities that differ from those of the empty receptor,
and which depend on the features of the odourant. Recognition is then thought
to occur when configurations that support the binding and activation of a G-
protein are entered sufficiently often that activation occurs with high probability
[6]. Once activation occurs, there is thought to be an exchange of GDP for GTP
by the G-protein, and at some later stage the release of its & subunit, which feeds
into the signal amplification.

To date, docking theories have had limited success in predicting odour [40,41].
In addition, given the new understanding of the highly dynamic nature of the
recognition process, it is quite hard to imagine a strong link between the structure
of the odourant, the structure of the receptor, and recognition. However, as that
we are still at an early stage in the research into the consequences of this dynamic
behaviour, new insights may be forthcoming.
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3.2. Vibrational theory

3.2.1. History
The idea that olfaction probes the molecular vibrations of odourants has a
long history. If one neglects earlier, rather vague proposals [42] inspired by
Naturphilosophie and a hoped-for unity of ‘spectral’ senses (hearing, vision and
smell), the first clear proposal for a vibrational mechanism in olfaction is due to
Dyson [43,44] soon after after the discovery of Raman spectroscopy. The theory
was revived in the late 1950s by Robert Wright [45,46], found remarkable but
largely overlooked experimental support in the early 1980s with the work of
Clifton Meloan [47,48], and thereafter died a lingering death until revived in
1996 [21].

Its current lack of popularity is in part due to its history. The reasons for the
original demise of vibrational theories in general were threefold. In increasing
order of seriousness:

(1) Wright had proposed [49] that only the energy range below a few kT,
that is to say 0 —1000cm™! was being probed. The rationale for this
was sensible, since a mechanical system like a protein, operating around
300 K, could not be expected to sense vibrations which were not thermally
excited. This meant that the microwave spectrum of molecules was being
read, but the correlations between microwave peaks and odour were rather
unconvincing.

(2) It wasbecoming clear [50] that enantiomers sometimes possessed different
odour characters, and this was taken as definitive evidence against the
theory since enantiomers have identical solution spectra. In time this
turned out to be a fairly weak objection.

(3) Most importantly, no mechanism was ever proposed by which cells could
sense vibrations. This last objection became more acute as our under-
standing of olfaction progressed. The discovery of olfactory receptors in
1991 [1], the realisation that they were part of a much broader class of G-
protein coupled receptors (GPCR) involved in sensing neurotransmitters
[51], and the rising tide of consensus about molecular recognition, made
it increasingly unlikely that olfactory receptors detected vibrations when
all other GPCR receptors did not.

The cornerstone of the vibrational theory, however, remains an old obser-
vation made by chemists such as Dyson, Wright, and Meloan. Much of the
organic chemist’s trade consists in identifying molecules, and until NMR became
widespread in the late sixties, chemists used IR spectroscopy (and frequently
smell) to figure out what they had made. Much of the language of olfaction comes
from chemistry: odourants smell ethereal, sulfuraceous, nitrilic, etc. Indeed it
was another chemist, Hein Klopping, who pointed out that this recognition of
functional groups was, from the standpoint of molecular recognition, rather a



Downloaded by [Imperial College London Library] at 03:20 07 November 2017

ADVANCES INPHYSICS: X (&) 945

mystery. In a seminal article titled The odour of small molecules [52], he pointed
out that a molecular recognition system based on what is commonly known
as lock-and-key needs proper keys to work, and that small molecules should in
principle be able to either pick everylock, or none. Instead, they have very specific
odours. An extension of Klopping’s observation is the fact that the presence of
functional groups can be detected whatever the molecular context. Any molecule
containing an -SH group, provided it is volatile and sufficiently small (<20
carbons is the usual limit) to fit into the receptors is certain to smell sulfuraceous,
and the same applies to the odor character imparted by nitriles, nitro groups,
oximes, ethers etc. It should be emphasized that individual descriptors such as
sulfuraceous are only part of the olfactory identikit of the molecule: pinanethiol
(7,7-dimethyl-2-bicyclo[3.1.1]heptanyl methanethiol), for example, smells both
of pine needles and ‘rotten egg’, and is a grapefruit material in fragrances and
flavors.

Pinanethiol illustrates an important point in olfactory recognition, i.e. that
the smell of a molecule is in a sense the sum of the smell of its parts. If the
thiol in pinanethiol were replaced by a nitrile group, the resulting pinanenitrile
would smell like nitrilic pine needles. An easily accessible illustration of this
phenomenon is citronellyl nitrile. Citronellal is a well-known lemony material.
Replacing the aldehyde with a nitrile yields a material which smells of both lemon
and oily-metallic, a familiar smell in stovetop cleaners combination. To an IR
spectroscopist, this makes good sense: many functional groups like -SH and -CN
vibrate in the upper half of the range of molecular vibrations (0 —4000cm™1,
i.e. 0-0.5eV) whereas the rest of the molecule vibrates in the fingerprint region,
so named because the pattern of vibrations is determined by the topology of
the bonds, and therefore unique. In many cases, changing functional group has
relatively little effect on the fingerprint region.

We stress that in the vibrational theory, receptors are assumed to use shape as
well as vibrational frequency to identify odourants. The multitude of receptors
(63 in flies, upwards of 500 in humans, a thousand in mice, etc) reflects this
important point. The ‘cuvette’ of the spectrometer (the receptor binding pocket)
is the size of the odourant and so cannot be wholly non-selective. One must
therefore have dozens of receptors in order to make sure to catch an odourant
and analyse its spectrum. However, the theory asserts that shape is not enough.
Indeed, the purpose of the system is revealed by the fact that most receptors,
even at the individual level, appear to be relatively nonspecific.

3.2.2. Turin theory

Here we summarize the one known possible mechanism for vibrational recog-
nition of odourants, namely that proposed by Turin [21]. The central idea is
that an electron can travel from one site to another of different energy, but only
if total energy is conserved. The change in energy of the electron must thus be
compensated by an equal gain in vibrational energy of the odourant within the
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Figure 3. This cartoon illustrates the mechanism of the Turin theory of olfaction. The odourant
molecule (balls and spring) is resident in a receptor (helices embedded in a membrane). If an
electron hops from one electronic level (donor, D) to another (acceptor, A), then a signal is
generated (activation of a G protein). In the initial state, the electron is on D which has an energy
AE higher than the final electronic state when the electron is on A. Initially the odourant molecule
is in its lowest vibrational state, but in the final state (the electron on A) the odourant vibrational
mode has a higher energy, with the energy coming from the electron. To conserve energy overall,
the difference in energy between the two vibrational states must also be AE. Suppose now that
the splitting between the electronic states was increased by 50%. It would now be impossible to
conserve energy and have the electron jump between D and A. Since energy must be conserved,
the hop becomes forbidden, and the receptor cannot signal the presence of the odourant. Thus
the presence of a signal indicates that a molecule is present that has a vibrational mode of
frequency defined by the receptor (the energy splitting between D and A), as required by the
vibrational theory.

receptor. The equality of these two energies means that the electron transfer can
only happen if there is an odourant present with the right vibrational frequency,
and hence we have a method for recognizing the presence of an odourant by its
vibrational modes. The mechanism is explained further in the caption to Figure 3.

There are a number of features that need to be in place for the mechanism to
operate [53].

(1) First, the itinerant electron’s initial state (donor), and final state (acceptor)
must exist. These are termed D and A respectively in Figure 3. Note that
there is an important assumption here, namely that the electrons move
by a hopping mechanism so that they have significant residence times in
localized states. The other extreme would be that the electrons move in
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a metallic like fashion, as occurred in the work of Lambe and Jaklevic
[54]. Because electrons in proteins are at body temperature, and proteins
are flexible molecules, we expect large coupling between the electrons and
the atomic vibrations, and hence hopping transport to be the relevant
mechanism.

(2) Second, D must have a higher energy than A. The energy ordering follows
from the low occupancy of the excited vibrational state in equilibrium at
the temperature found in a mammal. That is, if the electron were to travel
in the reverse direction (from A to D) it would need to acquire energy from
the vibrations of the odourant, which in turn would require the odourant to
be in an excited state. As this excitation is improbable (occupancy 0f 0.0003
for a vibrational quantum of 0.2 eV at 300 K), response of the receptor
would be suppressed. Of course, at equilibrium the same argument holds
for the electrons; however, there are electrochemical processes that operate
in living cells that can generate electrons of increased energy. We note that
immediately following the transition, the molecule is in a vibrationally
excited state, so the reverse process is then rapid; however, this can be
suppressed by interactions of the molecule with its environment [55].

