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SUMMARY
CRISPR-Cas transcriptional circuits hold great promise as platforms for engineeringmetabolic networks and
information processing circuits. Historically, prokaryotic CRISPR control systems have been limited to
CRISPRi. Creating approaches to integrate CRISPRa for transcriptional activation with existing CRISPRi-
based systems would greatly expand CRISPR circuit design space. Here, we develop design principles for
engineering prokaryotic CRISPRa/i genetic circuits with network topologies specified by guide RNAs. We
demonstrate that multi-layer CRISPRa/i cascades and feedforward loops can operate through the regulated
expression of guide RNAs in cell-free expression systems and E. coli. We show that CRISPRa/i circuits can
program complex functions by designing type 1 incoherent feedforward loops acting as fold-change detec-
tors and tunable pulse-generators. By investigating how component characteristics relate to network prop-
erties such as depth, width, and speed, this work establishes a framework for building scalable CRISPRa/i
circuits as regulatory programs in cell-free expression systems and bacterial hosts.
A record of this paper’s transparent peer review process is included in the supplemental information.
INTRODUCTION

Inspired by nature, synthetic biologists seek to dynamically regu-

late gene expression in biological systems to conserve resources,

respond to stimuli, and generate complex, time-dependent

behavior (Brockman and Prather, 2015; Dinh and Prather, 2020;

Fontana et al., 2018a; Santos-Moreno and Schaerli, 2020). How-

ever, there are limited examples of synthetic, dynamic transcrip-

tional regulatory networks capable of complex,multi-gene regula-

tion. This rarity can be attributed to the limited number of suitable

components for implementing scalable regulatory networks (En-

glish et al., 2021; Jeong et al., 2019; Nielsen et al., 2016), and to

the difficulty of sequentially combining components into multi-

layer operations (Brophy and Voigt, 2014; Gander et al., 2017;

Lucks et al., 2008; Qian et al., 2017). Hence, a scalable framework

enabling rational design and tuning of dynamic regulatory pro-

grams would constitute a significant advance.

CRISPR-Cas transcriptional controls have emerged as a prom-

ising route for building gene regulatory networks enabling pro-

grammable and orthogonal control at many loci simultaneously

(Banerjee et al., 2020; Landberg et al., 2020; Reis et al., 2019;

Tian et al., 2019). In these systems, nuclease-defective Cas pro-
C

teins such as S. pyogenes dCas9 are combined with guide RNAs

(gRNAs) that specifyDNA targets.Targetingof thiscomplex topro-

moters or open reading frames generates gene repression

(CRISPRi). Scalable multi-gene circuits can thus be implemented

simply through the programed expression of multiple gRNAs

(Gander et al., 2017; Huang et al., 2021; Nielsen and Voigt, 2014;

Santos-Moreno et al., 2020). Recent efforts have demonstrated

the construction of CRISPRi circuits capable of performing a

diverse set of Boolean logic evaluations (Gander et al., 2017; Niel-

sen andVoigt, 2014; Tan andNg, 2021; Xiang et al., 2018), and dy-

namic expression programs (Dinh and Prather, 2019; Tian et al.,

2020;Westbrook et al., 2019;Wuet al., 2020b). The recent discov-

ery of new transcriptional activators and promoter design rules for

effective CRISPR activation (CRISPRa) in bacteria raised the pos-

sibility of circuits combining CRISPRa and CRISPRi to form dy-

namic gene regulatory networks in prokaryotic systems (Dong

et al., 2018; Fontana et al., 2020; Kiattisewee et al., 2021; Liu

et al., 2019). Such circuits would enable network topologies and

functionalcapabilitiesnotpossiblewithCRISPRialone. Implemen-

tation of simultaneous CRISPRa and CRISPRi has been demon-

strated on both multiple and individual genes (Table S2) (Dong

et al., 2018; Kiattisewee et al., 2021; Wu et al., 2020a). In this
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Figure 1. Combining CRISPRa with CRISPRi expands CRISPR circuit design space

(A) Schematic of CRISPRa/i nodes.Modified guide RNAs (scaffold RNAs or scRNAs) include a 30 MS2 hairpin to recruit a transcriptional activator fused to theMS2

coat protein (MCP). The expression of scRNAs targeted to an appropriate site upstream of the promoter results in CRISPR transcriptional activation (CRISPRa)

(legend continued on next page)
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work, we endeavored to apply CRISPRa in genetic circuits that go

beyond elementary operations in a single layer (Bikard et al., 2013;

English et al., 2021; Fontana et al., 2020; Liu et al., 2019; Ho et al.,

2020; Liu et al., 2014).

Here, we develop genetic components and design strategies

allowing CRISPRa to be combined with CRISPRi to generate a

multi-layer CRISPRa/i transcriptional control system operating

in E. coli and an E. coli-derived cell-free expression system

(CFS). We show that the strength and dynamics of control ac-

tions can be tuned through the regulated expression of guide

RNAs, with CRISPR activation ratios as high as 25-fold in CFS

and 40-fold in E. coli. We combine components into multi-

layered operations by level-matching the output expression

levels of upstream components to the acceptable input range

of downstream components (McDaniel and Weiss, 2005; Wang

et al., 2013). We report the successful construction and tuning

of multi-guide CRISPRa/i cascades and type 1 incoherent feed-

forward loops (I1-FFLs) in CFS and E. coli to programmably

achieve complex behaviors such as pulse generation and fold-

change detection. Together, a set of generalizable design rules

and an expandable toolbox of orthogonal components provide

a framework for rapid and scalable implementation of higher

order CRISPRa/i regulatory networks.We envision that these ca-

pabilities will prove useful for the next generation of dynamically

regulated metabolic engineering efforts, multiplexed biosensing,

and self-adaptive biocomputation (Bartoli et al., 2020;Wan et al.,

2019; Wu et al., 2020b).

RESULTS

CRISPRa/i circuits in CFS
Bacterial CRISPRa is functional in E. coli CFS
Cell-free systems have become an attractive platform for proto-

typing of genetic circuits, construction of synthetic cells, and en-

gineered biosynthetic pathways (Adamala et al., 2017; Dudley

et al., 2015; Garamella et al., 2016; Karim et al., 2016; Marshall

and Noireaux, 2018). However, there are limited examples of

genetic circuits capable of dynamic, multi-gene regulation in

CFS. CRISPRi-based genetic control is well established in CFS

(Marshall and Noireaux, 2018; Westbrook et al., 2019). Incorpo-

rating CRISPRa into CFS could enable more facile circuit engi-

neering by increasing the number of realizable network topologies

(Figure S1) (Adler et al., 2017), and could overcome challenges

that limit the utility of multi-layer CRISPRi repression circuitry

in CFS.
from the node. The expression of a small guide RNAs (sgRNAs), which lack the

scriptional repression (CRISPRi) from the node.

(B) Schematic of CRISPRa/i circuits. CRISPRa/i nodes can be combined to form

node directs CRISPRa or CRISPRi at one or more other nodes in the network.

(C) Schematic presentation of CRISPRa/i genetic components for use in a cell-f

plasmids and assembled into networks by mixing with E. coli-derived CFS.

(D) Time course of CRISPRa in CFS. Left: CRISPRa-directed red fluorescent prote

time and J306 scRNA plasmid concentration. Right: Relative CRISPRa-directed

ulated production rates, STAR Methods) are plotted as a function of time and

compared with the basal expression control (0 nM J306 scRNA plasmid). Values

(E) Time course of CRISPRi in CFS. Left: CRISPRi-directed repression of green fl

sgRNA plasmid concentration. SF1 targets the sfGFP CDS. Right: relative GFP

concentration. Dashed line represents 50% repression compared with the basa

standard deviation of three technical replicates.
A unique feature of CFS is that component turnover is greatly

diminished compared with in vivo systems. CFS do not undergo

dilution due to cell division and experience characteristically low

protein and RNA turnover rates compared to cellular systems

(Garamella et al., 2016).While component turnover can be accel-

erated via the addition of degradation machinery, this approach

is inefficient and consumes valuable, finite resources (Garamella

et al., 2016). In practice, this limited turnover makes repression

circuits difficult to implement because even if transcription is

halted the gene product is already present. In contrast, circuits

based on activation are not dependent on turnover. Implementa-

tion of activation-based regulatory circuits would allow the high

volumetric productivities resulting from limited component turn-

over to be combined with complex and dynamic multi-layer reg-

ulatory circuitry in a cell-free setting (Garamella et al., 2016).

Thus, our first challenge was to adapt the CRISPRa system

developed in E. coli for use in CFS. In this system, CRISPRa is

applied using a 30-extended guide RNA (scaffold RNA or scRNA)

to direct dCas9 upstream of s70 promoters. The 30 extension of

the guide RNA contains an RNA hairpin (MS2) which binds an

RNA-binding protein (MCP) fused to a transcriptional activator

(SoxS) (Figure 1A). In this system scRNAs encode information

for targeting of dCas9 to precise locations along DNA as well

as recruitment of a functional effector (Dong et al., 2018; Fontana

et al., 2020; Kiattisewee et al., 2021; Zalatan et al., 2015). These

scRNAs, J106, J206, and J306, are targeted via the spacer

sequence directing CRISPRa to an expandable set of orthogonal

synthetic promoters J1, J2, and J3 (Fontana et al., 2020).

To understand the portability of the CRISPRa system between

E. coli and CFS, we tested whether basal expression levels and

gene activation in CFS corresponded to previously observed

trends in E. coli. In cells, CRISPRa can produce high levels of

gene expression from a broad range of promoter strengths, but

the fold activation decreases as basal promoter strength in-

creases. We tested a set of synthetic minimal promoters

(BBa_J231XX) (Figure S2) of varying strength in CFS. We

observed a high correlation between CFS and E. coli for both

basal promoter strength and fold activation by CRISPRa,

providing Spearman correlation coefficients of 0.91 and 0.88,

respectively (Figure S3). This observed correspondence between

component function inE. coli-derivedCFSandE. coli is consistent

with previous reports (Garamella et al., 2016; Marshall et al., 2018;

Shin and Noireaux, 2012), allowing exchange of individual genetic

components between the two systems.
MS2 hairpin, targeted to the coding sequence (CDS) results in CRISPR tran-

multi-layer CRISPRa/i networks when the guide RNA output generated by one

ree system (CFS). CRISPRa/i system components are encoded on individual

in expression levels (mRFP1) from the J3 promoter are plotted as a function of

RFP production rates (CRISPRa-directed production rates divided by unreg-

J306 scRNA plasmid concentration. Dashed line represents 2-fold activation

represent the mean ± standard deviation of three technical replicates.

uorescent protein (sfGFP) expression is plotted as a function of time and SF1

production rates are plotted as a function of time and SF1 sgRNA plasmid

l expression control (0 nM SF1 sgRNA plasmid). Values represent the mean ±
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Next, we sought to formalize a framework for the construction

of higher order CRISPRa/i circuits operating through intercon-

nected CRISPRa/i nodes (Figure 1B). In this framework,

CRISPRa/i nodes are discrete transcriptional units containing

target sequences for CRISPRa- and/or CRISPRi-directed tran-

scriptional regulation (Figure 1A). To characterize CRISPRa/i

nodes, we isolated dCas9, sc/sgRNAs, and the MCP-SoxS acti-

vator onto individual plasmids (Figure 1C), allowing independent

titration of expression levels for all CRISPRa/i components.

