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Abstract: Just how we discriminate between the different odours we@mer is not
completely understood yet. While obviously a matter inuadvbiology, the core issue is
a matter for physics: what microscopic interactions en#lidereceptors in our noses-small
protein switches—to distinguish scent molecules? We sum&t is and is not known about
the physical processes that take place when we smell thingslighting the difficulties
in developing a full understanding of the mechanics of odbracognition. The main
current theories, discussed here, fall into two major gsou®ne class emphasises the
scent molecule’s shape, and is described informally as & “émd key” mechanism. But
there is another category, which we focus on and which we*“sallpe card” theories:
the molecular shape must be good enough, but the informét@nidentifies the smell
involves other factors. One clearly-defined “swipe cardchaism that we discuss here
is Turin’s theory, in which inelastic electron tunnellirggused to discern olfactant vibration
frequencies. This theory is explicitly quantal, since guies the molecular vibrations to
take in or give out energy only in discrete quanta. Thesesitksd to obvious experimental
tests and challenges. We describe the current theory inm fbat takes into account
molecular shape as well as olfactant vibrations. It emethas this theory can explain
many observations hard to reconcile in other ways. Therestiliesome important gaps
in a comprehensive physics-based description of the desteps in odorant recognition.
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We also discuss how far these ideas carry over to analogoasgses involving other small
biomolecules, like hormones, steroids and neurotransraittVe conclude with a discussion
of possible quantum behaviours in biology more generaily,dase of olfaction being just
one example. This paper is presented in honour of Prof. MérSihoneham who passed
away unexpectedly during its writing.
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1. Introduction

1.1. A Brief Introduction to Our Senses

Our senses allow us to demystify our surroundings. It is rssing then perhaps that one of our
senses (smell) is still somewhat mysterious. Our senses/eeand record input from the environment
in order for us to respond and react in a fashion conduciveiaal. A type of sense can vary from
the very basic chemotaxis that plants exhibit as they gravatds light to the quite complex issue of
pheremonal signalling in mate selection. Senses and thpwitance vary, of course, across species and
environment. Note, for example, that cats can detect tlfierdiice in taste between sugar and saccharin,
some snakes see via infrared light (heat), bats see viange@n echo-location), fish can smell water
soluble molecules, dogs squirm at very high audio frequenand detect cancerous scents that humans
are quite oblivious to.

For humans at least, science has a reliable idea of the meafamvolved in most senses. The
taste of a molecule corresponds to which of the five (umameeswsour, bitter and salty) receptors the
molecule is able to activate (e.g., sodium glutamate, s@cracetic acid, quinine and sodium chloride
respectively). Visual receptors allow us to see accordintpé wavelength of light that enters our eyes
(red, green, blue) provided it is in the range 400—-700 nm. ridgauses mechanics within the ear to
translate acoustic vibrations to sound: for example, feegies of 16.35, 18.35 and 20.60 Hz correspond
to musical notes C, D and E. Touch converts physical damagerise receptors (heat, pressure) into
sensory perception. Science knows the fundamentals: Wagrgl makes things sweet, that blue and
yellow can make green, that fundamental frequencies ardentelated harmonics together sound nice,
in ways identifiable by the chemistry and physics of the inptdrmation. Yet we do not completely
understand the basic determinants (metrics) of how smekswat the odorant recognition level.

Smell is a process where small molecules meet large recpptteins (factors of 1000’s larger in
size) and depending on the combination of David and Golitttére is (or is not) a triggering of a
signalling cascade that results in a smell perceived by thie bBut how do particular molecules cause
(or inhibit) this process? Itis not just in olfaction thaethffect of one specific small molecule can cause a
cascade of important processes. Other examples includeggering of cells by hormones or the signal
transmission in nerves by acetylcholirfg.[ This combination of sensitivity (one molecule can irtigia
a complex chain of events) and selectivity (different males generate distinct perceived odours) is
very remarkabled]. Thus the question of how this works in principle extendgdrel olfaction: what
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controls the very specific actions of neurotransmittersimomes, pheromones, steroids, odorants and
anaesthetics? How could the side effects of certain drugsdzbcted? How do we control desirable and
undesirable interactions of molecule and receptor? Ansgepuestions like these would not only satisfy
basic scientific curiosity, but might also provide a firmeauridation for drug design and development.

In important work that led to the award of the 2004 Nobel Priz€hysiology or Medicine, Axel
and Buck isolated genes that coded for olfactory recep&hewing they belonged to the class of
G-protein coupled receptors, GPCR.[Remarkable progress has been made over recent yeardirgpar
the genomics involved. However, whilst there is little dboler what machinery is involved in the
smelling (see Sectiof), we still need to understand better the mechanics of howesdvhat it does.
How can one understand the physics of the mechanisms thabtdme initial activation step when
an odorous molecule meets one olfactory receptor? Thouglerifstal structure of soluble proteins
can be determined, the detailed structure of olfactoryptess is still quite unclear because GPCRs
are membrane proteins. Despite substantial progeeSkip producing large quantities of olfactory
receptors (ORs), the ambitious aim of crystallizing thdssiee proteins has yet to be achieved, thus
there are still no detailed atomic structures of ORs. We tiodd whilst full structural information
will surely be highly illuminating, a static picture of stiure alone also may not tell us how odorant
recognition is achieved.

1.2. What We Know and What We Do not Know about Odorant Retmgni

As well as many of the biological mechanisms involved, we &sow very precisely the molecular
structure of most odorant molecules, and we can quantifyel sesponse. Response can be measured
at the receptor level (the depolarization of the cell triggeby receptors) or by fluorescent magnetic
resonance imaging (fmri) of the brain. It can also be meakhyean individual’s perception, though
possibly less objectively. These parts of the puzzle, winilderstood, are difficult to manage because
the number of degrees of freedom is so vast: the number ofljp@s=dorants may be in excess of
100,000 and the number of functional human receptor typesriently noted as 39@®]. As a result,
the number of different odorant-receptor combinations ldidne 390'°%-%% (i.e., practically unlimited).
Many programs, for example E-DRAGON, calculate moleculesatiptors based on the molecular
structure of the odorants submitted.[ However, cross-correlation between molecular desmrgpand
response patterns reveals that no particular metric, ssatumber of carbons or the presence of a
particular functional group, represents truly faithfuspense patterns. A common metric for odorant
description is usually the shape, possibly defined via a eanNhals space-filling model, that may be
designed for particular odorants to fit within binding poskeithin the receptor. There are certainly
some correlations between the shape of a molecule and ddecaptor response, but likewise there are
many cases where very different shapes produce the sameenpattactivation of the odorant receptor
repertoire because many ORs are broadly tuned. It has bggested that Infrared (IR) vibrational
spectra might be better predictors of smell than sh8pé}rograms like E-DRAGON, and those used for
pharmaceutical design, do not directly implement vibragispectra as an odorant metric. Furthermore,
they explore the minimum energy (usualtyvacug geometry of the odorant and do not account for
effects at the binding site of the receptor or environmerggd®ding typical IR spectra however, it is
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not certain that the correlation is any better than for sHapall known cases, though it does work for
some PJ.

One case where shape is clearly important in OR activatitimeigxistence of odorant enantiomeric
pairs that sometimes smell the same and sometimes smeliadiff The IR spectrum measured in achiral
solution (the molecules are free to rotate) would not besraydifference between mirror-image related
molecules, and yet the chiral environment of olfactory pd¢oes would do. Therefore, IR absorbance
without any geometrical consideration does not explainrediet odorant response; on the other hand,
shape-based theories also do not explain why enantiomerstgnes smell the same and sometimes
they do not.

Recent work 10,11] probes whether drosophila melanogaster identify chelrsjpacies on the basis
of shape or not. In the experiments], four odorants were considered, along with their deuéerat
counterparts. The flies were trained to avoid one or othen@fgdotopic versions, and were then found
that they can generalize their response to the other m@edased on which isotope of hydrogen was
used. It can be concluded that the flies are responding tadéisepce or absence of deuterium, rather than
molecular shape. The effect of shape on OR activation camdleded in this case on two counts. First,
replacing hydrogen by deuterium produces very little cleaimgshape, yet the flies can distinguish the
isotopes. Second, flies learn about deuterium from moleauith one shape, and then can generalize
this knowledge to molecules of a different shape. One hysighis that the flies are responding to
vibrational frequency of the €H bond stretch: since deuterium has twice the mass of hydrdpe
frequency drops by about 40% following deuteration. Thisjecture is given substantial support by a
final experiment in which flies were allowed to respond to aaradt containing a nitrile{C = N)
group, which has a vibrational frequency very similar to-allCgroup. They reacted to it as they would
to the deuterated odorants. This is important evidenceesigy that drosophila melanogaster can
distinguish odorants by their molecular vibratiod$][ Of course, the drosophila olfactory receptors
are of a different type to human receptors. However, the oalymonality that is required to support
the swipe card model is a hydrophobic receptor environm@shea acceptable energy tuned gap (to the
odorant vibrations). We address here how exactly thesatwins may be detected.

1.3. The Problem with Odorant Recognition

Humans can perceive by smell thousands of molecules, all en@ugh to be volatile, each of which
activate a few olfactory receptors (it is very unusual tha¢ @dorant only activates one receptor).
Further, humans can detect odorants at very small contiensan air even 1 parts per trillion. The
selectivity of these olfactory receptors is also especraiinarkable considering that some odorants, may
agonize or antagonize a receptb?]. There are 390 functional olfactory receptors in hum@&hthat can
respond to 100,000 or more odorants, thus eliminating theegat of 1.1 receptor to odorant matching.
Another reason that receptors cannot have evolved to fgentlividual molecules (at least not all
of them) is their ability to respond to chemicals never emteted before. Thus olfactory receptors
are versatile and accommodating and yet often discrinmgadnd selective. Olfactory receptors are
large, floppy transmembrane proteins, containing tens afigands of atoms. Yet their abilities are
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rightly envied by scientists designing artificial noses aftiter sensors. How is this selective, sensitive,
powerful, versatile, activation achieved?

Understanding the physics of odorant recognition at thepte level means understanding how an
odorous molecule (which we shall call M) initiates a meakleaignal. There are potential analogies
with vision, where a photon causes an initial moleculardfarmation [L3]. In this paper, we seek to
better understand the corresponding atomic-scale mesrharay which olfactory receptors are activated
by odorants. We shall develop the swipe-card paradigm fos#tective activation of receptors by small
molecules. This paradigm recognizes that the small matetuist have a shape that is, in some sense,
good enough to engage with the receptor, but some othergyaperocess is needed to yield a selective
response. With recent evidence that vibrations may be thdetected, we suggest that the likely
property is a vibration in the odorant molecule. We attengpélio identify and, where possible, quantify
the first signal transduction step in the receptor that tesunlthe release of a G-protein. Processes at
the glomeruli and olfactory bulb are beyond the scope ofwusk. Indubitably, there are important
processes that control the overall perceptibf] ps the brain builds a scent perception from a number
of receptors. Almost certainly any one molecule will be abl@itiate a signal to the brain from a range
of receptors. But the brain must have distinctive informatio work with, and our concern here is just
what molecular information determines whether a givenptareis activated and initiates a signal to
the brain.

