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ABSTRACT 

Prokaryotes are under constant threat from foreign genetic elements such as viruses 

and plasmids. To defend themselves against these genetic invaders prokaryotes have 

evolved extensive defense mechanisms. In this thesis I explore two such defense systems: 

prokaryotic Argonautes and CRISPR-systems.  

CRISPR-systems acquire short sequences derived from foreign genetic elements 

and store them in the CRISPR locus. In subsequent rounds of infection these stored 

sequences are used as guides by Cas proteins to target the invaders. Escherichia coli K-12 

contains a type I-E CRISPR system, consisting of two CRISPR loci and eight cas genes. 

five of these cas genes, together with and 61-nucleotide CRISPR-RNA guide form the 

RNA-guided surveillance complex Cascade. This complex finds and binds foreign DNA 

targets that are complementary to its RNA guide. After target binding the helicase/nuclease 

Cas3 is recruited to the Cascade-DNA complex for destruction of the target. 

The goal of this research is to understand the molecular mechanisms that lead to 

target recognition and destruction in the type I-E CRISPR systems. Atomic resolution 

structures of the proteins involved in these CRISPR systems provide the blueprints of these 

proteins machines. Structure guided mutational analysis coupled with in vivo and in vitro 

biochemical experiments are used to investigate the underlying molecular mechanisms of 

this CRISPR system. Together, these results explain the rules of target recognition and 

Cas3 recruitment.  

Prokaryotic Argonautes have been hypothesized to defend against mobile genetic 

elements such as plasmids and viruses through guided nuclease activity. To test this 

hypothesis, we overexpressed 8 phylogenetically diverse prokaryotic Argonautes proteins 

in Escherichia coli and challenged them with seven bacteriophages. This resulted in robust 

protection against phage Lambda and phage P1 by four of the tested Argonautes, while 

little impact on phage infectivity was observed for the other phages tested. However, 

control experiments with a nuclease inactive Argonaute mutant and expression of an 

unrelated control protein showed similar protection against phage Lambda and phage P1. 

Collectively, our data suggest that protein overexpression in general, rather than Argonaute 

expression in particular, results in protection against 2 specific phages. 
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PREFACE AND OUTLINE 

Bacteria and archaea are under constant threat from genetic invaders such as 

plasmids and viruses. To defend themselves against these threats they have evolved 

numerous defense systems. CRISPR (Clustered Regularly Interspaced Palindromic 

Repeat)-Cas (CRISPR associated) systems are unique in their ability to provide inheritable 

and adaptable defense against such invaders. CRISPR loci consist of short fragments of 

foreign derived DNA termed spacers, separated by palindromic repeat sequences. Next to 

this locus lie the CRISPR-associated cas genes that code for the protein machinery of the 

CRISPR systems. CRISPR loci were initially discovered in the 1980s, but only in the latter 

half of the previous decade did it become clear that they are part of an intricate prokaryotic 

defense system. The current decade has revealed that CRISPR systems are both common 

and diverse, with over 50% of bacteria and 90% of archaea containing at least one of over 

30 different types of CRISPR systems. While CRISPR systems are diverse, their general 

mechanisms of action are divided into three main stages. In the first stage, Adaptation, 

short segments of foreign DNA termed protospacers are selected by Cas1-Cas2 and 

integrated as new spacers into the CRISPR locus. During the second stage, Biogenesis, the 

CRISPR locus is transcribed into RNA and processed into mature CRISPR (crRNA)-

guides. Together, Cas proteins and crRNAs assemble into crRNA-guided surveillance 

complexes. In the final stage of CRISPR immunity, Interference, the surveillance 

complexes identify targets that are complementary to the crRNA guide. Target recognition 

activates intrinsic nuclease activity in the surveillance complex, recruits a trans-acting 

nuclease or both. 
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CRISPR has been brought to the scientific and general public limelight by the 

applications that have been derived from CRISPR systems in the form of genetic tools that 

are transforming medicine, molecular biology, and agriculture. While mostly derived from 

the Type-II ribonucleoproteins such as Cas9, recently we have seen the first tools and 

applications derived from Type I CRISPR system. This thesis highlights my scientific 

contributions to our understanding of the Type I-E CRISPR system of Escherichia coli, 

one of the best studied systems that became an early model CRISPR system. 

At the beginning of my doctoral research, the major players in this system were 

known. Cas1 and Cas2 are responsible for new spacer acquisition. Cascade (CRISPR 

associated complex for antiviral defense) is the surveillance complex that searches for 

complementary DNA that matches its CRISPR-RNA (crRNA) guide. Cas3 is the 

helicase/nuclease that is recruited to the target bound Cascade complex for destruction of 

the invading target. What remained to be elucidated was how these proteins and protein 

complexes function in molecular detail. Atomic resolution structures of the protein 

components of the Type I-E CRISPR system have enabled us to understand the coordinated 

molecular mechanisms of Cascade assembly, target surveillance, and Cas3 recruitment. 

Finally, the last chapter of this thesis delves into a different defense system, the 

prokaryotic Argonautes (pAgo). The role of pAgo proteins remains largely unknown, but 

they have some similarities to CRISPR systems. Like CRISPRs, prokaryotic Argonautes 

proteins rely on guide nucleic acids to identify complementary foreign nucleic acid. In 

some cases, they act as nucleases and cleave their targets. In the last chapter I explore the 
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ability of prokaryotic Argonaute proteins to act as an antiviral defense system in 

Escherichia coli.    

Chapter 1 provides a historical perspective on the repurposing of CRISPR-RNA 

guided nucleases as biotechnological tools. We compare the CRISPR revolution to the 

earlier biotechnological adaptation of a prokaryotic defense system; the restriction 

endonucleases. Restriction enzymes paved the way towards the first recombinant DNA 

technologies and revolutionized molecular biology back in the 1970s. Similarly, CRISPR-

RNA guided nucleases are transforming genetics by allowing efficient and precise 

alteration of genome sequences of eukaryotes. We summarize the emerging market for 

programmable nucleases and provide an overview of the major players in the CRISPR 

marketplace. 

Chapter 2 discusses how CRISPR-associated nuclease are regulated through 

conformational control. In the interference stage of CRISPR-mediated immunity, the RNA 

guided effector proteins identify foreign targets and either activate intrinsic nuclease 

activity, or recruit separate nucleases to the RNA-guided surveillance complexes for 

destruction of the target. Proper identification of valid targets and tight regulation of 

nuclease activity is critical for avoiding autoimmunity. We summarize how the major types 

of CRISPR systems use both orthosteric and allosteric conformational control to activate 

the nuclease activity.  

Chapter 3 presents the crystal structure of the CRISPR-RNA guided surveillance 

complex Cascade from the Type I-E CRISPR system of E. coli. This structure explains 

how 11 proteins subunits together with a 61-nucleotide CRISPR-RNA guide come together 
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and form the Cascade complex. We show how conserved sequence at the 3’ and 5’ end of 

the RNA guide is recognized by protein subunits of the complex. Every 6th nucleotide of 

the crRNA spacer is not available for base pairing with the target DNA strand, and 

mismatches at these positions have no impact on the ability of Cascade to bind the target 

with high affinity. This structure represents the first atomic resolution structure of the 

Cascade complex and serves as a blueprint for understanding the molecular mechanisms 

of Cascade. 

