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ScienceDirect
Creating CRISPR gene activation (CRISPRa) technologies in

industrially promising bacteria could be transformative for

accelerating data-driven metabolic engineering and strain

design. CRISPRa has been widely used in eukaryotes, but

applications in bacterial systems have remained limited.

Recent work shows that multiple features of bacterial

promoters impose stringent requirements on CRISPRa-

mediated gene activation. However, by systematically defining

rules for effective bacterial CRISPRa sites and developing new

approaches for encoding complex functions in engineered

guide RNAs, there are now clear routes to generalize synthetic

gene regulation in bacteria. When combined with multi-omics

data collection and machine learning, the full development of

bacterial CRISPRa will dramatically improve the ability to

rapidly engineer bacteria for bioproduction through

accelerated design-build-test-learn cycles.
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Introduction
Bacterial metabolism is made up of complex gene networks

that can be engineered to produce medically important and

industrially important chemicals. The complexity of these

networks means that sophisticated organism engineering

efforts are typically needed to optimize the production of

high-value compounds [1,2]. In principle, synthetic multi-

gene transcriptional programs could be constructed to

engineer metabolic networks for efficient industrial
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chemical production [3,4]. In practice, however, an incom-

plete understanding of metabolic networks, combined with

a limited ability to predictably control the expression of

multiple genes, makes achieving this goal difficult [5]. A

recurring challenge when engineering strains for chemical

production remains the difficulty of predicting the optimal

expression level of pathway and non-pathway genes that

will result in optimal yields. To overcome this challenge,

there is a need for new technologies for rapidly implement-

ing and analyzing combinatorial multi-gene expression

programs. These technologies could be combined with

advanced capabilities for multi-omics data collection and

machine learning to enable accelerated design-build-test-

learn cycles (DBTL) [1,6,7].

CRISPR-Cas tools have changed every aspect of micro-

bial engineering, including the speed with which gen-

omes can be edited and the ability to target specific genes

for activation and repression [8,9]. CRISPR-Cas tools for

programming gene expression use the catalytically inac-

tive Cas9 protein (dCas9) along with guide RNAs that

recognize DNA targets through predictable Watson–

Crick base pairing [9]. A major strength of CRISPR-based

synthetic gene regulation is that new combinatorial multi-

gene expression programs that include simultaneous tran-

scriptional activation and repression could be rapidly

implemented.

There are well-established approaches for repressing

genes (CRISPRi) by targeting dCas9 to physically block

RNA polymerase and inhibit transcription [10]. In

eukaryotic cells, robust transcriptional activation can be

applied using CRISPR-Cas to direct activation domains

upstream of target genes (CRISPRa) [8,9]. However, the

development of CRISPRa in bacteria has been hindered

by the lack of effective activation domains. The recent

discovery that at least four different bacterial activators

can be linked to programmable CRISPR-Cas DNA bind-

ing domains has promised to significantly change the

outlook for CRISPRa in bacteria [11–14]. Further, new

efforts to uncover practical rules for activating transcrip-

tion with bacterial CRISPRa may make it possible to

build complex multi-gene programs that regulate the

expression of both heterologous and endogenous genes.

By building on recent efforts, the further development of

engineered guide RNAs as flexible platforms for program-

ming CRISPRa may create new capabilities for predict-

able and metabolite-responsive synthetic gene regulation

[15,16]. This review focuses on new advancements in
www.sciencedirect.com
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bacterial CRISPRa technologies that promise to signifi-

cantly accelerate strain optimization through data-driven

metabolic engineering.

CRISPRa for regulating bacterial transcription
In bacteria, the implementation of complex multi-gene

CRISPR-Cas expression programs has been limited by a

lack of effective gene activators. To address this problem,

new synthetic transcriptional activators have been

developed in Escherichia coli that link activation domains

to programmable CRISPR-Cas DNA binding domains

[11–14]. The resulting CRISPRa tools have proven capa-

ble of driving heterologous gene expression at levels

suitable for metabolic engineering. Some successes have

also been achieved in activating the expression of endog-

enous genes from genomic loci. The further development

of these capabilities may permit the optimization of

metabolic production through the construction of

multi-gene programs simultaneously targeting heterolo-

gous and endogenous genes.

