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YEAST-BASED BIOSENSOR
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The present application claims the priority to U.S. Provisional Patent Application

Number 62/023,549, filed July 11, 2014, which is incorporated by reference in its entirety.
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FIELD

Provided herein are compositions comprising yeast-based biosensors (YBBs) and
methods of use thereof. In particular, YBBs are provided for the detection and/or
quantification of an analyte (e.g., peptide analyte) in a sample (e.g., a biological sample,

environmental sample, etc.).

BACKGROUND

Low-cost, point-of-care (POC) diagnostics are an invaluable resource for screening,
diagnoses, and treatment for a range of diseases. POC is useful as it allows immediate results,
and allows frequent measurements, as it is low cost. POC exist for several important
molecule groups: small molecules (colorimetric reactions), nucleic acids (nucleic acid
amplification tests, NAATS), and full proteins (lateral flow sandwich immunoassays, e.g.,
pregnancy tests). However, there is currently a technology gap in POC diagnostics for
peptides, which are useful biomarkers in serum and urine for a range of diseases. Sandwich
Immunoassays, for example, cannot simultaneously bind a peptide with two antibodies, and
are therefore not useful. Instead, peptide tests rely on hospital laboratories with long wait

times (hours to days) and are typically more expensive.

SUMMARY

Provided herein are compositions and systems comprising yeast-based biosensors
(YBBs) and methods of use thereof. In particular, YBBs are provided for the detection
and/or quantification of an analyte (e.g., peptide analyte) in a sample (e.g., a biological

sample, environmental sample, etc.).
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In some embodiments, provided herein are diagnostic compositions, devices, and
methods comprising yeast-based biosensors (YBBs) engineered to detect analytes (e.g.,
peptides (e.g., biomarker peptides, etc.), etc.). In some embodiments, YBBs comprise (a)
recognition element (e.g., receptor (e.g., modified yeast receptor, etc.), etc.) on the exterior of
the biosensor (e.g., for binding and or recognition of the analyte (e.g., peptide)), and (b) a
reporter that signals binding or recognition of the analyte.

In some embodiments, a recognition element is a cell surface receptor. In some
embodiments, a recognition element is a yeast receptor. In some embodiments, a recognition
clement is a G protein-coupled receptor (GPCR). In some embodiments, a recognition
clement is Ste2p (e.g., SEQ ID NO: 14 or a variant thereof). In some embodiments, a
recognition element is a modified (e.g., mutated, chimeric, etc.) version of a cell surface
receptor, yeast receptor, GPCR, Ste2p, etc. In some embodiments, a recognition element has
been developed and/or identified to recognize and/or bind a specific analyte (e.g., peptide).

In some embodiments, a recognition element is a receptor for a native analyte, the specificity
and/or selectivity of which has been altered (e.g., by mutation, by directed evolution, by
design, etc.). In some embodiments, a recognition element binds a desired analyte (e.g.,
specifically), and sends a signal downstream (e.g., via G-protein or another signal
transduction mechanism) to the reporter upon analyte binding. In some embodiments, a
recognition element exhibits modified analyte recognition functionality. Modified
recognition functionality may comprise increased sensitivity (e.g., to native peptides, to non-
native peptides, or other analytes), increased specificity (e.g., effectively decreased sensitivity
for non-target peptides or other analytes), etc.

In some embodiments, a reporter comprises any suitable molecular entity that
produces a detectable signal, or a change in detectable signal, in response to analyte binding
to the recognition element. In some embodiments, a reporter comprises a promoter that is
activated, inhibited, enhanced, or otherwise altered in response to an analyte binding to the
recognition element. In some embodiments, a reporter further comprises a detectable element
that is expressed by the promoter. In such embodiments, upon binding of the analyte to the
recognition element, the level of expression from the promoter is altered, and the level of the
detectable element produced by the YBB is therefore altered as well.

In some embodiments, provided herein are artificial cellular entities comprising a: (a)
surface-exposed recognition element that binds a non-native peptide analyte; and (b) a
reporter that produces a detectable signal in response to binding of the peptide analyte and the

recognition element. In some embodiments, the artificial cellular entity is a yeast-based
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biosensor (YBB). In some embodiments, the artificial cellular entity comprises an
engineered yeast cell. In some embodiments, the surface-exposed recognition element is a
non-native, engineered receptor protein. In some embodiments, the surface-exposed
recognition element is a modified yeast G protein-coupled receptor (GPCR). In some
embodiments, the surface-exposed recognition element comprises the signal transduction
functionality of a native yeast GPCR with modified analyte recognition functionality. In
some embodiments, the surface-exposed recognition element induces a G-protein signal
transduction cascade upon binding non-native peptide analyte. In some embodiments, the
surface-exposed recognition element is a modified Ste2p receptor. In some embodiments, the
surface-exposed recognition element binds a peptide fragment of gramicidin S synthetase 2 or
cystatin C. In some embodiments, the surface-exposed recognition element does not bind
native alpha factor. In some embodiments, the reporter comprises: (i) a promoter, and (ii) a
detectable element under expression control of said promoter. In some embodiments,
expression from said promoter is altered by signal transduction from said surface-exposed
recognition element. In some embodiments, expression from said promoter is enhanced by
signal transduction from said surface-exposed recognition element. In some embodiments,
the detectable element is a luciferase or fluorescent protein. In some embodiments, the
artificial cellular entity further comprises a control reporter that produces a detectable signal
independent of binding of the peptide analyte and the recognition element. In some
embodiments, relative change of detectable element relative to the control reporter is
indicative of analyte binding by the recognition element.

In some embodiments, provided herein are yeast-based biosensor comprising a yeast
cell expressing: (a) a recognition clement that is a modified version of a native yeast cell-
surface receptor, wherein the recognition element binds to a peptide analyte that is not a
natural ligand for the native yeast cell-surface receptor; and (b) a reporter, expression of
which is linked to binding of the recognition eclement to the peptide analyte. In some
embodiments, the recognition element has at least 50% sequence identity (e.g., 50%, 55%,
60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 99%, or any ranges thercbetween), but less
than 100% sequence identity, with the native yeast cell-surface receptor. In some
embodiments, the recognition element has at least 50% sequence similarity (e.g., 50%, 55%,
60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 99%, or any ranges therebetween) with the
native yeast cell-surface receptor. In some embodiments, a recognition element has less than
50% sequence identity and/or similarity with a native yeast recptor (e.g., 0%, 5%, 10%, 15%,
20%, 25%, 30%, 35%, 40%, 45%, or any ranges therebetween). In some embodiments, the
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recognition element is a mutant version of Ste2p and binds to a peptide analyte having less
than 50% sequence identity (e.g., 0%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, or
any ranges therebetween) with a-factor. In some embodiments, provided herein are methods
of detecting a peptide analyte in a sample, comprising exposing the yeast-based biosensor to
the sample, and detecting expression of the reporter, wherein increased expression of the
reporter indicates the presence of the peptide bioagent in the sample.

In some embodiments, provided herein are methods of detecting a peptide analyte in a
sample, comprising: (a) contacting a sample with the artificial cellular entity described
herein; and (b) detecting the detectable signal from said reporter. In some embodiments,
methods further comprise comparing the detectable signal from said reporter to a control
signal. In some embodiments, the control signal is the detectable signal from said reporter
before contacting the sample with the artificial cellular entity. In some embodiments, the
sample is an environmental, biological, security, or forensic sample. In some embodiments,
the sample is a biological sample selected from blood, a blood product, urine, and saliva.

In some embodiments, provided herein are devices/systems comprising the artificial
cellular entities (e.g., YBBs) described herein, and components for one or more of: storing
the artificial cellular entities, combining the artificial cellular entities with a sample, mixing,
detecting signal, quantifying signal, presenting results, etc.

In some embodiments, provided herein are compositions comprising artificial cellular
entities comprising: (a) a first surface-exposed recognition element that binds a first non-
native peptide analyte; (b) a second surface-exposed recognition element that binds a second
non-native peptide analyte; and (c) a first reporter that produces a detectable signal in
response to binding of the first peptide analyte and the first recognition element. In some
embodiments, the first reporter also produces a detectable signal in response to binding of the
second peptide analyte and the second recognition element. In some embodiments,
compositions further comprise a second reporter that produces a detectable signal in response
to binding of the second peptide analyte and the second recognition element. In some
embodiments, the first and second reporters produce distinguishable detectable signals.

