
Application of TALEs, CRISPR/Cas and sRNAs as trans-acting
regulators in prokaryotes

Matthew F. Copeland1,a, Mark C. Politz1,a, and Brian F. Pfleger1,*

1University of Wisconsin-Madison, Department of Chemical and Biological Engineering, 3629
Engineering Hall, 1415 Engineering Drive, Madison, WI 53706, USA

Abstract

The last several years have witnessed an explosion in the understanding and use of novel, versatile

trans-acting elements. TALEs, CRISPR/Cas, and sRNAs can be easily fashioned to bind any

specific sequence of DNA (TALEs, CRISPR/Cas) or RNA (sRNAs) because of the simple rules

governing their interactions with nucleic acids. This unique property enables these tools to repress

the expression of genes at the transcriptional or post-transcriptional levels, respectively, without

prior manipulation of cis-acting and/or chromosomal target DNA sequences. These tools are now

being harnessed by synthetic biologists, particularly those in the eukaryotic community, for

genome-wide regulation, editing, or epigenetic studies. Here we discuss the exciting opportunities

for using TALEs, CRISPR/Cas, and sRNAs as synthetic trans-acting regulators in prokaryotes.

Introduction

The core challenge of any synthetic biology project is designing the correct regulatory

elements to optimize expression of a system's critical RNA and/or protein components.

Many tools, both computational and physical, have been developed to predict the impact of

cis-acting regulatory elements, such as promoters and ribosome binding sites, on gene

expression [1,2]. However, when these cis elements are applied to alter native gene

expression, the regulation of the evolved system may be compromised. In other situations,

the tools needed to modify an organism's genome do not exist and therefore methods of

manipulating native gene expression in cis are not possible. Problems such as manipulating

native metabolic pathways, studying orphan gene clusters in novel bacteria, and optimizing

the expression of genes for multiple conditions could be solved with the development of

trans-acting regulatory tools that conditionally manipulate expression of a target gene

without altering its native regulation. There are many examples of natural trans-acting

regulators that act at the transcriptional (e.g. DNA-binding repressors), post-transcriptional

(e.g. RNA stability), and translational (e.g. small interfering RNAs) levels to both induce
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and repress gene expression. Here, we will discuss the potential synthetic utilization of three

trans-acting regulatory tools as repressors of gene expression in Escherichia coli.

Well-characterized trans-acting repressors, such as LacI, TetR, and cI, have been used to

great effect to regulate recombinant protein production as well as serve as fundamental

elements in complex genetic circuits [1]. The affinity of these proteins for their unique

cognate DNA sequences (i.e. operators) has made them reliable trans-acting regulators;

however, this same repressor-sequence relationship fundamentally limits their flexibility.

The recent development of transcription activator-like effectors (TALEs), the clustered

regularly interspaced short palindromic repeats (CRISPR)/Cas system, and synthetic small

RNAs (sRNAs) as novel customizable regulatory tools has garnered the attention of the

biotechnology community [3-5]. The widespread interest in, and potential of, these systems

stems from the opportunity to tailor each of these tools to specifically interact with any

desired target DNA (TALEs, CRISPR) or RNA (sRNAs, CRISPR) sequence, rather than a

single operator. This powerful feature of TALEs and CRISPR/Cas has been harnessed in

conjunction with fusions to activation/repression domains and DNA nucleases to evoke

changes in gene expression and perform rapid genome editing in eukaryotic species such as

yeast [6], Caenorhabditis elegans [7], plants [8,9], zebra-fish [10-12], mice [13,14], and

human cells [15-19].

These tools are enabling a wide range of synthetic biology and metabolic engineering

applications that are just beginning to be realized (Fig. 1); for an in-depth discussion of each

of these regulators the reader is directed to recent excellent reviews elsewhere [20-22]. Here

we provide the reader with a basic understanding of the mechanisms of these three tools, a

comparative analysis of their potential utility, and a discussion of their prospective roles in

prokaryotic biotechnology (summarized in Table 1).

