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Abstract

Mammals deploy a large array of odorant receptors (ORs) to detect and distinguish a vast number
of odorant molecules. ORs vary widely in the type of odorant structures recognized and in the
breadth of molecular receptive range (MRR), with some ORs recognizing a small group of closely
related molecules and other ORs recognizing a wide range of structures. While closely related
ORs have been shown to have similar MRRs, the functional relationships among less closely
related ORs are unclear. We screened a small group of ORs with a diverse odorant panel to
identify a new odorant-OR pairing (unsaturated aldehydes and MOR263-3). We then extensively
screened MOR263-3 and a series of additional MORs related to MOR263-3 in various ways.
MORs related by phylogenetic analysis (several other members of the MOR263 subfamily) had
MRRs that overlapped with the MRR of MOR263-3, even with amino acid identity as low as 48%
(MOR263-2). MOR171-17, predicted to be functionally related to MOR263-3 by an alternative
bioinformatic analysis, but with only 39% amino acid identity, had a distinct odorant specificity.
Our results support the use of phylogenetic analysis to predict functional relationships among ORs
with relatively low amino acid identity.
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Introduction

Olfaction is an immense ligand recognition task involving detection of and discrimination
among numerous airborne chemicals. Mammals use a large family of G-protein Coupled
Receptors (GPCRs) as odorant receptors (ORs) (Buck & Axel 1991). Activation of ORs by
their cognate odorants initiates a signal transduction pathway that ultimately results in action
potential initiation (Bakalyar & Reed 1990, Jones & Reed 1989, Lowe & Gold 1993,
Nakamura & Gold 1987). Each olfactory sensory neuron (OSN) is thought to express a

Correspondence should be sent to: Charles W. Luetje, Ph.D., Department of Molecular and Cellular Pharmacology, University of
Miami Miller School of Medicine, P.O. Box 016189, Miami, Florida 33101, Tel: 305-243-5874, Fax: 305-243-4555,
Quetje@med.miami.edu.

Present Address: Genomatica, Inc., San Diego, CA 92121, USA
#present Address: Parexel International, London, UK



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 2

single type of OR (Serizawa et al. 2003). The axons of all OSNs expressing the same OR
coalesce at specific locations in the olfactory bulb to synapse with mitral and tufted cells,
forming glomeruli, the first level of integration of olfactory information (Shepherd 2004). In
mice, there are at least 1000 intact OR genes (Godfrey et al. 2004, Young et al. 2002, Zhang
& Firestein 2002) and most appear to be expressed (Zhang et al. 2004), yielding an
exceptionally large receptor array. However, the number of distinct odorant chemicals that
may need to be distinguished is far larger, potentially numbering in the millions (Mombaerts
2004). To solve this problem, ORs are thought to be used in a combinatorial fashion, with
each odorant being recognized by multiple ORs and each OR recognizing multiple odorants
(Malnic et al. 1999).

The range of odorant structures that are recognized by an OR is termed the molecular
receptive range (MRR) (Araneda et al. 2000, Mori et al. 1999). The MRRs of different ORs
vary, not only in type of structures recognized, but also in breadth, with some ORs
appearing to be very narrowly tuned while others are able to recognize a broad range of
structures (Li et al. 2012, Reed 2004, Saito et al. 2009, Grosmaitre et al. 2009). Of course,
deciphering the full extent of the MRR of a receptor is not feasible; due to practical
limitations of various screening approaches (it is impossible to test all potential odorant
compounds). However, the MRR can be estimated through careful design of odorant
screening panels (Haddad et al. 2008, Li et al. 2012, Saito et al. 2009).