In some embodiments, provided herein are compositions comprising artificial cellular
entities comprising: (a) a first surface-exposed recognition element that binds a non-native
peptide analyte; (b) a second surface-exposed recognition element that binds the non-native
peptide analyte; and (c) a first reporter that produces a detectable signal in response to
binding of the peptide analyte and the first recognition element; wherein the first recognition

element has a greater sensitivity for the peptide analyte than the second peptide analyte. In
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some embodiments, the first reporter also produces a detectable signal in response to binding
of the peptide analyte and the second recognition element. In some embodiments,

compositions further comprise a second reporter that produces a detectable signal in response
to binding of the peptide analyte and the second recognition element. In some embodiments,

the first and second reporters produce distinguishable detectable signals.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows population of Induced Ste2 receptors used to determine the gate for
FACS.

FIG. 2 shows stochasticity of a population of Ste2 receptors induced with alpha
factor.

FIG. 3 shows dose response curves for mutants isolated for sensitivity to ligand
variant 44 against Variant 44 and the native alpha factor.

FIG. 4 shows dose response curves for mutants isolated for sensitivity to ligand
variant 56 against Variant 56 and the native alpha factor.

FIG. 5 shows dose response curves for Ste2 and mutant receptors. The EC50 values
for mutants were significantly lower than the EC50 value for Ste2, implying that the mutants
have increased sensitivity to Variant 56 as compared to the Ste2 receptor.

FIGS. 6A and 6B show exemplary high-throughput screening methods.

FIG. 7 shows effects of multiple rounds of mutagenesis and screening.

FIG. 8 shows experimental validation that high throughput screen can recover 1 active
receptor in 10° inactive receptors. STE2+ yeast cells and STE2- yeast
cells were mixed at a 1:10° ratio. a-factor was added to induce the STE2+ cells. The mixture
was enriched for high gfp/mKate by FACS. After four rounds of enrichment, a majority of
the population was STE2+ (confirmed by colony PCR).

FIG. 9 shows that receptors for biomarker chimeras have improved dose-response
curves. (a) Mutant receptors have a lower EC50 to Cys1 than Recgiesp. (b) Mutant receptors
(derived from Reccysi mutagenesis) have lower EC50 to Cys2 than Recgiep. (¢) Mutant
receptors have a lower EC50 to GssB than Recgeop. (d) Mutant receptor Recegsss from (c) no
longer responds to a-factor. Bold & underlined sequences are common with the target
peptide.

FIG. 10 shows an exemplary POC device comprising a YBB. Operation: [1] Sample

is added and capped. [2] Sample wicks through a separation column where protein is cleaved
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by thermostable trypsin. [3] Peptides adhere to C18 column while bulk sample is wicked to
waste chamber. [4] Elution buffer blister is burst, causing peptide release in small volume,
which is subsequently exposed to YBB.

FIG. 11 shows a dose response curve demonstrating sensitivity enhancement of
evolved receptors.

FIG. 12 shows enhanced discrimination against non-target peptides for evolved
receptors.

FIGS. 13A and 13B show dose response curves in response to Cys5 and TB2 for (A)
tuberculosis receptor and (B) cystatin receptor.

FIGS. 14A-14D show dose response curves of YBBs expressing evolved receptor
linked to expression of GFP and a control RFP responding to cystatin peptides (A) Cysl, (B)
Cys4, and (C) Cys5, and (D) a plot of evolution trajectory indicating increased specificity and

sensitivity.

DEFINITIONS

As used herein, the term “artificial cellular entity” refers to a modified or engineered
cell-derived entity with one or more additional, substituted, or removed components from its
non-engineered ancestral cell. For example, a yeast-based biosensor is an artificial cellular
entity derived from an ancestral yeast cell (e.g., by introduction of a modified receptor
protein and a reporter).

As used herein the term “native receptor” refers to a ligand-binding protein of a
cellular entity (e.g., located on the cell surface) that is also expressed by a non-engineered
ancestral cell of the cellular entity. The native receptor on the cellular entity binds a ligand
recognized or bound by the native receptor of the ancestral cell.

As used herein the term “non-native receptor” refers to a ligand-binding protein of an
artificial cellular entity (e.g., located on the cell surface) that is not present in/on an ancestral
cell of the artificial cellular entity. The non-native receptor on the artificial cellular entity
typically binds a ligand not recognized or bound by native receptors of the ancestral cell.
“Non-native receptors” may be receptors that are native to another cell type, a chimera of a
native receptor and a receptor native to another cell type, a mutated native receptor (e.g.,
having various amino acid substitutions, deletions, and/or additions), an engineered receptor
(e.g., a receptor that is not native to any cell), a chimera of a native receptor and an

engineered receptor, etc.
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As used herein, the term “analyte” refers to a molecular constituent of a sample (e.g.,
biological sample, environmental sample, etc.) that can be detected, quantified, and/or
analyzed by appropriate methods. Analytes can include naturally occurring substances,
artificial substances, metabolites, reaction products. Exemplary analytes include small
molecules, nucleic acids, proteins, polypeptides, peptides, lipids, carbohydrates, etc. An
analyte may be a ligand (e.g., peptide ligand) for a cell surface receptor (e.g., native receptor
or modified receptor).

As used herein, the term “native analyte” refers to a molecular constituent of a sample
that is recognized by a native receptor of a particular cell or cellular entity. Conversely, the
term “non-native analyte” refers herein to a molecular constituent of a sample that is not
recognized by a native receptor of a particular cell or cellular entity. However, a “non-native
analyte” may, in some embodiments, be recognized or bound by a non-native receptor of an
artificial cellular entity.

As used herein, the terms “polypeptide” and “peptide” refer to chains of amino acids
linked by amide bonds between the carboxyl and amino groups of adjacent amino acids.
“Peptide” refers to 29 or fewer amide bond-linked amino acids. “Polyeptide” refers to 30 or
more amide bond-linked amino acids.

The term “reporter” is used herein in the broadest sense to describe a molecular entity,
a characteristic and/or property of which (e.g., concentration, amount, expression, activity,
cellular post-translational modification, localization, etc.) can be detected and correlated with
a characteristic and/or property of a system containing the reporter (e.g., cell, artificial
cellular entity, etc.). A “reporter” may be an intrinsic (e.g., endogenous) element of the
system that exhibits one or more detectable and correlatable properties, or an artificial (e.g.,
exogenous) element engineered or introduced into the system (e.g., artificial cellular entity),
that exhibits a detectable characteristic linked to process (e.g., gene expression) or component
within the system. Suitable reporters include, but are not limited to: intrinsic genes or
proteins (e.g., expression, concentration, activity, or protein-protein interactions of which
may be correlated to a particular stimuli), exogenous genes or proteins (e.g., expression,
concentration, activity, or protein-protein interactions of which may be correlated to a
particular stimuli), luciferases, a beta lactamases, CAT, SEAP, a fluorescent proteins, etc.

As used herein, the term “wild-type,” refers to a gene or gene product (e.g., protein)
that has the characteristics (e.g., sequence) of that gene or gene product isolated from a
naturally occurring source, and is most frequently observed in a population. In contrast, the

term “mutant” refers to a gene or gene product that displays modifications in sequence when
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compared to the wild-type gene or gene product. It is noted that “naturally-occurring
mutants” are genes or gene products that occur in nature, but have altered sequences when
compared to the wild-type gene or gene product; they are not the most commonly occurring
sequence. “Synthetic mutants” are genes or gene products that have altered sequences when
compared to the wild-type gene or gene product and do not occur in nature. Mutant genes or
gene products may be naturally occurring sequences that are present in nature, but not the
most common variant of the gene or gene product, or “synthetic,” produced by human or
experimental intervention.

A “conservative” amino acid substitution refers to the substitution of an amino acid in
a polypeptide with another amino acid having similar properties, such as size or charge. In
certain embodiments, a polypeptide comprising a conservative amino acid substitution
maintains at least one activity of the unsubstituted polypeptide. A conservative amino acid
substitution may encompass non-naturally occurring amino acid residues, which are typically
incorporated by chemical peptide synthesis rather than by synthesis in biological systems.
These include, but are not limited to, peptidomimetics and other reversed or inverted forms of
amino acid moieties. Naturally occurring residues may be divided into classes based on
common side chain properties, for example: hydrophobic: norleucine, Met, Ala, Val, Leu,
and Ile; neutral hydrophilic: Cys, Ser, Thr, Asn, and GlIn; acidic: Asp and Glu; basic: His,
Lys, and Arg; residues that influence chain orientation: Gly and Pro; and aromatic: Trp, Tyr,
and Phe. Non-conservative substitutions may involve the exchange of a member of one of
these classes for a member from another class; whereas conservative substitutions may
involve the exchange of a member of one of these classes for another member of that same
class.

