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Abstract We report here the results of human olfactory
receptor (OR) 17-40 stimulation with some odorants
probed by means of the double-channel surface plasmon
resonance platform NanoSPR-6. OR 17-40 tagged with Nterminal cmyc sequence was heterologously co-expressed
with Golf protein in yeast, and receptor-carrying nanosomes were prepared from yeast membrane fraction. Then,
receptors were speciWcally captured via anti-cmyc antibody
attached to the gold-coated substrate in orientated or random way. Measurement of odorants eVects were carried out
in the presence of GTP--S in diVerential mode in order to
compensate bulk changes of refractive index. For the Wrst
time, biosensing eYciency of olfactory Wlms was discussed
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in terms of their thickness and Golf accessibility to GTP--S.
Bell-shaped response proWle with two maxima (near 1 nM
and near 1 M) was established for helional, which is
documented as highly speciWc agonist of OR 17-40.
Unrelated odorant heptanal used as control, did not evoke
signiWcant variations of diVerential signal.
Keywords BioWlm · Thickness · Nanosome ·
Olfactory receptor · Surface plasmon resonance
Abbreviations
GPCRs G protein-coupled receptors
ORs
Olfactory receptors
SAM Self-assembled monolayer
SPR
Surface plasmon resonance
PBS
Phosphate-buVered saline
AFM Atomic force microscopy
CV
Cyclic voltammetry

Introduction
Recent advances in the pharmacology of olfactory receptors (ORs) and other G protein-coupled receptors (GPCRs)
result mainly from the development of in vitro screening of
receptors agonists (Tollin et al. 2003; Minic et al. 2005a; Li
et al. 2006; Milligan 2006). There is a growing interest in
elaboration of biosensors based on the ORs expressed
homologously (Liu et al. 2006) and heterologously (Araneda
et al. 2004; Ko and Park 2005; Sung et al. 2006; Vidic et al.
2006; Hou et al. 2007; Marrakchi et al. 2007), employed in
the membrane fraction or in the whole cell coupled to a
solid transducer. Biosensor platforms for ligand proWling
and GPCRs deorphanization can be based on the direct
monitoring either of agonist binding to receptor or of spatial
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molecular events triggered by agonist-stimulated receptor
at the biointerface (Li et al. 2006).
The pharmacological data available on mammalian ORs
include various dose-response proWles. A typical adsorption
curve with a remarkably broad linear part (10¡11–10¡3 M)
was obtained by means of the quartz crystal microbalance
technique for heterologously expressed rat OR I7 exposed
to its agonist octanal (Ko and Park 2005). The increase in
calcium signal of OR I7 from isolated olfactory neurons
was sigmoid within the concentration range 10¡7–10¡5 M
of octanal (Araneda et al. 2004). Other data obtained from
intracellular calcium and bioluminescence assays revealed
the response pattern of heterologously expressed OR I7 and
OR 17-40 to be bell-shaped within the concentration range
10¡14–10¡3 M of their agonists octanal and helional,
respectively (Araneda et al. 2000; Levasseur et al. 2003;
Minic et al. 2005a; Ko and Park 2006).
The goal of this work was to investigate a pattern of G
protein-coupled OR 17-40 response to its speciWc odorant
helional. Two diVerent OR 17-40-carrying bioWlms were
designed and their biosensing eYciency was studied by
using an original surface plasmon resonance (SPR) sensor
platform NanoSPR-6. Topography of olfactory bioWlms
was probed by means of atomic force microscopy (AFM)
and cyclic voltammetry (CV), and its impact on the biosensing properties of Wlms was discussed.

