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ABSTRACT: Recent advances in synthetic biology and protein engineering have increased the number of allosteric transcription
factors used to regulate independent promoters. These developments represent an important increase in our biological computing
capacity, which will enable us to construct more sophisticated genetic programs for a broad range of biological technologies.
However, the majority of these transcription factors are represented by the repressor phenotype (BUFFER), and require layered
inversion to confer the antithetical logical function (NOT), requiring additional biological resources. Moreover, these engineered
transcription factors typically utilize native ligand binding functions paired with alternate DNA binding functions. In this study, we
have advanced the state-of-the-art by engineering and redesigning the PurR topology (a native antirepressor) to be responsive to
caffeine, while mitigating responsiveness to the native ligand hypoxanthine—i.e., a deamination product of the input molecule
adenine. Importantly, the resulting caffeine responsive transcription factors are not antagonized by the native ligand hypoxanthine. In
addition, we conferred alternate DNA binding to the caffeine antirepressors, and to the PurR scaffold, creating 38 new transcription
factors that are congruent with our current transcriptional programming structure. Finally, we leveraged this system of transcription
factors to create integrated NOR logic and related feedback operations. This study represents the first example of a system of
transcription factors (antirepressors) in which both the ligand binding site and the DNA binding functions were successfully
engineered in tandem.

KEYWORDS: engineered system of transcription factors, synthetic biology, gene regulatory network: protein engineering

ynthetic biology is a rapidly evolving discipline’ that draws promoter activity through the use of allosteric transcription
upon fundamentals of biology and engineering” to factors (TFs)."> Transcription factors make up a particularly
rationally construct sophisticated gene circuits, which have valuable class of genetic switches because they are prevalent
recently come to the forefront of biomedical research. Through throughout the prokaryotic kingdom.H Importantly, allosteric
countless design—build—test cycles,” scientists have pieced transcription factors have evolved to recognize a broad variety

together well-characterized biological modules to bring about
complex cellular behaviors, enabling advances in personalized
medicine,”> biosensors,"~® and diagnostics‘g_11 The crux of
these technologies is the precise control over gene expression,
which is essential for the functionality of synthetic gene
circuits. This becomes especially relevant in cell-based
therapies, where precise gene expression is used to regulate
the dosage of the produced therapeutic, thus enabling dynamic
control of the behavior of cellular systems. Broadly speaking, Received: November 17, 2020 theticidon
gene expression in genetic circuits can be controlled either at Published: March 9, 2021 ]
the transcriptional or the translational level. While many recent

advances have been made in controlling gene expression at the

translational level using ribozymes or riboswitches,'” most

genetic circuits act at the transcriptional level by regulating

of chemical structures,’> and often share a modular domain
structure composed of a conserved DNA-binding domain
(DBD) linked to a diversified regulatory core domain
(RCD).'*"7 Several groups have leveraged this modular
structure and adopted RCD-swapping strategies into platform
DBDs to rationally engineer novel transcription factors for a
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Figure 1. Modular design of the purine repressor (P*yqz) chimera. (A) The native phenotype for the lactose repressor, LacI (I*). Gene expression
is repressed in the absence of inducer by binding to the operator and induction is achieved upon addition of ligand via a conformational shift. (B)
The E. coli purine repressor, PurR (P*,r), exhibits the antirepressor phenotype. In the absence of ligand, the protein is in the low DNA affinity
state, allowing gene expression, while addition of ligand leads to diminished gene expression. (C) The previously reported LLhP 48/57—61
Chimera (PAYQR) consists of the regulatory core domain (RCD) from PurR and the DNA binding domain (DBD) of Lacl, allowing for interaction
with the O' DNA operator while responding to the native ligand, hypoxanthine (adenine is metabolized into hypoxanthine in vivo and is used as the
input signal). (D) The regulatory protein template. This system consists of a dimeric transcription factor (TF) along with its corresponding ligand
(L), and its cognate DNA operator (OP). (E) Repression matrix for P* with alternate DNA recognition. The bottom left triangle shows (ODggo
normalized) GFP output in the absence of inducer, while the top right shows GFP output in the presence of 0.6 mM adenine. Red stars denote a
statistically significant difference between the two states at & = 0.001 level using a one-tailed Student’s t test. Values correspond to the mean of n =
6 biological replicates. Values along the bottom of the matrix indicate the dynamic range for each variant (ratio between the “ON” and “OFF”
states). The matrix on the left indicates our foundational ADR set indicating ADR-operator pairs from our previous work, while the two columns
on the right represent new ADR units that will replace those with poor performance. Note: The bottom left triangles are dissimilar due to variation
in promoter strength imposed by the operator and low affinity TF binding in the absence of ligand.'® (F) Heatmap illustrating the dynamic range of
each ADR-operator pairing using the same data. A dynamic range of approximately 5 was used as a reference, as that denotes the performance of
the native lactose repressor. The ICK-O pair has been added to expand our set of TF-operator pairs.

