
ABSTRACT 

LUO, MICHELLE LYNN. Understanding and exploiting the properties of Type I CRISPR-

Cas systems. (Under the direction of Dr. Chase Beisel). 

 

CRISPR-Cas (clustered regularly interspaced short palindromic repeats-CRISPR-

associated) systems offer powerful and versatile biomolecular tools with many applications 

including genome editing, gene regulation, sequence-specific antimicrobials, and imaging. 

Because these RNA-directed immune systems are found in most prokaryotes, an opportunity 

exists to harness endogenous CRISPR-Cas systems as convenient tools in these organisms. 

Type I systems are particularly promising as this type accounts for the majority of identified 

CRISPR-Cas systems in both bacteria and archaea. I report that the Type I-E CRISPR-Cas 

system in the bacterium Escherichia coli can be co-opted for programmable transcriptional 

repression. Deletion of the signature cas3 gene converted this immune system into a 

programmable gene regulator capable of reversible and multiplexable silencing of 

heterologous and endogenous genes.  

Utilizing this platform, I explored how the length of the CRISPR RNA impacts the 

form and function of the Type I-E effector protein complex called Cascade (CRISPR-

associated complex for antiviral defense). I discovered that the length of the Type I-E CRISPR 

RNA molecule is not fixed and can be extended, altering the stoichiometry of the Cascade 

effector complex while preserving functionality. Interestingly, altering RNA length can elicit 

significant improvement in transcriptional silencing efficiency, but only for particular target 

locations. These findings heighten our understanding of CRISPR-Cas systems as they continue 

to increase in popularity and may offer insight into designing tunable transcriptional regulators. 
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ABSTRACT 

CRISPR-Cas systems have rapidly transitioned from intriguing prokaryotic defense systems 

to powerful and versatile biomolecular tools. This article reviews how these systems have been 

translated into technologies to manipulate bacterial genetics, physiology, and communities. 

Recent applications in bacteria have centered on multiplexed genome editing, programmable 

gene regulation, and sequence-specific antimicrobials, while future applications can build on 

advances in eukaryotes, the rich natural diversity of CRISPR-Cas systems, and the untapped 

potential of CRISPR-based DNA acquisition. Overall, these systems have formed the basis of 

an ever-expanding genetic toolbox and hold tremendous potential for our future understanding 

and engineering of the bacterial world. 
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1.1 INTRODUCTION 

Almost three decades ago, Japanese researchers identified an unusual set of repetitive 

DNA sequences in the genome of the bacterium Escherichia coli (Ishino et al., 1987). These 

repeats were later found to be part of an expansive family of repetitive DNA sequences termed 

clustered regularly interspaced short palindromic repeats, or CRISPRs (Jansen et al., 2002). 

While the repeats attracted initial attention, the intervening “spacer” sequences turned out to 

be the critical elements in initially defining the function of CRISPR-Cas systems. These 

spacers were found to be homologous to foreign plasmid and bacteriophage sequences (Bolotin 

et al., 2005; Mojica et al., 2005), which hinted at a defensive function for CRISPR. The major 

breakthrough came in 2007, with the report that bacteriophage-resistant strains had acquired 

spacer sequences that matched the bacteriophage genome (Barrangou et al., 2007). Critically, 

the acquired spacer and the flanking CRISPR-associated (Cas) genes were essential to confer 

immunity to the bacteriophage. This seminal work quickly led to our current understanding of 

these diverse adaptive defense systems in bacteria and archaea now known as CRISPR-Cas 

systems.  

CRISPR-Cas systems consist of two general components: CRISPR RNAs (crRNAs) 

and Cas proteins. The crRNAs base pair with complementary DNA or RNA sequences 

associated with an invader, and the Cas proteins clear the recognized genetic material. Because 

base pairing is straightforward to predict and to design, the biotechnology community was 

interested in the capacity of these systems to bind and cleave user-defined sequences. The 

catalyst for the CRISPR-Cas revolution, however, came with the demonstration that a single 

protein, Cas9, could be harnessed for site-specific DNA binding and cleavage (Gasiunas et al., 

2012; Jinek et al., 2012). In the few short years since this demonstration, CRISPR-Cas systems 

have emerged as powerful and versatile tools in applications ranging from genome editing to 

molecular imaging. While most of these advances have been reported in eukaryotes, CRISPR-

Cas systems also offer promising tools for understanding and engineering bacteria. This article 

discusses recent applications of CRISPR-Cas systems in bacteria in the realms of genome 
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editing, gene regulation, and antimicrobials. The review then forecasts upcoming opportunities 

and challenges associated with further exploiting these versatile prokaryotic immune systems. 

 

 

Figure 1.1 Overview of adaptive immunity by CRISPR-Cas systems. Immunity is conferred through 

three steps: acquisition, expression, and interference. Acquisition: a small piece of the invader DNA is 

integrated as a new spacer within the CRISPR array. Expression: the CRISPR array is transcribed and 

undergoes processing by the Cas proteins and accessory factors to form the CRISPR RNA (crRNA). 

Interference: the spacer portion of the crRNA serves as a recognition element for the Cas proteins to 

target invading DNA (Type I, II, III, V) or RNA (Type III). Type I, II, and V systems require a 

protospacer-adjacent motif (PAM, yellow box) for target recognition. The current understanding of 

Type IV systems is limited to bioinformatics analyses.  

1.2 A PRIMER ON CRISPR-CAS SYSTEMS 

CRISPR-Cas systems naturally protect bacteria and archaea from foreign genetic 

elements such as plasmids or bacteriophages. Immunity proceeds in three stages: acquisition, 

expression, and interference (Figure 1.1). For acquisition, a spacer generated from a short 

sequence of invading DNA is incorporated at the leading edge of the CRISPR locus. Next, for 
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expression, the array of alternating repeats and spacers is transcribed and subsequently 

processed by the Cas proteins and accessory factors into individual crRNAs. Finally, for 

interference, a ribonucleoprotein complex of the Cas protein(s) and an individual crRNA binds 

and cleaves nucleic acids that are complementary to the spacer portion of the crRNA. More 

details on the mechanisms of CRISPR-based immunity can be found in other recent reviews 

(Barrangou and Marraffini, 2014; Bondy-Denomy and Davidson, 2014; Van der Oost et al., 

2014). 

CRISPR-Cas systems are remarkably widespread and diverse. To date, the CRISPRdb 

online database (Grissa et al., 2007) has identified 1302 bacterial and archaeal strains with 

putative CRISPR arrays out of 2762 genomes analyzed. Each of these arrays is associated with 

differing families of cas genes that necessitated a standard system for their classification and 

nomenclature. The latest classification divides CRISPR-Cas systems into two classes 

according to the configuration of their effector modules (Makarova et al., 2015). Class 1 

systems are defined by multisubunit effector complexes while Class 2 systems utilize a single 

effector protein. Within these two classes, CRISPR-Cas systems can be further divided into 

five types with sixteen total subtypes, defined based on the distinct proteins that facilitate 

CRISPR-Cas activities (Chylinski et al., 2014; Jiang and Doudna, 2015; Makarova et al., 2011; 

Makarova et al., 2015). Class 1 CRISPR-Cas systems include Type I, Type III, and putative 

Type IV systems; Class 2 systems include Type II systems and putative new Type V systems. 

These types (and subtypes) vary in the number of Cas proteins, the mechanism of crRNA 

processing and targeting, and whether the target is DNA or RNA (Table 1.1). These attributes 

offer distinct capabilities, some of which have been co-opted for biotechnology. 
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Table 1.1 The five standard types of CRISPR-Cas systems. The naming conventions are based on the most recent nomenclature for CRISPR-

Cas systems (Makarova et al., 2015). The types are grouped into two classes based on the use of multiple proteins (Class 1) or a single 

protein (Class 2) for interference. Cascade: CRISPR associated complex for adaptive defense. PAM: protospacer-adjacent motif.  

Class Type Subtypes 
Signature 

gene 

# non-acquisition 

cas genes 

Processing 

factors 
Targeting 

Self/non-self 

recognition 

1 

I A,B,C,D,E,F,U cas3 4-8 Cascade Nicks, degrades DNA 
PAM 5’ of 

matching target 

III A,B,C,D cas10 6-8 Cas6 Cleaves DNA/RNA 
Base pairing with 

5’ handle 

IV (putative) n/a csf1 3-4 Unknown Unknown Unknown 

2 

II A,B,C cas9 1 
tracrRNA, 

RNaseIII 
Cleaves DNA 

PAM 3’ of 

matching target 

V (putative) n/a cpf1 1 Cpf1 Cleaves DNA 
PAM 5’ of 

matching target 
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Type I CRISPR-Cas systems, the most abundant type in both bacteria and archaea, are 

defined by the presence of the signature Cas3 protein (Jackson et al., 2014b; Sinkunas et al., 

2011). Cas3 works together with a large multimeric protein complex termed the CRISPR-

associated complex for antiviral defense (Cascade) whose composition is unique to each 

subtype (I-A through I-F, I-U) (Brendel et al., 2014; Jackson et al., 2014a; Jore et al., 2011; 

Makarova et al., 2015; Nam et al., 2012; Wiedenheft et al., 2011; Zhao et al., 2014). Cascade 

is responsible for both processing the crRNAs as well as locating and binding the target 

sequence (Brouns et al., 2008; Westra et al., 2012). Once Cascade binds to the recognized 

DNA site, Cas3 is prompted to unwind, cleave, and degrade one strand of the DNA (Sinkunas 

et al., 2011). 

 

Figure 1.2 Design of the sgRNA (A) The natural crRNA and tracrRNA are connected by a loop to 

form a single-guide RNA (sgRNA). (B) Processing of the natural Type II CRISPR array requires two 

additional factors: RNase III and tracrRNA. (C) Use of sgRNAs bypasses the requirement for RNase 

III and tracrRNA.  



 

 

 

 

 

 

8 

Type II systems represent the least abundant systems, including no known examples in 

archaea. These systems have three subtypes (II-A, II-B, II-C) that are united by the signature 

Cas9 protein and are differentiated by the Cas proteins involved in acquisition (Chylinski et 

al., 2014; Makarova et al., 2015). In general, Type II systems are very compact, as they require 

only Cas9 for interference. Cas9 generates double-stranded DNA breaks via its HNH-nuclease 

and RuvC-like nuclease domains, which cleave the target strand and non-target strand, 

respectively (Gasiunas et al., 2012; Jiang et al., 2015a; Jinek et al., 2012; Nishimasu et al., 

2014). Along with Cas9, Type II systems require a trans-activating crRNA (tracrRNA) and 

RNase III as part of crRNA processing (Chylinski et al., 2013; Deltcheva et al., 2011). To 

simplify this system for practical use, Jinek and coworkers fused the processed version of the 

tracrRNA and the crRNA from Streptococcus pyogenes into a chimeric RNA, termed a single-

guide RNA (sgRNA) (Jinek et al., 2012) (Figure 1.2). This sgRNA design eliminated the need 

for RNase III processing and allowed the expression of a single RNA molecule for DNA 

targeting. The downside was that the inherent capability of the CRISPR arrays for 

multiplexing—targeting multiple sequences with a single transcript—was lost. However, 

various groups have engineered platforms to encode multiple sgRNAs from a single transcript 

(Nissim et al., 2014; Tsai et al., 2014; Xie et al., 2015). 

Type III systems are found in both bacteria and archaea and are typified by the signature 

cas10 gene (Makarova et al., 2011; Makarova et al., 2015). These systems drew initial interest 

because of their natural ability to target RNA (Hale et al., 2009; Staals et al., 2014; Tamulaitis 

et al., 2014). However, other early accounts indicated that Type III systems instead target DNA 

(Hatoum-Aslan et al., 2014; Marraffini and Sontheimer, 2008). While these systems were 

originally thought to target either DNA or RNA, there is emerging evidence that some systems 

can simultaneously target both nucleic acids. For instance, the Type III-B system in the 

archaeon Sulfolobus islandicus was shown to be capable of targeting DNA and RNA (Peng et 

al., 2013; Peng et al., 2014) whereas the Type III-A system in the pathogenic bacterium 

Staphylococcus epidermidis cleaves RNA and transcriptionally active DNA via independent 

active sites within the protein effector complex (Samai et al. 2015). In addition to the III-A and 
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III-B subtypes discussed here, there are two additional type III subtypes—III-C and III-D—

that are less understood (Makarova et al., 2015). Interestingly, Type III systems are 

phylogenetically related to Type I systems and even share structural similarities between the 

Csm (III-A) or Cmr (III-B) complex and the Cascade complex from Type I systems (Osawa et 

al., 2015; Rouillon et al., 2013; Spilman et al., 2013; Staals et al., 2013; Taylor et al., 2015). 

Lastly, two new types have been proposed: a Class 1 Type IV system and a Class 2 

Type V system (Makarova et al., 2015). The putative Type IV system encodes a predicted 

minimal multi-subunit effector complex with a unique large subunit, Csf1, which serves as the 

signature protein for this system. The suggested Type V system utilizes Cpf1 as a single protein 

for interference. To date, only one Type V system has been characterized. Zetsche et al. (2015) 

demonstrated that the Type V system of Francisella novicida U112 does not require a 

tracrRNA for crRNA maturation and Cpf1-crRNA complexes are sufficient to cleave DNA 

target molecules. Furthermore, Cpf1 introduces a staggered double-stranded DNA break with 

overhangs unlike the blunt-ended break of Type II Cas9. 

One of the original conundrums of CRISPR-Cas systems was how crRNAs could 

differentiate between their own genomic spacer sequence and the identical target sequence 

present in the invader. The answer was not found within the target sequence (termed the 

protospacer), but immediately flanking it. For Type I, Type II, and Type V systems, this 

flanking feature is called a protospacer adjacent motif (PAM) (Mojica et al., 2009; Szczelkun 

et al., 2014; Zetsche et al., 2015) and is typically 2 – 5 base pairs. For Type I systems, the PAM 

is located on the 5’ end of the protospacer (herein defined as the strand matching the spacer) 

and is recognized by Cascade (Sashital et al., 2012; Westra et al., 2013). For Type II systems, 

the PAM is located on the 3’ end of the protospacer and is recognized by Cas9 (Deveau et al., 

2008; Gasiunas et al., 2012; Jinek et al., 2012). For example, the widely used S. pyogenes Cas9 

recognizes an NGG PAM sequence (where N is any nucleotide) located on the 3’ end of the 

protospacer. The Type V systems contain a T-rich PAM on the 5’ end of the protospacer 

(Zetsche et al., 2015). In contrast, Type III systems do not rely on a PAM. Instead, these 

systems evaluate base pairing between the target and the 5’ handle of the crRNA (Marraffini 
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and Sontheimer, 2010). Extensive base pairing between the handle and the protospacer results 

in no targeting while limited base pairing results in targeting. These requirements result in two 

simple rules when designing crRNAs: (1) identify a PAM (Types I, II, V) or a sequence with 

poor base-pairing potential to the 5’ portion of the crRNA repeat (Type III) and (2) use the 

flanking 20 – 30 nucleotides as the spacer portion of the crRNA. These remarkably 

straightforward rules have helped drive the implementation of CRISPR-Cas systems in a wide 

range of applications. 

 

1.3 CURRENT APPLICATIONS 

A number of new applications have been developed in bacteria that take advantage of the 

programmability and sequence specificity of CRISPR-Cas systems. Cas9 has dominated these 

applications based on its compactness, although the use of the Type I systems and Type III 

systems is beginning to gain traction. 

 

1.3.1 Bacterial genome editing  

Genome editing has been one of the most visible and celebrated applications of 

CRISPR to date, with an overwhelming focus on eukaryotes. In 2013, genome editing was 

demonstrated in human cells (Cho et al., 2013; Cong et al., 2013; Jinek et al., 2013; Mali et al., 

2013b) and was quickly expanded to eukaryotic organisms ranging from fungi to monkeys 

(Bassett et al., 2013; DiCarlo et al., 2013; Dickinson et al., 2013; Friedland et al., 2013; Hwang 

et al., 2013; Li et al., 2013; Nekrasov et al., 2013; Niu et al., 2014). In these eukaryotic cells 

and organisms, Cas9 was used to introduce a double-stranded break into a defined location in 

the genome, followed by repair through the endogenous non-homologous end joining (NHEJ) 

or homology-directed repair pathways. 

 Although Cas9-based genome editing in bacteria was also first reported in 2013 (Jiang 

et al., 2013a), only a handful of publications have ensued. The disparity between these few 

publications and the volumes published for eukaryotes can be explained by the relatively poor 

capacity of bacteria to repair double-stranded breaks by CRISPR-Cas systems. Unlike 
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eukaryotes, bacteria generally cannot repair breaks caused by CRISPR. The lethality of 

genome targeting is supported by the natural co-occurrence of self-targeting CRISPRs and 

degenerate cas genes (Stern et al., 2010); a putatively large evolutionary change following the 

natural acquisition of a self-targeting spacer (Aklujkar and Lovley, 2010); the cytotoxicity of 

expressing a genome-targeting crRNA (Edgar and Qimron, 2010; Vercoe et al., 2013); and the 

subsequent appearance of disruptive mutations in the cas genes, self-targeting crRNA, or the 

target location to escape self-targeting cell death (Gomaa et al., 2014; Jiang et al., 2013b). 

A simple explanation for the lethality of bacterial genome targeting is that, given the 

defensive function of CRISPR-Cas systems, repairing targeting events would be wholly 

counterproductive. If bacteriophage or plasmid DNA was attacked by CRISPR and the break 

was repaired, then the invader would persist. It is worth noting that bacteria often possess 

multiple pathways for repairing DNA damage (Selle and Barrangou, 2015). We speculate that 

CRISPR-Cas systems evolved to block many of these repair mechanisms in bacteria, whether 

by Cas9 staying tightly bound to the DNA end following cleavage (Gasiunas et al., 2012) or 

by Cas3 degrading a strand of the target DNA through Cas3’s exonuclease activity (Westra et 

al., 2012). See Selle and Barrangou (2015) for a focused review describing mechanisms of 

genome repair in bacteria and how it relates to genome editing with CRISPR. 

These obstacles were originally addressed in the first demonstration of genome editing 

in bacteria (Jiang et al., 2013a). In this work, Cas9 was used in combination with a CRISPR 

array and a tracrRNA to generate defined point mutations in Streptococcus pneumoniae and in 

Escherichia coli. In both cases, a template oligonucleotide designed for homologous 

recombination was introduced simultaneously with the CRISPR array. The oligonucleotide 

mutated the PAM of the target site, preventing Cas9 from recognizing the sequence. As a result, 

CRISPR-Cas9 served a cleanup role by eliminating cells that did not undergo recombination 

(Figure 1.3A). By either relying on high recombination rates in S. pneumoniae or introducing 

the λ-red recombination system E. coli, the authors reported remarkably high rates of 

recombination ranging between 65% and 100% of all screened colonies. The arrays could also 

be multiplexed, which allowed editing at multiple locations at one time. 
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Following the initial demonstration of genome editing in S. pneumoniae and in E. coli, 

Cas9-based genome editing has been reported in ranging bacteria of industrial relevance. These 

include Lactobacillus reuteri, a lactic acid bacterium with probiotic properties (Oh and van 

Pijkeren, 2014); Clostridium beijerinckii, a species widely used as a metabolic host for acetone, 

butanol, and ethanol production (Wang et al., 2015); multiple Streptomyces species, which 

synthesize natural products with antimicrobial activity (Cobb et al., 2015; Huang et al., 2015; 

Tong et al., 2015); and additional demonstrations in E. coli (Jiang et al., 2015b; Li et al., 2015; 

Pyne et al., 2015). These examples principally relied on the chimeric sgRNA design (Cobb et 

al., 2015; Jiang et al., 2015b; Li et al., 2015; Wang et al., 2015), although the dual-expression 

of tracrRNAs and crRNAs has also been implemented for genome editing (Jiang et al., 2013a; 

Oh and van Pijkeren, 2014; Pyne et al., 2015). The DNA templates were supplied as single-

stranded oligonucleotides or as double-stranded DNA within the sgRNA plasmid. Between 

these two options, encoding the repair template within the sgRNA plasmid generally yielded 

greater editing efficiencies. 

Many of these examples confirmed the need for high rates of transformation and 

recombination: transformation determines the number of cells subject to the DNA template 

and CRISPR-Cas9, whereas recombination determines the number of cells that will survive 

attack by Cas9. For instance, follow-up demonstrations in E. coli were limited to only three 

simultaneous editing events, even following overexpression of the λ-red recombination 

machinery (Jiang et al., 2015b; Li et al., 2015). Without high rates of both transformation and 

recombination, the background mutational rate of the crRNA or Cas9 (typically 10-5 – 10-4) 

(Gomaa et al., 2014; Jiang et al., 2013b) will overwhelmingly account for surviving 

transformants. The transformation barrier may be alleviated through inducible control of the 

crRNA or the Cas9, although tightly controlled inducible systems are not widely available. 

Furthermore, more universal recombination systems may be needed to drive high rates of 

homologous recombination in otherwise disparate organisms.  
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Figure 1.3 Genome editing with CRISPR-Cas9 in bacteria. (A) DNA cleavage by Cas9 is generally 

lethal, leading to clearance of cells that did not undergo recombination. (B) Employing a nicking Cas9 

appears to either temper the lethality of genome targeting or drive genome editing. (C) Utilizing the 

bacterial non-homologous end-joining pathway composed of Ku and LigD can rescue the lethality of 

Cas9-based genome targeting and drive indel formation.  

One potential strategy to improve the editing efficiency is using a Cas9 that harbors a 

point mutation in either the RuvC or HNH nuclease domain (D10A or H840A for the S. 

pyogenes Cas9) (Figure 1.3B). Because each nuclease domain cleaves either strand of the 

target DNA, the mutated Cas9 nicks the target without introducing a double-stranded break 

(Gasiunas et al., 2012; Jinek et al., 2012). Xu et al. (2015) hypothesized that a nicking Cas9 

could improve editing in bacteria by reducing the lethality of DNA targeting. Supplying 

Clostridium cellulolyticum with a nicking Cas9, an sgRNA, and a template oligonucleotide 

resulted in small insertions or deletions, with editing efficiencies up to 95% for 200-nucleotide 

homology arms. In contrast, the regular Cas9 did not yield any colonies. While DNA nicking 
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did promote greater editing frequencies than double-stranded breaks, the precise mechanism is 

not fully understood. On one hand, Cas9 and its nicking counterpart could similarly clear 

unedited members of the population, but the tempered lethality of nicks could allow more time 

to achieve recombination. On the other hand, the nicking Cas9 could be driving homologous 

recombination by accelerating strand invasion, similar to nickase activity in eukaryotes (Cong 

et al., 2013; Mali et al., 2013b). Once the mechanism of editing is fully elucidated, this nickase 

strategy could be extended to other bacterial organisms that are poorly equipped to repair 

double-stranded breaks introduced by Cas9. 

Another intriguing strategy is recapitulating the NHEJ pathway in bacteria to repair 

double-stranded breaks by CRISPR-Cas9 (Figure 1.3C). Rather than attempt to import 

eukaryotic NHEJ pathways and their numerous components, NHEJ pathways found in some 

bacteria offered simpler opportunities. These bacterial pathways only require two proteins, Ku 

and LigD, and are found in a small but diverse fraction of bacteria (Aravind and Koonin, 2001; 

Bowater and Doherty, 2006). To date, only one recent report has coupled NHEJ and Cas9-

based genome editing in bacteria (Tong et al., 2015). Here, genome editing was performed in 

the actinomycetes species Streptomyces coelicolor. The ligD gene was expressed from a 

related Streptomyces species to reconstitute the incomplete NHEJ pathway in this species. Co-

expressing LigD along with Cas9 and a designed sgRNA led to high efficiencies of NHEJ-

generated indels—insertions or deletions—within two genes from the biosynthetic pathway of 

the blue actinorhodin antibiotic. It will be interesting to see if a reconstituted NHEJ pathway 

along with a homologous template will increase recombination rates or if indel formation will 

dominate over homology directed repair. If the NHEJ pathway can be imported into other 

bacteria to alleviate the lethality of genome targeting and boost the overall efficiency of 

genome editing, Ku and LigD could become synonymous with CRISPR-Cas9 for genome 

editing in bacteria. 
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1.3.2 Bacterial gene regulation 

Despite the predominant focus on genome editing, CRISPR-Cas systems are also 

revolutionizing the programmable regulation of gene expression. This feat was first 

demonstrated with CRISPR-Cas9 in two landmark publications (Bikard et al., 2013; Qi et al., 

2013). In both publications, the S. pyogenes Cas9 nuclease was converted into a DNA-binding 

protein by point mutations to the RuvC and HNH domains (D10A and H840A). This 

catalytically dead Cas9 (dCas9) lost the ability to cleave DNA but retained its DNA binding 

ability (Jinek et al., 2012). By directing dCas9 to bind to the promoter or open reading frame 

of a target gene, expression could be repressed by preventing transcription initiation or 

elongation (Bikard et al., 2013; Qi et al., 2013) (Figure 1.4A). The strongest levels of 

repression occurred when targeting the promoter, with up to 1,000-fold repression. Targeting 

the coding region also repressed gene expression, where targeting was much more effective 

for the non-template strand than the template strand (Bikard et al., 2013; Qi et al., 2013). 