There are two mechanistic approaches that have been

employed to link activation domains to CRISPR-Cas

DNA binding domains. Activation domains can be (i)

directly fused to dCas9, or (ii) recruited to dCas9 using

modified sgRNAs (scaffold RNAs or scRNAs) that bind to

RNA binding protein-activation domain fusions [17–19].

Using the first approach, CRISPRa has been achieved in

E. coli by fusing the v-subunit of RNA polymerase (rpoZ)
to dCas9 to obtain 23-fold increases in reporter gene

expression from synthetic promoters [11]. These fusions

have been applied both in E. coli and non-model bacteria.

In E. coli, dCas9-RpoZ was used activate transcription and

identify genes that increase tolerance to the monoterpene

pinene, as well as new epistatic interactions between

antibiotic resistance genes [20,21]. These tools were

successfully ported to Bacillus subtilis to obtain threefold

activation of reporter gene expression and applied to

systematically improve production of amylase BLA by

260-fold compared to a commonly used strong promoter

[22]. In Lysobacter enzymogenes, dCas9-RpoZ was used to

enhance production of anti-MRSA antibiotics up to nine-

fold [23]. In Myxococcus xanthus, dCas9-RpoZ was able to

generate eightfold increases in the expression of the

epothilone production gene cluster, leading to a 6.8-fold

improvement in epothilone A production [24]. Finally, a

new portable CRISPRa system where the activation

domain AsiA was fused to dCas9 was recently introduced

[14]. Using this system, reporter gene expression could be

activated by 135-fold in E. coli, �3-fold in Salmonella
enterica, and �12-fold in Klebsiella oxytoca.

The second approach for bacterial CRISPRa relies on modi-

fied gRNAs (scRNAs) that recruit an RNA binding protein

fusedto an activation domain to the CRISPRa complex. One

successful strategy uses the RNA binding protein MCP

fused to the SoxS activation domain (MCP-SoxS) (Figure 1)
www.sciencedirect.com 
[12].UsingMCP-SoxSandacorrespondingMS2scRNA,50-

fold CRISPRa activation was demonstrated and applied to

drive ethanol production in E. coli from a Zymomonas mobilis
gene cluster. MCP-SoxS can activate expression from genes

that use s factors s70 [12] and, at lower levels, s38, s32, and

s24 [25]. While together these s70-family promoters cover

the majority of the E. coli genome, s54 promoters, which

drive nitrogen starvation genes, could not be activated by

MCP-SoxS. Recently, an alternative bacterial CRISPRa

system that is effective at s54 promoters was introduced

based on the PspFDHTH::lN22plus activator [13]. There-

fore, PspFDHTH::lN22plus and MCP-SoxS can be used in

combination to target a different, non-overlapping set of

promoters in E. coli. Further, PspFDHTH::lN22plus was

reported to activate two promoters in the nitrogen fixation

pathway of K. oxytoca by up to sixfold [13]. In the dCas9-

RpoZ and PspFDHTH::lN22plus systems, obtaining the

highest levels of activation requires knocking out the native

copy of rpoZ [11,26] or pspF [13], respectively, to remove the

competing, endogenous functions. It is possible, however, to

obtain significant activation without using knockout strains.

In contrast, the MCP-SoxS and dCas9-AsiA systems do not

require any host engineering to achieve their highest levels

of activation.

The available CRISPRa tools are uniquely positioned to

rapidly implement combinatorial multi-gene expression

programs targeting synthetic promoters and identify opti-

mal expression conditions for metabolite production [27].

These tools were recently applied in a proof-of-concept

experiment to tune the expression of three genes in the

pathway responsible for producing violacein, a pigment

with antitumoral properties [13]. Further improving our

ability to predictably tune CRISPRa at multiple sites

independently could provide a technology for the rapid

combinatorial optimization of multi-gene pathways.

