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Animals use their odorant receptors to receive chemical in-
formation from the environment. Insect odorant receptors
differ from the G protein-coupled odorant receptors in verte-
brates and nematodes, and very little is known about their
protein-protein interactions. Here, we introduce a mass spec-
trometric platform designed for the large-scale analysis of
insect odorant receptor protein-protein interactions. Using
this platform, we obtained the first Orco interactome from
Drosophila melanogaster. From a total of 1,186 identified
proteins, we narrowed the interaction candidates to 226, of
which only two-thirds have been named. These candidates
include the known olfactory proteins Or92a and Obp51a.
Around 90% of the proteins having published names likely
function inside the cell, and nearly half of these intracellular
proteins are associated with the endomembrane system. In a
basic loss-of-function electrophysiological screen, we found
that the disruption of eight (i.e., Rab5, CG32795, Mpcp,
Tom70, Vir-1, CG30427, Eaat1, and CG2781) of 28 random-
ly selected candidates affects olfactory responses /in vivo. Thus,
because this Orco interactome includes physiologically mean-
ingful candidates, we anticipate that our platform will help
guide further research on the molecular mechanisms of the
insect odorant receptor family.

Keywords: Drosophila, odorant receptor, Orco, IP-MS, in-
teractome

INTRODUCTION

In Drosophila melanogaster, odorant receptors (ORs) func-
tion on the dendritic membranes of olfactory sensory neu-
rons (OSNs) (Clyne et al., 1999; Gao and Chess, 1999; Voss-
hall et al., 1999). OSNs reside in the third antennal segments
and in the maxillary palps (Clyne et al., 1999; Gao and Chess,
1999; Vosshall et al., 1999) (Fig. 1A). These olfactory organs
are covered with olfactory sensilla—porous needles that
house the OSN dendrites floating in sensory lymph (Shan-
bhag et al., 2000). Most of these sensilla house two OSNs
with each expressing one odor-specific OR in addition to the
OR co-receptor Orco (Couto et al., 2005) (Fig. 1A). The ac-
tivities of the different OSNs can be distinguished in single
sensillum recordings (SSRs) by their characteristic amplitudes
and sensitivity to different odorants (de Bruyne et al., 2001).
In contrast to the extensive neuron-level studies of periph-
eral olfactory systems using SSR, protein-level studies of in-
sect ORs have lagged behind due to several factors. First,
insect ORs are atypical among receptors with seven trans-
membrane domains. Insect ORs were initially expected to be
G protein-coupled receptors (GPCRs) like the ORs in many
other animals (Carlson, 1996), but their molecular character-
ization have been a considerable challenge because of insuf-
ficient sequence homology with other sensory chemorecep-
tor families (Bargmann, 2006; Clyne et al., 1999; Gao and
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Fig. 1. Size-specific olfactory tissue enrichment accompanied with bead homogenization efficiently solubilizes Orco. (A) The anatomy of
Drosophila OSNs and the functional locations of key olfactory proteins inside a sensillum. Elements are color coded. OSN, olfactory sen-
sory neuron; OBP, odorant-binding protein; OR, odorant receptor. (B) The sieve filters larger body parts and enriches olfactory tissues.
Sieved (enriched) tissues are vigorously shaken with metal beads to break open the exoskeleton. (C) Lysis buffer is added to the Ground
(homogenized) tissues. A ready-to-use tissue lysate is obtained after two sequential rounds of centrifugation. Pellets can be analyzed to
check the efficiency of protein solubilization (Supplementary Fig. S2). (D) Tissue enrichment by sieving concentrates Orco. A comparison
is made with a head lysate. Antibodies are against EGFP and native GAPDH.

Chess, 1999; Vosshall et al., 1999), dependence on a co-
receptor (Larsson et al., 2004), intracellular N-termini (Ben-
ton et al., 2006; Lundin et al., 2007; Smart et al., 2008; Tsi-
toura et al., 2010), ionotropic receptor-like properties (Sato
et al.,, 2008; Wicher et al., 2008), putatively unique three-
dimensional structures (Hopf et al., 2015), and discrete evo-
lutionary lineage (Benton, 2015; Missbach et al., 2014, Nei
et al., 2008). Second, insect ORs do not localize well to the
plasma membrane in heterologous expression systems
(Halty-deLeon et al., 2016), presumably because these sys-
tems inadequately mimic the native environment of insect
OSNs. For this reason, heterologous systems are of limited
value for discovering novel OR-interacting proteins. Third,
not only do the OR proteins exist in small quantities because
of their expression in so few cells (Vosshall et al., 1999), they
are also physically sheltered inside tough and slender micro-
structures, the sensilla, /7 vivo (Shanbhag et al., 2000) (Fig.
1A). This makes it difficult to collect and manipulate the OR-
containing tissues on a large scale. Thus, apart from homo-
and heteromultimerization among themselves (Benton et al.,
2006; Carraher et al., 2015; German et al., 2013; Nakagawa
etal, 2012; Neuhaus et al., 2005), little is known about the
proteins that physically associate with insect ORs.

