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Signal processing is critical to a myriad of biological phenomena
(natural and engineered) that involve gene regulation. Biological
signal processing can be achieved by way of allosteric transcription
factors. In canonical regulatory systems (e.g., the lactose repressor),
an INPUT signal results in the induction of a given transcription fac-
tor and objectively switches gene expression from an OFF state to
an ON state. In such biological systems, to revert the gene expres-
sion back to the OFF state requires the aggressive dilution of the
input signal, which can take 1 or more d to achieve in a typical
biotic system. In this study, we present a class of engineered allo-
steric transcription factors capable of processing two-signal
INPUTS, such that a sequence of INPUTS can rapidly transition gene
expression between alternating OFF and ON states. Here, we
present two fundamental biological signal processing filters,
BANDPASS and BANDSTOP, that are regulated by D-fucose and iso-
propyl-f-D-1-thiogalactopyranoside. BANDPASS signal processing
filters facilitate OFF-ON-OFF gene regulation. Whereas, BANDSTOP
filters facilitate the antithetical gene regulation, ON-OFF-ON. Engi-
neered signal processing filters can be directed to seven orthogonal
promoters via adaptive modular DNA binding design. This collec-
tion of signal processing filters can be used in collaboration with
our established transcriptional programming structure. Kinetic
studies show that our collection of signal processing filters can
switch between states of gene expression within a few minutes
with minimal metabolic burden—representing a paradigm shift in
general gene regulation.

synthetic biology | protein engineering | transcription factors | BANDPASS
| BANDSTOP

Engineered gene circuits have become a hallmark of syn-
thetic biology, a discipline which itself has come into
fruition in recent years in pursuit of building robust and
predictable parts and systems for biotechnological and biomedi-
cal applications (1-4). Synthetic genetic circuits have enabled
the development of biological sensors (5) and switches (6),
diagnostics and therapeutics (7, 8), and biological analogs to
electrical and control devices and programs (9-17). Further
advances in gene circuit design promise to facilitate increasingly
complex methods to regulate biological processes (4, 18). Syn-
thetic gene circuits have been routinely constructed via tran-
scriptional regulation using allosteric transcription factors
(TFs) (4, 6, 12, 13, 19). Allosteric TFs serve as simple genetic
switches, whereby gene expression is modulated in response to
environmental, cellular, and temporal signals (20, 21). Here,
environmental signals (or INPUTS) interact with a TF’s regula-
tory core domain (RCD), causing an allosteric shift in the pro-
tein’s conformation to either increase or decrease the affinity of
the TF’s DNA-binding domain (DBD) for specific operator
DNA sequences (21-23). Operators, DNA sequences specific
to the DBD, are in proximity to gene promoters, thus allowing
TFs to either inhibit transcription by compromising RNA poly-
merase (RNAP) binding (repressor) or facilitate transcription
by recruiting RNAP (activator). Recent efforts have been made
to expand the biological computing capacity of synthetic gene
circuits administered by TFs through protein engineering.
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Domain swapping of one TF’s RCD (responsive to a native
ligand) with another’s DBD (specific to a cognate operator) has
been used to construct hybrid TFs with distinct and orthogonal
DNA and ligand binding (12, 24-26). Novel protein chimeras
have then been utilized in applications such as biological Bool-
ean logic gates and biocontainment and biosecurity devices (12,
24, 25). The majority of allosteric TFs function as transcrip-
tional repressors (X", where X denotes the TF RCD and there-
fore inducer ligand, and + denotes the repressor phenotype)
(13, 21). Repressors are bound to DNA operators in the
absence of the ligand, inhibiting transcription, and dissociate
(are induced) when the ligand is present (21, 23). The engi-
neering of the transcriptional antirepressor (X, where A indi-
cates the antirepressor phenotype) has additionally resulted in
increased computing capacity in synthetic biology (13, 27-30).
While repressors function as Boolean BUFFER gates (12, 13),
antirepressors function as Boolean NOT gates (13, 25, 30).
That is to say, antirepressor-DNA affinity is increased when the
ligand is present (anti-induced), inhibiting transcription.
Synthetic gene networks have been predominantly con-
structed using allosteric TFs with single cognate ligands
(11-13). However, while some TFs have been demonstrated to
be highly ligand specific (31, 32), even with regard to regiose-
lectivity and stereoselectivity (33), others have been demon-
strated to be promiscuous, typically for ligands with chemical
similarity (34, 35). For instance, the lactose repressor (Lacl)
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natively is induced by the lactose metabolic product allolactose
but also responds to the gratuitous inducer isopropyl $-D-1-thi-
ogalactopyranoside (IPTG) (35). In addition, for the Lacl
system, a variety of ligands (many of which are structurally sim-
ilar galactopyranosides) have been shown to bind as 1)
inducers, 2) anti-inducers (strengthening TF-DNA interac-
tions), and 3) neutral (binding to the TE but do not elicit a con-
formational change) (35, 36). The galactose isorepressor (GalS,
S*) is a transcriptional repressor that is responsible for regulat-
ing galactose carbon utilization in Escherichia coli (37, 38). As a
constituent of the Lacl/GalR family of TFs (21, 39), it bears
high sequence conservation to Lacl, likely possessing a DBD
and ligand-responsive RCD—although no reported crystal
structures exist for this TE. This predicted structural similarity
has permitted the engineering of GalS:Lacl chimeric TFs.
Namely, the GalS RCD was equipped with the Lacl wild-type
YQR (corresponding to amino acid positions Y17, Q18, and
R22) DBD, yielding the S*yor TF, thereby allowing its
regulation of the lac O' operator (12, 24, 39). Natively, GalS is
induced by galactose, as well as exogenous, nonhydrolyzable
D-fucose (37). Interestingly, IPTG prevents GalS from being
induced (24, 40), even in the presence of saturating concentra-
tions of D-fucose, likely due to competitive inhibition. IPTG
and D-fucose vary by only two moieties on their hexose rings.

In this study, we successfully engineered a class of TFs via
the GalS scaffold that interact with two distinct ligands, where
one ligand elicits induction or anti-induction, and the other mit-
igates the processing of the initial INPUT signal. First, we engi-
neered a D-fucose-responsive antirepressor beginning with the
Syor scaffold. Akin to the repressor parent (S*YQR) the engi-
neered antirepressor (S yor) Wwas responsive to D-fucose
(though antithetical [i.e., anti-induced]) and inhibited (miti-
gated anti-induction) by IPTG. Accordingly, we sought to
evolve additional repressors and antirepressors in the GalS
scaffold that respond functionally to IPTG. Namely, we suc-
cessfully evolved a repressor and antirepressor in the GalS
scaffold that responded to IPTG and were inhibited by
D-fucose (i.e., inverted signal response). These multiple-
ligand-responsive TFs function as integrated biological signal
processing BANDPASS and BANDSTORP filters. Furthermore,
following their adaptation with alternate DNA recognition
(ADR) to create systems of orthogonal inducible promoters,
we demonstrated their utility as open-loop controllers—provid-
ing the means to dynamically and simultaneously induce and
anti-induce genes. This study represents an example of single
TFs engineered with disparate functional and allosteric
response toward two distinct ligands, in tandem with engi-
neered alternate promoter recognition. These engineered TFs
offer complex schema for gene regulation, granting the ability
to control expression levels modulated by multiple input signals
and, ultimately, a facile method to switch “OFF to ON to
OFF” (BANDPASS) or “ON to OFF to ON” (BANDSTOP)
genes in real time. Previous biological BANDPASS filters have
required the use of complex networks of TFs (16, 17, 41). Like-
wise, previous examples of BANDSTOP equivalents used
multilayered NOR gates via multiple chassis cells (42) or per-
manent genetic changes (15). Notably, earlier iterations of bio-
logical BANDPASS and BANDSTOP filters are significantly
more complex and have markedly slower processing speeds rel-
ative to the devices presented in this study. Thus, our signal
processing filters represent a paradigm shift in additive gene
regulation (i.e., in terms of reduced complexity and increased
speed). To our knowledge, this exists as a temporally controlla-
ble chemically inducible system with the aforementioned prop-
erties, with the only similar means for such gene regulation
being optogenetics, with its own set of advantages and chal-
lenges (43).
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Results

