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A B S T R A C T

Olfactory receptors (OR), a group of classic membrane proteins, plays a vital role in insect reproduction and
acclimatization. Deciphering the molecular mechanism of insect olfaction could enhance pest control and en-
vironmental protection. Studies on ORs have faced a major bottleneck due to the notoriously strong hydro-
phobicity of ORs, which results in difficult expression in heterologous cell systems. Here, we demonstrated that
insect ORs could be functionally produced using the E. coli cell-free protein synthesis system (CFPS), in which the
highest yield of total ORs is 350 μg per 1ml reaction. We tested the effects of detergent types and concentrations
on soluble expression of ORs. The ORs showed a classic α-helical infrared spectrum. Quartz crystal microbalance
(QCM) was used to demonstrate that ORs fold correctly and respond to their ligands. This is the first report that
insect OR42a could be functionally produced in vitro. This approach may facilitate the development of biomi-
metic olfactory biosensors and may also be utilized for drug positioning and development, environmental
protection and agriculture.

1. Introduction

Membrane proteins account for approximately one third of all se-
quenced genomes and are involved in many important physiological
activities, including transporting substances into or out of cells as a
carrier, serving as a specific receptor for hormones, and facilitating cell
recognition, signal transduction and cell-to-cell interactions. The sig-
nificance of membrane proteins is self-evident as they comprise ap-
proximately 50% of the targets for drugs and agents in clinical trials
[1]. However, information of their structure-function relationship is
still limited due to difficulties in obtaining enough purified proteins.
Until March 2019, only 872 known structures of unique membrane
proteins were reported among a total of 149,600 resolved protein
structures (Protein Data Bank). The development of membrane protein
structure-function relationship research has been hindered by the no-
toriously strong hydrophobicity of membrane proteins. Membrane
proteins have become an essential part of protein science, structural
biology and medical fields because of their extremely critical biological
and medical significance. Membrane protein research is also the foun-
dation of biomimetic film and sensing technologies, which have sig-
nificant theoretical and practical values in the environment and medi-
cine. Novel and efficient methods to produce high-yield and stable,
functional membrane protein are imperative.

A wide variety of membrane proteins predominantly comprised of
olfactory receptors with seven transmembrane segments function in the
olfactory signaling pathway. Vertebrate ORs are one of the evolutio-
narily oldest sensory membrane proteins and belong to the G-protein
coupled receptor (GPCR) family [2,3]. However, insect ORs are pri-
marily expressed on the antennae, and the olfactory signal pathway is
independent of GPCRs in insects. Insect ORs themselves can both
identify odorant molecules and simultaneously act as ion-gated chan-
nels [4,5]. The C-terminus of the insect OR is extracellular, while the N-
terminus is intracellular, which is opposite to the vertebrate OR topo-
logical structure [6]. The ORs complex in insects are mainly composed
of other ORs and co-receptor (ORCO), which often acts as a chaperone
[7].

While increasing studies on insect ORs have been carried out, the
structure-function relationship and olfactory recognition code are still
poorly understood at the molecular level [8,9]. There are no resolved
three-dimensional structures for insect ORs. Amino acid coevolution
was performed to predict insect ORCO three dimensional structure and
ligand binding sites [9]. An additional insect OR agonist ORCORAM2
was reported to produce stronger responses to odorants [10]. A total of
195 residues between extracellular loop 2 and transmembrane domain
4 have been characterized as determinant of odour sensitivity in An-
pheles gambiae OR15 [11,12]. Nichols and colleagues showed that
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residues 146–150 located between transmembrane segment 3 and ex-
tracellular loop 2 played a key role in odorant recognition in Drosophila
melanogaster OR85b, while another study demonstrated that a single
alanine mutation in transmembrane segment 3 can disturb the odorant
activation of moth OR3 [13,14]. Eight amino acid residues at the C-
terminus of Culex quinquefasciatushad OR8 respond to odorant sensi-
tivity [15]. The second transmembrane domain of Drosophila melano-
gaster OR59b and the second extracellular loop of Anopheles gambiae
OR10 are involved in odorant response [16,17]. There is seldom an-
other publication to unveil insect ORs structure-function relationship to
the best of our knowledge.