Mechanism, Design, and Use of TALEs

Mode of Action

Species of the plant pathogen genus Xanthomonas inject proteins known as transcription

activator-like effectors (TALEs) into plant cells to elicit changes in gene expression that

contribute to host infection [23]. TALEs are organized into three sections: (i) an N-terminal

domain containing a type III secretion signal, (ii) a C-terminal domain containing a nuclear

localization signal and an acidic activation domain, and (iii) a central repeat domain that

determines DNA-binding specificity [24]. In an archetypal TALE, the DNA binding domain

consists of between 15.5 to 19.5 repeat regions. Each repeat typically contains 34 amino

acids except for the last repeat, which is only 20 amino acids in length (i.e. the 0.5-mer). The

34 amino acids in each repeat are highly conserved except for those at the 12th and 13th

positions, which are referred to as the repeat variable diresidues (RVDs) [22]. The amino

acid identity of the RVDs is responsible for DNA nucleotide recognition, enabling the

design of TALEs to target unique DNA sequences [25,26]. Crystal structures of TALEs

bound to their target sequences show that the protein wraps around the major groove of the

DNA, permitting the RVDs to make base-specific contacts with the sense strand [27-29].

While TALEs have primarily been used in eukaryotic applications [15,16], a TALE

designed to bind the lacO1 operator strongly repressed expression of a plasmid-based
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fluorescent reporter gene in E. coli, presumably by blocking transcription initiation in a

manner akin to LacI [30,31]. This initial demonstration motivates further use of TALEs as

trans-acting transcriptional repressors in bacteria (Fig. 2A, B).

Implementation and Efficacy

Like many native repressors, a TALE designed to inhibit transcription initiation should

target a region proximal to a gene's promoter in order to occlude RNA polymerase binding

[32]. A TALE-based repression strategy is implemented by expressing, in trans, a TALE

that encodes the proper series of RVDs for binding a targeted DNA sequence. Native TALE

binding sites generally begin with a 5′ thymine, although recently TALEs have been evolved

to bypass this requirement [29,33]. Once a DNA target is identified, an RVD for each target

base is selected according to the following code: C = HD, T = NG, A = NI, G = NN, NH,

NK [25,26]. When selecting an RVD, other factors to consider are: (i) RVD composition

affects TALE-DNA binding affinity [34], (ii) the NN RVD also interacts with adenine,

however the alternative RVDs NK and NH enable the specific targeting of G [35-37], (iii)

the number of 34 amino acid repeats affects DNA binding [25], and (iv) there is a potential

N-terminally biased polarity to TALE binding [34]. The native type III secretion and nuclear

localization signals and activation domain are unnecessary when using a TALE for

prokaryotic gene repression and as such the N- and C- termini can be significantly reduced

in size [16,30,38]. The largest challenge to using TALEs is the need to construct a new

DNA-binding domain, roughly 1.8 kb for a 17.5-mer, for each DNA target sequence. The

highly conserved nature of each 34 amino acid repeat complicates the use of traditional

molecular biology approaches. Fortunately, the biotechnology community has developed

methods to enable rapid de novo TALE construction, including Golden Gate cloning [39],

ligation-independent cloning [40], and solid-phase synthesis strategies [41].

For TALEs to be useful as trans-regulators, they must specifically bind their target sequence

to preclude unwanted off-target effects. Two or more evenly spaced RVD-DNA base

mismatches have been shown to reduce DNA binding in eukaryotes (quantified as the

degree of gene activation by the TALE) while three mismatches completely abolish TALE-

mediated gene activation [42]. Little to no off-target TALE activity was observed in global

gene expression studies of eukaryotes expressing TALEs [6,15,23]. Analogous ChIP- and

RNA-seq studies need to be performed to investigate TALE infidelity in prokaryotes.

However, it is reasonable to assume that the smaller size of bacterial genomes (e.g. E. coli

genome = 4.6 × 106 bp vs. human genome = 3.3 × 109 bp) precludes significant off-target

effects.

Mechanism, Design, and Use of CRISPR/Cas

Mode of Action

The CRISPR/Cas system, like TALEs, is natively involved in a host-pathogen interaction.