Constructing a BANDPASS Signal Processing Filter via the GalS
Repressor. Previous studies have demonstrated that GalS
(STyor) can be induced by the ligand D-fucose and antago-
nized by a noncognate ligand IPTG (24). Under saturating
ligand conditions, induction of S*yor by D-fucose can be
regarded as a BUFFER logical operation, while the neutral
binding of IPTG can be interpreted as a FALSE operation (i.e.,
IPTG can bind to the TF; however, the genetic circuit cannot
be induced by the noncognate ligand) (Fig. 14 and SI
Appendix, Fig. S1). In turn, the binding of the cognate ligand
D-fucose to the repressor S*yor can be evaluated in the con-
text of dose-response (Fig. 1B). The resulting isotherm can be
regarded as a transfer function, defined as the OUTPUT
(green fluorescent protein [GFP]) as a function of the INPUT
at steady state. Moreover, from a device perspective, the STyor
TF when paired with a symmetric operator-promoter (S*yor |
OSYM; SI' Appendix, Fig. S1) the dose-response curve (as a
function of D-fucose) can be regarded as a single INPUT trans-
fer function, which can be represented as a HIGHPASS signal
processing filter. Namely, the S*yor (D-fucose) HIGHPASS
signal processing filter is composed of a STOPBAND at low
concentrations of D-fucose and a PASSBAND at high concen-
trations (>2.5 mM) of the cognate ligand (Fig. 1B). Pairing the
PASSBAND state (i.e., at a fixed D-fucose concentration—10
mM) with progressive signal mitigation via the incremental
increase of the IPTG signal, antagonized cognate ligand bind-
ing and reverted the unit operation back to the repressed
(OFF) state (Fig. 1C and SI Appendix, Fig. S1D). As a unit
operation, this system can be regarded as a BANDPASS
signal processing device that can be turned ON via the signal
D-fucose and subsequently turned OFF by way of the signal
IPTG. Moreover, the placement of a given operator DNA ele-
ment between the —35 and —10 hexamers of the promoter
region reduces one aspect of metabolic burden on the chassis
cell (44), illustrated in SI Appendix, Fig. S1C (also reference SI
Appendix, Supplementary Note S1). Finally, we constructed a
landscape composed of two transfer functions—D-fucose (x-
axis, INPUT 1) and IPTG (y-axis, INPUT 2)—reporting the
fraction of OUTPUT along the z-axis (Fig. 1D). Objectively,
this two-INPUT system (device) represents a BANDPASS sig-
nal processing filter with a variable center. Each column after
the transition (i.e., >2.5 mM D-fucose) can be regarded as a
distinct PASSBAND. For a given PASSBAND, the progressive
increase in IPTG correlated to the respective STOPBAND. In
addition, the center of each BANDWIDTH shifted with an
increase in D-fucose and required progressively higher concen-
trations of IPTG to mitigate induction—resulting in variable
BANDWIDTH centers (SI Appendix, Supplementary Note S2).
Similar performance was observed when the S*yor TF was
palred with a natlve nonsymmetric operator-promoter, forming
the Styor | O unit operation (SI Appendix, Fig. S1E).

Engineering Anti-GalS (S*) TFs—A BANDSTOP Signal Processing Fil-
ter. Once we articulated the features of the initial S*yor
BANDPASS filter, our design goal was to engineer an antitheti-
cal TF—namely an anti-GalS (S*yor) antirepressor. We pos-
ited that a S®yor TF would represent the construction of a
complementary signal processing device to the STyor BAND-
PASS (ie., a SAYQR BANDSTOP that was responsive to the
cognate ligand D-fucose and antagonized by IPTG) (Fig. 1E
and SI Appendix, Fig. S2). To accomplish this, we leveraged the
workflows that we developed in refs. 13 and 30, which required
an initial block in a]losterlc communication (i.e., via conferred
superrepression $5yor) followed by one or more round(s) of
error-prone PCR (EP-PCR). To identify putative superrepres-
sor mutations, we performed a primary structure alignment
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Fig. 1. S*yor and S%yqr biological signal processing filters. (A) GalS (S*yqr) is induced by D-fucose, turning ON gene expression (repressor phenotype,
blue), resulting in a BUFFER operation. S*yqr is not induced by IPTG, keeping gene expression OFF as a superrepressor (red) or a FALSE operation. (B)
Transfer function for S*yqg | 0°YM with D-fucose. Increasing concentrations of D-fucose (Bottom axis, log scale) result in higher GFP fluorescence (Fraction
OUTPUT, GFP fluorescence normalized to highest value observed) as a proxy for gene expression. This results in a HIGHPASS filter. (C) Addition of
D-fucose induces STyqr; however, addition of IPTG then causes mitigation of induction (blue curve, Left, to purple curve, Right), diminishing gene expres-
sion, resulting in a BANDPASS filter. (D) Heatmap of fluorescence OUTPUT for all combinations of D-fucose and IPTG with S*vqg | oYM, showing BAND-
PASS filters with variable centers. (E) Engineered anti-GalS (S“yqr) is anti-induced by D-fucose, turning OFF gene expression (antirepressor phenotype,
purple), resulting in a NOT operation. S"yqr is not anti-induced by IPTG, keeping gene expression “ON” as an unresponsive phenotype (gray), or a TRUE
operation. (F) Transfer function for SAYQR | 0" with D-fucose. Increasing concentrations of D-fucose (Bottom axis, log scale) result in lower GFP fluores-
cence (Fraction OUTPUT) as a proxy for gene expression. This results in a LOWPASS filter. (G) Addition of D-fucose anti-induces S*yqr; however, subse-
quent addition of IPTG then causes mitigation of anti-induction (purple curve, Left, to blue curve, Right), increasing gene expression, resulting in a
BANDSTOP filter. (H) Heatmap of fluorescence OUTPUT for all combinations of D-fucose and IPTG with SAYQR | 0', showing BANDSTOP filters with vari-
able centers. In curves, circles show mean fluorescence (ODgoo Normalized) values of n = 6 biological replicates, with error bars representing +1 SD.
Dashed curves were fit using Hill functions. In heatmaps, each box represents mean normalized fluorescence of n = 6 measurements normalized to the
highest and lowest fluorescence observed, from 0 (white) to 1 (black).
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between Lacl and GalS (SI Appendix, Fig. S34). Here, we
focused on positions 84, 95, and 96, as each of these positions
have previously been used to confer superrepression in Lacl,
RbsR, and FruR (13) (i.e., TFs that share a topology with
GalS). Initially, we started by performing saturation mutagene-
sis at each position—84, 95, and 96—using NNS (where N
stands for any nucleotide and S stands for Cytosine or Gua-
nine) codon degeneracy for an individual primary structure
position. In this workflow, we used a microwell plate assay that
we developed previously (12 13), where GFP was the regulated
reporter OUTPUT. Using the O' DNA operator—followmg
our previously established workflows—we observed that at posi-
tions 84 and 95, multiple point mutations resulted in the super-
repressor (S° YQR) phenotype (SI Appendix, Fig. S3 B-D). How-
ever, position 96 did not support superrepression. Moreover,
antlrepressmn was not conferred via a single point mutatlon—
as in our previous study (13). Next, we pooled the five S%yor
variants and performed a single round of EP-PCR (with a
mutational rate of ~2 to 5 per amplicon) to confer compensa-
tory mutations and screened for antirepression (+/— D-fucose)
using fluorescence-activated cell sorting (FACS) followed by
validation using a microwell plate assay (SI  Appendix,
Supplementary Methods). After screening ~10® cells, we identi-
fied a single anti-GalS variant that contained a L95A superre-
pressor mutation in addition to three compensatory mutations
(S72T, L85Q, and M230L) (SI Appendix, Fig. S3D). The puta-
tive binding pocket for GalS is composed of positions L79,
L160, N247, Y292, and M297 posited by Taylor et al. (45) and
Wau et al. (34), in addition to an independent multiple sequence
alignment. We surmised that none of the conferred mutations
affected these positions or regions proximal to the putative
ligand binding site or DNA binding site (S Appendix, Fig. S4).
Accordingly, we posited that antirepression was conferred by
alternate allosteric communication—which is congruent with
our previous reports (13, 29).

