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ABSTRACT: A key limitation to engineering microbes for chemical
production is a reliance on low-throughput chromatography-based
screens for chemical detection. While colorimetric chemicals are
amenable to high-throughput screens, many value-added chemicals are
not colorimetric and require sensors for high-throughput screening.
Here, we use G-protein coupled receptors (GPCRs) known to bind
medium-chain fatty acids in mammalian cells to rapidly construct
chemical sensors in yeast. Medium-chain fatty acids are immediate
precursors to the advanced biofuel fatty acid methyl esters, which can
serve as a “drop-in” replacement for D2 diesel. One of the sensors
detects even-chain C8−C12 fatty acids with a 13- to 17-fold increase in
signal after activation, with linear ranges up to 250 μM. Introduction of
a synthetic response unit alters both dynamic and linear range,
improving the sensor response to decanoic acid to a 30-fold increase in signal after activation, with a linear range up to 500 μM.
To our knowledge, this is the first report of a whole-cell medium-chain fatty acid biosensor, which we envision could be applied
to the evolutionary engineering of fatty acid-producing microbes. Given the affinity of GPCRs for a wide range of chemicals, it
should be possible to rapidly assemble new biosensors by simply swapping the GPCR sensing unit. These sensors should be
amenable to a variety of applications that require different dynamic and linear ranges, by introducing different response units.
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Identification of most microbially produced chemicals,
including biofuels, currently relies on low-throughput (102

samples per day) chromatography-based screens due to the lack
of a chemical handle that can be exploited for rapid colorimetric
detection. Colorimetric microbially produced chemicals, such as
lycopene and indigo, are amenable to high-throughput (107

samples per day) screening and have been successfully linked to
genome engineering strategies for improved microbial
production.1,2 To make noncolorimetric chemicals similarly
amenable to high-throughput screening, chemical sensors are
needed, and, given the number of microbially produced
chemicals of interest, these sensors should be capable of
rapid assembly from existing biological parts. Most chemical
biosensors, often encoded by RNA or protein, are composed of
a single biological part with two distinct functional units
physically linked to one another: a sensing unit to detect the
chemical and an actuator unit to trigger a cellular process, such
as protein fluorescence.3 While single-part RNA-3 and tran-
scription factor-based4 sensors have been applied to improve
the microbial production of chemicals, fluorescence resonance
energy transfer (FRET)-based sensors5 and allosteric sensors6

have not yet been applied to this problem. Efficiently
transmitting chemical sensing information from the sensing
unit to the actuator unit in single-part sensors is challenging, as
the conformational change between these units must be
extensively fine-tuned to effectively and efficiently transition
between the on- and off states. This fine-tuning often requires a

combination of in vitro and in vivo screening7−12 to engineer a
single-part sensor for each chemical of interest.
We reason that it will be more efficient to use two different

biological parts to predictably and rapidly construct biosensors
for user-specified chemicals: one part specialized in chemical
sensing and another specialized in actuating, with information
transmitted from the sensing unit to the actuating unit not via a
physical linkage, but via an independent processing unit. Two-
part chemical biosensors should overcome the need for
extensive fine-tuning of each chemical sensor; all that would
be needed is an array of known sensing units and an array of
known actuator units that can be coupled to existing processing
units to generate the desired chemical biosensor. Both histidine
kinase receptors (HKRs)13,14 and G-protein coupled receptors
(GPCRs) exploit such sensing architecture by leveraging signal
transduction pathways as processing units to relay the chemical
sensing information from a receptor on the cell surface to the
transcription factor actuator inside the cell. Unlike intracellular
chemical sensors, HKRs and GPCRs detect chemicals non-
invasively, on the outside of the cell. In the context of metabolic
engineering, noninvasive chemical sensing will enable the
construction of two-cell screening systems for the engineering
of chemical-producing microbes (producer microbes). That is,
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after a producer microbe secretes the chemical of interest, a
sensing microbe can detect the chemical in the culture medium.
Advantages of such two-cell screening systems include the
following: (1) the engineering of producer microbes without
the cellular burden of also coding for the chemical sensor, (2)
the application of genome engineering strategies to the
producer microbe without detrimental effects to the sensor,
(3) the implementation of strain improvement strategies to
nongenetically tractable microbes for increased chemical
production, and (4) the engineering of producer microbes for
improved product secretion, which is not readily detectable by
an intracellular sensor.
To rapidly construct chemical biosensors, we exploit GPCRs

as the sensing unit because they naturally bind a wide variety of
chemicals from biogenic amines and carbohydrates to lipids and
odors.15 GPCR-based chemical sensors have been previously
engineered in the yeast Saccharomyces cerevisiae,16−20 as this
organism is amenable to heterologous GPCR expression.21