CRISPRa/i node characterization is conducted by measuring

the output response of each node to varying levels of component

transcriptional inputs provided by titrating component plasmid

concentrations. We found that increasing the concentration of

sc/sgRNA-expressing plasmid resulted in higher overall levels

of activation and repression (Figures 1D and 1E), as well as faster

control (Figure S4). Titrations of dCas9-expressing plasmid

revealed no differences in the strength of CRISPRa across a

40-fold range of dCas9 expression levels generated by 0.05 to

2 nM dCas9-expressing plasmid (Figure S5, left), likely due to

saturation of active CRISPRa complexes at these concentra-

tions of DNA target. For all levels of dCas9 expression, we

observed a�40min delay between initiation of the cell-free reac-

tion and the onset of CRISPRa/i control, consistent with the pre-

viously reported time of dCas9 maturation and CRISPR complex

formation in CFS (Marshall et al., 2018; Westbrook et al., 2019).

Titrations of plasmid expressing MCP-SoxS revealed a relatively

wide region between 1 nM and 24 nM over which no significant

differences in endpoint measurements of CRISPRa-mediated

outputs were observed (Figure S5, right). Expression levels for

dCas9 and MCP-SoxS activator were held constant throughout

the work at 2 and 4 nM plasmid concentrations respectively.

Tuning CRISPRa/i through the regulated expression of
guide RNAs in CFS
The ability to easily vary plasmid concentration in CFS, com-

bined with the multi-component nature of CRISPRa/i regulatory

complexes (Figure 1C), enables tuning of all component expres-

sion levels independently. Some tuning actions are global, for

instance, varying dCas9 expression levels impacts both

CRISPRa and CRISPRi. Other tuning actions, such as varying

the level of activator protein, are expected to influence scRNA-

mediated activation but not sgRNA-mediated repression. Like-

wise, output levels for individual nodes in a circuit can be linearly

scaled by changing the concentration of plasmid at that node

(Figure 1B). To provide simultaneous and independent control

over both timing and expression levels of multiple target genes,

we tuned CRISPRa/i control actions through the regulated

expression of guide RNAs. Here, the specificity provided by

guide RNA targeting allows tuning actions to be applied locally

to individual CRISPRa/i nodes.

To quantify time-varying CRISPRa/i-directed changes in gene

expression, we calculated production rates of CRISPR-regu-

lated RFP expression relative to unregulated, basal expression

of RFP (relative RFP production rate). At saturating levels of

scRNA expression, CRISPRa achieved constant levels of activa-

tion over the course of 4–6 h providing a �20-fold ± 2-fold in-

crease in RFP production rate relative to an off-target control

(Figure 1D, right). Likewise, relative production rates from

CRISPRi with saturating levels of sgRNA (Figure 1E, right)
218 Cell Systems 13, 215–229, March 16, 2022
achieved steady-state levels of repression by 3 h. Guide RNA ti-

trations revealed that increasing levels of scRNA decreased the

time to 2-fold activation by CRISPRa by up to �5 h, and

increasing levels of sgRNA decreased the time to 50% repres-

sion by CRISPRi by up to �10 h (Figure S4, left). We found that

sgRNA titrations were able to significantly affect the overall

timing of gene expression as determined by the time to half

maximum endpoint RFP values, with strong CRISPRi providing

a �3-h shift to earlier time points as compared with a no sgRNA

control (Figure S4, right). Qualitatively, we observed that

increasing sgRNA expression levels resulted in a higher fraction

of total expression occurring at early time points. In contrast,

scRNA titrations primarily provided a scaling factor to CRISPRa

output levels without greatly affecting the timing of expression

(Figures 1D and 1E, right; Figure S4, right). These data suggest

that under these conditions CRISPRa kineticsmay be dominated

by the time required for MCP-SoxS expression and maturation.

Level-matching of multi-layer CRISPR circuitry in CFS

To enable the construction of multi-layer circuits, we built activa-

tion and activation-repression cascades by level-matching the

input/output dynamic ranges between sequential CRISPRa/i

nodes. That is, we matched the output transcription levels of

an upstream node encoding scRNA to the relevant transcrip-

tional input range of a downstream node encoding another sc/

sgRNA. From sc/sgRNA plasmid titrations, we observed that

both CRISPRa and CRISPRi respond to changes in input guide

RNA expression levels spanning approximately 2 orders of

magnitude (Figures 2A and 2C). Across this responsive range

of sc/sgRNA inputs, CRISPRa-controlled outputs vary by �24-

fold at endpoint. While the dynamic range of CRISPRa generated

outputs does not fully span the dynamic range of sc/sgRNA in-

puts, this characterization suggests that CRISPRa/i nodes can

be sequentially combined by careful matching of upstream

output ranges to downstream input ranges to form layered

operations.

By tuning the concentration of plasmid expressing sc/sgRNA

in the second layer of the cascades we were able to control the

degree of overlap between response curves of upstream and

downstream layers in the circuit. Based on the scRNA dose-

response curves for CRISPRa by two different scRNAs in isola-

tion (Figure 2A), we decided to build CRISPR activation-activa-

tion cascades to probe the composability of CRISPRa circuits

from components characterized in isolation. Using these curves,

we predicted how a 24-fold increase in transcription provided by

CRISPRa in the first layer of the cascade affects cascade output.

We made this prediction for four different concentrations of

plasmid expressing scRNA in the second layer (Figure 2B).

Upon construction of these CRISPRa cascades, we observed a

strong agreement (R2 = 0.985) betweenmeasured and predicted

fold increases in outputs of CRISPRa cascades (Figure 2B). As

expected, overlap between layers was maximized at 2-nM

scRNA plasmid in the second layer, with the cascade providing

a 16.3 ± 3.0-fold increase in measured RFP at endpoint

compared with CRISPRa alone. Both lower, 0.5 nM, and higher,

4 nM, concentrations of scRNA-expressing plasmid in the sec-

ond layer of the cascade resulted in decreased fold changes in

cascade output, at 7.6 ± 0.6-fold and 15.2 ± 2.3-fold, respec-

tively. From these data, we calculated the efficiency of signal

propagation through the activation cascade by comparing the
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Figure 2. Level-matching enables construction of multi-layer CRISPRa/i circuits in CFS

(A) CRISPRa transcriptional input-output response curves. Top: expression of J306 scRNA (X) directs CRISPRa from the J3 promoter (Y) producing an RFP

output. Expression of J206 scRNA (Y) directs CRISPRa from the J2 promoter (Z), producing an RFP output. Bottom: fold change in transcriptional output is

plotted as a function of transcriptional input, specified by the scRNA plasmid concentration. Fold change is calculated as the ratio of RFP expression level at the

reaction endpoint in the presence versus the absence of scRNA plasmid. Red line indicates a logistic fit to the data. Bottom right: pink and green dashed lines are

guides showing the predicted effect of 25-fold increases in scRNA transcriptional input generated by CRISPRa in the first layer on the output of CRISPRa in the

second layer of a two-layer activation cascade. Values represent the mean ± standard deviation of three technical replicates.
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observed fold change in cascade output to the fold change pro-

vided by CRISPRa in the input layer. Currently, given optimal

level-matching, we observe 67.9% ± 18.1% signal propagation

for the two-layer CRISPRa cascade. Together, these results sug-

gest that we can predictably tune the degree of overlap between

layers ofCRISPRa/i circuits to propagate signals, satisfy input re-

quirements of potential downstream layers, and tailor absolute

gene expression levels.

Next, we constructed an activation-repression cascade with

CRISPRa in the input layer activating transcription of RR2 sgRNA,

which targets the coding sequence of mrfp1 for CRISPRi in the

second layer of the cascade (Figure 2D, top). As in construction

of the activation-activation cascade, level-matchingwas informed

by the sc/sgRNA dose-response curves for CRISPRa and

CRISPRi obtained in isolation (Figure 2C). As expected, when

the overlap between layers was maximized, the CRISPRa/i

cascade generated 4.6-fold ± 0.7 more repression than CRISPRi

alone (Figure2D, right). The importanceofmatchingupstreamout-

puts to the responsive range of downstream inputs was illustrated

by overexpression of sgRNA in the second layer of the activation-

repression cascade, intentionally minimizing the overlap between

the upstream and downstream layers of the cascade. Under

these conditions, the activation-repression cascade reduced

RFP expression by 1.4-fold ± 0.3 compared with CRISPRi (Fig-

ure 2D, left).

CRISPRa/i circuits encode dynamic gene expression

programs

Next, we sought to investigate the ability of multi-layer CRISPRa/

i circuitry to encode dynamic gene expression programs inac-

cessible to simpler single-layer controllers. As a first step, we

explored the influence of level-matching on CRISPRa/i cascade

dynamics by comparing relative RFP production rates arising

from an activation-repression cascade with those generated
(B) Two-layer CRISPRa cascade. Top: Expression of J306 scRNA at node X direct

J3 promoter (Y) directs CRISPRa from the J2 promoter, which expresses mRFP

cascade output. Themeasured fold change in cascade output is calculated as the

circuit (STAR Methods) and are presented as the mean ± standard deviation of th

calculated from the fits to the scRNA plasmid titrations shown in 2A. Statistical sig

t-test.