Dynamically controlled CRISPRi was recently shown

to improve production of salicylic acid in engineered

E. coli through the conditional knock-down of essential

genes [28]. Developing dynamically controlled CRISPRa

could provide additional avenues to control both the

timing and expression levels of multiple genes in engi-

neered metabolic pathways and networks [3].

Promoter design rules improve CRISPRa in
bacteria
Recent work has identified multiple features of bacterial

promoters that impose stringent requirements on CRIS-

PRa-mediated gene activation [25] (Figure 1). These

behaviors suggest an explanation for why CRISPRa

and other tools for gene activation in bacteria have lagged

far behind comparable tools in eukaryotic systems, where

such strict target site requirements are absent. For

instance, the activity of CRISPRa using MCP-SoxS is

influenced by the strength of the target promoter, the

sigma factor regulating the promoter and the sequence

composition of the promoter [25]. Most strikingly, when
Current Opinion in Biotechnology 2020, 64:190–198
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Figure 1
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CRISPRa recruits an activation domain
upstream of target genes.

Multi-gene programs can be implemented by
expressing multiple scRNAs.

CRISPR activation (CRISPRa) is a powerful tool for programmable activation of genes in bacteria. A CRISPRa system is shown where an

activation domain is recruited to dCas9 using a modified guide RNA (scaffold RNA, scRNA) that binds to an RNA binding protein-activation

domain fusion (RBP-AD). While CRISPRa can be used to robustly activate synthetic promoters designed for optimal activation, activating

endogenous genes is constrained by the genomic sequence. Factors known to determine CRISPRa activity are indicated. *: PspF activation was

demonstrated using a different modified sgRNA design where two BoxB aptamers were incorporated into the Cas9 handle.
activating synthetic promoters in bacteria, CRISPRa is

sensitive to the position and periodicity of the scRNA

target site relative to the transcription start site (TSS)

[13,25]. Activation can only be performed at precisely

defined positions in phase with the transcription start site,

which are intervened by regions of lower activity or

inactivity [13,25]. These requirements are much more

stringent than those for activation in eukaryotic cells [17]

and constrain CRISPRa to precisely positioned PAM sites

which may not be found on every gene. Engineered Cas9

variants and alternative Cas proteins have been intro-

duced that expand the range of PAM sequences that can

be targeted and increase the density of available PAM

sites up to 6 times [25,29–31]. One of the variants, dxCas9

(3.7), has been used to demonstrate activation of E. coli
genes previously inaccessible by dCas9 [13,25]. By com-

bining dxCas9(3.7) and newly defined rules for CRISPRa,

3 out of 7 endogenous E. coli genes were successfully

activated [25]. However, the field still lacks integrated

models for predicting effective CRISPRa target sites for

arbitrary genes, and explanations for the failure to activate

some genes remain elusive. Genome-wide CRISPRa
Current Opinion in Biotechnology 2020, 64:190–198 
screens of endogenous promoters could more fully eluci-

date the requirements for CRISPRa targeting. Once

predictive rules for targeting endogenous genes are avail-

able, combinatorial multi-gene programs for optimizing

bioproduction could be extended to endogenous genes, in

addition to synthetic promoters.

gRNAs can be engineered to program
CRISPRa responses
gRNA engineering has long been understood to provide

routes for tuning CRISPR-Cas functions, and more

recently, as a mechanism for encoding dynamic responses

to molecular targets. While most of the gRNA design

work to date has been performed on guides used for DNA

cleavage or CRISPRi, the principles, whether controlling

the stability of the guide-Cas9 complex or the entire

DNA-guide-Cas9 complex, may be readily applicable

to CRISPRa efforts. Guide RNAs are made up of two

components: the twenty nucleotide spacer sequence,

which hybridizes to the target DNA, and the Cas9-bind-

ing handle, which drives the formation of the gRNA-Cas9

complex. Structurally, the only difference between a
www.sciencedirect.com
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gRNA and a scRNA used for CRISPRa is the presence of

an additional 30 RNA hairpin. This hairpin enables the co-

localization of the activation domain by binding its cog-

nate RBP tag. While this motif adds additional complex-

ity, it also provides more opportunities for design. Several

alternative architectures have also been described that

insert the RNA hairpin motif at multiple points within the

guide [32,33]. To date, three cognate pairs of RNA

binding protein (RBP) and RNA hairpin have been

utilized to implement CRISPRa in bacteria (Figure 2)

