Odor Reception: Strm:ture and Mechanism

Stephen J. Herman
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dors play a key role in the personal care
O industry. They are the raison d'étre of the
multi-hillion dollar fragrance industry. Cosmetic
products have base odors to be fragranced, or
at beast masked. The major marketing differ-
ence between shampoos and bath products is
usually fragrance. Fragrance is typically the
most expensive ingredient in a cosmetic for-
mula. Yetdespite the unguestioned importance
of fragrance. our knowledge of the sense of
smell is often  surprisingly sketchy.
There is a good reason why odor recogni-
tion is poorly understood. It is 2 new and
evolving Geld. Much of the information is still
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confined to technical jouwrnals and chemore-
ception seminars of an advanced nature. Comprehending
the current state of the field requires knowledge of genet-
ics and the genome, cloning, hiology, biechemistry, anatomy
and physiclogy, protein chemistry, molecular modeling,
signal transduction and the inner workings of the brain. It
is no wonder that olfaction bas largely remained in the
domain of specialists. The current revicew aims to reveal the
scope of contemporary research in relatively simple terms,
and the extensive references will assist the interested
reader in locating the key papers and investigators.

Background

The Bbumman olfactory system: Chemorcception is a
general term for all the mechanisms by which living things
sense chemicals in the environment. In humans, for external
airborne stimuli, it consists of the olficrory svstem (the sense
of smell}, the wigeminal nerve (a hazardous chemical sensor)
and the vomeronasal organ (YNO, the putative pheromone
recepton). Figure | shows the gross anatomy of the olfactory
system and the location of the VNG, Other examples of
human chemoreception are taste and hormone recognition,

Odorant molecules are detected by hair-like cilia located
on the roof of the nasal cavity, in a region known as the
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olfactory epithelinm, Until recently the
exact mechanism of odor reception -
incecd, what property of matter cre-
ates a perception of odor - was not
uncerstond with anything like the preci-
sion of the anaklvses of sight or hearmg,
By 1950, two theories emerged (o
provide aconnection between molecu-
lar propertics and olfictory stimulation.
Robert Wright led the proponents of
the vibratiomal theory, now advanced
by Luca Turin. John Amoorc champi-
oned the stereochemical theory.
Stereochemical theory: The ste-
reochemical (or “lock-in-key ™ yapproach
is casy (o visualize. The odor receptors
are postulated o have a configuration
that can host 4 specific shape. When a
molecule arrives with the appropriate
shape and size, it necupies the receptor
site and triggers the olfactory response,
Vilwational tBeory: The vibrational
theory attributes odor recognition to
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Flgure 2 Simiprle model of the offactory process, aceording to
Buck and Axel

the energy levels within the molecule.
The basis of this model is inelastic elec-
Lrom tunneling,

The miodel assuines the receptors to
be minute spectroscopes. In traditional
spectroscopes, light is the probe; in
this process, electrons are used. A gap
is bridged berween a higher and lower
energy level in the receptor site to
complete the nerve signal. Once the
circuitis completed, a biochemical pro-
cess amplifies the signal, opens an ion
channel, and sends an impulse to the
olfactory bulb.

The vibrational theory works well
with some odors, but fails with others,
The same can be said for the sterco-
chemical theory.

G-Protein activation: In 1991 Buck
and Axel pubbished one of the seminal
praapers! in clfactory research, based on
work conducted ar Columbia Univer-
sity. They ldentified the odor receptor
Lene as a sevenaransmembranc (7T
domain protein, a smakedike protein
that crosses a lipid membrne seven
times. The [oops are of varions sizes,
The external end is always NH,, and the
internal end always terminates in
COOH. When the odorant molecole
fits iNto @ receplor site, it twists the
protein, sending a signal to the end of
the molecule, Such a structure is ro-
ferred o as a coiled-coil protein,

Buckand Axel's work, combined with
a major contemporancous effort con-
ducted acjohns Hopkins University, raiscd
ourr unlerstanding of the smell mecha-
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nism to mear parity with our understanding of the other senses.
Amessential key was establishing the process of signal transdoc
tian, by which the chomical energy of binding is converted into
a neural impulse of electrical namre.