Experimental
Biomaterials
Human OR 17-40 tagged with cmyc sequence on the N-terminus and Golf protein were co-expressed in yeast Saccharomyces cerevisiae (strain MC18, Crowe et al. 2000) and
membrane fraction was prepared as previously described
(Minic et al. 2005a; Vidic et al. 2006). Stock suspension of
membrane fragments with protein content 3 mg ml¡1 was
aliquoted and stored at ¡80°C. Anti-cmyc monoclonal
antibody (Ab) was obtained from Roche Molecular Biochemical and biotinylated by means of DSB-X™ Biotin
Protein Labeling Kit (Molecular Probes, Leiden, Netherlands). Stock solution of biotinylated Ab (2.55 mg ml¡1)
was divided into aliquots and stored at ¡20°C.
GTP--S (93% purity), bovine serum albumin (BSA;
98% purity) were purchased from Sigma, neutravidin—
from Pierce.
Chemicals
16-Mercaptohexadecanoic acid (MHDA; 90% purity)
and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-Nbiotinyl sodium salt (biotinyl-PEA) were purchased from
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Aldrich and Avanti Polar Lipids, respectively. Potassium
ferricyanide (3-/4-) was obtained from Sigma, Ethanol
(99.8%), HCl (37%), HNO3 (65%), H2O2 (30%) and
NH4OH (25%)—from Fluka.
Dimethyl sulfoxide (DMSO) and heptanal were obtained
from Sigma. Helional was a kind gift from Givaudan-Roure
(Switzerland).
As a working buVer, a phosphate-buVered saline (PBS)
was used with the following composition: 8 mM Na2HPO4,
1.5 mM KH2PO4, 3 mM KCl, 150 mM NaCl, pH 7.0. All
reagents for preparation of PBS were of analytical grade.
Ultrapure water with resistivity 18.2 M cm was used for
the PBS preparation.
Sensor chips and SPR spectrometer
A novel Kretschmann-type SPR spectrometer NanoSPR-6
(model 421, NanoSPR, USA) with two optical channels
and light-emitting diode light source ( = 650 nm) was
used in this work. A high refraction index of the prism
(n = 1.61) and a broad dynamic range (up to 19° in air) of
the SPR instrument enabled a high quality of the computer
Wtting of the experimental data with a theoretical curve. The
SPR data were processed by means of the NanoSPR-6 software (version 6.0). The SPR sensorgrams represented realtime changes in the minimal reXectivity angle and could
be recorded both in custom and diVerential mode (delta
between working and reference channels) using double
channel teXon Xow cell.
Glass supports (TF-1 glass, 20 mm £ 20 mm) coated
with a thin chromium sublayer (5 nm) and a polycrystalline
gold layer (50 nm) were provided by NanoSPR.
Pretreatment of gold surface
Before experiments, each gold-coated substrate was
cleaned by a mixture “aqua regia”: H2O + HCl + HNO3,
16 + 3 + 1, v/v, during 1.5 min, then with a basic mixture
(H2O + H2O2 + NH4OH, 5 + 1 + 1, v/v) during 30 s and
Wnally, thoroughly rinsed with water.
BioWlm design
Two diVerent bioWlm architectures were studied:
Au + (MHDA + biotinyl-PEA) + neutravidin + biotinylated
Ab + OR 17-40 (“A1” bioWlm), and Au + biotinylated
Ab + OR 17-40 (“A2” bioWlm).
To obtain self-organized heterogeneous layer onto
gold, 1 mM MHDA and 0.1 mM biotinyl-PEA were dissolved in ethanol and incubated with freshly cleaned chip
for 21 h at room temperature. MHDA was Wxed onto Au
via chemisorption, whereas biotinyl-PEA was inserted
between long-chain thiols via hydrophobic interactions.
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Such self-assembled monolayer (SAM) provides a good
basis for the further anchoring of biomolecules to the surface. To elute unWxed molecules, the chip was rinsed with
ethanol, and dried under nitrogen Xow.
Neutravidin (0.5 M) and/or biotinylated Ab (0.5 M)
were subsequently run through both channels from the
stock solution (0.3 ml in PBS) at the Xow rate 0.02 ml
min¡1. Before formation of any upper molecular layer the
previous one was rinsed with PBS during 5–15 min.
In order to saturate all non-speciWc adsorption sites
on modiWed surface, Ab layer was blocked by BSA
(0.5 mg ml¡1 in PBS), which was run on a chip at the Xow
rate 0.02 ml min¡1.
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Analytical was employed as a reference, a platinum plate—as
an auxiliary electrode. Scan rate was 50 mV s¡1.
AFM
The substrates were imaged with Nanoscope III microscope
(Digital Instrument, USA). A pyramidal silicon tip RTESP
(Veeco) with a spring constant of 20–80 Nm¡1 was used.
The cantilever oscillated at 300 kHz resonance frequency
with free amplitude of 2 V. All experiments were performed in air at room temperature and relative humidity of
60%. Images were taken in tapping mode to avoid damaging the surface of the sample.