The MRRs of the OR family are presumably organized to adequately cover the portions of
odor space that are relevant to a particular species. This raises the question of how we might
organize the relationships among ORs with regard to their MRRs. The most straightforward
approach is phylogenetic analysis, which groups ORs into subfamilies according to overall
sequence comparisons (Godfrey et al. 2004, Zhang & Firestein 2002). This approach is
clearly valid for closely related ORs (>75% amino acid identity), which have been shown to
have closely related and overlapping MRRs (Abaffy et al. 2006, Bozza et al. 2002, Feinstein
& Mombaerts 2004, Kajiya et al. 2001, Schmiedeberg et al. 2007). What about less closely
related ORs? Even phylogenetically disparate ORs can have similar MRRs (Repicky &
Luetje 2009). To what extent are various phylogenetic groupings (Godfrey et al. 2004,
Zhang & Firestein 2002) predictive of functional relationships (similar MRRs)? An alternate
organizational scheme, based on similarities and differences at 22 positions predicted to
contribute to the structure of the odorant-binding site in these receptors, has been proposed
(Man et al., 2007). However, this approach, as well as a comparison of residue properties
across the entire OR sequence, accounted for little of the functional variation in a diverse
receptor set (Saito et al., 2009). Here, we test the functional relationships among several
mouse ORs (MORs) that are predicted to be related, to varying extents, by phylogenetic and
alternate organizational schemes. We screened a small group of receptors with a broad panel
of odorants to identify a new odorant-receptor pair (unsaturated aldehydes and MOR263-3).
We then extensively screened MOR263-3, and several MORs related to MOR263-3 in
various ways, in order to examine the functional relationships among these receptors.
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Experimental Procedures

Materials

Xenopus laevis frogs were purchased from Nasco (Fort Atkinson, WI, USA). The care and
use of X. laevis frogs in this study was approved by the University of Miami Animal
Research Committee and meet the guidelines of the National Institutes of Health. RNA
transcription kits were from Ambion (Austin, TX, USA). Collagenase B was from
Boehringer-Mannheim (Indianapolis, IN, USA). All other compounds and all odorants were
from Sigma-Aldrich (St. Louis, MO, USA). CAS numbers for the odorants used in this
study are listed in Supplementary Tables 1 and 2.

Expression constructs

We refer to MORSs using the nomenclature of Zhang and Firestein (Zhang & Firestein 2002).
The coding regions of MOR104-2 (AY073478.1, GI:18480253), MOR165-2 (AY073218.1,
G1:18479733), MOR171-17 (AY073487.1, GI:18480271), MOR263-1 (AY073054.1, Gl:
18479405), MOR263-2 (AY073055.1, G1:18479407), MOR263-3 (AY073466.1, Gl:
18480229), MOR263-4 (AY073468.1, GI:18480233), MOR263-9 (AY(073766.1, GI:
18480829), MOR263-10 (AY073805.1, GI:18480907) were amplified by PCR from mouse
genomic DNA (Clontech, Mountain View, CA, USA), subcloned into the pClI vector
(Promega), and confirmed by sequencing. An N-terminal extension consisting of the N-
terminal 20 amino acid residues of human rhodopsin (Abaffy et al. 2006, Saito et al. 2004)
was also added to some receptor constructs. The coding regions of MOR104-2, MOR165-2,
MOR263-1, MOR263-2, MOR263-4 and MOR263-10 were each combined with a T7 RNA
polymerase promoter sequence and the N-terminal rhodopsin extension using PCR. The
human Gaygys construct was purchased from the UMR cDNA Resource Center. The human
cystic fibrosis transmembrane regulator (CFTR) construct was kindly provided by Dr. lan
Dickerson (University of Rochester). Complementary RNA (cRNA) encoding the various
MORs, Gagf and CFTR was synthesized using mMMESSAGE mMACHINE Kits (Ambion).

Preparation of oocytes and cRNA injection

Oocytes were surgically removed from mature female Xenopus laevis frogs (Nasco, Fort
Atkinson, WI, USA). Follicle cells were removed by treatment with Collagenase B
(Boehringer Mannhem) for 2 hrs at 22-25°C. Oocytes were injected with 46 nL of water
containing cRNAs: 40 ng MOR, 10 ng Gagy, 0.5 ng CFTR. Oocytes were incubated at 16°C
in Barth's saline (in mM: 88 NaCl, 1 KCI, 2.4 NaHCO3, 0.3 CaNQg, 0.41 CaCls, 0.82
MgSOy, 15 HEPES, pH 7.5 and 100 pg / mL Ceftazidime) for 2 - 5 days prior to
electrophysiological recording.