Chapter 4 compares the structures of Cascade before and after target DNA binding. 

We use molecular dynamic simulations to investigate the conformational changes that take 

place upon DNA binding and use these insights to make functional predictions on the 

mechanisms of target binding. We test these predictions through in vivo and in vitro 

experiments using mutational analysis. This reveals how a lysine-vise in the tail of the 

complex interacts with DNA non-specifically and is critical for positioning the target for 

Protospacer Adjacent Motif (PAM) recognition. We investigate amino acid residues 

involved in PAM recognition and reveal how a relay of salt bridges facilitates sliding of 

the Cse2 (Cas11) subunits along the belly of the complex upon target binding.   

Chapter 5 presents the crystal structure of the E. coli Cascade complex bound to a 

partial dsDNA target. This structure explains how the PAM sequence is recognized by 

three amino acid motifs in the Cse1 (Cas8e) subunit of the Cascade complex. It how the 

PAM duplex is recognized, from the minor grove, which explains the promiscuous PAM 

tolerance of the Cascade complex. The structure shows how dsDNA binding leads to 

conformational rearrangement of the belly and tail subunits, which induces a local 
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conformational change in the Cse1 subunit that exposes the recruitment site for the 

helicase/nuclease Cas3. 

Chapter 6 investigates the conformational dynamics of the Cascade complex 

during target binding, which primes the complex for Cas3 recruitment. Hydrogen-

Deuterium exchange coupled to Mass Spectrometry (HDX-MS) is utilized to investigate 

the dynamics of Cascade before and after target binding. We use these data to generate a 

map of the complex that highlights areas that become more, and less dynamic upon target 

binding. We use this map to make functional prediction on the location of the non-target 

DNA strand and the recruitment site of Cas3. These predictions are tested using in vivo and 

in vitro experiments which show that the non-target strand is loosely bound by the belly 

subunits of the complex. The map highlights residues in the Cse1 subunit near the local 

conformational change shown in Chapter 5. We show that mutation of these residues 

completely abolishes Cas3 mediated target degradation indicating that they are part of the 

Cas3 recruitment site. Collectively, these results show that target binding induces a local 

conformational change that exposes the Cas3 recruitment site on the Cse1 subunit. 

Chapter 7 explores the biological role of prokaryotic Argonaute (pAgo) proteins. 

Argonaute proteins are found in all three domains of life. In eukaryotes, Argonautes play 

a central role in RNA interference (RNAi), but their biological role in prokaryotes is largely 

unknown. We hypothesized that pAgo proteins can provide antiviral defense through 

guided nuclease activity. To test this hypothesis, we overexpressed a diverse set of pAgos 

in E. coli and challenged them with 7 different E. coli phages belonging to three different 

viral families. While no direct antiviral activity by pAgos was observed, we did see strong 
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reduction in viral infectivity of specific phages related to protein expression. Furthermore, 

we investigated the guide sequences that pAgos acquire when recombinantly expressed in 

E. coli and show that pAgos associate with guides targeting phages that are derived from 

region of homology between the E. coli and phage genomes. The mechanism of protein 

expression mediated reduction in viral infectivity, and the potential role of pAgos in 

antiviral defense remains unclear. 
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Abstract 

The interface between viruses and their hosts’ are hot spots for biological and 

biotechnological innovation. Bacteria use restriction endonucleases to destroy invading 

DNA, and industry has exploited these enzymes for molecular cut-and-paste reactions that 

are central to many recombinant DNA technologies. Today, another class of nucleases 

central to adaptive immune systems that protect bacteria and archaea from invading viruses 

and plasmids are blazing a similar path from basic science to profound biomedical and 

industrial applications. 
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Main text 

In retrospect, we probably should have anticipated that bacteria and archaea would 

have sophisticated immune systems. After all, viruses are the most abundant biological 

agents on the planet, causing roughly 1023 infections every second (1-3). The selective 

pressures imposed by viral predation have resulted in the evolution of numerous phage 

defense systems, but it was only recently that sophisticated adaptive defense systems were 

identified in both bacteria and archaea (4-7). 

Initial indications that Clusters of Regularly Interspaced Short Palindromic Repeats 

(CRISPRs) were part of an adaptive defense system came from a series of bioinformatics 

observations revealing that the short spacer sequences embedded in CRISPRs were 

sometimes identical to sequences found in phages and plasmids (8-10). These observations 

led to the hypothesis that CRISPRs are central components of an adaptive immune system, 

and in 2007 Barrangou et. al. provided the first demonstration of adaptive immunity in 

bacteria by monitoring CRISPR loci in phage-challenged cultures of Streptococcus 

thermophilus (11). This paper showed that CRISPRs evolve by acquiring short fragments 

of phage-derived DNA and strains with new spacers are resistant to these phages. It was 

immediately clear that this paper would serve as a foundation for an emerging team of 

scientists interested in understanding the mechanisms of adaptive defense systems in 

bacteria and archaea, but few of us anticipated the broader impacts of these discoveries for 

new applications in genome engineering.  

Building on this initial foundation, a series of mechanistic studies showed that 

CRISPR loci are transcribed and processed into a library of small CRISPR derived RNAs 
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(crRNAs) that guide dedicated nucleases to complementary nucleic acid targets (5-7, 12, 

13). In nature, these RNA-guided nucleases provide bacteria and archaea with sequence 

specific resistance to previously encountered genetic parasites. However, sequence specific 

nucleases have considerable value in biotechnology and one of these CRISPR-associated 

nucleases (i.e. Cas9) has recently been co-opted for new applications in biomedical, 

bioenergy, and agricultural sciences (14-17).  

A goldmine for biotechnology 

The molecular interface between a parasite and its host is a hot spot for innovation. 

A resistant host has a competitive advantage over a susceptible host, but an obligatory 

parasite faces extinction unless it is able to subvert host defense mechanisms. This conflict 

results in an accelerated rate of evolution that stimulates genetic innovation on both sides 

of this molecular arms race.  

Genes at the interface of a genetic conflict have proven to be a goldmine for 

enzymes with activities that can be creatively repurposed for applications in biotechnology. 

In the 1970s, basic research on bacteriophages led to the discovery of DNA restriction 

endonucleases, which transformed molecular biology by making it possible to cleave 

specific DNA sequences (18). The discovery of these enzymes paved the way for the 

emergence of recombinant DNA technologies, and in 1978 Werner Arber, Daniel Nathans, 

and Hamilton Smith shared the Nobel Prize in Physiology or Medicine "for the discovery 

of restriction enzymes and their application to problems of molecular genetics" (19). 

Identification and application of type II restriction enzymes, which are integral to almost 
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every aspect of DNA manipulation, effectively triggered the emergence of a global biotech 

industry. 

Like restriction enzymes, CRISPR systems evolved as components of a prokaryotic 

defense system. However, the mechanisms of sequence recognition by these enzymes are 

fundamentally different. Unlike DNA restriction enzymes, which typically rely on protein 

mediated recognition of 4 to 8 base pairs; CRISPR-associated nucleases are guided by base 

pairing between an RNA-guide and a complementary target. The implications of this 

targeting mechanism have triggered a sea-change in biology and now the historical 

precedent of nucleases in biotechnology seems poised to repeat itself. 

Why all the fuss? 

