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Abstract

We have designed and implemented a practical nanoelectronic interface to G-protein coupled
receptors (GPCRs), a large family of membrane proteins whose roles in the detection of molecules
outside eukaryotic cells make them important pharmaceutical targets. Specifically, we have
coupled olfactory receptor proteins (ORS) with carbon nanotube transistors. The resulting devices
transduce signals associated with odorant binding to ORs in the gas phase under ambient
conditions and show responses that are in excellent agreement with results from established assays
for OR-ligand binding. The work represents significant progress on a path toward a bioelectronic
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nose that can be directly compared to biological olfactory systems as well as a general method for
the study of GPCR function in multiple domains using electronic readout.
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bioelectronics; vapor sensor; olfactory receptor proteins; field effect transistor; nanotube

Integration of modern nanoelectronic technology with the potent molecular machines of
living organisms offers a pathway to advanced chemical sensing modalities and high-
throughput screening of ligand binding. While significant progress has been made along this
path using soluble proteins~* and nucleic acids,> integration of amphiphilic membrane
proteins remains in an early state of development®-10 despite their vital and varied
functionality in living organisms. G-Protein coupled receptors (GPCRs) are a very large
family of transmembrane receptors that recognize molecules in the intercellular region and
activate important signal transduction pathways. They are involved in many diseases and are
important targets for modern drug agents. Olfactory receptor proteins (ORs) are the most
numerous class of GPCRs, representing transcription products of ~3% of the mammalian
genome.11 Here we report a method to integrate ORs with carbon nanotube (NT) transistors.
Our method includes the formation of a direct chemical bond that localizes the OR within
nanometers of the NT device, in contrast to earlier work, where (mobile) membrane proteins
were incorporated into a macroscopic lipid bilayer covering the NT transistor. Because of
this, we enable direct readout of OR-ligand binding by the NT device.

Efforts to interface nanoelectronic devices to membrane proteins confront challenges due to
the hydrophobic nature of their transmembrane domains, which complicates their
expression, purification, and solubilization.12-14 In this work, ORs were purified from cells
and then solubilized in two distinct nanoscale constructs: digitonin micelles? and
engineered, stable, self-assembling nanoscale membrane assemblies known as
“nanodiscs”.1® Solubilized ORs were attached via a polyhistidine tag (Histag) to high-
quality NT transistors that were previously functionalized with nickel-nitrilotriacetic acid
(Ni-NTA).16

These advancements in the purification, packaging, and integration of membrane proteins
lead to striking improvements in the practical qualities of membrane protein-enabled
bioelectronics. This is most dramatically shown in the stability and longevity of the devices,
which have demonstrated useful and repeatable sensor functionality over months, instead of
the usual day-long, single-experiment lifetime that greatly limits potential applications of
current bioelectronics. The use of polyhistidine tags and artificial membrane constructs
allows precise orientation of the properly folded biological component relative to the
transistor readout element. The OR-NT devices detect vapor analytes under ambient
conditions, with sensor responses that are reversible, repeatable, and durable. This work thus
represents a significant advance beyond earlier reports where membrane proteins coupled to
electronic devices were housed in crude membrane fractions!’ or attached to fusion
proteins.18
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Three mouse olfactory receptor proteins (mMORs) were selected for overexpression and
integration with NT transistors for vapor response testing against a panel of eight odorants:
mOR174-9 (also known as mOR-EG) is known to respond to eugenol;1® mOR203-1 and
mOR256-17 respond to 2-heptanone and cyclohexanone, respectively.2? Two of these
mORs (174-9 and 256-17) were screened with a panel of eight odorants using a Xenopus
oocyte expression system in combination with robotic electrophysiology.?! The third mOR
(203-1) did not express well in the Xenopus oocytes; however similar information is
available from expression in human embryonic kidney (HEK) cells from others.20 Table 1
summarizes response characteristics of the three mORs when expressed in heterologous
surrogates and also when coupled to the electronic system described in this paper. The
response characteristics of ORs are known to be broadly tuned, so that individual ORs
recognize a range of different odorants with varying degrees of specificity.22

Recombinant mORs were expressed with an N-terminal His-tag in Sf9 insect cells to
simplify the purification and guide the attachment of ORs to carbon nanotube devices.13
After harvesting the cells, target mORs were purified using magnetic beads treated with Ni-
NTA. The presence and correct molecular weight of the protein after the purification was
verified by Western blot (see Supporting Information). Throughout all stages of the
purification process, the protein was maintained in ~4.88 mM (0.6% wi/v) digitonin, a
surfactant containing a cholesterol-like backbone that promotes functional solubilization of
membrane proteins.12 At concentrations above 0.5 mM, digitonin forms micelles that can
house and solubilize individual ORs in a membrane-like environment. In a second approach,
ORs were embedded in soluble “nanodiscs”, disk-shaped protein—lipid particles designed to
self-assemble with well-controlled size and composition.12:23 Consistent with previous
accounts of nanodisc behavior,24 mOR-nanodiscs exhibited significantly enhanced stability
in solution, with a shelf life of several months. In contrast, digitonin-solubilized mORs
would aggregate within hours, as confirmed by dynamic light scattering measurements (data
not shown); therefore these solutions were used to functionalize NT devices immediately
after purification.