Expressing multiple sgRNAs was also shown to silence multiple genes at one time or, when 

targeting the same gene, to further boost silencing as long as the targeted sites did not overlap 

(Qi et al., 2013). Either an sgRNA (Qi et al., 2013) or the combination of a CRISPR array and 

a tracrRNA (Bikard et al., 2013) were capable of gene repression; the sgRNA offered a more 

compact option whereas the CRISPR array:tracrRNA was better suited for multiplexing. 

Advances in gene regulation with dCas9 were reviewed recently (Bikard and Marraffini, 2013; 

Fineran and Dy, 2014; Sampson and Weiss, 2014) and a protocol is available based on sgRNAs 

(Larson et al., 2013).  

Beyond E. coli, dCas9 has been implemented in a growing collection of other bacterial 

strains. Bikard et al. (2013) implemented dCas9 in Streptococcus pneumoniae to repress β-

galactosidase expression and observed up to a 14-fold reduction in activity. Choudhary et al. 

(2015) utilized dCas9 in mycobacteria to identify essential genes. Tong et al. (2015) applied 

dCas9 in the actinomycetes species Streptomyces coelicolor to reversibly control expression 

of a gene involved in production of the actinorhodin antibiotic. These examples underscore the 

broad applicability of dCas9 to gene repression in bacteria. For basic genetic studies and strain 
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development, dCas9 may even be preferable over Cas9-based editing because multiple genes 

can be silenced at one time without the need to modify each genetic locus.  

 The dCas9 protein is also capable of bacterial gene activation (Figure 1.4B). In E. coli, 

this was demonstrated by fusing the ω subunit of RNA polymerase to dCas9 and then 

expressing this construct in cells lacking the ω subunit gene rpoZ (Bikard et al., 2013). This 

subunit co-purifies with RNA polymerase (RNAP) yet the subunit is dispensable, with no 

discernible deletion phenotypes (Dove and Hochschild, 1998). To optimize gene activation 

with dCas9, Bikard et al. (2013) assessed multiple permutations, including N- and C-terminal 

fusions, targeting the template or the non-template strand, varying the distance between the 

target site and the transcriptional start site, and testing promoters with varying transcriptional 

activities. The most successful combination was fusing the ω subunit to the C-terminus of Cas9 

(Cas9-ω) and targeting 96 nucleotides upstream of the transcriptional start site of a weak 

promoter. While this configuration yielded ~23-fold activation (Bikard et al., 2013), most other 

configurations yielded less than 8-fold activation. Compared to >100-fold repression reported 

for dCas9 (Qi et al., 2013), gene activation with CRISPR-Cas9 has significant room for 

improvement. 

Despite the intense focus on Type II systems and dCas9, Type I systems are also 

capable of transcriptional regulation (Figure 1.4C). This capability was recently demonstrated 

for the Type I-E system in E. coli through the expression of Cascade and the elimination of the 

Cas3 nuclease (Luo et al., 2015; Rath et al., 2015). In the absence of Cas3, the Cascade 

complex still processes the CRISPR array and binds target DNA sequences. Cascade can be 

expressed off the endogenous locus in the genome (Luo et al., 2015) or introduced exogenously 

via a plasmid (Rath et al., 2015). Similar to Type II systems, the Type I-E system was also 

capable of >100-fold repression when targeting the promoter. Strand bias within the 

transcribed region was also observed for Cascade-driven repression, although the particular 

bias did not match between the two reports (Luo et al., 2015; Rath et al., 2015). Because Type 

I systems comprise a diverse set of subtypes, it will be interesting to see if other subtypes are 
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capable of gene silencing and whether endogenous Type I systems in other bacteria can be 

repurposed for programmable gene regulation.  

One draw of gene regulation using Type I systems is that multiple mature crRNA 

molecules can be generated from a single CRISPR array without the need for accessory 

processing factors. Using a single array, Luo et al. (2015) simultaneously silenced four 

independent endogenous sugar utilization pathways in E. coli, thereby generating a complex 

growth phenotype. When evaluating the potency of spacers within an array, it was observed 

that every additional spacer added to the array reduced the efficiency of each individual spacer 

(Luo et al., 2015). This points to Cascade being a limiting factor in Type I silencing and should 

be considered when targeting large numbers of genes. Similar analyses remain to be reported 

for gene regulation with dCas9. 

 Another emerging opportunity for CRISPR-based gene regulation is mRNA targeting. 

Hale et al., (2012) first demonstrated this capability by programming the Pyrococcus furiosus 

Type III-B complex to cleave RNAs in vitro. This demonstration was followed by Zebec et al. 

(2014) using the Type III-B system of Sulfolobus solfataricus to target mRNA degradation of 

specific chromosomal genes in vivo (Figure 1.4D). The Type III-A complex was also recently 

discovered to target RNA as demonstrated in vivo (Staals et al., 2014; Tamulaitis et al., 2014). 

Thus, the Type III-A Csm complex and the Type III-B Cmr complex hold promise as genetic 

tools to for the post-transcriptional regulation of chromosomal genes. Type III systems are also 

not subject to PAMs, potentially creating greater flexibility when selecting target sequences. 

A major downside was that gene silencing in vivo was relatively modest (~2-fold) in 

comparison to that achieved by dCas9 and Cascade (Zebec et al., 2014). 

 There is compounding evidence that some Cas9’s naturally target RNA (Figure 1.4E). 

Sampson et al. (2013) demonstrated that the Type II-B Cas9 from Francisella novicida 

naturally represses the expression of the FTN_1103 bacterial lipoprotein as part of immune 

avoidance during host infection. Silencing required the tracrRNA as well as a small, CRISPR-

Cas-associated RNA (scaRNA) encoded adjacent to the CRISPR array. The scaRNA was 

predicted to hybridize to the ribosome-binding site and start codon of the FTN_1103 mRNA. 
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Although the mechanism of silencing remains unclear, this general strategy allowed for the 

targeted silencing of the Hepatitis C virus in mammalian cells (Price et al., 2015). There is thus 

tremendous potential for targeted gene silencing with this Cas9 and a need to elucidate design 

principles. 

 

 

Figure 1.4 CRISPR-based gene regulation. (A) A catalytically dead Cas9 (dCas9) can be targeted to 

the promoter or coding region of a gene, blocking transcription. (B) A fusion between dCas9 and the ω 

subunit of RNA polymerase (dCas9-ω) can recruit RNA polymerase to activate transcription. (C) 

Eliminating the cas3 gene from Type I systems can allow targeted DNA binding and transcriptional 

repression with Cascade. (D) Type III systems can be readily co-opted to bind and cleave target 

mRNAs. (E) The Francisella novicida Cas9 utilizes a scaRNA to silence an endogenous gene through 

putative base-pairing interactions. (F) Introducing a DNA oligonucleotide PAMmer allows Cas9 to 

bind and cleave RNAs complementary to the guide portion of an sgRNA. 
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Aside from the natural RNA-targeting ability of some Cas9 proteins, more traditional 

Cas9’s can be coaxed into targeting RNA. This capability was demonstrated in vitro by pairing 

the S. pyogenes Cas9 with PAM-presenting oligonucleotides (PAMmers) (O’Connell et al., 

2014) (Figure 1.4F). When the PAMmer base pairs with the target RNA, Cas9 recognizes the 

PAM but proceeds to cleave the RNA base-paired to the sgRNA. While Cas9 also would be 

expected to recognize and cleave the associated DNA, selecting targets that lacked a PAM 

allowed Cas9 to only recognize and cleave the PAMmer-bound RNA. Interestingly, RNA 

cleavage was only observed using a deoxyribonucleotide-based PAMmer but not a 

ribonucleotide-based PAMmer, suggesting that Cas9 can differentiate the slight structural 

variations between deoxyribose and ribose moieties within the PAM. Whether the PAMmer 

can yield efficient gene silencing in vivo remains to be investigated.  

Beyond the co-regulation of multiple genes, CRISPR-Cas systems are now being 

implemented for the design of genetic circuits. While the first examples were published in 

mammalian cells (Kiani et al., 2014; Nissim et al., 2014), there has been one report of circuit 

design in bacteria (Nielsen and Voigt, 2014). In this work, sgRNAs were designed to target 

promoters driving expression of other sgRNAs, allowing the construction of complex circuit 

topologies. The sgRNAs were designed to recognize distinct sequences, preventing any 

measurable crosstalk. The resulting circuits could interface with endogenous processes to 

control cellular phenotypes. Specifically, the authors connected an OR logic gate to the 

expression of the malT transcription factor, which regulates maltose utilization and also 

production of a lambda phage receptor. When at least one input (inducer) was present, the cells 

exhibited near-normal lambda phage infectivity. However, when both inputs were absent, the 

cells exhibited a 240-fold reduction in plaque formation. While these circuits all relied on a 

single Cas9, the availability of orthogonal Cas9’s that recognize different sgRNAs (Esvelt et 

al, 2013) opens the opportunity to create sophisticated gene circuits and functionalities. 

 Separately from gene regulation, CRISPR-Cas systems can be harnessed for RNA 

processing. Type I and Type III systems naturally process the transcribed CRISPR array into 

individual crRNAs through the activity of the Cas6 protein (Carte et al., 2008; Haurwitz et al., 
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2010; Li, 2015; Niewoehner et al., 2014). This protein specifically binds the hairpin within the 

CRISPR repeat, thereby cleaving at the 3’ base. Qi et al. (2012) exploited this activity in E. 

coli by encoding the hairpin sequence from the Pseudomonas aeruginosa Type I-F CRISPR 

locus between the 5’ untranslated region of a gene and its ribosome-binding site. Co-expressing 

the system’s Cas6 protein Csy4 resulted in efficient cleavage of the hairpin, separating the 

untranslated region from the coding region of the gene. The result was that the sequence of the 

untranslated region had little effect on translation—effectively insulating gene expression from 

the upstream sequence. This same approach yielded predictable gene expression for multi-gene 

operons when the hairpin was placed in the intervening untranslated regions. The extension of 

this strategy in the bacterium Bacillus subtilis, the eukaryote Saccharomyces cerevisiae (Qi et 

al., 2012), and mammalian cells (Nissim et al., 2014; Tsai et al., 2014) demonstrates the 

universality of Csy4 for directed RNA processing. 

 

1.3.3 Next-generation antimicrobials 

The emergence of multidrug resistance and the trickling pipeline for new small-

molecule antibiotics has led to intense interest in the development of novel antimicrobials. 

While broad-spectrum antimicrobials have been the standard, the increasingly recognized 

importance of the human microbiota (Lemon et al., 2012; Neish, 2009; Walter and Ley, 2011) 

underscores the need to selectively eliminate pathogens while maintaining the natural 

microflora. The specificity, ease of design, and lethality of CRISPR created the possibility of 

exploiting these defense systems as the basis of programmable antimicrobials (Figure 1.5). 
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Figure 1.5 CRISPR-based antimicrobials. (A) Targeting the bacterial genome leads to potent and 

sequence-specific cell killing. (B) Bacteriophages can be employed to deliver plasmids encoding 

CRISPR-Cas9, leading to targeted killing or plasmid clearance  

There was circumstantial evidence that CRISPR could serve as an antimicrobial based 

on the lethality and specificity of genome targeting (see section on Bacterial genome editing). 

However, the concept of CRISPR-based antimicrobials was first extended and experimentally 

demonstrated only recently (Gomaa et al., 2014). It was hypothesized that the nuclease of a 

CRISPR-Cas system could be directed to the bacterial genome, leading to genome cleavage 

and cell death; specificity would come from selecting target sequences present in some bacteria 

but not others. To demonstrate this concept, Gomaa et al. (2014) encoded a genome-targeting 

CRISPR array from the E. coli Type I-E system and transformed this plasmid into an E. coli 

strain expressing the associated Cas genes. The transformation efficiency of this plasmid was 

~105-fold lower than that of a non-targeting control, indicating potent killing. Remarkably, 

every location tested—whether in coding or non-coding regions, essential or non-essential 

genes, top and bottom strands of the genome—resulted in a similar drop in the transformation 

efficiency. Furthermore, killing could be achieved using exogenous or endogenous CRISPR-

Cas systems. The only requirements were the presence of the target sequence and the presence 

of a flanking PAM. This targeting flexibility was used to differentiate two highly similar K-12 

and B lineages of E. coli as well as between E. coli K-12 and Salmonella. By using mixtures 

of targeting and non-targeting plasmids, the authors were able to quantitatively reduce the 
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levels of one strain, opening the possibility of finely tuning the composition of a mixed 

microbial population rather than only removing individual members.  

With the framework established for CRISPR-based antimicrobials, the next obstacle 

was delivery. A promising delivery vehicle involves bacteriophages. Bacteriophages naturally 

prey on bacteria by injecting their genetic material into cells and hijacking the host machinery 

to undergo replication. One way to co-opt bacteriophages as delivery vehicles is to incorporate 

the bacteriophage’s packing and replication elements into a plasmid —called a phagemid 

(Westwater et al., 2002). As part of the lytic cycle, the phagemid undergoes packaging in 

competition with the bacteriophage genome. The resulting bacteriophage particles then deliver 

the packaged phagemid to susceptible strains.  

Two recent publications exploited this strategy to deliver a phagemid encoding the S. 

pyogenes cas9, tracrRNA, and designed CRISPR array (Bikard et al., 2014; Citorik et al., 

2014). This setup delivers the complete CRISPR-Cas9 system, obviating the need for an 

endogenous, active system. Bikard et al. (2014) employed this strategy to selectively kill an 

antibiotic-resistant strain of Staphylococcus aureus. S. aureus was a notable target because 

methicillin-resistant S. aureus (MRSA) is a principal cause of antibiotic-resistant infections. 

The phagemid was generated by cloning the packaging site and the rinA, terS, and terL genes 

from the staphylococcal ΦNM1 bacteriophage along with the required elements of CRISPR-

Cas9. The CRISPR array was designed to target an antibiotic resistance gene present in the 

genome of S. aureus. Incubating the resulting bacteriophage particles with the S. aureus cells 

resulted in up to a 104-fold reduction in the number of viable colonies. This degree of killing 

was impressive considering that no selective pressure was applied to retain the phagemid. This 

phagemid system was also tested in a mouse skin colonization model in which the mice were 

exposed to a mixture of a kanamycin-resistant strain and a kanamycin-sensitive strain of S. 

aureus. As expected, the phagemid targeting the kanR gene reduced the proportion of 

kanamycin-resistant S. aureus.  

Citorik et al. (2014) similarly used M13-derived phagemids to selectively target 

antibiotic-resistant strains of E. coli. The CRISPR array was designed to target a mutation in 
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the gyrA gene of E. coli that confers resistance to quinolone antibiotics. Exposing the resulting 

bacteriophage particles to E. coli cells harboring this mutation resulted in up to a 104-fold 

reduction in the number of viable colonies, paralleling that observed for S. aureus (Bikard et 

al., 2014). This same approach was used to selectively remove the gyrA mutants from a mixture 

of this strain and two other antibiotic-resistant strains of E. coli. To simulate treatment of an in 

vivo infection, a strain of enterohaemorrhagic E. coli (EHEC) was fed to larvae of the moth 

Galleria mellonella. The phagemid targeting a chromosomally encoded virulence factor was 

able to moderately improve survival. 

Another potential use of CRISPR antimicrobials is the clearance of antibiotic resistance 

plasmids, as first demonstrated by Garneau et al., (2010). Bikard et al. (2014) designed the 

phagemid to target plasmid-borne antibiotic resistance genes harbored by a clinical strain of 

methicillin-resistant S. aureus (MRSA). Delivery of the ΦNM1 phagemid eliminated the 

plasmids without impacting cell viability and prevented any import of the same plasmid via 

conjugation. Citorik et al. (2014) targeted the pNDM-1 and pSHV-18 plasmids that confer 

resistance to β-lactam antibiotics.  In both cases, delivery of the M13 phagemid resulted in a 

103-fold reduction in the number of viable colonies. This reduction was associated with 

addiction systems encoded on the plasmid, which triggered cell death upon plasmid removal. 

This strategy was quite convenient by simultaneously removing antibiotic resistance and 

killing the host cells. 

In a similar attempt to sensitize bacteria to antibiotics, Yosef et al. (2015) engineered a 

λ prophage to carry the E. coli Type I-E system as well as a CRISPR array encoding spacers 

that target the β-lactamase genes ndm-1 and ctx-M-15. In this case, the phage would form a 

stable lysogen in the host, and the encoded CRISPR-Cas system would both clear existing 

resistance genes and prevent the cells from acquiring resistance in the future. The authors 

demonstrated that the presence of the lysogen reduced the transformation efficiency of 

plasmids encoding the target sequences by three orders-of-magnitude. Furthermore, lysogens 

with the ndm-1 and ctx-M-15 spacers resisted T7 phages that housed ndm-1 and ctx-M-15 

protospacers by over four orders-of-magnitude when compared to lysogens lacking the spacer 
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array, demonstrating that these antibiotic sensitized bacteria have a selective advantage in their 

resistance to lytic phages. 

 Aside from bacteriophages, bacterial conjugation could be used to deliver DNA. 

Conjugation relies on cell-to-cell contact to transfer plasmids that often have wide host ranges. 

Citorik et al. (2014) found that conjugative transfer of the plasmid encoding the S. pyogenes 

tracrRNA, cas9, and targeting CRISPR array resulted in up to a 60-fold reduction of viable 

recipients in comparison to non-targeted cells. The limited reduction in the number of viable 

cells was attributed to the inefficiency of conjugal transfer, a common issue for this delivery 

method. 

Delivery remains the largest hurdle to the implementation of CRISPR antimicrobials. 

Even in both examples cited above, the simple in vivo models exhibited greatly reduced 

efficacy in comparison to the in vitro experiments. Future efforts will need to focus on 

engineering the bacteriophages for improved delivery and exploring alternative delivery 

vehicles. The long-term success will also depend on identifying applications uniquely suited 

to CRISPR antimicrobials—particularly over traditional antibiotics, antimicrobial peptides, 

and lytic bacteriophages. These applications may extend well beyond human therapeutics and 

into the realms of diagnostics, agriculture, biomanufacturing, and research tools. 

 

1.4 FUTURE PERSPECTIVES 

CRISPR-Cas systems have already proven to be powerful tools for understanding and 

engineering bacteria. However, engineered CRISPR-Cas systems represent a three-year-old 

technology and much of their potential remains to be realized. Below, we posit next steps for 

the development of CRISPR technologies in bacteria and the ensuing opportunities and 

challenges. 
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Figure 1.6 Opportunities for CRISPR technologies in bacteria. (A) Building on advances in eukaryotes. 

The FokI nuclease can be fused to Cas9 as an alternative means of introducing double-stranded breaks 

as part of genome editing. Fusing binding domains to Cas9 or the 3’ end of the sgRNA can recruit other 

proteins to regulate gene expression (e.g., the ω subunit of RNA polymerase) or to dynamically image 

genomic loci (e.g., GFP). (B) Libraries of crRNAs or sgRNAs can be compiled and subjected to specific 

environmental conditions to rapidly screen for genes that either promote or inhibit growth. (C) 

Acquisition could be used to count transient events such as an environmental stimulus. (D) Acquisition 

could also be harnessed to integrate large pieces of synthetic DNA into the genome.  

1.4.1 Following in the footsteps of CRISPR in eukaryotes 

Even though CRISPR-Cas systems are native to prokaryotes, advances in CRISPR 

technologies have focused almost entirely on eukaryotes. Regardless of the underlying reasons, 

advances in eukaryotes can serve as a guide for similar developments in prokaryotes—whether 

to drive existing applications or to institute entirely new ones. 
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 Genome editing remains the dominant and best-developed application of CRISPR-Cas 

systems in eukaryotes. Most of these developments have been driven by the need to express 

multiple sgRNAs, initiate homology-directed repair (HDR) over NHEJ, and limit unintended 

targeting (Hsu et al., 2014). Unintended targeting (or off-target effects) is less likely in bacteria 

because of their smaller genomes, and natural CRISPR arrays are well suited for multiplexing. 

However, many of the associated advances in eukaryotes could be useful in bacteria. For 

instance, fusions of dCas9 and the FokI endonuclease minimize unintended editing events by 

requiring a FokI dimerization event in order for DNA cleavage to occur (Guilinger et al., 2014; 

Tsai et al., 2014) (Figure 1.6A). In bacteria, this same fusion protein may generate double-

stranded breaks in a manner that can more easily undergo repair by endogenous pathways. 

Separately, importing pathways for NHEJ or HDR could transition CRISPR from being a 

selective pressure to actively driving editing, as suggested by genome editing in actinomycetes 

(Tong et al., 2015). By improving the efficiency of genome editing in bacteria, CRISPR-based 

editing could be sufficiently effective to generate genome-wide modifications or to conduct 

high-throughput functional screens that identify genes associated with defined phenotypes 

(Koike-Yusa et al., 2013; Shalem et al., 2014; Wang et al., 2014; Zhou et al., 2014) (Figure 

1.6B). 

 Gene regulation with CRISPR-Cas9 in eukaryotes has also witnessed major 

breakthroughs, with a focus on improving the system’s overall efficiency and utility. The most 

notable advance has been the development of protein fusions to drive gene activation and 

repression (Gilbert et al., 2013; Maeder et al., 2013; Mali et al., 2013a; Perez-Pinera et al., 

2013) (Figure 1.6A). One of the key developments was transitioning from single-domain 

fusions, such as between dCas9 and the VP64 activating domain or the KRAB repressing 

domain, to extensions of dCas9 or the sgRNA that recruit the regulatory domains (Konermann 

et al., 2014; Shechner et al., 2015; Tanenbaum et al., 2014; Zalatan et al., 2014). For instance, 

the 3’ end of the sgRNA was extended to encode aptamers that recruited VP64 domains to 

efficiently activate transcription (Mali et al., 2013a). While gene repression with dCas9 and 
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Cascade seems to be sufficiently potent in bacteria, there is ample room for improvement for 

gene activation.  

 Aside from improving existing applications in bacteria, a notable advancement in 

eukaryotes has not been reported in bacteria: DNA imaging. Here, dCas9 was fused to GFP 

(Anton et al., 2014; Chen et al., 2013; Ma et al., 2015) or recruited GFP (Tanenbaum et al., 

2014) to dynamically image chromosomal structure and localization in mammalian cells 

(Figure 1.6A). Bacterial genomes are known to be highly structured and undergo major 

localization changes based on the environmental conditions (Libby et al., 2012). However, the 

associated imaging tools rely on previous technologies such as fusing GFP to transcription 

factors; incorporating dCas9 and GFP offers a more programmable tool that could drive our 

understanding of chromosomal dynamics in bacteria, shedding new light into the structure of 

bacterial cells and how this structure changes based on environmental conditions. 

 

1.4.2 Extending beyond imported Cas9 

CRISPR technologies have focused on importing Type II systems because of the ease 

in using Cas9 and an sgRNA. However, Type II systems represent merely one type of CRISPR-

Cas systems, where the other systems individually offer distinct attributes and capabilities. For 

instance, Type I systems naturally process CRISPR arrays without the need for further 

engineering. Type I systems are also unique in that their signature Cas3 protein does not 

generate double-stranded breaks but rather is recruited to cleave and degrade DNA through the 

action of the protein’s 3’-to-5’ exonuclease activity (Sinkunas et al. 2013). Separately, Type 

III systems naturally target RNA and may offer targeting flexibility due to the absence of a 

PAM—whether for mRNA silencing or transcript processing. The challenge will be finding 

applications that are uniquely suited to a given system and counterbalance the added difficulty 

of expressing multiple proteins in defined ratios, rather than the single Cas9 protein for Type 

II systems. The newly categorized Type V systems and their Cpf1 proteins offer additional 

possibilities. Because Cpf1 processes crRNA arrays without any additional RNA species and 

the Cpf1-crRNA complex alone can achieve DNA cleavage, these systems may simplify the 
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design of genome-editing tools (Zetsche et al., 2015). Alternatively, by implementing multiple, 

truly orthogonal types of CRISPR-Cas systems, multiple functions such as genome editing, 

plasmid curing, gene activation, gene repression, and invader defense can be performed 

simultaneously. 