Electrophysiology and data analysis

Electrophysiology and data analysis were performed as described previously (Abaffy et al.
2006, Repicky & Luetje 2009). Briefly, odorant induced CI™ currents, resulting from cAMP-
mediated activation of the co-expressed CFTR reporter channel (Uezono et al. 1993), were
measured 2 - 5 days after cRNA injection using two-electrode voltage clamp in an
automated parallel electrophysiology system (OpusExpress 6000A, Molecular Devices,
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Union City, CA, USA). Micropipettes were filled with 3M KCI and had resistances of
0.2-2.0 M. The holding potential was =70 mV. Current responses were filtered (4-pole,
Bessel, low pass) at 20 Hz (-3 db) and sampled at 100 Hz, and were then captured and
stored using OpusXpress 1.1 software (Molecular Devices). Initial analysis was performed
using Clampfit 9.1 software (Molecular Devices). Oocytes were perfused with ND96 (in
mM: 96 NaCl, 2 KClI, 1 CaCl,, 1 MgCl,, 5 HEPES, pH 7.5). High concentration (0.5 - 1.0
M) stock solutions of each odorant were prepared in dimethylsulfoxide (DMSO) or ethanol.
Each odorant, diluted in ND96, was applied for 15 s, followed by a 10 min wash with ND96.
During initial screening, odorants were applied in mixtures: in Figure 1, 7 mixtures
contained 7-8 odorants each; in Figure 4, 8 mixtures contained 17-20 odorants each and 4
sub-mixtures (derived from mixture 4) contained 5 odorants each. Odorants were screened at
30 pM, a concentration near the ECgq for many of the MORs that have been previously
characterized in heterologous expression systems (Abaffy et al. 2006, Li et al. 2012, Saito et
al. 2009). The use of odorant mixtures during initial screening saves a considerable amount
of time and effort (Nara et al. 2011, Li et al., 2012). However, it is possible (albeit,
somewhat unlikely) that the presence of an active odorant may be “masked” by other
mixture components. The receptor activity of an individual odorant might be obscured by
the presence of an antagonist molecule in the same mixture, or by physical interaction with
another component of the mixture. Thus, there some chance that we have overlooked an
active odorant in our screening. IBMX (1 mM) was used to activate the CFTR in a receptor-
independent manner. This occurs both through the inhibition of phosphodiesterase and
consequent increase in cCAMP concentration, and through a direct action on the CFTR
(Schultz et al. 1999). For concentration-response analysis of the activation of MOR263-3 by
trans,trans-2,4-octadienal (ODL), each odorant response was normalized to the response of
the same oocyte to application of 1 uM ODL. Normalized data were fit using Prism 5
(Graphpad, San Diego, CA, USA) according to the equation: | = Imax/(1+(ECsq/X)") where
| represents the current response at a given concentration of odorant, X; Imax is the maximal
response; ECsg is the concentration of odorant yielding a half-maximal response; n is the
apparent Hill coefficient.

The CFTR can be directly activated by a wide variety of structures (Ma et al. 2002). For this
reason, all odorants shown to be active in our screens were tested, at our screening
concentration of 30 UM, against control oocytes expressing the human M1 muscarinic
receptor, Gagf and CFTR, but no odorant receptors, to guard against false positives
(Repicky & Luetje 2009). Most of the odorants did not yield a response under these
conditions. For the few odorants that did yield small responses in control oocytes (< 30 nA),
the responses seen in odorant receptor expressing oocytes were judged to be authentic
receptor responses only if those responses were significantly greater than responses seen in
the control oocytes (one-way ANOVA followed by Dunnett's post-test).

We estimated the distribution in odor space of the odorant set used for screening in Figure 1
by calculating the radius of a hypersphere centered on the center of mass of the odorants in
the screening set (Saito et al. 2009). We estimated odor space using 961 odorants that are
commonly used in olfaction studies (Haddad et al. 2008, Haddad et al. 2010). We obtained
the molecular structure files from PubChem (http://pubchem.ncbi.nlm.nih.gov/) and used
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Dragon software (Talete) to compute physicochemical descriptors. This multi-dimensional
odor space was based on 32 optimized physicochemical descriptors (Haddad et al. 2008).
Principal component analysis was used to depict the odorants in two dimensions.