Many obstacles emerged during attempts at heterologous expression
to produce functional ORs due to the strong hydrophobicity of ORs.
Only a few ORs, including OR2AG1, OR226 and ODR10, have been
successfully expressed by heterologous E. coli, yeast or HEK-293 cells,
which falls far behind progress on other protein families [18–20]. Some
of these ORs have no biological activity and low expression efficiency
due to misfolding [21]. The heterologous overexpression of ORs de-
stroys the cytoplasmic membrane structure and impedes fluid mosaic
model; these effects interfere with host cell metabolism and membrane
location [22]. Some heterologous expression studies have been delayed
mainly derived from insufficient expression and purification of insect
ORs. The challenges associated with heterologous expression can be
overcome with a CFPS because of its openness and cellular in-
dependence [23]. CFPS is an in vitro system for protein synthesis, which
mainly employs mRNA or DNA as a template and accomplishes protein
synthesis with enzymatic reactions in cell extract derived from Sf9 in-
sect cells, E. coli, wheat germ and rabbit reticulocyte cells [24,25]. In
recent years, researchers have successfully expressed a few kinds of
insect ORs in vitro by combining surfactants with the significant ad-
vantages of CFPS. The solubility rates of Drosophila melanogaster OR85b
and OR67a were approximately 80% or higher in the E. coli cell-free
system, while they were nearly insoluble when expressed by hetero-
logous systems [26]. Furthermore, the increased surface area of lipids
or nanodiscs allowed for high-efficient, spontaneous membrane inser-
tion of Drosophila melanogaster OR22a, OR35a and OR43b [27].

Here, we show high-efficiency functional expression of full-length
Drosophila melanogaster ORCO and OR42a using an E. coli CFPS.
Infrared spectra and quartz crystal microbalance demonstrated that
ORs featured proper secondary structure and ligand-binding activity.
OR production may facilitate the development of membrane protein-
based ligand-binding in the future.

2. Materials and methods

2.1. Generation of expression template

The ORCO and OR42a genes were cloned from cDNA of antenna of
Canton-S strain of Drosophila melanogaster. A 3′ NcoI site and a 5′ SmaI
site were added to the ORCO gene by PCR (Forward: CATGCCATGGC
AACCTCGATGCAGCCGA; Reverse: TCCCCCGGGTTACTTGAGCTGCAC
CAGCACCATAAA). A 3′ NdeI site and a 5′ XhoI site were added to
OR42a gene (Forward: GGGAATTCCATATGGATCTGCGAAGGTGGTTT
CCG; Reverse: CCGCTCGAGCTCTTCCATTTCAGATTTGGCAAGTTTC).
The PCR products were cloned into the pIVEX2.3d and pIVEX2.4d
vectors according to manufacturer's instructions (5PRIME, USA). DH5α
E. coli were transformed with the recombinant plasmid (Tiangen,
China), and a single colony was picked to culture overnight. The
plasmid DNA encoding ORCO and OR42a was extracted with a com-
mercial kit (Tiangen, China) and verified by Sanger sequencing. Linear
expression templates were constructed by two round overlap PCR using
Mega primers (Table. S1).

2.2. Cell-free protein synthesis in E. coli CFPS

The components of the cell-free reaction included: 13.3 μg/ml

plasmid DNA template; 57mM HEPES-KOH (pH 7.5); 12 mM magne-
sium acetate; 80mM ammonium acetate; 90mM potassium glutamate;
2 mM Dithiothreitol (DTT); 1.2 mM ATP; 0.85mM each of CTP, GTP
and UTP; 34 μg/ml folinic acid; 67mM creatine phosphate; 2%
PEG8000; 1.0 mM each of 20 amino acids; 3.2 U/ml creatine kinase;
0.01mM L-[U-14C] leucine (11.1 GBq/mmol); and 27% (v/v) S12 ex-
tract [28]. The S12 extract was derived from BL21 Star DE3 E. coli
according to previously reported methods [29]. The 5ml reaction was
incubated at 30 °C for 3 or 4 h. When the production process was
complete, the reaction mix was centrifuged at 12,000 g for 20min at
4 °C to separate into soluble and insoluble proteins. The separation from
input radioactivity was performed by TCA-precipitation. The amount of
synthesized ORs was measured by a Tri-Carb 2810 TR scintillation
counter (PerkinElmer, Waltham, USA) [30]. L-[U-14C] leucine was
added only for quantitative assay. All tests were repeated 3–5 times.

Nine kinds of zwitterionic or nonionic detergents (OG, OTG, DDM,
Brij35, Brij58, CHAPS, FC10, FC12, digitonin) were added to the re-
action mix at the start of reaction to test the effects of different de-
tergents on soluble and total OR production (Thermo Fisher Scientific
and Anatrace, USA). The working concentrations of each detergent
were beyond the critical micelle concentration (CMC) and were refer-
enced in previous publications [31,32]. The 5-fold, 9-fold, 20-fold, 50-
fold and 100-fold CMCs of Brij35 and Brij58 were used to screen for the
optimal concentration to maintain OR solubility.