(C) CRISPRa/i transcriptional input-output response curves. Top: expression of J

output. Expression of the RR2 sgRNA (Y) directs CRISPRi of mRFP1 (Z). Bottom:

input, specified by the scRNA and sgRNA plasmid concentration. Red line ind

presented as in 2A Bottom right: CRISPRi data are represented as percent expre

show the expected effect of a 25-fold increase in sgRNA transcription provided by

a two-layer CRISPR activation-repression cascade. Values represent the mean ±

(D) Two-layer CRISPRa/i cascade. Top: expression of J306 scRNA (X) directs CR

directs CRISPRi of mRFP1 (Z). Bottom: percent of maximum expression is calcu

CRISPR activation-repression cascades (II, dark red) at two different concentra

deviation of three technical replicates. Asterisks indicate a statistically signifi

**p value < 0.01, ***p value < 0.001).

(E) CRISPRi and CRISPRa/i circuit dynamics. Left: gene expression over time f

plasmid Y that falls outside the range where input-output levels between the first a

relative RFP production rate due to CRISPRi with 16 nM of plasmid encoding RR

generated when CRISPRa is applied to the same concentration of sgRNA plasmid

plasmid Y that permits level-matching between the first and second layers of the

by CRISPRi with 0.5 nM of plasmid encoding RR2 sgRNAwhile the red line represe

of sgRNA plasmid. The dark red line shows the scaled relative expression gene

reference. Data are presented as mean ± standard deviation of three technical r

(F) Time to 50% repression is plotted against the concentration of sgRNA plasmid

when output/input ranges of the first and second layers overlap, multi-layer CR

presented as mean ± standard deviation of three technical replicates.
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by CRISPRi. When there was a high degree of overlap between

the response curves of the layers in the cascade, significant

changes in the timing of gene expression were observed (Figures

2E, right, and 2F). For instance, an activation-repression

cascade with 0.5 nM of sgRNA plasmid resulted in repression

of the RFP output at a comparable rate but delayed onset

compared with that of CRISPRi repression alone with 4 nM of

sgRNA plasmid. This delay is interpreted as the time required

for CRISPRa to activate sgRNA expression in the second layer

of the circuit. We identified a �10-fold range of sgRNA plasmid

concentrations over which a CRISPR activation-repression

cascade could generate significant differences in expression dy-

namics compared with single-layer CRISPRi (Figure 2F).

As expected, when sgRNA expression levels were mis-

matched, we observed negligible differences in expression dy-

namics. If the concentration of plasmid expressing sgRNA in

the second layer of the activation-repression cascade was too

low, e.g., 0.01 nM, no repression was observed. Conversely,

high concentrations of sgRNA-expressing plasmid in the second

layer of the cascade effectively resulted in CRISPRi applied in a

single layer, producing expression dynamics identical to that of

the CRISPRi control (Figure 2E, left). Above 2 nM of sgRNA-ex-

pressing plasmid, we observed no difference in the time to 50%

repression for the CRISPRa/i cascade as compared with single-

layer CRISPRi (Figure 2F). Together, these results underscore

that gene expression dynamics can be tuned by multi-layer

CRISPRa/i circuits when there is sufficient overlap between the

response curves of the CRISPRa/i circuit components.

After establishing the rules governing construction of layered

CRISPRa/i circuitry, we endeavored to create more complex

transcriptional programs to explore the scalability and composi-

bility of CRISPRa/i regulatory networks. We combined the

CRISPR activation-repression cascade with CRISPRa to form
s CRISPRa from the J3 promoter at node Y. Expression of J206 scRNA from the

1 (Z). Bottom: scatter plot comparing measured and predicted fold change in

ratio ofmeasured RFP outputs with andwithout CRISPRa in the first layer of the

ree technical replicates. Predicted cascade fold changes and uncertainties are

nificance of non-zero slope was calculated using two-tailed unpaired Welch’s

306 scRNA (X) directs CRISPRa from the J3 promoter (Y), producing an RFP

fold change in transcriptional output is plotted as a function of transcriptional

icates a logistic fit to the data. Bottom left: response curve for J306 scRNA

ssion of a no repression control (STAR Methods). Pink and green dashed lines

CRISPRa in the first layer on the CRISPRi-directed output in the second layer of

standard deviation of three technical replicates.

ISPRa from the J3 promoter. RR2 sgRNA expression from the J3 promoter (Y)

lated as in Figure 2C comparing CRISPRi in one layer (I, light red) to two-layer

tions of sgRNA in the second layer. Values represent the mean ± standard

cant difference using a two-tailed unpaired Welch’s t-test (*p value < 0.05,

or RFP controlled by CRISPRi and CRISPRa/i cascade at a concentration of

nd second layers overlap (no level-matching). Black line represents the scaled

2 sgRNA while the red line represents the scaled relative RFP production rate

. Right: comparison of CRISPRi and CRISPRa/i cascade at a concentration of

circuit. Black line represents the scaled relative RFP production rate generated

nts expression generatedwhen CRISPRa is applied to the same concentration

rated by CRISPRi with 4 nM of sgRNA plasmid and is provided as a point of

eplicates.

for both CRISPRi (black line) and a CRISPRa/i cascade (red line). Showing that

ISPRa/i circuits can be used to tune the timing of gene expression. Data are
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Figure 3. Programing distinct multi-layer

CRISPRa/i circuit dynamics in CFS

(A) Time course for four different CRISPRa/i net-

works including orthogonal type-1 incoherent feed

forward loops (I1-FFL) operating in CFS. Normal-

ized relative RFP production rates are plotted as a

function of network topology, as indicated. Out-

puts are scaled by the respective endpoints to fit

on a common axis. Values represent the mean ±

standard deviation of three technical replicates.

(B) Time course for I1-FFL variants shows depen-

dence of output expression dynamics on sgRNA

concentration. Scaled RFP production rates are

plotted as a function of time for two different RR2

sgRNA plasmid concentrations; 0.1 and 1 nM

shown in yellow and purple, respectively. Fits to the

illustrated I1-FFL are used to predict expression

dynamics as a function of sgRNA concentration.

Themodel fit to themeasured 0.1 nMdata is shown

in black, and the model prediction for expression

dynamics from an I1-FFL with 1 nM sgRNA-ex-

pressing plasmid is shown in red. Yellow and pur-

ple triangles along the x axis denote the time of

maximal expression of the pulse generated by the

I1-FFL. Values represent the mean ± standard

deviation of three technical replicates.

(C) Shift in time of the I1-FFL expression maxima

depends on sgRNA plasmid concentration, which

controls the strength of the CRISPRi connection

between nodes Y and Z. The time at which the

maximum output rate is achieved (tmax) is plotted

as a function of RR2 sgRNA plasmid concentra-

tion, which is expressed from node Y and acts on

node Z.
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an incoherent type-1 feedforward loop (I1-FFL), a classic pulse

generating circuit that is significantly overrepresented in natural

systems (Alon, 2007; Kaplan et al., 2008; Mangan and Alon,

2003; Shen-Orr et al., 2002). When level-matching is taken into

consideration, we see that circuit topology determines the timing

of gene expression (Figure 3A). As expected, we observed no

difference in expression dynamics between CRISPRa and

CRISPRa + CRISPRi (CRISPRa+i) at low concentrations of

sgRNA-expressing plasmid (Figure 3A, blue, orange). When

expression of sgRNA at node Y was activated by CRISPRa to

form an I1-FFL (Figure 3A, red), we observed a gene expression

pulse, qualitatively different from expression generated by

CRISPRa or CRISPRa+i. Upon addition of an orthogonal

I1-FFL controlling expression of GFP to the same reaction (Fig-

ure 3A, green), no differences in the timing of gene expression

were observed at the output of the RFP I1-FFL. This result indi-

cates that we can operate multiple circuits simultaneously

without compromising the respective expression dynamics.

We were able to tune the timing of the gene expression pulse

generated by the I1-FFL by varying the concentration of sgRNA-

expressing plasmid. The maximum RFP production rate

occurred �110 min earlier in the cell-free reaction when we
Cell
increased the sgRNA-expressing plasmid

concentration 10-fold from 0.1 to 1 nM

(Figure 3B). More generally, we observed

that the time of the maximum gene
expression pulse could be continuously tuned over a 4-fold

change in sgRNA plasmid levels, shifting expression maxima

earlier by up to 2 h compared with unregulated expression (Fig-

ure 3C). To capture the I1-FFL expression dynamics and eval-

uate the feasibility of rationally tuning CRISPRa/i circuits in silico,

we constructed a coarse-grained mechanistic model of

CRISPRa/i gene regulation (Choi et al., 2018; Medley et al.,

2018). We defined first-order chemical reactions for protein

and guide RNA production, CRISPR complex assembly, and

DNA targeting (Figure 3B, bottom; Table S3). When an initial

experimental observation was provided, the model was capable

of predicting the effects of tuning actions applied to the I1-FFL on

gene expression dynamics (Figure 3B, fit and simulate). Here, the

model is fit to the experimental data for an I1-FFL with 0.1 nM

sgRNA-expressing plasmid and used to predict the expression

dynamics for an I1-FFL with 1 nM sgRNA-expressing plasmid.

Similar results were obtained when fitting to the 1 nM condition

and predicting the 0.1 nM condition (Figure S8). We observed

a �10-min difference between the measured and predicted

timing of maximum RFP production rate, corresponding to

the time resolution of our measurements. Combined with

the observed predictability of level-matching in CRISPRa/i
Systems 13, 215–229, March 16, 2022 221
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Figure 4. Level-matching of CRISPRa cascades in E. coli

(A) Schematic of CRISPRa genetic components and assembly to form

CRISPRa circuits in E. coli. Circuits are assembled by transformation of

different combinations of plasmids into E. coli. Activator, dCas9, and scRNAs

in the first layer of a circuit are expressed from a p15A plasmid while reporters

and scRNAs in the second layer of a circuit are expressed from a pSC101**

origin of replication plasmid. Data are collected in E. coli MG1655 grown

overnight at 37�C with shaking in EZ MOPS with 0.2% glucose and appro-

priate antibiotic selection.