As used herein, the term “percent sequence identity” refers to the degree (e.g., 50%,
60%, 70%, 80%, 90%, 95%, 98%, 99%, etc.) to which two polymer sequences (e.g., peptide,
polypeptide, nucleic acid, etc.) have the same sequential composition of monomer subunits.
If two polymers have identical sequences (e.g., 100% sequence identity) they may be referred
to herein as having “sequence identity.” The term “percent sequence similarity” refers to the
degree (e.g., 50%, 60%, 70%, 80%, 90%, 95%, 98%, 99%, etc.) with which two polymer
sequences (e.g., peptide, polypeptide, nucleic acid, etc.) have similar polymer sequences. For
example, similar amino acids are those that share the same biophysical characteristics and can
be grouped into the families (see above). If two polymers have sequences that have
monomers at each position that share the same biophysical characteristics they may be

referred to herein as having “sequence similarity.” The “percent sequence identity” (or
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“percent sequence similarity™) is calculated by: (1) comparing two optimally aligned
sequences over a window of comparison (e.g., the length of the longer sequence, the length of
the shorter sequence, a specified window, etc.), (2) determining the number of positions
containing identical (or similar) monomers (e.g., same amino acids occurs in both sequences,
similar amino acid occurs in both sequences) to yield the number of matched positions, (3)
dividing the number of matched positions by the total number of positions in the comparison
window (e.g., the length of the longer sequence, the length of the shorter sequence, a
specified window), and (4) multiplying the result by 100 to yield the percent sequence
identity or percent sequence similarity. For example, if peptides A and B are both 20 amino
acids in length and have identical amino acids at all but 1 position, then peptide A and
peptide B have 95% sequence identity. If the amino acids at the non-identical position shared
the same biophysical characteristics (e.g., both were acidic), then peptide A and peptide B
would have 100% sequence similarity. As another example, if peptide C is 20 amino acids in
length and peptide D is 15 amino acids in length, and 14 out of 15 amino acids in peptide D
are identical to those of a portion of peptide C, then peptides C and D have 70% sequence
identity, but peptide D has 93.3% sequence identity to an optimal comparison window of
peptide C. For the purpose of calculating “percent sequence identity” (or “percent sequence

similarity”) herein, any gaps in aligned sequences are treated as mismatches at that position.

DETAILED DESCRIPTION

Provided herein are compositions comprising yeast-based biosensors (YBBs) and
methods of use thereof. In particular, YBBs are provided for the detection and/or
quantification of an analyte (e.g., peptide analyte) in a sample (e.g., a biological sample,
environmental sample, etc.).

Yeast cells have great potential as a sensing element in biosensors due an outer
membrane receptor with a highly evolvable structure. In some embodiments, introducing
mutations to outer membrane receptors yields new detection capabilities (e.g., detection of
non-native analytes). The ability to identify or engineer a non-native (e.g., mutant) receptor
with novel detection capability (e.g., binding a non-native ligand) by previous methods was
complicated by: (1) the large number of mutant receptors to be screened in order to find the
desired detection capability, and (2) the presence of false negative and false positive receptors
in a population of mutant receptors. Prior methods to screen mutant receptor libraries have
unacceptable false positive rates. Experiments conducted during development of

embodiments herein have demonstrated rigorous high-throughput screening methods to
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address this need (Figs. 6A and 6B). Bayesian statistics account for false negative and false
positive receptors and inform a flow cytometry-based sorting protocol to gradually eliminate
false positive receptors from the population. These methods have successfully produced
functional, mutant receptors with novel detection capabilities (e.g., for use in YBBs).

Experiments conducted during development of embodiments herein demonstrate the
development of YBBs that take advantage of the yeast pheromone mating pathway, one of
the best understood eukaryotic signaling pathways. Through this pathway, Saccharomyces
cerevisiae detects mating pheromone with the Ste2 G-protein coupled membrane receptor
(GPCR). Though S. cerevisiae has been used as a system to express heterologous
mutagenized GPCRs, this research takes advantage of the native signaling machinery in yeast
and eliminates the need for extensive pathway engineering that is often necessary for
functional expression of heterologous receptors.

Experiments were conducted during development of embodiments herein to
determine if a native receptor, in this case the Ste2 receptor, could be mutated to yield
alternative detection capabilities (e.g., non-native ligand). Error-prone polymerase chain
reaction was used to create a library of mutagenized Ste2 receptors. The library was searched
for receptors that showed activity for variants of the native pheromone ligand. These variants
differ from the native ligand by one amino acid, and the native Ste2 receptor shows little
activity for these pheromone variants at physiological concentrations.

Results demonstrate successful identification of mutated receptors that respond to the
pheromone variants. The library of mutant Ste2 receptors was sorted with fluorescence
activated cell sorting (FACS). Developing a sorting protocol based on Bayesian statistics
allowed us to minimize the amounts of false positive and false negative receptors in the
mutant population. Receptor activation was indicated by green fluorescent protein (GFP)
expression. The GFP value was normalized by red fluorescent protein (RFP), which was
constitutively expressed. After FACS, individual mutant receptors were isolated from the
population for characterization. Dose response curves were obtained by treating individual
receptors with varying amounts of pheromone variant. EC50 values, the concentration of
ligand at which half of the maximal response is obtained, were calculated for each isolated
receptor.

For mutant receptors, the pheromone variant EC50 values obtained were significantly
lower than those obtained with the native Ste2 receptor, implying that the isolated receptors

are more sensitive than the native Ste2 receptor is for the pheromone variants. These results
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lay the foundation for future work for the directed evolution of the Ste2 receptor to detect
non-native ligands.

For example, error-prone polymerase chain reaction was used to create a library of
mutagenized Ste2 receptors, and the library was searched for receptors that showed activity
for a ligand variant 56 (SEQ ID NO: 3). The native Ste2 receptor showed little activity for
Variant 56 as compared to the native ligand. The library of mutant Ste2 receptors was sorted
with fluorescence activated cell sorting (FACS). Developing a sorting protocol based on
Bayesian statistics minimized the amounts of false positive and false negative receptors in the
mutant population. Receptor activation was indicated by GFP expression. The GFP value was
normalized by RFP, which was constitutively expressed. After FACS, individual clones were
isolated from the population for characterization. Dose response curves were obtained by
treating individual receptors with varying amounts of Variant 56. The results (Fig. 5)
demonstrate success in identifying mutated receptors that respond to Variant 56. EC50
values, the concentration of peptide at which half of the maximal response is obtained, were
calculated for each isolated clone using GraphPad Prism software. For mutants, the EC50
value was significantly lower than that of the native Ste2 receptor, demonstrating that the
isolated receptors are more sensitive than the native Ste2 receptor is for Variant 56. Results
were repeatable for other variants.

In some embodiments, a biosensor comprises a microbe (e.g., a bacteria or yeast), or
an artificial cellular entity derived therefrom. In particular embodiments, a biosensor
comprises an artificial cellular entity based on or derived from a yeast cell. Suitable yeasts
include, but are not limited to: Pichia pastoris, Saccharomyces cerevisiae, Arxula
adeninivorans (Blastobotrys adeninivorans), Candida boidinii, Hansenula polymorpha
(Pichia angusta), Kluyveromyces lactis, Yarrowia lipolytica, etc. For example, some YBBs
comprise a whole yeast cell engineered to express: (1) a non-native receptor protein (e.g., one
that recognizes an analyte of interest), (2) a reporter with activity, expression, etc. linked to
binding of the analyte to the receptor, and (3) optionally a control reporter (e.g., not linked to
binding of the analyte to the receptor).

In some embodiments, non-native proteins or other engineered elements (e.g.,
recognition element, reporter(s), etc.) are expressed in a yeast cell or yeast-derived artificial
cellular entity under a constitutive promoter, inducible promoter, or a combination thereof.

