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Dynamic, multi-input gene regulatory networks (GRNs) are ubiquitous in nature.
Multilayer CRISPR-based genetic circuits hold great promise for building GRNs akin
to those found in naturally occurring biological systems. We develop an approach for
creating high-performing activatable promoters that can be assembled into deep, wide,
and multi-input CRISPR-activation and -interference (CRISPRa/i) GRNs. By integrat-
ing sequence-based design and in vivo screening, we engineer activatable promoters that
achieve up to 1,000-fold dynamic range in an Escherichia coli-based cell-free system.
These components enable CRISPRa GRN's that are six layers deep and four branches
wide. We show the generalizability of the promoter engineering workflow by improving
the dynamic range of the light-dependent EL222 optogenetic system from 6-fold to
34-fold. Additionally, high dynamic range promoters enable CRISPRa systems medi-
ated by small molecules and protein—protein interactions. We apply these tools to build
input-responsive CRISPRa/i GRNs, including feedback loops, logic gates, multilayer
cascades, and dynamic pulse modulators. Our work provides a generalizable approach
for the design of high dynamic range activatable promoters and enables classes of gene
regulatory functions in cell-free systems.

activatable promoter engineering | CRISPR activation | gene regulatory networks |
genetic circuits | cell-free

Natural biological systems employ complex gene regulatory networks (GRNs) to sense
diverse environmental cues and respond to them through the coordinated expression of
multiple genes (1-3). Cell-free systems (CFS) have emerged as an attractive chassis for
building synthetic biological systems as they allow for rapid prototyping of genetic parts
and circuits (4-8). To build increasingly complex CFES capable of sensing and responding
to diverse inputs, new approaches for increasing the capabilities of synthetic GRNs are
needed (9-13). Advances in GRN engineering will accelerate the use of CFES for building
multiplexed biosensors (14-16), deploying on-demand bioproduction platforms (17-19),
and the construction of synthetic cells (20-23).

CRISPR-Cas transcriptional regulation has proven a promising framework for building
sophisticated genetic circuits across a variety of biological systems (24-30). Transcriptional
units containing target sequences for CRISPR activation (CRISPRa) and/or CRISPR inter-
ference (CRISPRi), termed CRISPRa/i nodes, can be assembled into circuits with network
topologies specified by guide RNAs (gRNAs). Experimental and theoretical analyses indicate
that the CRISPRa/i system is well suited to design deep and wide control circuits containing
internal nodes connected in series or parallel through orthogonal gRNAs (31-33). Large
CRISPRi GRNs with up to 7 gRNAs have been constructed in yeast by implementing low
leak promoters and high dynamic range repressors (34). In Escherichia coli-based CFS,
CRISPRIi genetic control is well established (30, 35), and CRISPRa has recently been
incorporated (33), greatly expanding the circuit design space. However, CRISPRa circuitry
is limited by a lack of promoter-gRNA pairs that can be interconnected with minimal
signal degradation (33). Hence, a generalizable approach for engineering activatable pro-
moters with low basal and high activated expression levels would significantly improve
CRISPRa and enable the assembly of complex, input-responsive GRNs.

Promoter engineering efforts have traditionally focused on designing constitutive and
inducible promoters with predictable expression characteristics (36, 37). Tuning the
strength of constitutive promoters involves designing promoter sequences that achieve a
desired level of RNA polymerase (RNAP) recruitment to the promoter (38, 39). Inducible
promoters contain recognition sites for transcriptional activators or repressors that mod-
ulate transcriptional levels upon binding (40, 41). Development of high dynamic range
inducible promoters has relied on engineering derepression-based systems (41-45), largely
due to the difficulty of rationally designing activatable promoters (46, 47). For effective
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activation, RNAP recruitment to the promoter should be weak
in the absence of an activator; however, transcription initiation
should be strong upon activator-mediated RNAP recruitment
(40, 46). Hence, tuning RNAP interactions through promoter
sequence design could lead to higher dynamic ranges with
CRISPRa and other transcriptional activation systems.

We develop an approach integrating sequence-based design and
in vivo screening to generate an expandable set of high-performing
promoters that exhibit both low basal and high activated expression
levels. Through a sequential selection approach, we design activatable
promoters with up to 1,000-fold dynamic range, constituting a
33-fold improvement from previous synthetic promoters (33). These
promoters enable complex network topologies with performance
levels not previously accessible in CFS (33), including a six-layer deep
cascade and a four-branch parallel circuit. By engineering activatable
promoters, different inputs can be incorporated into CRISPRa/i CFS
circuits. We demonstrate that a blue light—responsive transcriptional
activator and three different protein—protein interaction (PPI)-
dependent CRISPRa systems can function as circuit inputs. We
successfully engineer input-responsive CRISPRa/i circuits operating
as multilayer activation cascades, positive feedback (PFB) loops,
AND-like logic gates, and dynamic two-input pulse modulators.
Opverall, this work describes a workflow for engineering activatable
promoters and provides a toolbox of versatile components with
immediate utility for implementing CRISPRa/i circuits. Together,
these developments dramatically expand the ability to assemble
large, multi-input GRNs in CFS.

Results

We first sought to characterize the impact of sequences affecting
RNAP recruitment on both basal and activated expression levels
of synthetic activatable promoters. RNAP recruitment is depend-
ent on the affinity of the RNAP sigma subunit (6) for the -10
and -35 hexamers of the minimal promoter (48, 49) (Fig. 1A4).
Additionally, recruitment is influenced by the GC content of the
intervening sequence between the -10 and -35 sites (48, 49)
(Fig. 1A). Promoter recognition is enhanced by the AT-rich UP
elements upstream of the minimal promoter, which anchor the
a-subunits of RNAP. Collectively, the sequence compositions of
these regions influence RNAP recruitment, binding, and initiation
at the promoter. We systematically designed libraries of these dis-
crete promoter regions and used a scalable workflow for screening
and isolating library variants in E. co/i. The libraries were cotrans-
formed with an aTc-inducible CRISPRa plasmid to enable parallel
screening of basal and activated expression levels (Fig. 1B, Methods
8510) (33). In the absence of aTc, RNAP recruitment is determined
by the promoter basal strength. Upon aTc induction, the MCP-
SoxS$ activator is expressed and localized to a CRISPRa complex
at the promoter via a modified gRNA, or scaffold RNA (scRNA),
containing the MS2 hairpin. MCP-SoxS then recruits RNAP to
the promoter through a-CTD interactions, activating transcrip-
tion (50) (Fig. 1A4). This approach allows us to characterize the
impact of individual promoter regions on basal and activated
expression simultaneously, and combine variants with low basal
and high activated expression to construct high-performing acti-
vatable promoters.