Preparation and immobilization of OR 17-40
Results
Stock suspension of OR 17-40 in membrane fraction was
diluted in PBS on ice down to the protein concentration
70 g ml¡1 and 0.3 ml of this suspension was treated in the
ultrasonic bath Bandelin Sonorex Super RK 102H (35 kHz,
140 W) in ice-cold water for 20 min in order to obtain an
homogeneous suspension of membrane vesicles called
nanosomes due to their size (Vidic et al. 2006). Afterwards,
the suspension was immediately run on the chip at the Xow
rate 0.02 ml min¡1. One nanosome of 50 nm diameter could
bear up to ten ORs (Vidic et al. 2007). Orientation of ORs
in lipid bilayer seems to vary. Most probably, ORs may be
orientated in both directions: N-terminus located outside or
inside the vesicles, sonication apparently supporting an orientation of membrane proteins opposite to that in the cell
(Monk et al. 1989; Seckler and Wright 1984).
Preparation of odorants
Stock 0.1 M solutions of odorants were prepared freshly on
the day of experiment in DMSO; further dilutions (from
10¡4 to 10¡12 M) were obtained by successive 1:10 dilutions in PBS. The blank probes at the various dilutions were
prepared replacing the odorant by PBS. Blank solutions
were run via the reference channel simultaneously with
odorant probe to compensate possible bulk eVect of DMSO
in odorant detection. Additionally, each odorant and blank
probe contained 10 M of GTP--S prepared on ice from
the 1 mM solution.
Cyclic voltammetry
Surface plasmon resonance substrate modiWed with bioWlm
A1 or A2 was transferred into an electrochemical glass cell
(V = 5 ml) and used as a working electrode. The measurements were conducted at room temperature by an impedance analyzer Voltalab 40 in 4 mM potassium ferricyanide
in PBS. Saturated calomel electrode from Radiometer

Orientated and random immobilization of antibodies
Receptors carried by nanosomes were immobilized via
interactions of cmyc sequence with anti-cmyc monoclonal
Ab attached to the gold in orientated or random way. In the
Wrst case, Abs were uniformly attached to the neutravidin
layer (Fig. 1a, b).
Random immobilization involved Abs’ adsorption on
the freshly cleaned gold (Fig. 2a, b).
A signal for speciWc anchoring of biotinylated Ab to the
neutravidin was about two times lower than a response to
its direct adsorption on gold probably due to the limited
quantity of biotinyl-PEA aYnity sites at the surface.
To estimate the thickness of each molecular layer, the
experimental SPR spectra were Wtted to the theoretical
curves on the basis of Wve-phase Fresnel calculations using
the Nelder–Mead algorithm of minimization (Beketov et al.
1998). As a basis, an eVective refractive index of n = 1.36
was used for protein layers (Beketov et al. 1998) and of
n = 1.46 for a membrane vesicle (Johnsen and Widder
1999). The shape of biomolecules and nanosomes was considered as globular. The calculated values of thickness are
presented in Table 1.
The spatial orientation of immobilized Ab is crucial for
OR capture since the latter is based on the highly speciWc
interaction via cmyc tag. While the ratio Abs:nanosomes
in case of bioWlm A1 is close to 1, it is equal to 7 for the
A2 suggesting that probably only »11% of immobilized
antibodies are properly orientated. Therefore, a random
orientation of Ab layer resulted in a nanosome layer of
comparatively low density (Table 1).
Electrical properties of bioWlms
At it was revealed by CV measurements, SAM-based A1
architecture was a highly insulating Wlm (Fig. 3). The
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Fig. 2 a Sensorgram of layer-by-layer assembly of A2 bioWlm. The
SPR sensorgrams were recorded in diVerential mode relative to reference channel. b Scheme of multilayer A2. Possible orientations (1, 2,
3) of Golf coupled receptors in a nanosome are described in Table 2
Fig. 1 a Sensorgram of layer-by-layer assembly of A1 bioWlm. The
SPR sensorgrams were recorded in diVerential mode relative to reference channel. b Scheme of multilayer A1. Possible orientations (1, 2,
3) of Golf coupled receptors in a nanosome are described in Table 2

electron transfer through the A2 was 50% weaker in comparison with redox kinetics on bare Au (Fig. 3 inset).
The insulating properties of A2 increased after its overnight incubation in PBS at room temperature. In order to
clarify this phenomenon, a bioWlm consisting only of randomly adsorbed Ab was probed under the same conditions.
This layer of antibodies demonstrated an increased penetrability to redox couple after 12 h of contact with PBS (data
not shown). Therefore, an increase of insulating properties
of A2 bioWlm can be attributed to the nanosomes’ fusion on
the top of sensor surface. Since redox peaks did not completely disappear, one might conclude that the membrane
vesicles did not merge into a continuous layer; therefore,
the fusion of nanosomes on the electrode surface could be
only partial, corroborating recently reported AFM-based
data (Vidic et al. 2007).
Topography of bioWlms
Atomic force microscopy images of bioWlms were taken
after the second day of odorant screening. Clear diVerence