(B) Top: schematic of CRISPRa cascade. Tuning actions are applied by

changing expression characteristics of the activatable promoter in the second

layer of the circuit. Bottom: CRISPRa on the J2 promoter is compared with the

output at node Z of the activation cascade with (red bars) and without (gray

bars) input provided by node X. Y output denotes the expression levels ob-

tained at node Y in the presence and absence of input activation from X for the

tuning variant provided by Y promoter. Data are represented as mean ±

standard deviation of RFP/OD600. Asterisks indicate a statistically significant

difference using a two-tailed unpaired Welch’s t_test (*p value < 0.05,

**p value < 0.01, ***p value < 0.001).
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cascades, these results suggest that high-fidelity CRISPRa/i cir-

cuits could be designed and tuned in silico given component

characterization data.

CRISPRa/i circuits in E. coli

To form dynamic, multi-layer circuitry in E. coli, CRISPRa/i cir-

cuits are encoded on two plasmids. One plasmid contains

dCas9,MCP-SoxS, and scRNAs acting as inputs to the first layer

of a circuit, while the second plasmid contains a fluorescent re-

porter aswell as sc/sgRNAs acting in the second layer of a circuit

(Figures 4A and 5A). Unlike cell-free systems, in which the
222 Cell Systems 13, 215–229, March 16, 2022
expression level of every circuit component can be precisely

titrated, gene expression in cells is constrained by the expres-

sion levels achievable given different combinations of plasmid

copy number and genetic parts. Level-matching of multi-layer

CRISPRa/i circuits in cells is therefore more challenging and re-

quires attention not only to the dynamic range of components

but also the absolute expression levels and activities.

Level-matching in multi-layer CRISPRa circuits

To understand the level-matching requirements of scRNAs in

multi-layer CRISPRa cascades in E. coli, we engineered the basal

expression characteristics of CRISPRa nodes in the second layer

of a two-layer activation cascade. In this circuit, scRNA expressed

at node X targets CRISPRa to a promoter at node Y, activating

expression of a second scRNA, targeting a fluorescent reporter

at node Z for CRISPRa. Tuning of basal expression levels was

accomplished through the use of synthetic minimal promoters

(BBa_J231XX), as well as modifications to the 50 sequence prox-

imal to theminimal promoter at node Y, driving scRNA expression

in the second layer (Figure 4B). At the highest basal levels of

scRNA expression in the second layer, CRISPRa cascades

yielded 1.4x higher output levels than a comparable single-layer

circuit. Decreasing basal scRNA expression levels in the second

layer of the cascade by�10x increased the output dynamic range

of the CRISPRa cascade to 5.9x. Decreasing basal scRNA

expression levels by a further 3.4x increased the output dynamic

range by an additional 2x, resulting in an overall activation ratio of

12.3x for the CRISPRa cascade as comparedwith the single-layer

circuit. Output levels of CRISPRa cascades at all tested scRNA

expression levels were comparable with output of single-layer

CRISPRa with saturating levels of scRNA expression. We

observed that CRISPRa cascades were sensitive to scRNA

expression, with 32% compression of the output dynamic range

observed even at the lowest basal expression level of scRNA at

node Y. Compression of the output dynamic range in cascades

can be attributed to basal scRNA expression in the second layer

of the circuit. These results suggest that engineered promoters

capable of lower basal scRNA expression levels would minimize

compression of activation cascade dynamic ranges.

Inducible CRISPRa by expressing MCP-SoxS from an

inducible promoter

To provide an input for dynamic CRISPRa/i circuitry in E. coli, we

chose to apply control over CRISPRa through inducible expres-

sion of theMCP-SoxS activator protein (Figure 5B).We observed

that output levels generated by CRISPRa were titratable through

aTc induction of MCP-SoxS activator (Figure 5B, right). These

output levels were similar to CRISPRa employing constitutive

expression of MCP-SoxS (Figure 4B, left) as well as aTc induc-

tion of scRNA (Figure S9, left). Compared to CRISPRa with

constitutively expressed activator and off/on-target scRNA, the

aTc-inducible system provided 40% lower basal levels and

16.5% lower activated levels of reporter expression (Figure 5B).

A 40.4 ± 0.77-fold increase in expression was observed for the

constitutive CRISPRa system supplied with on versus off-target

scRNAs, whereas aTc induction of MCP-SoxS with on-target

scRNA yielded a 56.3 ± 0.65-fold increase. A similar, 43-fold in-

crease was observed when comparing aTc-inducible MCP-

SoxSwith on/off-target scRNA (Figure S9, right). Together, these

results establish aTc-inducible expression of the MCP-SoxS

activator as a means of generating titratable levels of activation.
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A

C

B Figure 5. Level-matching of CRISPRa/i cas-

cades in E. coli with titratable input

(A) Schematic of CRISPRa/i genetic components

and assembly to form CRISPRa/i circuits in E. coli.

Circuits are assembled by transformation of

different combinations of plasmids into E. coli.

Activator, dCas9, and scRNAs in the first layer of a

circuit are expressed from a p15A plasmid while

reporters, and sc/sgRNAs in the second layer of a

circuit are expressed from a pSC101** origin of

replication plasmid. Inducible CRISPRa/i data are

collected in E. coli MG1655 grown O/N, diluted

1:40, grown for 3 h, and diluted 1:40 into inducing

media, all at 37�C with shaking in EZ MOPS with

0.2% glucose and appropriate antibiotic selection.

(B) Dependence of CRISPRa on aTc-induced MCP-

SoxS expression. Left: circuit schematic showing

how inducible CRISPRa is provided by pTet

controlled expression of MCP-SoxS activator. For

both constitutive and inducible CRISPRa, J306

scRNA directs dCas9 to the J3 promoter. Constitu-

tive CRISPRa is compared with on/off-target scRNA

while inducible CRISPRa is compared ± inducer with

on-target scRNA. Center: mRFP1 output of aTc-

inducible CRISPRa ± aTc is compared with consti-

tutive CRISPRa with on/off-target scRNA. Data are

represented as mean of measured RFP/OD600 ±

standard deviation of three biological replicates.

Right: aTc induction of activator protein provides

titratable levels of activation.Data are represented as

the mean ± standard deviation of measured RFP

fluorescence/OD600 for three biological replicates.

Asterisks indicate a statistically significant difference

using a two-tailed unpaired Welch’s t-test (*p val-

ue < 0.05, **p value < 0.01, ***p value < 0.001).

(C) Two-layer CRISPRa/i cascade output depen-

dence on promoter and sgRNA. Top: schematic of

aTc-inducible CRISPRa activating expression of sgRNA targeting mRFP1 for CRISPRi. Level-matching is achieved through engineering basal expression

characteristics of the activatable promoter driving sgRNA expression as well as through modifications of sgRNA activity via 50 sgRNA truncations that reduce

sgRNA spacer-target DNA complementary from 20 to 14 nucleotides. Bottom: CRISPRi response to increasing levels of activation of the promoter driving sgRNA

expression for three different tunings. On-target sgRNA is plotted in red while off-target sgRNA is plotted in gray. Data are represented as mean RFP/OD600 ±

standard deviation. Calculations for span and output dynamic range (O-DR) can be found in STARMethods. Asterisks indicate a statistically significant difference

using a two-tailed unpaired Welch’s t-test (*p value < 0.05, **p value < 0.01, ***p value < 0.001).
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Level-matching of multi-layer CRISPRa/i circuits

in E. coli
To understand the level-matching requirements of sgRNAs in

multi-layer CRISPRa/i circuits in E. coli, we constructed an

inducible CRISPR activation-repression cascade. Here, we

titrated the CRISPRa input in the first layer and tuned both

the expression characteristics of the promoters and the activ-

ities of sgRNAs in the second layer of the cascade. Tuning of

CRISPRa inputs in the first layer of the cascade was provided

by the previously described inducible MCP-SoxS activator

system. In the second layer of the cascade, expression char-

acteristics of promoters were tuned via modifications to the 50

sequence proximal to the minimal promoter, while sgRNA ac-

tivities were modified through the use of 50 spacer truncations
(Fontana et al., 2018b; Qi et al., 2013) (Figures 5C and S11).

When the J2 promoter was used to express RR2 sgRNA tar-

geting RFP (Fontana et al., 2018b), we observed 70% repres-

sion in the absence of activation (Figure 5C, left). A �20-fold

increase in sgRNA expression provided by CRISPRa (Fig-

ure S10) resulted in an output dynamic range of 4-fold, span-
ning 23% of accessible expression levels. Decreasing the

strength of CRISPRi via truncation of the RR2 sgRNA spacer

to 14 nucleotides decreased repression in the absence of acti-

vation of sgRNA expression to 20% as compared with an off-

target control. However, truncated guide RNAs were not able

to achieve high levels of repression at maximal levels of acti-

vation (Figure 5C, center) resulting in a compressed output

dynamic range of 2.5-fold, spanning 48% of accessible

expression levels. Tuning of sgRNA expression levels via

modifications to the 50 sequence proximal to the minimal pro-

moter resulted in 17% and 92% repression in the absence

and presence of CRISPRa applied to RR2 sgRNA, respec-

tively, yielding an output dynamic range of �10-fold, spanning

76% of the accessible expression space (Figure 5C, right ).

Taken together, the inducible CRISPRa/i cascade and the

CRISPRa cascade indicate that guide RNA expression levels

produced by CRISPRa are sufficient to saturate downstream

layers of CRISPRa/i circuits, and that both CRISPRa and

CRISPRi are highly sensitive to basal expression of sc/

sgRNAs.
Cell Systems 13, 215–229, March 16, 2022 223



Fold-change detection behavior in I1-FFL CRISPRa/i circuits

I1-FFL expression dynamics as the composition of CRISPRa and CRISPRa/i cascade
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Figure 6. Tunable and composable dynamic

CRISPRa/i circuits in E. coli

(A) Fold-change detection behavior in I1-FFL

CRISPRa/i circuits. Top: circuit schematic of

CRISPRa/i incoherent type 1 feedforward loop

(I1-FFL) implemented in E. coli. Here, tuning of

repression by node Y is achieved by changes to the

transcriptional properties of the promoter at node Y

or throughmodifications to the sgRNA expressed at

node Y. aTc induction of MCP-SoxS activator

serves as a titratable input to the system. At right, a

graphical definition of fold-change detection: the

same fold change in input ‘‘X’’ produces the same

change in output ‘‘Y.’’ Bottom: aTc response for 9

combinations of network topology and sgRNA tun-

ing showing that connectivity between nodes and

tuning specifies input/output relationship of com-

plex CRISPRa/i circuits. Network topologies are

indicated along the top while tuning variants are

represented along the left. Grayed out arrow in

CRISPRa+I indicates on-target sgRNA from an un-

activated promoter. I1-FFLs must have specific

component relationships to achieve fold-change

detection seen here as logarithmic input/output

response curves. Data are represented as the mean

of measured RFP/OD600 ± standard deviation of

three biological replicates.Data for off-target sgRNA

are the same in all three plots and is collected in the

J2 context (bottom left). Statistical significance was

assessedby calculating the relative likelihood (RL) of

the log fit best describing the data as comparedwith

the linear fit, STAR Methods.