Three-terminal transistor circuits that acted as readout elements of OR—odorant binding were
fabricated from carbon nanotubes grown on oxidized silicon substrates by catalytic chemical
vapor deposition as described previously.® Device current-gate voltage (1-Vg)
characteristics were measured under ambient laboratory conditions, and circuits with an
on/off ratio exceeding 1000 were selected for use in experiments. Devices were
functionalized with carboxylated diazonium salts, which readily form covalent bonds to
NTs.2% As detailed in Materials and Methods, a mild diazonium treatment was used, since
excessive covalent modification of NTs destroys the semiconducting properties necessary
for efficient signal transduction.16:25 The carboxylic acid functionality of the diazonium salt
was activated with 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride/sulfo-N-
hydroxysuccinimide (EDC/sNHS) treatment, followed by attachment of the NTA linker.
This treatment provides ~5-10 attachment sites for each 1 um length of exposed nanotube
(Figure 1a). Device fabrication was completed with the addition of Ni ions, which are
chelated by the NTA complex, and incubation in a solution of mMOR-containing digitonin
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micelles or nanodiscs. This treatment allowed the His-tagged proteins to associate with the
Ni-NTA attachment sites. Figure 1b is a schematic of the finished device.

We conducted numerous control experiments using identical incubation and washing
protocols to confirm that binding between mORs and the nanotube was controlled by the Ni-
NTA:His-tag interaction. We confirmed that empty digitonin micelles and empty nanodiscs
have no affinity for Ni-NTA-modified nanotubes. We exposed Ni-NTA-functionalized
devices to proteins without His-tags and confirmed that no bound proteins remain after the
wash protocol. The proteins for the latter experiments were commercially obtained protein
G; we did not use the mORs since they were not designed for His-tag removal. All control
experiments are thus consistent with the hypothesis of (oriented) protein attachment via the
expected chemical bond between the Ni-NTA-functionalized nanotube and the protein’s
His-tag.

Current—gate voltage (I-Vg) characteristics were used to monitor the effect of chemical
functionalization on performance characteristics of nanotube transistors.2=> Figure 1c shows
a typical I-Vg curve of an as-fabricated device and its evolution through the
functionalization process. We assume that the mechanism underlying changes in NT
conduction is dominated by electrostatic coupling to the local environment. Shifts in
threshold gate voltage for conduction are attributed to changes in the charge in NT
environment, while variation in the on-state current is assumed to reflect changes in carrier
scattering. Ni-NTA functionalization leads to a ~3-fold decrease in the on-state current of
the NT, which is ascribed to carrier scattering due to covalent attachment of the complex to
the NT sidewall. The observed threshold voltage shift of -1 V (from ~10 V to ~9 V)
indicates that Ni-NTA functionalization leads to increased positive charge in the nanotube
environment, which is associated with the 2+ charge of the nickel ions. Addition of mOR-
micelles results in a pronounced decrease in the on-state current and a strong negative shift
of the threshold voltage, both consistent with earlier work on protein-functionalized NT
transistors.1~3:14 Similar shifts in threshold and resistance are seen for devices functionalized
with mOR-nanodisc constructs.

Responses of NT devices to odorant exposure were measured in a sealed environmental test
system through which gas flows of known odorant concentrations were passed (see
Materials and Methods). High-purity nitrogen served as a carrier gas for the odorants and to
flush the device between exposures to odorant-containing flows. A humidified environment
was found to be necessary for device stability, so water vapor was added to all flows to
create a relative humidity (RH) of 50%. Devices under test were loaded into the chamber
and allowed to equilibrate in a flow of nitrogen at 50% RH. The device was put into the hole
conduction regime by setting the back gate voltage 3 V below the threshold voltage, and the
dc resistance was monitored as the device was exposed to gas flows containing odorants for
100 s and then 50% RH nitrogen for 100 s. Five cycles of odorant and carrier gas were used
at each odorant concentration to quantify response reproducibility. The response is reported
as a fractional change in dc current at constant bias voltage. In NT transistors, changes in
resistance due to chemical interactions are caused by shifts in electron scattering or in the
effective gating of the transistor, both of which are likely to occur in the odorant—protein—
nanotube system.214.26
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Characteristics of odorant responses of mOR-functionalized devices are shown in Figure 2.
Large positive responses to eugenol are observed (i.e., increase in device current; Figure
2a,b), consistent with strong responses observed in Xenopus oocytes expressing the same
OR. NT devices have rapid and reproducible responses and full recovery to baseline, both
on second time scales (Figure 2¢). As is true for ORs in vivo, refreshing the device requires
only flushing the odorant from the chamber with carrier gas. As found in previous work with
NT-based vapor sensors,® differences in device properties can be normalized by presenting
sensor responses as a percent change from the baseline current (% Al/l). This normalization
corrects for device-to-device variation as well as slow drift in a single device over several
days (Figure 2b).