In some embodiments, suitable promoters include, but are not limited to: GAL1, GAL7,
GALI10, Met25, CUPI, etc. In some embodiments, non-native proteins or other engineered

clements are expressed on the same vector. In some embodiments, non-native elements are
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expressed under the control of the same type of promoter. In some embodiments, non-native
clements are expressed behind the same promoter. In some embodiments, multiple non-
native elements are expressed from different vectors. In some embodiments, multiple non-
native elements are expressed under the control of different types of promoters.
Embodiments described herein are not limited by the identity of the vector(s). Expression
vectors may include: a regulatory sequences for protein expression such as promoter,
enhancer, a terminator; a replication origin; and a selection marker such as URA3, LEU2,
HIS3, TRPI1, LYS2, etc. In some embodiments, non-native elements are incorporated as
genes into the genome of a host cell (e.g., chromosomal intertion).

In some embodiments, systems and methods described herein comprise a recognition
element that interacts with one or more analytes of interest. In some embodiments, the
analyte of interest is a non-native analyte. In some embodiments, the recognition element is
specific for a single analyte. In other embodiments, the recognition element binds multiple
(e.g.,2,3,4,5,10, 20, 50, 100, or more) analytes. In some embodiments, the recognition
element binds (e.g., covalently or non-covalently) the analyte. In some embodiments, the
recognition element interacts with the analyte via hydrogen bonds, van der Waals,
hydrophobic, and/or ionic interactions. In some embodiments, a recognition element is any
suitable molecular entity capable of (1) interacting with an analyte of interest and (2)
transducing a signal directly or indirectly (e.g., via G-protein and/or a signal cascade) to the
reporter. In some embodiments, a signal from the recognition element to the reporter or an
intermediary is turned on, turned off, enhanced, inhibited, or altered upon interaction of the
recognition element with the analyte.

In some embodiments, a recognition element comprises at least an interaction moiety
and a signaling moiety. The interaction moiety interacts (e.g., binds) the target analyte, and
the signaling moiety signals the reporter (e.g., directly or indirectly (e.g., via G protein)).

In some embodiments, the recognition element is a cell surface receptor or
transmembrane receptor protein. In some embodiments, the recognition element is a
modified yeast receptor (e.g., evolved to recognize a non-native analyte while retaining
signaling capability). In some embodiments, the recognition element is a chimeric version of
a portion of a yeast receptor (e.g., the signaling moiety) with an engineered segment (e.g.,
non-native peptide or polypeptide). In some embodiments, the recognition element is a
chimeric version of a portion of a yeast receptor with an engineered segment (e.g., the
signaling moiety) with a portion of a non-yeast receptor (e.g., an interaction element that

recognizes a target analyte not recognized by yeast).
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In some embodiments in which a recognition element comprises a modified yeast
receptor or a chimera comprising a portion that is a yeast receptor, the yeast receptor is a G
protein-couple receptor (GPCR). In some embodiments, the recognition element comprises
the transmembrane and/or signaling sequence and/or functionality of the original yeast GPCR
with altered analyte recognition. In some embodiments, all or a portion of the recognition
element comprises a non-yeast GPCR (e.g., from another species) that is capable of initiating
signaling through G-protein in a yeast system (e.g., YBB). In some embodiments, a
recognition element comprises portions (e.g., from a yeast GPCR, from a non-yeast GPCR)
that have been engineered (e.g., modified, mutated, evolved, chimerized, etc.) to result in an
artificial receptor.

Although embodiments herein are not limited to any particular recognition element, in
some embodiments, recognition elements are derived from (e.g., via rational modification,
chimerization, directed evolution, etc.) the yeast GPCR Ste2p. In some embodiments, the
interaction moiety of Ste2p is modified to bind non-native analytes (e.g., peptides). In some
embodiments, the signaling and/or transmembrane moieties of Ste2p are substantially
unmodified (e.g., in terms of sequence and/or function), thereby retaining the capacity to
transduce a signal via G protein.

In some embodiments, a YBB comprises multiple (e.g., 2, 3,4,5,6,7,8,9, 10, 15,
20, 30, 40, 50, 100, 200, 500, 1000, or more) recognition elements capable of recognizing
multiple different analytes (e.g., peptides of unrelated sequence, peptides of similar
sequences, etc.). In some embodiments, two or more (e.g., 2, 3,4, 5, 6,7, 8, 9, 10) different
recognition elements (e.g., capable of recognizing different analytes) are linked (e.g., via a
signal transduction pathway) to different reporters. In such a scheme, the presence and/or
concentration of a particular analyte can be determined based on a correlation with the
particular reporter associated with the recognition element for that reporter. In other
embodiments, two or more (e.g., 2, 3,4,5,6,7,8,9, 10, 15, 20, 30, 40, 50, 100, 200, 500,
1000, or more) different recognition elements (e.g., capable of recognizing different analytes)
are linked (e.g., via a signal transduction pathway) to the same reporter. In such a scheme,
the presence and/or concentration of any or all of the analytes can be determined based on a
correlation with the reporter.

In some embodiments, systems and methods described herein comprise a reporter that
signals binding or recognition of the analyte to the recognition element. A reporter is any
suitable molecular entity that is capable of signaling (e.g., quantitatively or qualitatively)

binding or recognition of the analyte to the recognition element. The signal may be a change
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in expression, concentration, activity, etc. Suitable reporters include fluorescent proteins
(e.g., GFP, YFP, CFP, BFP, RFP and any variants thercof [see e.g., U.S. Pat. Nos. 5,804,387;
6,090,919; 6,096,865; 6,054,321; 5,625,048; 5,874,304; 5,777,079; 5,968,750; 6,020,192 and
6,146,826; and published international patent application WO 99/6459; each of which is
herein incorporated by reference in its entirety), photoproteins (e.g., aequorin or obelin);
various enzymes including luciferases, B-lactamase, dihydrofolate reductase, beta-
galactosidase, tyrosinase, neomycin or hygromycin phosphotransferase, and a wide range of
other enzymes. In some embodiments, the reporter comprises a gene coding for a protein
selected from the group consisting of a luciferase, a beta lactamase, CAT, SEAP, a
fluorescent protein, or a quantifiable gene product. In some embodiments, the reporter is a
fluorescent or bioluminescent reporter. In certain embodiments, a bioluminescent reporter is a
luciferase. In some embodiments, a luciferase is selected from those found in Omphalotus
olearius, fireflies (e.g., Photinini), Renilla reniformis, mutants thercof, portions thercof,
variants thereof. Embodiments described herein are not limited by the potential identity of
the reporter.

In some embodiments, a reporter comprises post-translational event for signaling. For
example, a quenched fluorescent protein is activated (e.g., unquenched) upon cleavage by a

In some embodiments, the subcellular localization of a protein or other reporter is
altered upon analyte binding to the recognition element.

In some embodiments, a YBB comprises both a recognition reporter (a characteristic
(e.g., activity, concentration, expression, etc.) of which is linked to recognition/binding of an
analyte to the recognition element) and a control reporter (not linked to recognition/binding
of an analyte to the recognition element). In such cases, the ratio of recognition reporter to
control reporter (or control reporter to recognition reporter) provides a measure (e.g.,
quantitative measure) of analyte binding to the recognition element that is controlled for other
changes to the sample. The control reporter and recognition reporter may be any two
independent reporters.

In some embodiments, a YBB comprises multiple reporters (e.g., recognition
reporters). In some embodiments, multiple different reporters are each associated with
different recognition elements (e.g., directly or via a signal transduction pathway). In some
embodiments comprising multiple reporters, the signals from said reporters are
distinguishable (e.g., via appropriate detection technologies).

In some embodiments, the analyte is any molecular or macromolecular entity capable

of being bound, or otherwise interacted with, by the recognition element such that a signaling
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between the recognition element and the reporter is altered (e.g., turned on, turned off,
enhanced, inhibited, etc.). In some embodiments, the analyte is a protein, polypeptide,
peptide, nucleic acid (e.g., DNA (e.g., a particular DNA sequence), RNA (e.g., miRNA,
siRNA, snRNA, snoRNA, piRNA, aRNA, mRNA, etc.), peptide nucleic acid, etc.), lipid,
carbohydrate, small molecule, etc. In particular embodiments, the analyte is a peptide. In
some embodiments, an analyte is a peptide between 3 and 29 amino acids in length (e.g., 3, 4,
5,6,7,8,9,10,11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or any
ranges therebetween (e.g., 5-20, 8-15, 6-18, etc.)).