variety of applications.'*™>* Purportedly, the RCD manages to the ligand hypoxanthine, functioning natively as an
the initial allosteric response in a given TF, which modulates antirepressor (Figure 1B).*° Purines—more specifically,
DNA binding, as observed in the Lacl system, see Figure 1A. xanthines—are an important class of bioactive and physiolog-
Acknowledging that allosteric regulation relies on complex ically relevant molecules that can serve as both biomarkers of
interdomain interactions,”* the de novo (rational) design of an disease™™** as well as theralpeutics.45_49 Arguably the most
allosteric TF is currently intractable. However, scientists have notable xanthine,*® caffeine (1,3,7-trimethylxanthine), is an
successfully leveraged laboratory evolution strategies to ideal target for a trigger-inducible gene switch as it is relatively
engineer transcription factors with user-defined changes in nontoxic,”' cheap to produce, and only present in specific
small-molecule specificity,”~>” desired changes in dynamic- beverages, such as coffee and tea.’” In previous work, most
operating ranges,”* as well as inversion-of-function.”” " Many caffeine-responsive gene switches required the enzymatic
of these functions involve some aspect of allosteric conversion of caffeine to theophylline for translational control
communication. in yeast.”> However, several caffeine biosensors have been
The Escherichia coli (E. coli) purine repressor (PurR) is a developed in recent years,”*" although none are based on
member of the LacI/GalR family responsible for regulating transcription factors, likely because existing caffeine-inducible
expression of the genes involved in de novo purine nucleotide TFs are rare and poorly characterized.”® We posited that PurR
biosynthesis,”” as well as several other genes having related could serve as a scaffold for engineering a caffeine responsive
functions in nucleotide biosynthesis and metabolism.”* ™" Of transcription factor given the similarity in chemical structure of
all the members of the Lacl/GalR family, PurR has the highest the putative ligand (caffeine) to the native ligand (hypo-
sequence identity with lactose repressor (Lacl), ~32%,** and a xanthine). Moreover, since this particular class of TFs generally
similar tertiary structure has been confirmed by comparing the have a relatively simple mode of action and do not require
X-ray crystallographic structures of the two proteins.” "' additional biological components from the host, they can be
Unlike most members of the Lacl/GalR family (which used to regulate gene expression in a variety of different

naturally respond to small molecule sugars) PurR responds organisms.”’ %
553 https://dx.doi.org/10.1021/acssynbio.0c00582
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In this work, we begin by equipping the Lacl:PurR chimera
LLhP 48/57—61°" (Figure 1A—C) (henceforth referred to as
P*) with alternate DNA recognition (ADR) according to our
previously established methodology. This workflow generated
7 additional TFs with orthogonal DNA binding ability and
reinforces the notion that the Lacl/GalR family is a rich
resource that can be mined for the creation of novel chimeric
TFs with shared DNA binding ability. Next, we used a
combination of rational design and laboratory evolution to
develop a system of caffeine responsive transcription factors
with varying degrees of ligand sensitivity as well as dynamic
operating ranges. Finally, the DNA binding domains of these
caffeine responsive antirepressors were modularly altered to
yield a collection of 30 novel TFs with mitigated response
toward the natural ligand (hypoxanthine). This ability to
completely abolish the response (including noninducible
antagonism) toward the native ligand stands in stark contrast
to other attempts to alter ligand specificity in similar
scaffolds,®*™%* and is a direct result of our engineering
workflow. These novel TFs respond to several other
methylxanthines, allowing for the construction of logical
NOR operations, which are crucial in genetic circuit design
as they are functionally complete, and can be composed to
implement any logic function.”® This study represents the first
example of a system of TFs (antirepressors) in which both the
ligand binding site and the DNA binding functions were
successfully engineered in tandem.

B RESULTS

Part I: Building a System of Purine (PurR) Anti-
repressors with Alternate DNA Binding. The overarching
goal of this study is to engineer a system of caffeine responsive
antirepressors, that can work collaboratively within our
transcriptional programming edifice. To accomplish this we
first need to demonstrate that the parent PurR scaffold is
amenable to ADR adaptation with our basis ADR set. In
previous studies, we have demonstrated a modular protein
design strategy to confer alternate DNA-binding functions in
several repressor scaffolds that share a topology (ie., Lacl,
GalR, GalS, RbsR, FruR, and CelR).'®*° Here we leverage our
established modular design workflow to pair alternate DNA
recognition (ADR) with the PurR regulatory core domain
(RCD). In contrast to the aforementioned repressors, PurR
natively functions as an antirepressor—i.e., with a phenotype
that is antithetical to Lacl and related transcription factors (see
Figure 1A,B). Tungtur et al. generated a PurR chimera P4yqx
adapted with a wild-type LacI DNA binding domain (YQR)
that retains the antirepressor function but interacts with the
native Lacl DNA operator (oh (Figure 1C).6l The YQR
nomenclature specifies the primary structure positions Y17,
Q18, and R22, and are regarded as the principal residues that
facilitate DNA binding. The “A” superscript denotes the
antirepressor phenotyge, in accordance with our previously
reported designations.”””’' We posited that the PAyqr chimera
could serve as the basis for additional alternate DNA binding
adaptation given that the YQR DBD was used as the reference
domain for our previously reported ADR variants. Moreover,
we surmised that the resulting system of PurR based
transcription factors would function as antirepressors, interact-
ing exclusively with cognate DNA binding elements.

Initially, the PurR regulatory core domain was adapted with
our foundational alternate DNA binding domains NAR, HQN,
TAN, GKR, HTK, and KSL. In turn, the six putative
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transcription factors were benchmarked against the cognate
operators O8%, O™, 0%, O, and O, respectively (Figure
1D,E). Including the PAYQR|Ol basis set, this resulted in a
putative system of seven antirepressor transcription factors
responsive to hypoxanthine (ie, a metabolite of adenine).
Here the design goal was based on two-criteria: (i) dynamic
range on the cognate operator element, and (ii) orthogonal
operator DNA binding. The gene regulator Lacl (I*yqg) has
been used in a myriad of genetic circuits across a variety of
host organisms®’~® and can therefore be regarded as a
reference point in gauging the performance of engineered
transcription factors. The standard Lacl repressor system
(I'yqrlO") performs with a dynamic range of approximately S,
according to our previous reports.””' To this end, we
compared the dynamic range of these engineered P*,pp with
the wild type Lacl system (I'yqrlO')—via regulating green
florescent protein (GFP) output—positing that systems with
similar (or better) performance metrics can be regarded as
robust gene regulators. Initially, only two out of the seven
transcription factor DNA pairs had a fold antirepression
(dynamic range) greater than or equal to S while the PAYQRlol,
PAuarlOB?, PAL IO, PAGel 08, and P21l O systems had
performance metrics below the IJ'YQRlo1 reference system
(Figure 1E).