As breakthroughs in our understanding of biological phe-
nomena often come with methodological improvements,
we wanted to establish a platform for the identification of
unknown insect OR-related proteins. To do so, we chose to
apply immunoprecipitation-mass spectrometry (IP-MS), a
powerful method for discovering novel protein-protein in-
teractions, to the identification of the first insect OR family
interactome from Orco.

Orco is a fascinating member of the insect OR family. Un-
like other ORs, Orco does not respond to natural odorants
(Dobritsa et al., 2003; Elmore et al., 2003) and functions as
a ubiquitous co-receptor for the other ORs (Larsson et al.,
2004). Without Orco, the cellular localization of OR proteins
is disrupted (Benton et al., 2006), preventing OSNs from
responding to odors (Larsson et al., 2004). As Orco is ex-
pressed in nearly all OSNs (Larsson et al., 2004), the Orco
interactome wiill likely provide insights into the general mo-
lecular mechanisms of insect olfaction.

Here, we report a platform that successfully identified
candidate interaction partners of Orco from adult Drosophila
melanogaster. To our knowledge, this is the first large-scale
OR-related interactome obtained directly from insect olfacto-
ry tissues. The methods we have developed for olfactory
tissue enrichment and Orco protein solubilization are cou-
pled with IP-MS to provide a useful tool for exploring un-
known protein-protein interactions. We analyzed the subcel-
lular locations of the top 30% of the candidate interaction
partners to probe the global trends of the co-
immunoprecipitated proteins and validated that their loss-of-
function alters olfactory physiology /n vivo.

MATERIALS AND METHODS

Fly work

All EGFP-tagged Orco experiments were performed with w/
Orco-GAL4, UAS-EGFP::0rco; Orco’ (Orco-GAL4 (Wang et
al., 2003); UAS-EGFP:Orco (Benton et al., 2006); Orco’
(Larsson et al., 2004)). Background control experiments
were performed with w, Orco-GAL4, UAS-myr::GFP; Orco’
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(myr::GFP (Pfeiffer et al., 2010)). The following UAS-RNAI
flies were obtained from the Bloomington Drosophila Stock
Center (Indiana, USA): Rab5 (#30518), Mpcp (#44508),
Tom70 (#43966), vir-1 (#58209), CG30427 (#58271),
Eaat1 (#43287), and CG2781 (#50710). All experimental
flies were crossed to w, UAS-Dcr2; Orco-GAL4. GAL4 con-
trol flies were crossed either to attP40 (#36304) or attP2
(#36303) control lines. UAS control flies were crossed to
w'""% CG32795 was tested with a homozygous P element
insertion mutant #14771; DmelP{SUPor-P}CG32795[KG
08806]) whose heterozygous controls were in the n/’®
background.

Tissue preparation

For the head lysate, 50 male and 50 female (total 100)
heads with intact antennae, per tube, were manually dis-
sected on dry ice. Flies for sieving were collected in 50-ml
conical tubes up to 20 ml (including gaps) and kept at -80C.
The sieve (Fig. 1B) has a metal mesh (pore size 180 um?)
fixed in between two hollow lids. The assembled gadget
was frozen at -80T for at least 30 min and then vigorously
shaken on a vortexer. Per tube, 30 mg and 15 mg sieved
tissues were used for IP and immunoblotting (IB), respective-
ly. All tissues were homogenized at room temperature by
three surgical stainless steel beads (3 mm in diameter) for 2
min with vigorous vortexing. Samples were kept on wet ice
throughout the experiments if not being weighed or ho-
mogenized.

