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Abstract: The olfactory sense plays a dominant role in a variety of behaviors across many species ranging from
invertebrates to higher mammals. Consequently, there is great interest in understanding how olfactory
perception is initiated. The olfactory signaling pathway is triggered via a receptor-mediated event and is then
conveyed onto to higher order neurons and ultimately to the cortex. The last ten years have witnessed an
increased interest and success in understanding olfaction from a receptor perspective. These findings have
significantly enhanced our insight of the olfactory system.
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The olfactory sense plays a dominant role
in a variety of behavioral aspects such as,
but not limited to, food detection, social
behaviors and reproduction. Two inde-
pendent olfactory organs, the main olfac-
tory epithelium and the vomeronasal or-
gan, mediate mammalian olfaction. The
olfactory epithelium is responsible for
detection of low molecular weight mole-
cules while the latter is devoted to phero-
mone detection and behavioral respon-
ses.

Signal Transduction in Olfactory
Neurons

The signal transduction cascade in ol-
factory neurons is initiated by the binding
of odor molecules to receptors (R; Fig. 1)
in the cilia [1-3]. The first insight into the
signal transduction pathway was gained
by identification of an odorant sensitive
adenylate cyclase (AC; type III), present
in isolated dendritic membranes of olfac-
tory sensory neurons (OSNs) [4]. It was
subsequently demonstrated that odorant
activation of AC is tissue specific, and
its activity was guanine triphosphosphate
(GTP) dependent thus implicating het-
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erotrimeric G-proteins and G-protein
coupled receptors (GPCRs) in olfactory
transduction [5][6]. Single channel re-
cordings from on-cell patches demon-
strated that odor induced channels show
no voltage-dependent behavior and that
channel activity depends on intracellular
concentration of cyclic nucleotides [7]
[8]. A cyclic nucleotide-gated channel
(CNG) has been subsequently cloned and
it is composed of three different subunits
[9-11]. It is now widely accepted that ol-
factory transduction pathway begins with
the activation of an odorant receptor
(Fig. 1) upon ligand binding [12]. which
in turn stimulates an olfactory tissue spe-
cific stimulatory G-protein Golf' Golf in its
active form activates AC type III, result-
ing in the elevation of intracellular cyclic
adenosine mono phosphate (cAMP) [13].
The cAMP then directly binds to a CNG
channel, a non-selective cation channel
expressed predominantly in ciliary mem-
brane. Opening this channel leads to the
influx of sodium and calcium, and depo-
larization of the plasma membrane. In-
creased intracellular calcium concentra-
tion has a dual role: it activates a calcium-
dependent chloride channel and, on the
other side, it most likely binds calmodu-
lin, closing the channel by reducing its
sensitivity to cyclic nucleotides [14][15].

The existence of another ~cond mes-
senger pathway was demonstrated in ol-
factory neurons of some vertebrate spe-
cies. It has been shown that amino acids
increase intracellular inositol triphos-
phate (IP3) levels in catfish neurons in

GTP-dependent manner [16]. In addition,
IPrgated channels have been found in
olfactory cilia of catfish neurons
[17][18]. Both cAMP and IP3 pathways
have been implicated in lobster olfactory
neurons [19-21]. Signaling in insect ol-
factory neurons, although not understood
as well as in vertebrates, is believed to
have both pathways cAMP and IP3 path-
way [22]. There are biochemical data that
suggest the existence of the IP3 pathway
in rat olfactory neurons [23], but record-
ings from a mouse with a targeted dele-
tion of the a subunit of the CNG channel
strongly indicated a cAMP pathway as
the only second messenger pathway in
mammalian olfactory neurons [24].

Signal Processing in the Olfactory
System

As per our current understanding, all
odors appear to induce an excitatory re-
sponse in primary OSNs, all of which
send their axons to an anterior region of
the brain known as the olfactory bulb.
The surface of the olfactory bulb is
marked by some 2000 spherical struc-
tures, about 50-100 microns in diameter,
called glomeruli. Each glomerulus con-
sists of incoming fibers from OSNs and
the dendrites of the second order projec-
tion neurons, the mitral cells. There is a
tremendous convergence at this stage
with several thousand axons from OSNs
forming synapses on the dendrites of
fewer than 25 mitral cells [25]. All of the
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Fig. 2. Graphical representation of the mammalian olfactory system.