After fabrication, micelle devices remained active with stable normalized responses for ~5
days when stored in a humid environment. Devices then became fully inactive and displayed
no response to odorant vapors, as was typical of unfunctionalized NT devices (see Table 1).
We interpret this degradation as indicative of a breakdown of the digitonin micelle, causing
the OR to denature and lose its distinctive odorant-binding properties. In contrast, nanodisc-
functionalized devices stored in a humid environment showed ~25% reduction in
normalized odorant response over the first several days, but at this point the device
responses stabilized with very long lifetimes. Devices showed reproducible responses for
longer than one month, with one device maintaining mOR-specific responses to odorants for
10 weeks (Figure 2c¢). We interpret this result as implying that the nanodisc construct
provided a relatively stable environment for the OR, with only minor degradation over the
first few days.

We used a high-speed data acquisition system to investigate the shape and timing of device
responses (Figure 2d). We found that response and recovery data are well fit by double-
exponential functions (blue lines in Figure 2c), with significant response on time scales < 10
s. The observed time scales are intrinsic to the mOR-NT system, since control experiments
indicated that the response time of the apparatus itself is less than 100 ms (Supplemental
Figure 4). Response and recovery time scales show little variation with mOR identity, or
whether digitonin micelles or nanodiscs were used to solubilize the ORs. Response and
recovery are significantly faster than found in heterologous measurements, where a signal
transduction pathway is used to report receptor activation, and responses often take several
hundreds of seconds.2!

Responses of OR-functionalized devices were measured for a range of odorants and odorant
concentrations. Multiple devices (2-5) were tested for each OR, and the results combined to
generate the responses and statistical errors reported in Table 1. Figure 3a shows the
concentration dependence of the response of NT devices functionalized with mOR203-1 in
digitonin micelles to several odorants, while Figure 3b provides representative examples of
how device responses varied with concentration, odorant, and mOR identity. To account for
different vapor pressures of the odorants, concentrations are quantified as a fraction of the
saturated vapor. Figure 3a shows substantial agreement between the NT device
measurements and the HEK data for this mOR, for example, the strong response to 2-
heptanone and lack of response to heptanal and acetophenone. Interestingly, the NT device
shows nearly identical responses to the chemically similar odorants 2-heptanone and n-amyl
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acetate. The molecules differ only by a single oxygen atom in the functional group attached
to a five-carbon chain, and they are perceived as nearly identical by humans.2” In mice,
these two chemicals produce identical neural excitations® and olfactory responses,??
although the interaction of n-amyl acetate with the particular mOR 203-1 has not been
measured previously. In other cases, odorants with related molecular structures elicit very
distinct responses. For example, three odorants in Figure 3a share a carbon ring motif
(eugenol, acetophenone, and cyclohexanone), but the odorant responses differ substantially
(positive, zero, and negative, respectively).

Similar to other NT-based molecular detection systems, our current understanding of the
response mechanism is primarily qualitative. The functionalization chemistry results in the
localization of OR-specific binding pockets at distances of a few nanometers from the NT,
with a nanoscale hydration layer provided by the humid atmosphere. When odorant
molecules are solvated by the hydration layer and bound in the pocket, the conductance of
the NT devices is altered, which we assume reflects changes in carrier density and carrier
scattering associated with the electrostatic potential at the NT sidewall. These changes can
occur even for the case of uncharged odorant molecules, as is also reported for other sorts of
functionalized NT devices.