Functional Interrogation of Promoter Regions with CRISPRa.

Impact of minimal promoter region on activatability. Previous work
has demonstrated the importance of the minimal promoter region
in determining basal and activated expression levels (40, 46, 50-52).
We designed two minimal promoter libraries mutagenizing the
-10/-35 hexamers and the intervening sequence of the previously
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identified best-performing minimal promoter (BBa_]J23117)
within the J3 synthetic CRISPRa promoter (Fig. 1C, Methods
S11) (46). These libraries were cotransformed with the aTc-
inducible CRISPRa plasmid expressing the J306 scRNA targeting
the cognate J3 promoter. Both libraries yielded high promoter
diversity, as measured by RFP expression levels, with basal and
activated expression levels ranging from that of a no-reporter control
to a strong constitutive promoter (BBa_]J23119) (Fig. 1D). The
subset of promoters not activated may arise from the generation of
sequences resembling tightly regulated native promoters.

The set of minimal promoter variants that maintain both low
basal and high activated expression levels can be conceptualized as
a Pareto optimal front. In multiobjective optimization, a Pareto
front defines the best-performing solutions for which no further
improvements in either objective can be achieved without compro-
mising the other (8] Appendix, Methods S3) (53). Three variants
from this Pareto front exhibited both lower basal and higher acti-
vated expression levels compared to the original BBa_J23117, indi-
cating the original minimal promoter was not a part of the Pareto
front. This finding suggests that promoter mutagenesis can yield
improved activatable promoters beyond previous screening methods
based on promoter basal strengths alone (46). By mutagenizing the
minimal promoter of CRISPRa promoters, we generated sequences
with >100-fold dynamic range in CRISPRa-mediated gene expres-
sion (SI Appendix, Fig. S1).

Impact of UP element region on activatability. RNAP promoter
recognition is enhanced by the AT-rich UP elements upstream
of the minimal promoter, which anchor the a-subunits of RNAP
(40, 48, 54). For effective CRISPRa, RNAP should only be
recruited to the promoter in the presence of an on-target scRNA.
Hence, for transcriptional activation with SoxS, improvements
in dynamic range could be achieved by minimizing RNAP—
UP element interactions and lowering basal expression levels
(55). We designed five UP element libraries mutagenizing the
AT-rich E. coli consensus sequence with increasing GC content
(Fig. 24, Methods S11). As expected, the consensus UP element
and the AT-rich library had the highest basal expression levels
(Fig. 2 B, Left). On average, these libraries showed only threefold
activation, as compared to 37- to 44-fold activation for the more
GC-rich libraries (ST Appendix, Figs. S2 and S3). Qualitatively, we
observed a monotonic decrease in basal expression levels and no
impact on maximum activated levels with increased GC content
(SI Appendix, Fig. S2). We identified the optimal variants from
each library and found a shift in the Pareto front toward lower
basal and higher activated expression levels with increasing UP
element GC content (Fig. 2 B, Right). Specifically, the median basal
and activated expression levels of the GC-rich optimal variants
were 59.7-fold lower and 1.7-fold higher than that of the AT-rich
optimal variants. The original J3 synthetic promoter, with an UP
element GC content of 50%, sat in between the Pareto fronts
consisting of high and low GC content variants. By mutagenizing
the UP element, we generated promoter variants with >350-fold
dynamic range in CRISPRa-mediated gene expression.

Impact of the scRNA target site region on activatability.
Transcriptional activators bind upstream of the minimal promoter
region to recruit RNAP to the transcription start site (TSS) (40).
For CRISPRa, the optimal scRNA target site location for SoxS-
mediated activation is -81 bp upstream of the TSS (46). Changing
the scRNA target sequence enables rapid generation of orthogonal
CRISPRa promoters (56, 57). Due to the proximity to the UP
element region, we reasoned that the sequence composition of the
scRNA target site may have an impact on basal expression levels.
We designed three scRNA target site libraries composed of varying
GC content (Methods S11) and measured the basal expression of
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B Assembly and screening of libraries of activatable promoters
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Fig. 1. Functional interrogation of promoter regions with CRISPRa. (4) Schematic of RNAP interactions with the CRISPRa complex and target promoter. ¢”°
affinity for the minimal promoter and «-CTD affinity for the UP element determines RNAP recruitment to a promoter. When CRISPRa is targeted to a promoter
with a complementary scRNA target site, the RNAP «-CTD domain is recruited by the SoxS transcriptional activator. RNAP-promoter and CRISPRa-promoter
interactions can be modulated by modifying the DNA sequence of the different promoter regions. (B) Workflow for the assembly and characterization of libraries
of activatable promoters. A library of RFP genes with varying promoters is generated through PCR (Methods S9). The library is then cotransformed into E. coli
with an aTc-inducible CRISPRa plasmid. Colonies are then seeded overnight, and subsequently diluted into media with appropriate concentrations of aTc. For
each promoter variant in the libraries, basal and activated RFP levels were measured with 0 nM and 200 nM aTc, respectively (Methods 5170. (C) Schematic of
RNAP interaction with the minimal promoter and library design. ¢’° recognizes specific positions in the extended —10 and -35 regions of the minimal promoter,
which informed the design of the library MP1. 6" binding is also influenced by the GC content, the length, and the '°TGn™" motif of the intervening sequence,
which informed the design of library MP2 (Methods $171). (D) Minimal promoter effect on expression levels. Left: Inducible CRISPRa system and minimal promoter
libraries of the J3 synthetic promoter. MCP-SoxS is expressed from the aTc-inducible pTet promoter. dCas9 and J306 scRNA are constitutively expressed. Right:
Activated and basal RFP/ODg, for the two minimal promoter libraries (nyp, = 89, Nyp, = 84). The red dash line defines the Pareto front containing the best-
performing promoter variants (S/ Appendix, Methods S3), for which no further improvements in basal or activated levels can be achieved without compromising
the other. The gray dash line defines promoter variants with equal activated and basal expression levels, indicating they are not activated by CRISPRa. The J23117
minimal promoter (green, triplicates) is included as a standard reference for CRISPRa efficiency. The J23119 minimal promoter (red, triplicates) is an example of
a nonactivatable promoter due to high basal expression levels. A plasmid without RFP (black, triplicates) indicates the background fluorescence of the system.

each library. GC-rich libraries had 4.3-fold lower median basal
expression compared to AT-rich libraries (Fig. 2C). Additionally,
the spread of the basal expression decreased monotonically
with increasing GC content of the scRNA target site sequence
(Fig. 2C). Together, these results indicate GC-rich scRNA target
site sequences lead to low basal expression CRISPRa promoters,
perhaps due to reduced interaction with RNAP. To validate the
CRISPRa activity at these low basal expression scRNA target sites,
we selected 10 GC-rich variants and constructed the corresponding
scRNAs. All variants produced a higher fold activation than the
original J306 scRNA (8] Appendix, Fig. S4), with 3.5-fold average

increase in fold activation.