[12,13]. Other pairs have been demonstrated in eukar-

yotes and may be functional in bacteria as well [18,34].

These orthogonal pairs provide the opportunity to simul-

taneously implement multiple activators in the same cell.

While the relative simplicity of gRNAs allows the rational

specification of target sites, the sequence identity of a
Figure 2

Guide RNA (gRNA) structural determinants of CRISPRa activity. gRNA struc

misfolding, or can be useful for programming dynamic responses. Example

CRISPRa include extending the 50 end of the spacer to respond to ligands 

be obtainable by inserting ligand-binding aptamers into the Cas9 binding ha

hairpin have been demonstrated in bacteria, enabling the simultaneous imp

*: CRISPRa using the BoxB:l22plus pair was demonstrated using two BoxB

www.sciencedirect.com 
chosen site has been demonstrated to have a significant

impact on its CRISPR activity. Both the sequence iden-

tity and secondary-structure (base-pairing interactions) of

gRNA elements are critical for function [35]. There have

been several attempts to predict CRISPR activity for

novel target sequences, and while these models can be

used to increase the probability of selecting a functional

guide, they primarily utilize sequence elements, rather

than structural information, and have not been applied

directly to CRISPRa [36–38]. One key feature that has

been demonstrated to influence CRISPR activity is the

secondary structure that the guide RNA adopts [39,40].

The degree of secondary structure, whether internal to

the spacer or between the spacer and the rest of the guide,

has been observed to reduce gRNA effectiveness

(Figure 2) [39]. Even the transiently stable structures

the guides adopt during transcription have been
Current Opinion in Biotechnology

ture can be deleterious to function, as in the case of spacer

 dynamic gRNA engineering strategies that may apply to bacterial

or RNA trigger strands. Ligand-responsive CRISPRa activities may also

ndle. Several cognate pairs of RNA binding protein (RBP) and RNA

lementation of CRISPRa with different activation domains (AD).

 aptamers incorporated into the Cas9 handle.
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demonstrated to impact their activity [39]. As the guides

utilized for CRISPRa are actively transcribed from het-

erologous promoters inside the cell, avoiding transient

misfolding may prove important for achieving predictable

activity. Thus, developing tools for screening gRNA co-

transcriptional folding pathways may aid in the a priori
selection of highly functional spacer sequences.

To generate differences in the expression levels of mul-

tiple genes, it is necessary to develop a general strategy to

fine-tune CRISPRa-mediated gene expression at each

promoter. To date, two main strategies have been dem-

onstrated to modulate the CRISPR activity for a given

target sequence: spacer truncations and 50 extension. In

CRISPRi systems, the level of transcriptional repression

applied to target genes has been reduced by truncating

the sgRNA target sequence from the 50 end [10,41].

Practically, spacers shorter than 12 nucleotides may

increase off-target activity as the first 12 nt, and even

more so the first 7 nt known as the ‘seed region’, have an

especially large impact on the activity [10,42]. Alterna-

tively, it has been demonstrated that adding a 50 extension
onto the guide, which folds back to occlude the spacer,

results in monotonic drops in guide activity with increas-

ing stability of the designed interaction; this correspon-

dence even applies to guides from other Cas proteins with

different guide architectures [43]. This demonstration

provides evidence that computational predictions of

gRNA structure may be sufficient to predict guide func-

tion. In order to improve the forward engineering of

CRISPRa systems and accelerate DBTL cycles, devel-

oping quantitatively accurate predictions of CRISPRa

activity based on scRNA structure will be essential.

