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Abstract

CRISPR activation is a powerful tool to upregulate a vast array of genes in many different contexts. However, there are few dynamic CRISPR
transcriptional programs, which limit its usage in the creation of living biosensors, self-regulating microbial factories, or conditional therapeutics.
Here, we address this limitation by embedding a molecular switch directly into a guide RNA to create a combined sensor-actuator called a
metabolite-responsive scaffold RNA (MR-scRNA). We demonstrate the regulatory potential for MR-scRNAs by conditionally activating genes in
three different kingdoms of life. We create MR-scRNAs responsive to two distinct metabolites, theophylline and tryptophan, by swapping the
molecular switch used. MR-scRNAs respond quickly in a dose-dependent manner specifically to their target metabolite and enhance biochemical
production when used as a dynamic regulator of pathway enzyme expression. The broad functionality and ease of design of the MR-scRNAs

offer a promising tool for dynamic cellular regulation.

Graphical abstract

Metabolite-responsive scaffold RNAs

Conditional effector

recruitment

&

Gene OFF —— — —— Gene ON
Metabolite
Programmable

gene targeting

Introduction

Synthetic biology and metabolic engineering have converted
microbes into living factories that can upcycle simple feed-
stocks into commodity chemicals, complex natural prod-
ucts, and therapeutics [1-4]. Maximizing cellular productiv-
ity, titer, and yield requires that the expression of both na-
tive metabolic pathways and heterologous enzymes must be
finely controlled in concert. Traditional approaches toward

balancing metabolic flux rely on static optimization of path-
way enzyme expression through screening promoter or ribo-
some binding site libraries to modulate expression of each
gene combinatorially or to knock out competing pathways
[5-7]. However, static gene regulation does not take into ac-
count that cellular environments vary significantly through-
out the cell life cycle, leading to mismanagement of resources
and thus suboptimal performance. Conversely, dynamic reg-
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ulatory strategies aim to balance the competing demands of
the cell by cycling between growth and production states [8—
12]. Ideally, this is achieved by allowing the cell to interpret
important physiological cues, such as branch point metabolite
concentrations, to modulate the expression of production en-
zymes for better allocation of cellular resources and improved
product titers [10].

CRISPR-Cas transcriptional regulation systems are a
promising method for precise control of gene expression.
Programmable targeting of either the CRISPR activation
(CRISPRa) or repression (CRISPRi) complex to the gene of in-
terest is enabled by complementary base pairing of the spacer
sequence to the target locus [13]. Gene targets can be changed
simply by exchanging the spacer sequence, and simultane-
ous gene activation and repression of multiple genes is pos-
sible using multiple single guide RNAs (sgRNAs). Both types
of CRISPR transcriptional control systems are effective in
bacterial [14-17], fungal [18, 19], and mammalian [13, 18,
20] hosts, demonstrating the broad generalizability of these
gene expression schemes. However, one primary limitation
is that most CRISPR-based gene control systems are static
in nature. While there are several recent examples of input-
responsive CRISPR transcriptional control systems [19-22],
these schemes rely on a limited set of chemically induced
protein—protein interactions [23] that respond to a small num-
ber of chemicals that must be exogenously supplied, such as
rapamycin, abscisic acid, and gibberellin, or light-controlled
systems that are impractical at scale. Conversely, RNA ap-
tamers can be readily generated to selectively bind to a diverse
array of molecules [24-27] and directly incorporated into the
sgRNA to minimize the number of components required for
dynamic cellular regulation [28-31]. However, existing small-
molecule-responsive sgRNA designs are limited by the range
of hosts that they are functional in, the reversibility of their
regulatory mechanism, and their ability to regulate transcrip-
tional activation.

To design a generalizable dynamic regulatory strategy for
metabolite-responsive CRISPR transcriptional control, we ex-
ploited a class of highly efficient self-contained RNA switches
that link the binding of a chemical input to the bind-
ing of a protein target [32]. These RNA switches condi-
tionally form an MS2 bacteriophage coat protein (MCP)-
binding hairpin only when the metabolite of interest binds
to its cognate aptamer (Fig. 1A). Conveniently, in one ver-
sion of CRISPRa, the transcriptional activator is transla-
tionally fused to MCP and constitutively recruited to the
MS2 aptamer located on the 3’ end of the scaffold sgRNA
(scRNA) [14, 15, 18]. By replacing this static hairpin with
RNA switches, we designed metabolite-responsive scaffold
RNAs (MR-scRNAs) that enabled conditional CRISPRa in
both prokaryotic (Escherichia coli) and eukaryotic cells (Sac-
charomyces cerevisiae and HEK239T) (Fig. 1B). We demon-
strated that MR-scRNAs exhibit dose-dependent behavior
and are highly specific to the target metabolite, and the
metabolite-sensing RNA aptamer can be swapped to respond
to alternative ligands. Using a tryptophan MR-scRNA, we
dynamically regulated the expression of the multi-gene vi-
olacein biosynthesis pathway, leading to 10-fold improved
product titers and increased strain stability. We envision that
the generalizable functionality of the MR-scRNA will pro-
vide new opportunities for biosensing and dynamic cellular
regulation.