One potential opportunity beyond Cas9 is the utilization of endogenous systems 

already present in a microbe. CRISPR loci have been identified in the genomes of ~50% of 

bacteria and ~87% of archaea (Makarova et al., 2015), and the vast majority of these are 

associated with Type I systems and Type III systems. For bacteria harboring an active 

CRISPR-Cas system, the system may be readily co-opted by merely importing a synthetic 

CRISPR array. This approach was part of CRISPR antimicrobials (Gomaa et al., 2014), large 

deletions (Vercoe et al., 2013), and gene repression (Luo et al., 2015; Zebec et al., 2014). The 

benefit is that all of the protein components are already present—a major advantage for Class 

1 systems that require multiple proteins (Table 1.1). In extreme thermophiles and 

hyperthermophiles, the traditional Cas9 proteins from mesophiles are unlikely to function at 

typical growth conditions. In contrast, Type I and Type III systems appear to be enriched in 

these microbes, arguing for their use in CRISPR-based applications. The downside to using 

endogenous systems is that the system must be confirmed to be active, which could be 

environment-dependent, and must undergo full characterization—namely, identifying the 

PAM for Type I, II, and V systems as well as determining the tracrRNA for Type II systems. 

Furthermore, co-opting the endogenous system may interfere with its natural functions such as 

in host defense. Accordingly, choosing to import a system (and which type) or to rely on an 

endogenous system will likely depend on the selected organism and the needs of the project. 

Finally, even if an imported Cas9 is selected, there is a choice between using CRISPR arrays 

or sgRNAs. The important takeaway is that importing Cas9 with an sgRNA is not the only 

option and, in many cases, may be less desirable than the alternatives.  
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1.4.3 Exploiting CRISPR-Cas acquisition 

To date, CRISPR-derived genetic tools have centered on the final step in prokaryotic 

adaptive immunity—interference. However, an unexplored step is acquisition (Heler et al., 

2014). Acquisition represents the first step of acquired immunity wherein the CRISPR-Cas 

system integrates a small piece of the foreign invader DNA (Figure 1.1). This step is associated 

with the near-universal proteins Cas1 and Cas2, with some involvement by Cas4 in some 

subtypes (Chylinski et al., 2014; Makarova et al., 2011; Makarova et al., 2015; Nuñez et al., 

2014). Cas1 and Cas2 integrate new repeat-spacers in the CRISPR array, with a preference for 

stalled replication forks (Levy et al., 2015). However, the Cas proteins involved in interference 

appear to play a predominant role in spacer selection, whether by selecting spacers with a PAM 

(Heler et al., 2015; Paez-Espino et al., 2013) or by driving acquisition of sequences in the 

vicinity of a target sequence (Fineran et al., 2014; Richter et al., 2014). There is still plenty left 

to learn about the natural mechanisms that drive acquisition, although there may be sufficient 

information to begin engineering this untapped yet universal aspect of CRISPR-Cas systems. 

 We envision two avenues in which acquisition can be harnessed for tools in bacteria. 

In the first avenue, acquisition can be linked to an exogenous or intracellular signal such that 

transient induction leads to an acquisition event (Figure 1.6C). This could in turn be used as a 

permanent memory of prior transient events—much like natural CRISPR loci serve as 

memories of prior infections. This approach could offer a simpler strategy to track these events, 

particularly in comparison to existing synthetic counters and memory devices (Bonnet et al., 

2012; Friedland et al., 2009; Siuti et al., 2013). Second, the system could be harnessed as site-

specific recombinases in order to drive the efficient insertion of a synthetic DNA sequence 

(Figure 1.6D). While the natural systems prefer to integrate ~30-base sequences directly into 

the leading repeat, it may be possible to reengineer the system to accept larger or shorter 

sequences that can be inserted at other locations. This capability could greatly expand the 

existing repertoire of protein integrases and form the next generation of CRISPR technologies. 
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1.5 CONCLUSIONS 

CRISPR-Cas systems have enjoyed tremendous popularity within recent years, owing 

to the versatility and power of these widespread defense systems. Bacterial applications thus 

far include streamlined genome engineering, programmable transcriptional regulation, typing 

and epidemiology of strains, vaccination of bacteria against mobile genetic elements, and smart 

antibiotics. Most of these applications are in their infancy and there still is ample room for 

further improvements. Nonetheless, the gains so far have begun reshaping how we pursue basic 

and applied research in bacteria and offer considerable potential for the treatment of bacterial 

infections.  
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2.1 Introduction 

CRISPR-Cas9 has emerged as a powerful new gene-editing tool, giving researchers the 

power to quickly and easily alter DNA. With applications from gene therapy to crop 

development, genome engineering has the potential to cure disease and solve world hunger 

(Figure 2.1). These capabilities have also raised major ethical questions that are being actively 

debated worldwide. 

 Here, we explain what CRISPR is, how it works, why it’s revolutionizing 

biotechnology, and the multiple debates throughout society that have been catalyzed by the 

technology. This article is meant to serve as a primer, where many excellent reviews offer 

greater depth on the natural role of CRISPR (1–3) and its many technological uses (4–7). 

 

2.2 CRISPR-Cas systems are bacterial adaptive immune systems 

CRISPR (clustered regularly interspaced short palindromic repeats) technologies have 

their origins in the prokaryotic world of bacteria and archaea. Like humans, bacteria have their 

own type of viruses. When these viruses infect a cell, they inject their DNA in an attempt to 

co-opt the cellular host machinery to produce more copies of the virus. Phage proliferation 

often leaves behind a damaged or dead bacterial host cell. As a result, bacteria have evolved 

multilayered antiviral defense systems. CRISPR-Cas systems are a highly adaptive and 

inheritable system that represents one mechanism of prokaryotic defense. CRISPR-Cas 

systems are unique in their ability to create memory in reaction to an initial infection, which 

enhances immune response to subsequent reinfections. 

CRISPR-Cas systems provide immunity through a general three-step pathway: 

acquisition, expression, and interference (Figure 2.2). During the first stage, foreign genetic 

material infects the cell. Cas proteins recognize this viral DNA (or RNA) and generate 

fragments of that viral DNA to be copied and pasted into the bacterial genome at the CRISPR 

locus. This sampling of viral DNA is what drives the adaptive element of the immune response. 

In this manner, the CRISPR-Cas system allows the bacteria to retain memory of past infections. 

 



 

 

 

 

 

 

46 

 

 

Figure 2.1 CRISPR-Cas technologies have many uses and applications across multiple industries. 
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During the second stage of immunity, the cell expresses the CRISPR locus and 

produces CRISPR RNA (crRNA) molecules, which contain an exact replica of the previously 

seen viral DNA. The crRNAs work together with Cas proteins and accessory factors to protect 

the cells. Because RNA is a chemical cousin of DNA, it can interact with DNA molecules that 

have a complementary sequence. 

In the final stage, a phage reinfects the bacterium. This time, however, the protein-

crRNA effector complex recognizes the viral DNA that matches the crRNA sequence. This 

recognition triggers the complex to degrade and eliminate the viral DNA, thereby protecting 

the cell. 

While immunity is the natural function of CRISPR-Cas systems, researchers 

discovered that these effector complexes are programmable, so scientists can engineer these 

systems to recognize not only viral DNA, but almost any DNA sequence of our choosing. It is 

this programmable recognition of nucleic acids that makes CRISPR so appealing as a basis for 

genetic tools. 

 

2.3 Exploiting the power of CRISPR-Cas systems 

While there are many different types of CRISPR-Cas systems, the CRISPR craze 

largely centers around one specific protein, Cas9. To function, Cas9 must be complexed with 

a crRNA and a trans-activating RNA (tracrRNA). This has been simplified by combining the 

crRNA and the tracrRNA into an engineered single-guide RNA (sgRNA) (8). As a result, only 

two components—the Cas9 protein and the sgRNA molecule— are required for this 

engineered system to function (Figure 2.3). 

To recognize a target sequence, Cas9 first searches for a short conserved sequence 

called the protospacer-associated motif (PAM) (9). Once Cas9 identifies a PAM, it then checks 

for complementarity between the target and the sgRNA. If the sequence is confirmed as a 

match, Cas9 cuts the target DNA, generating a blunt-ended double-stranded break. 
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Figure 2.2 CRISPR-Cas systems provide bacteria with adaptive immunity. Immunity is conferred 

through three steps: acquisition, expression, and interference. Acquisition: Cas proteins incorporate a 

small piece of foreign DNA as a new spacer within the CRISPR array. Expression: The CRISPR array 

is transcribed and undergoes processing by the Cas protein(s) and accessory factors to form the CRISPR 

RNA (crRNA). Interference: The effector complex, comprised of the crRNA and Cas protein(s), targets 

and degrades invading DNA.     
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The double-stranded break alone does not result in editing. Editing events occur when 

the cell tries to repair the damage via either non-homologous end joining or homology-directed 

repair (10). 

The non-homologous end-joining repair process is often error-prone. In an attempt to 

mend the gap in the DNA, the repair machinery will often generate small insertions or deletions 

in the affected area. These random mutations can inactivate genes, which can allow researchers 

to understand gene function.  

Although knocking out genes in this way enables researchers to identify gene function, 

sometimes changes need to be better defined. Homology-directed repair can be used to 

generate more systematic changes. In this technique, a piece of donor DNA that carries the 

desired template is supplied. Once Cas9 makes a cut, this donor DNA acts as a bandage, pairing 

up with the cut ends and replacing the original sequence with the new version. The ability to 

introduce very controlled mutations would allow scientists to treat genetic disease by fixing 

harmful mutations or by replacing a defective gene with a healthy copy.  

While there have been several attempts over the years to modify genomes and control 

gene function, Cas9 in particular holds great promise for genome engineering for several 

reasons. 

First, the system is very compact. Introducing components into organisms is non-

trivial. As the possibilities of genome engineering expand to include virtually any organism, 

the fewer parts that have to made, the simpler the technology. With the engineered sgRNA, the 

components simply include one protein and one RNA molecule.  

Second, the system is highly programmable. CRISPR-Cas systems naturally rely on 

variable crRNA sequences to confer immunity. Researchers can design their own sgRNAs to 

target almost any desired sequence. The one limitation is that a target site must be adjacent to 

a PAM sequence. Luckily, these sequences are short and can often be found widely dispersed 

throughout the genome. 
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Figure 2.3 The CRISPR-Cas9 mechanism of action. Cas9 naturally relies on two pieces of short RNA: 

crRNA and tracrRNA. The engineered sgRNA combines these two elements into a single RNA 

molecule. In order to find the target, Cas9 scans the DNA for a sequence termed the protospacer 

adjacent motif (PAM). The Cas9 then unzips the DNA and determines whether the sgRNA matches the 

target DNA. If they do match, the Cas9 generates a double-strated DNA break. When this occurs, the 

cell tries to repair the cut. 

Third, the system can be multiplexed. Because CRISPR-Cas systems naturally utilize 

arrays composed of multiple crRNAs, these systems are well-equipped to target numerous 

sequences simultaneously. By supplying multiple sgRNAs, multiple sequences can be targeted 

in order to study complex interactions or to cure human diseases associated with multiple 

mutations. 

Lastly, the system is incredibly easy to design. Previous methods to edit genomes—

transcription activator-like effector nucleases (TALENs), zinc-finger nucleases (ZFNs) and 

meganucleases—have relied on complex and sometimes proprietary protein design (11,12). 
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Because CRISPR-Cas systems rely on RNA molecules to direct activity, nucleic acid 

sequences can be readily and cheaply designed. 

Because of the many potential benefits of CRISPR, researchers have been doing a lot 

to further their development as genetic tools. We can now make specific deletions, insertions, 

and modifications to genes. Moreover, we can also control gene expression by regulating 

transcription and modifying epigenetic markers.  

Controlling gene expression requires inactivating the cleavage activity of the system. 

With Cas9, this is accomplished by mutating two catalytic sites that each cut one strand of the 

DNA target (13). The resulting dead Cas9 (dCas9) is able to bind to DNA but cannot cleave it. 

Directing dCas9 to a promoter or open reading frame represses transcription, providing a 

simple way to turn off expression of any gene. Similar results have also been achieved using 

other Cas proteins (14,15).  

dCas9 can also be fused to effector domains to improve gene repression of even achieve 

gene activation (16–18). Additionally, epigenetic modifiers fused to dCas9 can result in DNA 

acetylation or methylation for targeted epigenetic regulation (19). Although the CRISPR-Cas9 

nuclease offers a powerful means to permanently alter the genomic sequence, the deactivated 

dCas9 allows for transient and more nuanced control of gene expression. 

 

2.4 CRISPR-Cas9 applications 

All of these techniques have a number of applications, with genome engineering being 

the most prominently featured. Although the principle of genome editing has been around for 

several decades, CRISPR-Cas9 represents the latest iteration of increasingly sophisticated 

technologies. After the first CRISPR-Cas9 genome editing demonstrations in 2013 (20–22), it 

has since been established in a number of other organisms: plants, worms, flies, fish, mice, 

pigs, dogs, and primates, among others (23). We have even edited human cells. 

For such a young technology, CRISPR-Cas9 has already had a number of successful 

demonstrations for correcting genetic disease. Scientists have reversed cataract formation in 

mice (24) and excised latent HIV from human cells (25,26). In addition to actively treating 
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disease, genome editing has enabled researchers to better study disease mechanisms. Scientists 

can use CRISPR-Cas9 to develop animal models with specific genetic mutations that mimic 

human disease. This has been particularly useful in modeling diseases such as cancer that often 

have complex genomic aberrations (27). Finally, CRISPR is proving useful for high-

throughput screening in order to identify new drug targets (28–30). 

Outside of medicine, CRISPR-Cas9 gene editing has been a game-changer for 

agriculture.  The first plants featured in the slew of CRISPR-Cas9 genome engineering papers 

were Arabidopsis and tobacco – two common laboratory plants (31,32). CRISPR-Cas9 has 

now been extended to include many crop varieties such as wheat, rice, soybeans, potatoes, 

oranges and tomatoes (33). These crops incorporate changes that boost resistance to pests, 

fungal disease, and drought. Excitingly, an anti-browning mushroom and a waxy corn 

engineered with CRISPR-Cas9 have also recently received U.S. Food and Drug Administration 

(FDA) approval (34), paving the way for CRISPR-edited foods to soon appear on grocery 

shelves (35).  

While CRISPR-Cas9 has undoubtedly simplified gene editing, there are still many 

technical challenges. First, a pervading safety concern is the likelihood of Cas9 accidentally 

cutting an unintended site in the genome—what is called on off-target effect. Since the early 

reports of off-target effects (36), rules have been developed for sgRNA design that effectively 

minimize these events from occurring (37).  

Second, researchers are still working on efficiently delivering the CRISPR machinery 

to the target of interest. Cas9 is immensely powerful at editing once it has access to DNA, but 

getting inside cells is not trivial, especially when we move up in complexity from cell culture 

to whole organisms. For gene therapy, both viral and non-viral delivery vehicles have been 

investigated (38). These are being explored not only for their ability to deliver their CRISPR 

cargo to specific locations and cells, but also for their ability to limit off-target effects and an 

immune response. 
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2.5 Bioethics of genome engineering 

 The enormous opportunity to transform society also presents important ethical 

questions that warrant discussion. In January 2015, a group of almost 20 academic scientists 

and bioethicists met in Napa, California to discuss the ethical implications of genome 

engineering. This conference bore striking resemblance to the famous Asilomar conference in 

1975 on recombinant DNA, which gave us one of the most famous examples of scientific self-

regulation. 

Following the 2015 meeting, Science magazine published a perspective that made four 

recommendations on how the scientific community should proceed with CRISPR-Cas9 and 

genome editing technology (39). One recommendation asked that steps be taken to “strongly 

discourage…any attempts at germline genome modification for clinical application in humans, 

while societal, environmental, and ethical implications of such activity are discussed among 

scientific and governmental organizations.” 

The human germline consists of the cells that make up sperm and eggs. Editing the 

human germline is particularly contentious because these changes would be passed down from 

generation to generation. This stands in contrast to somatic (non-reproductive) cells.  

As an example, let us consider cystic fibrosis, a fatal single-gene disorder that causes 

the body to produce thick, sticky mucus that primarily clogs the lungs and leads to infection. 

There is no cure. If an individual with cystic fibrosis had the genomic DNA in their lungs 

corrected to produce thin secretions, the alteration—a somatic mutation—would be limited to 

only that individual’s DNA while their offspring would still inherit the cystic fibrosis variant 

gene. However, if the same mutation were made to the germline, all subsequent generations of 

offspring would have the healthy copy of the gene—as well as any unintended side-effects. 

Given the novelty of this transformative technology, it is critical to fully understand all 

consequences before making changes that would affect future generations. 

Another controversial issue is using CRISPR-Cas9 to alter wild populations by 

promoting inheritance of particular genes. This is accomplished by generating what is known 

as a gene drive (40). During normal sexual reproduction, each copy of a gene has a 50% change 
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of being inherited by a particular offspring. Gene drives bias this inheritance rate (Figure 2.4). 

If an organism contains one copy of a CRISPR-Cas9 gene drive, the drive will duplicate itself 

onto the other chromosome, ensuring 100% of the organism’s offspring will inherit the gene 

drive. This has potential to eradicate vector-borne diseases or control invasive species, but 

involves intentionally releasing a genetically modified organism to modify a population’s 

genetic makeup.   

Before we take action, we must consider the ecological implications of altering 

populations, the back-up mechanisms needed to reverse a gene drive, and the path to regulatory 

and societal approval. 

 

Figure 2.4 CRISPR-driven gene drives. During normal sexual reproduction, each copy of a gene has a 

50% chance of being inherited by a particular offspring. Gene drives bias this inheritance rate. One 

copy of the drive converts the wild-type gene into the gene drive, such that the altered gene is almost 

always inherited. Over time and over multiple generations, this amplifies the copies of the altered gene.  
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2.6 Closing thoughts 

 Presently, the invention of CRISPR-Cas9 technology is the key question at the heart of 

a bitter patent battle (41). One side is led by Jennifer Doudna at the University of California, 

Berkeley, and Emmanuelle Charpentier, now at the Max Planck Institute for Infection Biology 

in Berlin and Umeå University in Sweden. The other side is headed by Feng Zhang of the 

Broad Institute and the Massachusetts Institute of Technology. While the Broad Institute 

currently holds the patent for the technology, the US Patent and Trademark Office agreed to 

hear patent interference proceedings in January 2016. The outcomes of these proceedings are 

undoubtedly worth millions to the research institutions involved. Furthermore, the 

commercialization of CRISPR-Cas9 has birthed a number of biotechnology startups, who all 

have a vested interest in the final outcome of this case. 

While parties are warring over CRISPR-Cas9 patents, other CRISPR discoveries and 

innovations have continued to surface. Recently, a new Cas protein called Cpf1 has risen to 

prominence that may have improved performance over Cas9 (42). In contrast to Cas9, Cpf1 

can readily process multiple crRNAs from the CRISPR array and creates cleavage products 

with ‘sticky ends,’ which may allow for easier modification of targeted DNA.  

Regardless of who comes out on top of the patent battle or whether other proteins 

supplant Cas9 as the go-to gene editing device, these discoveries are a win for science, 

providing researchers with an ever-expanding toolkit. Keep in mind that engineered CRISPR-

Cas systems are a fledgling technology that is only a few years old. There is still much more 

ground to be covered and more opportunities to be exploited. Stay tuned. 
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ABSTRACT 

CRISPR-Cas systems have shown tremendous promise as heterologous tools for genome 

editing and transcriptional regulation. Because these RNA-directed immune systems are found 

in most prokaryotes, an opportunity exists to harness the endogenous systems as convenient 

tools in these organisms. Here, we report that the Type I-E CRISPR-Cas system in Escherichia 

coli can be co-opted for programmable transcriptional repression. We found that deletion of 

the signature cas3 gene converted this immune system into a programmable gene regulator 

capable of reversible gene silencing of heterologous and endogenous genes. Targeting 

promoter regions yielded the strongest repression, whereas targeting coding regions showed 

consistent strand bias. Furthermore, multi-targeting CRISPR arrays could generate complex 

phenotypes. This strategy offers a simple approach to convert many endogenous Type I 

systems into transcriptional regulators, thereby expanding the available toolkit for CRISPR-

mediated genetic control while creating new opportunities for genome-wide screens and 

pathway engineering. 
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3.1 INTRODUCTION 

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-Cas (CRISPR-

associated) systems provide prokaryotes with adaptive immunity against foreign invaders (1, 

2). Recognition of these invaders is conducted by CRISPR RNAs (crRNAs) that direct Cas 

proteins to cleave complementary nucleic acid sequences. The crRNAs are processed from 

transcribed arrays of identical repeats and intervening target-specific spacers, conferring 

immunity against multiple unique sequences. To manage the diversity of proteins associated 

with CRISPR-Cas systems, three general types have been defined each with a collection of 

subtypes (3). Apart from the particular suite of Cas proteins, these types can be distinguished 

by the molecular target, the mode of target recognition, and the mechanism of crRNA 

processing. For instance, Type I systems target DNA with a protospacer-adjacent motif (PAM) 

flanking the 3’ end of the target sequence and rely on the Cas proteins for crRNA processing 

(4, 5), whereas Type II systems target DNA with a PAM flanking the 5’ end of the target 

sequence and rely on a tracrRNA and RNase III for crRNA processing (6, 7). Of the three 

types, Type I systems are the most prevalent in both bacteria and archaea (3). 

A defining feature of CRISPR-Cas systems is that crRNAs can be readily designed to 

guide the specific targeting of virtually any sequence. Aside from genome editing and DNA 

imaging, this capability has opened widespread opportunities in programmable gene regulation 

(8–11). Towards this goal, Type II systems were recently engineered to bind but not cleave 

target DNA through point mutations in the endonucleolytic domains of the signature cas9 gene 

(12). Designed crRNAs directed the resulting catalytically dead Cas9 (dCas9) protein to bind 

specific promoters and coding regions, thereby modulating the recruitment of or extension by 

RNA polymerase (13–17). Separately, Type III-B systems, the only CRISPR-Cas systems 

known to naturally target RNA (18), can be directed to cleave chromosomal mRNAs (19, 20). 

While these efforts demonstrated the capacity of Type II and III systems for gene regulation, 

what remains unexplored is the capacity of Type I systems to exhibit this same phenomenon. 

If confirmed, this prevalent type could be harnessed to advance genetic control with CRISPR-

Cas systems and provide insights into their potential roles as natural gene regulators. 
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 Type I CRISPR-Cas systems generally involve two protein elements for DNA 

targeting: Cascade and Cas3. Cascade, a multimeric complex of three to six different Cas 

proteins, is responsible for processing CRISPR arrays (4) and for binding target DNA 

sequences through PAM and protospacer recognition (4, 21–23). Cas3, the signature protein 

of Type I systems, is responsible for cleaving and degrading target DNA (21, 24–26). Recent 

biochemical studies of different Type I subtypes revealed that Cascade is a stable complex that 

recruits Cas3 only after DNA binding (21–23, 25, 27–29). Based on these insights, we 

hypothesized that removal of Cas3 from an endogenous CRISPR-Cas system would allow 

Cascade to tightly bind target DNA sequences without subsequent degradation. As a result, 

designed CRISPR arrays would be sufficient to direct targeted DNA binding, thereby blocking 

RNA polymerase recruitment or extension (13, 17). Using the Type I-E CRISPR-Cas system 

in Escherichia coli K-12 as a model, we found that deleting the cas3 gene from the E. coli 

genome allowed the targeted and multiplexed regulation of gene expression using the 

endogenous CRISPR-Cas system. CRISPR arrays could also be generated for the coordinated 

silencing of multiple endogenous genes and the generation of complex phenotypes. 

 

3.2 MATERIALS AND METHODS 

3.2.1 Strains and plasmid construction 

See Supplementary Table 3.S1 for a list of all E. coli K-12 strains used in this work. 

To generate BW25113 Δcas3::cat and MG1655 Δcas3::cat, the cat resistance cassette was 

PCR-amplified from the pKD3 plasmid (30) using oligonucleotides that append the synthetic 

constitutive promoter J23119 (BBa_J23119 in the registry for standard biological parts, 

www.partsregistry.org) (J23119-pKD3.for, J23119-pKD3.rev). Following a second PCR 

amplification to introduce homology arms (HR-cas3.for, HR-cas3.rev), the resulting PCR 

product was recombineered into NM500 by mini-λ-mediated recombination (31). The insertion 

replaced the native cas3 gene and the native promoter for the Cascade operon with the cat 

cassette and the J23119 promoter. Successful recombination was verified by sequencing. P1 

transduction was then used to transfer the cat cassette and the synthetic promoter into 
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BW25113 and into MG1655. Successful transduction was verified by PCR. To generate 

BW25113 Δcas3, the cat cassette from BW25113 Δcas3::cat was excised using the pCP20 

plasmid as described previously (32). To generate NM500 cas3+, the cat resistance cassette 

was PCR-amplified from the pKD3 plasmid using oligonucleotides that append the 

constitutive promoter J23119 (J23119-pKD3.for, HR-casA.rev). Following a second PCR 

amplification to introduce homology arms (HR-cas3.for, HR-casA.rev), the resulting PCR 

product was recombined into NM500. This NM500 cas3+ strain replaces the native promoter 

for the Cascade operon with a constitutive promoter while retaining the native cas3 gene. To 

generate BW25113 ΔCRISPR-Cas::cat, the cat resistance cassette was PCR-amplified from 

the pKD3 plasmid (HR-CRISPR.for, HR-cas3.rev), and recombineered into NM500, followed 

by P1 transduction into BW25113. This BW25113 ΔCRISPR-Cas eliminates the entire 

CRISPR locus as well as cas3, the Cascade operon, and the CRISPR1 locus. 