(3) Third, D and A and must not be coupled strongly to their environment:
coupling to both electronic and vibrational states must be weak. Coupling
to other electronic states results in a projected density of states on D or
A being broadened. While this allows electrons to move on and off easily,
it also means that electrons on these sites can easily be thermally excited
to higher energy levels, removing a sharp separation between filled and
empty states. Thus there is a loss of resolution with the broadening being
about 5.4 kg T (this follows from the form of the Fermi-Dirac distribution
function), where kg is the Boltzmann constant and T the temperature.
At body temperature the broadening is about 0.1eV, which is of the
same order as the vibrations we seek to measure. Ensuring the electronic
coupling is weak is not a problem in practice for proteins. The broadening
due to coupling to vibrations in the environment can be estimated from
Marcus theory [56], and is given by +/41kp T where A is the reorganization
energy, a measure of how strongly the electron couples electrostatically to
fluctuations in the environment. A typical value for A in proteins is of
order 1eV, giving a broadening of order 0.3 eV. It has been recognized
since 2007 [53], and reiterated since then [57,58], that the reorganization
energy needs to be much smaller than this for the mechanism to operate.
In particular we note that once the broadening is of the order 0.1 eV, there
can be a high probability that the electron can tunnel in the absence of any
odourant, thus negating the value of the receptor.

(4) Fourth, the site D must be able to be charged by an electron; that is, it must
be coupled to a source of some kind. In addition, site A must be able to
pass on the electron in such a way as to initiate the release of the G protein;
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it has been speculated that this is through the reduction of a disulfide bond
[21].

(5) Fifth, the electron must couple sufficiently strongly to the vibrations in the
odourant that there is a high enough probability that it can successfully
exchange energy with them when jumping from D to A.

(6) Sixth, the hopping of an electron from D to A must occur on a timescale
that is compatible with the upstream amplification (starting with the
release of the G protein) and processing stages, namely microseconds
to milliseconds. If the processes occur much faster than this it is not pos-
sible to distinguish signals from molecules with a compatible vibrational
spectrum from those without.

The heart of the mathematical theory is a rate equation [53,57,58]; a brief
summary of its derivation, generalised from previous work, is given in the
Appendix 1. In particular, if the vibrational modes have energies that match
the difference in energy between D and states on the odourant M, then the
itinerant electron can remain long enough on the odourant to exert a significant
force on the vibrations. This limit is considered numerically by Bittner et al.
[59], and shows strong resonant behaviour. It is not possible to say at this stage
whether this resonant mechanism or the original one is correct, though each have
advantages: having the electron avoid M means the signal is driven just by the
vibrational modes of the odourant, and not by its ability to transfer an electron;
having the electron reside on the molecule means the response to the odourant
modes (as opposed to the environment) is maximized.

3.3. Receptor features

Earlier we considered general features of olfactory receptors: here we consider
some finer details that are important to specific transduction mechanisms. The
following is somewhat speculative as we do not have an X-ray structure available
for an olfactory receptor, and so must depend on other known structures [60,61].

For any mechanism, the receptor must be able to provide sites at which
molecules can reside. As olfactory receptors have 7-TM helices that can form
a pocket accessible from outside a cell, and they belong to the family of GPCR
receptors, this can be taken as given [62]. What is not known is how the receptor
responds mechanically to the arrival of an odourant. This is an area of active
study, but at a very early stage [6]. The full three dimensional structure would
enable reliable molecular dynamics simulations to be performed, which should
transform our understanding of this step [39,63].

Less obvious is whether the structural features required to make a tunneling
receptor work are present. They can conveniently be split up in three parts:

(1) electron transfer across the odourant binding site
(2) resupply of electrons to the electron donor and
(3) electrochemical transduction of the current.
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As we need to discuss small scale features, we require a model to work from. As
our model GPCR we consider rhodopsin, because it is an ancestor to all GPCRs, it
contains a hydrophobic ligand (retinal), and its structure is known at the highest
resolution.

3.3.1. Electron transfer

It seems safe to assume that the donor and acceptor must be part of the protein,
and therefore must be amino acid side chains. What is required therefore is an
electron donor with the highest possible HOMO energy, and an acceptor with a
LUMO below that energy. Tryptophan has the highest HOMO of all amino acids,
and a highly conserved tryptophan is present in all GPCR binding pockets [64].
On the face of it, the requirement for a LUMO below the tryptophan HOMO
appears impossible, since all amino acid side chain HOMOs lie several eV below
the LUMOs. There is, however, a way to shift a LUMO downwards by several
electron volts: a metal ion bound to the protein.

Zinc has been proposed as a candidate, is known to be involved in olfaction
(including in dogs [65]), and only exists in the +2 oxidation state, which may
ensure that it passes the electron along. Remarkably, there is in fact a zinc ion
in the rhodopsin core, i.e. in the middle of the membrane, clearly resolved in
the 1ul9 structure. It is bound in an unusual geometry to a second tryptophan,
a histidine and a glutamic acid carboxylate. What makes the geometry unusual
is that, while the plane of the tryptophan bisects the zinc ion as expected, the
histidine which would be expected to do the same does not. Instead, the plane
of the his ring is almost tangent to the zinc. This suggests that the histidine
is protonated. We therefore have at least two, possibly three, positive charges
around an aromatic amino acid, and the effect on the LUMO is to lower it by
several electron volts. In between the ‘donor’ tryptophan and the ‘acceptor’ Zn-
tryptophan-histidine complex lies the ionone core of the retinal. What prevents
these residues from acting as a donor and acceptor in rhodopsin (apart from
the availability of a supply of electrons) is the presence of a negatively charged
carboxylate which partly cancels the positive charges and cancels the gradient
favorable to electron transfer. If the glu were absent - a single-point mutation
- one would indeed have a key component of an electron transfer device (see
Figure 4).

3.3.2. Resupply of electrons

We now address the question of how electrons might travel to and from the donor
and acceptor sites. It is generally considered established that unmodified, native
proteins without prosthetic groups are insulators. This fits with the HOMO-
LUMO gap described above, with the facts that proteins do not absorb in the
visible range, and that pellets of dry protein exhibit a very high electrical resistant.
This, however, does not fit with the fact that STM imaging of single proteins
involves currents of 1 nA or so flowing under a fraction of a volt from substrate
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iminium
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Figure 4. The structural features of bovine rhodopsin (2.2 A resolution, pdb 1u19) illustrating
possible components of an electron spectroscope. From left to right, in the direction of
hypothesized electron flow: the electron donor (trp265 in purple), the ligand through which
electrons tunnel (retinal, orange) and the zinc (blue)-tryptophan 265-histidine 211 complex. The
negatively charged Glu 122 would likely prevent electron transfer in the desired direction in
rhodopsin itself.

to tip via a protein [66]. Neither does it account for the existence of many electron
transport enzymes, the most impressive of which being the surface membrane
oxidoreductases, which transport electrons across the width of the bilayer, or with
bacterial nanowires of very low electrical resistance [67]. The electron conduction
mechanism in STM and membrane oxidoreductases mechanism is not known,
but it is there. An interesting possibility is the existence of electron acceptors
strong enough to create holes in the protein backbone, thereby allowing electron
mobility. Szent-Gyorgyi and his collaborators had shown that proteins reacted
with ketones and aldehydes capable of forming imines (and iminiums) with
amine containing side chains of lysine and arginine turned brown, developed an
ESR signal and conducted electrons [68].

Since then it has become clear that the imines they obtained by reacting
caseine with methylglyoxal (pyruvic aldehyde) do in fact occur in vivo, among
many ‘glycation’ end products [69]. It is not beyond the realm of possibility
that some such chemical modifications might be introduced into proteins in
order to render them conducting. Indeed, something resembling one of these
modifications is present in the rhodopsin itself, in the form of the Schiff’s base
between the retinal aldehyde and a lysine side-chain. This Schiff’s base is pro-
tonated to form an iminium, one of the strongest electron acceptors in biology.
Indeed, were it not once again for the presence of a glutamate carboxylate next
to the iminium, electron transfer would probably occur spontaneously within
rhodopsin, provided the screening of the positive charge by local polarisation
was small at the receiving end.
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3.3.3. Transduction
Evolution has found several ways of transducing electronic transfer into struc-
tural changes. The most prominent one is the electroreduction of disulfide
bridges between cysteines [70] (two joined-up cysteines are sometimes called
cystines) to dithiols:
2HT
R—S§S—-S—-R e R—SH + HS — R (1)

Disulfide bridges in the extracellular medium tend to remain oxidised, i.e. joined
up, for lack of ambient reducing power. One such disulphide bridge is con-
served in every GPCR and stitches together the extracellular structure of GPCR
receptors. There is no evidence to date that this disulphide bridge is deliberately
reduced to affect receptor function, but its chemical reduction unquestionably
affects receptor function. An interesting parallel in this context is the disulphide
bridge in the conserved extracellular ‘cis-loop’ of pentameric inotropic receptors
(GABA-A and nicotinic acetylcholine) which, when reduced by intracellular
electrons, modulates receptor function [71]. Another possible target of electron
currents might be disulphide bridges in the G-proteins themselves. A recently
published structure of a GPCR bound to the G-protein trimer shows two S-S
bridges adjacent to one another in the receptor itself, and two more in the Gs
protein, which is the nucleotide-binding subunit that activates cyclases [72].