123

in relief porosity was observed between working “spots” of
A1 (Fig. 4a) and A2 (Fig. 4b) structures. The surface proWle
of A1 bioWlm was rather smooth due to the proper orientation of multilayer or to the collapsing of immobilized nanosomes, whether initial or after work with the surface. In the
calculations of thickness (Table 1), the coeYcient of coverage of A1 with membrane biomaterial was taken as 1. The
A2 surface coverage was estimated as 0.25 from the level
of porosity observed.
Detection of odorants
An olfactory signal is transmitted into sensory neurons via
an interaction of OR with heterotrimeric G protein located
on the cytoplasmic face of neuron ciliae membrane (Bourne
1997). Activated OR promotes the liberation of GTP-bound
G subunit from G dimer (Jones and Reed 1989; Bourne
1997; Cao and Huang 2005; Birnbaumer 2007). Surfacegrafted membrane fragments bearing Golf and ORs present
a complex biorecognition unit where the above-described
conformational changes of receptor and Golf are thought to
occur upon OR stimulation with odorant. Possible orientations of Golf -coupled OR in nanosome are shown in
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Table 1 Surface plasmon resonance responses to the layer-by-layer formation of A1 and A2 bioWlms and calculated thickness of each molecular
layer
Layer

A1, arc degrees

A1, eVective thickness, nm

A2, arc degrees

A2, eVective
thickness, nm

MHDA-based self-assembled
monolayer

Not available

1.9 (Dannenberger et al. 1997)

–

–

Neutravidin

0.34 § 0.03

15 § 1

–

–

Biotinylated antibodies

0.26 § 0.02

12.5 § 0.75

0.42 § 0.07

18.5 § 1

BSA

0.01 § 0.00

0.5 § 0.1

0.02 § 0.01

0.9 § 0.2

OR 17-40-bearing nanosomes

0.20 § 0.09

11 § 0.75 (V = 1)

0.06 § 0.01

11 § 0.75 (V = 0.25)

Total thickness of
multilayer on gold, nm

»41

»30

V is a coeYcient of surface coverage with lipidic biomaterial estimated from the AFM data shown in Fig. 4. The error values mentioned represent
intersensor standard deviation, n = 3–4
MHDA 16-mercaptohexadecanoic acid, BSA bovine serum albumin

essentially, while A2 demonstrated only a slight relative
decrease in response (Fig. 5).
During 2 days of work with the same A2 bioWlm we
observed the same pattern of response to helional (Fig. 6).
Meanwhile, A2 sensitivity to the unrelated odorant heptanal
remained insigniWcant somewhat increasing at 10¡9 M after
the overnight storage (Fig. 6).

Discussion

Fig. 3 Cyclic voltammograms of bioWlms A1 and A2. Inset: cyclic
voltammogram of bare gold substrate. Redox probe: 4 mM potassium
ferricyanide in PBS; SCE saturated calomel electrode

Figs. 1b and 2b, and a potential biorecognition eYciency of
each conWguration is schematized in Table 2.
Two odorants, helional and heptanal, were tested on A1
and A2 in the concentration range from 10¡12 to 10¡5 M.
Helional is documented as a cognate odorant for OR 17-40
(Wetzel et al. 1999; Levasseur et al. 2003). Measurements
were carried out in the diVerential mode at the day of bioWlm formation (1st day of work) and were continued the
next day. Observed SPR signals had a dose-dependent “dissociation” character, (Fig. 5 inset). Olfactory sensitivity of
thicker A1 bioWlm with comparatively dense nanosomes
layer was weaker than that of the A2 (Fig. 5); therefore, we
did not apply a detailed range of helional concentrations to
A1 in order to reveal its response proWle.
Sensitivity of receptors to helional after the overnight
storage of SPR substrate coated with bioWlm A1 decreased