Towards nucleic acid-responsive gRNAs for
CRISPRa
In order to implement complex genetic and metabolic

circuits, it becomes necessary to be able to link the

intracellular concentration of target molecules to the

regulatory circuit being implemented. One such imple-

mentation would be to use the levels of cellular RNAs to

regulate the activity of CRISPR-based transcriptional

programs. To that end, there have been several demon-

strations that the activity of a gRNA can be regulated by

the presence of target nucleic acid sequences that hybrid-

ize to the gRNA [44]. While there have been slightly

different implementations, the general principle is that a

trans-acting ‘trigger’ strand is able to bind to a gRNA and

either occlude or reveal the spacer sequence, modulating

the guide’s activity. One of the most common mecha-

nisms is inspired by a previously published ‘toehold

switch’, in which a cis-repressed gRNA is activated upon

toehold-mediated hybridization (Figure 2) [45]. Several

gRNA switches have even demonstrated the ability to

respond to RNA trigger strands within a cell to control

gene expression levels [46–49]. For example, ‘toehold-

gated’ sgRNAs (thgRNAs) were capable of inducing
Current Opinion in Biotechnology 2020, 64:190–198 
CRISPRi in response to endogenous small RNAs

(sRNAs) and mRNAs in E. coli, with repression up to

fivefold [46]. However, half of the thgRNAs responsive to

endogenous RNAs resulted in low levels of repression

(<2-fold). Unlike short synthetic RNA trigger strands,

longer endogenous RNAs may be less effective as trigger

strands due to competition for binding from intramolec-

ular RNA structure and cellular proteins. Improving the

activity of thgRNAs responsive to cellular RNAs will

require advancements in the a priori identification of

sites within cellular RNAs that can be utilized as highly

active trigger strands. Furthermore, in order to apply

these mechanisms to CRISPRa, it will be necessary to

ensure that the interaction between a trigger-responsive

scRNA and a large cellular RNA does not itself interfere

with the mechanism of CRISPRa activation.

Metabolite-responsive gRNAs for CRISPRa
In addition to regulation by cellular RNAs, the ability to

regulate CRISPR activity in response to real-time con-

centrations of cellular metabolites would provide many

opportunities for implementing and accelerating DBTL

cycles for metabolic engineering. Metabolite responsive

gRNAs could be used for both readouts of intracellular

metabolite concentrations to inform machine learning

models, or for implementing model-suggested regulation

such as feedback or feedforward motifs. While efforts to

design metabolite-responsive gRNAs are fairly new,

metabolite-responsive RNAs have become useful tools

in metabolic engineering [50,51]. By combining a metab-

olite-binding RNA aptamer with a control structure, the

binding state of the aptamer can be converted into a

conditional genetic output.

There have been several demonstrations that small

molecule responsive gRNA activity can be dynamically

regulated with an aptamer in cis [15,16,52,53]. Some

demonstrations involve inserting the aptamer at the 30

end of the guide, where it stabilizes the active gRNA

structure in a ligand-responsive manner [52,53]. How-

ever, adding both an aptamer and a recruitment hairpin

to the 30 end of the RNA could interfere with gRNA

folding and function. Other strategies, which utilize 50

extension or Cas9 handle insertion, may therefore be

preferable. For example, an aptazyme, or ligand-

responsive self-cleaving ribozyme, was used to remove

a repressive 50 extension from the guide upon the

addition of the target ligand (Figure 2) [16]. This

resulted in ligand-responsive control over both Cas9-

mediated cleavage and CRISPRa in mammalian cells.

In another example, aptamers were inserted into the

Cas9-binding handle, or one of two other gRNA hair-

pins, generating ligand-responsive CRISPRi in E. coli
(Figure 2) [15]. Depending on the aptamer insertion

site within the guide, the addition of ligand can either

activate or deactivate CRISPRi.
www.sciencedirect.com
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Figure 3

Current Opinion in Biotechnology

CRISPR-Cas engineering can accelerate DBTL cycles.