While structural information on olfactory receptors in humans and fruit flies is
currently unavailable, it is nevertheless interesting to ask whether their primary
sequences contain conserved amino acids capable of functioning as electron
donors and acceptors. As a first approximation based on the features of the
putative electron circuit in rhodopsin, a search for conserved histidines and
tryptophans in alignments of fly and human olfactory receptors yields Figure 5. It
shows a random (in order of appearance in the Uniprot database) selection of 31
Drosophila and 31 human olfactory receptors. In human receptors the conserved
tryptophan typical of GPCRs is sometimes replaced by a pheylalanine or tyrosine.
It should be noted that in addition to the conserved tryptophan, human olfactory
receptors also contain four highly conserved tyrosines in the transmembrane.
These would also be good electron donors, particularly if deprotonated. There
is also a highly conserved histidine in the 6th transmembrane domain. This
histidine was suggested as a metal binding site by Turin (1996) and confirmed to
be so by Block (2016). Remarkably, in the fruit fly, there are also an almost
perfectly conserved tryptophan and a highly conserved histidine. When the
histidine is missing, with one exception in this sample it appears to be replaced
by glutamine (Q), asparagine (N) or tyrosine (Y), all amino acids capable of
binding a metal ion. The missing tryptophan is replaced by phenylalanine, the
second-best electron donor among amino acids.

In conclusion, it seems that many of the component parts of a putative electron
transfer spectroscope are present in known structures of GPCRs. It is therefore
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human fruit fly
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OR1D2 HUMAN LSLCWVLSVLM STCASHLGAV OR22B DROME | ADCVRDHRLIL -
OR1F1_HUMAN VAGL VANLN STCGSHLAVV OR85B_DROME 'LVDI|VRYHERIL -
ORIEI_HUMAN VALSWVLTTEE STCGSHLSVV OR67D_DROME | CDLLVH@HQLYT -
OR3A3_HUMAN VAAS CAETN STCGSHLTVV OR43A_DROME :LASCIAY.TQVM
OR1Q1_HUMAN VVMCHALS L. STCGSHLTVV OR23A_DROME LVNCI|RDQNALY -
OR2B6_HUMAN  AAASWWV TGESN GTCGSHLIVV OR47A_DROME ‘| NKVFALYQTSL -

OR2A4_HUMAN AVTSWTTGVLL RTCESHLCVI OR46B_DROME | RECAAYYNRIV .
O52A1_HUMAN  GTMVVLRAAIL NTCIAHICVE OR83A_DROME FVRCIQHHRY IV -
OR2F1_HUMAN A | TSJVSGEIS HETCASHLTVV OR35A_DROME | TKTLRKNVALN
OR2H1_HUMAN ASVAWVMSLVQ GTCSSHLTVV OR59A_DROME ILEACI| TDHKHI LI -
0O51B6_HUMAN GVRVLTRAGLS NTCVSHICCI OR67A_DROME LQSLVANHIDIL -
O51M1_HUMAN  GL | VIERGPVA QTCTAPLCAV OR33B_DROME L IES|EDHRKLM -
051J1_HUMAN GSVA- -HSL- - OR2A_DROME LIECIRDLARVH -
OR2H2_HUMAN  ASVA IGLVE OR43B_DROME LVDCIKAHRTML -
OR8BD1_HUMAN VLAABELGHELS OR85A_DROME LVECVKDHKLIV -
OR9G1_HUMAN VAVSMICGGHEIN OR82A_DROME LKS|VEYHVLLL -
O51V1_HUMAN  GLTI | GRS OR59B_DROME ILVNCVLDHKTIL
ORIL1_HUMAN LVLSECIP OR10A_DROME MRSV I IRHNAI |
OR1E2_HUMAN VALSWVLTT OR7A_DROME LQRCIVDHQTML -
051B2_HUMAN  GVGVELRGEVS OR47B_DROME FCRVVRFHQHI |
OR2C3_HUMAN ALASWLGGLTT OR33C_DROME |LLDY|EQHKLLV -
052D1_HUMAN  GEVGLERSVAI OR85F_DROME ‘| AKI|VDKQVHLV -
OR2J3_HUMAN ~ AVASIIVSGETN OR98A_DROME L1 KCIKDHNLI |
O10A5_ HUMAN  AAAS PGEPV OR1A_DROME iLSGIFVE RLL -
OR1J2_.HUMAN  VAVSWI LSCAS OR42A_DROME (LVQCIQDHKV I L
OR2D2_HUMAN ATGSWTSGI LV OR9A_DROME iLVQVLLLHQKGL -
05112_HUMAN GLGAAARSEIT OR19A_DROME LVGY IHDHQIIL -
O10C1_HUMAN AGSAWACGVLV OR67C_DROME ‘L IGI IRYHDKCL -
OR7C1_HUMAN VLGSWC | SVMG OR56A_DROME FKEFVKEQLRIR -
OR1G1_HUMAN VSASWIMNALH OR49B_DROME | IACIRYQQSI |
OR3A2_HUMAN VAASLACARETN OR24A_DROME MEKLVDRHENEVA -
|
conserved histidine

conserved tryptophan

Figure 5. Excerpts from 31 aligned sequences of randomly chosen fruit fly (left) and human (right)
olfactory receptors showing conserved histidines and tryptophans. Histidines are indicated in
green, tryptophans in purple. Red F and Y letters in the human sequence denote respectively
phenylalanine and tyrosine. See text for details.

not too far-fetched to suggest that one or more classes of GPCR have taken
advantage of preexisting features by fine tuning them, for example by removing
counter ions near strong electron acceptors. It goes almost without saying that
possibility does not imply existence, and that direct proof of the involvement of
electrons in receptor function, currently lacking, will be required.

4. Experimental evidence

Here we assess a cross-section of the available experimental evidence that sheds
light on the mechanisms being used by olfactory receptors. If we see the possibili-
ties as vibrational or docking theories, then we need to focus on experiments that
clearly distinguish between them. The approach that has received most attention
is isotope exchange: replacement of hydrogen (mass 1.007) with deuterium
(mass 2.014) leaves molecular shape largely unchanged but significantly alters
molecular vibrations. As this is a sensible approach to distinguishing between
the possible theories, we focus of much of the discussion on it.

We note at the outset that small isotope effects other than vibrations have been
suggested as explanations for differences in the smell of deuterated compounds
[58]. To help assess the importance of these effects we make some observations.
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The effect of deuteration on C-H(D) bond lengths is essentially undetectable
by neutron diffraction [73], and many effects previously attributed to small
differences in C-D vs. C-H bond lengths are likely instead due to differences
in noncovalent interactions between H and D atoms themselves [74]. There is no
question that polarisability, and thus hydrophobicity, of deuterated compounds
is slightly lower: they exit a hydrophobic gas-chromatography (GC) column very
slightly earlier than their hydrogen counterparts [75]. However, the magnitude
of this effect should be seen in context: the GC column needs to be several tens
of meters long to achieve even incomplete separation of isotopes. Large isotope
effects are only seen in situations where covalent C-H(D) bonds are broken [76],
which we believe is not the case in olfaction (receptors are, as far as we know, not
enzymes). It could conceivably occur during odourant metabolism by catabolic
enzymes: these are known as perireceptor events. Experiments, though, suggest
this is not the case for insects [77]. Smaller but still potentially important effects
are seen where H and D are compared in their ability to make hydrogen bonds:
H, O differs in viscosity and melting point from D, 0O, as may be expected from a
liquid glued together by a network of hydrogen bonds [78]. These effects are not
expected to be present when none of the deuteriums in an odourant isotopolog
are exchangeable and involved in hydrogen bonded interactions.

The question nevertheless remains whether a small difference in smell char-
acter between isotopologs can be unequivocally attributed to differences in
molecular vibrations. Two possible sources of error arise. The first is impurities.
Humans are extraordinarily good at smelling small amounts of impurities in a
nominally pure compound, as attested by the fact that nominally pure odourants
sourced from different suppliers frequently smell slightly different. This can be
dealt with only by taking adequate precautions during synthesis and by assessing
odour character in GC-pure compounds under conditions where GC peaks can
be safely considered to be monodisperse, i.e. to contain only one molecule. The
second, more serious potential confusion arises from the fact that the resolution
of olfaction considered as a multi-receptor system is unknown. Specifically, how
small a change in binding (caused by deuteration) of a pure odourant to one
of the hundreds of human olfactory receptors would be sufficient to cause a
detectable change in the pattern of receptor activation and therefore in odour
character? Nobody knows, and it could be very small indeed. This possibility is
made drastically less likely if only one or a few receptors are involved, as will be
seen below.

Experimental tests of the vibrational theory were so far performed in two
biological classes: insects and mammals. Olfactory sensing and processing in
these classes have several common features as well as fundamental differences.
The olfactory receptors (ORs) are proteins expressed in the cell membrane of
olfactory receptor neurons (ORNs). While in mammals they are located in the
nasal cavity, in insects they are sitting within sensilla pores on the antennas.
Insect odour receptors are genetically unrelated to those of vertebrates [79].
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While the receptor protein structure shows some similarities, only in mammals
are they coupled to a G-protein [1] which switches neuronal activation. In insects
receptors consist in a heteromeric complex that serves both as a receptor for the
odourant and the ion channel that is gated by the odourant detection [80]. ORN
axons project into a first olfactory neuropil, called antennal lobe (AL) in insects
and olfactory bulb (OB) in mammals, which share remarkable properties. Single
types of ORN synapse with other neurons within spherical structures called
glomeruli, the functional units of these primary olfactory networks. There are
62 glomeruli in the fruitfly, 165 in the honeybee, 1800 in mice, and between
1100 and 1200 in humans. Each glomerulus is invaded by a single type of OR
only [81]. Glomeruli are interconnected by local neurons (LNs) and project into
higher brain centers where odour information is further processed.

