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G-PROTEIN COUPLED RECEPTOR
(GPCR)-BASED BIOSENSORS AND USES
THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of co-pending U.S.
patent application Ser. No. 14/823,317, filed on Aug. 11,
2015, entitled “G-PROTEIN COUPLED RECEPTOR
(GPCR)-BASED BIOSENSORS AND USES THEREOF,”
the contents of which is incorporated by reference herein in
its entirety.

U.S. patent application Ser. No. 14/823,317, filed on Aug.
11, 2015, entitled “G-PROTEIN COUPLED RECEPTOR
(GPCR)-BASED BIOSENSORS AND USES THEREOFE,”
claims the benefit of and priority to U.S. Provisional Appli-
cation Ser. No. 62/035,734 filed on Aug. 11, 2014, entitled
“GPCR-BASED BIOSENSORS FOR MEDIUM-CHAIN
FATTY ACIDS,” the contents of which is incorporated by
reference herein in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
grant number DP14AP00041 awarded by the Defense
Advanced Research Projects Agency. The government has
certain rights to this invention.

SEQUENCE LISTING

This application contains a sequence listing filed in elec-
tronic form as an ASCILtxt file entitled 062021-
1220v2_ST25, created on Jan. 5, 2016. The content of the
sequence listing is incorporated herein in its entirety.

BACKGROUND

Current techniques for identification of microbially pro-
duced chemicals, including biofuels, rely on chromatogra-
phy-based screening assays. As such, these current tech-
niques only allow for the processing of about 10* samples
per day. Therefore, there exists a need for improved com-
positions and techniques that can allow for greater and more
efficient processing of samples.

BRIEF DESCRIPTION OF THE DRAWINGS

Further aspects of the present disclosure will be readily
appreciated upon review of the detailed description of its
various embodiments, described below, when taken in con-
junction with the accompanying drawings.

FIG. 1 shows one embodiment of a GPCR-based chemi-
cal biosensor.

FIGS. 2A and 2B show embodiments of a GPCR-based
chemical biosensor having an optional amplification unit
that can directly (FIG. 2A) or indirectly (FIG. 2B) amplify
a signal generated by a sensing unit of the GPCR-based
chemical sensor.

FIG. 3 shows one embodiment of a medium throughput
system for screening chemical producing cells using a
GPCR-based chemical sensor as described herein.

FIG. 4 shows one embodiment of an engineered yeast
strain containing deletions of Sst2 and Farl and one embodi-
ment of a GPCR-based chemical biosensor containing a
Ste2/a-factor sensing unit schematic. The Ste2 GPCR can
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detect a-factor in the culture medium, and the chemical
signal can be transmitted via the yeast mating pathway to the
mating pathway transcription factor Stel2. Stel2 can acti-
vate transcription of green fluorescent protein (GFP) under
control of a mating pathway promoter (Pmating pathway).
The GPCR-based chemical sensor strain has the farl and
sst2 genes deleted to avoid cell cycle arrest and to reduce the
spontaneous rate of GPCR inactivation upon chemical sens-
ing, respectively.

FIG. 5 shows a graph demonstrating Ste2/a-factor sensor
dose response curves carrying GFP under control of two
mating pathway promoters (PFusl and PFigl) from either a
single-copy (s) or a multicopy (m) reporter plasmids. All
experiments were done in triplicate and the error bars
represent the standard deviation from the mean.

FIG. 6 shows a graph demonstrating maximum x-fold
increase in signal after activation: PFus1-GFP(m): 50 nM
a-factor, PFigl-GFP(m): 75 nM a-factor, PFus1-GFP(s)
and PFigl-GFP(s): 100 nM a-factor. P-values, obtained
from a two-tailed t test, are shown for statistically different
samples. All experiments were done in triplicate and the
error bars represent the standard deviation from the mean.

FIG. 7 is a cartoon depicting one embodiment of a
GPCR-based chemical biosensor. Either the OR1G1 or
GPR40 GPCR can detect medium-chain fatty acids in the
culture medium, the chemical signal is transmitted via the
yeast mating pathway to the mating pathway transcription
factor Stel2. Stel2 activates transcription of GFP under
control of the PFigl promoter. In addition to deletion of the
farl and sst2 genes, the medium-chain fatty acid sensor
strain has the endogenous GPCR Ste2 deleted (W303 Afarl,
Asst2, Aste2).

FIG. 8 shows a graph demonstrating dose response curves
for the OR1G1-based sensor (PPY643) with C8, C10, C12,
C14 and C16 acids. All experiments were done in triplicate
and the error bars represent the standard deviation from the
mean.

FIG. 9 shows a graph demonstrating OR1G1-based sensor
maximum x-fold increase in signal after activation with C8
(800 uM), C10 (250 uM) and C12 (500 pM) acids. All
experiments were done in triplicate and the error bars
represent the standard deviation from the mean. None of the
samples shows a statistical difference using a two-tailed t
test.

FIG. 10 shows a graph demonstrating dose response
curves for the GPR40-based sensor (PPY644) with C8, C10,
C12, C14 and C16 acids. All experiments were done in
triplicate and the error bars represent the standard deviation
from the mean.

FIG. 11 shows a graph demonstrating GPR40-based sen-
sor maximum x-fold increase in signal after activation with
C8 (800 uM), C10 (800 uM) and C12 (250 uM) acids. All
experiments were done in triplicate and the error bars
represent the standard deviation from the mean. None of the
samples shows a statistical difference using a two-tailed t
test.

FIG. 12 shows a cartoon of one embodiment of a GPCR-
based chemical biosensor having a sensor unit schematic of:
chemical sensor strain (W303 Afarl, Asst2, Aste2) express-
ing either OR1G1 or GPR40 carrying PFigl-GFP(s) as the
reporter plasmid.

FIG. 13 shows a graph demonstrating that a GPCR-based
sensor signal requires a sensing unit (GPCR) for chemical
sensing. The chemical sensor strain expresses no GPCR,
OR1GT1 or GPR40 in the presence of 0 or 500 uM decanoic
(C10) acid using PFigl-GFP(s) as the reporter plasmid. All
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experiments were done in triplicate and the error bars
represent the standard deviation from the mean.

FIG. 14 shows a graph demonstrating that a GPCR-based
sensor signal requires response unit (Stel2) for chemical
sensing. A chemical sensor strain with endogenous yeast
mating pathway transcription factor Stel2 deleted (W303
Afarl, Asst2, Aste2, Astel2) expressing no GPCR, OR1G1
or GPR40 in the presence of 0 or 500 uM decanoic (C10)
acid using PFigl-GFP(s) as the reporter plasmid. P-values,
obtained from a two-tailed t test, are shown for statistically
different samples. All experiments were done in triplicate
and the error bars represent the standard deviation from the
mean.

FIGS. 15A-15C show graphs demonstrating dose
response curves for the OR1G1-based sensor with C8, C10
and C12 fatty aldehydes (FIG. 15A), alcohols (FIG. 15B)
and C10 methyl- and ethyl-esters (FIG. 15C). All experi-
ments were done in triplicate and the error bars represent the
standard deviation from the mean.

FIGS. 16A-16C show graphs demonstrating dose
response curves for the GPR40-based sensor with C8, C10
and C12 fatty aldehydes (FIG. 16A), alcohols (FIG. 16B)
and C10 methyl- and ethyl-esters (FIG. 16C). All experi-
ments were done in triplicate and the error bars represent the
standard deviation from the mean.

FIG. 17 shows a cartoon depicting embodiments of
GPCR-based chemical biosensors having synthetic response
units. Synthetic transcription factor (STF)/synthetic pro-
moter composition. AD-=activation domain.
P=phosphorylation domain. DBD=DNA binding domain.
STF1 is composed of a Gal4AD, Stel2p, and a Gal4DBD.
STF1 binds to PGal4(5x), a synthetic promoter carrying five
Gal4 DNA binding sites. STF2 can be composed of a
B42AD, Stel2p, and a LexADBD. STF2 binds to PLexA
(4x), a synthetic promoter carrying four lexA DNA binding
sites.

FIG. 18 shows a cartoon depicting embodiments of a
GPCR-based chemical biosensor. Schematic of the OR1G1-
and GPR40-based sensors use a synthetic response unit
(STE/Psynthetic-GFP). In addition to deletion of the farl,
sst2, and ste2 genes, the chemical sensor strain using a
synthetic response unit can also have the endogenous tran-
scription factor Stel2 deleted (W303 Afarl, Asst2, Aste2,
Astel2).

FIG. 19 shows a graph demonstrating dose response
curves for decanoic acid using the OR1G1-based sensor
coupled to Stel2/PFigl-GFP(s) (blue), STF1/PGald(5x)-
GFP (black), or STF2/PLex A(4x)-GFP (red) response units.
All experiments were done in triplicate and the error bars
represent the standard deviation from the mean. P-values,
obtained from a two-tailed t test, are shown for statistically
different samples.

FIG. 20 shows a graph demonstrating OR1G1-based
sensor maximum x-fold increase in signal after activation
upon addition of decanoic acid when coupled to Stel2/
PFigl-GFP(s): 250 uM C10 acid, STF1/PGal4(5%)-GFP:
800 uM C10 acid, and STF2/PLexA(4x)-GFP: 800 uM C10
acid. All experiments were done in triplicate and the error
bars represent the standard deviation from the mean. P-val-
ues, obtained from a two-tailed t test, are shown for statis-
tically different samples.

FIG. 21 shows a graph demonstrating dose response
curves for decanoic acid using the GPR40-based sensor
coupled to Stel2/PFigl-GFP(s) (blue), STF1/PGald(5x)-
GFP (black) or STF2/PLexA(4x)-GFP (red) response units.
All experiments were done in triplicate and the error bars
represent the standard deviation from the mean.
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FIG. 22 shows a graph demonstrating GPR40-based sen-
sor maximum x-fold increase in signal after activation upon
addition of decanoic acid when coupled to Stel2/PFigl-
GFP(s): 800 uM C10 acid, STF1/PGal4(5x)-GFP: 500 uM
C10 acid, and STF2/PLexA(4x)-GFP: 500 uM 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.

FIG. 23 is a graph demonstrating GFP fluorescence from
OR1Gl1-based sensors with P, -GFP multi-copy reporter
plasmid. The OR1G1 sensor had the following characteris-
tics: (W303 Afarl, Asst2, Aste2, pESC-His3-Pzz -OR1G1,
pESC-Leu2-P,;,-GFP).

FIG. 24 is a graph demonstrating GFP fluorescence from
GPR40-based sensors with P, -GFP multi-copy reporter
plasmid. The GPR40 sensor had the following characteris-
tics: (W303 Afarl, Asst2, Aste2, pESC-His3-P 5z, -GPR40,
pESC-Leu2-P,,,-GFP).

FIG. 25 is a graph demonstrating OR1G1-based sensor
decanoic acid response curves when the OR1G1 GPCR is
expressed from a multi- or a single-copy plasmid.

FIG. 26 is a graph demonstrating OR1G1-based sensor
decanoic acid response curves when signaling through the
endogenous yeast Go. subunit expressed from the chromo-
some (GPA1), the mammalian olfactory Go. subunit from a
multi-copy plasmid (G, (m)), a hybrid yeast/mammalian
Go. subunit composed of GPA1 carrying the five C-terminal
amino acids from G, from a multi- (GPA1-G,, (m)) or a
single-copy plasmid (GPA1-G, - (m)).

FIG. 27 shows a graph demonstrating OR1G1-sensor
performance in a mixture of fatty acids. Although the
OR1G1-sensor is able to detect C10, C14 and C16 acids at
250 uM independently, it is not able to detect them in a
mixture of acids.

FIGS. 28A-28C show cell growth of the sensor strain
(28A). Fatty acid toxicity to the sensor strains (28B-28C).
Importantly, the growth rate of the sensor is similar to the
wild type strain.

FIGS. 29A-29E show sample flow cytometry histograms
of the biosensor strain when incubated with different com-
pounds when using GPCR-based sensor OR1G1. A shift in
the population when incubating with C8-C12 (orange line)
was observed. Blue lines indicate the sensor when no
compound is added. Red line indicates cell autofluorescense.

FIGS. 30A-30E show flow cytometry histograms of the
biosensor strain when incubated with different compounds
when using GPCR-based sensor GPR40. A shift of the
population when incubating with decanoic acid (orange line)
was observed. Blue lines are sensors when no compound is
added. Red line represents cell autofluorescense.

FIG. 31 shows a graph demonstrating endogenous GPCR
(Ste2/alpha-factor) x-fold increase in signal after activation
4 hours after addition of 100 nM of a-factor.

FIG. 32 shows a graph demonstrating endogenous GPCR
(Ste2/alpha-factor) x-fold increase in signal with 100 nM of
a-factor at different time points. The fluorescence was
measured after 1, 2, 3, and 4 hours.

DETAILED DESCRIPTION

Before the present disclosure is described in greater detail,
it is to be understood that this disclosure is not limited to
particular embodiments described, and as such may, of
course, vary. It is also to be understood that the terminology
used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting.
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Where a range of values is provided, it is understood that
each intervening value, to the tenth of the unit of the lower
limit unless the context clearly dictates otherwise, between
the upper and lower limit of that range and any other stated
or intervening value in that stated range, is encompassed
within the disclosure. The upper and lower limits of these
smaller ranges may independently be included in the smaller
ranges and are also encompassed within the disclosure,
subject to any specifically excluded limit in the stated range.
Where the stated range includes one or both of the limits,
ranges excluding either or both of those included limits are
also included in the disclosure.

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
disclosure belongs. Although any methods and materials
similar or equivalent to those described herein can also be
used in the practice or testing of the present disclosure, the
preferred methods and materials are now described.

All publications and patents cited in this specification are
herein incorporated by reference as if each individual pub-
lication or patent were specifically and individually indi-
cated to be incorporated by reference and are incorporated
herein by reference to disclose and describe the methods
and/or materials in connection with which the publications
are cited. The citation of any publication is for its disclosure
prior to the filing date and should not be construed as an
admission that the present disclosure is not entitled to
antedate such publication by virtue of prior disclosure.
Further, the dates of publication provided could be different
from the actual publication dates that may need to be
independently confirmed.

As will be apparent to those of skill in the art upon reading
this disclosure, each of the individual embodiments
described and illustrated herein has discrete components and
features which may be readily separated from or combined
with the features of any of the other several embodiments
without departing from the scope or spirit of the present
disclosure. Any recited method can be carried out in the
order of events recited or in any other order that is logically
possible.

Embodiments of the present disclosure will employ,
unless otherwise indicated, techniques of molecular biology,
microbiology, nanotechnology, organic chemistry, synthetic
biology, chemistry, biochemistry, botany and the like, which
are within the skill of the art. Such techniques are explained
fully in the literature.

Definitions

As used herein, “about,” “approximately,” and the like,
when used in connection with a numerical variable, gener-
ally refers to the value of the variable and to all values of the
variable that are within the experimental error (e.g., within
the 95% confidence interval for the mean) or within £10%
of the indicated value, whichever is greater.

As used herein, “control” is an alternative subject or
sample used in an experiment for comparison purposes and
included to minimize or distinguish the effect of variables
other than an independent variable.

As used herein, “specifically binds” or “specific binding”
refers to binding that occurs between such paired species
such as enzyme/substrate, receptor/agonist or antagonist,
antibody/antigen, lectin/carbohydrate, oligo DNA primers/
DNA, enzyme or protein/DNA, and/or RNA molecule to
other nucleic acid (DNA or RNA) or amino acid, which may
be mediated by covalent or non-covalent interactions or a
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combination of covalent and non-covalent interactions.
When the interaction of the two species produces a non-
covalently bound complex, the binding that occurs is typi-
cally electrostatic, hydrogen-bonding, or the result of lipo-
philic interactions. Accordingly, “specific binding” occurs
between a paired species where there is interaction between
the two which produces a bound complex having the char-
acteristics of an antibody/antigen, enzyme/substrate, DNA/
DNA, DNA/RNA, DNA/protein, RNA/protein, RNA/amino
acid, receptor/substrate interaction. In particular, the specific
binding is characterized by the binding of one member of a
pair to a particular species and to no other species within the
family of compounds to which the corresponding member of
the binding member belongs. Thus, for example, an antibody
preferably binds to a single epitope and to no other epitope
within the family of proteins.

As used herein, “overexpressed” or “overexpression”
refers to an increased expression level of an RNA or protein
product encoded by a gene as compared to the level of
expression of the RNA or protein product in a normal or
control cell.

As used herein, “underexpressed” or “underexpression”
refers to decreased expression level of an RNA or protein
product encoded by a gene as compared to the level of
expression of the RNA or protein product in a normal or
control cell.

As used herein, “expression” refers to the process by
which polynucleotides are transcribed into RNA transcripts.
In the context of mRNA and other translated RNA species,
“expression” also refers to the process or processes by which
the transcribed RNA is subsequently translated into pep-
tides, polypeptides, or proteins.

As used herein, gene deletion refers to a mutation intro-
duced into the genome of an organism that completely or
partially removes a physical portion of the nucleotide
sequence for the gene to disrupt the production of a gene
product generated from that gene or otherwise disrupts
and/or ablates the production of the product of that gene.
Deletions can be said to result in gene knockout or knock-
down. Deletions can be homozygous (both or all copies
deleted), heterozygous (only one or less than all copies
deleted), or hemizygous.

As used herein, “nucleic acid” and “polynucleotide” gen-
erally refer to a string of at least two base-sugar-phosphate
combinations and refers to, among others, single- and
double-stranded DNA, DNA that is a mixture of single- and
double-stranded regions, single- and double-stranded RNA,
and RNA that is mixture of single- and double-stranded
regions, as well as hybrid molecules comprising DNA and
RNA that may be single-stranded or, more typically, double-
stranded or a mixture of single- and double-stranded
regions. In addition, polynucleotide as used herein refers to
triple-stranded regions comprising RNA or DNA or both
RNA and DNA. The strands in such regions may be from the
same molecule or from different molecules. The regions may
include all of one or more of the molecules, but more
typically involve only a region of some of the molecules.
One of the molecules of a triple-helical region often is an
oligonucleotide. “Polynucleotide” and “nucleic acids” also
encompasses such chemically, enzymatically or metaboli-
cally modified forms of polynucleotides, as well as the
chemical forms of DNA and RNA characteristic of viruses
and cells, including simple and complex cells, inter alia. For
instance, the term polynucleotide includes DNAs or RNAs
as described above that contain one or more modified bases.
Thus, DNAs or RNAs comprising unusual bases, such as
inosine, or modified bases, such as tritylated bases, to name
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just two examples, are polynucleotides as the term is used
herein. “Polynucleotide” and “nucleic acids” also includes
PNAs (peptide nucleic acids), phosphorothioates, and other
variants of the phosphate backbone of native nucleic acids.
Natural nucleic acids have a phosphate backbone, and
artificial nucleic acids may contain other types of back-
bones, but contain the same bases. Thus, DNAs or RNAs
with backbones modified for stability or for other reasons
are “nucleic acids” or “polynucleotide” as that term is
intended herein.

As used herein, “deoxyribonucleic acid (DNA)” and
“ribonucleic acid (RNA)” generally refer to any polyribo-
nucleotide or polydeoxribonucleotide, which may be
unmodified RNA or DNA or modified RNA or DNA. RNA
may be in the form of a tRNA (transfer RNA), snRNA (small
nuclear RNA), rRNA (ribosomal RNA), mRNA (messenger
RNA), anti-sense RNA, RNAi (RNA interference con-
struct), siRNA (short interfering RNA), or ribozymes.

As used herein, “nucleic acid sequence” and “oligonucle-
otide” also encompasses a nucleic acid and polynucleotide
as defined above.

As used herein, “DNA molecule” includes nucleic acids/
polynucleotides that are made of DNA.

As used herein, “wild-type” is the typical form of an
organism, variety, strain, gene, protein, or characteristic as it
occurs in nature, as distinguished from mutant forms that
may result from selective breeding or transformation with a
transgene.

As used herein, “identity” is a relationship between two or
more polypeptide or polynucleotide sequences, as deter-
mined by comparing the sequences. In the art, “identity”
also refers to the degree of sequence relatedness between
polypeptide as determined by the match between strings of
such sequences. “Identity” can be readily calculated by
known methods, including, but not limited to, those
described in Computational Molecular Biology, Lesk, A. M.,
Ed., Oxford University Press, New York, 1988; Biocomput-
ing: Informatics and Genome Projects, Smith, D. W., Ed.,
Academic Press, New York, 1993; Computer Analysis of
Sequence Data, Part I, Griffin, A. M., and Griffin, H. G.,
Eds., Humana Press, New Jersey, 1994; Sequence Analysis
in Molecular Biology, von Heinje, G., Academic Press,
1987; and Sequence Analysis Primer, Gribskov, M. and
Devereux, J., Eds., M Stockton Press, New York, 1991; and
Carillo H., and Lipman, D., SIAM J. Applied Math. 1988,
48: 1073. Preferred methods to determine identity are
designed to give the largest match between the sequences
tested. Methods to determine identity are codified in pub-
licly available computer programs. The percent identity
between two sequences can be determined by using analysis
software (e.g., Sequence Analysis Software Package of the
Genetics Computer Group, Madison Wis.) that incorporates
the Needelman and Wunsch (J. Mol. Biol., 1970, 48: 443-
453) algorithm (e.g., NBLAST, and XBLAST). The default
parameters are used to determine the identity for the poly-
peptides or polynucleotides of the present disclosure.

As used herein, “heterologous” refers to compounds,
molecules, nucleotide sequences (including genes), and
polypeptide sequences (including peptides and proteins) that
are different in both activity (function) and sequence or
chemical structure. As used herein, “heterologous” can also
refer to a gene or gene product that is from a different
organism. For example, a human GPCR can be said to be
heterologous when expressed in yeast.

As used herein, “homologue” refers to a polypeptide
sequence that shares a threshold level of similarity and/or
identity as determined by alignment of matching amino
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acids. Two or more polypeptides determined to be homo-
logues are said to be homologues. Homology is a qualitative
term that describes the relationship between polypeptide
sequences that is based upon the quantitative similarity.

As used herein, “paralog” refers to a homologue produced
via gene duplication of a gene. In other words, paralogs are
homologues that result from divergent evolution from a
common ancestral gene.

As used herein, “orthologues” refers to homologues pro-
duced by speciation followed by divergence of sequence but
not activity in separate species. When speciation follows
duplication and one homologue sorts with one species and
the other copy sorts with the other species, subsequent
divergence of the duplicated sequence is associated with one
or the other species. Such species specific homologues are
referred to herein as orthologues.

As used herein, “xenologs” are homologues resulting
from horizontal gene transfer.

As used herein, “similarity” is a quantitative term that
defines the degree of sequence match between two com-
pared polypeptide sequences.

As used herein, “cell,” “cell line,” and “cell culture”
include progeny. It is also understood that all progeny may
not be precisely identical in DNA content, due to deliberate
or inadvertent mutations. Variant progeny that have the same
function or biological property, as screened for in the
originally transformed cell, are included.

As used herein, “culturing” refers to maintaining cells
under conditions in which they can proliferate and avoid
senescence as a group of cells. “Culturing” can also include
conditions in which the cells also or alternatively differen-
tiate.

As used herein, “organism,” “host,” and “subject” refers
to any living entity comprised of at least one cell. A living
organism can be as simple as, for example, a single isolated
eukaryotic cell or cultured cell or cell line, or as complex as
a mammal, including a human being, and animals (e.g.,
vertebrates, amphibians, fish, mammals, e.g., cats, dogs,
horses, pigs, cows, sheep, rodents, rabbits, squirrels, bears,
primates (e.g., chimpanzees, gorillas, and humans). “Sub-
ject” may also be a cell, a population of cells, a tissue, an
organ, or an organism, preferably to human and constituents
thereof.

As used herein, “gene” refers to a hereditary unit corre-
sponding to a sequence of DNA that occupies a specific
location on a chromosome and that contains the genetic
instruction for a characteristic(s) or trait(s) in an organism.

As used herein, the term “recombinant™ generally refers to
a non-naturally occurring nucleic acid, nucleic acid con-
struct, or polypeptide. Such non-naturally occurring nucleic
acids may include natural nucleic acids that have been
modified, for example that have deletions, substitutions,
inversions, insertions, etc., and/or combinations of nucleic
acid sequences of different origin that are joined using
molecular biology technologies (e.g., a nucleic acid
sequences encoding a fusion protein (e.g., a protein or
polypeptide formed from the combination of two different
proteins or protein fragments), the combination of a nucleic
acid encoding a polypeptide to a promoter sequence, where
the coding sequence and promoter sequence are from dif-
ferent sources or otherwise do not typically occur together
naturally (e.g., a nucleic acid and a constitutive promoter),
etc.). Recombinant also refers to the polypeptide encoded by
the recombinant nucleic acid. Non-naturally occurring
nucleic acids or polypeptides include nucleic acids and
polypeptides modified by man.
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As used herein, “plasmid” refers to a non-chromosomal
double-stranded DNA sequence including an intact “repli-
con” such that the plasmid is replicated in a host cell.

As used herein, the term “vector” is used in reference to
a vehicle used to introduce an exogenous nucleic acid
sequence into a cell. A vector may include a DNA molecule,
linear or circular (e.g. plasmids), which includes a segment
encoding a polypeptide of interest operatively linked to
additional segments that provide for its transcription and
translation upon introduction into a host cell or host cell
organelles. Such additional segments may include promoter
and terminator sequences, and may also include one or more
origins of replication, one or more selectable markers, an
enhancer, a polyadenylation signal, etc. Expression vectors
are generally derived from yeast or bacterial genomic or
plasmid DNA, or viral DNA, or may contain elements of
both.

As used herein, “operatively linked” indicates that the
regulatory sequences useful for expression of the coding
sequences of a nucleic acid are placed in the nucleic acid
molecule in the appropriate positions relative to the coding
sequence so as to effect expression of the coding sequence.
This same definition is sometimes applied to the arrange-
ment of coding sequences and transcription control elements
(e.g. promoters, enhancers, and termination elements), and/
or selectable markers in an expression vector.

As used herein, “cDNA” refers to a DNA sequence that is
complementary to a RNA transcript in a cell. It is a man-
made molecule. Typically, cDNA is made in vitro by an
enzyme called reverse-transcriptase using RNA transcripts
as templates.

