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Abstract

A novel theory of primary olfactory reception is described. It proposes that olfactory receptors respond not to the
shape of the molecules but to their vibrations. It differs from previous vibrational theories (Dyson, Wright) in
providing a detailed and plausible mechanism for biological transduction of molecular vibrations: inelastic electron
tunnelling. Elements of the tunnelling spectroscope are identified in putative olfactory receptors and their associated
G-protein. Means of calculating electron tunnelling spectra of odorant molecules are described. Several examples are
given of correlations between tunnelling spectrum and odour in structurally unrelated molecules. As predicted,
molecules of very similar shape but differing in vibrations smell different. The most striking instance is that of pure
acetophenone and its fully deuterated analogue acetophenone-ds, which smell different despite being identical in
structure. This fact cannot, it seems, be explained by structure-based theories of odour. The evidence presented here
suggests instead that olfaction, like colour vision and hearing, is a spectral sense. Chem. Senses 21: 773-791, 1996.

Introduction

Putative olfactory receptors have been identified previously
(Buck and Axel, 1991; Buck, 1993; Ngai et al., 1993;
Raming et al, 1993). Signal transduction is known to
involve 2 G-protein-coupled adenylate cyclase mechanism
(for review see Shepherd, 1994). However, the mechanism by
which receptors detect odorants, and thus the molecular
basis of odour, remain unclear. As has been repeatedly
pointed out, structure—odour relations provide conflicting
evidence (Beets, 1971, 1978; Klopping, 1971; Ohloff, 1986;
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Weyerstahl, 1994). On the one hand, molecules of widely
different structures can have similar odours, e.g. the bitter
almond character, shared by as many as 75 molecules,
including the triatomic molecule HCN. On the other hand,
minor changes to the structure of a molecule can alter its
smell character completely. For example, isomers such as
vanillin (3-methoxy-4-hydroxy-benzaldehyde) and isovanil-
lin (3-hydroxy-4-methoxybenz-aldehyde), and enantiomers
such as R- and S-carvone smell very different (Arctander,
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1994). Furthermore, olfaction is often ‘analytical’: the
presence in a molecule of certain chemical groups such as
aldehydes, carbonyls, nitriles, isothiocyanates, thiols, esters
and ethers is frequently correlated with a particular odour.
The example best known to non-specialists is thiol (SH),
which gives any odorant molecule a unique ‘sulphuraceous’
(rotten egg, garlic) odour character. Structure-odour
theories tend to reflect one or the other line of evidence:
‘functional group’ theories emphasize the analytical view,
but do not provide a mechanism by which individual groups
can be detected regardless of molecular shape. Theories
based exclusively on shape enjoy some success within
specific odorant groups, but do not account for the striking
chemical group regularities. Nor do they account for the
fact that very different structures give similar odours.

The present work originates from a theory first put
forward by Dyson (1938). He suggested that olfactory
organs might somehow detect molecular vibrations. If the
whole vibrational range to 4000 cm™! were detected as by a
Raman or IR spectroscope, detection of functional groups
would be explained, since many have distinctive vibrational
signatures, usually above 1000 c¢m™'. This theory was
modified in a series of articles by Wright and co-workers
(Wright, 1977 and references therein). They argued that
since optical means were out of the question, detection of
molecular vibrations must necessarily be mechanical in
nature, and therefore only vibrational modes excited at body
temperature could be detected. This meant that the range of
detectable vibrations must lie below ~2 kT, or 500 cm™!.
Correlations between spectrum and odour in that range
were reported, but they were achieved by dismissing
discrepant peaks as ‘anosmic’, and adding some at
computed ‘difference’ frequencies. In any event, it was
always clear that the region below 500 cm~! could not
determine odour (Klopping 1971):
molecules with strong, distinctive odours, such as NH3, H,S,
0O; and HCN, vibrate only in the range 700-3500 cm™.
Furthermore, the basic idea of vibrational spectroscopy
could never account for the different odours of enantiomers.

many inorganic

Lastly, no plausible mechanism was ever found by which a
biological system could perform vibrational spectroscopy by
mechanical means, and the theory eventually fell from
favour.

This article will cover the following topics: inelastic
electron tunnelling spectroscopy; its implementation in
olfactory receptors; evidence from neurophysiology; the
calculation of structure—odour relations; the problem of

odourless molecules; applications of the theory to a
few selected structure—odour problems; and isotope
replacement.