A natural question to ask is: given the differences, how can we be sure the
same mechanism is used by the receptors in both mammals and insects? The
answer is, we cannot until we have very reliable atomic level structures for the
different types of receptors. However, the fundamental problem of identifying a
disparate collection of molecules is shared, and so the optimum solution might
well be the same.

4.1. Insects

4.1.1. Insect olfactory system

In insects, the olfactory code produced in the antennal lobe was deciphered
by fluorescence imaging techniques, which allowed us to resolve the neuronal
activity in single glomeruli in response to odour stimuli [82]. In this way, it
was found that single ORs were not activated by single specific components, but
responded to several odourants with varying sensitivity. Equally, single odour
molecules excite not only single receptors, but a whole set with varying affinity.
Electrophysiological recordings revealed odour-specific temporal features of
these responses [83]. Together this represents a spatio-temporal odour code [84]
which is highly conserved across individual animals. From the antennal lobe
this information is then forwarded to the mushroom body and the lateral horn
where odourants are identified, evaluated, and memorized [85] and will trigger
a behavioural response. The advantage of insect models in studying olfaction
is the availability of various methods to trace back a behavioural signal via the
underlying information pathway in the brain to its origin at the level of the
olfactory receptors [86]. Several of these complementary methods were recently
applied to test the vibrational theory of olfaction in insects at different neural
processing levels and the behavioural outcome.

4.1.2. Behavioral experiments

Initial studies looked for diftferences in behavioral action in response to odourant
stimuli, from which it was determined whether odours were distinguished by the
animals or not. Those paradigms were then used to implement the proposal
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of isotope replacement suggested in Turin’s original work [21]. The distin-
guishability of different isotopomers was evaluated by quantifying differences
in behavioural responses.

Franco et al. [87] used T-maze shaped olfactometers where groups of fruitflies
(Drosophila melanogaster) entered via an input arm and were exposed to two
odourant stimuli from symmetric transversal output arms. After a fixed exper-
imental time, preference for one or other odour was evaluated by counting the
number of insects in the two output arms. Odourant purities were all >99%.

Experiments using acetophenone (ACP, CgHgO) diluted in nonvolatile, odour-
less isopropyl myristate (IPM, C;7H340,) showed a clear natural preference for
ACP with >15% excess flies in the responding arm. When the natural ACP was
deuterated by replacing 3, 5, and finally all 8 hydrogen atoms by deuterium, the
preference was first found to be reduced and then inverted, such that for the fully
deuterated isotopomer dg-ACP (CgDgO) a significant number of flies preferred
IPM instead.

They then tested whether flies could spontaneously discriminate between
different isotopomers of the same odourant in the two arms, which was found
to be the case for natural ACP against dg-ACP, and for natural 1-octanol (OCT,
CgHj30) against a highly deuterated isotopomer d;7-OCT (CgD;70H). In mu-
tant flies lacking the function of the olfactory receptor Or83b the discrimination
of ACP against dg-ACP and OCT against d;7-OCT was eliminated, which shows
that the discrimination must be due to odour perception.

To amplify or invert these natural preferences, Franco and colleagues then
used mild electric shocks applied to animals within one of the T-maze output
arms. In this way, flies were conditioned to avoid the respective odour. Again,
direct comparisons between two isotopomer pairs of ACP, OCT, and BZA were
performed. In a first experiment, flies were conditioned to avoid one isotopomer;
they were then tested by another experiment in which they confronted two
isotopomers of the same compound without punishment. Conditioned flies
showed in all tests a significant avoidance of the isotopomer associated with
the punishment. This proved distinguishability between isotopomers in all 3
odourant pairs.

To exclude that these results were caused by different impurities in the odour
samples, generalization to the presence of deuterium was tested. Flies were
conditioned and tested using distinct odourants. If then flies were conditioned
to avoid a deuterated odourant, they avoided also the unrelated deuterated test
isotopomer, and equivalently for natural hydrogenated odourants. This suggests
that a common feature such as the vibrations of C-H and C-D bonds might be
involved in the odour reception.

A final experiment evaluated whether indeed vibrational resonances might be
a feature that is probed by odour reception. Two molecules were used which pos-
sess similar odour characteristics (to the human nose), namely citronellal (ALD,
C10H180) and citronellyl nitrile (NIT, C19H;7N) both having a lemongrass-like
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smell. Naive fruitflies showed no preference for aldehyde over nitrile. If, however,
they were conditioned to avoid the unrelated deuterated d;7-OCT with respect
to the natural OCT, this behaviour changed drastically, and flies avoided the
nitrile (vs. aldehyde) (Figure 6(c)). Comparing the molecular vibration spectra
of the pairs OCT/d;7-OCT and NIT/ALD, one finds that there is a single feature
that is overlapping between d17-OCT and NIT and is not there in OCT or ALD.
This is the resonance of the C-D stretch vibration at 2150 cm ™! in d;7-OCT
which happens to coincide with the stretch vibration of the triple bond C=N
in NIT (Figure 6(a),(b)). Being conditioned to avoid deuterium, flies seem to be
repelled also by the nitrile functional group. The control experiment where flies
are conditioned to avoid hydrogenated OCT showed no effect between NIT and
ALD, since both contain C-H bonds. If instead flies are conditioned to avoid
NIT with respect to ALD, again they showed significantly stronger avoidance of
d;17-OCT against OCT (Figure 6(d)).

Summarizing, this fundamental work showed distinguishability between iso-
topomers by spontaneous preference; differential conditioning of one isotopomer
against the other enhanced the effect; a generalization of avoidance of deuterium
or hydrogen was found in otherwise unrelated odours. Finally, an odour prefer-
ence between an aldehyde-nitrile pair could be induced by conditioning to avoid
deuterium which has a common vibrational resonance with the nitrile, but not
the aldehyde.

These results were verified by Bittner and colleagues [59], who in a comparable
T-maze setup first checked single isotopomers of acetophenone for avoidance in
naive flies. They found significant differences between two groups: ACP/d3-ACP
on one hand and ds-ACP/dg-ACP on the other, but not within these groups.

The distinguishability within these groups was then checked by negatively
enforced learning experiments, where single isotopomers were again connected
to mild electric shocks. In a following test experiment, learned and new iso-
topomers were directly confronted in the T-maze arms. This again amplified
effects and showed clear distinguishability also between ACP and d3-ACP, as
well as between ds-ACP and dg-ACP.

A different paradigm was used to test isotope discrimination in the honeybee
Apis mellifera [88]. Positive odour conditioning was tested via the proboscis
extension reflex (PER) [89]. Bees were mounted in front of an odourant stimulus
generator. For the training, animals were exposed to odourant pulses loosely
followed by a reward in the form of a drop of sucrose solution. The animals
responded to this reward by extending their proboscis to ingest the sugar.
Repeating this procedure, one observes a proboscis extension already in response
to the odourant stimulus. The learning curve reaches a maximum success prob-
ability usually after 5 repetitions. Memory tests can then be applied at arbitrary
time delays by applying the positively conditioned odourant stimulus, and then
counting the proboscis extensions.
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Figure 6. Drosophila can be conditioned to selectively avoid a vibrational frequency. Computed
vibrational spectra of 1-octanol isotopomers: OCT vs. dq7-OCT (a) and citronellal (ALD) vs.
citronellyl nitrile (NIT) (b). In NIT the aldehyde carbonyl stretch around 1750 cm~" is absent,
replaced by a nitrile stretch around 2150 cm~". The low-lying aldehyde C.H stretch vibration is
also absent. The vibration band centered at 2150 cm~" is the only one common to di7-octanol
and NIT but not present in OCT or ALD. (c) Drosophila selectively avoid the molecular vibrations of
deuterium. Flies conditioned to selectively avoid dq7-OCT exhibited strong preferential avoidance
of NIT (p <0.001 vs. naive), but flies punished to OCT did not selectively avoid ALD (p = 0.691
vs. naive). The only common element potentially recognizable in the test odour pair to aid in
selective avoidance is the overlap in the vibrational spectrum of the C-D bonds in d17-OCT and
the C=N triple bond in NIT as illustrated in ((a),(b)). In contrast, they were not selective toward
a novel odour without any recognizable molecular features. (d) In the converse experiment, flies
conditioned to selectively avoid NIT exhibited highly significant avoidance of d17-OCT as a testing
odour (p <0.001 vs. naive), but flies punished to ALD did not selectively avoid OCT (p = 0.999
vs. naive). Figure from [87].