Of the eight odorants tested, only 2,4-dinitrotoluene is not found in nature. It also produces a
response at the lowest concentrations, ~7 ppb, in the range of a “moderately potent”
detection threshold for an OR.30 It is not known whether mice can detect dinitrotoluenes, but
there is strong evidence suggesting that they can be sensed by bomb-detecting dogs and
rats.31:32 Mammalian olfactory systems have the ability to detect and categorize new
odorants, even those not present during the evolutionary history of the organism, a feature
beyond the capability of man-made chemical sensor systems.22 Our results suggest that the
capacity of mORs to bind to nonbiological odorants is preserved when integrated with NT
devices, maintaining the mOR's ability to adapt to new analytes. This system thus has
potential for the creation of chemical sensor arrays that would have the flexibility of the
biological sense of smell; fabrication of such arrays using existing lithography and liquid
spotting methods has already been demonstrated (Supplemental Figure 5).

The data indicate that mMOR-NT devices have characteristics that are typical of functional
ORs in vivo, such as the need for a humid environment, the relatively short lifetime of the
devices, and the odorant response timing. The data summarized in Table 1 indicate that
mOR-NT device responses to odorants show broad agreement with mOR odorant responses
found using heterologous techniques for two of the three mORs tested, with only mOR
256-17 showing significant disagreement. Neither the NT nor heterologous systems
duplicate the in vivo OR response exactly, but areas of agreement between these two test
systems strengthen the interpretation of select sensitivities as present in the natural host.

The responses of the devices and the heterologous systems show considerable agreement,
although discrepancies exist. For mOR 174-9 and mOR 203-1, all disagreements consist of
strong response by the NT device and weak or no response in the heterologous system.
Since the NT device responds to all molecules that bind near it, this could reflect odorant
binding to the mOR that elicits no cellular response (e.g., an antagonist) or possibly odorant
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binding not to the mOR but instead to the NT or the digitonin micelle (or nanodisc) that
encapsulates the mOR. To exclude the latter possibilities, we conducted control experiments
on bare NT transistors and on devices treated with Ni-NTA and empty digitonin micelles
(i.e., no mOR,; see Table 1). We observed no significant response to any of the tested
odorants, with the exception of a small response to cyclohexanone. We infer that observed
device responses reflect NT transistor readout of the binding affinity of the attached mORs,
with the possible exception of cyclohexanone. This reasoning informs the interpretation of
the data for mOR256-17, which shows the broadest set of responses in the heterologous
system and poor agreement between the NT and heterologous data. The synthetic membrane
environments that we used to house the OR may lead to subtle perturbations to the mOR
structure, thereby shuffling the multiple affinities that characterize mOR256-17.

In conclusion, we have successfully developed purification, solubilization, and
biofunctionalization schemes that enable control of the bionano interface between olfactory
receptor (membrane) proteins and carbon nanotubes. VVapor response measurements
demonstrate that ORs with known odorant sensing properties can be coupled to an electronic
device and transfer many of those sensing properties to the device. Future work exploring
additional ORs and other types of GPCRs could help to understand differences between
protein—nanotube measurements, heterologous measurements, and in vivo measurements.
Conceptually, this opens up a very large domain of intra- and intercellular communication to
electronic eavesdropping and could serve as a powerful tool for molecular and cell biology
research.

MATERIALS AND METHODS

Electrophysiological Characterization of Mouse Olfactory Receptors Expressed in
Xenopus Oocytes

We refer to mORs using the nomenclature of Zhang and Firestein.33 Receptor coding
regions were cloned into the pCl expression vector (Promega) containing an N-terminal
extension consisting of the N-terminal 20 amino acid residues of human rhodopsin.
Receptors were co-expressed with human Gag s and the human cystic fibrosis
transmembrane regulator (CFTR), serving as a reporter channel.

Oocytes were surgically removed from mature Xenopus laevis frogs (Nasco). Follicle cells
were removed by treatment with collagenase B (Boehringer Mannhem) for 2 h at room
temperature. Oocytes were injected with cRNA in 23 nL of water. cRNA quantities injected
per oocyte: mORs, 25 ng; Gagf, 10 ng, CFTR, 1 ng. Oocytes were incubated at 18 °C in
Barth's saline (in mM: 88 NaCl, 1 KCI, 2.4 NaHCQO3, 0.3 CaNOg3, 0.41 CaCly, 0.82 MgSOy,
15 HEPES, pH 7.5 and 12 pg/mL tetracycline) for 2—4 days prior to electrophysiological
recording.

Odorant-induced CI™ currents, resulting from cAMP-mediated activation of the co-expressed
CFTR reporter channel, were measured 2—4 days after cRNA injection using a two-electrode
voltage clamp in an automated parallel electrophysiology system (OpusExpress 6000A,
Molecular Devices). Oocytes were perfused with ND96 (96 mM NaCl, 2 mM KCI, 1 mM
CaCly, 1 mM MgCly, 5 mM HEPES, pH 7.5). Micropipets were filled with 3 M KCI and
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had resistances of 0.2-2.0 M. The holding potential was =70 mV. Current responses,
filtered (4-pole, Bessel, low pass) at 20 Hz (-3 db) and sampled at 100 Hz, were captured
and stored using OpusXpress 1.1 software (Molecular Devices). Analysis was done using
Clampfit 9.1 software (Molecular Devices).