2.3. Purification of soluble ORs

Purification of soluble, His-tagged ORs was carried out by Ni-NTA
(GE healthcare, USA) slurry immunoaffinity chromatography. Soluble
ORs were mixed with binding buffer (20mM sodium phosphate,
500mM sodium chloride, 10 mM imidazole, and 0.099% (v/v) Brij35,
pH 7.0) and Ni-NTA slurry for 2 h at 4 °C. The total mixture was
transferred into Ni-NTA column and washed twice with wash buffer
(20mM sodium phosphate, 500mM sodium chloride, 50 mM imida-
zole, and 0.099% (v/v) Brij35, pH 7.2). The elution was performed with
5 bed volumes of elution buffer (20mM sodium phosphate, 500mM
sodium chloride, 300mM imidazole, and 0.099% (v/v) Brij35, pH 7.2),
and the sample was concentrated with a 10 kDa molecular weight cut-
off (MWCO) centrifugal filter column (Millipore, USA).

The final purification was performed by size exclusion chromato-
graphy (SEC) with a HiPrep 16/60 Sephacryl S-100 HR column using
the Akta chromatography system (GE Healthcare, USA). The ORs were
loaded and run at 0.5ml/min with exclusion buffer (50mM sodium
phosphate, 150mM sodium chloride, and 0.099% (v/v) Brij35, pH 7.2).
The collected peak fractions were concentrated for further analysis with
SDS-PAGE and Western blot.

2.4. SDS-PAGE and western blot detection of his-tagged ORs

Samples were mixed with NuPAGE loading buffer and incubated at
ambient temperature for 20min. The prepared ORs and prestained or
His-tagged protein ladder (Thermo Fisher Scientific, USA) were loaded
onto a Novex 4–12% Bis-Tris SDS-PAGE gel (Invitrogen, USA), and run
at 150 V for 40min. Coomassie Brilliant Blue R-250 was employed for
protein stains. For blotting, the resolved samples were transferred to a
0.45-μm polyvinylidene difluoride (PVDF) membrane (Millipore, USA)
by semidry electrophoretic transfer at 2.5 mA/cm2 for 45min. The blots
were blocked at room temperature for 1 h in blocking buffer (Thermo
Fisher Scientific, USA), incubated with an anti-His polyclonal mouse
HRP-conjugated antibody (1: 5000 in Tris-buffered saline with Tween-
20, 1 h, room temperature), and visualized by SuperSignal West Pico
Luminol/Enhancer Solution (10min, room temperature). The images
were captured using a C-Digit Blot Scanner (LI-COR-USA).
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2.5. Secondary structural analysis by fourier transform infrared
spectroscopy (FTIR)

The secondary structure of proteins can be characterized by a
combination of FTIR and multivariate analysis [33,34]. The spectrum
was measured by FTIR using an Attenuated Total Reflectance (ATR)
accessory (PerkinElmer, USA). The membrane protein buffer was sub-
stituted with D2O (Sigma, USA) so that the solvent was not detected in
the amide I region. The ATR crystal was cleaned with ethanol to
eliminate contaminants. The spectrum assay was carried out from 4000
to 500 cm−1 with 4 cm−1 resolution and 64 scans per spectra [35,36].

The second-derivative and Fourier self-deconvolution (FSD) amide I
band (1700 cm−1 to 1600 cm−1) were employed to determine the
abundance of various structures. The FSD analysis was carried out with
Omnic 8.2 with the Happ-Genzel aperdization function. The function
was set to 13.0 cm−1 full width at half-height and 1.8 enhancement
factor, and smoothing points were performed to remove possible white
noise during the hierarchical cluster analysis [37]. Further fitting of the
spectra was achieved with Peakfit 4.1.2 using the nonlinear least
squares so that the center of the derivative curve indicated different
content. The relative content of each structure type was measured with
Origin 8.0.

