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Abstract

The tenets of intelligent biological systems are (i) scalable decision-making, (i) inheritable memory, and (i) communication. This study aims
to increase the complexity of decision-making operations beyond standard Boolean logic, while minimizing the metabolic burden imposed on
the chassis cell. To this end, we present a new platform technology for constructing genetic circuits with multiple OUTPUT gene control using
fewer INPUTs relative to conventional genetic circuits. Inspired by principles from quantum computing, we engineered synthetic bidirectional
promoters, regulated by synthetic transcription factors, to construct 1-INPUT, 2-OUTPUT logical operations—i.e. biological QUBIT and PAULI-X
logic gates—designed as compressed genetic circuits. We then layered said gates to engineer additional quantum-inspired logical operations of
increasing complexity—e.g. FEYNMAN and TOFFOLI gates. In addition, we engineered a 2-INPUT, 4-OUTPUT quantum operation to showcase
the capacity to utilize the entire permutation INPUT space. Finally, we developed a recombinase-based memory operation to remap the truth
table between two disparate logic gates—i.e. converting a QUBIT operation to an antithetical PAULI-X operation /in situ. This study introduces a
novel and versatile synthetic biology toolkit, which expands the biocomputing capacity of Transcriptional Programming via the development of
compressed and scalable multi-INPUT/OUTPUT logical operations.
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Introduction able an increase in circuit complexity to better meet point-of-

use functionality [31].
One way to achieve greater programming efficiency is via

Synthetic biologists have made large strides toward engineer-
ing intelligent biological systems using gene regulatory net-

works [1-8]. To date, synthetic biotic systems have drawn
inspiration from classical computing, where sets of funda-
mental logical operations are engineered in single cells and
modularly combined to create genetic circuits [2, 5, 9-14].
These programs have shown great promise in biomanufactur-
ing [15-17], metabolic engineering [18-20], biocontainment
[21-23], agriculture [24-26], and therapeutic [27-30] appli-
cations. However, as the application space for synthetic bio-
logical programs expands, there is a growing need for more
resource efficient biological programming structures that en-

circuit compression—i.e. reducing the number of parts used
to construct a given genetic circuit or genetic operation. To
this end, Transcriptional Programming (T-Pro) has emerged as
the state of the art regarding circuit compression [9, 10, 13].
T-Pro leverages modular sets of synthetic transcription fac-
tors and cognate synthetic promoters to achieve circuit com-
pression via networked functions. A fundamental advantage
of this toolkit is the use of two classes of synthetic transcrip-
tion factors: (i) repressors and (ii) anti-repressors—which can
be abstracted to BUFFER and NOT logic gates, respectively.
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When repressors and anti-repressors are employed to regu-
late a user-defined genetic architecture composed of cognate
synthetic promoters, T-Pro can form complete sets of com-
pressed Boolean logical operations—analogous to the funda-
mental decision-making units of a computer program.

We posit that T-Pro can be extended beyond standard
Boolean logic to emulate information transfer observed in
quantum computing systems [32-34]. A key advantage of
quantum programming is logical reversibility, wherein each
OUTPUT state can be mapped to a specific INPUT state and
vice versa—a distinguishing feature relative to classical bit
(binary) programming. Quantum computing reversible logic
should not be conflated with thermodynamic reversibility—
see Supplementary Note S1. Quantum computing is not nec-
essarily quantum mechanical, rather said computing leverages
and emulates an abstraction of reversible logical operations
in the form of QUBITs where a system can represent not just
one possibility, but multiple possibilities—commonly referred
to as a superposition. In this study, our objective is to de-
sign analogous quantum logical operations in the context of
biological circuits. Namely, we aim to design a fundamen-
tal biological QUBIT logical operation in which each INPUT
state maps to a unique dual-state OUTPUT—i.e. where the
OUTPUT vector is 10) = [1,0] when the INPUT is 0, and
is 11) = [0,1] when the INPUT is 1 (see Fig. 1A-C). Ide-
ally, the resulting biological QUBIT can be entangled with
other biological unit operations—i.e. in the sense that mul-
tiple quantum operations can be correlated with a high prob-
ability, enabling the systematic development of multi-INPUT
multi-OUTPUT biological programs with more efficient IN-
PUT economy (Supplementary Fig. S1 and Supplementary
Note S1).

In quantum computing systems, reversible logic is utilized
to reduce calculation cost (i.e. the number of gates used to con-
struct a program) and the number of OUTPUT states that are
not the primary OUTPUT or that advance the computation
[33, 34]. In practice, programs predicated on quantum re-
versible logic can modulate two or more OUTPUTs with fewer
INPUTSs compared to classical systems. Axiomatically, funda-
mental units of reversible logic can be layered (or entangled)
to form operations of higher complexity. In principle, quan-
tum (reversible) logic applied to biological systems has the po-
tential to dramatically reduce the number of genetic parts re-
quired for a given circuit—analogous to abiotic systems. Said
technology could be used in multi-product biomanufacturing,
branched-pathway metabolic engineering applications, or any
nonlinear multistep biological process wherein multiple OUT-
PUT regulation benefits from efficient INPUT economy.

Many reversible logic gates have been developed abiotically
using superconducting devices [35], via optics [36, 37], enzy-
matically [38, 39], and recently in living systems by way of
a community-level platform [40, 41]. However, the biologi-
cal (biotic) iterations of said logic gates do not operate at a
single-cell level and require a population to measure, which is
prone to instability due to community-level fluctuation. To our
knowledge, only one example of a single-cell reversible gate
has been reported [42]. This system is constructed with two
duplicate GFP OUTPUTs to achieve an apparent FEYNMAN
gate truth table; therefore, the operation cannot be technically
classified as a reversible gate regarding the true transcriptional
OUTPUTs. To facilitate open-ended synthesis of efficient and
complex genetic circuits, a modular platform for constructing
reversible logic is needed. We posit that T-Pro can serve as a
platform technology for this purpose.