Although in the 1990s and 2000s GPCRs were commonly
coupled to the yeast mating pathway to discover new ligands
for known GPCRs,22,23 since then GPCR-based chemical
sensing in yeast has been limited. Four main obstacles
hindering GPCR-based sensing in yeast are (1) the difficult
expression of functional heterologous GPCRs on the yeast cell
surface,24 (2) the unreliable coupling of heterologous GPCRs
to the yeast mating pathway,22,25 (3) the poor functional
expression of mammalian olfactory GPCRs,26 such that only
two olfactory receptors (rat ORI7 and human OR17−40) have
been functionally expressed in yeast27 and have been used as
the scaffold to express the ligand binding domain of other
olfactory receptors (ORL829, ORL451, MOR226−1),17 and
(4) weak signal strength of the biosensor. We hypothesized that
recent advances in synthetic biology, such as GPCR codon
optimization, together with a large array of yeast promoters and
plasmids, should overcome these obstacles and enable the rapid
construction of GPCR-based chemical sensors in yeast.
Specifically, using a plug-and-play strategy, sensing (GPCR),
processing (signaling pathway) and response units (tran-
scription factor/reporter gene) can be mixed and matched to
predictably generate chemical sensors (Figure 1).
Here, we report the rapid construction of GPCR-based yeast

sensors to detect saturated medium-chain fatty acids. Fatty
acids are the immediate precursors to the advanced biofuel fatty
acid methyl esters (FAMEs), which can serve as a “drop in”
replacement for D2 diesel.28 FAMEs derived from medium-
chain fatty acids (C8−C12) have better cold properties than
traditional canola oil-derived (C16−C22) FAMEs.29,30 Micro-
bial production of medium-chain fatty acids is a challenging
problem both in S. cerevisiae31 and Escherichia coli,32,33 with
titers reaching less than 100 mg/L, a stark contrast to the titers
reached for C16−C18 in E. coli (5 g/L)34 and S. cerevisiae (400
mg/L).35 A medium-chain fatty acid sensor could be used, in
the future, for the engineering of microbes with improved
medium-chain fatty acid production. In this work, we first
determined the signal after activation of the endogenous Ste2/
α-factor sensor to determine the upper limit for future GPCR-
based chemical sensors that would rely on heterologous GPCR
sensing units coupling to the yeast mating pathway. Then, we
coupled two GPCRs known to bind fatty acids in mammalian
cells to the yeast mating pathway. One of the GPCR-based
sensors reliably detects C8−C12 fatty acids with a 13- to 17-
fold increase in signal after activation. The sensor is specific to
medium-chain fatty acids, not being able to detect long-chain

fatty acids or medium-chain aldehydes, alcohols or C10 esters.
Next, we improved the biosensor features by introducing a
synthetic response unit capable of taking information from the
yeast mating pathway and exclusively activating green
fluorescent protein (GFP) expression, resulting in a decanoic
acid sensor with a 30-fold increase in signal after activation.
Introduction of the synthetic response unit also altered the
linear range of the sensor. Finally, we determined the linear and
dynamic range of the sensors to assess their utility in chemical
screening applications. To our knowledge, this is the first report
of a whole-cell biosensor for medium-chain fatty acids and the
first coupling of a synthetic response unit to a GPCR-based
yeast sensor for the sensing of nonendogenous chemicals. The
rapid generation of noninvasive chemical sensors such as the
ones presented in this work will be critical to the future
engineering of chemical-producing microbes (Table 1).
To engineer a GPCR-based chemical sensor strain, we

deleted two genes in the yeast mating pathway, to avoid cell
cycle arrest ( far1) and reduce the spontaneous rate of GPCR
inactivation upon chemical sensing (sst2).36,37 Next, we
determined the dynamic range of the endogenous GPCR-
based sensor (Ste2/α-factor) using the mating pathway-
dependent transcription factor Ste12, which upregulates mating
pathway genes (Figure 2a). We tested the response of the Ste2/
α-factor sensor using GFP under control of two mating
pathway promoters (PFus1 and PFig1) from either a single-copy
(s) or a multicopy (m) reporter plasmids (Figure 2b).19,38 The
maximum x-fold increase in signal after activation, defined as
the maximal GFP fluorescence in the presence of chemical over
the signal in the absence of chemical, for PFus1 and PFig1 from a
multicopy plasmid was 24- and 68-fold, respectively (difference
between increases statistically significant, P-value 0.01) (Figure
2c). The maximum x-fold increase in signal after activation for
PFus1 and PFig1 from a single-copy plasmid was 20- and 40-fold,
respectively (difference between increases statistically signifi-