Gronenberg and colleagues [88] used the PER paradigm to test whether
honeybees could distinguish between isotopomer pairs of the same odourant.
Therefore, the paradigm was extended to test differential conditioning, where
positively conditioned odour stimuli were alternated pseudo-randomly with
non-rewarded stimuli with a second odourant. Counting PER responses to
both odourants allowed evaluation of whether the unrewarded odour could be
distinguished from the rewarded one.

Testing differential learning between isotopomer pairs, they showed clear
distinction between normal and fully deuterated acetophenone in both cases,
with ACP or dg-ACP rewarded. The same result was achieved between BZA
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and dy-BZA and between OCT and d;7-OCT. Sample purity was measured by
gas-chromatography to be > 99.1%. To further test whether impurities could
be the basis for the distinguishability of the single odour stimuli, differential
learning was tested with artificially impure samples. When ACP was rewarded
and alternated with unrewarded stimuli of ACP mixed with 0.5% BZA, bees did
not recognize the difference and responded identically with proboscis extension
also to the unrewarded stimuli. The same effect was observed when rewarded
BZA was alternated with unrewarded stimuli of BZA with 0.5% ACP.

4.1.3. Neuroimaging

Behaviour is a complex readout and gives no information on how single olfac-
tory receptors (ORs) might respond to isotopomer pairs. To assess a potential
isotopomer distinction at the level of the ORs, Paoli and colleagues studied via in
vivo brain imaging the neural representation of isotopomers in the primary cod-
ing and processing centres of the olfactory pathway in honeybees, the antennal
lobes [90]. They recorded and confronted spatio-temporal response patterns of 4
natural odours with isotopomers of varying degree of deuteration, from complete
(ACP vs. dg-ACP), strong (OCT vs. d;7-OCT), medium (BZA vs. d5-BZA), to
weak (isoamyl acetate, ISO: C;H;40; vs. d3-1SO: C¢H11CD3).

To record brain activity, they used two-photon excited fluorescence mi-
croscopy with calcium-sensitive fluorescent markers [91]. Those markers ex-
hibit a shift in the absorption spectrum if calcium binds to the molecules.
Injecting these markers via the axonal tracts of the antennal lobe output neu-
rons, one achieves a selective staining of the antennal lobe glomeruli. When
single glomeruli are then activated by the corresponding OR type, neuronal
action potentials cause an influx of calcium ions, which induces abrupt fluores-
cence changes. Calcium imaging via two-photon microscopy allows recording of
glomerular response patterns with high spatio-temporal resolution and minimal
photodamage, which is ideally suited for a minimally invasive recording of even
subtle changes in the odour code of the insect brain. Bees were exposed to a
sequence of odour pulses of all 4 isotopomer pairs produced by an multichannel
olfactometer, synchronized with the image acquisition [92]. In a sample of 11
bees the odour response code was recorded in 19 glomeruli.

Between normal and deuterated isotopomers drastic changes in glomerular
responses could be observed, where glomerular activity between isotopes in
some cases even switched from activation to inhibition. Averaging response
differences over all bees gave for OCT vs. d;7-OCT significant differences in 6
out of 19 glomerular responses, for BZA vs. d5-BZA 6 significant differences as
well, for ACP vs. dg-ACP 2 differences, and for ISO vs. d3-ISO one glomerulus
responded difterently (Figure 7(a),(b)). An interesting aspect is that the glomeruli
that responded differentially were not the same for the different odourant pairs.
This speaks for a general mechanism underlying this effect, which is not limited
to single OR types.
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To quantify the influence of these single receptor effects on the overall odour
code which drives behavioural responses, a Euclidean distance was calculated in
the glomerular coding space. It showed an equidistant distribution of chemically
unrelated odourants. Similar odourants like benzaldehyde and acetophenone,
sharing a benzene ring, showed a reduced distance. If the distance is calculated
between isotopomer pairs of the same odourant, it turns out to be close to
those of chemically similar but distinguishable odourants for the full to medium
deuteration, where OCT and d;7-OCT show the strongest separation in cod-
ing space (Figure 7(d)). Only the weakly deuterated d3-ISO was apparently
indistinguishable from the natural isotopomer, which is demonstrated by fully
overlapping activation curves in a coding space that was reduced to 3 dimensions
via principal component analysis (Figure 7(c)).

A further analysis involved the molecular vibration spectra of the applied
odourants, which was directly measured from the olfactometer via FT-IR spec-
troscopy. A quantitative analysis was performed on the spectral window con-
taining C-H and C-D stretch vibrations (2000—3300 cm ™). As a basic measure
for the distinguishability of the spectra of isotopomers, absorption spectra were
subtracted and the area below this difference spectrum was calculated. Plotting
distinguishability of the odour code against these spectral differences, Paoli and
colleagues found a clear correlation between both.

Finally, the fast brain imaging setup made it possible to dispel the objection
that distinguishability of isotopomers could be caused by perireceptor events, due
to which different isotopomers might arrive at the receptors at different rates.
Looking at the kinetics of single glomerular responses, in all cases, including
those with differential responses, the signal onset was found to be identical for
the isotopomer pairs within the experimental resolution of 20 ms.

4.1.4. Electrophysiology

To study effects at the direct output of the olfactory receptors in Drosophila,
Drimyli and colleagues [77] use electroantennography (EAG) to measure the
depolarization currents of all ORNSs activated by an odour stimulus. They chose
as stimuli isotopomer pairs with different functional groups: simple alcohols
(1-hexanol, HEL: C¢H130H and d,-/ ds-/ d;3-HEL), aromatic ketones (ace-
tophenone, ACP and d3-/ ds-/ dg-ACP), aldehydes (benzaldehyde, BNZ and
d¢-BZA), simple ketone (2-hexanone, HEN: C¢H,0 and ds-HEN), and nitriles
(benzonitrile, BNL: C;H5N and ds-BNL), all at various concentrations (0.01%,
0.1%, and 1% v/v).

They found the maximum amplitudes of the depolarization currents to be
consistently different between isotopomers at the lower dilutions (0.1% and 1%).
Interestingly, HEL always evoked larger EAG amplitudes than d;3-HEL and
HEN larger ones than d5-HEN. In contrast, BNZ yielded the opposite result with
respect to dg-BNZ. BNL isotopomer pairs showed no significant differences,
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Figure 7. (a) Mean response difference across subjects between the responses of single glomeruli
to H- and D-isotopomers (+s.d.) (paired-sample t-test, *p < 0.05, **p < 0.01, ***p < 0.005).
(b) Odourant-induced response maps classified in 4 groups: high activation: —AF/F > 0.10
(red); low activation: 0.03 < —AF/F < 0.10 (yellow); no activity: —0.02 < —AF/F < 0.02
(green); inhibition: —AF/F < —0.02 (blue); glomeruli in grey were not included in the analysis.
(c) PCA of AL response dynamics elicited by the odourants during 1 s stimulus exposure and
1 s post-stimulus phase. Arrows indicate the temporal order of signal build-up and decay. (d)
Mean Euclidean distances + s.d. between different pairs of odourants (blue) and within pairs of
isotopomers (red). Figure from [90]

which could be explained by the fact that the C=N resonance coincides with the
C-D stretch, so this vibrational feature is present in both isotopomers.
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A next important result was that the degree of deuteration did not affect
the EAG amplitude: d,-HEL and d;3-HEL evoked similar signals, but distinct
from the normal HEL. The same was true for d3-ACP and dg-ACT against the
normal ACP. This contradicts the assumption that a reduced volatility of heavier
molecules is causing the isotopomer difference.

Also here the hypothesis was tested according to which isotopomer-specific
differences could depend on perireceptor mechanisms. The main enzymes re-
sponsible for biotransformation and detoxification in the Drosophila antennae
are of the cytochrome P450 family (CYP) [93,94]. If biotransformation is required
before OR engagement, or afterwards to clear the odourant from the perireceptor
space, deuterated odourants could be processed at a different rate from the nor-
mal isotopomers causing differential EAG properties and amplitudes. Therefore,
CYPs were inhibited using a piperonyl butoxide (PBO) based protocol [95], but
this did not alter the isotopomer-specific differential responses.

Finally, Drimyli and colleagues performed EAG studies with further members
of the genus Drosophila: D. simulans, D. pseudoobscura, and D. virilis. They found
that the direction of all differential EAG response was conserved. For odourants
HEL and BNL, even EAG amplitude differences were identical.