Materials and methods

Plasmid construction

Plasmids used in this study are listed in Supplementary Table
S1. The sequences of each MR-scRNA and scRNA used in
this study are reported in Supplementary Table S2. Complete
plasmid sequences are available from our publicly accessible
Benchling repository, and relevant plasmids are available from
Addgene.

Plasmids were constructed using standard molecular
cloning techniques and sequence verified. Bacterial CRISPRa
plasmids were derived from Addgene plasmids 153025 (a gift
from Jesse Zalatan) [15], 192640 (a gift from Jesse Zala-
tan) [33], and 206802 (a gift from James Carothers) [21].
Yeast CRISPRa plasmids were derived from Addgene plas-
mids 62313 and 62283 (gifts from Wendell Lim and Stanley
Qi) [18]. Mammalian CRISPRa plasmids were derived from
Addgene plasmid 84239 (a gift from Stanley Qi) [20] or a
commercial pcDNA3.1 vector. Violacein biosynthesis genes
were obtained from Addgene plasmid 73440 (a gift from
Mattheos Koffas) [34].

MR-scRNA characterization in E. coli

Escherichia coli strain MG1655 was transformed with the
specified CRISPRa and reporter plasmids. Freshly trans-
formed cells were inoculated in LB media (10 g/l tryptone, 5 g/l
yeast extract, and 10 g/l tryptone) containing 100 pg/ml car-
benicillin and 30 pg/ml chloramphenicol and grown overnight
at 37°C with agitation. Cells were subcultured (1:100 dilu-
tion) into fresh media supplemented with the specified theo-
phylline (or caffeine) concentration and grown for 8-12 h
at 37°C with agitation prior to measurement. In the case of
metabolite cycling experiments, cells were measured and sub-
cultured (1:100 dilution) every 6 h into fresh media with or
without 1 mM theophylline. A 100 ul sample of each culture
was collected, and the ODgo9 and mRFP1 fluorescence (exci-
tation, 540 nm; emission, 600 nm; bandwidth, 13.5 nm) of
each were measured in a BioTek Synergy H4 plate reader.

MR-scRNA response kinetics in E. coli

Cells were transformed and grown as described in the previ-
ous section. Cells were subcultured (1:100 dilution) into fresh
media supplemented with (for off-rate kinetics) or without
(for on-rate kinetics) 1 mM theophylline and grown for 6 h
at 37°C with agitation. Cells were then further subcultured
(1:100 dilution) into fresh media with (for on-rate kinetics)
or without (for off-rate kinetics) 1 mM theophylline. At each
specified time point, 10 ul of cells were collected and diluted
into 90 pl of phosphate buffered saline (PBS) buffer for flow
cytometry analysis.

An ACEA NovoCyte Flow Cytometer was used to analyze
10 000 single cells per sample. Events were first gated on for-
ward scatter height versus side scatter height to determine the
population of cells and then gated on forward scatter height
versus area to determine the population of single cells. The
PE-CyS5 channel was used to measure the fluorescence inten-
sity of mRFP1. An example gating strategy and histogram are
depicted in Supplementary Fig. S16.

Tryptophan MR-scRNA characterization in E. coli

Cells were transformed as described previously. Cells were ini-
tially cultured in the standard MOPS EZ rich defined media
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Figure 1. Design of metabolite-responsive scRNAs for conditional gene activation. (A) The MR-scRNA consists of an unstructured spacer sequence
complementary to the genetic target, a dCas9-binding hairpin, and an RNA switch that undergoes a conformational shift once bound to the target
metabolite to form an MCP-binding hairpin. In the active state, the MR-scRNA can bind to MCP-SoxS transcriptional activator and induce gene activation.
(B) Design schematic of the metabolite-responsive CRISPRa system. If the metabolite of interest is not present, the MR-scRNA-dCas9 complex is
localized upstream of the target gene, but the inactive MR-scRNA does not recruit the MCP-SoxS transcriptional activator. However, in the presence of
the target metabolite, the activated MR-scRNA binds to the MCP-SoxS transcriptional activator, which in turn recruits the RNA polymerase and induces
expression of the target gene. (C) Screening for functional MR-scRNAs in E. coli that conditionally activate mRFP1 expression in response to their target
metabolite, theophylline. The full sequences of each MR-scRNA variant can be found in Supplementary Table S2. All values are mean + s.d. of n=3
biological replicates. Abbreviations: TSS, transcription start site; RFU, relative fluorescent units; ODgoo, optical density at 600 nm.
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formulation (Teknova) containing 100 pg/ml carbenicillin and
30 pg/ml chloramphenicol and grown overnight at 37°C with
agitation. Cells were subcultured (1:100 dilution) into fresh
MOPS EZ rich defined media formulated without tryptophan,
so that tryptophan could be supplemented at the specified con-
centrations. Cells were grown for 8 h at 37°C with agitation.
Cells were collected and analyzed by plate reader or flow cy-
tometry as described in the previous sections.