Figure 1. GPCR-based chemical biosensor. (a) GPCR-based chemical
sensors can be rapidly assembled from existing biological parts. GPCRs
are used as sensing units to detect chemicals in the culture medium
(hexagons). Signaling pathways are used as processing units to
transmit a chemical signal from the sensing to the response unit. The
response unit, composed of a transcription factor and a synthetic
promoter (Psynth), activates transcription of a reporter gene, such as
green fluorescent protein (GFP). (b) Medium-chain fatty acid
biosensor. A heterologous GPCR (yellow) detects a medium-chain
fatty acid in the culture medium, transmits this chemical signal to the
yeast mating-pathway (green), which relays it to a synthetic
transcription factor (STF, orange). The STF activates transcription
of GFP.
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cant, P-value 0.01). The difference in maximum x-fold increase
in signal activation between PFig1-GFP (s) and PFig1-GFP(m)
was statistically significant (P-value 0.01).
To generate a sensor to detect medium-chain fatty acids, we

replaced the endogenous GPCR Ste2 with a GPCR known to
bind medium-chain fatty acids in mammalian cells and coupled
it to the yeast mating pathway with PFig1-GFP as the reporter
plasmid, resulting in GFP fluorescence upon medium-chain
fatty acid addition (Figure 2d). We tested the olfactory receptor
OR1G139 and the free fatty acid receptor GPR40.40 First, we
tested OR1G1 and GPR40 sensing of even, medium-chain
saturated fatty acids (C8−C16) using PFig1-GFP(m), however,
we did not see any reliable signal after fatty acid addition
(Figure S1). Hypothesizing that the large standard deviation of
PFig1-GFP(m) contributed to the inability to detect medium-
chain fatty acids, we tested PFig1-GFP(s) as the reporter
plasmid. Using PFig1-GFP(s) enabled the OR1G1-based sensor
to detect C8, C10 and C12 fatty acids with 13-, 17-, and 13-fold
increases in signal after activation, respectively (Figure 2e,f).
Using PFig1-GFP(s) also enabled the GPR40-based sensor to
detect C8, C10 and C12 saturated fatty acids, with 14-, 25-, and
16-fold increases in signal after activation, respectively (Figure
2g,h). The noisiness of the GPR40-based sensor dose response
curves, however, suggests that this sensor may be unreliable.
Neither the OR1G1- nor the GPR40-based sensors detected

C14 or C16 saturated fatty acids, which precipitate out of
solution at 250 μM. We explored whether the OR1G1-based
sensor signal could be improved by expressing OR1G1 from a
single-copy (s) rather than a multicopy (m) plasmid.
OR1G1(m) and OR1G1(s) resulted in similar increases in
signal after activation with 500 μM decanoic acid; however, the
OR1G1(s) dose response curve was unreliable (Figure S2a).
We also attempted to improve the OR1G1-based sensor signal
by using (i) the mammalian olfactory Gα subunit (Golf) that
normally couples to OR1G1 instead of the yeast Gα (GPA1),
and (ii) a hybrid Gα subunit composed of GPA1 carrying the
five C-terminal amino acids from Golf, both strategies having
been previously successful to link GPCR sensing to the yeast
mating pathway.19,36,37,41 Surprisingly, Gα subunit engineering
did not improve the OR1G1-based sensor signal. Using the
chromosomal GPA1 had the highest increase in signal after
activation above 250 μM decanoic acid (Figure S2b).
To confirm that the medium-chain fatty acids were signaling

via the GPCR sensing unit and not through a different cellular
mechanism, we tested the chemical sensor strain in the
presence and absence of the GPCRs and either 0 or 500 μM
decanoic acid. An increase in GFP fluorescence was only
observed in the presence of both 500 μM decanoic acid and
either OR1G1 (P-value <0.0001) or GPR40 (P-value <0.0001)
(Figure 3b). To show that the chemical signal was transmitted
via the yeast mating pathway, we deleted the mating pathway
transcription factor Ste12. We then tested the sensor strain in
the presence and absence of the GPCRs and either 0 or 500
μM decanoic acid. There was no increase in GFP fluorescence
in the absence of Ste12 and the presence of both GPCR and
500 μM decanoic acid (Figure 3c). Interestingly, deletion of
Ste12 results in higher overall GFP background fluorescence,
which we attribute to transcription factors other than Ste12,
such as the TATA box binding protein, binding to the
pheromone response elements in PFig1-GFP(s). Taken together,
these data demonstrate that decanoic acid is sensed by the
heterologous GPCR, which uses the yeast mating pathway as
the processing unit and not a different cellular mechanism.
To determine the specificity of the OR1G1- and the GPR40-

