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Abstract

To explore the structural basis for odorant specificity in odorant receptors of the human malaria vector mosquito, Anopheles
gambiae, odorant-binding subunits (Agam\Ors) expressed in Xenopus oocytes in combination with Agam\Orco (coreceptor
subunit) were assayed by 2-electrode voltage clamp against 25 structurally related odorants. Agam\Or13 and Agam\Or15
display 82% amino acid identity and had similar, but somewhat distinct odorant response profiles. The ratio of acetophenone
to 4-methylphenol responses was used in a mutation-based analysis of Agam\Or15, interchanging 37 disparate residues
between Agam\Or15 and Agam\Or13. Eleven mutations caused significant changes in odorant responsiveness. Mutation
of alanine 195 resulted in the largest shift in response ratio from Agam\Or15 toward Agam\Or13. Concentration—response
analysis for a series of mutations of residue 195 revealed a large effect on acetophenone sensitivity, with EC., values varying
by >1800-fold and correlating with residue side chain length. Similar results were obtained for propiophenone and benzal-
dehyde. But, for other odorants, such as 4-methylphenol, 4-methylbenzaldehyde, and 4-methylpropiophenone, the effect of
mutation was much smaller (EC., values varied by <16-fold). These results show that alanine 195, putatively located at the
second extracellular loop/fourth transmembrane domain interface, plays a critical role in determining the odorant response
specificity of Agam\Or15.
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Introduction

Animals navigate myriad chemosensory cues, which mediate
their behavior. This is particularly true for olfaction, where
thousands of odors must be routinely recognized and dis-
criminated. The ability to perceive and analyze odorants is
especially important for insects, because olfaction facilitates
their most basic survival functions: feeding, mating behavior,
and oviposition (Carey and Carlson 2011). Insects are vec-
tors for many human diseases and mosquitoes are the most
potent of these vectors, transmitting the causative agents of
malaria, dengue fever, and yellow fever, that together place
nearly half of the world’s population at risk of infection. Of

these, human malaria is by far the most deadly and is carried
by a variety of anophelines, most notably Anopheles gam-
biae, which transmits Plasmodium pathogen during obligate
blood feeding by reproductive females and accounts for the
majority of malarial transmission in sub-Saharan Africa
(Takken and Knols 1999). More than 200 million cases of
malaria occur each year, resulting in more than 600000
deaths (World Malaria Report 2013). In light of the direct
impact on blood-feeding selection and other critical behav-
iors in A. gambiae and other vectors, an increased under-
standing of the intricacies of the insect olfactory system is a
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high priority in the design of novel strategies for the control
of insect vector borne diseases.

Insects rely on a large array of odorant receptors (ORs) to
detect the multitude of odorant compounds (Vosshall et al.
1999). Insect ORs are odorant gated, nonselective cation
channels, composed of multiple subunits in an unknown
stoichiometry (Sato et al. 2008; Wicher et al. 2008). Each
subunit has a cytoplasmic amino-terminus and 7 transmem-
brane domains (TMDs) (Benton et al. 2006; Lundin et al.
2007; Smart et al. 2008). Each insect OR complex contains
one of a large family of highly variable odorant-binding (or
“tuning”) subunits that confer odorant specificity and at
least one copy of Orco, the highly conserved OR coreceptor
subunit (Larsson et al. 2004; Nakagawa et al. 2005; Hallem
and Carlson 2006). Orco and odorant-binding subunits
interact directly (Neuhaus et al. 2005; Benton et al. 2006)
and in the absence of Orco, functional receptor complexes
do not form (Larsson et al. 2004; Nakagawa et al. 2005;
Hallem and Carlson 2006; Wanner et al. 2007; Sato et al.
2008; Nichols and Luetje 2010). ORs composed of different
odorant-binding subunits and Orco subunits display altered
ion permeability (Pask et al. 2011) and sensitivity to channel
block (Nichols et al. 2011), suggesting that the ion channel is
intrinsic to the OR complex and that odorant-binding subu-
nits and Orco each make contributions to the structure of the
ion pore. These receptors have also been proposed to initiate
or be modified by second messenger cascades (Wicher et al.
2008; Nakagawa and Vosshall 2009). Insect ORs share little
or no genetic similarity to any known receptors or channels
of tetrapods (Benton et al. 2006), making them ideal targets
for insect-specific control strategies.