When a bacterial host is invaded by phage or plasmid DNA, small bacterial RNAs recognize

and bind the foreign nucleic acid, targeting it for degradation by CRISPR associated (Cas)

proteins [43]. The CRISPR/Cas of Streptococcus pyogenes is most commonly used in

biotechnology applications [4]. Natively, CRISPR/Cas-mediated DNA degradation occurs in
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three steps: (i) transcription of a CRISPR repeat-spacer array, where each spacer encodes a

unique CRISPR RNA (crRNA) sequence complementary to a foreign DNA, (ii) association

of this pre-crRNA with trans-activating crRNAs (tracrRNAs) for processing by RNase III

into mature crRNAs, and (iii) targeting and degradation of invading DNA by a complex of

crRNA, tracrRNA, and Cas9 [20,44,45]. The spacer region of the crRNA recognizes a

complementary sequence of the foreign DNA, known as a protospacer, leading to specific

binding of the RNA-Cas9 complex and subsequent dsDNA cleavage [20,44]. The simplicity

of this RNA-guided endonuclease system has led to widespread use of the S. pyogenes type

II CRISPR/Cas9 system for eukaryotic genome-editing [14,18]. Inactivation of Cas9

nuclease activity (a.k.a. dCas9) converts it into an RNA-guided DNA-binding protein,

which has proven useful for modulating eukaryotic gene expression [19,46,47]. In two

recent independent studies crRNA-dCas9 was shown to repress reporter gene expression in

E. coli by binding to its promoter region, analogous to the mechanism described above for

TALE-mediated gene repression in prokaryotes [48,49] (Fig. 2C, D).

Implementation and Efficacy

Implementation of the native type II CRISPR/Cas9 system involves multiple moving pieces

including the crRNA, tracrRNA, dCas9 (˜160 kDa), and RNase III. The tracrRNA is

expressed as a separate transcript from the pre-crRNA spacer such that the hybrid-complex

of the two RNAs becomes a substrate for RNase III processing [20,44]. The system

complexity can be reduced by fusing the 3′ end of the crRNA to the 5′ end of the tracrRNA

to form a chimeric molecule, termed a small guide RNA (sgRNA) [18,48,50,51]. In this

implementation, only two components, the sgRNA and dCas9, are needed.

sgRNAs or tracrRNA/crRNA complexes can be used to guide dCas9 to sequences in the

vicinity of the bacterial promoter to inhibit transcription initiation [48,49]. It has also been

shown that sgRNAs can inhibit transcription elongation by targeting regions of the open-

reading frame as well as non-coding DNA regions. Small guide RNAs targeted to the non-

template DNA strand (i.e. the coding strand) of an open-reading frame were most effective

in reducing gene expression, while inhibition of transcription initiation appears to be

independent of the DNA strand targeted [48,49]. It is currently not clear which type of RNA

guide is most efficient in repressing transcriptional events.

Unlike TALEs, the number of sites that can be targeted by CRISPR/Cas9 is constrained by

the need for a protospacer adjacent motif (PAM), which is NGG for the S. pyogenes system

[50,52] (Fig. 2D). Truncation studies of CRISPR/Cas9 spacers indicate that a spacer length

of 20 bp provides optimal repression, however only 12 bp of complementarity between the

3′ end of the spacer sequence and its target protospacer are minimally required for gene

repression [48,49]. This is consistent with data showing that mutations in the 7 bp at the 3′

end of spacer, the so-called “seed” region, eliminate binding while multiple mutations

outside of this seed region in either the spacer or the protospacer are tolerated [50,53].

The small size of this seed region suggests that it might be difficult to achieve gene specific

repression for some CRISPR/Cas9 applications. Indeed, using Cas9 for genome editing in

higher organisms with genomes orders of magnitude larger than most prokaryotes has been

shown to result in off-target effects [54]. In E. coli, however, it appears that the seed region
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is adequate to prevent spurious repression, at least when using an sgRNA. A set of RNA-seq

experiments demonstrated that sgRNAs targeted to the chromosomal loci lacI and lacZ,

respectively, affect only the intended genes [48].As E. coli's genome is approximately 4.6

Mbp in length, we might expect it to contain about 580,000 PAM sequences. Given this and

a minimum requirement of 12 contiguous complementary bases for repression, there is an

˜3% chance that an off-target site would exist for any selected protospacer. However, there

has been at least one report of an off-target effect when using CRISPR/Cas9 in prokaryotes;

Marraffini and co-workers [49] could not clone a particular spacer sequence, presumably

because its off-target site was an essential gene.