Combining Promoter Regions to Engineer High-Performing
CRISPRa Promoters.

Engineering activatable promoters by combining optimized
promoter regions. We proceeded to test whether the highest-
performing variants from the UP element and minimal promoter
screens could be combined to yield activatable promoters with
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improved performance. We selected three high-performing
variants from both the UP element and minimal promoter screens,
as well as the starting J3 UP element and BBa_J23117 minimal
promoter, and constructed a combinatorial set of 16 promoters.
Notably, promoter regions that gave the largest improvements
in the original context did not necessarily give the largest
improvements when tested in different contexts (S Appendix,
Fig. S5). For instance, an UP element that gave 300-fold activation
with one minimal promoter only gave 200-fold activation with a
different high-performing minimal promoter (P = 0.003), largely
due to an increase in basal expression (SI Appendix, Fig. S5, Right).
ANOVA results (P=10") support the view that UP element and
minimal promoter contributions affecting activation cannot be
isolated from one another (87 Appendix, Table S7).

Engineering activatable promoters through sequential promoter
region screening. The results from the previous section highlight
the effects that promoter region contexts play in the design of high-
performing activatable promoters. Therefore, we tested whether
promoters with improved basal and activated expression levels could
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Fig. 2. Combining promoter regions to engineer high-performing CRISPRa promoters. (A) Schematic of RNAP interactions with the UP element and library
design. a-CTD affinity for AT-rich UP elements upstream of the minimal promoter helps recruit RNAP. Upon targeting with CRISPRa, UP element RNAP recruitment
contributions are largely replaced by SoxS-RNAP «-CTD interactions. UP element libraries with increasing GC content were designed to minimize o-CTD interactions
(Methods S11). (B) UP element GC content effect on expression levels is shown through activated and basal RFP/ODg, for the six UP element libraries (ngp; =
Nups = ... = Nype = 110). Left: Increasing GC content in the UP element lowers the range of the basal expression level, while maintaining the full range of activated
expression levels. The gray dash line defines promoter variants with equal activated and basal expression levels. Right: Colored dash lines define the Pareto
front for each UP element library (S/ Appendix, Methods S3). Increasing the UP element GC content effectively shifts the Pareto front toward lower basal
expression levels. (C) scRNA target site composition effect on basal expression. Comparison of three scRNA libraries with increasing GC content (ng; = Ns, = Ng3 =
93) (Methods S71). Basal expression levels are normalized to the standard J3 promoter basal expression level. Red lines indicate the median expression level of
each distribution. The interquartile range is calculated as the difference between the upper and lower quartiles and measures the spread of the distribution.
(D) Sequential construction of activatable promoters. Left: Activatable promoters were constructed by sequential library mutagenesis screens starting from the
J3 promoter with a GC-rich scRNA target site. Three Pareto optimal UP elements were selected after promoter mutagenesis with a GC-rich UP element library
(1). We then mutagenized the minimal promoter of the three previously selected variants (2) and again selected three Pareto optimal variants. Right: Basal and
activated expression levels for all mutagenesis variants normalized to the standard J3 promoter expression levels (green). Yellow points represent variants
from the UP element mutagenesis (nyps = 192) (1), while purple points represent variants from the minimal promoter mutagenesis (nyp; = 279) (2). Red circles
indicate selected variants from each screen, and solid lines depict the Pareto optimal fronts. Each sequential mutagenesis led to variants with both lower basal
and higher activated expression levels.
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be achieved by selecting minimal promoters in the context of high-
performing UP elements. We first screened the UP element region
as these libraries had a larger impact than the minimal promoter
libraries on the location of the Pareto front (Figs. 1D and 2B). We
mutagenized the UP element of a promoter containing the minimal
promoter BBa_J23117 and a GC-rich scRNA target. We selected
three Pareto-optimal UP element variants, which had on average
10% of the original basal and 12% higher activated expression than
the J3 promoter (Fig. 2D). We then screened minimal promoter
libraries in the context of these three selected UP element variants.
We again selected three new promoter variants from the Pareto
front, which had on average 17% of the basal and 56% higher
activated expression than the J3 promoter (Fig. 2D). With this
sequential screening approach, we overcame the context effects
observed in the previous section and successfully shifted the Pareto
front toward lower basal and higher activated expression for both
the UP element and minimal promoter screens.

40f12 https://doi.org/10.1073/pnas.2220358120

Engineering Deep and Wide Circuits with High-Performing
CRISPRa Promoters. In nature, interconnected, multilayer
transcriptional networks coordinate the timing and levels of
expression of multiple genes to produce complex responses to
environmental stimuli (1, 58, 59). To develop CRISPRa/i GRN's
with complexities approaching those found in nature, components
enabling construction of circuits with arbitrary interconnections
and minimal signal degradation are needed. CRISPRa promoters
with high output dynamic ranges are expected to minimize signal
degradation by enabling effective level-matching of the input/
output dynamic ranges between sequential CRISPRa/i nodes
(33, 34). Dynamic range improvements achieved at the promoter
level should translate into signal propagation improvements at
the circuit level and enable construction of increasingly deep and
wide CRISPRa circuits.

Engineering functional CRISPRa/i nodes. We characterized the three
promoter variants selected above (Fig. 2D, HP1-3) in CFS and
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observed up to ~1,000-fold dynamic range (57 Appendix, Fig. S6)
and a high degree of correspondence with in vivo expression levels
(R*=0.92). We used these promoters to generate a set of orthogonal
CRISPRa/i nodes to be assembled into multilayer circuits following
previously described methods (33). We combined the highest
dynamic range activatable promoter (HP3, S/ Appendix, Table S1)
with previously screened scRNA target sites to generate orthogonal
CRISPRa/i nodes (Fig. 3A4). Dose—rtesponse curves for each
orthogonal node made by titrating the plasmid expressing the cognate
scRNA showed that these new nodes gave an average activation of
890-fold (Fig. 3B and SI Appendix, Fig. S7 andTable S1). Given
the context dependence of activation, these nodes could be further
improved through sequential mutagenesis of promoter elements in
the context of the corresponding scRNA target sequence.