4.1.5. Experimental constraints

In the above experiments, various approaches were used to evaluate a possible
bias due to odour impurities. However, Paoli et al. have shown in a very recent
study, that even a marginal odour contamination can alter the response of single
receptors drastically [96]. They presented different isotopomers of benzaldehyde
of highest commercially available purity (> 99%) to fruitflies, while imaging
the antennal lobe response via calcium-sensitive fluorescence microscopy. An
initial experiment using conventional stimulus presentation suggests a differen-
tial response between isotopomers in at least one type of OR. They identified
Or42b as a likely candidate and produced via the GAL4/UAS system [97,98]
a transgenic fly line, in which only Or42b-expressing cells are marked with a
calcium-sensitive fluorophore, to optically isolate the response of Or42b. To
now study a potential influence of impurities in the odourant samples, a gas-
chromatography (GC) column is included into the setup, between odourant
source and microscope, such that different volatile compounds arrive at the fly
antennas at different times. In this way they found indeed that the differential
response to benzaldehyde isotopomers in Or42b was caused by a minute impurity
that was invisible by conventional GC field ionization detection. Identification
and concentration calibration allowed to quantify the relative impurity concen-
tration to be only 6 ppm. These findings are of high importance beyond the
test of vibration theories. Since all experiments that study the selectivity and
sensitivity of olfactory receptors should use GC-purified stimuli, to fully exclude
the influence of sample impurities.
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4.1.6. Discussion

The reviewed experiments study differences in isotopomer odour representations
at very different processing levels. In vivo calcium imaging at the antennal
lobe levels resolves single receptor type activities which represent the odour
response code [90,96], while electroantennography compared the sum of all
ORs responding directly to odourant stimuli [77]. Finally, T-maze experiments
[59,87] and proboscis extension reflex paradigms [88] measure behavioural
responses elicited by an odourant after it was identified and evaluated in higher
order brain centers. Behavioral methods also evaluate whether isotopomers
could be distinguished in differential learning paradigms with positive (PER)
or negative (T-maze) conditioning.

All experiments but one [96] agree on the fact that fruitflies as well as hon-
eybees are able to distinguish isotopomer pairs of the same odourant. While
at the level of the receptor activation no dependence on the deuteration grade
could be seen, at the level of the antennal lobes and the spontaneous behavioural
responses, higher deuteration grade seems to amplify effects.

Besides this distinguishability between single isotopomers, the T-maze experi-
ment of Franco and colleagues [87] uses cross-learning experiments to show that
a generalization of odourants containing deuterium happens in the brain. They
further showed that responses might be correlated to single spectral features,
because animals associated odourants with overlapping vibrational resonances.
This last finding was confirmed by the EAG experiments where the only iso-
topomer pair that did not show significant response differences was a nitrile,
where the normal isotopomer also had a vibrational resonance at the wavelength
of the C-D stretch.

These across-odour learning effects are also a strong argument against the
theory that isotopomer distinguishability can be solely caused by different im-
purities in the samples. Since impurities cannot explain how animals generalize
the presence of deuterium or the presence of single vibrational features as shown
by Franco et al. [87]. In the study of Gronenberg et al. [88] artificial impurities
were added to test their relevance to behavioural responses. In the differential
learning experiments honeybees did not distinguish between pure and impure
odourants.

Another common argument against molecular vibration dependence is that
perireceptor events might depend on the different physical properties of iso-
topomers and therefore cause the odourants to arrive or leave the receptors at
different rates. Here imaging experiments as well as electroantennography could
show that there was no measurable difference in the signal kinetics [77,90].
Drimyli and colleagues [77] could further show that a blocking of enzymes
most involved in perireceptor events in Drosophila antennae did not change the
differential EAG response to isotopomers.

The neuroimaging study in the honeybee brain [90] resolved the isotopomer
response pattern for single glomeruli, each receiving direct inputs from a single
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type of OR. In addition, differential responses between normal and deuter-
ated isotopes were observed. These differences were glomerulus- and odourant-
dependent. The fact that most of the glomeruli showed isotopomer-dependent
activation for some odourants indicates that the underlying mechanism must be
a general feature of olfactory receptors. The fact that for each odourant only a
fraction showed significant isotopomer differences seems to confirm the so called
swipe-card model [53,57] according to which ORs are probing both chemical as
well as vibrational features of an odourant. Still, the recent findings by Paoli et
al. [96] on the influence of minute impurities on single OR responses suggest to
repeat these experiments with gas-chromatographically purified stimuli.

4.2. Mammals

Isotope smell differences in humans have a chequered history. Turin [21] claimed
to have detected a small odour difference between acetophenone isotopes which
was not seen in other tests [99]. More extensive tests (Gane, personal commu-
nication) revealed a small difference which would have required hundreds of
subjects, if ever, to reach possible statistical significance. Acetophenone is, in
hindsight, a non-ideal odourant to test this in humans, because it causes rapid
habituation and may possibly have other pharmacological effects [100]. The
choice of deuterated odourants was for a long time restricted by commercial
availability of deuterated compounds. They are mostly required as solvents
for NMR and therefore typically cover a smallish range of molecular weights.
Gane et al. decided to approach the problem differently, availing themselves of
recently discovered efficient deuterium exchange reactions catalysed by metals
under mild conditions [101]. The aim was to: use a commercially available,
nominally pure odourant containing as many hydrogens as possible; come as
close to perdeuteration as possible; and assess the smell character of GC-pure
samples.

In light of the chemical selectivity of the deuterium exchange, a macrocyclic
ketone was chosen, cyclopentadecanone, comprising 28 hydrogens [102]. This
is a powerful odourant with a very distinctive, musky odour character. Further,
it lies in the upper range of size for human odourants, which means in only
binds to a small number of receptors, probably no more than 2 or 3 [103,104].
Since smelling peaks as they come out of a gas chromatograph is a difficult
skill, a peak capture method invented by Christina Zelano was used, akin to
preparative GC but on a microscale. The results conclusively showed an odour
character difference perceptible by untrained subjects [75]. One of us (LT) was
a subject and reports that the odour difference was very marked insofar as the
musky odour character was absent from the nominally perdeuterated samples,
replaced by a harsh (often described as waxy) burnt-candle smell. Interestingly,
some subjects rejected for the test because of anosmia to cyclopentadecanone
could nevertheless smell the deuterated compound, suggesting that more than
one receptor is involved. The conclusion Gane et al. came to was that musk
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odour character is essentially monochromatic: one of the very few receptors
able to bind musks is sensing a fingerprint region band around 1400 cm™'.
This offers a belated explanation for the intense musk smell of nitrobenzenes
bearing bulky substituents, the nitro groups providing intense vibrations around
1400 cm ™! and the bulky substituents narrowing the number of receptors to the
musk receptor alone.

4.3. Individual receptors

The experiments on insects discussed above span a range of levels of analysis
from glomerulus through antennae to behaviour, while those on mammals have
all been behavioural. However, none of these experiments tells us what individual
receptors do. This is problematic as it leaves ambiguity in the analysis of the
observations: what is due to receptors, and what is due to other events?

A number of groups have engaged in detailed experiments on the response
of individual receptors [105,106]. As we are focusing on experimental data that
are produced using isotopes to distinguish between vibrational and docking
mechanisms, we here focus on the recent set of experiments performed by Block
et al. [58]. The team addressed several aspects of the vibrational theory. The
extensive and useful critique of the theory will be discussed below as part of the
general discussion of the vibrational theory.

The experiments involve the expression of a set of human and mouse olfactory
receptors in kidney cells, and then measuring their response to a range of
molecules, both deuterated and non-deuterated. The signal was light produced by
luciferase in response to receptor activation. In every case the measured response
of the cells was the same regardless of hydrogen isotope used. The natural
conclusion, and the one drawn by the authors of the paper, is that receptors are
blind to isotope, and hence vibrational frequency. Consequently, any perceived
difference in odour that results from deuteration must be associated with other
events.

Known ways that deuteration could influence the olfactory percept have been
considered, and controlled for, in the more recent insect experiments described
above. As we have seen, so far they have not been able to explain the differences
between iosotopes. So we have an impasse that requires new experiments if it is
to be overcome. The central question is: is the absence of difference in response
is a genuine feature of the receptors (in which case the vibrational theory is not
correct), or is it an artefact of how the experiments were performed (in which
case the vibrational theory could be correct)?

We here note that several aspects of this study are open to question. First,
the significance level (expressed as a p-value) of their observations is .05, which
translates as only 3:1 chance of a real effect [107]. Second, they claim to have used
deuterated musks of a higher purity than those used by Gane et. al, but did not
report whether the isotopologs smell the same or different [108]. They claim this
is not relevant [109]; we respectfully disagree on the grounds that if a difference
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in odour had been detected, then an explanation is needed to account for the
discrepancy between the two sets of observations.

5. Critique of the mechanisms

Having laid out the basic facts about both the docking theory and the vibrational
theory of Turin, and having reviewed the key experimental evidence, we can
now assess the relative merits of the proposed theories. We note from the outset
that a fully watertight argument is not possible as there are still large gaps in the
experimental landscape.

5.1. Docking theory

The docking theory of molecular recognition has two features immediately in its
favour: everyone agrees that it makes at least a partial contribution (odourants
still have to occupy receptors even for the vibrational mechanism to operate)
[21,53]; there are huge numbers of other receptors (including GPCRs) that are
accepted to operate in this way [7]. However it has difficulties explaining some
observations, and possesses theoretical difficulties.

Soon after the discovery that olfactory receptors are GPCRs [1] it was recog-
nised that multiple receptors are involved in the characterisation of one odour,
and that any given receptor is involved in the identification of multiple molecules
[26]. The normal understanding of receptors that operate through a docking
mechanism is that there needs to be precise alignment of one molecule with one
receptor, allowing a good induced fit [110]. This follows from the need for an
alternative configuration of the receptor to be stabilized by the presence of the
ligand to which it is tuned, but not by other ligands. Even if just one component
of the ligand is key to the stability (e.g. some group that binds strongly to a
metal ion [111]), the rearrangement could be sensitive to the remainder of the
molecule.