See Supplementary Table 3.S2 for a list of all plasmids used in this work.  The GFP 

reporter plasmids were based on the pUA66 plasmid (low-copy sc101 origin-of-replication) 

(33) and are reported in previous work (34). To construct the arabinose-inducible pcrRNA.ind 

plasmid (medium-copy pBR322 origin-of-replication), oligonucleotides were designed to 

encode a single repeat and a synthetic rho-independent terminator (BBa_B1006 in the registry 

for standard biological parts) (pcrRNA.ind.for, pcrRNA.ind.rev). These oligonucleotides were 

annealed, 5’ phosphorylated using polynucleotide kinase (PNK), and ligated into the pBAD18 

plasmid digested with KpnI-HF and HindIII-HF. To construct the constitutively expressed 

pcrRNA.con plasmid, oligonucleotides encoding the synthetic constitutive promoter J23119 

(pcrRNA.con.for, pcrRNA.con.rev) were annealed, 5’ phosphorylated with PNK, and ligated 

into the pcrRNA.ind plasmid digested with NsiI and NheI. The insertion replaced the araC 

gene and ParaB promoter with the synthetic constitutive promoter. To insert new repeat-spacer 

pairs into pcrRNA.con or pcrRNA.ind, oligonucleotides encoding the palindromic repeat and 

crRNA spacers were annealed, 5’ phosphorylated with PNK, and ligated into either plasmid 

digested with KpnI and XhoI. See Supplementary Figure 3.S2 for an illustration of the cloning 

scheme. 
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All plasmid cloning was verified by sequencing. See Supplementary Table 3.S3 for a 

list of all oligonucleotides used in this work. All oligonucleotides were chemically synthesized 

by IDT. All enzymes were purchased from NEB. 

 

3.2.2 Growth conditions 

All strains were cultured in 14 ml round-bottom polypropylene tubes at 37°C and 250 

RPM in up to 5 ml of LB medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) or M9 

minimal medium (1X M9 salts, 2 mM MgSO4, 0.1 mM CaCl2, 10 μg/ml thiamine) containing 

the indicated combination of 0.4% glycerol, 0.2% indicated sugar, and 0.2% casamino acids. 

All strains were plated on LB agar (LB medium with 1.2% agar) in 100x15mm polystyrene 

petri dishes. To maintain any plasmids, cells were cultured in liquid medium or on agar plates 

containing appropriate antibiotics at the following concentration: 50 μg/ml of ampicillin, 34 

μg/ml of chloramphenicol, 50 μg/ml of kanamycin. 

 

3.2.3 Spacer design 

See Supplementary Table 3.S4 for a list of all of protospacers targeted in this work. 

Protospacers were selected by identifying a PAM (CTT, CCT, CAT, CTC located at the 3’ end 

of the target sequence) for the Type I-E system in E. coli (23). Note that only CTT and CCT 

were used in this work based on our previous experience with these PAM sequences (35). The 

32 nucleotides immediately downstream of the PAM were then used as the spacer. The cloning 

scheme required changing the final two nucleotides of the spacer to TC (Supplementary Figure 

3.S2), which is not expected to impact crRNA activity (5).  

 

3.2.4 Transformation assays 

The transformation assay as shown in Supplementary Figure 3.S4B was conducted 

similar to previous work (35). Briefly, E. coli BW25113 ∆cas3::cat or NM500 cas3+ cells 

harboring pUA66-lacZ were cultured overnight in LB medium. Cultures were back-diluted 

1:25 into 25 ml of LB medium in 125 ml Erlenmeyer flasks and grown to an ABS600 of 0.6 – 
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0.8, which was quantified using a Nanodrop 2000c spectrophotometer (Thermo Scientific). 

The cells were then washed in ice-cold 10% glycerol and concentrated by a factor of ~100. A 

total of 50 µl of the concentrated cells were transformed with 50 ng of plasmid DNA using a 

MicroPulser electroporator (Bio-Rad). Transformed cells were recovered in 500 µl SOC 

medium for 1 hr at 37ºC. After the recovery period, the cells were diluted by factors of 104 – 

106 and 250 µl of the dilution were plated on LB agar with appropriate antibiotics and inducers. 

 

3.2.5 Flow cytometry analysis 

Cells grown overnight in M9 minimal medium containing 0.2% casamino acids and 

0.4% glycerol were back-diluted to an ABS600 of 0.01 into M9 minimal medium with the 

specified combination of 0.1 mM IPTG and 0.2% of the indicated inducing sugar. Upon 

reaching an ABS600 of ~0.2 after ~3-4 hours of growth, the cultures were diluted 1:100 in 1X 

PBS and run on an Accuri C6 Flow Cytometer (Becton Dickinson) equipped with CFlow plate 

sampler, a 488 nm laser, and a 530 ± 15 nm bandpass filter. Events reflecting cells were gated 

based on forward scatter (FSC-H) and side scatter (SSC-H) with respective lower cutoffs of 

11,500 and 600 to reduce the measurement of particulates. The gate was set using E. coli cells 

stained with the DRAQ5 dye (Thermo Scientific). The fluorescence of the gated cells was then 

measured in FL1-H. At least 20,000 events were analyzed for each sample. 

For the reversibility experiments, cells were grown overnight in M9 minimal medium 

containing 0.2% casamino acids, 0.4% glycerol, and 0.1 mM IPTG, with or without 0.2% L-

arabinose. Overnight cultures were pelleted and resuspended twice in M9 minimal media with 

0.2% casamino acids, 0.4% glycerol, and 0.1 mM IPTG to remove any residual L-arabinose. 

The washed cultures were then back-diluted to an ABS600 of ~0.001 in 30 ml of the same 

medium without or with 0.2% L-arabinose, respectively. Every hour, 800 µl of culture was 

withdrawn for flow cytometry analysis and measurement of the ABS600. 
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3.2.6 Doubling-time measurements 

Cells were grown overnight in M9 minimal medium with 0.4% glycerol. The overnight 

cultures were pelleted and resuspended twice in M9 minimal medium with no carbon source. 

The washed cultures were then back-diluted to an ABS600 of ~0.001 into 25 ml of M9 minimal 

medium containing 0.2% of the indicated sugar in 125 ml Erlenmeyer flasks. Every 30 minutes, 

800 µl of culture was withdrawn for measurement of the ABS600. 

 

3.2.7 Quantitative real-time PCR 

Cells were grown overnight in M9 minimal medium containing 0.2% casamino acids 

and 0.4% glycerol. Overnight cultures were back-diluted 1:250 in M9 minimal medium 

containing 0.2% casamino acids, 0.4% glycerol, and 0.2% of the indicated sugar. Once cultures 

reached an ABS600 of ~0.4, total RNA was isolated as reported previously (36) followed by 

treatment with DNase I. cDNAs were generated from 2 µg of the resulting RNA using random 

primers and SuperScript III reverse-transcriptase (Invitrogen) followed by treatment with 

RNase H. Quantitative PCR was conducted on cDNA samples using SYBR Green (Bio-Rad) 

and the gene-specific primers (X-qPCR.fwd/rev, where X is the target gene) listed in 

Supplementary Table 3.S3. cDNAs were run on a Mastercycler ep realplex2 real-time PCR 

system (Eppendorf) according to the manufacturer’s instructions. For the PCR runs, each 

cDNA was heated to 95ºC for 2 minutes followed by 50 cycles of a 15-second denaturing step 

at 95ºC, a 15-second annealing step at 55ºC, and a 30-second extension step at 72ºC. At the 

end of the run a melt curve was generated to ensure the absence of non-specific products. 

Relative quantitation of gene expression was calculated using the ΔCt method. 

 

3.2.8 Growth assays 

Cells were inoculated into M9 minimal medium containing 0.4% glycerol and grown 

overnight. After 24 hours, cells were pelleted and resuspended in 2 ml of M9 minimal medium 

with no carbon source two times to remove glycerol as a possible source of growth. The washed 

cultures were then back-diluted to an ABS600 of 0.001 into 2 ml of M9 minimal medium 
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containing 0.2% of the indicated sugar(s). Finally, the cultures were grown for 24 hours until 

the ABS600 was measured. 

 

 

Figure 3.1 Repurposing the Type I-E CRISPR-Cas in E. coli K-12 for programmable gene repression. 

Conversion of the Type I-E CRISPR-Cas system into a programmable repressor. The deletion of cas3 

and insertion of a constitutive promoter upstream of the Cascade operon allows crRNA-directed DNA 

binding without cleavage. (B) Putative mechanism of crRNA-directed gene repression. Cascade 

processes the transcribed CRISPR array into individual crRNAs. The Cascade–crRNA complex then 

binds target DNA sequences (blue line) flanked by a PAM (black circle), leading to transcriptional 

repression. 

 

3.3 RESULTS 

3.3.1 Targeted gene repression following deletion of cas3 

To explore the capacity of Type I systems for gene regulation, we employed the Type 

I-E CRISPR-Cas system in Escherichia coli K-12 (Supplementary Figure 3.S1), the best 

characterized Type I system in a genetically tractable bacterium (4, 5, 21, 23). Because the 

operon encoding Cascade (cse1-cse2-cas7-cas5-cas6e) is strongly repressed under normal 

growth conditions (37, 38), we replaced cas3 and the native cse1 promoter with a constitutive 

promoter in one round of homologous recombination (Figure 3.1). The resulting strain 

(BW25113 Δcas3::cat) was transformed with a medium-copy plasmid encoding L-arabinose-

inducible single-spacer arrays (Supplementary Figure 3.S2) and a low-copy reporter plasmid 
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encoding the green fluorescent protein (gfp) gene downstream of the lacZ promoter (pUA66-

lacZ, Supplementary Table 3.S5). The spacers were designed to target ten locations in the 

promoter and gfp coding region as well as two locations far upstream of the promoter (Figure 

3.2A, Supplementary Table 3.S4). Using flow cytometry analysis, the fluorescence of 

individual cells was then measured following induction of GFP and crRNA expression.  

In comparison to the spacer-free plasmid (pCRISPR.ind, Supplementary Figure 3.S2), 

we observed ranging extents of repression that depended on which region of pUA66-lacZ was 

targeted (Figure 3.2B). Targeting either strand of the promoter region strongly reduced GFP 

fluorescence (~200-fold). Targeting the transcribed region moderately reduced GFP 

fluorescence, but only when targeting anywhere along the non-template strand or in the vicinity 

of the RNA polymerase footprint on the template strand (39). Interestingly, the strand bias 

observed when targeting the template versus non-template strand mirrored that observed for 

dCas9 in bacteria (13, 17). As expected, targeting upstream of the promoter region negligibly 

reduced fluorescence. In all cases, the extent of gene silencing was uniform across the entire 

bacterial population (Supplementary Figure 3.S3). Importantly, GFP levels were similar for 

the no-spacer plasmid and a plasmid encoding a spacer targeting the mviM gene in Salmonella 

enterica (Figure 3.2B), ruling out potential differences due to the assembly of Cascade. We 

also found that GFP silencing was reversible based on the change in fluorescence following 

addition or removal of L-arabinose (Figure 3.2C). The associated dynamics can be attributed 

to the stability of GFP similar to previous work (13).  

We next performed a series of control experiments to assess the impact of deleting cas3 

and constitutively expressing the Cascade operon. We first measured GFP fluorescence in the 

original wild-type strain in which the Cascade operon was tightly repressed and cas3 was still 

present (BW25113) and in a strain in which cas3 and the Cascade operon were both deleted 

(BW25113 ΔCRISPR-Cas::cat). The fluorescence levels were similar regardless of whether a 

targeting or non-targeting spacer was used (Supplementary Figure 3.S4A), indicating that 

Cascade must be present for gene silencing. Next, to assess the impact on DNA integrity, we 
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Figure 3.2 RNA-mediated transcriptional repression with the repurposed Type I-E CRISPR-Cas 

system in E. coli K-12. (A) Targeted silencing of plasmid-based GFP expression. The gfp gene is under 

the control of the lacZ promoter in the low-copy plasmid pUA66-lacZ. Each spacer sequence (blue 

line) and PAM (black circle) match the closest strand of the protospacer. RBS, ribosome-binding site. 

(B) Location-dependent and strand-dependent repression of GFP expression. BW25113 Δcas3::cat 

harboring the medium-copy pUA66-lacZ and the indicated single-spacer plasmid were subjected to 

flow cytometry analysis following induction with IPTG and L-arabinose. The non-targeting spacer 

serves as a negative control. Repression is calculated as the ratio of the autofluorescence-subtracted 

fluorescence for the inducible no-spacer plasmid (pcrRNA.ind) and each single-spacer plasmid. See 

Supplementary Figure 3.S3A for representative histograms from the flow cytometry analysis. (C) 

Reversibility of gene silencing. BW25113 Δcas3::cat cells harboring pUA66-lacZ and either the no-

spacer plasmid (pcrRNA.ind, white circles) or the T2 single-spacer plasmid (T2, blue circles) either 

were pre-induced with only IPTG and switched to both IPTG and L-arabinose (left) or were pre-induced 

with both IPTG and L-arabinose and switched to only IPTG (right). Following the addition or removal 

of L-arabinose at t = 0, the autofluorescence-subtracted fluorescence for individual cells and the 

turbidity of the culture were followed over time. GFP fluorescence was ∼10-fold lower for cells with 

the targeting plasmid versus the spacer-free plasmid, which we attribute to leaky expression from the 

ParaB promoter under these growth conditions.  
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measured the transformation efficiencies for targeting and non-targeting plasmids in strains 

with Cascade constitutively expressed and cas3 present (NM500 cas3+) or absent (BW25113 

Δcas3::cat). Surprisingly, we observed similar transformation efficiencies for the targeting and 

non-targeting plasmids even when cas3 was present (Supplementary Figure 3.S4B), suggesting 

that Cas3 is poorly expressed or inactive in this particular strain. As further support, the strain 

with cas3 present could still strongly silence GFP (Supplementary Figure 3.S4C). Finally, to 

gauge the impact of the resistance cassette, we excised the cassette used to delete cas3 and 

measured gene silencing. The resulting strain (BW25113 Δcas3) and the original strain 

(BW25113 Δcas3::cat) exhibited similar silencing efficiencies (Supplementary Figure 3.S4C), 

indicating a negligible impact of the resistance cassette. 

 

3.3.2 Impact of array length and spacer position 

One beneficial feature of Cascade is that it can process multiple crRNAs from a single 

spacer array. However, little is known about how the composition of natural or synthetic multi-

spacer arrays quantitatively impacts individual targets. To evaluate the impact of array length, 

we generated arrays with one promoter-targeting spacer (T2) followed by zero to three non-

targeting spacers (mviM) (Figure 3.3). Flow cytometry analysis revealed a gradual decrease in 

silencing efficiency with each additional spacer. We speculate that this decrease may be due 

to non-targeting spacers diluting available Cascade complexes for targeting crRNAs, as 

observed with other RNA-based systems (40). In support of this assertion, the single-spacer 

array and an array of four targeting spacers exhibited statistically indistinguishable extents of 

silencing (two-tailed t-test, t(4) = 1.05, p = 0.35) (Figure 3.3). To evaluate the impact of spacer 

position, we generated arrays with different permutations of one targeting and three non-

targeting spacers (Figure 3.3). With the exception of a targeting spacer in the first position of 

the four-spacer array, the extent of gfp silencing was similar regardless of spacer position (one-

way ANOVA, F(2,6) = 0.15, p = 0.86). These results suggest that longer arrays can reduce the 

potency of individual spacers, whereas the exact location of a spacer within an array has a 

lesser contribution to the potency of silencing. 
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Figure 3.3 Impact of array length and spacer location on silencing efficiency. BW25113 Δcas3 cells 

harboring pUA66-lacZ and the indicated inducible CRISPR array plasmid were subjected to flow 

cytometry analysis following induction with IPTG and L-arabinose. Repression is calculated as the 

ratio of the autofluorescence-subtracted fluorescence for the inducible no-spacer plasmid (pcrRNA.ind) 

and each multi-spacer plasmid. Repeats, white ovals; T2 spacers, blue circles; non-targeting spacers 

matching the S. enterica mviM gene, gray circles. See Supplementary Figure 3.S3B for representative 

histograms from the flow cytometry analysis. Values represent geometric mean and SEM from 

independent experiments staring with three separate colonies.  

3.3.3 Multiplexed repression of endogenous genes 

As a complement to targeting heterologous genes such as gfp, we explored the ability 

of spacers to regulate endogenous targets. We focused on operons involved in the catabolism 

of the sugars L-arabinose (araBAD), L-rhamnose (rhaBAD), D-xylose (xylAB), and D-lactose 

(lacZYA) (Figure 3.4A) because these operons are well characterized and are required for 

growth on their cognate sugar (41–44). As the araBAD, rhaBAD, and lacZYA operons are 

disrupted in BW25113, we imported the cas3 deletion and synthetic promoter into another 

strain of E. coli K-12 (MG1655 Δcas3::cat). We also placed each single-spacer array under 

the control of the strong, constitutive promoter J23119 to circumvent the need for L-arabinose 

as an inducer (Supplementary Figure 3.S2). 

To assess silencing of promoter activity, we cloned the promoter of each operon 

upstream of gfp in the pUA66 plasmid (Supplementary Table 3.S5) and measured the ability 

of each spacer to repress its target promoter by flow cytometry analysis (Figure 3.4B, 
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Supplementary Figure 3.S3). In comparison to the spacer-free plasmid (pCRISPR.con, 

Supplementary Figure 3.S2), each targeting plasmid greatly reduced fluorescence (~80-fold to 

900-fold). As expected, combining the spacers into one array strongly reduced fluorescence 

for each promoter (Figure 3.4B), although the degree of silencing was generally less than that 

observed for the individual spacers (Figure 3.3).  

To evaluate silencing of the endogenous genes, we measured mRNA levels of each 

operon for cells with each single-spacer plasmid. In comparison to the no-spacer plasmid, the 

single-spacer plasmids greatly reduced mRNA levels (~11-fold to 2,200-fold) of the target 

operons (Figure 3.4C), paralleling that observed for the GFP reporters (Figure 3.4B). This wide 

range in repression matches the variability in gene silencing observed with dCas9 (13, 17). 

Finally, we explored whether targeting endogenous genes could generate defined 

phenotypes. Because each operon is required for the catabolism of its cognate sugar, we 

measured growth on each sugar as well as on two non-targeted sugars D-glucose and N-acetyl-

D-glucosamine (GlcNAc). We cultured MG1655 Δcas3::cat expressing a single-spacer or 

four-spacer array with the different sugars as sole carbon sources and measured the turbidity 

of the culture after 24 hours of growth (Figure 3.4D, Supplementary Figure 3.S5A). We found 

that targeting each operon limited growth on the cognate sugar, whether using a single-spacer 

array or the four-spacer array. The four-spacer array silenced all target operons in individual 

cells, as this array limited growth in medium containing all four targeted sugars 

(Supplementary Figure 3.S5A). Critically, growth was unhampered for all non-targeted sugars, 

supporting the specificity of targeting. The final turbidity was generally lower for all cultures 

grown in L-rhamnose (Figure 3.4E, Supplementary Figure 3.S5A), which we attribute to L-

rhamnose being a poor carbon source (Supplementary Figure 3.S5B). We thus conclude that 

the Type I-E system in E. coli can be programmed to silence multiple endogenous genes and 

generate complex phenotypes. 
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Figure 3.4 Targeted repression of endogenous genes and pathways. Spacers were designed to target 

the promoter of each catabolic operon required for growth on its cognate sugar. (B) Repression of 

promoter activity. Each promoter was cloned upstream of the gfp gene in pUA66. The resulting 

plasmids were then tested in MG1655 Δcas3::cat cells harboring the corresponding single-spacer 

plasmid (top) or multi-spacer plasmid (bottom) by flow cytometry analysis following promoter 

induction with the cognate sugar. Repression is calculated as the ratio of the autofluorescence-

subtracted fluorescence for the constitutive no-spacer plasmid (pcrRNA.con) and each single-spacer or 

multi-spacer plasmid. Values represent geometric mean and SEM from independent experiments with 

three colonies. See Supplementary Figure 3.S3C for representative histograms from the flow cytometry 

analysis. (C) Repression of endogenous genes. MG1655 Δcas3::cat cells harboring the indicated single-

spacer plasmid were harvested for total RNA following induction with the cognate sugar and subjected 

to qRT-PCR analysis. Repression is calculated as the ratio of the relative mRNA levels from the no-

spacer plasmid (pcrRNA.con) and the indicated single-spacer plasmid. Values represent the geometric 

mean and SEM for quadruple technical replicates. (D) Targeted suppression of growth. MG1655 

Δcas3::cat cells harboring the indicated single-spacer or multi-spacer plasmid were grown on each 

sugar as the sole carbon source and turbidity was measured after 24 h of growth. Values represent the 

geometric mean of the measured ABS600 values from independent experiments starting with three 

separate colonies.  
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3.4 DISCUSSION 

We found that the Type I-E CRISPR-Cas system in E. coli can be repurposed for 

programmable gene repression through the deletion of cas3 and constitutive expression of the 

Cascade operon. An ensuing question is the extent to which this phenomenon applies to the 

other five Type I subtypes. Structural and phylogenetic data suggest that this same 

phenomenon would apply to Type I-B, I-C, and I-F systems based on the stability of Cascade 

in the absence of Cas3 and the ability of this complex to process transcribed CRISPR arrays 

(3, 22, 27, 29). Type I-A and I-B systems appear to be exceptions, as two distinct Cas3 proteins 

(Cas3’ and Cas3”) are required for stabilization of the Type I-A Cascade and the 

uncharacterized Type I-B Cascade is most closely related to Type I-A systems (1, 45). 

However, these cas3 genes could be catalytically inactivated (24) as performed with Cas9 (12), 

albeit via point mutations that are harder to introduce with rudimentary genetic tools.  

With this demonstration, another question is whether Type I systems or Type II systems 

should be employed for transcriptional regulation. Type II systems in the form of dCas9 are 

highly attractive because they offer a compact heterologous system that can be imported into 

diverse organisms. However, exploiting endogenous Type I systems does offer some potential 

advantages. For instance, once cas3 is deleted, only the CRISPR array totaling at most a few 

hundred bases must be introduced. Another potential advantage is that the native Type I system 

would be well suited for thermophilic and hyperthermophilic microorganisms that thrive in 

environmental conditions that would prevent proper folding of common Cas9 proteins. Type I 

systems also offer PAMs that are distinct from those associated with known Type II systems, 

including a different orientation and a bias toward T/C-rich sequences (1, 23, 46). Finally, 

Type I systems are naturally found in diverse industrially and medically relevant strains, 

including Escherichia coli, Streptococcus thermophilus, Clostridium autoethanogenum, and 

Acinetobacter baumannii (47). A major drawback to this strategy is that the strains would lose 

immunity against some invading pathogens. Overexpression of Cascade in the absence of Cas3 

may also inadvertently impact the transcriptional landscape, although this remains to be 

explored even for dCas9. 
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One interesting parallel observed for transcriptional regulation with Type I and Type II 

systems is the strand bias when targeting transcribed regions (Figure 3.2B) (13, 17). Previous 

work with dCas9 demonstrated that targeting the non-template strand but not the template 

strand strongly interfered with RNA polymerase extension. We observed the same trend with 

the Type I-E Cascade (Figure 3.2B) despite structural differences and opposing PAM locations 

in comparison to dCas9 (21, 23, 48, 49). Based on this parallel, we speculate that RNA 

polymerase extension is more sensitive to protein binding on the non-template strand rather 

than the particular orientation of the interfering protein or titration by the encoded mRNA. 

However, further investigation of the mechanisms of transcriptional repression is warranted. 