1.4. Competing Theories of Odorant Recognition

When odorant M reaches the hydrophobic cavity within thepgar, it will interact with amino acid
residues of GPCR protein, which is comprised by seven transgmane helices. Though considerable
progress has been made regarding proton switch activatitiotopsin 15] exactly how M activates the
olfactory receptor is uncertain in detail. The orientatodrM will fluctuate, influenced by weak bonds
such as van der Waals and electrostatic interactions. Tieésievely weak interactions may stabilize
an active configuration that might induce an on configuratibtine receptor (which we term R) and M,
which we may label R+M. This is the stage to invoke analogiégk & key in a lock L6], or a hand
in a glove [L7] and also to recognize that not only must M have the right shbpt somehow the key
must be turned. The lock-and-key principle requires thatehs a good fit between two reactants in
order to create the desired product, and it operates asv&llin the absence of the ligand, a receptor
protein fluctuates about some average configuration, ardthig is associated a free energii. The
average configuration is such as to minim{Zzg. Once a ligand binds to the receptor, there is a new
average configuration for the receptor. The change in agesagcture can induce a signal, and thus
corresponds to the key turning. This mechanism works vetyfaemany receptors (see for example
Sigalaet al. [18]), and is likely to be the mechanism when a receptor is tuneddt one ligand (as
presumably is the case for pheromones). Given the succdbgsafiechanism in many known cases,
it is natural to extend it to olfaction, as has indeed beenedon Amoore in 1962 and added to by
Moncrieff in 1967 (refs). However, for promiscuous olfagtoeceptors that are known to respond to
multiple ligands, it is far from clear that this mechanism explain all properties of olfaction. Indeed,
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systematic studies show shape alone is a poor criterionrédiqting odour 19]. We thus look for
complementary possibilities.

In any theory of odorant recognition, the olfactant molacighape must play a role, if only to let
the scent molecule access key parts of the receptor. Tseafride initial actuation event fall into two
broad categories. One class relies on olfactant moleclhidgresalone, a class that covers many structure-
activity relation descriptions. Some level of fit is cleangcessary, but even a good fit is not sufficient
(see Figurel: the odorant must somehow activate the receptor. What thegey in the lock? As
we have seen above, one natural assumption is that the ¢ddarzses a mechanical deformation of the
receptor. To illustrate the problem, consider ferrocereeraokelocene. These molecules have different
odours, and yet have similar shapes (for example see follpfgures). A systematic and extensive
analysis of the problem by Charles Sell makes the point mumfe iorcibly in our opinion 19].

A possible alternative model is what we have termed the swaapd picture 20]. It proposes that,
whilst the shape must be good enough, other informatiorachenising the odorant is also important. In
lock-and-key models, a key of the right shape contains elinformation to open the lock. In a swipe
card (or keycard) model, the shape has to be good enoughhe findchine, but additional information
is conveyed in a different way. Typical macroscopic swipelsalike credit cards or hotel room cards,
often encode the information magnetically. The specifiqpewgard model of odorant recognition we
assess here uses a molecular vibration frequency as theaddinformation.

Figure 1. Contrast these three odorants: according to shape theligh would you predict
smell the same? From left to rigltis -ketone (4-(4-tert-butylcyclohexyl)-4-methylhexan-2-
one),cis-nor-ketone (4-(4-tert-butylcyclohexyl)-4-methylpentare@e) and t-androst-16-
en-3-one Cis-ketone and &-androst-16-en-3-one have the same “penetrating urinerddo
andcis-nor-ketone is practically/totally odourles2]].

The theory of Turin proposes that an electron transfer acifuhe odorant has the right vibrational
frequency: discrimination and activation are achieved by ielastic electron tunnelling (IET)
mechanism, dependent on the ability of the odorant to ab8whbcorrect amount of energy. IET
describes a phenomenon well known in inorganic systemsswipee card description was conceived as
a generalisation of models like Turin’s original idea of eentional IET within a biological context, but
we emphasise that there are important differences. In oaovaavk [20] we made a critical assessment of
Turin’s basic ideas, showed that the ideas seemed robestingevalues of key parameters in line with
those from other biological studies. Our present papemestehe analysis, generalizing the simpler
model of the previous paper, and assessing possible physadzations. In our earlier publication, we
could find no physics-based objections to Turin’s model efdignal transduction mechanism in odorant
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recognition, in which discrimination and activation arédni@ved by IET. An advantage of such models
is that they are potentially predictive.

IET in inorganic systems is usually observed in circumstanthat allow transmission over a
continuum of energies. In biological systems, there arequovalent continuous energy distributions.
Our evaluation describing signalling times lets us compheerelative rates of non-discriminating
tunnelling (characterized by an average time in this case, energy is given to some combination
of host modes or other degrees of freedom) and of discrimigatinnelling (characterized by a time
71). Successful selective activation requires the discratiig contribution (sensitive to the oscillator
frequencyw, of odorant M) to dominate the non-discriminating contribat =, > 7. We showed
this to be the case in rather general and robust circumstana®ir previous paper. We stress that our
receptor models need to recognize three points:

1. First, there will surely be some shape constraints, thoigse may play only a small part
in discrimination.

2. Secondly, there are dynamic factors (such as conformedtichange) that appear detectable by
olfactory receptors, so a purely static model is not appatgr

3. Thirdly, we need to consider both charged componentseofebeptor/olfactant system and also
charge transfers during actuation.

Finally, we describe a quantized model for biological slgremsduction at room temperature, a field
of physics surrounded by controversy. Just as the init@hts/in photo-induced processes are very well
described 13|, a physically viable phonon-mediated mechanism is, wesbe] well within the realms
of reality as a putative signalling process.

Even though the main thrust of the paper concerns what happban the olfactant encounters a
receptor, it is important to recognize that this is just orabeit a critical one—of the steps between
there being an olfactant in the atmosphere and the brairperg some odour. The sequence of events
leading up to odorant recognition provides a context argdistestimate a timescale for the critical steps.
Given this context, we assess the feasibility of this pregasiological spectroscope as an olfactory
detector. This extends our previous discussion, with aecltok at just what the relevant biological
components might be, and what would be reasonable valuég dfasic parameters. This allows us to
identify some of the implications of the model, and espécihat might prove significant tests. We
also note that odorant shape and frequency are not alwaysenifto define a smell, since other factors,
such as conformational mobility, are certainly importantd large class of enantiomers. But shape and
vibrational frequency go a long way towards defining odour.

1.5. Why Any Solution must Involve Physics

Turin’s mechanism is a specifically quantum idea, partlyaose of tunnelling, but primarily because
a quantum oscillator can only receive or give energy as guaingpecific energy. A classical oscillator
can, of course, give or receive any amount of energy. Inelasctron tunnelling is long known
in the physical science®2?-24] and in a biological context in reaction29]; however, it is new
to biological signalling, and has led to misunderstandif@. Turin’s basic idea, leads directly
to possible experimental and theoretical tests. We shatludis his ideas critically, emphasizing the
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observations that confront these ideas most significa@lyr first main aim is to check any possible
physics-based objections, in an extension of our earliek\\20]. Our second main aim is to see what
existing experimental scent studies imply. Thus, we exanaispecially those molecules that appear
to be problematic. Such problem molecules are, in fact,lehgés to almost all theories of odorant
recognition. It will become clear that vibration frequesrido appear important, but there are still limits
to what can be understood in terms of odorant shape and iaibsat

In re-examining some of the ideas of how small moleculesctetdy activate receptors, we
conjecture that the definition of signal generation hereegeated in other natural systems. Thus we
have found a general rule that determines whether the tweculd types making up an enantiomer pair
will smell the same or different2[7], and this has implications for any model of signal trangaunc
We shall also discuss isotope effeci]] and the very striking observation that zinc nanoparsicle
available in the vicinity of the olfactory receptor can ghganhance perceived odour intensigg].
We note that often very subtle differences in molecularcsétme can drastically alter a scent, often in
a surprising way, making scent prediction difficult. Evidens emerging that, when shape information
is combined with molecular vibrational data, good seleistiis possible §]. For example, drosophila
melanogaster can distinguish odorants by their moleculzattons, and can even selectively avoid
deuterated counterpartd(. We note however, just as for shape, vibrations as a disishgng
characteristic alone is not enough. A swipe card model,ggbayond the simpler lock and key ideas,
can cover both requirements.

2. A Brief Summary of the Key Physical Processes Occurring Ding Odorant Recognition

2.1. Journey of the Odorant to the Receptor

Smell is a process where we directly interact with the wo€lhce the odorant is inhaled, it is only
a short journey for this molecule (M) to interact directlytiviour central nervous system. The first
stage on this journey takes M to the olfactory mucus, the @Q#4 thick covering of the olfactory
epithelium R9]. The role of the olfactory mucus is not obvious, though itynsamply moderate the
concentration of odorants reaching the epithelium; it heehdeen suggested that the mucus serves as
a separation columr8f)]. It has also been shown that diffusion of inhaled air towattte epithelium
and its variable distribution inside the nasal cavity mayabether way to differentiate scents before
they hit the receptors3[l]. The mucus layer contains odorant binding proteins (OB&tsall lipocalin
carrier proteins whose role is uncle8@]. These OBPs have a high affinity for aldehydes and largg fatt
acids B3,34], so it seems likely their purpose is to assist transporheflargely hydrophobic odorants
across this agueous mucus layer to the epithelium. A fughggestion is that non-sensory respiratory
cilia embedded in the nasal mucus aid odorant moleculegoahsAlso within this mucus layer reside
biotransformation enzymes. The purpose of these enzymasasas yet unclear. It is possible that
they clear odorants away, or even metabolize them befoyerdaeh the receptor sit8%]. It is usually
assumed that the odorant is unaffected chemically on itsi@gyuto the receptor. However, comparisons
of odours could well be affected even by small differencematabolism, for instance from reaction
rates depending on isotope, or chiral catalysts affectir@gngomers differently.
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2.2. Recognition of the Odorant and Signal Initiation

Olfactory sensory neurons (OSN), traverse the epithelidpaoject cilia that extend into the mucus.
Each OSN type projects cilia containing one particular tgpelfactory receptor (OR); the number of
ORs at the cilia varies according to species. The odorant Etsritbe OR by passing the mucus layer
interface and docking at a binding site in the protein. Therttaust of our paper will be what happens
when the odorant M reaches the olfactory receptor: whate@timary activation events that lead to a
signal being initiated and a G-protein released, whichegaimary action of a GPCR?

2.3. Signal Amplification and Processing

Once activated, the OR releases subunitshf; in a series of local steps that are well
understood32,36,37]. The G, activates the formation of adenyl cyclase Il (AC), an engywvhich,
in turn, activates an increase of second messenger cyatisoathe monophosphate (CAMP). Then
cAMP binds cAMP-activated cationic channels and cyclicleatde gated (CNG) signaling is released
resulting in an ion channel opening and’a** and Na?* influx. This results in a depolarization of
the OSN, with perhaps subsequent amplification steps (@gdsy as much as 85%3p]). The axons
of the OSNs project through the cribriform plate to the diéag bulb (OB). In the bulb, neural axons
route to structures called glomeru8][which are discrete loci on the olfactory bulb. For each tgpe
OR, the location to which they extend in the brain is the samedlisubjects. One OSN expresses only
one type of OR and there is a direct, non-branching route fo@n to glomeruli type which is referred
to as zone-to-zone mappin8q. The combinatorial pattern thus makes an impression orbthm
which characterizes the smell of M. Functional magnetiomasice images can then reveal the regions
of the brain activated by odorant3q). There is evidence that the perception is at least parthaeked
phenomenonl4]. However, this lies outside the scope of this paper, anadigdiscussed further. We
make a clear distinction between the peception of smell badiepolarisation of a cell caused by OR
activation: it is the latter that is our concern here.