It is difficult to reconcile these two observations. One attempt to find a way
forward was to suggest that receptors only bind to parts of the odourant: this is the
odotope theory [112]. The positive side of this theory is that odour appears to be
a characteristic of chemical groups [111] (for example -SH or -NH; groups have
odours associated with them), and thus the receptors could bind these groups. It
is not clear how this operates in practice though [52]. In addition, following this
purely structural approach has not been successful at predicting odour [40].

As we have seen, experiments have been performed on insects and mammals
in which H is replaced in the odourant by D. The key idea is that this changes
vibrational frequencies, but not structure. The ability of humans to distinguish
isotopes by their odour has proven highly controversial [58,75,99], and there is no
settled view. However, in insects the evidence that isotopes can be distinguished
by smell is much stronger, as shown above. That isotopes can be distinguished
in this way poses a significant challenge to the docking theory. It has been
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noted that deuteration changes chemical reaction rates [58] (the kinetic isotope
effect [113]), and increases bond strengths while reducing bond lengths. The
relative importance of the various effects we discussed earlier. This could directly
influence the receptors by changing the dynamics of the receptor reorganization
after the arrival of the odourant, though the details of how this would proceed are
not yet clear. Deuteration might influence olfaction if the odourants experience
chemical reactions in the mucus layer coating the cilia of the olfactory neurons,
and thus modify the products entering the receptor [58]. This is, however, rather
speculative at present having no direct experimental support, and even some
evidence against it, as discussed above.

Special cases need to be treated with caution: are they representative of general
trends, or curiosities? However, we note that there are some individual cases that
have been put forward as being problematic for the docking theory.

(1) Ferrocene and nickelocene have nearly the same structure (a pair of five
membered carbon rings with a metal ion sandwiched between them), but
distinct odours [21]. Because of the change in size and mass, different
metal atoms give different frequencies for those vibrations that involve
the metal atoms [114]. This observation is clearly compatible with the
vibrational theory.

(2) Molecules with an -SH, -SeH or -TeH group share a common odour
character, which is not held in general by other molecules. While not
possessing structural similarity, decaborane (BjoH14) does have a similar
odour [21], and this correlates with their similar vibrational frequencies:
H-S stretch at about 2550 cm™ 1, and about 2600 cm ™! for a B-H stretch
[114]. It is natural to conclude that the similarity in odour is connected to
the shared vibrational frequency.

5.2. Vibrational theory

The problem may not be with the idea that component parts of molecules define
odour character, but rather how these parts are characterized. Indeed, it underlies
the vibrational theory [115,116], which appears promising [117]. We stress again
that the vibrational theory considered here is sensitive to odourant structure
as the odourant must reside in the receptor for its vibrational spectrum to be
analyzed. The presence of zinc in the receptor may help bind odourants [111],
but the limitations of a purely structural approach [40] can be overcome by
the additional information acquired from the vibrational spectrum. Similarly,
the limitations of a pure vibrational theory, such as being unable to distinguish
enantiomers [50], are removed by the structural restraints imposed by the need
for residency [118].

The strongest argument in favour of the vibrational theory is that it accounts
for observations not obviously explained by the alternatives. The original ob-
servation that odour relates to chemical groups, even when attached to various
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other chemical components, is one case. As discussed above, another clear case
is the ability for flies, and possibly humans, to distinguish deuterated from hy-
drogenated odourants. As discussed earlier, the large study by Block et al. [58] of
the response of receptors grown in kidney cells to deuterated odourants failed to
find any ability of the receptors to recognize deuteration. While we acknowledge
that receptor level experiments are precisely what is needed at this stage, and
these results need a proper response, at this time we are unclear as to their
meaning. The uniformly negative result does not provide enough information to
distinguish between receptors unable to identify deuteration from an experiment
that prevents the receptors from operating properly. Maybe less clear, but still
evidence in favour, is the practical observation that humans can detect, and
assign an odour percept to, molecules never previously encountered. This could
be a consequence of all molecules having vibrational spectra. However, once we
probe the consequences of assuming the inelastic tunneling mechanism of Turin,
questions arise.

We specified the requirements for the mechanism to work early in this review.
Do they in fact hold? Let us start with the most fundamental: do the electron
donor and acceptor sites exist? They have never been observed, and without a very
reliable structure for an olfactory receptor, it is hard to see how strong evidence
can be acquired. However, there are clues. As explored earlier, examining the
statistics of residues for sequenced receptors, we can see what is highly conserved,
and what is not. According to Fuchs et al. (Figure 4(b)) [64], there is a highly
conserved tryptophan in the middle of the fourth helix; this might act as a donor.
Turin [21] identified a strongly conserved CGSHL sequence that might bind a
Zn ion; according to Fuchs it appears in helix 6 in Figure 4(b). This might be the
acceptor.

Computer calculations of the electronic structure should be a useful way to
see if the proposed sites can take their suggested roles. However, they require
a known structure to work with. In the absence of measured olfactory receptor
structures, we are using bovine rhodopsin [119] as it exhibits a number of the
characteristics we are looking for, as described above, namely:

(1) itis a GPCR;

(2) there is a small hydrophobic ligand bound to it (retinal);

(3) there are tryptophan and histidine residues close by the retinal;
(4) there is a Zn ion bound to the histidine.

We need a source of electrons to drive the receptor. While there is no definitive
account of where they originate, we note that electron transfer occurs at multiple
points within a cell. Thus, if electrons are needed, it is plausible that a way to
deliver them could be determined. Related to this is the question of time scales.
It has been estimated that the electron transfer takes of order 1 ns [53] which
is far too short a time for the neurons to resolve. It has been shown [120],
however, that by including at least part of the journey of the electron to the
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Reservoir Donor Acceptor

Figure 8. A cartoon of the model used to estimate the effect of the source of electrons (reservoir)
on the rate at which an electron reaches the acceptor.

donor site, the same ability to distinguish between the presence and absence of
the required vibrational frequency remains, but the overall time scales can be
stretched significantly. We now present the mathematical argument more fully.

The model for the Turin theory of olfaction we have considered so far only
treats the donor and acceptor explicitly. Here we consider, by means of a very
simple model, the possible effect of including the source of electrons (reservoir)
explicitly. The model system now has three parts (see Figure 8): a reservoir where
an electron starts, an intermediate donor state, and a final acceptor state. We are
interested in the rate at which an electron is transferred from the reservoir to the
acceptor. The rate at which the electron moves from the reservoir to the donor
is a, the rate at which it moves from the donor back to the reservoir is y, and the
rate at which it moves from the donor to the acceptor is 8. There is no transfer of
the electron from the acceptor back to the donor as we assume that there is some
fast irreversible process that takes place once the electron reaches the acceptor
(such as the release of the G-protein). If both « and y are given by the standard
Marcus rate equations we can easily show that they satisfy % = exp (—%),
where Egp is the energy difference between the reservoir and donor states (see
Figure 8). The important point is that it is probable that @ < y.

At some given time t the probability of the electron being in the reservoir
is R(t), on the donor is D(¢t) and on the acceptor is A(t). Let us define the
probabil{ty vector 13(t) = (R(t), D(t), A(t)). The master equation for the system

is then % — MP where

—« y 0
M=| «a —-y—B0 (2)
0o B 0

The master equation can be solved exactly to find the occupation of the acceptor
population as a function of time assuming the electron began in the reservoir

_ M At A
A(r)_/\ - (1—e*7)

e B (1—e*t) (3)
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Figure 9. A cartoon of the model used to estimate the combined effect of the source of electrons

and the lifetime of the odourant in the receptor on the rate at which an electron reaches the
acceptor.

where A4 and A_ are given by

Ai=—%(a+ﬁ+y){1i\/1—L} (4)

(Ol+,3+)/)2

If we make the reasonable assumption that « < B,y then we can simplify
Equation (3) to
Ay~ 1—e @t (5)

where o® = /(1 + %). Thus we see that the rate of transfer of the electron from
the reservoir to the acceptor is of the same order of magnitude as that for the
escape of the electron from the reservoir, but can be substantially modulated by
the other two rates even if the processes are very much faster. The rate that is
responsible for selection in an olfactory receptor is S. If this varies by a factor of
2 or 3 between molecules that have a correct frequency and those that do not,
this could lead to very substantial changes in the overall transfer rate, with the
change in times possibly being of the order of ms, if that is the timescale for
electron escape from the reservoir. Thus by considering more of the system we
find that the timescales of the receptor can be brought into line with the rest of
the signalling.