In some embodiments, the analyte is a peptide fragment of a larger protein or
polypeptide. Any known method for fragmenting a protein or polypeptide may find use in
embodiments herein (e.g., chemical digestion, enzymatic digestion, etc.). It is possible to
digest the polypeptide either enzymatically or chemically to produce fragments thereof. In
some embodiments, a technique is selected that will produce a fragment that is an analyte for
the recognition element. Therefore, by detection of the peptide fragment, the presence or
concentration of the larger protein or polypeptide is determined. In some embodiments, a
biosensor comprises recognition elements for multiple fragments of a protein. A polypeptide
may be digested enzymatically, e.g. using trypsin, endoproteinase Lys C, endoproteinase Arg
C, or chymotrypsin. Alternatively, chemical digestion can be used, such as by cyanogen
bromide. (For a general reference to digestion methods, see ¢.g. U.S. Pat. No. 5,821,063;
herein incorporated by reference in its entirety).

In some embodiments, provided herein are methods of generating biosensors (e.g.,
YBBs) for a target analyte (e.g., peptide of interest).

In some embodiments, an existing yeast receptor (e.g., GPCR (e.g., Ste2p)) is
modified (e.g., rationally, directed evolution, etc.) to generate a recognition element capable
of interacting with (e.g., binding) a target analyte. Any methods of modifying a native yeast
receptor may find use herein. For example, as detailed herein, in some embodiments,
directed evolution techniques (e.g., multiple iterations, using one or more intermediate
analytes, etc.) allow for the generation of a recognition element capable of recognizing a non-
native analyte (e.g., peptide) of interest while maintaining the signal transduction
functionality of the native receptor. In other embodiments, a non-native interaction moiety
(e.g., from another receptor, engineered, etc.) is substituted for the interaction moiety of a

native yeast receptor.
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In some embodiments, a reporter is introduced into a biosensor under the control of
signaling from the recognition element (e.g., direct control, indirect control (e.g., via signal
transduction pathway, etc.), etc.)

In some embodiments, non-native elements (e.g., reporter, recognition element, etc.)
are introduced into a host cell via known methods (e.g., transfection) and using known
molecular biology tools (e.g., vectors). In some embodiments, a host cell (e.g., yeast) is
stably transfected to generate a YBB that expresses the desired non-native elements (e.g.,
reporter and recognition element). In some embodiments, non-native elements are integrated
into the genome of the host cell (e.g., chromosomal integration).

In some embodiments, provided herein are methods of detecting and/or quantifying a
target analyte (e.g., peptide of interest) in a sample (e.g., biological sample, environmental
sample, etc.) using the biosensors (e.g., YBBs) described herein. In some embodiments, a
YBB designed to detect one or more target analytes is added to a sample (e.g., biological,
environmental, security, etc.), and signal (or absence thereof) from one or more reporters of
the YBB is detected. In some embodiments, a ratio of one or more recognition reporters to
one or more control reporters is used to detect and/or quantify one or more target analytes. In
some embodiments, a sample is added to YBBs described herein. In some embodiments, a
sample is added to system of device comprising YBBs. For example, a sample may be
applied to a surface displaying one or more different YBBs. Detection of reporter signal on
the surface indicates the presence or a threshold level of the target analyte. In other
embodiments, a sample in introduced into a POC device (See, e.g., FIG. 10) within which
one or more of sample processing, YBB introduction, and signal detection are performed.

In some embodiments, the YBBs described herein find use in detection of analytes in
any suitable sample. A sample may be a solid, liquid or gas, and suitable processing
techniques for such samples are understood in the field. A sample may be of biological,
environmental, or man-made origin. In the case of biological samples, the sample may be a
biological fluid such as the biological sample is selected from the group consisting of whole
blood, plasma, serum, urine, sputum, saliva, nipple aspirate, ductal lavage, vaginal fluid,
nasal fluid, ear fluid, gastric fluid, cerebrospinal fluid, sweat, pericrevicular fluid, semen,
prostatic fluid, feces, cell lysate, tissue lysate, tears, etc. A biological sample may also
comprise tissue, hair, skin, biopsy material, etc. In the case of environmental samples, the
sample may be soil, dirt, sewage, air, water, plant material, etc. Manmade samples include,

in particular forensic or security screening samples (e.g., clothing, luggage, etc.).
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In some embodiments, reporter signal is detected using any appropriate assay. For
example, in embodiments in which the reporter emits a light output (e.g., reporter is a
luciferase or fluorescent protein), light is detected with, for example, a luminometer or
fluorometer. In embodiments, in which the detectable signal is expression or release of a
chemical or macromolecular entity, appropriate reagents (e.g., antibodies, etc.) are provided.
In some embodiments, a POC device for detection of the analyte comprises appropriate
detection components and/or reagents. In other embodiments, a POC device (or output
thereform) is applied to a detection device for signal detection.

In some embodiments, artificial cellular entities are provided as biosensors (e.g.,
YBBs) within a system or device (e.g., POC system/device) configured for the detection of
one or more analytes in a sample. In some embodiments, the system/device facilitates one or
more of: reagent (e.g., YBB, buffers, etc.) storage, sample purification, introduction of the
sample and biosensors, mixing, reaction, signal detection, signal quantification,
communication of results (e.g., on a screen, on a printer report, etc.), etc. A system/device
may be of any suitable configuration for carrying out the particular detection/quantification
assay. An exemplary system/device is depicted in FIG. 10. A system/device may be specific
for the detection of a single analyte (or set of analytes) or may be customizable according to
the reagents (e.g., YBBs) used. A system/device may comprise a single unit, or multiple
modules (e.g., regent module, mixing module, reaction module, detection module, etc.). In
particular embodiments, a system/device is configured for point-of-care applications.
Exemplary systems/devices, all or portions of which may find use in embodiments herein, are
described, for example, in: U.S. Pat. No. 8,697,377; WO 2014/134537; U.S. Pat. No.
7,604,592; U.S. Pat. Pub. 2013/0210652; U.S. Pat. Pub. 2014/0320807; U.S. Pat. No.
8,523,797; U.S. Pat. No. 8,005,686; U.S. Pat. No. 8,283,155; U.S. Pat. No. 8,110,392; each of
which is herein incorporated by reference in their entireties.

The biosensors described herein may find use is any suitable field. In medicine,
devices/systems incorporating the YBBs described herein find use, for example: in hospitals
and medical clinics for bedside/in-room detection of biomarkers (e.g., for quick and reliable
detection/diagnosis of disease, pathogen, condition, etc.); for in-the-ficld detection of
pathogens or diagnosis; etc. The devices/systems and/or biosensors herein may find use for
the detection of pollutants or contaminants in an environmental sample (e.g., in the field
where other more complicated systems are not practical). In security anti-terrorism
applications (e.g., airport security, customs, etc.), the biosensors herein provide rapid, on-site

detection of potential threats. In research, the biosensors herein find use, for example, in high
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throughput screening to search libraries of mutant proteins. The applications/uses described
herein are not limiting.

The advantages of the biosensors (e.g., YBBs) and devices/systems described herein
include, for example: low-cost, no specialized training to use, amenable to use in resource
poor areas, does not require refrigeration, reduced false positives, etc.

In some embodiments, this technology provides a platform for the creation of yeast-
based biosensors toward peptide ligands of interest that are affordable and require little
specialized training to use. The technology takes advantage of a yeast membrane receptor that
natively detects the alpha factor pheromone. The structure of the receptor is highly evolvable,
making it amenable to detecting non-native ligands. Experiments were conducted during
development of embodiments herein to create a library of mutant receptors which were
screened for mutants with desired detection capabilities. In some embodiments, the screening
method carefully considers the rates of false positives and false negatives that exist in a
library of mutant receptors to determine the settings to be used in flow-cytometry based

sorting protocol that gradually eliminates false positive receptors from the mutant library.