Deep CRISPRa circuits. We investigated whether deep multilayer
cascades could be implemented using the improved CRISPRa/i
nodes. We first built a two-layer CRISPRa cascade by tuning
the expression levels of the input and internal CRISPRa/i nodes
and achieved up to 127-fold activation (SI Appendix, Figs. S8
and S9). An excess of either the input or internal node led to
decreased performance of the cascade, potentially due to scRNA
competition for binding to dCas9 (31, 60). Next, we assembled
four-layer activation cascades. To compare circuit performance
and dynamics in response to scRNA inputs, we measured RFP
expression and time to maximum expression rate (z,,,) (Fig. 3C,
Inset; SI Appendix, Fig. S10) (SI Appendix, Methods S3). 1f the input
signal propagates faster than the leak from the rest of the nodes,
CRISPRa-dependent expression through the network accelerates,
reducing z,,,.. Therefore, a larger #,,, between the + input conditions
(4t,,,,) corresponds with improved circuit function.

For a cascade with equal node concentrations at each layer, we
found no input-dependent change in maximum RFP expression
and a Az, of 110 min (Fig. 3 C, Middle). We tuned node con-
centrations by either decreasing (denoted “D”) or increasing
(denoted “I”) the concentration of each subsequent node as depth
increased (Fig. 3 C, Leff). These assemblies D and 7 had the lowest
and highest expression levels, respectively (Fig. 3 C, Middle). These
assemblies also had 7, significantly accelerated compared to their
no input conditions (Az,,, of 85 min and 165 min, and P = 0.01
and P = 3 x 107", respectively) (Fig.3 C, Right). When
scRNA-promoter dose—response curves were used to inform cir-
cuit assembly, we obtained threefold higher activated expression
than assembly D and 4.5-fold lower basal expression than assembly
I, with a similar overall fold activation and Az, (Fig. 3C).

We interrogated the impact of high-performing promoters on
circuit function by exchanging the high-performing promoter of
the second internal node for a previously characterized promoter
with leakier basal expression (33). While the leakier promoter was
sufficient for constructing functional two-layer cascades (33), the
four-layer cascade was no longer input-responsive, as indicated by
the fact that expression level and #,,, were the same with or with-
out input scRNA. In contrast, all of the assemblies containing
high-performing promoters were input-responsive, underscoring
the importance of high-performing promoters for building deep
transcriptional circuits.

To improve the fold activation of the four-layer cascade, we
tuned the concentrations of individual nodes in the cascade. To
reduce the experimental search space, we held the second node
constant and tuned the concentrations of the first and third inter-
nal nodes. With this approach, the tuned four-layer cascade
achieved 16-fold activation compared to twofold activation of the
initial cascades (Fig. 3 Cand D). Qualitatively, higher concentra-
tions of the third node resulted in higher activated states, while
lower concentrations of the first node minimized basal expression
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(81 Appendix, Fig. S11). Notably, these circuits maintained roughly
80% of their maximal activity even when node concentrations
varied by nearly 50% (Fig. 3D and SI Appendix, Fig. S11), show-
ing that they are robust to changes in the amounts of gRNAs and
targets. Overall, these results indicate that timing and expression
level of multilayer, input-responsive circuits can be controlled
through node concentration tuning.

We investigated how input signals are communicated through
increasingly deep circuits by measuring signal propagation and
signal delay at each layer (Fig. 3 E, Leff). We quantify the percent
of signal propagated by calculating the fold activation of the full
cascade output divided by the activation from the input layer
(SI Appendix, Methods S3). We define signal delay as the difference
between #,,, ;¢ of the cascade input and output layer, where 7, ¢
is the time needed to reach the maximum fold activation
(81 Appendix, Methods S3). Signal propagation was sustained above
80% until the 4th layer was added, after which it decreased rapidly
(Fig. 3 E, Right). Nevertheless, we observed measurable output
differences in circuits of up to six layers. The two-layer cascade
gave no significant difference in signal delay compared to a
single-layer CRISPRa reaction (P = 0.9). This may suggest there
is a slow step in output production, such as fluorophore matura-
tion, that masks the effect of the second layer. Beyond two layers,
the signal delay increased with subsequent additions of the third,
fourth, and sixth layers (Fig. 3 £, Right), averaging ~50 min/layer,
but ranging from ~20 to 100 min.

We investigated whether the signal propagation and signal delay

at each layer could be explained by the performance of individual
nodes. We used the maximum fold-change of individual nodes from
the dose—response curves (8] Appendix, Fig. S7) to predict the delay
and signal propagation at the subsequent level (S7Appendix,
Methods §4). The model-derived predictions showed high corre-
spondence with the signal propagation and delay at each of the six
layers (R=0.92and R =0.91, respectively) (S Appendix;, Fig. S12).
These results are consistent with the ideas that high-performing
nodes can quickly activate subsequent layers, propagate signals efh-
ciently, and be assembled into deep circuits.
Wide CRISPRa circuits. To identify conditions under which
orthogonal nodes can compose wide CRISPRa circuits, we
constructed one, two, three, and four parallel three-layer cascades
operating in the same CFS reaction. We used a single input to
activate the downstream nodes, and measured circuit performance
by connecting all of the parallel cascade scRNA outputs to the
same RFP node (Fig. 3 F, Leff). When we maintained the internal
node concentrations constant across parallel cascades, we observed
up to 66% decrease in output fold activation as the width of the
circuit increased from one to four cascades (Fig. 3 F, Right). This
decrease came largely from higher output levels in the absence of
scRNA input (87 Appendix, Fig. S13), most likely due to higher
basal expression of internal scRNAs. We then constructed the same
circuits and tuned the node concentrations proportionally to the
number of parallel cascades, effectively maintaining the total node
concentration constant. When constructed in this manner, we
found no stadistically significant difference in the fold activation
across cascades of different widths (P = 0.61) (Fig. 3 F, Righ).
Hence, by tuning the concentration of orthogonal CRISPRa/i
nodes, we show an arbitrary number of parallel circuits with as
many as nine nodes may be regulated.