Fig. 1. Schematic representation of olfactory signal transduction cascade: Binding of an odorant
(yellow) to the OR initiates the pathway. The pathway consists of the olfactory receptor (R);Golf.
G~ and Gy• the three subunits of the heterotrimeric G-protein; adenylate cyclase (AC); eNG
channel (blue); chloride channel (red), The phosphodiesterase (PDE) is responsible for the
degradation of cAMP and thus downregulating the signaling cascade.
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also activated by benzene rings substi-
tuted with methoxy (-OMe) or bromine
(-Br) groups. In comparison, aromatic
molecules bearing the amino (-NH2), hy-
droxyl (-OH) or carboxyl groups did not
activate the same cells. In addition to ac-
tivating single mitral cells, some mole-
cules were found to cause strong inhibi-
tion of these cells as well. Molecules that
were responsible for inhibition of spike
responses from mitral cells were all

o

o

of these responses showed that the length
of the hydrocarbon chain length attached
to the aromatic ring played an impor-
tant role in determining the specificity of
the responses. Analysis of a panel of
alkyl benz~nes and disubstituted ben-
zenes showed that a subset of both these
groups, bearing similar conformations
were capable of activating single mitral!
tufted cells [30]. The mitral cells activat-
ed by alkyl-substituted benzenes were

neurons expressing a particular odor re-
ceptor converge into one or two glomeru-
li (see below) and a given mitral cell
sends its dendrites to only a single
glomerulus, The mitral cells send their
axons out of the bulb by way of the lateral
olfactory tract (LOT) which projects
widely in the olfactory cortex. Additional
processing occurs in the olfactory bulb
through complex interactions between a
population of inhibitory interneurons
(granule cells) and lateral projections
from the mitral cells (Fig. 2).

A critical question is whether the
glomerular sheet represents a transforma-
tion of the olfactory stimulus into a spa-
tial map. Several recent studies using
techniques for imaging brain activity in
the intact olfactory bulbs of living ani-
mals have begun to reveal some broad
organizational patterns correlated with
chemical structure of the odor stimuli
[26]. Additionally, recordings from sin-
gle mitral cells in various regions of the
olfactory bulb have suggested a degree of
tuning that presumably reflects the sensi-
tivity of the primary OSNs projecting to
particular glomeruli [25][27-29].

Using a series of aliphatic compounds
as ligands, recordings of extracellular
spike responses were made from mitral
cells of rabbits [28]. In the dorsomedial
part of the MOB, individual mitral cells
were activated by subsets of n-fatty acids
and/or aliphatic aldehydes having similar
chain lengths. The extent of the response
for the molecules in this group was not a
function of the concentration. However,
the range of the effective aliphatic com-
pounds increased with increasing con-
centrations. Furthermore, cells that were
activated by branched fatty acids were
also activated by subsets of n-fatty acids
having similar hydrocarbon chain length.
It was also demonstrated that cells that
were responsive to n-aliphatic acids were
also responsive to n-aliphatic aldehydes.
These cells did not respond to n-alcohols
and alkanes. Thus demonstrating the
rather stringent requirement of the carbo-
nyl group in addition to chain length for
activation of these cells. The other obser-
vation demonstrated that ketones and es-
ters with the carbonyl group in the middle
of the molecule were also able to activate
the same mitral cells that were responsive
to the n-acids and aldehydes. This estab-
lished that mitral cells in the MOB dis-
play a stereochemical structure-depend-
ent response to odorants.

In a separate study responses to aro-
matic compounds were recorded from
rabbit mitral cells in the ventromedial re-
gion of the olfactory bulb [30]. Analysis
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Fig. 3. Graphical representation of a 7TM GPCR. This figure represents the rat odorant receptor
115,showing seven transmembrane domains. The extra-cellular, intra-cellular loops and trans-
membrane regions are labeled E1, E2, E3; C1, C2, C3, and TM1 - TM7 respectively. More
conserved regions are shown as white balls and variable regions are shown as black balls
(adapted from [32]).

found to be benzene molecules (mono or
di-substituted) bearing side chains con-
taining two or more carbons atoms.