To improve the performance of our transcription factors,
while retaining modulated interaction with the foundational
operators, we evaluated additional ADR variants that can
interact with the existing operator set. Here we selected ADR
variants from the combinatorial space generated by Milk et
al®® In this study, Milk and colleagues generated over 8000
putative alternate DNA-binding functional surface (ADR)
variants, encompassing a fully randomized library of positions
Y17, Q18, and R22 (YQR). This library was tested against 64
putative operator variants, with the sequence 5'-A ATT 9399
AGC GCT YWY AAT T-3', where § is any nucleotide, and ¥
is the complement necessary to achieve full (palindromic)
symmetry. Each putative DNA operator typically had multiple
ADR complements. We posited that a DNA binding domain
substitution could be identified to replace an existing ADR to
facilitate improved performance of a given TF system.
Accordingly, we sought DNA binding domain variants that
(i) only had one reported interaction with the DNA operator
of interest, and (ii) the performance metrics were similar to the
basis ADR being replaced. Using this criteria NAR had one
putative replacement (LAR), TAN and GKR had two putative
replacements each (HAN, IAN, and FKR, IKR, respectively),
whereas HTK had no apparent replacements. In addition, we
identified two additional ADR (ICK and IAY) that paired with
a new DNA operator (O*), potentially allowing us to expand
the original matrix.

Initially, we focused on pairing a transcription factor to the
08 operator, as the P*,zlO%® unit operation (i) cannot
interact with the cognate operator, and (ii) the dynamic range
is significantly less than S (observed as 1.3 as tested). Here, we
exchanged the alternate DNA binding domain NAR with LAR.
The resulting P* 4z transcription factor interacted with the
cognate operator O and functioned as an antirepressor with a
dynamic range of 5.04. Next, we sought to improve the
performance of the antirepressor directed toward O#, as the
initial unit operation (P*;xplO%) had the next lowest cognate
fold induction at 1.61. We explored two variants to GKR—i.e.,
IKR, and FKR. In both cases, the replacement unit operations
P rl 0% and P2l O interacted with the cognate operator

https://dx.doi.org/10.1021/acssynbio.0c00582
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Figure 2. Workflow for engineering caffeine responsive transcription factors. (A) Caffeine specificity was evolved in the P* scaffold via a type-I
super-repressor intermediate (logical NULL operation). For a type-I super-repressor, the binding pocket is left intact and the mutations impose a
block in the allosteric communication of the protein. Performance for (B) pC*Wyg, (C) pCA¥qp, (D) pCAPqr, (B) pCH¥Pyg; along with the
mutations introduced shown on the PurR crystal structure (PDB ID 2PUD). Y-axis is given as GFP/ODyq, which is calculated by taking GFP
fluorescence (485 ex., 510 em.) normalized to ODy, for each well. Each value corresponds to the mean of n = 6 biological replicates and error bars
indicate the standard error of the mean (SEM). Note: The difference in the expression in the control normalized GFP outputs (i.e., minus ligand) is
due to variation in low-affinity interactions of the transcription factors in the absence of ligand.

(O%°) with a dynamic range of 7.4 and 11.1, respectively. In
turn, we evaluated both replacements for TAN (i, HAN and
IAN). The HAN replacement directed to the O"8 operator had
a cognate dynamic range of 5.03. However, this system had
multiple off diagonal (noncognate) interactions, and thus was
excluded as a replacement. In contrast, the IAN replacement
(on O™) had a dynamic range of 1.03, and was also excluded
based on poor performance. Finally, the natural Lacl DNA
binding domain (YQR) interacts with the native O' operator
along with the symmetric O™ operator. Previous studies have
shown that I'yqg paired with O™ increased the dynamic range
of this unit operation.'”””*" The O™ DNA operator is a
symmetric variant of O'. Specifically, in the O%™ DNA element
the right side has been mutated to match the left side of the
operator resulting in perfect palindromic symmetry. The
architecture is congruent with the symmetric configuration
used to design the six foundational ADR operators.
Accordingly, we surmised that a similar improvement would
be observed for the PAYQR antirepressor paired with OY™,
which was evidenced by an observed dynamic range of 6.92. In
summary, the aforementioned changes resulted in three
additional systems (S in total) with performance metrics on
par (or better than) the reference system (I'yqelO'), see
Figure 1F. In addition, we expanded the set of orthogonal TFI
operators via the pairing of P*¢|O®, though the system was
not perfectly orthogonal. Given that protein—DNA interaction
design rules could not be established based on the broader
study from Milk et al, a quantitative explanation for the
observed increases in the dynamic ranges were difficult to
reconcile completely. We posited that improved pairing of
allosteric networks with alternate DNA binding domains could
account for much of the improved performance, consistent
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with the arguments we posed previously.”"*” To reconcile an
improvement in dynamic range would require a complete
assessment of the permissive allosteric network, which is
beyond the scope of this study.

Part ll: Blocking Allosteric Communication in the
PurR Parent Scaffold. Given the structural similarities
between hypoxanthine (i.e, the cognate ligand to PurR) and
other methylxanthines—e.g.,, caffeine (1,3,7-trimethylxan-
thine)—we hypothesized that the purine repressor could be
engineered to recognize and allosterically respond to caffeine
and similar derivatives. We posited that functional ligand
binding in the LacI/GalR topology is inextricably linked to
allosteric communication.”” Accordingly, we surmised that the
corresponding engineering workflow to confer alternate ligand
(caffeine) binding and allosteric response in the PurR topology
will likely require correlated changes in the allosteric network.
From the standpoint of forward design, ligand binding is often
regarded as a local phenomenon (design problem) in which
the residues that come into direct contact (or are within the
proximal environment to) the ligand only need be considered.
In this study, we are interested in engineering allosteric TFs.
Accordingly, protein design that strictly focuses on ligand
binding will likely yield moderate (if any) results, as evidenced
in previous studies”’ and observed in our unpublished reports.
Given that the a priori design of an allosteric network is
currently intractable, we conceded that a strategy that included
laboratory evolution would offer the most promising path
toward a pragmatic solution(s) to our design goal.

