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ABSTRACT Insect odorant-binding proteins (OBPs) are a large, diverse group of low-molecular weight proteins secreted into the fluid
bathing olfactory and gustatory neuron dendrites. The best-characterized OBP, LUSH (OBP76a) enhances pheromone sensitivity
enabling detection of physiological levels of the male-specific pheromone, 11-cis vaccenyl acetate. The role of the other OBPs encoded
in the Drosophila genome is largely unknown. Here, using clustered regularly interspaced short palindromic repeats/Cas9, we gen-
erated and characterized the loss-of-function phenotype for two genes encoding homologous OBPs, OS-E (OBP83b) and OS-F
(OBP83a). Instead of activation defects, these extracellular proteins are required for normal deactivation of odorant responses to a
subset of odorants. Remarkably, odorants detected by the same odorant receptor are differentially affected by the loss of the OBPs,
revealing an odorant-specific role in deactivation kinetics. In stark contrast to lush mutants, the OS-E/F mutants have normal activation
kinetics to the affected odorants, even at low stimulus concentrations, suggesting that these OBPs are not competing for these ligands
with the odorant receptors. We also show that OS-E and OS-F are functionally redundant as either is sufficient to revert the mutant
phenotype in transgenic rescue experiments. These findings expand our understanding of the roles of OBPs to include the deactivation

of odorant responses.
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NSECT odorant-binding proteins (OBPs) are abundant pro-

teins secreted into the sensillum lymph that bathes the
chemosensory neuron dendrites (Vogt et al. 1991; Leal
2013). These low-molecular weight proteins are synthesized
and secreted by nonneuronal chemosensory support cells
[reviewed in Ha and Smith (2009), Ronderos and Smith
(2009), and Smith (2012)]. The function of this family of
proteins has been a subject of speculation since their discov-
ery as extracellular proteins that interact directly with pher-
omone molecules in moths (Vogt and Riddiford 1981).
Postulated roles include the transport of hydrophobic phero-
mone molecules to the odorant receptors (Kaissling et al.
1985; Vogt et al. 1985; Du and Prestwich 1995; Krieger
and Breer 1999; Wojtasek and Leal 1999; Sandler et al.
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2000; Horst et al. 2001; Vogt 2003), clearance of odorant
from the sensillum lymph (Steinbrecht and Miiller 1971,
Vogt and Riddiford 1981; Ziegelberger 1995), protection of
odorants from degrading enzymes in the lymph (Kaissling
1996, 1998, 2001), acting as filters or buffers (Pelosi and
Maida 1990; Larter et al. 2016), and functioning as compo-
nents of the ligand that actives the neuronal receptors
(Pophof 2002; Xu et al. 2005; Laughlin et al. 2008). In
Drosophila, 52 OBPs have been identified in the genome
(Galindo and Smith 2001; Graham and Davies 2002;
Hekmat-Scafe et al. 2002). These proteins are expressed in
chemosensory sensilla in both olfactory and gustatory sen-
silla (Galindo and Smith 2001; Jeong et al. 2013). The func-
tion of most of the OBPs is unknown.

The best-studied Drosophila OBP is LUSH (OBP76a), a
14-kDa protein important for olfactory sensitivity to the ma-
le-specific pheromone, 11-cis vaccenyl acetate (cVA) (Xu
et al. 2005; Laughlin et al. 2008). lush mutants are insensitive
to physiological levels of cVA pheromone, revealing a role for
this OBP in sensitizing neurons to pheromones (Xu et al.
2005; Laughlin et al. 2008). X-ray crystal structures of LUSH
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bound to cVA revealed that cVA is encapsulated by LUSH,
consistent with its postulated role in the transport of the
hydrophobic pheromone though the sensillum lymph to the
receptors on the neuronal cilia (Laughlin et al. 2008). While
transport of cVA pheromone molecules through the lymph is
likely one important component of LUSH function, genetic
analysis revealed that LUSH has a more intimate role in the
activity of the pheromone-sensing neurons. [ush mutants
have a striking and unexplained 400-fold reduction in spon-
taneous activity (spikes in the absence of pheromone), spe-
cifically in the Or67d pheromone-sensing neurons. This
defect is inconsistent with an exclusive role in pheromone
transport, as this phenotype is manifested in the absence of
pheromones (Xu et al. 2005). Introduction of recombinant
LUSH into the lush mutant sensillum lymph restores the
spontaneous rate and normal pheromone sensitivity of
Or67d neurons (Xu et al. 2005). This suggests that LUSH
may have a direct role in these events, perhaps as a coligand
at Or67d receptors (Xu et al. 2005; Laughlin et al. 2008).
Similar defects in pheromone sensitivity have recently been
reported for OBP mutants in other insects (Dong et al. 2017
Ye et al. 2017; Zhang et al. 2017). However, the role for OBPs
is not limited to sensitization and other functions have been
reported, including antagonizing chemosensory receptor
function (Jeong et al. 2013; Swarup et al. 2014).

OS-E and OS-F (OBP83b and OBP83a) were identified as
abundant, antenna-enriched transcripts in subtraction hybrid-
ization experiments (McKenna et al. 1994; Pikielny et al. 1994).
The genes encoding these OBPs are coexpressed in a subset of
sensilla exclusively in the Drosophila antenna (Hekmat-Scafe
et al. 1997; Shanbhag et al. 2001; Larter et al. 2016). However,
the biological functions of OS-E and OS-F have not been pre-
viously elucidated. We set out to generate mutants in OS-E and
OS-F to evaluate the effects that loss of these proteins might
confer on the function of the neurons present in sensilla that
express these OBPs. Our results reveal an unexpected pheno-
type associated with the loss of these OBPs that implicates them
in the deactivation of odorant responses.