Next, we evaluated the D-fucose dose-response of the
S*or | O' unit operation (Fig. 1E and SI Appende F1g S2).
This experiment and analysis revealed that the S*vor | O' unit
operation performed akin to a LOWPASS signal processing fil-
ter (i.e., as the concentration of the D-fucose INPUT ligand
(signal) increased, the amount of GFP OUTPUT decreased)
(Fig. 1F). Correspondingly, S%or directed by the O! DNA
operator was unresponsive to IPTG in the range of 0 to 0.1
mM INPUT However, at higher concentrations of the antago-
nist, the S*yor TF was slightly induced (producing excess
GFP) with a maximum dynamic range of 1 3 (SI Appendix, Flg
S2B). In turn, we evaluated whether the S*yor LOWPASS sig-
nal processing filter could be antagonized by IPTG—starting
from a fixed signal concentration in the STOPBAND region.
After bringing the system to a concentration of 10 mM
D-fucose—resulting in a 12-fold anti-induction OFF state—we
progressively added IPTG and evaluated cognate signal mitiga-
tion (Fig. 1G). Upon increasing the IPTG concentration to
2.5 mM, the anti-induced STOPBAND was reversed, recover-
ing ~100% of the original OUTPUT signal, collectively
resulting in a S*yor BANDSTOP signal processing filter. In
addition, increasing the IPTG concentration to values >2.5 mM
resulted in a progressive increase in the production of the GFP
OUTPUT (SI Appendix, Supplementary Note S3). Finally, we
evaluated the Syor BANDSTOP signal processing filter as a
function of two INPUT variables—D-fucose and IPTG (Fig.
1H). Each row in the STOPBAND region (i.e., >1 mM D-
fucose) defines the OFF state for a given BANDSTOP filter,
and as the concentration of the cognate ligand increased, the
center of the BANDWIDTH varied. Ob]ectlvely, this can be
regarded as a S*yor BANDSTOP 51gnal processing filter with
a variable center—that required increasing amounts of IPTG to
recover the ON state, in proportion to the increase in the
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cognate ligand that facilitated the OFF state. In all cases, the
ability to exceed the output dynamic range (post STOPBAND)
was retained with sufficient concentratlons of IPTG. Similar
performance was observed when the S*yog TF was palred with
a nonnative symmetric operator-promoter, forming the S™ YOR |
OSYM unit operation (SI Appendix, Fig. S2E).

Engineering a Signal Inverted BANDPASS Processing Filter. In our
first device set, we presented two biological signal processing
filters that were responsive to D-fucose and antagonized by
IPTG—that is, a BANDPASS device and an engineered
BANDSTOP device (Fig. 1). Given that GalS (S*yor and
S*0or) can interact neutrally with IPTG, we posited that the
GalS regulatory core could be engineered to respond to IPTG.
To test this hypothesis, we rescreened our original library (i.e.,
generated via EP-PCR)—however, in this iteration we screened
for mutated GalS TFs that could be induced or anti-induced by
IPTG. To facilitate the discovery of IPTG-responsive TFs
derived from a mutated GalS primary scaffold, we used FACS,
followed by a microwell plate assay validation in which we
searched for phenotypes that increased or reduced the expres-
sion of GFP upon the addition of IPTG. We identified three
variants that were responsive to IPTG as antirepressors and
one variant that was responsive to IPTG as a repressor. Next,
we evaluated each of the engineered TFs for sensitivity to
D-fucose as a sole INPUT. Only one TF did not have an appre-
ciable response to D-fucose in the range tested, while present-
ing sensitivity to the IPTG ligand, we designated this variant as
SI+YQR (Flg 2 and SI Appendix, Flg S5 A4 and B) The SI+YQR
variant only required one compensatory mutation (S72T) (SI
Appendix, Fig. S3D).