Mechanism, Design, and Use of Small RNAs

Mode of Action

Small, trans-acting RNAs are frequently used by bacteria to post-transcriptionally repress

gene expression. Often sRNAs are expressed under cell-taxing conditions (e.g. iron

limitation, oxidative and temperature stress), where they bind to complementary mRNAs to

prevent translation of encoded genes [55]. Repression by sRNAs generally requires Hfq, a

homomultimeric RNA chaperone that stabilizes the binding of sRNA to mRNA [56]. In

many cases, the sRNA prevents translation from its cognate mRNA by blocking recruitment

of the ribosome to the ribosome-binding site (RBS) and/or access to a gene's start codon.

The pairing of sRNA-mRNA is in some cases sufficient to repress gene expression;

however, this pairing is also commonly accompanied by the degradation of the mRNA by

RNase E and its associated proteins, collectively known as the degradosome in E. coli (Fig.

3E, F) [21,56,57].

Since small, non-coding RNA regulatory systems are well characterized in many bacterial

species, it is perhaps not surprising that it has been applied as a trans-regulatory tool for

synthetic biology. Examples of sRNA applications include: (i) identifying essential genes in

Staphylococcus aureus [58], (ii) knocking down recA expression in E. coli [59], (iii)

improving succinate production in E. coli [60], and (iv) down-regulating genes associated

with acetone biosynthesis in Clostridium acetobutylicum [61]. More recently, Lee and

colleagues [62] used sRNAs to simultaneously target 130 genes in E. coli, including those

that encode for transporters, transcription factors, and central metabolic enzymes, in order to

substantially improve tyrosine and cadaverine production.

Implementation and Efficacy

A single designer RNA is all that needs to be introduced for effective post-transcriptional

repression of a target gene, perhaps making sRNAs simpler to implement than either TALEs

or CRISPR/Cas9, especially considering sRNAs are not generally processed prior to use

[55]. Several native sRNA scaffolds have been successfully implemented as synthetic

regulators [63,64]. In one study, the MicC scaffold was demonstrated as optimal for gene

repression in E. coli [62]. Using this system, a gene of interest can be repressed simply by

re-designing the ˜24 bp target-binding sequence of the MicC scaffold [65]. While this

scaffold functions with native E. coli Hfq and RNase E proteins, new scaffolds may be

required when using trans-acting sRNAs in other bacterial species. Alternatively, E. coli
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Hfq and RNase E could be heterologously expressed to enable sRNA function, but cross-

talk between imported and native systems would need to be managed. High levels of

synthetic sRNAs may sequester Hfq and interfere with its native uses, as Hfq binds one

mRNA and sRNA at a time [66]. Therefore, the levels of sRNA and Hfq expression will

need to be optimized to maintain a stable strain. Also, unlike TALEs and CRISPR/Cas,

sRNAs and their cognate mRNAs may be rapidly turned over, which may require increased

sRNA expression, relative to the other trans-regulators, to maintain intended levels of

repression [56].

Both native and synthetic small regulatory RNAs have been shown to effectively repress

gene expression when targeted to a region spanning the ribosome binding site and

translation start site. Targeting this translation initiation region (TIR) with synthetic sRNAs

expressed from a strong promoter results in the greatest levels of gene repression (> 90%),

though sRNAs targeted to the middle of the encoded open-reading frame are also capable of

greatly reducing target gene expression [62]. The target binding sites of native sRNAs vary

in length and usually span more than 30 bp in total. Base pairing between the sRNA and its

cognate mRNA is imperfect, consisting of multiple 8-9 nucleotide stretches of

complementarity [55]. In contrast, synthetic sRNAs are usually shorter, on the order of

20-25 bp in length, and are designed to perfectly complement their target mRNA. The

binding energy of an sRNA:mRNA pair correlates with gene repression, where data suggests

that a maximum binding energy of -20 kcal/mol (i.e. a minimum length of 24 bp) is

sufficient to achieve a high level of repression [62,65]. This relationship may also enable a

user to tune gene expression levels by altering the length and complementarity to a target

site or by selecting alternate sites in the TIR. However, extending the sRNA length to 30 bp

and beyond in order to achieve lower binding energies (and thus hypothetically greater

repression) has been shown to come at the cost of target specificity [62]. Again, global

transcriptomic and proteomic studies are needed to further probe the off-target effects of

trans-expressed synthetic sRNAs.