Rational design of compounds targeting insect ORs can
benefit from a detailed structural map of the OR-odorant-
binding site. However, while much work has focused on iden-
tifying odorant ligands for specific receptors (Hallem and
Carlson 2006; Wanner et al. 2007; Pelletier et al. 2010; Wang
et al. 2010; Wanner et al. 2010; Mitchell et al. 2012), only lim-
ited progress has been made in exploring the structural basis
for receptor function (Nichols and Luetje 2010; Pellegrino
etal. 2011; Leary et al. 2012; Kumar et al. 2013; Xu and Leal
2013). Here, we report a structural study of Agam\Orl5, a
tuning OR from the malaria vector, A. gambiae, which uses a
combination of mutational and functional analyses to iden-
tify several amino acid residues that serve as determinants of
odorant sensitivity. For one of these residues (alanine 195),
predicted to be located at the interface between extracellular
loop (ECL) 2 and TMD 4, we conduct a detailed exploration
of the effects of mutation on odorant specificity.

Materials and methods
Materials

Xenopus laevis frogs were purchased from Nasco. The
care and use of frogs in this study were approved by the
University of Miami Animal Research Committee and

meet the guidelines of the National Institutes of Health.
Odorants and other chemicals were from Sigma-Aldrich.
Agam\Orl5, Agam\Orl13, and Agam\Orco were cloned and
inserted in expression vectors (pSP64T-Oligo for Agam\
Orl5 and Agam\Or13; pT7TS for Agam\Orco) as previously
described (Wang et al. 2010). Mutations were introduced
using QuikChange Lightning kits (Stratagene). Each mutant
construct was verified by sequencing.

Expression of ORs in Xenopus oocytes

Oocytes were surgically removed from mature X. laevis frogs
and follicle cells removed by treatment with collagenase B
(Roche Applied Science) for 2 h at room temperature. Capped
cRNA encoding each OR subunit was generated using SP6
(Agam\Orl5 and 13) or T7 (Agam\Orco) mMessage mMa-
chine kits (Ambion). Oocytes were injected with 25ng of
cRNA encoding each subunit and incubated at 18 °C in
Barth’s saline (in mM: 88 NaCl, 1 KCl, 2.4 NaHCO,, 0.3
CaNO,, 0.41 CaCl,, 0.82 MgSO4, 15 HEPES, pH 7.6, and
150 pg/mL ceftazidime) for 2—6 days prior to electrophysi-
ological recording.

Electrophysiology and data capture

Odorant-induced currents were recorded under 2-electrode
voltage clamp using an automated electrophysiology sys-
tem (OpusXpress 6000A; Molecular Devices). Oocytes were
perfused with ND96 (in mM: 96 NaCl, 2 KCI, 1 CaCl,, 1
MgCl,, 5 HEPES, pH 7.5). Odorant stock solutions (usu-
ally 1 M) were prepared in dimethyl sulfoxide. Odorants were
diluted from stock into ND96 on the day of experimenta-
tion. Odorants were applied, unless otherwise noted, for 20
s at 1.65mL/min, with extensive washing in ND96 (4.6mL/
min) between applications. Micropipettes were filled with
3M KCI and had resistances of 0.2-2.0 MQ. The holding
potential was —70 mV. Current responses, filtered (4-pole,
Bessel, low pass) at 20 Hz (=3 db) and sampled at 100 Hz,
were captured and stored using the OpusXpress 1.1 software
(Molecular Devices).