Materials and Methods
Drosophila stocks

Wild-type flies were an isogenized w!!!8 strain (BS3605;
Bloomington Drosophila Stock Center). OS-E/F mutants were
backcrossed for five generations to this wild-type stock
to minimize genetic background effects. Nos>Cas9 flies were
generated by Kondo and Ueda (2013). Hsp70>Cre flies were
obtained from the Bloomington Drosophila Stock Center
(BS34516) and were used to delete the Lox-3xP3>RFP-Lox
marker from the deletion mutants. Or47b mutants are de-
scribed in Wang et al. (2011), Or88a and Or65abc mutants
are described in Pitts et al. (2016), and the Or83c¢ mutants
(Or83cMB11142) gre described in Ronderos et al. (2014). The
lush mutants (lush!) are described in Kim et al. (1998).
Snmpl mutants (Snmp1%°4?9) are described in Jin et al.
(2008). Flies of both sexes were used in these experiments.
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Generation and validation of OS-E/F mutants

Clustered regularly interspaced short palindromic repeats
(CRISPR) targets were identified upstream and downstream
of the OS-E and OS-F genes using the CRISPR Optimal Target
Finder (Gratz et al. 2014). Overlapping oligonucleotides
were annealed for each target site and cloned into the
pU6-Bbs1-chiRNA plasmid, as described in Gratz et al.
(2014). Approximately 1 kb of sequence upstream and
downstream of the cleavage targets were cloned using
PCR, and inserted into pHD-DsRed-attP (Addgene). The
DNAs were diluted to final concentrations of 20 ng/ul for
the U6 DNAs and 250 pg/pl for the targeting DNA in in-
jection buffer (1 mM NaPO, pH 6.8 and 50 mM KCl), in-
jected into Nos>Cas9 embryos (Kondo and Ueda 2013), and
the resulting flies were crossed to Balancer Chromosome
stocks (TM6b). The balanced progeny were screened for
red fluorescent protein (RFP) expression in the eye. Inde-
pendent mutant lines were established from three lines, and
all were homozygous viable and fertile. The phenotypes
reported here were confirmed in independent lines. OS-E/F
mutant stocks in which the 3xP3>RFP was excised using Cre
recombinase were also used in some experiments. No differ-
ences in phenotype were observed whether 3xP3>RFP was
present or not.

Primers used for mutant generation and validation

CRISPR upstream target oligonucleotides:

5" CTTCGGCCCTTTTATGAGATTACT 3’
5" AAACAGTAATCTCATAAAAGGGCC 3’

CRISPR downstream target oligonucleotides:

5" CTTCGTCAAGAGTTGTTTGCGCCG 3’
5" AAACCGGCGCAAACAACTCTTGAC 3’

Upstream homology domain primers:

5" GCATGCCTGGTGCAGTTGCTGTTGCATCGG 3’
5" GCGGCCGCATTACTGGGGCTCCATTTC 3’

Downstream homology domain primers:

5" ACTAGTGCGCCGTGGCAAAAACTTGTATAAAAAC 3’
5" CTCGAGTAAATTTAAAAATCTTTGACTTTAATTCG 3’

Validation primers:

Primers to validate upstream integration:

5" AATTATATTGCCCCATCCCC 3’
5" CGATGAACTTCACCTTGTAG 3’

Primers to validate downstream integration:

5" CGCGACTCTAGATCATAATC 3’
5" CCTTCCAGGGAATAAAGTAC 3’
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Primers specific to OS-E and OS-F genes:
Primers for OS-E:

5" GGACAGATTTGGTAAGTAGC 3’
5" GAGCCCCAGTAATCTCATAA 3’

Primers for OS-F:

5" TGGCTTTGAATGGCTTTGG 3’
5" ATTGTCGTCCACCACTTCG 3’

Quantitative RT- PCR

RNAwas extracted from 5- to 10-day-old Drosophila antennae. A
PicoPure RNA Isolation Kit (Applied Biosystems, Foster City,
CA) was used for RNA extraction. From each genotype, 50 an-
tennae were dissected and collected in 50 pl of extraction
buffer. The antennae were homogenized using Bead Ruptor,
(Omni International) and precipitated in ethanol. DNA contam-
ination was removed with RNase-free DNase (QIAGEN, Valen-
cia, CA). First-strand complementary DNA synthesis was
performed using First-Strand Synthesis SuperMix for qRT-PCR
(QPCR) (Invitrogen, Carlsbad, CA). QPCR was performed in an
Applied Biosystems 7500 Real-Time PCR Systems with Fast
SYBR Green Master Mix (Applied Biosystems). Three replicates
were performed together with a no-reverse transcriptase control
and a no-template control. Melting curve analysis and primer
efficiency tests were performed for all primer sets.

Primers for QPCR
OS-E:

5" GCTCCCAAAACTGGCGTTAC 3’
5" GAGAAGGTCTTGAACGCCATT 3’

OS-F:

5" CTTTGGTCGGCGTGTCAG 3’

5" CCAAGCCCTTCCACGACG 3’

5" GCGTGGGTTTGTGATCAGTT 3’
5" GATCTTCTCCTTGCCCATCC 3’

The EF1 primers are as described in Ponton et al. (2011).

Genomic rescue

A 10.6-kb DNA fragment (containing the OS-E and OS-F genes,
and all noncoding DNA extending to the next identified locus)
was isolated by high-fidelity PCR from wild-type DNA. No other
known transcription units are encoded by this fragment and the
correct coding sequences for these two genes were confirmed
as lacking PCR errors by DNA sequencing. The fragment was
cloned into pCasper4 (Pirrotta 1988) and used to generate
transgenic flies as previously described (Spradling and Rubin
1982). For single-gene rescue, deletions were produced in the
rescuing transgene using a Q5 site-directed mutagenesis kit
(New England Biolabs, Beverly, MA).

Genomic rescue primers

5" CTCGAGAAGCTGGCAACTGAATCCGA 3’
5" GCGGCCGCTTCGAGTTCCAGTTGCAGTT 3’

Q5 OS-E-coding deletion oligonucleotides

5" TTTGAAACTACAATGAATGG 3’
5" AATTTATTTACATTTATATTAACATTTAATTG 3’

Q5 OS-F-coding deletion oligonucleotides

5" TTTAATGTGGCTCTTTCCGTTTC 3’
5" ACACCTGGGCCACCTTTC 3’

Myc-tagged OS- E

We added a BglII site into the genomic rescue construct one
codon after the predicted signal cleavage site (Almagro
Armenteros et al. 2019) in OS-E using the Q5 system (New
England Biolabs). The 2X myc tag linker EQKLISEEDLEQ-
KLISEEDL(GGS)g was inserted in frame by annealing and
ligating four overlapping oligonucleotides into the BglII site,
and sequencing several clones to identify inserts in the proper
orientation.