3. The Olfactory Receptor as Vibrational Spectroscope

3.1. Shape, Weak Bonds and Vibrations All Matter

All the current theories acknowledge that the odorant mustithin the receptor, and must remain
there long enough for a signal to be generated. Thus to soteateshape and the weak interactions
between the odorant and the receptor must matter. Howesvexeasaw above, this is not enough.
Turin’s assertion is that vibrational modes of the odoraratter as well §]. As is elaborated
below, the conjecture is that the receptor exploits ingladectron tunnelling to detect the molecule’s
vibration frequency. We note that vibrational frequencaes of course strongly dependent on the
odorant geometry.
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3.2. Inelastic Electron Tunnelling: Turin’s Model

The physics of Turin’'s mechanism was assessed previo@fly finding it consistent with other
biophysical mechanisms. Here our aim is to confront theoith vwmpirical observation, a more
important test. Turin’s model envisages two special powhere the receptor and odorant M make
contact: a donor D linked to a source of electrons, and anpéacd linked to an electron sink. The
electron transfer event from donor D to acceptor A—becabhsege is moved—will change the forces
on M. This sudden change in force causes M to change vibadtgiate. Energy must be conserved
overall. If the transfer is to occur, as an inelastic turingllevent, the electronic energy difference
between D and A sites must match the vibrational energy takelmy M. The transfer of the electron
to A triggers a conformational change of the receptor, wipiddduces the release of thesubunit of
a neighbouring G-protein (G), which via subsequent praessitiined above, initiates the large influx
of C'a®** ions into the cell, thus initiating a signal communicateddmnsequent firing of neurons to
the brain. Figure2 shows these first events at the ligand binding domain (LBD)e Pprocess just
described, inelastic electron tunnelling, is very wellagdshed in inorganic systems. Its commonest
form has tunnelling between metal junctions bridged by alsimolecule 22] in an insulating gap.
The molecule within the gap can be identified, and even iesntation revealed. But metal electrodes
have a continuum of energies, so it is hard to resolve the wed#stic transition superimposed on the
dominant elastic transition to this continuum of stategneat the very low temperatures usually used.
This problem is avoided in the system hypothesized for adaecognition. In the olfactory receptor,
the assumption is that D and A have discrete energies, andna+¢atent that can be calculat&] (see
below)—there is essentially no elastic transition, and petition comes from weak transitions where
energy is taken up solely by host vibrations. This is impurtaextracting a weak inelastic adjunct
from a larger non-discriminating signal could be an unngaely noisy job for the brain, especially
at ambient temperatures. With discrete initial and finalestathe inelastic transition can be far better
resolved. Of course, charge transport in the nose to D ama Aanust be inherently different in some
ways, but this does not seem to raise any insuperable prebléfar example, conducting polymer
nanotubes (CPNTSs) conjugated with human olfactory recepgtave recently been createtDjwhich
act as field-effect transistors (FETS). These biosensersansitive to a current increase upon odorant
binding, even at low concentrations.

3.3. How the Charge Moves: Inter-Chain or Intra-Chain Chaifransfer

For a biological inelastic tunnelling process, two optimaltes could be proposed for the moving
charge via the receptor helices. These are depicted inésgumnd3.

As usually described, the inelastic tunnelling transitiakes the electron from donor D on one of
the olfactory receptor’s polypeptide chains through theradt to an acceptor A on another polypeptide
chain. Thignter-strand picture (see Figu® was used in our earlier analysis. But it is not necessaty tha
the electron passes through the molecule, the word “throongtaning that the odorant wavefunction is
a significant part of the transition matrix element. A suddéange in electric field at the odorant
is sufficient to cause it to change vibrational state. Sonéma-strand charge transfer transition (see
Figure3) is a satisfactory alternative.
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Figure 2. A scheme for the proposal of electron transfer in the olfigcteceptor. Only 5
transmembrane helices (of the 7 in total) for the olfacteeptor are shown (cylinders) here
for clarity. (@) The odorant approaches the receptor, meanwhile an eletivges to position
RD on a helix; ) The odorant docks at the ligand binding domain, the ovemadfiguration

of receptor and odorant changes, meanwhile the electrorelsivithin the protein to D and

it spends some time there;) (The electron jumps from D to A causing the odorant to virate
(d) The odorant is expelled from the ligand binding domain dreddlectron tunnels within
the protein to site RA. Signal transduction is initiatednwite G-protein release.
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Figure 3. A scheme for the proposal of electron transfer in the oligcteceptor with
intra-protein electron transfer. Only 5 transmembrane helioeshie olfactory receptor are
shown (cylinders) here for clarity.a The odorant approaches the receptor, meanwhile an
electron is present at donor site ) (The odorant docks at the ligand binding domain, the
overall configuration of receptor and odorant changgd e electron jumps from D to A,
causing the odorant to vibratd)(The odorant is expelled from the ligand binding domain.
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We can show by explicit calculation (see Appendix A for sienphalytical examples; more detailed
results will be published separately) that the couplings/ben the odorant vibrations and the electron
transition can easily be of the same size for botier- andintra-chain charge transfers. Perhaps the
main advantage ohtra-chain charge transfer is that there is no need for any lange motion of
charge to re-set the donor and acceptor to their originéstalt is possible, for example, that the
original intra-chain electronic states will be recovered simply by thaatint leaving the receptor, but
that is pure speculation.

In the case ofnter-chain charge transfer, one might assume that this singt#reh current is what
starts the next stage in the series of local processes medtia Sectior2.3. In the case ointra-chain
charge transfer, there may be no current in the same sens&dra will be a significant, possibly
short-lived, electrical dipole moment. One conjecturemige that the electric field from this transient
dipole initiates the next stage.

3.4. Time Scales Involved

Experimentally, olfaction occurs over milliseconds, dieclly slowly when compared with most
processes at the molecular scale (see Taplein the model of Figure, the likely rate-determining
steps involve transport of an electron to D or removal of &ctebn from A. For the receptor to operate
it requires an electron in the donor that is free to make taesition to the acceptor. Producing this
initial state requires some input of energy, though thisosexpected to be problematic as voltages of
order 0.5V are certainly available in cells. The precise metsms are not known, but we can make
some simple rough estimates for different options. Firsddil 1), suppose that chargenust diffuse a
typical distancd. with diffusion constanD (related to the mobility, = ¢D/kT by the Nernst—Einstein
relation). Assuming there is no driving force (bias) thereleteristic time will bel /7y, ~ D/L.
Secondly (Model 2) suppose the charge motion is diffusive,ldiased by a field//L; hereU may
be an electrochemical potential. The drift velocity.i& = pU/L and distance to move i, so
1/7x2 ~ (¢D/KT)U/L*. With g as one electronic charge, aficas 300K, the biased motion is faster
for U bigger than around 1/30 volts. With ~ 10~*cm?/s, typical of liquids, and. ~ 100 nm, one
finds D/L? ~ 10%sec™* . U may well be larger, say 0.5 V. Whilst these arguments areusatdee, it is
not unreasonable to expect characteristic times assdaamtk charge transport to be of the order of a
microsecond. The Table shows that, for the model of Figuetectron transport to the donor or from the
acceptor could be relatively long, assuming incoherenphmap transfer, of the electron at rates typical
of other biological systems. No matter how fast the tunnglivent, the re-population of D (D must
be replenished systematically) and re-emptying of A putsand on how many tunnelling events can
occur in one receptor. In thatra-chain charge transfer, FiguB it is simply necessary for the charge
transfer to be reversede., for the electron to return from A to D. This should not neexthiport over
any extended distance, but may need the olfactant to leaveteptor.

It is tempting to assume that only one electron can pass fnenime the odorant enters the receptor
until it leaves. However, we have no evidence on this poins tertainly possible to devise models in
which more than one electron would pass.
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Table 1. Estimates for the several timescales for overall odorarggeition [20].

Time Interval Estimate Description

Tx 10us — 1ms The time interval taken for reducing species
X to diffuse through the cytoplasm.

T 1us — 1ms The time taken for charge injection into a
helical backbone of the protein.

Ty 1us — 1ms The time taken for the charge to hop from
RD on the helix to D (see Figur®.

Tro/Tr1 100ns — 0.1nsThe time taken for the electron to elastically

or inelastically cross from D to A.

Tr 1us — 1ms The time taken for the charge to hop from A

on the helix to RA (see Figura).

3.5. Which Electronic States are Important?

So far, we have simply observed that as an electron tranfséersD to A, it alters forces on M, so
causing a change in the odorant’s vibrational state. Sulslweur has parallels in many other solid state
systems. Until more is certain about the receptor strucdwabts must remain as to precisely which
groups D and A correspond. We return to this question in 8e&il We have assumed that D and
A are relatively localized, and that the odorant moleculenMhie receptor is close to either D or A or,
perhaps more probably, to both of them. The donor and aacepgxies will have discrete energies,
unlike the electrodes in most inorganic inelastic tunnglixperiments.

Two distinct types of transition can be identified immedatdn one, there is a direct transition
from D to A that is modulated by the presence of the odorart,this was the case considered 29
In the second type, there is an electron transition onto te¥amt, followed by an incoherent second
transfer to A. This second category, with electron tranisfier the odorant molecule Mr{tra-molecular
tunneling B1,42)) requires available molecular orbitals of M close in eryetg those of the donor and
acceptor. Typically this requires re-hybridization betwehe adsorbed molecule and receptor to make
the energy differences suitably smalll[42]. We can rule out these ideas for OR activation, ultimately
because the HOMO-LUMO (highest occupied and lowest occupielecular orbitals, respectively)
gaps of odorants are typically large, of order 10 eV.

Thus we examined the case @fttra-molecular tunnelling 20], electron transfer near the odorant
molecule, which seems more probable. We shall discuss tb&lpe natures of D and A later, but, for
the moment assume that D and A can be either occupied by anoglex unoccupied by an electron,
and that the states (D occupied, A unoccupied) and (D uneedup occupied) differ in energy by
0.1-0.2 eV. The odorant M may facilitate the transition (8ppendix B) but there is no need to assume
a quasi-stationary state in which M hosts the electron fgri@amgth of time.

We may consider here two possibilities for the electron @lliimg path: (1) the electron crosses
between opposing helicemfer-helix crossing), possibly passing through M, which wilfeat the
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relevant tunnelling matrix element; (2) the electron mowékin one helix (ntra-helix crossing). The
original model P0] assumedinter-helix crossing; there is little difference in the physietween the two
cases, see above, but they have different implicationsterikning the chemical natures of molecular
units D and A, and just how they form part of the receptor stmec

As noted, we regard D and A as localized, with their relevéetteonic states compact compared with
the distance between them. Sensible guesses from theatistaatween helices suggest a typical value
of around8A. This would be realistic if we believe the likelihood th&iese electron source/sinks are
amino acids and if we compare to distances between impa#sidiues for rhodopsidB]. Site-directed
mutagenesis44,45 studies have determined that for odorant recognition inRAEG there are nine
amino acids involved directly at the binding site, with SE8being a crucial H-bond donor for odorants
with aliphatic alcohols. It is noteworthy that none of thaeis strongly conserved (see Figure 44#]),
and indeed some are at sites that are highly variable. Thayscdn only be associated with binding or
modifying the donor and acceptor characteristics; Katda. [44] associate them with binding. For
electron transfer via the odorant, all that is needed is eaoation of firstly the right quantized vibration
frequencies and secondly a rapid electronic charge tranisfehe tunnelling transition between these
two states, what the impulse is that drives vibrationaltexicin becomes the key question.