In this work, we present novel T-Pro biocomputing circuits
inspired by quantum computing principles using Escherichia
coli as the chassis cell. Said technology is achieved via (i)
engineering novel synthetic bidirectional promoters that fa-
cilitate transcription of a dual-state OUTPUT and (ii) de-
veloping single-INPUT transcriptional control of the OUT-
PUT state via complementary synthetic repressor and anti-
repressor transcription factors from the T-Pro toolkit. In this
study, we demonstrated that our platform is modular and scal-
able from 1-INPUT operations to 2-INPUT and 3-INPUT re-
versible logic programs. Commensurate with our supposition,
said operations increased information transfer in genetic cir-
cuits by purposing a greater portion of the INPUT permu-
tation space for reversible logic OUTPUTs. Furthermore, we
demonstrated that our new platform technology seamlessly
pairs with our complementary memory operations [43, 44]—
demonstrated as truth table remapping between two funda-
mental quantum operations iz situ. This platform technology
represents a paradigm shift in biocomputing, advancing the
current state of genetic programming technology by enabling
and expansion of efficient computation in carbon that lever-
ages the systemization of T-Pro.

Materials and methods

Cloning, strains, and media

Transcription factors and recombinases were expressed on
the pLacl plasmid (Novagen) that contains the p15a origin
(copy number 20-30/cell) and output genes (GFP = sfGFP,
RFP = mCherry, BFP (blue fluorescent protein) = tagBFP,
YFP (yellow fluorescent protein) = phiYFP) were expressed
on the pZS*22-sfGFP reporter plasmid that contains the
pSC101 origin (copy number 3-5/cell). Chloramphenicol and
kanamycin resistance genes were used as selection markers for
transcription factor and reporter plasmids, respectively. Out-
put genes were assembled into reporter plasmids using Golden
Gate Assembly (Bsal-HF v2 Golden Gate Assembly Kit, NEB).
Transcription factors were first subcloned into pUC19 vector
carrying an ampicillin resistance gene (NEB) with BsmBI re-
striction sites, grown in LB with carbenicillin, sequence con-
firmed with Sanger DNA sequencing (Eurofins Genomics),
and then assembled into the pLacl plasmid using Golden Gate
Assembly (BsmBI-HF v2 Golden Gate Assembly Kit, NEB).
A pLacl destination plasmid with PhlF and A118 was con-
structed using Gibson Assembly (NEBuilder HiFi DNA As-
sembly Master Mix, NEB) for generating the memory tran-
scription factor plasmids. All promoter, operator, insulator,
RBS (ribosome binding site), and terminator sequences were
cloned using site-directed mutagenesis polymerase chain reac-
tion (Q5 DNA Polymerase, NEB) with custom primers (Eu-
rofins Genomics) followed by kinase, ligase, and Dpnl reac-
tions (KLD enzyme mix, NEB) prior to final construct as-
semblies. All genetic parts used in transcriptional logic gates
can be found in Supplementary Figs S2-S5. All promoter, op-
erator, insulator, RBS, terminator, and coding sequences can
be found in Supplementary Tables S1-S6. All cloning plas-
mids in this work were transformed into chemically com-
petent DHS« cells [huA2 A (argF-lacZ)U169 phoA glnV44
@80A (lacZ)M15 gyrA96 recAl relAl endA1l thi-1 hsdR17;
New England Biolabs] and plated on LB agar with appropriate
antibiotics. Resulting transformants were cultured overnight
in LB broth with appropriate antibiotics and miniprepped
(Omega Bio-Tek) to yield each plasmid, and sequence was
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1-INPUT operations with unidirectional promoter INPUT concatenation for BUFFER and NOT logic to form quantum logic
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Figure 1. Design of a fully compressed biological QUBIT logic operation. (A, B) Complementary logical operations for developing biological QUBIT logic.
The biological QUBIT gate is comprised of (i) a logical BUFFER operation with the synthetic Lacl transcription factor I*¢s. regulating the OUTPUT RFP
(red fluorescent protein) in panel (A) and (i) a logical NOT operation with the synthetic anti-Lacl transcription factor 1A®yqr regulating the OUTPUT GFP
(green fluorescent protein). Gate diagrams, genetic architectures, and truth tables are shown. (C) Gate diagrams showing concatenation of BUFFER and
NOT logic operations via INPUT coupling (i.e. combination of both operations in a single cell) to perform biological QUBIT logic. (D) Gate diagrams
showing concatenation of BUFFER and NOT logic operations via INPUT coupling to perform biological PAULI-X logic (i.e. antithetical to the QUBIT
operation). (E, F) Genetic architecture designs for biological QUBIT logic. (E) An inverterbased QUBIT circuit, (F) a partially compressed QUBIT circuit
that utilizes an anti-repressor to eliminate the inverter, and (G) a fully compressed QUBIT circuit that leverages an anti-repressor and a bidirectional
promoter. The inverter-based QUBIT requires the most resources, 3 RNA polymerases + 3 transcription factors. The partially compressed QUBIT
requires fewer resources, 2 RNA polymerases + 2 transcription factors. Notably, the fully compressed iteration of the QUBIT operation requires the
fewest number of resources, 1 RNA polymerase + 2 transcription factors. The design of the fully compressed QUBIT is composed of a single
bidirectional promoter driving the transcription of GFP and RFR which are each regulated as described in panels (A) and (B)—both transcription factors
recognize a single INPUT [i.e. isopropyl-3-D-thiogalactoside (IPTG)], yet perform opposite regulatory phenotypes upon induction. Legend describes the
iconography used in the circuit designs.
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confirmed with NGS Whole Plasmid DNA sequencing (Eu-
rofins Genomics).

