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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 a 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;

Weyerstahl, 1994). On the one hand, molecules of widely
different structures can have similar odours, eg. 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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carries also an electron acceptor (A) site, but the D and A site
redox energies differ by an amount De, too large to facilitate
thermally assisted electron transfer on a relevant time scale,
i.e., hundreds of nanoseconds or shorter, without the presence
of an odorant. However, once a suitable odorant binds to the
receptor, the vibrational frequency of the odorant that
matches De makes electron transfer possible, as the energy
De can be released to the vibrational mode of the odorant.
Odorant vibrations employed that way have particularly high
frequencies. Thus, the key idea of the vibrationally assisted
electron tunneling mechanism is to increase the tunneling rate
in the olfactory receptor through vibrational excitation of the
odorant, to make it larger than the elastic tunneling rate in the
olfactory receptor, a rate that by itself is too small for
olfactory reception. The vibrationally assisted mechanism
inspired further studies and a microscopic picture leading to
an electron tunneling rate estimate was proposed.4 We like to
emphasize that the stated mechanism complements, but does
not replace, a lock-and-key mechanism of olfaction, i.e., both
shape and vibrations should be significant for odor perception.

Although the structure of an olfactory receptor has not been
determined, it is still possible to validate a mechanism of
olfaction through an analysis of constraints imposed on the
olfactory receptor. In this paper we focus on the principle
possibility of the vibrationally assisted mechanism of olfaction
and seek to understand under which conditions the mechanism
can function in an actual olfactory receptor. The key focus of
our study is the feasibility of vibrationally assisted olfaction
and the needed physical characteristics on the side of olfactory
receptor and odorant.

Below we describe the interactions between an olfactory
receptor and different odorant molecules (acetophenone,
citronellyl nitrile and octanol). The description is based on
experimental measurements performed by others10 and on
quantum chemistry calculations performed by us. We calculate
the electron tunneling rate in an olfactory receptor and elucidate
the relationship between tunneling rate enhancement and odorant
vibrational modes. Finally, we demonstrate for realistic physical

characteristics of olfactory receptors a clear difference in the
electron tunneling rate for non-deuterated and deuterated
odorant compounds suggesting, thereby, new experiments to
probe the vibrationally assisted mechanism of olfaction.

Theory

This section summarizes the theoretical description for the
vibrationally assisted mechanism of olfaction. We derive key
equations and explain the principle observables used to validate
the mechanism in vivo or in vitro.

Vibrationally assisted olfaction

Electron transfer between donor and acceptor sites of an
olfactory receptor (see Fig. 1) can be described through a
model Hamiltonian H

H = HR + HR–O + HR–env + HT, (1)

which accounts for the essential physical interactions in the
system. Here HR denotes the olfactory receptor Hamiltonian,
HR–O describes the coupling interaction between the olfactory
receptor and an odorant molecule, HR–env describes the
coupling of the olfactory receptor to the thermal environment,
and HT accounts for electron tunneling from donor to
acceptor sites of the olfactory receptor. Thus, the Hamiltonian
H describes the entire olfactory system which consists of the
receptor, odorant, and molecular environment. The theory
employed here had been employed successfully for the study of
electron transfer in photosynthetic reaction centers as outlined
in ref. 13.
In the vibrationally assisted mechanism of olfaction, the

olfactory receptor is a quantum mechanical system with two
energy levels, which correspond to the electron donor and
acceptor states. The Hamiltonian HR can be written as

HR = ED|DihD| + EA|AihA|, (2)

where ED and EA are the energies of the donor state |Di and
acceptor state |Ai, respectively. |Di and |Ai describe the two
states of the joined donor–acceptor (D–A) quantum system, so
that the donor (acceptor) state refers to the state in which the
electron resides on D (A) (see Fig. 1). The quantum mechanical
‘‘bra’’ h. . .| and ‘‘ket’’ |. . .i notations are used here to denote the
possible quantum states in the olfactory receptor.14 The coupling
between an olfactory receptor and odorant is described by
Hamiltonian HR–O, which in the harmonic approximation is

HR!O ¼
X

i¼D;A
!ho0jiihij uiðaþ ayÞ þ ayaþ 1

2

! "# $
: ð3Þ

Here a and aw represent the quantum mechanical creation and
annihilation operators of the odorant vibration14 and o0 is the
associated vibrational frequency; uD is the coupling strength
between odorant vibration and donor state of the receptor, while
uA is the analogous coupling strength for the acceptor state. Key
for the present study is that we determine the coupling strengths
uA and uD through quantum chemical calculations according to
eqn (18) below. The summation in eqn (3) is performed over
electron donor and acceptor states of the receptor.

Fig. 1 Principle of vibrationally assisted olfaction. The odorant

molecule with characteristic frequency o0 binds to the olfactory

receptor binding pocket forming an electron–donor–acceptor complex

with donor energy ED and acceptor energy EA. Electron tunneling

from the donor site to the acceptor site of the olfactory receptor is

enhanced if the vibrational frequency of the odorant molecule matches

the energy difference De = ED ! EA.
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Could Humans Recognize Odor by Phonon Assisted Tunneling?

Jennifer C. Brookes,* Filio Hartoutsiou,† A. P. Horsfield,‡ and A. M. Stonehamx

Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, United Kingdom
(Received 10 July 2006; published 16 January 2007)

Our sense of smell relies on sensitive, selective atomic-scale processes that occur when a scent
molecule meets specific receptors in the nose. The physical mechanisms of detection are unclear: odorant
shape and size are important, but experiment shows them insufficient. One novel proposal suggests
receptors are actuated by inelastic electron tunneling from a donor to an acceptor mediated by the odorant,
and provides critical discrimination. We test the physical viability of this mechanism using a simple but
general model. With parameter values appropriate for biomolecular systems, we find the proposal
consistent both with the underlying physics and with observed features of smell. This mechanism suggests
a distinct paradigm for selective molecular interactions at receptors (the swipe card model): recognition
and actuation involve size and shape, but also exploit other processes.