Reverse genetics is a powerful method used to determine the biological function of 

a specific gene. This approach is used routinely to determine gene function in organisms 

with simple genomes, but existing techniques are not applicable for high-throughput 

genetic screens in organisms with large genomes and multiple chromosomes. However, the 

recently discovered mechanism of DNA cleavage by CRISPR RNA-guided nuclease Cas9 

(20), has transformed the field of genetics by allowing efficient and precise genetic 

manipulation of diverse eukaryotic genomes, including human cells (14-17). To repurpose 

the Cas9 nuclease for targeted genome editing, the cas9 gene has been codon optimized 

for expression in eukaryotic systems and tagged with a nuclear localization signal (NLS) 

(21-23). Cas9 and the guide RNA have been delivered to eukaryotic cells by transient 

transfections with expression vectors (24) or purified Cas9/sgRNA (25, 26), viral 

transduction using Lentiviruses (27-29) or Adeno-Associated Virus (30-33), and 
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cytoplasmic or nuclear injections (34-37) (Figure 1.1). In each case, RNA-guide targeting 

of Cas9 to a complementary DNA target results in a double-stranded DNA break (DSB) at 

the target site. These lesions are typically repaired by non-homologous end joining (NHEJ), 

which is an error-prone process that is often accompanied by insertion or deletion of 

nucleotides (indels) at the targeted site, resulting in a genetic knock-out of the targeted gene 

due to a frameshift mutation. Alternatively, DSBs are repaired by homology directed repair 

(HDR). In most systems, HDR is an inefficient process that requires a DNA donor with 

sequence homology to regions of the genome that flank the DSB (38). Using Cas9 in 

combination with a DNA donor provides a method to target cleavage and repair of naturally 

occurring genetic defects, add foreign DNA encoding genes with new functions to specific 

locations, or precisely excise defined fragment of DNA (14-16, 39).  

Cas9 is not the first programmable nuclease developed for engineering eukaryotic 

genomes (40). Some of the earliest methods for introducing targeted genome modifications 

relied on meganucleases (e.g. HO and I-SceI), which are endonucleases that have long 

recognition sequences (12 to 40 base pairs) (41). The enhanced specificity of these 

nucleases, as compared to the 4 to 8 base pairs recognized by most restriction enzymes, 

presents an opportunity to target specific locations in large eukaryotic genomes. However, 

these enzymes rely on protein-mediated recognition of the target DNA, and reprogramming 

these proteins to target new DNA sequences has been challenging due to the integrated 

nature of the DNA binding and nuclease domains of these proteins. To address this issue, 

non-natural chimeric nucleases composed of distinct DNA binding and nuclease domains 
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have been engineered. The most celebrated examples of these are Zinc finger nucleases 

(ZFNs) and transcription activator-like effector nucleases (TALENs).  

Zinc fingers (ZFs) are sequence specific DNA binding domains found in eukaryotic 

transcription factors and transcription activator-like effectors (TALEs) are modular DNA 

binding proteins made by bacterial pathogens that infect plants. The mechanism of DNA 

recognition by these proteins is well understood and the modular nature of these 

interactions has been exploited for reprogramming. While the success of these proteins for 

targeted genome engineering cannot be overstated, they both rely on protein-mediated 

recognition of the DNA, which means that every new target requires the engineering of 

new proteins. In contrast to these techniques, Cas9 is an RNA-guided nuclease that relies 

on complementary base pairing and protein mediated recognition of an adjacent short 

sequence motif, commonly referred to as the PAM (protospacer adjacent motif) (42). 

PAMs are typically 2 to 5 basepairs in length, which means that PAMs occur at high 

frequency and are rarely a limitation when designing RNA guides to specific target 

sequences. However, Cas9 proteins from different organisms often recognize different 

PAM sequences, so in rare instances where a target sequence does not contain a PAM 

recognized by one Cas9 (i.e. Cas9 from Streptococcus pyogenes recognizes a 5’-NGG 

PAM), then another Cas9 with a distinct PAM recognition sequence may be used (i.e. Cas9 

from Neisseria meningitides recognizes a 5′-NNNNGATT PAM) (43). The diversity of 

Cas9 proteins and the simplicity of RNA-guided programing abrogates the need for 

sophisticated protein engineering, and affords rapid generation of designer nucleases. In 

fact, guide RNAs that target Cas9 to as many as 20,000 different genes and 1,800 
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microRNAs in the human genome have been generated in a single experiment (28, 29, 44). 

These whole-genome knockout techniques are transforming functional genomics and 

redefining the possibilities of reverse genetics. 

 

Figure 1.1. Cas9 delivery and repair of the target DNA. Cas9 and a single-guide RNA 

(sgRNA) have been delivered to eukaryotic cells by transient transfections with either 

expression vectors encoding cas9 and a sgRNA or purified Cas9/sgRNA complex, 

cytoplasmic or nuclear injections using mRNA, purified Cas9/sgRNA or expression, or by 

transduction using Lentiviruses or Adeno-Associated Virus. Cas9 identifies its target by 

protein mediated PAM (yellow) recognition and base pairing between the sgRNA and the 

DNA target. Target recognition activates the nuclease sites (red triangles), resulting in 

double stranded break (DSBs) 3-4 nucleotides downstream from the PAM. DSBs can be 

repaired by non-homologous end joining (NHEJ) or homology directed repair (HDR). 

NHEJ results in insertion or deletions (indels), which often results in a frameshift mutation. 

HDR relies on homologous recombination with a donor DNA molecule. This donor DNA 

can be used to specifically insert desired sequences. 
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The Emerging Market 

CRISPR applications span most every industry that involves biological systems 

(Table 1.1). Danisco (DuPont) was an initial pioneer of commercial use of CRISPR 

technology to enhance viral immunity in bacteria used to make yogurts and cheese, but 

other markets have been rapidly emerging. Applications in agriculture have lower 

regulatory hurdles than biomedical application and some of these markets are anticipated 

to produce earlier returns on investments. Dow Agrosciences has co-developed intellectual 

property (IP) with Sangamo Biosciences for developing genetically modified crops using 

Cas9, and Cellectis Plant Sciences is leveraging its relationship with parent Cellectis SA 

to move the technology into crops. Similarly, Recombinetics Inc. is using TALENs, ZFNs 

and Cas9 to enhance productivity in the livestock industry (45). While the USDA has yet 

to decide on how it will treat genomes edited using Cas9, it has already ruled that ZFNs 

and TALENs do not fall under their governance (46). This saves an average 5.5 years and 

$35 million in related regulatory costs for bringing a product to market (47). Similar 

treatment of CRISPR-based genome editing may stimulate economic activity around the 

development of new agricultural and industrial products.  
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Table 1.1 Industry interests in Cas9-based technologies. 

 

In addition to Cas9-based applications in the agricultural industry, market segments 

for Cas9 endonucleases within the human health sectors are experiencing frenetic growth. 

These markets include: gene-, cell-, and immuno-therapy, fast and efficient development 

of transgenic research animals, drug discovery, as well as target validation and screening. 