Both these studies demonstrated that
different mitral/tufted cells have dissimi-
lar excitatory molecular receptive ranges
with respect to the molecular conforma-
tion [28][30]. The dorsomedial and ven-
tromedial parts have characteristic fea-
tures specific to each of them. In contrast
to the ventromedial part which very rare-
ly involved activation by fatty acids the
dorsomedial part in most cases involved
activation by fatty acids. For example the
cells in the dorsomedial part responded
with increased spikes to benzoic acid,
whereas no response was exhibited to the
same compound in the ventromedial re-
gion. This established that the conforma-
tional features of the odor molecules
were one of the important parameters in
the spatial representation of the olfactory
bulb [25].

In a more recent study, intrinsic opti-
cal imaging was used to examine how
structural features are represented spa-
tially in the sensory map of the rat OB
[29]. It was found that the dorsal OB con-
tained two topographically fixed do-
mains; glomeruli in each domain could
be activated by odorants with particular
functional groups. The various functional
groups used in these studies were as fol-
lows; primary alcohols (R-OH; e.g. CHT
CHrOH), secondary alcohols (R-OH;
e.g. (CH3)rCH-OH), carboxylic acids
(R-COOH; e.g. CHTCHrCOOH), alde-
hydes (R-CHO; e.g.CHTCHrCHO), ke-
tones (RI-CO-Rz; e.g. CH3-CO-CH3), es-
ters (R'-CO-ORz; CH3-CHz-CO-OCH3),
and phenol (Ph-OH). Using a large panel
of odors, the structural features of odor-
ants were mapped into two classes that
differentially affected the spatial map
[29]. Carboxylic acids (carbon chain
length, n = 3 to 8) and aliphatic aldehydes
(n = 2 to 8) were found to activate
glomeruli that were clustered in the an-
teromedial domain of the dorsal OB. Pri-
mary alcohols (n = 3 to 9) and phenol on
the other hand were able to evoke modest
to strong responses in the lateral part of
the dorsal OB, with little overlap with the
activation pattern of the carboxylic acid
responsive anteromedial domain. Esters,
which are formed by the combination of
carboxylic acids and alcohols demon-
strated glomerular activation depending
on the number of carbon atoms attached
to the carboxylic acid part of the ester.
Esters with more than four carbons in the
acid part (C4-COO-R) activated the an-
teromedial domain, while esters with one
or two carbons in the acid part and four or

five carbons in the alcohol part (C,/Cz-
COO-C4/CS) activated the lateral do-
main. Propyl propionate (CrCOO-C3),
with three carbons in each part, activated
glomeruli in both anteromedial and later-
al domains. Thus in this series, changing
the position of the functional group
(-COO-) from one end of the mole-
cule (hexanoic acid (Cs-COOH)) to the
other end (n-pentyl fonnate (HCOO-Cs);
switched the activated glomeruli from the
anteromedial to lateral domain, with an
intermediate pattern for propyl propion-
ate. Alcohols on the other hand activat-
ed the lateral domain. Aliphatic com-
pounds with other functional groups
evoked little activation in the region im-
aged. The only exception was .1-hexa-
nethiol and I-hexylarnine; the first one
exhibited very weak activity in the lateral
domain whereas the latter exhibited acti-
vity in the anteromedial domain. Aliphat-
ic hydrocarbons evoked little or no odor
responses in either of the two domains.
The authors were able to demonstrate
that within each domain, structural fea-
tures such as functional groups, other
structural features such as chain length
and branching were represented by local
differences in patterns. These results sug-
gest that structural features are catego-
rized into two classes, primary features
(functional groups) that characterize each
domain, and secondary features that are
represented by local positions within
each domain. Such hierarchical represen-
tations of different structural features
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correlate well with psychophysical struc-
ture-odor relationships [29].

While these results paint an intriguing
picture of stimulus processing in the
bulb, they provide only a partial view. A
complete understanding can only be
gained by appreciating the nature of the
incoming signal from the primary neu-
rons of the sensory epithelium. And this
signal is dependent on the particular tun-
ing curve of those receptor neurons, i.e.
the range of sensitivity to different odor-
ous compounds. This leads to the funda-
mental question of the nature of the mo-
lecular receptors that bind ambient odor
molecules.