Identification of odorant ligands for MOR263-3

The addition of an N-terminal sequence extension (usually 20 residues of N-terminal
sequence of rhodopsin, known as the “rhodopsin-tag™) has generally been thought to be
essential for successful functional expression of mammalian ORs in heterologous cells
(Kajiya et al. 2001, Krautwurst et al. 1998, Reed 2004, Touhara et al. 1999, Wetzel et al.
1999). Indeed, we previously found that inclusion of the rhodopsin-tag was important for
functional expression of several MORs (MOR23-1, MOR42-1 and MOR42-3) in Xenopus
oocytes (Abaffy et al. 2006). However, concerns have been raised as to whether such fusion
proteins might yield non-native functional data (\Von Dannecker et al. 2006). This issue has
been addressed in a mammalian cell (HEK293T) based assay (Zhuang & Matsunami 2007),
in which several MORs were shown to be functionally expressed without an N-terminal
sequence extension. It was also shown that the absence or presence of an N-terminal
sequence extension (several were tested) had little effect on the odorant specificity of the
MORs (Zhuang & Matsunami 2007). Thus, before attempting to de-orphanize additional
MORs we decided to re-examine the need for the rhodopsin-tag when expressing MORs in
Xenopus oocytes, as well as whether the presence of the rhodopsin-tag would alter odorant
specificity in this expression system. In Supplementary Figure 1A, we show functional
expression of four different MORs in Xenopus oocytes. Each MOR lacked an N-terminal
sequence extension and was co-expressed with Gagjs and CFTR. Untagged MOR31-4
responded to undecanedioic acid, similar to what we previously observed for the rhodopsin-
tagged version of the receptor, rhoMOR31-4 (Repicky & Luetje 2009); untagged MOR42-2
responded to heptanoic acid, similar to rhoMOR42-2 (Abaffy et al. 2006); untagged
MORZ174-9 responded to eugenol, similar to rhoMOR174-9 (Abaffy et al. 2006, Repicky &
Luetje 2009, Saito et al. 2004); untagged MOR267-13 responded to lyral, similar to
rhoMOR267-13 (Repicky & Luetje 2009). We examined the odorant specificities of two of
these untagged MORs in more detail. In Supplementary Figure 1B-D, we show that the
activation of untagged MOR174-9 by agonists (vanillin = eugenol > ethyl vanillin) and
antagonism by methylisoeugenol are identical to what we previously observed with
rhoMOR174-9 (Abaffy et al. 2006, Repicky & Luetje 2009). Furthermore, this pattern of
odorant specificity recapitulates what has been reported for MOR174-9 natively expressed
in dissociated OSNs (Kajiya et al. 2001, Oka et al. 2006, Oka et al. 2004), indicating that an
MOR expressed in Xenopus oocytes can display accurate ligand specificities whether the
rhodopsin tag is included or not. In Supplementary Figure 1E-G, we show that untagged
MORA42-2 responds well to monocarboxylic acids, but not to dicarboxylic acids. This is the
same ligand specificity that we previously showed for rhoMOR42-2 (Abaffy et al. 2006).
While the odorant specificity of these MORs appears unaffected by inclusion of the
rhodopsin tag, the ability of these MORs to be functionally expressed without the tag
suggested to us that we could proceed with our attempt to de-orphanize MORs in the
absence of the rhodopsin tag (but see below).
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In Figure 1, we screened four previously uncharacterized and randomly chosen MORs (two
from Class I, 14-3 and 26-3; two from Class 1, 263-3 and 283-3) without inclusion of an N-
terminal extension. We used a panel of 54 odorant (Supplementary Table 1) that represent a
wide range of structures and are distributed across a large portion of an estimated odor space
(Figure 1A). The radius of the 32D hypersphere enclosing these 54 odorants and centered on
the center of mass of the odorants in our panel was 10.3, while the radius of the hypersphere
enclosing all 961 odorants in our estimated odor space was 18.5. The odorants were applied
in 7 mixtures, with each odorant present at a concentration of 30 UM, a concentration near
the ECgq for many previously characterized ORs (Abaffy et al. 2006, Repicky & Luetje
2009, Li et al. 2012). Oocytes expressing MOR263-3 responded robustly to mixture 1
(Figure 1D). When we tested the individual components of mixture 1, we identified
trans,trans-2,4-octadienal (ODL) as an agonist of MOR263-3 (Figure 2B). Concentration-
response analysis yielded an ECsg of 21 £ 6 uM for activation of MOR263-3 by ODL
(Supplementary Figure 2). MOR263-3 did not respond to any of the other compounds in
mixture 1 and we did not observe any responses to these odorants with oocytes injected with
cRNA encoding MOR14-3 or MOR283-3 (Figure 2C,D).