Figure 4. A configuration coordinate diagram to show the initial s{@gte left curve) and
the final state (the right curves) where there are two optithesinelastiqn = 1) versughe
elastic(n = 0) route.

Energy

Reaction coordinate

3.6. Odorant Vibrations

To activate the receptor the odorant frequency has to stahdgainst the many background host
modes, such as the-& stretch vibrations that are abundant in the environmedtaacur at around
0.36eV (2911.3m!) [46]. The couplings will depend on an effective charge and onrtioeé mean
square amplitude of vibration. We can estimate a root meaarsgdisplacement (rms) thermal atomic
displacement of these stretches using:

= Ln coth ( o ) (1)
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which with M = 1 for hydrogen in atomic units, anblv = 360meV, we see a root mean square
amplitude of 0.076A. This is small, which is reassuring. ifEates of effective charges in the
receptor environment are not simple. A potential problerthes abundance of C-H modes, even if
each individually were weakly coupled. Turil][has suggested that frequencies around common CH
stretches are blind-spots and the appropriate recepterdgpes not occur.

3.7. Odorant Vibration Coupling

The Huang—Rhys factor S, is a measure of the coupling of theelling transition to the vibrational
mode of the olfactant M. To be more precise, it is a measurbethange in force experienced by the
vibrational modes following the transfer of an electronnfrthe donor to the acceptor site. It can be
calculated using readily available electronic structuwdes, and this can be done accurately for free
odorant molecules. The same methods give vibrational mostpiéncies. The Huang—Rhys factor
thus allows us to make predictions for different odorantssdal on the strength of this factor. The
predicted values (to be discussed in a separate publi¢atmmdeed lie in the useful range 0.05-0.3.
The couplings are thus strong enough to be detectable sinetunnelling, but not so strong as to have
2 or 3 phonon processes that obscure discrimination.

3.8. Key Non-Radiative Transition Probabilities

We now estimate the key rates and probabilities for the stieldunnelling events. We shall need
to calculate the relative rates of discriminating and n@efiiminating tunnelling, since this determines
whether a signal might be initiated that would allow the bra distinguish odours. These rates are
characterized by the two timescales, and 7, for transitions without and with excitation of the
olfactant vibration respectively, see Figute Secondly, we need to estimate the spectral resolution
that might be achieved. Thirdly, we need to make some estinfdimits, even crude, of absolute rates
(effectively, absolute values ef, andrr,), so that we can verify that the timescales can be met.

In these calculations, we shall make use of the large bodytasfdard non-radiative transition
theory. This theory takes various forms, including HuanigysRtheory and Marcus theory, having many
elements in common, but differing because of the specifiexas which they were first aimed. The
standard elements of these theories include the idea offggaaation coordinate (reaction coordinate,
see Figurel), and the assumption of processes sufficiently slow thatisiual perturbation approaches
to transition probabilities (like the Fermi Golden Rulehdze used.

We remark that, even in classical physics, the charge gafisfm D to A would cause a change in
force that would, in turn, change the vibrational state efrtiolecular oscillator. A quantum description
makes two relatively simple changes. First, there is a moneptete description of the charge transfer
event, here a coherent event in which the electron loseggaad the molecule gains the same amount
of vibrational energy. Secondly, the vibrational energytled molecule can only change by discrete
amounts, the vibrational quanta corresponding to theiradteristic frequencies. In general, an odorant
will have multiple vibrational modes but, for simplicity,emconcentrate on the one mode presumed
dominant in olfaction. At ambient temperatures, that modensrmally be in its ground state before
excitation. For a typical odorant vibrational quantumiaf, = 0.2eV the probability?,, of that mode
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being in an excited staté., = exp (—%) is very small indeed, about 0.0006, for normal human body
temperaturel T = 0.027eV. An interesting case that previously alleged t@@wibration based theories
wrong becomes poignant here: two isomers, methyl cyaftit¥é; — C' = N) and methyl isocyanide
(CH;— N = ('), despite having very similar higher frequency vibraticsaéctra, smell quite different.
Wright's objection then was that “for quantum reasons, tibeations in question [for smell] must have

a rather low vibrational frequency and probably lie in thega 500 to 50 wave numbers4]], and
differences in the lower frequency region of the spectrdaempd the discrepancy in smell. We note here
that, for this suggested refutation, the IR spectra do iddkfer [48], most notably in the 2,200 cm
region where methyl isocyanide exhibits much stronger |Bodtance, and so fits comfortably within
predictions described by the model used here: it is not dagfun of a vibrations-based model.

The electron transfer between the initial state on D and tta $tate on A couples to the vibrations of
the molecule M and of its environment. In effect, forces amdtoms change because charge has moved.
The receptor environment will surely have some effect ondéils of the vibrational modes of the
molecule M, but we shall assume that the high frequency maskesciated with selectivity are not altered
greatly from those of the free molecule; this assumptioriccbe removed in larger calculations. The
environment, including the “soft” floppy protein backbonectiuations observed in protein dynamics, we
take to be a collection of low frequency oscillators thatmewnly very weakly to the mobile charge.
This is a less accurate approximation for the amino acids tiieadonor and acceptor sites than for
the remote regions4B]. This will be able to be approved once we are confident of dwation of
the donor and acceptor sites, and have reliable geometnidbd receptors. We can then obtain the
electron transfer rate, as ig(Q], using the standard theories of non-radiative transstioessed on Fermi’s
golden rule 20,50-52]. The final expression involves an electronic matrix eletr{@ppendix B) and
factors that describe how readily the molecule and enviemtroscillators can take up energy. These
factors are conveniently expressed in terms of a dimeressnHuang—Rhys factd (the molecular
relaxation energy for a mode divided by its vibrational gyeguantum) for the molecular modes, and a
reorganization energy for the environment modes.

For inelastic tunnelling to be effective, the Huang—Rhys$daS for the molecule should lie roughly in
the range 0.01 to 0.3. F&f <0.01 inelastic events will probably be too rare. Bor-0.3, multiphonon
events will begin to be a problem. The environmental reamgdion energy should also be small, so
that the electron transfer is unlikely to be achieved ushregdofter environmental modes alone. It is
the coupling to these environment modes that limits thetsple@solution of the inelastic tunnelling
mechanism through processes (for example) where the Mbedtenergy neededyw, is the sum of a
molecular mode energyw,, and an environmental mode energy.. In at least some systems (Marcus,
private communication) this environmental reorganizagaergy is very small, but calculations of a full
molecule plus receptor system are desirable.

3.9. The Influence of the Environment

The environment of the odorant varies from air to wet mucua tiry hydrophobic region. At the
point of interest within the binding domain between the meamk which is surrounded by hydrophobic
phosphorolipids the odorant is in a very dry environmentatTik, vibrations around the odorant are
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typically not moving charges (the important moving chargesonly the atoms on the odorant and the
itinerant electron). The inelastic tunnelling model isyweensitive to the reorganization energy of the
environment, the host vibration couplings: With the parameters chosen above, for values bélow
about 30 meV, the inelastic channel dominates, but inangasto above 62 meV would mean that the
olfactant environment plays a dominant role. In terms of &dartheory, we must consider contributions
to the reorganization energy from both inner shell regionRsgnd outer shell regionsX,) [25].

For the inner shell, we assume harmonic modes, and have @ocin:

/\i - %EakaQi (2)

where« runs over modes. As indicated above, most of these modestrength low energies.
There will be some modes with higher energies, like CH vibret, but all may be weakly coupled. For
the outer shell elemeny, it is usual to use a continuum picture, estimated from thanmability of

the environment:
Ae)? 1 1 1 1 1
N C R S Y (S 3
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wherer; andry are characteristic radii [, is the square of the refractive index (the fast response
dielectric constant) anf)s the static dielectric constant (the slow response diatectmstant), and\e

Is the charge that is transferred. In essentially non-pataironments, such as the hydrophobic ligand
binding domain, the charge transfer has little effect, dreduter shell nuclei move very little. There
Is good reason to assume that these reorganization enégithe olfactory system will be small (see
also sections below). We note that the photosynthetic hadodobacter capsulatwghich has values

of A below 30 meV at room temperature. These possible envirotaigbrational excitations could be
calculated once a detailed structure for the receptor syst&nown.

3.10. The Electronic Transition Matrix Element

The electronic matrix elementfor a non-radiative transition is never trivial to calc@atccurately.
This is especially true when overlaps are small, as herenwine electronic states of D and A have
very small overlap. Quite possiblywould be negligible in the absence of the olfactant. Celain
will be different when the odorant is present, partly fronacbes in geometry, but also because of extra
terms in the wavefunction (cf. Appendix B). For a rough estien we might consider single molecular
orbitals, giving an effective hopping energy af:= v?/ (ey; — €4), Wheree,, is the energy level of
the relevant odorant orbital and, of the acceptor, taking the appropriate highest occupiedMi®)
or lowest unoccupied (LUMO) molecular orbitals. For mog$aoiants, the HOMO and LUMO energy
difference can be as big as 10eV. The hopping integnaill not usually exceed 0.1eV, determined
from the strength of hydrogen bonds between the donor, &mcapd molecule. Better knowledge of
the atomic structures of likely D and A units would allow leetestimates of this parameter. Thus, for
instance, Newtort al. calculate the matrix element ifie?t — Fe?t, from the overlap of the orbitals
from these two iron atom®$p]. However, we cannot usefully attempt such a calculatiomheuit better
indications of what the important groups and their orieote. Again, we can compare our system
with experimental data fo€.vinosumfrom which, when the experimental parameters are insamnted
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a similar equation t@ (with the same assumptions of non-adiabacity and low teatpess), then the
matrix element obtained is 2.4 meV. This suggests our estgrieave the right order of magnitudss].
Fortunately, the proportions of transitions with and witholfactant vibrational excitation is essentially
independent of.

3.11. Discriminating between Molecules

The rate equation for tunnelling with or without olfactanbnational excitation 20|, can be
summarized as:

1 21 o o (60 — )

PR L IV Wit <_ 1T ) (4)
wheren = 0 for the non-discriminating channel when the olfactant isexaited (or the wrong olfactant
is blocking the electron route) and all energy is taken up bgt lvibrations. For the discriminating
channel, where the olfactant takes up this enengy; 1. Typical values of the important parameters,
given in the Table, indicaterry ~ 87ns andrr; ~ 0.15ns. These satisfy the condition that; < 7

by a substantial margin. The discriminating inelastic ecterominates the tunnelling between these
states with discrete energies. This is, of course, the ofgoswhat is found for inelastic tunnelling
involving metal electrodes with their continua of initialfinal electronic states.