Q5 primers to introduce Bglil site

5" AGATCTCTGGGCAGCGGCACAGCC 3’
5" GAACCAAGGCGCGATGGAGAGG 3’

2X Myc tag primers

5’ GATCTCAGGAACAAAAACTCATCTCAGAAGAGGATCTGGAA
CAAAAACTCATCTCA 3’

5" AGATCCTCTTCTGAGATGAGTTTTTGTTCCAGATCCTCTT
CTGAGATGAGTTTTTGTTCCTGA 3’

(GlyGlySer)g linker

5" GAAGAGGATCTGGGCGGCAGCGGCGGCAGCGGCGGCAG
CGGCGGCAGCGGCGGCAGCGGCGGCAGCGGCGGCAGCGGCG
GCAGCA 3’

5" GATCTGCTGCCGCCGTGCCGCCGCTGCCGCCGTGCC
GCCGCTGCCGCCGCTGCCGCCGCTGCCGCCGCTGCCGLCC 3’

Single-sensillum recordings

Single-sensillum recordings were performed on 3-6-day-old
flies as previously described (Xu et al. 2005; Laughlin et al.
2008; Pitts et al. 2016). Briefly, a single fly (3—6-days old) was
fixed under a humidified charcoal-filtered air stream. A ref-
erence electrode was placed in the eye and a recording elec-
trode was placed into an individual sensillum. Odorant
samples were diluted in water or paraffin oil, and 30 ul
was spotted onto a 1 cm? Wattman paper and inserted into
a pipet over which the stimulus air pulse was passed in a
constant air stream 1.0 cm from the fly using a computer-
controlled trigger. Figures denoting dilution % represent
the dilution on the paper, not the actual stimulus concentra-
tion at preparation, which was much less. Odorants were
applied for 300 msec for all odorants, except for four ligands
that were applied for 1 sec.

Spontaneous activity was calculated as the number of
spikes per second occurring in a 10-sec period prior to odorant
presentation divided by 10. Elicited activity (A spikes/s) was

An OBP Mediates Olfactory Deactivation 899



calculated as the number of spikes occurring in the 1 sec fol-
lowing odorant exposure, from which spontaneous activity for
the 1 sec prior to odorant application was subtracted. In all
cases, a given odorant was only tested once on a single fly,
though multiple odorants were tested on single flies.

The deactivation time constant, T, was calculated by bin-
ning individual traces into 50-msec intervals. The bin with
the largest number of spikes was counted as time point
0 and subsequent bins were used to plot the exponential
decay curve from which T was derived. T was calculated
using the formula N(t) =N,e~%", where N(t) is the quantity
of spikes at time t and 7 is the time at which the population
of spikes is reduced to 1/e times the initial value. Latency to
activation was determined by identifying the time point af-
ter odor presentation at which a cluster of spikes was ob-
served, measured in milliseconds after the initiation of odor
presentation. This latency represents the time from activa-
tion of the valve initiating the flow of odorant to the prep-
aration to the arrival of the odorant molecules at the
receptors, producing spikes. cVA was obtained from Phero-
bank (Wijk bij Duurstede, The Netherlands). The general
odorants used in this study were obtained from Sigma
([Sigma Chemical], St. Louis, MO) and were of the highest
purity available.

Immunocytochemistry

Immunocytochemistry was performed on 10 pm Drosophila
frozen head tissue sections from male and female flies, as
previously described (Jin et al. 2008). A Myc monoclonal
antibody (Developmental Studies Hybridoma Bank, Iowa
City, IA) was diluted to 1:1000 for immunofluorescence
and was detected with goat anti-mouse Alexa 555 antibody
(Molecular Probes, Eugene, OR). Confocal images were
obtained using a Zeiss ([Carl Zeiss], Thornwood, NY) LSM
510 confocal microscope. A C-terminal Myc-tagged Acinus
line was used as a positive control (Nandi et al. 2017).

Statistical analysis

Wild-type and mutant genotypes were compared using two-
tailed Student’s t-tests. Multiple genotype values were com-
pared using one-way ANOVA with Tukey’s post hoc test to
correct for multiple comparisons. Analysis was performed
using GraphPad Prism 7 and Origin 8.5 (OriginLab).

Data availability

Fly strains and plasmids are available upon request. Supple-
mental Figures include Supplemental Material, Figures S1-
S4. Supplemental material available at FigShare: https://
doi.org/10.25386/genetics.9773615.

Results
Generation of an OS-E/F null mutant

OS-E and OS-F are closely related, and located <1 kb apart on
the third chromosome, suggesting that they arose from a
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gene duplication event (Hekmat-Scafe et al. 1997, 2000).
Due to the amino acid sequence similarity and coexpression
within the same sensilla (Shanbhag et al. 2001), OS-E and
OS-F could have redundant functions. Therefore, to evaluate
potential roles in olfaction, we decided to excise both OS-E
and OS-F genes using CRISPR/Cas9-mediated homologous
recombination to probe for phenotypes associated with the
loss of these gene products (see Materials and Methods).
Briefly, unique Cas9 cleavage sites were identified at either
end of the OS-E/F coding region (Gratz et al. 2014), and used
to replace OS-E and OS-F with an eye-specific promoter driv-
ing the RFP gene (3xP3>RFP) (Figure 1A). Correct integra-
tion of the RFP gene was confirmed using a set of PCR primers
with one primer external to the region of homology and one
primer within the RFP construct (Figure 1B). We further val-
idated deletion of the OS-E and OS-F genes in the mutants
using gene-specific primers (Figure 1, A and B), and by show-
ing there are no transcripts using QPCR (Figure S1). The
OS-E/F mutants were backcrossed for five generations to a
control genetic background (w!?18) to minimize differences
in genetic background, resulting in the control (wild-type)
and mutant (OS-E/F~) lines that were compared using
odor-evoked electrophysiology.

OS-E/F mutants are defective for spontaneous activity
and odorant sensitivity to a subset of odorants

OS-E and OS-F proteins are highly expressed, and are secreted
into the sensillum lymph of three classes of intermediate and
two classes of trichoid sensillae (Shanbhag et al. 2001, 2005).
Recent reports have indicated that these OBPs are also
expressed in a subset of basiconic sensilla (Larter et al.
2016); however, we observed that the expression of these
OBPs was relatively low at these sites (Figure S2), and we
detected no differences in odorant-induced responses or
spontaneous activity in these neurons in the absence of
OS-E and OS-F (data not shown), so they were not consid-
ered further.