It is difficult to accurately estimate the value of the nascent market for CRISPR RNA-

guided nucleases in the biomed sector, but documents from the initial public offering (IPO) 

of Horizon Discovery Group, plc., which has in-licensed Cas9 IP, indicate a market size of 

$46 billion (48) and recent private equity financings of Cas9-based genome engineering 

companies include: Caribou Biosciences, (undisclosed venture estimated at $2.9 million 
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from Novartis), CRISPR Therapeutics, ($25 million), Recombinetics, Inc. ($5 million), 

Intellia Therapeutics ($15 million), and Editas Medicine ($43 million). In total, companies 

with an interest in using Cas9 for applications related to gene therapy have raised over 

$600 million in venture capital and public markets since the beginning of 2013. The pace 

of this activity is remarkable given that the first granted patent for the use of CRSIPR 

technology in eukaryotic cells was issued April 15, 2014. 

Commercial interest in Cas9 IP has not escaped the interest of big pharmaceuticals. 

Novartis has partnered with a tier I private equity firm, Atlas Ventures to commit $15 

million to kick start Intellia Therapeutics, and Pfizer partner Cellectis SA will be using 

Cas9-based technologies to make T-cells with chimeric antigen receptors. In January of 

this year, AstraZeneca announced four partnerships with academia around the use of Cas9 

nucleases to validate new drug targets. 

In addition to the agricultural and biomedical sectors, the research tools market is 

also embracing CRISPR-based technology. Sigma-Aldrich has in-licensed technology in 

order to make, use, and distribute tools for the generation of modified plant and animal 

models, custom cell line creation and for pooled genetic screening. Perhaps the financial 

activity in each of these market sectors is heightened by over-exuberance common to the 

early market development. However, given the scope of current applications across 

multiple industries, we see no limits to research or financial commitments in this space. 
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Abstract 

Adaptive immune systems in bacteria and archaea rely on small CRISPR-derived 

RNAs (crRNAs) to guide specialized nucleases to foreign nucleic acids. The activation of 

these nucleases is controlled by a series of molecular checkpoints that ensure precise 

cleavage of nucleic acid targets, while minimizing toxic off-target cleavage events. In this 

review, we highlight recent advances in understanding regulatory mechanisms responsible 

for controlling the activation of these nucleases and identify emerging regulatory themes 

conserved across diverse CRISPR systems. 
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Introduction 

Nucleases that degrade DNA and RNA are indispensable for diverse biological 

functions (1). To avoid toxicity associated with aberrant activity, nucleases are often 

controlled by substrate binding at (orthosteric), or away from (allosteric) the active site. 

Recent evidence suggests that CRISPR (Clustered Regularly Interspaced Short 

Palindromic Repeat)-associated (Cas) nucleases, which are essential components of 

adaptive immune systems that protect bacteria and archaea from infection by viruses and 

plasmids, rely on orthosteric and allosteric control (2,3). Presumably these regulatory 

mechanisms evolved to efficiently eliminate foreign DNA or RNA, while avoiding 

autoimmune reactions associated with destruction of the bacterial or archaeal genome. The 

programmable nature of CRISPR-associated nucleases (e.g. Cas9) has given rise to a 

powerful new method for genome engineering, and a comprehensive understanding of how 

these nucleases function is necessary for safe implementation (4-7).  

CRISPR RNA-guided adaptive immune systems are structurally and functionally 

diverse, consisting of two Classes (1 and 2), six Types (I-VI), and more than nineteen 

subtypes distinguished by CRISPR repeat sequence and cas genes (2,8-10) (Figure 2.1). 

Despite this diversity, all CRISPR systems rely on specialized nucleases to execute three 

stages of adaptive immunity; acquisition, CRISPR RNA biogenesis, and interference (2,3). 

During acquisition, a nuclease active integrase complex comprised of Cas1 and Cas2 

proteins inserts foreign nucleic acid targets (about 20 – 40 nt in length) called 

‘protospacers’ into the spacer-repeat array at the leader end of the CRISPR locus. CRISPR 

loci are transcribed, and Cas or RNAse III enzymes process these transcripts into libraries 
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of small CRISPR-derived RNAs (crRNA). Each crRNA assembles with Cas proteins into 

surveillance complexes that use the crRNA to bind complementary DNA (Type I, II, V) or 

RNA (Type III, VI) (Figure 2.1). Target binding induces conformational rearrangements 

within the surveillance complex that activate either cis-acting nuclease domains located 

within the complex, or a trans-acting nuclease that is recruited for destruction of bound 

targets. 
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Figure 2.1. Diverse CRISPR systems defend against DNA- and RNA-based invaders. 

(A) Phylogenetic tree of CRISPR system Types with nucleic acid substrates that are bound 

and cleaved. DNA targeting nucleases are labeled red and RNA targeting nucleases are 

labeled blue. Genes coding for multi-subunit complexes are indicated with the brackets. 

(B) Cartoon representations of each CRISPR system targeting DNA phage, RNA phage, 

or both.   
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Structures of Cas nucleases involved in spacer acquisition (e.g. Cas1) and crRNA 

biogenesis (e.g. Cas6), suggest substrate binding at the enzymatic active site (i.e. 

orthosteric) induces conformational rearrangements that regulate the nuclease (11-13). In 

contrast, Cas nucleases involved in interference rely on a combination of orthosteric and 

allosteric activation mechanisms. Here we review the regulatory mechanisms that control 

Cas nucleases involved in interference. 

Regulation of Class 2 Cas nucleases 

Class 2 systems consist of three different Types (i.e. Type II, V, and VI) that encode 

single-subunit Cas nucleases (2,8,9) (Figure 2.2). The Type II (Cas9) systems gained 

considerable notoriety in 2012 and early 2013 when the programmable nature of these 

RNA-guided nucleases was exploited for precise cleavage of DNA in human cells (for a 

review of the primary literature, see (4-6)). In the last five years, these nucleases have 

ushered in a new era of genome editing technologies that have considerable potential for 

applications in molecular medicine, industrial biotechnology, and agriculture. 

Type II systems 

The implementation of Type II systems for genome editing applications requires a 

fundamental understanding of how these RNA-guided nucleases assemble, bind to double-

stranded DNA (dsDNA), and then cleave both strands of the dsDNA target. Initial 

biochemical work on the Cas9 ribonucleoprotein from Streptococcus pyogenes showed that 

the crRNA base-paired to a trans-activating tracrRNA, and that these two RNAs could be 

fused into a single-guide RNA (sgRNA) capable of directing the Cas9 nuclease to a 
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complementary DNA (14,15). Subsequent structural and biochemical studies demonstrated 

that Cas9 is a dynamic enzyme, and that target cleavage requires sequential completion of 

multiple regulatory checkpoints. 