A biological 'spectroscope’

Inelastic electron tunnelling spectroscopy (IETS) is a
non-optical form of vibrational spectroscopy (Jaklevic and
Lambe, 1966; Hansma, 1982; Adkins and Phillips, 1985). It
relies on the interaction between electrons tunnelling across
a narrow gap between metallic electrodes and a molecule in
the gap. When the gap is empty, tunnelling electrons cross
the gap at constant energy and the tunnelling current is
proportional to the overlap between filled and empty
electronic states in the metals. Thus, if the density of filled
and empty states is constant, the junction is ohmic. If a
molecule is present in the gap, tunnelling electrons will be
scattered by the partial charges on the molecule’s
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Figure 1 Schematic of the proposed transduction mechanism: the
receptor protein accepts electrons from a soluble electron donor (NADPH).
When the receptor binding site is empty (top), electrons are unable to
tunnel across the binding site because no empty levels are available at the
appropriate energy. The disulphide bridge between the receptor and its
associated G-protein remains in the oxidized state. When an odorant (here
represented as an elastic dipole) occupies the binding site (bottom),
electrons can lose energy during tunnelling by exciting its vibrational mode.
This only happens if the energy of the vibrational mode equals the energy
gap between the filled and empty levels. Electrons then flow through the
protein and reduce the disulphide bridge via a zinc ion, thus releasing the
G-protein for further transduction steps.



constituent atoms, and lose energy to the molecule by
exciting one of its vibrational modes. When this happens,
electrons can follow an indirect path, first exciting the
molecular vibration and then tunnelling to the second metal
at a lower energy. The new tunnelling path causes an
increase in the conductance of the junction. Successive
vibrational modes are excited as junction voltage is
increased. Differentiating the current-voltage relationship
twice yields narrow peaks at energies corresponding to those
of the vibrational modes of the molecule in the gap.

Metallic conductors are absent in biology, but electron
transfer is ubiquitous. Doing IETS with proteins (Figure 1)
would involve addition and removal of electrons at well-
defined energy levels on either side of an odorant-sized
(<400 daltons) binding site which serves as the tunnelling
gap. On one side of the gap a donor site with occupied
donor levels is present, while an acceptor site with empty
acceptor levels is on the other side. If there is nothing
between the electron source (donor) and sink (acceptor),
then for direct tunnelling to occur there must be an
(occupied) energy level in the source which matches the
energy of an (empty) state in the sink.

If there is a molecule between the electron source and
electron sink, and if that molecule vibrates, then (taking the
energy of the vibrational quantum as E) indirect tunnelling
can occur by an additional channel if there is an energy level
in the source with energy E above that in the sink. After
tunnelling, the molecule will have a vibrational energy
higher by E. In other words, tunnelling occurs only when a
molecular vibrational energy E matches the energy
difference between the energy level of the donor and the
energy level of the acceptor. The receptor then operates as a
spectrometer which allows it to detect a single well-defined
energy, E. If the change in energy between donor and
acceptor levels is sufficiently large, tunnelling current flows
across the device only when a molecule with the appropriate
vibrational energy is present in the gap. If there are several
vibrational modes, which one(s) will get excited will depend
on the relative strengths of the coupling, and that may be
expected to depend, among other things, on the partial
charges on the atoms and the relative orientation of the
charge movements with respect to the electron tunnelling
path.

Unlike conventional IETS, ‘biological IETS’ does not
involve scanning of the energy range, which would probably
be unfeasible in a biological system. Instead, the range of
vibrational energies is covered piecewise by a series of
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receptors tuned to different energies. The energy range is
limited only by the e.m.f. (reducing power) of the electron
source. An estimate of biological reducing power is 500 mV
(1 eV = 8086 cm™) (Frausto da Silva and Williams, 1993),
which means that the entire vibrational range to 4000 cm™!
could be sampled. To cover the vibrational spectrum, several
receptor classes would be required, each tuned to a different
segment of the vibrational spectrum. A small number might
be sufficient, much as three pigments with broad, partially
overlapping absorption spectra suffice for colour vision.
One essential feature of the biological spectrometer is its
relatively poor resolution. Vibronic coupling, which results
in a broadening of acceptor and donor levels across in the
tunnelling gap, is present in all tunnelling systems, be they
metallic, semiconducting or chemical. When IETS is
performed between metal electrodes, the tunnelling junction
is cooled to cryogenic temperatures to increase resolution. A
biological system must work at ambient or body
temperature, i.e. at ~300°K. Donor and acceptor levels
across the tunnelling gap will therefore have a minimum
width of 2 kT (~400 cm™'). The range 0-4000 cm~! could
therefore be covered by 10 or so receptor types. A similar
arrangement exists in the other spectral senses, vision and
hearing, in which broadly tuned receptor classes cover
segments of the complete spectrum.