An emerging concern with CRISPR technologies is the degree of off-target effects (50–

53). These concerns stem from the Cas proteins accommodating mismatches between the 

crRNA spacer and the DNA target (5, 35, 48, 54), potentially recognizing similar sites 

elsewhere in the genome. While recent genome-wide screens in human embryonic stem cells 

failed to detect any unintended editing events with Cas9 (55, 56), off-targets would be expected 

to vary with the selected spacer sequence. Fortunately, using CRISPR-Cas systems for 

transcriptional regulation in prokaryotes would be far less likely to produce off-target effects: 

prokaryotes possess much smaller genomes than eukaryotes, limiting the probability of similar 

sequences appearing at other sites; and transcriptional repression can only occur within defined 

regions and strands of the genome (13, 17). Accordingly, only one off-target has been reported 

to-date for dCas9 in multiple studies in bacteria and in mammalian cells (13–15), wherein the 

off-target contained a recognized PAM and strong homology to the target sequence (17). 

The regulatory capacity of the Type I-E system in the absence of cas3 hints at the 

possibility of Type I systems naturally controlling gene expression. A previous bioinformatics 

search for genome-targeting spacers—a potential indicator of gene regulation—identified 

numerous instances in natural arrays (57). The authors concluded that accidental self-targeting 

forced deactivation of the endogenous CRISPR-Cas system because many of the cas genes 

were missing. However, accidental self-targeting could also drive the loss or disruption of 

Cas3, thereby converting the system into a gene regulator. The identification of such systems 
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would complement the single CRISPR-Cas system known to regulate cellular processes (58, 

59). 

In summary, our findings offer a novel strategy for exploiting an organism’s native 

Type I CRISPR-Cas system for transcriptional regulation. In the future, we intend to explore 

additional Type I subtypes, broadening the scope of this method. Utilizing native Type I 

CRISPR-Cas systems would require elucidating the PAM, deleting cas3, and validating the 

functionality of Cascade (48). However, once achieved, these systems would further augment 

the genetic toolbox available for programmable gene regulation and offer novel approaches for 

genome-wide screens and strain engineering. Moreover, our findings provide a framework to 

identify natural Type I systems that naturally regulate gene expression, potentially expanding 

the list of known systems that orchestrate cellular processes (58, 59). 
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SUPPLEMENTARY INFORMATION 

 

 
 
Figure 3.S1 The Type I-E CRISPR-Cas system in E. coli K-12. (A) Genetic locus of the Type I-E 

system. The cas3 gene is located upstream of the cse1-cse2-cas7-cas5-cas6e operon encoding the 

Cascade protein complex. The two downstream genes cas1 and cas2 are involved in spacer acquisition. 

The native spacer array is composed of identical repeats (white ovals) and intervening spacers (blue 

circles). (B) Mechanism of DNA destruction based on previous work (1, 2). The transcribed array is 

processed into individual crRNAs by Cascade. The spacer portion of the array is then used to identify 

complementary DNA sequences flanked by a PAM (black circle). DNA binding leads to recruitment 

of Cas3, which cleaves and degrades the target DNA.  
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Figure 3.S2 Cloning scheme for the synthetic Type I-E CRISPR arrays. Following identification of a 

PAM in the target sequence, the downstream 32 base pairs serve as the protospacer. All but the last two 

base pairs are copied into two annealed oligonucleotides that, when annealed, form a repeat-spacer pair. 

The spacer-repeat pair contains the overhangs for a cleaved KpnI restriction site (left) and cleaved XhoI 

restriction site (right) along with an internal XhoI restriction site. As long as the 30th base in the 

protospacer is not a C, ligation of the annealed oligonucleotides into either plasmid digested with 

KpnI/XhoI disrupts the original XhoI restriction site. Consequently, additional repeat-spacer pairs can 

be sequentially inserted into the KpnI/XhoI restriction sites.  
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Figure 3.S3 Representative histograms from the flow cytometry analysis. (A) Histograms from Figure 

3.2B. (B) Histograms from Figure 3.3. (C) Histograms for Figure 3.4B. The gray histograms are the 

no-GFP control for autofluorescence, the black histograms are the no spacer plasmids (either 

pCRISPR.ind or pCRISPR.con), and the red histograms are the indicated single-spacer or multi-spacer 

plasmids. See the corresponding figure legend in the main text for more information. Sugars in 

parentheses were included in the growth medium. Note that the bimodal response to L-rhamnose was 

reported previously (3). Histograms are representative of independent experiments starting with three 

separate colonies.  
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Figure 3.S4 GFP expression and DNA transformation in variants of the parent strain BW25113 or 

NM500. (A) GFP fluorescence of BW25113 (top) or BW25113 ΔCRISPR-Cas (bottom) harboring 

pUA66-lacZ and the indicated plasmid. Cells were grown for ~3-4 hours in M9 minimal medium 

containing 0.2% casamino acids, 0.4% glycerol, 0.2% L-arabinose, and 0.1 mM IPTG to ABS600 ~0.2 

prior to flow cytometry analysis. The reported values are the absolute fluorescence minus 

autofluorescence from cells lacking GFP. (B) Transformation efficiencies in the absence or presence 

of cas3. BW25113 Δcas3::cat or NM500 cas3+ cells were transformed with 50 ng of the indicated 

plasmid and plated on LB agar with ampicillin and kanamycin, and the number of colonies was counted. 

The differences in transformation efficiencies between strains may be attributed to switching cuvette 

manufacturers. (C) GFP repression following excision of the resistance cassette or in the presence of 

cas3. BW25113 Δcas3 or NM500 cas3+ cells harboring pUA66-lacZ and pCRISPR.ind, pCRISPR.ind-

T2 (T2), pCRISPR.ind-NT2 (NT2), or pCRISPR.ind-mviM (mviM) were grown as indicated in A. 

Repression is calculated as the ratio of the autofluorescence-subtracted fluorescence for pcrRNA.ind 

and each single-spacer plasmid. See Figure 3.2 for more information. Values represent the geometric 

mean and S.E.M. from independent experiments starting with three separate colonies.  
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Figure 3.S5 Extended information for the growth assays. (A) Individual ABS600 values for the growth 

assays. Raw data values are reported. The data represent those shown in Figure 3.4D with the exception 

of the last column showing growth in media containing four sugars. Dots represent individual 

measurements from independent cultures. (B) Doubling times of MG1655 Δcas3::cat cells harboring 

the constitutive pcrRNA.con plasmid grown in minimal medium with the indicated sugar as the sole 

carbon source. Values represent the geometric mean and S.E.M. from independent experiments starting 

with three separate colonies.  
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Table 3.S1 Strains used in this work 

Strains Genotype Source Stock # 

BW25113 
Escherichia coli K-12 F– DE(araD-araB)567 

lacZ4787(del)(::rrnB-3) λ– rph-1 DE(rhaD-rhaB)568 

hsdR514 

CGSC a 

#7636 
pCB294 

BW25113 

∆cas3::cat 
BW25113 [∆cas3 Pcse1]::[cat PJ23119] This study pCB385 

BW25113 

∆cas3 
BW25113 [∆cas3 Pcse1]::[PJ23119] This study pCB400 

BW25113 

∆CRISPR-Cas 

BW25113 [∆cas3-cse1-cse2-cas7-cas5-cas6e- 

CRISPR1]::cat 
This study pCB401 

BW25113 

cas3+ BW25113 [∆Pcse1]::[cat PJ23119] This study pCB402 

MG1655 Escherichia coli K-12 F- λ- ilvG- rfb-50 rph-1 
Storz lab 

(NIH) 
pCB1 

MG1655 

∆cas3::cat 
MG1655 [∆cas3 Pcse1]::[cat PJ23119] This study pCB386 

a CGSC: Coli genetic stock center (http://cgsc.biology.yale.edu). 

  

http://cgsc.biology.yale.edu/
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Table 3.S2 Plasmids used in this work 

Plasmid Description 
Resistance 

marker 
Source Stock # 

pUA66-lacZ 
lacZ promoter upstream of 

GFP 
Kanamycin OpenBiosystems pCB338 

pUA66-araB 
araB promoter upstream of 

GFP 
Kanamycin OpenBiosystems pCB208 

pUA66-xylA 
xylA promoter upstream of 

GFP 
Kanamycin Ref. (3) pCB289 

pUA66-rhaB 
rhaB promoter upstream of 

GFP 
Kanamycin Ref. (3) pCB292 

pBAD18 
L-arabinose-inducible plasmid 

with araC regulator 
Ampicillin Ref. (3) pCB284 

pcrRNA.ind pBAD18 with single repeat Ampicillin This study pCB359 

pcrRNA.ind-T1 pcrRNA.ind with spacer T1 Ampicillin This study pCB360 

pcrRNA.ind-T2 pcrRNA.ind with spacer T2 Ampicillin This study pCB361 

pcrRNA.ind-T3 pcrRNA.ind with spacer T3 Ampicillin This study pCB362 

pcrRNA.ind-T4 pcrRNA.ind with spacer T4 Ampicillin This study pCB363 

pcrRNA.ind-T5 pcrRNA.ind with spacer T5 Ampicillin This study pCB364 

pcrRNA.ind-T6 pcrRNA.ind with spacer T6 Ampicillin This study pCB365 

pcrRNa.ind-NT1 pcrRNA.ind with spacer NT1 Ampicillin This study pCB366 

pcrRNA.ind-NT2 pcrRNA.ind with spacer NT2 Ampicillin This study pCB367 
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Table 3.S2 Continued 

Plasmid Description 
Resistance 

marker 
Source Stock # 

pcrRNA.ind-NT3 pcrRNA.ind with spacer NT3 Ampicillin This study pCB368 

pcrRNA.ind-NT4 pcrRNA.ind with spacer NT4 Ampicillin This study pCB369 

pcrRNA.ind-NT5 pcrRNA.ind with spacer NT5 Ampicillin This study pCB370 

pcrRNA.ind-NT6 pcrRNA.ind with spacer NT6 Ampicillin This study pCB371 

pcrRNA.ind-LM 
pcrRNA.ind with spacers T2-

mviM 
Ampicillin This study pCB372 

pcrRNA.ind-LMM 
pcrRNA.ind with spacers T2-

mviM-mviM 
Ampicillin This study pCB373 

pcrRNA.ind-

LMMM 

pcrRNA.ind with spacers T2-

mviM-mviM-mviM 
Ampicillin This study pCB374 

pcrRNA.ind-

MLMM 

pcrRNA.ind with spacers 

mviM-T2-mviM-mviM 
Ampicillin This study pCB375 

pcrRNA.ind-

MMLM 

pcrRNA.ind with spacers 

mviM-mviM-T2-mviM 
Ampicillin This study pCB376 

pcrRNA.ind-

MMML 

pcrRNA.ind with spacers 

mviM-mviM-mviM-T2 
Ampicillin This study pCB377 

pcrRNA.ind-

MMMM 

pcrRNA.ind with spacers 

mviM-mviM-mviM-mviM 
Ampicillin This study pCB378 

pcrRNA.con 
pcrRNA.con with synthetic 

constitutive promoter 
Ampicillin This study pCB379 

pcrRNA.con-lacZ pcrRNA.con with spacer T2 Ampicillin This study pCB380 

pcrRNA.con-araB pcrRNA.con with spacer araB Ampicillin This study pCB381 
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Table 3.S2 Continued 

Plasmid Description 
Resistance 

marker 
Source Stock # 

pcrRNA.con-xylA pcrRNA.con with spacer xylA Ampicillin This study pCB382 

pcrRNA.con-rhaB pcrRNA.con with spacer rhaB Ampicillin This study pCB383 

pcrRNA.con-

araB/rhaB/xylA/T2 

pcrRNA.con with spacers 

araB-rhaB-xylA-T2 
Ampicillin This study pCB384 

 

 

  



 

 

 

 

 

 

92 

Table 3.S3 Oligonucleotides used in this work 

Name Sequence 

J23119-pKD3.for 
GCTAGCATTATACCTAGGACTGAGCTAGCTGTCAATCCATATGAATATCCTC

CTTAG 

J23119-pKD3.rev TGTAGGCTGGAGCTGCTT 

HR-cas3.for 
TACAATTAACCTATACATATATTAAGATGTGTTGAATTGTGCTAGCATTATA

CCTAGGAC 

HR-cas3.rev 
TGATATCATCGATAATACTAAAAAAACAGGGAGGCTATTATGTAGGCTGGAG

CTGCTT 

HR-CRISPR.rev 
ACCGCAGAGGCGGGGGAACTCCAAGTGATATCCATCATTCCATATGAATATC

CTCCTTAG 

HR-casA.rev 
CTTTTAATTTCCCGGTATGAGATTTTATATTCACAGTATGtgtaggctggag

ctgctt 

pcrRNA.ind.for 
CCACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGAAAAAAAAACCCCGCC

CCTGACAGGGCGGGGTTTTTTTTA 

pcrRNA.ind.rev 
AAGCTTAAAAAAAACCCCGCCCTGTCAGGGGCGGGGTTTTTTTTTCGGTTTA

TCCCCGCTGGCGCGGGGAACTCGAGGTGGTACC 

pcrRNA.con.for TTTGACAGCTAGCTCAGTCCTAGGTATAATGCTAGCG 

pcrRNA.con.rev CTAGCGCTAGCATTATACCTAGGACTGAGCTAGCTGTCAAATGCA 

T2.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCTTTACACTTTATGCTT

CCGGCTCGTATGT 

T2.rev 
TCGAACATACGAGCCGGAAGCATAAAGTGTAAAGCGGTTTATCCCCGCTGGC

GCGGGGAACTCGAGGTGGTAC 

NT2.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCATAAAGTGTAAAGCCT

GGGGTGCCTAATG 

NT2.rev 
TCGACATTAGGCACCCCAGGCTTTACACTTTATGCGGTTTATCCCCGCTGGC

GCGGGGAACTCGAGGTGGTAC 

T3.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGAAACAGCTATGACCATG

ATTACGGATTCAC 
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Table 3.S3 Continued 

Name Sequence 

T3.rev 
TCGAGTGAATCCGTAATCATGGTCATAGCTGTTTCGGTTTATCCCCGCTGGC

GCGGGGAACTCGAGGTGGTAC 

NT3.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGCGATTAAGTTGGGTAA

CGCCAGGGTTTTC 

NT3.rev 
TCGAGAAAACCCTGGCGTTACCCAACTTAATCGCCGGTTTATCCCCGCTGGC

GCGGGGAACTCGAGGTGGTAC 

T1.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCCCTTTCGTCTTCACAC

TCGAGCACGACAG 

T1.rev 
TCGACTGTCGTGCTCGAGTGTGAAGACGAAAGGGCGGTTTATCCCCGCTGGC

GCGGGGAACTCGAGGTGGTAC 

T4.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGAGATATACATATGAGTA

AAGGAGAAGAACT 

T4.rev 
TCGAAGTTCTTCTCCTTTACTCATATGTATATCTCGGTTTATCCCCGCTGGC

GCGGGGAACTCGAGGTGGTAC 

T5.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGTGATGCAACATACGGAA

AACTTACCCTTAA 

T5.rev 
TCGATTAAGGGTAAGTTTTCCGTATGTTGCATCACGGTTTATCCCCGCTGGC

GCGGGGAACTCGAGGTGGTAC 

T6.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGTGATACCCTTGTTAATA

GAATCGAGTTAAA 

T6.rev 
TCGATTTAACTCGATTCTATTAACAAGGGTATCACGGTTTATCCCCGCTGGC

GCGGGGAACTCGAGGTGGTAC 

NT1.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGACGAAAGGGCCTCGTGA

TACGCCTATTTTT 

NT1.rev 
TCGAAAAAATAGGCGTATCACGAGGCCCTTTCGTCGGTTTATCCCCGCTGGC

GCGGGGAACTCGAGGTGGTAC 

NT4.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGTTCTTCTCCTTTACTCA

TATGTATATCTCC 
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Table 3.S3 Continued 

Name Sequence 

NT4.rev 
TCGAGGAGATATACATATGAGTAAAGGAGAAGAACGGTTTATCCCCGCTGGC

GCGGGGAACTCGAGGTGGTAC 

NT5.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGTAAGTTTTCCGTATGT

TGCATCACCTTCA 

NT5.rev 
TCGATGAAGGTGATGCAACATACGGAAAACTTACCGGTTTATCCCCGCTGGC

GCGGGGAACTCGAGGTGGTAC 

NT6.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGTATCACCTTCAAACTT

GACTTCAGCACGT 

NT6.rev 
TCGAACGTGCTGAAGTCAAGTTTGAAGGTGATACCGGTTTATCCCCGCTGGC

GCGGGGAACTCGAGGTGGTAC 

araB.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGATTAGCGGATCCTACCT

GACGCTTTTTATC 

araB.rev 
TCGAGATAAAAAGCGTCAGGTAGGATCCGCTAATCGGTTTATCCCCGCTGGC

GCGGGGAACTCGAGGTGGTAC 

xylA.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGAGTGCCCAATATTACG

ACATCATCCATCA 

xylA.rev 
TCGATGATGGATGATGTCGTAATATTGGGCACTCCGGTTTATCCCCGCTGGC

GCGGGGAACTCGAGGTGGTAC 

rhaB.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGTCGCGAATTCAGGCGC

TTTTTAGACTGGT 

rhaB.rev 
TCGAACCAGTCTAAAAAGCGCCTGAATTCGCGACCGGTTTATCCCCGCTGGC

GCGGGGAACTCGAGGTGGTAC 

mviM.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGAGCGCGGGCAGGGTATT

CTCATCAAACCCA 

mviM.rev 
TCGATGGGTTTGATGAGAATACCCTGCCCGCGCTCGGTTTATCCCCGCTGGC

GCGGGGAACTCGAGGTGGTAC 

lacZ-qPCR.fwd CGGCGTATCGCCAAAATCAC 

lacZ-qPCR.rev ATGGGTAACAGTCTTGGCGG 
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Table 3.S3 Continued 

Name Sequence 

araB-qPCR.fwd TACCAGTGCGTTAGGCTGTG 

araB-qPCR.rev CTGGACCCGATCCTCAATCG 

xylA-qPCR.fwd CGCCCCACAGGACATAGTTT 

xylA-qPCR.rev GGAACGGCCAACTGCTTTAC 

rhaB-qPCR.fwd TCACTTTCCGGGATCGGTTG 

rhaB-qPCR.rev TTCAGCGAGTGCTTCAGGAG 
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Table 3.S4 Protospacers in this work 

Spacer name 
Target 

stranda 

Distance 

from TSSb Protospacer sequencec 

T1 T -141 AGGCCCTTTCGTCTTCACaCTCGAGCACGACAG  

T2/lacZ T -37 AGGCTTTACACTTTATGCTTCCGGCTCGTATGT  

T3 T +27 AGGAAACAGCTATGACCATGATTACGGATTCAC  

T4 T +149 AGGAGATATACATATGAGTAAAGGAGAAGAACT 

T5 T +263 AGGTGATGCAACATACGGAAAACTTACCCTTAA 

T6 T +506 AGGTGATACCCTTGTTAATAGAATCGAGTTAAA 

NT1 N -129 AAGACGAAAGGGCCTCGTGATACGCCTATTTTT 

NT2 N -20 AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATG 

NT3 N +119 AAGGCGATTAAGTTGGGTAACGCCAGGGTTTTC 

NT4 N +180 AAGTTCTTCTCCTTTACTCATATGTATATCTCC 

NT5 N +290 AGGGTAAGTTTTCCGTATGTTGCATCACCTTCA 

NT6 N +515 AGGGTATCACCTTCAAACTTGACTTCAGCACGT 

araB T -53 AAGATTAGCGGATCCTACCTGACGCTTTTTATC 

xylA T -19 AGGGAGTGCCCAATATTACGACATCATCCATCA 

rhaB T -33 AAGGTCGCGAATTCAGGCGCTTTTTAGACTGGT 

mviMd N/A N/A AAGAGCGCGGGCAGGGTATTCTCATCAAACCCA 

a) Characteristics of the target strand, which is complementary to the spacer: T, template 

strand of gene; N, non-template strand of the gene.  

b) Distance from the transcriptional start site (TSS) to the closest end of the PAM. Negative 

and positive values are upstream and downstream of the TSS, respectively. 

c) PAMs are in bold red lettering. CRISPR spacers were designed to match the protospacer 

sequence. 

d) Targets a protospacer in Salmonella typhimurium LT2 and has been shown to be non-

targeting in E. coli(4). 
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Table 3.S5 Promoter sequences 

Promoter Sequencea 

lacZ 

CTTTCGTCTTCACACTCGAGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGC

GCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTA

TGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAA

ACAGCTATGACCATGATTACGGATTCACTGGCCGTCGTTTTACAACGTCGTGACTGG

GAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACAGGATCCTCTAGATTTA

AGAA 

araB 

CCTGTCTCTTGATCAGATCTGGCCTCAATCGGCGTTAAACCCGCCACCAGATGGGCG

TTAAACGAGTATCCCGGCAGCAGGGGATCATTTTGCGCTTCAGCCATACTTTTCATA

CTCCCACCATTCAGAGAAGAAACCAATTGTCCATATTGCATCAGACATTGCCGTCAC

TGCGTCTTTTACTGGCTCTTCTCGCTAACCCAACCGGTAACCCCGCTTATTAAAAGC

ATTCTGTAACAAAGCGGGACCAAAGCCATGACAAAAACGCGTAACAAAAGTGTCTAT

AATCACGGCAGAAAAGTCCACATTGATTATTTGCACGGCGTCACACTTTGCTATGCC

ATAGCATTTTTATCCATAAGATTAGCGGATCCTACCTGACGCTTTTTATCGCAACTC

TCTACTGTTTCTCCATACCCGTTTTTTTGGATGGAGTGAAACGATGGCGATTGCAAT

TGGCCTCGATTTTGGCAGTGATTCTGTGCGAGCTTTGGCGGTGGACTGCGCTACCGG

TGAAGCTCGAGGGGATCCTCTAGA 

xylA 

CGAGGCCCTTTCGTCTTCACGGTGTAGGGCCTTCTGTAGTTAGAGGACAGTTTTAAT

AAGTAACAATCACCGCGATAAACGTAACCAATTTTTAGCAACTAAACAGGGGAAAAC

AATTACAGATTTTTATCTTTCGATTACGATTTTTGGTTTATTTCTTGATTTATGACC

GAGATCTTACTTTTGTTGCGCAATTGTACTTATTGCATTTTTCTCTTCGAGGAATTA

CCCAGTTTCATCATTCCATTTTATTTTGCGAGCGAGCGCACACTTGTGAATTATCTC

AATAGCAGTGTGAAATAACATAATTGAGCAACTGAAAGGGAGTGCCCAATATTACGA

CATCATCCATCACCCGCGGCATTACCTGATTATGGAGTTCAATATGCAAGCCTATTT

TGACCAGCTCGATCGCGTTCGTTATGAAGGCTCAAAATCCTCAAACCCGTTAGCATT

CCGTCACTACAATCCCGACGAACTGGTGTTGGGTAAGCGTATGTAATCTAGATTTAA

GAAGGAGAT 

rhaB 

CCTGTCTCTTGATCAGATCTGTTCTATCGCCACGGACGCGTTACCAGACGGAAAAAA

ATCCACACTATGTAATACGGTCATACTGGCCTCCTGATGTCGTCAACACGGCGAAAT

AGTAATCACGAGGTCAGGTTCTTACCTTAAATTTTCGACGGAAAACCACGTAAAAAA

CGTCGATTTTTCAAGATACAGCGTGAATTTTCAGGAAATGCGGTGAGCATCACATCA

CCACAATTCAGCAAATTGTGAACATCATCACGTTCATCTTTCCCTGGTTGCCAATGG

CCCATTTTCCTGTCAGTAACGAGAAGGTCGCGAATTCAGGCGCTTTTTAGACTGGTC

GTAATGAAATTCAGCAGGATCACATTATGACCTTTCGCAATTGTGTCGCCGTCGATC

TCGGCGCATCCAGTGGGCGCGTGATGCTGGCGCGTTACGAGCGTGAATGGGATCCTC

TAGATTTAAGAA 

a) Sequences highlighted in gray are from pUA66, indicating where each promoter was 

inserted into the plasmid. The underlined and bolded base is the previously mapped 

transcriptional start site. 
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ABSTRACT 

Bacteria and archaea acquire resistance to foreign genetic elements by integrating fragments 

of foreign DNA into CRISPR (clustered regularly interspaced short palindromic repeats) loci. 

In Escherichia coli, CRISPR-derived RNAs (crRNAs) assemble with Cas proteins into a multi-

subunit surveillance complex called Cascade (CRISPR-associated complex for antiviral 

defense). Cascade recognizes DNA targets via protein-mediated recognition of a PAM 

(protospacer adjacent motif) and complementary base pairing between the crRNA spacer and 

the DNA target. Previously determined structures of Cascade showed that the crRNA is 

stretched along an oligomeric protein assembly, leading us to ask how crRNA length impacts 

the assembly and function of this complex. We found that extending the spacer portion of the 

crRNA resulted in larger Cascade complexes with altered stoichiometry and preserved in vitro 

binding affinity for target DNA. Longer spacers also preserved the in vivo ability of Cascade 

to repress target gene expression and to recruit the Cas3 endonuclease for target degradation. 