Cas9 adopts a bi-lobed architecture in which two adjacent nuclease domains (RuvC 

and HNH) reside within the nuclease lobe (NUC lobe), and an alpha-helical lobe (also 

known as the recognition or REC lobe) interacts with the guide RNA–target DNA 

heteroduplex (16-21). In the absence of RNA, Cas9 adopts a nuclease-inactive 

conformation, which undergoes a dramatic rearrangement upon binding the guide RNA 

(16) (Figure 2.2A). Cas9 relies on base-pairing between the crRNA guide and DNA targets, 

but single-molecule experiments performed using Cas9 from Streptococcus pyogenes 

showed that Cas9 must first recognize a tri-nucleotide motif called a PAM (Protospacer 

Adjacent Motif) located next to the DNA target sequence (22). In addition to PAM 

recognition, high-affinity binding requires precise complementarity between the DNA 

target and a PAM-proximal “seed sequence” followed by directional unwinding of the 

DNA from the seed to the PAM-distal end of the target (23) (Figure 2.2A). Chromatin 

immunoprecipitation followed by sequencing (ChIP-seq), revealed that as many as 15 

mismatches are allowed outside of the seed sequence for stable binding, but incomplete 

RNA-DNA hybrids are often not cleaved by Cas9 (24-26).  
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Figure 2.2. Class 2 Nuclease activation mechanisms. (A) Activation of the Type II Cas9 

nuclease (grey with red outline) relies on several regulatory checkpoints. Cas9 adopts a bi-

lobed structure that consists of a nuclease-lobe (Nuc lobe) and an alpha-helical recognition 

lobe (Rec lob). Single-guide-RNA loading causes a conformational rearrangement in the 

Rec-lobe. To bind duplex DNA, a PAM motif (dark red) is recognized followed by 3’ seed 

complementation. Directional unwinding of the duplex to the PAM-distal side of the guide 

induces a conformational rearrangement of two peptide linkers (L1 and L2 colored blue 

and orange) to stabilize the active conformation of the HNH and RuvC nuclease domains 

(colored red) to make a blunt-end cut in duplex DNA. (B) Type V nucleases (Cpf1, C2c1, 

and C2c3) also adopt a bi-lobed architecture, are loaded with an RNA-guide and use PAM 

and seed recognition to initiate target binding with DNA. However, the DNA cleavage 

mechanisms may involve the RuvC domain and Nuc domain, or just the RuvC domain. C. 

Like Type II and V, the Type VI (C2c2) proteins adopt a bi-lobed architecture and are 

programmed with an RNA-guide. Type VI nucleases bind RNA with a central seed within 

the RNA-guide, and an adjacent sequence called the PFS (Protospacer Flanking Site) plays 

a role in nuclease activation.  
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Initial structures of DNA-bound Cas9 could not explain why stable binding and 

incomplete R-loop formation fail to activate Cas9 cleavage. In these structures, the active 

site of the HNH nuclease domain is ~30 Å away from the scissile phosphate of the target 

DNA strand (17,18,27) (Figure 2.2A), suggesting that a major conformational 

rearrangement was necessary to activate Cas9-mediated DNA cleavage. To test this 

hypothesis and clarify the substrate features required for Cas9 activation, Förster 

Resonance Energy Transfer (FRET)-based assays were used to measure conformational 

changes in the HNH domain upon binding to perfectly complementary and mismatched 

DNA targets (28). This work revealed that the HNH nuclease domain adopts an inactive 

conformation on mismatched DNA substrates that are stably bound by Cas9, explaining 

why off-target DNA binding events do not always lead to off-target DNA cleavage. Full 

complementarity between target DNA and the crRNA guide drives conformational changes 

in the HNH domain that trigger target-strand cleavage, and allosterically activates cleavage 

of the non-complementary strand by the RuvC domain, ensuring concerted production of 

double-strand breaks (28). 

A recent structure of Cas9 bound to a long dsDNA substrate provides a structural 

basis for the concerted activation of the Cas9 nuclease domains (29) (Figure 2.2). As 

observed in all other Cas9 structures, the HNH domain is inserted between motifs II and 

III in the RuvC domain, and is connected to these motifs by two peptide linkers, L1 and 

L2. Comparison with previous Cas9 structures reveals that L1 and L2 undergo extensive 

rearrangement after binding a dsDNA-target. L1 interacts with the PAM-distal side of the 

RNA-DNA hybrid, while a conserved phenylalanine on L2 stacks with the fourth 
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nucleobase of the protospacer on the non-complementary strand. These interactions 

stabilize a ~180° rotation of the HNH domain and position the active site in proximity to 

the scissile phosphate of the complementary strand. Additionally, these rearrangements 

position the scissile phosphate of the non-complementary strand into the active site of the 

RuvC nuclease. To avoid steric clashes, these large conformational rearrangements can 

only be achieved if both L1 and L2 move in concert, which explains why HNH and RuvC 

activation is coupled. Cas9 nucleases from organisms other than S. pyogenes share a similar 

HNH and RuvC domain linkage, suggesting this concerted activation mechanism may be 

conserved across all Cas9 enzymes (16,19-21).  

Type V systems 

Like Cas9, the Type V enzymes – Cas12a, Cas12b, and Cas12c; also known as 

Cpf1, C2c1, and C2c3 – contain a putative nuclease domain (Nuc) inserted between motifs 

II and III of a RuvC domain (9,30-35). Point mutations in the Nuc domain of Cas12a (Cpf1) 

inhibited cleavage of the complementary strand, while mutations in the RuvC active site 

disrupted cleavage of both strands (31). These data suggested RuvC-mediated cleavage of 

the non-complementary strand is a pre-requisite for cleavage of the complementary strand 

by the Nuc domain. However, a structure of Cas12b (C2c1) bound to a long single-stranded 

DNA suggests the RuvC nuclease may be responsible for cleaving both strands of the DNA 

in sequential order (34). Indeed, a recent study of Cas12a provides biochemical evidence 

that a single active site within the RuvC domain cleaves both DNA strands using the same 

catalytic mechanism, and that activation of this nuclease function requires substantial 

conformational rearrangements to unblock the previously occluded active site (36). While 
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it appears that Cas12 enzymes recognize DNA targets in a distinct way from Cas9, both 

enzyme families have evolved mechanisms to sequester the active sites in their nuclease 

domains until RNA-DNA heteroduplex formation triggers activation. 

Type VI systems 

Unlike most Class 2 systems, which target dsDNA, the Type VI Cas nucleases 

(Cas13, also known as C2c2) bind and cleave ssRNA using two HEPN (Higher Eukaryote 

and Prokaryote Nucleotide-binding) domains (9,37-39) (Figure 2.2B). The HEPN RNase 

domains are activated by ssRNA base-pairing with the crRNA guide, but nuclease activity 

is suppressed if complementarity extends beyond the guide and into the repeat-derived 

portion of the crRNA (37). Complementarity to the repeat-derived sequence of the crRNA 

may explain the inhibition of Cas13 (C2c2) nuclease activity, similar to regulation of 

DNase activity in Type III systems (see below). Notably, unlike other Class 2 systems, 

RNA binding by Cas13 activates a non-sequence specific and trans-acting RNase activity 

(37,38); a property which has recently been harnessed for sensitive RNA and DNA 

diagnostics (40). Thus, target-induced conformational rearrangements are required to 

activate the promiscuous HEPN nuclease domains. While recent structures have shed light 

on Cas13 conformational changes that occur upon crRNA binding (39), further structural 

and biophysical studies are necessary to fully understand the conformational 

rearrangements that occur upon target RNA binding and the mechanism of RNA cleavage 

in trans.  
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Regulation of Class 1 nucleases that are essential for interference.  

Class 1 CRISPR systems are phylogenetically and functionally diverse, but a 

unifying feature of these systems is that they all rely on multi-subunit crRNA-guided 

surveillance complexes for detection of invading nucleic acids (8,41). Class 1 systems 

consist of two well-studied Types (Type I and III), and a recently identified Type IV system 

that has not been experimentally tested and is beyond the scope of this review.  

Type I systems 

Phylogenetic studies have divided Type I systems into seven sub-types, I-A to I-F 

and I-U (8). All Type I CRISPR systems rely on multi-subunit surveillance complexes for 

crRNA-guided detection of dsDNA targets, and a Cas3 nuclease/helicase that is 

responsible for target degradation. 