A simple mode] of the olfactory process as determined
following Buck and Axel's initial work is reflected in Figure
2, showing the general state of knowledge by the end of
1991, In the most succinet terms, the oderant molecule
interacis with the 7TM odor receptor protein, activating a G-
protein, which triggers the cyclization of adenosine triphos-
phate CATPY to oyelic adenosine monophosphate (cAMP),
opening an ion chaniel. and sending a signal via the ol fctory
bl vo i neursl network lemding o the olfactory cortex.

The follwing sections will cxamine some of the progress
miade in the kst decade toward understanding the details of
alfactory recognition. A synthesis of the current state of
olfctory understanding will be presented in the final figure.

G-Protein Coupled Receplors

The human body uses 7-TM spanning serpentine recep-
tors for a variety of signaling functions, Indecd, it was hy
.ill'l:!lﬂg}' in] Ih'l'.'-‘il' Uﬂl.l_'r b‘f:‘ﬂ Cms T]'Il|1 I:l,]i.,' I,)J,EI.L'!.I:H.'}- agdor
receptor wis discovered, The receplor riggers the commu-
mication process by stimulating an adjacent G-protein. The
Geprotein takes its name from its role in binding o the
guanine nucleotide GTP (guanosine triphosphate). The G-
protein sends the signal further intoe the cell when it is in s
active state, After a short period of time, the G protein shuts
itself off, thus acting like a binary switch. This process
tvpically takes a few seconds or less,

The G-protein is not one precisely defined molecule, but
rathers family of structures classified by thelr biological role,
The G-proteins are often named for their activities, so the
one associated with olfaction can be designated G, orG;

The G-proteins associated with G-protein coupled recep-
tors consist of three components: e, [ and v The units are
typically different sizes: the o subunir is 39-46 kI3, the B 35-
39 kD, and the yapproximately 8 kD, Genetic studies thus far
indicate the existence of 2000, 6 [§ and 12 ypossible subunits,
In the inactive state, the o subunit binds to GDP (guanosine
diphasphate) and the 3 subunits are attached. When the o
subunit binds to GTP, its affinity to the B and v subunits is
decreased and the molecule dissociates. This separation
enables the reactions that amplify and continue to propagate
the signal, an cssential step in the signal transduction pro-
cess, The activation/deactivation cycle is shown schemati-
cally in Figure 3

Inits active state, the G-protein causes ATP (o convert o
cAMP, which is the second messenger in the signal cascade,
The cAMPalters the permeability of the nerve ion channel to
different ionic species, changing the electrical potential, and
communiciting the sensory response into the brain, This
process is not unigue to elfaction, and the interested reader
can find the details inany biology texe, although the role of
G-proteins will not appear in older volumes.
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DMNA Basics

Deoxyribonucleic acid (DMNAY is structured as a
double helix chain with a phosphate-sugar backhbone
and four possible bascs, adenine (A), guanine (G,
cystine (C) and thymine (T (Figure 4). The hases can
only be paired AT or C-T, When DNA replicates, the
chiin unravels and a new chain is made from comple-
mentary bascs: that is the process used to perpetuate
life itsell. The main functional role of DNA 5 1o serve
as a template for protein synthesis

The fromo safens genome contains all the ge-
netic information to create @ human, It con@ins 3
hillion bascs in human DNA, divided between 23
chromosomes. The DNA sequence encodes the in-
structions to make proteins. A surprisingly large group
of these instructions, consisting of about 2% of the

entire genome, provides the information for con-
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structing the odor receplor proteins.

Proteins are chains budlt of amine acid units (Figure 5.
One end of the chain is alwavs an amine group (the N
terminal), and the other encl is always a carboxylic acid {the
. terminal),

When DNA is uncodled to replicate, the four bases must
encode 20 amino acids. A sequence of three bases, called a
codon, corresponds to an amino acid, DNA first encodes
ribonucleic acid (RMA), which is the template for protein
synthesis. In RNA, the base uracil (U replaces thymine,
Since 04 combinations of the four bases are possible, there
is redundancy in the code, usually in the thind component of
the codon. The sequence AUG begins a sequence, and the
end is signaled by UAG, UAA or UGA

Within genes, there are also sections of DNA called
introns, which do not carry protein-making instructions,
When acell makes protein, it edits out the introns to produce
a continuous siretch of bases coding for precisely the cor-
rect sequence of amino acids needed to build the protein. A
convention has established single leter symbaols for all the
essential amino acids in proteins, and these are shown in
Table 1.