As used herein, the term “transfection” refers to the
introduction of an exogenous and/or recombinant nucleic
acid sequence into the interior of a membrane enclosed
space of a living cell, including introduction of the nucleic
acid sequence into the cytosol of a cell as well as the interior
space of a mitochondria, nucleus, or chloroplast. The nucleic
acid may be in the form of naked DNA or RNA, it may be
associated with various proteins or regulatory elements (e.g.,
a promoter and/or signal element), or the nucleic acid may
be incorporated into a vector or a chromosome.

As used herein, “transformation” or “transformed” refers
to the introduction of a nucleic acid (e.g., DNA or RNA) into
cells in such a way as to allow expression of the coding
portions of the introduced nucleic acid.

As used herein, “stable expression,” “stable incorpora-
tion,” “stable transfection” and the like refer to the integra-
tion of an exogenous gene into the genome of a host cell,
which can allow for long term expression of the exogenous
gene.

As used herein, “transient expression,” “transient trans-
fection,” and the like refer to the introduction of an exog-
enous gene into a host cell that does not result in stable
incorporation of the gene into the host cell.

As used herein “chemical” refers to any molecule, com-
pound, particle, or other substance that can be a substrate for
a G-protein coupled receptor. As such, “chemical” can refer
to nucleic acids, proteins, organic compounds, inorganic
compounds, etc.

As used herein “biologically coupled” refers to the asso-
ciation of or interaction between two or more physically
distinct molecules, groups of molecules compounds, organ-
isms, or particles where the association is directly or indi-
rectly mediated between the two or more physically distinct
molecules, groups of molecules compounds, organisms or
particles via a biologic molecule or compound. This can
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include direct binding between two biologic molecules and
signal transduction pathways.

As used herein, “biological communication” refers to the
communication between two or more molecules, com-
pounds, or objects that is mediated by a biologic molecule
or biologic interaction.

As used herein, “biologic molecule,” “biomolecule,” and
the like refer to any molecule that is present in a living
organism and includes without limitation, macromolecules
(e.g. proteins, polysaccharides, lipids, and nucleic acids) as
well as small molecules (e.g. metabolites and other products
produced by a living organism).

As used herein, a “biologic interaction” refers to the
interaction between two biomolecules.

As used herein, “regulation” refers to the control of gene
or protein expression or function.

As used herein, “signaling molecule” refers to a molecule,
such as a biomolecule, capable of producing a measurable
signal when expressed. The signal can be qualitative or
quantitative. The signal can be measured by any suitable
techniques, which will be instantly appreciated by those of
skill in the art.

As used herein, “promoter” refers to the DNA sequence(s)
that control or otherwise modify transcription of a gene and
can include binding sites for transcription factors, RNA
polymerases, and other biomolecules and substances (e.g.
inorganic compounds) that can influence transcription of a
gene by interaction with the promoter. Typically these
sequences are located at the 5' end of the sense strand of the
gene, but can be located anywhere in the genome.

As used herein, “native” refers to the endogenous version
of a molecule or compound relative to the host cell or
population being described.

As used herein, “non-naturally occurring” refers to a
non-native version of a molecule or compound or non-native
expression or presence of a molecule or compound within a
host cell or other composition. This can include where a
native molecule or compound is influenced to be expressed
or present at a different location within a host, at a non-
native period of time within a host, or is otherwise in an
altered environment, even when considered within the host.
Non-limiting examples include where a protein that is
expressed only in the nucleus of a cell is expressed in the
cytoplasm of the cell or when a protein that is only normally
expressed during the embryonic stage of development is
expressed during the adult stage.

As used herein, “encode” refers to the biologic phenom-
ena of transcribing DNA into an RNA that, in some cases,
can be translated into a protein product. As such, when a
protein is said herein to be encoded by a particular nucleo-
tide sequence, it is to be understood that this refers to this
biologic relationship between DNA and protein. It is well
established that RNA can be translated into protein based on
the triplet code where 3 nucleotides represent an amino acid.
This term also includes the idea that DNA can be transcribed
into RNA molecules with biologic functions, such as
ribozymes and interfering RNA species. As such, when a
RNA molecule is said to be encoded by a particular nucleo-
tide sequence it is to be understood that this is referring to
the transcriptional relationship between the DNA and RNA
species in question. As such “encoding nucleotide” refers to
herein as the nucleotide which can give rise through tran-
scription, and in the case of proteins, translation a functional
RNA or protein.

As used herein, “fast maturing” refers to a signal molecule
(e.g. a fluorescent protein) that can be measured, preferably
within the linear range of the signal molecule, within about
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0 to about 4 hours of initial contact of the signal molecule,
a sensor system containing the signal molecule (such as
those described herein), or sensor organism containing the
signal molecule (such as those described herein), with a
sample, substrate of the signaling molecule, aforementioned
system or organism.

Discussion

Production of chemicals by microbial bioreactors can
provide a sustainable, cost-effective, and environmentally
friendly alternative to the synthesis of fuels and other
chemicals from petroleum and other natural products. Iden-
tification of most microbially-produced chemicals, includ-
ing biofuels, currently relies on low-throughput (10?
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. However, the number
chemicals for which a colorimetric assay exists are
extremely limited and far eclipsed by the number of chemi-
cals for which no such assay exists. Further, many of the
colorimetric assays have limited sensitivity and can only
detect a type of chemical (e.g. fatty acid) as opposed to a
specific chemical (e.g. decanoic acid).

To make non-colorimetric chemicals similarly amenable
to high-throughput screening and specific for a particular
chemical, improved chemical sensors are needed. 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 and directly
linked to one another. These biosensors typically have a
sensing unit to detect the chemical and an actuator unit to
trigger a cellular process, such as protein fluorescence. An
example of this type of biosensor is a fluorescent protein
engineered to bind a chemical and binding of the chemical
causes a conformational change in the fluorescent protein,
which results in a change in the fluorescence produced by
the fluorescent protein.

While single-part RNA- and transcription factor-based
sensors have been applied to improve the microbial produc-
tion of chemicals, none rely on allosteric regulation to
generate a response to a chemical or the absence thereof.
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 screening to engineer a single-part sensor for each
chemical of interest.

With that said, described herein are chemical biosensors
that can use two different biological parts: one part that is
specialized in chemical sensing and another part this is
specialized in actuating the signal, where information is
transmitted from the sensing unit to the actuating unit not via
a physical linkage, but via a physically independent pro-
cessing unit. In short, the chemical biosensors described
herein can be rapidly changed in a modular fashion to
quickly generate a desired chemical biosensor. The multi-
part chemical biosensors described herein can overcome the
need for extensive fine-tuning of each chemical sensor and
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allow for the rapid development of chemical biosensors that
can be used to screen for chemicals in high-throughput
systems.

Other compositions, compounds, methods, features, and
advantages of the present disclosure will be or become
apparent to one having ordinary skill in the art upon exami-
nation of the following drawings, detailed description, and
examples. It is intended that all such additional composi-
tions, compounds, methods, features, and advantages be
included within this description, and be within the scope of
the present disclosure.

GPCR-Based Chemical Biosensors

Described herein are GPCR-based chemical biosensors
that can contain physically distinct components that are
operatively coupled to each other and can detect a chemical
and generate a signal indicating the presence or absence of
a chemical. With the general description in mind, attention
is directed to FIG. 1 which shows one embodiment of a
GPCR-based chemical sensor described herein. The GPCR-
based chemical sensors 1000 described herein can contain a
sensing unit 1100, a processing unit 1200, and a response
unit 1300, where the sensing unit 1100 can be biologically
coupled to and/or in biologic communication with the pro-
cessing unit 1200 and the processing unit can be biologically
coupled to and/or in biologic communication with the
response unit 1300.

The sensing unit 1100 can contain a GPCR that can bind
to or otherwise interact with a chemical 1400. The sensing
unit 1100 can biologically interact with processing unit
1200, which in turn can biologically interact with the
response unit 1300. The biologic interaction between the
different units of the GPCR-based chemical biosensors 1000
can be direct (i.e. no intermediate molecules, processes,
and/or pathways involved in the biological interaction
between one or more components of the interacting units) or
indirect (i.e. involve one or more intermediate molecules,
processes, and/or pathways in the biological interaction
between one or more components of the interacting units,
where the additional molecules, process and/or pathways are
not part of the sensing unit, processing unit, or response
unit).

In operation, a chemical 1400 can bind, unbind, or oth-
erwise interact with the GPCR of the sensing unit 1100.
Upon chemical interaction with the GPCR of the sensing
unit 1100, the GPCR can biologically interact with the
processing unit 1200. In some embodiments, chemical bind-
ing (or other interaction) with the GPCR of the sensing unit
1100 can stimulate, either directly or indirectly, a signal
transduction pathway that is part of the processing unit 1200.
The signal transduction pathway of the processing unit 1200
can then biologically interact with the response unit 1300,
which can then generate or extinguish a signal. In some
embodiments, the biological interaction between the pro-
cessing unit 1200 and the response unit 1300 can be direct
or indirect regulation of a signaling molecule gene promoter.
In this way the processing unit 1200 can transmit a biologi-
cal signal indicating the interaction of a chemical with the
sensing unit 1100 to the response unit 1300, which can
signal the presence (or absence) of a chemical 1400.

As shown in FIGS. 2A and 2B, the GPCR-based chemical
biosensor 1000 can optionally contain an amplification unit
2000. The amplification unit 2000 can be configured to
directly (FIG. 2A) or indirectly (FIG. 2B) amplify the signal
generated by the response unit 1300. Generally, the ampli-
fication unit 2000 can act as a feed forward loop that
stimulates increased signal production from the response
unit 1300 when the response unit is biologically acted upon,
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either directly or indirectly, by the processing unit 1200. In
short, the amplification unit can autoamplify the signal from
the response unit 1300 in response to a chemical 1400
binding, unbinding, or otherwise interacting with the GPCR
of the sensing unit 1100. The mechanism by which ampli-
fication can occur is described in greater detail elsewhere
herein.

The physically distinct components can be expressed
within a whole cell, such as a yeast cell. In other embodi-
ments, the physically distinct components can be expressed
in a synthetic in vitro system. The physically distinct com-
ponents can be considered modular components where each
one can be independently manipulated and changed without
alteration of the other components. This modular configu-
ration can allow for efficient and rapid tuning and customi-
zation of system based on the desired sensing and signaling
capabilities of the GPCR-based chemical biosensor. The
individual modular components are discussed in further
detail below.

Sensing Unit

As shown in FIG. 1, the sensing unit 1100 can contain a
GPCR. The GPCR can be a native GPCR. In some embodi-
ments, the GPCR can be a non-naturally occurring GPCR,
which includes but is not limited to, recombinant and other
engineered GPCRs. In some embodiments, the GPCR can be
a heterologous GPCR, a homologous GPCR, an orthologous
GPCR, or a paralogous GPCR. The GPCR can be a GPCR
in the family of Rhodopsin-like GPCRs, secretin receptor
GPCRs, metabotropic glutamate/pheromone GPCRs, fungal
mating pheromone GPCRs, cyclic AMP GPRCs, or Frizzled,
Smoothened GPCRs. In some embodiments, the GPCR is
codon optimized for the organism in which the GPCR-based
biosensor is to be expressed in. In some embodiments, the
GPCR can be GPCR40 (also referred to herein as GPR40).
In other embodiments, the GPCR can be OR1G1 or any
other olfactory receptor GPCR. In other embodiments, the
GPCR can be M3 muscarinic receptor, D2S Dopamine
receptor, Beta2 Adrenergic receptor, Beta Alanine receptor,
Nicotinamide receptor, OR56, Geosmin GPCR, melatonin
receptor (mella), or AT1R. In further embodiments, the
GPCR can be STE2 GPCR or STE3 GPCR. In some
embodiments, the GPCR can have an encoding nucleotide
sequence according to any of SEQ ID NOs: 59-75.

The sensing unit 1100 and/or the GPCR of the sensing
unit 1100 can be configured to biologically interact with the
processing unit 1200. The GPCR can be configured to
interact with one or more signal transduction pathways
within the host cell (i.e. the cell in which the GPCR is
expressed in). GPCRs contain three subunits (typically
denoted Ga, G/GA) that interact with each other either by
the subunits associating with one another upon binding/
unbinding a substrate (e.g. chemical) or one or more sub-
units disassociating from the other subunit(s) upon binding/
unbinding a substrate. The disassociation or association of
one or more subunits of the GPCR can stimulate or inacti-
vate a downstream signal transduction pathway present in a
host cell or in vitro environment. In some embodiments, the
signal transduction pathway can be part of the processing
unit of the GPCR-based chemical biosensor. In other
embodiments, this signal transduction pathway is an inter-
mediate between the sensing unit 1100 and the processing
unit 1200. It will be appreciated by those of ordinary skill in
the art that the signal transduction pathway will vary based
on the GPCR employed in the sensing unit 1100 and the host
cell. The signal transduction pathway can be a MAPK
pathway, adenylyl cyclase pathway, phospholipase C path-
way, arachidonic acid pathway, cyclic AMP (cAMP) path-
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way, RhoGEF signaling pathways, ion channels (e.g. G-pro-
tein-regulated rectifying K+ channels, P/Q- and N-type
voltage gated channels, and posphoinositide-3-kinase path-
ways). In some embodiments, the GPCR can directly signal
the processing unit through signaling f-arrestin, G protein-
coupled receptor kinases, and tyrosine kinases (e.g. proto-
oncogene tyrosine-protein kinase Src).

The GPRC of the sensing unit 1100 can be configured to
bind any desired chemical. The GPCR can naturally bind a
chemical of interest or can be modified to have improved or
otherwise altered binding characteristics (e.g. bind a sub-
strate that would not naturally bind to the GPCR). In some
embodiments, the GPCR can bind a medium chain (i.e. a
C8-C14) fatty acid. In some embodiments, the chemical can
be C10 fatty acid.

Processing Unit

The GPCR-based chemical biosensor 1000 described
herein can contain a processing unit 1200. The processing
unit 1200 can include one or more endogenous, synthetic, or
otherwise modified signal transduction pathways. In syn-
thetic or otherwise modified signal transduction pathways, at
least one molecule involved in the signal transduction path-
way can be recombinant, or otherwise non-natural. The
signal transduction pathway can be a MAPK pathway,
adenylyl cyclase pathway, phospholipase C mediated path-
way (e.g. inositol 1,4,5-triposphate (IP,)/Diacyl glycerol
(DAG) pathway), arachidonic acid pathway, cyclic AMP
(cAMP) pathway, RhoGEF signaling pathways, ion chan-
nels (e.g. G-protein-regulated rectifying K+ channels, P/Q-
and N-type voltage gated channels, posphoinositide-3-ki-
nase pathways, f-arrestin, G protein-coupled receptor
kinases, histidine-specific protein kinase mediated path-
ways, tyrosine kinase mediate pathways, AKT pathways
FAK mediated pathways, GSK3[ pathways. In some
embodiments, the processing unit 1200 can contain mol-
ecules within the mating pathway of yeast. In other words,
the GPCR of the sensing unit 1100 can be configured to
stimulate molecules in the mating pathway of yeast (e.g.
Sted, GPA1, Ste20, Ste5, Stell, Ste7, and/or Fus3).

The signal transduction pathway of the processing unit
1200 can regulate one or more transcription factors. Regu-
lation of transcription factors can include, but is not limited
to, activation or suppression of transcription factors. One of
ordinary skill in the art will appreciate the myriad of ways
activation or suppression of a transcription factor(s) can
occur and all are within the spirit and scope of this descrip-
tion. The transcription factor can be native to the host cell.
In other embodiments, the transcription factor is a synthetic
transcription factor that is not native to the host cell or the
signaling pathway employed by the processing unit 1200. In
some embodiments, the transcription factor is Stel2. In
other embodiments, the transcription factor is a synthetic
transcription factor including, but not limited to, STF1 (a
transcription factor composed of the STE12 phosphorylation
domain and the Gal4 activation and DNA binding domains
(Pi, H. W., Chien, C. T., and Fields, S. (1997)). Transcrip-
tional activation upon pheromone stimulation can be medi-
ated by a small domain of Saccharomyces cerevisiae Stel2p,
Mol Cell Biol 17, 6410-6418.)), STF2 (a transcription factor
composed of the STE12 phosphorylation domain, the syn-
thetic B42 activation domain and the bacterial LexA DNA
binding domain (Golemis, E. A., and Brent, R. (1992) Fused
Protein Domains Inhibit DNA-Binding by Lexa, Mo/ Cell
Biol 12,3006-3014 and Peralta-Yahya, P., Carter, B. T., Lin,
H. N, Tao, H. Y., and Comish, V. W. (2008) High-Through-
put Selection for Cellulase Catalysts Using Chemical
Complementation, J Am Chem Soc 130, 17446-17452)),
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STF3 (a transcription factor composed of the CRE protein
activation and phosphorylation domain with the Gal4 DNA
binding domain), STF4 (a transcription factor composed of
the CRE protein activation and phosphorylation domain and
the LexA DNA binding domain). The synthetic transcription
factor can be configured to interact with an endogenous or
a synthetic promoter.

Response Unit

The GPCR-based chemical biosensor 1000 can contain a
response unit 1300. The response unit can contain a signal
molecule promoter operatively coupled to a signal molecule
gene, where the signal molecule gene encodes or otherwise
(e.g. by activating other pathways in the cell that results in
the production of a gene product, such as a protein that can
be measured) generates a signal molecule. The promoter can
be configured to stimulate or extinguish transcription of the
signal molecule gene (and subsequent production of the
signal molecule) upon binding or unbinding of a transcrip-
tion factor (such as one stimulated by the processing unit
1200). In this way, a signal (either appearance or disappear-
ance of the signal molecule) can be generated by the
GPCR-based chemical biosensor 1000 in response to bind-
ing, unbinding, or other interaction of a chemical 1400 with
the GPCR of the sensing unit 1100.

The transcription factor can be native to the host cell or
synthetic. In other embodiments, the transcription factor is a
synthetic transcription factor that is not native to the host cell
or the signaling pathway employed by the processing unit
1200. In some embodiments, the transcription factor is
Stel2. In other embodiments, the transcription factor is a
synthetic transcription factor including, but not limited to,
STF1 (a transcription factor composed of the STE12 phos-
phorylation domain and the Gal4 activation and DNA bind-
ing domains) (Pi, H. W., Chien, C. T., and Fields, S. (1997)).
Transcriptional activation upon pheromone stimulation can
be mediated by a small domain of Saccharomyces cerevisiae
Stel2p, Mol Cell Biol 17, 6410-6418.)), STF2 (a transcrip-
tion factor composed of the STE12 phosphorylation domain,
the synthetic B42 activation domain and the bacterial LexA
DNA binding domain) (Golemis, E. A., and Brent, R. (1992)
Fused Protein Domains Inhibit DNA-Binding by Lexa, Mo/
Cell Biol 12,3006-3014 and Peralta-Yahya, P., Carter, B. T.,
Lin, H. N., Tao, H. Y., and Comish, V. W. (2008) High-
Throughput Selection for Cellulase Catalysts Using Chemi-
cal Complementation, J Am Chem Soc 130, 17446-17452)),
STF3 (a transcription factor composed of the CRE protein
activation and phosphorylation domain with the Gal4 DNA
binding domain), STF4 (a transcription factor composed of
the CRE protein activation and phosphorylation domain and
the LexA DNA binding domain). The transcription factor
can be directly stimulated by the processing unit or can be
the product of another signal transduction pathway stimu-
lated by the processing unit (via a transcription factor or
other mode of pathway stimulation).

In some embodiments the transcription factor can have a
sequence about 90% to 100% identical to SEQ ID NOS:
51-53.

(STF1 sequence)

SEQ ID NO: 51
ATGAAGCTACTGTCTTCTATCGAACAAGCATGCGATATTTGCCGACTTAA
AAAGCTCAAGTGCTCCAAAGAAAAACCGAAGTGCGCCAAGTGTCTGAAGA

ACAACTGGGAGTGTCGCTACTCTCCCAAAACCAAAAGGTCTCCGCTGACT
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-continued
AGGGCACATCTGACAGAAGTGGAATCAAGGCTAGAAAGACTGGAACAGCT

ATTTCTACTGATTTTTCCTCGCGAAGACCTTGACATGATTT TGAAAATGG
ATTCTTTACAGGATATAAAAGCATTGTTAACAGGATTATTTGTACAAGAT
AATGTGAATAAAGATGCCGTCACAGATAGATTGGCTTCAGTGGAGACTGA
TATGCCTCTAACATTGAGACAGCATAGAATAAGTGCGACATCATCATCGG
AAGAGAGTAGTAACAAAGGTCAAAGACAGTTGACTGTATCTAGACCATCT
AGTACAACAAAATCAGATAATTCGCCTCCAAAATTAGAAAGCGAGAATTT
TAAGGATAATGAGTTGGTAACAGTAACTAATCAGCCGCTTTTAGGCGTTG
GCCTCATGGATGACGATGCGCCAGAATCCCCCTCTCAAATTAATGATTTT
ATTCCTCAGAAATTGATTATAGAACCCAATACTCTCGAATTGAATGGTCT
CACAGAAGAAACGCCTCATGACTTACCCAAGAATACCGCTAAGGGCAGAG
ACGAAGAAGATTTTCCTCTCGACTATTTTCCTGTATCTGTTGAATACCCT
ACGGAGGAAAATGCGTTTGATCCGTTCCCTCCACAGGCTTTTACGCCAGC
TGCCCCTTCCATGCCTATTTCCTATGATAACGTGAATGAAAGGGATTCTA
TGCCCGTTAATTCTCTTCTTAATAGATACCCCTATCAGTTATCAGTGGCA
CCCACTTTCCCAGTGCCACCATCATCATCGAGGCAACATTTTATGTATCC
TTACGACGTTCCAGATTATGCTATTGACTCTGCAGCTCATCATGATAACT
CCACAATTCCGTTGGATTTTATGCCCAGGGATGCTCTTCATGGATTTGAT
TGGTCTGAAGAGGATGACATGTCGGATGGCTTGCCCTTCCTGAAAACGGA
CCCCAACAATAATGGGTTCTAA

(STF2 sequence)

SEQ ID NO: 52
ATGGGTGCTCCACCTAAGAAGAAAAGAAAGGTTGCCAAAGCTTTGACTGC
CAGACAACAAGAAGTCTTCGATTTGATTAGAGATCATATTTCTCAAACTG
GTATGCCACCAACTAGAGCTGAAATTGCTCAAAGATTGGGTTTCAGATCT
CCAAACGCCGCTGAAGAACACTTGAAAGCTTTGGCTAGAAAGGGTGTCAT
TGAAATTGTTTCTGGTGCTTCTAGAGGTAT TAGATTGTTGCAAGAAGAAG
AAGAAGGTTTGCCATTGGTTGGTAGAGTCGGTAGACCATCTTCTACTACT
AAATCTGATAACTCTCCACCAAAGTTGGAATCTGAAAACTTCAAAGATAA
CGAATTGGTTACTGTTACAAATCAACCATTGTTAGGTGTCGGTTTGATGG
ATGACGATGCTCCAGAATCTCCTTCTCAAATTAACGATTTCATTCCACAA
AAGTTGATTATTGAACCAAACACTTTGGAATTGAACGGT TTGACTGAAGA
AACTCCACACGATTTGCCAAAGAATACTGCCAAAGGTAGAGATGAGGAAG
ACTTCCCATTGGATTACTTTCCAGTTTCTGTCGAATATCCAACTGAAGAA
AACGCTTTCGATCCATTTCCACCACAAGCCTTTACTCCAGCTGCACCATC
TATGCCAATTTCTTACGATAACGTTAATGAAAGAGATTCTATGCCAGTCA
ACTCATTGTTGAATAGATACCCATATCAATTGTCTGTTGCTCCAACTTTC
CCAGTTCCTCCATCTTCTTCAAGACAACACTTTATGGGTATTAACAAGGA
TATTGAGGAATGTAATGCCATCATTGAACAATTCATCGATTACTTGAGAA
CTGGTCAAGAAATGCCAATGGAAATGGCCGATCAAGCCATTAACGTTGTC

CCAGGTATGACTCCAAAGACTATTTTGCACGCTGGTCCACCAATTCAACC
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AGATTGGTTGAAATCTAACGGTTTCCACGAAATTGAAGCTGATGTCAATG
ACACATCTTTGTTATTGTCTGGTGATGCCTCTTAA
(STF3 sequence)

SEQ ID NO: 53
ATGACTATGGATTCTGGTGCTGATAATCAACAATCTTCTTGTAAAGATTT
GAAAAGATTGTTTTCTGGTACTCAAATTTCTACTATTGCTGAATCTGAAG
ATTCTCAAGAATCTGTTGATTCTGTTACTGATTCTCAAAAAAGAAGAGAA
ATTTTGTCTAGAAGACCATCTTATAGAAAAATTTTGAATGATTTGTCTTC
TATTGAACAAGCTTGTGATATTTGTAGATTGAAAAAATTGAAATGTTCTA

AAGAAAAACCAAAATGTGCTAAATGTT TGAAAAATAATTGGGAATGTAGA

TATTCTCCAAAAACTAAAAGATCTCCATTGACTAGAGCTCATTTGACTGA

AGTTGAATCTAGATTGGAAAGATTGGAACAATTGTTTTTGTTGATTTTTC
CAAGAGAAGATTTGGATATGATTTTGAAAATGGATTCTTTGCAAGATATT
AAAGCTTTGTTGACTGGTTTGTTTGTTCAAGATAATGTTAATAAAGATGC
TGTTACTGATAGATTGGCTTCTGTTGAAACTGATATGCCATTGACTTTGA
GACAACATAGAATTTCTGCTACTTCTTCTTCTGAAGAATCTTCTAATAAA
GGTCAAAGACAATTGACTGTTTCTATTGATTCTGCTGCTCATCATGATAA
TTCTACTATTCCATTGGATTTTATGCCAAGAGATGCTTTGCATGGTTTTG
ATTGGTAA

The signal molecule promoter can be a native promoter in
the host cell. Suitable native promoters include without
limitation those involved in the yeast mating pathway (e.g.
FIG. 1 and Fus 1, FIG. 3, FIG. 2, FIG. 4). The signal
molecule promoter can be a synthetic promoter. Suitable
synthetic promoters include without limitation PGal4(5x),
which is described in greater detail elsewhere herein, and
contains five Gal4 binding sites and PLexA(4x), which is
described in greater detail elsewhere herein, and contains 4
LexA binding sites. In some embodiments, the synthetic
promoter can have a nucleotide sequence about 90% to
100% identical to any one of SEQ ID Nos: 54-56

PGal4 (5%x) : (The underlined ATG is the start codon)

SEQ ID: NO: 54
CCGAGCTCTTACGCGGGTCGAAGCGGAGTACTGTCCTCCGAGTGGAGTAC
TGTCCTCCGAGCGGAGTACTGTCCTCCGAGTCGAGGGT CGAAGCGGAGTA
CTGTCCTCCGAGTGGAGTACTGTCCTCCGAGCGGAGTACTGTCCTCCGAG
TCGACTCTAGAGGGTATATAATG

PLexA(4x) : (The underlined ATG is the start codon)

SEQ ID: NO: 55
CCGAGCTCTTACGCGGGTCGAAGTGCTGTATATACTCACAGCAAGTGGAG
TACTGTCCTCCGAGAACTGTATATACACCCAGGGAGTCGAGGGTCGAAGT
ACTGTATGAGCATACAGTAAGTGGAGTACTGTCCTCCGAGAACTGTATAT
AAATACAGTTAGTCGACTCTAGAGGGTATATAATG
(PCRE)

SEQ ID NO: 56
TCCTGGAAGTCTCATGGAGATTATACTTTATGCACCAGACAGTGACGTCA
GCTGCCAGATCCCATGGCCGTCATACTGTGACGTCTTTCAGACACCCCAT

TGACGTCAATGGGAGAACTTTAGTATCCGTTTAGCTAGTTAGTACCTTTG
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-continued

CACGGAAATGTATTAATTAGGAGTATATTGAGAAATAGCCGCCGACAAAA
AGGAAGTCTCATAAAAGTGTCTAACAGACAATTAGCGCAATAAGAAGAAA
GAAAACGGATTGAAGTTGAGT CGAGAATAATATGGCACCCAGAAAACGCT
TTAGGCTACTCGAATTAGGGTCACCAATG

In some embodiments, the promoter can be or include a
repressor element. In some embodiments the repressor can
consist of or include a sequence about 90% to about 100%
identical to SEQ ID NO: 57 and/or SEQ ID NO: 58.