based sensors, we tested their detection of saturated C8, C10
and C12 fatty aldehydes, important targets for the perfume
industry, and saturated C8, C10 and C12 fatty alcohols,
important targets for the detergent industry, as well as C10 fatty
acid methyl- and ethyl-esters, which are advanced biofuels that
can serve as replacements for D2 diesel (Figure 3d,e). Except
for C10 aldehyde, the OR1G1-based sensor was unable to
detect aldehydes, alcohols or esters with more than a 3-fold
increase in signal after activation. The GPR40-based sensor
detected the C10 aldehyde at 125 μM and the C12 aldehyde at
250 μM, both with a 3-fold increase in signal after activation,
but was unable to detect the C8 aldehyde. Similarly to the
OR1G1-based sensor, the GPR40-based sensor was unable to
detect alcohols or esters with more than a 3-fold increase in
signal after activation. These data show that the OR1G1- and
GPR40-based sensors are specific to medium chain fatty acids.
To improve the biosensor response to medium-chain fatty

acids, we bypassed the endogenous mating pathway tran-
scription factor Ste12, which activates more than 100 mating
pathway genes.42 To engineer a system in which medium-chain
fatty acid sensing would trigger only GFP transcription, we
replaced Ste12 with one of two synthetic transcription factors
(STFs): (1) STF1, which is composed of the Ste12
phosphorylation domain and the Gal4 activation and DNA

Table 1. Strains Used in This Study

strain genotype

PPY11 W303: MATa, leu2−3, trp1−1, can1−100, ura3−1, ade2−1,
his3−11

PPY62 PPY11 Δfar1
PPY58 PPY11 Δfar1, Δsst2
PPY140 PPY11 Δfar1, Δsst2, Δste2
PPY161 PPY11 Δfar1, Δsst2, Δste2, Δste12
PPY638 PPY58, pESC-Leu2-PFus1-GFP
PPY639 PPY58, pESC-Leu2-PFig1-GFP
PPY640 PPY58, pRS415-Leu2-PFus1-GFP
PPY641 PPY58, pRS415-Leu2-PFig1-GFP
PPY653 PPY58, pESC-Leu2
PPY654 PPY58, pRS415-Leu2
PPY643 PPY140, pESC-His3-PTEF1-OR1G1, pRS415-Leu2-PFig1-GFP
PPY644 PPY140, pESC-His3-PTEF1-GPR40, pRS415-Leu2-PFig1-GFP
PPY912 PPY140, pRS13-His3-PTEF1-OR1G1, pRS415-Leu2-PFig1-GFP
PPY913 PPY140, pESC-His3-PTEF1-OR1G1-PADH1-Golf, pRS415-Leu2-

PFig1-GFP
PPY914 PPY140, pESC-His3-PTEF1-OR1G1-PADH1-GPA1-Golf, pRS415-

Leu2-PFig1-GFP
PPY915 PPY140, pRS13-His3-PTEF1-OR1G1-PADH1-GPA1-Golf, pRS415-

Leu2-PFig1-GFP
PPY656 PPY140, pESC-His3, pRS415-Leu2
PPY916 PPY140, pRS13-His3, pRS415-Leu2
PPY794 PPY140, pESC-His3, pRS415-Leu2-PFig1-GFP
PPY795 PPY161, pESC-His3-PTEF1-OR1G1, pRS415-Leu2-PFig1-GFP
PPY832 PPY161, pESC-His3-PTEF1-GPR40, pRS415-Leu2-PFig1-GFP
PPY657 PPY161, pESC-His3, pESC-Leu2
PPY833 PPY161, pESC-His3, pRS415-Leu2-PFig1-GFP
PPY661 PPY161, pESC-His3-PTEF1-OR1G1-PADH1-STF1, pESC-Leu2-

PGal4(5x)-GFP
PPY818 PPY161, pESC-His3-PTEF1-OR1G1-PADH1-STF2, pESC-Leu2-

PLexA(4x)-GFP
PPY796 PPY161, pESC-His3-PTEF1-GPR40-PADH1-STF1, pESC-Leu2,

PGal4(5x)-GFP
PPY819 PPY161, pESC-His3-PTEF1-GPR40-PADH1-STF2, pESC-Leu2-

PLexA(4x)-GFP
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binding domains,43 and (2) STF2, which is composed of the
Ste12 phosphorylation domain, the synthetic B42 activation
domain and the bacterial LexA DNA binding domain.44,45