A simple illustration will show how a snake-like trans-
membrane protein arises from the DNA code, Stant with the
SCuUence:

ACCCGCACCGAUIGAUGALCGC-
ACCACCCGLCCGCUGA

ATG initiates, CGO s 2 codon For arginine, ACC encodes
threonine, GAL encodes aspartic acid and UGA terminates
the chain, creating a  protcin consisting  of
RETDTRETDDDRTTRE, beginning with the M termanal, end-
ing with the C terminal. Figure & shows this chain winding
through a lipid membrane,

The Odor Receptor Code

Searching for the odor receptor gene, Linda Buck made
the inspired decision to look for members of the seven-
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Fignre 4. DNA doabile belix covd Dase faairs

transmembrane receprors. This was 3
key assumption, because it narrowed
the search considerably - and it was
correct, Gene mining is the term uscd
i find paris of the genome with identi-
fiable characteristics.

In Buck and Axel’s paper, several
ador receptor genes were identified.
Two of them, in abbreviated form, are
shown in Figure 7, Several points must
be understood about the gene analysis
that was conducted. Some locations
have the same protein in all or most of
the penes in the family, forming a “con-
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from the genome databases has enabled the cxplo-
sion of studies in molecular modeling and genetic
maodification that has characterized the recent stages
of olfactory research,

| Protein Modeling

| Rhodopsin, a G-coupled protein receptor used in
photorcception, is often emploved o model the
odor receptor. It works by a mechanism similar oo
chemoreception, it has been studied extensively,
and its threedimensional structure has been pre-
cisely determined = no small feat when dealing with
such complex molecules.

Establishing the three-dimensional structure of
the odor receptor requires a combination of sci-

Table 1. Single-letter amino acid symbols

Amino acid Thres-teiter symbal Dne-letter symbal
Alanine Ala A
Bureyirvire Arg R
Baparagine Asn M
Aspartic acid Aap o}
Cyataing Cye <
Gludarming Gln O
Glutamic acid Zlu E
Ghycime Gly LT
Histicline His H
|saleucine e |
LELICnS len L
Lysine Lys K
Mathicnineg Met ]
Phemydalaning Phe E
Prodine Pro =]
Sering Ser =t
Trreonine Thr T
Tryplaphan Tp W
Tyrosineg Tyl ¥
Valine Val W

sensus.” Several consensus locations
are circled in the figure. Only two
human receptor genes are shown, but
human nonreceptor genes and nonhu-
man dor recepror genes were com-
pared, much like the synoptic gospels,
e lind patterns that characterize the
gene families,

The availability of the entire genome,
plus powerful computer programs, has
allowed the identfication of close to
1000 odor recepror genes. Many of
these are pseudogenes, but easily 400-
500 express functioning receptors, The
large collection of raw data available

ence, computer modeling and guesswork that en-
ables a topology prediction of membrane protein,
The prediction technigque relies on residue compo-
sitional differences in the protein segments exposed at
cach side of the membrane. For example, the amino acid
residuc types Asn, Asp, Gly, Phe, Pro, Trp, Tyr and Val are
preferably found on the extracellular side, and Ala, Arg,
Cys and Lys mostly occur on the intracellular side. One
frequently used parameter is the “positive inside rule,”
which is based on charge differences in the amino acid
residues. There are many web sites where amino acid
sequences can be inputted to yield a predicied three-
dimensional structure, and the specific algorithms ex-
plained.