(pGal4 (5x) repressor)

SEQ ID NO: 57
TCGACTCTAGAGGGTATATACCGAGCTCTTACGCGGGTCGAAGCGGAGTA

CTGTCCTCCGAGTGGAGTACTGTCCTCCGAGCGGAGTACTGTCCTCCGAG
TCGAGGGTCGAAGCGGAGTACTGTCCTCCGAGTGGAGTACTGTCCTCCGA
GCGGAGTACTGTCCTCCGAGGGATCCATG

(pLexA (4x) repressor)

SEQ ID NO: 58
CCGAGCTCTTACGCGGGTCGAAGTGCTGTATATACTCACAGCAAGTGGAG

TACTGTCCTCCGAGAACTGTATATACACCCAGGGAGTCGAGGGTCGAAGT
ACTGTATGAGCATACAGTAAGTGGAGTACTGTCCTCCGAGAACTGTATAT
AAATACAGTTAGTCGACTCTAGAGGGTATATAATGATG

The signal molecule promoter can be operatively coupled
to a signal molecule gene, which can encode a suitable
signal molecule. Suitable signal molecules include, without
limitation, a fluorescent protein, §-galactosidase protein, a
luciferase protein, and chloramphenicol acetyltransferase,
antibiotic resistance markers such as KanMX4, auxotrophic
genes such as His3, Ura3, TRp1, Leu2 which enable selec-
tions and counter selections, a biosynthetic gene or pathway
that results in the production of a colorimetric or fluorescent
compound, such as lycopene, indigo or violacein, a synthetic
RNA, a synthetic DNA or a ribozyme Suitable fluorescent
proteins include without limitations, green fluorescent pro-
teins and enhanced green fluorescent proteins, yellow fluo-
rescent proteins and enhanced yellow fluorescent proteins,
blue fluorescent proteins and enhanced blue fluorescent
proteins, cyan fluorescent proteins and enhanced cyan fluo-
rescent proteins, orange fluorescent proteins and enhanced
orange fluorescent proteins, and red fluorescent proteins and
enhanced red fluorescent proteins. Fluorescent proteins are
generally known in the art and are commercially available.
All of these are within the scope and spirit of the present
disclosure. The signal molecule gene can be codon opti-
mized for expression within the particular host cell. In some
embodiments, the signal molecule is a fast maturing signal
molecule.

Amplification Unit

As shown in FIGS. 2A and 2B, the GPCR-based chemical
biosensor 1000 can optionally contain an amplification unit
2000. The amplification unit 2000 can be configured to
directly (FIG. 2A) or indirectly (FIG. 2B) amplify the signal
generated by the response unit 1300. Generally, the ampli-
fication unit 2000 can act as a feed forward loop that
stimulates increased signal production from the response
unit 1300 when the response unit is biologically acted upon,
either directly or indirectly, by the processing unit 1200. In
short, the amplification unit can autoamplitfy the signal from
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the response unit 1300 in response to a chemical 1400
binding, unbinding, or otherwise interacting with the GPCR
of the sensing unit 1100.

As shown in FIG. 2A the amplification unit 2000 can be
configured to directly amplify the signal generated by the
response unit 1300. The amplification unit can contain an
amplification unit promoter that can be operatively coupled
to a transcription factor gene. The product(s) of the tran-
scription factor gene can be a suitable transcription factor. In
operation, the transcription factor stimulated by the process-
ing unit 1200 can bind the signal molecule gene promoter of
the sensing unit 1300 and the promoter of the amplification
unit 2000. The promoter of the amplification unit 2000 can
drive gene expression of a transcription factor that can bind
also bind or otherwise interact with the signal molecule
promoter of the response unit 1300 to drive gene expression
of the signal molecule and generate additional signal mol-
ecules in a feed forward fashion. Insofar as additional signal
molecules can be generated without additional input stimu-
lation from the sensing unit 1100, the signal from the
GPCR-based chemical biosensor can be amplified.

Suitable transcription factors produced by the amplifica-
tion unit 2000 can be any transcription factor configured to
bind or otherwise active the signal molecule gene promoter
of the response unit 1300 and generate an upregulation in
gene expression of the signal molecule gene. In some
embodiments, the transcription factor produced by the
amplification unit 2000 can be the same transcription factor
produced or stimulated by the processing unit 1200. In some
embodiments, the transcription factor produced by the
amplification unit 2000 can be Stel12, STF1, or STF2.

Suitable promoters for the amplification unit 2000 can
include native and synthetic promoters. The amplification
unit promoter can be a native promoter in the host cell.
Suitable native promoters include without limitation those
involved in the yeast mating pathway (e.g. FIG. 1 and Fus
1, FIG. 3, FIG. 4, FIG. 2). The amplification unit promoter
can be a synthetic promoter. Suitable synthetic promoters
include without limitation PGal4(5x), which is described in
greater detail elsewhere herein, and contains five Gal4
binding sites and PLexA(4x), which is described in greater
detail elsewhere herein, and contains 4 LexA binding sites.
In some embodiments, the synthetic promoter can have a
nucleotide sequence identical to any one of SEQ ID Nos:
54-56.

As shown in FIG. 2B, the optional amplification unit 2000
can indirectly amplify the signal generated by the GPCR-
based chemical biosensor. In these embodiments, the ampli-
fication unit 2000 can contain a first amplification unit
promoter operatively coupled to an intermediate activator
gene. The intermediate activator gene can encode for a
suitable intermediate molecule that is capable of binding a
second amplification unit promoter that is operatively
coupled to a transcription factor gene. Any promoter
described herein or any other native promoter can be used as
a promoter in the amplification unit. The promoter can be
operatively coupled to the transcription factor gene. The
second amplification unit promoter and the transcription
factor gene can be as described with respect to the ampli-
fication unit promoter and transcription factor gene and gene
product(s). Any promoter described herein or any other
native promoter can be used as a promoter in the amplifi-
cation unit. The promoter can be operatively coupled to the
transcription factor gene or intermediate activator gene.

In operation, the transcription factor produced by the
processing unit 1200 can bind or otherwise activate both the
signal molecule promoter of the response unit 1300 and the
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first amplification unit promoter. When the first amplifica-
tion unit promoter is activated, it can drive expression of the
intermediate activator gene and thus production of a suitable
intermediate activator molecule (e.g. another transcription
factor or other protein involved in up-regulation of genes,
particularly those that are part of the amplification unit). The
intermediate activator molecule can then bind or otherwise
activate the second amplification unit promoter and thus
stimulate production of a transcription factor that can bind or
otherwise interact with the signal molecule promoter of the
response unit 1300 to drive gene expression of the signal
molecule and generate additional signal molecules in a feed
forward fashion. Insofar as additional signal molecules can
be generated without additional input stimulation from the
sensing unit 1100, the signal from the GPCR-based chemical
biosensor can be amplified.

Host Cells

The sensing unit, processing unit, and/or the response unit
can be expressed or otherwise contained within a single host
cell. The host cell can be eukaryotic or prokaryotic. In some
embodiments, the host cell can be a mammalian cell, a
fungal cell, or a bacterial cell. In some embodiments, the
host cell is a yeast cell. Suitable yeast species for the host
cell include but are not limited to S. cerevisiae, Pichia
Pastoris, Saccharomyces Pombe. Suitable strains of S. cer-
evisiae include, but are not limited to the W303 strain
(ATCC), PPY62, PPY58, PPY140, and PPY161. The
GPCR-based chemical biosensors can be introduced into the
host cell via a single or multiple plasmid system or inte-
grated into the genome. The GPCR-based chemical biosen-
sor or can be stably or transiently expressed within the host
cell. In some embodiments, the host cell is different from a
producer cell (i.e., a cell that produces a chemical to be
detected by the GPCR-based chemical biosensor). The
GPCR-based chemical sensors can be used to evolutionary
engineer or high-throughput engineering chemical-produc-
ing microbes using medium-throughput methods (e.g.
96-well plate), or high-throughput methods (e.g. microflu-
idic chip).

Systems and Methods of Using the GPCR-Based Chemi-
cal Biosensors

Also described herein are systems and methods of using
the GPCR-based chemical biosensors. As described above,
the modular components of the GPCR-based chemical bio-
sensors can be expressed within a host cell (also referred to
herein as a sensor cell or sensor strain). The host cell can
then be used in a method to sense a chemical (which
includes proteins) of interest. The method can include incu-
bating a host cell containing a GPCR-based chemical bio-
sensor as described herein in a solution or environment
containing a sample, a cell, or other composition to be
analyzed for a period of time. After the period of time, a
suitable assay or other suitable measurement technique can
be performed to measure the amount of signal molecule
produced by the GPCR-based chemical biosensor. One of
skill in the art will appreciate that the particular assays or
measurement technique used will depend on the type of
signaling molecule produced. Suitable assays and measure-
ment techniques include, but are not limited to, flow cytom-
etry, FACS, luciferase assays (single and dual), -galacto-
sidase assays, microtiter plate reader, and CAT assays,
antibiotic selection, auxotrophic forward and counter selec-
tion. Other assays and techniques will be readily appreciated
by those of ordinary skill in the art.

In some embodiments, the sensor cell or strain can be
used to detect a medium chain fatty acid in a sample. In other
embodiments, the sensor strain can be used to detect pro-
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duction of a desired chemical (which includes proteins) such
as a medium chain fatty acid, from a producer cell. These
can be accomplished in a low-throughput or medium
through-put fashion. As shown in FIG. 3, producing strains
can be analyzed in a medium through put fashion by
arraying different producing strains in a multi-well plate,
incubating the producing strains for a first period of time to
allow for generation of a chemical product from the pro-
ducing strain(s).

After the first period of time, a sensor cell(s) can be added
to the wells as desired and incubated for a second period of
time to allow for interaction, such as binding, between the
chemical produced by the producer cell in each well and the
GPRC of sensor cell present in the same well. The second
period of time can be an amount of time sufficient for
biosensor production. The second period of time can range
from about 0 to about 96 hours, about 96 to about 72 hours,
about 72 to about 60 hours, about 60 hours to about 48
hours, about 48 hours to about 36 hours, about 36 hours to
about 24 hours, about 24 hours to about 12 hours, about 12
hours to about 6 hours, about 4 hours to about 6 hours, about
2 hours to 4 hours, and about 0 to about 2 hours. In some
embodiments, particularly those when a fast maturing sig-
naling molecule is used, the second period of time can range
from about 0 hours to about 3 hours. In other embodiments,
the second period of time can be about 4 hours. In further
embodiments, the second period of time can be about 1 hour.

After the second period of time, a suitable assay or
measurement technique can be performed to measure the
amount of signal molecule produced from each well. This
can allow for determining which producing cells produced
the chemical of interest. In embodiments, where the signal
measurement assay/technique can allow for quantification of
the amount of signal produced, it can be determined which
producing cells produced the most chemical. Such tech-
niques that can allow for quantification include flow cytom-
etry, FACS, luciferase assays, 3-galactosidase assays, micro-
titer plate reader, antibiotic selection, auxotrophic forward
and counter selection and CAT assays. Others will be
appreciated by those of skill in the art. In this way, one can
select which producing strain is desired based on the deter-
mination of their ability to produce (or not produce) a
particular chemical.

In some embodiments, the sensor cells as described herein
can be used in any of the methods previously described to
detect a fatty acid. In some embodiments, the fatty acid is a
medium chain fatty acid. In some embodiments, the medium
chain fatty acid is a C10 fatty acid. In some embodiments,
the GPCR-based chemical biosensor or assay using the
GPCR-based chemical biosensor can have a linear range of
detection of up to about 250 uM. The GPCR-based chemical
biosensor can have a linear detection range of about 500 uM
or greater. In some embodiments, the linear detection range
can be from about 0 to 1M or any range within that. In some
embodiments, the GPCR-based chemical biosensor or assay
using the GPCR-based chemical biosensor can have a linear
range of detection of up to about 500 uM. In some embodi-
ments, the GPCR-based chemical biosensor or assay using
the GPCR-based chemical biosensor can have a linear
detection range of about 34 puM to about 250 puM. The
GPCR-based chemical biosensor or assay using the GPCR-
based chemical biosensor can have a linear detection range
of about 110 uM to about 500 pM. The dynamic range of the
GPCR-based chemical biosensor or assay using the GPCR-
based chemical biosensor can range from about 4 to about
68. The dynamic range is the ratio of the highest fluores-
cence obtained by the sensor in the presence vs. the absence
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of the chemical. It will be appreciated that the linear and
dynamic range can be customized based on the configuration
sensor unit, response unit, processing unit, and amplification
unit, both individually and collectively as a system.

EXAMPLES

Now having described the embodiments of the present
disclosure, in general, the following Examples describe
some additional embodiments of the present disclosure.
While embodiments of the present disclosure are described
in connection with the following examples and the corre-
sponding text and figures, there is no intent to limit embodi-
ments of the present disclosure to this description. On the
contrary, the intent is to cover all alternatives, modifications,
and equivalents included within the spirit and scope of
embodiments of the present disclosure.

Example 1: GPCR-Based Biosensors to Detect
Medium Chain Fatty Acids

To rapidly construct chemical biosensors, GPCRs were
exploited as the sensing unit. GPCRs can bind a large variety
of chemicals from biogenic amines and carbohydrates to
lipids and odors. GPCR-based chemical sensors have been
previously engineered in the yeast Saccharomyces cerevi-
siae, as this organism is amenable to heterologous GPCR
expression. Although in the 1990s and 2000s GPCRs were
commonly coupled to the yeast mating pathway to discover
new ligands for known GPCRs, since then GPCR-based
chemical sensing in yeast has been limited. Four main
obstacles have hindered GPCR-based sensing in yeast: 1)
the unsystematic expression of functional heterologous
GPCRs on the yeast cell surface; 2) the unreliable coupling
of heterologous GPCRs to the yeast mating pathway; 3) the
poor functional expression of mammalian GPCRs; particu-
larly olfactory GPCRs, such that only two olfactory recep-
tors (rat ORI7 and human OR17-40) have been functionally
expressed in yeast and have been used as the scaffold to
express the ligand binding domain of other olfactory recep-
tors (ORL829, ORL451, MOR226-1); and 4) the weak
signal strength of the biosensor.

Here, GPCR codon optimization and the use of a wide
array of yeast promoters and plasmids were used 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 (transcription factor/promoter/
reporter gene) can be mixed and matched to predictably
generate chemical sensors (see e.g. FIGS. 1, 2, 7, 12, and
18).

In this Example, the rapid construction of GPCR-based
yeast sensors to detect saturated medium-chain fatty acids is
demonstrated. Fatty acids are the immediate precursors to
the advanced biofuels fatty acid methyl esters (FAMEs),
which can serve as a “drop in” replacement for D2 diesel.
FAMESs derived from medium-chain fatty acids (C8-C12)
have better cold properties than traditional canola oil-de-
rived (C16-C22) FAMEs. Microbial production of medium-
chain fatty acids is a challenging problem both in S. cerevi-
siae and Escherichia coli, with titers reaching less than 100
mg/L, a stark contrast to the titers reached for C16-C18 in
E. coli (5 g/L) and S. cerevisiae (400 mg/L).

A medium-chain fatty acid sensor could be used for the
engineering of microbes with improved medium-chain fatty
acid production or the detection of medium-chain fatty acids
in a sample. In this Example, the signal after activation of
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the endogenous Ste2/a-factor was measured 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, two GPCRs known to bind
fatty acids in mammalian cells were each coupled to the
yeast mating pathway to form two separate systems. 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.

To engineer a GPCR-based chemical sensor strain, two
genes in the yeast mating pathway were deleted to avoid cell
cycle arrest (farl) and reduce the spontaneous rate of GPCR
inactivation upon chemical sensing (sst2). Next, the
dynamic range of the endogenous GPCR-based sensor
(Ste2/a-factor) was determined using the mating pathway-
dependent transcription factor Stel2, which upregulates
mating pathway genes (FIG. 4). The response of the Ste2/
a-factor sensor using GFP under control of two mating
pathway promoters (P, and P.,;,) from either a single-
copy (s) or a multi-copy (m) reporter plasmids (FIG. 5) was
observed. 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 Pr,,5, and Pg;, from a multi-copy plasmid
was observed to be 24- and 68-fold, respectively (P-value
0.009) (FIG. 6). The maximum x-fold increase in signal after
activation for P, and P, from a single-copy plasmid
was 20- and 40-fold, respectively, (P-value 0.014). The
maximum x-fold increase in signal activation from Pg,,,-
GFP (s) and Pg,,,-GFP (m) was statistically significant
(P-value 0.009).

To generate a sensor to detect medium-chain fatty acids
Ste2 in the modified yeast strain having deletion of Farl and
Sst2 was replaced with a GPCR known to bind medium-
chain fatty acids in mammalian cells and coupled it to the
yeast mating pathway with Pg,;,-GFP as the reporter plas-
mid, which resulted in GFP fluorescence upon medium-
chain fatty acid addition (FIG. 7). The GPCRs tested were
the olfactory receptor OR1G1 (Sanz, G., Schlegel, C.,
Pernollet, J. C., and Briand, L. (2005) Comparison of
odorant specificity of two human olfactory receptors from
different phylogenetic classes and evidence for antagonism,
Chemical Senses 30, 69-80) and the free fatty acid receptor
GPR40 (Itoh, Y., et al. (2003) Free fatty acids regulate
insulin secretion from pancreatic beta cells through GPR40,
Nature 422, 173-176). First, OR1G1 and GPR40 sensing of
even, medium-chain saturated fatty acids (C8-C16) using
Prci-GFP(m) was tested. A reliable signal after fatty acid
addition was not observed (FIGS. 23 and 24). Hypothesizing
that the large standard deviation of P,;,-GFP(m) contrib-
uted to the inability to detect medium-chain fatty acids,
Pr;61-GFP(s) was tested as the reporter plasmid. Using
Pzrc:1-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 (FIGS. 8-9).
Using P,;,-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, respec-
tively (FIGS. 10-11). It was also explored whether the
OR1G1-based sensor signal could be improved by express-
ing the OR1G1 from a single-copy (s) rather than a multi-
copy (m) plasmid. Results are demonstrated in FIG. 25.
OR1G1(m) and OR1G1(s) were observed to have similar
increases in signal after activation with 500 uM decanoic
acid.
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The OR1G1-based sensor signal modification was carried
out by using i) the mammalian olfactory G,, subunit (G,
that normally couples to OR1G1 instead of the yeast G
(GPA1) and ii) a hybrid G, subunit composed of GPAl
carrying the five C-terminal amino acids from G,,—both
strategies having been previously successful to link GPCR
sensing to the yeast mating pathway. Results are demon-
strated in FIG. 26. G, subunit engineering did not signifi-
cantly alter the OR1Gl-based sensor signal. Using the
chromosomal GPA1 resulted in the greatest increase in
signal after activation above 250 uM decanoic acid.

To confirm that the medium-chain fatty acids were sig-
nalling via the GPCR sensing unit and not through a
different cellular mechanism, the chemical sensor strain in
the presence and absence of the GPCRs and either 0 or 500
UM decanoic acid was tested (FIG. 12). An increase in GFP
fluorescence was only observed in the presence of both 500
UM decanoic acid and either OR1G1 (P-value<0.001) or
GPR40 (P-value<0.001) (FIG. 13).

To demonstrate that the chemical signal was transmitted
via the yeast mating pathway, the mating pathway transcrip-
tion factor Stel2 was deleted. The sensor strain having the
three deletions (Far 1, Sst2, and Ste12) was then tested in the
presence and absence of the GPCRs and either O or 500 uM
decanoic acid. There was no observable increase in GFP
fluorescence in the absence of Stel2 and the presence of
both GPCR and 500 pM decanoic acid (FIG. 14). Interest-
ingly, deletion of Stel2 was observed to produce greater
overall GFP background fluorescence, which can be attrib-
uted to transcription factors other than Stel2, such as the
TATA box binding protein, binding to the pheromone
response elements in Pg;,,-GFP(s). Taken together, these
data demonstrate that decanoic acid is sensed by the heter-
ologous 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 the ability of the sensors to
detect saturated C8, C10 and C12 fatty aldehydes, important
targets for the perfume industry, 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 was tested. Results for OR1G1-based sensors are
demonstrated in FIGS. 15A-15C. Results for GPR40-sen-
sors are demonstrated in FIGS. 16A-16C. 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 pM and C12 aldehyde at
250 uM, both with a 3-fold increase in signal after activa-
tion, 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 demonstrate
that the OR1G1- and GPR40-based sensors are specific to
medium chain fatty acids.

Example 2: GPCR-Based Biosensors Containing a
Synthetic Response Unit

The biosensors of Example 1 were modified by introduc-
ing 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. To improve the
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biosensor response to medium-chain fatty acids, the endog-
enous mating pathway transcription factor Stel2, which
activates more than 100 mating pathway genes, was
bypassed.

To engineer a system in which medium-chain fatty acid
sensing would trigger only GFP transcription, Stel2 was
replaced in the yeast strain carrying deletions of Ste2, Sst2,
and Farl with one of two synthetic transcription factors
(STFs): 1) STF1, which is composed of the Stel2 phospho-
rylation domain and the Gal4 activation and DNA binding
domains (Pi, H. W., Chien, C. T., and Fields, S. (1997)
Transcriptional activation upon pheromone stimulation
mediated by a small domain of Saccharomyces cerevisiae
Stel2p, Mol Cell Biol 17, 6410-6418) and 2) STF2, which
is composed of the Stel2 phosphorylation domain, the
synthetic B42 activation domain and the bacterial LexA
DNA binding domain (Golemis, E. A., and Brent, R. (1992)
Fused Protein Domains Inhibit DNA-Binding by Lexa, Mo/
Cell Biol 12,3006-3014 and Peralta-Yahya, P., Carter, B. T.,
Lin, H. N., Tao, H. Y., and Comish, V. W. (2008) High-
Throughput Selection for Cellulase Catalysts Using Chemi-
cal Complementation, J Am Chem Soc 130, 17446-17452).
STF1 can activate transcription of GFP placed under control
of a synthetic minimal promoter carrying five Gal4 DNA
binding sites (P usx))- STF2 activates transcription of
GFP placed under control of a synthetic minimal promoter
carrying four lexA DNA binding sites (P,,.x)) (FIGS. 17
and 18).

Under glucose conditions, STF1 triggers only P s,
GFP expression as endogenous galactose promoters are
repressed by Migl. STF2 triggers only expression of
P ra0ax)-GFP as lexA binding sites are of prokaryotic origin
and orthogonal to the yeast machinery. Coupling of the
STF1/Pg,4¢5x)-GFP response unit to the OR1G1 based-
sensor resulted in a 30-fold increase in signal after activation
in the presence of 800 uM decanoic acid (FIGS. 19 and 20),
which is almost a 200% improvement over the Stel12/P ;s -
GFP(s) response unit (Example 1). Further, the OR1G1
based-sensor coupled to the STF1/Pg,4(s.)-GFP response
unit also was observed to have an improved linear range,
reaching to 500 uM decanoic acid when compared to the
OR1G1 based-sensor coupled to the Stel2/P,;,-GFP(s)
response unit, in which linear range plateaued at 250 uM
decanoic acid. Coupling of the STF2/P;,, 4uy-GFP
response unit to the OR1G1 based-sensor resulted in only a
7-fold increase in signal after activation in the presence of
800 uM decanoic acid. Coupling of the STF1/P;,,145,,-GFP
response unit to the GPR40 based-sensor unit resulted in a
28-fold increase in signal after activation in the presence of
500 pM decanoic
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acid (FIGS. 21-22), though this increase was not statistically
significant when compared to coupling the Stel2/P.,,-
GFP(s) response unit to the GPR40-based sensor (25-fold
increase). Coupling the GPR40 based-sensor to STF2/
P, r10x) showed only a 4-fold increase in GFP expression
upon decanoic acid exposure.

Example 3: Determining the Dynamic Range of
GPCRs of Examples 1 and 2

The linear and dynamic range and linear range, binding
affinity and sensitivity of the sensors was evaluated to
determine their utility in chemical screening applications.
This is believed to be 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 non-endogenous chemicals. The rapid
generation of non-invasive chemical sensors such as the
ones presented in this work will be important to the future
engineering of chemical-producing microbes.