As it can be seen from Table 1, the bioWlm A2 based on the
randomly oriented Abs was at least 27% thinner than the
A1 bioWlm. Low thickness of A2 and its high porosity
(Fig. 4b) resulted in better accessibility of Golf protein to
GTP--S could explain a surprisingly better sensitivity of
A2 to helional. Presence of pores in A2 initially originates
from the random orientation of Abs and relates to their
inability to bind a large amount of nanosomes. From this
point of view, the thickness of both A1 and A2 nanosome
layer is similar, whereas the refractive index of the latter is
smaller. The thickness of nanosome layer in both cases,
close to twice a lipid bilayer thickness, demonstrates a Xattening of the nanosomes down to partial collapsing.
The possible reasons of signal decrease after 12 h storage of SPR chip at room temperature are: (1) loss in receptor and/or Golf protein activity at room temperature, and
(2) depletion of the available Golf protein pool.
The  subunit of G protein has a molecular mass »40–
50 kDa (Wilcox et al. 1994; Cao and Huang 2005), therefore its desorption is reliably detected by the SPR technique. However, quite low amplitude of signals measured
can be ascribed to the low amount of receptors oriented in
the direction allowing full access of Golf to GTP--S.
Indeed, the latter cannot penetrate the lipid bilayer to access
Golf located inside the nanosome, whereas the hydrophobic
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Fig. 4 Atomic force microscopy images with cross sectional
proWles corresponding to working “spots” of A1 (a) and A2 (b)
bioWlms. Images were taken in
tapping mode after the second
day of using A1 and A2 bioWlms
for detection of odorants at room
temperature

Table 2 Biorecognition eYciency of various conWgurations (1, 2, 3)
of G protein-coupled olfactory receptor in a nanosome (see
Figs. 1b, 2b)
ConWguration

1

2

3

Flexibility of N-end, crucial
for odorant binding

¡

+

+

Accessibility of Golf to GTP--S

¡

¡

+

Biorecognition eYciency

Low

Middle

High

odorants may penetrate the bilayer (Ornskov et al. 2005;
Fujikawa et al. 2007) to reach the receptor ligand binding
pocket and activate the receptor.
Another phenomenon that could contribute to the optical
signal was the intrinsic conformational change of activated
OR. The latter is composed of a bundle of seven transmembrane -helices connected by loops (Pearce et al. 2001).
Odorant stimulation of OR seems to induce a rearrangement of helices 6 and 3 leading to separation of transmembrane domains in the helix bundle (Bourne 1997; Pearce
et al. 2001; Minic et al. 2005b). Recently it has been suggested that the signal changes observed by SPR can be also
ascribed to the protein secondary structure changes. Thus,
May and Russell (May and Russell 2002) have correlated a
decrease in SPR signal to the formation of -sheets, turn or
unordered protein secondary structures; compact helical
structure was thought to possess higher refractive index and
thus to increase an SPR signal. In this way, the OR confor-
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Fig. 5 Sensitivity of A1 and A2 bioWlms to helional. The error values
mentioned represent intersensor standard deviation (n = 2–3). Inset:
typical kinetics of responses to helional obtained from the A2 bioWlm
in diVerential mode; 50 point smoothing was applied to all curves

mational changes on SPR signals may also be taken into
consideration.
Two maxima bell-shaped curves such as that found previously (Vidic et al. 2006) can be superimposed to the
experimental points (Fig. 6) to account for the functional
response observed at the bioWlm stimulation by the odorant
speciWc for OR 17-40. Apart from the measurement at
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Fig. 6 ProWle of the A2 bioWlm responses to helional during 2 days of
work. Heptanal was used as a negative control. Data set was collected
from the same sensor chip (n = 1)

10¡9 M, which appears somewhat low for the measurements performed on both days for unclear reasons (which
we assume may just be a case of the odorant dilution being
made incorrectly), the general shape seems to be in good
agreement with this proWle. The hypothesis and model on
the biological nature of such response proWle are under
testing.

Conclusion
It has been demonstrated that the density of nanosomes’
adsorption and the multilayer bulk thickness are crucial
points in design of the olfactory bioWlms for the SPR-based
screening of odorants. Sensitivity of the OR 17-40-bearing
Wlm to helional was speciWc and could be ascribed to two
main molecular events actually undistinguishable from
SPR signals: desorption of G protein from membrane
bilayer and intrinsic conformational changes in activated
OR itself. Further studies will clarify the mechanisms
involved in odorant recognition by ORs at the biointerface.
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