Violacein biosynthesis and quantification

Escherichia coli strain MG1655 was transformed with the
specified CRISPRa and biosynthesis plasmids. Freshly trans-
formed cells were inoculated in LB media containing 100
pg/ml carbenicillin and 30 pg/ml chloramphenicol and grown
for 8 h at 37°C with agitation. Cells were subcultured (1:100
dilution) into shake flasks containing 25 ml of fresh media
and any specified metabolites and grown for 8 h at 30°C with
agitation.

Violacein was harvested and quantified as previously de-
scribed [34]. Briefly, a 500 ul sample was collected from each
culture, and cells were harvested by centrifugation at 5000 rcf
for 5 min. After removing the supernatant, cells were boiled
in 600 pl of methanol containing 1% (v/v) acetic acid for §
min. Cellular debris was removed by centrifugation at 21 000
rcf for 10 min, and extracts were filtered. Violacein quantifi-
cation was performed on an Agilent 1290 Infinity II HPLC
system with a Waters C18 column (WAT086344, 150 mm x
3.9 mm, 4 um particle size). The solvent gradient was as de-
scribed previously [34], with an injection volume of 10 pl.
Violacein was detected at 6.3 min with a diode-array detector
at 565 nm.

MR-scRNA characterization in yeast

To generate a yeast strain with galactose-inducible
CRISPRa machinery, the S. cerevisiae reporter strain W303
TRP1:pTET07-Venus (a gift from Jesse Zalatan) [19] was
transformed with pSC-CRISPRa integration vector linearized
by digestion with Sfil. The resulting yeast cells were trans-
formed with the specified scRNA plasmids. Isolated colonies
were inoculated in yeast synthetic complete media deficient
in uracil (YSC-URA) supplemented with 20 g/l glucose and
grown overnight at 30°C with agitation. To relieve carbon
catabolite repression, cells were diluted to an OD of 0.5 into
fresh media containing 20 g/l raffinose and grown overnight
at 30°C with agitation. Cells were again diluted to an OD of
0.5 into fresh media containing 20 g/l raffinose, 0.01% (w/v)
galactose, and theophylline or tryptophan as specified and
grown overnight at 30°C with agitation. Cells were harvested
by centrifugation and washed in PBS buffer. The ODgpp and
fluorescence (excitation, 500 nm; emission, 530 nm; bandpass
filter, 9 nm) of 100 ul of resuspended cells were measured in
a BioTek Synergy H4 plate reader.

MR-scRNA characterization in human cells

HEK293T pTRE3G-dscGFP (a gift from Stanley Qi) [18, 20,
35] cells were cultured in Dulbecco’s modified Eagle medium
with high glucose, sodium pyruvate, and GlutaMAX (Gibco)
supplemented with 1x penicillin-streptomycin and 10% (v/v)
fetal bovine serum. Cells were maintained at confluency be-
low 80%-90% at 37°C and 5% CO,. For each experiment,
cells were seeded at a density of either 10 000 or 50 000 cells
per well in 96-well or 24-well tissue culture treated-plates, re-

spectively, and transfected 24 h after seeding. Cells were trans-
fected with a total of 50 or 250 ng of DNA in 96-well or 24-
well plate experiments, respectively. Transfections were pre-
pared by combining dCas9, gRNA, and MCP-VPR plasmids
in a 4:5:1 mass ratio using the vendor’s recommended ratio of
jetOPTIMUS (Polyplus) transfection reagent (1 ng DNA:1 ul
reagent). Cells were induced 24 h after transfection by adding
100 mM theophylline solution prepared in 60 mM sodium
hydroxide (to improve solubility) as specified to the culture
media. Cells were washed in PBS, trypsinized, and harvested
for flow cytometry analysis 24 h after induction.

An ACEA NovoCyte Flow Cytometer was used to analyze
10000 transfected cells per sample. Events were first gated
on forward scatter height versus side scatter height to deter-
mine the population of cells and then gated on forward scat-
ter height versus area to determine the population of single
cells. Cells were then gated with the PE-CyS$ channel to iden-
tify transfected cells (each gRNA expression plasmid contains
a mCherry reporter). The FITC channel was used to measure
the fluorescence intensity of dscGFP. An example gating strat-
egy and histogram is depicted in Supplementary Fig. S17.