Table 2. Estimated values for the parameters needed to compytand [20]. Note
here we us& = 0.1, which is more realistic than our previods= 0.01. We discuss below
the likely sensitivities of the various parameter valueg, section below

Quantity hwo S A |t]

Value 200meV 0.1 30meV 1meV

Figure 5. A plot to show the time (s) for an inelastic transmission (réun line) versus
the elastic transmission (pink, thick line) all parametgix®en in the table are constant, the
variable is the reorganization energy
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Perhaps the least certain parameter is the reorganizatengye\, associated with the environment.
If the environment were strongly coupled, the environmeaties could take up most of the electronic
energy and discrimination based on the olfactant mode woelideffective. In Figur® we show a plot
of the characteristic times for the channels with and witlodfactant vibrational excitation as a function
of A\. The figure shows that tunnelling primarily mediated by emvment modes would dominate for
values of\A > 62meV. Weak coupling to the host modes is crucial. Without a vengitkxl receptor
structure, it is hard to check this further, but there ardesys for which reorganization energies are in
an acceptable range (Marcus, private communication).

4. Challenging Cases

The previous sections examined the basic physics of inekdsttron tunnelling as a potential critical
step in olfaction. Even though the underlying physics appei@able, with credible parameter&(], the
ultimate testis experiment. So how well do these ideas fibbiserved phenomena of olfaction? We have
chosen a set of examples that might challenge the role @fstielelectron tunnelling. From these, shown
in Tables3-5, we analyze and address implications. In several casésgefugxperiments are suggested.

4.1. Isotopes

Any isotope (see Figur®) dependence of scent is inconsistent with standard noitbgiscrimination
due to shape. However, humans and drosophila can indeethdiszte between isotopes in some cases,
and drosophila can be trained to respond in a way that idtesrthis 10]. Certainly there have been
experiments that gave no evidence for an isotope effjt and the effect is relatively subtle. But the
picture emerging leaves little doubt that there is an iseteffect p4]. It is possible to invoke special
effects, such as isotope-dependent chemical reactionsués to the receptor, but the obvious effect of
the isotopic mass difference is on the vibrational spectrum

Isotope dependence gives an opportunity to measure thédiggnso the energy separation of D
and A for those responsive receptors, since the model péessnend.S remain essentially the same.
We can predict the isotopic change in vibrational frequeAdyand see how that relates to observed
discrimination and non-discrimination. Density Funcabitheory (DFT) computations using a B3LYP
functional and the basis set 6-311+G(d,p) for acetophesbow that the largest shift in the IR spectra
occurs towards the higher frequency end. For a simple asmilin which only the proton moves, the
frequency for a deuteron would be smaller by a factod of 1/1/2 ~ 0.29, or about 800 cm' for
these modes. Assuming this cluster of modes is significamifaiction, the shiftAd ~ 800cm ! should
readily suffice to disengage activation for at least oneptrePossibly even a much smaller shift would
suffice. Such psychophysical tests on humans and behaviaiies on drosophila can be strengthened
with discrimination at the glomerular level (as opposedhe perception level, which is sometimes
contentious $8]) by using calcium imagingq9]. This class of experiment could definitively establish
discrimination and would be a desirable next step to estialie phenomenon of isotope discrimination
at the receptor level free from ambiguity.
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Table 3. Interesting examples.

Interesting Examples Observations Conclusions
cases
Isotopes Acetophenone &  Drosophila This strongly indicates that vibrational

acetophenone-d8

melanogasteand

modes are “smelt”. The notion that smell

humans can differentiate can be learnt (by training) indicates that

these isotopes at better
than chance odds
[10,54)]. Further
drosophila can be
trainedto detect scent
biased towards one
isotope version.

there are innate abilities that are not
employed unless it is necessary.
Evolution has resulted in a diminishing
sense of smell for humans where the
sense is not as relied upon as it once was.
This is indicated by the presence of

1,000 olfactory genes, only ~390 of

which are still functional, and 462 are
pseudo-genes).

Structurally
similar
odorants

Antagonists

Sulphur
compounds [i]
p-menthene-1-en-
8-thiol and its
stereoisomer [ii]

Eugenol (EG) and
methyl isoeugenol
(MIEG).

[i] has an odour
threshold of 104ppb
and [ii] has an odour
threshold of 10 ppb
(100,000 times weaker)

[55].

MIEG antagonizes the
endogenous EG in a
mouse receptor
(mOR-EG). p6].
Further, undecanal
antagonizes the
endogenous bourgenol
in human hOR17-457)].

The two sulphur compounds will possess
near identical partition coefficient in the
mucus and likely reach the same
receptors and have similar interactions at
the binding site. This indicates the two
molecules must differ in some other
actionat the site in order for there to be
such a discrepancy in threshold. A
possible alternative is that somehow after
G-protein release the signal is amplified
or reduced. But what feature of the
odorant would tell the receptor to do
this?

Antagonism can occur at: the receptor
level, the second messenger transduction
level or at the membrane current level. In
these studies ratiofluorometric studies
were done to measure Eanflux and so
indicate antagonism at the first step.
Thus, olfactory receptors can be
extremely sensitive and selective.
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Table 4. Interesting examples continued.

Interesting Examples Observations Conclusions
cases
Smell the Hydrogen Hydrogen sulphide  Though no two odorants smell
same. sulphide and has the typical exactly the same (and have the same
decaborane. sulphuraceous smell combinatorial code expressed to the
and decaborane glomeruli) there is some degree of
(though it contains no overlap here. This poses the
sulphur) also shares a question: what causes two
“boiled onion, SH elementally and structurally very
smell” [8]. different molecules to activate some
receptors in common?
Smell Ferrocene and  Ferrocene smells The only difference between these
different. nickelocene. spicy and nickelocene two examples is the metal ion in the
smells oily/chemical centre of the structure. Something
[8]. other than shape differentiates these
two.
Smell alters.  Ambergris, Ambergris smells At high enough concentrations
hexanal. “oceanic” at low receptors are recruited, where they

concentration and otherwise would not be activated.
“Rotting” at high

concentration$8§].

Similar discrimination

has also be seen at the

receptor 2] and the

glomerular level $9

for a range of other

odorants.

Figure 6. Acetophenone and acetophenone-d8.
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Table 5. Interesting examples continued.

Interesting cases Examples Observations Conclusions
Mobile (RSR-Nootkatone The (&R, 4&S, 6R){(+) From a previous study2[7] it has
enantiomers and enantiomer smells of been found mirror image molecules

(SR$-nootkatone grapefruit (0.8 ppm) and with a 6-membered ring flexibility
its mirror image smells always smell differenn their

“woody, spicy” (600 enantiomeric forms. This
ppm) [60]. Note also the conformational mobility introduces
(+)-enantiomer is an asymmetry where one hand is
around 75& more enabled to activate and the other
potent than the hand is frustrated.
(—)-enantiomer §1].
Immobile (RSR¥ Both smell From a previous study2[7] it has
enantiomers Tetrahydronootkatone“dusty-woody, fresh, been found mirror image molecules
and SRSR green, sour, spicy, with a constrained 6-membered ring
tetrahydronootkatone herbal, slightly fruity, (a rigid moleculealways smell the

animal, erogenic” 62 samein their enantiomeric forms.
This conformational rigidity
reduces the asymmetry rendering
these molecules superimposable
from the receptor point of view.

Steroids/pheromone$a-androst-16-en-3- 5a-androst-16-en-3-one The “natural” steroid has a smell
one “smells strongly and (according to a percentage of the

disagreeably to about  population) implyingsomepeople
one third of people, one do not have the equipment or ability
third smell it well, but  to smell Syv-androst-16-en-3-one, or
do not describe it as have not been trained to detect it.
particularly unpleasant;
while one third cannot
smell it” [55].

4.2. Structurally Similar Odorants with Different Thre$t®

Examples where similar odorants have differing threshblghklight the difference between affinity
and efficacy. In olfaction, we define the propensity with whtbe odorant populates a receptor as
affinity (typically binding), and the propensity with whidhactivates the receptor once there as efficacy
(typically actuation), though the distinction is not asatleut as it might seen®p]. Affinity may include
the rate of diffusion to particular receptor sites, theigbfbr it to cross into the hydrophobic domain,
and the ability to make necessary contacts once there and™bAffinity may also include how long the
odorant remains within the ligand binding domain, and timetmay impact on efficacy. One possible
explanation for the differences observed in Figdres given by Zarzo 6] where it is realized the
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presence of P-450 enzymes may cause differing interactvithsodorants and hence altered responses
at the affinity level. Although efficacy and affinity cannot tbeated as entirely independent, one can
make a cautious separation of the two.

Odorants that have very similar structures will usuallyehaimilar affinity for a given receptor site.
However, there can still be differences in efficacy withim swipe card model. These could come from
differences int and/orS, and so might underlie the differences in perceived odoar. ekample, one
receptor tuned to detect the SH stretch will receive quifermdint signals when the S-H axis is differently
oriented within the receptor. Odorants with very simildiraties can provide us with good examples
to measure Huang—Rhys factgfsand compare these with observed efficacy, to see if actuataynbe
accurately described by our simple formulae.

Figure 7. Sulphur compounds p-menthene-1-en-8-thiol and a stena@s The latter smells
100,000 times weakeb§|.

4.3. Antagonists

Oka et al. [56] state emphatically that their own results, and those iviptes reports, clearly
demonstrate that “antagonists tend to be structurallyeelto the agonists, as is often the case for other
GPCRs”. This conclusion may not be consistent with shapedéheory; the receptors would have to
be incredibly sensitive to always respond in different wiysery similar ligands (there would have to
be as many receptor types as there are smellable moleculespidd be consistent with a swipe-card
model, including cases where odorants can be differedtispectrally. Comparing eugenol (EG) and
methyl-isoegenol (MIEG) in Figur8, we might surmise that it is the difference between the OH and
O—CH; modes that accounts for the difference in their perceivedical However, examining the whole
set from this study reveals that other mOR-EG receptor atmrguch as methyl-eugenol (MEG), do not
possess the OH stretch either, though perhaps they do haweasumitable shape to fit the receptor
site and D/A contacts. These results strongly suggest that i8 needed is a combination of suitable
parametersy , ¢t and.S. Both the fit and the correct vibrations are necessary. €@kal. [56] have
provided a set of odorants with varying levels of antagor(iand perhaps thus efficacy). Again, a good
model forS may be able to account for any trend<in>* response.
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Figure 8. Eugenol (EG) (left) is an agonist of olfactory receptor MER;
methyl-isoeugenol (MIEG) (middle) is an antagonist andhyieeugenol (MEG) (right) is
an agonist.