STF1 activates transcription of GFP placed under control of a
synthetic minimal promoter carrying five Gal4 DNA binding

sites (PGal4(5x)). STF2 activates transcription of GFP placed
under control of a synthetic minimal promoter carrying four
lexA DNA binding sites (PLexA(4x)) (Figure 4a,b). Under glucose
conditions, STF1 triggers only PGal4(5x)-GFP expression as
endogenous galactose promoters are repressed by Mig1.46

Figure 2. GPCR-based sensors. (a) Ste2/α-factor sensor schematic. The Ste2 GPCR (orange) detects α-factor in the culture medium, the chemical
signal is transmitted via the yeast mating pathway (green) to the mating pathway transcription factor Ste12 (purple). Ste12 activates transcription of
green fluorescent protein (GFP) under control of a mating pathway promoter (Pmating pathway). The GPCR-based chemical sensor strain has the far1
and sst2 genes deleted to avoid cell cycle arrest and to reduce the spontaneous rate of GPCR inactivation upon chemical sensing, respectively. (b)
Ste2/α-factor sensor dose response curves carrying GFP under control of two mating pathway promoters (PFus1 and PFig1) from either a single-copy
(s) or a multicopy (m) reporter plasmids. (c) Maximum x-fold increase in signal after activation: PFus1-GFP(m): 50 nM α-factor, PFig1-GFP(m): 75
nM α-factor, PFus1-GFP(s) and PFig1-GFP(s): 100 nM α-factor. P-values, obtained from a two-tailed t test, shown for statistically different samples.
(d) Medium-chain fatty acid sensor schematic. Either the OR1G1 or GPR40 GPCR (blue) detects medium-chain fatty acids in the culture medium,
the chemical signal is transmitted via the yeast mating pathway (green) to the mating pathway transcription factor Ste12 (purple). Ste12 activates
transcription of GFP under control of the PFig1 promoter. In addition to deletion of the far1and sst2 genes, the medium-chain fatty acid sensor strain
has the endogenous GPCR Ste2 deleted (W303 Δfar1, Δsst2, Δste2). (e) Dose response curves for the OR1G1-based sensor (PPY643) with C8,
C10, C12, C14 and C16 acids. (f) OR1G1-based sensor maximum x-fold increase in signal after activation with C8 (800 μM), C10 (250 μM) and
C12 (500 μM) acids. (g) Dose response curves for the GPR40-based sensor (PPY644) with C8, C10, C12, C14 and C16 acids. (h) GPR40-based
sensor maximum x-fold increase in signal after activation with C8 (800 μM), C10 (800 μM) and C12 (250 μM) acids. For f and h, none of the
samples showed statistical difference using a two-tailed t test. All experiments were done in triplicate and the error bars represent the standard
deviation from the mean.
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STF2 triggers only expression of PLexA(4x)-GFP as lexA binding
sites are of prokaryotic origin and orthogonal to the yeast
machinery. Coupling of the STF1/PGal4(5x)-GFP response unit
to the OR1G1-based sensor resulted in a 30-fold increase in
signal after activation in the presence of 800 μM decanoic acid
(Figure 4c,d), which is almost a 200% improvement over the
Ste12/PFig1-GFP(s) response unit. Further, the OR1G1-based
sensor coupled to the STF1/PGal4(5x)-GFP response unit also
had an improved linear range, reaching to 500 μM decanoic
acid when compared to the OR1G1-based sensor coupled to
the Ste12/PFig1-GFP(s) response unit, in which linear range
plateaued at 250 μM decanoic acid. Coupling of the STF2/
PLexA(4x)-GFP response unit to the OR1G1-based sensor

resulted in only a 7-fold increase in signal after activation in
the presence of 800 μM decanoic acid. Coupling of the STF1/
PGal4(5x)-GFP response unit to the GPR40-based sensor unit
resulted in a 28-fold increase in signal after activation in the
presence of 500 μM decanoic acid (Figure 4e,f), though this
increase was not statistically significant when compared to
coupling the Ste12/PFig1-GFP(s) response unit to the GPR40-
based sensor (25-fold increase). Coupling the GPR40-based
sensor to STF2/PLexA(4x) showed only a 4-fold increase in GFP
expression upon decanoic acid exposure.
We determined the utility of the GPCR-based sensors for

medium-chain fatty acid screening applications by measuring
the biosensor features, including dynamic and linear range,