Finally, longer spacers exhibited enhanced silencing at particular target locations and were 

sensitive to mismatches within the extended region. These findings demonstrate the flexibility 

of the Type I-E CRISPR machinery and suggest that spacer length can be modified to fine-

tune Cascade activity. 
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4.1 INTRODUCTION 

 CRISPR-Cas (clustered regularly interspaced short palindromic repeats and CRISPR-

associated proteins) systems are widespread and diverse adaptive immune systems in bacteria 

and archaea (1, 2). These systems identify and degrade foreign genetic material associated with 

plasmids and bacteriophages through three distinct stages termed acquisition, expression, and 

interference (3–5). During acquisition, small pieces of foreign DNA are inserted as new spacers 

into the CRISPR array composed of alternating repeats and spacers. During expression, the 

CRISPR array is processed into mature CRISPR RNAs (crRNAs) composed of a spacer and 

flanking portions of the repeat, yielding an RNA-protein complex composed of the crRNA and 

Cas effector proteins. During interference, the complex binds foreign genetic material 

complementary to the spacer portion of the crRNA, thereby activating cis or trans-acting 

nucleases that cleave the bound target.  

Despite their common function in adaptive immunity, CRISPR-Cas systems are 

phylogenetically and functionally diverse, where the latest classifications define two classes, 

six types, and nineteen subtypes (2, 6). Class 1 systems rely on multi-subunit surveillance 

complexes while Class 2 systems rely on a single effector protein. The two main classes are 

subdivided into types and subtypes that further delineate the particular form and function of 

each system. The phylogenetic distribution of these systems vary widely, with the Class 1 Type 

I system as the most abundant and widespread in both bacteria and archaea (2). This type is 

defined by the signature cas3 gene encoding a protein with helicase and endonuclease activities 

(2, 7–10).  

Our current knowledge of Type I systems has largely stemmed from studies of the Type 

I-E system in Escherichia coli K-12. In E. coli, the Cas3 helicase-nuclease is recruited to DNA 

targets bound by a multi-subunit complex termed the CRISPR-associated complex for antiviral 

defense (Cascade) (9, 11). Cascade is a 405 kDa complex composed of an uneven 

stoichiometry of five different Cas proteins (Cse11Cse22Cas76Cas51Cas6e1) and a 61-nt 

crRNA (12). This complex forms a seahorse-shaped architecture with subunits that represent 

the head (Cas6e), backbone (Cas7), belly (Cse2), and tail (Cse1, Cas5). Cascade engages 
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foreign DNA by searching for a sequence called a protospacer-adjacent motif (PAM) (13, 14). 

PAM recognition is thought to distort the DNA in a way that facilitates crRNA-guided 

interrogation of the flanking DNA sequence for complementarity with the crRNA spacer (9, 

12, 14–18). Target binding triggers a conformational change that recruits Cas3, which degrades 

the non-target strand in the 3’-to-5’ direction (7, 11, 19). 

The Type I-E system from E. coli has proven to be a versatile tool for programmable 

gene silencing and DNA destruction (20). Gene silencing relies on the capacity of Cascade to 

stably bind without cleaving target DNA in the absence of Cas3 (21, 22). Directing Cascade to 

bind a promoter repressed expression of the downstream gene up to ~1,000-fold, whereas 

directing Cascade to the coding region led to more modest, strand-dependent silencing (21, 

22). Cascade has also been used in the presence of Cas3 to target and degrade the bacterial 

genome in a sequence-specific manner, spurring applications in sequence-specific 

antimicrobials, genome editing, and biocontainment (23–25). 

Studies to understand and exploit the Type I-E system from E. coli have relied on a 32-

nt spacer. This length aligns with the extremely narrow range observed in naturally occurring 

CRISPR arrays across E. coli strains (26). Crystal structures of Cascade suggest that the RNA 

serves as a scaffold for the oligomerization of the six Cas7 proteins forming the backbone of 

the complex (15, 16, 27). Based on this insight, we speculated that we could control Cascade 

assembly by varying the length of the crRNA spacer and that these engineered complexes may 

represent a novel method for controlling target recognition. We found that extending the spacer 

resulted in larger Cascade complexes with altered protein subunit stoichiometry. Using a 

combination of in vitro binding studies with in vivo gene silencing and targeted killing assays, 

we demonstrate that these enlarged complexes preserve function in target binding, 

transcriptional repression, and DNA degradation. We also found that longer spacers can 

enhance gene silencing depending on the targeted site. Finally, we showed that mismatches in 

the extended region disrupted DNA binding, gene silencing, and targeted killing. These 

findings reveal that Cascade assembly is dependent on spacer length and that this length may 

be used as method for fine-tuning the activity and specificity of Cascade. 
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4.2 MATERIALS AND METHODS 

4.2.1 Strains and plasmid construction 

See Supplementary Table 4.S1 for a list of all E. coli K-12 strains used in this work. 

To generate BW25113 Δcas3::cat lacZ+, the lacZ gene from MG1655 was transferred by P1 

transduction into BW25113 Δcas3::cat. Cells were selected on M9 agar plates containing 

chloramphenicol and 0.2% D-lactose as the sole carbon source. Next, the cat cassette from 

BW25113 Δcas3::cat lacZ+ was excised using the pCP20 plasmid as described previously (28) 

to generate BW25113 Δcas3 lacZ+. 

See Supplementary Table 4.S2 for a list of all plasmids used in this work. To generate 

cBAD33, the pBAD33 plasmid was digested with NsiI and SacI to remove araC through the 

araB promoter. Oligonucleotides encoding the J23108 promoter (pBAD33.J23108.fwd2/ 

pBAD33.J23108.rev2) were 5’ phosphorylated with T4 polynucleotide kinase and annealed by 

slowly cooling from 95°C to 25°C. The resulting dsDNA was ligated with T4 DNA ligase into 

the digested pBAD33 and transformed into NovaBlue electrocompetent cells. The pCas3 

plasmid was generated by PCR-amplifying the cas3 gene from E. coli MG1655 genomic DNA 

using primers to introduce a strong ribosome binding site, an upstream KpnI restriction site, 

and a downstream XbaI restriction site (pCas3.for/pCas3.rev). The cas3 amplicon and cBad33 

vector were digested with KpnI and XbaI, ligated together with T4 DNA ligase, and 

transformed into NovaBlue electrocompetent cells.  

The GFP reporter plasmids were based on the pUA66 plasmid (29). To generate 

pUA66lacZ-NT3PAM-mutant from pUA66lacZ, mutagenic primers (NT3-PAM.Q5.for/NT3-

PAM.Q5.rev) were used with the Q5® Site-Directed Mutagenesis kit from New England 

Biolabs (NEB).  

The crRNA expression plasmids, pcrRNA.ind and pcrRNA.con, were based on 

previous work (21). To insert new repeat-spacer pairs into pcrRNA.con or pcrRNA.ind, either 

plasmid first digested with KpnI and XhoI. Then, oligonucleotides encoding the palindromic 

repeat and crRNA spacers were annealed, 5’ phosphorylated with T4 polynucleotide kinase, 

ligated into the digested vector with T4 DNA ligase, and transformed into TOP10 
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electrocompetent cells. All plasmid cloning was verified by Sanger sequencing. See 

Supplementary Table 4.S3 for a list of all oligonucleotides used in this work.  All 

oligonucleotides were chemically synthesized by Integrated DNA Technologies (IDT) or 

Eurofins Genomics. All enzymes were purchased from New England Biolabs (NEB) 

 

4.2.2 Cascade expression and purification 

Cascade and Cascade variants were expressed and purified using previously described 

methods (12, 17). Briefly, crRNAs and E. coli K-12 Cas proteins were co-expressed in E. coli 

BL21 (DE3) cells on three different expression vectors; a pCDF vector containing Cse2 fused 

to an N-terminal Strep tag, Cas7, Cas5 and Cas6; a pRSF vector containing Cse1; and either 

pcrRNA.con or pcrRNA.ind vectors (described above) containing the CRISPR with a normal 

(32-nt) or extended spacer sequence (e.g. 32 +6, 32 +12). Cells were grown at 37°C in LB-

media under antibiotic selection to an OD600nm of 0.5, then were induced with a final 

concentration of 0.2 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) and 0.02 % L-

arabinose. After induction, cells were cultured overnight at 16°C, pelleted by centrifugation 

(5,000g for 10 min), suspended in lysis buffer (100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 

mM EDTA, 1 mM TCEP and 5% glycerol), and frozen at -80°C. Cells were lysed by sonication 

and lysates were clarified by centrifugation (22,000g for 30 min). Cascade and Cascade 

variants self-assemble in vivo and were affinity purified on StrepTrap HP resin (GE) with the 

N-terminal Strep-II tag on Cse2. Cascade was eluted off StrepTrap HP resin with lysis buffer 

supplemented with 2.5 mM desthiobiotin. Cascade was concentrated and then further purified 

by gel filtration chromatography using a 26/60 Superdex 200 (GE Healthcare) equilibrated 

with 50 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM TCEP and 5% glycerol. The elution profile 

was visualized at 280 and 260 nm wavelengths to identify changes in complex size. 

To identify size differences between Cascade variants, 600 µl of each complex was 

purified by gel filtration chromatography using a 16/60 Superdex 200 (GE Healthcare) 

equilibrated with 100 mM HEPES pH 7.0. Eluted complexes were concentrated, mixed with 

5X loading buffer (100 mM HEPES pH 7.5, 375 mM NaCl, 50% glycerol) and loaded onto a 
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5% Blue Native Polyacrylamide gel and run at 85 V for 2 hours (30). To analyze protein 

subunit abundance, 20 µg of each Cascade variant was loaded onto a 10% denaturing SDS 

Polyacrylamide Gel and run at 150 V for 45 minutes. To determine crRNA length, RNA was 

isolated by phenol/chloroform extraction and loaded onto a TBE (Tris Borate EDTA), 7M-

Urea, 14% polyacrylamide gel and ran at 190 V for 30 minutes. Proteins were stained with 

Coomassie dye and RNA with SYBR Gold (Thermo Fisher Scientific). 

 

4.2.3 SDS PAGE gel densitometry and subunit stoichiometry estimation 

 Coomassie stained SDS-PAGE gels were analyzed with GelQuant.Net 

(biochemlabsolutions.com). Bands intensities were quantified with local background 

correction. Band intensity fractions were determined with the equation:  

band intensity fraction = 
individual band intensity

sum of all lane intensities
 

Stoichiometry was estimated using the equation: 

# of subunits = band intensity fraction ×
Cascade complex molecular weight

subunit molecular weight
 

Average stoichiometry and standard deviations were calculated from five different SDS PAGE 

gels stained with Coomassie Blue. 

 

4.2.4 Protein and native mass spectrometry 

Cascade was buffer exchanged into 100 mM ammonium acetate, pH 7 (Sigma) by 

repeated washing over 3 kDa molecular weight cutoff spin filters (Pall Corporation). A total 

of 2 µM Cascade was injected using gold-coated borosilicate glass capillaries and analyzed on 

a SYNAPT G2-Si electrospray time-of-flight instrument (Waters) in positive mode. The 

system was calibrated with sodium iodide dissolved in solution of 2-propanol and water 

(Waters). Gold-coated borosilicate glass capillaries were prepared as previously reported (31) 

with the following changes: Borosilicate glass capillaries, 1.2/0.68 OD/ID mm (World 

Precision Instruments) were pulled on model P-97 (Sutter Instrument Company) in one step, 

with heat 540, pull 90, velocity 50, time 150. Solutions were sprayed at a rate of 90 nl/min. 
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Capillaries were coated with two layers (inner: Cr, 3 nm to increase coat resistance and prolong 

spray time; outer: Au, 60 nm to provide conductivity) using an AMod Evaporator System. 

To assure optimal instrument performance in high mass-to-charge range, several 

adjustments to previously published protocol (32) were made. To minimize complex 

dissociation and maximize ion transmission, source temperature was set to 30ºC, capillary 

voltage to 1.7 kV, cone gas to 40 L/h. Sampling cone and source offset were set to 40 V and 

50 V, respectively. Inlet pressure was fixed at 3 mbar. To improve desolvation/declustering, 

trap bias voltage was adjusted to 16 V and argon pressure in the collision cell (trap) was 7 

ml/min. Transfer collision energy was kept at constant level of 5 V while trap energy varied 

between 10-200 V. To determine accurate protein subunit masses, Cascade complexes were 

denatured by dilution in a 50:50 solution of 1% formic acid (Sigma) and acetonitrile. Collected 

spectra of Cascade complexes in native and denatured conditions were processed and analyzed 

in MassLynx software version 4.1 (Waters). 

 

4.2.5 Electrophoretic Mobility Shift Assays (EMSA) 

 Oligonucleotides (Operon) were 5’-end labeled with γ32P-ATP (PerkinElmer) using T4 

polynucleotide kinase (NEB), and purified by phenol/chloroform extraction followed by 

MicroSpin G-25 column (GE Healthcare) filtration. Labeled oligonucleotides were hybridized 

with >5 fold molar excess of complementary strand in hybridization buffer (20mM HEPES pH 

7.5, 75mM NaCl, 2mM EDTA, 10% glycerol, and 0.01% bromophenol blue) by incubating at 

95°C for 5 minutes, and gradually cooling to 25°C in a thermocycler. DNA duplexes were gel 

purified, ethanol precipitated, and recovered in hybridization buffer.  

Varying concentrations of Cascade or Cascade variants were incubated with 32P labeled 

oligonucleotides in hybridization buffer with 1mM TCEP for 15 minutes at 37 °C. Reactions 

were loaded onto a 6% native polyacrylamide gel, and run for 3 hours at 150 V at 4 °C. After 

electrophoresis, gels were dried, exposed to phosphor storage screens, and scanned with a 

Typhoon (GE Healthcare) phosphorimager. Bound and unbound DNA fractions were 

quantified using ImageQuant software (GE Healthcare), and the fractions of bound 
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oligonucleotides were plotted against total Cascade concentration. The data were fit by least-

squares analysis using a standard binding isotherm 

𝑦 =
𝑥

𝐾𝑑 + 𝑥
 

where y is the fraction of bound DNA, x is the concentration of the Cascade complex, and Kd 

is the apparent dissociation constant. 

 

4.2.6 Growth conditions 

All strains were cultured at 37°C and 250 RPM in up to 5 ml of LB medium (10 g/l 

tryptone, 5 g/l yeast extract, 5 g/l NaCl) or M9 minimal medium (1X M9 salts, 2 mM MgSO4, 

0.1 mM CaCl2, 10 μg/ml thiamine) containing 0.4% glycerol and 0.2% casamino acids. All 

strains were plated on LB agar (LB medium with 1.2% agar) or on M9 agar with lactose (M9 

medium with 1.2% agar and 0.2% D-lactose) in 100x15 mm polystyrene petri dishes. To 

maintain any plasmids, cells were cultured in liquid medium or on agar plates containing 

appropriate antibiotics at the following concentrations: 50 μg/ml of ampicillin, 34 μg/ml of 

chloramphenicol, 50 μg/ml of kanamycin. 

 

4.2.7 Spacer design 

See Supplementary Table 4.S4 for a list of all of protospacers targeted in this work and 

Supplementary Table 4.S5 for pUA66 promoter sequences. Protospacers were selected by 

identifying a PAM located at the 5’ end of the protospacer strand matching the spacer for the 

Type I-E system in E. coli (33). The AAG, AGG, and AAC PAMs were used in this work. A 

non-functional ACG PAM, shown previously to not support Cascade-based repression, was 

used as a negative control (34). The 26-56 nucleotides immediately downstream of the PAM 

were then used as the spacer. The cloning scheme required fixing the final two nucleotides of 

the spacer to TC, as described previously (23).  
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4.2.8 Transformation assays 

The transformation assay was conducted similar to previous work (23). Briefly, E. coli 

BW25113 Δcas3 lacZ+ harboring pCas3 were cultured overnight in LB medium. Cultures were 

back-diluted 1:250 into 25 ml of LB medium and grown to an ABS600 of 0.6 – 0.8 as quantified 

with a Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific). The cells were then 

washed in ice-cold 10% glycerol and concentrated by a factor of ~100. A total of 50 µl of the 

concentrated cells were transformed with 50 ng of plasmid DNA using a MicroPulser 

electroporator (Bio-Rad). Plasmids encoding the constitutively expressed spacers 

(pcrRNA.con-XX, where XX is replaced with the spacer name) were used for this assay. 

Transformed cells were recovered in 300 µl SOC medium for 1 hr at 37ºC. After the recovery 

period, the cells were diluted up to factors of 105 and 200 µl of the dilution were plated on LB 

agar with appropriate antibiotics. 

 

4.2.9 Flow cytometry analysis 

Flow cytometry was conducted similar to previous work (21). Briefly, cells grown 

overnight in M9 minimal medium with 0.2% casamino acids and 0.4% glycerol were back-

diluted to an ABS600 of 0.01 into M9 minimal medium containing 0.2% casamino acids, 0.4% 

glycerol, and appropriate inducers. For the BW25113 Δcas3::cat cells containing arabinose-

inducible plasmids (pcrRNA.ind-XX, where XX is replaced with the spacer name) and 

pUA66-lacZ, 0.2% L-arabinose and 0.1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) 

were added as inducers. For the MG1655 Δcas3::cat cells harboring constitutively-expressed 

pcrRNA.con-xylA-s1 with pUA66-xylA, the only inducer required was 0.2% D-xylose. Upon 

reaching an ABS600 of ~0.2 after 3-4 hours of growth, the cultures were diluted 1:100 in 

phosphate buffered saline (PBS) and run on an Accuri C6 Flow Cytometer (Becton Dickinson) 

equipped with CFlow plate sampler, a 488 nm laser, and a 530 ± 15 nm bandpass filter. Events 

reflecting cells were gated based on forward scatter (FSC-H) and side scatter (SSC-H) with 

respective lower cutoffs of 14,000 and 600 to reduce the measurement of particulates. The gate 

was set using E. coli cells stained with the DRAQ5 dye (Thermo Fisher Scientific). The 
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fluorescence of the gated cells was then measured in FL1-H. At least 30,000 events were 

analyzed for each sample. 

 

4.2.10 Statistical analyses 

All statistical analyses were conducted using a one-tailed Student’s t-test with unequal 

variance. Statistical analyses for the apparent dissociation constants (Kd) assumed that the 

variance is geometrically distributed, resulting in standard errors of measurement reported as 

fractions of the geometric mean. 

 

4.3 RESULTS 

4.3.1 Spacer length determines Cascade size and composition 

Previously determined structures of Cascade revealed a seahorse-shaped complex 

composed of a Cas6e head, a backbone composed of six Cas7 subunits, a belly consisting of 

two Cse2 subunits, and a tail composed of one Cse1 and one Cas5 (Supplementary Figure 

4.S1A) (15–17, 27). The crRNA is an integral component of this complex that is stretched 

from head to tail, where each of the Cas7 backbone subunits interacts with six nucleotides of 

the crRNA spacer sequence. Furthermore, each Cse2 subunit makes direct contacts with two 

Cas7 subunits (35). Based on this structural information, we hypothesized that the composition 

and stoichiometry of Cascade might be affected by spacer length. We speculated that extending 

the spacer would result in an additional Cas7 subunit for every six nucleotides of spacer 

extension and an additional Cse2 subunit for an extension of twelve nucleotides (Figure 4.1A 

and Supplementary Figure 4.S1A). To test this hypothesis, we purified Cascade expressed with 

a CRISPR array containing a naturally occurring spacer of 32 nts (+0) or a spacer extended to 

38 (+6) or 44 (+12) nts. Analytical gel filtration and Blue native PAGE of Cascade complexes 

assembled using the extended crRNAs revealed increases in size that directly correlated with 

spacer length (Supplementary Figure 4.S1B). Protein and RNA subunits of each complex were 

resolved using denaturing PAGE (Figure 4.1B). As expected, the larger complexes contained 

crRNAs that were 6 or 12 nts longer than the crRNA associated with wildtype Cascade. The 



 

 

 

 

 

 

110 

extended complexes contained all five of the Cas protein subunits, where densitometry analysis 

of the denaturing PAGE gels suggested changes in protein subunit stoichiometry in line with 

our structural predictions (Supplementary Figure 4.S1C).  

To determine the subunit stoichiometry of the wildtype and engineered Cascade 

complexes, we performed native mass spectrometry to measure intact masses of the +0, +6, 

and +12 complexes (Figure 4.1A and Supplementary Table 4.S6). The mass of the wildtype 

(+0) complex was 405,238.2 ± 45.8 Da, while the +6 and +12 complexes had masses of 

446,555.1 ± 209.9 Da and 510,127.2 ± 48.9 Da, respectively. The +6 complex was ~41 kDa 

larger than the wildtype (+0) complex, which is consistent with the addition of a Cas7 subunit 

(~40 kDa) plus the mass of an additional 6 nts to the crRNA (~1.6 kDa). The addition of 12 

nts resulted in a complex ~105 kDa larger than the wildtype complex, which matches the 

predicted addition of two Cas7 subunits (~80 kDa), one Cse2 subunit (~21 kDa), and 12 nts to 

the crRNA (~3.5 kDa). Collectively, these results provide evidence that additional Cas7 

subunits are incorporated into Cascade when the spacer is extended in 6-nt increments, and 

additional Cse2 subunits are incorporated in 12-nt increments. 

To determine how spacer length impacts target binding, we measured the binding 

affinity of Cascade with a wildtype spacer (+0) or with a spacer extended by 12 nucleotides 

(+12) to a dsDNA target. For two different spacers (s1 and p1), the +0 and +12 complexes 

bound target DNA with high affinity (Figure 4.1C and Supplementary Figure 4.S2) (12, 35). 

The apparent dissociation constant was marginally lower for the +12 complex around the level 

of significance (P = 0.062 for s1, P = 0.041 for p1, n = 3) (Supplementary Figure 4.S2), 

suggesting that the spacer extension at least maintained affinity for the target. 
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Figure 4.1 Escherichia coli Type I-E Cascades with extended spacers form stable complexes with 

altered stoichiometry. Native mass spectra of Cascade complexes containing crRNA with spacers that 

are either 32 (+0), 38 (+6) or 44 nts (+12) in length and schematic representations of the corresponding 

Cascade complexes. Extending the crRNA spacer by 6 or 12 nts (light blue) results in complexes that 

are ∼41 kDa or ∼105 kDa larger than wild-type. The additional mass is consistent with the mass of the 

extended crRNA (light blue), Cas7 (orange) and in the case of the +12 complex an additional Cse2 

subunit (purple). (B) SYBR-stained denaturing PAGE of crRNAs purified from Cascade complexes 

containing a 61-nt crRNA with a 32-nt spacer (+0), a 67-nt crRNA with a 38-nt spacer (+6), or a 73-nt 

crRNA with a 44-nt spacer (+12) (top) and SDS-PAGE stained with Coomassie blue (bottom). (C) 

Cascade complexes with a 32-nt spacer (+0, left) or a 44-nt spacer (+12, right) bind DNA targets with 

high affinity. Shown below each gel is the apparent dissociation constant (Kd), reported as the geometric 

mean and S.E.M. for three independent experiments. Experimental data and curve fits for the individual 

experiments are shown in Supplementary Figure 4.S2.  
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4.3.2 Extended spacers permit transcriptional silencing and DNA interference 

Our data demonstrated that Cascade accommodates extended spacers in vitro, although 

it remained unclear how longer spacers would impact Cascade activity in vivo. To determine 

the in vivo effect of elongated spacers on Cascade function, we used a previously developed 

gene repression assay (21, 22). This system relies on an E. coli strain (BW25113 ∆cas3::cat) 

in which cas3 was deleted and a constitutive promoter was introduced upstream of the cse1-

cse2-cas7-cas5-cas6e operon (21). We transformed this strain with an L-arabinose-inducible 

plasmid encoding a designed CRISPR array and the pUA66-lacZ reporter plasmid encoding 

the green fluorescent protein (gfp) gene downstream of the lacZ promoter (Figure 4.2A). The 

spacers were designed to be 32 nts (+0) or 44 nts (+12) and target locations within the promoter 

and either strand of the transcribed region. For all sites targeted, the +12 spacers exhibited 

similar or improved silencing of GFP compared to the +0 spacers, indicating that extended 

Cascade complexes are capable of repressing expression of a target gene (Figure 4.2B). We 

observed the strongest silencing when targeting the promoter, intermediate silencing when 

targeting the sense strand of the transcribed region, and weak silencing when targeting the 

antisense strand of the transcribed region (Figure 4.2C), which is in line with previous work 

(21). 