Dose response curves of the GPCR-based sensors in the
presence of fatty acids were fitted to the Hill equation (Table
1). 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
OR1Gl1-based sensor, changing the response unit from
Ste12/Pry,-GFP(s) to STF1/P ;,14¢5.-GFP was observed to
improve the dynamic range from a 17- to a 30-fold increase,
change the linear range from 34-250 pM to 110-500 pM, and
increase the K,, from 65 uM to 248 uM. Further, the
sensitivity of the response to decanoic acid was also
observed to increase 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/Pzyq,-GFP(s) to STF1/P ;5.
GFP did not result in a statistically significant change in
dynamic range, but was observed to change the linear range
from 36-100 uM to 47-250 uM and increase the K, , from 69
UM to 114 uM. 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. This
can be a significant advantage over the modular GPCR
system described herein over currently available single
component sensor. Sensors with different dynamic and lin-
ear ranges may be useful to different applications. For
example, when the engineering of a chemical producing
microbe is optimized, it can be desirable to have a sensor for
different production levels, i.e. one sensor with a linear
range from 10-100 uM, another one from 100 to 500 uM,
etc.

TABLE 1
GFP Hill
Reporter max Dynamic Linear Kir  coeff.
Strain  plasmid GPCR TF Chemical (AU) range range (uM) (n)
W303  Prgy- Ste2 Stel2 a factor 2314 40 850 oM  0.03 1.7
Afarl,  GFP(s)
Asst2 Prysi- Ste2 Stel2 a factor 4565 20 2-25 nM 002 1.1
GFP(s)
Prysi- Ste2 Stel2 a factor 20525 24 5-25 nM 002 1.8
GFP(m)
Prigi- Ste2 Stel2 a factor 7566 68 4-25 nM 002 14
GFP(m)
W303  Prgy- OR1G1 Stel2 C8 acid 239 13 19-250 pM 230 1.5
Afarl,  GFP(s) OR1G1 Stel2 C10 acid 308 17 34-250 M 65 2.25
Asst2 OR1G1 Stel2 C12 acid 233 13 1-250 uM - 50 0.85
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TABLE 1-continued
GFP Hill
Reporter max Dynamic Linear Kir  coeff.
Strain  plasmid GPCR TF Chemical (AU) range range (uM) (n)
Aste2 Prigi- GPR40 Stel2 C8 acid 197 14 36-250 pM 162 2.25
GFP(s) GPR40 Stel2 C10 acid 339 25 36-100 pM 69 4.1
GPR40  Stel2 Cl12 acid 222 16 2-250 M 148 0.7
W303  Pguusy ORIGL STF1 ClOacid 1126 30 110-500 pM 248 3.2
Afarl, GFP(m) GPR40 STF1 C10 acid 573 28 47-250 yM 114 3
Asst2,  Prsux- ORIGL STF2 CIO acid 405 7 2100 pM 69 0.62
Aste2,  GFP(m) GPR40 STF2 C10 acid 501 4 4-100 pM 62 0.77
Astel2
In Table 1: “Dose response curves were fitted to the Hill {5 simply existing microbial deletion collections, such as those

equation to derive the biosensor transfer functions from
which the performance features were obtained. TF: tran-
scription 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 fluores-
cence 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.

The ability of the OR1G1-GPRC-based biosensors to
detect medium-chain fatty acids, such as decanoic acid,
contain within a mixture of other fatty acids was evaluated.
The results are shown in FIG. 27. The inability for the
OR1G1-GPRC-based biosensor to detect decanoic acid in a
mixture with C14 and C16 acids may be due to the toxicity
of fatty acids to cell growth (see FIGS. 28A-28C). Trans-
forming decanoic acid concentration to titers, the OR1G1-
sensor coupled to the Ste12/P,;,-GFP(s) response unit can
detect decanoic acid titers from about 6 to about 43 mg/L.
The OR1G1-based sensor coupled to the STF1/P g, s,
GFP response unit to detect decanoic acid titers from about
19 to about 86 mg/l.. Since extracellular decanoic acid
production in E. coli is about 80 mg/L. (Choi, Y. J., and Lee,
S. Y. (2013) Microbial production of short-chain alkanes,
Nature 502, 571-574) and S. cerevisiae’s is about 3 mg/L
(Leber, C., and Da Silva, N. A. (2014) Engineering of
Saccharomyces cerevisiae for the Synthesis of Short Chain
Fatty Acids, Biotechnol Bioeng 111, 347-358) the OR1G1
sensor has the appropriate linear range to screen for
decanoic acid-producing for microbes with increased titers.
In another application, the sensors can be used as a systems
biology tools to interrogate less engineered strains for alter-
native routes to increase fatty acid production in a medium-
throughput fashion (10° samples/day). Such a throughput
would allow the screening of entire transposon libraries, or
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from S. cerevisiae or E. coli for the discovery of novel
regulatory elements that affect the decanoic acid production.

Example 4: Experimental Methods for Examples
1-3

Yeast Strain Construction.

The yeast haploid strain W303 (MATa, leu2-3, 112 trp1-1
canl-100 ura3-1 ade2-1 his3-11,15) was used in this study.
The open reading frames (ORF) of Farl, Sst2, Ste2, and
Ste12 were deleted using Delitto perfetto (Storici, F., Lewis,
L. K. & Resnick, M. A. In vivo site-directed mutagenesis
using oligonucleotides. Nature biotechnology 19, 773-776,
(2001) and Stuckey, S. & Storici, F. Gene Knockouts, in vivo
Site-Directed Mutagenesis and Other Modifications Using
the Delitto Perfetto System in Saccharomyces cerevisiae.
Method Enzymol 533,103-131, (2013)). For all deletions the
core cassette CORE-I-Scel containing the I-Scel gene under
control of the inducible P, ;, promoter, as well as the
hygromycin resistant maker and a counter selectable K.
lactis URA3 marker gene were used. For W303 Afarl, the
core cassette was amplified from pGSHU with primers
KM1/KM2 and used to delete the Farl ORF. The cassette
was subsequently popped out using primers KM7/KM8 to
create strain PPY62. For W303 Afarl, Asst2, the core
cassette was amplified from pGSHU with primers KM9/
KM10 and used to delete the Sst2 ORF in PPY62. The
cassette was subsequently popped out using primers KM13/
KM14 to create strain PPY58. For W303 Afarl, Asst2,
Aste2, the core cassette was amplified from pGSHU with
primers KM59/KM60 and used to delete the Ste2 ORF in
PPY58. The cassette was subsequently popped out using
primers KM61/KM62 to create strain PPY140. For W303
Afarl, Asst2, Aste2, Astel2, KanMX4 was amplified from
pFA6a-KanMX4 with primers KM49/KMS50 and used to
delete the Stel2 ORF in PPY140 to create strain PPY161.
Some yeast strains and plasmids used are listed in Table 2.
Note-I combined Table 1 from the ACS Synthetic biology
2014 paper with the Table provided in the Supplement of the
ACS Synthetic biology 2014 paper in Table 2 below.

TABLE 2

Plasmids and Yeast Strains

Plasmid/base Reference

strain where where
Strain # applicable Description applicable
PPY39 pESC-Leu2 pESC-Leu2, Psans Poario Agilent
PPY34 pESC-His3 pESC-His3, Psui> Poanio Agilent
PPY15 pRS415-Leu2 YE-type (episomal) shuttle vector ATCC
PPY13 pRS413-His3 YE-type (episomal) shuttle vector ATCC
PPY38 pGFP Enhanced GFP Storici’s Lab
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TABLE 2-continued

Plasmids and Yeast Strains

Plasmid/base Reference
strain where where
Strain # applicable Description applicable
PPY43 pKM43 pESC-Leu2-P 5, -GFP This study
PPY96 pKM96 pESC-Leu2-P,, -GFP This study
PPY97 pKM97 PESC-Leu2-P g, -GFP This study
PPY111 pKMI111 PESC-His3-Prz71-Ppap This study
PPY144 pKM144 PESC-His3-P rz71-P 4pz1-STF1 This study
PPY150 pSTF1 Commercially synthesized Gal4 .- Pi et al®
Stel12(P)-Galdppp
PPY185 pORIG1 Commercially synthesized GPCR OR1G1 This study
codon optimized for S. cerevisiae
PPY194 pSTF2 Commercially synthesized B42 ;.- This study
Stel12(P)-LexApzp
PPY269 pKM269 pESC-His3-P1z7-OR1G1- Pz This study
PPY282 pGPR40 commercially synthesized GPCR GPR40 This study
codon optimized for S. cerevisiae
PPY389 pKM389 pRS415-Leu2-Pg,,-GFP This study
PPY469 pKM469 PESC-His3-P 7z7-GPR40- P ppy This study
PPY470 pG, commercially synthesized G, sequence
PPY513 pKM513 PESC-His3-P7z7-OR1G1- P 117 -G This study
PPY528 pKM3528 PESC-Leu2-P g, us,-GFP This study
PPY566 pFA6a-KanMX4 G418 resistant gene (KanMx4) Storici’s Lab
PPY571 pGSHU CORE-I-Scel cassette including the I-Scel ~ Storici’s Lab
gene under the inducible GAL1 promoter,
the hygromycin resistant gene and counter
selectable KIURA3 marker gene
PPY586 pKM3586 PRS415-Leu2-Pr;, -GFP (s) This study
PPY595 pKM395 PESC-His3-P 7z7-OR1G1-P 455z, -STF1 This study
PPY637 pGALA4(5x) Commercially synthesized minimal This study
promoter with five GAL4 DNA binding sites
PPY651 pKM651 PESC-His3-P7z7-OR1GI1- P ;5,;7-Gpal-G,;e This study
PPY684 pKM684 pRS413-His3-P 7, ,-OR1G1 This study
PPY685 pKM685 pESC-His3-P 7z7-GPR40-P 4y, -STF1 This study
PPY686 pKM686 PpRS413-His3-P 7z -OR1G1- P45 - Gpal-  This study
G,
PPY690 pLexA Corj;mercially synthesized LexA DNA This study
binding sites
PPY712 pKM712 PESC-Leu2-P; 4axyGFP This study
PPY727 pKM727 pESC-His3- Pyzz-OR1G1-P 17y -STE2 This study
PPY728 pKM728 pESC-His3-P 1z7-GPRA0-P 4y, -STE2 This study
PPY11 W303 MATa, leu2-3, trpl-1, canl-100, ura3-1, ATCC
ade2-1, his3-11
PPY62 PPYI11 Afarl This study
PPY58 PPY11 Afarl, Asst2 This study
PPY140 PPY11 Afarl, Asst2, Aste2 This study
PPY161 PPY 11 Afarl, Asst2, Aste2, Astel2 This study
PPY638 PPY 58 pESC-Leu2-PFus1-GFP This study
PPY639 PPYS58 pESC-Leu2-PFigl-GFP This study
PPY640 PPY 58 pRS415-Leu2-PFus1-GFP This study
PPY641 PPY 58 pRS415-Leu2-PFigl-GFP This study
PPY653 PPY 58 pESC-Leu2 This study
PPY654 PPY 58 pRS415-Leu2 This study
PPY643 PPY140 pESC-His3-PTEF1-OR1G1, pRS415- This study
Leu2-PFigl-GFP
PPY644 PPY140 pESC-His3-PTEF1-GPR40, pRS415-Leu2-  This study
PFigl-GFP
PPY912 PPY140 pRS13-His3-PTEF1-OR1G1, pRS415- This study
Leu2-PFigl-GFP
PPY913 PPY140 pESC-His3-PTEF1-OR1G1-PADH1-Golf, This study
pRS415-Leu2-
PFigl-GFP
PPY914 PPY140 pESC-His3-PTEF1-OR1G1-PADHI- This study
GPA1-Golf, pRS415-
Leu2-PFigl-GFP
PPY915 PPY140 pRS13-His3-PTEF1-OR1G1-PADHI- This study
GPA1-Golf, pRS415-
Leu2-PFigl-GFP
PPY656 PPY140 pESC-His3, pRS415-Leu2 This study
PPY916 PPY140 pRS13-His3, pRS415-Leu2 This study
PPY794 PPY140 pESC-His3, pRS415-Leu2-PFigl-GFP This study
PPY795 PPY161 pESC-His3-PTEF1-OR1G1, pRS415- This study
Leu2-PFigl-GFP
PPY832 PPY161 pESC-His3-PTEF1-GPR40, pRS415-Leu2-  This study
PFigl-GFP
PPY657 PPY161 pESC-His3, pESC-Leu2 This study
PPY833 PPY161 pESC-His3, pRS415-Leu2-PFigl-GFP This study

30
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TABLE 2-continued

32

Plasmids and Yeast Strains

Plasmid/base Reference
strain where where
Strain # applicable Description applicable
PPY661 PPY161 pESC-His3-PTEF1-OR1G1-PADH1-STF1,  This study
pESC-Leu2-
PGal4(5x)-GFP
PPY818 PPY161 pESC-His3-PTEF1-OR1G1-PADHI1-STF2,  This study
pESC-Leu2-
PLexA(4x)-GFP
PPY796 PPY161 pESC-His3-PTEF1-GPR40-PADH1-STF1,  This study
pESC-Leu2,
PGal4(5x)-GFP
PPY819 PPY161 pESC-His3-PTEF1-GPR40-PADH1-STF2,  This study

pESC-Leu2-
PLexA(4x)-GFP

Vector Construction.

Enhanced GFP was amplified from pEGFP using primers
KM19/KM20 and cloned under P, in pESC-Leu2 at
BamHI/HindIII to create pESC-Leu2-P.,;,-GFP (pKM43).
To construct pESC-Leu2-P,,,.,-GFP (pKM96) and pESC-
Leu2-P,,,-GFP (pKM97), the Fus1 and FIG. 1 promoters
were amplified from the W303 genome using primers
KMI15/KM56 and KM54/KMS55, respectively. The Fus1 and
Figl promoters were cloned into pKM43 at Notl/BamHI. To
construct pRS415-Leu2-P, ., -GFP (pKM389) and pRS415-
Leu2-Pg,,,-GFP (pKM586), P, -GFP and P, ,-GFP were
amplified from the pKM96 or pKM97 using primers
KM159/KM160 or KMI185/KM186 and cloned into
pRS415-Leu2 at HindIIl/BamHI. To construct pESC-His3-
Prn-Pia (PKM111), the Tefl and Adhl promoters were
amplified from the W303 yeast genome using primers
KM27/KM28 and KM23/24, respectively, and cloned into
pESC-His3 at BamHI/Notl using SLIC (Li, M. Z. &
Elledge, S. J. Harnessing homologous recombination in
vitro to generate recombinant DNA via SLIC. Nature meth-
ods 4, 251-256, (2007)). To construct pESC-His3-Py,,-
GPR40-P,,;,, (pKM469), GPR40 was amplified from
pGPR40 using primers SB89/SB90 and cloned into pKM111
at BamHI/Sacll. To construct pESC-His3-P4-OR1G1-
P,s (PKM269), OR1G1 was amplified from pOR1G1
using primers SB3/SB4 and cloned into pKM111 at BamHI/
Sacll. To construct pRS413-His3-P,,,-OR1G1 (pKM684)
P,,-OR1G1 was amplified from pKM269 using primers
KM251/KM252 and cloned in pRS413-His3 between Notl/
BamHI. To construct pESC-His3-P;,,-OR1G1-P ;.-G
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(PKM513) G, was amplified from pG,; using primers
KM245/KM246 and cloned in pKM269 at Notl/Spel. To
construct pESC-His3-P 4 -OR1G1-P ;,, -Gpal-Golf
(pKM651) GPA1 was amplified from W303 genomic DNA
using primers KM191/KM192 and cloned in pKM269 at
Notl/Spel. To construct pRS413-His3-P,,-OR1G1-P 4, -
Gpal-Golf (pKM686) Py, ,-OR1G1-P 4, -Gpal-G,, was
amplified from pKM651 using primers KM193/KM 194 and
cloned in pRS413 at Notl/BamHI. To construct pESC-His3-
PPy -STF1 (pKM144), STF1 was amplified from
pSTF1 wusing primers KM43/KM44 and cloned into
pKMI111 at Notl/Spel. To construct pESC-His3-Py,-
OR1G1-P,;,,-STF1 (pKM595) STF1 was amplified from
pKM144 using primers KM189/KM190 and cloned in
pKM269 at Notl/Spel. To construct pESC-Leu2-P ;5.
GFP (PPY528), five Gal4 binding sites were amplified from
pGal4(5x) using primers KM187/KM188 and cloned into
pBESC-Leu2 at BamHI/Notl. To construct pESC-His3-Py, -
GPR40-P ,,,-STF1 (pKM685) STF1 was amplified from
pKM144 using primers KM189/190 and cloned in pKM469
at Notl/Spel. To construct pESC-His3-P,,4-OR1G1-P ;-
STF2 (pKM727) STF2 was amplified from pSTF2 using
primers KM197/KM198 and cloned in pKM269 at Notl/
Spel. To construct pESC-His3-P,,-GPR40-P  ,,-STF2
(pKM728) STF2 was amplified from pSTF2 using primers
KM197/KM198 and cloned in pKM269 at Notl/Spel. To
construct pESC-Leu2-P; . 4., GFP (pKM712) pLexA was
amplified from pLexA using primers KM195/KM196 and
cloned in pPKM43 at Notl/BamHI. A list of primers and their
sequences are shown in Table 3.

TABLE 3
SEQ ID
NO: Name Sequence

1 KM1 GTCTATAGATCCACTGGAAAGCTTCGTGGGCGTAAGAAGGCAAT
CTATTATAGGGATAACAGGGTAATTTCGTACGCTGCAGGTCGAC

2 KM2 AAAAAAGGAAAAGCAAAAGCCTCGAAATACGGGCCTCGATTCCC
GAACTACCGCGCGTTGGCCGATTCAT

3 KM7 CCACTGGAAAGCTTCGTGGGCGTAAGAAGGCAATCTATTATAGT
TCGGGAATCGAGGCCCGTATTTCGAGGCTTTTGCTT

4 KM8 AAGCAAAAGCCTCGAAATACGGGCCTCGATTCCCGAACTATAAT
AGATTGCCTTCTTACGCCCACGAAGCTTTCCAGTGG

5 KM9 TATCTGAGGCGTTATAGGT TCAATTTGGTAATTAAAGATAGAGTT

GTAAGTAGGGATAACAGGGTAATTTCGTACGCTGCAGGTCGAC
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TABLE 3-continued

SEQ ID
NO: Name Sequence
6 KM10 AGGACTGTTTGTGCAATTGTACCTGAAGATGAGTAAGACTCTCAA
TGAAACCGCGCGTTGGCCGATTCAT
7 KM13 GTTATAGGTTCAATTTGGTAATTAAAGATAGAGTTGTAAGTTTCAT
TGAGAGTCTTACTCATCTTCAGGTACAATTGCAC
8 KMl14 GTGCAATTGTACCTGAAGATGAGTAAGACTCTCAATGAAACTTAC
AACTCTATCTTTAATTACCAAATTGAACCTATAAC
9 KM19 CGTCAAGGAGAAAAAACCCCGGATCCATGGTGAGCAAGGGCGA
GGA
10 KM20 TCTTAGCTAGCCGCGGTACCAAGCTTTTACTTGTACAGCTCGTC
CA
11 KM15 TGTAATCCATCGATACTAGTGCGGCCGCACGATGATTCAGTTCG
CCTT
12 KM23 TGTAATCCATCGATACTAGTGCGGCCGCTGTATATGAGATAGTT
GATT
13 KM24 TTTTGAAGCTATGGTGTGTGATCCTTTTGTTGTTTCCGGG
14 KM27 CCTATAGTGAGTCGTATTACGGATCCTTTGTAATTAAAACTTAGAT
15 KM28 AGCTAGCCGCGGTACCAAGC
16 KM43 AATCAACTATCTCATATACAGCGGCCGCATGAAGCTACTGTCTTC
TAT
17 KM44 CATCCTTGTAATCCATCGATACTAGTTTAGAACCCATTATTGTTGG
18 KM49 CTTTTATAGCGGAACCGCTTTCTTTATTTGAATTGTCTTGTTCACC
AAGGATGGGTAAGGAAAAGACTCA
19 KM50 CTGGCCCGCATTTTTAATTCTTGTATCATAAATTCAAAAATTATAT
TATATTAGAAAAACTCATCGAGCA
20 KM54 TGTAATCCATCGATACTAGTGCGGCCGCATCACCCTGCATTGCC
TCTT
21 KM55 TCCTCGCCCTTGCTCACCATGGATCCTTTTTTTTTTTTTTTTTTGT
22 KM56 TCCTCGCCCTTGCTCACCATGGATCCTTTGATTTTCAGAAACTTGA
23 KM59 AATTGGTTACTTAAAAATGCACCGTTAAGAACCATATCCAAGAAT
CAAAATAGGGATAACAGGGTAATTTCGTACGCTGCAGGTCGAC
24 KM6O ACCTTATACCGAAGGTCACGAAATTACTTTTTCAAAGCCGTAAAT
TTTGACCGCGCGTTGGCCGATTCAT
25 KMé1 TTAAAAATGCACCGTTAAGAACCATATCCAAGAATCAAAATCAAA
ATTTACGGCTTTGAAAAAGTAATTTCGTGACCTTC
26 KM62 GAAGGTCACGAAATTACTTTTTCAAAGCCGTAAATTTTGATTTTG
ATTCTTGGATATGGTTCTTAACGGTGCATTTTTAA
27 KM159 TCGAGGTCGACGGTATCGATAAGCTTACGATGATTCAGTTCGCC
TT
28 KM160 GCGGCCGCTCTAGAACTAGTGGATCCCTTCGAGCGTCCCAAAA
CCT
29 KM185 CCCCCCTCGAGGTCGACGGTATCGATAAGCTTATCACCCTGCAT
TG
30 KM186 CGCGGTGGCGGCCGCTCTAGAACTAGTGGATCCCTTCGAGCGT
cce
31 KM187 TAATCCATCGATACTAGTGCGGCCGCCCGAGCTCTTACGCGGGT
cG
32 KM188 TCCTCGCCCTTGCTCACCATGGATCCTATATACCCTCTAGAGTC

GA
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TABLE 3-continued
SEQ ID

NO: Name Sequence

33 KM189 CATCCTTGTAATCCATCGATACTAGTTTAGAACCCATTATTGTTGG

34 KM190 TCAACTATCTCATATACAGCGGCCGCATGAAGCTACTGTCTTCTAT

35 KM191 CATCCTTGTAATCCATCGATACTAGTTCACAACAATTCGTACTGTA

36 KM192 TCAACTATCTCATATACAGCGGCCGCATGGGGTGTACAGTGAGT
AC

37 KM193 TCGAATTCCTGCAGCCCGGGGGATCCGAGCGACCTCATGCTAT
ACC

38 KM194 TGGAGCTCCACCGCGGTGGCGGCCGCCTTCGAGCGTCCCAAAA
CCT

39 KM195 TAATCCATCGATACTAGTGCGGCCGCCCGAGCTCTTACGCGGGT
ele]

40 KM196 TCCTCGCCCTTGCTCACCATGGATCCCATTATATACCCTCTAGAGT

41 KM197 CATCCTTGTAATCCATCGATACTAGTTTAAGAGGCATCACCAGACA

42 KM198 TCAACTATCTCATATACAGCGGCCGCATGGGTGCTCCACCTAAG
AR

43  KM245 CATCCTTGTAATCCATCGATACTAGTTTACAACAATTCGTACTGTT

44 KM246 TCAACTATCTCATATACAGCGGCCGCATGGGTTGCCTGGGTAAT
TC

45 KM251 TCGAATTCCTGCAGCCCGGGGGATCCCACACACCATAGCTTCAA
AR

46  KM252 TGGAGCTCCACCGCGGTGGCGGCCGCCTTCGAGCGTCCCAAAA
CCT

47 SB3 ATCTAAGTTTTAATTACAAAGGATCCATGCATCACCATCACCATC

48 SB4 TTAGAGCGGATCTTAGCTAGCCGCGGTTATGGGGAATGAATCTT
TC

49  SB89 TTAGAGCGGATCTTAGCTAGCCGCGGTTACTTTTGAGATTTACCA
cc

50 SB90 TAAGTTTTAATTACAAAGGATCCAAAACAATGGATTTGCCACCAC

AATT

Autofluorescense Strains.

For the Ste2p/a-factor sensor, W303 Afarl, Asst2 carry-
ing a blank plasmid (pRS15-Leu2) with the same marker
and copy number as the reporter plasmid (pRS15-Leu2-
P61 -GFP) was used to measure cell autofluorescence. For
the OR1G1- and GPR40-sensors, W303 farlA sst2A ste2A
carrying pRS15-Leu2 and a blank plasmid (pESC-His3)
with the same marker and copy number as the GPCR
plasmid (pESC-His3-Pzz-GPCR) was used. For the syn-
thetic response unit experiments, W303 farlA sst2A stel2A
carrying pRS15-Leu2 and pESC-His3 was used.

Biosensing Protocol.