Transcriptional logic gate experiments

Transcription factor and corresponding reporter plasmids
were double transformed into homemade chemically compe-
tent 3.32 E. coli cells [Genotype lacZ13 (Oc), lacl22, LAM—,
el4—, relAl, spoT1, and thiE1, Yale CGSC #5237] and six
individual transformants (biological replicates) were precul-
tured for 6 h in LB media with chloramphenicol (25 pg/ml,
VWR Life Sciences) and kanamycin (35 pg/ml, VWR Life
Sciences) antibiotics. Precultures were then diluted into glu-
cose (100 mM, Fisher Scientific) M9 minimal media supple-
mented with 0.2% (w/v) casamino acids (VWR Life Sciences),
1 mM thiamine HCI (Alfa Aesar), antibiotics, and respec-
tive inducers, and grown in a flat-bottom 96-well microplate
(Costar) for 16 h (37°C, 300 rpm). Microwell plates were
sealed with Breathe-Easy membranes (Diversified Biotech) to
prevent evaporation. Inducer concentrations used are as fol-
lows: IPTG (10 mM), p-ribose (10 mM), and cellobiose (10
mM). Optical density (ODggg), GFP fluorescence (Aex = 485
nm, Aem = 510 nm, Gain 400), RFP fluorescence (Aex = 585
nm, Aenm = 610 nm, Gain 800), BFP fluorescence (Aey = 399
nm, Ay = 454 nm, Gain 400), and YFP fluorescence (Aey =
517 nm, Aeyy = 557 nm, Gain 400) were measured with a Spec-
tramax M2e plate reader (Molecular Devices). The LacSTOP
control plasmid was also assayed with each reporter construct
to determine the maximum expression level of each genetic ar-
chitecture. Measurements were corrected by subtracting val-
ues of blank media from sample values and fluorescence values
were normalized to optical density in Microsoft Excel (Mi-
crosoft) and divided by a global maximum (per fluorescent
channel) to obtain the fraction of maximum output. For 1-
INPUT and 2-INPUT gate plots with a single y-axis scale, fluo-
rescence values were divided by the 2-OUTPUT reporter max-
imum of 15 000 relative fluorescence units (RFU) for GFP and
300 RFU for RFP. A built-in log(agonist) versus normalized
response model in GraphPad (Prism) was used to fit experi-
mental dose response data, and fitting parameters are given in
Supplementary Data. For the 3-INPUT TOFFOLI gate, fluo-
rescence values were divided by the 3-OUTPUT reporter max-
imum of 6000 RFU for GFP, 200 RFU for RFP, and 2500 RFU
for BFP. For the 4-OUTPUT gate, fluorescence values were di-
vided by the reporter maximum of 1500 RFU for GFP, 100
RFU for RFP, 1500 RFU for BFP, and 1500 RFU for YFP. Re-
sulting data were plotted using GraphPad (Prism).

Library generation and screening

Promoter and RBS libraries were generated using site-directed
mutagenesis as described above with primers containing N
(A, T, C, or G), R (A or G), or S (G or C) nucleotides (Eu-
rofins Genomics) to constitute the resulting library space. Li-
brary mutagenesis reactions were performed on individual
transcription factors subcloned in pUC19 and transformed
in chemically competent DHS« cells as descried above. The
recovery was outgrown in LB with carbenicillin overnight
and miniprepped. The resulting DNA library subclones were
subsequently used in Golden Gate Assemblies to generate IR
(IPTG-D-ribose) FEYNMAN, RI FEYNMAN, and EIR TOF-
FOLI gate libraries. Following assembly, libraries were trans-
formed, dilution plated (to calculate library size), outgrown
in LB with chloramphenicol, and miniprepped. The assem-

bled DNA libraries were then double transformed with cor-
responding reporter plasmids into 3.32 E. coli as described
above. Individual colonies were picked for screening and as-
sayed. The top 7 performing clones were then streaked onto
LB agar with chloramphenicol and kanamycin antibiotics and
re-assayed with six biological replicates as described previ-
ously. Top-performing variants were then grown in LB with
antibiotics, miniprepped, and sequenced.

Memory (recombinase) experiments

Circuit plasmids containing A118 regulated by PhIF and ei-
ther IPTG or D-ribose inducible transcription factors (see
Supplementary Fig. S5) were transformed into 3.32 E. coli
cells and plated on LB agar with 25 ug/ml chlorampheni-
col. A transformant containing each type of memory plas-
mid (i.e. IPTG QUBIT, IPTG PAULI-X, p-ribose QUBIT, or
D-ribose PAULI-X) was cultured in LB with antibiotics and
used to generate chemically competent cells. Resulting compe-
tent cells were transformed with the memory reporter plasmid
that contains A118 attachment sites, and six transformants
(biological replicates) were precultured for 6 h in LB media
with chloramphenicol and kanamycin antibiotics. Precultures
were diluted into glucose M9 minimal media and assayed as
described above. Assay cultures were then diluted 1:100 into
(i) phosphate buffered saline (PBS) containing 10x kanamycin
(350 pg/ml) for flow cytometry analysis and (ii) fresh LB me-
dia containing 10 pM 2,4-diacetylphophloroglucinol (DAPG)
and appropriate antibiotics. Cultures were grown in 96-well
microplate (37°C, 300 rpm) sealed with a Breathe-Easy mem-
brane (Diversified Biotech) for 8 h to allow for recombination.
Cultures were then diluted into glucose M9 minimal media
with appropriate inducer conditions and assayed again as de-
scribed above. Assay cultures were diluted into PBS for flow
cytometry analysis.

Flow cytometry

Flow cytometry analysis was performed with a Cytoflex
S (Beckman Coulter) flow cytometer. After the memory
(recombinase-based) experiments, cells were diluted 1:40 into
PBS with 2 mg/ml of kanamycin and incubated for an hour at
room temperature. Cells were then analyzed at 20-30 pl/min
flow rate and gated by forward scatter versus side scatter (SSC)
to eliminate cell debris. To gate the correct cell population,
events were further gated by SSC height versus SSC area. Flu-
orescence was monitored through the FITC channel for GFP
expression and ECD channel for RFP expression. More than
20 000 events were collected and analyzed by CytExpert (Ver-
sion 2.5) software. All flow cytometry assays had six biologi-
cal replicates. A representative gating strategy is described in
Supplementary Fig. S6.