-] -

Antagonists remain puzzling in some cases. For examplesdpiola avoids C© whilst
suppressing this aversion when it is associated with foadces, in which case odorants present
in such foods directly inhibit C@sensitive neurons in the antenna. Some such odorants leave b
identified Bp7]. These antagonists include 2,3-butanedione @8Iy, butanal (CHO)(CH),(CHs),
pentanal (CHO)(CH3(CHs;), and hexanol (COH)(C§5(CHs). They do not resemble GOn shape,
and hexanol lacks a C=0 unit. As regards vibrations, onegastig, if puzzling, feature is that all
molecules have a vibration with frequency close to that efitifrared inactive symmetric stretch of GO

4.4. Smell the Same but Have Different Structures

Similarity of smell suggests that both molecules shown guFe 9 activate at least one receptor in
common. The commonality in the cases shown may be that thee shimilar vibrations at around
2,600 cnt!. Thus assuming, a receptor with tunifigcorresponds to sulphuraceousness, we can use
this example as a model for sufficient combinatiordgft and S in decaborane, although it is not the
endogenous ligand (we assume that hydrogen sulphide idgul@aons using the B3LYP functional
and the 6-31G** basis set indicate a difference between t& d$ymmetric stretch and the strongest
IR absorbing BH stretch in decaborane (around the 2,600 ¢agion) be around 25 cm (this result
verges on the limits of accuracy for small energy differeradeulations in DFT). We nonetheless surmise
that the sulphur receptor must have a range of detectiorast feis amount, and so could be tuned to
2,600+ 25 cnr! for example. Modelling the “perfect” sulphuraceous recepte could predict when
some odorants do or do not smell sulphurous, particulagxamples which are surprising-(henthene-
1-en-8-thiol smells of grapefruit predominantly, see Fe&j) by again calculating. Determination of
a human olfactory receptor responsible for “sulphur” diédecwould provide a good starting model to
compare and contrast this example and the sulphur congegxiamples in Figuré.

Figure 9. Hydrogen sulphide (left) and decaborane (right). Both $sdphurous.
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4.5. Smell Different with the Same Structures

In Figure 10 are shown some striking exceptions to shape theories. de&reoand nickelocene
smell different, yet they appear to have similar shapes aobigbly similar tunnelling matrix elements.
Presumably, one molecule fails to activate at least ongptecéhat the other activates. Their different
vibrational spectra might explain the difference, and tlais be estimated (see Appendix C). This should
guide us to what difference renders one odorant undetectatdle know from other systems (e.g.,
hydrogen sulphide and decaborane) that a difference oftiess-25 cn ! is unlikely to be detected,
so presumably there must be a larger difference betweenibnational quanta of the key modes for
ferrocene and nickelocene.

Figure 10. Ferrocene (left) smells “spicy” versus nickelocene (rjgimells “oily-chemical”.

Cases where the structures are the same raise some breagsr. i) the present case, the similarities
of shape and interactions of ferrocene and nickelocene itingthey are likely to spend similar times
in any receptor. Even when one has the wrong frequency, twrkl also be a weak contribution
from tunnelling made possible by environment modes alondl thi¢ére still be a different signal for
that one receptor that will impact on the perceived scent@ gdgint is that we have a series of steps:
an electron must become available in D, a tunnelling treorsinust occur, and the electron must be
removed from A. If the electron transfers into D or from A atewser than the tunnelling transition
with only environmental modes contributing, then the sigicauld be the same even when the olfactant
vibrations differ. See Sectidh 2 for a further discussion of the effect of timescales.

Another interesting example within this category arisesnfthe work done by Saitet al. [68] who
measure mouse receptor level responses to a plethora adradimmuli. Contrasting similar-shaped
1-octanol and octanethiol for example it can be observeld &ctivate the same number of receptors, but
only 2 in common. Furthermore, they activate these receptith varying EC50’s. This demonstrates
that similarly shaped odorants will smell different in cheter (according to “combinatorial coding”
one receptor difference can alter the smell signal) butlétety different in odor thresholds]. This
indicates that vibrational analysis may explain differesdeptor type activation whereas the differing
EC50’s may occur from the differing affinities of the O-H miyigersus the S-H present in the molecule.

4.6. Smell Alters with Increasing Concentration

The distinction between the affinity of an olfactant for atfganlar receptor and its efficacy, determined
by the signals initiated to the brain, can be crucial. Onesdythg question is whether the receptors are
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binary, having only on and off states. Rhodopsin receptar&aown to be binaryi,e., on or off states
only. But in the case of thg,- adrenergic receptor (one of the better characterized GIpClepamine

(a weak partial agonist) is just as efficacious as isoprot@rgull agonist) in disrupting what appears
to be the molecular switch, but this is not enough to indueefdli activation of the receptor as in the
case of isoproterenobp]. Further, it has been showf9] using fluorescence resonance energy transfer
(FRET) that, for the bimane-tryptophan quenching systeafferdnt types of agonists induce different
types of conformational states, an observation which ealitts the binary proposition: the ligands do
not simply modulate the equilibrium between an active on imadtive off state, but there are many
degrees in between. Receptors are not always binary. Builfa&tory receptors binary? In a swipe
card model like the inelastic tunnelling model, there aré stme important features that we cannot
yet decide. When an odorant binds to a receptor, can moreaharelectron tunnel, limited only by
electron supply to D or removal from A? Or does the odorantriedeave and be replaced before the
next electron can contribute to the signal? The conceatratependence of odour therefore introduces
an extra degree of complexity.

If the olfactory receptors were binary, the potency of anradts signal could be directly attributed
to the number of receptors occupied by odorant molecules. pbitency would thus vary linearly with
concentration, at least at low concentrations. In olfaxtibis is notoriously not the case: in many cases,
the higher the concentration, the more likely an odoranbishtange its characteb9,70,71], which
implies at saturation certain “wrong” odorants are likafind their way into an olfactory receptor and,
whilst they may fit and bind inefficiently, they still actieathe olfactory receptor to degree Smell
change with increasing concentration suggests that, atiabseceptor saturation is approached, some
odorants can activate non-parent receptors. Receptd@rthanimportant at low concentrations become
significant when some other receptors are saturated, sesHi

Figure 11. Hexanal, smell changes with increasing concentration.

\/\/vo

4.7. Conformationally Mobile Enantiomers

Enantiomers—chiral molecules M with left- and right-haddeirror image forms—should all smell
different in the simplest shape-based theories. More stipated (but less predictive) shape-based ideas
argue that smell is combinatorial, and that parts of the aatoaire detected by particular receptors ref 2;
this is also known as the Odotope theory. Even so, it becolm@stb understand how enantiomers have
different odours if only functional groups are detectedrmividual receptors; any chirality is lost and all
enantiomers would smell the same. In the simplest frequbasgd models, since left- and right-handed
variants have exactly the same frequencies, all enanteosi@uld smell the same. However, as we have
been emphasizing, other factors influence the response dtlhiral) olfactory receptors: it is not just
the frequencies, but their couplings to the electron tteorsare important, and also the matrix element
determining that transition. In a swipe card model, it issthextra factors that are critical in deciding
whether chirality matters.
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Chiral molecules, as mirror images, see Figl@ewill have the same frequencies, and need the same
0 in a receptor. However, in any given receptoand.S will differ, since—as shown in the figure—the
two cases are not superimposable. The issue of superimptyskts well with the general swipe card
approach. We have shown previousB/[ that these ideas can indeed predict whether enantiomers
will be differentiated. These ideas suggest that chiralenalles will be distinguishable to some extent.
Receptors are clearly very sensitive to structural vanesj and any change in stereochemistry would
affect actuation. Enantiomers have mirror image confoionatthat will asymmetrically activate the
same chiral receptor, and any other conformational freesdoould exacerbate this.

Figure 12. 2 Nootkatones: the 4R, 4aS, 6R(+) enantiomer (left) smélggapefruit (odor
threshold 0.8 ppm) and its mirror is “woody, spicy” (thregh600 ppm) B0]. Note also the
(+)-enantiomer is around 750 times more potent odoranttiaii-)-enantiomer ¢1].
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Usually flexibility is said to aid receptor actuation, asffirdty where the only consideration. This
seems not to be the case in olfaction, where conformationallity can be either an aid or a hindrance
in receptor actuation. It is assumed flexibility, in the seakadapting to a binding pocket, is tantamount
to agonistic behaviour. The phenomenon of flexible andraisishable enantiomers however highlights
the importance of efficacy and affiniip combinationfor actuation. This might be associated with
features well known in non-radiative transition studiest ot normally considered in the biological
context. For instance, we have concentrated on what, forradiative transitions, is the accepting
mode; this takes up the energy in the non-radiative trams{ind is the olfactant mode in our previous
discussion). But other motions can affect the transitiotrimalement, and may enhance the transition;
such modes are known as promoting modes. Promoting moddsawd different symmetries, and may
have substantial effects enagain needing a more careful analysis than usually found.

4.8. Conformationally Immobile Enantiomers

Whilst it is very rare that enantiomers smell exactly the saboth in intensity and in character, those
that do share two common features. First, they have just sm®phoric group, a region of interesting
electronegativity and superimposability. Secondly, theynot conformationally mobile. This is seen in
the example in Figur&3, where any 6-membered ring flexibility is constrain2@][ One simple way to
test for true type 1 (enantiomers that smell identical) isnteell a racemic mixture of the optical isomers.
If the component parts are identical, then a mixture of thertvust in turn be identical.
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Figure 13. Type 1, tetrahydronootkatones smell “dusty-woody, fregheen, sour,
spicy, herbal, slightly fruity, animal, erogenic” on theftleis (4R,4aS,6R,8aS)-
(+)-tetrahydronootkatone and on the right its mirror ima@S,4aR,6S,8aR)~()-

tetrahydronootkatone.
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4.9. Steroids/pheromones

Why, in the case of &-androst-16-en-3-one, such as in Figlirean less than 100% of the population
detect the naturally-occurring steroid? It is not diffictdtbelieve that some people might miss one
particular olfactory receptor, but smell is generally camaiborial, so would need a whole set of olfactory
receptors to be missing]. However, as indicated earlier, pheromones are expecteeltave differently
from other olfactants with one receptor responding to ayeald through a lock and key mechanism. This
is probably what is happening here. We note that detectargisis would need a class of receptors with
larger than average binding sites; steroids and hormoneaulas have typically-55 atoms, whereas
odorants are generally smaller, 3—20 atoms.

Thus, steroid and hormone receptors might work differefitdyn those involved in smell (indeed,
there may be crossover with the vomeronasal region).