We further explored the MRR for MOR263-3 by screening with a panel of 28 compounds
that are structurally related to ODL. This panel included aldehydes (unsaturated and
saturated), ketones, alcohols, carboxylic acids and a hydrocarbon, all 6 to 11 carbons in
length. In addition to ODL, MOR263-3 responded well to trans,trans-2,4-nonadienal,
trans,trans-2,4-decadienal, trans-2-octenal and trans-3-nonen-2-one (Figure 3). Thus,
MOR263-3 appears to be focused on a small group of unsaturated aldehydes and ketones.

Receptive range analysis within the MOR263 subfamily

To determine whether other members of the MOR263 subfamily would respond to similar
odorants, we cloned several additional members of this receptor subfamily: MOR263-1,
MOR263-2, MOR263-4, MOR263-9 and MOR263-10. These receptors were also screened
untagged (without the “rhodopsin-tag™) with the same focused panel of 28 compounds with
which we characterized MOR263-3. One of these receptors, MOR263-9, responded well to
trans,trans-2,4-decadienal, trans-3-nonen-2-one and trans-3-decen-2-one, displaying a
pattern of odorant responsiveness similar to, but slightly shifted from, that of MOR263-3
(Figure 3). We did not observe any responses to these 28 odorants with the untagged
versions of the other four receptors: MOR263-1, MOR263-2, MOR263-4 and MOR263-10
(data not shown). We also tested these four untagged receptors with the broad panel of 54
odorants that we used in Figure 1, but did not observe any responses (data not shown).

Our failure to observe functional responses for MOR263-1, MOR263-2, MOR263-4 and
MOR263-10, when screening without an N-terminal sequence extension, prompted us to ask
whether reintroduction of the rhodopsin tag would aid in functional expression. Indeed,
functional responses were obtained with rhodopsin-tagged versions of two of these
receptors: rhoMOR263-2 and rhoMOR263-10 (Figure 3). Again, the patterns of odorant
responsiveness for these receptors were similar to, but slightly shifted from that of
MOR263-3 and MOR263-9. MOR263-2 responded well to trans,trans-2,4-decadienal,
trans,trans-2,4-undecadienal, trans-2-decenal and trans-2-undecenal, while MOR263-10
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responded well to ODL, trans-2-heptenal, trans-2-octenal, trans-3-octen-2-one, and trans-
3-nonen-2-one. No responses were observed with rhodopsin-tagged versions MOR263-1 or
MOR263-4 when screened with the 28 compounds from Figure 3 (data not shown). We also
did not observe any responses when rhodopsin-tagged MOR263-4 was screened with the
broad panel of 54 compounds from Figure 1 or when rhodopsin-tagged MOR263-1 was
screened with a larger panel of 155 odorant compounds (Supplementary Table 2, Li et al.,
2012), which contains the 54 compound panel, plus 101 additional compounds (data not
shown). The four members of the MOR263 subfamily that we were able to functionally
characterize (rhoMOR263-2, MOR263-3, MOR263-9 and rhoMOR263-10) have distinct but
overlapping MRRs, responding primarily to unsaturated aldehydes and ketones.

The odorant specificity of MOR171-17 does not overlap with the odorant specificities of
members of the MOR263 subfamily