The five classes of trichoid and intermediate sensillae
contain the dendrites of a total of 10 classes of olfactory
neurons, based on odorant receptor expression (Couto et al.
2005) (Figure 2A). Because lush mutants have a 400-fold
reduction in spontaneous activity (Xu et al. 2005), we first
characterized the spontaneous activity rates for each of the
10 olfactory neuron classes from wild-type and OS-E/F mu-
tant flies normally exposed to high levels of these OBPs. Fig-
ure 2B shows that we observed no reductions in spontaneous
activity in the OS-E/F mutants; however, we did see a signif-
icant increase in spontaneous activity in both the large- and
small-spiking neurons from four sensilla in the OS-E/F mu-
tants. The increased spontaneous activity phenotypes were
rescued by a genomic transgene containing both OS-E and
OS-F genes, demonstrating that these defects result from loss
of OS-E and/or OS-F (Figure 2B).

We next examined odorant responses from these 10 neuron
classes in wild-type and OS-E/F mutants using previously
identified activating ligands for each neuron (Hallem et al.


https://identifiers.org/bioentitylink/FB:FBgn0263198?doi=10.1534/genetics.119.302629
https://doi.org/10.25386/genetics.9773615
https://doi.org/10.25386/genetics.9773615
https://identifiers.org/bioentitylink/FB:FBgn0020277?doi=10.1534/genetics.119.302629

A OS-E

E@DLMJ——

‘s

OS-F

‘ ’ -

e
S g
=
C : )

pHD-DsRed-attP

1kb

B wild type OS-E/F-

0 &°
F o d ek
M X000

QQ x‘ox oﬂog

Figure 1 Generation of OS-E/F null mutants. (A) Map of the OS-E/F
genomic region on the right arm of the third chromosome. CRISPR-me-
diated replacement of the OS-E and OS-F genes with 3xP3>dsRed (black
rectangle) is depicted. Solid triangles indicate the position of CRISPR/Cas9
cleavage sites. The dashed lines denote the regions of homology up-
stream and downstream of the OBP genes that were cloned into the
donor vector (see Materials and Methods for details). Labeled arrows
(a—d) indicate the positions and orientations of primers for PCR reactions
used to identify correct integration of the DsRed gene (black rectangle)
into the OS-E/F locus. Unlabeled arrows indicate gene-specific primers
used to determine the presence of the OS-E and OS-F genes. (B) Agarose
gel image of PCR fragments generated with the primers depicted in (A).
PCR fragment sizes from controls and OS-E/F mutants confirm correct
integration of the DsRed gene, and loss of the OS-E and OS-F genes in
the mutant. Markers in left lane are a 1-kb ladder (Thermo Fisher Scien-
tific). CRISPR, clustered regularly interspaced short palindromic repeats;
OBP, odorant-binding protein.

2004; Galizia and Sachse 2010; Dweck et al. 2013; Ronderos
et al. 2014; Pitts et al. 2016). While the odorant responses
from most neurons were unaffected by the loss of OS-E and
OS-F, we did detect a significant increase in spiking rate in
the mutant Or83c neurons in response to farnesol (Figure
2C) and an apparent reduced response from Or47b olfactory
sensory neurons in the mutants in response to trans-2-
hexenal (Figure 2D). These defects were reverted by intro-
ducing a transgenic copy of a wild-type genomic transgene.
While differences in OS-E/F mutant Or47b neuron responses
to trans-2-hexenal were observed, there were no differences
in the responses to methyl laurate, a previously reported
pheromone component detected by this neuron (Dweck
et al. 2015). We did test additional Or88a ligands including
methyl palmitate and methyl myristate, but there were no
significant differences observed in responses between wild-
type and OS-E/F mutants (Figure 2D).

Examination of the traces from OS-E/F mutant Or83c and
Or47b neurons revealed that the altered responses do not
actually reflect altered sensitivity, but instead stem from a

delay in neuronal deactivation that affects the A spikes per
second measurement because of the 1-sec bin used for this
calculation (Figure 3). Thus, while A spikes calculations were
different, this defect actually reflects a striking defect in the
deactivation kinetics.

We reexamined the odor-induced electrophysiological re-
sponses from the 10 potentially affected olfactory neurons in
wild-type and OS-E/F mutants for deactivation defects by
calculating the deactivation time constant 7 for the best-
known activating ligand for each neuron (Figure 3D). This
revealed that Or83c, Or47b, and Or67d neurons stimulated
with farnesol, trans-2-hexenal, and cVA, respectively, had
poststimulus spiking activity that persisted for much longer
in the OS-E/F mutants than for controls (Figure 3, A-C). To
quantify the deactivation kinetics, we binned individual
traces into 50-msec intervals, and quantified the number of
spikes in each bin and calculated the 7 values. Wild-type
Or83c neurons stimulated with 1% farnesol had a T value
of 99.2 = 4.5 msec while the OS-E/F mutant had a 7 of
472.1 = 58 msec, almost five times slower (Figure 3). We
also noted delayed deactivation kinetics in cVA responses in
OS-E/F mutants stimulated with cVA compared to wild-type
controls. The deactivation time constant for wild-type Or67d
neurons was 160.7 = 17.2 msec and for OS-E/F mutants the
time constant was 1249.6 = 246.5 msec, a sevenfold slowing
in deactivation kinetics. Finally, Or47b neurons exposed to
trans-2-hexenal had altered deactivation kinetics as well. For
wild-type flies, T was 725.7 £ 81 msec and for the OS-E/F
mutants it was 1830 = 102 msec, a 2.5-fold delay for the
mutants (P = 6.95 X 10~7). The deactivation defects were
reverted to wild-type upon introduction of a rescuing geno-
mic transgene into the mutant background (Figure 2 and
Figure 7). We did not observe abnormal deactivation kinetics
in the other seven classes of neurons activated with their best-
known ligands (Figure 3). This could reflect a lack of require-
ment for OS-E/F or perhaps different activating ligands that
are currently unknown may require these OBPs for normal
deactivation. We conclude that a subset of odorant responses
depend upon OS-E and/or OS-F for normal deactivation
kinetics.