5. Discussion

5.1. Donor and Acceptor Specifications

For an inelastic tunnelling mechanism to work, the molecutats D and A have to satisfy certain
important constraints. Just what D and A are is not clear.yTdre probably common units among
the likely receptor structures. They must be able to occuwm charge states, which we might call
full and empty (so the transition takes D(full)A(empty) tdebnpty)A(full)), though that is possible for
many possible molecular units. Transition metals, oftemtbin living systems, are among the species
that can occur in several charge states. The D and A units Ibeuable to revert back to their original
states many times.e., D and A should not be destroyed in the olfaction processaust be possible
to feed an electron into D and remove an electron fromnte(- chain model) or return the electron
to D (intra-chain model). To detect odorants within milliseconds, tifotunneling via an odorant can
be much faster, the replenishment of D and A should be withsrbot not longer. Whilst that is not
a strong constraint as regards timescale, it does requiez aeactions outside the receptor to maintain
electrochemical equilibria that drive these motions. Weeradso that D and A must be sharp energy
levels, which means only weak interactions to cause braagdeithis is consistent with our calculated
results, where all relevant interactions appear weak.
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Perhaps the strongest constraint on D and A is the need forall snergy splittingep, — ¢4 that
corresponds to the small (but typical) vibrational quanturg. Most olfactants M and many possible
molecular units of the receptor are closed shell systems,tla® gap between the highest occupied
(HOMO) and lowest unoccupied (LUMO) levels is two orders @&fgnitude too large. Electron transfer
from the HOMO of one unit to the LUMO of another is ruled out bgir large energy difference, perhaps
even 10 eV. One simple and general way round this problemasgome that D and A are essentially the
same molecular units, differing only slightly in geometryb@cause of slightly different units to which
they are bound. We conjecture that likely donor/acceptodickates are amino acid residues, perhaps
of the same unit such as tryptophan (Trp). If, however, D anaré\ essentially identical (subject to
minor differences already mentioned) for example two tpp@an residues (there are tryptophans that
are highly conserved), we can imagine a suitably smalltspiit As a hypothetical example, if D and A
differed in energy solely because of single proton chargeqal asymmetrically at 5A from D and 4A
from A, this charge would the cause an energy separascgz?m % ~ 0.72/¢ eV which, for dielectric
constant = 3, corresponds to 1935 cth

Whilst lack of detailed receptor structural informationans we cannot be too precise, it does make
sense to suppose that D and A are typical units to be found st-rib not all—the receptor types,
and that subtle modification by surrounding residues pewithe fine tuning to different olfactant
phonons. This would reconcile nicely with the observatiwat tacross OR types amino acids on helices
4 and 5 are highly variable (the moderating residues) andedix fi highly conserved (the staple
residues D/A) T2. We cannot be more precise without further experimentaicstiral information
and, in view of the considerable disagreements about odmaptors T3] we can make only very
tentative observations. First, there are some common,wttsh as tryptophan, OH or SH groups,
that might deviate in energy by small amount due to surraumndharge. Others have observéd]|
that N-ethylmaleimide (NEM) reacts with the sulfhydryl ggs in olfactory receptors rendering them
irreversibly inactive; thus strongly suggesting that Selugrs (perhaps in cysteine residues) might play a
key role, possibly as D/A units. Secondly, there is eviddghegvery potent smelling odorants also bind
strongly to zinc 8], and that a zinc deficiency results in anosmia reversibtsgupplementing the diet.
Conceivably ZA"™ or Ci** are components of electron donors, although it is posdilglie tole involves
protein structural stabilization as opposed to redox ckagi The observation that zinc nanoparticles
(but not zinc ions) can enhance the sensitivity of smell alsggests another role for zinc, perhaps as a
source of electrons. Thirdly, recently the importance oftN#Ad towards GPCR functioning has been
emphasized and investigatetb]; and also odorant binding proteins have a role not yet défiri@ne
might conjecture that they are involved somehow in donatinggecycling of electrons. Finally, we still
do not know whether D and A are situated on two adjacent reefioter helix tunnelling) or on a single
helix (intra helix tunnelling, see SectioB.3). This raises the possibility that a bridge, like a disudjghi
bridge between two cysteine residues on one helix (wi+S— and—SH HS- oxidation states), is a
component of D or A, which has been postulated bef8}e [

Forinter-helix tunnelling, we should ask what supplies the donohvig electron and removes it from
the acceptor? We have assumed there is some electrochegactibn or reactions that can achieve
this, though it is perhaps not obvious in the olfactory bgglavhat this source is. There are several
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possible explanations. One possibility is that odorandinig at the receptor site provides the energy and
electrochemical requirements to prime D and A.

5.2. Timescales Depend on the Full System

The brain distinguishes odorants by using information freeeptors. Communication is achieved
via influxes of ions triggered by activated receptors, wite information somehow encoded as times
between subsequent influxes. How does the brain distindngsleen the influxes from activation of
receptors by odorants from the occasional activation céptars when they receive other molecules?
There will be a small tunnelling rate even for an empty regepivhich presumably gives some
background noise that the brain can filter out. But, in théastec tunnelling picture, are the tunnelling
rates for the right odorant/ (1/7,, say) and for the wrong odorait (1/7y say) sufficiently different?
And how do these characteristic timeg, 7 compare with the other times for steps in the overall
process? We know, for instance, that odours can be detetgetime of perhaps a millisecond. Since
this time involves the transfer of information from the rptme and interpretation in the brain, we should
probably imagine events at the receptor itself taking pestaatenth of a millisecond.

One can imagine several different situations. One pogdyiislthat the receptor itself inhibits signals
from wrong molecules, perhaps because the molecule isergsidr too short a time, or because there
are competing processes we have yet to identify. Or, morergby the brain could ignore signals
below some threshold curremg., less than some critical number of activations in a giveéeriral. Thus
Crick [76] discusses attentional mechanisms for vision, descrithiegpossible “correlated firing” of
neurons, and saying “spikes arriving at a neuron at the semgewill produce a larger effect than the
same number of spikes arriving at different times”. For difan, the spikes arriving at effectively the
same time might correspond to a number of receptors aativaiz period of less than or of the order of
a millisecond. The inelastic tunnelling rates we calculgieeviously were much faster, corresponding
to a characteristic time of the order of nanoseconds. Ouieeaalculations suggested that even the
characteristic timesy, for non-discriminating transitions were significantly steo than a millisecond.
We now offer several ways that this apparent contradicteontze resolved.

If the donor D and acceptor A could indeed be restored in tilees than milliseconds, the shorter
timescale for the right molecule; < 71) would be reflected directly in more influxes during the
period over which the neuron integrates producing a greaterage current. That option seems more
likely for intra-protein transfers (Figur8) than forinter-protein transfers. If that were correct, the
right molecule in a receptor could initiate several ioniffuires in each period of residence that become
integrated into a single event by the brain.

Now suppose instead a receptor cannot send more than ora signms, perhaps because of the
slowness of the processes that ensure the donor D contagls@ron and acceptor A is empty. Then
both the right (discriminating) molecul@ and wrong (non-discriminating) molecul& would cause a
single influx in the integration time, and the brain wouldastjthem as equivalent. Where might these
assumptions be wrong? One possibility is that the tunrgehates are really much slower, so only the
right moleculesV/ are effective, even on the millisecond timescale. A secarssipility is that we need
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to examine not just the tunnelling event in isolation, betwhole sequence of events from the arrival of
the electron at the donor to the docking and departure ofltaetant from the receptor.

Could the tunnelling rates be significantly less, yet séilMe inelastic tunnelling a viable process?
In our estimates, we used an extension of Marcus theoryvimgpa reorganization energy that is the
first moment of the line shape function. This reorganizagaergy brings together all the couplings
to modes at any one single frequency into a single mode byearitrtansformation that is general for
a harmonic system. In its usual form, there is the furtheumggion of a configuration coordinate
that gathers modes of all frequencies into an effectiverenment coordinate with just one frequency.
In the case of olfaction, as here, and other cases of very weagling, this second assumption is
not essential and can be avoided. For olfaction, the impbrequirement is that the discrimination
should not be limited by two phonon processes. With a one @h@nocess, there is the potential for
the successful discriminating detection of odour. Two mhoprocesses and beyond introduce weaker,
slower, signals that obscure discrimination. For such ipluinon processes, the modes can be those
of the odorant or the environment. From the standard exdarefiHuang—Rhys theonbp] in the very
weak coupling limit, the “right” transition has a probabjlproportional to the Huang—Rhys fact6f,
for the discriminating mode. The competing “wrong” traiwsit probability would be a two phonon
transition, where two modes accept energy, and the comespg factor is %2 S’'S”, where S’ and S”
are the Huang—Rhys factors for these modes. Since valuesud & the range 0.01-0.3, this second
probability could easily be smaller by a factor 100-500, \@@remore, since the phonon energy could
be from environment modes that are less well coupled. Shin@ldeceptor be empty, the electronic
transition matrix element would be reduced by a furtherdadtor example, a factor of order 30 (readily
possible from simple models), would reduce the non-diso@tmg rate by a further factor of about
1000. So it seems possible that the non-discriminatingitians are weaker by a large enough margin
to be at the level of noise.

We now consider the interplay between the electron trapsteress and other processes to which it is
coupled. There are two types we have investigated, bothvimgpa race between two processes: in the
first, there is a straight race between one process leadisignalling and another that frustrates it; in
the second there is a race in which the competing procesgsdéia signalling, but does not frustrate it.

In our model of the first type of interaction (the competinggess frustrates signalling) we assume
that, when the “right” odorant is in the receptor and whemehgan electron in the donor D, then there is
a constant probability that inelastic tunnelling occuriwa characteristic time,, or 7y, depending on
which molecule is present; as beforg; < -. We now also recognise that this key tunnelling process
has competition. For instance, it might be prevented attagef the electron on the donor D returns
to the reservoir from which it came, or if the olfactant mallecleaves the receptor, or some further
competing process. Suppose this competing process hasstbprobability characterised by time
Tr, largely independent of the odorant, but characteristithefreceptor and perhaps of the electronic
reservoir that supplies electrons to D in the inter-protaise. In simple terms, there is a finite window of
opportunity of orderx. If this window is long enough for discriminating transit®(characteristic time
7)) then the odorant will indeed initiate a signal to the brdfrthe time 75 is short enough relative to
Tw, the characteristic time for non-discriminating traris, then the wrong molecules will give signals
only at the level of noise. We can readily calculate the raficuccessful odorant events leading to
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influxes for “right” molecules\/ and “wrong” molecule$V as|rr + 7w]/[Tr + 7). This ratio can be
quite substantial: with a short window of opportunity, ottt fast process will matter.

A description of our model of the second type of interactithie Competing process delays signalling)
will be presented in a future publication. The main resuthet the electron transition rates seen by the
brain for both the “right” and “wrong” molecules get subgtatty reduced relative to the actual transition
rates from D to A. This is because the electron can only reaétor D, but spends most of its time
elsewhere. Thus, if the electron does not make a successfigition to A during one visit to D, the
receptor has to wait for the return of the electron to D betorether attempt is possible. The revised
transition times are theri, = 7p(1+7/7r), andryy, = 7p(1+7w /7r), Wherer, is the time associated
with getting an electron to D, and might be much longer thantitmes needed to get an electron from
D to A, and herery is the time taken for the electron to leave D by a competingeroConsequently
the difference in time between signailg(— 7, = (7 — 7w )7p/7r) could be much larger than the
difference in the electron transfer times/(— my) if 7p > 75.

5.3. Summary

The development of the swipe card paradigm introduces a neviramany ways more satisfactory
way of describing olfactory signal transduction. It giveframework in which to evaluate critically
theories like Turin’s, and to identify key questions. Doegeeptor measure a single electron crossing,
(Figure 2) or several electrons crossing, or even none (Fi@)Pe What is the nature of the olfactory
G protein and how in turn does it propagate odorant dependtemimation? How many G-proteins are
released? What are the turn-off mechanisms and the tinessodfhction may be limited by? What
are good candidates for the donor and acceptor? Where deesufiply of electrons come from?
What happens to the odorant once it is smelled? Can we déeddorant in a metabolized or even
excited state?