DOI: 10.1103/PhysRevLett.98.038101 PACS numbers: 87.16.Xa, 82.39.Jn, 87.16.Ac, 87.14.Ee

Our sense of smell affects our behavior profoundly.
Discrimination between small molecules, often in very
low concentrations, allows us to make judgments about
our immediate environment [1] and influence our percep-
tions. Even though odorants are key components of many
commercial products [2], the biomolecular processes of
olfaction are inadequately understood: scent design is not
straightforward. We know that odor detection involves
several types of receptors for a given odorant, and under-
stand how a receptor signal is amplified and processed
[3,4]. However, the initial selective atomic-scale processes
as the scent molecule meets its nasal receptors are not well
understood. Odorant shape and size are certainly impor-
tant, but experiment shows these are insufficient. Here we
assess the novel proposal that a critical early step involves
inelastic electron tunneling mediated by the odorant. We
test the physical viability of this mechanism [5] using
electron transfer (ET) theory, with values of key parame-
ters in line with those for other biomolecular systems. The
proposed mechanism is viable (there are no physics-based
objections and it is consistent with known features of
olfaction) provided the receptor has certain general prop-
erties. This mechanism has wider importance because it
introduces a distinct paradigm for selective actuation of
receptors: whereas lock and key models [6] imply size,
shape, and nonbonding interactions (the docking criteria)
are all, in our swipe card model recognition and actuation
involve other processes in addition to docking. Thus it
encompasses and goes beyond mechanisms such as proton
transfer, discussed by us previously [7].

All current theories agree that selective docking of odor-
ants is important [2]. However, odorants are small mole-
cules (rarely more than a few tens of atoms [2]), and it is
improbable that docking criteria alone offer sufficient dis-
crimination. For example, molecules with almost identical
shapes can smell very different: replacing carbon with its
isosteres Si, Ge, and Sn invariably markedly alter odor
character [8]. Something more is needed for olfaction,

leading to early suggestions that odorant vibration frequen-
cies were critical [9,10], though without specific mecha-
nisms. Both infrared and inelastic electron tunneling
[11,12] (IETS) spectroscopies distinguish very precisely
between different molecules through vibrational frequen-
cies and intensities, which makes the proposal appealing.
The first specific mechanism (based on IETS) was Turin’s
[13] idea that there is odorant mediated inelastic tunneling
of an electron at the receptor: inelastic tunneling between
receptor electronic states differing in energy by @! that
occurs only when energy is conserved by emission of an
odorant phonon of the right energy, hence selectivity.
Clearly, the vibration must also couple to the electronic
transition.

Experiment offers several tests of Turin’s idea. It ex-
plains why certain molecules with very different shapes
can smell similar (e.g., boranes and thiols), but also why
some molecules of essentially identical shape smell utterly
different (e.g., 1,1-dimethylcyclohexane and its sila coun-
terpart) because of frequency or coupling changes. The
question of whether humans can distinguish between a
molecule and its deuterated counterpart is still controver-
sial. There is evidence both for [13,14] and against [15]. In
animals, isotope discrimination is well documented [16].
Both left- and right-handed forms of enantiomers should
have the same vibrational spectrum. The odors of some
enantiomer pairs are the same (type 1) while others differ
(type 2) [17]. Type 2 can be explained by docking criteria
(different chiralities fit different receptors), while type 1 is
naturally explained by vibrational frequency. However,
docking and frequency together can account for both be-
cause chirality will affect the intensity of response of
receptors to the enantiomers (the helices that form the
walls of the receptors are chiral). Quantitative support for
the theory comes from the successful correlation of odor
character with tunneling frequency spectrum [18] for a
range of odorants. Indeed, vibrational frequency has been
found to correlate better with odor than structure [19].

PRL 98, 038101 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
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A common explanation of molecular recognition by the olfactory
system posits that receptors recognize the structure or shape of the
odorant molecule. We performed a rigorous test of shape recogni-
tion by replacing hydrogen with deuterium in odorants and asking
whether Drosophila melanogaster can distinguish these identically
shaped isotopes. We report that flies not only differentiate be-
tween isotopic odorants, but can be conditioned to selectively
avoid the common or the deuterated isotope. Furthermore, flies
trained to discriminate against the normal or deuterated isotopes
of a compound, selectively avoid the corresponding isotope of a dif-
ferent odorant. Finally, flies trained to avoid a deuterated com-
pound exhibit selective aversion to an unrelated molecule with
a vibrational mode in the energy range of the carbon–deuterium
stretch. Thesefindings are inconsistentwith a shape-onlymodel for
smell, and instead support the existence of a molecular vibration-
sensing component to olfactory reception.

Olfactory systems perform remarkable feats of molecular
recognition, but although much is known about the neuro-

physiology of olfaction (1–5), how olfactory receptors ”read”
molecular structure remains unknown. Parts of odorant mole-
cules (odotopes) have been proposed to engage particular
receptors in a “lock-and-key” manner and this molecular shape
recognition mechanism is thought sufficient for odor discrimina-
tion (2). An alternative hypothesis (6) posits that molecular
vibrations of all atoms, or of particular functional groups of
odorant molecules, contribute to odor recognition, and odorants
with similar vibrational spectra should elicit similar olfactory
responses (7). Molecules in which deuterium replaces nonex-
changeable hydrogens constitute appropriate probes to test these
alternatives because deuteration does not alter atom size or bond
length or stiffness (8). Thus, the conformation of a deuterated
molecule should be identical to that of a hydrogen-only (i.e.,
normal) odorant and, according to the molecular recognition
theory, the two isotopes should smell identical. However, atoms in
a molecule vibrate in normal modes at particular energies that
depend on the molecular structure. The doubling of nuclear mass
upon deuteration will change all the vibrational modes of an
odorant molecule to differing extents. The second hypothesis
predicts that deuteration will alter its smell in comparison with
the hydrogen-only isotope. A recent attempt to test the latter
hypothesis in humans was rather inconclusive, potentially con-
founded by interference from previous experience, olfactory
training or habituation of the subjects, or shortcomings of human
olfaction as suggested by the authors (9). A major experimental
difficulty is that, in general, isotopes are prepared and purified
differently, and therefore perceived differences in smell could be
attributed to different impurities. Purity can, in principle, be en-
sured by smelling single-molecule peaks exiting a gas chromato-
graphic column, but this makes simultaneous two-compound
comparisons difficult and animal experiments harder still.
Here we describe a different approach to test whether mo-