Foreign DNA detection by the Type I-E system in Escherichia coli relies on a large 

crRNA-guided complex called Cascade (CRISPR-associated complex for antiviral 

defense) (42,43). Cascade searches for targets by first localizing to PAM sequences, which 

are recognized by the Cas8e subunit (also called Cse1) (23,44-46). PAM detection 

destabilizes the target duplex and facilitates crRNA-guided sampling of the PAM-

proximal DNA seed sequence (47). Complementarity between the crRNA-guide and the 

seed leads to directional unwinding of the DNA duplex that proceeds away from the PAM 

and triggers a conformational change in Cascade that is necessary for recruitment of the 

trans-acting Cas3 nuclease/helicase, which degrades the DNA target (23,48-51). However, 

there is an accumulating body of work showing that Cascade may adopt distinct 

conformational states based on interactions with specific PAM and protospacer 
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combinations, and that these distinct conformations may regulate the activity of Cas3 

(44,49,51-56). 

Cascade elicits two distinct immune responses upon target binding: interference or 

priming (Figure 2.3). During interference, the Cas8e subunit adopts a “closed” 

conformation capable of recruiting a nuclease active Cas3, which processively degrades 

the target DNA (44,50,51,57-59). However, strict sequence requirements present a 

potential weakness in the immune system, because mutations in the PAM, seed, or specific 

positions of the protospacer, allow viruses to escape CRISPR-Cas immunity (47,60,61). 

Bacteria with Type I immune systems can restore immunity against PAM or protospacer 

“escape” mutants using a positive feedback loop that rapidly updates the CRISPR locus 

with new spacers derived from the phage or plasmid genome (61-64). This process of rapid 

acquisition, called “priming”, requires a target that is partially complementary to the 

crRNA-guide, Cas3, and two proteins that are essential for adaptation (i.e. Cas1 and Cas2) 

(62,65).  
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Figure 2.3. Regulation of Class 1 Cas nucleases. (A) Type I-E Cascade binds to both 

interference (red) and priming (orange) DNA targets. Binding of dsDNA causes a 

conformational change in the Cse1 and Cse2 subunits (blue arrows). When bound to 

interference targets the Cse1 subunit adopts a closed conformation that recruits nuclease 

active Cas3 (red). When bound to priming targets the Cse1 subunit adopts an open 

conformation that does not recruit Cas3 directly, but relies on the presence of Cas1-Cas2 

for the recruitment of nuclease repressed Cas3 (gray). Cas3 helicase activity produces 

looped sections of ssDNA which can act as sources of new spacers. Co-localization of 

Cas1-Cas2 may ensure that the complementary strand fragments get predominantly 

acquired during priming. (B) In Type III systems the multi-subunit complexes bind ssRNA 

complementary to the crRNA-guide and RNase active sites in the Cas7 backbone subunits 

(blue) cleave the RNA at regular 60-nt internals. In addition, RNA binding also activates a 

non-specific DNase activity of the Cas10 subunit, which in some systems also requires 

recognition of the 3’-end flanking sequence (red). Cleavage and release of the RNA 

deactivates the Cas10 subunit (gray) and ensures temporal control. 
 

Mutated targets that elicit a priming response correspond to an “open” 

conformation of the Cas8e subunit, which does not effectively recruit nuclease active Cas3 

(44,51,52) (Figure 2.3). However, in the presence of Cas1 and Cas2, Cascade bound to a 

priming target efficiently recruits nuclease-repressed Cas3 (44). Recent structural and 

biochemical studies performed using the Type I-F immune system from Pseudomonas 

aeruginosa, in which Cas2 and Cas3 are fused into a single polypeptide (Cas2/3), indicated 

that Cas1 and Cas2/3 form a complex, and that Cas1 represses Cas2/3 nuclease activity 

until activated by the target bound surveillance complex (66). 

Collectively, these results suggest that the conformational state of Cascade recruits 

a nuclease active Cas3 for direct degradation (interference) or a nuclease repressed Cas1-

2/3 complex for rapid adaptation (priming) (44). However, in both instances Cas3 cleavage 

products are precursors for CRISPR adaptation (67), suggesting that priming targets do 

elicit some level of Cas3 nuclease activity and that primed adaptation also takes place 

during the interference response. It is clear Cas1, 2, and 3 work together to generate and 
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integrate new sequences into CRISPR loci, but the mechanism of allosteric regulation of 

Cas3 activity by the conformational state of Cascade remains poorly understood.  

Type III systems 

Like Type I systems, the Type III systems also rely on large multi-subunit crRNA-

guided surveillance complexes that are divided into sub-types (i.e., Type III-A to III-D) 

(8). Initially these subtypes were functionally divided into either DNA or RNA targeting 

immune systems. However, a series of recent experiments revealed a sophisticated 

mechanism that explains how crRNA-guided binding to complementary RNA 

allosterically activates a non-sequence specific DNase activity (Figure 2.3) (68). This 

model reconciles earlier distinctions between RNA or DNA targeting and reveals that Type 

III systems cleave both RNA and DNA targets.  

The RNase and DNase active sites in Type III complexes are spatially separated, 

functionally integrated, and temporally controlled. RNA binding drives a conformational 

rearrangement that allosterically activates non-sequence-specific DNase activity in the 

Cas10 subunit (69-75). The RNA target is cleaved in regular 6-nt intervals and structures 

of Type III complexes have identified residues in the backbone (Cas7-family) and belly 

subunits that are necessary for RNA cleavage (41,68,76). According to the current model, 

periodic cleavage of the RNA target, leads to dissociation of the RNA fragments, which 

restores the complex to a DNase inactive state (68,70-72).  

In addition to complementarity between the crRNA-guide and the RNA 

protospacer, sequence 3’ of the protospacer regulates DNase activity. Complementarity 

between the crRNA and the RNA target that extends beyond the guide and into the 5’-
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repeat of the crRNA inhibits DNase activation in all Type III systems (70-74,75,77), but 

requirements for DNase activation seem to vary between systems. In Thermotoga 

maritima, the DNase function is activated by protospacers lacking flanking sequence, 

suggesting complementation between the crRNA-guide and RNA target is the only signal 

necessary for DNase activation and base pairing with the 5’-repeat is inhibitory (71). 

However, in several other systems, hybridization with the protospacer sequence alone is 

not sufficient for DNase activation. In these systems, the DNase remains inactive unless a 

non-complementary sequence extends from the protospacer into the 5’-repeat (72,73,75), 

and in some systems (e.g. Type III-B Cmr system in P. furiosus) this 3’ non-

complementary RNA sequence must meet specific sequence requirements (70). The 

mechanistic distinctions between these systems and the precise role of the 3’ RNA in 

controlling DNase activation awaits structural studies of Type III complexes bound to 

RNAs with 3’-flanking sequence. 