Previously, we have demonstrated that alternate allosteric
communication could be conferred in several Lacl/GalR
scaffolds, resulting in the inversion of function—i.e., transition-
ing from the repressor to the antirepressor phenotype.””*"*® In

https://dx.doi.org/10.1021/acssynbio.0c00582
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this engineering workflow, first we introduced a block in
allosteric communication resulting in a super-repressor
phenotype. In turn, we introduced compensatory mutations
via error-prone PCR (EP-PCR) to confer antirepression in the
given scaffold. We surmised that we could leverage a similar
engineering workflow to confer both alternate ligand (caffeine)
binding and complementary alternate allosteric response in the
PurR scaffold. Moreover, given that our resulting library of
mutants will be enriched with alternate allosteric networks, we
posited that functional variants would possess greater
specificity to the target ligand (caffeine), as the resulting
alternate allosteric networks are not necessarily optimal for the
original ligand (provided we focus our discovery on the ligand
of choice).

For the initial step of this engineering strategy, we first
normalized DNA binding function by introducing a common
DNA binding domain, which is generally the native lactose
repressor domain, YQR. However, we have consistently
observed that the KSL DNA binding domain paired with its
cognate operator (O%8) yields transcription factor variants
with desirable performance characteristics across a variety of
protein scaffolds."**! Namely, KSL variants (repressors or
antirepressors) typically interact exclusively with the cognate
DNA operator and display dynamic ranges greater than 5.
Accordingly, we decided to use Py as the parent scaffold,
rather than the previously reported P4y chimera. Initially, we
used a primary sequence alignment to identify putative super-
repressor positions in the P scaffold (Supplementary
Figure S1). Point-mutation to positions 84, 88, 95, and 96 in
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Lacl have been shown to confer super-repression, without
neutralizing the ligand binding site.””*"°® In a recent report,’
we illustrated that many of these positions are conserved in
other LacI/GalR homologues. Accordingly, we performed
saturation mutagenesis at each amino acid position corre-
sponding to 84, 88, 95, and 96 in the P scaffold.
Unfortunately, we did not observe the super-repressor
phenotype within the finite sequence space.

Mechanistically, engineering a super-repressor is (in
principle) more challenging when starting with a native
antirepressor, as the mutation needs to not only impose a
block in allosteric communication, but also shift the conforma-
tional equilibrium of the protein into the high DNA affinity
state, which in the case of PurR, occurs in the presence of
ligand. Notably, the point-mutation K84A potentially achieved
both criteria in the Lacl topology—as evidenced by several
biochemical and biophysical studies®”’’—in contrast to the
aforementioned mutations, which only block the propagation
of the allosteric signal. Accordingly, we opted to identify the
corresponding position in PurR via structural alignment of
Lacl (1EFA) and PurR (2PUD) both in the DNA bound
conformation, positing that amino acid identity and three-
dimensional position are required in the identification of this
critical position. Upon inspection of the alignment we found
that PurR has a lysine at position 85 (K85), which appears to
play a similar functional role at the monomer—monomer
interface (Supplementary Figure S2). Saturation mutagenesis
at amino acid position 85 yielded at least one super-repressor
variant K85S (or approximations thereof—e.g., K85A), which

https://dx.doi.org/10.1021/acssynbio.0c00582
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Figure 4. Probing ligand specificity of engineered antirepressors. Measured response of (A) HCAO o (B) pCA o, (C) pCA3 g, (D) pC g
toward a variety of compounds whose structures resemble either caffeine or the native ligand, adenine. The structure of each of the 9 ligands tested
is depicted and each ligand is represented by a different color. The concentration of each ligand is 1 mM except for adenine, which was used at 0.6
mM (solubility). Y-axis is given as GFP/ODyq, which is calculated by taking GFP fluorescence (485 ex., 510 em.) normalized to ODy, for each
well. Each value corresponds to the mean of n = 6 biological replicates and error bars indicate the SEM. All values to the right of the (*%*%%*)
arrowhead indicate statistical significance at the a = 0.0001 level using a one-way ANOVA followed by a post hoc Dunnett’s Test using the “No

Inducer” condition as a control.

displays repressed gene output in the absence of ligand as well
as in the presence of either hypoxanthine or caffeine (Figure
2A).

Part lll: Conferring Alternate Ligand (Caffeine) and
DNA Binding Responsiveness. Using the K85S P%g; super-
repressor as the starting point we conducted a single round of
EP-PCR with a mutational rate between 1 and 4, followed by a
screen monitoring regulated GFP output. Here the objective
was to engineer and identify variants that were responsive (as
antirepressors) to the ligand caffeine, with mitigated
responsiveness to the native ligand hypoxanthine (ie, a
metabolite of adenine). Our initial round of EP-PCR (starting
with K85S PSyq) yielded a single variant (pCA g, (8587499
which was responsive to caffeine. However, the
PCAKSL(K855/ A99T) antirepressor variant—while responsive to
the ligand caffeine—only had a dynamic range of 2.1 (ie,
significantly below the reference value of §). In a previous
study, Meinhardt et al. demonstrated that modifications to the
hinge region of the DNA binding domain could improve the
performance of TFs with the PurR topology.” Likewise, we
posited that additional modifications to the hinge region (..,
residues V52, $55, Q60, and K62) of the pChlyg (K83%/4%T)
antirepressor variant could improve the dynamic range.
Accordingly, we fully randomized the four positions 52, 55,
60, and 62 with NNK degenerate codons in tandem with a
second round of EP-PCR. Using a combination of fluorescence
assisted cell sorting (FACS) and microwell plate assay we
identified four variants (,C*0 %) with the desired perform-
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ance metrics—i.e, (i) anti-induction in the presence of
caffeine, with greater than S fold anti-induction, and (ii)
abrogated responsiveness to hypoxanthine (Figure 2B—E). All
variants retained a mutation at allosteric position K85 (S or A),
in addition to the A99T conferred mutation. Moreover, each of
the four variants contained some variation in the hinge-helix
region of the DNA binding domain (Supplementary Figure
S3). Consistent with our initial hypothesis alternate ligand
binding was achieved by way of alternate allosteric routes,
rather than variation in the constellation of residues that are
responsible for ligand binding (i, excluding residues 1249,
E222, D220, F221, Y73, F74, S124, also see Supplementary
Figure S2). Moreover, each of the resulting caffeine responsive
antirepressors (,CA=Y ) had mitigated responsiveness to
the original ligand hypoxanthine, with no evidence of
antagonistic rejection of the cognate (caffeine) input
(Supplementary Figure S3).