Given that the sI"yor TF could be induced by IPTG and
was neutral to D-fucose (Fig. 24 and SI Appendix, Fig. S5 A
and B), we surmised that the noncognate ligand (D-fucose)
could potentially antagonize sITyor preinduced by IPTG. To
test this assertlon first we evaluated the dose-response of the
sI*yor | O' unit operation with the cognate ligand IPTG (Fig.
2B). The resulting single INPUT transfer function objectively
represents a HIGHPASS signal processing filter—with a STOP-
BAND between 0 and 0.5 mM IPTG and a PASSBAND > 0.5
mM IPTG. In turn we tested for signal-induced mitigation of
the sI*yor | O' unit operation with a PASSBAND fixed at 5
mM IPTG, via the progressive addition of D-fucose (Fig. 2C).
Increasing the D-fucose signal to 100 mM resulted in a 100%
rejection (reduction) of the OUTPUT signal. Objectively, the
sI"yor BANDPASS device presented in Fig. 2C functioned via
an inverted signal processing of IPTG and D-fucose—relative
to the S*yor BANDPASS presented in Fig. 1C. This result is
in contrast to wild-type Lacl (I*yor), which is induced by the
cognate ligand; however, was not antagonized by D-fucose (S
Appendix, Fig. S6). Moreover, the addition of IPTG and
D-fucose simultaneously to the wild-type Lacl unit operation
did not result in an apparent competition. Finally, we evaluated
the performance of the sI*yor BANDPASS as a function of
two variables (i.e., IPTG and D-fucose) (Fig. 2D). Congruent
with the S*yor BANDPASS, the sI*yor BANDPASS device
displayed a variable BANDWIDTH center—though signal
inverted. In other words, as the concentration of IPTG
increased in the PASSBAND region, a corresponding increase
in the concentration of D-fucose was required to return the sys-
tem to the OFF state. Interestingly, under low-concentration
PASSBAND conditions (<5 mM IPTG), the addition of excess
D-fucose (100 mM) resulted in superanti-induction (i.e.,
reduced leakiness relative to the no ligand condition with a
maximum dynamic range of ~2.0). Similar performance was
observed when the sI*yor TF was paired with a nonnative
symmetric operator-promoter, forming the sI*yor | OSY™ unit
operation (SI Appendix, Fig. SS5E).
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Fig. 2. sl*vqr and sI*@yqr biological signal processing filters. (A) Engineered IPTG-responsive GalS repressor (sI*yqr) is induced by IPTG, turning ON gene
expression (repressor phenotype, blue), resulting in a BUFFER operation. sI*vqg is not induced by D-fucose, keeping gene expression OFF as a superrepres-
sor phenotype (red), or a FALSE operation. (B) Transfer function for sI*vqg | 0" with IPTG. Increasing concentrations of IPTG (Bottom axis, log scale) result
in higher GFP fluorescence (Fraction OUTPUT, GFP fluorescence normalized to highest value observed) as a proxy for gene expression. This results in a
HIGHPASS filter. (C) Addition of IPTG induces sl*yqr | O'; however, addition of D-fucose then causes mitigation of induction (blue curve, Left, to purple
curve, Right), diminishing gene expression, resulting in a BANDPASS filter. (D) Heatmap of fluorescence OUTPUT for all combinations of IPTG and
D-fucose with sI*vor | 0", showing BANDPASS filters with variable centers. (E) Engineered IPTG-responsive GalS antirepressor (SIA(Z)YQR) is anti-induced by
IPTG, turning OFF gene expression (antirepressor phenotype, purple), resulting in a NOT operation. sI*®qg is not anti-induced by D-fucose, keeping
gene expression ON as an unresponsive phenotype (gray), or a TRUE operation. (F) Transfer function for s|*®yqs | O™ with IPTG. Increasing concentra-
tions of IPTG (Bottom axis, log scale) result in lower GFP fluorescence (Fraction OUTPUT) as a proxy for gene expression. This results in a LOWPASS filter.
(G) Addition of IPTG anti-induces SIA‘Z)yQR; however, subsequent addition of D-fucose then causes mitigation of anti-induction (purple curve, Left, to blue
curve, Right), increasing gene expression, resulting in a BANDSTOP filter. (H) Heatmap of fluorescence OUTPUT for all combinations of IPTG and D-fucose
with SIA(Z)YQR | O™, showing BANDSTOP filters with variable centers. In curves, circles show mean fluorescence values (ODggo Nnormalized) of n = 6 biolog-
ical replicates, with error bars representing +1 SD. Dashed curves were fit using Hill functions. In heatmaps, each box represents mean normalized fluores-
cence of n = 6 measurements normalized to the highest and lowest fluorescence observed, from 0 (white) to 1 (black).
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Engineering a Signal Inverted BANDSTOP Filter. In our initial
search, we identified two variants that were responsive to
IPTG—while either being nonresponsive or inversely respon-
sive to D-fucose (SI Appendix, Figs. S3, S5, and S7). The first
variant gsI"yor BANDPASS displayed a repressive phenotype
to IPTG and neutral response to D-fucose, discussed in Engi-
neering a Signal Inverted BANDPASS Processing Filter. In con-
trast, the other variant (sI*®yogr) presented an antirepressive
phenotype to IPTG (Fig. 2E) and was moderately superinduced
in the presence of higher concentrations of D-fucose (SI
Appendix, Fig. S7). Given the performance of the sI*yor
BANDPASS, we posited that the sI*®yor antirepressor also
could be antagonized by IPTG post anti-induction, resulting in
an antithetical (sI*®yor BANDSTOP) signal processing filter.
To test this assertion, first we evaluated the dose-response of
the sI*®y o antirepressor to IPTG (Fig. 2F). Congruent with
our previous results for transcriptional antirepressors, the
sI*@{or antirepressor objectively performed as a LOWPASS
filter—with a PASSBAND between 0 and 0.1 mM IPTG and a
STOPBAND > 0.5 mM IPTG. Next, we challenged the gI*®
STOPBAND (i.e., at a fixed IPTG concentration of 1.0 mM)
with the noncognate ligand D-fucose to test for mitigation of
the response to IPTG (Fig. 2G). Namely, we challenged the
anti-induced SIA(Z)YQR | OSYM unit operation with D-fucose
ranging from 0 to 100 mM. Objectively, this unit operation per-
formed as a BANDSTOP signal processing filter—recovering
90% of the original signal at 100 mM D-fucose. This was in
contrast to our engineered anti-Lacls (29), which had no appar-
ent mitigation of anti-induction when challenged with D-fucose
(81 Appendix, Fig. S6). Finally, we constructed a landscape
for the sI*®yor | OSYM BANDSTOP signal processing
filter to determine if the system had the capacity to vary
the center of the BANDWIDTH (Fig. 2H). Qualitatively,
the sI*@yor | OSY™ BANDSTOP unit operation performed
similarly to the engineered S*yor BANDSTOP signal processing
filter (Fig. 1H)—however, with an inverted signal response.
Similar performance was observed when the SIA(Z)YQR TF was
paired with a native nonsymmetric operator-promoter, form-
ing the sI*®y g | O unit operation (SI Appendix, Fig. STE).