An alternative approach to discerning the functional relationships of mammalian ORs has
been proposed (Man et al. 2007), in which ORs are organized based on similarities and
differences at 22 positions predicted to contribute to the structure of the odorant binding site
in these receptors (Man et al. 2004). The members of the MOR263 subfamily are clustered
within a multidimensional receptor space derived from this analysis (Man et al. 2007).
Interspersed among them are several MORs (MOR104-2, MOR165-2 and MOR171-17),
that while not closely related by overall sequence comparison (Supplementary Table 3), are
predicted by this alternative analysis to be functionally related to the MOR263 subfamily.
We cloned each of these MORs and screened them (untagged) against the panel of 28
compounds in Figure 3. No responses were observed (data not shown). We expanded our
search for odorants that could activate these MORs by screening with our large panel of 155
odorants (Supplementary Table 2). The radius of a 32D hypersphere enclosing the odorants
in this larger panel was 11.6 (Li et al. 2012), while the radius of the hypersphere enclosing
all 961 odorants in our estimated odor space was 18.5. MOR171-17 responded robustly to
mixture 4, containing 20 odorants (Figure 4A). When we screened the individual
components of mixture 4, (—)-fenchone was found to activate MOR171-17 (Figure 4C), but
not MOR263-3 (Figure 4E). Oocytes injected with cRNA encoding untagged MOR104-2
and MOR165-2 did not respond to any of the odorant mixtures (data not shown).
Furthermore, oocytes injected with cRNA encoding rhodopsin-tagged versions of
MOR104-2 or MOR165-2 also failed to respond to any of the 28 compounds in Figure 3 or
any of the 8 mixtures containing 155 odorants (data not shown). This may be due to a failure
of these ORs to be functionally expressed in the oocytes. Alternatively, MOR104-2 and
MOR165-2 may have been functionally expressed but may only recognize odorants that are
not within our screening panels.

The four members of the MOR263 subfamily that we have functionally characterized
display overlapping odorant specificities, with each receptor sharing odorants with one or
more of the other subfamily members. In contrast, MOR171-17 failed to respond to any of
the compounds that we have shown to activate members of the MOR263 subfamily. This
result suggests that the alternate organizational scheme might not be predictive of OR
function. To better assess the relationship, if any, between the MRRs of MOR263 subfamily
members and the one odorant ((-)-fenchone) shown to activate MOR171-17, we plotted the
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locations of these odorants within our estimate of odor space (Figure 5). All of the odorants
that we have found to activate members of the MOR263 subfamily are grouped in a diagonal
band (green circles), while the MOR171-17 ligand (red dot) is located near, but outside the
group of MOR263 subfamily odorants.

Discussion

Our finding that several members of the MOR263 subfamily have distinct, but overlapping
MRRs, forming a contiguous MRR subfamily is similar to what we previously observed for
the MOR42 subfamily (Abaffy et al. 2006). The functional similarity among the MRRs of
MOR263-3, MOR263-9 and MOR263-10 is not surprising, given the = 90% amino acid
identity among these three ORs. However, MOR263-2 differs substantially, with only 48%
amino acid identity when compared with the other three ORs, and yet displays an
overlapping MRR. When phylogenetic analyses are performed, division of ORs into clades
or subfamilies depends on various criteria including bootstrap support and amino acid
identity. The analysis that yielded the MORXxxx-x nomenclature, using >50% bootstrap
support and =40% amino acid identity within the clade (Zhang & Firestein 2002), groups
MOR263-2, MOR263-3, MOR263-9 and MOR263-10 into the same subfamily. A
subsequent analysis, using the same bootstrap support requirement and a =260% amino acid
identity requirement (Godfrey et al. 2004), groups MOR263-3, MOR263-9 and MOR263-10
into the same subfamily (subfamily 25), but MOR263-2 into a separate subfamily
(subfamily 28). Our functional results suggest that the former analysis (Zhang & Firestein
2002) is a good predictor of OR function, while the more stringent cutoff of the latter
analysis (Godfrey et al. 2004) may be unnecessary. However, the number of receptors we
screened in this study is small and more extensive screening of a wider array of OR
subfamilies is necessary to determine whether this finding can be generalized.

We found that some ORs (MOR263-3, MOR263-9 and MOR171-17) could be functionally
expressed in an untagged form, while other ORs (MOR263-2 and MOR263-10) required the
rhodopsin tag for functional expression. There has been some concern that use of the tag
might yield non-native functional data (\Von Dannecker et al. 2006), but our findings
(Supplementary Figure 1) and the work of others (Zhuang & Matsunami 2007) indicates that
the rhodopsin tag does not alter the odorant specificity of ORs. Thus, our comparison of
tagged and untagged ORs in Figure 3 is appropriate. However, because a subset of ORs
require an N-terminal sequence extension for functional expression in heterologous systems
and there is currently no obvious way to predict which ORs are in this group, inclusion of an
N-terminal sequence extension such as the rhodopsin tag should remain a part of OR
deorphanization efforts, as this will increase the likelihood of success. It should also be
noted that the absence of N-terminal extensions in our initial screening (Figure 1) means that
we may have overlooked functional responses for MOR14-3, MOR26-3 and MOR283-3
(which might have been apparent had these receptors been screened with the rhodopsin tag).