Figure 3. GPCR-based sensors signal routing and GPCR-based sensor response to fatty aldehydes, alcohols, and esters. (a) GPCR-based sensor
schematic: chemical sensor strain (W303 Δfar1, Δsst2, Δste2) expressing either OR1G1 or GPR40 carrying PFig1-GFP(s) as the reporter plasmid. (b)
GPCR-based sensor signal requires sensing unit (GPCR) for chemical sensing. Chemical sensor strain expressing no GPCR, OR1G1 or GPR40 in
the presence of 0 or 500 μM decanoic (C10) acid using PFig1-GFP(s) as the reporter plasmid. (c) GPCR-based sensor signal requires response unit
(Ste12) for chemical sensing. Chemical sensor strain with endogenous yeast mating pathway transcription factor Ste12 deleted (W303 Δfar1, Δsst2,
Δste2, Δste12) expressing no GPCR, OR1G1 or GPR40 in the presence of 0 or 500 μM decanoic (C10) acid using PFig1-GFP(s) as the reporter
plasmid. P-values, obtained from a two-tailed t test, shown for statistically different samples. (d) Dose response curves for the OR1G1-based sensor
and (e) GPR40-based sensor with C8, C10 and C12 fatty aldehydes, alcohols and C10 methyl- and ethyl-esters. All experiments were done in
triplicate and the error bars represent the standard deviation from the mean.
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binding affinity and sensitivity.4 Dose response curves of the
GPCR-based sensors in the presence of fatty acids were fitted
to the Hill equation (Table 2). Response curves for the
OR1G1- and GPR40-based sensors could be fitted to transfer
functions for all saturated fatty acids. For the detection of
decanoic acid with the OR1G1-based sensor, changing the
response unit from Ste12/PFig1-GFP(s) to STF1/PGal4(5x)-GFP
not only improved the dynamic range from a 17- to a 30-fold
increase, but also changed the linear range from 34−250 to
110−500 μM and increased the KM from 65 to 248 μM.
Further, the sensitivity of the response to decanoic acid was
also increased from n = 2.3 to n = 3.2. For the detection of
decanoic acid with the GPR40-based sensor, changing the
response unit from Ste12/PFig1-GFP(s) to STF1/PGal4(5x)-GFP
did not result in a statistically significant change in dynamic
range, but changed the linear range from 36−100 to 47−250
μM and increased the KM from 69 to 114 μM. Therefore, by
simply changing the response unit, the dynamic and linear
range of GPCR-based sensors can be altered without the need
for using a GPCR with a different binding affinity for the

compound of interest. Sensors with different dynamic and
linear ranges may be useful to different applications.
Here, we show that advances in synthetic biology enable the

rapid assembly of GPCR-based yeast biosensors for the
detection of chemicals. Our proof-of-principle medium-chain
fatty acid sensors have up to a 30-fold increase in signal after
activation in the presence of decanoic acid and are specific to
medium-chain fatty acids over same chain-length aldehydes,
alcohols, and C10 methyl- and ethyl esters. We envision that
GPCR-based biosensors may be used for similarly specific
sensing of other target chemicals, by simply swapping the
GPCR sensing unit. We have shown that the signal through the
sensor can be rerouted and, more importantly, that the
biosensor features, such as dynamic and linear range, binding
affinity and sensitivity can be altered by using different response
units. Altering the biosensor features without resorting to new
GPCR sensing units increases the utility of GPCR-based
sensors. We envision that different applications will require
sensors with different features; for example, the engineering of
microbes for the production of medium-chain fatty acids will
require sensors with different linear ranges as the engineering

Figure 4. GPCR-based sensors with synthetic response units. (a) Synthetic transcription factor (STF)/synthetic promoter composition. AD =
activation domain, P = phosphorylation domain, DBD = DNA binding domain. STF1 is composed of a Gal4AD, Ste12p and a Gal4DBD. STF1 binds to
PGal4(5x), a synthetic promoter carrying five Gal4 DNA binding sites. STF2 is composed of a B42AD, Ste12p and a LexADBD. STF2 binds to PLexA(4x), a
synthetic promoter carrying four lexA DNA binding sites. (b) Schematic of the OR1G1- and GPR40-based sensors using a synthetic response unit
(STF/Psynthetic-GFP). In addition to deletion of the far1, sst2, and ste2 genes, the chemical sensor strain using a synthetic response unit also has the
endogenous transcription factor Ste12 deleted (W303 Δfar1, Δsst2, Δste2, Δste12). (c) Dose response curves for decanoic acid using the OR1G1-
based sensor coupled to Ste12/PFig1-GFP(s) (blue), STF1/PGal4(5x)-GFP (black), or STF2/PLexA(4x)-GFP (red) response units. (d) OR1G1-based
sensor maximum x-fold increase in signal after activation upon addition of decanoic acid when coupled to Ste12/PFig1-GFP(s): 250 μM C10 acid,
STF1/PGal4(5x)-GFP: 800 μM C10 acid, and STF2/PLexA(4x)-GFP: 800 μM C10 acid. (e) Dose response curves for decanoic acid using the GPR40-
based sensor coupled to Ste12/PFig1-GFP(s) (blue), STF1/PGal4(5x)-GFP (black) or STF2/PLexA(4x)-GFP (red) response units. (f) GPR40-based
sensor maximum x-fold increase in signal after activation upon addition of decanoic acid when coupled to Ste12/PFig1-GFP(s): 800 μM C10 acid,
STF1/PGal4(5x)-GFP: 500 μM C10 acid, and STF2/PLexA(4x)-GFP: 500 μM C10 acid. P-values, obtained from a two-tailed t test, shown for statistically
different samples. All experiments were done in triplicate and the error bars represent the standard deviation from the mean.
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progresses. In this work, we have shown that we can change the
linear range from 34−250 to 110−500 μM decanoic acid by
simply swapping the response unit. As both the sensing and
response units can be swapped into and out of the system to
alter chemical target and biosensor features, respectively, we
can rapidly construct sensors for user-specified chemicals.
GPCR-based yeast sensors detect chemicals on the outside of