Total protein preparation

The lysates in Fig. 1D were prepared with the 2 x sodium
dodecyl sulfate (SDS; Affymetrix/USB, J18220) buffer in the
GFP-Trap®_A protocol (ver. 2014-12-18) offered by Chro-
moTek (Planegg-Martinsried, Germany). The rest of the ly-
sates were prepared with 1% (v/v or w/v) of the indicated
detergents in the dilution buffer for GFP-Trap®_A, with
cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche,
04693159001) instead of the suggested protease inhibitors.
The detergents used were Tween 20 (Biosesang, T1027),
Triton X-100 (Bio Basic, TBO198), Nonidet P-40 (Bio Basic,
NDB0385), Octyl-B-D-glucopyranoside (Fluka, 75083), n-
Dodecyl B-D-maltoside (DDM; ThermoFisher, 89903), CHAPS
(Sigma-Aldrich, C5070), CHAPSO (Calbiochem, 220201),
and Zwittergent 3-16 (Calbiochem, 693023). 300 ul of lysis
buffer was added per tube and the tube was vortexed for 1
min to produce a homogenous mixture. The mixture was
then centrifuged for 5 min at 10,000 x g at 4C (10T for
Zwittergent 3-16- or SDS-solubilized lysates) to remove tis-
sue debris. The intermediate supernatant was transferred to
a fresh tube and centrifuged once more to obtain the final
transparent tissue lysate. Total protein quantification was
performed with a Pierce™ BCA Protein Assay Kit (Ther-
moFisher, 23227). The final lysates were stored at -80C.

Immunoblotting

Tissue lysates were mixed with the 2 x SDS buffer and heat-
ed at 50 for 30 min with 500-rpm vibration on an Eppen-
dorf (Germany) ThermoMixer™ C. For the samples in Fig. 2B,
equal volumes of a single lysate were aliquoted into six sepa-
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rate tubes and each tube was treated individually at 50, 55,
60, 65, and 70¢C for 30 min, and at 95¢C for 10 min. Other
conditions were as described above. The samples were run
on 10% SDS-PAGE and wet-transferred onto PVDF mem-
branes (Merck, IPYH00010). Each well was loaded with 30
ug total protein. The membranes were incubated with pri-
mary antibodies overnight at 4C. Anti-GFP (ThermoFisher,
A-11122) diluted 1 to 5,000 in 5% skim milk/TBST was used
to probe the GFP tags and anti- glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; abcam, ab125247) diluted 1 to
2,000 in TBST was used for the loading control. Secondary
antibodies were incubated for 2 h at room temperature.
HRP-conjugated antibodies against rabbit (Merck, AP132P)
diluted 1 to 10,000 or mouse (ThermoFisher, 31430) diluted
1 to 5,000 were used. In all cases, the loading control was
re-probed after stripping (Atto, WSE-7240).

Immunoprecipitation and on-bead digestion

All input materials for IP-MS were solubilized in fresh 1%
(w/v) DDM lysis buffer made with MS-grade water. Per tube,
50 ul of GFP-Trap®_A bead slurry, equilibrated three times
with 500 pl lysis buffer, and 5.0 mg total protein were add-
ed. Binding was conducted for 2 h on a rotating platform at
room temperature. Harvested beads were washed five times
with 1 ml lysis buffer and once with 1 ml Tris-HC| (pH 8.5).
On-bead digestion was performed as previously described
(Lee etal, 2011).

Mass spectrometric analysis

Following on-bead digestion, the tryptic peptides were de-
salted using StageTips packed with reversed-phase C18 ma-
terial (3M, 2215) and dried using a vacuum concentrator.
Dry samples were acidified by 0.1% formic acid for mass
spectrometric analysis. Sample analyses were performed
using an EASY-nLC 1000 (ThermoFisher) coupled to Q-
Exactive mass spectrometer (ThermoFisher) equipped with a
home-made nano-electrospray ion source. Peptides were
separated on a 15-cm reversed phase column with 75-um
internal diameter packed in-house with 3-um, 100-A C18
beads (Agela Technologies) using a 130-min gradient from
9.5% to 36.5% acetonitrile in 0.1% formic acid at a flow
rate of 350 nl/min. The mass spectrometer was operated in
data-dependent mode to automatically switch between full-
scan MS and tandem MS acquisition. Survey full scan mass
spectra were acquired in an Orbitrap (300-1800 m/2) using
automated gain control target of 1,000,000 ions and a reso-
lution of 70,000. The top twelve most intense ions from the
survey scan were isolated with automated gain control tar-
get of 500,000 ions at a resolution of 17,500. The isolated
jons were fragmented in the high collision dissociation cell
by collisionally-induced dissociation with 27% normalized
collisional energy and 2 m/zisolation width.