Results

Engineering a 2-OUTPUT synthetic promoter for
QUBIT logic

Inspired by the function of the QUBIT operation used in
quantum computing—in which a single INPUT maps to two
OUTPUTs—we posited that we could engineer a genetic ana-
log leveraging T-Pro synthetic transcription factors and cog-
nate genetic elements. To accomplish this, first we constructed
two fundamental T-Pro operations: (i) a logical BUFFER
operation using the synthetic transcription factor I*xsy [9]
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(repressor) mapped to the regulation of RFP (Fig. 1A) and (ii)
an antithetical logical NOT operation via the synthetic tran-
scription factor I*®)yqr [10, 45] (anti-repressor) mapped to
the regulation of GFP (Fig. 1B). Notably, both synthetic tran-
scription factors respond to the same INPUT—IPTG—with
orthogonal DNA-binding functions. We posited that we could
design a biological QUBIT logical operation (Fig. 1C)—and in
turn an antithetical PAULI-X operation (Fig. 1D) using simi-
lar design rules—in which a 1-INPUT inducible system mod-
ulates two disparate OUTPUTs. We posited that the QUBIT
design goal shown in Fig. 1C could be accomplished via three
disparate genetic circuits: (i) an inverter-based QUBIT circuit
(Fig. 1E), (ii) a partially compressed QUBIT circuit that uti-
lizes an anti-repressor to eliminate the inverter (Fig. 1F), or
(iii) a fully compressed QUBIT circuit that leverages an anti-
repressor and a bidirectional promoter (Fig. 1G). Prominently,
all designs required the use of T-Pro synthetic transcription
factors to facilitate single INPUT control over multiple OUT-
PUTs. The inverter-based QUBIT requires the most resources,
3 RNA polymerases + 3 transcription factors. The partially
compressed QUBIT requires fewer resources, 2 RNA poly-
merases + 2 transcription factors. Notably, the fully com-
pressed iteration of the QUBIT operation requires the fewest
number of resources, 1 RNA polymerase + 2 transcription
factors. The use of two separate promoters would result in
uncoupled transcription of the OUTPUTs due to indepen-
dent RNA polymerase binding events (Fig. 1F). Accordingly,
we opted for a bidirectional promoter design that yields di-
vergent transcription from a single RNA polymerase bind-
ing locus (Fig. 1G), and in principle will impose the smallest
metabolic burden on the chassis cell. Although not commonly
used in genetic circuits, bidirectional promoters have recently
been found to comprise 19% of all detected transcriptional
start sites in E. coli as well as play an important role in gene
co-regulation regulation [46]; thus, our design goal given in
Fig. 1G is plausible. As designed, our putative genetic QUBIT
couples the expression of two OUTPUT states—GFP or RFP
production—to the initiation of a single information transfer
event.

To achieve the fully compressed QUBIT design given in
Fig. 1G, we engineered three iterations of synthetic bidi-
rectional promoters designed using pTrc and pJ23119 pro-
moter sequences driving GFP and RFP OUTPUTs, respec-
tively (Fig. 2A). Namely, we systematically varied the place-
ment of promoter elements to construct three overlapping and
symmetric putative bidirectional promoter configurations: (i)
pBPUO)  —convergent orientation with a single —10 hexamer,
(ii) PBPU7) —divergent orientation with overlapping spacer
regions, and (iii) PBPB3Y), —divergent orientation with a sin-
gle —35 hexamer. Additionally, we built a reporter with in-
dependent unidirectional promoters as a control. To com-
plete the design of the synthetic bidirectional promoters, we
incorporated tandem O28 and O%™ synthetic operators—
corresponding to cognate synthetic transcription factors I*ggy.
(repressor) and I*®)yqr (anti-repressor)—to facilitate discrete
regulation of RFP and GFP, respectively. In addition, we in-
cluded genetic insulators downstream of each hexamer set to
normalize the production of each messenger RNA transcript
(see Fig. 2A and Supplementary Figs S2, S7, and S8).

Next, we experimentally tested each QUBIT synthetic pro-
moter using single synthetic transcription factors to evaluate
discrete INPUT to OUTPUT performance. Our results indi-
cated that the PBP39) . synthetic promoter performed the best
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in the context of discrete regulation of GFP and RFP (Fig. 2B
and Supplementary Fig. S8). We speculated that the PEPU0),
configuration exhibited poor regulatory performance due to
off-target distal regulation resulting from operator proxim-
ity to the —35 hexamers, evidenced by significant changes in
expression of the unregulated GFP and RFP channels upon
induction. In addition, we observed that the PBD(lO)rep design
demonstrated low GFP expression and greater leakiness in
RFP regulation compared to PBD(35)rep. To evaluate whether
the engineered PP, synthetic promoter has the capac-
ity to reduce cellular resource competition (i.e. endogenous
RNA polymerase sequestering [47]; also see comment given in
Supplementary Fig. S7) compared to the two independent pro-
moter configuration, we conducted an experiment analogous
to the above using a ribose-inducible repressor—anti-repressor
pair with the inclusion of an additional plasmid to simulate
cellular burden, and measured the change in OUTPUT upon
inducer titration (Supplementary Fig. S9). We observed that
for both configurations, the OUTPUT of each unregulated
channel (i.e. GFP expression when only R¥ggy is present, and
RFP expression when only RA(Z)YQR is present) decreased as
the opposing regulated channel was induced—implying a pu-
tative cellular resource competition. Moreover, the magnitude
of this effect was lower with PBPG3) . compared to the in-
dependent promoter configuration, indicating that PEPGS)
provided an advantage with regard to mitigating cellular re-
source competition compared to conventional promoter de-
signs in genetic circuits. Accordingly, we selected the PEPGY),
synthetic promoter configuration for all logical operations de-
veloped herein.