Odorant Receptors are G-Protein
Coupled Receptors

Although the existence of a receptor
protein family involved in odorant bind-
ing was postulated long before the signal-
ing cascade was elucidated, the discovery
of G-protein activated adenylate cyclase
made it evident that olfactory signaling
probably involved GPCRs (Fig. 3). The
structure of odorant receptors (ORs) re-
mained unknown until 1991, when the
first eighteen members of putative odor-
ant receptor family were cloned [31]. The
effort to clone odorant receptors was
based on the following assumptions: I) It
was expected that they belonged to a
large family of receptors; 2) ligand diver-
sity suggested a substantial receptor di-
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versity and existence of a multigene fam-
ily; 3) the expression of these receptors
should be restricted to the olfactory epi-
thelium. Sequence analysis of the first ten
cloned receptors revealed the presence of
seven transmembrane (7TM) domains as
well as motifs conserved. among mem-
bers of the GPCR superfamily.

They also have unique motifs shared
only within the odorant receptor family.
These include .motifs Leu-His-Thr-Pro-
Met-Tyr in intracellular loop 1 (C1),
Met-Ala- Tyr-Asp-Arg- Tyr- Val-Ala-Ile-
Cys at the end of TM3 and beginning of
C2, Ser-Tyr at the end of TM5, Phe-Ser-
Thr-Cys-Ser-Ser-His- in TM6 and Pro-
Met-Leu-Asn-Pro-Phe in TM7 [31-33].
Particularly striking were hypervariable
regions in third, fourth and fifth trans-
membrane domains of the receptors, be-
lieved to form much of the ligand-bind-
ing site. The coding region of ORs is
about 1 kb long and it is intronless. The
odorant receptor multigene family can be
divided into subfamilies based on their
sequence similarity and location within
the genome. Northern blot analysis per-
formed with a mix of seven divergent re-
ceptor clones suggested that receptor
mRNA was restricted to the olfactory ep-
ithelium, thus demonstrating specificity
of receptor expression.

Early estimates suggested the exist-
ence of about 1000 genes encoding odor-
ant receptors [34-36], making this the
largest family among vertebrate genom-
es. Experiments that ensued the discov-
ery of the odorant receptor family
showed via in situ hybridization, that sen-
sory neurons expressing distinct recep-
tors are segregated in clearly defined
zones within the olfactory epithelium and
that within a zone they appear to be ran-
domly distributed [37][38]. The func-
tional significance of this zonal expres-
sion remains unknown.

Since then, a number of odorant re-
ceptor families have been cloned from
other species. Mouse OR genes were
quite similar to rat OR genes, both in size
and sequence identity [39]. The human
OR family [40], has an unusually high
number of pseudo genes [41][42). A fam-
ily of ORs examined in the channel cat-
fish was estimated to have about 100
genes [43]. Goldfish olfactory receptors
[44][45] exhibit significant homology to
the mGluR family of receptors [46] and
to the family of vomeronasal V2R recep-
tors [47). Interestingly, cloning of C. ele-
gans chemosensory receptors demon-
strated the existence of yet another highly
divergent GPCR family, with approxi·
mately 500 functional receptors [48][49).

A single chemosensory neuron in C. ele-
gans can express more than one receptor,
contrary to mammalian OSNs which
most likely express only one OR per neu-
ron [34], - although some studies have
suggested that a few mammalian neurons
may express two ORs [50). The family of
ancient vertebrate receptors, cloned from
lamprey (Lampetra fluviatilis) shows
similarities to modern ORs up to the sec-
ond intracellular loop, where it loses sim-
ilarity, especially in the third intracellular
loop [51]. The long search for insect
odorant receptors was successfully ac-
complished by the application of special-
ly designed computer algorithms to
search the Drosophila genome database
[52][53]. In Drosophila, the OR family is
encoded by 61 genes and their expression
has been mapped within Drosophila ol-
factory system [53]. Individual olfactory
neurons express a single OR gene with
exception of OR83b (known also as
A45), which is expressed in all OSNs, in-
dicating a special (still undetermined)
function for this gene.