Data analysis

Concentration—response analysis was done by using PRISM
5 (GraphPad). Concentration-response curves (CRCs) were
fit according to the equation: 7 =1, /(1 + (EC/X)"), where
I represents the current response at a given concentration of
odorant, X; I, is the maximal response; ECs, is the concen-
tration of odorant yielding a half-maximal response; and n
is the apparent Hill coefficient. In Figure 2, we were inter-
ested in comparing EC,, and maximal response values for
2 odorants (Ace and 4-mp) at each receptor. For this rea-
son, all odorant responses for a given receptor were normal-
ized to the response of the same oocyte to a concentration
of Ace that was near the ECy, for that receptor (5 pM Ace
for Agam\Or13, 30 uM Ace for Agam\Orl5). Normalized



data were then combined and fit using the above equation
to establish EC,, and maximal response (efficacy) values. In
Figure 5, we were only interested in comparing the EC;, val-
ues. For this reason, the data set from each individual cell
was fit to the above equation. Each data set was then nor-
malized to that cell’s fit maximum. The normalized data for
all cells expressing a given receptor were then combined and
fit using the above equation to establish an EC,,. Statistical
significance was assessed by 2-tailed, unpaired #-test, or one-
way ANOVA followed by a Dunnett’s or Bonferroni’s post-
test, as appropriate.

Results

Determinants of receptor function can be identified by
conducting a mutagenesis-based screen that interchanges
disparate residues of homologous, yet functionally distinct
receptor subunits (Luetje et al. 1998). In this context, a
mutation-induced shift in a functional characteristic of one
subunit (odorant specificity, in this case) toward that of its
homologue can be taken as an indication that the mutated
position is involved, in some way, with the functional prop-
erty under study. We examined 2 related odorant-binding
subunits, Agam\Orl13 and Agam\Orl5, which exhibit 82%
amino acid identity (317 of 387 residues are identical) and
have similar, but somewhat distinct odorant response pro-
files (Wang et al. 2010). Of the 70 disparate residues between
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these 2 subunits, we chose to examine 37 residues that fall
within algorithmically predicted TM and EC domains.
While the general features of OR TM topology have been
established for several OR subunits from 3 different species
(Benton et al. 2006; Lundin et al. 2007; Smart et al. 2008;
Jordan et al. 2009; Tsitoura et al. 2010), the topology of the
vast majority of insect OR subunits can only be contem-
plated using computational topology algorithms. For this
reason, the topological location of these residues should be
considered approximate.

To comprehensively examine the odor space around each
OR in order to highlight a difference in odorant specific-
ity that could serve as a functional probe in our mutation
screen, we expressed Agam\Or13 and Agam\Or15 in Xenopus
oocytes (each in combination with Agam\Orco, which will
not be subsequently mentioned) and screened with a panel
of 25 odorants that included several compounds previously
shown to activate these ORs (Wang et al. 2010), as well as
a series of structurally related compounds (Supplementary
Table 1). It is important to recognize that differences in cur-
rent response amplitude upon application of an agonist to
individual Xenopus oocytes is not an appropriate metric
with which to assess differences in receptor function. This
is because receptor expression levels can vary greatly among
wild-type and mutant receptors, among individual oocytes
and among oocyte batches (Luetje et al. 2013). For this rea-
son, we sought to identify a ratio of odorant responses (which
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Screening of Agam\Or13 and Agam\Or15 reveals differences in relative odorant sensitivity. Oocytes expressing Agam\Or13 + Agam\Orco (A)