Endogenous gene activation

HEK293T cells (ATCC CRL-3216) were cultured and main-
tained as described in the previous section. Cells were seeded,
transfected, and induced in 24-well plates as described in the
previous section. Cells were washed in PBS, trypsinized, and
harvested 24 h after induction. Cell pellets were harvested by
centrifugation at 400 rcf for 5§ min and stored frozen at —80°C
prior to extraction. Frozen cell pellets were thawed and resus-
pended in 600 pul of Monarch StabiLyse DNA/RNA buffer.
RNA was extracted from lysed cell pellets and DNase treated
using the Monarch Spin RNA Isolation Kit (Mini) (NEB). Pu-
rified RNA samples were eluted in nuclease-free water, and
their concentration and quality were assessed using a Nan-
oDrop 2000 (Thermo Scientific). RT-qPCR was performed on
200 ng of total RNA with a Bio-Rad CFX96 Real-Time Sys-
tem using the Luna Universal One-Step RT-qPCR kit (NEB).
Each biological replicate was analyzed in duplicate technical
reactions, and the resulting Cq values were averaged. Target
gene expression was normalized to GAPDH mRNA levels and
compared against cells transfected with a non-targeting MR-
scRNA using the AACq method [36]. Oligonucleotides used
for RT-qPCR are listed in Supplementary Table S3.

Statistical analysis

All data in the study are displayed as the mean =+ standard de-
viation of three biological replicates along with the measure-
ments of individual replicates unless otherwise indicated. Sta-
tistical significance was assessed at P < .01 with the one-tailed
Welch’s t-test. All data figures and statistical analysis were pre-
pared in Python 3.8.8 using matplotlib, seaborn, pandas, and
SciPy libraries.

Results

Metabolite-responsive scaffold RNAs conditionally
activate gene expression

To develop a metabolite-responsive CRISPRa system, we cre-
ated a metabolite-responsive scaffold RNA (MR-scRNA) that

conditionally recruits a transcriptional activator, SoxS, to
the target gene in E. coli (Fig. 1A). The MR-scRNA con-
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sists of three functional moieties: a spacer sequence encod-
ing the genetic target, a dCas9-binding hairpin, and a 3’
metabolite-responsive RNA switch. The RNA switch under-
goes a conformational shift upon metabolite binding that en-
ables the formation of an MCP-binding hairpin. As with the
static CRISPRa system, this motif is used to recruit an MCP-
activation domain fusion protein to the CRISPR complex and
initiate transcription of the target gene (Fig. 1B).

As a proof of concept, we selected the 10 best-performing
theophylline-responsive RNA switches previously character-
ized by an in vitro high-throughput screen [32] and inserted
each in place of the static MCP-binding hairpin present in the
original scRNA to create a set of theophylline MR-scRNAs.
Theophylline was chosen as a model metabolite for our ini-
tial screens because it is not endogenously produced or con-
sumed, and its cognate aptamer is well studied [37]. We exam-
ined MR-scRNA activity by targeting an engineered minimal
promoter upstream of a monomeric red fluorescent reporter
(mRFP1) [21] in E. coli in the presence and absence of theo-
phylline (Fig. 1C). Six of the 10 theophylline MR-scRNA de-
signs screened had a significant increase in mRFP1 expression
when cells were treated with theophylline, with three MR-
scRNAs producing a greater than five-fold response to the
target metabolite. Of the four non-responsive MR-scRNAs,
two variants had minimal CRISPRa activity, while two vari-
ants were constitutively active. We confirmed that the addi-
tion of theophylline had no significant impact on CRISPR-
mediated gene activation when the static scRNA design is
used (Supplementary Fig. S1), confirming that the metabolite-
responsive RNA switch is required for the conditional activa-
tion of the reporter gene.

We compared the metabolite-induced response of the RNA
switches in their previously studied context (conditional
MCP-binding in vitro) [32] and in our study (conditional
gene activation) and found no correlation (Supplementary Fig.
S2). This is unsurprising, as the requirements for CRISPR-
mediated gene activation are more stringent than those of sim-
ply binding to MCP. For the MR-scRNA to correctly induce
expression, both the dCas9-binding motif and RNA switches
must fold properly while maintaining an unstructured spacer
region for hybridization to the target site. Additionally, there
are strict requirements for the spatial orientation and distance
of the MCP-SoxS activator that significantly reduce gene ac-
tivation if not met [14, 15].

MR-scRNA sensitivity, specificity, and response
dynamics

We further characterized the ability of the theophylline MR-
scRNA to conditionally regulate gene activation in E. coli. We
selected variant #1 for subsequent analysis due to its high fold
response and minimal variance compared to other designs.
We first titrated cells with different theophylline concentra-
tions to determine whether the MR-scRNA response is dose-
dependent. We observed a linear response to theophylline con-
centrations between 100 and 2 500 uM (Fig. 2A). Metabolite-
induced gene activation continued to occur at theophylline
concentrations >2500 uM, but at these concentrations cells
exhibited significant toxicity, consistent with other reports in
the literature (Supplementary Fig. S3) [38, 39]. The maximal
and basal activation of the conditional output response could
also be modulated by copy number variation of the target gene
(Supplementary Fig. S4).