Deactivation kinetic abnormalities are odor- and
not receptor-specific

Only a subset of olfactory sensilla expressing OS-E and OS-F
contain olfactory neurons with delayed deactivation kinetics
to the activators we applied. We sought to establish whether
this reflects a requirement for these binding proteins exclu-
sively for those neurons, or if perhaps the OBPs are required
for specific receptors or function with specific olfactory neu-
rons. Or67d neurons are tuned to the cVA pheromone, and no
other ligands have been observed to potently activate these
neurons (Clyne et al. 1997; Xu et al. 2005). However, Or83c
neurons are potently activated by farnesol, but they are also
strongly activated by 3-hexanol (Ronderos et al. 2014). To
establish whether the deactivation kinetic abnormalities we
observed in the OS-E/F mutants could be specific to a
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from wild-type and OS-E/F mutants. (A) Car-
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determined in the Or47b mutant (Wang et al.
2011). Or83c wild-type = 4.34 = 0.8 spikes/s;
Or83c OS-E/F mutant = 8.36 + 1.93 spikes/s
(P=1.4 X 1077). Or88a/Or65abc wild-type =
10.46 = 0.97 spikes/s; Or88a/Or65abc OS-E/F
mutant = 20.31 * 2.47 spikes/s (P = 0.0003).
Ord7b wild-type = 46.97 = 3.00 spikes/s;
Ord7b OS-E/F mutant = 74.25 + 7.42 spikes/s
(P = 0.00029). n = 10-20 for each genotype.
(C) Odor-induced responses of trichoid and in-
termediate neurons to the best-known activat-

Ord7b Or88a

ing ligands for each neuron type (n = 5-22)

(Hallem et al. 2004; Galizia and Sachse 2010; Dweck et al. 2013; Ronderos et al. 2014; Pitts et al. 2016). Or83c wild-type A spikes/s = 35.9 +
1.94; Or83c OS-E/F mutant A spikes/s = 64.65 = 2.8 (P=1.15 X 10~7). Or47b wild-type A spikes/s = 72.38 * 4.48; Or47b OS-E/F mutant A spikes/s =
28.45 = 573 (P=3.21 X 107°). Odorants and dilutions used to test each neuron were as follows: Or13a, 10% 1-octen-3-ol; Or83c, 1% farnesol;
Or23a, 10% cyclohexanone; Or19a, 1% limonene, Or2a/0Or43a, 10% benzaldehyde; Or67d, 1% cVA; and Or47b, 10% trans-2-hexenal. Error bars
indicate SEM. All P-values determined by one-way ANOVA with post hoc Tukey's test. (D) Responses of at4 neurons to known activating ligands (Dweck
et al. 2015; Pitts et al. 2016). All odorants were used at a 10% dilution on the filter paper (see Materials and Methods for details). Or47b response to
trans-2-hexenal: wild-type A spikes/s = 72.38 =+ 4.48, OS-E/F mutant A spikes/s = 28.45 = 5.73, and genomic rescue A spikes/s = 66.1 = 9.91. ANOVA
P-values: wild-type to OS-E/F mutant = 3.21 X 106, wild-type to genomic rescue = 0.51, and OS-E/F mutant to genomic rescue = 0.0033. n = 10-22.
Error bars indicate SEM. All P-values determined by one-way ANOVA with post hoc Tukey's test. cVA, 11-cis vaccenyl acetate.

receptor or neuron, we measured the deactivation kinetics of
3-hexanol in Or83c neurons.

Exposure of Or83c neurons to 3-hexanol produced robust
responses in both wild-type and OS-E/F mutants (Figure 4C).
Remarkably, while the deactivation kinetics to farnesol were
much slower in the OS-E/F mutants compared to wild-type
controls, the deactivation kinetics for 3-hexanol in Or83c
neurons from OS-E/F mutants were not significantly different
from wild-type controls (Figure 4). The 7 values were 136.7 =
21.6 msec for wild-type and 115.2 * 14.6 msec for OS-E/F
mutants (P = 0.88 by Student’s t-test). Therefore, the abnor-
mal deactivation kinetics we observed for farnesol in OS-E/F
mutant Or83c neurons do not reflect a requirement for OS-E or
OS-F on overall Or83c neuron function.

It is possible that OS-E or OS-F are required for the normal
functioning of the Or83c receptor itself. The results above
exclude a global deactivation effect for the OBPs on the Or83c
neurons, but it is possible that there is a specific requirement
for Or83creceptor function. For example, farnesol is known to
be detected by Or83c receptors (Ronderos et al. 2014), but
perhaps 3-hexanol is detected by a different, presently un-
known receptor coexpressed in Or83c neurons that does
not require OS-E/F function. We examined farnesol- and
3-hexanol-induced responses in Or83c receptor mutants
(Ronderos et al. 2014). Deletion of the Or83c receptor gene
abolished responses to both odorants (Figure 4, A-C).
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Therefore, 3-hexanol is also detected by the Or83c recep-
tors. This finding eliminates the possibility that OS-E/F-
binding proteins function in a obligate, receptor-specific
manner. Finally, we were concerned that the deactivation
defects for farnesol might reflect the potency of this activa-
tor on Or83c neurons. We examined the response of these
neurons to a 10-fold higher dilution of farnesol. At this di-
lution, farnesol activates the Or83c neurons to action poten-
tial frequencies similar to those induced by 10% 3-hexanol.
Remarkably, there was still a prominent deactivation defect
to the diluted farnesol, but the response deactivation kinet-
ics to 3-hexanol were not different from controls (Figure
4B). Finally, we tested additional odorants structurally re-
lated to farnesol on Or83c neurons. Farnesal, farnesene,
and geraniol are all weak activators of Or83c neurons. In-
terestingly, farnesal and farnesene also displayed deactiva-
tion defects in the OS-E/OS-F mutants, while geraniol did
not (Figure S4). Together, these data indicate that the deac-
tivation kinetic abnormalities in OS-E/F mutants are odorant-
specific, and do not stem from a role in regulating the intrinsic
function of either the olfactory neurons or the odorant
receptors.