Leffingwell has offered modeling of a number of putative
odor-binding cavities; his structure for the human OR1.04.02
is shown in Figure 8. Leffingwell used sequencing data from
Senomyx, which differed somewhat from that proposed by
HORDE (The Human Olfactory
Exploratorium), one of several available anline. The cavities

Recepror [Drara
were caleulated using CastP, an online protein bonding and
active site calculator program. An amino acid seguence is
Plugged in. and an algorithm based on a number of modeling
assumptions is used to design the proposed tertiary struc-
ture. Adjustroents can then be made manually 1o rectify
cermain obvious anomalies, The final structure remains
good educated guess, useful for further research, but only
positive results such as those provided by xray crystallogra-
phy can be considered definitive,

The structure of the ador receptor protein is ovlindrical
inside the lipid bilaver arca, but essentially unstructured
outsicde it Another descriptive feature of the molecule is that
it is a “coiled-coil” protein, where different chains can
overlap each other, These features are shown in Figure 9.
The bonding pockets have been found between TM-3 and
TM-6, and a cross section of hypothecated bonding regions
{derived from Lancet’) are shown in Figure 10, which shows
i view perpendicular wo the depictions in Figures 8§ and 9.
Figures & 9, and 10 thus all show different aspects of the
mexdeling of the odor receptor protein,
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receplor gene. A green flucrescent protein was
used as a marker, and clectrophysiological test-
ing indicated increased olfactory response in
the receptor, particularly to ectanal. The study

showed that the recepror responds to saturated
aliphatic aldehydes from C-7 to C-11.

Im vz, 90 compounds were tested, most of
which indicated no response, in keeping with
the assumption of selectivity of the individual

Figiare . Simrie ransmemrane [rrodein
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receptor to odorants. Mot all parts of the mol-
coule are equally important in triggering the
receptor. For this recepror the aldehyvde group
wias necessarey. and the chain lengrh was clearly
restricted o the mnge of 7 w 11 carbons,
Lnsaturation of the chain was not critical, al-

though the combination of unsaturation plus an
added methyl group can deactivate the com-
pound, probably hecause of jrs ef
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fect on the geometry of the mol-
coule versus the receptor pocker
Firestein's conclusion thar the
17 odor receptor is specific to
aldehydes provides key evidence
of the relation of individual recep-
tors o chemically defined func-
tional groups. This work is crucial
toeventually establishing the stroc-
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ture-function relationships that
could revolutionize perfumery.

Signal Transduction
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Figrwe 7. Two bumtan odor veceilor genes, @itk cogcensns locoations circled

Signal transduction an the cellular
level refers to the movement of
signals from outside the cell to in-
side. G-proteins are frequently in-
violved in signal rransduction, and
receprors of the class that interact

Genetic Modification as a Toal

T use the genome information for
olfactory research, the sequences ex.
pressing the odor receptor proteins
must be identficd, replicated and in-
serted inoa simple orgnism. A virus is
sometimes used to propagate the gene,
living
thing. The virus can then be placed in
A target organism,
encourage the expression of the
desired trait,

In @ significant example of the appli-
cation of genetic modification to study
olfactory response, Firestein used an
adenovirus 1o express the rat 17 odor

although it is technically not a

where it will
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with G-proteins all have a structure
that is characterized by seven-transmembrane ¢7-TM) span-
ning domains. These receptors are termed serpeniine recep-
tors;, odorant receptors are examples of this class, as arc
certain hormone recepiors,

The general principles and mechanisms of signal trans
ducricn investgared by researchers such as Firestein include
receptocligand interactions, modulation by second messen-
gers, and ion channel gating. Photoreception in the human
eye uses T-TM receplors that change conformation when
struck by photons, a mechanism that was discovered in
1955 Tt should be noted by the example of sight, and the
current exploratory nature of olfactory research, thar de-
tailed knowledge of how our senses work s a very recent
development, Mankind discovered the hyvdrogen bomb be-
fore unraveling the mvstery of sight
Firestein has used the wols of modern
genetic rescarch to experiment with the response to odor-

AL Columbia,
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Figrere & Pulative binding cavity in buman QR 1046.02
derived wxing CastP (used with permission of Leffinguel &
Associates )

Figre 0. Codled-codl strsicture of an odor recefror protein

Figere [0, Odor binding pockels from the oder recefior
Jrredein in Fipares 8 and
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ants bv a specific receptor. Firestein focused on the odor
mrarker protein (OMPY, postulated asa key component of the
odor response cascade. The receptor gene was expressedin
an adenovirus, @ simple propagation media similar to the
source of the common cold.