Evidence for electron tunnelling in putative
olfactory receptors

If olfactory receptor proteins function as a tunnelling
spectroscope, their primary amino acid sequences may
contain some telltale features, provided these are not too
widely scattered and brought together only by folding.
Firstly, since most odorants are redox-inactive, the receptor
protein must obtain electrons from either a soluble electron
carrier or possibly a reductase. If no intermediate enzyme is
involved, one would expect to find a motif designed for
binding to soluble electron donors. Secondly, the presence
of a metal-binding site would not be unexpected, since
many electron-transfer enzymes require metal cofactors.
Thirdly, since the electron current must be turned into a
chemical reaction at some point to connect it to the
conventional signal transduction pathway, one would expect
an electrochemical (e.g. a reduction) step to be the final
stage in the transduction.

The sequences of 25 putative olfactory and eight
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gustatory receptors have been published. They have strong
homologies with G-protein-coupled receptors, are specific
to olfactory neuroepithelia and contain a variable
hydrophobic region which may be involved in odorant
binding. The first step was to test for the presence of an
NAD(P)H binding site motif in these sequences. The
searches were performed using the Blitz server at
Heidelberg. NAD(P)H binding motifs are highly conserved
(Lawton et al., 1990; Scrutton et al., 1990). Remarkably, an
exact match to an NAD(P)H binding site sequence
(GLGLLA) highly conserved in dehydrogenases and flavine
monooxygenases is found in one of the olfactory receptors,
olf8_mouse, and related sequences are found in all the
others. Since according to this theory the receptor functions
as an “‘NADPH diaphorase’, it may be significant that high
levels of diaphorase activity have been detected in olfactory
receptor neurons (Zhao et al., 1994).

The second step was to look for a metal-binding site. A
clue as to which metal may be involved is provided by the
evidence of a strong link between zinc and olfaction. Zinc
deficiency, whether dietary (Alpers, 1994) or caused by
treatment with histidine (Henkin et al., 1975), thiocarb-
amides (Erikssen et al., 1975) or captopril (Zumkley et al.,
1985), is unique in causing a complete and rapidly reversible
anosmia. A search for zinc-binding sites found in enzymes
using Prosite gave no good matches. A search for
homologies was then performed using small segments of the
primary sequence close to the flavin-binding site, the
rationale being that the electron circuit is likely to be
compact in size to avoid long-range transfer, and that this
may be reflected in the primary structure. This search turned
up a motif C[GATV]SH[LI], present in all the receptors,
most commonly as CGSHL (Cys-Gly-Ser-His-Leu) seven
amino acids away from the ‘flavin-binding’ region. This
motif lies near the cytoplasmic end of the (predicted) sixth
transmembrane domain and is absent from other
G-protein-coupled receptors (Figure 2). CGSHL is the
zinc-binding motif of insulins (Hodgkin, 1974). In insulin,
several molecules coordinate around a single zinc ion via the
histidine in the motif to form oligomers during storage in
the pancreas. Perhaps surprisingly, this five-residue sequence
is rare. In a search in the complete Swissprot database, 64
proteins gave an exact match to CGSHL. Ten of these were
olfactory or gustatory receptors and 51 were insulins or
proinsulins. Only three were neither olfactory receptors nor
insulins: bombyxin B-8 precursor, alpha methyldopa
hypersensitive protein and chitinase. These three extraneous

proteins are unrelated to one another. Searches with the
alternative sequences found in the olfactory receptors
CASHL, CVSHL CTSHL and CSSHL give figures for
unrelated/total of 5/11, 0/2, 0/6 and 8/10 respectively. With
these few exceptions, therefore, the motif appears to be
diagnostic of olfactory receptors and the zinc-binding site
of insulins.