Signal Processing Filters with Alternate DNA Binding—S*apg
BANDPASS and $*pr BANDSTOP. In an effort to expand the num-
ber of nonsynonymous (independent) promoters that can be
regulated via biological signal processing filters, we adapted all
four TFs used in this study—S*YQR, SAYQR, SI+YQR7 and
SIA(Z)YQR—With ADR functions and paired each ADR TF with
a cognate operator DNA element. Each alternate DNA opera-
tor was intercalated between the —35 and —10 hexamers
upstream of a reading frame coding for the production of
GFP—thus constituting a unique inducible promoter. In total,
we constructed six putative promoters, not including YOR |
O'SYM (ST Appendix, Table S1). We posited that a given TF
adapted with ADR would retain its qualitative signal processing
function—though directed to a distinct orthogonal promoter
via the operator element. At the outset, we adapted S* and the
engineered S* RCDs with ADR to determine if this set of com-
plementary primary topologies could support interactions with
complementary DNA operators and respond to the cognate
ligand D-fucose (Fig. 3). All six S*Apr variants (i.e., ADR =
NAR, HON, TAN, GKR, HTK, and KSL) interacted with cog-
nate DNA operators and were induced by 10 mM D-fucose
(Fig. 34). Notably, the S*spr variants displayed differences in
dynamic range upon induction and sensitivity to ligand (e.g.,
half maximal effective concentration = ECs) (SI Appendix, Fig.
S8). Next, we evaluated this set of S*Apr variants response to
the noncognate ligand IPTG (Fig. 3B). Consistent with our
assessment of STyor (SI Appendix, Fig. S1B), none of the var-
iants displayed responsiveness to 10 mM IPTG. In turn, we
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evaluated each of the S™ppg variants at 10 mM D-fucose (i.e.,
ON state) followed by the addition of 10 mM IPTG to deter-
mine if any of the variants performed as BANDPASS filters—
akin to S*yor (Fig. 3C). In all cases, the STApgr variants were
antagonized by 10 mM IPTG, reverting each TF back to the
OFF state (i.e., all S*opg variants performed as BANDPASS
signal processing filters relative to the cognate DNA operator).
Next, we evaluated the S®spr variants adapted with alternate
DNA binding function (i.e., ADR = NAR, HON, TAN, GKR,
HTK, and KSL) to determine if this collection of engineered
unit operations displayed BANDSTOP signal processing func-
tionality. Akin to the SAYQR parent TF, all six SAApR variants
were anti-induced by 10 mM D-fucose—though resulting in dif-
ferent dynamic ranges (Fig. 3D and SI Appendix, Fig. S8). Con-
gruent with the SAYQR parent, five out of the six SAApR variants
performed neutrally to 10 mM IPTG (Fig. 3E). Specifically, the
SANAR variant was moderately anti-induced by 10 mM IPTG.
Finally, we evaluated each of the S* Apr variants anti-induced by
10 mM D-fucose (i.e., conferring the OFF state), followed by the
addition of 10 mM IPTG (Fig. 3F). Briefly, all variants were
antagonized by IPTG and resulted in the reversion of each of the
S™Apr variants back to an apparent ON state (ic., illustrating
coarse-grained BANDSTOP signal processing filter phenotypes).
Notably, BANDPASS and BANDSTOP unit operations adapted
with alternate DNA binding functions resulted in different PASS-
BAND or STOPBAND heights, respectively, illustrating another
tunable parameter for this collection of biotic regulatory devices
(81 Appendix, Supplementary Note S4).

Signal Processing Filters with Alternate DNA Binding—sl*apgr
BANDPASS and s1*®,pz BANDSTOP. In addition to the S* and S*
TFs, we also adapted the engineered sI* and JJA? TFs with
alternate DNA binding. We posited (as with previous systems)
that gI* and s[*® TFs adapted with alternate DNA binding
would retain BANDPASS and BANDSTOP functionality,
respectively. In the case of the gI* variant, five out of six alter-
nate DNA binding functions resulted in induction with 2.5 mM
IPTG—with the exception being sI*nar (Fig. 44). Likewise, all
sI"apr variants (except sI'nyar) Were antagonized by 100 mM
D-fucose (Fig. 4C). None of the sI* spr variants were respon-
sive to D-fucose alone (Fig. 4B). Next, we constructed and
tested sI*?® spr TFs for responsiveness to 2.5 mM IPTG (Fig.
4D). As anticipated, all of the SI*Apr variants were anti-
induced by IPTG and were not responsive to D-fucose at the
same concentration (Fig. 4E). Interestingly, only five out of the
six gI*® gk variants were antagonized by 100 mM D-fucose
(with the exception being SIA(Z)NAR) (Fig. 4F). Together, these
results are congruent with our hypothesis that the GalS scaffold
has the capacity to support modular adaptation of the DNA
binding domain, and the variation in the DNA binding domain
required compatibility with a particular allosteric route—evi-
denced by the variation in dynamic range and lack of function-
ality when certain engineered regulatory cores were paired
with certain alternate DNA binding domains (e.g., sI*nar
and SIA(Z)NAR).

Two-INPUT LOWPASS Filters: Compressed (Integrated) NOR Gates.
In total, we identified four variants that were responsive to
IPTG. Two variants were antagonized by D-fucose [i.e., 1) the
sI"yor BANDPASS filter and 2) the s[*®yor BANDSTOP
filter (Fig. 2)] discussed in the previous sections (i.e., Engineer-
ing a Signal Inverted BANDPASS Processing Filter and Engineer-
ing a Signal Inverted BANDSTOP Processing Filter). The last
two variants were responsive to both ligands (IPTG and D-
fucose), and in each case, both ligands resulted in anti-
induction (i.e., SIA“)YQR and SIA(3)YQR). In turn, we evaluated
each antirepressor for responsiveness to IPTG relative to
D-fucose to determine the independent performance of each
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Fig. 3. (A-C) BANDPASS and (D-F) BANDSTOP matrices for engineered S* and S* protein variants. In matrices, each square represents an operator-DNA
binding domain pairing, with DBDs across the Top of each matrix and corresponding operators along the Left-hand side. For each square, dynamic range
is shown as shading relative to the scalebar shown Below each matrix. Dynamic ranges were calculated based upon the mean fluorescence (ODgoo Nnormal-
ized) from n = 6 biological replicates for condition state compared to another. Blue signifies induction (fold change increase), whereas purple signifies
anti-induction (fold change decrease). (A) S*apr With 10 mM D-fucose. (B) STapr With 10 mM IPTG. (C) S*apg With 10 mM D-fucose and 10 mM IPTG.

(D) S”apr With 10 mM D-fucose. (E) $”apr With 10 mM IPTG. (F) S apr With 10 mM D-fucose and 10 mM IPTG.

ligand as a single INPUT. Starting with sI*Myog, we per-
formed single-INPUT dose-response curves using IPTG and
D-fucose (SI Appendix, Fig. S9 A-D). Both ligands conferred
PASSBAND at low-INPUT concentrations and STOPBAND at
high-ligand concentrations (i.e., objectively representing LOW-
PASS filters in both cases). However, the dynamic range was
different for each ligand; namely, IPTG resulted in a larger
dynamic range relative to D-fucose for the sI*Vyog variant.
Accordingly, we assigned the sI“Vyor unit operation with
IPTG as the major LOWPASS filter (SI Appendix, Fig. SOF)
and the sI*Vy ok unit operation with D-fucose system as the
minor LOWPASS filter (SI Appendix, Fig. SOF). In the second
unit operation, the SIA(3 vyor TF resulted in an inverted
dynamic range in which the D-fucose presented as the major
LOWPASS filter (SI Appendix, Fig. S9H), and IPTG presented
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as the minor LOWPASS filter (SI Appendix, Fig. S9I). More-
over, SIA(])YQR and SIA(3)YQR variants were more sensitive to
IPTG and thus required a lower concentration of IPTG for
anti-induction relative to D-fucose.