In principle, alternate DNA binding can be conferred in each
of the four engineered caffeine responsive antirepressors using
the modular design strategy outlined in Figure 1. Moreover, we
have observed in our previous studies that DNA binding
adaptation to disparate DNA operators of a given transcription
factor (repressor or antirepressor) can also influence the
dynamic range. Using the same ADR set—though adapted
over the modifications to the hinge-helix region for each base
antirepressor—we generated a total of 32 putative anti-
repressor variants, or 28 additional variants excluding KSL.
Approximately 94% of the variants functioned as cognate
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Figure 5. Constructing NOR logical operations. (A) Measured response of PAyg; toward a variety of compounds whose structures resemble either
caffeine or the native ligand, adenine. P*g; demonstrates a strong response toward theophylline (shown in purple), along with its native ligand,
adenine, which can be used to build a logical NOR operation. (B) Similarly, pCA g responds to theophylline as well as caffeine, allowing for a
slightly different NOR operation. (C) NOR gates built using each of the remaining ;C*¢g variants responding to caffeine and theophylline. Y-axis
is given as GFP/ODyy,, which was calculated by taking GFP fluorescence (485 ex., 510 em.) normalized to ODgg, for each well. Each value
corresponds to the mean of n = 6 biological replicates and error bars indicate the SEM. All values to the right of the (****) arrowhead indicate
statistical significance at the a = 0.0001 level using a one-way ANOVA followed by a post hoc Dunnett’s Test using the “No Inducer” condition as a
control. Note: In all of the reported NOR gates the concentration of theophylline has been increased to 2 mM to improve the dynamic response.

pC*spr antirepressors (see Figure 3, also see Supplementary
Figure S4—SS). Only 2 ADR variants failed to produce
functional transcription factors (PCA(4)TAN and PCA(4)FKR).
Interestingly, in each of the four performance matrixes the
variants adapted with KSL had the largest dynamic range.
However, in all cases variants adapted with ADR resulted in an
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increase in the number of noncognate interactions relative to
the PurR parent matrix shown in Figure 1F. We also measured
the dose response for each of the transcription factors,
Supplementary Figure S4. No discernible trends emerged
with regard to caffeine sensitivity that was consistent between
groups of antirepressors functioning on cognate operators.
This observation is consistent with our hypothesis that

https://dx.doi.org/10.1021/acssynbio.0c00582
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Figure 6. Dynamically tunable NOR operations. Feedback control can be incorporated into the NOR operation by coupling GFP output to the
production of a second transcription factor, Iyqy. This TF will then serve as a buffer (BUFR) to modulate expression levels of the antirepressor,
pC?ks1- The concentration of the ligand IPTG alters the affinity of TI"yyq for its operator, thereby affecting overall expression of pC?ks1, allowing for
dynamic tuning of overall circuit performance. Y-axis is given as GFP/ODg,, which was calculated by taking GFP fluorescence (485 ex., 510 em.)
normalized to ODyy, for each well. Each value corresponds to the mean of n = 6 biological replicates and error bars indicate the standard error of
the mean (SEM). Note: The complexity of information processing via such systems will likely have a putative upper-limit of approximately 4

o . . . L 18
transcription factors in a given chassis cell, due to toxicity issues.

allosteric network and ADR pairing have a (yet undetermined)
impact on functional outcomes. Collectively, this system of
transcription factors contains at least one antirepressor variant
with alternate DNA binding that interacts exclusively with one
(cognate) DNA operator. Thus, we have achieved the
development of an orthogonal set of 7 (plus 1 ICK) ,C*,pr
antirepressors (responsive to caffeine) that can be used in
collaboration with our broader set of engineered repressors' >
and antirepressors,” in addition to the set of 7 (plus 1 ICK)
P2 or antirepressors shown in Figure 1F.

Part IV: Evaluating Antirepressor Specificity and
Dynamically Tunable Logical Operations. While our
primary engineering goal was successful—i.e., conferring
antirepressor responsiveness to the ligand caffeine, while
mitigating binding and action to hypoxanthine—we wanted
to determine to what extent our engineered transcription
factors could interact an respond to other methylxanthines (or
caffeine metabolites) with similar chemical structures; see
Figure 4. Here we selected pClsr antirepressors as these
transcription factors had the best performance metrics (i.e.,
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dynamic ranges) observed in this study. Here, we assessed
responsiveness of each of the ;C"g antirepressors to seven
methylxanthine derivatives (xanthine, 1-methylxanthine, 3-
methylxanthine, 7-methyxanthine, theophylline, theobromine,
and paraxanthine) at a fixed ligand concentration of 1 mM.
Rather than using our standard GFP reporter system, we
employed a variation in which superfolder GFP was paired
with the weak LDA degradation tag, as we found that this
increase the dynamic range by decreasing basal expression (i.c.,
reducing leakiness), see Supplementary Figure S6. This change
provides greater sensitivity when probing ligand response and
could serve to highlight weaker interactions.