Mice were produced with the gene for the 17 OMP
removed. This research animal is called an OMP-null mouse,
Mice with specific gene deletion are commuonly described as
“knock-out” mice. Mice are commonly used in genetic re-
scarch, in part because of the similarity berween mouse and
human DMA,

The gene was combined with a green fluorescent marker
and the virus used o infect the odorsensing neuron of
mouse olfactory epithelia, The replication of the OMP in the
mouse could be tracked with the green color, and the
response o ligands of that recepror was noted,

Electrophysiological recordings were taken =4 days
after infection and established the restoration of odor
reception. Standard methods such as patch clamp eleciro.
physiclogy arcaviilable to measure ¢lectrical activity at the
cellular level, providing an additional measure of proof
for Firestein.

This research provided the frst concrete relationship
between a family of lgands and a specific odor recepror.

Odor Reception Patterning

Lindla Buck’s recent work shows the combinatorial nature of
odor recognition. There are approximately 1000 ador recep-
tors (ORs), but perhaps TGO odors can be distinguished.
Thus, there can not be g omedo-one correspondence between
OHs and distinet odors,

The: key account of Buck and her colleagucs is reported
in Malnic.* According to Buck, *A single recepror can recog-
nize multiple odorants; a single odorant is typically recog-
nized by multiple receptors; and different odorants are
recognized by different combinations of receprors,™

Omne odorant can fire several ORs, each of which transmits
its impulse o anacon, which leids to a glumerali. Glumeruli
are clusters of about 10000 axons in the olfactory bulb, The
respaonse pattern recetved in the gluomeruli is relayed to the
brain for the fnal decoding (Figure 113, The permanent
pattern recognition inthe glomenuli is crucial for odor memory,
because olfactory sensory neurons have short lifetimes,

Buck’s group used calcium imaging and single-cell RT-
PCR (reverse transcription polymerase chain reaction) to
study the effect on ORs of molecules with similar chemical
structures but diffcrent odors. RTPCR was used (o identify
the OR genes expressed by individual neurons, When acti-
vared, olfactory neurons show an increase in inracellular
calcium that can be detecred with calcinm imaging.

Mouse olfactory neuvrons were tested with C-4 to G0
aliphatic odorants:  alcohols, carboxylic  acids,
bromocarboxylic acids and dicarboxylic acids. Fourtcen
olfctory neurons were expressed. The pattern response to
three odorants is shown in Tahle 2.

Vol 117, Mo, $fBeptember 2002



Anexample of two odorines with similar structures
but differciot odors 15 showin in Tablde 3. Buck's work
proved that mammalian ORs could distinguish odor
ants that differ in chain length by onc carbon, or
that have the same chain length but different fune-

Olfactory
cortex .
——

tional groups.
Different odorants activate different combinations

of glumermli, An increase in odorant concentration alseo

increases the number of glumernli that respond to the Bone i}‘u"

stimuli. Odorintensity, why some odorants are somuch
moee potent than others, mav fnd s solution in the I.M h h ’.(ﬁ M.‘ Mr ﬁ [\l\ﬂ
combinatorial patterns and the role of the glumerali in [ ] |

the recognition process, Olfactory Epithelium

Decoding in the Brain Flgure [T, The vofe of (e glunteral

A fundamental difficulty in expliining

why a rose smells like a rose is that it is a
multi-step process ending in the middie of
the brain, inan ancient, cmotive arca known
as the limbic system, The antiguity of the
olfactory system and the limbic system,

Table 2. Olfactory neuron recognition profiles

81 83 &6 518 519 575 541 546 550 551 579 583 S8 SEG
and their direct connection, make it pos-

siblet Tate that tl ) i S .

St R e - g T o

sible to speculate that the process of recog O e o

nizing smells was intimately involved im0 opaee e oy i I,

the development of human emations

Two organisms in the limbic svstem have
been identificd as crtical regions receiving
olfacrory information. These organisms

are the amygdala and the hippocam pus
The amyvadaky is an emotional center :
thart also responds to fearand other basic
feelings, while the hippocampus is a
NN Cemter,
There can be no better description v
of the amygdals than that offercd by -
; & ANTI-CAKING AGENTS
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fable 3. Structure/Cdor differences?