Next, we evaluated SIA(I)YQR | OSYM and SIA(3)YQR | OSYM
unit operations as a function of two INPUTs (SI Appendix, Fig.
S9 G and J). In both cases, we observed moderate variable
PASSBAND ranges with respect to the major LOWPASS filter
upon the increase in concentration in the minor ligand, respec-
tively. Objectively, SIA(I)YQR and SIA(3)YQR can be regarded as
compressed NOR logic gates [i.e., NOR gates composed of one
TF opposed to two nonsynonymous antirepressors as we previ-
ously reported (13)]. Finally, as with the aforementioned engi-
neered TFs, we adapted sl M, br and SIA(3) ApR With alternate
DNA binding domains (SI Appendix, Fig. $9). The I*M,pr
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Fig. 4. (A-C) BANDPASS and (D-F) BANDSTOP matrices for engineered sI* and sIA@ protein variants. In matrices, each square represents an operator-
DNA binding domain pairing, with DBDs across the Top of each matrix and corresponding operators along the Left-hand side. For each square, dynamic
range is shown as shading relative to the scalebar shown Below each matrix. Dynamic ranges were calculated based upon the mean fluorescence (ODggo
normalized) from n = 6 biological replicates for condition state compared to another. Blue signifies induction (fold change increase), whereas purple sig-
nifies anti-induction (fold change decrease). (A) slI"apr With 2.5 mM IPTG. (B) sl"apr With 2.5 mM D-fucose. (C) sI*apr With 2.5 mM IPTG and 100 mM
D-fucose. (D) I*® with 2.5 mM IPTG. (E) s|*® with 2.5 mM D-fucose. (F) s/*® with 2.5 mM IPTG and 100 mM D-fucose.

RCD was amenable to ADR adaptation, except SIA(DNAR,
whereas the sI*® ,pr variants were functional with all ADR
modules. In both cases, sI*M pr and I3 Apr variants dis-
played differences in dynamic range—congruent with previous
observations. In general, SJIAMW, ok variants displayed larger
dynamic ranges in response to IPTG—relative to D-fucose at
the same concentration. In contrast, sI*®,pr variants dis-
played larger dynamic ranges in response to D-fucose.

Signal Processing Filter Kinetics. We posited that each of the
signal processing filters reported in this study could rapidly
transition between regulatory states (e.g., BANDPASS: OFF-
ON-OFF) through repeated addition of ligands—based on our
proposed mechanism. To test this assertion, we evaluated the
kinetics of 1) induction (D-fucose) and induction-mitigation
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(IPTG) using the S*yor | O™ unit operation and 2) anti-
induction (D-fucose) and anti-induction-mitigation (IPTG) via
the $*yor | OSY™ unit operation (Fig. 5). First, we evaluated
the kinetics of the S*yor BANDPASS signal processing filter
when regulating the production of GFP—such that the perfor-
mance boundary was defined as the exponential growth region
(~4 to 16 h under the conditions tested; SI Appendix, Fig. S11),
a proxy for continuous growth conditions observed in a bioreac-
tor. In control experiments without ligand (and with the neutral
ligand IPTG), no appreciable GFP OUTPUT was observed
over a 24-h time course (Fig. 54). In contrast, the addition of
D-fucose resulted in a marked increase in GFP OUTPUT with
an apparent asymptote observed >16 h—defining the OFF-ON
transition (i.e., STOPBAND to PASSBAND). Full BANDPASS
functionality was observed via the S*yor | O5¥™ unit operation
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Fig. 5. Dynamic gene regulation by S*yqr and S”yqr. (A and B) Dynamic BANDPASS and BANDSTOP filters. (A) S*yqr | O°Y™ functions as a BANDPASS fil-
ter in real time. Addition of D-fucose at t = 0 h (blue and red lines) causes induction of the sfGFP reporter gene. Otherwise, with the addition of either
no ligand or IPTG, the gene is repressed (gray and green lines). When IPTG is doped at t = 8 h, induction is mitigated, turning the gene OFF (red line). (B)
SAYQR | O™ functions as a BANDSTOP filter in real time. Addition of D-fucose at t = 0 h (blue and red lines) causes anti-induction of the sfGFP reporter
gene, keeping the gene OFF. Otherwise, with the addition of either no ligand or IPTG, the gene is constitutively expressed (gray and green lines). When
IPTG is doped at t = 8 h, anti-induction is mitigated, turning the gene ON (red line). The induction from IPTG (green line) is higher than that with no
ligand (gray line) due to IPTG causing greater than basal levels of expression. Connected points represent means of ODggo normalized fluorescence of n =
6 biological replicates, with error bars representing +1 SD, measured every 10 min as cells grew for 24 h. (C) Simultaneous regulation of two genes by
open-loop control. In a single cell strain, S*ran regulates O"-sfGFP, and $*yqr regulates O°¥™-mKate2. Cells were grown over 24 h in either only fucose
or fucose doped with IPTG after 8 h. The Left axis (green) denotes relative ODgoo Nnormalized fluorescence of sfGFP, while the Right (red) denotes relative
fluorescence of mKate2, with points of the same colors showing either the fucose (open circles) or fucose and IPTG (closed circles) conditions. Points
shown are the means of n = 6 biological replicates, with error bars representing +1 SD, measured every 10 min. Addition of IPTG at 8 h is able to invert
the regulatory function for each gene: the BANDPASS filter goes from induced (ON) to anti-induced (OFF), while the BANDSTOP filter goes from anti-
induced (OFF) to induced (ON).

upon the addition of D-fucose followed by the addition of
IPTG at 8 h (induction-mitigation) (Fig. 54). Namely, in this

though with a slightly higher OUTPUT maxima (SI Appendix,
Supplementary Note S3). As expected, when the $*yor | O5Y™

experiment we observed an increase in GFP production up to
8 h and a subsequent and immediate decrease in GFP OUT-
PUT after the addition of IPTG. Similar BANDPASS perfor-
mance was observed using a red fluorescent protein (RFP,
mKate2) as the OUTPUT (SI Appendix, Figs. S10 and S11).
Next we evaluated the kinetics for the engineered S%yor |
O™ unit operation (Fig. 5B). Given that this BANDSTOP
signal processing filter starts in the PASSBAND state the con-
trol experiment (without ligand) was congruent with the consti-
tutive production of GFP. Likewise, when cultured with neutral
ligand (IPTG), a similar kinetic isotherm was observed—
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unit operation was dosed with 10 mM D-fucose, anti-induction
occurred and GFP OUTPUT was repressed (Fig. 5B). In turn,
BANDSTOP signal processing was observed when the S%yor
repressed state (i.e., with 10 mM D-fucose) was dosed with 10
mM IPTG—which resulted in a transition from the anti-induced
STOPBAND to the PASSBAND state (Fig. 5B). Similar BAND-
STOP performance was observed using the RFP (mKate2) as the
OUTPUT (SI Appendix, Fig. S10 C-F).