2.6. Quartz crystal microbalance odorant binding assay

QCM is a strong tool to test OR binding sensitivity to odorants [38].
The ligand-binding analyses were performed by using the QCM200
piezoelectric biosensor equipped with a 5MHz, 1-inch diameter, AT-cut
quartz crystal (SRS, USA). The crystals were cleaned with UV/ozone for
10min and then immersed into wash buffer (30% hydrogen peroxide:
25% ammonia: deionized water, 1: 1: 5 v/v) for 5min at 75 °C to
eliminate organic materials and contaminations. The QCM crystals
were immediately rinsed with deionized water and dried with nitrogen
before the measurement. Membrane protein were immobilized with a
combination of aptamers and thiol-dependent, self-assembled mono-
layers (SAM). The thiol group of the membrane protein cysteine re-
sidues bound to gold surface by chemisorption [39]. The QCM crystals
were immersed in binding buffer including thiol-decorated anti-His
aptamer (5′eHS-(CH2)6-GGCTTCAGGTTGGTCTGGTTGGGTTTGGCTCC
TGTGTACG-3′) for 20 h to develop the SAM [38]. The gold electrodes
were rinsed and dried for further research. The purified membrane
protein solvent was exchanged with running buffer (10mM sodium
phosphate, 1.8 mM potassium phosphate, 137mM sodium chloride,
2.7 mM potassium chloride, 3% DMSO, 0.099% Brij35, pH7.6) and 5 μg
of protein sample was coated on the center of the pretreated electrode
of the gold quartz crystal for 2 h at ambient temperature. The final ratio
of ORCO to OR42a was set at 1:1 in the mixture. To remove excess
depositions, the QCM sensors were rinsed and dried completely.

The propyl acetate (Sigma, USA) odorant is regarded as a specific
ligand for the coreceptor-dependent OR42a in Drosophila larva [40].
Propyl acetate gas was prepared using liquid injection and the con-
centration was defined by the gas-liquid equation:

=Cg ppm C VdRT
MV P

, 10 l

c

where Cl is the odorant concentration in the solution (wt. %), V is the
injected volume, d is the density (g/ml), R is the gas constant, T is the
chamber temperature (K), M is the propyl acetate molecular weight (g/
mol), Vc is the chamber volume, and P is the pressure in chamber (atm)
[41]. Pipeline purging and application of the negative control were
done with fresh air. The gas flow rate was set at 0.5ml/s with a ne-
cessary 30 s introduction. The retention time was 120 s, while the
purging time was 50 s. Concentration ranging from 5 ppm (v/v) to
150 ppm (v/v) propyl acetate were tested for the sensitivity assay.

The activity the of QCM crystals in response to propyl acetate was
detected by the change in frequency at room temperature. The

frequency change of the crystals was related to the mass change per
area at the electrode, which was indicated by the Sauerbrey equation
[42]:

= −f C mΔ Δf

where fΔ is the observed frequency change (Hz), Cf is the sensitivity
factor of the crystal (56.6 Hz/μg cm2), and mΔ is the change in mass per
unit area in g/cm2. The baseline frequency is the frequency in fresh air
during stabilization. ΔF0 indicates the frequency change when the
protein coated onto the QCM sensors. ΔF1 presents the frequency
change after applying the gas ligand to the coated QCM crystals. ΔF1/
ΔF0 reveals the sensitivity of the ligand and receptor. All measurements
were repeated 5–6 times.

3. Results and discussion

3.1. Preparation and screening of expression template

Both linear and plasmid templates were constructed to produce the
olfactory receptor in E. coli cell-free system. A T7 promoter, T7 termi-
nator and a carboxyl- or amino-terminal six-residue histidine tag were
added to the expression templates (Fig. S1). OR42a cloned into the
pIVEX2.3d vector with a C-terminal 6x His-tag was successfully pro-
duced in the E. coli cell-free system, while the version in the pIVEX2.4d
vector was not detected. However, ORCO preferred the pIVEX2.4d
vector rather than the pIVEX2.3d vector, which indicated its expression
level was affected by the position of the tag (Table 1) [43]. Re-
combinant plasmids were sequenced with dideoxy chain-termination
method. Plasmid templates had more efficient OR42a and ORCO ex-
pression than linear templates, which was consistent with previous
reports [32]. To obtain higher yields of proteins, we used pIVEX2.3d for
OR42a and pIVEX2.4d for ORCO. However, linear templates have been
commonly used in transcription-translation analysis in cell-free systems
for their rapid synthesis and low cost [44]. Both DNA templates and
detergents are crucial to final yields.