51 53 BB 516 519 825

Hexancic asid ® rancid, sweaty, sour, faty

Hexans X X swedl herbal, woody

vestigative toolsinclude clectrocncephadogragphy (EEG and
electrocardiogram (ECGD, as well as such easily measured
physiological properties as systolic blood pressure, heart
rate and electrodermal activity,

David Zald isa leading rescarcher in the role of the amygdala
inodor response. He has used PET scans wo identify the areas of
the bran reacting o aversive stimulation, Zald found thar the
amyidalaand the left obitofrontil cortex respond to unpleasant
odors, specifically mixtures of sulfide gasses.

The amygdala does not seem to process less potent odors,
Buck found two ORs in the rat that did not trigger the
amygdala. The conclusion is that the amygdala and some
other limbic arcas dare activated By odorants possessing
strong hedonic qualities.

Because olfaction involves so many steps, the research on
different aspects of the process have focused on iselated and
highly specialized scienoific investigations. The amygdala-
related research and the decoding process in general are far
removed from the study of the odor receptor proteins.
Research on the amygdala involves brain specialists from
both physiology and psychology. On the other hand, re-
search on the odor recepior proteins requires genctic and
protein modeling studies at the recepror site, The receplor
site determines which molecules have smell by triggering a
sigmal. The inner brain gives the signal meaning, makes odors
cmotionally cvacative, and forms the basis of aromascience
and aromatherapy,

The detailed study of brain functions is far beyond the
scope of the present article, but the imterested resder is
referred to Schoenbaum” as an appropriate cniry o the
current research in this area

Current Model of Olfaction

Figure 12 shows the mechanisim of olfaction as it is cur
rently understood, The odorant molecule nmust first come in
contact with the odor recepror protein, perhaps through the
mccliation of an odor binding protein. The odor recepor is 2
TIM Gecoupled protein possessing defined helical structure
inn Lhe sections inside the lipid membrane, The helical domains
contain defined pockets where the odorant ligand can dock.
The exact pocket configurations participating in odorant
binding and knowledge of the specific ligands that trigger 2
given receptor are only known in a fow cases, but work is
angoing in this area,

The resulrs obrained so Fir support the general theory of
the olfactory mechanism derived from Buck and Axcl's
maodel, and further data should inerease our detailed knowl-
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cdge without altering the broad outlines of the process.
The interaction of the ligand with the odor receptor pro-
tein sends a signal to the associated G protein, That signal
is amplificd by a second messenger, insome way abetted by
an odor marker protein. The signal is then sent o the
glrmeruli, a bundle of nerves in the olfzctory bulbh where
the messages from Mmerous recepLors Converge. A single
molecule can trigger more than one recepior, soa limited
number of receprors used in combinations can discrimi-
nite between many thoosands of different odors, Becanse
of the efficient biochemical amplification involved, only a
small number of odorant molecules are necded to indtiate a
signal cascade.

A pattern of glumeruli activation is sent o the brain,
where it is decoded in the region of the limbic system,
especially including the amygdala for certain imporcant
odors, The exact recognition process is not currently under-
stood, but progress is being made on locating the areas of the
brain that respond to particular odors,

Conclusion

Buck and Axel provided the key to our current understanad-
ing of olfaction in 1991, Identifying the odor receptor gene
family brought the power of genetics to bear on the field,
prowicding many fruitful avenues of exploration. Research has
been aidedgreatly by the recent publication of the human
genome and advances in the computer modeling of complex
chemical structunes,

The fundamemntal problem of olfaction is that i is a mul-
step process, The combinatorial mature of smell recognition
and the sill barely understood role of the brain in decoding
the olfactory signal have left great barriers for scientists o
surmount hefore the mystery of smell is totally solved.

The anatomical and biochemical approach outlined in
the present article ignores many other aspects of olfaction:
the psychology, sociology and anthropology of smell, the
eftect of age and disease on odor recognition, snd the sister
fields of aromascience and aromatherapy. The smdy of
human odor recognition will keep researchers busy for
many miore years, and may someday provide the key to
unlock a treasure trove of opportunitics for new consumer
uses of fragrance,

Refwradircticn af ol oF faed of B riiclo 0 Faplish aF aay ofber TERgnage
{5 strtcrly rabilfied,
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