Building and testing a fully compressed biological
QUBIT operation

Following the characterization of the discrete INPUT to OUT-
PUT performance of the PEPGS) - synthetic promoter, we
tested the said bidirectional promoter in the presence of co-
expressed I*xsy (repressor) and IA(9)YQR (anti-repressor)—
with and without the cognate INPUT (IPTG). Qualitatively,
we observed the correct QUBIT phenotype (Fig. 2C). How-
ever, this first iteration QUBIT operation exhibited a sig-
nificant reduction in regulatory performance relative to the
single INPUT biosensor systems given in Supplementary
Fig. S8—particularly in the GFP anti-repression channel.
Given that both synthetic transcription factors function as
homotetramers—with homodimers as the fundamental func-
tional unit—we posited that I'gs. and I*®)yqr monomers
formed nonfunctional heterodimers stabilized by the tetramer-
ization domain (see Fig. 2C, inset).

To resolve the obfuscated function between the repressor
and anti-repressor in the context of the QUBIT operation,
we first introduced an L251A mutation at the monomer—
monomer interface of the I*ks; repressor. The said muta-
tion in wild-type Lacl restricts assembly and function to
the tetrameric form of the protein [48]. In addition, we
truncated 12 residues from the C-terminus of the IA(9)YQR
anti-repressor. This modification in wild-type Lacl prevents
tetramerization while maintaining the assembly of functional
dimers [49]. In principle, the mutated repressor can only func-
tion as a tetramer, and the truncated anti-repressor is re-
stricted to dimer formation. We posited that this set of mod-
ifications should eliminate heterodimer and heterotetramer
formation—i.e. biasing function to exclusive homogeneous
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Figure 2. Bidirectional promoter architectures and regulatory performance. (A) DNA elements of engineered bidirectional promoters. Green regions
represent promoter elements driving GFP expression, and red regions represent promoter elements driving RFP expression. Brown regions represent
promoter elements driving both GFP and RFP expression. (B) Regulatory performance of each bidirectional promoter with (i) IPTG BUFFER logic via
I*¢s. regulation of RFP (ii) IPTG NOT logic via 1A®yqr regulation of GFP or (iii) constitutive expression with no transcription factor. Each box represents a
GFP or RFP OUTPUT value for each promoter configuration, regulatory element, and ligand state. (C) Crystal structure of wild-type Lacl tetramer (PDB:

1LBI), which is used as a visual representation of I*ig, and A9

var transcription factors, with mutations conferring the 19yqg phenotype highlighted in

dark blue. Performance of the IPTG biological QUBIT logical operation (C, D). Both I*¢s, and 1*¥yqs were co-expressed and regulate the 2-OUTPUT
reporter system with the PEPP%, . promoter configuration. (C) Note the OFF state of GFP is considerably leakier than the system in panel (B) with
[A®) g only. (D) Crystal structures shown in panel (C) with "y L251A and 1A®yqr L349* mutations highlighted in red, and performance of IPTG
biological QUBIT with I*xs L251A and 1A®yag L349* to restrict heterotetrametric and heterodimeric protein assemblies. The GFP and RFP OFF states
decreased by 6.75x and 1.6x from those in panel (C), respectively. In all experiments, GFP and RFP OUTPUT fluorescence measurements were
normalized to maximum values of 15 000 RFU and 300 RFU, respectively, and are shown here on a fractional scale (also see the "Materials and
methods" section). Crystal structure images were generated using 3D Protein Imaging [58].

functional assemblies during co-expression (Fig. 2D), resulting
in a significant improvement in QUBIT performance. Consis-
tent with our supposition, we observed a marked increase in
performance upon modification of both synthetic transcrip-
tion factors (Figs 2D and 3A).

Next, we constructed D-ribose inducible (Fig. 3B) and fruc-
tose inducible (Supplementary Fig. S10) biological QUBIT
gates analogous to the IPTG operation described above. Un-
like the IPTG system, said operations did not require addi-
tional modifications to achieve the desired performance (also
see Supplementary Note S2). In summary, all biological unit

operations (i.e. IPTG, p-ribose, and fructose inducible sys-
tems) demonstrated logic congruent with QUBIT gates used in
quantum computing, where the OUTPUT vector [GFP, RFP]
is 10) = [1,0] when the INPUT (ligand) is 0, and is I1) = [0,1]
when the INPUT is 1. Furthermore, each gate exhibited a dose-
dependent OUTPUT wherein fractional states of each OUT-
PUT between the values of 0 and 1 are possible, which is anal-
ogous to the properties of QUBITs used in quantum comput-
ing. Additionally, our quantum-inspired T-Pro technology can
accommodate the regulation of coding and noncoding RNA.
To illustrate the latter iteration we designed, built, and tested
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Figure 3. Biological QUBIT and PAULI-X logic gates. Gate diagram, truth table, genetic architecture, dose response, and state response of (A) IPTG
biological QUBIT logical operation employing I*xsi L251A and 149z L349* transcription factors; (B) D-ribose biological QUBIT logical operation
employing R*ks. and RA?yqg transcription factors; (C) IPTG biological PAULI-X logical operation employing 14® g L349% and I*yqr L251A transcription
factors; and (D) D-ribose biological PAULI-X logical operation employing R*? s, and R*vag transcription factors. The 2-OUTPUT reporter with the
PBDEY . promoter configuration was used for all logic gates. Data are representative of six biological replicates per experiment. Dose response and
state response data were obtained with separate experiments on different days. Dose response data were fit with a Hill function curve (parameters and

statistics are given in Supplementary Data).

a CRISPRi QUBIT operation (see Supplementary Fig. S11).
This development expands the utility of our platform tech-
nology, and in principle QUBIT operations can be used with

any RNA-based technology that benefits from regulation in
the context of a 1 INPUT, 2 OUTPUT operation.