lecular vibrations contribute to recognition of odor character.
We assumed that, if molecular vibrations are indeed detected,
the deuterated isotopes of different odorants may share a com-
mon odor character, as deuteration shifts particular peaks—e.g.,
the carbon–deuterium (C-H) stretch—of the compound-specific
vibrational spectra to lower frequencies. If so, the deuterium

odor character could be distinct and identifiable, irrespective of
the structure and chemical properties of the odorant molecules
that carry it. Significantly, we used Drosophila as unbiased and
objective subjects to address this issue. They possess a relatively
well understood olfactory system (10–13), exhibit keen olfactory
discrimination (14–16), and can be conditioned to selectively
avoid or seek odors with the use of established methodology (17,
18). We ask whether Drosophila can detect deuterium as a dis-
tinguishing molecular feature in odorant isotopes and a salient
cue for conditioning. The results of these experiments provide
support for the notion that flies can smell molecular vibrations.

Results
Spontaneous Differential Responses to Deuterated Odorants. Al-
though deuteration does not appreciably change molecular
shape, atom size, or bond length or stiffness, it doubles hydrogen
mass, thus affecting the overall vibrational modes of an odorant.
Therefore, if recognition of molecular shape alone was the sole
determinant for odor character (2, 3), then flies should not re-
spond differentially to deuterated [d, where d(x) denotes re-
placement of x nonexchangeable hydrogens with deuterium
atoms] and nondeuterated/normal (i.e., H-) odorants. To ad-
dress this hypothesis, we took advantage of the commercial
availability of acetophenone (ACP) carrying three, five, or eight
deuterium atoms (d3, d5, and d8) in place of the respective
hydrogens in the normal molecule (h-ACP). Equal amounts (75
μL) of each odorant were diluted to 1 mL in isopropyl myristate
and we quantified (Fig. 1A) the response of groups of flies to
each odorant versus unscented air traversing the arms of a stan-
dard T-maze (Materials and Methods) (19, 20). When given
a choice between normal ACP (i.e., h-ACP) and air, the excess
flies present in the odor-delivering maze arm indicated that, at
the dilution used, the odorant was attractive. However, replacing
only three hydrogen atoms with deuterium eliminated this
spontaneous preference as the flies distributed nearly equally in
the arms of the maze. The d5-ACP was mildly aversive and the
fully substituted d8-ACP was the most aversive of the four iso-
topes. Moreover, flies consistently avoided d3, d5, and d8 ACP
against equal concentration of h-ACP (Fig. S1). Therefore, a
spontaneous switch in osmotaxis (14) to ACP was precipitated by
substituting hydrogen atoms with deuterium.
To verify that flies are generally capable of spontaneous dis-

crimination between airborne deuterated odorants and their
normal counterparts, we additionally presented them with equal
concentrations of normal and deuterated 1-octanol, normal and
d5-benzaldehyde, or a normal–perdeuterated ACP pair. In con-
firmation of the previous results, h-ACP was preferred versus an
equal concentration of the d8 odorant (Fig. 1B). Reducing the
concentration of the deuterated compound by 50% resulted in
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Molecular Vibration-Sensing Component in Human
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Abstract

Whether olfaction recognizes odorants by their shape, their molecular vibrations, or both remains an open and controversial
question. A convenient way to address it is to test for odor character differences between deuterated and undeuterated
odorant isotopomers, since these have identical ground-state conformations but different vibrational modes. In a previous
paper (Franco et al. (2011) Proc Natl Acad Sci USA 108:9, 3797-802) we showed that fruit flies can recognize the presence of
deuterium in odorants by a vibrational mechanism. Here we address the question of whether humans too can distinguish
deuterated and undeuterated odorants. A previous report (Keller and Vosshall (2004) Nat Neurosci 7:4, 337-8) indicated that
naive subjects are incapable of distinguishing acetophenone and d-8 acetophenone. Here we confirm and extend those
results to trained subjects and gas-chromatography [GC]-pure odorants. However, we also show that subjects easily
distinguish deuterated and undeuterated musk odorants purified to GC-pure standard. These results are consistent with
a vibrational component in human olfaction.
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Introduction

The human sense of smell uses the input from several hundred
receptors to discriminate between tens of thousands of odorants.
Although human olfactory receptors are members of the G-protein
coupled receptor superfamily, the exact mechanism by which an
odorant activates a receptor is still unclear. Specifically, we do not
know whether olfactory receptors detect the shape of odorant
molecules by a classical lock-and-key mechanism [1–4], their
vibrations [5,6] by a quantummechanism [7–10], or a combination
of both.
In principle, odorant isotopomers provide a possible test of

shape vs. vibration mechanisms: replacing, for example, hydrogen
with deuterium in an odorant leaves the ground-state conforma-
tion of the molecule unaltered while doubling atomic mass and so
altering the frequency of all its vibrational modes to a greater or
lesser extent [11]. To first order, deuteration should therefore have
little or no effect on the smell character of an odorant recognized
by shape, whereas deuterated isotopomers should smell different if
a vibrational mechanism is involved.
The experimental evidence on this question to date is

contradictory. Drosophila appears able to recognize the presence
of deuterium in odorant isotopomers by a vibrational mechanism
[12]. Partial deuteration of insect pheromones reduces electro-
antennogram response amplitudes [13]. Fish have been reported
to be able to distinguish isotopomers of glycine by smell [14].