the cell, and thus can only detect compounds secreted from
producer cells. Therefore, GPCR-based sensors will need to
detect medium-chain fatty acids, such as decanoic acid, in a
mixture of other secreted acids. At this point, the OR1G1-based
sensor cannot detect decanoic acid in a mixture with C14 and
C16 acids (Figure S3), which we believe is partially due to the
toxicity of fatty acids to cell growth (Figure S4). Further, not all
chemicals are secreted from cells, such as charged (e.g.,
phosphorylated chemicals) or very large compounds (e.g.,
triacylglycerides), and these compounds will require an
intracellular chemical sensor. Nevertheless, from a microbial
chemical production perspective, it is advantageous to secrete
the chemical of interest or engineer microbes to do so, as
chemical secretion allows for continuous culture and
compound extraction, thus removing the cost associated with
cell breakage and compound extraction.
Transforming decanoic acid concentration to titers, the

OR1G1-based sensor coupled to the Ste12/PFig1-GFP(s)
response unit can detect decanoic acid titers from 6 to 43
mg/L while the OR1G1-based sensor coupled to the STF1/
PGal4(5x)-GFP response unit can detect decanoic acid titers from
19 to 86 mg/L. Since extracellular decanoic acid production in
E. coli is ∼80 mg/L33 and S. cerevisiae’s is ∼3 mg/L31 the
OR1G1-based sensor has the appropriate linear range to screen
for decanoic acid-producing microbes with increased titers. In
another application, the sensors can be used as a systems
biology tool to interrogate less engineered strains for alternative
routes to increase fatty acid production in a medium-
throughput fashion (103 samples/day). Such a throughput
would allow the screening of entire transposon libraries, or
simply existing microbial deletion collections, such as those

from S. cerevisiae47 or E. coli48 for the discovery of novel
regulatory elements that affect the decanoic acid production.

■ METHODS
Biosensing Protocol. For the Ste2/α-factor sensor, strains

PPY638, PPY639, PPY640, PPY641 were grown overnight in
synthetic complete media with 2% glucose and lacking leucine
(SD glu (L−)). The next day, the cells were used to inoculate
20 mL of SD glu (L−) to an OD600 = 0.06 and incubated for 18
h at 30 °C (150 r.p.m.). The cells were centrifuged,
resuspended in 5 mL SD glu (L−), and used to inoculate 5
mL of fresh SD glu (L−) to OD600 = 0.6. α-factor (0−100 nM,
Zymo Y1001) was added to the medium and incubated for 4 h
at 30 °C (150 r.p.m.) before reading for cell fluorescence using
a flow cytometer. For the OR1G1- and GPR40-based sensors
using Ste12/PFig1-GFP response unit, strains PPY643, PPY644
were grown overnight in SD glu and lacking histidine and
leucine (SD glu (HL−)). The next day, the cells were used to
inoculate 20 mL of SD glu (HL−) to an OD600 = 0.06 and
incubated for 18 h at 15 °C (150 r.p.m.). The cells were
centrifuged, resuspended in 2 mL SD glu (HL−), and used to
innoculate 5 mL of fresh SD glu (HL−) to OD600 = 0.6. C8,
C10, C12, C14 and C16 saturated fatty acids (0−800 μM) were
added to the medium and incubated for 4 h at 30 °C (150
r.p.m.) before reading for cell fluorescence using a flow
cytometer. For the OR1G1-based sensor expressed from a
single copy plasmid, and when coupled to Golf and GPA1-Golf,
strains PPY912, PPY913, PPY914, and PPY915 were processed
using the same protocol as the OR1G1-based sensor using
Ste12/PFig1-GFP response unit. For the OR1G1- and GPR40-
based sensors with synthetic response units, strains PPY661,
PPY796, PPY818, PPY819, were processed using the same
protocol as the OR1G1- and GPR40-based sensors using the
Ste12/PFig1-GFP response unit. All fatty acids were dissolved in
DMSO and the final concentration of DMSO in the cultures
was 1%. GFP fluorescence was measured using a BD LSRII
flow cytometer with the following settings: 488 nM laser line,
515−545 nm filter, FSC: 178 V, SSC: 122 V, FITC: 600 V.