(B) CRISPRa/i circuit expression dynamics were

measured in a continuous dilution experiment. Left:

schematic of continuous dilution experimental

design and procedure. Right: Expression dynamics

of CRISPRa, CRISPRa/i cascade, and an I-1FFL

tuned for fold-change detection are compared. Data

are presented as relative RFP/OD600 ± standard

deviation of three biological replicates (STAR

Methods). For CRISPRa and the IFFL, RFP is ex-

pressed from the standard J3 reporter with a

BBa_J23117 minimal promoter while for the

CRISPRa/i cascade the strong minimal promoter

BBa_J23119 is used to enable observation of inhi-

bition in this assay. Relative RFP/OD600 scales data

to the respective output response ranges to place

them on a common scale for comparison of output

expression dynamics.
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Tunability of CRISPRa/i enables interrogation of

complex behavior in E. coli
The ability to tune CRISPRa/i circuits through both promoter en-

gineering and guide RNA truncations allows control over the

abundance and strength of individual sc/sgRNAs. Such control

enables independent tuning of nodes in multi-layer CRISPRa/i

circuitry. Paired with the ease of circuit construction, the

CRISPRa/i system is suited for rapid circuit function interroga-

tion. To showcase multi-guide tuning and circuit function explo-

ration, we constructed and characterized three different I1-FFLs

in which application of repression by node Y was varied.

To enable observation of dynamic circuit behaviors and pro-

vide titratable levels of input activation, we chose to use induc-

ible expression of the activator protein MCP-SoxS (Figure 5B).

To understand the effect of tuning actions on I1-FFL output,
224 Cell Systems 13, 215–229, March 16, 2022
we constructed three different network topologies (Figure 6A.

top), an I1-FFL, CRISPRa+i, and CRISPRa with an off-target

sgRNA. We compared the response of these three circuits to

increasing levels of MCP-SoxS induction for three different tun-

ings of sgRNA expression (Figure 6A, bottom). To determine how

much of the repression in the I1-FFL could be attributed to the

basal expression from node Y, we compared the CRISPRa+i cir-

cuit with CRISPRa with off-target sgRNA (Figure S12). We

observed 7,500 RFU from CRISPRa+i with off-target sgRNA.

CRISPRa+i expressing full-length on-target sgRNA from the J2

promoter provided 2,200 and 71 RFU at 200 nM and 0 nM aTc,

respectively. Thus, basal expression of the sgRNA from node Y

has the effect of reducing, or compressing, the output range of

the MCP-SoxS CRISPRa titration by 70%. In an I1-FFL with

the same sgRNA expression tuning, the output dynamic range
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was only 3-fold (Figure S12). We reasoned that decreasing the

strength of repression at node Z would reduce compression in

the CRISPRa+i circuit and increase the dynamic range of the

I1-FFL. Tuning repression through sgRNA truncation to 14 nt

decreased compression of the output range by the CRISPRa+i

circuit from 70% to 24% and increased the output dynamic

range of the I1-FFL from 3- to 15-fold (Figure S12). Tuning

repression through modifications to the sequence 50 of the min-

imal promoter expressing sgRNA resulted in 4% compression of

the output range by CRISPRa+i. However, counterintuitively the

I1-FFL output dynamic range was decreased to 2-fold with the

same modifications to the sequence 50 of the minimal promoter

expressing sgRNA (Figure S12). While the latter result was unex-

pected, the current suite of tuning actions available to the

CRISPRa/i system in E. coli nonetheless does allow independent

tuning of interactions between nodes in multi-guide circuits.

I1-FFLs are used in many naturally occurring sensory systems

as fold-change detectors to generate dynamic outputs deter-

mined by relative, as compared to absolute, differences in inputs

to the system (Adler andAlon, 2018). Formally, fold-changedetec-

tion (FCD) can bedefinedas a logarithmic relationship between in-

puts ‘‘I’’ and outputs ‘‘O,’’ i.e., an input/output response curve,

satisfying the equation O= a , lnðIÞ+b: Theoretical work has

shown that a transcriptional I1-FFL is capable of FCD only under

specific ratios of component expression levels and strengths

(Goentoro et al., 2009). Experimentally, we can test for FCD in

these circuits by evaluating the variance explained by a logarith-

mic fit to outputs taken as a function of aTc-induced MCP-SoxS

inputs. Consistent with expectation, we observed that only

I1-FFLs with specific sgRNA tunings were capable of detecting

fold changes of aTc over the linear range of MCP-SoxS induction

(Figure 5B, right). Over this linear range, we observed an R2 of

0.975 for a logarithmic fit between the inputs and outputs, as

compared with an R2 of 0.853 for a linear fit to the data for the

I1-FFL with 20nt RR2 sgRNA expressed from the J2 promoter

(Figure 6A, bottom right). Using these R2 values we can calculate

Akaike information criterion scores (AICc) (STAR Methods) for

each model. The relative likelihood of the data being described

by a logarithmic as opposed to a linear model can then be

computed using the AICc scores for each model. For the IFFL

with RR2 sgRNA expressed from the J2 promoter, we find that

the logarithmic model is 197 times more likely to describe the

data than a linear one. We can extend the test for FCD beyond

the linear range of aTc-induced MCP-SoxS inputs by converting

these inputs into the correspondingCRISPRa responses.We line-

arized the CRISPRa response to aTc induction by dividing

CRISPRa output levels at a given aTc induction level by the

CRISPRa output at saturating concentrations of aTc. Plotting

I1-FFL outputs against this percent induction of the CRISPRa

response provided an R2 of 0.989 for a logarithmic fit, as opposed

to only 0.896 for a linear fit resulting in a relative likelihood of 880

for the data being described by a logarithmic model. By compar-

ison, the corresponding CRISPRa+i circuit exhibited an R2 for the

input-output relationship of 0.852 for a logarithmic fit, and 0.997

for a linear fit resulting in a relative likelihood of less than 0.001

or, stated differently, the linear model is at least 1,000 times

more likely than the logarithmic one to describe the observed

data (Figure S13). Taken together, these data show that

CRISPRa/i circuits assembled into I1-FFLs can be tuned to
achieve FCD. This demonstrated capacity of CRISPRa/i circuits

to perform non-linear mapping between inputs and outputs ex-

pands the utility of the CRISPRa/i system, allowing complex rela-

tionships to be encoded as network topologies.

To investigate the composability of CRISPRa/i-controlled

gene expression dynamics, we tested three inducible circuits

under continuous dilution: CRISPRa, an activation-repression

cascade, and an I1-FFL tuned for FCD (Figure 6B, left). We

observed increases in RFP/OD600 roughly 1 h post-induction

for both the I1-FFL and CRISPRa corresponding to the action

of the first layer in both circuits (Figure 6B, right). For both the

I1-FFL and the activation-repression cascade, repression onset

was observed at�5 h, corresponding to the action of the second

layer of each circuit. While I1-FFLs are recognized as a classic

pulse generating circuit, in order to achieve FCD gene expres-

sion pulses must display perfect adaptation (Adler and Alon,

2018; Goentoro et al., 2009), meaning gene expression must re-

turn to the basal level after completing the pulse. Here, we

observed an adaptive pulse of gene expression from the

I1-FFL that starts at the baseline and ends at the baseline,

corroborating the ability of the CRISPRa/i I1-IFFL to function

as a fold-change detector. Overall, these results indicate that

CRISPRa/i circuits are composable in that the observed dynamic

behaviors can be understood from the functions of the parts.

DISCUSSION

We have developed a set of components and a unifying frame-

work for building dynamic CRISPRa/i gene regulatory networks

that are scalable, composable, and tunable. These networks

are built from CRISPRa/i nodes, which we define as transcrip-

tional units that can be targeted for regulation by both CRISPRa

and CRISPRi. The CRISPRa/i framework leverages an expand-

able set of synthetic promoters and orthogonal guide RNAs to

specify arbitrary transcriptional regulatory topologies. The char-

acteristics and limitations of the network are therefore deter-

mined by the properties of the constituent components. Particu-

larly, promoter dynamic range and guide RNA function specify

the transcriptional input-output relationship of each node. Un-

derstanding these relationships will be fundamental for building

deep, wide, and fast regulatory networks.

We can estimate the upper bound for the maximum depth of

activation cascades based on the observed cascade perfor-

mance in this work. At present we observe 68% ± 18% signal

propagation in a two-layer activation cascade (Figure 2B). The

total fraction of signal propagated in deeper cascades can be

calculated by raising the fraction of signal propagated between

two layers to the total number of internal layers in the cascade.

This calculation indicates the current CRISPRa/i system in CFS

can support cascades up to 6 layers deep before output activa-

tion ratios fall below 2.5-fold. Similarly, we achieved 68%± 2.7%

signal propagation in E. coli (Figure 4B), suggesting activation

cascades of up to 6 layers could be built with the current imple-

mentation of the CRISPRa system in vivo. With the components

presented in this work, transcriptional activation generated by

CRISPRa does not fully span the input dynamic range of sc/

sgRNA expression in downstream layers (Figure 2), resulting in

degradation of signals as they are propagated through multi-

layer CRISPRa/i circuits. The most general solution to increase
Cell Systems 13, 215–229, March 16, 2022 225
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fidelity of signal propagation in both CFS and E. coli is through

engineering improved system components. Promoters with

lower basal expression, leading to larger output dynamic ranges,

would span a higher fraction of the input dynamic range of down-

stream nodes, resulting in less signal degradation between

layers and deeper CRISPRa/i circuitry. We estimated that engi-

neered promoters with a mere 5-fold increase in output dynamic

range would allow CRISPRa-directed outputs to fully span the

input dynamic range of sc/sgRNAs in downstream layers. In

this system, modest improvements in signal propagation

efficiency between layers would enable drastically deeper

CRISPRa/i networks. For instance, increasing the fraction of

signal propagated between layers by 12%, and output dynamic

ranges by 2-fold would, in theory, enable cascades up to 14

layers deep before output activation ratios fall below 2.5-fold.