Data analysis

The raw data files were searched using MaxQuant (version
1.6.0.1) (Cox and Mann, 2008) against the Uniprot Dro-
sophila melanogaster database (UPO00000803; Mar. 15,
2017). The search parameters were tryptic digestion, maxi-
mum of two missed cleavages, fixed carbamidomethyl mod-



ifications of cysteine, variable oxidation of methionine, and
variable acetylation of protein N-termini. Mass tolerances for
precursor ions were 4.5 ppm and those for fragment ions
were 20 ppm. To determine the false discovery rate, a decoy
database was constructed by reversing the target database.
The protein and peptide level false discovery rates were fixed
at 1% and we required that all proteins reported were iden-
tified by at least one unique peptide. Gene names were in-
corporated from the Database for Annotation, Visualization
and Integrated Discovery (DAVID; v6.8) (Huang da et al.,
2009). Gene Ontology annotations were obtained using
Perseus (Tyanova et al., 2016) and additionally incorporated
from UniProt (release 2017_07) and FlyBase (FB2017_03).

Single-sensillum recording

Flies were recorded on the 12 day after eclosion. SSRs from
the A neurons of antennal basiconic 2 sensilla (ab2A; ex-
pressing Or59b) were obtained as previously described (Ben-
ton and Dahanukar, 2011). Methyl acetate (Sigma-Aldrich,
45999) was diluted 1 to 100,000 in paraffin oil (Sigma-
Aldrich, 76235). Three sensilla each from a male and a fe-
male (total 6) were recorded first (Supplementary Fig. S6). If
the initial recordings showed a phenotype, three additional
sensilla each from a new male and a new female (for a total
of 12) were recorded (Fig. 4). The statistical analyses and
plotting were performed in PRISM (GraphPad Software,
USA) using the two-way ANOVA with Bonferroni post-hoc
tests for multiple comparisons. Statistical significance is indi-
cated with asterisks (*P < 0.05, **P < 0.01, and *x*P <
0.001).

RESULTS

Tissue enrichment and protein solubilization

Because we sought to obtain the Orco interactome from
adult olfactory tissues, we first set out to improve upon the
existing tissue collection methods. To be efficient, we devel-
oped a custom sieve that enriches olfactory organs directly
into a standard 50-ml conical tube (Fig. 1B). This arrange-
ment allowed us to collect 10-20 ml of flies in a 50-mL coni-
cal tube and freeze them with the assembled sieve at -80T.
Then, upon vigorous shaking of the assembled gadget, all
the smaller tissues break off from the fly bodies and fall into

A T20 TX100 NP0  OG

DDM CHAPS CHAPSO 2z3-16 SDS
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the opposite tube. Not only is our sieve method much faster
and easier than manually collecting tissues (usually either
antennae or heads), the sieved tissues also produced a bet-
ter enrichment of EGFP-tagged Orco (Fig. 1D). Since our
tissue collection method enriches Orco, we assumed it also
enriches Orco-interacting proteins. We then achieved the
most consistent outcome with metal bead-based homoge-
nization (Supplementary Table S1). In this method, the
sieved tissues and beads are shaken vigorously together in a
microcentrifuge tube (Fig. 1B).

Because sieving breaks OSN axons, we solubilized total
protein as quickly as possible (Fig. 1C). Unfortunately, de-
spite numerous trials testing various conditions, none of the
existing Orco-specific antibodies detected the native Orco
protein on immunoblots (data not shown). For this reason,
we decided to use an N-terminal EGFP-Orco fusion
(EGFP::0rco) that was confirmed to be functional /in vivo
(Benton et al., 2006). We expressed EGFP::Orco in the Orco-
null mutant (Orco’) background to prevent the native Orco
protein from competing for interaction partners. Next, we
tested several laboratory detergents to optimize the solubili-
zation of EGFP::Orco. We observed effective solubilization
for all the tested detergents except Tween 20, CHAPS, and
CHAPSO (Fig. 2A and Supplementary Fig. S2). We chose to
use the mass spectrometry-compatible detergent DDM (pre-
viously shown to solubilize Orco from recombinant expres-
sion systems (Carraher et al., 2013)) at 1% (w/v) for the rest
of the experiments. As we performed IB experiments, we
noted that EGFP::Orco showed a curious temperature sensi-
tivity during sample preparation, likely caused by its hydro-
phobicity. We were unable to reproduce DDM-solubilized
EGFP::Orco immunoblots when the samples were heated to
high temperatures in the presence of SDS and B-
mercaptoethanol (Fig. 2B). To avoid this phenomenon,
which is commonly observed in multi-pass membrane pro-
teins (Okada et al., 2011), we optimized the conditions for
working with EGFP::Orco. In the end, we achieved the most
reproducible Orco immunoblots using a protocol that agi-
tates the tissue lysates under mild heating to 50C (Fig. 2B).