or Agam\Or15 + Agam\Orco (B) were challenged with 20 s applications of various odorants, each applied at 100 uM. Odorants: 1) 2-methylphenol,
2) 3-methylphenol, 3) 4-methylphenol (4-mp), 4) 4-ethylphenol, 5) methyl benzoate, 6) indole, 7) 3-methylindole, 8) benzaldehyde, 9) acetophenone (Ace),
10) phenylacetaldehyde, 11) 3-phenyl-1-propanol, 12) salicylaldehyde, 13) trifernal, 14) thioanisole, 15) 4-methylacetophenone, 16) 4-methylbenzalde-
hyde, 17) 2-acetylpyridine, 18) 2-acetylpyrazine, 19) anisyl acetate, 20) anisyl alcohol, 21) 4-butylbenzaldehyde, 22) p-cymene, 23) anisole, 24) benzoic
acid, and 25) phenylacetic acid. Each current recording is from a separate oocyte and Ace was included at the end of each recording for comparison.
Current responses to 4-mp and Ace applications in the top traces are indicated by dashed boxes.
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would not depend on receptor expression levels) with which
to functionally distinguish Agam\Or13 and Agam\Orl5. As
seen in Figure 1, the set of odorants that could activate each
of these 2 ORs was similar. However, the relative amplitude
of the response to acetophenone (#9, Ace), with respect to
the responses to several other odorants, was quite different
between the 2 receptors. For Agam\Or13, the 4-methylphe-
nol (#3, 4-mp) response was nearly identical in amplitude to
the response to Ace. In contrast, the Ace response of Agam\
Or15 was much larger than the 4-mp response. The ratio of
the responses to these 2 odorants could provide a measure
of odorant responsiveness that is independent of receptor
expression level, thus avoiding the problems outlined above.

Concentration-response curves for Ace and 4-mp acti-
vation of Agam\Orl3 and Agam\Orl5 receptors were
generated to better understand the differences in odorant
responsiveness between these receptors (Figure 2A,B). For
each receptor, current responses to various concentrations
of Ace and 4-mp were normalized to a fixed concentration
of Ace applied to the same oocyte. Thus, both the potency
(EC,,) and maximal response (efficacy) of these 2 odor-
ants could be compared. The EC,, values for Ace activa-
tion of Agam\Or13 (722 pM) and Agam\Orl5 (1829 pM)
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Figure 2 Agam\Or13 and Agam\Or15 differ in their responsiveness to
4-methylphenol and acetophenone. (A) Concentration—response relation-
ships for activation of Agam\Or13 + Agam\Orco by acetophenone (Ace)
and 4-methylphenol (4-mp). Current responses to each concentration of
odorant (n = 5) were normalized to the response of the same oocyte to
5 UM Ace. ECq, values for Ace (6.7 1.8 uM) and 4-mp (45+19 uM) were
significantly different (P < 0.01, t-test). Maximal response values for Ace
(3.4£0.2) and 4-mp (4.9+0.5) were not significantly different (P = 0.077,
t-test). (B) Concentration—response relationships for activation of Agam\
Or15 + Agam\Orco by acetophenone (Ace) and 4-methylphenol (4-mp).
Current responses to each concentration of odorant (n = 4) were normal-
ized to the response of the same oocyte to 30 uM Ace. EC,, values for Ace
(18+9 M) and 4-mp (71£12 pM) were significantly different (P < 0.01,
t-test). Maximal response values for Ace (1.9+0.2) and 4-mp (0.64+0.03)
were significantly different (P < 0.05, t-test). (C) An oocyte expressing
Agam\Or13 + Agam\Orco was challenged with challenged 20 s applica-
tions of TmM 4-mp and 1 mM Ace. (D) An oocyte expressing Agam\Or15 +
Agam\Orco was challenged 20 s applications of 1TmM 4-mp and 1 mM Ace.

were similar, as were the ECs, values for 4-mp activation
(45£19 pM and 71 + 12 pM, respectively). However, the rel-
ative efficacy values were dramatically different, with 4-mp
displaying efficacy similar to that of Ace at Agam\Or13, but
significantly lower efficacy than that of Ace at Agam\Orl15.
From this analysis, we decided to use a concentration of
ImM in our analysis. While this concentration is relatively
high, it yields a response ratio that would be most useful in
distinguishing Agam\Or13 and Agam\Orl15: the Ace/4-mp
response ratio for Agam\Orl3 was 0.43£0.05, while the
Ace/4-mp response ratio for Agam\Orl15 ratio was 6.5+0.5
(Figure 2C,D). Agam\Orl5 generally yielded larger odor-
ant response amplitudes than did Agam\Or13 (in Figure 2,
compare panels C and D). For this reason, we chose Agam\
Orl5 as the “platform” upon which we sequentially mutated
amino acid residues to match the corresponding residues of
Agam\Orl3. The 37 positions that we examined are shown
in Figure 3.