We have stated that the odourant must remain within the receptor long
enough for detection to take place. We now try to quantify this by extending our
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simple model. For the purpose of our calculation we assume that the removal
of the odourant from the receptor makes it impossible for the electron to move
from the donor to the acceptor (see Figure 9). If we set the escape rate for the
odourant to be s, require that at t = 0 the odourant is docked and the electron
is in the reservoir, assume « is small, and follow the mathematical steps given

above we get
*

*a+ (1 _ e—(()l*“rS)t) (6)
o N

If s < o™ we simply get our earlier result, corresponding to the lifetime of the
odourant in the receptor being long compared to the electron transfer time. As s
becomes comparable with o™ we see that the maximum probability of occupation

A(t) ~

of the acceptor drops below 1: once the odourant leaves the receptor the electron
is no longer able to travel from the donor to the acceptor. Finally, we see that
the rate at which the acceptor reaches its maximum population increases as a
result of the odourant leaving the receptor as the time available for the transfer
is reduced. Without a detailed atomistic model of a receptor, it is hard to give
firm values to the relevant parameters. But it is very probable that the odourant
is able reside in a receptor long enough for an electron transfer to take place (the
shortest time the transfer could take place over being about 1 ns).

Once the electron reaches the acceptor, it must be able to generate a signal.
Given we have rather limited knowledge about the structure of a receptor, once
again we have to fall back on speculation. Turin [21] suggests that a disulphide
bond between the receptor and the G protein is reduced, and then breaks,
initiating the next stage of the signalling. A suitable cysteine residue exists in
the Zn binding motif noted earlier.

The greatest difficulty for the Turin mechanism, and hence the source of the
most pointed and careful criticism [58], has always been the need to keep the
interaction of the itinerant electron with the environment sufficiently small [53].
The problem is simple enough to identify: we require a receptor that is a protein
embedded in a lipid, surrounded above and below by aqueous media, to respond
to the vibrations of a small odourant while ignoring the vibrations from the
extended surrounding molecules. The contribution from the environment can
be characterised by the reorganisation energy, which typically has a value of 1 eV.
For good odourant recognition it needs to be below 0.1 eV [53,57,58]. Without
a proper model of the olfactory receptor it is not really possible to compute a
reliable value. However, there is a small amount of evidence from simulations by
Reese et al. [63] that such low values might be achievable.

6. Conclusions

The jury is still out on what the precise mechanism is by which the chemical
identity of odourant molecules is established by olfactory receptors. As discussed
in this review, evidence is mounting both in support of some form of vibrational
theory, and against it.
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Experimental tests of vibrational theories have focused on regularities either of
the functional group region or the fingerprint region. The most striking example
of the former is the similarity in odour character between boron hydrides (bo-
ranes) containing the -BH group and thiols containing the -SH group. This was
noted by Stock [121] in the early days of borane chemistry and rediscovered by
one of us (LT) [21]. The fact that boranes and thiols alone smell ‘sulfuraceous’ and
that they alone share a vibration around 2600 cm ™! seems beyond coincidence.
Modification of the fingerprint region, by contrast, is most easily achieved by
deuteration of part or all the hydrogens contained in the odourant. As we have
seen, it has been shown that flies [87,122], honeybees [88,90], and humans [75]
can tell hydrogen from deuterium odourants. Remarkably, a connection between
fingerprint and functional group regions was also found when flies who had
been trained to avoid deuterium odourants also avoided nitriles and vice versa,
suggesting that the -CD stretch and -CN stretch, both around 2150 cm™! were
being confused by the flies [87].

However, the information from receptor experiments is far less supportive.
In particular the study by Block et al. [58] suggests that receptors are unable to
distinguish between hydrogenated and deuterated versions of a molecule, even
when they have different odours. The difficulty though is that the absence of
any positive signal carries ambiguity with it, as it could be an artefact of the
experimental technique. So more experiments are needed to bring clarity.

For physicists, maybe the single most important development that can be
envisaged is the production of a high quality X-ray structure of a one or more
olfactory receptors. This would open the door to large scale computer simulations
that would help shed light on both the mechanical and electrical responses of
olfactory receptors.

Notes

1. The system would not be in equilibrium if any empty orbital were lower in energy than
a filled orbital. This configuration thus has to be seen as a state arrived at kinetically:
the lower energy state is able to pass its electron onto another site more quickly than
it can be refilled.
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Appendix 1. Derivation of the vibrational rate equation

Possible mathematical models for the Turin mechanism have been discussed and criticized
in some detail in the literature [53,57-59]. Here we present the core algebra again in a way
that allows the various approaches to be treated in a unified way.

What we wish to compute is a rate for the transfer of an electron from D to A. To obtain
this rate, we consider the following sequence of events based on the narrative given above:

(1) Initially the odourant M and the receptor are well separated from one another.

(2) M moves through the mucus and into the receptor so that it is situated between D and
A.

(3) During this migration M equilibrates with its surroundings (a fast process).

(4) M enables the electron transfer from D to A by being vibrationally excited, possibly
also acting as a bridge across which an electron can pass (a slow process).

The passage of the electron is slow relative to the motion of the atoms in the receptor, but
fast relative to the time M remains docked between D and A. The electron transfer could be
slow for up to three reasons: there is weak overlap of the electronic wavefunctions between
the donor and acceptor sites; the mobile electron has to travel through the odourant, whose
unoccupied states have high energy, and thus act as a tunnelling barrier. This slowness allows
us to distinguish between forward and backward processes. For the forward process the
odourant gains energy from the electron as it jumps from D to A. However, for the reverse
process the odourant must provide the energy. Since the odourant will re-equilibrate with
the receptor very rapidly after excitation [55], the reverse process is frustrated. Thus we can
ignore any coherence between the electron jumping from D to A and the reverse process, and
so can describe it in terms of a transition rate.

An appropriate theory for describing transitions is scattering theory, and because we want
rates we use the generalized Fermi’s Golden Rule [123]

Tpos = %’T ng (p \%(ED)\AW 5(Ep — Ey) (A1)

where the states |D) and |A), and their associated energies Ep and E4, correspond to the
mobile electron being in the donor and acceptor sites respectively. They include both nuclear
and electronic degrees of freedom, span the odourant M as well as the receptor and the more
distant environment. There will also be a set of states |[M) corresponding to the electron being
localised on M, and they will have energies Ej;. The transfer matrix TE) = V+VGEV
introduces the coupling V between the states |D), |A) and |M), and G(E) is the retarded
Green’s function for the whole system.

This Golden Rule expression in Equation (A1) contains the following contributions: a
weighted sum over initial states corresponding to an incoherent average over independent
initial possibilities (thereby giving us the average response of the system); the square of the
matrix element of the transfer matrix originating with the rate at which the wavefunction
evolves under a perturbing potential (the effective coupling between the donor and acceptor
mediated by the odourant), and the energy conserving delta function combined with the
sum over final states which determines the density of states into which the system can
evolve. At thermal equilibrium the population of the initial states of the system is Pp = exp
(— Ep/kgT)/Z where Z = )y exp (— Ep/kpT) is a partition function.
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The trickiest part of this argument is defining exactly what we mean by the states |D),
|A) and |M). These states need to express the slowness of the mobile electrons relative to the
atomic motion. This leads to all three sets of states being diabatic, with the itinerant electron
being localised on D, A and M respectively. We will assume they can be well represented by a
Born-Oppenheimer (BO) form (rR | D) = Wp(rR) = ®p(rR) xp(R) (and similarly for A and
M), where r represents electronic degrees of freedom, R represents nuclear degrees of freedom,
®p(rR) is the diabatic electronic wavefunction, and xp(R) is the nuclear wavefunction.

A key quantity in Equation (A1) is the matrix element <D ‘%(ED)‘ A> If we introduce the

full expression for the transfer matrix we get < ‘T(ED)‘ > < ‘ V‘ > ( ‘VG(ED)V‘ A>.
To keep just the lowest order terms in V, we approximate G(E) by Go(E) defined by

~ _ |D) (D| |A) (Al |M) (M|
GO(E)_%:E—ED—HW+;E—EA+10++%:W (A2)

We now have two cases to consider. If the electron can travel from D to A without passing
through M, we have (D ‘T(ED)‘ ) < ’V‘ > If, however, the electron cannot travel
directly, but must spend time on M, we have

; (p[7])pr|7] )

D|T(Ep)|A) ~ A3

( (Ep) %: Ep — Ey +i0F (A3)

On going from D to A, an electron is added to the odourant. If this increases the energy

by several eV, this contribution will dominate the contributions to the denominator from

vibrational excitations, and we can replace the denominator by a constant for each state of the

odourant. If we then make the Condon approximation, then both expressions for the transfer
matrix reduce to the form

(p|F(Ep)| 4) ~ Wps / xp(R)xa(R) dR (A4)

with the only difference being in the definition of Wpy [53]. The remaining mathematical
steps leading to the Marcus-Jortner equation are now completely standard [124], and we
obtain the expression given by Brookes et al. [53,57,58]:

(épa — nhiwp — 1)?

2
[poa= %|WDA|274 UZ = CXP (‘ A Th )
A/ 4TTKB B

where kg is the Boltzmann constant, T is the temperature, A is the reorganization energy, o,
is a measure of how strongly the itinerant electron couples to the nth vibration state of the
mode in the odourant being probed, €pj  is the difference in energy of the electron between D
and A, and wy is the vibrational frequency for the odourant mode. We note that Solov’yov
[57] generalised this to include all the vibrations in the odourant.

(A5)
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