While there are some differences in carbon length preference, MOR263-2, MOR263-3 and
MOR263-9 each respond particularly well to the most unsaturated (trans,trans-2,4-)
aldehydes, less well to less unsaturated (trans-2-) aldehydes, but poorly or not at all to fully
saturated aldehydes (Figure 3). This is interesting because the highly flexible saturated

J Neurochem. Author manuscript; available in PMC 2016 July 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 9

aldehydes can adopt numerous conformations, including all of the more limited set of
conformations that can be adopted by unsaturated aldehydes. Our results suggest that the
most active conformers reside within the set of conformations to which the most unsaturated
aldehydes have access. The active set of conformers is a larger fraction of the accessible
conformations for the most unsaturated aldehydes than it is for the less unsaturated
aldehydes or for the saturated aldehydes. Thus, the conformational entropy penalty in the
free energy of binding is greatest for the saturated aldehydes, accounting for the low or lack
of sensitivity of the ORs to these compounds (Peterlin et al. 2008). If substantially higher
concentrations of the fully saturated aldehydes were tested, low potency receptor responses
could perhaps be observed.

An alternate organizational scheme has been proposed (Man et al. 2007) in which ORs are
organized into a multi-dimensional receptor space based on the residue attributes at 22
positions predicted to contribute to the structure of the odorant binding site in these
receptors (Man et al. 2004). Members of the phylogenetically defined MOR263 subfamily
cluster together in this analysis. In addition, several non-phylogenetically related MORs
(MOR104-2, MOR165-2 and MOR171-17) are located within the MOR263 subfamily
cluster, suggesting a functional relationship. We were able to obtain functional data for one
of these receptors. MOR171-17 failed to respond to any of the compounds that were active
at members of the MOR263 subfamily. Instead, MOR171-17 was activated by (-)-fenchone.
In our estimate of odor space (Figure 5), (-)-fenchone occupies a location that is somewhat
distinct from the odorants that activate MOR263 subfamily members, but the proximity of
(-)-fenchone to MOR263 subfamily odorants suggests that the alternative bioinformatic
analysis (Man et al., 2007) may have some predictive power. However, the number of
receptors we screened in this study is small. More extensive screening of a much larger
group of ORs is clearly needed to determine whether this finding can be generalized.
Combining a subset of physicochemical odorant descriptors and amino acid properties was
successful in predicting odorant-receptor interactions in simulated screening of previously
characterized receptors (Saito et al. 2009), but it is unclear whether this approach will allow
ligand identification for previously uncharacterized receptors. It is also important to note
that while our current results are supportive of phylogenetic analysis for predicting
functional relationships, we have previously shown that MORs that are less related by
phylogenetic (Zhang & Firestein 2002) and alternative (Man et al. 2007, Saito et al. 2009)
analyses can, nonetheless, have similar MRRs (Repicky & Luetje 2009). Clearly, there are
aspects of the functional organization of ORs that we have yet to grasp.
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Figure 1. Screening MORs with odorant mixtures
(A) Distribution of our odorant panel in odor space. Odor space was estimated using 961

odorants (blue dots) in a multi-dimensional odor space was based on 32 optimized
physicochemical descriptors (Haddad et al., 2008). The first and second principal
components were used to plot this odor space in 2 dimensions. The 54 odorants in our panel
are indicated by small red circles. The large red circle is a 2D representation of the 32D
hypersphere that was centered on the center of mass of the odorants in the screening set and
enclosed all 54 odorants with a radius of 10.3. A hypersphere enclosing all 961 odorants in
the odor space had a radius of 18.5. B-E) Oocytes injected with cRNA encoding MOR14-3
(B), MOR26-3 (C), MOR263-3 (D), or MOR283-3 (E), as well as Gagjs and CFTR, were
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challenged with 15 sec applications of seven odorant mixtures containing the 54 odorants in
our panel, followed by ImM IBMX. Each mixture contained 7-8 odorants, each at a
concentration of 30 uM (the odorant composition of each mixture is listed in Supplementary
Table 1).
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Figure 2. Identification of an odorant ligand for MOR263-3
A) Structures of the components of odorant mixture 1. B-D) Oocytes injected with cRNA