While deeply layered cascades remain beyond the scope of

current engineered regulatory networks, the large activation ra-

tios and high fidelity of signal propagation observed in the

CRISPRa/i system contribute to the robust operation of shal-

lower networks.

Natural systems coordinate the expression of many outputs

with few internal layers of computation using wide, highly inter-

connected networks such as dense overlapping regulons (Rose-

nfeld and Alon, 2003; Shen-Orr et al., 2002; Thieffry et al., 1998).

Our results indicate the CRISPRa/i system is well suited to

design of wide control circuits for simultaneous and independent

multi-gene regulation. In CFS, CRISPRa levels and kinetics are

unchanged with respect to scRNA expression across at least

an order of magnitude (Figure S6). Additionally, RFP expression

levels are unchanged over a �40-fold range of dCas9 plasmid

concentration (Figure S5). This indicates that the cell-free reac-

tion has the resources to express high levels of scRNA and

dCas9 without hindering system performance. Construction of

two orthogonal I1-FFLs in the same reaction showcases the abil-

ity of CFS to harbor large circuits expressing many different sc/

sgRNAs to execute multiple independent programs simulta-

neously. Likewise, E. coli are capable of expressing high levels

of sc/sgRNAwithout experiencing growth defects or retroactivity

due to guide RNA competition for dCas9 (Huang et al., 2021). We

observe that modest overexpression of off-target scRNA has

minimal effects on CRISPRa levels (Figure S15), consistent

with recent modeling work suggesting favorable scaling for

CRISPRa networks as compared with CRISPRi (Clamons and

Murray, 2019). Taken together, these results suggest that the

CRISPRa/i system could support the operation of programs con-

taining up to 20 independent sc/sgRNAs with minimal impact to

system performance in both CFS and E. coli. As CRIPSRa/i cir-

cuits become larger, it may be necessary to incorporate im-

provements from the larger CRISPR community with our

approach to overcome potential limitations imposed by expres-

sion burden and gRNA competition (Huang et al., 2021; Schmidt

et al., 2021)

In both natural and engineered systemsRNA-based regulatory

approaches provide a means for fast and metabolically efficient

control of gene expression (Bobrovskyy and Vanderpool, 2013;

Chappell et al., 2017; Stevens and Carothers, 2015; Takahashi

et al., 2015; Westbrook et al., 2019). In multi-layer CRISPRa/i cir-

cuits, the speed of signal propagation is a tunable parameter de-

pending on the relative expression levels of all components
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involved in both CFS and E. coli. Our analysis of relative produc-

tion rates shows that guide RNA-mediated information propaga-

tion through internal layers of CRISPRa/i circuits can be fast

(�30 min/layer) (Figure S14) compared with the time required

for initial expression of functional CRISPRa components. Under

saturating expression of dCas9, sgRNA titrations reveal an initial

40–50 min delay to the onset of CRISPRi, which could be attrib-

uted to maturation of dCas9 and formation of active CRISPR

complexes (Figure 1E, right). Likewise, at high expression levels

of dCas9, we observe small differences in the timing of gene

expression across a wide range of scRNA expression levels (Fig-

ures 1D and S5, right). In CFS, CRISPRa-controlled production

rates reach steady state with respect to constitutive expression

over the course of several hours (Figure 1D, right). In contrast,

CRISPR activation generated by cascades can experience min-

imal additional delays compared with CRISPRa in a single layer

(Figure S14). For many applications in biocomputing and meta-

bolic control, successful operation is determined not only by

the fidelity but also the speed at which information is propagated

through the regulatory network. CFS containing pre-expressed

dCas9 and activator protein could accelerate the onset of

CRISPRa/i regulation in these systems. Extrapolation of these

CFS observations to inform the speed of propagation in E. coli

is difficult because E. coli experience dilution due to cell division

as well as dCas9 eviction due to DNA replication. While the cell-

free experiments in this work were conducted as batch mode re-

actions, introduction of component turnover either through

continuously diluted cell-free reactions (Dubuc et al., 2019; Karz-

brun et al., 2014; Niederholtmeyer et al., 2013), or programmable

degradation (Garamella et al., 2016) presents a bridge between

cellular and cell-free settings. Future work to characterize the

correspondence between tuning actions and the speed of signal

propagation in cell-free systems with component turnover could

provide a promising test bed to inform the predictive design of

CRISPRa/i programs controlling gene expression timing in a

cellular setting.

Given the previously demonstrated orthogonality of CRISPR-

based regulation and the independence of CRISPRa/i nodes

observed in this work, we find the CRISPRa/i system to be readily

composable into larger motifs. CRISPRa/i circuits can be built by

level-matching the response curves of different nodes, without

complications arising from retroactivity and crosstalk. Indeed,

upon construction of two orthogonal I1-FFLs in the same CFS re-

action (Figure 3A), expression dynamics of the first I1-FFL were

independent from both the presence and action of the second

I1-FFL and nearly identical to expression dynamics observed in

isolation. Such orthogonality enables design of circuits with deter-

ministic functions based solely on proper implementation of

network topologies. InCFS,webuilt circuits capable of generating

distinct gene expression profiles determined by the specific

network topologies (Figure 3A). We showed that expression dy-

namics are tunable through component expression levels within

a given circuit topology when there is overlap between upstream

and downstream circuit layers (Figures 2E and 3B). In E. coli,

continuous dilution experiments revealed I1-FFL gene expression

dynamics to be an almost perfect superposition of the dynamics

of CRISPRa and an activation-repression cascade (Figure 6B).

This composability is also captured by the relatively simple

CFS CRISPRa/i model, which only specifies CRISPR complex
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assembly and node-targeting reactions for each sc/sgRNA

(Table S3). Paired with advancements in high-throughput compo-

nent characterization in CFS and state-of-the-art modeling frame-

works (Lehr et al., 2019; Moore et al., 2018; Poole et al., 2020), the

CRISPRa/i system presents a route toward scalable computer-

aided design and implementation of dynamic gene regulatory net-

works in CFS.

Overall, this work establishes a paradigm in which CRISPRa/i

system components can be easily combined to form scalable,

dynamic gene regulatory networks in CFS and E. coli. The

CRISPRa/i system has proven capable of building layered

operations and simultaneously executing multiple regulatory

programs without compromising guideRNA-encoded expres-

sion dynamics. The dynamic gene expression profiles arising

from CRISPRa/i regulation are composable, in that network

expression dynamics can be understood as the aggregate of

the constituent components in both CFS and E. coli (Figures

3B and 6B). These attributes allow rational design of

CRISPRa/i circuits to tailor expression dynamics of multiple

genes independently and simultaneously. We anticipate

broad-ranging applications in engineered bacterial hosts,

CFS, and the next generation of artificial cells. Specifically,

we foresee applications in metabolic engineering, with feedfor-

ward motifs providing time-ordered enzyme expression, and

tunable delays enabling phenotype switching in multi-phase re-

actions. For biosensing applications, the scalable and versatile

nature of the CRISPRa/i system will allow combinatorial logical

responses and complex input-output relationships to be spec-

ified, increasing the ease of connecting sensing to reporting

stages. Finally, as synthetic biology efforts transition from re-

purposing natural systems to the bottom-up construction of

fully artificial cells, the CRISPRa/i system could be a founda-

tional technology capable of implementing the complex dy-

namic control of gene expression observed in nature, while

remaining compact, robust, and engineerable.
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Carothers (jcaroth@uw.edu)

Materials availability
Plasmids generated in this study have been deposited at Addgene (https://www.addgene.org/plasmids/articles/28222993/).

Data and code availability
d All CFS and E. coli data have been deposited at https://github.com/carothersresearch/CRISPRai_Circuits_2021 and are pub-

licly available as of the date of publication. DOIs are listed in the key resources table.

d All models and scripts used in this work have been deposited at https://github.com/carothersresearch/CRISPRai_Circuits_2021

and are publicly available as of the date of publication. DOIs are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
METHOD DETAILS

Plasmid design and preparation
Plasmid design and sequencing analyses were performed using Benchling sequence designer. All PCR amplification of plasmids and

fragments used Phusion DNA polymerase in GC buffer. Primers were synthesized by IDT and resuspended into nuclease-free water.
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All PCR reactions were treated with DpnI for longer than 1 hour and purified using Qiagen gel extraction kits. Plasmid assembly was

achieved using 5X In-Fusion HD mastermix (Takara). Assembled plasmids were transformed into chemically competent NEB Turbo

E. coli and plated onto LB-agar plates with either 100 mg/mL carbenicillin or 25 mg/mL chloramphenicol and grown overnight

�16 hours at 37 �C. Single colonies were picked from plates and grown overnight in LB shaking at 37 �C with appropriate concen-

trations of relevant antibiotics. Plasmids were isolated from subcultures using a DNA miniprep kit (QIAprep Spin Miniprep Kit) and

Sanger sequenced (Genewiz inc.) to identify correctly assembled plasmids. Plasmids intended for use in CFS were grown in culture

volumes �20 mL to ensure adequate yields for multiple cell-free reactions. Plasmids intended for cell-free expression were further

purified using a PCR purification kit (Invitrogen PureLink, Cat. K310001), and were eluted into nuclease-free water. Plasmid concen-

trations were quantified via spectrophotometry (Nanodrop 2000c, Cat. ND-2000C).

Cell-free system preparation
The cell-free system was prepared according to previously published procedures (Garamella et al., 2016; Sun et al., 2013). The cell-

free system used for an experiment was thawed on ice and pooled into a 1.5 ml eppendorf tube, vortexed, and spun-down using a

mini benchtop centrifuge to ensure homogeneity across samples.

Cell-free gene expression reaction
Cell-free gene expression reactions were assembled on ice from the CFS and purified DNA. A master mix with common plasmids

across reactions was prepared, and 1.5 mL per reaction allocated into PCR tubes. Plasmids which were varied across reactions

were added in the remaining 1 mL. The CFS was pipette mixed and added to each PCR tube in 7.5 mL for a final volume of 10 mL.