EXPERIMENTAL
Example 1

Evolution of Ste2 membrane receptor to detect non-native ligands
Knockout of Native Ste2 and Installation of Fluorescent Markers. The parent strain for all
experiments has the native Ste2 receptor removed from the genome. The STE2 gene, or
mutants thereof, was incorporated on a plasmid with an auxotrophic marker. Yeast optimized
GFP (yeGFP) was inserted into the FUS1 locus, a downstream target of pheromone pathway
activation, and provides a green fluorescent marker to report binding events. RFP, a red
fluorescent marker, was cloned in place of the TRP1 gene so that RFP is under constitutive
regulation and consequently reflects natural variations in cell state, size, and protein
production level. Pathway activation was therefore defined as GFP/RFP to account for

natural variations in cell state.

Creation and Transformation of Mutant Ste2 Receptors

To create a library of mutant receptors, error prone PCR (epPCR) was performed on
the native Ste2 receptor, and resulted in 0-6 base mutations/kb. Homologous recombination
was used to introduce mutagenized receptors into yeast. The primers used for epPCR added

40 base pairs of homologous sequence on each side of the mutagenized gene. The sequences
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correspond to the regions flanking a linear fragment of DNA that served as the plasmid
backbone and contained an auxotrophic marker. Thus, with the introduction of just the
mutagenized gene and the linear backbone fragment, the yeast can construct a circular
plasmid with a mutagenized receptor. Mutagenized Ste2 receptors were transformed into

yeast using electroporation, and libraries of 10°-10°® mutant receptors were obtained.

Ligand library

Variants of the alpha factor pheromone were chemically synthesized. The native alpha
pheromone sequence is: WHWLQLKPGQPMY (SEQ ID NO:1). The analysis of two
variants, Variant 44 (WAWLQLKPGQPMY; SEQ ID NO:2) and Variant 56
(WHYLQLKPGQPMY; SEQ ID NO:3), is presented below. Variant 44 contains an alanine
substitution at the second position, and Variant 56 contains a tyrosine substitution at the third
position. Previous literature showed Ste2 had a very low response, if any, to Variants 44 and

56 at physiological concentrations.

Screening of Mutant Ste2 Receptor Library

The library of mutagenized Ste2 receptors was sorted with a FACS-based protocol
informed by Bayesian statistics to account for receptor stochasticity. The stochastic nature of
the Ste2 receptor is demonstrated when a population of S. cerevisiae with the native Ste2
receptor is induced with a saturating amount of alpha factor and GFP serves as a reporter
molecule. The population is distributed bimodally, with distinct low and high fluorescing
populations. However, the low fluorescing population of induced receptors overlaps with a
population that has not been activated with alpha factor (Fig. 1). This demonstrates that the
negotiation of accepting false negative receptors and losing false positive receptors should be
addressed during FACS.

The stochasticity was addressed with Bayesian statistics, which accounts for the
distribution of false positives and false negatives based on the population obtained from a

previous sorting round. Bayes’ law as applied to this system is:

Prabability of...

PUHIBTI

Pirin) = PUIPOBIHI+ PIHD = where: P{+D} A true positive receptor has been dstected
P{+) Trie positive receptor
P{-) Faise positive receptor
P{D]+} Detecting a true positive receptor
P{D]-} Detecting a false positive receptor
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The initial GFP/RFP gate for FACS was based upon the distribution of a population
of cells expressing the native Ste2 receptor that have been induced with 1 micromolar alpha
factor, a saturating amount of ligand. The gate for FACS was determined by co-minimizing
the ratios of false negative and false positive receptors in the population (Fig. 2). There was a
natural separation between the low and high fluorescing populations such that the high
fluorescing population typically comprises about 75% of the total induced population. This
distribution was used to calculate the ratio of false negative receptors in a population. An
uninduced population of native receptors was also examined using this gate. This distribution
was used to calculate the ratio of false positive receptors in a population. Typically, less than
2% of cells from the uninduced population are within the gate. The gate and the distributions
were used to calculate P(D|+), the probability of detecting a true positive receptor, and P(D|-),
the probability of detecting a false positive receptor. For the first round of sorting, P(+), the
probability of a true positive receptor, was estimated (usually to be 1¥10°%), and P(-), the
probability of a false positive, is equivalent to 1-P(+).P(+|D) for the first round was
calculated. This value became P(+) for calculations for the second round of sorting. Given
this new distribution and the number of cells to be run through the flow cytometer (typically
set to be a 10-times over-sampling of the library size) a new gate is set to co-minimize the
total number false positives and false negatives. The probabilities of detection: P(D|+) and
P(D|-) were recalculated, allowing for P(D|+) to be calculated for the second round. This
iterative calculation was performed until P(D[+)=0.99, which typically requires 5 or 6 rounds
of sorting.

For each round of sorting, the mutagenized library was grown overnight and then
diluted to an OD600=0.1. The ligand for which activity is to be evolved for was added at 100
nM immediately after dilution and the culture was incubated for 2.5 hours at 30°C with 225
RPM shaking before being sorted by FACS. This sorted population was grown in selective
media for 24-36 hours, until stationary phase was reached. The library was diluted again, and
induced with ligand for another round of sorting by FACS. This process was repeated for six
rounds to gradually eliminate false positive receptors from the population of mutagenized
Ste2 receptors. The number of rounds was determined with Bayesian statistics as described

above.
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Characterization of Isolated Mutants for Improved Activity
Following the final FACS round, individual clones were selected from the sorted
libraries and sequenced using colony PCR. Dose response curves were obtained for

individual clones (Figs. 3 and 4).

Measurements
A half maximal effective concentration (EC50) value, the concentration of ligand that
elicited a response halfway between the baseline and maximal responses, for each dose

response curve was calculated using GraphPad Prism Software.

Sequencing and Dose Response Curves

Sequencing data from the isolated mutants revealed that mutations in the sixth
transmembrane region appeared to increase receptor activity, while mutations found in the
earlier transmembrane regions appeared to increase receptor sensitivity for a ligand.

Four of five mutants isolated for activity for ligand Variant 44 had significantly lower
EC50 values than Ste2 (Fig. 3A). For ligand Variant 56, all five isolated mutants had
significantly lower EC50 values than Ste2 (Fig. 4A). These significantly lower EC50 values
imply that the isolated receptors are more sensitive than the native Ste2 receptor is for the
specified ligand. Screening the isolated mutants for activity for alpha factor revealed that the
mutants maintained some activity for the native alpha factor pheromone (Figs. 3B and 4B).
Even so, two isolated mutants, Mutant 44.1 and Mutant 56.5, showed significantly higher
EC50 values than Ste2, implying a decreased specificity for the native alpha factor
pheromone.

Experiments also demonstrated that sensitivity is increased iteratively (Fig. 7a). A
new library was created by re-mutagenizing a mutant receptor that already showed improved
sensitivity to variant 56 and screened. The new library displayed increased activity (Fig. 7a).
Specificity can be increased with iterative selection and counter-selection (Fig. 7b). Selecting
for increased sensitivity to non-native peptides did not also increase sensitivity for a-factor
(Fig. b). Round 2 library mutants were also screened for lack of activity for a-factor,

confirming the evolution of receptors for specificity against a-factor (Fig. 7¢).
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Example 2
Yeast strains and plasmids
S. cerevisae strain MPY578t5 was obtained from Pfizer. The following strains were
used for receptor engineering experiments:

1. Strain YJBO0OS5 is MPY578t5 with yeast optimized green fluorescent protein (yEGFP)
cloned into the FUS1 locus

2. Strain YJB010 is MPY578t5Swith red fluorescent protein mKate (also referred to
herein as RFP) fused to auxotrophic marker HIS3 cloned into the TRP1 locus

3. Strain YJB013 is MPY578tSwith yEGFP cloned into the FUSI locus and mKate
cloned into the FUS1 locus

4. Strain YJBO15 is MPY578tSwith yEGFP cloned into the FUSI locus, mKate cloned
into the FUS1 locus, and contains the pJB036 plasmid

5. Strain YJB017 is MPY578tSwith yEGFP cloned into the FUSI locus, mKate cloned
into the FUS1 locus, and contains the pJB037 plasmid

6. Strain YBAOOS is MPY578t5with yEGFP cloned into the FUSI locus, mKate-HIS3
cloned into the FUSI locus, the pJB036 plasmid, and the pFUS1J2 promoter cloned in
place of the pFUSI promoter

Plasmid pJB036 (SEQ ID NO:15) is 7067 base pairs long, contains resistance markers for
Ampicillin, Uracil3, and ARSH4, and contains yeast Sterile2 (Ste2) receptor between the
constitutive GPD promoter and the CYC1 terminator. Plasmids containing yeast libraries are

the same as pJB036 but contain mutations in the region coding for the Ste2 gene.