Our electrophysiological results for mOR256-17 are at some variance with published
reports20 that mMOR256-17 responds to cyclohexanone, but not to heptanal or 2-heptanone.
We obtained the mOR256-17 expression construct from the Matsunami laboratory2? and
found that, in our hands, this construct yields results in agreement with what we show in
Figure 1 in this paper. Similarly, when the Matsunami laboratory retested their mOR256-17
expression construct in their assay system, they obtained results in agreement with our
results (Dr. Hiroaki Matsunami, personal communication).

Mouse Olfactory Receptor Expression in SF9 Cells

a. mOR 174-9 and mOR 203-1—Recombinant mouse olfactory receptors (mOR) 174-9
and 203-1 were expressed in an Sf9 insect cell system using the BaculoDirect Expression
System (Invitrogen). The entry clones for mOR 174-9 (OIfr73; BC141607) and 203-1
(OIfr992; BC141642) were from Invitrogen. The DNA sequence of each receptor was
verified using primer pairs specific to each receptor. The DNA sequences of both mOR
174-9 and mOR 203-1 clones were verified using GW1 forward primer (GTTGCA-
ACAAATTGATGAGCAATGC) and GW2 reverse primer (GTTGC-
AACAAATTGATGAGCAATTA).

The entry clones were used to create an expression clone for each mOR through linear
recombination reaction using BaculoDirect Linear DNA with an N-terminal His-tag. Two
recombinant expression clones were created: mOR 174-9 with N-terminal His-tag, and mOR
203-1 with N-terminal His-tag. All expression clones were used individually to transfect Sf9
insect cells. Six days after transfection, the cells demonstrated signs of infectivity. The viral
stock was collected and was labeled P1 viral stock. The P1 viral stock was stored at ~80 °C
in the dark with 10% fetal bovine serum (FBS) to protect the recombinant virus from
proteases. Second and third rounds of viral amplification were performed and labeled P2 and
P3 viral stocks, respectively. An aliquot of P3 viral stock was collected and used to isolate
and purify the viral DNA for PCR to check the orientation of the mOR DNA fragment after
transfection and expression.

The viral titer of all P3 viral stocks was determined following the protocol on the BacPAK
Baculovirus Rapid Titer Kit (Clontech). Once the viral titer was known, Baculovirus
Infected Insect Cell (BIIC) stock was prepared for each recombinant mOR. BIIC stock was
found to be more stable than the viral stock. BIIC stock with a multiplicity of infection
(MOI) of 3 was prepared on the basis of existing methodology.3* Sf9 cell cultures were
infected with BIIC stock to express the recombinant mORs. The expression of all
recombinant mORs was monitored by determining the percent viability, total cell density,
and viable cell density during the infection process. A decrease in percent viability and
increase in both the cell diameter and viral titer can be observed during infection. While still
in their log growth phase state, the cells were harvested, as the percent viability of the Sf9
culture reached 70-80%. Cells were harvested by centrifugation (1000g, 10 min, 4 °C).
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b. mOR 256-17—moR256-17 clone was placed in frame into pFastBac HT (Invitrogen)
between EcoRI and Notl using common procedures for SF9 insect cells.3® Colonies were
screened by PCR. Virus was generated using the Bac-to-Bac system (Invitrogen) according
to the manufacturer's instructions. Virus was quantified by plaque assay. For protein
production cells were grown in shaker flasks at 125 rpm at 27 °C either in Grace's
supplemented medium with 10% FBS or in SF900I1 medium with 2% FBS. Media also
contained 0.25 mg/L amphotericin B (Sigma A9528), 20 mg/L gentamicin (Gibco
15750-060), and 0.1% Pluronic F-68 (Sigma P5556). Cells were infected at a MOI of 1 at a
cell density of (1-2) x 106 cells/mL. Cells were harvested 48 h post-infection, weighed,
frozen in liquid nitrogen, and stored at —80 °C. Expression was confirmed by Western blot
using antipentahistidine primary antibody (Qiagen).