Developing Activatable Promoters for Blue Light-Responsive
CRISPRa/i Circuits.

High-performing blue light-responsive promoters. Having dem-
onstrated that high-performing CRISPRa promoters can be
generated through sequential screening, we tested the same
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Fig. 3. Engineering deep and wide circuits with high-performing CRISPRa promoters. (A) Schematic of orthogonal CRISPRa/i nodes for use in cell-free circuits.
Internal nodes contain an orthogonal scRNA target site and express orthogonal scRNAs. Output nodes contain orthogonal scRNA target sites and express RFP. All
nodes contain the same UP element and minimal promoter (HP3). (B) High-throughput characterization of scRNA components in CFS. Left: Plasmids encoding each
CRISPRa component are mixed using an acoustic liquid handling robot and expressed in CFS. Right: scRNA-dose-response curves for each node are generated
by titrating the amount of scRNA plasmid from 0.5 pM to 5 nM. (C) Comparison of assembly strategies for building a four-layer CRISPRa cascade. Left: Internal
node concentrations either decreased from 200 pM to 32 pM as depth increased, were held constant at 200 pM, or increased from 200 pM to 1.25 nM as depth
increased. A fourth assembly method was tested in which internal node concentrations were 40, 200, and 170 pM, based on individual scRNA-dose response
characteristics. A fifth cascade was included in which the high-performing promoter of the second internal node was replaced with the leaky J2 promoter. Input
and output node concentrations were held constant across all strategies at 0 or 15 pM and 10 nM, respectively. Center: Cascade output RFP expression for each
assembly strategy with scRNA input (red) and without (black), relative to RFP basal expression. Right: Change in time to maximum expression rate (At,,,,) for
each assembly strategy (S/ Appendix, Methods S3). (D) Rapid fold change optimization of a four-layer CRISPRa cascade. Left: The first and third internal nodes of
the cascade were varied between 40 and 160 pM and 85 and 340 pM, respectively. The input node, second internal node, and output node were held constant
at 0 or 15 pM, 0.2 nM, and 10 nM, respectively. Right: Fold change between with and without scRNA input for each CRISPRa cascade. (E) Signal propagation
through deep CRISPRa/i circuits. Left: CRISPRa cascades with increasing depth. Input and output node concentrations were held constant across all cascades
at 0 or 15 pM and 10 nM, respectively. All of the parallel cascade scRNA outputs are connected to the same RFP node. All node concentrations are tabulated in
Sl Appendix, Table S5. Right: Propagation efficiency and signal delay are shown as a function of circuit depth (S/ Appendix, Methods S3). (F) Construction of wide
CRISPRa/i circuits. Left: CRISPRa cascades with increasing width. Input and output node concentrations were held constant across all cascades at 0 or 15 pM and
10 nM, respectively. Right: The concentration of each internal node was held at 0.2 nM as circuit width increased (blue), or the internal node concentration was
scaled down proportionally to the width of the circuit (red), such that each internal node concentration is 0.2/n nM, where n is the number of parallel cascades.
Fold activation is given relative to a single CRISPRa cascade (S/ Appendlix, Methods S3). For all panels, values represent the mean + SD of three technical replicates.

approach for engineering activatable promoters responsive to
other transcriptional activators. The EL222 transcriptional
activator interactions with the RNAP and the DNA binding
site are well-characterized, making it a suitable model system for
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developing optogenetic inputs for CRISPRa/i circuits (Fig. 4A)
(61-64). Briefly, EL222 binds an 18-bp sequence upstream of
the -35 region of the /ux] promoter and subsequently recruits
RNAP through interactions with the @ and o subunits (64). We
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Fig. 4. Developing activatable promoters for blue light-responsive CRISPRa/i circuits. (A) Schematic of EL222 light-responsive promoter system and library
design. EL222 transcription factor dimerizes in response to 470-nm light and binds a specific sequence upstream of the minimal promoter. EL222 then recruits
RNAP through interactions with the a-CTD domain. The minimal promoter library design is based on the original /ux/ promoter and previous minimal promoter
libraries (Methods S71). (B) Characterization of light-responsive promoters in E. coli. Left: Blue-light promoter screening (Methods S13). EL222 protein and promoter
library are expressed from a single plasmid. Assembly and screening are carried out as previously described. Basal and activated expression levels are measured
from cultures not exposed or continuously exposed to blue light, respectively. Right: Basal expression and dynamic range of blue-light promoter variants (nyps =
96). The gray dash line defines promoter variants with equal activated and basal expression levels, indicating they are not activated by EL222. The J23119 minimal
promoter (red) and J23113 (black) are examples of nonactivatable promoters. Variants with improved performance (red circles) compared to the original /ux/
promoter (green) were selected for use in CFS. (C) Light-responsive CRISPRa in CFS. Left: EL222 scRNA expression from an engineered blue-light promoter
and downstream CRISPRa. Reactions contain 8 nM and 10 nM of EL222 and RFP plasmids respectively. Right: Titration of blue light-inducible scRNA plasmid
concentration to maximize the fold change between blue light-dependent CRISPRa (blue) and CRISPRa due to scRNA leak in the dark (black). (D) Improvement
of blue-light CRISPRa dynamic range through the construction of a PFB circuit. Left: Blue light-responsive CRISPRa cascade with PFB. PFB is achieved by including
a downstream node that expresses a scRNA targeting an upstream node Reactions contain 15 nM and 10 nM of EL222 and RFP plasmids respectively. Right:
Blue light-dependent CRISPRa (blue) and CRISPRa due to scRNA leak in the dark (black). The amount of PFB was tuned by adjusting the concentration of the
PFB node. “No”, “Low”, and “High” PFB concentrations correspond to 0, 3 pM, and 2 nM, respectively. For all panels, values represent the mean + SD of three
technical replicates.

mutagenized the /ux/ minimal promoter (Fig. 44, Methods S11),
and screened variants in E. co/i in dark and light to select for
high dynamic range (Fig. 4B). Starting with a dynamic range of
less than twofold, we observed up to fourfold dynamic range in
response to blue light. Similar to our CRISPRa promoter screens,
minimal promoters with very low (BBa_J23113) or very high
(BBa_J23119) basal expressions exhibited low dynamic range in
response to blue light.