Each Agam\Orl15 substitution variant was assayed for the
ratio of Ace and 4-mp responses at | mM (as in Figure 2C,D)
and the response ratio was compared to that of Agam\
Orl5 and Agam\Orl3 (Figure 4). Based on a lack of any
odorant response, it is likely that 2 mutants (L8§1W and
T206I) did not form functional receptors. Three mutants
(K158D, A160V, and L270V) yielded only very small odor-
ant responses that did not allow detailed analysis (data not
shown). Of the remaining 32 mutants, the majority (21
mutants) displayed odorant response ratios that were not
significantly different from Agam\Or15 (indicated by blue in
Figures 3 and 4), while 11 mutants had significantly differ-
ent odorant response ratios. Five of these mutants (M162V,
GI181T, N289D, M2931, and F3071) had odorant response
ratios that were significantly higher than that of WT Agam\
Orl15 (indicated by green in Figures 3 and 4), while 6 mutants
(A1951, A264V, F296L, F369L, F3791, and F380Y) dis-
played odorant response ratios that were shifted toward
that of Agam\Orl13 (indicated by red in Figures 3 and 4),
suggesting that these positions may play a role in odorant
responsiveness. Because mutations that shift the response
ratio from that of Agam\Orl5 toward that of Agam\Orl3
are easier to interpret, we chose to focus among the latter 6
mutants for further study. In particular, the A1951 mutation
yielded the greatest shift toward Agam\Or13, with an odor-
ant response ratio of 2.7£0.1, leading us to examine this
position in more detail. When the reverse substitution was
made in Agam\Or13 (I195A), the resulting mutant displayed
an odorant response ratio (2.5+0.1) that was significantly
increased from that of WT Agam\Orl13 (Figure 4).

The results presented in Figure 4 suggest that position
195 (and several other positions) is involved in determining
the responsiveness of these receptors to odorants. To gain
more insight, we generated 14 additional mutations at this
site. We constructed CRCs for Ace activation of 12 of these
mutants (A195G and A195K were nonfunctional), as well
as wild-type Agam\Orl5 and the Agam\Or15 A1951 mutant
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Figure 3 Location of mutated residues within a predicted secondary structure of Agam\Or15. Positions that differ between Agam\Or15 and Agam\Or13
in the predicted TM and EC regions are highlighted: black indicates mutants that were either nonfunctional (L8 1W, T206l) or did not meet our minimum
signal amplitude criteria of 100 nA (K158D, A160V, L270V); blue indicates mutations that did not significant alter the Ace/4-mp response ratio from that
of WT Agam\Or15; green indicates mutations that shifted the response ratio to values significantly higher than that of WT Agam\Or15; red indicates muta-
tions that significantly shifted the response ratio from that of WT Agam\Or15 toward that of WT Agam\Or13. The image was constructed by hand, based

on TMD locations estimated using TMRPres2D (Spyropoulos et al. 2004).