Purification of mORs for Incorporation into Digitonin Micelles

a. Preparation of the Crude Plasma Membrane Fraction (CMF—Cell pellets were
washed initially by resuspending in a concentration of phosphate-buffered saline (PBS)
equivalent to the osmolality of the cell growth media and centrifuged (1000g, 10 min, 4 °C).
The pellets were resuspended in a lysis buffer consisting of 20 mM Tris-HCI (pH 8.0), 1
mM EDTA, 1 mM EGTA, 0.4% (v/v) ethanol, 0.1 mM phenylmethanesulfony! fluoride, and
protease inhibitor cocktail designed for Sf9 cells (Sigma) and homogenized with a Dounce
homogenizer (pestle A, 0.0030-0.0060 in.). In some cases, such as when there was a large
amount of nuclei present in the homogenate (as evident from the presence of a clear jelly-
like substance), the homogenized cell suspension was centrifuged (300g, 10 min, 4 °C) to
remove the more dense nuclei and unbroken cells. The homogenate, or supernatant in the
case of the latter, was then centrifuged (40000g, 20 min, 4 °C) and the supernatant
discarded. The pellets were resuspended in a solution of 20 mM Tris-HCI (pH 8.0), 3 mM
MgCl,, 0.5 mM CaCl,, and 10 pg/mL deoxyribonuclease (DNase)-I and centrifuged
(40000g, 20 min, 4 °C). The supernatant was discarded, and the pellet was resuspended in
approximately 400 pL of 20 mM Tris-HCI (pH 8.0), 3 mM MgCl,, 0.5 mM CaCl,, and 10
ug/mL DNase-1 per 30 mL of cells harvested (ca. 0.75 mg total protein/mL cells harvested),
using a 5 mL Wheaton homogenizer. Resuspended pellets were then aliquoted into
Eppendorf tubes, flash frozen in liquid nitrogen, and stored at =80 °C.

b. mOR Purification Using Nickel-Magnetic Beads—A 400 pL aliquot of CMF was
solubilized in a solution such that its final composition was 6.76 mM digitonin, 19 mM
NaH,POy4, 115 mM NaCl, 12 mM Tris, 2 mM MgCl,, 0.3 mM CaCl,, and 6.2 pg/mL
DNase-I. Solubilization of the CMF was achieved via agitation on a benchtop vertical
rotator for 1 h or via sonication with a microtip (Misonix Ultrasonic Liquid Processor).
PureProteome nickel-magnetic beads (Millipore) were added to the solubilized CMF in a
volume of 50 mM NaH,PO,4 and 300 mM NaCl, pH 8.0, such that the final concentration of
digitonin was 4.88 mM. The Ni-magnetic beads were mixed with solubilized CMF for 1 h at
4 °C on a vertical rotator and isolated with a magnet. The Histagged protein was eluted from
the beads with approximately 1.25 mL of 4.88 mM digitonin prepared with 100 mM acetate
buffer (pH 4.0), and the pH was adjusted to 8.0 using a micropH electrode. The pH
adjustment typically required no more than 0.2 mL of NaOH. Note: Although the elution of
the His-tagged protein from the magnetic beads was not 100% efficient, we obtained
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significant amounts of protein to see it on Western blots and to perform our sensing
experiments.

Purification of mORs for Incorporation into Nanodiscs

A cell pellet was thawed on ice. Cells were resuspended (2.5 mL per gram cells) in ice-cold
PBS (Biowhittaker, without magnesium or calcium) containing Roche complete protease
inhibitors without EDTA and Sigma inhibitor cocktail (Sigma, P8849). Cells were sonicated
on ice using a Branson 450 sonifier at power 5, 80% duty cycle using a microprobe tip with
eight 15 s bursts, waiting 30 s between bursts. The sample was centrifuged at 40k rpm in a
Ti70 rotor at 4 °C for 30 min. Ice-cold PBS containing protease inhibitors and 2% w/v Fos-
choline 12 (Anatrace) was added to the pellet, 2.5 mL per gram of cell starting material, and
the sample was agitated in a Falcon tube at 4 °C for 2.5 h. The sample was then centrifuged
as before and supernatant loaded onto a 5 mL nickel-chelating FF cartridge (GE Healthcare)
in a cold room. The cartridge was washed with three volumes of PBS containing 20 mM
imidazole (pH 7.4) and 0.4% w/v Fos-choline 12. Protein was eluted with PBS containing
500 mM imidazole (pH 7.4) and 0.4% w/v Fos-choline 12. Protein-containing fractions were
pooled and protein content was measured using Coomassie Plus reagent (Pierce) with
bovine serum albumin as standard.