Immunoprecipitation-mass spectrometry

To exclude any non-specific protein binding to the beads and
to the bulky EGFP tag attached to Orco, we performed

Fig. 2. Detergents and temperature affect Orco solu-

bility. (A) Various laboratory detergents solubilizing
EGFP::Orco —-“—' M* Orco from enriched tissues. All detergents are at

GAPDH

B 50 55 60 65 70 95°C

EGFP:Orco. (M S w—
— D S—— — —

GAPDH

s S G T G G W

1% (v/v or w/v). T20, Tween 20; TX100, Triton X-
Nonidet P-40; 0OG, Octyl-B-D-
glucopyranoside; DDM, n-Dodecyl B-D-maltoside;
73-16, Zwittergent 3-16; SDS, sodium dodecyl sul-
fate. (B) Temperature sensitivity of Orco samples
prepared from a 1% DDM lysate in the presence of
SDS and B-mercaptoethanol. Antibodies are against
EGFP and native GAPDH.
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parallel IP experiments with a myristoylated GFP (myr::GFP).
Note that the expression levels of EGFP::Orco and myr::GFP
were not well-matched under our conditions (Supplemen-
tary Fig. S3). Although less than ideal, we used the
myr::GFP-bound proteins as a background control because it
was difficult to match the expression levels of the bait pro-
teins /n vivo. Finally, we performed the IP against the tags
using an anti-GFP nanobody (the variable domain of the
Camelidae heavy chain antibody (Harmsen and De Haard,
2007)) coupled to agarose beads.

We then performed liquid chromatography-tandem MS
(LC-MS/MS) analyses to identify the co-immunoprecipitated
proteins. Through trial and error, we discovered that on-
bead tryptic digestion (Turriziani et al., 2014) most reproduc-
ibly reflects the bound proteins in the interactome. In this
protocol, we added trypsin to the immunoprecipiated sam-
ples while they remained bound to the beads. The resulting
tryptic peptides were then subjected to MS for protein iden-
tification.

Data processing and analyses

We searched the raw MS data against the UniProt Drosophi-
la melanogaster database using MaxQuant. From the initial
list of 1,186 identified proteins, we eliminated experimental
group proteins without normalized peptide intensity (iBAQ)
values in any of the technical replicates. Then, we ranked the
remaining 753 proteins (Orco plus the 752 co-
immunoprecipitated proteins) by their experimental-to-
control iBAQ value ratios and decided to analyze an arbitrary
portion—the top 227 proteins (top 30% of the 753 pro-
teins)—as potential interactors (Fig. 3 and Supplementary
Table S4). The resulting list contained Orco at the top fol-
lowed by 144 proteins having no iBAQ values in the back-
ground control and 82 more proteins with high experi-
mental-to-control iIBAQ value ratios. The 144 proteins, des-
ignated Group A, are the primary Orco-interacting protein
candidates (Table 1 and Supplementary Table S4). Group A

Uncharacterized

4.5%

Plasma

52.6%

Mitochondrial
membrane

Extracellular
8.4%

Vesicles, etc.
Golgi

ER
Mitochondria

Nucleus, etc.
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~34.6%

included all the known olfactory proteins (i.e., Orco, Or92a,
and Obp51a) identified in our data. The 82 proteins, desig-
nated Group B (Supplementary Table S4), generally had
larger iBAQ values in the experimental samples than those in
Group A. Note that there were numerous uncharacterized
proteins without designated names (from the “CG genes”) in
both Group A and B (Supplementary Table S4). This result
was unsurprising, as the percentage (32.2%) of these un-
characterized proteins closely matches the percentage
(33.7%) of proteins without characterized functions in the
soluble Drosophila antennal proteome (Anholt and Williams,
2010).

Next, we performed an automatic Gene Ontology search
for the 227 proteins (Orco plus the 226 interaction candi-
dates) (Supplementary Table S4). Although the search as-
signed predicted features to the uncharacterized proteins,
we only analyzed proteins with published names to improve
accuracy (Fig. 3). For 154 (67.8% of the 227 proteins) pro-
teins, these search results were manually curated for subcel-
lular locations (Cellular Component Ontology) (Fig. 3 and
Supplementary Table S4) to identify any global trends
among the Orco-interacting candidates under our conditions.
Note that in the tallies, individual proteins may be counted
more than once if they are found at multiple subcellular
locations. In addition, we performed an Ingenuity® Pathway
Analysis with these 227 proteins to identify networks or
pathways associated with the Orco interactome (Supple-
mentary Fig. S5). Although the search results were heavily
biased toward mammalian systems, they were suggestive of
cellular activities related to membrane proteins.