encoding MOR14-3 (B), MOR263-3 (C), or MOR283-3 (D), as well as Gagjs and CFTR,
were challenged with 30 uM each of (-)-carvone (-CAR), (-)-isopulegol (-IPL), (+)-

citronellal (+CA), trans, trans-2,4-octadienal (ODL), 1,4-cineole (CIN), camphor (CAM),
benzyl cinnamate (BCI) and 1mM IBMX.
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rhoMOR263-2 MOR263-3 MOR263-9 rhoMOR263-10
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Percent Response Percent Response Percent Response Percent Response
to Undecadienal to Octadienal to Decadienal to Octadienal

Oocytes expressing rhodopsin-tagged MOR263-2, untagged MOR263-3, untagged
MOR263-9, or rhodopsin-tagged MOR263-10, as well as Gaqis and CFTR, were screened
with a panel of trans,trans-2,4-aldehydes, trans-2-aldehydes, saturated aldehydes, trans-2-
ketones, trans-2-alcohols, trans-2-carboxylic acids and a trans-2-alkene, ranging in length
from 6 to 11 carbons. Each compound was applied for 15 s at a concentration of 30 uM.
Responses were normalized to the response of each oocyte to 30 uM trans,trans-2,4-
undecadienal (MOR263-2), trans,trans-2,4-octadienal (MOR263-3, MOR263-10), or
trans,trans-2,4-decadienal (MOR263-9). Data are presented as the mean £ SEM (n = 3-18).
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Figure 4. MOR171-17 responds to (-)-fenchone
A) An oocyte expressing MOR171-17, Gagjf and CFTR was screened with 15 sec

applications of 1mM IBMX and 8 mixtures containing a total of 155 odorants. Each mixture
contained 17 - 20 odorants, each at a concentration of 30 uM (the odorant composition of
each mixture is listed in the Supplemental Table 3). B) An oocyte expressing a MOR171-17,
Gagif and CFTR was challenged with 15 sec applications of 4 sub-mixtures derived from the
mixture 4 and ImM IBMX. M4S1 contained 3-heptanol, (+)-isopulegol, 3-phenyl-1-
propanol, trans,trans-2,4-octadienal and cuminaldehyde. M4S2 contained trans,trans-2,4-
heptadienal, phenylacetic acid, allyl tiglate, y-octalactone and heptyl butyrate. M4S3
contained isobutyl phenylacetate, anisole, 2-ethylpyrazine, (=)-fenchone and (+)-carvone.
M4S4 contained 3-nonanone, 2,3-pentanedione, 2-isobutylthiazole, 2-thiophenethiol and
(-)-p-pinene. Each odorant was present at a concentration of 30 uM. C) An oocyte
expressing a MOR171-17, Gagjs and CFTR was challenged with 15 sec applications of
1mM IBMX, 0.006% DMSO and 30 pM of each of the individual odorants from the M4S3:
isobutyl phenylacetate (IPA), anisole (ANI), 2-ethylpyrazine (2EP), (-)-fenchone (FEN) and
(+)-carvone (CAR). D) Structure of (-)-fenchone. E) An oocyte expressing a MOR263-3,
Gagf and CFTR was challenged with 15 sec applications of 30 uM (-)-fenchone and 30 uM
trans,trans-2,4-decadienal.
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Figure 5. Distribution in odor space of odorants activating MOR263 subfamily members and

MOR171-17

Odor space was estimated using 961 odorants (blue dots) in a multi-dimensional odor space,
based on 32 optimized physicochemical descriptors (Haddad et al., 2008). The first and
second principal components were used to plot this odor space. Odorants shown (in Figure
3) to activate MOR263 subfamily members are indicated by green circles. (—)-fenchone,
which activates MOR171-17, is indicated by a red dot.
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