In Figure 4, the ligand concentrations were restricted to 1
mM for the seven methylxanthine derivatives (due to solubility
limits for several of the putative ligands), and caffeine was also
restricted to 1 mM to facilitate a more accurate relative
comparison. In general, none of the methylxanthine derivatives
demonstrated better relative performance than caffeine for any
of the ;C*cg antirepressors. Methylxanthine derivatives closer
in chemical structure to caffeine had a moderate anti-inductive

https://dx.doi.org/10.1021/acssynbio.0c00582
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response on each of the pC’g transcription factors (ie.,
theophylline, theobromine, and paraxanthine). This is in
contrast to, the response of the parent transcription factor
P, which shows a much stronger response toward the
native ligand hypoxanthine as well as the molecules xanthine,
1-methylxanthine, and 3-methylxanthine—i.e., derivatives that
are closer in chemical structure to hypoxanthine (Figure SA).
Note, guanine (ie, one of two native ligands to PurR) was
excluded from this study due to solubility issues.
Interestingly, the P4, and the four ,C%g; antirepressors all
responded to theophylline, which can be regarded as a
chemical intermediate between hypoxanthine and caffeine.
Moreover, increasing the concentration of theophylline to 2
mM improved the dynamic response of all antirepressors—i.e.,
bringing the dynamic range for PPy and the pChyq
antirepressors approximately on par with the cognate ligand
(hypoxanthine or caffeine) response for each antirepressor; see
Figure SA. Balancing the dynamic range in response to these
ligands enabled us to consider the construction of an important
Boolean logical operation, NOR. The NOR gates presented in
Figure S represent an important iteration on our most recent
next-generation NOR operations that eliminate the need for
inversion.”’ In this example, in addition to the elimination of
the inversion step we have reduced this unit operation to a
single two-signal responsive transcription factor—i.e., opposed
to two separate antirepressors that respond to two disparate
signal inputs directed toward a single DNA operator. Namely,
the P antirepressor was responsive to hypoxanthine and
theophylline, and in the presence of one or both signals the
output (GFP) was not produced (Figure SA), whereas, the
PCAKSL antirepressors were responsive to caffeine and
theophylline with a similar NOR functionality, in which the
output was rejected when one or both ligands (.., caffeine
and/or theophylline) were present; see Figure SB,C.
Although synthetic genetic circuits allow us to modify the
behavior of living cells, the behavior of many regulatory
components making up these circuits is sensitive to many
factors such as differences in host physiology’>~"* and
interactions between genetic parts and the host cell.”>™"* As
a result, genetic circuits must often be reassembled multiple
times until a working combination of parts is found, which can
be time-consuming, labor-intensive, and costly. To tackle this
problem, we have developed transcriptional-mediated feedback
control systems (Figure 6 and Supplementary Figure S7) that
allow for the dynamic tuning of steady-state response functions
to correct for unwanted changes in circuit behavior. Feedback
was implemented via the coupled expression of the output
(GFP) to the expression of a second TF (I'yqy), which
modulated the expression of the pCAG o antirepressor
regulating the output. In the absence of ligand, relatively
high levels of I'yqy are produced, which led to repression of
the PCA(3)K5L and consequent increase in GFP expression (as
well as I'yqn). Conversely, in the presence of the
corresponding ligand, the PCA(3)KSL diminished the production
of I'gqy thereby leading to an increase of »CA®) ¢ and
stronger antirepression of the final GFP output. Thus, this
feedback loop functioned to amplify the response of the
engineered PCA(3)KSL transcription factor. By using the two
ligands caffeine and theophylline, we can illustrate the utility of
these feedback loops by developing a NOR gate with tunable
transitions between the “ON” and “OFF” states, which will
make them more broadly compatible with other compo-
nents.””*" Similar tunable feedback systems can be constructed
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that are sensitive to caffeine and chocolate (theobromine); see
Supplementary Figure S7.

B DISCUSSION

Fueled by advances in synthetic biology, microbiology,
ecotoxicology, and microsystems engineering, the field of
whole-cell bacterial bioreporters has quickly developed the
ability to detect and quantify a wide array of components
ranging from toxic chemicals to valuable metabolites.
Accordingly, bacterial cell-based sensors have been studied
for various applications, such as environmental monitoring,®™*
disease diagnosis,””"" and bioproduction.”’ ~** Unlike tradi-
tional physical or chemical sensors, cellular sensors have the
added benefits of being highly selective, easy to manufacture,
cost effective, and renewable,®®° contributing to a more
sustainable future. In general, a whole cell-based biosensor
consists of a module that senses the input signal and a reporter
module that converts the biosensor input into an output signal,
all within a chassis cell that implements the designed
devices.*¥** Traditionally, the sensing components in these
circuits came exclusively from existing signaling pathways, but
despite the seemingly endless diversity of these natural
components, some cases have warranted synthetic approaches
to detect a particular chemical target.”***~%

Caffeine (1,3,7-trimethylxanthine) is one of the most
popular and commercially important plant-derived purine
alkaloids.*® This ubiquitous small molecule is a key component
of widely consumed beverages, such as coffee, tea, soft drinks,
energy drinks®” and is an additive to over 150 food and 570
drink products currently on the market.”” Caffeine can be
regarded as an addictive substance,”’ and recent studies
suggest that long-term and excessive consumption of caffeine
can lead to various adverse health effects.”” The FDA considers
a concentration of caffeine above 200 ppm or 0.02% in foods
and beverages to be unsafe [21 Code of Federal Regulations,
section 182.1180(b)]. Due to the omnipresence of this
methylxanthine variant in modern society, caffeine concen-
tration in wastewater has been identified as an accurate marker
of anthropogenic burden and pollution.”””* Taken together,
these points highlight the need for a simple, quick, and cost-
effective method to detect caffeine, which we posited can come
in the form of a whole-cell biosensor based on a bespoke
antirepressive transcription factor.

Recently, several caffeine biosensors have been devel-
oped;>*** however, none are based on allosteric transcription
factors. The benefit of engineering a system of allosteric
transcription factors that respond to caffeine would not only
serve as the foundation for a biosensor, but could also
seamlessly integrate into our growing collection of engineered
TFs and our emerging transcriptional programming edi-
fice.'"" Accordingly, our design goals for the resulting system
of novel antirepressors was evident—i.e., responsiveness to
caffeine, with mitigated sensitivity to the native ligand and
native DNA operator. To this end, we have engineered a
collection of 28 novel antirepressors (4 systems, composed of 7
alternate DNA binding functions) with varying degrees of
responsiveness toward the non-natural ligand caffeine. More-
over, specificity toward the native ligand was mitigated, which
stands in stark contrast to many other attempts to alter ligand
specificity in similar scaffolds.”””%* As this system of
antirepressors stand, these engineered TFs could serve as the
basis of a whole-cell caffeine biosensor. In addition, consequent
rounds of directed evolution can be employed to engineer
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properties commensurate with the user’s needs (eg., better
specificity and sensitivity).