The observation that olfactory recep-
tors are randomly distributed within ol-
factory zones, and the fact that the
number of glomeruli in the olfactory bulb
corresponds to the number of OR genes
suggests that, in order to encode an odor
quality, OSNs expressing the same type
of receptor should project to one, or a
small subset, of spatially defined glomer-
uli. To test this hypothesis, Vassar et al.
employed an in situ hybridization method
to detect mRNA in the terminals of sen-
sory axons in the olfactory bulb [54].
Their experiments provide evidence that
neurons expressing a given receptor pro-
ject their axons to one or a small number
of glomeruli within olfactory bulb. These
data were consistent with earlier studies
demonstrating the odor-induced activity
detected in different glomeruli in re-
sponse to different odor stimuli, by 2-de-
oxyglucose metabolic labeling [55-58],
optical recording [59], or electrophysio-
logical recordings [28] [30] [60]. The
most compelling evidence for specific
targeting of axonal projections from
OSNs expressing the same OR was pro-
vided by gene targeting in mice [61].
Transgenic mice had a reporter gene tar-
geted to the coding region of a specific
receptor (P2), resulting in labeled axons
in every OSN expressing this particular
receptor.

It is now generally accepted that
OSNs expressing a given OR send their
axons to two symmetrical glomeruli. The
zonal organization observed in olfactory
epithelium is preserved in the olfactory
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bulb [37][54](62). Each glomerulus rep-
resents a convergence site for axonal in-
puts coming from several thousand
OSNs, and in each glomerulus informa-
tion is transmitted to about 20 mitral and
tufted cells [63]. The information is pro-
cessed within the olfactory bulb and pro-
pagated to the olfactory cortex.

Function of Odorant Receptors

The cloning of a multigene family of
olfactory receptors provided the neces-
sary tools for answering many questions
regarding the expression pattern of ORs
in the olfactory epithelium and their pro-
jections to the olfactory bulb [31]. How-
ever, critical questions regarding odor
binding and pharmacology of ORs re-
mained unanswered mainly due to inabil-
ity to express these receptors in heterolo-
gous systems. Functional expression of
ORs would not only prove that ORs can
be activated by odorant molecules, but
would also provide information about the
range and specificity of ligands that bind
a particular receptor. Eventually, the
identification of numerous receptor-
ligand(s) pairs will allow precise identifi-
cation and analysis of ligand binding do-
mains within receptor proteins. Many at-
tempts to express ORs in various heterol-
ogous systems failed for two likely rea-
sons: the inability of host cells to proper-
ly target ORs to the plasma membrane
and the inability of ORs to couple to the
transduction machinery present in the
heterologous cells [64].

The first study reporting successful
functional expression of odorant recep-
tors used the baculovirus system to func-
tionally express rat OR5 in Sf9 cells [65].
The results obtained in this study indicate
a rather non specific nature of the OR5
receptor, since activation of the receptor
by five chemically unrelated odor mix-
tures lead to an increase in intracellular
level of IP3. The response profile of OR5
does not seem to fit the expected specifi-
city of odorant receptors. The other re-
ceptor tested in the study, OR12, did not
show activation with any of the tested
odors. Although no specific ligand was
identified, the zebrafish odorant recep-
tors demonstrated functional expression
but only after fusion with an import se-
quence from guinea-pig serotonin recep-
tor [66]. The C. elegans chemosensory
receptor ODRIO showed a low level of
expression in HEK 293 cells, allowing
determination of its ligands [66][67].