Activation kinetics are not altered in OS-E/F mutants

While it does not explain the defects in spontaneous activity,
one explanation for the odorant-specific defects we observed
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Figure 3 Deactivation kinetics are abnormal in OS-E/F mutants to a sub-
set of odorants. (A) Comparison mutant al2a neuronal responses to far-
nesol. (B) Comparison of wild-type and OS-£/F mutant Or67d neurons to
cVA. C) Comparison of wild-type and OS-E/F mutant at4 neuronal re-
sponses to trans-2-hexenal. In (A-C), representative traces are shown
on the left, time courses of activation and deactivation as measured by
binning spikes in 0.5-sec bins are shown on the right. Note delayed return
to baseline activity in the mutants. (D) Time constant 7 of deactivation of
all tested olfactory neurons. Or83c wild-type = 99.2 + 4.6 msec; Or83c
OS-E/F mutant = 472.1 = 58.2 msec (P =5.14 X 107%). Or67d wild-type =
153.7 *£ 22.4 msec; Or67d OS-E/F mutant = 971.7 = 112.5 msec
(P=1.69 X 107°). Or47b wild-type = 725.69 = 81 msec; Or47b OS-E/F
mutant = 1830 * 250.8 msec (P = 6.95 X 107%). n = 10-20. Error bars
indicate SEM. All P-values determined by two-tailed Student's t-test. cVA,
11-cis vaccenyl acetate.

in the OS-E/F mutants is that the efficient clearance of these
odorants from the extracellular sensillum lymph requires
these OBPs. Thus, in the absence of these OBPs, there is a

delay in neuronal response termination stemming from per-
sistence of the ligands in the lymph. If this model is true, then
the OBPs and odorant receptors should be competing for
odorant molecules in the sensillum lymph as odorants arrive
at the antenna. In the absence of the abundant extracellular
OBPs, odorant molecules might reach the odorant receptors
faster and perhaps induce a more robust initial response in
the OS-E/F mutants, especially at low stimulus concentra-
tions. Indeed, an enhanced odorant response was recently
reported for OBP28a mutants in ab8 sensilla exposed to
1-octanol (Larter et al. 2016).

We carefully analyzed the activation kinetics, and the peak
responses, for wild-type and OS-E/F mutant flies responding
to threshold-activating applications of cVA or farnesol. Figure
5 shows that the latency for activation of OS-E/F mutant
Or83c neurons to 0.01% farnesol was not significantly differ-
ent between wild-type and OS-E/F mutants. Figure 5C shows
that wild-type activation occurred in 228.3 * 2.1 msec and
that of OS-E/F mutants in 225.9 = 4.9 msec (P = 0.65).
Similarly, the latency for activation of OS-E/F mutant
Or67d neurons to 0.3% cVA was indistinguishable from con-
trol (Figure 5, B and C). Wild-type flies exposed to 0.3% cVA
had a latency of 109.8 = 2.2 msec and for OS-E/F mutants it
was 109.7 = 11.7 msec (P = 0.99). Responses to higher doses
were also unaffected by loss of OS-E/OS-F (Figure S3). This
suggests that odorant receptors are not competing with OBPs
for odorant ligands in the lymph.

By contrast, we examined the activation latency for lush
mutants and wild-type controls to 100% cVA (Figure 5D).
[ush mutants do not respond to physiologic concentrations
of cVA; therefore, 100% cVA was used to produce reliable
spiking activity in the [ush mutants (van der Goes van
Naters and Carlson 2007; Laughlin et al. 2008; Gomez-Diaz
et al. 2013). For wild-type Or67d neurons exposed to 100%
cVA, the latency for activation was 109.8 = 2.2 msec. For the
[ush mutants exposed to the identical stimulus, the latency
was 1941 * 414 msec, almost 18-fold slower (significantly
different by Student’s t-test, P = 4.25 X 10~>). This activa-
tion latency defect is consistent with a role for LUSH in sen-
sitizing these neurons to the cVA pheromone and is strikingly
different from the defects observed for the OS-E/F mutants.
Together, these findings reveal that OS-E/F proteins are re-
quired for normal deactivation kinetics for a subset of odor-
ant responses, but are not involved in the activation of the
olfactory neurons.

No genetic interactions between OS-E/F and Snmp1

The phenotype of the OS-E/F mutants is reminiscent of the
deactivation defects observed in Snmpl mutants (Benton
et al. 2007; Jin et al. 2008; Li et al. 2014). SNMP1 (Sensory
neuron membrane protein 1) is a CD36 homolog expressed in
the plasma membrane of a small subset of Drosophila olfac-
tory neurons, which includes both farnesol- and cVA-detecting
neurons (Benton et al. 2007; Jin et al. 2008; Ronderos et al.
2014). We wondered if there is a functional link between these
OBPs and SNMP.
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In the absence of SNMP, activation of Or67d neurons to cVA
was extremely slow (minutes to hours) and deactivation never
occurred (Li et al. 2014). Farnesol responses were less af-
fected by a loss of SNMP1, but did show a striking deactiva-
tion defect (Ronderos et al. 2014). Antibodies to SNMP1
infused into the sensillum lymph of Or83c neurons also
resulted in abnormal deactivation consistent with SNMP1
functioning on the cilia surface exposed to the sensillum
lymph (Ronderos et al. 2014). We made OS-E/F,Snmp]1 triple
mutants to test whether the triple mutants had slower de-
activation responses to farnesol than SnmpI or OS-E/F mu-
tants alone. If these components act in parallel, a more severe
deactivation defect might be apparent in the triple mutants.
Figure 6 shows that the Snmp1 mutants have a clear deacti-
vation defect compared to wild-type controls, but that the
deactivation defects in the OS-E/F mutants even more severe.
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The triple mutant is not significantly different from the OS-E/
F mutant phenotype (Figure 6B).