Highly specific target recognition is critical for intracellular
biosensors and regulators due to the abundance of molecules
with similar size, shape, and charge present in the cellu-
lar environment. Minimal cross-reactivity with structurally
similar molecules is particularly important in the context of
metabolic engineering as many metabolites within a biosyn-
thetic pathway can differ by only a single functional group.
Aptamers are known for being highly specific to the target lig-
and, with exceptional discrimination against structurally sim-
ilar molecules [37, 40]. We evaluated the specificity of the
theophylline MR-scRNA for its cognate metabolite against
caffeine. Similar to theophylline, caffeine is also a methylx-
anthine, but it contains an additional methyl group present
at the N7 position (Fig. 2B). Cells treated with caffeine ex-
hibited a similar toxicity profile to those treated with theo-
phylline (Supplementary Fig. S3), but unlike those stimu-
lated by theophylline treatment, the MR-scRNA did not ac-
tivate reporter expression in response to caffeine (Fig. 2B and
Supplementary Fig. S5).

We next examined the kinetics and dynamics of the MR-
scRNA induction in response to the target metabolite. To de-
termine the on- and off-rate kinetics of metabolite-responsive
CRISPRa, we first cultured cells with or without 1 mM theo-
phylline for 6 h to induce the expected cell state (“on” if
treated with theophylline or “off” if untreated) and then di-
luted cells into fresh media corresponding to the opposite
state. We measured fluorescence by flow cytometry over time;
cells were measured just prior to and for 4 h after media ex-
change (Fig. 2C). In both cases, a significant change in mRFP1
levels was observed within 1 h after metabolite addition or
removal. While the RNA switches embedded within the MR-
scRNA previously exhibited binding or unbinding on much
shorter timescales (seconds to minutes) [32], changes of de-
tectable mRFP1 signal are limited by the rates of transcription,
translation, and chromophore maturation [41]. To demon-
strate the potential usefulness of MR-scRNAs as dynamic reg-
ulators, we also repeatedly transferred cells between media
with or without theophylline and found that the cells cycled
between the on- and off-states in response to the target ligand
as expected (Fig. 2D). Additionally, we observed that the MR-
scRNA generated a population-wide response, with ~90%
of the treated cells exhibiting a detectable response to theo-
phylline stimulation (Supplementary Fig. S6).

MR-scRNAs modulate gene expression in
eukaryotes

As part of our goal to develop a generalizable metabolite-
responsive transcriptional control platform, we tested the abil-
ity of the MR-scRNAs to conditionally activate genes in eu-
karyotic cells. We ported the MR-scRNA into the framework
necessary for CRISPR activation in yeast and human cells (Fig.
3A). The only modifications required were to add nuclear lo-
calization signaling peptides to the protein components and
swap the bacterial transcriptional activator, SoxS, with one
compatible for gene activation in eukaryotes, VP64-p65-Rta
(VPR) [42]. Other than replacing the spacer sequences, we
made no changes to the MR-scRNA designs.

To test whether the MR-scRNA is functional in yeast,
we transformed plasmids expressing a constitutively active
scRNA, a non-targeting scRNA, or a theophylline-responsive
MR-scRNA into an S. cerevisiae reporter cell line [18, 19]
with a Venus fluorescent reporter and the CRISPRa machinery
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Figure 2. Theophylline MR-scRNA response characterization. (A) Dose—response curve of the theophylline MR-scRNA in response to the target
metabolite. (B) The theophylline MR-scRNA can differentiate between the target metabolite and a structurally similar compound, caffeine. The chemical
structures for each compound are shown; the additional methyl group present within caffeine is highlighted. (C, D) Response kinetics and dynamics of
the theophylline MR-scRNA system when either untreated (OFF state) or treated with T mM theophylline (ON state). Gene activation was normalized by
the average normalized fluorescence of three biological controls without 0 mM theophylline treatment at each time point. (C) Response kinetics of the
MR-scRNA system after passage into fresh media at 0 min. (D) Response dynamics of the MR-scRNA system after repeated passaging into fresh media
every 6 h. All values are mean =+ s.d. of n = 3 biological replicates; shaded regions in panels (A), (C), and (D) represent the s.d. Abbreviations: RFU,

relative fluorescent units; OD600, optical density at 600 nm.

(dCas9 and MCP-VPR) integrated in the genome. Metabolite-
responsive gene activation was only observed in yeast cells
expressing the MR-scRNA (Fig. 3B). The MR-scRNA in-
creased mVenus expression 18.5-fold in response to theo-
phylline. However, the activated state was only 26% of the
maximal gene expression achieved by the static scRNA de-
sign; similar to the bacterial application, this is likely due
to reduced affinity of the RNA switch for MCP relative
to the constitutively formed MS2 aptamer. Similarly, we as-
sessed whether MR-scRNAs could conditionally drive gene
activation in mammalian cells. We transfected plasmids ex-
pressing dCas9, MCP-VPR, and either an scRNA control or
a theophylline-responsive MR-scRNA into a HEK239T re-
porter cell line previously engineered to express GFP from a
minimal promoter [18, 20, 35]. As with yeast, only HEK239T
cells expressing the MR-scRNA demonstrated increased re-
porter expression after theophylline treatment (Fig. 3C). We
observed a dose-dependent response by the MR-scRNA to
the target ligand over similar concentration ranges as in E.
coli (Supplementary Fig. S7). We attempted to improve MR-
scRNA activity in human cells by adding an additional tracr
terminator hairpin that previously increased gene activation
in eukaryotes [14, 18], but this modification completely abol-

ished all activity likely due to disruptions to the functional mo-
tifs within the adjacent RNA switch (Supplementary Fig. S8).