We next asked how extended crRNAs impact the ability of Cascade to recruit Cas3 and 

elicit targeted DNA degradation (Figure 4.2D). Hybridization of the crRNA spacer sequence 

to the complementary strand of a dsDNA target forms a displaced R-loop that is critical for 

Cas3 recruitment and DNA target degradation. (12, 36). To measure Cas3 activity, we 

constitutively expressed cas3 from a plasmid and measured the transformation efficiency of 

plasmids encoding genome-targeting crRNAs with 32-nt (+0) or 44-nt (+12) spacers. Previous 

work has shown that CRISPR-mediated genome targeting is lethal, resulting in greatly reduced 

transformation efficiencies in comparison to a non-targeting control (23, 37). We used the 

lacZ-targeting spacers from the transcriptional silencing assay (p1, p2, as1, and s1), which 

required restoring the genomic lacZ locus by P1 transduction to generate BW25113 Δcas3 

lacZ+. The transformation assays showed that all spacers resulted in ~103-104 reduction in 
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transformation efficiency when compared to a spacer-free control (Figure 4.2E). Therefore, 

extended Cascade complexes can recruit and activate Cas3 for target destruction, 

demonstrating that extended Cascade complexes can direct CRISPR-mediated interference.  

 

Figure 4.2 Extended Cascade assemblies repress gene expression and impair transformation efficiency 

in vivo. (A) Cascade complexes were designed to target sequences in the pUA66-lacZ reporter. Blue 

bars above or below the reporter represent spacers that match the top and bottom strands, respectively. 

Locations include the promoter (p) as well as the sense (s) and antisense (as) strand of lacZ. Black dots 

represent PAMs. Protospacer and PAM sequences can be found in Supplementary Table 4.S4. (B) A 

schematic illustrating how Cascade binding may block gene transcription. (C) Impact of extending the 

spacer by 0 (dark blue) or 12 (light blue) nts on GFP silencing by Cascade. Fold-repression is calculated 

in comparison to a non-targeting control. (D) A schematic illustrating how the addition of Cas3 results 

in autoimmunity and reduced colonies after transformation of the plasmid containing Cas3. (E) Impact 

of extending the spacer by 0 (dark blue) or 12 (light blue) nts on DNA interference by Cascade and 

Cas3 is indicated (bottom). The transformation fold-reduction is calculated in comparison to a spacer-

free control. The as2 and s2 spacers were not tested because the associated protospacers were not 

present in the genomic lacZ locus. Values represent the mean and S.E.M. of at least three measurements 

starting from independent colonies.  
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4.3.3 Extended spacers can improve Cascade-mediated silencing 

Extending the spacer markedly improved Cascade-mediated silencing for the s1 spacer 

complementary to the sense strand upstream of the ribosomal binding site (from 3-fold to 20-

fold) (Figure 4.2C). To determine the relationship between the length of s1 and silencing 

activity, we designed spacers modified by multiples of six based on the interval of Cas7 binding 

(Figure 4.3A and Supplementary Figure 4.S1A) (15). Silencing generally improved with each 

additional six nucleotides at the s1 site (Figure 4.3B), while no trend was observed when 

extending a promoter-targeting spacer (p1) or an antisense-targeting spacer (as2) 

(Supplementary Figure 4.S3). Extended spacers that deviated from multiples of six, (+8 and 

+10) also showed improvement in silencing efficiency compared to wildtype, whereas spacers 

shortened by six nucleotides lost silencing (Figure 4.3B).  

Interestingly, enhanced silencing appears to be related to target location, as two spacers 

(s3 and s4) with targets near s1 improved silencing when extended (Figure 4.3B). This 

phenomenon was not limited to the lacZ promoter, as we observed enhanced silencing when 

targeting a similar location within the xylA promoter (Figure 4.3C and 4.D), demonstrating that 

elongated Cascade complexes can be utilized to control silencing in different genetic contexts. 

To our knowledge, this serves as the first instance of quantitatively enhancing CRISPR-

mediated silencing by increasing spacer length (38).  

Enhanced silencing was only associated with spacers targeting the sense strand 

upstream of the coding region. This orientation could allow the crRNA to base pair with the 

transcribed gfp mRNA, potentially resulting in mRNA destabilization and translational 

inhibition; accordingly, longer crRNAs may be more efficient at base pairing for antisense 

regulation. To test whether the CRISPR array acts through antisense regulation (i.e. crRNA-

guided binding of complementary mRNA), we assessed GFP silencing in the absence of the 

Cascade proteins. However, GFP silencing by the +0 and the +12 spacers was negligible 

(Figure 4.3F). To test whether enhanced silencing could be attributed to Cascade binding the 

gfp mRNA, we mutated the PAM to disrupt dsDNA binding but preserve PAM-independent 

RNA binding (Figure 4.3E) (17, 39). Again, the +0 and +12 spacers yielded negligible GFP  
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Figure 4.3 Spacer sequence extension can improve Cascade-mediated gene silencing. (A) Target 

locations within close proximity to the s1 spacer. The 32-nt spacer (dark blue) was extended by lengths 

divisible by six (light blue) or not divisible by six (purple). The 32-nt spacer for s1 was also shortened 

by 6 nts (dark blue). Black bars represent the PAM. Sequences match the bottom strand of the reporter 
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construct. (B) Gene silencing resulting from Cascade complexes with spacers s1, s3 and s4 of varying 

sizes. The gray line indicates a fold-repression value of 1 reflecting no change in GFP fluorescence. 

(C) Targeting the sense strand of the untranslated region of the xylA promoter. The black dot indicates 

the PAM. To evaluate GFP silencing, the pUA66-xylA reporter construct was transformed into 

MG1655Δcas3::cat along with a plasmid encoding a constitutively expressed CRISPR array containing 

the xylA-s1 spacer. (D) Impact of extending the xylA-targeting spacer by +0 nts (dark blue) or +12 

(light blue) nts on GFP silencing by Cascade. Fold-repression is calculated in comparison to a non-

targeting control. (E) Evaluating the basis of spacer length-dependent silencing with Cascade. Testing 

a non-functional PAM required mutating the PAM of the s1 protospacer in the reporter construct. (F) 

Potential RNA-based antisense regulation was evaluated in the absence (No Cascade) or presence 

(Non-functional PAM) of Cascade. Values represent the mean and S.E.M. of at least three 

measurements starting from independent colonies.  

silencing (Figure 4.3F). Therefore, antisense regulation by the free crRNA or Cascade-bound 

crRNA cannot explain enhanced silencing with longer spacers. 

 

4.3.4 Mismatches between the DNA target and the extended spacer impair Cascade activity 

We finally asked whether base pairing through the extended region of the longer 

crRNAs is important for Cascade binding and activity. One possibility is that a longer crRNA 

with a mutated extended region would still be capable of base pairing through the first 32 

nucleotides of the natural spacer. However, recent work has shown that base pairing at the 3’ 

end of a normal spacer contributes to Cascade binding (36, 40–42). To initially explore the 

importance of the extended spacer region, we measured the in vitro binding affinity of purified 

Cascade complexes in which the extended region of the p1+12 spacer was mutated to disrupt 

base-pairing potential with the target (Supplementary Figure 4.S4). Mutations that perturb base 

pairing in the extended region of the crRNA significantly lowered the apparent binding affinity 

(P = 0.004, n = 3) (Figure 4.4A and Supplementary Figure 4.S2), indicating that the extended 

region is important for Cascade to bind DNA in vitro. These mutations also required higher 

concentrations of Cascade to achieve saturated binding of the DNA target (Figure 4.4A and 

Supplementary Figure 4.S2), suggesting that higher Cascade concentrations interfered with 

target binding.  

To determine how mutations in the extended region impact transcriptional repression 

by Cascade, we tested different numbers of mismatches introduced at the 3’ end of the +12 
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spacer (Supplementary Figure 4.S4). As a basis of comparison, we made similar mutations to 

the +0 spacer. The p1 spacer targeting the lacZ promoter was selected because the +0 and +12 

versions of the spacer yielded similar levels of gene repression (Figure 4.2C). We found that 

gene silencing for either spacer was reduced with each additional mutation (Figure 4.4B). 

While the +0 spacer was more susceptible to the number of mutations, the susceptibilities were 

similar when accounting for mutations as a fraction of the total spacer length (Figure 4.4C). 

We also observed similar susceptibilities for the +12 variant of the s1 spacer (Supplementary 

Figure 4.S5), suggesting that the mutational susceptibilities applied to different protospacer 

sequences. These results demonstrate that the extended portion of the spacer is critical for 

Cascade-mediated gene repression in vivo. 

To assess how mutations in the extended spacer impact DNA interference, we tested 

the +0 and +12 variants of the p1 spacer with the same set of mutations at the 3’ end in the 

presence of Cas3 expression (Figure 4.4B). We found that more mismatches at the 3’ end led 

to more transformants, paralleling the trend observed with the transcriptional silencing assay. 

However, the +12 spacer maintained the lower transformation efficiency for up to six 

mismatches while the +0 spacer showed gradually improved transformation efficiencies with 

additional mismatches. Thus, extended and regular spacers exhibit different propensities for 

DNA interference and escape based on the number of mismatches at the 3’ end. 
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Figure 4.4 Mismatches between spacer extensions and DNA targets impair Cascade activity.(A) 

Schematics of Cascade complexes are depicted (top) with regular spacer length colored dark blue, 

complementary extensions colored in light blue and mismatching extensions in red. Representative gel 

images from electrophoretic mobility shift assays for each of the depicted complexes are shown. Shown 

below each gel is the apparent dissociation constant (Kd), reported as the geometric mean and S.E.M. 

for three independent experiments. Experimental data and curve fits for the individual experiments are 

shown in Supplementary Figure 4.S2. (B) Impact of mutating the 3’ end of the spacer on gene silencing 

(left) and DNA interference (right) for the extended spacer variant (top) and the wild type length 

(bottom). The number in parentheses indicates the number of mutations made to the 3’ end of the s1 +0 

or s1 +12 spacer. See Supplementary Figure 4.S5 for the sequence of each mutated spacer. (C) Silencing 

efficiency plotted by the mismatch percentage of the total spacer length for the p1 spacer. Dark blue 

circles refer to the +0 spacer. Light blue circles refer to the +12 spacer. Values represent the mean and 

S.E.M. of at least three measurements starting from independent colonies.  
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4.4 DISCUSSION 

We found that extending the crRNA spacer altered the size and composition of the I-E 

Cascade complex from E. coli. Our in vitro data indicated that Cascade incorporates an extra 

Cas7 subunit with every 6 nts added to the crRNA spacer and an extra Cse2 subunit with every 

12 nts added to the spacer. Furthermore, our in vivo repression data demonstrated that the 

altered complex maintained stable DNA binding and Cas3-mediated DNA degradation, where 

both functions required base pairing through the extended region of the spacer. Given that these 

functions require the wildtype complex to undergo large conformational rearrangements (16, 

27, 35), our results suggest that the additional subunits still permit the necessary 

conformational changes to stably bind DNA and recruit Cas3 for target degradation. 

We also found that longer spacers exhibited enhanced silencing when targeting the 

DNA sense strand between the promoter and the coding regions of lacZ and xylA. This trend 

suggests that improved silencing with extended spacers may be a general phenomenon. We 

were able to eliminate antisense interactions as possible explanations, though pinpointing the 

responsible mechanism will require further studies. Nevertheless, our results offer the 

possibility of tuning the extent of silencing simply by adjusting the number of nucleotides in 

the spacer. While we extended the spacer by up to 80% of its wildtype length (+24 nts), the 

Type I-E Cascade may be able to accommodate even longer spacers. 

Despite the ability of the Type I-E Cascade to tolerate extended spacers, the naturally 

occurring spacer lengths for Type I-E systems are largely fixed (26). The natural selection of 

32-nt spacers may reflect the mechanism of protospacer acquisition, which consistently 

integrates spacers of defined length. Accordingly, overexpression of the universal Cas1 and 

Cas2 acquisition proteins in E. coli leads to the incorporation of ~32-nt spacers into the 

CRISPR locus (43–46).  

The unique relationship between spacer length and complex size may be applicable 

across Class 1 systems based on the general assembly of their effector complexes (47). 

Evidence for this comes from Type III systems, which naturally generate different crRNA 

lengths and complex sizes. For example, the Type III-A system of Streptococcus thermophilus 
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processes crRNAs to two distinct lengths where the longer crRNA results in a larger Csm 

effector complex (48). Similarly, the Type III-B systems from Thermus thermophilus and 

Pyrococcus furiosus have been shown to bind crRNAs of multiple lengths that differ by 6 nts 

(49–51). These insights from multiple species and CRISPR-Cas subtypes suggest that the 

assemblies of multi-subunit Class 1 complexes are templated by the length of the crRNA. In 

contrast, the single protein effectors of Class II systems appear to maintain a crRNA spacer 

that is not amenable to extension (52–57).  

In summary, our work provides further insight into the flexibility and extent to which 

crRNAs can be modified. The length of Type I-E crRNAs is not fixed and can be substantially 

extended, altering Cascade stoichiometry while maintaining in vivo functionality. These 

observations present additional opportunities to explore how other Class 1 systems respond to 

alterations to the crRNAs. Lastly, we uncovered a unique situation that offers the possibility 

of designing tunable transcriptional regulators whose design is dependent solely on the length 

of the crRNA. These insights are expected to inform our understanding of CRISPR biology 

and how these adaptive immune systems can be altered and improved toward applications in 

medicine and biotechnology. 
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SUPPLEMENTARY INFORMATION 

 

 
 
Figure 4.S1 Spacer extension changes protein subunit stoichiometry of E. coli Type I-E Cascade. (A) 

Schematics of putative subunit stoichiometry for Cascade complexes bound to a CRISPR RNA with 

spacer lengths of 32 nts (+0), 38 nts (+6), 40 nts (+8), 42 nts (+10), 44 nts (+12), 50 nts (+18), and +56 

nts (+24) depicting how changes in CRISPR RNA spacer length may allow for the addition of Cas7 

and Cse2 subunits. (B) Gel filtration and Blue Native PAGE (inset) of Cascade complexes (+0), (+6), 

and (+12) show distinct differences in complex size. (C) Band quantification and densitometry analysis 

of SDS-PAGE assays indicates (+0), (+6) and (+12) complexes consist of the respective subunit 

stoichiometry depicted in A. The star indicates p < 0.001 for n = 5. Native Mass Spectrometry also 

confirmed the predicted stoichiometry for (+0), (+6), and (+12) (see Figure 4.1).  
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Figure 4.S2 Curve fits for electrophoretic mobility shift assays. The spacer associated with each 

binding curve is indicated in the upper-left of each panel. Each color represents an independent assay, 

where circles represent experimental measurements and the curves represent fit Hill equations. The fit 

values for the apparent dissociation constant (Kd) are shown above each plot.  
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Figure 4.S3 Impact of shortening or extending the spacer on gene silencing by Cascade for the p1 and 

as2 spacers. Fold-repression is calculated from comparison to a non-targeting control. The gray line 

indicates a fold-repression value of 1 reflecting no change in GFP fluorescence from the non-targeting 

control. The depicted values represent the mean and S.E.M. of at least three measurements starting 

from independent colonies.  
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Figure 4.S4 Sequences of p1 spacer variants. The number in parentheses captures the number of 

mutations made to the 3’ end of the +0 or +12 p1 spacer. Black bars indicate the PAM sequence. Dark 

blue bars indicate the +0 spacer sequence, light blue bars indicate the extended spacer sequence, and 

red bars indicate mismatched nucleotides.  
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Figure 4.S5 Mismatches on the 3' end of the crRNA reduce gene silencing efficacy with the s1 +12 

spacer. (A) A schematic showing the location of the s1 target is depicted (top), and a histogram 

depicting GFP fold-repression for each spacer length (bottom). The gray line indicates a fold-repression 

value of 1 reflecting no change in GFP fluorescence from the non-targeting control. The depicted values 

represent the mean and S.E.M. of at least three measurements starting from independent colonies. (B) 

Shown are the crRNA and protospacer sequences for the variants of the s1 +12 spacer. The number in 

parentheses captures the number of mutations made to the 3’ end of the s1+12 spacer. Black bars 

indicate the PAM sequence. Dark blue bars indicate the +0 spacer sequence, light blue bars indicate the 

extended spacer sequence, and red bars indicate mismatched nucleotides.  
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Table 4.S1 Strains used in this work 

Strains Genotype Source Stock # 

BW25113 

∆cas3::cat 
BW25113 [∆cas3 Pcse1]::[cat PJ23119] Supp. Ref. (1) pCB385 

BW25113 

Δcas3::cat lacZ+ BW25113 [∆cas3 Pcse1]::[cat PJ23119] lacZ+ This study pCB489 

BW25113 Δcas3 

lacZ+ BW25113[∆cas3 Pcse1]::[PJ23119] lacZ+ This study pCB490 

BW25113 

∆CRISPR-Cas 

BW25113 [∆cas3-cse1-cse2-cas7-cas5-

cas6e-CRISPR1]::cat 
Supp. Ref. (1) pCB401 

MG1655  

∆cas3::cat 
MG1655 [∆cas3 Pcse1]::[cat PJ23119] Supp. Ref. (1) pCB386 
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Table 4.S2 Plasmids used in this work. 

Plasmid Description 
Resistance 

marker 
Source Stock # 

pWUR408 cse1 in pRSF-1b, no tags Kanamycin Supp. Ref. (2) pWUR408 

pWUR656 

cse2 (N-terminal Strep II 

tag) –cas7-cas5-cas6e in 

pCDF-1b 

Streptomycin  Supp. Ref. (3) pWUR656 

pUA66-lacZ 
lacZ promoter upstream of 

GFP 
Kanamycin OpenBiosystems pCB338 

pUA66-xylA 
xylA promoter upstream of 

GFP 
Kanamycin Supp. Ref. (4) pCB289 

pBAD33 

L-arabinose-inducible 

plasmid with araC 

regulator 

Chloramphenicol Supp. Ref. (5) pCB442 

cBAD33 
pBAD33 with constitutive 

J23108 promoter 
Chloramphenicol This study pCB491 

pCas3 
Constitutively expressed 

cas3 
Chloramphenicol This study pCB492 

pUA66lacZ-

NT3PAM-

mutant 

pUA66lacZ with the PAM 

of the NT3 spacer mutated 
Kanamycin This study pCB493 

pcrRNA.ind 

L-arabinose-inducible 

CRISPR array with single 

repeat 

Ampicillin Supp. Ref. (1) pCB359 

pcrRNA.con 
Constitutive CRISPR array 

with single repeat 
Ampicillin Supp. Ref. (1) pCB379 

pcrRNA.ind-

p1 
pcrRNA.ind with spacer p1 Ampicillin 

Supp. Ref. (1) 

pcrRNA.ind-T2 
pCB361 

pcrRNA.ind-

p1+12 

pcrRNA.ind with spacer 

p1+12 
Ampicillin This study pCB494 

pcrRNA.ind-

p2 
pcrRNA.ind with spacer p2 Ampicillin 

Supp. Ref. (1) 

pcrRNA.ind-

NT2 

pCB367 

pcrRNA.ind-

p2+12 

pcrRNA.ind with spacer 

p2+12 
Ampicillin This study pCB495 
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Table 4.S2 Continued 

Plasmid Description 
Resistance 

marker 
Source Stock # 

pcrRNA.ind-

s1 
pcrRNA.ind with spacer s1 Ampicillin 

Supp. Ref. (1) 

pcrRNA.ind-

NT3 

pCB368 

pcrRNA.ind-

s1+6 

pcrRNA.ind with spacer 

s1+6 
Ampicillin This study pCB496 

pcrRNA.con-

p1+12 

pcrRNA.con with spacer 

p1+12 
Ampicillin This study pCB510 

pcrRNA.con-

p2 
pcrRNA.con with spacer p2 Ampicillin This study pCB511 

pcrRNA.con-

p2+12 

pcrRNA.con with spacer 

p2+12 
Ampicillin This study pCB512 

pcrRNA.con-

s1 
pcrRNA.con with spacer s1 Ampicillin This study pCB513 

pcrRNA.con-

s1+12 

pcrRNA.con with spacer 

s1+12 
Ampicillin This study pCB514 

pcrRNA.con-

s2 
pcrRNA.con with spacer s2 Ampicillin This study pCB515 

pcrRNA.con-

s2+12 

pcrRNA.con with spacer 

s2+12 
Ampicillin This study pCB516 

pcrRNA.con-

as1 

pcrRNA.con with spacer 

as1 
Ampicillin This study pCB517 

pcrRNA.con-

as1+12 

pcrRNA.con with spacer 

as1+12 
Ampicillin This study pCB518 

pcrRNA.con-

as2 

pcrRNA.con with spacer 

as2 
Ampicillin This study pCB519 

pcrRNA.con-

as2+12 

pcrRNA.con with spacer 

as2+12 
Ampicillin This study pCB520 

pcrRNA.ind-

p1+12(2) 

pcrRNA.ind with spacer 

p1+12 containing 2 

mismatches 

Ampicillin This study pCB521 
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Table 4.S2 Continued 

Plasmid Description 
Resistance 

marker 
Source Stock # 

pcrRNA.ind-

p1+12(4) 

pcrRNA.ind with spacer 

p1+12 containing 4 

mismatches 

Ampicillin This study pCB522 

pcrRNA.ind-

p1+12(6) 

pcrRNA.ind with spacer 

p1+12 containing 6 

mismatches 

Ampicillin This study pCB523 

pcrRNA.ind-

p1+12(12) 

pcrRNA.ind with spacer 

p1+12 containing 12 

mismatches 

Ampicillin This study pCB524 

pcrRNA.ind-

p1(2) 

pcrRNA.ind with spacer p1 

containing 2 mismatches 
Ampicillin This study pCB525 

pcrRNA.ind-

p1(4) 

pcrRNA.ind with spacer p1 

containing 4 mismatches 
Ampicillin This study pCB526 

pcrRNA.ind-

p1(6) 

pcrRNA.ind with spacer p1 

containing 6 mismatches 
Ampicillin This study pCB527 

pcrRNA.ind-

p1(12) 

pcrRNA.ind with spacer p1 

containing 12 mismatches 
Ampicillin This study pCB528 

pcrRNA.con-

p1+12(2) 

pcrRNA.con with spacer 

p1+12 containing 2 

mismatches 

Ampicillin This study pCB529 

pcrRNA.con-

p1+12(4) 

pcrRNA.con with spacer 

p1+12 containing 4 

mismatches 

Ampicillin This study pCB530 

pcrRNA.con-

p1+12(6) 

pcrRNA.con with spacer 

p1+12 containing 6 

mismatches 

Ampicillin This study pCB531 

pcrRNA.con-

p1+12(12) 

pcrRNA.con with spacer 

p1+12 containing 12 

mismatches 

Ampicillin This study pCB532 

pcrRNA.con-

p1(2) 

pcrRNA.con with spacer p1 

containing 2 mismatches 
Ampicillin This study pCB533 

pcrRNA.con-

p1(4) 

pcrRNA.con with spacer p1 

containing 4 mismatches 
Ampicillin This study pCB534 

pcrRNA.con-

p1(6) 

pcrRNA.con with spacer p1 

containing 6 mismatches 
Ampicillin This study pCB535 
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Table 4.S2 Continued 

Plasmid Description 
Resistance 

marker 
Source Stock # 

pcrRNA.con-

p1(12) 

pcrRNA.con with spacer p1 

containing 12 mismatches 
Ampicillin This study pCB536 

pcrRNA.ind-

s1+12(2) 

pcrRNA.ind with spacer 

s1+12 containing 2 

mismatches 

Ampicillin This study pCB537 

pcrRNA.ind-

s1+12(4) 

pcrRNA.ind with spacer 

s1+12 containing 4 

mismatches 

Ampicillin This study pCB538 

pcrRNA.ind-

s1+12(6) 

pcrRNA.ind with spacer 

s1+12 containing 6 

mismatches 

Ampicillin This study pCB539 

pcrRNA.ind-

s1+12(12) 

pcrRNA.ind with spacer 

s1+12 containing 12 

mismatches 

Ampicillin This study pCB540 

pcrRNA.ind 

-1+12(12)’ 

pcrRNA.ind with spacer 

s1+12 containing 12 

mismatches 

Ampicillin This study pCB541 

pcrRNA.ind-

s1-6 

pcrRNA.con with spacer 

s1-6 
Ampicillin This study pCB542 

pcrRNA.ind-

p1-6 

pcrRNA.con with spacer 

p1-6 
Ampicillin This study pCB543 

pcrRNA.ind-

as2-6 

pcrRNA.con with spacer 

as2-6 
Ampicillin This study pCB544 
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Table 4.S3 Oligonucleotides used in this work 