PCR tubes were vortexed, spun-down using a mini benchtop centrifuge, and placed on ice. Triplicates of 2.5 mL for each reaction

were pipetted into individual wells of a 96-well V-bottom plate (Costar, Cat. 3363). The plate was sealed (Costar, Cat. 3080) and

analyzed on a BioTek Synergy HTX plate reader at 29 �C. sfGFP fluorescence (ex. 485 nm, em. 528 nm) and mRFP1 fluorescence

(ex. 540 nm, em. 600 nm) of cell-free reactions were measured every 10 min from the bottom of the plate. All reactions were run

in batch mode.

E. coli experiments
Circuits were assembled in E. coli through transformation of plasmid pairs. In all E. coli experiments CRISPRa system components

(dCas9, MCP-SoxS, input sc/sgRNAs) are located on a p15A ori (copy number �10 ) plasmid while sc/sgRNAs forming the second

layer of a circuit were cloned into the reporter plasmid with a pSC101** ori (copy number�5) due to the size difference between vec-

tors. The p15A plasmid used in constitutive CRISPRa experiments was pCK085. aTc-inducible CRISPRa experiments use pJF182 in

which pTet controls expression of TetR and MCP-SoxS. Plate reader measurements were conducted using a BioTek Synergy HTX

with a black flat bottom plate (Ref# 3631) using 100 mL of culture.

Constitutive CRISPRa experiments
Endpoint CRISPRa experiments are conducted using constitutive expression of all CRISPRa components (pCK085). Circuits were

assembled by transformation of CRISPRa and reporter plasmids into chemically competent MG1655 E. coli. Transformed E. coli

were outgrown for 1 hour shaking at 37 �C and plated onto LB-agar with carbenicillin and chloramphenicol. Plates were grown over-

night at 37 �C. Experiments were conducted by picking three individual colonies into 400 mL Teknova EZ-RDMwith 0.2%glucose and

appropriate antibiotics in 96 well plates (round 2ml), covering with breathable membrane (Breathe Easier cat# Z763624) and shaking

overnight at 37 �C at 1200 RPM on a Heidolph titramax 1000.

aTc-inducible CRISPRa experiments
For inducible CRISPRa experiments expression of activator protein MCP-SoxS was controlled by pTet. Upon addition of aTc (anhy-

drotetracycline) to media, pTet becomes de-repressed which enables titratable expression of MCP-SoxS activator. As above, cir-

cuits are assembled by transformation of CRISPRa and reporter plasmids into chemically competent MG1655 E. coli. Transformed

E. coliwere outgrown for 1 hour shaking at 37 �C and plated onto LB-agar with carbenicillin and chloramphenicol. Plates were grown

overnight at 37 �C. Experiments were conducted by picking three individual colonies into 400 uL EZ-RDM with 0.2% glucose and

appropriate antibiotics in 96 well plates (2ml). Cultures are covered with breathable membrane and left shaking overnight at 37 �C
at 1200 RPM on a Heidolph titramax 1000. Overnight cultures are subsequently diluted 1:40 into a fresh plate of EZ-RDM and incu-

bated at 37 �C shaking at 1200 RPM. Before exiting exponential phase (�3 hours) cultures are diluted 1:40 into a fresh plate of

EZ-RDM and supplemented with appropriate concentrations of aTc. These cultures are again covered with a breathable membrane,

incubated in the dark at 37 �C shaking at 1200 RPM, and grown overnight�18 hours. Measurements are conducted in Costar 96 well

black flat bottom plates in 100 uL culture volume.

Continuous dilution E. coli experiments
Strains used in continuous dilution experiments were constructed as above through double transformation with appropriate se-

lection on plates. For CRISPRa and I1-FFL experiments MG1655 was used while for CRISPRa/i cascades, MG1655 with an inte-

grated reporter (J23119-RFP) was used (Fontana et al., 2018b). Throughout the experiment all steps including liquid handling were

conducted at 37 �C. Individual colonies were picked and grown overnight in 500 mL of LB with appropriate antibiotics shaking at
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1200 RPM in a 96 well deep well plate. In the morning cultures were diluted 1:50 into RZ-RDM with 0.2% glucose and grown as

before for one hour at a total volume of 300 ml. At one hour, 100 mL of culture was removed and measured while 100 mL fresh pre-

warmed media was added to each culture. This process was repeated every 20 minutes until OD600 stabilized, usually within

�1-2 hours. Once ODs stabilized, aTc inducer was added to cultures to a final concentration of 50 nM. Every 20 minutes for

the remainder of the experiment (�8 hours), 100 mL culture was removed and measured, while the culture was resupplied with

100 mL pre-warmed inducing media.

CFS CRISPRa/i modeling
The CFS CRISPRa/i model was defined as a series of first order chemical reactions for protein and guide RNA production, CRISPR

complex assembly, and DNA targeting. The model was implemented using the text-based model definition language Antimony for

Python 3.7 (Table S3). Here we also present the underlying system of differential equations governing the model.

The general CRISPRa/i model is based on the different transcriptional states a CRISPRa/i node can take. At the DNA level, each

nodeDi can either be unregulated, activated by CRISPRa ðDA
i Þ, or repressed by CIRSPRi (DR

i Þ. We differentiate between two different

repression states based on whether CRISPRa is also bound. The ODEs defining the change in concentration over time between node

states are therefore:

dDi

dt
= � kon

h
CA

i ,Di + CR
i ,Di

i

dDA
i

dt
= kon

h
CA

i ,Di �CR
i ,D

A
i

i

dDR
i

dt
=
dDR1

i

dt
+
dDR2

i

dt
= kon

h
CR

i ,Di � CA
i ,D

R1
i

i
+ kon

h
CR

i ,D
A
i +CA

i ,D
R1
i

i
= kon,C

R
i

�
Di +DA

i

�
Where CA

i andCR
i represent the concentration of free CRISPRa and CRIPSRi complexes targeting node i, respectively, and kon is the

rate of association to the DNA, assuming a one-step irreversible reaction.

The concentration of free CRISPR complexes is determined by the association rate of the different components (dCas9 C; scRNA

GA
i , and MCP-SoxS S for CRIPSRa; dCas9 C and sgRNA GR

i for CRISPRi) as well as the rate at which they bind to the respective

targets, namely:

dCA
i

dt
= kA,C,G

A
i ,S� kon,C

A
i

�
Di + DR1

i

�
=KA � kon,C

A
i

�
Di + DR1

i

�

dCR
i

dt
= kR,C,G

R
i � kon,C

R
i

�
Di + DA

i

�
=KR � kon,C

R
i

�
Di + DA

i

�
The concentration of the different protein and RNA species is based on their expression and interactions with other components.

For simplicity, here protein transcription and translation are lumped.

dPoff
i

dt
= kT,Di + kTA,D

A
i � kM,P

off
i � G;G=

(
KA +KR; if Pi =C KA; if Pi

=S B; otherwise

dPi

dt
= kM,P

off
i ;
dRi

dt
= kT ,Di + kTA ,D

A
i � kD ,Ri � Y ; Y =

�
KA; if Ri = GA

i KR; if Ri = GR
i

Parameters were generated from log-uniform distributions spanning 4 orders of magnitude based around literature values or

best estimates. Models with different parameters were evaluated using Tellurium (Choi et al., 2018; Medley et al., 2018), and

the model outputs were processed in the same manner as the experimental data. The processed outputs were then fit to scaled

RFP production rates of experimental data by minimizing the cumulative point-wise squared error using the Nelder-Mead simplex

algorithm.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Cell-free data analysis
Production rate

Throughout this work, we define production rate as:

_B
aðtÞ = dBa

dt
=
Baðt + 30Þ � BaðtÞ

30

where:

B is the measured quantity: RFP or GFP

a specifies the circuit topology and relevant plasmid concentrations

Relative production rates

Relative production rates of CRISPRa mediated outputs were calculated as the ratio of CRISPRa mediated production rates divided

by unregulated production rates. For CRISPRa the contribution due to unregulated basal expression was subtracted frommeasured

output levels due to CRISPRa. This was done to isolate the timing of CRISPRa mediated gene expression from the comparatively

early contribution of basal expression, and to allow observation of CRISPRa mediated gene expression dynamics under conditions

where basal expression of reporter constructs dominates. Throughout this work, relative production rates are abbreviated as Rel.

RFP Prod. Rate, or Rel. GFP Prod. Rate, and are calculated as:

_B
a

GðtÞ =
_B
aðtÞ � _B

GðtÞ
_B
GðtÞ

where:

a is a specific CRISPRa/i circuit

G is constitutive expression

For CRISPRi mediated relative production rates there is no subtraction of basal expression and relative production rates are pro-

vided as:

_B
a

GðtÞ =
_B
aðtÞ
_B
GðtÞ

Fold change in cascade output

In Figure 2B, fold change in cascade output was calculated as the ratio of RFP values generated by the CRISPRa cascade compared

to CRISPRa in a single layer with the same concentration of scRNA expressing plasmid Y.

FCa
bðyÞ =

Baðt = tmaxÞ
BGðt = tmaxÞ
Bbðt = tmaxÞ
BGðt = tmaxÞ

=
Baðt = tmaxÞ
Bbðt = tmaxÞ

where:

B is measured RFP

a is CRISPRa cascade, with y nM scRNA Y

b is CRISPRa, with y nM scRNA Y

tmax is the endpoint time of the cell free reaction

Predicted fold change in cascade output

Predicted fold change in cascade output plotted in Figure 2B was generated using the fits to scRNA titration curves provided in 2A

(red line). Predicted fold changes provided by CRISPRa at a given concentration of scRNA expressing plasmid y are denoted:cFCa

GðyÞ. In this experiment, CRISPRa in the first layer of the cascade (2A, left) generated by x nM of scRNA at node X is expected

to direct a 24-fold increase in transcription from the target. Thus, for a given concentration of scRNA expressing plasmid y at

node Y in the second layer of the cascade, predicted fold change in cascade output is calculated as the ratio of fold changes pre-

dicted by the fit in the right panel of 2A at a scRNA concentration of 24y, and 1y.

cFCa

bðyÞ =
cFCa

Gð24yÞ
FCa

GðyÞ
where:

is CRISPRa cascade, with y nM scRNA Y

is CRISPRa, with y nM scRNA Y

Normalized Z output

In Figures 2C and 2D normalized Z output is defined as the percent expression provided by CRISPRi or a CRISPRa/i cascade

compared to an unregulated, constitutive expression control.
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nBa
GðyÞ = 100,

Baðt = tmaxÞ
BGðt = tmaxÞ

where:

B is measured RFP

a is CRISPRi or a CRISPRa/i cascade with y nM sgRNA plasmid at node Y

Scaled relative production rates

In Figure 2E relative production rates were scaled by the observed production rate of the reaction at 40 mins to place curves on a

common scale before the maturation of dCas9 and the onset of CRISPRa/i control.

s _B
a

GðtÞ =
_B
a

GðtÞ
_B
a

Gðt = 40Þ
where:

_B
a

G is relative RFP production rate

a is CRISPRi or CRISPRa/i cascade with y nM sgRNA plasmid at node Y

Time to 50% repression

Time to 50% repression in Figures 2F and S4was defined as the time at which relative production rates due to CRISPRa/i control first

reached 50% of the initial 50 min value i.e., before maturation of dCas9 and the onset of CRISPRi.

t = t50%when
_B
a

GðtÞ
_B
a

Gðt = 50Þ
R:5

where:
_B
a

G is relative RFP production rate

a is CRISPRi, or CRISPRa/i cascade with y nM sgRNA plasmid at node Y

Normalized relative RFP production rates

In Figure 3A relative RFP production rates are scaled by their respective endpoints to place curves on a common scale:

n _B
a

GðtÞ =
_B
a

GðtÞ
Baðt = tmaxÞ

where:

B is measured RFP
_B
a

G is relative RFP production rate

a is CRISPRa, CRISPRa+i, or an I1-FFL

Scaled RFP production rate

In Figure 3B RFP production rates were scaled by their respective maxima, placing both curves on a common scale, allowing com-

parison of time dynamics.

s _B
aðtÞ =

_B
aðtÞ

maxð _B
aðtÞÞ

where:
_BðtÞ is RFP production rate

a is an I1-FFL with y =.1 nM or y = 1 nM sgRNA plasmid at node Y

Percent signal propagated by CRISPRa cascade

The percent signal propagated by the CRISPRa cascade in CFS was calculated as the fold change in cascade output ± input divided

by the fold change provided by CRISPRa in the input layer.

SPðyÞ = 100,
FCa1

b1
ðyÞ

FCb2
G ðyÞ

where:

a1 is CRISPRa cascade with y nM of scRNA at node Y

b1 is CRISPRa with y nM of scRNA at node Y

b2 is CRISPRa with x nM of scRNA at node X

Time to 2x activation

Time to 2-fold activation was defined as the time at which relative production rates are expected to first exceed 1, i.e., when CRISPRa

mediatedproduction ratesfirstachieve twice thatofunregulatedexpression.Timeto2-foldactivationwascalculatedas themean±stan-

dard deviation from linear fits to relative RFP production rates for three technical replicates. Linear fits were calculated over a 1 hour in-

terval between 80 and 160 mins corresponding to the initial linear increase in relative RFP production rates provided by CRISPRa.
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t = t2xwhen _B
a

GðtÞR1:0

where:
_BðtÞ is relative RFP production rate

a is CRISPRa with x nM scRNA at node X

Time to half maximal expression

In Figure S5B, time to half maximal expression was calculated differently for CRISPRa and CRISPRi. For CRISPRa the contribution

due to unregulated basal expression was subtracted frommeasured RFP levels due to CRISPRa. This was done to isolate the timing

of CRISPRamediated gene expression from the comparatively early contribution of leak, and to allow observation of CRISPRamedi-

ated gene expression dynamics under conditions where basal expression of reporter constructs dominates. The time to half max is

denoted as t1/2.

For CRISPRa this was defined as the first time point at which

t = t1
2
when

BaðtÞ � BGðtÞ
Baðt = tmaxÞ � BGðt = tmaxÞR:5

where:

B is measured RFP

a is CRISPRa with x nM scRNA at node X

For CRISPRi there was no subtraction of basal expression thus time to half maximal expression for CRISPRi is given by the first

time point at which

t = t1
2
when

BaðtÞ
Baðt = tmaxÞR:5

where:

B is measured RFP

a is CRISPRi with x nM scRNA at node X

Relative fold change

In Figure S12, the gene expression dynamics of CRISPRa and a CRISPRa cascade are compared to visualize the speed of signal

propagation in multi-layer CRISPR circuits. For these data, fold change is a function of time:

rFCa
Gðt; yÞ =

FCa
Gðt; yÞ

FCa
Gðt = tmax; yÞ

where:

B is measured RFP

a is CRISPRa or CRISPRa cascade with y nM scRNA plasmid at node Y

y is the concentration of scRNA expressing plasmid in the final layer of the circuit

Normalized fluorescence

In Figure S7, RFP and GFP fluorescence were normalized by the response range for each fluorescent protein to lie on a common

scale between 0 and 1.

nB =
B ðt = tmaxÞ �minðB ðt = tmaxÞÞ

maxðB ðt = tmaxÞÞ �minðB ðt = tmaxÞÞ
where:

B is a vector containing average RFP or GFP fluorescence for all tested conditions (CRISPRa, CRISPRa+i, I1-FFL, orthogonal

I1-FFLs)

Number of possible network topologies

The number of possible network topologies presented in Figure S1 was calculated as:

TðM;NÞ = ðM + 1Þ,ðN , ðN� 1ÞÞ
where:

M is the number of modes of regulation

M = 1 for CRISPRi alone

M = 2 for both CRISPRa and CRISPRi together

N is the number of nodes in the network

E. coli data analysis
Throughout this work all measured RFP levels in E. coli were normalized by measured OD600. Data are plotted as the mean RFP/

OD600 ± standard deviation of three biological replicates with appropriate propagation of uncertainties.
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Span

In Figure 5C span was calculated in percent as the range of RFP expression values provided by CRISPRa/i cascades (0, 200nM aTc)

divided by RFP expression levels obtained in the presence of off-target sgRNA.

S =
Ba1 � Ba2

Bb1

where:

B is RFP/OD600 measured at endpoint

a1 is CRISPRa/i cascade with 0 nM aTc induction

a2 is CRISPRa/i cascade with 200 nM aTc induction

b1 is CRISPRa/I cascade with off target sgRNA

Output dynamic range

Output dynamic range was calculated as the ratio of measured CRISPRa/i cascade RFP outputs at 0nM aTc and 200nM aTc. The

inverse quantity was used for I1-FFL output dynamic range.

O� DR =
Ba1

Ba2

where:

B is RFP/OD600 measured at endpoint

a1 is CRISPRa/i cascade with 0 nM aTc induction

a2 is CRISPRa/i cascade with 200 nM aTc induction

Relative RFP/OD600

Relative RFP/OD600 presented in Figure 6B was calculated from raw RFP/OD600 data by subtraction of the minimum observed RFP/

OD600 value post induction, and scaling outputs by their maximum observed values to place all curves on a scale between zero

and one.

rB ðtÞ = B ðtÞ �minðB ðt>t0ÞÞ
maxðB ðt>t0ÞÞ

where:

B is RFP/OD600 measured at endpoint

a is CRISPRa, CRISPRa/i cascade, or I1-FFl with 50 nM aTc induction

t0 is the time at which aTc is added to the culture

Leak

In Figure S10 leak was calculated as the percent reduction of measured CRISPRa RFP levels at 200nM aTc induction, due to unac-

tivated sgRNA expression.

L = 100,
B� Bb

B

where:

B is RFP/OD600 measured at endpoint

a is CRISPRa at 200 nM aTc

b is CRISPRa+i at 200 nM aTc

Output Range Compression

Output range compression was defined as the output range of a CRISPRa/i circuit divided by the accessible output range. Here,

output range of a CRISPRa/i cascade was defined as:

OR = Ba1 � Ba2

While output range of CRISPRa was defined as:

OR = Ba2 � Ba1

In a CRISPRa/i cascade, the accessible output range was calculated as the measured fluorescence provided by the CRISPRa/i

cascade with an off target sgRNA

A = Bb1

For I1-FFLs, the accessible output range was defined as the output range of the corresponding circuit with an off-target sgRNA, at

200 nM aTc and 0 nM aTc

A = Bb2 � Bb1
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While for CRISPRa+i, the accessible output range was defined as the output range with an off-target scRNA directing CRISPRa to

activate sgRNA expression, at 200 nM aTc and 0 nM aTc

A = Bb2 � Bb1

Thus, output range compression of CRISPRa/i cascades was defined in percent as:

ORC = 100,

�
1�OR

A

�
= 100,

�
1�Ba1 � Ba2

Bb1

�
While output range compression of CRISPRa+I was defined as:

ORC = 100,

�
1�OR

A

�
= 100,

�
1�Ba2 � Ba1

Bb2 � Bb1

�
where:

B is RFP/OD600 measured at endpoint

a1 is CRISPRa+i, at 0 nM aTc

a2 is CRISPRa+i, at 200 nM aTc

b1 is CRISPRa+i, with off-target sgRNA at 0 nM aTc

b2 is CRISPRa+i, with off-target sgRNA at 200 nM aTc

Percent CRISPRa induction

Percent CRISPRa induction presented in Figure S11was calculated by dividingmeasured RFP values obtained fromCRISPRa by the

measured RFP value provided by CRISPRa at maximal, saturating levels of aTc induction (200nM).

%IðxÞ = 100,
Ba1

Ba2

where:

B is RFP/OD600 measured at endpoint

a1 is CRISPRa at x nM aTc

a2 is CRISPRa at 200 nM aTc

Statistics
Statistical significance was calculated using two-tailed unpaired Welch’s t tests. When comparing two different models (Figures 6A

and S13), statistical significance was assessed by calculating the relative likelihood (RL) between a logarithmic model and a linear

model, based on the Akaike Information Criterion with small sample correction for each model (Akaike, 1974; Burnham and Ander-

son, 2002; Cavanaugh, 1997):

RL= exp

�
AICcðM1Þ � AICcðM2Þ

2

�

AICc = 2,k + n,log

�P
Res2

2

�
+
2,k,ðk + 1Þ
n� k � 1

where n denotes the sample size, k denotes the number of parameters,Res the residuals, andM1 andM2 correspond to the linear and

logarithmic models, respectively. Here the use of the AICc provides a second order estimation of information loss for each model. In

addition to goodness of fit, the AICc takes into account the underlying model complexity and the size of the data set to penalize over-

fitting. For a given dataset, the model which minimizes the AICc can be said to minimize information loss. Within this paradigm, the

relative likelihood is interpreted as the probability that M2 minimizes information loss as compared to M1.
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