Designing, building, and testing fully compressed
biological PAULI-X operations

In quantum information theory, the PAULI-X logical opera-
tor performs a bit-flip relative to a QUBIT operation result-
ing in an antithetical truth table [50]; see relative abstractions
given in Fig. 1C and D. In other words, the PAULI-X gate
is the quantum equivalent of the NOT gate for classical bi-
nary computation. We posited that we could engineer a bi-

ological analogue of the PAULI-X logical operation using a
similar design workflow to that developed for the biological
QUBIT operations. The design of a biological PAULI-X log-
ical operation leveraged the PEP(33) ., synthetic promoter de-
veloped for the QUBIT operation (see Fig. 2A). Next, we se-
lected two new synthetic transcription factors antithetical in
phenotype—while preserving the mapped orthogonal DNA-
binding functions—to the set used for the original QUBIT
operation. Namely, we selected (i) the I*yqr repressor, op-
posed to the IA(9)YQR anti-repressor, and (ii) the I4®)kq; anti-
repressor, instead of the I*kg repressor. Both synthetic tran-
scription factors respond to the same INPUT (IPTG), with
orthogonal DNA-binding functions. In addition, we carried
over the mutations used in the previous section to prevent
heterogeneous protein assemblies. In principle, the new set of
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synthetic T-Pro transcription factors will invert the INPUT to
OUTPUT truth table, relative to the corresponding QUBIT
operation. Objectively, said remapping of the protein DNA
interactions should result in the desired PAULI-X logical op-
eration (see Fig. 3C). We tested the biological PAULI-X opera-
tion, and as expected, the circuit exhibited faithful qualitative
performance.

Next, we developed a second PAULI-X operation respon-
sive to the INPUT p-ribose (see Fig. 3D). As with the previ-
ous design, we used the PBPGS),  synthetic promoter paired
with synthetic transcription factors complementary to the set
used in the corresponding QUBIT operation given in Fig. 3B.
Upon testing the operation, our second iteration PAULI-X
logic gate resulted in the correct qualitative performance—
consistent with our general design goal. The ability to con-
fer PAULI-X logic with our system demonstrates that our
programming structure retains important features of our T-
Pro toolkit, which allows for systematic building—i.e. repur-
posing the synthetic bidirectional promoter—while maintain-
ing circuit compression [10, 13]. In addition, we posited that
QUBIT and PAULI-X operations can be leveraged to systemat-
ically engineer advanced biological programs of greater com-
plexity with multi-OUTPUT decision-making.

Programming 2-INPUT FEYNMAN (CNQOT) logic

In principle, we can systematically construct advanced re-
versible logic operations via modularly layering 1-INPUT
units—i.e. implementing FEEDFORWARD functions. To
demonstrate our ability to construct advanced quantum bio-
computing operations via stacking QUBITs, we designed a
FEYNMAN (controlled-NOT, or CNOT) gate, which is the
equivalent of a reversible XOR gate, using two layered QUBIT
gates. When combined with QUBITs, FEYNMAN gates are
particularly useful in quantum computation as they constitute
a universal logic set for simulating any quantum computing
circuit. A FEYNMAN gate is a 2-QUBIT operation where the
first (control) QUBIT flips the second (target) QUBIT only if
the control QUBIT is I1) (Fig. 4A and B). Our design started
with an IPTG-inducible control QUBIT layer, which regulated
RA@)yqr (anti-repressor) and R*gsy. (repressor) OUTPUTs—
such that (i) an INPUT of 0 maps to R*ks. (repressor) OUT-
PUT and (ii) an INPUT of 1 maps to R*?)g (anti-repressor)
OUTPUT. The p-ribose-inducible OUTPUTs (i.e. synthetic
transcription factors) from layer one map to a second QUBIT
layer—i.e. the unit operation given in Fig. 3B—such that the
terminal layer regulates a set of observable OUTPUTs (see Fig.
4B).

On the first layer, we engineered a bidirectional promoter
analogous to the PBPGY),  promoter to drive the expression
of two transcription factors with a similar level to the indi-
vidual p**! promoter while retaining our platform’s archi-
tectural design. To accomplish this, we created a small pro-
moter library (1024 variants) on the 17 bp spacer region driv-
ing R*ksp transcription to reduce promoter secondary struc-
ture and tune expression, as well as an RBS/start codon li-
brary (64 variants) for the R*xsp OUTPUT to optimize cir-
cuit performance (Supplementary Fig. S12). Additionally, we
used the phl2 RBS [2] on [*®)q to achieve tighter regula-
tion. Following assembly and phenotypic screening of each
library—examples given in Supplementary Fig. S13—we gen-
erated a variant that displays qualitative FEYNMAN gate
logic (Fig. 4C). Next, we designed an analogous FEYNMAN

gate with the reverse INPUT configuration—i.e. a D-ribose—
IPTG inducible system (Supplementary Fig. S14A-C). In this
design, we leveraged the same genetic architecture used in the
I[PTG-D-ribose system; however, we swapped the transcrip-
tion factor regulatory core domains that are responsible for
INPUT processing. This result demonstrated the scalability of
our QUBIT programming system in the context of FEEDFOR-
WARD operations, which is congruent with our design goal.
We posited that the construction of a FEYNMAN gate via al-
ternate strategies would require additional parts (specifically
promoters) relative to the design presented in Fig. 4B. To il-
lustrate the aforesaid, a summary of alternate FEYNMAN de-
signs is given in Supplementary Fig. S14D. Briefly, an inverter-
based (Cello) design requires nine inducible promoters; the
apparent FEYNMAN gate designed by Srivastava er al. [42]
requires four inducible promoters. However, our fully com-
pressed design given in Fig. 4B only requires two inducible
promoters (assuming a bidirectional promoter = 1 promoter,
which is reasonable given that said promoter can only initiate
a single information transfer event). We posit that this precept
will hold for any circuit design that leverages fully compressed
QUBIT/PAULI-X operations as fundamental building blocks.