Zinc’s involvement in olfaction, its ability to form bridges
between proteins, its presence in electron transfer enzymes
such as alcohol dehydrogenase (Frausto da Silva and
Williams, 1993) and the presence of the redox-active amino
acid cysteine in the receptor’s zinc-binding motif all point to
a possible link between electron flow and G-protein
transduction. In the closely related adrenergic receptors, a
role for cyclic reduction and oxidation of disulphide bridges
has been suggested (Kuhl, 1985). It involves cross-linking of
the G-protein to the receptor by an S-S bridge which is then
reduced upon binding of the (redox-active) catecholamine
to the receptor, thereby releasing the G-protein. I propose
that a similar mechanism may be at work in olfaction
(Figure 1). Suppose that the zinc-binding motif on the
olfactory receptor is involved in docking to the olfactory
G-protein g(olf), and that the docking involves formation of
a disulphide bridge between the receptor and the g-protein.
One would expect to find on g(olf) the other half of a zinc
coordination site, e.g. two histidines in close proximity and a
cysteine nearby. A search in the primary sequence of g(olf)
(Jones and Reed, 1989) found the motif HYCYPH
(His-Tyr-Cys-Tyr-Pro-His) at positions 343-351. This motif
has the requisite properties for docking (Figure 3A): it is
exposed on the surface of the g-protein (Coleman et al.,
1994; Lambright et al., 1996) and is known to interact with
g-proteincoupled receptors (Rasenick et al., 1994).

The docking scheme was tested by molecular modelling
of the two sequences. Figure 3 shows that when the three
histidines coordinate a zinc ion, the minimum-energy
configuration incorporating a disulphide bridge puts the
two sulphurs very close to the zinc with no intervening
group. The proline bend in the g(olf) motif helps bring the
two histidines close together without strain. Reduction of
the disulphide bridge followed by energy minimization
causes little change in the structure, indicating that the redox
reaction could take place reversibly at near-constant
configuration energy. I have modelled every one of the
zinc-binding motif variants in the proposed zinc binding
configuration and found that the different side chains makes
little difference to zinc binding and overall geometry. This



INS_RABIT FVNQHLCGSHL| VEALYLVCG
OLFO_RAT GICKVFST |[CGSHL| SWSLFY GTIIGLYLCP
OLF1_CHICK KDGKYKAFST |CTSHL | MAVSL FHGTVIFMYL
OLF1_RAT VRGIHKIFST|CGSHL] SWWSL FYGTIIGLYL
OLF2_CHICK KDGKYKAFST |[CTSHL | MAVSL FHGTVIFMYL
OLF2_RAT TVQGKYKAFST [CASHL | SIVS LFYSTGLGVY
OLF3_CHICK KDGKYKAFST |CTSHL | MAVSL FHGTVIFMYL
OLF3_MOUSE VEGRRKAFNT {CVSHL [VWVFL FYGSAIYGYL
OLF3_RAT VHGKYKAFST [CASHL | SWWSL FYCTGLGVYL
OLF4_CHICK KDGKYKAFST |CTSHL |[MAVSL FHGTVIFMYL
OLF4_MOUSE REGKFKAFST |[CSTHI BAVAI FYGSGAFTYL
OLF4_RAT IQDIYKVFST |CGSHL| SVWVTL FYGTIFGIYL
OLF5_CHICK KDGKYKAFST |CTSHL | MAVSL FHGTVIFMYL
OLF5_MOUSE ATGQRKAFST [CASHL [TVVVI FYTAVIFMYV
OLF5_RAT PRGGWKSFST [CGSHL|AVVCL FYGTVIAVYF
OLF6_CHICK KERKYKAFST |CTSHL [MAVSL FHGTIVFMYF
OLF6_RAT IPSARGRHRAFST [CSSHL [TV VLIWYGSTIF
OLF7_MOUSE EEGQRKAFST |[CSSHL [CVWGL FYGTAIVMYV
OLF7_RAT AAGRHKAFST |CASHL [TVVIIFYAAS
OLF8_MOUSE KGWSKALGT |CGSHI iTVSLFYGSGLLAYVK
OLF8_RAT SIHKVFST [CGSHL|SVVSLFY GTIIGLYLCP
OLF8_RAT SIHKVFST |CGSHL| SVVSLFY GTIIGLYLCP
OLFD_CANFA IGICKVFST [CGSHL|SVVSLF YGTVIGLYLC
OLFE_HUMAN VSKKYKAFST |CASHL|GAVSL FYGTLCMVYL
OLF1_HUMAN SKGICKAFST |CGSHL{SVVSL FYGTVIGLYL
OLFJ_HUMAN VEGRKKAFAT |CASHL [TVVIV HYSCASIAYL
GUS8_RAT SQGKYKAFST |CASHL |[SVVSLFYSTLLGVYL
GU33_RAT SSTVSKYKAFST|CGSHL| CVVCLFYGSVIGV
GU38_RAT SLLGGMYKAFST|CGSHL| SVVSLFYGTGFGV
GU45_RAT SSAEGKYKAFST |[CVSHL | SVWSLFYCTLLGV