Perspective 

CRISPR-associated nucleases are phylogenetically and functionally diverse, yet 

common regulatory themes are beginning to emerge. All CRISPR systems that target DNA 

rely on protein mediated PAM recognition and crRNA-guided recognition of the 

protospacer. However, binding does not necessarily result in target cleavage. Recent data 

indicates that different PAM and protospacer combinations result in distinct 

conformational states that regulate nuclease activity. These new insights are revealing 

additional layers of sophistication in prokaryotic adaptive immune responses, and 
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understanding how target selection impacts the activity of these nucleases will have 

important implications for applications in genome editing. 
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Abstract 

Clustered regularly interspaced short palindromic repeats (CRISPRs) are essential 

components of RNA-guided adaptive immune systems that protect bacteria and archaea 

from viruses and plasmids. In Escherichia coli, short CRISPR-derived RNAs (crRNAs) 

assemble into a 405 kDa multi-subunit surveillance complex called Cascade (CRISPR-

associated complex for antiviral defense). Here we present the 3.24 Å resolution x-ray 

crystal structure of Cascade. Eleven proteins and a 61-nucleotide crRNA assemble into a 

sea-horse-shaped architecture that binds double-stranded DNA targets complementary to 

the crRNA-guide sequence. Conserved sequences on the 3’- and 5’-ends of the crRNA are 

anchored by proteins at opposite ends of the complex, while the guide sequence is 

displayed along a helical assembly of six interwoven subunits that present 5-nucleotide 

segments of the crRNA in pseudo A-form configuration. The structure of Cascade suggests 

a mechanism for assembly and provides insights into the mechanisms of target recognition. 
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Introduction 

CRISPR loci provide the molecular memory of an adaptive immune system that is 

prevalent in bacteria and archaea (1-5). Each CRISPR locus consists of a series of short 

repeats separated by non-repetitive spacer sequences acquired from foreign genetic 

elements such as viruses and plasmids. CRISPR loci are transcribed, and the long primary 

transcripts are processed into a library of short CRISPR-derived RNAs (crRNAs) that 

contain sequences complementary to previously encountered invading nucleic acids. 

CRISPR-associated (Cas) proteins bind each crRNA, and the resulting ribonucleoprotein 

complexes target invading nucleic acids complementary to the crRNA guide. Targets 

identified as foreign are subsequently degraded by dedicated nucleases.  

Phylogenetic and functional studies have identified three main CRISPR-system 

Types (I, II, and III) and 11 subtypes (IA-F, IIA-C, IIIA-B) (6). The Type IE system from 

Escherichia coli K12 consists of a CRISPR locus and eight cas genes (Figure 3.1A). Five 

of the cas genes in this system encode for proteins that assemble with the crRNA into a 

large complex called Cascade (CRISPR-associated complex for antiviral defense) (7). 

Efficient detection of invading DNA relies on complementary base pairing between the 

DNA target and crRNA-guide sequence, as well as recognition of a short sequence motif 

immediately adjacent to the target called a protospacer-adjacent motif (PAM) (8-10). 

Target recognition by Cascade triggers a conformational change and recruits a trans-acting 

nuclease-helicase (Cas3) that is required for destruction of invading target (8, 11-15). 

However, an atomic resolution understanding of Cascade assembly and CRISPR RNA-

guided surveillance has not been available. 
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To understand the mechanism of crRNA-guided surveillance by Cascade, we 

determined the 3.24 Å resolution x-ray crystal structure of the complex (Figure 3.1). The 

structure explains how the 11 proteins assemble with the crRNA into an interwoven 

architecture that presents discrete segments of the crRNA for complementary base pairing. 

Overall, the Cascade structure reveals features required for complex assembly, and 

provides insights into the mechanisms of target recognition.  

Results 

Overview of the Cascade structure 

We determined the x-ray crystal structure of Cascade by molecular replacement, 

using the 8 Å cryo-EM map as a search model (Figure 3.1, Table S3.1, and Figure S3.1) 

(12). Initial phases were improved and extended to 3.24 Å by averaging over non-

crystallographic symmetry (16). The asymmetric unit contains two copies of Cascade that 

superimpose with an average root-mean-square deviation (rmsd) of 1.29 Å for equivalently 

positioned C atoms (Figure S3.2). Here we focus our description on complex 1, but both 

assemblies consist of 11 protein subunits and a single 61-nt crRNA that traverses the length 

of the complex. Nine of the 11 Cas proteins make direct contact with the crRNA and eight 

of the nine RNA-binding proteins contain a modified RNA Recognition Motif (RRM) 

(Figure 3.1B-D). The 5’ and 3’ ends of the crRNA are derived from the repeat region of 

the CRISPR RNA, and are bound at opposite ends of the sea-horse-shaped complex. Cas6e 

binds the 3’ end of the crRNA at the head of the complex, while the 5’-end of the crRNA 

is sandwiched between three protein subunits (Cas5, Cas7.6 and Cse1) in the tail (Figure 
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3.1C). The head and tail of the complex are connected along the belly by two Cse2 subunits 

and by a helical backbone of six Cas7 proteins (Cas7.1 - Cas7.6). This assembly creates an 

interwoven ribonucleoprotein structure that kinks the crRNA at 6-nt intervals (Figure 

3.1D).  

 

Figure 3.1. X-ray crystal structure of Cascade. (A) The Type IE CRISPR-mediated 

immune system in E. coli K12 consists of eight cas genes and one CRISPR locus. The 

CRISPR locus consists of a series of 29-nucleotide repeats (black diamonds) separated by 

32-nucleotide spacer sequences (red cylinders). (B) Orthogonal views of the Cascade 

structure. (C) Schematic of Cascade colored according to panel B. Kinked bases are 

numbered. (D) Cascade consists of an uneven stoichiometry of five different Cas proteins 

and a single crRNA. The ‘thumb’ of each backbone protein folds over the top of the crRNA 

creating a kink in the RNA at 6-nt intervals (-1, 6, 12, 18, 24, and 30). 
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Mechanism of RNA recognition by the Cas6e endonuclease 

Cas6 family proteins are phylogenetically diverse, but all Cas6 proteins are metal-

independent endoribonucleases that selectively bind and cleave long CRISPR RNA 

transcripts (Figure 3.2A) (7, 8, 17-20). Our structure reveals that the E. coli Cas6e protein 

consists of tandem RRMs connected by an eight-residue linker (Figure 3.2). Each RRM 

(also called a ferredoxin-like fold) consists of a conserved β1 α1 β2 β3 α2 β4 arrangement 

in which the β-strands are arranged in a four-stranded antiparallel β-sheet and the two 

helices pack together on one side of the sheet. The β-sheets in each of the two RRMs face 

one another, creating a V-shaped cleft along one face of the protein (Figure 3.2B). This 

cleft was initially predicted to bind RNA (21), but a positively charged surface on the 

opposite face of the protein makes significant electrostatic contacts with the 3′ strand of 

the crRNA stem-loop (Figure 3.2C). In addition, a positively charged groove-loop 

(residues 90-119) on the C-terminal RRM domain makes extensive electrostatic contacts 

with the major groove of the crRNA stem-loop, including base specific contacts with C49, 

G48, and G51 (Figure 3.2D and Figure S3.3). Residues at the base of this loop (N91, K94, 

N99, R102, C112, I116) make base-specific (G35, U36, U37) and hydrophobic (A34) 

contacts with nucleotides 5’ of the stem-loop (Figure 3.2D, Figure S3.3, and S3.4). We 

expect other Cas6e proteins make similar contacts, but this portion of the crRNA has not 

been included in previous studies.  
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Figure 3.2. Mechanism of crRNA recognition by Cas6e. (A) Schematic of Cas6e bound 

to the stem-loop of the CRISPR RNA repeat. (B) Structure of Cas6e bound to the 3’ stem-

loop of the crRNA. A β-hairpin, referred to as the ‘groove-loop’, inserts into the major 

groove of the crRNA stem-loop. Cas6e binding positions the scissile phosphate into the 

endonuclease active site. (C) Electrostatic surface representation of Cas6e illustrates how 

the positively charged ‘groove-loop’ fits into the major groove of the crRNA stem-loop. 