There remains a wealth of opportunities for future reseandiably experimental. The field is
seriously limited by a lack of careful odorant physiologitests. Elimination of trace impurities is
crucial (our noses can detect 1 part in a billion) as is therd@hation of non-subjective descriptors
to describe odorant response. Compromise in these two dmyasions can lead to conflicting
results p4,63]. To avoid dispute, olfaction and its dependence on odaridgmational modes should be
tested in double-blind tests with at least gas chromatdgpagpe samples. Only with fullest care could
one answer with confidence whether humans detect isotopitges. Simple racemic mixtures can test
discrimination of enantiomers: odorants that truly snetl $ame will do so when mixed together. There
are also plenty of more general non-transduction hypaHadien experiments that can be conducted.
To test for example more general olfactory receptor charstics such as conformational changes:
site-directed spin labelling, site-directed fluoresceguenching, sulfhydryl accessibility, disulphide
cross-linking, spin labelling studies, an arsenal of tégphes could be implemented to provide definitive
answers. Questions could be: Are the receptors binary &sdopsin? Or do they possess many degrees
of actuation as in recent discoverié¥] for the 5, adrenergic receptor? Given recent warnings on the
amount of conflicting data analysis ubiquitous in olfactfas it was for vision years agoj 3] we must be
careful not to assume too much. The biophysical charaet@iz of the olfactory receptors, is an integral
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next step to developing any theory. Most conclusions on thegsses in olfactory signalling are based
on sequence homology analysis that compares olfactorpt@seto bovine rhodopsin, which, whilst
helpful, may lead to assumptions that olfaction always warksimilar ways. Yet the specialization
of the olfactory class is still to be established; the OR’syrba an entirely different GPCR class.
Given the challenging cases above, they certainly seem avé&evhelmingly discerning. Given 50%
of pharmaceuticals are targeted at GPCR'’s, there is nongiderable interest in this are@7] and
the holy grail of X-ray crystallization and structural id#ication for olfactory receptors would mark
considerable progress. That said, for serious modelling,oh and tunnelling, positions of atoms to
0.1-0.2A are needed, well beyond the best current datagbalves at best to 2A. Since this is an order
of magnitude too inaccurate for tunnelling rates, we maybecdble to confirm too much, but there may
at least be validation of what the predicted D/A units aratlier, the importance of a dynamic picture of
the receptor is rapidly emergin@§,79], so the determination of a functioning coordinate frameildo
be a fundamental first step towards implementing molecwyaanchics calculations to better understand
the fluctuating world of receptor and ligand.

One criticism levelled against a non-standard theory adabibn, like Turin’s, is that nature reuses
mechanisms that work, so one should expect many GPCRs téaasea transfer; this is not believed to
be the case. However, even though many GPCRs might useoslé¢cnsfer, it might not be an optimal
solution in general. Olfaction is a special case in whicteptars are most useful when promiscuous,
I.e., an organism does not know in advance what chemical spgeidsencounter in its environment.
Effectiveness in this situation is greatly aided by usinglenolar vibration frequencies to identify
molecules, since it makes it possible to recognise smalnata groups from which molecules are
composed. By contrast, many receptors are finely tuned tamprery few molecules, in which case
shape alone may be superior. However, even when high chiespieeificity is demanded, something
additional to shape alone may be necessary: for exampleyitdhappear that shape alone is inadequate
for steroids.

6. Conclusions

6.1. The Future Prospects of the Turin Theory of Olfaction

We have given a critical analysis and review of a model foaailbn, attempting to address directly
its main challenges. Alongside the shape-based lock andlkesg, the role of molecular vibrations has
been around for many years, but only in 1996 was a specific amesim for signal transduction proposed.
Most of our present discussion of the swipe card model haserdrated on Turin’s specific proposal that
molecular vibrations provide the information for actiatj and that the relevant vibration frequency is
recognized by inelastic tunnelling. This proposal plusgarshape constraints, we believe, goes a long
way towards understanding how odorants activate olfaatecgptors. We have previously shown the
ideas to be sound as regards physics, and need only realiies of key parameters. In our present
paper, we have chosen as many distinct examples as pos$sibnfront this theory. To the extent that
the data are good, Turin’s proposal of vibration frequesci®nitored by inelastic electron tunnelling
stands up well. It cannot be the whole story, since suchduarfdictors as conformational mobility have
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arole. Nonetheless, the vibration frequency is a crucidltpat can dominate smell, and the swipe card
description appears to be a more useful paradigm than latkeyn

A shape-based theory cannot provide a full description griai signatures, where the swipe card
paradigm can. We know, for instance, that conformationabititp correlates with different odours for
enantiomersg0]. We know that the receptor itself will be undergoing lar¢gmgth-scale motions, as
observed in protein studies. We can suspect that other dgabaspects, from promoting modes to
stochastic resonance, may have roles. Nonetheless, somefanelastic electronic process seems a
fully viable and important part of our sense of smell.

No theory of olfaction can hope to be comprehensive untieast two experimental developments
have been achieved. First, there is a very clear need fdidudareful olfaction experiments, using
at least gas chromatograph pure samples in double blincholasiquality tests. Secondly, we need
a detailed structure of the olfactory receptor, good endogiefine or dismiss particular ideas for the
atomic-scale processes. There are many more questionsansieered, and the field invites many
interesting experimental studies.

6.2. The Rise of Quantum Biology

One important consequence of going beyond discriminatased on shape alone is that quantum
phenomena become much more evident. Shape, of coursalyaingakes implicitly the quantum nature
of chemical bonding. Inelastic electron transitions ofs¢be discussed here involve a coherent quantum
electron transfer event. Using vibrational frequenciea dscriminant relies on the quantum behaviour
of the odorant vibrational modes, since energy can onlywengo an oscillator in units of its vibrational
guantum. There may be other quantum aspects, such as the m&e-point motion, but these are not
evident at this stage.

The lock and key paradigm was one of the earliest attemptsttonalize remarkably selective
responses to different molecules. For large molecules, still a key concept. For small molecules,
the underlying idea that shape is the sole critical factits faadly. The swipe card paradigm, whether at
this stage definitive as a model or not, introduces perhaps productive ways of thinking that confront
interesting observations in nature. For this reason alolnasi the power to eliminate thinking based on
theories that do not work and that road-block progress. &apot necessarily the actuating factor in
smell; we must determine what factors are for reasons ofgrhenological interest, but also because it
is possible that the mechanisms and underlying processdfaofion have parallels in the operation of a
range of receptors activated by small molecules such astmansmitters, hormones, steroids, and so on.
Since this is clearly a possible mechanism, surely natudesmolution would have used it somewhere!
The details will never be precisely the same, but there igar@rand challenge in the understanding of
the responses of receptors to small molecules and linkieg tio their biomedical impacts.
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Appendix

A. Simple Huang—Rhys Factor Model

The Huang—Rhys factor gives a measure of the coupling of lflaetant to the rapid movement of
electron charge from donor D to acceptor A. We have donelddtealculations using density functional
theory, and these will be reported in another paper. Hereaseribe the calculation for a simple model
system, since this identifies some of the key dependenceas amalytical calculation.

Assume the olfactant is represented by a charge q bound haratly to the centre of a cavity and
able to move along the x axis. The harmonic vibration fregyésw, and the force constaif = Mw?.

We further assume that the electronic charge moves from ainé¢ [p to another point A. We can choose
these points to correspond to ther-molecular (Figure2) or intra-molecular (Figure3) tunnelling
cases. What we can estimate is the Huang—Rhys factor S as@ofunf the relative orientations of
jump path and the oscillator axis, and also examine the dkgrer@ on the dipole moment and on the
vibrational frequency.

The simplest calculation focuses on the change in the projeof the electric field along the
oscillator axis as the electron moves from D to A. In Huangyslthis transition corresponds to the
switching on of a constant force that here we can represealeatric field having a projectiof’ in
the x direction. The new force i = Eq on the oscillator charge. In consequence, the oscillator
now starts moving about mean positidh= F'/K = Eq/K, so there is now a change in mean dipole
X = E¢*/K.

The relaxation energy that relevant for the Huang Rhys faticulation isk = F?/2K = E?¢*/2K.
The Huang Rhys factor itself i$ = R/hw or (E%¢? /2K /hw. Since the force constaif is w?/M then
S = E?¢*/(2Mhw?). It then remains to calculatg for given positions of D and A, and also to decide
what effective masd/ and chargey is appropriate. This result is consistent with more fornhaiotry
of infrared absorptioncf. Section 11.9.2 of1]). The effective charges need careful discussion in any
realistic case (see, e.g8()) but need not concern us so much in a model calculation.
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When the oscillator is at the origin pointing along the x awise may take the donor D to be as at site
Rp and the acceptor A at,. The change in force on transfer of an electron is

eq = - eq - -
F= (LR, i—(=ZL)R,- 5
(eR%) D (eR;z) a ©)

with 7 a unit vector along the x axis arche relevant dielectric constant. This can be evaluateityeas
in the model case. It is easily seen without explicit caltatathat the relevant Huang Rhys factor falls
off when the charges move away from the oscillator axis, oemwthe distances of D and A from the
oscillator become more than a few A.

The Huang—Rhys factors can be calculated using a full eleictstructure code, and we shall describe
this in detail elsewhere. This is normally done by combiniotal energies from four calculations;
namely, for the system relaxed for the charg&at calculate the energies when the electron is on D and
when itis on A, and correspondingly, for the system relaxedHe charge ak: 4, calculate the energies
when the electron is on D and when itis on A. There is some ey in these calculations, but this
compensates somewhat for working close to the limits of iayuof electronic structure codes.

B. The Electronic Matrix Elements

The important electronic states are those where the etetsron the donor, represented by the
notation|D), and when the electron is on the acceptor, this is repreddntahe notationA). We
make the assumption that the electronic wavefunctionsrevadiabatically, as electron motion is very
rapid compared with the nuclear motion during transitioffee Hamiltonian to describe these energetic

states is:
t
H, = < =P ) (6)
t A

wheret is very small; the donor and acceptor areaklycoupled. If we introduce an odorant M into the
equation then the electron can go from D to A via the molecnileeyen as noted in the rest of the text,
via a different route) with statg\/). The Hamiltonian for this scenario is:

ED v 0
H = v ey v (7)
0 v A

In order to generalize to an effective two state Hamiltonvaa& use downfolding:

ep v 0 cp cp
v gy U cu | =¢| cu (8)
0 v ey cA cA

This yields the secular equations:

EpCp + vey = ecp
vep + ey +veq = ey

Ve + EACA = ECA. (9)
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Socy = (e —epy) =v(ca+cp), andey, = —%— (ca + ¢p), SO:

E—EM

v2 v2
TP I I e (10)
B €4+ =~ cA cA
E—EM E—EM

This indicates a coupling”— = t ~ —*—, from the off diagonal effective matrix elements. We
approximates = ¢, as we do not know the energy eigenstatéut assume = =, 0Or ¢4, Sinceep
ande 4 differ very little (meV), as compared with the differenceaweens, andes,, (10’s eV). Thus the
initial electronic state will involve an admixture of D and ddie to the presence of the odorant, and the
final electronic state i8fl] similarly an admixture of A and M. This implies the presemé@an odorant

M is integral to an electron transfer process.

C. Table of Vibrational Frequencies

Table 6. A table of values from the AIST database, see
http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/diré@me_top.cgi, for the vibrational modes
of ferrocene and nickelocene in cf

Ferrocene Nickelocene Ferrocene (cont.) Nickelocene (don

3921 3926 1334
3443 1256 1259
3106 3127 1106 1110
3096 3095 1097
3085 3082 1049 1046
3072 1002 1003
2973 866 880
2691 2661 849 839
2459 817 800
2264 788 772
1779 1774 659
1695 1677 650
1636 1670 640
1663 620
1571 486
1554 493
1410 1424 478
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