However, human trials using commercially available deuterated
odorants [benzaldehyde and acetophenone] have yielded conflict-
ing results, both positive [15] and negative [16]. Here, using GC-
pure samples and a different experimental technique, we fully
confirm Keller and Vosshall’s finding that humans, both naive and
trained subjects, are unable to discriminate between acetophenone
isotopomers.
However, since deuteration exerts the largest effect on the parts of

the vibrational spectrum involving C-H motions, it seemed in-
teresting to ask whether the effect of deuterium–if any–on smell
character might be detectable in odorants containingmore carbons,
and therefore more CH groups. Musks are among the largest
odorants and typically contain 15–18 carbons and 28 or more
hydrogens [17], as compared to 8 carbons and 8 hydrogens for
acetophenone. We now report that deuterated musks of diverse
structures smell strikingly different from the parent compounds and
similar to each other, even to naive subjects. The difference in smell
character caused by deuteration persists when the most stringent
criterion of purity, preparative gas-chromatography, is used.

Methods

Chemistry
Acetophenone. Acetophenone and d-8 acetophenone [99%

D] were obtained from Aldrich and CDN Isotopes.

PLOS ONE | www.plosone.org 1 January 2013 | Volume 8 | Issue 1 | e55780
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carries also an electron acceptor (A) site, but the D and A site
redox energies differ by an amount De, too large to facilitate
thermally assisted electron transfer on a relevant time scale,
i.e., hundreds of nanoseconds or shorter, without the presence
of an odorant. However, once a suitable odorant binds to the
receptor, the vibrational frequency of the odorant that
matches De makes electron transfer possible, as the energy
De can be released to the vibrational mode of the odorant.
Odorant vibrations employed that way have particularly high
frequencies. Thus, the key idea of the vibrationally assisted
electron tunneling mechanism is to increase the tunneling rate
in the olfactory receptor through vibrational excitation of the
odorant, to make it larger than the elastic tunneling rate in the
olfactory receptor, a rate that by itself is too small for
olfactory reception. The vibrationally assisted mechanism
inspired further studies and a microscopic picture leading to
an electron tunneling rate estimate was proposed.4 We like to
emphasize that the stated mechanism complements, but does
not replace, a lock-and-key mechanism of olfaction, i.e., both
shape and vibrations should be significant for odor perception.

Although the structure of an olfactory receptor has not been
determined, it is still possible to validate a mechanism of
olfaction through an analysis of constraints imposed on the
olfactory receptor. In this paper we focus on the principle
possibility of the vibrationally assisted mechanism of olfaction
and seek to understand under which conditions the mechanism
can function in an actual olfactory receptor. The key focus of
our study is the feasibility of vibrationally assisted olfaction
and the needed physical characteristics on the side of olfactory
receptor and odorant.

Below we describe the interactions between an olfactory
receptor and different odorant molecules (acetophenone,
citronellyl nitrile and octanol). The description is based on
experimental measurements performed by others10 and on
quantum chemistry calculations performed by us. We calculate
the electron tunneling rate in an olfactory receptor and elucidate
the relationship between tunneling rate enhancement and odorant
vibrational modes. Finally, we demonstrate for realistic physical

characteristics of olfactory receptors a clear difference in the
electron tunneling rate for non-deuterated and deuterated
odorant compounds suggesting, thereby, new experiments to
probe the vibrationally assisted mechanism of olfaction.

Theory

This section summarizes the theoretical description for the
vibrationally assisted mechanism of olfaction. We derive key
equations and explain the principle observables used to validate
the mechanism in vivo or in vitro.

Vibrationally assisted olfaction

Electron transfer between donor and acceptor sites of an
olfactory receptor (see Fig. 1) can be described through a
model Hamiltonian H

H = HR + HR–O + HR–env + HT, (1)

which accounts for the essential physical interactions in the
system. Here HR denotes the olfactory receptor Hamiltonian,
HR–O describes the coupling interaction between the olfactory
receptor and an odorant molecule, HR–env describes the
coupling of the olfactory receptor to the thermal environment,
and HT accounts for electron tunneling from donor to
acceptor sites of the olfactory receptor. Thus, the Hamiltonian
H describes the entire olfactory system which consists of the
receptor, odorant, and molecular environment. The theory
employed here had been employed successfully for the study of
electron transfer in photosynthetic reaction centers as outlined
in ref. 13.
In the vibrationally assisted mechanism of olfaction, the

olfactory receptor is a quantum mechanical system with two
energy levels, which correspond to the electron donor and
acceptor states. The Hamiltonian HR can be written as

HR = ED|DihD| + EA|AihA|, (2)

where ED and EA are the energies of the donor state |Di and
acceptor state |Ai, respectively. |Di and |Ai describe the two
states of the joined donor–acceptor (D–A) quantum system, so
that the donor (acceptor) state refers to the state in which the
electron resides on D (A) (see Fig. 1). The quantum mechanical
‘‘bra’’ h. . .| and ‘‘ket’’ |. . .i notations are used here to denote the
possible quantum states in the olfactory receptor.14 The coupling
between an olfactory receptor and odorant is described by
Hamiltonian HR–O, which in the harmonic approximation is

HR!O ¼
X

i¼D;A
!ho0jiihij uiðaþ ayÞ þ ayaþ 1

2

! "# $
: ð3Þ

Here a and aw represent the quantum mechanical creation and
annihilation operators of the odorant vibration14 and o0 is the
associated vibrational frequency; uD is the coupling strength
between odorant vibration and donor state of the receptor, while
uA is the analogous coupling strength for the acceptor state. Key
for the present study is that we determine the coupling strengths
uA and uD through quantum chemical calculations according to
eqn (18) below. The summation in eqn (3) is performed over
electron donor and acceptor states of the receptor.

Fig. 1 Principle of vibrationally assisted olfaction. The odorant

molecule with characteristic frequency o0 binds to the olfactory

receptor binding pocket forming an electron–donor–acceptor complex

with donor energy ED and acceptor energy EA. Electron tunneling

from the donor site to the acceptor site of the olfactory receptor is

enhanced if the vibrational frequency of the odorant molecule matches

the energy difference De = ED ! EA.
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SF6 CHCl3 halothane cyclopropane urethane

etomidate alfaxalone

some general anesthetics

thiopental

Xe



how general are they ?

ANESTHÉS1E DES VÉGÉTAUX ET DES ANIMAUX. 259

est paralysée plus tard ; et vous la voyez retirée de des-

sous la cloche devenue flasque et indifférente aux ex-
citants extérieurs. Enfin la sensilive reste la dernière.