OS-E and OS-F are functionally redundant

OS-E and OS-F have 79% amino acid similarity (McKenna
etal. 1994). We were curious whether one or both OBP genes
were required for rescue of the defective response kinetics in
the OS-E/F mutants. Therefore, we modified the genomic
rescue construct to excise large portions of the coding regions
of either OS-E or OS-F (Figure 7), and generated transgenic
flies with these modified rescuing transgenes in the OS-E/F
mutant background. Figure 7B shows that expression of ei-
ther OS-E or OS-F alone was sufficient to restore deactivation
kinetics to normal (Figure 7B). These data reveal that OS-E
and OS-F are functionally redundant. Finally, we tested
whether extra copies of OS-E and OS-F (4X flies) would have
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Figure 5 Activation kinetics for farnesol and cVA are not affected by loss
of OS-E and OS-F. (A) Representative 500-msec traces from wild-type and
OS-E/F mutant-al2 sensilla responses to 0.01% farnesol. (B) Representa-
tive 3-sec traces from wild-type, OS-E/F mutant, and lush? Or67d neurons
t0 0.3% cVA. (C) Analysis of latency to activation for neurons and geno-
types indicated. Or83c activation latency for wild-type is 2283 =
2.1 msec; for OS-E/F mutants, 225.8 = 4.9 msec (P = 0.65). n = 10.
Latency for Or67d activation is not significantly different in wild-type
and OS-E/F mutants. Or67d activation latency in wild-type is 223 =
34 msec and for OS-E/F mutants 299.8 * 20 msec (P = 0.99). (D) Wild-
type Or67d neurons exposed to 100% cVA have a latency for activation
of 109.8 + 2.2 msec. For lush’ mutants, the latency for activation is
1941.7 = 414.5 msec. lush’ mutants are significantly different from
wild-type (P = 4.25 X 107°), n = 5-10 for each genotype. Error bars
indicate SEM. All P-values are determined by two-tailed Student's t-test.
cVA, 11-cis vaccenyl acetate.
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Figure 6 No genetic interactions between Snmp7 and OS-E/F mutants.
(A) Representative 5-sec traces from wild-type, Snmp7 mutants, OS-E/F
double mutants, or Snmp1/OS-E/F triple mutants in response to 100%
farnesol. (B) Time constants of deactivation with the genotypes indicated:
wild-type = 165.16 = 27.1 msec, Snmp7 mutant = 396.7 = 58.9 msec,
OS-E/F mutant = 882.31 = 121.92 msec, and Snmp1/0S-E/F mutant =
768.31 + 88.7 msec. ANOVA P-values: wild-type to Snmp7 mutant =
0.0031; wild-type to OS-E/F mutant = 9.27 X 10~>; wild-type to Snmp1/
OS-E/F triple mutant = 2.91 X 107>; Snmp1 mutant to OS-E/F mutant =
0.006; Snmp1 mutant to Snmp1/0S-E/F mutant = 0.0064; and OS-E/F
mutant to Snmp 1/0S-E/F mutant = 0.46. n = 6-7 for each genotype. Error
bars indicate SEM. All P-values were determined by one-way ANOVA with
post hoc Tukey's test.

faster deactivation kinetics compared to 2X, wild-type ani-
mals. Flies with the wild-type endogenous OS-E and OS-F
genes, and homozygous for the OS-E/OS-F rescuing trans-
gene, had deactivation kinetics that were not statistically dif-
ferent from controls (Figure 7).

Discussion

We identified a redundant role for OS-E and OS-F in acceler-
ating the deactivation kinetics for three odorants detected by
three different classes of olfactory neurons. This phenotype is
different from any previously demonstrated defect for a mem-
ber of the OBP family. Mutants defective for OS-E and OS-F
expression have delayed deactivation kinetics to farnesol,
trans-2-hexenal, and to cVA, three relatively large, hydropho-
bic odorants. Or83c, a receptor that detects both farnesol and
3-hexanol, is defective for deactivation to farnesol, but not
3-hexanol. This illustrates the odorant-specific nature of the
OBP requirement. The deactivation defects in OS-E/F mu-
tants are in stark contrast to the [ush OBP mutants that have
no apparent defect in deactivation, but instead have a striking
delay in activation kinetics and impaired sensitivity to the
cVA pheromone (Figure 5, Xu et al. 2005).

How do OS-E and OS-F affect deactivation kinetics? One
possibility is that they clear specific odorants—including far-
nesol, trans-2-hexenal, and cVA—from the sensillum lymph
bathing the olfactory neuron dendrites in these sensillae. This
model is consistent with the receptor-independent, odorant-
specific phenotypes we observe. However, it does not explain
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Figure 7 OS-E and OS-F are functionally redundant for rapid neuronal
deactivation. (A) Map of the OS-E/F gene region with black rectangles
depicting coding regions. Arrows indicate transcription start sites. The
lines beneath the map depict the DNA deletions that were used to eval-
uate the function of individual OBP genes. Breaks in the lines showing
individual rescues show where the coding regions of either OS-E or OS-F
were excised from the genomic rescue construct (see Materials and Meth-
ods for details). (B) Time constants of deactivation for Or83c, Or67d, and
Or47b neurons with the genotypes indicated. Delayed deactivation pre-
sent in the OS-E/F mutants is reversed by all three forms of the rescuing
transgene. Deactivation time constants for Or83c neurons to farnesol (left
side of graph): wild-type = 96.36 = 19.24 msec, OS-E/F mutant = 375.98 +
83.94 msec, genomic rescue = 75.34 + 12.31 msec, OS-E rescue =
76.54 = 4.15 msec, and OS-F rescue = 63.79 = 9.48 msec. ANOVA P-
values: wild-type to OS-E/F mutant = 0.0013, OS-E/F mutant to genomic
rescue = 0.001, OS-E/F mutant to OS-E rescue = 0.0013, and OS-E/F
mutant to OS-F rescue = 0.003, all nonsignificant P-values = 0.99.
For Or67d responses to cVA (center part of graph): wild-type = 160.73 =+
17.23, OS-E/F mutant = 1249.58 *+ 246.56, genomic rescue = 31043 +
80.34, OS-E rescue = 257.52 = 50.11, and OS-F rescue = 322.24 + 88.65.
ANOVA P-values: wild-type to OS-E/F mutant = 9.8 X 10-°, OS-E/F
mutant to genomic rescue = 0.0019, OS-E/F mutant to OS-E rescue =
0.0016; OS-E/F mutant to OS-F rescue = 0.0013, wild-type to genomic
rescue = 0.90, wild-type to OS-E rescue = 0.98, wild-type to OS-F rescue =
0.94, genomic rescue to OS-E rescue = 0.99, genomic rescue to OS-F
rescue = 0.99, and OS-E rescue to OS-F rescue = 0.99. For Or4d7b re-
sponses to trans-2-hexenal (right part of graph): wild-type = 676.42 =
64.24 msec, OS-E/F mutant = 1882.5 * 328.9 msec, genomic rescue =
629.12 + 102.74 msec, OS-E rescue = 699.18 = 184.7 msec, and OS-F
rescue = 499.1 * 99.4 msec. ANOVA P-values: wild-type to OS-E/F mu-
tant=2.5 X 104, OS-E/F mutant to genomic rescue = 3.8 X 104, OS-E/
F mutant to OS-E rescue = 0.004, OS-E/F mutant to OS-F rescue = 0.001,
wild-type to genomic rescue = 0.70, wild-type to OS-E rescue = 0.90,
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the defects in spontaneous activity that occur in the absence
of odorants. Alternatively, OS-E/F might have a more inti-
mate role, for example, by interacting directly with receptors,
and acting to strip odorants off of the receptors following
receptor binding and activation. The fact that activation ki-
netics are unaffected in OS-E/F mutants by farnesol, trans-2-
hexenal, and cVA suggests that the OBPs are not competing
with the odorant receptors for odorants in the sensillum
lymph. OBPs are highly expressed in the sensillum lymph
[estimated at =10 mM (Klein 1987)]. If these OBPs function
exclusively to clear ligands from the sensillum lymph, they
should compete for odorants in the lymph with the odorant
receptors, slowing or reducing the magnitude of activation.
This would be reflected in an enhanced or more rapid odor-
ant response in the OBP mutants. Surprisingly, we see no
change in activation latency or sensitivity to support this role.
These data are more consistent with a receptor-stripping
model whereby the OBPs function to displace odorants only
after ligands have interacted with the receptor. If the OBPs
associate with the receptors, even in the absence of ligands,
this could alter the spontaneous activity of the receptors.
Future studies will be required to explore the biochemical
mechanisms of how these OBPs affect the kinetics of specific
odorants.