3.2. Effect of detergent type and concentration for cell-free olfactory
receptor expression

The nine detergents listed in Material and Methods are efficient for
GPCR solubilization in mammalian cells [45,46]. The final concentra-
tions, which were above their CMCs, are shown in Table S2. Fig. 1 in-
dicated the effects of detergent type and concentration on olfactory
receptor extraction levels. DDM, Brij35 and Brij58 increased OR42a
production, while FC10, FC12 and CHAPS decreased its levels (Fig. 1A).
Brij35, Brij58 and digitonin promoted higher ORCO yield (Fig. 1B) in
accord with previous reports [26,27]. OG and OTG had no obvious
effect on OR42a and ORCO cell-free production, which agrees with the
finding that different detergent types have various effects on GPCR
production levels [32,47]. DDM, Brij35, Brij58 and digitonin were
screened to optimize the detergent concentration for soluble olfactory
receptor expression (Fig. 1C and D).

The DDM mix was chosen to analyze the GPCR 3D structure [48].
Detergents at the proper concentration improved yields by solubilizing
proteins. The combination of the cell-free system and a proper de-
tergent may facilitate protein 3D-structure determinations. The rapid
and cost-saving cell-free system provided alternative to the

Table 1
Effects of DNA templates on olfactory receptor expression.

Linear pIVEX2.3d pIVEX2.4d

ORCO (μg/ml) 75 * 259
OR42a (μg/ml) 116 350 *

* Non-detectable.
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heterologous system. Excessive concentrations of detergents that over
optimal points may decrease the soluble protein yields possibly through
interference of ribosomes. Nine-fold CMC (0.099%) for Brij35 was the
most effective detergent with a 95% solubilization rate (Fig. 1). The
highest yield of OR42a was 350 μg per 1ml reaction, which holds
promise to help structure-function research. In addition to detergents,
the membrane protein yield and stability may be further increased by
fusing binding partners together in templates [48].

Several vertebrate ORs have been reported functionally expressed
by CFPS, including mOR23, mOR33, mOR103, mOR106, hOR107 and
hOR17-4 [32,49]. Those ORs were soluble when expressed with proper
detergents. Among detergents, Brij35 and analogues seemed to perform
excellent capacity to solubilize ORs, which were also used in our ex-
periment. The average yields were approximate 500 μg per 1ml reac-
tion, which were comparable with our results. In addition, Drosophila
melanogaster OR67a and OR85a were also demonstrated to be produced
by commercial cell-free system kit [26]. Currently, many soluble pro-
teins have been characterized by CFPS except ORs [50,51].

3.3. Detection and purification of olfactory receptors

Purified protein samples were required for further studies after ex-
pression. SDS-PAGE and Western blot analyses were performed to
confirm the olfactory receptor expression (Fig. 2). The proteins ran at
lower molecular weights on the gels (46 kDa for ORCO and 35 kDa for
OR42a) than predicted (54 kDa for ORCO and 47 kDa for OR42a),
which was not contradictory to previous studies [52]. ORCO was re-
ported to run at approximately 49 kDa in an insect expression system

and wheat germ cell-free system [27]. Faster migration of membrane
protein on gels is assumed to be caused by refolding or partial dena-
turation [52].

The SDS-PAGE analysis in Fig. 2 showed purified ORCO and OR42a
with the same sizes as in the Western blot. The peaks in SEC and single
bands in the Western blot and SDS-PAGE analyses demonstrated
monomeric ORCO and OR42a (Fig. S2). The solubilization and stability
of the olfactory receptors may result from additional Brij35 in the
elution buffer. Some membrane proteins tended to form aggregates
even when efforts were made to avoid this problem [53–56,]. Homo-
dimerization or aggregates should be eliminated for single molecular
activity detection of membrane protein. Only correctly fold can proteins
have proper functions.

3.4. Secondary structure analysis by FTIR

The amide I (1700 cm−1 to 1600 cm−1) absorption of FTIR spectra
was used to determine the protein secondary structure [35,37,57]. β-
sheet structures are centered at approximately 1630 cm−1, coils at
approximately 1642 cm−1, α-helices at approximately 1654 cm−1, β-
turns at approximately 1663 cm−1, anti-parallel β-sheets at approxi-
mately 1680 cm−1, and side-chains at approximately 1618 cm−1and
1690 cm−1 [58]. α-helix conformation dominated ORCO and OR42a
secondary structures (Fig. 3), which agreed with the report 60% α-helix
content in some GPCRs and olfactory receptors [9,26,59]. The in-
tegrated area of respective curves presented the relative amount of each
conformation. For ORCO, α-helices accounted for 66%, β-sheets 5%,
and coils 20%. α-helices accounted for 71% of OR42a, β-turns 4%, and