Ce n'est qu'au bout de vingt à vingt-cinq minutes que
l'insensibilité commence à se manifester. Nous avons
placé sous la cloche G (fig. 19) une sensitive bien

Fig. 19. — Sensitive (Mimosa pudica) placée daus une atmosphère étherëe. — c, éponge
imbibée d'éther. — Les feuilles de la plante sont étalées, sont devenues insensibles, et

ne se ferment plus quand on vient à les toucher.

vivace. A côté du pot a été introduite une épong-e hu-
mide e, imprégnée d'élher. Bientôt la vapeur éthérée
remplit la cloche et agit sur la plante. L'action anesthé-
siante est plus rapide dans les temps chauds que dans
les temps froids et suit les diverses circonstances qui
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the Meyer-Overton relationship



extracellular  
water

intracellular 
water

the cell membrane

lipid approx 7 nm

water

“olive oil”

pdb of bilayer courtesy of Peter Tieleman’s 
Biocomputing Group, U Calgary 



or maybe proteins ?

PDB IDs: 1E78, 1E7A, 1E7B 
From Bhattacharya et al. (2000) J.Biol.Chem. 275: 38731

human serum albumin + propofol

cavity 1

cavity 2

+ halothane

cavity 3

cavity 2
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hyperbola 
xy = constant

the concentration of anesthetic at the 
active site[s] sufficient for narcosis is 
constant regardless of the anesthetic

all anesthetics are equally potent

what the Meyer-Overton graph means



Xe SF6 CHCl3 halothane cyclopropane urethane

etomidate alfaxalone

how is that possible ?

thiopental



theories of anesthesia: ion channels

ion channel block Denis Haydon 1930-1988

J. Physiol. (1983), 341, pp.  429-439

Sodium currents of the squid axon

before 5 mM Chloroform after

> .5M in membrane !



theories of anesthesia: gas hydrates

methane hydrate Linus Pauling  1901-1994



theories of anesthesia: enzyme inhibition

firefly luciferase Nick Franks

Credit: University of Rhode Island

(& Bill Lieb)



theories of anesthesia: receptors

the GABA-A receptor the GABA-A receptor 
+ Bromoform

Source: RSCB ID: 2VL0 and 3ZKR 
Spurny, R. et al. (2013) J.Biol.Chem. 288: 8355



Lorin Mullins 1917-1993
Lorin died after a short illness at his 
retirement home in Chestertown on 
April 14 [….]. He was working on a new 
theory of Anesthesia.

meta-theories of anesthesia

OLFACTION* 

BY 
L. J .  MULLINS 

Few physiological processes remain today a s  elusive of analysis 
and a s  obscure in mechanism as those involved in olfaction. Such a 
situation is not the result of any dearth of experimental investigations 
nor because of any reluctance on the part of physiologists to speculate 
concerning such mechanisms. Rather, we may suspect that our lack of a 
working hypothesis is to be traced to certain broad gaps in our knowledge 
of nervous excitation at both the physicochemical and the physiological 
level. T h e  discussion that follows is not intended to do more than 
examine the areas of both physics and physiology t o  which we must look 
for explanations, and to consider the nature of the difficulties that arise 
in any attempt at a precise'formulation of a theory of olfaction. 

Recent reviews that very adequately summarize present-day knowl- 
edge of the histology of olfactory cells, the types of phenomena that 
have been observed, as well a s  the various theories of olfaction, are 
available and may be consulted for various details not presented here.'-5 
T h e  olfactory cell  is a primary neuron in contrast with the many special- 
ized types of receptors that respond selectively to various physical 
stimuli. There are about 10 to 20 million such receptors in manZ dis- 
tributed over 5 c m ?  of surface in the upper respiratory passages. This  
olfactory epithelium, a s  well as the rest of the nasal surface, also con- 
tains bare nerve fibers from the trigeminal nerve and these are generally 
considered a s  receptors which signal, by pain, the presence of many 
types of chemical compounds. The sensitive endings of the olfactory 
cell are a series of fine hams (6 to 8 per cell in man, 10 to  14 in the 
rabbit) with dimensions about 2 x 0.1 microns. The endings of the olfactory 
cell are covered with a thin f i l m  of fluid, secreted by glands in the epithe- 
lium. Ptesumably this fluid is an ultrafiltrate of blood plasma. The fact 
that the nerve fibers emerging from olfactory receptors are short and non- 
myelinated has  discouraged any serious attempt to investigate the phe- 
nomena of olfaction by conventional electrophysiological methods. While 
it seems likely that, in the near future, technical improvements in neuro- 
physiological technique wil l  be such that direct recording in m a m m a l s  will 
be possible, certain theoretical considerations, to  be presented later, make 
the interpretation of such direct recording difficult.** One is faced, 

*Aided by a grant (B-139) from the National Institute for Newologkal Diseases end 

**Doctor Lloyd Beidler ha0 advised me that he ham been able to obtain direct record 
Blindneoa. United States Public Health Service, Bethes~da, Md. 

ing in animals. 
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Is ours the only universe? 
!
A number of quantum theorists and cosmologists are trying to figure 
out whether our universe is part of a bigger “multiverse.” But others 
suspect that this hard-to-test idea may be a question for philosophers. 

What is the nature of gravity? 
!
It clashes with quantum theory. It doesn't fit in the Standard Model. 
Nobody has spotted the particle that is responsible for it. Newton's 
apple contained a whole can of worms. 

How do general anesthetics work? 
!
Scientists are chipping away at the drugs' effects on individual 
neurons, but understanding how they render us unconscious will be a 
tougher nut to crack. 