(Figure 5C, Supplementary Table 2). When we compared
the EC,, for Ace activation of WT Agam\Or15 and various
substitution mutants, we found substantial variation. For
example, the ECy, for Ace activation of the A195Y mutant
(1472 £ 142 pM) was 1863-fold greater than the ECy, for Ace
activation of the A195C mutant (0.79£0.11 uM, P < 0.001).
Overall, Ace sensitivity correlated well with amino acid side
chain length at this position (Figure 6A), although there was
no obvious correlation with other side chain properties, such
as polarity, hydrophobicity, or hydrogen bonding potential.
In contrast to what we observed for Ace, there was little
variation among the WT and mutant receptors in sensitiv-
ity to 4-mp (Figure 5H, Supplementary Table 2). The differ-
ence in ECy, for 4-mp activation of A195Y (1160+310 nM)
and A195C (528 + 100 pM) was only 2-fold (P < 0.05), while
the greatest difference in EC,,, between A195Y and A195V
(78 £9 uM), was only 15-fold (P < 0.001). There was no sig-
nificant correlation between EC,, for 4-methylphenol activa-
tion and side chain length (Figure 6B). We conducted similar
analyses for 6 compounds that are structurally related to
Ace and 4-mp. Mutations at position 195 also had a large
effect on sensitivity to propiophenone and benzaldehyde
(Figure SA,E), with EC,, values again correlating with side
chain length (¥ = 0.44, P < 0.05 and »* = 0.42, P < 0.05,
respectively). In contrast, the effect of mutation on sensi-
tivity to 4-methylpropiophenone, 4-methylacetophenone,
4-methylbenzaldehyde, and phenol was much smaller, with
no significant correlation between EC,, and side chain
length. Overall, minor alterations to the ligand structure
had large effects on the extent to which mutation could alter

the CRC. For example, addition of a methyl to acetophe-
none, resulting in 4-methylacetophenone, severely reduced
the effect of amino acid substitution, with the EC,, values
for activation of A195Q and A195C differing by 521-fold
for Ace, but only 26-fold for 4-methylacetophenone. A simi-
lar effect can be seen when the 4-methyl group is added to
propiophenone and benzaldehyde. The differential effect of
mutation on the CRCs for different odorants is also illus-
trated by the variation in odorant rank orders of potency for
the various mutant receptors (Supplementary Table 3).

Discussion

Our results demonstrate that amino acid position 195 plays
a critical role in determining Agam\Or15 odorant sensitiv-
ity and specificity. That said, where might position 195 be
located with respect to the important functional components
of the receptor, such as the odorant-binding site? Alteration
of a CRC by a site-specific substitution should not be taken
as direct evidence that the mutated position is located at
the agonist-binding site (Colquhoun 1998). This is because
the liganded gating equilibrium constant (E) for a receptor,
which underlies the CRC, is a product of the unliganded gat-
ing equilibrium constant (E,) and the ratio of the equilibrium
ligand dissociation constants for the inactive and activated
forms of the receptor (M) (Jadey et al. 2011). Mutations
almost anywhere in a receptor structure can alter E, (Jadey
et al. 2011) and thus the CRC. For example, a point mutation
(L9’S) within the ion pore forming second TMD of nicotinic
acetylcholine receptor (nAChR) subunits can dramatically
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Figure 4 Odorant response ratios of Agam\Or15 mutants. The Ace/4-mp odorant response ratios for 32 Agam\Or15 mutants and the Agam\Or13, [195A
mutant, as well as WT Agam\Or15 and WT Agam\Or13, are presented as mean + SEM (n = 3-16). The odorant response ratio was determined by dividing
the TmM Ace peak amplitude by the 1 mM 4-mp peak amplitude for each individual oocyte. For the mutants of Agam\Or15, differences from WT Agam\
Or15 were assessed by 1-way ANOVA and Dunnett's posttest (*P < 0.05, **P < 0.01, ***P < 0.001). For the mutant of Agam\Or13, difference from WT
Agam\Or13 was assessed using an unpaired t-test (""'P < 0.001). The values for the A195I mutant of Agam\Or15 and the 1195A mutant of Agam\Or13 are
highlighted with hashed bars. Bars representing data for the Agam\Or15 mutants are colored to correspond to Figure 3: blue = no change in Ace/4-mp

ratio; green = increase in Ace/4-mp ratio; red = decrease in Ace/4-mp ratio.

alter the acetylcholine CRC for these receptors (Labarca
et al. 1995; 2001), despite this position being >50A away
from the agonist-binding sites in this receptor class (Hibbs
and Gouaux 2011). Mutations that alter E through a change
in E, are independent of agonist (Jadey et al. 2011), making
the effect on CRCs similar for different agonists. Indeed, the
L9’S mutation in the a4 subunit of a neuronal nAChR has
a similar effect on the CRCs for several agonists (Labarca
et al. 2001). Positions at or near to the ligand-binding site of
nAChRs have been shown to be able to alter A (Jadey et al.