Although our original design goal was to evolve our proteins
to recognize caffeine, there are several other methylxanthines
that would be important to detect. Specifically, paraxanthine
(1,7-dimethylxanthine) exerts physiological effects similar to
caffeine not only as a stimulant, but also as a modulator of
immune function and inflammation.” In addition, theophyl-
line (3,7-dimethylxnanthine) and theobromine (1,3-dimethyl-
xanthine) are pharmaceutically active molecules that serve as
bronchodilators and are commonly used asthma medications.”
Many of the traditional methods used to detect these
molecules are invasive, expensive, and laborious, often
requiring highly specialized operators and sophisticated
instrumentations. As can be seen in Figure 4, the four
transcription factors engineered in this work respond not only
to caffeine, but are moderately responsive to dimethylxanthines
paraxanthine, theophylline, and theobromine. Likewise, the
parent P scaffold shows moderate response toward the
molecules xanthine, 1-methylxanthine, 3-methylxanthine, and
7-methylxanthine. Accordingly, our current and future efforts
are focused on expanding our collection of TFs to be
specifically responsive to varying methylxanthines beyond
caffeine.

B MATERIALS AND METHODS

Vector Construction and Reporter Systems. All
transcription factor variants were inserted into the pLacl
plasmid (Novagen), which contains a low copy number p15A
origin, a chloramphenicol resistance marker, and the gene for
the repressor regulated with a constitutive Lacl promoter. The
coding sequence for the Lacl:PurR chimera LLhP 48/57—61
was obtained from previous work by Tungtur et al’' and
synthesized by Eurofins Genomics. This open reading frame
(ORF) was amplified via PCR and inserted into the pLacl
vector using circular polymerase extension cloning (CPEC).
Mutations to the DNA-binding domain were then introduced
via routine site-directed mutagenesis using Phusion DNA
polymerase with GC buffer (New England Biolabs). For each
repressor variant, the entire gene reading frame along with the
promoter driving expression was sequenced in the forward and
reverse direction (Eurofins Genomics) to verify all mutations
and correct assembly. To measure control over gene
expression, a reporter plasmid system was constructed as
outlined previously.”” This plasmid contains the low copy
number pSC101* origin of replication, a kanamycin resistance
marker, along with superfolder green fluorescent protein
(sfGFP) driven by the constitutive trc promoter. The operator
region lies Sbp downstream of the promoter element and each
operator variant was constructed using site-directed muta-
genesis. When used, the ssra-LDA degradation tag was
incorporated using inverse PCR followed by treatment with
KLD Enzyme Mix (NEB). Detailed sequence data—i.e.,
promoter sequences, transcription factors, and vector maps—
are given in Supplementary Figure S6.

Microplate Assay for Gene Expression. All experiments
were performed in the cell strain 3.32°” (Genotype lacZ13-
(Oc), lacl22, LAM—, el4—, relAl, spoT1, and thiEl, Yale
CGSC #5237), an E. coli K12 strain with Lacl and the lac
operon deleted. The plasmids were cotransformed and plated
on LB agar with the appropriate antibiotics (chloramphenicol
for pLacl, ampicillin for pSO, and kanamycin for the reporter
plasmid). The necessary plasmids were cotransformed and
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plated onto LB agar with the appropriate antibiotics
(chloramphenicol for pLacl and kanamycin for the reporter
plasmid). For the microplate assays, individual colonies were
inoculated in 1 mL of LB and grown overnight at 37 °C with
shaking at 300 rpm After this initial growth period, cultures
were diluted into 200 uL wells in M9 minimal Media
supplemented with 0.2% casamino acids, 1 mM thiamine
HCIl, 100 yuM CaCl,, and 2 mM MgSO, along with the
appropriate antibiotics and the corresponding effector ligands.
Ligands used are as follows: adenine from Acros Organics CAS
73—24-35, caffeine from Chem-Impex International CAS 58—
08—2, xanthine from Sigma-Aldrich CAS 69-89—6, 1-
methylxanthine from Sigma-Aldrich CAS 6136—37—4, 3-
methylxanthine from Carbosynth CAS 1076—22-8, 7-
methylxanthine from Carbosynth CAS 552—62-5, para-
xanthine from Carbosynth CAS 611-59—6, theobromine
from Alfa Aesar CAS 83—67-0, and theophylline from
Sigma-Aldrich CAS S58-55—9. Except where otherwise
indicated, ligands were used at a final concentration of 1
mM. Biological replicates were aliquoted into six samples in a
clear, sterile, conical-bottom 96-well plate (Fisher Scientific)
and grown in a 37 °C shaker at 300 rpm covered with a
Breathe-Easier sealing membrane (Midwest Scientific) to
prevent evaporation. Cells were transferred to a black 96-well
plate (COSTAR) during exponential growth phase (approx-
imately 16 h) for assaying. GFP fluorescence (ex. 485 nm, em.
510 nm, gain 50) and optical density (ODg,,) were measured
using a Synergy HT plate reader (BioTek). Corrections for
path length were made using ODgy and ODgys and the
fluorescence values were normalized to the optical density and
averaged across all biological replicates. For each operator
variant, the maximum GFP expression was determined using
the LacStop control plasmid.'®

Structural Analyses and Depiction. All structure
depictions were created using UCSF Chimera.”® Structural
alignments were completed using the Match — Align function.