Figure 2 Segquence homologies between insulin (top line) and olfactory
and gustatory receptors. The motif indicated in red (box) is the zinc-binding
motif of insulin, which is also present in all the olfactory and gustatory
receptors with small variations. The blue motif of olf8_mouse is a highly
conserved NADPH binding sequence.

receptor

SH

SH

reduced

G-protein
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zinc—-thiol site may be the electron outlet, the positive
connector of the olfactory transducer.

The odorant-binding site may lie somewhere in between
the flavin and the zinc-binding motifs. Note that its
intracellular location poses no problems of accessibility to
odorants: they are small hydrophobic molecules which will
typically partition into membranes with partition coef-
ficients of the order of 10%. These findings suggest that
future attempts to express or reconstitute receptors should
include zinc and an electron donor in the cytoplasmic phase
before testing for response to odorants. It is not clear as yet
whether the corresponding sequences in other receptors are
capable of binding electron acceptors. It may be that a range
of acceptor sites capable of binding donors at different
redox potentials is required to probe different segments of
the spectrum, and that no single sequence can serve for all.

Neurophysiological evidence

There is evidence that single olfactory receptor neurons
(ORNs) can respond to several odorants (Sicard and Holley,
1984). This is consistent with the idea that they respond to a
feature common to several molecules. Is the feature
structural or vibrational? If the latter, one would expect the
responses of ORNs to different odorants to correlate with

Figure 3 Proposed docking scheme between the receptor protein (top half of structures) and the G-protein (bottom half). The structures were obtained
using MM2 Mechanics (Cache). The TCGSHL (receptor) and HYCYPH (G-protein) sequences were aligned, coordination bonds to zinc (purple) were made from
three histidines, the S-S bond was connected and the structure was allowed to relax to minimum energy (right). The S-S bond was then broken and reduced,
and the structure was allowed to relax again to minimum energy. Little movement of the overall structure occurred apart from separation of the SH groups,

suggesting that the process can be reversed.
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Figure 4 Structures (top) and CHYPRE spectra (bottom) of three odorants used by Firestein et a/. (1993) in experiments in which the responses of single
olfactory receptor neurons were measured. Figure 1 of their article illustrates a cell responding only to isoamyl acetate and acetophenone, one cell responding
to all three and one cell responding to cineole but not to the other two. This pattern of responses is consistent with the cells being tuned respectively to bands

3, 1 and 2 of the vibrational spectrum (see text).

vibrational spectra. Furthermore, ORNs are known to
express only one or a small number of receptor genes
(Ressler et al,, 1994). Their response patterns should
therefore be consistent with each ORN responding to one,
or possibly a few, vibrational bands. It has recently become
possible to record from isolated olfactory receptor neurons
using patch-clamp methods. The most direct evidence
(Firestein et al., 1993) for comes from a study of isolated
salamander olfactory neurons exposed to three odorants:
cineole, isoamyl acetate and acetophenone. Cells were found
that responded in all the possible patterns to one odorant,
two odorants or all three. The response pattern of three
cells, taken from figure 1 of Firestein et al.’s paper, is as
follows: one cell responded to all three odorants, one cell to
acetophenone and isoamyl acetate but not to cineole, and
one to cineole alone. When the spectra of the three odorants
are calculated using an algorithm which simulates
tunnelling spectra (see below), the results of Firestein et al.
are consistent with their sensing three different vibrational

bands (Figure 4). The cell responding only to cineole could
have been tuned to the band at ~1200 cm~! which is largely
absent in the other two odorants. The cell responding to all
three may have been sensitive to the band at ~1000 cm™!, and
the cell responding only to acetophenone and isoamyl
acetate may have been responding to the C=0 stretch at
~1800. By contrast, it is far from clear which structural
features would account for this pattern. The vibrational
theory could readily be tested by further experiments: the
cells responding to the C=0 stretch should respond to a
nitrile, while the cell responding only to acetophenone
should also respond to benzene and possibly to an alkene.

Calculating odours: a first approximation

The proper test of a structure—odour theory is odour
prediction. If electron tunnelling is the means by which
molecules are recognized, then their tunnelling spectra as