The similar performance of MR-scRNA across three dis-
tinct host organisms was surprising, as RNA devices are heav-
ily influenced by temperature differences [43—45] and magne-
sium concentrations [46, 47], which vary significantly across
each host. For instance, both temperatures used to test MR-
scRNAs in cells (37°C for bacteria and mammals versus 30°C
for yeast) differed from the initial in vitro screening condi-
tions for the RNA switches (24°C) [32]. Additionally, cytoso-
lic magnesium levels can drastically differ between the bac-
terial and mammalian cells [48, 49] and are less than those
used to screen for the RNA switches (4 mM) [32]. Together,
these results indicate that the MR-scRNA and the correspond-
ing RNA switches are functional in a broad range of environ-
ments and applications.

MR-scRNAs regulate endogenous gene expression

A key advantage of CRISPR regulation over other transcrip-
tional control systems is the ability to programmably tar-
get genes without the need for promoter editing or engi-
neering [42, 50]. We tested whether MR-scRNAs could con-
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Figure 3. MR-scRNAs drive conditional gene activation in yeast and human cells. (A) Design schematic of the MR-scRNA system in yeast and human
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an on-target scRNA (+), non-targeting scRNA (—), or theophylline-responsive scRNA (MR-scRNA). Yeast cells were induced with 0.01% w/v galactose
and cultivated with or without theophylline. All values are mean =+ s.d. of n = 3 biological replicates. (C) HEK239T pTRE3G-dscGFP cells were
transfected with dCas9 and MCP-VPR expression plasmids as well as an scRNA (+), sgRNA (—), or theophylline-responsive scRNA (MR-scRNA).
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within each sample and compared against cells transfected with a non-targeting MR-scRNA without theophylline stimulation. All values are mean =+ s.d.
of n = 3 biological replicates. Abbreviations: RFU, relative fluorescent units; ODggg, optical density at 600 nm; a.u., arbitrary units.

ditionally control the expression of endogenous genes. We
transfected HEK293T cells with a plasmid expressing MR-
scRNAs with a spacer targeting titin (TTN). As expected, we
found expression of TTN was significantly elevated in cells
treated with 1 mM theophylline compared to untreated cells
(Fig. 3D).

The canonical NGG protospacer-adjacent motif (PAM) site
requirement for DNA-binding limits the number of genes
that can be regulated by CRISPRa [51]. Thus, we also ex-
plored whether MR-scRNAs would function similarly with
alternative dCas9 variants with expanded PAM ranges, such
as the engineered SpRY variant [52, 53]. Previous work has
demonstrated that the dSpRY variant could activate a range
of endogenous genes with noncanonical PAM sites [33, 54].
We detected similar levels of conditional gene activation us-
ing the MR-scRNA in conjunction with either dCas9 or
dSpRY (Supplementary Fig. S9), which greatly expands the
number of genes that can be targeted with the MR-scRNA
system.

Dynamic metabolic regulation using MR-scRNAs
responsive to native metabolite

We next sought to design an MR-scRNA that can sense and
respond to a native metabolite. Tryptophan is a precursor
for the biosynthesis of many natural products and medicinal
compounds [2, 55-59], yet it is also an amino acid essential
for protein synthesis and thus growth. Dynamic regulatory
strategies that consider the concentrations of key branch point
metabolites, such as tryptophan, offer improved product titers
and yields [10, 11]. Thus, we created a tryptophan-responsive
scRNA that can be used as a metabolic switch to transition be-
tween growth and production states when tryptophan levels
are high (Fig. 4A).

Given the high hit rate from our initial screen for
theophylline-responsive scRNAs, we generated a single tryp-
tophan MR-scRNA by simply implementing the highest-
ranked RNA switch from the in vitro screening for this
metabolite into our scRNA [32]. We cultivated different E.
coli strains expressing this new MR-scRNA design and the
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proper controls in rich, defined media supplemented with or
without tryptophan (Supplementary Fig. $S10). As expected,
only cells with the tryptophan MR-scRNA exhibited condi-
tional gene activation. The tryptophan MR-scRNA appears
leakier than the theophylline MR-scRNA, likely due to tryp-
tophan synthesized by the growing cells. We observed dose-
dependent behavior of the tryptophan MR-scRNA in response
to its cognate ligand with a minimum detectable concentra-
tion of 250 uM and a maximum 2.8-fold response (Fig. 4B
and Supplementary Fig. S11). We also ported the tryptophan
MR-scRNA into yeast, which enabled a slight but significant
response to tryptophan in this host (Supplementary Fig. $12)
with higher levels of background expression likely induced by
the tryptophan present within the media formulation required
for this auxotrophic strain.