For the Ste2/o-factor sensor, strains PPY 638, PPY639,
PPY640, PPY641 were grown overnight in synthetic com-
plete media with 2% glucose and lacking leucine (SD glu
(L7)). The next day, the cells were used to inoculate a 20 mL.
of SD glu (L") to an OD,,=0.06 and incubated for 18 hrs
at 30° C. (150 rp.m.). The cells were centrifuged, re-
suspended in 5 mL SD glu (L.7), used to innoculate 5 ml of
fresh SD glu (L") to ODg,,=0.6. a-factor (0-100 nM, Zymo
Y1001) was added to the medium and incubated for 4 hrs at
30°C. (150 r.p.m.) before reading for cell fluorescence using
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a flow cytometer. For the OR1G1- and GPR40-based sen-
sors using Stel12/P.,,-GFP response unit, strains PPY 643,
PPY644 were grown overnight in SD glu and lacking
histidine and leucine (SD glu (HL.7)). The next day, the cells
were used to inoculate a 20 mL of SD glu (HL™) to an
ODj,=0.06 and incubated for 18 hrs at 15° C. (150 r.p.m.).
The cells were centrifuged, re-suspended in 2 ml SD glu
(HL") to OD4p0=0.6. C8, C10, C12, C14 and C16 saturated
fatty acids (0-800 pM) were added to the medium and
incubated for 4 hrs 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 G, and GPA1-Golf, strains PPY912,
PPY913, PPY914, and PPY915 were processed using the
same protocol as the OR1G1-based sensor using Stel2/
Pr;6,-GFP response unit. For the OR1G1- and GPR40
based-sensors with synthetic response units, PPY661,
PPY796, PPY818, and PPY819u, were processed using the
same protocol as the OR1G1- and GPR40 based-sensors
using the Stel2/P.,;,-GFP response unit. All fatty acids
were dissolved in DMSQOu, and the final concentration of
DMSO in the cultures was 1%. GFP fluorescence was
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measured using BD LSRII flow cytometers with the follow-
ing settings: 488 nM laser line, 515-545 nm filter, FSC: 178
volts, SSC: 122 volts, FITC: 600 volts. 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 autofluorescence, measured
using the biosensor strain with empty plasmids, was sub-
tracted from the fluorescence of the biosensor at all chemical
concentrations to obtain GFP fluorescence attributable to the
sensor. Maximum x-fold increase in signal after activation is
defined as the quotient of GFP fluorescence in the presence
and absence (0 pM) of the chemical. Standard deviation for
the X-fold increase in GFP fluorescence was calculated
using:

Az=z SQRT[(Ax/A)*+(Av/y)?]

where x and Ax are the average fluorescence and standard
deviation in the absence of the chemical, respectively, and y
and Ay are the average fluorescence and standard deviation
in the presence of the chemical, respectively. Z and Az are
x-fold increase in signal activation and its standard devia-
tion, respectively.

Biosensor Performance Calculations.

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

GFP=GFP(+(GFP,,,,...mGFPo) (/K 5"

where GFP, is the fluorescence in the absence of chemical,
GFP_,,.,uica: 15 the fluorescence in the presence of the chemi-
cal, x is the ligand concentration, K, is the ligand concen-
tration that results in half-maximal signal, and n is a measure
of the biosensor sensitivity (Hill coefficient). The K, , 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. It was
estimated from the fitted model that the substrate concen-
tration corresponded to 10% of signal saturation as the lower
bound of the linear range of the sensor.

Example 6: GPCR-Based Biosensors Using a Fast
Maturing Fluorescent Reporter Protein

To increase the speed and signal strength of the sensor, a
number of different fluorescent proteins that have a faster
maturation time and higher intrinsic fluorescence was tested.
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Five different fluorescent proteins were tested and their
activity was measured and in the sensor context and com-
pared it to enhanced GFP (EGFP), which was used previ-
ously. Specifically, the superfolder GFP, GFPy, mCherry,
mKate2, and Venus were tested.

Biosensing Protocol

The Ste2/c.-factor sensor strain (PPY58) transformed with
either plasmids pRP973, pRP974, pRP975, pRPI76,
pRP977, pRP984, pRPI8S, or pRPI86 were grown over-
night in synthetic complete media with 2% glucose and
lacking leucine (SD glu (L7)). The next day, the cells were
used to inoculate a 20 mL of SD glu (L7) to an OD,,=0.06
and incubated for 18 hrs at 30° C. (150 r.p.m.). The cells
were centrifuged, re-suspended in 5 mL SD glu (L7), and
used to innoculate 5 ml of fresh SD glu (L7) to ODg,,=0.6.
a-factor (100 nM, Zymo Y1001) was added to the medium
and incubated for 4 hrs at 30° C. (150 r.p.m.) before reading
for cell fluorescence using a flow cytometer.

Vector Construction.

Super folder GFP was amplified from pPPY875 (pFA6-
Link-yoSuperfolderGFP-caURA3) using primers RP1/RP2
and cloned under P, , in KM97 (pESC-Leu2-P,.,-GFP,
multi copy plasmid) at BamHI/HindIII to create pESC-
Leu2-P,,,-Superfolder GFP (pRP973). To construct pESC-
Leu2-P,,,-Gamma GFP (pRP974), gammaGFP was ampli-
fied from pPPY874 (pFA6-Link-yoGammarGFP-spHisS)
using primers RP3/RP4 and cloned under and P, in
pKM97 at BamHI/HindIII to cerate pESC-Leu2-Py,,, -gam-
maGFP (pRP974). mCherry was amplified from pKM945
using primers RP5/RP6 and cloned under P,,, in KM97 at
BamHI/HindIll to create pBESC-Leu2-Pg, ,-mCherry
(pRP975). mKate2 was amplified from pPPY889(pDONR
P4-P1R-mKate2) using primers RP7/RP8 and cloned under
Prig in KM97 at BamHI/HindIIl to create pESC-Leu2-
P -mKate2 (pRP976). Venus was amplified from
pPPY873(pKT0090) using primers RP9/RP10 and cloned
under Pg,,, in KM97 at BamHI/HindIII to create pESC-
Leu2-Py;,,-Venus (pRPI77).

To clone into pRS415 (single copy plasmid) Py, -Super-
folder GFP was amplified from pRP973 using primers
KM296/297 and cloned at BamHI and Notl to create
pRS415-Leu2 P, -superfolder GFP (pRP984). P -
Gamma GFP was amplified from pRP974 using primers
KM296/297 and cloned at BamHI and Notl to create
pRS415-Leu2-Py,;,,-gamma GFP (pRP985). P, ,-mKate2
was amplified from pRP976 using primers KM296/297 and
cloned at BamHI and Notl to create pRS415-Leu2-Pp;,, -
mKate2 (pRP 986).

TABLE 4

Primers used in Example 4

SEQ

Primer ID NO Sequence

RP1 76
RP2 77
RP3 78
RP4 79
RP5 80
RP6 81
RP7 82
RP8 83

ACAAACAAAAAAAAAAAARAAAAPAAGGATCCATGACAGTCAACACTAAGAC

CGGATCTTAGCTAGCCGCGGTACCAAGCTTTTATAATTGGCCAGTCTTTTTC

ACAAACAAAAAAAAAAAAAAAARAAGGATCCATGGGTAGGAGGGCTTTTG

CGGATCTTAGCTAGCCGCGGTACCAAGCTTTTACAACACTCCCTTCGTG

ACAAACAAAAAAAAAAAAAAARADAGGATCCATGGTGAGCAAGGGCGAG

CGGATCTTAGCTAGCCGCGGTACCAAGCTTTTATAATTTGGACTTGTACAGC

ACAAACAAAAAAAAAAAAAAARAPAGGATCCATGGTGAGCGAGCTGATTA

CGGATCTTAGCTAGCCGCGGTACCAAGCTTTTATCTGTGCCCCAGTTTG
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TABLE 4-continued
Primers used in Example 4
SEQ
Primer ID NO Sequence
RP9 84 ACAAACAAAAAAAAAAAAAAAMAAAGGATCCATGTCTAAAGGTGAAGAATTAT
RP10 85 CGGATCTTAGCTAGCCGCGGTACCAAGCTTTTATTTGTACAATTCATCCAT
AC
KM296 86 TCGAATTCCTGCAGCCCGGGGGATCCATCACCCTGCATTGCCTCTT
KM297 87 TGGAGCTCCACCGCGGTGGCGGCCGCCTTCGAGCGTCCCAAAACCT
KM304 88 ACAAAAAAAAAAAAAAAAAAGGATCCATGAAAGTCCAAATAACCAA
KM305 89 TCTTAGCTAGCCGCGGTACCAAGCTTTCAGGTTGCATCTGGAAGGT
TABLE 5 2 TABLE 7
. . Maturation half-time for different fluorescen tproteins. The method to
Plasmids used in Example 4 . . ST .
measuring maturation time is different for each fluorescent protein.
Reference Maturation Organism
Strains Plasmid Fluorescent  where 25 Protein to.s (min) (measured)  Reference
number  Name  Copy Protein applicable mKate2 <20 E. coli Shcherbo D., et al. Biochem. J.
2009, 418, 567-574.
PPY973  pRP973 pESC-Leu2-Pry,- Superfolder  This study mCherry 16.9-30.3 . cerevisize Khmelinskii A, et al. Nat.
sGFP GFP Biotechnol. 2012, 30, 708-14.
. Venus 11.2 £ 1.6 S. cerevisiae Ball, David A., et al. PloS
PPY974  pRP974 pESC-Leu2- Ppyy-  GFPy This study 3 ONE 2014, 9, 107087,
GFPy EGFP 60 E. coli Sniegowski, J. A. et al.
PPY975  pRP975 pESC-Leu2- Py, - mCherry This study Biochem. Biophys. Res.
mCherr Commun. 2005, 332, 657-663.
Y ) Super- 5.63 £ 0.82 S. cerevisiae Khmelinskii A, et al. Nat.
PPY976  pRP976 pESC-Leu2-Pryg,- mKate2 This study folder GFP Biotechnol. 2012, 30, 708-14.
mKate2 35 GFPy
PPY977  pRP977 pESC-Leu2-Pryg,- Venus This study
Venus
PPY984  pRP984 pRS-Leu2- Pry - Superfolder  This study Example 7: GPCR-Based Biosensors Having
sGFP GFP Amplified Signals
PPY985  pRP98S pRS-Leu2- Pry- GFPy This study 40
GFPy To increase the signal by the sensor upon chemical (e.g.
PPY986  pRP986 PRS-Leu- Ppyy- mKate? This study decanoic acid) addition, the transcription factor (e.g. Stel2)
mKate2 that gets activated by the signaling cascade (e.g. yeast

Results are shown in Tables 6 and 7 and FIGS. 31 and 32.

TABLE 6

Brightness of different fluorescent proteins relative to EGFP. The
brightness of each fluorescent protein was measured in S. cerevisiae.

Brightness
(% relative
Class Protein to EGFP) Reference
Far-red mKate2 74 Shcherbo D., et al.
Biochem. J. 2009,
418, 567-574.
Red mCherry 47 Shaner N C, et al. Naz.
Biotechnol. 2004,
22, 1567-72.
Yellow- Venus
green
Green EGFP 100
Green Superfolder 50 Lee S, et al. PloS one
GFP 2013, 8.
Green GFPy 155 Lee S, et al. PloS one
2013, 8.

45

50

55

60

65

mating pathway) and results in the transcription activation of
a fluorescent protein (e.g. GFP) and fluorescence, also drives
the expression of the transcription activation (e.g. Stel2)
itself, resulting in a feed forward loop and signal amplifi-
cation. The plasmid for this feed forward set up (pESC-
Pp;.-Stel2) was constructed. Stel2 was amplified from
W303 genomic DNA using primers KM304/KM305 and
cloned under Pg,,, in pKM97 at BamHI and HindIII to
create pESC-Leu2-P, ,-Ste12 (pKM1000).

Example 8: Repression of Response Unit Signaling

in Response to Chemical Stimulus

Briefly, the yeast biosensor was configured to contain a
PlexA(4x) repressor and STF2 utilizing the MAPK signal-
ing cascade. The signaling molecule was a GFP and signal
in response to exposing the biosensor to varying concentra-
tions of decanoic acid was evaluated.

Example 9: Screening of Olfactory GPCRs for Use
in GPCR-Based Biosensors

The OR1G1 GPCR that has been used to demonstrate
sensing of decanoic acid was used to generate seven satu-
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ration mutagenesis libraries around the active site with the
goal of engineering this sensor to bind different biofuel
molecules. The GPCR libraries are being screened with
different GPCR-based biosensors configured to detect bio-
fuel and/or components thereof. Below is a sequence
obtained when one of the libraries was tested against ethyl
decanoate.

Below are the sequence modifications in the 7 saturation
mutagenesis libraries using the GPCR OR1G1 as the starting
GPCR scaffold:

Library 1: Met 81, Pro 183, Asp 259, and Val 276
Library 2: Phe 104, Leu 110, Pro 183, Val 276
Library 3: Lys 80, Phe 104, Leu 184, Phe 256
Library 4: Met 105, Val 108, Phe 256, Val 276
Library 5: Met 105, Ser 255, Phe 256, Val 276
Library 6: Lys 80, Met 81, Asn 84, Gln 100
Library 7: Asp 191, Ser 255, Phe 256, Asp 259

OR1G1l wild type sequence
SEQ ID NO: 59

ATGCATCACCATCACCATCACGAAGGTAAGAATTTGACCTCTATTTCCGA
GTGTTTCTTACTTGGTTTCTCCGAACAATTGGAAGAACAGAAGCCATTGT
TCGGTTCCTTCCTGTTTATGTACTTGGTCACCGTCGCTGGTAACTTGTTA
ATCATATTAGTCATTATTACCGATACCCAGTTACATACCCCAATGTATTT
CTTCTTGGCTAACTTATCCCTAGCTGACGCTTGTTTCGTTTCCACTACCG
TCCCAAAGATGTTGGCTAACATTCAAATTCAATCCCAAGCTATTTCCTAC
TCCGGTTGTTTATTGCAATTGTACTTCTTTATGTTGTTCGTTATGTTGGA
GGCTTTCTTGTTGGCTGTTATGGCTTACGATTGCTACGTCGCTATTTGTC
ATCCATTGCATTACATCTTGATTATGTCCCCAGGTTTGTGTATCTTCTTA
GTCTCCGCCTCCTGGATTATGAACGCTTTGCATTCCTTGTTGCATACCTT
GTTAATGAACTCTTTATCCTTCTGTGCTAACCACGAAATTCCACATTTCT
TTTGTGATATTAACCCATTGTTGTCCTTGTCCTGTACCGATCCATTCACC
AACGAATTGGTTATCTTCATTACCGGTGGTTTGACTGGTTTGATTTGTGT
CTTGTGTTTGATTATCTCCTACACTAACGTCTTCTCCACCATTTTGAAAA
TTCCATCCGCTCAAGGTAAAAGAAAAGCATTCTCCACCTGTTCCTCCCAT
TTGTCCGTTGTCTCCTTGTTCTTTGGTACCTCATTCTGTGTCGATTTCTC
TTCCCCATCCACTCATTCCGCTCAAAAGGATACCGTTGCTTCCGTTATGT
ACACCGTCGTCACTCCAATGTTGAATCCATTTATTTATTCCTTAAGAAAT
CAAGAAATTAAGTCCTCCTTGAGAAAGTTGATTTGGGTTAGAARAGATTCA
TTCCCCATAA

>A2 hit (nucleotide sequence)

SEQ ID NO: 60
ATGCATCACCATCACCATCACGAAGGTAAGAATTTGACCTCTATTTCCGA
GTGTTTCTTACTTGGTTTCTCCGAACAATTGGAAGAACAGAAGCCATTGT
TCGGTTCCTTCCTGTTTATGTACTTGGTCACCGTCGCTGGTAACTTGTTA
ATCATATTAGTCATTATTACCGATACCCAGTTACATACCCCAATGTATTT
CTTCTTGGCTAACTTATCCCTAGCTGACGCTTGTTTCGTTTCCACTACCG

TCCCAAAGTCTTTGGCTAACATTCAAATTCAATCCCAAGCTATTTCCTAC

TCCGGTTGTTTATTGCAATTGTACTTCTTTATGTTGTTCGTTATGTTGGA
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-continued
GGCTTTCTTGTTGGCTGTTATGGCTTACGATTGCTACGTCGCTATTTGTC

ATCCATTGCATTACATCTTGATTATGTCCCCAGGTTTGTGTATCTTCTTA
GTCTCCGCCTCCTGGATTATGAACGCTTTGCATTCCTTGTTGCATACCTT
GTTAATGAACTCTTTATCCTTCTGTGCTAACCACGAAATTCCACATTTCT
TTTGTGATATTAACGTGTTGTTGTCCTTGTCCTGTACCGATCCATTCACC
AACGAATTGGTTATCTTCATTACCGGTGGTTTGACTGGTTTGATTTGTGT
CTTGTGTTTGATTATCTCCTACACTAACGTCTTCTCCACCATTTTGAAAA
TTCCATCCGCTCAAGGTAAAAGAAAAGCATTCTCCACCTGTTCCTCCCAT
TTGTCCGTTGTCTCCTTGTTCTTTGGTACCTCATTCTGTGTCGGCTTCTC
TTCCCCATCCACTCATTCCGCTCAAAAGGATACCGTTGCTTCCACTATGT
ACACCGTCGTCACTCCAATGTTGAATCCATTTATTTATTCCTTAAGAAAT
CAAGAAATTAAGTCCTCCTTGAGAAAGTTGATTTGGGTTAGAAAGATTCA
TTCCCCATAA

>A2 hit (amino acid sequence)

SEQ ID NO: 61
MHHHHHHEGKNLTSISECFLLGFSEQLEEQKPLFGSFLFMYLVTVAGNLL
IILVIITDTQLHTPMYFFLANLSLADACFVSTTVPKSLANIQIQSQAISY
SGCLLQLYFFMLFVMLEAFLLAVMAYDCYVAICHPLHYILIMSPGLCIFL
VSASWIMNALHSLLHTLLMNSLSFCANHEI PHFFCDINVLLSLSCTDPFT
NELVIFITGGLTGLICVLCLIISYTNVFSTILKIPSAQGKRKAFSTCSSH
LSVVSLFFGTSFCVGFSSPSTHSAQKDTVASTMY TVVTPMLNPFIYSLRN
QEIKSSLRKLIWVRKIHSP

J6 (no mutations)

SEQ ID NO: 62
ATGCATCACCATCACCATCACGAAGGTAAGAATTTGACCTCTATTTCCGA
GTGTTTCTTACTTGGTTTCTCCGAACAATTGGAAGAACAGAAGCCATTGT
TCGGTTCCTTCCTGTTTATGTACTTGGTCACCGTCGCTGGTAACTTGTTA
ATCATATTAGTCATTATTACCGATACCCAGTTACATACCCCAATGTATTT
CTTCTTGGCTAACTTATCCCTAGCTGACGCTTGTTTCGTTTCCACTACCG
TCCCAAAGATGTTGGCTAACATTCAAATTCAATCCCAAGCTATTTCCTAC
TCCGGTTGTTTATTGCAATTGTACTTCTTTATGTTGTTCGTTATGTTGGA
GGCTTTCTTGTTGGCTGTTATGGCTTACGATTGCTACGTCGCTATTTGTC
ATCCATTGCATTACATCTTGATTATGTCCCCAGGTTTGTGTATCTTCTTA
GTCTCCGCCTCCTGGATTATGAACGCTTTGCATTCCTTGTTGCATACCTT
GTTAATGAACTCTTTATCCTTCTGTGCTAACCACGAAATTCCACATTTCT
TTTGTGATATTAACCCATTGTTGTCCTTGTCCTGTACCGATCCATTCACC
AACGAATTGGTTATCTTCATTACCGGTGGTTTGACTGGTTTGATTTGTGT
CTTGTGTTTGATTATCTCCTACACTAACGTCTTCTCCACCATTTTGAAAA
TTCCATCCGCTCAAGGTAAAAGAAAAGCATTCTCCACCTGTTCCTCCCAT
TTGTCCGTTGTCTCCTTGTTCTTTGGTACCTCATTCTGTGTCGATTTCTC
TTCCCCATCCACTCATTCCGCTCAAAAGGATACCGTTGCTTCCGTTATGT

ACACCGTCGTCACTCCAATGTTGAATCCATTTATTTATTCCTTAAGAAAT
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43
-continued
CAAGAAATTAAGTCCTCCTTGAGAAAGTTGATTTGGGT TAGAAAGATTCA
TTCCCCATAA
J8 (no mutations)

SEQ ID NO: 63
ATGCATCACCATCACCATCACGAAGGTAAGAATTTGACCTCTATTTCCGA
GTGTTTCTTACTTGGTTTCTCCGAACAATTGGAAGAACAGAAGCCATTGT
TCGGTTCCTTCCTGTTTATGTACTTGGTCACCGTCGCTGGTAACTTGTTA 10
ATCATATTAGTCATTATTACCGATACCCAGTTACATACCCCAATGTATTT

CTTCTTGGCTAACTTATCCCTAGCTGACGCTTGTTTCGTTTCCACTACCG

TCCCAAAGATGTTGGCTAACATTCAAATTCAATCCCAAGCTATTTCCTAC 15
TCCGGTTGTTTATTGCAATTGTACTTCTTTATGTTGTTCGTTATGTTGGA
GGCTTTCTTGTTGGCTGTTATGGCTTACGATTGCTACGTCGCTATTTGTC

20

ATCCATTGCATTACATCTTGATTATGTCCCCAGGTTTGTGTATCTTCTTA
GTCTCCGCCTCCTGGATTATGAACGCTTTGCATTCCTTGTTGCATACCTT
GTTAATGAACTCTTTATCCTTCTGTGCTAACCACGAAATTCCACATTTCT
TTTGTGATATTAACCCATTGTTGTCCTTGTCCTGTACCGATCCATTCACC 25
AACGAATTGGTTATCTTCATTACCGGTGGTTTGACTGGTTTGATTTGTGT

CTTGTGTTTGATTATCTCCTACACTAACGTCTTCTCCACCATTTTGAAAA

TTCCATCCGCTCAAGGTAAAAGAAAAGCATTCTCCACCTGTTCCTCCCAT 30
TTGTCCGTTGTCTCCTTGTTCTTTGGTACCTCATTCTGTGTCGATTTCTC
TTCCCCATCCACTCATTCCGCTCAAAAGGATACCGTTGCTTCCGTTATGT
ACACCGTCGTCACTCCAATGTTGAATCCATTTATTTATTCCTTAAGAAAT 35

CAAGAAATTAAGTCCTCCTTGAGAAAGTTGATTTGGGT TAGAAAGATTCA
TTCCCCATAA
L3 C10EE 4

SEQ ID NO: 64
ATGCATCACCATCACCATCACGAAGGTAAGAATTTGACCTCTATTTCCGA
GTGTTTCTTACTTGGTTTCTCCGAACAATTGGAAGAACAGAAGCCATTGT
TCGGTTCCTTCCTGTTTATGTACTTGGTCACCGTCGCTGGTAACTTGTTA 45
ATCATATTAGTCATTATTACCGATACCCAGTTACATACCCCAATGTATTT
CTTCTTGGCTAACTTATCCCTAGCTGACGCTTGTTTCGTTTCCACTACCG
TCCCAAAGATGTTGGCTAACATTCAAATTCAATCCCAAGCTATTTCCTAC
TCCGGTTGTTTATTGCAATTGTACTTCTTTTGCTTGTTCGTTATGTTGGA %0
GGCTTTCTTGTTGGCTGTTATGGCT TACGATTGCTACGTCGCTATTTGTC
ATCCATTGCATTACATCTTGATTATGTCCCCAGGTTTGTGTATCTTCTTA
GTCTCCGCCTCCTGGATTATGAACGCTTTGCATTCCTTGTTGCATACCTT 33
GTTAATGAACTCTTTATCCTTCTGTGCTAACCACGAAATTCCACATTTCT

TTTGTGATATTAACCCATTGTTGTCCTTGTCCTGTACCGATCCATTCACC

AACGAATTGGTTATCTTCATTACCGGTGGTTTGACTGGTTTGATTTGTGT 60
CTTGTGTTTGATTATCTCCTACACTAACGTCTTCTCCACCATTTTGAAAA
TTCCATCCGCTCAAGGTAAAAGAAAAGCATTCTCCACCTGTTCCTCCCAT
TTGTCCGTTGTCTCCTTGTTCTTTGGTACCCTCACTTGTGTCGATTTCTC 65

44

-continued
TTCCCCATCCACTCATTCCGCTCARAAGGATACCGTTGCTTCCTATATGT

ACACCGTCGTCACTCCAATGTTGAATCCATTTATTTATTCCTTAAGAAAT
CAAGAAATTAAGTCCTCCTTGAGAAAGTTGATTTGGGTTAGAAAGATTCA
TTCCCCATAA

L3 Cl12EE 5 (97 bp insertion)

SEQ ID NO: 65
ATGCATCACCATCACCATCACGAAGGTAAGAATTTGACCTCTATTTCCGA
GTGTTTCTTACTTGGTTTCTCCGAACAATTGGAAGAACAGAAGCCATTGT
TCGGTTCCTTCCTGTTTATGTACTTGGTCACCGTCGCTGGTAACTTGTTA
ATCATATTAGTCATTATTACCGATACCCAGTTACATACCCCAATGTATTT
CTTCTTGGCTAACTTATCCCTAGCTGACGCTTGTTTCGTTTCCACTACCG
TCCCAAAGATGTTGGCTAACATTCAAATTCAATCCCAAGCTATTTCCTAC
TCCGGTTGTTTATTGCAATGTACTTCAACATGTTGTTCGTTATGTTGGAG
GCTTTCTTGTTGGCTGTTATGGCTTACGATTGCTACGTCGCTATTTGTCA
TCCATTGCATTACATCTTGATTATGTCCCCAGGTTTGTGTATCTTCTTAG
TCTCCGCCTCCTGGATTATGAACGCTTTGCATTCCTTGTTGCATACCTTG
TTAATGAACTCTTTATCCTTCTGTGCTAACCACGAAATTCCACATTTCTT
TTGTGATATTAACCCATAGTTGTCCTTGTCCTGTACCGATCCATTCACCA
ACGAATTGGTTATCTTCATTACCGGTGGTTTGACTGGTTTGATTTGTGTC
TTGTGTTTGATTATCTCCTACACTAACGTCTTCTCCACCATTTTGAAAAT
TCCATCCGCTCAAGGTAAAAGAAAAGCATTCTCCACCTGTTCCTCCCATT
TGTCCGTTGTCTCCTTGTTCTTTGGTACCTCAGACTGTGTCGATTTCTCT
TCCCCATCCACTCATTCCGCTAAAGGATACCGTTGCTTCCCCATTTGTCC
GTTGTCTCCTTGTTCTTTGGTACCTCACGCTGTGTCGATTTCTCTTCCCC
ATCCACTCATTCCGCTCAAAAGGATACCGTTGCTTCCGTTATGTACACCG
TCGTCACTCCAATGTTGAATCCATTTATTTATTCCTTAAGAAATCAAGAA
ATTAAGTCCTCCTTGAGAAAGTTGATTTGGGTTAGAAAGATTCATTCCCC
ATAA

L3 C12EE 6 (97bp insertion)