Physiological validation of the interactome

Using orthogonal methods, we sought to validate whether
these 226 proteins are biologically relevant Orco-interacting
partners. We decided to determine if any of the proteins
affect the odor-evoked responses of OSNs, which we took as
an indication of OR-Orco protein complex functionality. We

Fig. 3. Subcellular locations of the
select Orcointeracting candidates.
The analysis of the top 227 proteins.
Cellular Component Ontology was
automatically retrieved by Perseus

membrane
Membrane-| Endomembrane
associated | system

-57.8% | and additional information was in-

~28.4%

corporated from UniProt and Fly-
Base. Single proteins may be count-
ed in multiple categories. Refer to
Supplementary Table S4 for details.

B ]135%
[ ]113%
B [220%
L J109%
B 177%
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Table 1. The top 20 Orco-interacting candidates and their representative Gene Ontology annotations. Gene Ontology annotations were

retrieved using Perseus (Tyanova et al., 2016). Refer to Supplementary Table S5 for details.

Rank Gene iBAQ PSM Representative cellular component Representative molecular
name value ontology (by Perseus) function ontology (by Perseus)
1 Orco 1.01x10° 434 Dendrite, integral to membrane, Calcium channel activity, calmodulin bind-
plasma membrane ing, ligand-gated ion channel activity,
olfactory receptor activity, passive
transmembrane transporter activity, pro-
tein dimerization activity

2 CG4962 1.69x 10° 4 (None) (None)

3 Tspo 1.44 %108 13 Integral to membrane, mitochondrial (None)
outer membrane

4 Racl 5.94 x 10’ 14 Cytosol, extrinsic to plasma membrane, GTPase activity
intracellular, plasma membrane,
rhabdomere

5 SsRbeta 5.90 x 10’ 13 Endomembrane system, integral to Peptide binding, signal sequence binding
membrane, microtubule associated
complex, ribonucleoprotein complex,
signal recognition particle (endoplasmic
reticulum targeting)

6 Acp53Clda 5.43x 10’ 9 Extracellular space (None)

7 MSBP 4.91x10’ 15 Endomembrane system, Cation binding, ecdysone binding, heme
plasma membrane binding

8 Sfp26Ad 3.58x 10’ 7 Extracellular space (None)

9 Rabbs 3.43x 10’ 15 Early endosome, membrane-bounded GTPase activity
vesicle, neuronal cell body, plasma
membrane, synapse

10 CG9034  3.42x10’ 7 (None) (None)

11 CdsA 3.15x 10’ 16 Endoplasmic reticulum membrane, Cytidylyltransferase activity, transferase
integral to membrane, activity transferring phosphorus-
plasma membrane containing groups

12 Arf79F 2.83x 10’ 8 Golgi stack, intracellular GTPase activity

13 sea 2.22x 10’ 24 Integral to membrane, mitochondrion, (None)

Nebenkern

14 mub 2.18x 10’ 9 Nucleus RNA binding

15 CG14407 2.18x10’ 6 (None) Electron carrier activity, oxidoreductase
activity acting on a sulfur group of do-
nors

16 CG15386 2.06x 10’ 6 (None) (None)

17 CG16758 2.04x 10’ 12 Cytoplasm Purine-nucleoside phosphorylase activity,
transferase activity transferring glyco-
syl/pentosyl groups

18 CG5676  2.00x 10’ 7 (None) (None)

19 ND5 1.94x10’ 8 Integral to membrane, mitochondrial NADH dehydrogenase activity
inner membrane, respiratory chain

20 CG6178 1.94x 10’ 16 Microbody, peroxisome Long-chain fatty acid-CoA ligase activity

21 CG34309 1.85x 107 3 (None) (None)

PSM, Peptide spectrum matches

randomly selected 28 proteins, used either RNAi knock-
downs or P element insertion mutants in live animals, and
recorded odor-evoked OSN activities with SSR. Since any

defects in Orco-related functionality would likely affect all
ORs, our priority was choosing an OSN subclass that would
most clearly show the contrast between the wild-type flies
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PO MA 10° PO MA10° PO MA 10° PO MA10° B Experimental (RNAi)
Heterozygous control
vir-1 CG30427 Eaati CG2781 Experimental (mutant)
20 20 20 20 PO Paraffin oil
MA Methyl acetate
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Fig. 4. The Orco-interacting candidates affect odor-evoked OSN activities /n vio. Details about the symbols and abbreviations are shown
in the box. Rab5 (monomeric GTPase); CG32795, TMPIT-like protein (InterPro suggestion); Mpcp, Mitochondrial phosphate carrier
protein; Tom70, Translocase of outer membrane 70; vir-1, virus-induced RNA 1; CG30427, Fatty acyl-CoA reductase (UniProt recom-
mendation); Eaat1, Excitatory amino acid transporter 1; CG2781, Elongation of very long chain fatty acids protein (UniProt recommen-
dation). Statistical significance was determined using two-way ANOVA with Bonferroni post-hoc tests for multiple comparisons. *P <