Problems associated with expressing
ORs in traditional expression system
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Scheme. Strategy used in screening ligands for the rat olfactory receptor, 17.The Scheme shows
the five main classes of compounds screened in this study. Group I, compounds with different
functional groups where X = COOH , OH, etc. Group II, III and IV represent groups of molecules
that contained varying degrees of unsaturations and substitutions along the carbon bone of the
parent compound (octanal). Molecules containing aromatic and aliphatic rings are pooled
together in Group V.
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such as yeast, bacteria or mammalian cell
lines have precluded the study of these
receptors in a manner analogous to other
GPCRs. In an attempt to circumvent this
problem, Zhao et ai, developed an adeno-
virus driven expression system, which
made it possible to express an olfactory
receptor in vivo, and then study the recep-
tor using an electrophysiological tech-
nique [68]. Since the binding of an odor
molecule and activation of the second
messenger cascade leads to depolariza-
tion of the OSNs, the activation of the
OSNs can be measured by placing a re-
cording electrode directly on the olfacto-
ry epithelium. This method, called an
electroolfactogram (EOG), was used to
record odorant-induced responses in this
study. This was the first study in which a
mammalian OR was paired with its cog-
nate ligand. This study identified octanal
as the primary ligand for the rat 17 recep-
tor. These results were confirmed in a
study from Krautwurst et al [69]. in
which they developed a system to ex-
press chimeric ORs in the HEK 293 cell
line. The chimeric constructs contained a
rhodopsin N-terminal extension to facili-
tate the expression and translocation of
the protein in HEK 293 cells. The most
striking data in this study was the differ-
ence in selectivity between the rat and
mouse 17 receptor. The 17 receptor in
mouse and rat exhibits -95% sequence
identity and represent orthologous genes
in the two species. Despite this high de-
gree of identity, it was determined that
the mouse 17 receptor preferred heptanal
to octanal whereas the rat receptor had
the opposite preference. This difference
was attributed to a single amino acid dif-
ference in TM5 (V2061)between the rat
and mouse 17 receptor. Besides the
change in selectivity of the 17 receptor,
the system was used to screen 26 odors
and identify receptor-ligand pairs for
three more chimeric receptors. The re-
sults obtained by both these groups dem-
onstrate a successful expression of the
full-length rat 17 receptor as well as a
large number of chimeric constructs.

Since a robust functional expression
system for ORs is still elusive, two labo-
ratories have paired some receptors with
their cognate ligands using an approach
that combined the use of single cell PCR
and calcium imaging [70][71]. In this
method olfactory neurons are stimulated
with different odorants at varying con-
centrations. The cells that respond to an
odorant exhibit an increase in intracellu-
lar level of calcium, which can be detect-
ed by a calcium sensitive dye. The cells
that respond to any odor are then subject

to single cell RT-PCR with degenerate
primers matching conserved amino acid
sequence motifs in mammalian ORs. Us-
ing this approach Malnic et al [71], were
able to link odorant receptors to some al-
cohols (-OH), acids (-COOH) and di-
acids (-HOOC-R-COOH). The authors
were able to demonstrate that a single OR
can recognize multiple odorants and a
single odorant can be recognized by mul-
tiple ORs, but that different odorants are
recognized by different combinations of
ORs. Their experiments further demon-
strated that highly related ORs as well as
divergent ORs can recognize a single
odorant, and that odorants that are similar
in structure are recognizable by different,
but often overlapping sets of ORs. They
also document that small change in the
structure or concentration of an odorant
can alter the combination of receptors
that recognize that odorant. This study
provides evidence for the use of a combi-
natorial code by the mammalian olfacto-
ry system.

In an attempt to define the receptive
range for an ORs, Araneda et al recently
screened over 275 compounds and were
able to define the ligand binding charac-
teristics of the rat 17 receptor [28][72].
The authors employed the use of rational
drug design, a strategy employed by me-
dicinal chemists to screen molecules, us-
ing octanal as a template (Scheme) [73].