Example 3
Chimera peptide approach
Experiments were conducted during development of embodiments herein to use a
chimera peptide approach to generate receptors for relevant peptide biomarkers.
Two peptide biomarkers were selected as targets of YBBs development and validation
of the system and design strategy. Renal failure and tuberculosis are both global concerns,

and would benefit from POC diagnostics.

Renal failure biomarker

One in ten American adults experience chronic kidney disease (refs.13, 14; herein
incorporated by reference in their entireties). Cystatin C is a small protein that is cleared from
the blood by functional kidneys but accumulates in the blood as a result of kidney

malfunction (ref.15; herein incorporated by reference in its entirety). Cystatin C is not
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detected by a sandwich immunoassay and uses the immunoturbidimetric method instead
(ref.16; herein incorporated by reference in its entirety). This method requires a nephelometer
to detect the small protein. Because a cystatin C POC diagnostic is not feasible with current
technology, urine creatine levels are used instead. Evidence suggests that serum cystatin C
levels are a more reliable biomarker and more sensitive to early-onset renal failure compared
to urine creatine (ref.17; herein incorporated by reference in its entirety). Therefore a serum
cystatin C POC diagnostic would fill an important gap in diagnosing kidney disease.
Experiments were conducted during development of embodiments herein to evolve a yeast

receptor for recognition of a trypsin fragment of cystatin.

Tuberculosis biomarker

Tuberculosis continues to be one of the world’s deadliest diseases and is the second
leading cause of death from an infectious disecase worldwide. In 2013, an estimated 9 million
people developed clinical TB and 1.5 million died from the disease (ref.18; herein
incorporated by reference in its entirety). Globally, 3.5% of new and 20.5% of previously
treated cases have multidrug resistant TB and an estimated 9% of patients with MDR TB
have extensively drug resistant TB (ref.19; herein incorporated by reference in its entirety).
Globally, the success rate for treatment of MDR TB is only 48% making this highly
contagious disease even more challenging to manage at the patient and public health level
(ref.19; herein incorporated by reference in its entirety). TB treatment requires a drug
regiment for six to nine months (ref.20; herein incorporated by reference in its entirety) with
detrimental side effects (ref.21,22; herein incorporated by reference in their entireties).
During this time, the global standard of care does not include weekly tests to determine the
response of TB to the drug. Frequent testing during treatment would solve two problems: (a)
allow early detection of drug-resistant strains and (b) allow patients to stop their treatment
carlier if the mycobacterium is cleared. Therefore, a TB POC diagnostic would improve early
diagnosis and treatment of TB, as well as complement NAATS for diagnosis.

Recent results have shown that degraded TB proteins can be detected in the urine of
TB infected patients by LC-MS (ref.4; herein incorporated by reference in its entirety).
Gramicidin S synthetase 2 (GSS) is a Mycobacterium tuberculosis polyketide synthase
identified in the LC-MS study. Therefore a urine GSS POC diagnostic could be of specific
utility for TB diagnosis.
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Yeast native receptor system

The yeast pheromone receptor naturally detects a short peptide sequence; the
GPCR Ste2p detects the 13 amino acid a-factor, which activates an intracellular mitogen-
activated kinase (MAPK) cascade that ultimately activates the promoter FUS1 (ref.23; herein
incorporated by reference in its entirety). There is no crystal structure for Ste2p (as GPCRs
are membrane proteins that are notoriously difficult to crystalize (ref.24; herein incorporated
by reference in its entirety)), and only modest information is known about the interactions
between a-factor and Ste2p (25). It has been established that the C-terminus of a-factor is
responsible for binding to Ste2p, and the N-terminus is responsible for activating signaling.
However, rational mutations that redirect Ste2p to detect new ligands are not known. Instead,
design methods herein utilize a combinatorial approach that tests millions of random

mutations to identify mutations that confer the desired sensitivity to a new peptide.

Directed evolution of GPCRs

Directed evolution mimics natural evolution, where the ‘fitness’ is determined by an
artificial selection pressure in the laboratory (ref.26; herein incorporated by reference in its
entirety ). Directed evolution of GPCRs is a promising area, as natural evolution has
produced more than 1,000 different GPCRs that can detect small molecules, peptides,
hormones, proteins, and light (ref.27; herein incorporated by reference in its entirety).
Directed evolution is a combinatorial engineering approach that consists of three steps: (a)
generating DNA diversity, (b) screening to identify mutations that confer improved properties
(e.g., receptor sensitivity/specificity), and (c) characterizing mutants. The process can be
iterated by subjecting the isolated mutants to additional mutations to further improve the
desired properties. Therefore, via a robust high throughput screen (HTS), a GPCR (e.g.,
Ste2p) is evolved to detect peptides of interest (POT).

Previous GPCR directed evolution efforts have focused on small molecules rather
than peptides. Small molecule ligands cannot interact with many amino acid residues on the
receptor, therefore partial binding (a useful evolutionary intermediate) is unlikely. To date,
only a limited number of GPCRs have been evolved for small molecules. Examples include:
receptors activated solely by synthetic ligand (RASSLs)(ref.28; herein incorporated by
reference in its entirety), designed receptors exclusively activated by designer drugs
(DREADDs)(ref.29: herein incorporated by reference in its entirety), and sugar receptors
(ref.30; herein incorporated by reference in its entirety). Conversely, the 13 amino acid

peptide used in the experiments conducted during development of embodiments herein is
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relatively much larger and can interact with a larger region of the GPCR. With a peptide
sequence, it is possible to make intermediate peptides that contain part of the original ligand
and part of the target ligand (chimera peptides). Such peptide allow for gradual evolution of
the GPCR from the native ligand to the target ligand through a series of intermediate
chimeric ligands. A significant of using evolutionary intermediate ligands is the ability to
evolve the receptor to detect more divergent substrates. The RASSLs and DREADDS were
only able to detect a ligand that varied by a single functional group. By using evolutionary
intermediates, the chemical character of the ligand was altered far more (e.g., changing

charged groups for hydrophobic groups, truncating the ligand, etc.).

Results

Experiments conducted during development of embodiments herein demonstrate
successful development of a high throughput screen (HTS) for GPCR activation that uses
fluorescence activated cell sorting (FACS). Receptor activation was coupled to green
fluorescent protein (GFP) expression by cloning GFP downstream of the Ste2p-activated
FUSI promoter. Therefore a receptor mutant that is successfully activated by the POI will
result in the cell fluorescing green. The discriminating power of the screen is improved by
including an internal control, constitutive expression of mKate (a red fluorescent protein).
Red fluorescence corresponds to cell size, and allows us to normalize the GFP measurement
for more accurate sorting. This screen can select one activated receptor in one million
inactive receptors. The initial HTS has false positive (FP) rates of 20% and false negative
(FN) rates of 10%. The FP and FN rate is overcome by doing multiple rounds of enrichment.
In four rounds of enrichment, a population of cells is isolated that originally was 1 in 10°.
This screen has superior discriminating power compared to previous growth-based selections

(ref.29; herein incorporated by reference in its entirety).

Engineered receptors can specifically detect many peptide sequences including biomarker
chimeras.

Experiments conducted during development of embodiments herein have
demonstrated the ability to retarget Ste2p to detect several new ligands using directed
evolution. Experiments have demonstrated: (a) engineering receptors that can detect single
amino acid variants of a-factor that Ste2p cannot, (b) continuous improvement of receptor
sensitivity by multiple directed evolution cycles, and (c) increased specificity of receptors by

selecting for receptors that are ‘off” in the presence of the non-target ligand. Experiments
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conducted during development of embodiments herein have also demonstrated that detection
of peptides in serum.

Experiments conducted during development of embodiments herein have
demonstrated generation of receptors that recognize partial sequences of cystatin and GSS.
Initial attempts to evolve directly for the cystatin/GSS peptides were unsuccessful. To take
smaller evolutionary steps, chimera peptides were designed that were more similar to a-
factor. Receptors were evolved to recognize peptide that contain several changes in the
peptide sequence (Fig. 9a-c). The evolved receptors do not respond to the native ligand,

demonstrating specificity improvements, see Fig. 9D).