SEQ ID NO: 66
ATGCATCACCATCACCATCACGAAGGTAAGAATTTGACCTCTATTTCCGA
GTGTTTCTTACTTGGTTTCTCCGAACAATTGGAAGAACAGAAGCCATTGT
TCGGTTCCTTCCTGTTTATGTACTTGGTCACCGTCGCTGGTAACTTGTTA
ATCATATTAGTCATTATTACCGATACCCAGTTACATACCCCAATGTATTT
CTTCTTGGCTAACTTATCCCTAGCTGACGCTTGTTTCGTTTCCACTACCG
TCCCAAAGATGTTGGCTAACATTCAAATTCAATCCCAAGCTATTTCCTAC
TCCGGTTGTTTATTGCAATGTACTTCAACATGTTGTTCGTTATGTTGGAG
GCTTTCTTGTTGGCTGTTATGGCTTACGATTGCTACGTCGCTATTTGTCA
TCCATTGCATTACATCTTGATTATGTCCCCAGGTTTGTGTATCTTCTTAG
TCTCCGCCTCCTGGATTATGAACGCTTTGCATTCCTTGTTGCATACCTTG
TTAATGAACTCTTTATCCTTCTGTGCTAACCACGAAATTCCACATTTCTT

TTGTGATATTAACCCATAGTTGTCCTTGTCCTGTACCGATCCATTCACCA

ACGAATTGGTTATCTTCATTACCGGTGGTTTGACTGGTTTGATTTGTGTC
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45
-continued

TTGTGTTTGATTATCTCCTACACTAACGTCTTCTCCACCATTTTGAAAAT
TCCATCCGCTCAAGGTAAAAGAAAAGCATTCTCCACCTGTTCCTCCCATT
TGTCCGTTGTCTCCTTGTTCT TTGGTACCT CAGACTGTGTCGATTTCTCT
TCCCCATCCACTCATTCCGCTAAAGGATACCGTTGC TTCCCCATTTGTCC
GTTGTCTCCTTGTTCTTTGGTACCTCACGCTGTGTCGATTTCTCTTCCCC
ATCCACTCATTCCGCTCAAAAGGATACCGTTGCTTCCGTTATGTACACCG
TCGTCACTCCAATGTTGAATCCATTTATTTATTCCTTAAGAAATCAAGAA
ATTAAGTCCTCCTTGAGAAAGTTGATTTGGGT TAGAAAGATTCATTCCCC
ATAA

L5 CLOME 2

SEQ ID NO: 67

ATGCATCACCATCACCATCACGAAGGTAAGAATTTGACCTCTATTTCCGA
GTGTTTCTTACTTGGTTTCTCCGAACAATTGGAAGAACAGAAGCCATTGT
TCGGTTCCTTCCTGTTTATGTACTTGGTCACCGTCGCTGGTAACTTGTTA
ATCATATTAGTCATTATTACCGATACCCAGTTACATACCCCAATGTATTT
CTTCTTGGCTAACTTATCCCTAGCTGACGCTTGTTTCGTTTCCACTACCG
TCCCAAAGATGTTGGCTAACATTCAAATTCAATCCCAAGCTATTTCCTAC
TCCGGTTGTTTATTGCAATTGTACTTCTTTCCCTTGTTCGTTATGTTGGA
GGCTTTCTTGTTGGCTGTTATGGCT TACGATTGCTACGTCGCTATTTGTC
ATCCATTGCATTACATCTTGATTATGT CCCCAGGTTTGTGTATCTTCTTA
GTCTCCGCCTCCTGGAT TATGAACGCTTTGCATTCCTTGTTGCATACCTT
GTTAATGAACTCTTTATCCTTCTGTGCTAACCACGAAATTCCACATTTCT
TTTGTGATATTAACCCATTGTTGTCCTTGTCCTGTACCGATCCATTCACC
AACGAATTGGTTATCTTCATTACCGGTGGT TTGACTGGTTTGATTTGTGT
CTTGTGTTTGATTATCTCCTACACTAACGTCTTCTCCACCATTTTGAAAA
TTCCATCCGCTCAAGGTAAAAGAAAAGCATTCTCCACCTGTTCCTCCCAT
TTGTCCGTTGTCTCCTTGTTCTTTGGTACCCACCTTTGTGTCGATTTCTC
TTCCCCATCCACTCATTCCGCTCAAAAGGATACCGT TGCTTCCTAGATGT
ACACCGTCGTCACTCCAATGTTGAATCCATTTATTTAT TCCTTAAGAAAT
CAAGAAATTAAGTCCTCCTTGAGAAAGTTGATTTGGGTTAGAAAGATTCA
TTCCCCATAA

L5 C1OME 3

SEQ ID NO: 68

ATGCATCACCATCACCATCACGAAGGTAAGAATTTGACCTCTATTTCCGA
GTGTTTCTTACTTGGTTTCTCCGAACAATTGGAAGAACAGAAGCCATTGT
TCGGTTCCTTCCTGTTTATGTACTTGGTCACCGTCGCTGGTAACTTGTTA
ATCATATTAGTCATTATTACCGATACCCAGTTACATACCCCAATGTATTT
CTTCTTGGCTAACTTATCCCTAGCTGACGCTTGTTTCGTTTCCACTACCG
TCCCAAAGATGTTGGCTAACATTCAAATTCAATCCCAAGCTATTTCCTAC
TCCGGTTGTTTATTGCAATTGTACTTCTTTGTCTTGTTCGTTATGTTGGA

GGCTTTCTTGTTGGCTGTTATGGCTTACGATTGCTACGTCGCTATTTGTC

ATCCATTGCATTACATCTTGATTATGTCCCCAGGTTTGTGTATCTTCTTA
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46

-continued
GTCTCCGCCTCCTGGAT TATGAACGCTTTGCATTCCTTGTTGCATACCTT

GTTAATGAACTCTTTATCCTTCTGTGCTAACCACGAARATTCCACATTTCT
TTTGTGATATTAACCCATTGTTGTCCTTGTCCTGTACCGATCCATTCACC
AACGAATTGGTTATCTTCATTACCGGTGGTTTGACTGGTTTGATTTGTGT
CTTGTGTTTGATTATCTCCTACACTAACGTCTTCTCCACCATTTTGAAAA
TTCCATCCGCTCAAGGTAAAAGAAAAGCATTCTCCACCTGTTCCTCCCAT
TTGTCCGTTGTCTCCTTGTTCTTTGGTACCCAGGATTGTGTCGATTTCTC
TTCCCCATCCACTCATTCCGCTCAAAAGGATACCGTTGCTTCCTCGATGT
ACACCGTCGTCACTCCAATGTTGAATCCATTTATTTATTCCTTAAGAAAT
CAAGAAATTAAGTCCTCCTTGAGAAAGTTGATTTGGGTTAGAAAGATTCA
TTCCCCATAA

L5 ClO0ME 4

SEQ ID NO: 69

ATGCATCACCATCACCATCACGAAGGTAAGAATTTGACCTCTATTTCCGA
GTGTTTCTTACTTGGTTTCTCCGAACAATTGGAAGAACAGAAGCCATTGT
TCGGTTCCTTCCTGTTTATGTACTTGGTCACCGTCGCTGGTAACTTGTTA
ATCATATTAGTCATTATTACCGATACCCAGTTACATACCCCAATGTATTT
CTTCTTGGCTAACTTATCCCTAGCTGACGCTTGTTTCGTTTCCACTACCG
TCCCAAAGATGTTGGCTAACATTCAAATTCAATCCCAAGCTATTTCCTAC
TCCGGTTGTTTATTGCAATTGTACTTCTTTGTCTTGTTCGTTATGTTGGA
GGCTTTCTTGTTGGCTGTTATGGCTTACGATTGCTACGTCGCTATTTGTC
ATCCATTGCATTACATCTTGATTATGTCCCCAGGTTTGTGTATCTTCTTA
GTCTCCGCCTCCTGGATTATGAACGCTTTGCATTCCTTGTTGCATACCTT
GTTAATGAACTCTTTATCCTTCTGTGCTAACCACGAAATTCCACATTTCT
TTTGTGATATTAACCCATTGTTGTCCTTGTCCTGTACCGATCCATTCACC
AACGAATTGGTTATCTTCATTACCGGTGGTTTGACTGGTTTGATTTGTGT
CTTGTGTTTGATTATCTCCTACACTAACGTCTTCTCCACCATTTTGAAAA
TTCCATCCGCTCAAGGTAAAAGAAAAGCATTCTCCACCTGTTCCTCCCAT
TTGTCCGTTGTCTCCTTGTTCTTTGGTACCGCGGCTTGTGTCGATTTCTC
TTCCCCATCCACTCATTCCGCTCAAAAGGATACCGTTGCTTCCAATATGT
ACACCGTCGTCACTCCAATGTTGAATCCATTTATTTATTCCTTAAGAAAT
CAAGAAATTAAGTCCTCCTTGAGAAAGT TGATTTGGGTTAGAAAGATTCA
TTCCCCATAA

L5 C10ME 6

SEQ ID NO: 70

ATGCATCACCATCACCATCACGAAGGTAAGAATTTGACCTCTATTTCCGA
GTGTTTCTTACTTGGTTTCTCCGAACAATTGGAAGAACAGAAGCCATTGT
TCGGTTCCTTCCTGTTTATGTACTTGGTCACCGTCGCTGGTAACTTGTTA
ATCATATTAGTCATTATTACCGATACCCAGTTACATACCCCAATGTATTT
CTTCTTGGCTAACTTATCCCTAGCTGACGCTTGTTTCGTTTCCACTACCG
TCCCAAAGATGTTGGCTAACATTCAAATTCAATCCCAAGCTATTTCCTAC

TCCGGTTGTTTATTGCAATTGTACTTCTTTATCTTGTTCGTTATGTTGGA

GGCTTTCTTGTTGGCTGTTATGGCTTACGATTGCTACGTCGCTATTTGTC
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ATCCATTGCATTACATCTTGATTATGT CCCCAGGTTTGTGTATCTTCTTA
GTCTCCGCCTCCTGGATTATGAACGCTTTGCATTCCTTGT TGCATACCTT
GTTAATGAACTCTTTATCCTTCTGTGCTAACCACGAAATTCCACATTTCT
TTTGTGATATTAACCCATTGTTGTCCTTGTCCTGTACCGATCCATTCACC
AACGAATTGGTTATCTTCATTACCGGTGGTTTGACTGGTTTGATTTGTGT
CTTGTGTTTGATTATCTCCTACACTAACGTCTTCTCCACCATTTTGARAA
TTCCATCCGCTCAAGGTAARAGAAAAGCATTCTCCACCTGTTCCTCCCAT
TTGTCCGTTGTCTCCTTGTTCTTTGGTACCGCGGCTTGTGTCGATTTCTC
TTCCCCATCCACTCATTCCGCTCAAAAGGATACCGTTGCTTCCAGGATGT
ACACCGTCGTCACTCCAATGTTGAATCCATTTATTTATTCCTTAAGAAAT
CAAGAAATTAAGTCCTCCTTGAGAAAGTTGATTTGGGT TAGAAAGATTCA
TTCCCCATAA
L5 C1OME 7
SEQ ID NO: 71
ATGCATCACCATCACCATCACGAAGGTAAGAATTTGACCTCTATTTCCGA
GTGTTTCTTACTTGGTTTCTCCGAACAATTGGAAGAACAGAAGCCATTGT
TCGGTTCCTTCCTGTTTATGTACTTGGTCACCGTCGCTGGTAACTTGTTA
ATCATATTAGTCATTATTACCGATACCCAGTTACATACCCCAATGTATTT
CTTCTTGGCTAACTTATCCCTAGCTGACGCTTGTTTCGTTTCCACTACCG
TCCCAAAGATGT TGGCTAACATTCARATTCAATCCCAAGCTATTTCCTAC
TCCGGTTGTTTATTGCAATTGTACT TCTTTACCTTGCGTTATGTTGGAGG
CTTTCTTGTTGGCTGTTATGGCTTACGATTGCTACGTCGCTATTTGTCAT
CCATTGCATTACATCTTGATTATGT CCCCAGGTTTGTGTATCTTCTTAGT
CTCCGCCTCCTGGATTATGAACGCT TTGCATTCCTTGTTGCATACCTTGT
TAATGAACTCTTTATCCTTCTGTGC TAACCACGAAATTCCACATTTCTTT
TGTGATATTAACCCATTGTTGTCCTTGTCCTGTACCGATCCATTCACCAA
CGAATTGGTTATCTTCATTACCGGTGGTTTGACTGGTTTGATTTGTGTCT
TGTGTTTGATTATCTCCTACACTAACGTCTTCTCCACCATTTTGAAAATT
CCATCCGCTCAAGGTAARAGAAAAGCATTCTCCACCTGTTCCTCCCATTT
GTCCGTTGTCTCCTTGTTCTTTGGTACCTTCACGTGTGTCGATTTCTCTT
CCCCATCCACTCATTCCGCTCAAAAGGATACCGTTGTTCCAATATGTACA
CCGTCGTCACTCCAATGTTGAATCCATTTATTTATTCCTTAAGAAATCAA
GAAATTAAGTCCTCCTTGAGARAGT TGATTTGGGTTAGAAAGATTCATTC
CCCATAA
L6 isobutanol 10
SEQ ID NO: 72
ATGCATCACCATCACCATCACGAAGGTAAGAATTTGACCTCTATTTCCGA
GTGTTTCTTACTTGGTTTCTCCGAACAATTGGAAGAACAGAAGCCATTGT
TCGGTTCCTTCCTGTTTATGTACTTGGTCACCGTCGCTGGTAACTTGTTA
ATCATATTAGTCATTATTACCGATACCCAGTTACATACCCCAATGTATTT

CTTCTTGGCTAACTTATCCCTAGCTGACGCTTGTTTCGTTTCCACTACCG

TCCCAAAGATTTGGCTGTCATTCAAATTCAATCCCAAGCTATTTCCTACT
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-continued
CCGGTTGTTTATTGAAT TTGTACTTCTT TATGTTGT TCGTTATGT TGGAG

GCTTTCTTGTTGGCTGTTATGGCTTACGATTGCTACGTCGCTATTTGTCA
TCCATTGCATTACATCTTGATTATGTCCCCAGGTTTGTGTATCTTCTTAG
TCTCCGCCTCCTGGATTATGAACGCTTTGCATTCCTTGTTGCATACCTTG
TTAATGAACTCTTTATCCTTCTGTGCTAACCACGAAATTCCACATTTCTT
TTGTGATATTAACCCATTGTTGTCCTTGTCCTGTACCGATCCATTCACCA
ACGAATTGGTTATCTTCATTACCGGTGGTTTGACTGGTTTGATTTGTGTC
TTGTGTTTGATTATCTCCTACACTAACGTCTTCTCCACCATTTTGAAAAT
TCCATCCGCTCAAGGTAAAAGAAAAGCATTCTCCACCTGTTCCTCCCATT
TGTCCGTTGTCTCCTTGTTCTTTGGTACCTCATTCTGTGTCGATTTCTCT
TCCCCATCCACTCATTCCGCTCAAAAGGATACCGTTGCTTCCGTTATGTA
CACCGTCGTCACTCCAATGTTGAATCCATTTATTTATTCCTTAAGAAATC
AAGAAATTAAGTCCTCCTTGAGAAAGTTGATTTGGGTTAGAAAGATTCAT
TCCCCATAA
L6 isobutanol 12

SEQ ID NO: 73
ATGCATCACCATCACCATCACGAAGGTAAGAATTTGACCTCTATTTCCGA
GTGTTTCTTACTTGGTTTCTCCGAACAATTGGAAGAACAGAAGCCATTGT
TCGGTTCCTTCCTGTTTATGTACTTGGTCACCGTCGCTGGTAACTTGTTA
ATCATATTAGTCATTATTACCGATACCCAGTTACATACCCCAATGTATTT
CTTCTTGGCTAACTTATCCCTAGCTGACGCTTGTTTCGTTTCCACTACCG
TCCCAAAGAAGTTGGCTATGATTCAAATTCAATCCCAAGCTATTTCCTAC
TCCGGTTGTTTATTGTAGTTGTACTTCTTTATGTTGTTCGTTATGTTGGA
GGCTTTCTTGTTGGCTGTTATGGCTTACGATTGCTACGTCGCTATTTGTC
ATCCATTGCATTACATCTTGATTATGTCCCCAGGTTTGTGTATCTTCTTA
GTCTCCGCCTCCTGGATTATGAACGCTTTGCATTCCTTGTTGCATACCTT
GTTAATGAACTCTTTATCCTTCTGTGCTAACCACGAAATTCCACATTTCT
TTGATATTAACCCATTGTTGTCCTTGTCCTGTACCGATCCATTCACCAAC
GAATTGGTTATCTTCATTACCGGTGGTT TGACTGGTTTGATTTGTGTCTT
GTGTTTGATTATCTCCTACACTAACGTCTTCTCCACCATTTTGAAAATTC
CATCCGCTCAAGGTAAAAGAAAAGCATTCTCCACCTGTTCCTCCCATTTG
TCCGTTGTCTCCTTGTTCTTTGGTACCTCATTCTGTGTCGATTTCTCTTC
CCCATCCACTCATTCCGCTCAAAAGGATACCGTTGCTTCCGTTATGTACA
CCGTCGTCACTCCAATGTTGAATCCATTTATTTATTCCTTAAGAAATCAA
GAAATTAAGTCCTCCTTGAGAAAGTTGATT TGGGTTAGAAAGATTCATTC
CCCATAA

L7 C10EE 6 (no mutations)

SEQ ID NO: 74
ATGCATCACCATCACCATCACGAAGGTAAGAATTTGACCTCTATTTCCGA
GTGTTTCTTACTTGGTTTCTCCGAACAATTGGAAGAACAGAAGCCATTGT
TCGGTTCCTTCCTGTTTATGTACTTGGTCACCGTCGCTGGTAACTTGTTA
ATCATATTAGTCATTATTACCGATACCCAGTTACATACCCCAATGTATTT

CTTCTTGGCTAACTTATCCCTAGCTGACGCTTGTTTCGTTTCCACTACCG
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TCCCAAAGATGTTGGCTAACATTCAAATTCAATCCCAAGCTATTTCCTAC
TCCGGTTGTTTATTGCAATTGTACTTCTTTATGT TGTTCGTTATGTTGGA
GGCTTTCTTGTTGGCTGTTATGGCT TACGATTGCTACGTCGCTATTTGTC
ATCCATTGCATTACATCTTGATTATGT CCCCAGGTTTGTGTATCTTCTTA
GTCTCCGCCTCCTGGAT TATGAACGCTTTGCATTCCTTGTTGCATACCTT
GTTAATGAACTCTTTATCCTTCTGTGCTAACCACGAAATTCCACATTTCT
TTTGTGATATTAACCCATTGTTGTCCTTGTCCTGTACCGATCCATTCACC
AACGAATTGGTTATCTTCATTACCGGTGGT TTGACTGGTTTGATTTGTGT
CTTGTGTTTGATTATCTCCTACACTAACGTCTTCTCCACCATTTTGAAAA
TTCCATCCGCTCAAGGTAAAAGAAAAGCATTCTCCACCTGTTCCTCCCAT
TTGTCCGTTGTCTCCTTGTTCTTTGGTACCTCATTCTGTGTCGATTTCTC
TTCCCCATCCACTCATTCCGCTCAAAAGGATACCGT TGCTTCCGTTATGT
ACACCGTCGTCACTCCAATGTTGAATCCATTTATTTATTCCTTAAGARAT
CAAGAAATTAAGTCCTCCTTGAGAAAGTTGATTTGGGTTAGAAAGATTCA
TTCCCCATAA

L7 CLOEE 9

SEQ ID NO: 75

ATGCATCACCATCACCATCACGAAGGTAAGAATTTGACCTCTATTTCCGA

GTGTTTCTTACTTGGTTTCTCCGAACAATTGGAAGAACAGAAGCCATTGT
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TCGGETTCCTTCCTGTTTATGTACTTGGTCACCGTCGCTGGTAACTTGTTA
ATCATATTAGTCATTATTACCGATACCCAGTTACATACCCCAATGTATTT
CTTCTTGGCTAACTTATCCCTAGCTGACGCTTGTTTCGTTTCCACTACCG
TCCCAAAGATGTTGGCTAACATTCAAAT TCAATCCCAAGCTATTTCCTAC
TCCGGTTGTTTAT TGCAATTGTACTTCTTTATGT TGTTCGTATGTTGGAG
GCTTTCTTGTTGGCTGTTATGGC TTACGAT TGCTACGTCGCTATTTGTCA
TCCATTGCATTACATCTTGATTATGTCCCCAGGTTTGTGTATCTTCTTAG
TCTCCGCCTCCTGGATTATGAACGCT TTGCATTCCTTGT TGCATACCTTG
TTAATGAACTCTTTATCCTTCTGTGCTAACCACGAAATTCCACATTTCTT
TTGTGATATTAACCCATTGTTGTCCTTGTCCTGTACCTCTCCATTCACCA
ACGAATTGGTTATCTTCATTACCGGTGGTTTGACTGGTTTGATTTGTGTC
TTGTGTTTGATTATCTCCTACACTAACGTCTTCTCCACCATTTTGAARAT
TCCATCCGCTCAAGGTAAAAGAAAAGCATTCTCCACCTGTTCCTCCCATT
TGTCCGTTGTCTCCTTGTTCTTTGGTACCCCGAAGTGTGTCGCCTTCTCT
TCCCCATCCACTCATTCCGCTCAAAAGGATACCGTTGCTTCCGTTATGTA
CACCGTCGTCACTCCAATGTTGAATCCATTTATTTATTCCT TAAGAAATC
AAGAAATTAAGTCCTCCTTGAGAAAGTTGATTTGGGTTAGAAAGATTCAT

TCCCCATAA

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 89
<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 1

LENGTH: 85

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer KM1

<400> SEQUENCE: 1

gtctatagat ccactggaaa gettegtggg cgtaagaagg caatctatta tagggataac

agggtaattt cgtacgcetge aggte

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 2

LENGTH: 70

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: KM2

<400> SEQUENCE: 2

aaaaaaggaa aagcaaaagc ctcgaaatac gggectcgat tcccgaacta cegegegttg

gccgatteat

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 3

LENGTH: 80

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE :

OTHER INFORMATION: primer KM7

<400> SEQUENCE: 3

60

85

60

70
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ccactggaaa gettegtggg cgtaagaagg caatctatta tagttcggga atcgaggecce

gtatttcgag gettttgett

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 4

LENGTH: 80

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer KM8

SEQUENCE: 4

aagcaaaagc ctcgaaatac gggcectcgat tecegaacta taatagattg ccttettacg

cccacgaage tttecagtgg

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 5

LENGTH: 88

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer KMO

SEQUENCE: 5

tatctgagge gttataggtt caatttggta attaaagata gagttgtaag tagggataac

agggtaattt cgtacgctgc aggtcgac

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 6

LENGTH: 70

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer KM10

SEQUENCE: 6

aggactgttt gtgcaattgt acctgaagat gagtaagact ctcaatgaaa ccgegegttg

gcecgatteat

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 7

LENGTH: 80

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer KM13

SEQUENCE: 7

gttataggtt caatttggta attaaagata gagttgtaag tttcattgag agtcttactc

atcttcaggt acaattgcac

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 8

LENGTH: 80

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer KM14

SEQUENCE: 8

gtgcaattgt acctgaagat gagtaagact ctcaatgaaa cttacaactc tatctttaat

taccaaattg aacctataac

<210>
<211>
<212>

SEQ ID NO 9
LENGTH: 46
TYPE: DNA
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54

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: primer KM19

<400> SEQUENCE: 9

cgtcaaggag aaaaaaccce ggatccatgg tgagcaaggg cgagga

<210> SEQ ID NO 10

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM20

<400> SEQUENCE: 10

tcttagectag cecgeggtace aagettttac ttgtacaget cgtceca

<210> SEQ ID NO 11

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: KM15

<400> SEQUENCE: 11

tgtaatccat cgatactagt gcggccgcac gatgattcag ttcegectt

<210> SEQ ID NO 12

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM23

<400> SEQUENCE: 12

tgtaatccat cgatactagt gcggccgetg tatatgagat agttgatt

<210> SEQ ID NO 13

<211> LENGTH: 40

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM24

<400> SEQUENCE: 13

ttttgaaget atggtgtgtg atccttttgt tgtttecggyg

<210> SEQ ID NO 14

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM27

<400> SEQUENCE: 14

cctatagtga gtegtattac ggatcctttg taattaaaac ttagat
<210> SEQ ID NO 15

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: primer KM28

<400> SEQUENCE: 15

agctageege ggtaccaage

46
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<210> SEQ ID NO 16

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM43

<400> SEQUENCE: 16

aatcaactat ctcatataca gcggccgcat gaagctactg tcttctat

<210> SEQ ID NO 17

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM44

<400> SEQUENCE: 17

catccttgta atccatcgat actagtttag aacccattat tgttgg

<210> SEQ ID NO 18

<211> LENGTH: 70

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM49

<400> SEQUENCE: 18
cttttatage ggaaccgctt tetttatttg aattgtettyg ttcaccaagg atgggtaagg

aaaagactca

<210> SEQ ID NO 19

<211> LENGTH: 70

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM50

<400> SEQUENCE: 19

ctggeceegea tttttaattc ttgtatcata aattcaaaaa ttatattata ttagaaaaac
tcatcgagca

<210> SEQ ID NO 20

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: primer KM54

<400> SEQUENCE: 20

tgtaatccat cgatactagt gcggccgcat caccctgeat tgectett

<210> SEQ ID NO 21

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM55

<400> SEQUENCE: 21

tcectegecct tgctcaccat ggatcetttt tttttttttt ttttgt

<210> SEQ ID NO 22

48

46

60

70

60

70

48

46



US 10,683,559 B2
57

-continued

58

<211>
<212>
<213>
<220>
<223>

<400>

LENGTH: 46

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer KM56

SEQUENCE: 22

tcectegeect tgctcaccat ggatcctttg attttcagaa acttga

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 23

LENGTH: 88

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: KM59

SEQUENCE: 23

aattggttac ttaaaaatgc accgttaaga accatatcca agaatcaaaa tagggataac

agggtaattt cgtacgctgce aggtcgac

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 24

LENGTH: 70

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer KM60

SEQUENCE: 24

accttatacc gaaggtcacg aaattacttt ttcaaagccg taaattttga cegegegttg

gccgatteat

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 25

LENGTH: 80

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer KMé6l

SEQUENCE: 25

ttaaaaatgc accgttaaga accatatcca agaatcaaaa tcaaaattta cggctttgaa

aaagtaattt cgtgaccttc

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 26

LENGTH: 80

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer KM62

SEQUENCE: 26

gaaggtcacg aaattacttt ttcaaagccg taaattttga ttttgattct tggatatggt

tcttaacggt gcatttttaa

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 27

LENGTH: 46

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer KM159

SEQUENCE: 27

tcgaggtega cggtatcgat aagcttacga tgattcagtt cgectt
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<210> SEQ ID NO 28