We selected 4 variants with >twofold higher dynamic range than
the /uxI minimal promoter and characterized them in CFS. These
variants yielded a 34.1-fold difference in expression between light
and dark, compared to just 6.2-fold for the original /#x/ minimal
promoter (SI Appendix, Fig. S14). This improvement comes largely
from a reduction in the basal expression from the blue-light pro-
moter, suggesting we successfully minimized the RNAP-minimal
promoter interactions without weakening EL222-promoter inter-
actions. More importantly, these results demonstrate this approach

PNAS 2023 Vol.120 No.30 2220358120

for engineering actionable promoters is applicable to other tran-
scriptional activation systems.

Blue light-responsive CRISPRa/i circuits. We evaluated whether the
engineered blue-light promoter transcription levels were suitable
for expressing gRNAs for CRISPRa/i circuits. We titrated gRNA-
expressing plasmid concentrations and compared RFP expression
across dark and light conditions. For CRISPR, the highest light-
dependent change in repression was 50% (SI Appendix, Fig. S15).
For CRISPRa, the highest light-dependent fold activation was
11-fold (Fig. 4C), which improved to 14-fold upon increasing
EL222 plasmid concentration (S/ Appendix, Fig. S$16).

We then constructed a light-dependent activation cascade and
observed only a fivefold activation in response to blue light
(Fig. 4D). To improve the fold activation, we implemented a PFB
loop in which a downstream node expresses a scRNA directing
CRISPRa to an upstream node. We expected the degree of PFB
in the system to be tunable by titrating the PFB node, with high
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concentrations of this node resulting in activation in the absence
of blue light. When optimally tuned, the PFB loop increases the
light-dependent CRISPRa output levels almost twofold (Fig. 4D).
Excess PFB node led to a 7.6-fold increase in basal expression,
decreasing the light-dependent activation to 1.2-fold. These results
highlight that rationally designed genetic circuits built from engi-
neered activatable promoters can be used to improve the dynamic
range of input-responsive signal processing modules.

Engineered Activatable Promoters Enable Conditional CRISPRa
Dependent on PPIs. The versatility of PPI-mediated genetic
regulation for coupling peptide or small-molecule binding to
transcriptional outputs has long attracted interest (65-71). In
principle, CRISPRa assemblies incorporating dimerizing protein
domains could be utilized for PPI-dependent transcriptional
activation in bacterial CFS. However, realization of these systems
has been limited by strict target site requirements and a low
dynamic range of activatable promoters (46, 72). We reasoned
that the high dynamic range promoters developed here would
allow us to screen for otherwise hard-to-detect functional target
sites and component stoichiometries and, if successful, achieve
effective conditional, PPI-dependent CRISPRa.

Development of conditional CRISPRa systems. As experimental
testbeds, we incorporated three previously characterized protein—
protein heterodimerization domains into our CRISPRa system: the
synthetic coiled-coil SYNZIP 5/6 pairs (73), the abscisic acid (ABA)
responsive ABI-PYL1 (65, 74, 75), and the gibberellic acid (GA)
responsive GID1-GAI (65, 76). We fused these heterodimerization
domains to SoxS and MCP to enable conditional recruitment of SoxS
to the CRISPRa complex. We generated the MCP-SZP6 and SoxS-
SZP5 domains for SYNZIP-CRISPRa, the MCP-ABI and SoxS-
PYL1 domains for ABA-CRISPRa, and MCP-GAI and SoxS-GID1
for GA-CRISPRa (Fig. 54). In the original J3 promoter context, we
observed 5.7-fold activation when cognate SYNZIPs were fused to
the C termini of MCP (MCP-SYNZIP) and SoxS (SoxS-SYNZIP)
(81 Appendix, Fig. S17). This combination of orientations gave the
best activation, compared to 2.8-fold when MCP was fused in the
opposite orientation (SYNZIP-MCP & SoxS-SYNZIP), and 1.4-fold
when SoxS was fused in the opposite orientation (MCP-SYNZIP &
SYNZIP-SoxS) (SI Appendix, Fig. S17). The fold activation of ABA-
CRISPRa was also maximized when SoxS was at the N terminus
(SI Appendix, Fig. S17, Right), therefore we moved forward with
all SoxS N-terminal fusions. For ABA- and GA-CRISPRa, only
C-terminal MCP fusions were tested due to the MCP-SYNZIP
result and the strong precedent for using C-terminal MCP fusions in
CRISPRa systems (50, 77).

CRISPRa operates narrowly within -101:-71 bp from the TSS
in a phase-dependent manner (46). We tested whether the intro-
duction of an additional protein linkage into MCP-SoxS affects
the relative scRNA target site requirements (72). We designed a
CRISPRa promoter with densely packed scRNA target sites every
10 bp (50), as well as variants with 1-bp frameshifts (46, 72) to
allow screening with single base pair resolution between -111:-81
bp from the TSS (Fig. 5B and SI Appendix, Table S1). Surprisingly,
SYNZIP-CRISPRa maintains the same preference for the target-
ing site -81 bp from the T'SS and the same stringent 10- to 11-bp
phase dependency seen in conventional CRISPRa (Fig. 5B and
SI Appendix, Fig. S18). We then tested SYNZIP-CRISPRa using
a high-performing promoter with an optimal target site (HP3,
SI Appendix, Table S1) and found a 5.4-fold improvement com-
pared to the original J3 promoter (S Appendix, Fig. S19).

To create functional systems for coupling peptide or small-molecule
binding to CRISPRa-directed transcriptional outputs, we identified
permissible small-molecule input and component expression levels. For
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ABA- and GA-CRISPRa, small-molecule titrations showed that
ABA-CRISPRa is responsive between 0.1 and 10 pM with up to
7.9 fold activation, and GA-CRISPRa is responsive between 1
and 1,000 pM with up to 9.0 fold activation (Fig. 5C). We screened
dimer stoichiometries and expression levels by surveying a range of
concentrations for the MCP- and SoxS-fused components. SYNZIP-
CRISPRa performs the best of the three systems, giving a maximal
activation of 67-fold compared to a control without MCP or SoxS.
Even at low concentrations of MCP- and SoxS-fused components,
SYNZIP-CRISPRa still achieves 59-fold activation (Fig. 5 D, Lef?).
ABA-CRISPRa gave a maximum activation of 18.6-fold (Fig. 5 D,
Middle). For GA-CRISPRa, the maximum activation of 5.9-fold
was accessible in a relatively narrow range of component concentra-
tions (Fig. 5 D, Right). For all three PPI-dependent CRISPRa sys-
tems, higher expression of the MCP- and SoxS-fused heterodimer
components did not necessarily improve activation. In line with the
behaviors of natural scaffolds (78, 79), we observed a unique optimal
concentration for each PPI-dependent CRISPRa system. The differ-
ences between systems may be due to the different affinities of each
PPL

Engineering Multi-lnput CRISPRa/i Circuits.