2011). Mutation at such positions should have differential
effects on the CRCs for different agonists. Thus, if position
195 of Agam\Orl5 were distal to the odorant-binding site,
the effect of mutations at this site might be expected to be
similar for multiple odorant agonists. The results we present
in Figure 5 clearly show that the effect of mutation at posi-
tion 195 is not similar for the various odorants. For some
ligands, such as Ace, the effect of mutation is profound,
while for other ligands, such as 4-mp, the effect of mutation
is modest.
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Figure 5 The effect of mutation at position 195 of Agam\Or15 on odor-
ant sensitivity is not consistent among odorants. CRCs were constructed
(see Methods) for 8 odorants at a series of Agam\Or15 receptors with
various residues at position 195. EC., values (mean + SEM) for 1 odorant
at a series of mutants are presented in each panel. (A) propiophenone,
(B) 4-methylpropiophenone, (C) acetophenone, (D) 4-methylacetophe-
none, (E) benzaldehyde, (F) 4-methylbenzaldehyde, (G) phenol, and (H)
4-methylphenol. Numerical values and statistical analyses are provided in
Supplementary Table 2.

Can we take these results to mean that position 195 is
at or near the odorant-binding site of Agam\Or15? While
this is a strong possibility, some caution is warranted. It is
unclear to what extent results obtained with nAChRs can
be extrapolated to other receptors. Also, some receptors dis-
play a phenomenon known as “stimulus trafficking”, which
is thought to be the result of the receptor assuming different
active conformations (activating different signal transduc-
tion pathways) in response to different agonists (Molero and
Miller 1991; Spengler et al. 1993; Gudermann et al. 1996;
Kenakin 1997). Thus, mutations at position 195 could be
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Figure 6 Correlation between side chain length at position 195 of Agam\
Or15 and acetophenone sensitivity. (A) EC., values for acetophenone acti-
vation of WT Agam\Or15 and mutant subunits with various substitutions at
position 195, taken from Supplementary Table 2, are plotted against amino
acid side chain length (Kasahara et al. 2011). A significant correlation was
observed. (B) ECs, values for 4-methylphenol activation of WT Agam\Or15
and mutant subunits with various substitutions at position 195, taken from
Supplementary Table 2, are plotted against amino acid side chain length.
No significant correlation was observed.

differentially affecting such receptor behavior, which might
then be reflected in a differential effect on CRCs.

If position 195 were physically proximate to the odorant-
binding site of Agam\Or15, what role might it play? The lack
of correlation with side chain properties (other than size)
suggests that this residue would not be interacting directly
with odorant ligands. However, the side chain could be fac-
ing away from the odorant-binding cavity, perhaps interact-
ing with other parts of the OR complex. An alteration of
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the size of the side chain at this position might then shift
the structure of the binding site through a repositioning of
the peptide backbone. The location of this position near the
interface between ECL 2 and TMD 4 is consistent with the
proposed location of the binding site amongst the EC halves
of the TMDs (Guo and Kim 2010). The interface between
ECL 2 and TMD 3 has also been implicated in determining
odorant sensitivity. The binding of a competitive antagonist
can protect a residue in this region of a Drosophila mela-
nogaster odorant-binding subunit from covalent modifica-
tion (Nichols and Luetje 2010) and a residue in the same
region has been shown to be a determinant of pheromone
specificity in an odorant-binding subunit from the European
Corn Borer, Ostrinia nubilalis (Leary et al. 2012). ECL 2 itself
has been proposed to serve as a lid for a binding site formed
by the TMDs (Xu and Leal 2013). Residues within TMD 2
and TMD 5 have also been implicated as determinants of
ligand sensitivity (Pellegrino et al. 2011; Kumar et al. 2013).
Thus, it is becoming possible to envision a binding site for
odorants located among the TMDs of these OR subunits.

Supplementary material

Supplementary material can be found at http://www.chemse.
oxfordjournals.org/
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