Example 4
Further evolution of receptors
A series of chimera peptides have been designed based on the available structural
information (ref.31; herein incorporated by reference in its entirety) for use in the directed

evolution of Ste2p (Table 1).

Table 1: Ligand chimeras with increasing target sequence

Cystatin chimeras GLE chineras
SER ID No:1 . w-faclor WHWLQLEPGORNY  ofactor WESLQLEPGQREYw~ SEQ ID HO:1
SER ID No:4  Cysl ~HALALKPGEMY  GssB* WERLQLRKPGEPLYGR SEQ ID NO: 6
SEQ ID No:5  Cys2 ~~ALALKDGEPHY  GssS™  LHLLALKBSUDNMY-- SEQ ID NO:10
SED ID MNe:7  Cysd «~ALDFERGEMLY  Gssl LELLALKPGQPLYGR SEQ ID No:il
SEQ ID NO:&  Cysd -~ALDLAVGENRY  (3ss2 LYLLAGQPGESLYGR SEQ ID No:1Z
3EQ ID NO:2  Cys5* ~~ALDFAVGEYNK (583"  LLLLAGQPEESLAGR SERQ ID N2:13

*Gystatin 5SS peplide

# C-term binding region is S8 *N-term signaling region is GSS

Receptors have been successtully evolved for some chimeras. Two steps have been
completed for cystatin (evolving for Cys1 and then using that receptor as a parent to evolve
for Cys2) and one step for GSS.

For cystatin, a step-wise chimera strategy has been used to develop a receptor that
detects the final cystatin sequence.

For GSS, a structure-driven approach is pursued. Mutations that enhance the response
to GssB have been shown to also enhance response to Gss1. Mutant receptors responsive to
Gss1 may be subjected to additional rounds of directed evolution to find mutants that allow

for response to Gss2 and Gss3.

Example §

Sensitivity enhancement
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Experiments were conducted during development of embodiments of the present
invention that demonstrate evolution of receptors that respond to a-factor at concentrations

lower than the wild type / Ste2p receptor (SEE FIG. 11).

Example 6
Specificity enhancement
Experiments were conducted during development of embodiments of the present
invention that demonstrate evolution of a receptor with enhanced discrimination against non-

target peptides that differ from the target peptide by as few as 1 amino acid (FIG. 12).

Example 7
Orthogonality
Experiments were conducted during development of embodiments herein that
demonstrate orthogonality of the evolved receptors (FIG. 13). The evolved Tuberculosis
receptor responds to GSS fragment (TB2 peptide), but Ste2p receptor does not (FG. 13A).
Similarly, the evolved cystatin receptor rises in response to Cys5 (native cystatin) but not

TB2 (Fig. 13B).

Example 8
Renal failure diagnostic
Receptor mutants (evolved from Ste2p) were selected that respond to the intermediate
and final (Cys5) cystatin peptides. Dose response curves show the mutant receptor responds
to the cognizant peptide, but Ste2p does not (FIG. 14A-C). The evolutionary trajectory (FIG.

14D) demonstrates a broadening of specificity as well as increased sensitivity.
Example 9
Exemplary recognition elements

Table 2 contains mutations relative the SEQ ID NO: 1 contained in exemplary

recognition elements generated by the methods described herein.

Table 2

27



WO 2016/007886 PCT/US2015/039996

Beceptor | Amino Acid Mutations from Stel
CwelHd4 | M3

CwsiHs | M4 C598

CrsZK3 | WE541, MIARY, MEIIET, K225T,
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CLAIMS

L. A composition comprising artificial cellular entity comprising a:
(a) surface-exposed recognition element that binds a non-native peptide analyte;
and
(b) a reporter that produces a detectable signal in response to binding of the

peptide analyte and the recognition element.

2. The composition of claim 1, wherein the artificial cellular entity is a yeast-based
biosensor (YBB).

3. The composition of claim 1, comprising an engineered yeast cell.

4. The composition of claim 1, wherein the surface-exposed recognition element is a

non-native, engineered receptor protein.

5. The composition of claim 4, wherein the surface-exposed recognition element is a

modified yeast G protein-coupled receptor (GPCR).

6. The composition of claim 5, wherein the surface-exposed recognition element
comprising the signal transduction functionality of a native yeast GPCR with modified

analyte recognition functionality.

7. The composition of claim 6, wherein the surface-exposed recognition element induces

a G-protein signal transduction cascade upon binding non-native peptide analyte.

8. The composition of claim 5, wherein the surface-exposed recognition element is a

modified Ste2p receptor.

9. The composition of claim 8, wherein the surface-exposed recognition element binds a

peptide fragment of gramicidin S synthetase 2 or cystatin C.

10. The composition of claim 9, wherein the surface-exposed recognition element does

not bind native alpha factor.
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11. The composition of claim 1, wherein the reporter comprises:
(1) a promoter, and

(il)  adetectable element under expression control of said promoter.

12. The composition of claim 11, wherein expression from said promoter is altered by

signal transduction from said surface-exposed recognition element.

13. The composition of claim 11, wherein expression from said promoter is enhanced by

signal transduction from said surface-exposed recognition element.

14. The composition of claim 11, wherein the detectable element is a luciferase,

fluorescent protein, or metabolite.

15. The composition of claim 1, further comprising a control reporter that produces a

detectable signal independent of binding of the peptide analyte and the recognition element.

16. A method of detecting a peptide analyte in a sample, comprising:
(a) contacting a sample with the composition of claim 1; and

(b) detecting the detectable signal from said reporter.

17. The method of claim 16, further comprising comparing the detectable signal from said

reporter to a control signal.

18. The method of claim 17, wherein the control signal is the detectable signal from said

reporter before contacting the sample with the artificial cellular entity.

19. The method of claim 16, wherein said sample is an environment, biological, security,

or forensic sample.

20. The method of claim 19, wherein said sample is a biological sample selected from

blood, a blood product, urine, and saliva.

21. A device comprising the composition of claim 1.
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22. A yeast-based biosensor comprising a yeast cell expressing:

(a) a recognition element that is a modified version of a native yeast cell-surface receptor,
wherein the recognition element binds to a peptide analyte that is not a natural ligand for the
native yeast cell-surface receptor; and

(b) a reporter, expression of which is linked to binding of the recognition element to the

peptide analyte.

23.  The yeast-based biosensor of claim 22, wherein the recognition element has at least
70% sequence identity, but less than 100% sequence identity, with the native yeast cell-

surface receptor.

24.  The yeast-based biosensor of claim 22, wherein the recognition element is a mutant
version of Ste2p and binds to a peptide analyte having less than 50% sequence identity with

a-factor.

25. A method of detecting a peptide analyte in a sample, comprising exposing the yeast-
based biosensor of claim 22 to the sample, and detecting expression of the reporter, wherein
increased expression of the reporter indicates the presence of the peptide bioagent in the

sample.

26. A composition comprising artificial cellular entity comprising:
(a) a first surface-exposed recognition element that binds a first non-native
peptide analyte;
(b) a second surface-exposed recognition element that binds a second non-native
peptide analyte; and
(c) a first reporter that produces a detectable signal in response to binding of the

first peptide analyte and the first recognition element.
27. The composition of claim 26, wherein the first reporter also produces a detectable

signal in response to binding of the second peptide analyte and the second recognition

element.
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28. The composition of claim 26, further comprising a second reporter that produces a
detectable signal in response to binding of the second peptide analyte and the second

recognition element.

29. The composition of claim 28, wherein the first and second reporters produce

distinguishable detectable signals.

30. A composition comprising artificial cellular entity comprising:
(a) a first surface-exposed recognition element that binds a non-native peptide
analyte;
(b) a second surface-exposed recognition element that binds the non-native
peptide analyte; and
(c) a first reporter that produces a detectable signal in response to binding of the
peptide analyte and the first recognition element;

wherein the first recognition element has a greater sensitivity for the peptide analyte than the

second peptide analyte.

31. The composition of claim 30, wherein the first reporter also produces a detectable

signal in response to binding of the peptide analyte and the second recognition element.
32.  The composition of claim 30, further comprising a second reporter that produces a
detectable signal in response to binding of the peptide analyte and the second recognition

element.

33. The composition of claim 32, wherein the first and second reporters produce

distinguishable detectable signals.
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FIG. 14A
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FIG. 14C
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FIG. 14D
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Box No. 1 Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)
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