Multilayer and multi-input circuits with conditional CRISPRa. We
built two types of input-responsive circuits to explore the use
of conditional CRISPRa for multi-input and multilayer input
processing: an AND-like logic gate and a CRISPRa cascade. We
began by characterizing the scRNA dose-response curve of the
CRISPRa systems. For both conditional CRISPRa systems, the
amount of scRNA needed to saturate the CRISPRa response was
similar to that of direct CRISPRa (87 Appendix, Figs. S7 and
§20). We tested the orthogonality of the small molecule systems
to evaluate whether they could be used together for independent
gene regulation (Fig. 64). ABA-CRISPRa is highly specific to its
target ligand, showing no significant activation in the presence of
GA (P = 0.21). GA-CRISPRa showed 3.1-fold cross-activation
from ABA, in line with reports in eukarya (65). Nonetheless,
GA-CRISPRa maintained a threefold higher specificity for its
cognate ligand, giving 10.5-fold activation from GA. These results
suggested that the ABA- and GA-CRISPRa systems could be used
for orthogonal gene regulation.

We constructed a multi-input circuit for AND logic by coex-

pressing components for ABA- and GA-CRISPRa (Fig. 6 B, Lefi).
The addition of either ABA or GA resulted in twofold activation
compared to the no-ligand condition (2 = 0.03). Therefore, we
specified that the average of the technical replicates must be above
or below twofold activation for the circuit to be considered ON or
OFFE. Consistent with AND-like logic, the circuit generated
4.5-fold activation in the presence of both ligands, a level of acti-
vation that was clearly distinct from either of the one-input states
(P=0.03). We built a multilayer conditional CRISPRa cascade by
having both internal layers dependent on ABA. The cascade gave
2.5-fold activation upon addition of ABA, showing that conditional
CRISPRa can also support multilayer information processing
(Fig. 6 B, Right).
Two-input dynamic pulse generator. Synthetic biologists aim to
recreate complex, dynamic signaling networks with multiple input-
responsive regulators to tightly program the expression timing and
magnitude of downstream targets (2, 3, 80). As a proof of concept,
we aimed to engineer a GRN that integrates blue-light CRISPRi
with PPI-dependent CRISPRa. The result would be a tunable
pulse generator with two-input control over the level and timing
of gene expression (Fig. 6 C, Leff). Because SYNZIP-CRISPRa
has high-fold activation (SI Appendix, Fig. S20), we expected that
it could be well suited for integration with blue-light CRISPRi.
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Engineered activatable promoters enable PPI-dependent conditional CRISPRa. (A) Schematic of different PPl-dependent CRISPRa systems. MCP-SoxS

fusion is split and the two proteins are instead fused to one end of a heterodimerization domain. The heterodimerization domains used to build PPI-dependent
CRISPRa systems are the SYNZIP5/SYNZIP6 pair, the ABA-responsive ABI/PYL1 domain, and the gibberellic acid (GA)-responsive GAI/GID1 domain. (B) Distance
requirements of PPI-dependent CRISPRa. Left: Engineered promoter containing densely packed scRNA target sites and single base pair 5’ additions allows for
CRISPRa targeting between -81 and =111 bp from the TSS. Right: Testing SYNZIP-CRISPRa between -81 and -91 bp from the TSS. SYNZIP-CRISPRa components are
expressed at 5 nM. Fold change is calculated relative to an off-target sScRNA for each promoter variant. (C) Tuning conditional CRISPRa response through titration
of small molecule concentration. For ABA- and GA- CRISPRa, the corresponding small molecule was titrated between 0 and 10 or 0 and 10° uM, respectively to
find the optimal concentration. ABA- and GA-CRISPRa components are expressed at 10 nM. (D) Improving PPI-dependent and conditional CRISPRa response by
optimizing component stoichiometries. The concentration of the plasmids expressing the MCP and SoxS components for each dimerization system was varied
1 to 25 nM and tested combinatorially to find the best ratio of the two heterodimers. ABA is added at 10 uM and GA is added at 10% uM. Fold change is given

relative to a reaction with no MCP and SoxS plasmids added.

We first employed simulation analysis to identify system
designs for combining two inputs and dynamically regulating
reporter gene expression. We built upon a coarse-grained mech-
anistic model of CRISPRa/i regulation [32] by introducing
blue-light pulses regulating gRNA expression (Methods S14).
We simulated changes in the pulse width as CRISPRI inputs
and scRNA concentration as CRISPRa inputs. By evaluating
changes in reporter production rates, our analysis suggested that
there are broad ranges of CRISPRi and CRISPRa input param-
eter values compatible with multi-input-responsive regulatory
control (Fig. 6 C, Lef?).

We proceeded to experimentally validate the results of the
simulation analysis. To dynamically tune CRISPRi, we changed
the blue-light exposure time. To tune SYNZIP-CRISPRa, we
changed the scRNA-expressing plasmid concentration. In all
cases, we first kept the CFS in the dark for one hour to allow
for EL222 expression. As predicted by the model, the REP pro-
duction rate pulse was tunable by the scRNA plasmid concen-
tration and the blue-light exposure time (Fig. 6D). When
compared across conditions with the same CRISPRa input,
higher CRISPRI input led to 20 to 56% lower maximum pro-
duction rates. In conditions with the same CRISPRi input,
higher CRISPRa input increased maximum production rates
by 20 to 40 min. Collectively, these results highlight the poten-
tial of input-responsive CRISPRa/i GRNs for complex signal
processing applications.

PNAS 2023 Vol.120 No.30 2220358120

Discussion

Natural biological systems have evolved GRNs containing wide
ranges of activatable promoters that enable dynamic responses to
changing environmental conditions. Engineering activatable pro-
moters has traditionally been thought to involve a trade-off
between basal and activated expression levels (36, 42, 46). In this
work, we show that this trade-off can be relaxed to generate acti-
vatable promoters with both lower basal and higher activated
expression levels than previously possible (Figs. 1B and 2B).
Sequential screening of promoter regions allowed us to overcome
context effects and identify high-performing activatable promoters
(Fig. 2D). With this approach, we successfully engineered a suite
of orthogonal CRISPRa promoters that match the basal and acti-
vated expression levels of the canonical Tet-inducible system
(SI Appendix, Fig. S21) and exceed those of the IPTG-inducible
system (81).