Protein Library Creation. All site-saturation mutagenesis
was performed using an inverse PCR with NNK degenerate
codons; NNK was chosen as this allows for full codon coverage
while limiting the possibility of premature STOP codons.
Following treatment with KLD Enzyme Mix (NEB), product
was transformed into NEB S-alpha competent cells. The library
was streaked and cultured for plasmid isolation and the DNA
was sequenced to verify saturation at the desired site. The
directed evolution library was constructed using a protocol
adapted from Richards et al.”” The entire coding sequence of
the PSg variant K85S—excluding the DNA binding domain
(DBD)—was subjected to error-prone PCR (residues 25—
343). The DBD was intentionally excluded, as mutations in
this region are mainly responsible for DNA recognition, rather
than ligand specificity. A library with S bp to 7 bp (1—4
residue) mutations, on average, over the 1100 bp region, was
constructed in a reaction with 1.25 U Taq DNA Polymerase
(NEB), 1x Taq Mgfree buffer (NEB), 1.8 mM MgCI2
(NEB), 200 yuM MnCl2 (Millipore Sigma), 0.4 uM dCTP
(NEB), 0.4 uM dTTP (NEB), 0.08 uM dGTP (NEB), 0.08
uM dATP (NEB), S00 uM, each, forward and reverse primers,
and 10 ng (4.2 fmol) of P DNA, as a template. The
reaction was subjected to 95 °C for 3 min and 20 cycles of 95
°C for 30 s, followed by 68 °C for 5 min, and a final extension
at 68 °C for 10 min. In a separate PCR, the Lacl vector
(containing the pLacl promoter and residues 1—25) was
linearized and both products were visualized on an agarose gel.
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The EP-PCR insert was gel extracted (Qiagen) and then
reamplified using Phusion Polymerase (NEB), while the vector
was treated with DPNI (NEB) to eliminate any residual
template. The two fragments were combined via CPEC and
transformed into NEB S-alpha competent E. coli (huA2
A(argF-lacZ)U169 phoA gln V44 ¢80A(lacZ)M1S gyrA96
recAl relAl endAl thi-1 hsdR17; New England Biolabs). The
library size was estimated to be on the order of 10° colony
forming units (cfu).

Fluorescence Assisted Cell Sorting (FACS). Colonies
were inoculated in LB with relevant antibiotics (chloramphe-
nicol for pLacl, kanamycin for the GFP reporter) and grown
overnight at 37 °C, shaking at 300 rpm. Cultures were then
diluted 1:100 in supplemented M9 minimal Media containing
relevant antibiotics and ligands in sterile culture tubes (Nunc)
and grown at 37 °C, shaking at 300 rpm until cells reached
exponential phase. Each culture was then aliquoted such that
the optical density (ODgq) would be approximately equal to
0.2 (WPA Biowave CO8000 Cell Density Meter) in the final
solution volume (typically 1 mL). Cells were then pelleted at
14000 rpm for 2 min (Beckman Coulter Microfuge 18). The
supernatant was then discarded, and cells were resuspended in
PBS supplemented with 25 mM HEPES (Fisher Scientific), 1
mM EDTA (Millipore Sigma), and 0.01% (v/v) Tween20
(VWR Life Sciences), and again pelleted at 14 000 rpm for 3
min. This wash step was repeated once before cells were finally
resuspended in PBS supplemented with 25 mM HEPES and 1
mM EDTA.

Cytometry experiments were performed as outlined in
Groseclose et al’' using a BD FACSAria Fusion flow
cytometer (BD Biosciences) equipped with a 100 mW 488
nm laser for excitation, a 510/30 nm bandpass emission filter,
and an 85 pm nozzle. Cells were interrogated measuring FITC-
Area at flow rates between 10 and 30 and uL min-1. Events
were gated on forward and side scatter and a threshold were
set by side-scatter (5000), with doublets discriminated against
using standard FSC-Area vs FSC-Height and SSC-Area vs SSC-
Height plots. At least 25000 events were recorded for
cytometry analysis, while directed evolution libraries screened
20 000—80 000 events per sort. For directed evolution
screening, cells were sorted directly into LB (with antibiotic),
then cultured overnight at 37 °C, shaking at 300 rpm, in
culture tubes (Nunc). This culture was then used to inoculate
for another day of sorting after being prepared, as above. To
obtain the caffeine responsive TFs, the library was toggled
between two conditions. First, cells were grown in the presence
of 1 mM Caffeine and variants displaying low fluorescence
were collected (<5% of the original library). In the subsequent
sort, cells were grown in the absence of any ligand and variants
that displayed high fluorescence were collected (<10% of the
library). Gates were based on percentages of the population
rather than FITC values, though they were guided by controls
with known cytometry performance—the original K85S (P%)
variant for the repressed state, and the lac stop control for the
high GFP state. The low sort was done twice, while the high
GFP sort was repeated 6 consecutive times to enrich the
desired population and filter out false positives. Following the
final sorts, individual colonies were screened via the microplate
assay to verify phenotype and determine performance
characteristics.

Statistical Analysis. Dose response curves were con-
structed using Graphpad Prism 8.3.1. First, concentrations
were transformed into log;, and points were then fit to a
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log(agonist) vs response—variable slope (four parameter) curve
using least-squares regression and strict conversion with a
maximum of 100000 iterations. Outliers were detected and
eliminated at the Q = 1% level (indicating <1% False
Discovery Rate) and each replicate Y value was considered
as an independent point. Confidence bands are depicted at the
95% confidence interval and depict the likely location of the
TRUE curve. Data points represent the mean of 6 biological
replicates and error bars represent the standard error of the
mean (SEM). Phenotypes were determined by first comparing
the mean GFP (fluorescent) output for n = 6 biological
replicates in the presence and absence of inducer utilizing a
two-tailed Student’s t test, allowing for unequal variances. The
significance level was set to @ = 0.001. For each variant, the
dynamic range (or fold antirepression) was calculated by
dividing the GFP output in the absence of inducer (the “ON”
state) by the GFP output in the presence of the corresponding
ligand (the “OFF” or antirepressed state). When probing the
specificity of variants toward a variety of ligands, a one-way
ANOVA followed by a post hoc Dunnett multiple comparison
test was performed using the no inducer state as the control.
Once again, data points represent the mean of 6 biological
replicates and error bars represent the standard error of the
mean (SEM).
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