How do prion diseases work? 
!
Even if one accepts that prions are just misfolded proteins, many 
mysteries remain. How can they go from the gut to the brain, and how 
do they kill cells once there, for example. 
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Imaging Xe with a Low-Temperature Scanning Tunneling Microscope

D. M. Eigler, P. S. Weiss, ' and E. K. Schweizer
IBlvI Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95l20

N. D. Lang
IBM Research Division, Thomas J. Watson Research Center, Yorkto~n Heights, Ne~ York 10598

(Received 19 October 1990)

We have obtained images of individual Xe atoms absorbed on a Ni(110) surface using a low-
temperature scanning tunneling microscope (STM). The atom-on-jellium model has been used to calcu-
late the apparent height of a Xe atom as imaged with the STM and the result is found to be in good
agreement with experiment. We conclude that the Xe 6s resonance, although lying close to the vacuum
level, is the origin of the Fermi-level local state density which renders Xe "visible" in the STM.

PACS numbers: 61.16.Di, 71.20.Fi, 73.30.+y

Scanning tunneling microscopes (STMs) have been
used to image a wide variety of adsorbate atoms and
molecules on both metal and semiconductor surfaces.
Currently, the generally accepted view is that the theory
of Tersofr' and Hamann' provides an adequate descrip-
tion of the origin of contrast in STM images. In this
theory it is shown that for small bias and constant
current an STM image corresponds to a map of constant
local state density at the Fermi level. The extent to
which an adsorbate will be "visible" to the STM depends
on how it locally changes this state density. Lang has
shown that for single-atom adsorbates on metal surfaces,
the crucial parameters in determining the apparent
height of the atom in a low-bias STM image are the s-
state and p-state densities due to the adsorbate at the
Fermi level. Now Xe, as with the other rare-gas atoms,
when adsorbed on a metal surface makes virtually no
contribution to the state density at the Fermi level. It
was therefore somewhat surprising to find that Xe is
readily visible in the STM.
Here we discuss how we have obtained STM images of

individual Xe atoms adsorbed on a Ni(110) surface.
The ability to study the model system of a rare-gas atom
adsorbed on a metal surface allows us to make a quanti-
tative comparison of the theory of Lang with experi-
ment. We find good agreement between theory and ex-
periment. The 6s resonance of Xe, although lying near
the vacuum level and therefore essentially unfilled, is
found to be the source of the Fermi-level local state den-
sity by which Xe is imaged. Our results demonstrate
that even though an atomic resonance of an adsorbate
atom lies far above the Fermi level, it may nevertheless
make the dominant contribution to an STM image if the
size of the orbital associated with that resonance is such
that it extends considerably further out i .to the vacuum
than the bare-surface wave functions.
There exists a small body of evidence by which one

might have estimated, prior to the present work, that
Xe would be readily visible in the STM. Eigler and
Schultz have measured the conduction-electron-spin

scattering cross sections of rare-gas atoms on a metal
surface. They interpreted their results as indicating
that the Fermi-level conduction-electron density builds
up in the core of an adsorbed rare-gas atom. A more
direct indication comes from Ehrlich and Hudda who
showed that Xe-covered areas of a field-emission tip are
brighter than the bare-surface areas of the tip, indicating
that Fermi-level conduction electrons see a reduced tun-
nel barrier or are resonantly scattered at adsorbed Xe.
This would of course cause Xe to be visible in the STM.
The experiments were performed using an STM con-

tained in an ultrahigh-vacuum system and cooled to 4 K.
The single-crystal metal sample was processed by cycles
of heating in a partial pressure of oxygen to remove sur-
face carbon, ion sputtering, and vacuum annealing until
it exhibited ostensibly clean Auger spectra and well-
ordered low-energy electron-diAraction patterns. After
cooling to 4 K, the sample was imaged with the STM
and found to be of acceptable quality for the present
study. After initial inspection with the STM, the sam-
ple, at 4 K, was dosed with typically 1% of a monolayer
of Xe. Figure 1 is an STM image of a Xe atom bound to
the Ni(110) surface taken under constant-current scan-

FIG. 1. A 40-Ax40-A constant-current STM image of Xe
adsorbed on Ni(110) taken with the tip biased +0.020 V rela-
tive to the sample and a tunneling current of 1x10 A. Xe
appears as a 1.53+ 0.02-A-high protrusion. The corrugation
of the unreconstructed Ni(110) surface is just visible.
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ning conditions. This image was obtained with a tip bias
of +0.020 V relative to the sample and a tunnel current
of 1&10 A. The Xe atom appears as a nearly cylin-
drically symmetric 1.53+0.02-A-high protrusion from
the Ni(110) surface. We have obtained similar images
for Xe adsorbed on the Pt(111) surface.
Now TersoA' and Hamann' and Lang have shown

that when operated in the constant-current mode the tra-
jectory of the STM tip approximately follows a contour
of constant local state density at the Fermi level far out-
side the surface of a metal. The electronic structure of
Xe adsorbed on metal surfaces has been measured by a
variety of experimental techniques. Photoemission mea-
surements demonstrate that the highest filled orbital of
adsorbed Xe, the Sp, lies well below the Fermi level of a
metal, typically 6-8 V. Inverse photoemission measure-
ments' of Xe adsorbed on Ru(001) show the lowest-
lying unfilled state, the 6s, to lie 4.5 V above the Fermi
level. Thus an adsorbed xenon atom makes virtually no
contribution to the state density at the Fermi level.
Based only on this consideration, one would predict that
Xe would be virtually invisible in the STM.
In order to clarify why the apparent size of a Xe atom

is so substantial we have calculated the electronic struc-
ture of an adsorbed Xe atom using the atom-on-jellium
model. ' ' " In Fig. 2 we display a plot of the Fermi-
level conduction-electron density versus distance from
the positive background edge of the metal modeled as
r, =2 jellium. The dashed curve is the bare-metal densi-
ty. The solid curve is a plot of the Fermi-level density
through the center of a Xe atom adsorbed at a distance
of 5 bohrs from the positive background edge. ' This
curve exhibits the form and extent to which the conduc-
tion-electron density at the Fermi level is redistributed in

the vicinity of the adsorbed Xe atom. The most salient
aspects of this redistribution are the atomiclike oscilla-
tions in the density, and, importantly, we see that the
conduction electrons at the Fermi level protrude further
out into the vacuum at an adsorbed Xe atom than over
the bare metal. It is this protrusion which makes Xe
visible in the STM.
Lang has shown how the atom-on-jellium model may