An odorant-specific role was first postulated for OBPs upon
their initial discovery and direct binding of OBPs to odorant
ligands is well established (Vogt and Riddiford 1981; Pelosi
1994; Du and Prestwich 1995; Prestwich and Du 1995;
Laughlin et al. 2008). Mutants in lush provided the first ge-
netically defined function for an insect OBP and revealed that
it is an essential sensitization factor (Xu et al. 2005). Indeed,
misexpression of Or67d receptors in the Or47b neurons con-
fers sensitivity to physiologically relevant cVA exposures, but
only when LUSH is present (Ha and Smith 2006). Pheromone
sensitivity phenotypes similar to those observed in [ush mu-
tants have been observed for other insect OBPs. Mutants in
the striped stem borer Chilo suppressalis PBP1 and the cotton
bollworm Helicoverpa armigera PBP1 have impaired electro-
physiological responses to pheromones (Dong et al. 2017; Ye
et al. 2017), and RNA interference (RNAi) knockdown of
OBP3 and OBP7 in the aphid Acyrthosiphon pisum impairs
detection and behavioral responses to alarm pheromones
(Zhang et al. 2017). Thus, in the case of pheromone

wild-type to OS-F rescue = 0.14, genomic rescue to OS-£ rescue = 0.73,
genomic rescue to OS-F rescue = 0.40, and OS-E rescue to OS-F rescue =
0.39. n = 5-10. Error bars indicate SEM. All P-values determined by one-
way ANOVA with post hoc Tukey's test. (C) Extra copies of OS-E and OS-F
do not alter deactivation kinetics. Time constants of deactivation for
0r83c, Or67d, and Or4d7b neurons with the genotypes indicated. Deac-
tivation time constants for Or83c neurons to farnesol (left side of graph):
wild-type = 87.13 = 9.2 msec, 4X OS-E/F=99.6 = 9.9 msec, P=0.43. For
Or67d responses to cVA (center part of graph): wild-type = 130.1 *
22.9 msec, 4X OS-E/F = 124.3 = 14.2, P = 0.83. For Or47b responses
to trans-2-hexenal (right part of graph): wild-type = 752.65 * 64.6 msec,
4X OS-E/F = 658.7 = 38.8 msec, P = 0.52. cVA, 11-cis vaccenyl acetate;
IncRNA, long noncoding RNA; OBP, odorant-binding proteins.


https://identifiers.org/bioentitylink/FB:FBgn0020277?doi=10.1534/genetics.119.302629
https://identifiers.org/bioentitylink/FB:FBgn0020277?doi=10.1534/genetics.119.302629

signaling, OBPs appear to function primarily as sensitizing
factors. However, other OBPs have been implicated in al-
tering the responses of chemosensory neurons in other
ways.

OBP28a mutants have olfactory neuron responses that are
initially more robust than those of wild-type flies, consistent
with a role in the clearance of odorant from the sensillum
lymph. However, these mutants also unexpectedly deactivate
faster than controls (Larter et al. 2016). The phenotypes of
OS-E/F mutants are distinct from that of the OBP28a mu-
tants, and have little effect on the amplitude of the initial
response, but maintain higher firing rates compared to con-
trols following the termination of the stimulus.

Another Drosophila OBP, OBP59a, is required for normal
humidity detection (Sun et al. 2018). How this OBP mediates
sensitivity to humidity is unclear, but perhaps osmolarity
changes are detected through the OBP. In Drosophila taste
neurons, OBP49a is required to suppress activation of sweet-
detecting gustatory neurons in the presence of bitter com-
pounds (Jeong et al. 2013). In this case, the OBP-ligand
complex appears to antagonize sweet receptors (Jeong
et al. 2013; Swarup et al. 2014). RNAi knock down of several
OBPs was shown to alter chemosensory behavior, often re-
ducing behavioral responses to subsets of odorants (Swarup
et al. 2011). Thus, OBPs appear to function in diverse ways to
shape chemosensory responses. Many of these phenotypes
are only explainable if there are direct OBP-receptor
interactions.

The studies reported here are the first to demonstrate arole
for OBPs in the deactivation kinetics of chemosensory re-
sponses. It is worth noting that even small changes in olfactory
neuron firing rates can have striking effects on behavior
(Bhandawat et al. 2007). Future experiments will explore
the behavioral consequences of these deactivation defects.
The findings reported here expand our understanding of
the roles of invertebrate OBPs to include the deactivation of
responses to subsets of odorants and highlight another phe-
notype to be explored as additional members of this diverse
gene family are functionally dissected.
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