Assembly of mMOR Nanodiscs

Nanodiscs were assembled essentially as described previously.38 Briefly, MSP1E3D1(-)
without a polyhistidine tag was mixed with a 0.2 M POPC/0.4 M cholate mixture prepared
as described30 at a ratio of 140 mol POPC to one MSP1E3D1. Fos-choline 12 was added to
a final concentration of 0.4%. Olfactory receptor was added to the MSP lipid mixture at a
ratio of 1 mg of crude OR per 20 mg of MSP1E3D1 (MW 32 700). Protease inhibitor was
added (Roche Complete without EDTA), and detergent was removed at 4 °C with overnight
agitation in the presence of an equal volume of moist Amberlite XAD-2, prepared as
described.36 After removal of beads the sample was filtered using a 0.22 pm syringe filter
and stored at 4 °C.

Carbon Nanotube Transistor Fabrication

Carbon nanotubes were grown on p++-doped silicon wafers (4 in. diameter) with 500 nm
thermal oxide from Silicon Valley Microelectronics. Approximately 5 mL of 50 mg/L iron
nitrate solution was spun onto wafers at 2000 rpm until dry to provide growth catalyst.
Wafers were broken into halves and annealed at 910 °C for 15 min. Growth was performed
in a 50 mm tube furnace at 910 °C in a flow of 2500 standard cubic centimeters per minute
(sccm) methane and 320 sccm hydrogen with 600 sccm argon as carrier gas for 10 min. The
furnace temperature was then decreased to 100 °C over approximately 2 h in a flow of 320
sccm hydrogen with 600 sccm argon before samples were removed from the furnace.

Nanotube transistor fabrication was carried out using optical lithography.
Polymethylglutarimide (PMGI) (Microchem SFS2) was spun on at 4000 rpm for 45 s, and
samples were baked at 150 °C for 5 min. Photoresist (Shipley 1813) was spun on at 5000
rpm for 45 s, and samples were baked at 115 °C for 1 min. After an exposure of about 100
mW/cm?2, Microposit MF-319 was used to develop devices for around 1 min.
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Chrome (5 nm) and 50 nm gold were deposited in a home-built thermal evaporator. Liftoff
was done in an acetone bath, followed by a bath in Microposit Remover-PG to remove the
PMGI, then multiple clean water baths.

The resulting devices have a 2 um source—drain separation. Before electrical measurement,
chips were baked at 250 °C in air for 30 min to remove any polymeric residue from
fabrication.

Typical nanotubes are single walled, with a diameter of 1.0-2.5 nm. Typical devices have
one to three nanotubes bridging the gold electrodes. Electrical data, using the silicon wafer
as a transistor back-gate, are gathered on all devices before chemical modification. Devices
showing on/off ratios exceeding 1000 were selected for use in experiments.

Chemical (Ni-NTA) Modification of Carbon Nanotubes

Carbon nanotube transistors on silicon wafers were chemically functionalized using a
procedure similar to that described previously.3” All solutions were prepared using
deionized water with an electrical resistance of 18.2 MQ-cm. All chemical modifications
were performed on the chips in 50 mL polypropylene Falcon tubes. First, samples were
placed in a solution of 10.76 mM 4-carboxybenzene diazonium tetrafluoroborate at 45 °C
for 1 h, followed by washing with acetone, methanol, and water. The chips were then placed
in a solution of 2 MM EDC and 5 mM Sulfo-NHS, prepared with activation buffer (0.1 M 2-
(N-morpholino)ethanesulfonic acid sodium salt, 0.5 M NaCl, pH adjusted to 6.0 with HCI)
at room temperature for 15 min to activate the carboxylic acid of the 4-carboxybenzene
covalently attached to the nanotubes. Immediately afterward, the chips were briefly bathed
in activation buffer and placed in a solution of 11.3 mM N_,N,-bis(carboxymethyl)-.-lysine
hydrate (NTA-NH>) prepared with PBS (0.1 M NaH,PO,4, 0.15 M NaCl, pH adjusted to
7.35 with NaOH) for 2 h. Upon completion, the chips were washed with water and placed in
a solution of 11.3 mM NiCl,. After 1 h, the chips were removed from the NiCl, solution,
washed with water, and stored in 25% (v/v) ethanol, at 4 °C.

Attachment of mORs to Ni-NTA-Modified Nanotubes

Chips containing Ni-NTA-modified nanotubes were removed from storage in ethanol, rinsed
in water, and dried in a stream of high-purity nitrogen or argon gas. A solution containing
mORs in digitonin micelles or nanodiscs, prepared as described above, was deposited on the
surface of the chips for 30 min, at room temperature. A large enough volume was deposited
on the chips such that any volume change over the 30 min period due to evaporation was
negligible. If the solution contained surfactant-stabilized mORs, the chips were then rinsed
with a 1 mM digitonin solution. If the solution contained mORs in nanodiscs, the chips were
rinsed with deionized water. All samples were dried in a stream of nitrogen or argon gas
(with the exception of the sample shown in Supplemental Figure 1b, which was airdried to
show the CNT-micelle interaction).