be used to calculate the apparent height of an adsorbate
atom in an STM image. ' Here we wish to test this
theory by making a quantitative comparison of its pre-
dictions against our experimental results. To begin, we
must estimate the separation of the tip from the sample
surface. The STM image of Fig. 1 was recorded with
tip-sample resistance of 2X10 A. By measuring the
current-versus-height characteristic of the tunnel junc-
tion we have determined that this resistance corresponds
to the tip being located approximately 7.3 bohrs outward
from the onset of the plateau in the resistance of the tun-
nel junction. ' ' Lang has calculated the resistance of
such a tunnel junction as a function of the separation of
two electrodes modeled as jellium surfaces on one of
which a single atom (Na) is adsorbed' and has found
that a resistance of 2x10 A corresponds to a tip-
surface separation of 8 bohrs from the onset of the resis-
tance plateau. Given this agreement between theory and
experiment, we find it reasonable to use Lang's calculat-
ed resistance-versus-separation curve as our distance
standard. Doing so, we estimate that 2&10 0 corre-
sponds to a distance of 13 bohrs above the positive back-
ground edge of the jellium. Let s represent the separa-
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FIG. 2. The Fermi-level conduction-electron density along a
normal to the surface through the nucleus of a Xe atom ad-
sorbed at a distance of 5 bohrs from a metal modeled as r, =2
jellium (solid curve). The bare-metal density (dashed curve) is
shown in order to emphasize the form and extent of the con-
duction-electron density redistribution. The conduction elec-
trons extend further out into the vacuum at the Xe atom.

Lateral Displacement (A)

FIG. 3. A comparison of theoretical and experimental nor-
mal tip displacement (A) vs lateral tip displacement (A) curve
for Xe adsorbed on a metal surface. The experimental curve is
derived by taking a slice out of the data presented in Fig. 1.
The theoretical curve is calculated using the atom-on-jellium
model of Lang (Refs. 2 and 3) as described in the text.
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cold N2
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electron spin resonance [ESR] setup



melanin ESR

calcium-magnesium salt of the polyacid polyquinone. This is the melanin as ob-
tained above and will be referred to as A-melanin. This melanin is hygroscopic
(Piatelli and Nicolaus, 1961), and it was examined in both the dehydrated and
hydrated forms. It was prepared in the dehydrated form by storing in a concen-
trated H2SO4 dessicator for about 2 months, and, in hydrated form, by simply ex-
posing it to the atmosphere. The water content could be varied continuously from
about 30 per cent by weight to zero. This was also true for the other form described
below.

B-melanin. This was obtained from the A-melanin by removing the calcium and
magnesim ions, which was accomplished by digesting with concentrated HCI in a
sealed tube at 1050C for about 100 hours. Both A- and B-melanins are decarboxy-
lated (Piatelli and Nicolaus, 1961) by heating above 140° C.

(i) Line Shape, g-values, and Line Widths. Fig. 2 shows the derivative

EXPERIMENTAL
LORENZIAN
GAUSSIAN

91~~~1

AH
FIGURE 2 The e.s.r. absorption of squid melanin (first derivative trace).

of the e.s.r. absorption line for A-melanin along with the Lorentzian and Gaussian
absorption line derivatives. The resonance is seen to be intermediate between these
two line shapes and slightly asymmetric.

Table III lists the g-value and line width of the melanin after several different
treatments. For two copper-doped samples, gi and gn, and in one sample the hyper-
fine coupling constant A is given for the copper resonance as well. The line width
of the purified untreated melanin (A-melanin) is 4.8 + 0.3 gauss. In order to per-

BIOPHYSICAL JOURNAL VOLUME 4 1964476

Blois, Zahlan and Maling, Biophys J 4:471 (1964
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We have obtained images of individual Xe atoms absorbed on a Ni(110) surface using a low-
temperature scanning tunneling microscope (STM). The atom-on-jellium model has been used to calcu-
late the apparent height of a Xe atom as imaged with the STM and the result is found to be in good
agreement with experiment. We conclude that the Xe 6s resonance, although lying close to the vacuum
level, is the origin of the Fermi-level local state density which renders Xe "visible" in the STM.

PACS numbers: 61.16.Di, 71.20.Fi, 73.30.+y

Scanning tunneling microscopes (STMs) have been
used to image a wide variety of adsorbate atoms and
molecules on both metal and semiconductor surfaces.
Currently, the generally accepted view is that the theory
of Tersofr' and Hamann' provides an adequate descrip-
tion of the origin of contrast in STM images. In this
theory it is shown that for small bias and constant
current an STM image corresponds to a map of constant
local state density at the Fermi level. The extent to
which an adsorbate will be "visible" to the STM depends
on how it locally changes this state density. Lang has
shown that for single-atom adsorbates on metal surfaces,
the crucial parameters in determining the apparent
height of the atom in a low-bias STM image are the s-
state and p-state densities due to the adsorbate at the
Fermi level. Now Xe, as with the other rare-gas atoms,
when adsorbed on a metal surface makes virtually no
contribution to the state density at the Fermi level. It
was therefore somewhat surprising to find that Xe is
readily visible in the STM.
Here we discuss how we have obtained STM images of

individual Xe atoms adsorbed on a Ni(110) surface.
The ability to study the model system of a rare-gas atom
adsorbed on a metal surface allows us to make a quanti-
tative comparison of the theory of Lang with experi-
ment. We find good agreement between theory and ex-
periment. The 6s resonance of Xe, although lying near
the vacuum level and therefore essentially unfilled, is
found to be the source of the Fermi-level local state den-
sity by which Xe is imaged. Our results demonstrate
that even though an atomic resonance of an adsorbate
atom lies far above the Fermi level, it may nevertheless
make the dominant contribution to an STM image if the
size of the orbital associated with that resonance is such
that it extends considerably further out i .to the vacuum
than the bare-surface wave functions.
There exists a small body of evidence by which one

might have estimated, prior to the present work, that
Xe would be readily visible in the STM. Eigler and
Schultz have measured the conduction-electron-spin