After validating our tryptophan-responsive MR-scRNA,
we then sought to dynamically regulate violacein produc-
tion. Violacein is a naturally occurring purple pigment with
anti-microbial and anti-tumor properties synthesized in a

five-enzyme cascade (VioABECD) from tryptophan [60].
We first attempted to use the theophylline-responsive MR-
scRNA to conditionally activate expression of these five genes
(Supplementary Fig. S13). We found that there was a slight
but not statistically significant increase in violacein titers when
these cells were treated with theophylline. However, the in-
crease in violacein production is more pronounced on a per-
cell basis due to a roughly two-fold reduction in biomass from
the metabolic burden of background overexpression. We next
utilized the tryptophan MR-scRNA to permit cells to self-
regulate their expression of the violacein biosynthesis path-
way when there is sufficient tryptophan available for both
growth and production.

We compared violacein production in E. coli with either
an on-target scRNA (constitutively high expression), an off-
target scCRNA (basal expression), or a tryptophan MR-scRNA
(conditional expression) (Fig. 4C and Supplementary Fig.
S14). The tryptophan MR-scRNA produced 9.9-fold greater
violacein than the off-target scRNA control without any ap-
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parent growth defects. Self-regulation with a tryptophan MR-
scRNA proved useful, as this strategy led to 3.6-fold more vi-
olacein than the theophylline MR-scRNA despite the fact that
the level of induced mRFP1 expression with the theophylline
MR-scRNA was higher than with the tryptophan MR-scRNA.
Interestingly, no detectable quantity of violacein was produced
by cultures with the on-target scRNA in any of our experi-
ments. We did observe purple colonies when these cells were
initially transformed onto agar plates, but violacein produc-
tion capacity was completely abolished in liquid media across
each of our experiments. This, coupled with slower overall
growth of these cultures, indicates an extreme metabolic bur-
den placed on these cells by constitutive high expression of
this multi-gene pathway. Overall, the design of MR-scRNAs
responsive to branch point metabolites, such as tryptophan,
that are essential for both growth and biochemical produc-
tion provides a new dynamic regulatory strategy to achieve
more effective biosynthesis.

Discussion

In this work, we present MR-scRNAs as a programmable and
generalizable tool for metabolite-inducible CRISPR transcrip-
tional activation. We demonstrated that MR-scRNAs are ca-
pable of functioning in three distinct species from across the
tree of life and are thus likely to be portable to many other
hosts. We were also able to demonstrate that MR-scRNAs re-
sponsive to alternative metabolites could be generated. Addi-
tionally, the utility of the MR-scRNA for dynamic metabolic
engineering was demonstrated using a tryptophan-responsive
MR-scRNA to enable cells to self-regulate precursor levels
leading to more efficient cell growth and biosynthesis of vi-
olacein.

Our MR-scRNAs have comparable activation profiles to
other ligand-inducible CRISPRa platforms in bacteria and
yeast [19, 21, 29], with several potential benefits. First, modu-
lation of gene regulation through a cis-acting RNA switch in-
stead of conventional chemical-inducible dimerization (CID)
domains, such as PYL1-ABI or GID1-GAI, minimizes the
number of biological components that must be expressed,
which reduces the burden imposed by the presence of the reg-
ulatory system. Furthermore, ligand-inducible CRISPRa sys-
tems that rely on CID are limited to the small number of avail-
able molecules that can be sensed with such pairings whereas
the possible range of inputs that an MR-scRNA could pos-
sibly detect is significantly broader given that there are sev-
eral hundred natural and synthetic RNA aptamers have al-
ready been identified [61]. It is important to note that small
molecules with simple structures are targets that an RNA
aptamer is unlikely to be generated for, and many exist-
ing RNA aptamers bind to proteins instead of metabolites
(46, 61].

Our MR-scRNA builds upon other metabolite-responsive
gRNA designs. Previous small-molecule-responsive sgRNA
designs used an aptamer or aptazyme to regulate CRISPR ac-
tivity to impede binding of the dCas9 to the sgRNA or to se-
quester the spacer sequence [28-31, 62]. A key advantage of
our MR-scRNA design is preserving the native sgRNA-Cas9
interaction by shifting the regulatory control point to the ef-
fector recruitment motif instead of the Cas9-binding hairpin.
Embedding the metabolite-sensing domain outside of the ex-
isting functional elements of the gRNA likely minimizes the
impairment of dCas9-binding ability. For instance, a previ-

ous small-molecule-responsive sgRNA design for conditional
CRISPRI regulation in bacteria that performed similarly to
ours in bacteria (Supplementary Fig. S15) was non-functional
in eukaryotes, which the authors speculated was due to their
sgRNA’s reduced affinity for the Cas9 protein [29]. To the best
of our knowledge, our design is the first metabolite-responsive
gRNA design functional in each of bacterial, yeast, and mam-
malian cells. Additionally, the fast and dynamic response be-
havior of the MR-scRNA is likely supported by modulating
effector localization rather than dCas9-binding, given that
dCas9 remains bound to the target DNA until replication
[63]. Compared to other RNA regulatory systems, such as ri-
boswitches or ribozymes [43, 64, 65], the MR-scRNA has an
enhanced dynamic range and the ability to target both heterol-
ogous and endogenous genes without genetic reprogramming.
Overall, the MR-scRNA is simple to design and repurpose for
different applications while maintaining sufficient regulatory
capacity.