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM160

<400> SEQUENCE: 28

geggecgete tagaactagt ggatccectte gagegtccca aaacct

<210> SEQ ID NO 29

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM185

<400> SEQUENCE: 29

cceccctega ggtcgacggt atcgataage ttatcacccet geattg

<210> SEQ ID NO 30

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM186

<400> SEQUENCE: 30

cgeggtggeg gecgetctag aactagtgga tcecttegag cgtcece

<210> SEQ ID NO 31

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM187

<400> SEQUENCE: 31

taatccateg atactagtge ggccgeccga getettacge gggteg

<210> SEQ ID NO 32

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM188

<400> SEQUENCE: 32

tcctegecct tgctcaccat ggatcctata taccctctag agtcga

<210> SEQ ID NO 33

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM189

<400> SEQUENCE: 33

catccttgta atccatcgat actagtttag aacccattat tgttgg

<210> SEQ ID NO 34

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM190
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<400> SEQUENCE: 34

tcaactatct catatacagc ggccgcatga agctactgte ttctat

<210> SEQ ID NO 35

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: KM191

<400> SEQUENCE: 35

catcettgta atccatcgat actagttcac aacaattegt actgta

<210> SEQ ID NO 36

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM192

<400> SEQUENCE: 36

tcaactatct catatacagc ggccgcatgg ggtgtacagt gagtac

<210> SEQ ID NO 37

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM193

<400> SEQUENCE: 37

tcgaattect gecageceggg ggatccgage gaccteatge tatace

<210> SEQ ID NO 38

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM194

<400> SEQUENCE: 38

tggagcteca cegeggtgge ggccgectte gagegtcecca aaacct

<210> SEQ ID NO 39

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM195

<400> SEQUENCE: 39

taatccateg atactagtgc ggccgcccga getcttacge gggteg
<210> SEQ ID NO 40

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: primer KM196

<400> SEQUENCE: 40

tcectegecet tgetcaccat ggatcccatt atatacccte tagagt

<210> SEQ ID NO 41
<211> LENGTH: 46
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<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM197

<400> SEQUENCE: 41

catccttgta atccatcgat actagtttaa gaggcatcac cagaca

<210> SEQ ID NO 42

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM198

<400> SEQUENCE: 42

tcaactatct catatacagc ggccgcatgg gtgctccace taagaa

<210> SEQ ID NO 43

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM245

<400> SEQUENCE: 43

catccttgta atccatcgat actagtttac aacaattegt actgtt

<210> SEQ ID NO 44

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM246

<400> SEQUENCE: 44

tcaactatct catatacagc ggccgcatgg gttgectggg taattce

<210> SEQ ID NO 45

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM251

<400> SEQUENCE: 45

tcgaattect gecageceggg ggatcccaca caccataget tcaaaa

<210> SEQ ID NO 46

<211> LENGTH: 46

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer KM252

<400> SEQUENCE: 46

tggageteca cegeggtgge ggccgectte gagegtccca aaacct

<210> SEQ ID NO 47

<211> LENGTH: 45

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer SB3

<400> SEQUENCE: 47
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atctaagttt taattacaaa ggatccatge atcaccatca ccatc

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 48

LENGTH: 46

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer SB4

SEQUENCE: 48

ttagagcgga tcttagctag ccgeggttat ggggaatgaa tcttte

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 49

LENGTH: 47

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer SB89

SEQUENCE: 49

ttagagcgga tcttagctag ccgeggttac ttttgagatt taccacc

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 50

LENGTH: 49

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer SB90

SEQUENCE: 50

taagttttaa ttacaaagga tccaaaacaa tggatttgcc accacaatt

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 51

LENGTH: 1122

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: STF1

SEQUENCE: 51

atgaagctac tgtcttctat cgaacaagca tgcgatattt gccgacttaa

tgctccaaag aaaaaccgaa gtgcgccaag tgtctgaaga acaactggga

tctcccaaaa ccaaaaggte tccgetgact agggcacate tgacagaagt

ctagaaagac tggaacagct atttctactg atttttecte gegaagacct

ttgaaaatgg attctttaca ggatataaaa gcattgttaa caggattatt

aatgtgaata aagatgccgt cacagataga ttggcttcag tggagactga

acattgagac agcatagaat aagtgcgaca tcatcategg aagagagtag

caaagacagt tgactgtatc tagaccatct agtacaacaa aatcagataa

aaattagaaa gcgagaattt taaggataat gagttggtaa cagtaactaa

ttaggegttyg gectcatgga tgacgatgeg ccagaatcce cctctcaaat

attcctcaga aattgattat agaacccaat actctegaat tgaatggtcet

acgcctcatg acttacccaa gaataccget aagggcagag acgaagaaga

gactatttte ctgtatctgt tgaataccct acggaggaaa atgegtttga

ccacaggett ttacgccage tgccccttece atgectattt cctatgataa

agggattcta tgceccgttaa ttctettett aatagatace cctatcagtt

cccactttece cagtgccacce atcatcateg aggcaacatt ttatgtatcce

aaagctcaag
gtgtcgctac
ggaatcaagg
tgacatgatt
tgtacaagat
tatgcctcta
taacaaaggt
ttcgecteca
tcagecegett
taatgatttt
cacagaagaa
ttttecctcete
tcegttecet
cgtgaatgaa
atcagtggca

ttacgacgtt

45

46

47

49

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960
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68

ccagattatg ctattgactc tgcagctcat catgataact ccacaattcc gttggatttt

atgcccaggg atgctcttca tggatttgat tggtctgaag aggatgacat gteggatgge

ttgceccttece tgaaaacgga ccccaacaat aatgggttet aa

<210> SEQ ID NO 52
<211> LENGTH: 1035
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION:

<400> SEQUENCE: 52
atgggtgete cacctaagaa
gaagtctteg atttgattag
gaaattgctce aaagattggg
ttggctagaa agggtgtcat
caagaagaag aagaaggttt
aaatctgata actctccacc
actgttacaa atcaaccatt
ccttetcaaa ttaacgattt
ttgaacggtt tgactgaaga
gatgaggaag acttcccatt
aacgcttteg atccatttec
tcttacgata acgttaatga
ccatatcaat tgtctgttge
tttatgggta ttaacaagga
tacttgagaa ctggtcaaga
ccaggtatga ctccaaagac
aaatctaacg gtttccacga
ggtgatgect cttaa
<210> SEQ ID NO 53

<211> LENGTH: 707
<212> TYPE: DNA

gaaaagaaag
agatcatatt
tttcagatct
tgaaattgtt
gecattggtt
aaagttggaa
gttaggtgtce
cattccacaa
aactccacac
ggattacttt
accacaagcc
aagagattct
tccaacttte
tattgaggaa
aatgccaatg
tattttgcac

aattgaagct

STF2 sequence

gttgccaaag
tctcaaactg
ccaaacgcceyg
tctggtgett
ggtagagtcg
tctgaaaact
ggtttgatgg
aagttgatta
gatttgccaa
ccagtttctg
tttactccayg
atgccagtca
ccagttccte
tgtaatgcca
gaaatggcceg
gctggtccac

gatgtcaatg

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION:

<400> SEQUENCE: 53

tgactatgga ttetggtgcet
tttctggtac tcaaatttct
ctgttactga ttctcaaaaa
ttttgaatga tttgtcttct
aatgttctaa agaaaaacca
attctccaaa aactaaaaga
gattggaaag attggaacaa

ttttgaaaat ggattctttg

gataatcaac

actattgetg

agaagagaaa

attgaacaag

aaatgtgcta

tctecattga

ttgtttttgt

caagatatta

STF3 sequence

aatcttettg

aatctgaaga

ttttgtetag

cttgtgatat

aatgtttgaa

ctagagctca

tgatttttee

aagetttgtt

ctttgactgce
gtatgccacc
ctgaagaaca
ctagaggtat
gtagaccatc
tcaaagataa
atgacgatgc
ttgaaccaaa
agaatactgc
tcgaatatcc
ctgcaccatc
actcattgtt
catcttcttce
tcattgaaca
atcaagccat
caattcaacc

acacatcttt

taaagatttg

ttctcaagaa

aagaccatct

ttgtagattg

aaataattgg

tttgactgaa

aagagaagat

gactggtttyg

cagacaacaa
aactagagct
cttgaaagcet
tagattgttg
ttctactact
cgaattggtt
tccagaatct
cactttggaa
caaaggtaga
aactgaagaa
tatgccaatt
gaatagatac
aagacaacac
attcatcgat
taacgttgte
agattggttyg

gttattgtet

aaaagattgt

tctgttgatt

tatagaaaaa

aaaaaattga

gaatgtagat

gttgaatcta

ttggatatga

tttgttcaag

1020

1080

1122

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1035

60

120

180

240

300

360

420

480
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70

ataatgttaa taaagatgct gttactgata gattggcttc tgttgaaact gatatgecat

tgactttgag acaacataga atttctgcta cttettctte tgaagaatct tctaataaag

gtcaaagaca attgactgtt tctattgatt ctgctgeteca tcatgataat tctactattce

cattggattt tatgccaaga gatgetttge atggttttga ttggtaa

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 54

LENGTH: 173

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: PGal4 (5x)

SEQUENCE: 54

ccgagetett acgegggteg aagceggagta ctgtectecg agtggagtac tgtcectecga

gcggagtact gtectecgag tcgagggtceg aagceggagta ctgtcectceeg agtggagtac

tgtecctecga geggagtact gtectecgag tegactcetag agggtatata atg

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 55

LENGTH: 185

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: PLexA (4x)

SEQUENCE: 55

ccgagetett acgegggtceg aagtgetgta tatactcaca gcaagtggag tactgtecte

cgagaactgt atatacaccc agggagtcga gggtcgaagt actgtatgag catacagtaa

gtggagtact gtccteegag aactgtatat aaatacagtt agtcgactct agagggtata

taatg

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 56

LENGTH: 329

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: PCRE

SEQUENCE: 56

tcctggaagt ctcatggaga ttatacttta tgcaccagac agtgacgtca getgecagat

cccatggeeg tcatactgtg acgtcetttea gacaccccat tgacgtcaat gggagaactt

tagtatcegt ttagctagtt agtacctttg cacggaaatg tattaattag gagtatattg

agaaatagcce gccgacaaaa aggaagtctce ataaaagtgt ctaacagaca attagcgcaa

taagaagaaa gaaaacggat tgaagttgag tcgagaataa tatggcaccce agaaaacgct

ttaggctact cgaattaggg tcaccaatg

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 57

LENGTH: 179

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: pGal4 (5x) repressor

SEQUENCE: 57

tcgactctag agggtatata ccgagetett acgegggteg aagcggagta ctgtecteceg

agtggagtac tgtecctccga geggagtact gtectecgag tcegagggteg aageggagta

ctgtecteeg agtggagtac tgtcctccga geggagtact gtcectcecgag ggatccatg

540

600

660

707

60

120

173

60

120

180

185

60

120

180

240

329

60

120

179
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<210> SEQ ID NO 58
<211> LENGTH: 188
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: pLexA (4x)

<400> SEQUENCE: 58

repressor

ccgagetett acgegggtceg aagtgetgta tatactcaca gcaagtggag tactgtecte

cgagaactgt atatacaccc agggagtcga gggtcgaagt actgtatgag catacagtaa

gtggagtact gtccteecgag aactgtatat aaatacagtt agtcgactct agagggtata

taatgatg

<210> SEQ ID NO 59
<211> LENGTH: 960
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: OR1Gl wild type sequence

<400> SEQUENCE: 59

atgcatcacc atcaccatca
cttggtttet ccgaacaatt
tacttggtca ccgtegetgg
ttacataccce caatgtattt
tccactaceg tcccaaagat
tccggttgtt tattgcaatt
ttggctgtta tggcttacga
attatgtecece caggtttgtg
cattecettgt tgecatacctt
ccacatttct tttgtgatat
aacgaattgg ttatcttcat
attatctect acactaacgt
agaaaagcat tctccacctyg
tcattctgtyg tcgatttete
tcegttatgt acaccgtegt
caagaaatta agtcctcctt
<210> SEQ ID NO 60

<211> LENGTH: 960
<212> TYPE: DNA

cgaaggtaag
ggaagaacag
taacttgtta
cttettgget
gttggctaac
gtacttcttt
ttgctacgtc
tatcttctta
gttaatgaac
taacccattg
taccggtggt
cttcetccace
ttceteccat
ttceeccatcc
cactccaatg

gagaaagttg

aatttgacct
aagccattgt
atcatattag
aacttatccc
attcaaattc
atgttgtteg
gctatttgte
gtcteegect
tctttatcct
ttgtccttgt
ttgactggtt
attttgaaaa
ttgtcegtty
actcattccg
ttgaatccat

atttgggtta

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: A2 hit

<400> SEQUENCE: 60

atgcatcacc atcaccatca

cttggtttet ccgaacaatt

tacttggtca cegtegetgg

ttacatacce caatgtattt

cgaaggtaag

ggaagaacag

taacttgtta

cttettgget

aatttgacct

aagccattgt

atcatattag

aacttatccc

ctattteega
teggttectt
tcattattac
tagctgacgce
aatcccaagce
ttatgttgga
atccattgea
cctggattat
tctgtgetaa
cctgtaccga
tgatttgtgt
tteccateege
tetecttgtt
ctcaaaagga
ttatttattc

gaaagattca

ctatttecega

tcggttectt

tcattattac

tagctgacge

gtgtttctta
cetgtttatg
cgatacccag
ttgtttegtt
tatttcctac
ggctttetty
ttacatcttg
gaacgctttyg
ccacgaaatt
tccattcace
cttgtgtttg
tcaaggtaaa
ctttggtacc
taccgttget
cttaagaaat

ttccccataa

gtgtttctta

cctgtttatg

cgatacccag

ttgtttegtt

60

120

180

188

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

60

120

180

240



73

US 10,683,559 B2

-continued
tccactaccyg tcccaaagte tttggctaac attcaaatte aatcccaage tatttcectac 300
tceggttgtt tattgcaatt gtacttcecttt atgttgttcg ttatgttgga ggectttettg 360
ttggctgtta tggcttacga ttgctacgtc gctatttgte atccattgca ttacatcttg 420
attatgtcce caggtttgtg tatcttctta gtctccecgect cctggattat gaacgetttg 480
cattccttgt tgcatacctt gttaatgaac tctttatcct tctgtgctaa ccacgaaatt 540
ccacatttct tttgtgatat taacgtgttg ttgtccttgt cctgtaccga tccattcacce 600
aacgaattgg ttatcttcat taccggtggt ttgactggtt tgatttgtgt cttgtgtttg 660
attatctect acactaacgt cttctccacce attttgaaaa ttcecatccge tcaaggtaaa 720
agaaaagcat tctccacctg ttecctceccat ttgtcegttg tcectecttgtt ctttggtace 780
tcattctgtyg teggettcete ttcecccatce actcattecyg ctcaaaagga taccgttget 840
tccactatgt acaccgtcgt cactccaatg ttgaatccat ttatttattce cttaagaaat 900
caagaaatta agtcctcectt gagaaagttg atttgggtta gaaagattca ttccccataa 960
<210> SEQ ID NO 61
<211> LENGTH: 319
<212> TYPE: PRT
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: A2 hit

<400> SEQUENCE: 61

Met

1

Glu

Leu

Leu

Met

65

Ser

Ala

Phe

Tyr

Gly
145

Leu

Gly

Thr
225

His

Cys

Phe

Leu

50

Tyr

Thr

Ile

Val

Val

130

Leu

Ser

His

Ser

Gly
210

Asn

His

Phe

Gly

Ile

Phe

Thr

Ser

Met

115

Ala

Cys

Leu

Glu

Cys
195

Leu

Val

His His His His Glu

Leu Leu Gly Phe Ser

20

Ser Phe Leu Phe Met

40

Ile Leu Val Ile Ile

55

Phe Leu Ala Asn Leu

70

Val Pro Lys Ser Leu

85

Tyr Ser Gly Cys Leu

100

Leu Glu Ala Phe Leu

120

Ile Cys His Pro Leu

135

Ile Phe Leu Val Ser
150

Leu His Thr Leu Leu

165

Ile Pro His Phe Phe

180

Thr Asp Pro Phe Thr

200

Thr Gly Leu Ile Cys

215

Phe Ser Thr Ile Leu
230

Gly Lys Asn
10

Glu Gln Leu
25

Tyr Leu Val

Thr Asp Thr

Ser Leu Ala

75

Ala Asn Ile
90

Leu Gln Leu
105

Leu Ala Val

His Tyr Ile

Ala Ser Trp
155

Met Asn Ser
170

Cys Asp Ile
185

Asn Glu Leu

Val Leu Cys

Lys Ile Pro
235

Leu Thr Ser
Glu Glu Gln
30

Thr Val Ala
45

Gln Leu His
60

Asp Ala Cys

Gln Ile Gln

Tyr Phe Phe

110

Met Ala Tyr
125

Leu Ile Met
140

Ile Met Asn

Leu Ser Phe
Asn Val Leu
190

Val Ile Phe
205

Leu Ile Ile
220

Ser Ala Gln

Ile Ser

Lys Pro

Gly Asn

Thr Pro

Phe Val

80

Ser Gln
95

Met Leu

Asp Cys

Ser Pro

Ala Leu

160

Cys Ala

175

Leu Ser

Ile Thr

Ser Tyr

Gly Lys
240
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76

Arg

Phe

Ser

Pro

Ser
305

<210>
<211>
<212>
<213>
<220>
<223>

Lys

Phe

Ala

Met

290

Ser

Ala

Gly

Gln

275

Leu

Leu

Phe Ser
245

Thr Ser
260
Lys Asp

Asn Pro

Arg Lys

SEQ ID NO 62
LENGTH: 960
TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION: J6

<400> SEQUENCE: 62

atgcatcacc atcaccatca

cttggtttet

tacttggtca

ttacataccc

tccactaceg

tcoeggttgtt

ttggctgtta

attatgtcce

cattccttgt

ccacatttct

aacgaattgg

attatctcct

agaaaagcat

tcattctgtyg

tcegttatgt

caagaaatta

<210>
<211>
<212>
<213>
<220>
<223>

ccgaacaatt
cegtegetygg
caatgtattt
tcccaaagat
tattgcaatt
tggcttacga
caggtttgtg
tgcatacctt
tttgtgatat
ttatcttcat
acactaacgt
tctecacctyg
tegatttcte
acaccgtegt
agtcctectt
SEQ ID NO 63
LENGTH: 960
TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:
OTHER INFORMATION: J8

<400> SEQUENCE: 63

Thr

Phe

Thr

Phe

Leu
310

Cys

Cys

Val

Ile

295

Ile

Ser

Val

Ala

280

Tyr

Trp

cttettgget

gttggctaac

gtacttettt

ttgctacgte

gttaatgaac

taccggtggt
cttetecace
ttccteccat

ttcccecatcec

Ser His Leu
250

Gly Phe Ser
265

Ser Thr Met

Ser Leu Arg

Val Arg Lys
315

cgaaggtaag aatttgacct
ggaagaacag aagccattgt

taacttgtta atcatattag

aacttatccc

attcaaattc

atgttgttceg

gctatttgte

tatcttctta gtetecgecet

tctttatcct

taacccattg ttgtecttgt

ttgactggtt

attttgaaaa

ttgtcegtty

actcattceg

cactccaatyg ttgaatccat

gagaaagttg atttgggtta

atgcatcacc atcaccatca cgaaggtaag aatttgacct

cttggtttet

tacttggtca

ttacataccc

tccactaceg

tceggttgtt

ccgaacaatt

cegtegetgg

caatgtattt

tcccaaagat

tattgcaatt

cttettgget

gttggctaac

gtacttettt

ggaagaacag aagccattgt

taacttgtta atcatattag

aacttatccc

attcaaattc

atgttgtteg

Ser Val Val Ser Leu

Ser Pro Ser
270

Tyr Thr Val

285

Asn Gln Glu

300

Ile His Ser

ctatttccga
tcggttectt
tcattattac
tagctgacge
aatcccaage
ttatgttgga
atccattgca
cctggattat
tctgtgctaa
cctgtaccga
tgatttgtgt
ttccatecge
tctcecttgtt
ctcaaaagga
ttatttattce

gaaagattca

ctattteega

teggttectt

tcattattac

tagctgacgce

aatcccaagce

ttatgttgga

255

Thr His

Val Thr

Ile Lys

Pro

gtgtttctta
cetgtttatg
cgatacccag
ttgtttegtt
tatttcctac
ggctttetty
ttacatcttyg
gaacgctttyg
ccacgaaatt
tcecattcace
cttgtgtttyg
tcaaggtaaa
ctttggtace
tacegttget
cttaagaaat

ttccccataa

gtgtttctta
cctgtttatg
cgatacccag
ttgtttegtt
tatttcctac

ggctttettg

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

60

120

180

240

300

360
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-continued
ttggctgtta tggcttacga ttgctacgtc gctatttgte atccattgca ttacatcttg 420
attatgtccc caggtttgtg tatcttcectta gtctccecgect cctggattat gaacgctttg 480
cattccttgt tgcatacctt gttaatgaac tctttatcct tctgtgctaa ccacgaaatt 540
ccacatttct tttgtgatat taacccattg ttgtccttgt cctgtaccga tccattcacce 600
aacgaattgg ttatcttcat taccggtggt ttgactggtt tgatttgtgt cttgtgtttg 660
attatctecct acactaacgt cttctccacc attttgaaaa ttccatccge tcaaggtaaa 720
agaaaagcat tctccacctg ttecctceccat ttgtcegttg tcectecttgtt ctttggtacce 780
tcattetgtyg tegatttete ttceeccatce actcatteeg ctcaaaagga taccgttget 840
tcegttatgt acaccgtcegt cactccaatg ttgaatccat ttatttattc cttaagaaat 900
caagaaatta agtcctcctt gagaaagttg atttgggtta gaaagattca ttccccataa 960
<210> SEQ ID NO 64
<211> LENGTH: 960
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: L3 ClOEE 4
<400> SEQUENCE: 64
atgcatcacc atcaccatca cgaaggtaag aatttgacct ctatttccga gtgtttcetta 60
cttggtttet ccgaacaatt ggaagaacag aagccattgt tceggttectt cctgtttatg 120
tacttggtca ccgtcgctgg taacttgtta atcatattag tcattattac cgatacccag 180
ttacatacce caatgtattt cttecttgget aacttatcce tagectgacgce ttgtttegtt 240
tccactaccyg tcccaaagat gttggctaac attcaaatte aatcccaage tatttcectac 300
tceggttgtt tattgcaatt gtacttettt tgcttgttcg ttatgttgga ggetttettg 360
ttggctgtta tggcttacga ttgctacgtc gctatttgte atccattgca ttacatcttg 420
attatgtccce caggtttgtg tatcttctta gtctcegect cctggattat gaacgetttg 480
cattccttgt tgcatacctt gttaatgaac tctttatcct tctgtgctaa ccacgaaatt 540
ccacatttct tttgtgatat taacccattg ttgtccttgt cctgtaccga tccattcacce 600
aacgaattgg ttatcttcat taccggtggt ttgactggtt tgatttgtgt cttgtgtttg 660
attatctecct acactaacgt cttctccacc attttgaaaa ttccatccge tcaaggtaaa 720
agaaaagcat tctccacctg ttcctceccat ttgtcegttg tcectecttgtt ctttggtace 780
ctcacttgtyg tcgatttcte ttcecccatce actcatteeg ctcaaaagga taccgttget 840
tcectatatgt acaccgtcecgt cactccaatg ttgaatccat ttatttattc cttaagaaat 900
caagaaatta agtcctcctt gagaaagttg atttgggtta gaaagattca ttccccataa 960
<210> SEQ ID NO 65
<211> LENGTH: 1054
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: L3 Cl2EE 5
<400> SEQUENCE: 65
atgcatcacc atcaccatca cgaaggtaag aatttgacct ctatttccga gtgtttctta 60
cttggtttct ccgaacaatt ggaagaacag aagccattgt tcggttectt cctgtttatg 120
tacttggtca ccgtcgetgg taacttgtta atcatattag tcattattac cgatacccag 180
ttacataccc caatgtattt cttcttggct aacttatcce tagctgacgce ttgtttegtt 240
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80