scattering cross sections of rare-gas atoms on a metal
surface. They interpreted their results as indicating
that the Fermi-level conduction-electron density builds
up in the core of an adsorbed rare-gas atom. A more
direct indication comes from Ehrlich and Hudda who
showed that Xe-covered areas of a field-emission tip are
brighter than the bare-surface areas of the tip, indicating
that Fermi-level conduction electrons see a reduced tun-
nel barrier or are resonantly scattered at adsorbed Xe.
This would of course cause Xe to be visible in the STM.
The experiments were performed using an STM con-

tained in an ultrahigh-vacuum system and cooled to 4 K.
The single-crystal metal sample was processed by cycles
of heating in a partial pressure of oxygen to remove sur-
face carbon, ion sputtering, and vacuum annealing until
it exhibited ostensibly clean Auger spectra and well-
ordered low-energy electron-diAraction patterns. After
cooling to 4 K, the sample was imaged with the STM
and found to be of acceptable quality for the present
study. After initial inspection with the STM, the sam-
ple, at 4 K, was dosed with typically 1% of a monolayer
of Xe. Figure 1 is an STM image of a Xe atom bound to
the Ni(110) surface taken under constant-current scan-

FIG. 1. A 40-Ax40-A constant-current STM image of Xe
adsorbed on Ni(110) taken with the tip biased +0.020 V rela-
tive to the sample and a tunneling current of 1x10 A. Xe
appears as a 1.53+ 0.02-A-high protrusion. The corrugation
of the unreconstructed Ni(110) surface is just visible.
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ning conditions. This image was obtained with a tip bias
of +0.020 V relative to the sample and a tunnel current
of 1&10 A. The Xe atom appears as a nearly cylin-
drically symmetric 1.53+0.02-A-high protrusion from
the Ni(110) surface. We have obtained similar images
for Xe adsorbed on the Pt(111) surface.
Now TersoA' and Hamann' and Lang have shown

that when operated in the constant-current mode the tra-
jectory of the STM tip approximately follows a contour
of constant local state density at the Fermi level far out-
side the surface of a metal. The electronic structure of
Xe adsorbed on metal surfaces has been measured by a
variety of experimental techniques. Photoemission mea-
surements demonstrate that the highest filled orbital of
adsorbed Xe, the Sp, lies well below the Fermi level of a
metal, typically 6-8 V. Inverse photoemission measure-
ments' of Xe adsorbed on Ru(001) show the lowest-
lying unfilled state, the 6s, to lie 4.5 V above the Fermi
level. Thus an adsorbed xenon atom makes virtually no
contribution to the state density at the Fermi level.
Based only on this consideration, one would predict that
Xe would be virtually invisible in the STM.
In order to clarify why the apparent size of a Xe atom

is so substantial we have calculated the electronic struc-
ture of an adsorbed Xe atom using the atom-on-jellium
model. ' ' " In Fig. 2 we display a plot of the Fermi-
level conduction-electron density versus distance from
the positive background edge of the metal modeled as
r, =2 jellium. The dashed curve is the bare-metal densi-
ty. The solid curve is a plot of the Fermi-level density
through the center of a Xe atom adsorbed at a distance
of 5 bohrs from the positive background edge. ' This
curve exhibits the form and extent to which the conduc-
tion-electron density at the Fermi level is redistributed in

the vicinity of the adsorbed Xe atom. The most salient
aspects of this redistribution are the atomiclike oscilla-
tions in the density, and, importantly, we see that the
conduction electrons at the Fermi level protrude further
out into the vacuum at an adsorbed Xe atom than over
the bare metal. It is this protrusion which makes Xe
visible in the STM.
Lang has shown how the atom-on-jellium model may

be used to calculate the apparent height of an adsorbate
atom in an STM image. ' Here we wish to test this
theory by making a quantitative comparison of its pre-
dictions against our experimental results. To begin, we
must estimate the separation of the tip from the sample
surface. The STM image of Fig. 1 was recorded with
tip-sample resistance of 2X10 A. By measuring the
current-versus-height characteristic of the tunnel junc-
tion we have determined that this resistance corresponds
to the tip being located approximately 7.3 bohrs outward
from the onset of the plateau in the resistance of the tun-
nel junction. ' ' Lang has calculated the resistance of
such a tunnel junction as a function of the separation of
two electrodes modeled as jellium surfaces on one of
which a single atom (Na) is adsorbed' and has found
that a resistance of 2x10 A corresponds to a tip-
surface separation of 8 bohrs from the onset of the resis-
tance plateau. Given this agreement between theory and
experiment, we find it reasonable to use Lang's calculat-
ed resistance-versus-separation curve as our distance
standard. Doing so, we estimate that 2&10 0 corre-
sponds to a distance of 13 bohrs above the positive back-
ground edge of the jellium. Let s represent the separa-
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FIG. 2. The Fermi-level conduction-electron density along a
normal to the surface through the nucleus of a Xe atom ad-
sorbed at a distance of 5 bohrs from a metal modeled as r, =2
jellium (solid curve). The bare-metal density (dashed curve) is
shown in order to emphasize the form and extent of the con-
duction-electron density redistribution. The conduction elec-
trons extend further out into the vacuum at the Xe atom.

Lateral Displacement (A)

FIG. 3. A comparison of theoretical and experimental nor-
mal tip displacement (A) vs lateral tip displacement (A) curve
for Xe adsorbed on a metal surface. The experimental curve is
derived by taking a slice out of the data presented in Fig. 1.
The theoretical curve is calculated using the atom-on-jellium
model of Lang (Refs. 2 and 3) as described in the text.
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in conclusion

• general anesthetics cause a change in electron spin

• which is sometimes absent or different in resistant mutants

• they all perturb the electronic structure of proteins





Landauer Limit: kT ln2  or ~ 18 meV at 300K  

ATP hydrolysis energy: ~ 600 meV ~ 33 times LL

Anesthetic-sensitive energy consumption of 1 g of brain~ 10 mW or 

~ 1017  bits/s

108 neurons/g, so per neuron 

109  bits/sec as opposed to current 103
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