Further optimization of the MR-scRNA system is needed
to reduce basal activation in the unbound “off” state and im-
prove gene activation in the ligand-bound “on” state. Depend-
ing on the exact MR-scRNA variant and application, back-
ground gene expression varied between ~1- to ~10-fold that
of a non-targeting control. Careful balancing of the ratio of
MR-scRNA to the MCP-activator could reduce non-specific
binding of these two components, as the ‘off’ state Kp of the
theophylline and tryptophan MR-scRNAs for MCP is only
~500 nM [32]. The lower maximum output of an activated
MR-scRNA compared to a static scRNA is likely explained
by the reduced affinity of the “on” state RNA switches, with
the Kp of the RNA switches for MCP being roughly 25-fold
higher than that of the static MS2 aptamer [32, 66]. How-
ever, as demonstrated during violacein biosynthesis, there are
benefits in intermediate levels of gene activation that are ini-
tiated under certain conditions. Despite directly porting the
bacterial MR-scRNA design into mammalian cells, we found
that MR-scRNA were most successful in human cells rela-
tive to our experiments in bacteria and yeast. In mammalian
cells, the MR-scRNA has a maximal output matching that
of the conventional scRNA and no leakiness compared to
an untransfected control. This result may be attributed to
the modest performance of scRNA designs with only a sin-
gle MCP-binding domain, as multiple MS2 aptamers are re-
quired to achieve high levels of gene activation in human cells
[18]. Similar to previous work, the incorporation of multi-
ple RNA switches into the scRNA could improve activation
through multivalent recruitment of transcriptional activators
[18, 50, 67].

Our MR-scRNA design exploits the excellent RNA
switches generated by the online game, Eterna, and the high-
throughput screening performed by the Das and Greenleaf
labs [32, 68, 69]. Designs solicited by citizen scientists playing
the Eterna game are highly efficient binders of the target lig-
and, whether that is a small molecule, RNA, or protein, and of-
ten perform better than expert- or computationally-designed
alternatives [32, 70, 71]. These RNA switches were not pre-
viously characterized for intracellular activity and were sur-
prisingly robust in our testing (7 functional variants out of
11 tested variants) despite significant differences between the
original screening conditions and the intracellular environ-
ment in which they were tested here. This RNA design space
offers opportunities for the development of MR-scRNA re-
sponsive to other metabolites. However, a limitation of using
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RNA switches developed from Eterna for our MR-scRNAs
is our reliance on grafting in vitro characterized components
onto an sgRNA. RNA secondary structure interactions have
a significant impact on the final structure and thus function of
an RNA molecule [72, 73]. This is especially true in the design
of effective sgRNA that must interface with multiple biologi-
cal components (dCas9, MCP, and target DNA) [74] simulta-
neously while maintaining the correct spatial orientation re-
quired for recruitment of the RNA polymerase by the effector
[14,15,21]. Thus, due to the complex and dynamic secondary
structure of the MR-scRNA, larger libraries of distinct designs
are needed to better understand these limitations and predict
RNA switch performance a priori by expanding upon exist-
ing thermodynamic and kinetic gRNA performance models
[74] using spatial orientation and distance identified by struc-
tural modeling of the RNA-protein complexes [75, 76]. The
creation of Eterna challenges that are specific to a combined
sgRNA-RNA switch design coupled with intracellular library-
based CRISPRa screening methods [77] could lead to the de-
velopment of improved MR-scRNAs that are responsive to
alternative ligands or bind to different protein effectors for
orthogonal gene modulation.

In conclusion, MR-scRNAs offer a promising platform
for metabolite-responsive transcriptional control. With min-
imal modifications, we demonstrate that MR-scRNAs can be
adapted to respond to new inputs or function in different en-
vironmental contexts while maintaining the existing function-
ality of CRISPR-based transcriptional regulators. In addition
to acting as dynamic regulators, MR-scRNAs responsive to
products or pathway intermediates could be used as a biosen-
sors to screen libraries for pathway optimization or enzyme
engineering. MR-scRNAs also expand the number of orthog-
onal inputs available for regulation of gene circuits in mam-
malian synthetic biology. Overall, we believe that the favor-
able ligand-responsive characteristics and the versatility dis-
played by our MR-scRNAs offer a broadly useful tool for con-
ditional modulation of gene expression.
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