Apparatus for Measuring Response of NT Devices to Odorant Vapors

The procedure for these measurements is as described in ref 38. The temperature, humidity,
flow rate, and flow paths are controlled by a computer. The computer also communicates
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with and controls a Keithley 6485 picoammeter that measures the current through the
device. A digital acquisition card provides the 100 mV source—drain voltage and is
connected to the analogue out of the Keithley 6485 to record high time resolution current
data. The gate is controlled by a Keithley 617 programmable electrometer.

MKS 1179A style mass flow controllers are used to create three flows of nitrogen. One
steady flow of 1000 sccm is bubbled through water to provide a humidified stream of gas.
The second “sample flow” is switched between a bubbler containing the odorant being
tested and a bypass that is not exposed to any odorant. The last flow serves as a
“background” to further dilute the sample flow. The “sample” and “background” flows are
set so that they add up to a total flow of 1000 sccm. These three flows (humidity, sample,
and background) are combined and then fed into the sensing chamber. Throughout the
measurement, the total flow rate, temperature, and humidity do not change.

The devices sit in a stainless steel sensing chamber, with gold pogo pin contacts to the
interrogated devices. The total volume of the sensing chamber is around 40 mL. Before the
measurements, tubing, fittings, valves, and the chamber are cleaned by rinsing with acetone,
isopropyl alcohol, and water, followed by baking for 1 h at 150 °C.

Chemical Analytes

All odorants used are liquids under ambient conditions except for 2,4-dinitrotoluene, which
is a solid. Carrier gas was bubbled through liquid odorants and forced through a column
containing compressed powder of 2,4-dinitrotoluene. Analytes were used in pure form.

All odorants were purchased from Alfa Aesar except for n-amyl acetate, which was
purchased from Sigma Aldrich.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Ca?rbon nanotube devices functionalized with mouse olfactory receptor proteins (mORs). (2)
Schematic of a carbon nanotube transistor functionalized with mORs in nanodiscs. (b) AFM
image demonstrating preferential attachment of His-tag-labeled mOR 174-9 (darkest circles)
in micelles to Ni-NTA-functionalized carbon nanotubes (dark lines). There is strong
preference for attachment to the functionalized nanotubes compared to the background. (c)
-V curves of the same nanotube device as-fabricated (red), after Ni-NTA functionalization
(green), and after incubation in a solution of mORs in digitonin micelles (black). The change
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in 1-Vg associated with Ni-NTA functionalization is consistent with expectations based on
association of Ni2* atoms with NTA attached to the nanotube. The change in I-Vg seen after
mOR attachment is typical for protein functionalization of nanotube devices. Data were
collected with a bias voltage of 100 mV.
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Figure 2.
Odorant responses of carbon nanotube (NT) devices functionalized with olfactory receptor

proteins (ORs). (a) Three sets of responses to 2 ppm eugenol vapor taken over multiple days
using a NT transistor functionalized with mOR174-9 in digitonin micelles. Eugenol vapor is
introduced at time 0 and every 200 s (solid vertical lines). The chamber is flushed each time
after 100 s of exposure (dashed vertical lines). Although the device baseline current shows
significant drift over five days, the normalized current changes are identical, as seen in (b).
(c) Characterization of nanodisc packaged OR-NT devices over 10 weeks. The device is
based on mOR174-9 in nanodiscs, exposed to 2 ppm eugenol as described in (a). (d)
Response to 2250 ppm cyclohexanone and recovery for a NT device functionalized with
mOR 256-17 in nanodiscs, with 200 ps resolution. Flow of cyclohexanone begins at time =
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0s, and flow is replaced with clean N5 at time = 100 s. Red points are raw data, and blue
lines are fits based on double-exponential functions. Response time constants are 2.06 + 0.1
and 25.51 £ 0.4 s. Recovery time constants are 6.49 + 0.4 and 38.0 £ 0.2 s. NT device time
scales are more rapid than those observed in heterologous expression systems (~2—10 min),
where a cellular signal transduction pathway is used to report receptor activation.
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Figure 3.
Dependence of device responses upon mOR identity, odorant identity, and odorant

concentration. (a) Concentration dependence of responses of NT devices functionalized with
mOR203-1 in digitonin micelles to six different odorants. (b) Concentration dependence of
the responses for NT devices functionalized with different mORs, tested against eugenol,
2,4-dinitrotoluene, and heptanal. The data demonstrate the diversity of chemical- and
concentration-dependent responses seen in the mOR-NT system. Error bars are standard
deviation.
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