-continued
tccactaccyg tcccaaagat gttggctaac attcaaatte aatcccaage tatttcectac 300
tcecggttgtt tattgcaatg tacttcaaca tgttgttegt tatgttggag gctttettgt 360
tggctgttat ggcttacgat tgctacgtcg ctatttgtca tccattgcat tacatcttga 420
ttatgtccece aggtttgtgt atcttcttag tcteccgecte ctggattatg aacgetttge 480
attccttgtt gcataccttg ttaatgaact ctttatcctt ctgtgctaac cacgaaattc 540
cacatttctt ttgtgatatt aacccatagt tgtccttgte ctgtaccgat ccattcacca 600
acgaattggt tatcttcatt accggtggtt tgactggttt gatttgtgtc ttgtgtttga 660
ttatcteccta cactaacgte ttctccacca ttttgaaaat tccatccget caaggtaaaa 720
gaaaagcatt ctccacctgt tcctcccatt tgtcecgttgt ctecttgtte tttggtacct 780
cagactgtgt cgatttctct tcceccatcca ctcattcege taaaggatac cgttgettec 840
ccatttgtcce gttgtcteet tgttetttgg tacctcacge tgtgtcgatt tctcettecee 900
atccactcat tccgctcaaa aggataccgt tgettceegtt atgtacaccg tegtcactcec 960
aatgttgaat ccatttattt attccttaag aaatcaagaa attaagtcct ccttgagaaa 1020
gttgatttgg gttagaaaga ttcattcccc ataa 1054
<210> SEQ ID NO 66
<211> LENGTH: 1054
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: L3 Cl2EE 6
<400> SEQUENCE: 66
atgcatcacc atcaccatca cgaaggtaag aatttgacct ctatttccga gtgtttctta 60
cttggtttcet ccgaacaatt ggaagaacag aagccattgt tceggttectt cctgtttatg 120
tacttggtca ccgtcgetgg taacttgtta atcatattag tcattattac cgatacccag 180
ttacataccc caatgtattt cttecttggcet aacttatcce tagectgacgce ttgtttegtt 240
tccactaccyg tcccaaagat gttggctaac attcaaatte aatcccaage tatttectac 300
tcecggttgtt tattgcaatg tacttcaaca tgttgttegt tatgttggag gctttettgt 360
tggctgttat ggcttacgat tgctacgtcg ctatttgtca tccattgcat tacatcttga 420
ttatgtccece aggtttgtgt atcttcttag tcteccgecte ctggattatg aacgetttge 480
attccttgtt gcataccttg ttaatgaact ctttatcctt ctgtgctaac cacgaaattc 540
cacatttctt ttgtgatatt aacccatagt tgtccttgte ctgtaccgat ccattcacca 600
acgaattggt tatcttcatt accggtggtt tgactggttt gatttgtgtc ttgtgtttga 660
ttatcteccta cactaacgte ttctccacca ttttgaaaat tccatccget caaggtaaaa 720
gaaaagcatt ctccacctgt tcctcccatt tgtcecgttgt ctcecttgtte tttggtacct 780
cagactgtgt cgatttctct tcceccatcca ctcattcege taaaggatac cgttgettec 840
ccatttgtce gttgtcteet tgttetttgg tacctcacge tgtgtcgatt tctcettecee 900
atccactcat tccgctcaaa aggataccgt tgettceegtt atgtacaccg tegtcactcec 960
aatgttgaat ccatttattt attccttaag aaatcaagaa attaagtcct ccttgagaaa 1020
gttgatttgg gttagaaaga ttcattcccc ataa 1054

<210>
<211>
<212>

SEQ ID NO 67
LENGTH: 960
TYPE: DNA
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-continued
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: L5 ClOME 2
<400> SEQUENCE: 67
atgcatcacc atcaccatca cgaaggtaag aatttgacct ctatttccga gtgtttctta 60
cttggtttet ccgaacaatt ggaagaacag aagccattgt tceggttectt cctgtttatg 120
tacttggtca ccgtcgctgg taacttgtta atcatattag tcattattac cgatacccag 180
ttacataccc caatgtattt cttcecttggcet aacttatcce tagectgacgce ttgtttegtt 240
tccactaccyg tcccaaagat gttggctaac attcaaatte aatcccaage tatttcectac 300
tceggttgtt tattgcaatt gtacttecttt cecttgttcecg ttatgttgga ggetttettg 360
ttggctgtta tggcttacga ttgctacgtc gctatttgte atccattgca ttacatcttg 420
attatgtcce caggtttgtg tatcttectta gtectceccgect cctggattat gaacgetttg 480
cattccttgt tgcatacctt gttaatgaac tctttatcct tctgtgctaa ccacgaaatt 540
ccacatttct tttgtgatat taacccattg ttgtccttgt cctgtaccga tccattcacce 600
aacgaattgg ttatcttcat taccggtggt ttgactggtt tgatttgtgt cttgtgtttg 660
attatctcct acactaacgt cttctccacc attttgaaaa ttccatccge tcaaggtaaa 720
agaaaagcat tctccacctg ttecctceeccat ttgtcegttg tcectecttgtt ctttggtacce 780
cacctttgtyg tcgatttcte ttcecccatce actcatteceg ctcaaaagga taccgttget 840
tcctagatgt acaccgtcegt cactccaatg ttgaatccat ttatttatte cttaagaaat 900
caagaaatta agtcctcctt gagaaagttg atttgggtta gaaagattca ttccccataa 960
<210> SEQ ID NO 68
<211> LENGTH: 960
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: L5 C1OME 3
<400> SEQUENCE: 68
atgcatcacc atcaccatca cgaaggtaag aatttgacct ctatttccga gtgtttctta 60
cttggtttet ccgaacaatt ggaagaacag aagccattgt tceggttcctt cctgtttatg 120
tacttggtca ccgtcgetgg taacttgtta atcatattag tcattattac cgatacccag 180
ttacataccc caatgtattt cttcttggct aacttatcce tagctgacgce ttgtttegtt 240
tccactaccyg tcccaaagat gttggctaac attcaaattce aatcccaage tatttcectac 300
tceggttgtt tattgcaatt gtacttettt gtettgttceg ttatgttgga ggetttettg 360
ttggctgtta tggcttacga ttgctacgte gctatttgte atccattgca ttacatcttg 420
attatgtccc caggtttgtg tatcttectta gtctccecgect cctggattat gaacgctttg 480
cattccttgt tgcatacctt gttaatgaac tctttatcct tctgtgctaa ccacgaaatt 540
ccacatttct tttgtgatat taacccattg ttgtccttgt cctgtaccga tccattcacce 600
aacgaattgg ttatcttcat taccggtggt ttgactggtt tgatttgtgt cttgtgtttg 660
attatctecct acactaacgt cttctccacce attttgaaaa ttccatccge tcaaggtaaa 720
agaaaagcat tctccacctg ttcecctcccat ttgtcegttg tcectecttgtt ctttggtacce 780
caggattgtg tcgatttcte tteccccatcee actcattecg ctcaaaagga taccgttget 840
tcctegatgt acaccgtegt cactccaatg ttgaatccat ttatttatte cttaagaaat 900
caagaaatta agtcctcctt gagaaagttg atttgggtta gaaagattca ttccccataa 960
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<210> SEQ ID NO 69
<211> LENGTH: 960
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: L5 C1OME 4
<400> SEQUENCE: 69
atgcatcacc atcaccatca cgaaggtaag aatttgacct ctatttccga gtgtttctta 60
cttggtttct ccgaacaatt ggaagaacag aagccattgt tcggttectt cctgtttatg 120
tacttggtca ccgtcgetgg taacttgtta atcatattag tcattattac cgatacccag 180
ttacataccc caatgtattt cttcttggct aacttatcce tagctgacgce ttgtttegtt 240
tccactaccyg tcccaaagat gttggctaac attcaaattce aatcccaage tatttcectac 300
tccggttgtt tattgcaatt gtacttettt gtettgtteg ttatgttgga ggctttettyg 360
ttggctgtta tggcttacga ttgctacgtc gctatttgte atccattgca ttacatcttg 420
attatgtccc caggtttgtg tatcttcectta gtctccecgect cctggattat gaacgctttg 480
cattccttgt tgcatacctt gttaatgaac tctttatcct tctgtgctaa ccacgaaatt 540
ccacatttct tttgtgatat taacccattg ttgtccttgt cctgtaccga tccattcacce 600
aacgaattgg ttatcttcat taccggtggt ttgactggtt tgatttgtgt cttgtgtttg 660
attatctcct acactaacgt cttctccacc attttgaaaa ttccatccge tcaaggtaaa 720
agaaaagcat tctccacctg ttecctceccat ttgtcegttg tcectecttgtt ctttggtacce 780
geggettgtg tegatttete ttecccatee actcattcceg ctcaaaagga taccgttget 840
tccaatatgt acaccgtegt cactccaatg ttgaatccat ttatttattce cttaagaaat 900
caagaaatta agtcctcctt gagaaagttg atttgggtta gaaagattca ttccccataa 960
<210> SEQ ID NO 70
<211> LENGTH: 960
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: L5 C1lOME 6
<400> SEQUENCE: 70
atgcatcacc atcaccatca cgaaggtaag aatttgacct ctatttccga gtgtttctta 60
cttggtttet ccgaacaatt ggaagaacag aagccattgt tceggttectt cctgtttatg 120
tacttggtca ccgtcgctgg taacttgtta atcatattag tcattattac cgatacccag 180
ttacataccc caatgtattt cttecttgget aacttatcce tagectgacgce ttgtttegtt 240
tccactaccyg tcccaaagat gttggctaac attcaaatte aatcccaage tatttcectac 300
tceggttgtt tattgcaatt gtacttettt atcttgttcg ttatgttgga ggetttettg 360
ttggctgtta tggcttacga ttgctacgtc gctatttgte atccattgca ttacatcttg 420
attatgtccce caggtttgtg tatcttctta gtectcegect cctggattat gaacgetttg 480
cattccttgt tgcatacctt gttaatgaac tctttatcct tctgtgctaa ccacgaaatt 540
ccacatttct tttgtgatat taacccattg ttgtccttgt cctgtaccga tccattcacce 600
aacgaattgg ttatcttcat taccggtggt ttgactggtt tgatttgtgt cttgtgtttg 660
attatctcct acactaacgt cttcetccacce attttgaaaa ttcecatccege tcaaggtaaa 720
agaaaagcat tctccacctg ttecctceccat ttgtcegttg tcectecttgtt ctttggtacce 780
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geggettgtyg tegatttete ttecccatce actcatteeg ctcaaaagga taccgttget

tccaggatgt acaccgtcegt cactccaatg ttgaatccat ttatttattc cttaagaaat

caagaaatta agtcctcctt gagaaagttg atttgggtta gaaagattca ttccccataa

<210> SEQ ID NO 71
<211> LENGTH: 957
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: L5 ClOME 7

<400> SEQUENCE: 71

atgcatcace atcaccatca
cttggtttet ccgaacaatt
tacttggtca cecgtegetgg
ttacatacce caatgtattt
tccactaceg tcccaaagat
tcecggttgtt tattgcaatt
ggctgttatyg gcttacgatt
tatgtecceca ggtttgtgta
ttccttgttyg cataccttgt
acatttcttt tgtgatatta
cgaattggtt atcttcatta
tatctectac actaacgtcet
aaaagcattc tccacctgtt
cacgtgtgte gatttctett
aatatgtaca ccgtegtcac
gaaattaagt cctccttgag
<210> SEQ ID NO 72

<211> LENGTH: 959
<212> TYPE: DNA

cgaaggtaag
ggaagaacag
taacttgtta
cttettgget
gttggctaac
gtacttcttt
gctacgtege
tcttettagt
taatgaactc
acccattgtt
ccggtggttt
tctecaccat
ccteccattt
ccececatccac
tccaatgttyg

aaagttgatt

aatttgacct
aagccattgt
atcatattag
aacttatcce
attcaaattc
accttgegtt
tatttgtcat
ctcegectee
tttatcctte
gteettgtee
gactggtttyg
tttgaaaatt
gtcegttgte
tcattccget
aatccattta

tgggttagaa

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Lé isobutanol 10

<400> SEQUENCE: 72

atgcatcacc atcaccatca

cttggtttet ccgaacaatt

tacttggtca ccgtegetgg

ttacatacce caatgtattt

tccactaceg tcccaaagat

ccggttgttt attgaatttg

tggctgttat ggettacgat

ttatgtcecece aggtttgtgt

attccttgtt geataccttg

cacatttctt ttgtgatatt

acgaattggt tatcttcatt

cgaaggtaag

ggaagaacag

taacttgtta

cttettgget

ttggctgteca

tacttcttta

tgctacgteg

atcttcttag

ttaatgaact

aacccattgt

accggtggtt

aatttgacct
aagccattgt
atcatattag

aacttatccc

ttcaaattca

tgttgttegt

ctatttgtca

tctecgecte

ctttatcctt

tgtccttgte

tgactggttt

ctattteega
teggttectt
tcattattac
tagctgacgce
aatcccaagce
atgttggagg
ccattgeatt
tggattatga
tgtgctaacc
tgtaccgatc
atttgtgtct
ccatecegete
tecttgttet
caaaaggata
tttattccectt

agattcattc

ctattteega

teggttectt

tcattattac

tagctgacgce

atcccaaget

tatgttggag

tccattgeat

ctggattatg

ctgtgctaac

ctgtaccgat

gatttgtgte

gtgtttctta
cetgtttatg
cgatacccag
ttgtttegtt
tatttcctac
ctttettgtt
acatcttgat
acgctttgea
acgaaattcc
cattcaccaa
tgtgtttgat
aaggtaaaag
ttggtacctt
cecgttgttec
aagaaatcaa

cccataa

gtgtttctta
cetgtttatg
cgatacccag
ttgtttegtt
atttcctact
getttettgt
tacatcttga
aacgctttge
cacgaaattc
ccattcacca

ttgtgtttga

840

900

960

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

957

60

120

180

240

300

360

420

480

540

600

660
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ttatctccta cactaacgte ttctccacca ttttgaaaat tccatccget caaggtaaaa 720
gaaaagcatt ctccacctgt tcctecccatt tgtcecgttgt ctceccttgtte tttggtacct 780
cattctgtgt cgatttctet tcceccatcca ctcattcege tcaaaaggat accgttgett 840
cegttatgta caccgtegte actccaatgt tgaatccatt tatttattce ttaagaaatc 900
aagaaattaa gtcctccttg agaaagttga tttgggttag aaagattcat tccccataa 959
<210> SEQ ID NO 73
<211> LENGTH: 957
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Lé isobutanol 12
<400> SEQUENCE: 73
atgcatcacc atcaccatca cgaaggtaag aatttgacct ctatttccga gtgtttctta 60
cttggtttet ccgaacaatt ggaagaacag aagccattgt teggttectt cctgtttatg 120
tacttggtca ccgtcgetgg taacttgtta atcatattag tcattattac cgatacccag 180
ttacataccc caatgtattt cttcttggct aacttatcce tagctgacgce ttgtttegtt 240
tccactaccg tcccaaagaa gttggctatg attcaaatte aatcccaage tatttcectac 300
tceggttgtt tattgtagtt gtacttecttt atgttgttcg ttatgttgga ggectttettg 360
ttggctgtta tggcttacga ttgctacgtc gctatttgte atccattgca ttacatcttg 420
attatgtcce caggtttgtg tatcttcectta gtctceccgect cctggattat gaacgcetttg 480
cattccttgt tgcatacctt gttaatgaac tctttatcct tectgtgctaa ccacgaaatt 540
ccacatttct ttgatattaa cccattgttg tecttgtect gtaccgatce attcaccaac 600
gaattggtta tcttcattac cggtggtttg actggtttga tttgtgtctt gtgtttgatt 660
atctcctaca ctaacgtctt ctccaccatt ttgaaaatte catccgctca aggtaaaaga 720
aaagcattct ccacctgttc ctecccatttg tcecegttgtet ccttgttett tggtacctca 780
ttctgtgteg atttctette cccatccact cattcegete aaaaggatac cgttgcettec 840
gttatgtaca ccgtcgtcac tccaatgttg aatccattta tttattcctt aagaaatcaa 900
gaaattaagt cctccttgag aaagttgatt tgggttagaa agattcattc cccataa 957
<210> SEQ ID NO 74
<211> LENGTH: 960
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: L7 CLlOEE 6
<400> SEQUENCE: 74
atgcatcacc atcaccatca cgaaggtaag aatttgacct ctatttccga gtgtttctta 60
cttggtttcet ccgaacaatt ggaagaacag aagccattgt tceggttectt cctgtttatg 120
tacttggtca ccgtcgcetgg taacttgtta atcatattag tcattattac cgatacccag 180
ttacataccc caatgtattt cttcttggct aacttatcce tagctgacgce ttgtttegtt 240
tccactaccyg tcccaaagat gttggctaac attcaaatte aatcccaage tatttcectac 300
tceggttgtt tattgcaatt gtacttettt atgttgttcg ttatgttgga ggetttettg 360
ttggctgtta tggcttacga ttgctacgte gctatttgte atccattgca ttacatcttg 420
attatgtccc caggtttgtg tatcttcectta gtctccecgect cctggattat gaacgcetttg 480
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cattcettgt tgeatacctt
ccacatttct tttgtgatat
aacgaattgg ttatcttcat
attatcteet acactaacgt
agaaaagcat tctccacctg
tcattctgtyg tcgatttete
tcegttatgt acaccgtegt
caagaaatta agtcctcectt
<210> SEQ ID NO 75

<211> LENGTH: 959
<212> TYPE: DNA

gttaatgaac
taacccattg
taccggtggt
cttetecace
ttccteccat
ttcecccatee
cactccaatg

gagaaagttyg

tctttatcct

ttgtcettgt

ttgactggtt

attttgaaaa

ttgtcegtty

actcattceg

ttgaatccat

atttgggtta

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: L7 ClOEE 9

<400> SEQUENCE: 75

atgcatcacc atcaccatca
cttggtttet ccgaacaatt
tacttggtca cegtegetgg
ttacatacce caatgtattt
tccactaceg tcccaaagat
tcecggttgtt tattgcaatt
tggetgttat ggettacgat
ttatgtcece aggtttgtgt
attccttgtt gcataccttg
cacatttett ttgtgatatt
acgaattggt tatcttcatt
ttatcteccta cactaacgte
gaaaagcatt ctccacctgt
cgaagtgtgt cgecttetet
ccgttatgta caccgtegte
aagaaattaa gtcctccttyg
<210> SEQ ID NO 76

<211> LENGTH: 50
<212> TYPE: DNA

cgaaggtaag
ggaagaacag
taacttgtta
cttettgget
gttggctaac
gtacttcttt
tgctacgteg
atcttcttag
ttaatgaact
aacccattgt
accggtggtt
ttctecacca
tccteccatt
tceecatcca
actccaatgt

agaaagttga

aatttgacct
aagccattgt
atcatattag
aacttatccc
attcaaattc
atgttgtteg
ctatttgtca
tctecgecte
ctttatcctt
tgtccttgte
tgactggttt
ttttgaaaat
tgteegttgt
ctcattecege
tgaatccatt

tttgggttag

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: primer RP1

<400> SEQUENCE: 76

tctgtgctaa ccacgaaatt
cctgtaccga tccattcace
tgatttgtgt cttgtgtttyg
ttccatcege tcaaggtaaa
tetecttgtt ctttggtace
ctcaaaagga taccgttgcet
ttatttattc cttaagaaat

gaaagattca ttccccataa

ctatttccga gtgtttctta
teggttectt ccetgtttatg
tcattattac cgatacccag
tagctgacge ttgtttegtt
aatcccaage tatttcctac
tatgttggag gctttettgt
tccattgeat tacatcttga
ctggattatyg aacgetttge
ctgtgctaac cacgaaattc
ctgtacctet ccattcacca
gatttgtgte ttgtgtttga
tccatceget caaggtaaaa
ctecttgtte tttggtacce
tcaaaaggat accgttgett
tatttattce ttaagaaatc

aaagattcat tccccataa

acaaacaaaa aaaaaaaaaa aaaaggatcc atgacagtca acactaagac

<210> SEQ ID NO 77
<211> LENGTH: 52
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: primer RP2

<400> SEQUENCE: 77

540

600

660

720

780

840

900

960

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

959

50
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cggatettag ctageccgegg taccaagett ttataattgg ccagtctttt te

<210> SEQ ID NO 78

<211> LENGTH: 49

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer RP3

<400> SEQUENCE: 78

acaaacaaaa aaaaaaaaaa aaaaggatcc atgggtagga gggcttttg

<210> SEQ ID NO 79

<211> LENGTH: 49

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer RP4

<400> SEQUENCE: 79

cggatcttag ctagccgegg taccaagett ttacaacact cecttegtg

<210> SEQ ID NO 80

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer RP5

<400> SEQUENCE: 80

acaaacaaaa aaaaaaaaaa aaaaggatcc atggtgagca agggcgag

<210> SEQ ID NO 81

<211> LENGTH: 52

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer RP6

<400> SEQUENCE: 81

cggatcttag ctagccgegg taccaagett ttataatttg gacttgtaca ge

<210> SEQ ID NO 82

<211> LENGTH: 49

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer RP7

<400> SEQUENCE: 82

acaaacaaaa aaaaaaaaaa aaaaggatcc atggtgageg agctgatta

<210> SEQ ID NO 83

<211> LENGTH: 49

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer RPS8

<400> SEQUENCE: 83
cggatcttag ctageccgegg taccaagett ttatctgtge cccagtttg
<210> SEQ ID NO 84

<211> LENGTH: 52
<212> TYPE: DNA

52

49

49

48

52

49

49
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-continued

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: primer RP9

<400> SEQUENCE: 84

acaaacaaaa aaaaaaaaaa aaaaggatcc atgtctaaag gtgaagaatt at

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 85

LENGTH: 53

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer RP10

<400> SEQUENCE: 85

cggatcttag ctagccgegg taccaagett ttatttgtac aattcatcca tac

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 86

LENGTH: 46

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer KM296

<400> SEQUENCE: 86

tcgaattect gecageceggg ggatccatca cectgeattg cctett

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 87

LENGTH: 46

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer KM297

<400> SEQUENCE: 87

tggagcteca cegeggtgge ggccgectte gagegtcecca aaacct

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 88

LENGTH: 46

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer KM304

<400> SEQUENCE: 88

acaaaaaaaa aaaaaaaaaa ggatccatga aagtccaaat aaccaa

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 89

LENGTH: 46

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: primer KM305
<400>

SEQUENCE: 89

tcttagetag cecgeggtace aagetttcag gttgecatctg gaaggt

52

53

46

46

46

46

We claim:

1. An engineered yeast cell comprising: 60

a sensing unit, the sensing unit comprising:
an olfactory G-protein coupled receptor (GPCR),
wherein the olfactory GPCR is an OR1G1 or an
OR1G1 mutant, wherein OR1G1 comprises the 65

amino acid sequence encoded by the nucleic acids
sequence SEQ ID NO:59, and wherein the OR1G1

mutant comprises the OR1G1 amino acid sequence
with up to 7 amino acid substitutions thereof;

a processing unit, the processing unit comprising:

a signal transduction pathway, wherein the signal trans-
duction pathway comprises a synthetic transcription
factor selected from STF1, STF2, STF3, and combi-
nations thereof;,

a synthetic response unit, the synthetic response unit
comprising:
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a recombinant signal molecule gene, wherein the
recombinant signal molecule gene is operatively
coupled to a synthetic promoter that is responsive to
the synthetic processing unit, wherein the synthetic
promoter is selected from the group consisting of:
pGAL4(5%), pLExA(4x), pCRE, and combinations
thereof,
wherein the sensing unit is in biologic communica-

tion with the processing unit and the processing
unit is in biologic communication with the
response unit.

2. The engineered yeast cell of claim 1, wherein the
olfactory GPCR is an OR1G1 mutant and wherein the
OR1G1 mutant comprises the amino acid sequence encoded
by a nucleic acid sequence selected from the group consist-
ing of: SEQ ID NO: 60, 64, 67, 68, 69, 70, and 73.

3. The engineered yeast cell of claim 1, wherein the
olfactory GPCR binds a fatty acid.

4. The engineered yeast cell of claim 1, further comprising
an amplification unit, wherein the amplification unit is
biologically coupled to the synthetic response unit.

5. The engineered yeast cell of claim 1, wherein the
synthetic transcription factor has a sequence about 90%-
100% identical to SEQ ID NO: 51-53.

6. The engineered yeast cell of claim 5, wherein the
synthetic promoter has a sequence 90% to 100% identical to
SEQ ID NO: 54-56.

7. The engineered yeast cell of claim 1, wherein the
recombinant signal molecule gene encodes a fluorescent
protein.

8. The engineered yeast cell of claim 1, wherein the
engineered yeast cell has at least a stel2 deletion.

9. The engineered yeast cell of claim 1, wherein the
synthetic transcription factor is STF1 and the synthetic
promoter is pGAL4(5x).

10. The engineered yeast cell of claim 9, wherein STF1
has a sequence that is about 90%-100% identical to SEQ ID
NO: 51 and pGAL4(5x) has a sequence that is about
90%-100% identical to SEQ ID NO: 54.

11. The engineered yeast cell of claim 1, wherein the
synthetic transcription factor is STF2 and the promoter is
pLexA(4x).

12. The engineered yeast cell of claim 11, wherein STF2
has a sequence that is about 90%-100% identical to SEQ ID
NO: 52 and pLexA(4x) has a sequence that is about 90%-
100% identical to SEQ ID NO: 55.

13. The engineered yeast cell of claim 1, wherein the
synthetic transcription factor is STF3 and the synthetic
promoter is pCRE.
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14. The engineered yeast cell of claim 13, wherein STF3
has a sequence that is about 90%-100% identical to SEQ ID
NO: 53 and pCRE has a sequence that is about 90%-100%
identical to SEQ ID NO: 56.

15. A method comprising:

contacting an engineered yeast cell with a sample,

wherein the engineered yeast cell comprises

a sensing unit, the sensing unit comprising:
an olfactory G-protein coupled receptor (GPCR),
wherein the olfactory GPCR is an OR1G1 or an

OR1G1 mutant wherein OR1G1 comprises an

amino acid sequence encoded by the nucleic acids

sequence SEQ ID NO:59, and wherein the OR1G1
mutant comprises the OR1G1 amino acid
sequence with up to 7 amino acid substitutions
thereof;

a processing unit, the processing unit comprising:

a signal transduction pathway, wherein the signal
transduction pathway comprises a synthetic tran-
scription factor selected from STF1, STF2, STF3,
and combinations thereof;

a synthetic response unit, the synthetic response unit
comprising:

a recombinant signal molecule gene, wherein the
recombinant signal molecule gene is opera-
tively coupled to a synthetic promoter that is
responsive to the synthetic processing unit,
wherein the synthetic promoter is selected from
the group consisting of: pGAL4(5x), pLExA
(4x), pCRE, and combinations thereof,

wherein the sensing unit is in biologic communica-
tion with the processing unit and the processing
unit is in biologic communication with the
response unit; and

detecting a signal generated by the response unit.

16. The method of claim 15, wherein the step of contact-
ing the engineered yeast cell with a sample further com-
prises incubating the engineered yeast cell with a producer
cell.

17. The method of claim 15, wherein the synthetic tran-
scription factor is STF1 and the synthetic promoter is
pGAL4(5x).

18. The method of claim 15, wherein the synthetic tran-
scription factor is STF2 and the synthetic promoter is
pLexA(4x).

19. The method of claim 15, wherein the synthetic tran-
scription factor is STF3 and the synthetic promoter is pCRE.
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