Signal Processing Filter Programming—Open Loop Control System.
Next, we evaluated the in tandem (signal-coupled) performance
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of a BANDPASS unit-operation regulating GFP (green-chan-
nel, sSfGFP) and a BANDSTOP unit-operation regulating RFP
(red-channel, mKate2)—in parallel in a single chassis cell (Fig. 5C).
Namely, to direct each TF to d1fferent promoters in the same
chassis cell, we used S*tan and S yor, Which were adapted
with disparate DNA binding domains that ortho 1\§on'<1lly
directed each TF to O"* (green-channel) and O5*M (red-
channel) promoter-operators, respectively. Given that the
cognate ligand is D-fucose for both TFs (S*tan and S*yor),
the resulting circuit can be regarded as signal-coupled
though phenotypically opposite. To demonstrate the function
of this signal-coupled circuit, we started with unit-operations
exposed to the cognate ligand D-fucose, and at 8 h, this set
of unit operations was doped with IPTG to mitigate induc-
tion (green-channel), or to mitigate anti-induction (red-
channel). As shown in Fig. 5C, a marked switch in OUTPUT
can be observed, where upon the addition of IPTG the
green-channel transitions from the induced PASSBAND
(ON) to the STOPBAND (OFF) and concurrently the red-
channel transitions from the anti-induced STOPBAND
(OFF) to the PASSBAND (ON) (Fig. 5C). The depicted in
tandem kinetic BANDPASS and BANDSTOP device is not
inherently limited by one transition. Given that the user
starts with low concentrations of INPUT ligands repeated
addition of ligand can potentially allow for additional cycles.
Similar dynamlc 51gnal coupled OUTPUT switching was
observed using the sI*®yor BANDSTOP (green-channel)
and sI*tay BANDPASS (red-channel) unit operations—
though signal inverted (SI Appendix, Fig. S10).

Discussion

Deconvolution of the mutations that resulted in this collection
of engineered TFs can help shed light on the extent of plasticity
for conferring 1) alternate allosteric communication and 2)
alternate ligand binding in the GalS topology. Namely, the pro-
cess for conferring alternate allosteric communication in S*yor
and sI"yor engineered TFs required a block in allosteric com-
munication at position 95—resulting in insensitivity to both
IPTG and D-fucose (SI Appendix, Fig. S3). Evidently, compen-
satory mutations were required to confer the reported pheno-
types for both variants (SI Appendix, Fig. S12). In both variants,
no changes to the binding pocket occurred—thus we posited
that the observed phenotypes for S*yor and sITyor were
achieved by alternate allosteric communication alone. Of signif-
icant note in the gI*yogr variant, the compensatory mutation
(S72T) conferred alternate ligand specificity—without altering
the binding pocket. This result is in contrast to contemporary
protein-ligand design rules that prioritize the role of the con-
stellation of amino acid sidechains that are in direct contact
with the ligand to achieve alternate ligand binding. Clearly, the
role of residues in proximity to the ligand can be important for
conferring alternate ligand binding in the GalS topology—evi-
denced by variants sI*Vyog and sI*®yog in which modifica-
tions to the effector binding pocket were required to achieve
alternate ligand binding (SI Appendix, F1gs S3 and S4) How-
ever, the former observations for the S™ vyor and sI*yogr var-
iants introduces a more granular design option and highlights
the importance of considering the allosteric route when design-
ing novel ligand bindln% in functional proteins. This observation
is reinforced in the gl YQR variant, which was devoid of a
block in allosteric communication at position 95. However, the
SI YQR variant utilized an alternate block in allosteric com-
munication to IPTG at position 324 (SI Appendix, Fig. S12).
Likewise, none of the compensatory mutations resulted in
changes to the effector binding pocket. Accordingly, this obser-
vation was consistent with our general hypothesis for conferring
alternate allosteric communication. Notably, adaptation of all
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the TFs in this study with alternate DNA binding preserved the
qualitative function of each of the unit operations. However,
the dynamic range in nearly every system was affected. Collec-
tively, this highlights a set of coarse-grained design rules for
engineering de novo TFs in the broader Lacl/GalR topology
[i.e., engineers need to consider and couple 1) the allosteric
route, 2) to a particular ligand binding pocket, and 3) pair
the aforementioned with physicochemical properties of the
protein—DNA interaction].

In addition to improving our understanding of allosteric com-
munication and TF protein design rules, the BANDPASS and
BANDSTOP signal processing filters developed in this study have
the potential to significantly improve bioreactor dynamics because
they involve repeated addition, rather than addition and removal,
of small molecules to alter regulatory phenotype and function.
The concentration changes required to completely desorb a signal
molecule are much higher than those to adsorb a new molecule
due to the typical values of dissociation constants in these
protein—molecule complexes. For instance, bioreactor time con-
stants and spatial variations in concentrations can be significant
barriers to consistent performance, and the biological filters devel-
oped in this study can reduce these barriers due to requiring
smaller changes to affect performance and combatting stochastic
noise variation in INPUT to achieve an OUTPUT (46). More-
over, given the structure of the genetic architecture (i.e., the DNA
operator intercalated between the —35 and —10 promoter hexam-
ers), the emerging technology also contributes to improving
resource partitioning (44). Namely, by directing a given TF to the
binding region for RNAP, the corresponding device maximizes
the free state of RNAP upon binding of the TF, thus resulting in
a more efficient synthetic biology part and reducing one aspect of
metabolic burden.

Methods

Strains, Plasmids, and Media. All assay experiments were performed in the
E. coli strain 3.32 (lacZ13(Oc) lacl22 i- el4- relA1 spoT thiE1; Yale Coli Genetic
Stock Center No. 5237), transformed chemically, while DNA cloning was per-
formed in New England Biolabs 5-alpha Competent E. coli (huA2 A(argF-
lacZ)U169 phoA gInV44 ¢80A(lacZ)M15 gyrA96 recA1l relA1 endA1 thi-1
hsdR17; New England Biolabs). Cells were grown in Luria Broth (LB) Miller
Medium (Fisher Scientific) or M9 Minimal Medium (6.8 g - L' Na,HPO,4, 3.0 g -
L' KH,PO,4, 0.5g - L™" NaCl, 1.0 g - L' NH4Cl, 2 mM MgSO,, 100 uM CaCly;
Millipore Sigma) supplemented with 0.2% (wt/vol) casamino acids (VWR Life
Sciences), 1 mM thiamine HCl (Alfa Aesar), and 100 mM glucose (Fisher Scien-
tific). LB Miller Agar (Fisher Scientific) was used for selection when cloning.
Antibiotics and ligands were used as appropriate. Antibiotics used were the
following: chloramphenicol (25 pg - mL™"; VWR Life Sciences) and kanamycin
(35 ug - mL~"; VWR Life Sciences); ligands used were the following: isopropyl-
B-D-1-thiogalactoside (IPTG; GoldBio) and D-fucose (Carbosynth). All ligands
were prepared in a dilution series from a stock concentration, then added
to media.