0.05, **P < 0.01,and *»**P < 0.001.

and those with loss-of-function in the candidate Orco-
interacting proteins. For such purpose, we chose to record
from the A neurons of the antennal basiconic 2 sensilla
(@b2A; expressing Or59b) using methyl acetate (MA) as a
stimulus. While none of the disrupted candidates increased
ab2A responses to MA, eight showed significantly decreased
activities (Fig. 4) and 20 showed no change (Supplementary
Fig. S6). Thus, because multiple candidates are associated
with the odor-evoked activities of OSNs, we consider our
interaction candidate list a valuable resource for future appli-
cations and studies in insect olfaction.

DISCUSSION

Despite the significance of their molecular features, few
studies have been able to directly address the cellular ma-
chineries by which the insect ORs associate in the neurons.
Our goal, therefore, was to obtain insect OR interactomes
composed of native OSN proteins harvested from their origi-
nal tissue environments to discover their protein-protein
interactions. To this end, we obtained proteins from en-
riched olfactory tissues that were co-immunoprecipitated
with the universal insect OR co-receptor Orco.

Tissue manipulation protocols were critical because we
wanted our results to reflect the native OSN proteome. The
extraction and isolation of OR proteins from adult olfactory
organs in Drosophila is difficult because the olfactory neu-
rons are enclosed in exoskeletal microstructures. The soluble
proteome of the antenna has been reported (Anholt and
Williams, 2010), but membrane proteins are more difficult
to solubilize from tissues. An ionotropic receptor (IR) protein
complex was isolated from antennae (Ai et al., 2013), but
because the ORs are thought to be more hydrophobic (ORs
have more putative transmembrane domains than IRs) and
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possibly form heteromultimers, further optimization of the
extraction conditions was necessary. In addition, we wanted
to extract Orco with intact protein complexes to analyze its
interactome. Eventually, we were able to optimize the condi-
tions and overcome these challenges (Fig. 1 and Fig. 2).
Since we used enriched adult olfactory tissues, proteins na-
tive to insect OSNs were included as prey proteins for the IP.
This is something heterologous expression systems cannot
replicate. However, because our antibodies for native Orco
do not work with the IB or IP techniques, we were forced to
use the GAL4-UAS over-expression system to express a
tagged version of Orco in Orco-positive neurons. Because
bait protein over-expression represents a deviation from the
wild-type cellular environment, it can lead to an increase in
the identification of non-specific interactions. Still, the EGFP
tag does not dramatically alter the olfactory function or sub-
cellular localization of EGFP::Orco /n vivo (Benton et al.,
2006), suggesting regular functionality and regular interac-
tions.

The proteins we identified manifest both intra- and extra-
cellular interactions, suggesting our platform is appropriate
for broad-range screening. Yet, in our particular sample
preparation conditions involving aggressive tissue manipula-
tion, a high detergent concentration, and room-temperature
IP, it is likely that strong interactions remained and interac-
tions with abundant proteins were readily restored, but
weak interactions, conditional interactions, or trace effectors
may have been lost (Gingras et al.,, 2007). Furthermore,
proteins that bind the Orco N-terminus may be underrepre-
sented because of steric hindrance by the EFGP tag. One
expected Orco-interacting protein, calmodulin (Bahk and
Jones, 2016), did not appear in our data, perhaps reflecting
the conditional nature of its interaction with Orco (Bahk and
Jones, 2016; Mukunda et al., 2016). Nor did another likely



Orco interaction partner, dATP8B (Ha et al., 2014; Liu et al ,
2014), appear in our data. Although SNMP is reportedly
associated with either the Or67d-Orco protein complex in
pheromone-sensing OSNs (Benton et al., 2007; Jin et al,,
2008; Li et al., 2014) or the Or22a-Orco protein complex in
an insect cell line (German et al., 2013), we were unable to
identify the protein in our IP-MS dataset. This result was
probably a consequence of being unable to co-
immunoprecipitate Or67d or Or22a with Orco. For the same
reason, we were unsuccessful in detecting the Or67d-
associating LUSH (Obp76a) (Laughlin et al., 2008). Instead
of LUSH, however, we found Obp51a among the top-
ranking Orco interaction candidates (the Group A proteins).
The odorant-binding proteins (OBPs) are predicted to mainly
release odorants near ORs rather than bind to ORs directly
(Leal, 2013; Venthur et al., 2014), but as the pheromone-
binding LUSH most likely interacts with Or67d (Laughlin et
al., 2008), our identification of Obp51a implies the existence
of alternative mechanisms for OBP-OR-Orco interactions.