In doing so molecules with varying de-
grees of unsaturation, functional groups
and side chains (cyclic and acyclic) were
used to define the ligand binding charac-
teristics of the rat 17receptor. Using EOG
as a measure of receptor activation, it was
demonstrated that besides the aldehyde
moiety, no other functional group was
capable of activating the receptor. In ad-
dition, molecules longer than l2A (more
than eleven carbon atoms) or shorter than
8A (less than seven carbon atoms) were
unable to activate the receptor, a relation-
ship also observed in mitral cell record-
ing described earlier [25]. Interestingly,
within the acceptable length range for
active molecules (8A-12A), structural
variations towards the tail end were more
tolerated, suggesting the presence of a
flexible hydrophobic binding pocket
where, provided that the length of the lig-
and is correct, the tail could assume vari-
ous conformations. While the degree of
unsaturation (e.g. trans-2-octenal) did
not seem to alter the activity of the mole-
cules to any appreciable extent, a combi-
nation a,~ unsaturation with methyl sub-
stitutions at the a- or ~- carbons atom
abolished activity of the molecule (e.g. 3-
methyl-trans-2-octenal). Using a combi-
nation of molecular modeling and experi-
mental techniques, it was demonstrated
that molecules bearing double bonds at
the a,~position of the aldehyde molecule
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high-throughput screening (HTS) could
be a viable alternative to in vitro or in
vivo screening [74]. Very few studies on
OR models have been reported so far
[32][75][76]. Pilpel and Lancet have pre-
dicted an odor-binding pocket comprised
of TM3 - TM6 [32], whereas two other
studies have developed models based on
the 7.7 A crystal structure of rhodopsin
[77]. The availability of the high resolu-
tion (2.8 A) crystal structure of rhodopsin
[78] now makes it possible to develop
OR models based on rhodopsin, enabling
one to conduct binding studies and test a
large number of compounds for any OR
receptor for which even a single ligand
has been identified. These studies could,
in all probability, not only allow one to
define the amino acid residues involved
in the binding region, but eventually al-
low one to predict the type of compounds
that would be ligands for any given OR.
While this is not a trivial task, it is cer-
tainly a reasonable alternative to crystal-
lizing over a thousand ORs.

The olfactory system is a remarkable
chemical detector and discriminator that
has evolved to allow animals to perceive
thousands of complex odors in their envi-
ronment. Recent advances in understand-
ing this sensory system have resulted
from the application of molecular biolo-
gy, genetics, physiology, pharmacology
and medicinal chemistry techniques. As a
result we now have a rudimentary under-
standing of how the binding of a chemi-
cal compound to a receptor can be trans-
formed into a neural perception of an
odor. Critical questions in the field that
remain include, how a thousand receptors
can cover the olfactory spectrum of the
entire spectrum and how GPCR structure
determines ligand affinity and signaling.
Finally, we hope to understand the olfac-
tory code in the brain that leads to the
captivating world of odors.
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(iii)

NARROWlY TUNED

o

while the tail of the molecule appears
fairly liberal in its ability to accommo-
date different and at times bulky substitu-
tions [72]. This comparison brings out
the possibility that ORs could be charac-
terized as broadly or narrowly tuned
(Fig, 5). For example, the broadly tuned
receptors would be able to recognize lig-
ands with a particular functional moiety
(carbonyl group from carboxylic acid or
an aldehyde) [28][29], while the narrow-
ly tuned ones would recognize a specific
functional group regardless of the moiety
it shares with any other functional group
[72].

Considering the current state of ex-
perimental protocols, the ability to test
1000 odors on each receptor is not a triv-
ial task. However, the use of molecular
modeling as an in silica equivalent of

(ii)

BROADLY TUNED

(i)

Fig. 5. Schematic representation of ORs that are broadly and narrowly tuned receptors. (A)Ones
that might recognize the carbonyl functionality (broad); (B) receptors that recognize one
functional group (e.g. aldehyde).

Fig, 4. (i) In the absence of the double bond the a,~ carbons are sp hybridized thereby allowing
the methyl groups (blue) rotate out of plane. (ii) In the presence of the a+~ double bond, the a,~
carbons are sp2 hybridized forcing the methyl groups (red) on these carbon atoms into the plane
thereby interfering with the ability ofthe moleculeto activate the receptor. (iii)Shows the top down
view for the combination of (i) and (ii).

(Sp2 hybridized), forces the methyl group
at the a or ~ position into the plane of
the carbonyl, rendering the molecule in-
active (Fig. 4). These results thus define a
very stringent binding pocket at the alde-
hydic end (head) of the molecule.

A comparison ofthe data from Mori's
research and this study brings out some
similarities and differences [28][72]. In
both cases aliphatic hydrocarbons (satu-
rated and unsaturated) did not evoke any
appreciable response, indicating the sig-
nificance of functional groups in the per-
ception of smell. Also the carbonyl group
along with the length ofthe molecule was
found to be critical in both cases. Howev-
er, data from our laboratory indicates that
in addition to this there exists a very rigid
steric requirement for the rat 17 receptor
around the front end of the molecule,
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