Opportunities

The ability to tailor TALEs, CRISPR/Cas, and sRNAs to bind specific DNA sequences of

interest affords researchers the opportunity for unprecedented control of gene expression in

both native and synthetic prokaryotic systems. Researchers have only begun to harness the

most exciting applications of these tools, including multiplexing, fine-tuning of gene

expression, and targeted gene activation.

Multiplexing

All three systems can be used for multiplexing (i.e. targeting multiple genes simultaneously

for activation, repression or genome-editing Fig 3), though the inherent characteristics of

each suggest that all three are not equally amenable for this application. Though more

cumbersome to assemble, TALEs have been used for multiplexing in human cells to

synergistically and dynamically regulate gene expression [67]. While multiple TALEs could

be expressed from a single operon in prokaryotes, their large size places a limit on the

number that can be cloned into a single bacterial expression vector.
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While small in size, the RNA-based methods present their own challenges for

implementation in multiplexing studies. sRNAs must either be transcribed from separate

promoters [62] or potentially processed from a larger transcript to generate individual

RNAs. The P. aeruginosa endoRNase Csy4 could be used to liberate multiple sRNAs from

a polycistronic transcript by recognizing and cleaving 28-nt repetitive sequences inserted

between separate encoded sRNAs, though the intrinsic sRNA scaffold terminator may

impede this possibility [68]. However, simultaneous expression of four or more copies of an

sRNA without a target binding sequence (i.e. an sRNA unable to bind mRNA), increases

metabolic burden [62].

The type II CRISPR/Cas9 system is perhaps the best equipped for multiplexing

[14,18,19,46,69]. Targeting multiple genes simply requires the redesign of a native CRISPR

array to encode multiple, unique spacers. Following transcription, this array would then be

processed to yield the desired crRNAs. Small guide RNAs have also proven popular for

multiplexing in eukaryotes as only the sgRNA and Cas9 need to be coexpressed, eliminating

the need for the tracrRNA [14,46]. However, their use in bacteria and eukaryotes poses a

similar problem to that described above for sRNAs, that is, each sgRNA must be transcribed

from its own promoter in order to produce the functional RNAs. Separate sgRNAs have

been used in E. coli to simultaneously down regulate two different reporter genes and have

been shown to exert a synergistic effect on gene repression when targeted to the same open

reading frame [48].

Tuning Gene Expression

Many biotechnology applications require fine control of gene expression to achieve optimal

results. Unfortunately, most tools for fine control require cis-modifications to the gene

expression cassette. In principle, regulation of a target gene by any of these three systems

may be modulated by adjusting the promoters and/or RBS signals driving the expression of

the system's components (e.g. the TALE, the dCas9/crRNA-tracrRNA/sgRNA, sRNA/Hfq/

RNAse E). By adjusting the expression levels of these system components and/or their

affinity for their target nucleic acid, it should be possible to achieve the goal of predictable a

priori tuning of target gene expression levels using these trans-regulators. Experiments

required to quantitatively demonstrate this fine degree of control are beginning to emerge

[70].

Gene Activation

While TALEs and CRISPR/Cas have primarily been used as repressors in prokaryotes, they

can also be engineered to activate gene expression. The CRISPR/Cas system can activate

expression of a reporter gene by fusing RpoZ (the omega subunit of RNA polymerase) to

dCas9 in an E. coli strain devoid of its native rpoZ gene [49]; in principle, this same

approach could be replicated to make bacterial TALE activators. Alternative fusions to

convert TALEs and dCas9 to prokaryotic activator proteins might further expand the

repertoire of trans-activators and ultimately permit the simultaneous activation and

repression of a desired set of genes independent of strain background. Gene activation can

also be achieved by targeting sRNAs to mRNA sequences that, in the absence of the sRNA,

block translation initiation in cis. This strategy requires the target mRNA to possess this rare
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regulatory element [55]. Lastly, TALEs have recently been converted into ligand-inducible

activators of human cell gene expression [71], raising the possibility of converting TALEs

into site-specific, ligand responsive transcription factors for the inducible control of any

native gene without chromosomal modification.