Even with the awareness of the subtle nature of interac-
tions, we were surprised to identify only one (Or92a) of the
43 ORs expressed in adult olfactory tissues (Couto et al.,
2005) (Supplementary Table S4). There is abundant evidence
that Orco heteromultimerizes with other members of the
insect OR family (Benton et al., 2006; Carraher et al., 2015;
German et al., 2013; Nakagawa et al., 2012; Neuhaus et al.,
2005); thus, we expected to find many more ORs appearing
in the Orco interactome. The lack of ORs may be a conse-
guence of their generally low expression levels, which arise
mainly from the small number of olfactory neurons. It is
worth mentioning that one of the techniques used to dis-
cover the insect ORs was screening for mRNAs with ex-
tremely low expression levels in the olfactory organs (\Voss-
hall et al., 1999). Consistent with our data, a study of the
antennal proteome of Bombyx mori (silkmoth) found only
one OR of its 30 adult ORs (Tanaka et al., 2009) among a
total of 364 proteins (Zhao et al, 2015). Meanwhile, our
identification of Or92a is not particularly odd because it is
expressed at relatively higher expression levels in more cells
in the antenna than the other ORs (Couto et al., 2005; Fish-
ilevich and Vosshall, 2005; Jafari et al., 2012). We expect
sieving the tissues with a finer mesh and conducting IP at
lower temperatures may improve this result in future exper-
iments.

Considering the typical subcellular location of Orco (i.e., in
the dendrites and soma) and considering its overexpression
in the tissues used in this study, it is unsurprising that we
identified many ER-related proteins (22% of the annotated
intracellular proteins). Our unexpected identification of so
many mitochondrial proteins (~20% of the annotated intra-
cellular proteins) may simply reflect the abundance of mito-
chondria in olfactory dendrites. But if any of these proteins
turn out to be true Orco interactors, their presence in our list
may indicate a novel aspect of Orco protein physiology. One
possible explanation is that the OR-Orco protein complex
and mitochondria share the dendritic trafficking machinery
(Schwarz, 2013). The relationship between Orco, these mi-
tochondrial proteins, and dendritic trafficking can be exam-
ined to clarify their roles. We would also like to suggest that

Analysis of Orco interactome
Kate E. Yu et al.

mitochondria-associated ER membranes (MAMs) (Rowland
and Voeltz, 2012) may play a role in Orco’s function. MAMs
designate the regions where ER membranes and mitochon-
dria physically associate. MAMs are known to regulate lipid
synthesis and intracellular calcium signaling, where most
importantly, the roles of mitochondria in the calcium-
mediated responses of mouse OSNs have been described
(Fluegge et al., 2012). If Orco plays a role in such coordina-
tion systems, many fascinating discoveries in the field of
insect olfaction lie ahead.

We found reduced odor-evoked responses in OSNSs in
which one of the eight proteins (i.e., Rab5, CG32795, Mpcp,
Tom?70, vir-1, CG30427, Eaat1, and CG2781) was depleted.
|deally, these reduced responses reflect functional disruption
of Orco-interacting proteins. This result must be cautiously
interpreted, however, because electrophysiological respons-
es are sophisticated cellular phenomena. Although it is rea-
sonable to expect the depletion of Orco-interacting candi-
dates to affect odor-evoked OSN responses by disturbing
proper Orco function, the down-regulation of false positive
proteins that are independently involved in cell maintenance
or action potential generation may produce false positive
electrophysiological results. More functional studies are re-
quired to clarify the biological meanings of our SSR results.

Together, the significance of our results rests on the fact
that all of the candidate interaction partners we discovered
through this platform originated in the native tissue envi-
ronment of the bait protein. The identified proteins provide
a new perspective on the protein-protein interactions of
Orco. Our results are also important because our technique
represents a methodological advance. Other OR interac-
tomes can be similarly examined using our protocol, even
those of other insect species. We anticipate our platform will
facilitate further studies on the molecular mechanisms of
insect ORs and will prove versatile in other insect tissue-
based interactome analyses.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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