Protein Mutagenesis and Library Creation. All site-directed mutagenesis was
performed using inverse PCR, while site-saturation mutagenesis was per-
formed similarly, using inverse PCR with NNS degenerate primers. Following
treatment with KLD enzyme mix (KLD = T4 Polynucleotide Kinase, Salt T4
Ligase, and Dpnl; New England Biolabs), the DNA product was transformed
into NEB 5-alpha Competent Cells (New England Biolabs), then selected for on
plates grown overnight at 37 °C. For single site-directed mutagenesis, single
colonies were picked, and plasmids were isolated to confirm sequence; for
protein libraries, colonies were streaked from plates or were transformed
directly into liquid flasks (for the error-prone library), then plasmids were iso-
lated. The error-prone library was generated using the protocol detailed by
Groseclose et al. (13). Briefly, in one PCR, the pGalSyqr vector was linearized
excluding the region corresponding to the RCD (residues 62 to 348). In a sec-
ond PCR, the GalSyqr RCD was subjected to EP-PCR. A master library with 5- to
7-base pair (bp) (3- to 5-residue) mutations, on average, over the 864-bp
amplicon (~0.8% error frequency) was constructed in a reaction with 1.25 U
Taq DNA Polymerase (New England Biolabs), 1x Taq Mg-free Buffer, 1.8 mM
MgCl, (Millipore Sigma), 200 uM MnCl, (Millipore Sigma), 400 uM dCTP (New
England Biolabs), 400 uM dTTP (New England Biolabs), 80 puM dGTP (New
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England Biolabs), 80 pM dATP (New England Biolabs), 500 pM, each, forward
and reverse primers, and 10 ng (4.2 fmol) pGalSyqr plasmid as the 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. The vec-
tor and error-prone RCD insert were both visualized on gels and the vector
was then PCR cleaned up (Qiagen), while the insert was gel extracted (Qia-
gen), then reamplified by PCR and finally PCR cleaned up (Qiagen). The two
fragments were then combined via circular polymerase extension cloning,
then transformed into electrocompetent 5-alpha E. coli cells. The library size
was estimated to be on the order of 108 colony forming units. Following plas-
mid isolation, libraries for screening were developed by performing site-
directed mutagenesis on the master library to introduce discovered superre-
pressor mutations.

Cell Sorting and Screening. Cultures were prepared similarly to those for the
microplate assay and as done by Richards et al. (29). Briefly, colonies were
inoculated in LB with relevant antibiotics (chloramphenicol for pLacl, kanamy-
cin 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 con-
taining relevant antibiotics and ligands, as called for, in sterile culture tubes
(Nunc) and grown at 37°C, shaking at 300 rpm, for 20 h. Each culture was
then aliquoted such that the optical density (OD600) 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 14,000 rpm for 2 min. The
supernatant was then discarded, and cells were resuspended in phosphate-
buffered saline (PBS) supplemented with 25 mM Hepes (Fisher Scientific), 1
mM ethylenediaminetetraacetic acid (EDTA) (Millipore Sigma), and 0.01%
(vol/vol) 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. When appropriate,
ligand concentrations in cell sorting were 10 mM. Cytometry experiments
were performed 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-um nozzle. Cells were interrogated measuring fluo-
rescein isothiocyanate-Area (FITC-A) at flow rates between 10 and 30 pL -
min~". Events were gated on forward- and side-scatter, and a threshold was
set by side-scatter (5,000), with doublets discriminated against using standard
forward scatter-Area versus -Height and side scatter-Area versus -Height plots.
During sorts, 50,000 to 100,000 events were collected, sorted directly into LB
(with antibiotic), then cultured overnight at 37 °C, shaking at 300 rpm, in cul-
ture tubes (Nunc). This culture was then used to inoculate for another day of
sorting after being prepared, as in the current section Cell Sorting
and Screening.

Sorts for S phenotype consisted of two sequential sort steps: the first with
the ligand (D-fucose), collecting the low-fluorescence mutants (5° and S*,
screening out residual wild-type S* and nonfunctional S7), the second without
ligand, collecting the high-fluorescence mutants (discriminating between $°
and ). Sorts for the sI* and sI* phenotypes consisted of similar sequential
steps, with the first collecting the low-fluorescence mutants (no ligand, IPTG,
for sI*, and with ligand for the sI* phenotype), and the second collecting the
high-fluorescence mutants (with ligand, IPTG, for ¢I*, and without ligand for
the sI* phenotype). Low-fluorescence collection was always selected as the
first sort step to screen out the abundance of nonfunctional (likely misfolded)
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mutants. Gates for low and high fluorescence were determined from controls
with known cytometry performance [i.e., Lacyy, parent S°, and I* and I° var-
iants from Richards et al. (29)]. For the settings utilized, the high-fluorescence
mutants were binned >1 x 10° FITC-A, while low-fluorescence mutants binned
<1 x 10° FITC-A. Each individual sort step was repeated once to enrich the
desired population and filter out false positives. Sorting was performed using
the BD FACSDiva (BD Biosciences) software package. Following the final sorts,
cells were grown overnight at 37 °C, shaking at 300 rpm in LB with antibiotics,
then plated on selection plates. Once grown overnight at 37 °C, individual col-
onies were screened via the microplate assay to verify phenotype and deter-
mine performance characteristics. Up to 480 colonies were picked to be
screened via microwell plate to verify phenotype; however, sequencing con-
firmed verified mutants were always found within the first 96 colonies
screened.

Time-Course Experiments. This protocol was adapted from the microwell plate
protocol (SI Appendix, Supplementary Methods). Briefly, colonies were inocu-
lated in LB with relevant antibiotics (chloramphenicol for pLac, kanamycin for
the reporter) and grown overnight at 37 °C, shaking at 300 rpm. Cultures were
then diluted 1:200 in 200 pL supplemented M9 Minimal Media containing rel-
evant antibiotics and ligands, as called for, in the wells of a 96-well, sterile,
flat- and clear-bottomed, black-sided microwell plate (Greiner). All assay trials
(consisting of a TF variant with inducers) were measured in biological repli-
cates of n = 6. Clear lids were placed on microplates, which were then grown
at 37°C for 24 h in a plate reader (Molecular Devices SpectraMax M2e). Fluo-
rescence (sfGFP—excitation: 485 nm, emission: 510 nm; mKate2—excitation:
588 nm, emission: 635 nm) intensity and ODgoo Were measured every 10 min.,
with shaking for 1 min preceding each read. When appropriate, ligands were
doped after 8 h of growth, 1:200 volume from concentrated stock. For the S*
and S” variants, IPTG and D-fucose were added at 10 mM each, whereas for
the sI* and sI*® variants, IPTG was added at 1 mM and D-fucose at 10 mM.
Data were collected with SoftMax Pro Software (Molecular Devices). Fluores-
cence intensity was normalized to cell density and data were analyzed and
plotted using Microsoft Excel (Microsoft) and GraphPad (Prism).

Data Availability. Data supporting the findings of this work are available
within the paper and its supporting information files (with DNA developed in
this paper uploaded 13 and 14 May 2021). The plasmid sequences may be
found deposited in GenBank: Reporter Plasmids (MT127263-MT127272), anti-
Lacl Plasmids (MZ198809-MZ198810 and MN207937), dual-TF Plasmids
(MZ198788-MZ198789), pLacl (MT127274), pLacNULL Plasmid (MT127273),
GalS Plasmids (MN207929-MN207935), anti-GalS Plasmids (MZ198779-
MZ198785), GalS Super-Repressor Plasmids (MZ198790-MZ198794), SIA Plas-
mids (MZ198818-MZ198824 and MZ198795-MZ198808), SI+ Plasmids
(MZ198811-MZ2198817), and GFP/mKate Reporter Plasmids (MZ198786—
MZ198787). Protein sequences for wild-type Lacl and GalS proteins can be
found in the UnitProt database with accession numbers: P03023 (Lacl) and
P25748 (GalS). All other study data are included in the article and/or
SI Appendlix.
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