The E. coli transcriptional network is governed by a hierarchical
structure containing nine layers of regulation (1). Engineered acti-
vatable promoters allowed us to build multilayer CRISPRa/i GRNs
in E. coli-based CFS with depths and widths significantly larger
than the state of the art (33, 82), approaching the complexity of
natural GRNs. Specifically, a 33-fold improvement in promoter
dynamic range resulted in 80% lower signal degradation in two-layer
cascades (33), and enabled deep GRNs with up to six layers of
regulation (Fig. 3E). Additionally, we demonstrated wide GRNs
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Fig.6. Engineering multi-input CRISPRa/i circuits. (A) Conditional CRISPRa response to noncognate ligands. The orthogonality of the small molecule-responsive
conditional CRISPRa systems was tested by adding either the corresponding or noncorresponding small molecule to cell-free reactions containing the components
for ABA- or GA-CRISPRa. All components are added at their respective optimal screened concentrations. ABA is added at 10 uM and GA is added at 10° pM.
(B) Assembly of conditional CRISPRa circuits. For both circuits, all components are added at their respective optimal screened concentrations. ABA is added at
10 uM and GA is added at 10° uM. Left: AND-like behavior was constructed by adding the components for both ABA- and GA- CRISPRa in a cell-free reaction.
Right: The CRISPRa cascade was assembled by using ABA-CRISPRa to activate expression of both the first and second nodes in an activation cascade. The first
node was added at either 0.05 or 0 nM, and the internal and output nodes were added at 10 nM. (C) Simulation analysis of a two-input CRISPRa/i circuit using
SYNZIP5/SYNZIP6 heterodimerization mediated-CRISPRa and blue-light CRISPRi (CFS Blue-light CRISPRa/imodeling). (D) SYNZIP-CRISPRa and blue-light CRISPRi
were integrated to construct a tunable pulse generator. The amount of CRISPRa was tuned by adding either 0.2 nM or 1 nM of constitutively expressed ScRNA
plasmid to the CFS reaction. The sgRNA targeting RFP for CRISPRi was driven from the blue light-responsive engineered EL222 promoter. The amount of CRISPRi
was tuned by adjusting the time of blue-light exposure between 45 and 135 min. RFP production rates (S/ Appendix, Methods S3) are plotted as a function of

CRISPRa and CRISPRi inputs. For all panels, values represent the mean + SD of three technical replicates.

regulating up to four parallel cascades (Fig. 3F), indicating that the
CRISPRa/i framework is well suited for the design of wide control
circuits for parallel computing and multigene regulation (26). We
also showed that these circuits can be implemented in E. coli by
constructing three-layer activation cascades with the internal nodes
expressed from either high or low copy number plasmids
(SI Appendix, Fig. $22). The E. coli cascades maintained more than
threefold activation regardless of the copy numbers of the internal
node plasmids (S7 Appendix, Fig. S22), demonstrating the high
correspondence between CFS and in vivo component function
(6, 83). To our knowledge, these represent the deepest CRISPRa
cascades in CFS and in vivo. Further improvements in GRN com-
plexity may be limited by resource constraints, including upstream
gRNAs outcompeting downstream gRNAs for dCas9 binding
(81 Appendix, Figs. S8 and §22). Strategies to dynamically regulate
upstream gRNA expression, such as reversing CRISPRa complex
binding or implementing negative autoregulation motifs (84), could
enable even larger GRNs.

Biological systems continuously monitor and process environmen-
tal signals by using signal transduction modules as inputs to complex
GRNs (85, 86). Our work provides a general framework for optimiz-
ing transcriptional activation systems at the promoter level and inte-
grating them into CRISPRa/i GRNs. Promoter engineering of the
optogenetic EL222 system enabled high light-dependent dynamic

10 0f 12 https://doi.org/10.1073/pnas.2220358120

ranges (Fig. 4B and SI Appendix;, Fig. S14), with relevant expression
levels for downstream applications (Fig. 4C and SI Appendix,
Fig. S15). Through inducible gRNA expression, we demonstrated
input signal modulation with various GRN topologies, including
PFB loops and CRISPRa/i cascades (Fig. 4D), as well as integration
of different signal transduction modules into the same CRISPRa/i
GRN (Fig. 6B). Overall, our work highlights the potential for achiev-
ing more complex biocomputing functions, including multi-input
AND and NOT gates for targeted therapeutics and next-generation
biosensors (87), through mult-input CRISPRa/i GRNs.

PPIs have been used widely to execute complex, input-responsive
functions in eukaryotes (88-92) Developing similar systems in
prokaryotes has been difficult, and the development of high
dynamic range promoters allowed us to successfully prototype and
optimize conditional CRISPRa systems in E. coli-based CFS.
Implementation of novel conditional CRISPRa systems may be
streamlined by the fact that all systems tested here are effective when
targeted —81 bp from the TSS (Fig. 5B and ST Appendix, Fig. S18),
despite the presence of additional PPIs up to 500 amino acids in
length. Additionally, conditional CRISPRa fold activation is pro-
portional to the strength of the PPI (SIAppendix, Table S2)
(73, 76, 93-97). informing the a priori selection of heterodimers
for use in conditional CRISPRa. Collectively, our work suggests
that other heterodimerization domains could be implemented, with
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minimal prototyping, as signal transduction modules for CRISPRa/i
GRNs for multiplexed biosensing or screening of PPIs in CFS.

Our workflow for activatable promoter engineering enables the
dynamic specification of expression levels for large networks of
orthogonal gene targets. The classes of deep, wide, and input-
responsive CRISPRa/i GRNs developed here have immediate appli-
cation in CES for investigating the rules of genetic circuit design
(10, 13) and biological information processing (20-23), as well as
for building dynamic, multienzyme expression programs for
self-assembling bioproduction platforms (17-19, 98, 99). Moreover,
CRISPRa/i GRNs could be integrated with existing field-deployable
medical diagnostics and environmental monitors to enable complex,
multi-input signal processing (4, 15, 16, 100). Moving forward,
this work could serve as a stepping stone for building entirely syn-
thetic cells and engineered living materials with GRNs that match
or go beyond the complexity of natural systems.
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