Table 2. Biosensor Performance Featuresa

background strain reporter plasmid GPCR TF chemical
GFP max
(AU)

dynamic
range linear range

KM
(μM)

Hill coeff.
(n)

W303 Δfar1, Δsst2 PFig1-GFP(s) Ste2 Ste12 α factor 2314 40 8−50nM 0.03 1.7
PFus1-GFP(s) Ste2 Ste12 α factor 4565 20 2−25nM 0.02 1.1
PFus1-GFP(m) Ste2 Ste12 α factor 20525 24 5−25nM 0.02 1.8
PFig1-GFP(m) Ste2 Ste12 α factor 7566 68 4−25nM 0.02 1.4

W303 Δfar1, Δsst2 Δste2 PFig1-GFP(s) OR1G1 Ste12 C8 acid 239 13 19−250 μM 230 1.5
OR1G1 Ste12 C10 acid 308 17 34−250 μM 65 2.25
OR1G1 Ste12 C12 acid 233 13 1−250 μM 50 0.85

PFig1-GFP(s) GPR40 Ste12 C8 acid 197 14 36−250 μM 162 2.25
GPR40 Ste12 C10 acid 339 25 36−100 μM 69 4.1
GPR40 Ste12 C12 acid 222 16 2−250 μM 148 0.7

W303 Δfar1, Δsst2, Δste2,
Δste12

PGal4(5x)- GFP(m) OR1G1 STF1 C10 acid 1126 30 110−500 μM 248 3.2

GPR40 STF1 C10 acid 573 28 47−250 μM 114 3
PLexA(4x)-GFP(m) OR1G1 STF2 C10 acid 405 7 2−100 μM 69 0.62

GPR40 STF2 C10 acid 501 4 4−100 μM 62 0.77
aDose response curves were fitted to the Hill equation to derive the biosensor transfer functions from which the performance features were obtained.
TF: transcription factor. GFPmax is the highest fluorescence obtained by the sensor in the presence vs the absence of the chemical. Dynamic range is
the ratio of the highest fluorescence obtained by the sensor in the presence vs the absence of the chemical. Linear range is the series of chemical
concentrations for which a change in signal can be detected by the sensor. The minimum limit of the linear range is estimated as the chemical
concentration corresponding to 10% signal saturation from the fitted model. KM is the chemical concentration at half maximal signal, estimated by
linear interpolation from experimental data. Hill coefficient (n) is the sensitivity of the system.
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Fluorescence data was collected from 10,000 viable cells for
each experiment. Flow cytometry histogram analysis was done
using FlowJo software.
Statistical Analysis. For all experiments, cell autofluor-

escence, measured using the biosensor strain with empty
plasmids, was subtracted from the fluorescence of the biosensor
at all chemical concentrations to obtain GFP fluorescence
attributable to the sensor. x-fold increase in signal after
activation is defined as the quotient of GFP fluorescence in
the presence and absence (0 μM) of the chemical. Standard
deviation for the x-fold increase in GFP fluorescence was
calculated using

Δ = Δ + Δz z x x y ySQRT[( / ) ( / ) ]2 2

where x and Δx are the average fluorescence and standard
deviation in the absence of the chemical, respectively; y and Δy
are the average fluorescence and standard deviation in the
presence of the chemical, respectively; and z and Δz are x-fold
increase in signal activation and its standard deviation,
respectively.
Biosensor Performance Calculations. The Hill equation

was used to fit the transfer function to derive the biosensor
performance features:

= + − +x K xGFP GFP (GFP GFP )( / )n n n
0 chemical 0 M

where GFP0 is the fluorescence in the absence of chemical,
GFPchemical is the fluorescence in the presence of the chemical, x
is the ligand concentration, KM is the ligand concentration that
results in half-maximal signal, and n is a measure of the
biosensor sensitivity (Hill coefficient). The KM value was
determined directly from the experimental data while the n
value is the best fit to the experimental data using Matlab
Curve-Fitting Toolbox and the Hill equation. We estimated
from our fitted model, the substrate concentration correspond-
ing to 10% of signal saturation as the lower bound of the linear
range of the sensor.
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