Fig. 1. Effects of detergent type and concentration on olfactory receptor expression. (A and B) The yields of soluble (black) and insoluble (gray) OR42a and ORCO
affected by detergents. Mock, no detergent. (C) The soluble production of OR42a with different concentrations of DDM, Brij35, Brij58. (D) The soluble amount of
ORCO with different concentration of Brij35, Brij58 and digitonin. Error bars show±S.E.M. N=3–5.
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coils 21%. No obvious peaks were detected in the 1625 cm−1 or
1695 cm−1, indicating an absence of aggregation. Circular dichroism
has been frequently used to analyze the secondary structures of aqueous
proteins. FTIR has become a powerful and reliable tool to detect protein
secondary structure in both solid and liquid phase. The FWHH and
enhancement factor were two pivotal parameters in FTIR spectra ana-
lysis. With proper settings, the adjusted r2 was approximately 1 and
sum of squares came from error (SSE) was minimized. In summary,
ORCO and OR42a were mainly composed of α-helix conformations as
detected by FTIR. The proper secondary structures were foundation of
ligand-binding of ORCO and OR42a.

3.5. QCM detection of olfactory receptor ligand binding

The sensitivity of ORCO and OR42a ligand binding was character-
ized with 90 ppm propyl acetate gas; 5–150 ppm propyl acetate gas was
used to analyze the limiting concentration and correlation between li-
gand and sensitivity. To accurately estimate the response per unit area
of QCM sensors, ΔF1/ΔF0 was used to describe the related sensitivity. As
shown in Fig. 4 and Fig. S2, only the combination of ORCO and OR42a
could respond to the odorant, which conformed to the insect olfactory
receptor heteromeric theory [5]. The gas retention area indicated a
stable ligand binding response. Neither ORCO nor OR42a could re-
cognize the ligand as evaluated by QCM when alone (Fig. 4). The
heterodimer model and role of ORCO in recognizing odorants was

recently demonstrated in Drosophila larvae [60]. The latest reports
claimed that the ORCO and ORx heterodimer is activated by agonists in
vivo [10]. Our results suggested that ORCO and OR42a may form her-
terodimer or multimer in vitro. QCM was expected to be a promising
tool for deciphering the olfactory code. The correlation of ligand con-
centration and sensitivity exhibited a linear response (Fig. 4). An ac-
curate amount of molecular binding can be calculated from the linear
equation. Stable repeat cycles were observed from the QCM sensor
coated with ORCO and OR42a responding to a 90-ppm odorant (Fig.
S2). The frequency shift of± 1Hz between the baselines of each cycle
probably stemmed from incomplete odorant exclusion or inevitable
mechanical error. The reproducibility was lessened when the gas con-
centration exceeded the range of 5–120 ppm, which may have been due
to the thin-film deposits required by the Sauerbrey equation [61].

The frequency change was approximately 152 Hz after coating the
aptamer with His-tagged protein. The maximum frequency change was
approximately 33 Hz after ligand binding, indicating that the aptamer
facilitated absolute sensitivity compared with physical adsorption
[38,62]. The effective modification of QCM crystals may generate
better capacity. The results showed that membrane protein interaction
and ligand-binding could be detected by a piezoelectric biosensor.

4. Conclusions

This study evaluated the production of olfactory receptors from an

Fig. 2. SDS-PAGE and Western blot detection of ol-
factory receptors. (A) Western blot for ORCO and
OR42a. M, the markers of His-tagged protein ladder.
A single ORCO band is detected at approximately
46 kDa, and OR42a at 35 kDa. (B and C) The
Coomassie Brilliant Blue stains of purified ORCO
and OR42a. M, markers of prestained protein ladder.
RM, the reaction mixture. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the Web version of this article.)

Fig. 3. Fourier transform infrared spectroscopy analysis of olfactory receptors. (A and B) FTIR spectrum (black) and second derivative spectrum (violet) as long as the
secondary structure components (colour) of ORCO and OR42a. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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E. coli cell-free protein synthesis system, which tended to be a potential
tool to synthesize functional membrane proteins. The OR42a olfactory
receptor was characterized in vitro for the first time. A systematical
screen of detergents was used to solubilize and purify membrane pro-
teins. In addition, the high yield and purity hold promise for char-
acterization of the three-dimensional structure in the future. Membrane
proteins produced by a cell-free system combined with detergent had
proper folding and ligand binding capacity.

Further studies need to be performed to analyze binding sites and
structure. Cell-free may be a viable option for membrane protein li-
gand-binding. Membrane protein-based piezoelectric biosensors will
likely be applied towards environmental protection, signal transduction
and biomimetic research.
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