Engineering 3-INPUT TOFFOLI (CCNOT) logic via
gate layering

To further demonstrate our platform’s layering capability, we
engineered a 3-INPUT, 3-OUTPUT TOFFOLI (controlled-
controlled-NOT, or CCNOT) gate by adding a third layer
(i.e. an additional control layer) to the IPTG-p-ribose FEYN-
MAN gate discussed in the previous section. The TOFFOLI
gate is a universal reversible logic gate (meaning that any cir-
cuit can be constructed from TOFFOLI gates) that inverts the
state of a target QUBIT depending on the state of two con-
trol QUBITs [51] (Fig. 4D and E). In our design, we moved
the constitutively expressed I*YQRL251A and IA(9)HQNL349" reg-
ulators used in the FEYNMAN gate to a third layer, which is
regulated by the synthetic cellobiose repressor E*ran. E¥ran is
expressed constitutively and directly regulates BFP, which was
inserted into the reporter downstream of GFP as the control
OUTPUT. Additionally, we added a copy of O™, the cognate
operator to E*1an, on the second layer regulating RA?)q; to
achieve the desired gate operation. Here, cellobiose and IPTG
regulated the control layers 1 and 2, respectively, which mod-
ulated expression of D-ribose-inducible transcription factors
and the state of the target layer (i.e. the combined OUTPUT
state) (Fig. 4E). As with the construction of the FEYNMAN
gate, we created and screened independent libraries com-
prised of 64 variable E*1an and 64 variable Rk RBS/start
codon sequences to optimize regulatory performance. From
our screen, we identified a variant with the desired TOFFOLI
gate performance (Fig. 4F). This result reinforces our supposi-
tion regarding the modularity and expandability of our quan-
tum logic T-Pro structure in the context of FEEDFORWARD
operations.

Engineering biological QUBIT logic to modulate
four OUTPUTSs via two INPUTs

To demonstrate the utility of our engineered biological QUBIT
gates in genetic circuit design, we built a 4-OUTPUT circuit
modulated by two discrete INPUTs—IPTG and p-ribose. This
circuit can activate each OUTPUT individually via a unique
INPUT permutation, thereby utilizing 100% of the INPUT
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Figure 4. Biological FEYNMAN and TOFFOLI logic gates. (A) Biological IPTG-D-ribose FEYNMAN logic gate diagram and truth table. The OUTPUT state
is flipped when INPUT 1 (IPTG) is present. (B) Genetic architecture of IR FEYNMAN logic gate. IPTG-inducible transcription factors I*yqr L251A and
[A®) oy L349* regulate a D-ribose-inducible transcription factor layer comprised of R*ks and RA@ g driven by the PBPG®_ . bidirectional promoter.
Regulated D-ribose transcription factors FEEDFORWARD to regulate the 2-OUTPUT PEP9  reporter. (C) Performance of IR FEYNMAN logic gate.
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permutation space (Fig. SA and B). The design is predicated
on a single layer containing two QUBIT operations, coordi-
nating two sets of synthetic transcription factors, such that
each set responds to a different INPUT signal—i.e. IPTG or
D-ribose (Fig. 5C). Notably, each synthetic transcription fac-
tor utilizes an orthogonal DNA-binding function. The given
bi-QUBIT architecture coordinates the expression of four dis-
parate OUTPUT reporters via sets of orthogonal tandem op-
erator pairs. To accomplish this, we redesigned the D-ribose
QUBIT to accommodate additional DNA-binding functions—
i.e. via operators O8% and O"# (see Supplementary Fig. S15).
Once we validated the new binding operation, we constructed
the final bi-QUBIT system—where QUBIT 1 is mapped to the
regulation of YFP or GFP and QUBIT 2 is mapped to regu-
late BFP or RFP, circuit design given in Fig. 5C. Finally, we
tested the 2-QUBIT 4-OUTPUT circuit, which was faithful
to the design goal—i.e. each INPUT set mapped to a unique
OUTPUT—see Fig. 5D and Supplementary Fig. S16.

Engineering quantum swap-of-function memory
operations

Genetic memory operations use recombinases to invert or ex-
cise genetic elements, which facilitate permanent changes to
DNA that are inheritable [26, 52-54] (see Fig. 6A). A hall-
mark of synthetic biological intelligence is the integration of
decision-making programs with recombinase-based memory
operations [43, 44]. Said memory operations can be broadly
classified as gain-of-function (GoF) or loss-of-function unit
operations. We posited that we could leverage the bidirec-
tional synthetic promoters and genetic programming structure
developed in this work to engineer a third memory operation
in the form of swap-of-function (SoF), between two funda-
mental reversible logic operations (see Fig. 6B).

We posited that we could engineer an invertible synthetic
promoter capable of directing two disparate synthetic tran-
scription factors, such that said element could be prompted
to remap OUTPUT regulation iz situ. To accomplish this, we
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Figure 5. Engineered 4-OUTPUT circuit using biological QUBIT gates. (A) Diagram of 4-OUTPUT circuit. IPTG and D-ribose QUBIT gates are used to
regulate four fluorescent reporter OUTPUTs—GFP, RFR BFR and YFP—with NOR, A NIMPLY B, B NIMPLY A, or AND logic, respectively. (B) Truth table
and (C) genetic architecture of 4-OUTPUT circuit. IPTG QUBIT gate transcription factors I*s. L251A and 1A®yqg L349% and D-ribose QUBIT gate
transcription factors RA? sz and R*qy are constitutively expressed and regulate each of the four OUTPUTSs on the reporter. Each OUTPUT is expressed
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used the transcription factor PhIF [2, 55] to regulate the ser-
ine recombinase A118 [56], which interacts with a set of anti-
aligned attachment sites (a#¢B and attP—i.e. oriented to facili-
tate inversion) flanking the operator sequences of a given bidi-
rectional synthetic promoter (Fig. 6C). In principle, induction
of PhIF prompts the expression of recombinase A118, which
catalyzes the inversion of the bidirectional promoter and op-
erator sequences. Said recombination event effectively swaps
the regulatory control of GFP and RFP OUTPUT channels—
i.e. we can induce the transformation of a biological QUBIT
gate to a PAULI-X gate via a SoF memory operation.