Developing robust workflows to integrate CRISPRa/i engineering into data-driven workflows will create new capabilities for rapidly optimizing

chemical production. In this conception, each Design-Build-Test-Learn (DBTL) cycle uses machine learning and data-driven design to engineer

multi-gene CRISPRa/i programs. After each build phase, production titers are measured and the strains are characterized using multi-omics

analysis. These data are employed to refine the models and drive the design of CRISPRa/i programs for the next DBTL cycle.
The above successes in identifying ligand-responsive

gRNAs provide great confidence that it will be possible

to engineer small molecule-responsive scRNAs for

conditional CRISPRa. However, there are still hurdles

to overcome before metabolite-responsive CRISPRa

can be used effectively for metabolic engineering appli-

cations. First, design rules that allowing reliable

integration of aptamers with diverse sequences and

secondary structures into scRNAs must be uncovered.

Second, mechanisms for tuning the response to

match the desired metabolite concentrations must be

developed [54]. Aptamer-regulated kinetic control

mechanisms, similar to those found in natural bacterial

riboswitches, may provide an approach for engineering

metabolite-responsive CRISPRa targeted to specific

concentrations of metabolites [55,56]. For example,

10-fold variations in switching concentration among a

family of E. coli thiamine pyrophosphate (TPP) ribos-

witches are known to be the result of differences in the

amount of time the RNA is available to interact with the

ligand [56]. Creating kinetically controlled aptamer-

regulated scRNAs may confer the ability to engineer

metabolite-responsive CRISPRa systems functional as

feedback controllers, or production biosensors useful

for optimizing strain performance.
www.sciencedirect.com 
Conclusions
The relationships between the expression levels and reac-

tion kinetics for enzymes in both endogenous and engi-

neered metabolic networks are poorly understood. This

incomplete knowledge constitutes a major limitationfor the

field of metabolic engineering [1]. Because of these gaps,

data-driven methods relying on cycles of genetic engineer-

ing, high-throughput production screening, multi-omics

analysis, and machine learning have become increasingly

central to strain optimization [57,58]. To accelerate data-

driven metabolic engineering, methods to independently

target and predictably manipulate the expression levels of

multiple genes are needed. By coupling new tools for

CRISPRa with existing approaches for CRISPRi, it should

be possible to more efficiently search gene expression

spaces and optimize bioproduction in engineered bacteria

through accelerated DBTL cycles (Figure 3).

CRISPRa can now be used to selectively activate synthetic

promoters with large dynamic ranges and in a way that is

relatively straightforward to implement. Recent advances

in gRNA design have enabled the identification of small-

molecule responsive gRNAs able to dynamically regulate

gene expression in E. coli, opening the door for the devel-

opment of CRISPRa-based metabolite biosensors and
Current Opinion in Biotechnology 2020, 64:190–198
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circuit controllers. The ability to use CRISPRa to activate

endogenous genes remains limited by the sequence con-

straints of the native genomic loci, where less-than-optimal

position of PAM site or the inherent features of the pro-

moters can significantly impact the activation that can be

achieved. Predictive models are needed to identify which

endogenous genes can be activated and which target sites

are the most effective. The refinement of sequence and

structure-based rules for constructing synthetic promoters

and cognate scRNAs for expressing heterologous genes

will improve the ability to precisely tune multi-gene path-

ways. CRISPRa has been demonstrated in E. coli
[11–14,20,21,25] and other industrially and medically rele-

vant bacteria including B. subtilis [22], K. oxytoca [13,14],

L. enzymogenes [23], Myxococcus xhantus [24] and S. enterica
[14]. Porting these tools to other non-model bacteria with

diverse substrate utilization, a range of metabolic capabili-

ties, and resistance to harsh bioprocessing conditions could

accelerate the development of efficient bioproduction pro-

cesses. Collectively, these strategies lay the groundwork for

more widespread use of bacterial CRISPRa in basic

research and advanced applications in data-driven meta-

bolic engineering.
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