Name Sequence 

pBad33.J23108. fwd2 tctgacagctagctcagtcctaggtataatgctagcgagct 

pBad33.J23108. rev2 cgctagcattatacctaggactgagctagctgtcagatgca 

pCas3.for 
AAATGGTACCAGGAGGATCAGATGGAACCTTTTAAATATATATGCCATT

ACTGG 

pCas3.rev TATTTCTAGATTATTTGGGATTTGCAGGGATGAC 

NT3-PAM.Q5.for ACTTAATCGCcgtGCAGCACAGG 

NT3-PAM.Q5.rev TGGGTAACGCCAGGGTTTTC 

p1.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCTTTACACTTTATG

CTTCCGGCTCGTATGT 

p1.rev 
TCGAACATACGAGCCGGAAGCATAAAGTGTAAAGCGGTTTATCCCCGCT

GGCGCGGGGAACTCGAGGTGGTAC 

p1+12.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCTTTACACTTTATG

CTTCCGGCTCGTATGTTGTGTGGAATTG 

p1+12.rev 
TCGACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

p2.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCATAAAGTGTAAAG

CCTGGGGTGCCTAATG 

p2.rev 
TCGACATTAGGCACCCCAGGCTTTACACTTTATGCGGTTTATCCCCGCT

GGCGCGGGGAACTCGAGGTGGTAC 

p2+12.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCATAAAGTGTAAAG

CCTGGGGTGCCTAATGAGTGAGCTAACT 

p2+12.rev 
TCGAAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

s1.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGCGATTAAGTTGGG

TAACGCCAGGGTTTTC 

s1.rev 
TCGAGAAAACCCTGGCGTTACCCAACTTAATCGCCGGTTTATCCCCGCT

GGCGCGGGGAACTCGAGGTGGTAC 
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Table 4.S3 Continued 

Name Sequence 

s1+6.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGCGATTAAGTTGGG

TAACGCCAGGGTTTTCCCAGTC 

s1+6.rev 
TCGAGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCGGTTTATC

CCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

s1+8.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGCGATTAAGTTGGG

TAACGCCAGGGTTTTCCCAGTCAC 

s1+8.rev 
TCGAGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCGGTTTA

TCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

s1+10.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGCGATTAAGTTGGG

TAACGCCAGGGTTTTCCCAGTCACGA 

s1+10.rev 
TCGATCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCGGTT

TATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

s1+12.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGCGATTAAGTTGGG

TAACGCCAGGGTTTTCCCAGTCACGACG 

s1+12.rev 
TCGACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

s1+18.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGCGATTAAGTTGGG

TAACGCCAGGGTTTTCCCAGTCACGACGTTGTAA 

s1+18.rev 
TCGATTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAAT

CGCCGGTTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

s1+24.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGCGATTAAGTTGGG

TAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGAC 

s1+24.rev 
TCGAGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAA

CTTAATCGCCGGTTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

s2.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGTTCTTCTCCTTTAC

TCATATGTATATCTCC 

s2.rev 
TCGAGGAGATATACATATGAGTAAAGGAGAAGAACGGTTTATCCCCGCT

GGCGCGGGGAACTCGAGGTGGTAC 

 



 

 

 

 

 

 

139 

Table 4.S3 Continued 

Name Sequence 

s2+12.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGTTCTTCTCCTTTAC

TCATATGTATATCTCCTTCTTAAATCTA 

s2+12.rev 
TCGATAGATTTAAGAAGGAGATATACATATGAGTAAAGGAGAAGAACGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

s3.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGTTTTCCCAGTCAC

GACGTTGTAAAACGAC 

s3.rev 
TCGAGTCGTTTTACAACGTCGTGACTGGGAAAACCGGTTTATCCCCGCT

GGCGCGGGGAACTCGAGGTGGTAC 

s3+12.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGTTTTCCCAGTCAC

GACGTTGTAAAACGACGGCCAGTGAATC 

s3+12.rev 
TCGAGATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

s4.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGTTGGGTAACGCCAG

GGTTTTCCCAGTCACG 

s4.rev 
TCGACGTGACTGGGAAAACCCTGGCGTTACCCAACGGTTTATCCCCGCT

GGCGCGGGGAACTCGAGGTGGTAC 

s4+12.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGTTGGGTAACGCCAG

GGTTTTCCCAGTCACGACGTTGTAAAAC 

s4+12.rev 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGTTGGGTAACGCCAG

GGTTTTCCCAGTCACGACGTTGTAAAAC 

as1.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGTCGTGACTGGGAA

AACCCTGGCGTTACCC 

as1.rev 
TCGAGGGTAACGCCAGGGTTTTCCCAGTCACGACCGGTTTATCCCCGCT

GGCGCGGGGAACTCGAGGTGGTAC 

as1+12.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGTCGTGACTGGGAA

AACCCTGGCGTTACCCAACTTAATCGCC 

as1+12.rev 
TCGAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACCGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 
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Table 4.S3 Continued 

Name Sequence 

as2.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGAGATATACATATGA

GTAAAGGAGAAGAACT 

as2.rev 
TCGAAGTTCTTCTCCTTTACTCATATGTATATCTCGGTTTATCCCCGCT

GGCGCGGGGAACTCGAGGTGGTAC 

as2+12.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGAGATATACATATGA

GTAAAGGAGAAGAACTTTTCACTGGAGT 

as2+12.rev 
TCGAACTCCAGTGAAAAGTTCTTCTCCTTTACTCATATGTATATCTCGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

xylA-s1.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGATTTTGAGCCTTCA

TAACGAACGCGATCGA 

xylA-s1.rev 
TCGATCGATCGCGTTCGTTATGAAGGCTCAAAATCGGTTTATCCCCGCT

GGCGCGGGGAACTCGAGGTGGTAC 

xylA-s1+12.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGATTTTGAGCCTTCA

TAACGAACGCGATCGAGCTGGTCAAAAT 

xylA-s1+12.rev 
TCGAATTTTGACCAGCTCGATCGCGTTCGTTATGAAGGCTCAAAATCGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

p1+12.2mut.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCTTTACACTTTATG

CTTCCGGCTCGTATGTTGTGTGGAATAT 

p1+12.2mut.rev 
TCGAATATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

p1+12.4mut.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCTTTACACTTTATG

CTTCCGGCTCGTATGTTGTGTGGATGAT 

p1+12.4mut.rev 
TCGAATCATCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

p1+12.6mut.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCTTTACACTTTATG

CTTCCGGCTCGTATGTTGTGTGCTTGAT 

p1+12.6mut.rev 
TCGAATCAAGCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 
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Table 4.S3 Continued 

Name Sequence 

p1+12.12mut.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCTTTACACTTTATG

CTTCCGGCTCGTATGTAAACCCCTTGAT 

p1+12.12mut.rev 
TCGAATCAAGGGGTTTACATACGAGCCGGAAGCATAAAGTGTAAAGCGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

p1.2mut.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCTTTACACTTTATG

CTTCCGGCTCGTATTG 

p1.2mut.rev 
TCGACAATACGAGCCGGAAGCATAAAGTGTAAAGCGGTTTATCCCCGCT

GGCGCGGGGAACTCGAGGTGGTAC 

p1.4mut.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCTTTACACTTTATG

CTTCCGGCTCGTCGTG 

p1.4mut.rev 
TCGACACGACGAGCCGGAAGCATAAAGTGTAAAGCGGTTTATCCCCGCT

GGCGCGGGGAACTCGAGGTGGTAC 

p1.6mut.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCTTTACACTTTATG

CTTCCGGCTCTGCGTG 

p1.6mut.rev 
TCGACACGCAGAGCCGGAAGCATAAAGTGTAAAGCGGTTTATCCCCGCT

GGCGCGGGGAACTCGAGGTGGTAC 

p1.12mut.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCTTTACACTTTATG

CTTCATTAGATGCGTG 

p1.12mut.rev 
TCGACACGCATCTAATGAAGCATAAAGTGTAAAGCGGTTTATCCCCGCT

GGCGCGGGGAACTCGAGGTGGTAC 

s1+12.2mut.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGCGATTAAGTTGGG

TAACGCCAGGGTTTTCCCAGTCACGAGA 

s1+12.2mut.rev 
TCGATCTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

s1+12.4mut.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGCGATTAAGTTGGG

TAACGCCAGGGTTTTCCCAGTCACTTGA 

s1+12.4mut.rev 
TCGATCAAGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 
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Table 4.S3 Continued 

Name Sequence 

s1+12.6mut.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGCGATTAAGTTGGG

TAACGCCAGGGTTTTCCCAGTCCATTGA 

s1+12.6mut.rev 
TCGATCAATGGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

s1+12.12mut.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGCGATTAAGTTGGG

TAACGCCAGGGTTTTCTACCGGCATTCA 

s1+12.12mut.rev 
TCGATGAATGCCGGTAGAAAACCCTGGCGTTACCCAACTTAATCGCCGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

s1+12.12mut’.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGCGATTAAGTTGGG

TAACGCCAGGGTTTTCGATCATGATGGT 

s1+12.12mut’.rev 
TCGAACCATCATGATCGAAAACCCTGGCGTTACCCAACTTAATCGCCGG

TTTATCCCCGCTGGCGCGGGGAACTCGAGGTGGTAC 

s1-6.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGCGATTAAGTTGGG

TAACGCCAGG 

s1-6.rev 
TCGACCTGGCGTTACCCAACTTAATCGCCGGTTTATCCCCGCTGGCGCG

GGGAACTCGAGGTGGTAC 

p1-6.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCTTTACACTTTATG

CTTCCGGCTC 

p1-6.rev 
TCGAGAGCCGGAAGCATAAAGTGTAAAGCGGTTTATCCCCGCTGGCGCG

GGGAACTCGAGGTGGTAC 

as2-6.for 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGAGATATACATATGA

GTAAAGGAGA 

as2-6.rev 
TCGATCTCCTTTACTCATATGTATATCTCGGTTTATCCCCGCTGGCGCG

GGGAACTCGAGGTGGTAC 
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Table 4.S4 Protospacers targeted in this work 

Spacer 

name 

Target 

strand 
Protospacer sequence 

p1-6 AS AGGCTTTACACTTTATGCTTCCGGCTC 

p1 AS AGGCTTTACACTTTATGCTTCCGGCTCGTATGT 

p1+12 AS AGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTG 

p2 S AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATG 

p2+12 S AAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACT 

s1-6 S AAGGCGATTAAGTTGGGTAACGCCAGG 

s1 S AAGGCGATTAAGTTGGGTAACGCCAGGGTTTTC 

s1+6 S AAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTC 

s1+8 S AAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCAC 

s1+10 S AAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGA 

s1+12 S AAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACG 

s1+18 S AAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAA 

s1+24 S 
AAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAA

ACGAC 

s2 S AAGTTCTTCTCCTTTACTCATATGTATATCTCC 

s2+12 S AAGTTCTTCTCCTTTACTCATATGTATATCTCCTTCTTAAATCTA 

s3 S AGGGTTTTCCCAGTCACGACGTTGTAAAACGAC 

s3+12 S AGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATC 

s4 S AAGTTGGGTAACGCCAGGGTTTTCCCAGTCACG 

s4+12 S AAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAAC 

as1 AS AACGTCGTGACTGGGAAAACCCTGGCGTTACCC 

as1+12 AS AACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCC 

as2-6 AS AGGAGATATACATATGAGTAAAGGAGA 

as2 AS AGGAGATATACATATGAGTAAAGGAGAAGAACT 

as2+12 AS AGGAGATATACATATGAGTAAAGGAGAAGAACTTTTCACTGGAGT 

xylA-s1 S AGGATTTTGAGCCTTCATAACGAACGCGATCGA 

xylA-s1+12 S AGGATTTTGAGCCTTCATAACGAACGCGATCGAGCTGGTCAAAAT 

a) Characteristics of the target strand, which is complementary to the spacer: S, sense strand of gene; 

AS, antisense strand of the gene. 

b) PAMs are in bold red lettering. CRISPR spacers were designed to match the protospacer sequence. 
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Table 4.S5 pUA66 promoter sequences 

Promoter Sequence 

lacZ 

CTTTCGTCTTCACACTCGAGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGC

GCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTA

TGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAA

ACAGCTATGACCATGATTACGGATTCACTGGCCGTCGTTTTACAACGTCGTGACTGG

GAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACAGGATCCTCTAGATTTA

AGAAGGAGATATACAT 

xylA 

CGAGGCCCTTTCGTCTTCACGGTGTAGGGCCTTCTGTAGTTAGAGGACAGTTTTAAT

AAGTAACAATCACCGCGATAAACGTAACCAATTTTTAGCAACTAAACAGGGGAAAAC

AATTACAGATTTTTATCTTTCGATTACGATTTTTGGTTTATTTCTTGATTTATGACC

GAGATCTTACTTTTGTTGCGCAATTGTACTTATTGCATTTTTCTCTTCGAGGAATTA

CCCAGTTTCATCATTCCATTTTATTTTGCGAGCGAGCGCACACTTGTGAATTATCTC

AATAGCAGTGTGAAATAACATAATTGAGCAACTGAAAGGGAGTGCCCAATATTACGA

CATCATCCATCACCCGCGGCATTACCTGATTATGGAGTTCAATATGCAAGCCTATTT

TGACCAGCTCGATCGCGTTCGTTATGAAGGCTCAAAATCCTCAAACCCGTTAGCATT

CCGTCACTACAATCCCGACGAACTGGTGTTGGGTAAGCGTATGTAATCTAGATTTAA

GAAGGAGAT 

a) Sequences highlighted in gray are from pUA66, indicating where each promoter was 

inserted into the plasmid. The underlined and bolded base is the previously mapped 

transcriptional start site.  

b) The highlighted yellow text indicates the start codon of lacZ contained within the reporter 

construct. 

c) The highlighted blue text indicates the region mutated for pUA66lacZ-NT3PAM-mutant. 

Sequence was mutated from CTT to CGT. 
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Table 4.S6 Theoretical and experimentally measured masses of individual Cas protein subunits and 

Cascade complexes. Discrepancies between theoretical and experimental masses are explained by loss 

of N-terminal methionines from Cse1, Cse2 with tag, and Cas7 during protein expression.  

 

Cascade Complex Theoretical Mass (Da) Experimental Mass (Da) 

s1 +0 with 2 tags 405,265.9 405,238.2 ± 45.8 

s1 +6 with 2 tags 446,909.1 446,655.1 ± 209.9 

s1 +12 with 3 tags 510,232.2 510,127.2 ± 48.9 

Cascade Subunit Theoretical Mass (Da) Experimental Mass (Da) 

Cse1 55901.1 55,841.0 ± 0.1 

Cse2 with tag 21,391.5 21,260.3 ± 0.6 

Cse2 without tag 19,204.0 19,204.1 ± 0.1 

Cas7 40,025.4 39,894.0 ± 1.0 

Cas5e 25,208.9 25,208.3 ± 1.2 

Cas6e 22,292.9 22,292.0 ± 0.0 
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5.1 SUMMARY 

 CRISPR-Cas systems have developed into standard tools for basic research and 

biotechnology. Cas9 in particular has garnered a significant amount of interest due to the 

precise and simple way that it can be programmed. CRISPR-Cas9 has enable facile genome 

editing in single cells and whole organisms, transcriptional control, epigenetic modification, 

and chromosomal imaging. While Cas9-based technologies have been widely popular, other 

CRISPR-Cas systems also offer unique engineering opportunities.  

This dissertation highlights how Type I CRISPR-Cas systems can be reprogrammed 

into genetic tools. We demonstrated that this naturally occurring adaptive immune system in 

Escherichia coli can be readily converted into a transcriptional regulator, capable of potent 

multiplexed gene silencing. This is accomplished by expressing the DNA-binding protein 

complex, Cascade, in the absence of the Cas3 nuclease.  

While this engineered nuclease-null Type I-E system has several applications such as 

metabolic engineering, it can also be applied to probe fundamental biology questions. Using 

our platform, we interrogated how the CRISPR RNA (crRNA) could be modified. We 

discovered that the spacer portion of the crRNA can be extended while maintaining the 

system’s function. Extending the crRNA leads to predictable changes in the stoichiometry of 

the Cascade complex. Interestingly, when directed to certain regions within a transcriptional 

unit, increasing the spacer length leads to a corresponding increase in gene silencing. 

Altogether, this dissertation demonstrates the utility of studying Type I CRISPR-Cas 

systems and the interesting ways that they can be engineered. Below, we propose some 

additional work for the continued development of Type I CRISPR-Cas systems as genetic 

tools. 
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5.2 FUTURE WORK 

5.2.1 Engineering Altered PAM Specificities of the Escherichia coli Type I-E CRISPR-Cas 

System 

While Cas effector proteins are remarkably diverse, they commonly rely on 

protospacer-adjacent motifs (PAMs) as the first step in DNA targeting. The PAM consists of 

2-5 nucleotides that must be present in the targeted region of interest. While the PAM is an 

essential feature for CRISPR-based DNA recognition, it also restricts which sequences can be 

targeted and impacts the probability of off-target effects. For any natural CRISPR-Cas system, 

the PAM is predefined where recognition of the PAM is inherently built into the protein 

structure. As a result, there have been a number of efforts to modify Cas proteins to generate 

an expanded set of proteins that are not limited to their natural PAM (1–4). These engineering 

practices have chiefly concentrated on Type II Cas9 proteins, so PAM engineering in other 

systems is rife with opportunity. 

Across the six currently classified types of CRISPR-Cas systems, Type I systems are 

by far the most abundant (5). Interestingly, the Type I-E system from Escherichia coli has one 

of the most promiscuous PAM recognition capabilities, with at least nine recognized PAM 

sequences (AAG, AGG, ATG, GAG, TAG, AAC, AAA, AAT, ATA) (6). 

For the E. coli Type I-E system, the effector complex is a 405-kDa multiprotein 

complex termed Cascade comprised of five Cas proteins in the following stoichiometric ratio: 

Cse11Cse22Cas76Cas51Cas6e1 (7). PAM recognition is achieved by the Cse1 protein, located 

in the tail of the protein complex (8). We propose that directed evolution can be applied to 

systematically amass a collection of Cse1 proteins that individually exhibit high specificity but 

collectively can enable Cascade to target any desired sequence. Generating protein variants 

capable of recognizing diverse PAM sequences will allow for increased flexibility in choosing 

DNA targets. 

This could be accomplished using a positive and tunable screen termed PAM-SCANR 

(PAM screen achieved by NOT-gate repression) (6). This screen utilizes gene repression as a 
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basis of CRISPR function and PAM identification (Figure 5.1). A simple genetic NOT gate 

produces a positive signal in the presence of functional gene repression. The screening 

platform consists of a library of potential PAM sequences cloned upstream of the lacI 

promoter. Immediately downstream is the LacI-dependent lacZ promoter driving expression 

of the green fluorescent protein (GFP). A catalytically dead CRISPR-Cas system is targeted to 

a protospacer within the lacI promoter, resulting in GFP fluorescence only in the presence of 

a functional PAM. Fluorescent cells can then be isolated through fluorescence-activated cell 

sorting.  

For this project, instead of screening a library of PAM sequences with a fixed set of 

Cas protein(s), this project would screen a library of Cas proteins based on a fixed PAM 

sequence. To generate a diverse set of unnatural Cse1 proteins, the cse1 gene would be PCR-

amplified off of the E. coli genome and cloned into a vector. This plasmid-based cse1 gene 

would then be subject to mutagenesis to produce a varied library of Cse1 mutants. This library 

would then be transformed into an E. coli strain that is devoid of the cse1 gene but expresses 

the remainder of the Cascade operon (cse2-cas7-cas5-cas6e). In this strain, Cascade would not 

operate unless complemented with a functional Cse1 protein.  

Using the PAM-SCANR platform, we would design a targeted reporter plasmid with 

an unnatural PAM and enrich the library for Cse1 proteins that recognize the unnatural PAM. 

For example, the nucleotide makeup of the native PAM for the E. coli Type I-E system is A-

rich and C-poor. We could design a reporter plasmid requiring recognition of a C-rich PAM 

sequence. 

Once a number of Cse1 mutants have been pulled out of the library using the PAM-

SCANR screen, the selected proteins would require additional characterization. For example, 

one could identify mutations critical to altering PAM recognition by comparing different 

proteins collected from the cell sorting. This would require sequencing to identify functionally 

significant mutations. While crystal structures of the Type I-E Cascade complex bound to 

dsDNA have isolated key structural features that are implicated in contacting the PAM (9), it 

remains unknown how these features could be modified.  
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Since PAM binding is the first step in CRISPR-Cas activity, it would be important to 

evaluate off-target effects. The E. coli Type I-E Cascade naturally tolerates nine PAM 

sequences, and the goal is that Cse1 mutants would confer novel PAM recognition capabilities. 

Do these Cse1 mutants have relaxed or constricted PAM requirements relative to the wildtype? 

Do they recognize more PAMs or fewer? Has recognition of the wildtype PAM been ablated 

and replaced with a new sequence altogether? Has the length of the consensus sequence 

changed? All these questions require substantial characterization and are impossible to predict 

a priori. 

 

 

Figure 5.1 Overview of PAM-SCANR. (A) The screening platform consists of a library of potential 

PAM sequences cloned upstream of the lacI promoter. Immediately downstream of lacI is the LacI-

dependent lacZ promoter controlling expression of GFP. A catalytically dead CRISPR-Cas system is 

targeted to a protospacer within the lacI promoter, resulting in GFP fluorescence only in the presence 

of a functional PAM. (B) Cells harboring a functional PAM can be isolated by fluorescence-activated 

cell sorting. Figure adapted from (6). 
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5.2.2 A diverse CRISPR-based toolbox for programmable gene repression in cell-free 

transcription-translation systems 

Cell-free expression systems can theoretically emulate an in vivo cellular environment 

in a controlled in vitro platform (Figure 5.2). This has been useful for synthetic biologists, 

enabling the exploration of gene circuits in a controlled manner and optimizing protein 

expression (10, 11). Most in vitro characterization techniques rely on T7 RNA polymerase 

transcription. However, cell-free transcription-translation (TX-TL) expression systems that 

preserve endogenous Escherichia coli mechanisms are able to more accurately reflect in vivo 

cellular conditions (12). 

 We propose using the TX-TL cell-free system as a prototyping environment to 

characterize CRISPR-Cas systems. To start, an E. coli crude lysate is prepared where the 

cytoplasm is extracted from E. coli cells. The endogenous DNA and mRNA in the lysate are 

then degraded, so that only user-supplied elements will be expressed. The resulting lysate 

contains basic E. coli transcription machinery, including the transcription factor σ70 and RNA 

polymerase. The core translation machinery is also maintained. A number of additives must 

also be added to the crude lysate such as amino acids, nucleotides, salts, and an energy mixture. 

The final extract serves as a pseudo-buffer which mimics an intracellular environment, but 

allows for very controlled addition of user-defined components. 

TX-TL can readily be applied to observe binding kinetics of deactivated CRISPR-Cas 

systems. For this project, Cas protein(s) would be encoded on plasmids and either expressed 

in E. coli cells pre-lysis or added as purified plasmid to the TX-TL extract. Corresponding 

guide RNAs would be designed and ordered as a linear double-stranded DNA transcriptional 

unit containing a σ70-promoter, guide RNA sequence, and transcriptional terminator. These 

guide RNAs would be designed to target a reporter plasmid expressing the green fluorescent 

protein (GFP), and the fluorescent output would be quantified using a plate reader. 

Developing a CRISPR testing platform in an in vitro TX-TL environment would allow 

for more rapid characterization of CRISPR components. Presently, using a new guide RNA in 

vivo requires an extra cloning step. TX-TL bypasses this hurdle because linear double-stranded 
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DNA can be commercially ordered and added directly into the reaction. Using single-stranded 

DNA as a template for guide RNAs would further accelerate the process as ssDNA 

oligonucleotides are often cheaper and quicker to synthesis; however, this has not been tested 

in TX-TL yet. 

Once established, this platform could be used to test the orthogonality of different 

CRISPR-Cas systems, validate CRISPR-based genetic circuits, rapidly screen guide RNAs, 

and more. 

 

Figure 5.2 Overview of E. coli TX-TL characteristics and scope of application. (A) The four parts of 

the protein synthesis reactions (TX: transcription, TL: translation, Xm: mRNA degradation, Xp: protein 

degradation) were characterized and engineered for the E. coli cell-free toolbox 2.0. (B) The toolbox is 

a highly flexible, easy-to-use cell-free platform with a multitude of applications. Figure adapted from 

(12). 
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5.3 CLOSING THOUGHTS AND REFLECTIONS 

 With CRISPR-edited food receiving the green light from the US government and the 

first CRISPR gene therapy clinical trial in the works, researching CRISPR-Cas systems, at this 

moment in time, has been an exciting and sometimes stressful process. While most applications 

stem from the Cas9 protein, there are other intriguing opportunities in exploring other 

CRISPR-Cas systems. This dissertation aims to highlight how studying these other systems 

can contribute to our general understanding of CRISPR-Cas systems as a whole and how these 

underutilized systems can be engineered with applications in their own right. 
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