Conclusions

TALEs, CRISPR/dCas9, and sRNAs collectively offer the potential for an unprecedented

level of control of native and heterologous gene expression. The popularity of these tools is

apparent (Fig. 1), and the next step is to transition them from proof-of-concept tools into

everyday molecular biology and biotechnology workhorses. Which system(s) will emerge as

the best tool for a given application remains an unanswered question, but several predictions

can be made from current knowledge. First, sRNAs are the most amenable for initial high

throughput target validation studies. Second, TALEs are the more robust tool for gene-

silencing efforts. Last, CRISPR/Cas is the most facile all-purpose tool and the most

promising option for multiplexing. In the coming years, these predictions will be tested in

head-to-head experiments that compare the ability of each regulator to repress, tune, and

activate bacterial gene expression while minimizing the impact on cellular resources and

physiology. Further study of binding relationships between regulator and target will enable

design algorithms that maximize fidelity and efficiency. Regardless of the experimental

outcomes, the future is bright for these tools to play a major role as the next generation of

trans-regulatory elements for both engineering and molecular biology applications.
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Highlights

1. trans-acting repressors enable synthetic regulation of target genes.

2. The DNA binding domain of a TALE can be targeted to promoters to inhibit

transcription.

3. Non-cleaving Cas9 can be guided to target DNA by small RNAs to repress

transcription.

4. Synthetic sRNAs can inhibit translation and decrease message stability by

binding mRNAs.
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Figure 1.
Plot highlighting the increasing popularity of sRNAs, TALEs and CRISPR/Cas in the

published primary literature over the last 13 years. Web of Science was used to quantify the

number of publications for each year using the following search criteria: (i) sRNA,

TS=(sRNA) OR TI=(sRNA), (ii) TALEs, TS=(TAL effector) OR TS=(Transcription

activator-like effector) OR TI=(TAL effector) OR TI=(Transcription activator-like effector),

and (iii) CRISPR/Cas, TS=(CRISPR) OR TS=(clustered regularly interspaced short

palindromic repeats) OR TI=(CRISPR) OR TI=(clustered regularly interspaced short. For

each search TS = Topic and TI = Title.
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Figure 2.
Cartoon schematic and binding mechanism of TALE, CRISPR/Cas, and sRNA to inhibit

bacterial gene expression. Panels A, C, and E depict the expression of each trans-regulatory

tool and their respective mode of action to repress the expression of a gene of interest.

Panels B, D, and F detail the binding interactions of each trans-regulator at base-pair

resolution. (A, B) This hypothetical 17.5-mer TALE contains a repeat domain designed to

bind a 19-bp DNA sequence located several base pairs 3′ of a canonical -10 hexamer. TALE

binding to this region occludes RNA polymerase association with the promoter, thereby
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repressing transcription initiation. The repeat variable diresidues (RVDs) at the 12th and 13th

positions within each 34 amino acid repeat are specific for a particular DNA base. (C, D) In

the type II CRISPR/dCas9 system, a pre-crRNA is processed by tracrRNA, RNase III, and

dCas9 complex. The mature crRNA-tracrRNA partners with dCas9 to bind a promoter

proximal region and inhibit transcription initiation. Specifically, the 20-bp of the 5′-end of

the crRNA known as the spacer region (shown in green in D) are responsible for recognizing

and binding to a complementary sequence in the DNA target known as the protospacer

(shown in red in D). The dCas9 protein requires the presence of an NGG protospacer

adjacent motif (PAM), shown here in blue as CGG at the 3′ end of the protospacer. (E, F)

An engineered sRNA is expressed and interacts with its cognate mRNA target in an Hfq-

dependent process. To prevent ribosome binding and translation, the most 5′ 24-bp of the

sRNA (shown in green in F) are designed to complementarily bind the translation initiation

region of the target mRNA (shown in red in F). The interacting RNAs are often degraded by

RNase E and associated degradosome proteins.
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Figure 3.
Using multiple TALEs, CRISPR/Cas, and sRNAs to simultaneously target and repress the

expression of multiple chromosomal targets. In the illustration, three different TALEs, each

designed to target a different gene (genes of interest A, B, and C, respectively) are expressed

in trans from a single operon. A similar outcome is achieved using the type II CRISPR/Cas

system, where three unique spacers are integrated together into a single repeat-spacer-repeat

CRISPR array. To simultaneously express three sRNAs, each gene encoding an individual

sRNA is expressed from its own promoter. These tools can also be combined together to

repress the same gene at both the transcriptional and post-transcriptional level or, as shown

in the hybrid scenario, selectively and simultaneously repress multiple genes with different

trans-regulators.
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