We built and tested two iterations of the said SoF (QUBIT to
PAULI-X) memory operation—(i) one unit operation respon-
sive to IPTG and (ii) another responsive to D-ribose (Fig. 6D
and E, and Supplementary Fig. S17). In both cases, the SoF
memory operation performed as expected observed by flow
cytometry (also see Supplementary Figs S6 and S18). This re-
sult demonstrates the successful convergence of memory with
reversible logic, introducing the ability to engineer intelligent
biological systems with expanded functionality and greater
dynamic programming capabilities.

Discussion

In this study, we present a novel toolkit for constructing
next-generation synthetic biological decision-making with ad-
vanced INPUT economy predicated on reversible logic—i.e.
biological QUBIT operations that can be used as building

blocks. The modular nature of said technology builds on our
T-Pro platform via leveraging previously developed synthetic
transcription factors paired with novel bidirectional synthetic
promoters developed in this study. Layering of biological
QUBITs allows for the systematic expansion of reversible pro-
grams from 1-INPUT, 2-OUTPUT operations to more ad-
vanced multiple-INPUT, multiple-OUTPUT reversible logical
operations. Commensurate with the tenets of intelligent bi-
ological systems, our quantum-inspired technology can be
systematically paired with memory operations to form SoF
units of inheritable function. Additionally, the use of bidi-
rectional synthetic promoters allows for additional circuit
compression—i.e. inherent (and complementary) to our orig-
inal T-Pro toolkit—via consolidating transcription initiation
of two disparate OUTPUTs to a single event.

Our quantum-inspired platform for decision-making marks
a clear advance over current reversible gate technology in
a single chassis cell [42]. Namely, the state of the art prior
to this study demonstrated and is limited to an apparent
FEYNMAN operation (see Supplementary Fig. S14D), which
poses a limit to scalability and biocomputing capability. In
contrast, our platform technology developed in this study is
predicated on fundamental QUBIT building blocks that are
scalable and resource efficient (i.e. compressed) enabling un-
precedented biocomputing capability and capacity in a sin-
gle chassis cell. Barring resource limits of the chassis cell, a
key limitation of our quantum-inspired wetware is the num-
ber of orthogonal synthetic transcription factors available for
INPUT processing. Our current design space for synthetic
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Figure 6. Recombinase-based QUBIT to PAULI-X gate SoF memory operation. (A) Example of a conventional decision-making only system comprised of
a single logical BUFFER operation. When the INPUT (hexagon) is added or removed, the OUTPUT state reversibly changes from ON to OFF, respectively.
Example of a recombinase-mediated memory only system composed of a single GoF operation. When the INPUT (hexagon) is added to the system, the
OUTPUT state permanently changes from OFF to ON via DNA recombination. (B) Diagram of QUBIT to PAULI-X gate conversion operation that offers
cooperative decision-making and memory functions. A biological QUBIT gate, which performs reversible OUTPUT state change (i.e. GFP to RFP) upon
addition of the decision-making INPUT, is transformed to a PAULI-X gate via the addition of a memory INPUT. The resulting PAULI-X gate performs the
reverse OUTPUT state change (i.e. RFP to GFP) upon addition of the decision-making INPUT. (C) Genetic architecture of QUBIT to PAULI-X gate
conversion memory operation. The transcription factor PhIF is expressed constitutively and regulates the recombinase A118. Additionally, a repressor
(X*ksL) and anti-repressor (X"yqgr) regulates—i.e. X = | or R—the PEP®® . inducible promoter flanked by A118 recombinase attB and attP attachment
sites. Upon PhIF induction (with DAPG), A118 is produced and inverts the PEP9 . promoter and operator DNA element, inverting the regulatory control
of each OUTPUT and converting the biological QUBIT gate to a biological PAULI-X gate. (D) Performance of IPTG and D-ribose biological QUBIT gates.
Each OUTPUT was measured with plate reader (bars) and flow cytometry (histograms) (see the "Materials and methods" section). Following
measurements, the memory operation was performed, and the circuits were re-assayed with the same conditions. (E) Memory of biological PAULI-X
logic (converted QUBIT gates) as described in panel (D).
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transcription factors is on the order of 108 with over 1000 pu-
tatively orthogonal INPUTs; in addition, said T-Pro biosensing
functions can be expanded via established protein engineering
workflows [57]. Accordingly, we posit that our wetware has
the potential of becoming a complete programming language.
We note that the objective of biocomputing is not to dis-
place abiotic computing—i.e. iz silico and the like—rather the
goal is to leverage biocomputing to confer decision-making
and synthetic intelligence in biological systems for next-
generation biomanufacturing, living therapeutics, and similar
biotechnologies.

Another limitation of our platform technology is biological
circuit designs optimized for compression. Namely, as circuit
complexity increases with higher-state computation, the de-
sign of the most compressed iteration of desired circuits can-
not be guaranteed without additional optimization (software)
strategies. In any case, we believe that this is a tractable prob-
lem and clearly marks the next objective for our platform tech-
nology. Taken together, this study represents a paradigm shift
in synthetic biology decision-making enabling the expansion
of T-Pro from Boolean logical operations to quantum-inspired
logical operations. We posit that said platform technology will
be of use in myriad applications that utilize both coding and
noncoding RNA and combinations thereof.
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