(D) The ‘groove-loop’ makes sequence specific interactions with nucleotides 5’ of the 

stem-loop. 
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Pre-cleavage recognition of the CRISPR RNA relies on base-specific interactions 

within the stem-loop and nucleotides on the 3’ side of the stem-loop, which help position 

the scissile phosphate in the active site (18). After cleavage of the primary CRISPR 

transcript, Cas6e remains tightly associated with the stem-loop of the mature crRNA 

(Figure 3.3). The V-shaped cleft, opposite the RNA binding face of Cas6e, provides a 

binding site for a short helix from Cas7.1 that tethers Cas6e to the helical backbone of 

Cascade (Figure 3.3B-D). 

Figure 3.3. Connecting the head to the backbone. (A) Schematic of Cascade highlighting 

the connection between Cas6e and Cas7.1. (B-C) A short helix located on the thumb of 

Cas7.1 fits in a groove between the N- and C-terminal RRMs on Cas6e. The Cas6e ‘helix-

binding groove’ is located opposite the crRNA-binding surface. (D) Conserved 

hydrophobic residues (Phe200, Thr201 and Trp199) are positioned in binding pockets in 

the Cas6e V-shaped cleft. 
 

Assembly of the Cas7 backbone. 

The backbone of Cascade is composed of six Cas7 proteins that oligomerize along 

the crRNA forming an interwoven architecture that presents the crRNA-guide sequence in 
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six discrete segments (Figure 3.4A and Figure S3.3). Each segment consists of a buried 

nucleotide followed by five solvent-accessible bases that are ordered in a pseudo A-form 

configuration by interactions with three different protein subunits (Figure 3.4A-C). The 

Cas7 protein folds into a structure shaped like a right hand (Figure 3.4C and Figure S3.5) 

(22, 23). This shape is created by a modified RRM that forms the palm, a helical domain 

resembles fingers (residues 59-181), a 30 amino acid loop takes on the shape of a thumb 

(residues 193-223), and two smaller loops inserted in the RRM form a web between the 

thumb and the fingers (Figure 3.4C). Unlike most RRMs, which bind to RNA using 

conserved residues positioned on the face of the antiparallel β-sheet, our structure reveals 

a series of interactions with the phosphate backbone that are primarily limited to the first 

α-helix (α1) of the RRM, the web, and the thumb (Figure 3.4C and Figure S3.5). The first 

α-helix of most RRMs is positioned on the backside of the β-sheet, and does not directly 

contact the RNA. However, in Cas7 the α1-helix is positioned perpendicular to and off to 

one side of the central β-sheet (Figure 3.4C). Conserved residues in the α1-helix interact 

with three consecutive phosphates in a way that introduces two consecutive ~90° turns in 

the backbone of the crRNA (Figure 3.4, Figure S3.3 and S3.6). These chicanes in the 

crRNA occur at a regular 6-nt periodicity defined by the distance between α1-helices on 

adjacent Cas7 subunits. Each chicane is separated by 5 bases presented to the solvent in 

pseudo A-form, while the 6th base is flipped out of the helical presentation and covered by 

the thumb of an adjacent Cas7 molecule (Figure 3.4). The position of each thumb is 

stabilized by electrostatic interactions with the 1-helix on the palm of an adjacent 
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molecule and mutations in the thumb of homologous Cas7 proteins have been shown to 

significantly reduce RNA binding affinities (23).  
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Figure 3.4. Assembly of backbone creates an interwoven structure that presents 

segments of the crRNA for target binding. (A) The Cas7 subunits bind the crRNA in a 

right-handed helical arrangement where the “thumbs” of Cas7.2 to Cas7.6 fold over the top 

of the crRNA, kinking every 6th nucleotide. (B) Cas7 binding subdivides the crRNA into 

six segments that are pre-ordered in an A-form like conformation. Idealized RNA:DNA 

hybrids are superimposed on each pre-ordered segment of the crRNA and the rmsd for each 

section is indicated. (C) Each Cas7 subunit is shaped like a right hand with fingers (helical 

domain), palm (modified RRM), webbing, and a thumb. The inset is a zoomed in view of 

segments 1-5 superimposed on one another. Key residues on the thumbs that flank each 

segment are indicated. (D) Electrophoretic mobility shift assays of dsDNA substrates that 

contain mismatches with the crRNA at 6-nt intervals. Equilibrium dissociation constants 

(KD) are an average from three independent experiments. 

 

The interwoven arrangement of interlocking Cas7 subunits divides the crRNA into 

six segments (Figure 3.4A and D). The first five segments consist of a pattern of five 

ordered nucleotides that are book-ended by thumbs that fold over every 6th-nucleotide in 

the crRNA-guide sequence. This suggests that every 6th-nucleotide of the crRNA-guide 

may not participate in target recognition. To test this hypothesis, we determined binding 

affinity for Cascade to double-stranded DNA targets that were either 100% complementary 

to the crRNA-guide or mismatched at 6-nt intervals (Figure 3.4D and Table S3.2). The 

equilibrium dissociation constant (KD) for a target that contains a PAM (5’-CAT-3’), and 

a target sequence complementary to the crRNA-guide is 1.6 nM (Figure 3.4D and Figure 

S3.7). Mutations in the target that disrupt base pairing at every 6th position (positions 6, 12, 

18, 24 and 30) have no measurable defect in target binding, whereas mutations on either 

side of every 6th position result in major binding defects (Figure 3.4D). Mutations at 

positions 5, 11, 17, 23, and 29, result in binding affinities that are more than two orders of 

magnitude weaker than targets that are either 100% complementary or mutated at every 6th 

position. The binding defect is even more pronounced for targets with mismatches at 

positions 7, 13, 19, 25 and 31 (Figure 3.4D).  
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Complementarity between the crRNA-guide and the target is critical at positions 1-

5, 7 and 8 (9, 10, 24, 25). This portion of the crRNA-guide is called the ‘seed’ sequence 

and it has been suggested that helical ordering of these bases may explain their importance 

in target binding. However, the helical arrangement of bases in segment 1 (positions 1-5) 

of the crRNA-guide is not significantly different from segments 2, 3, 4, and 5 (Figure 3.4C). 

In fact, the ordered nucleotides in segments 1 through 5 superimpose with an average rmsd 

of 0.45Å, suggesting that the importance of the seed in target recognition may have more 

to do with the location of this sequence relative to the PAM, rather than preferential pre-

ordering of the bases.  

The helical display of each segment is induced by amino acids (T201, L214, W199 

and F200) located on the Cas7 thumbs that stack with bases on the 5’ and 3’ ends of each 

segment (Figure 3.4C and Figure S3.3). The first two bases in each segment are ordered in 

an A-form configuration, but the third base is nudged out of ideal A-form by a conserved 

methionine (M166) that inserts between the 3rd- and 4th-nucleotides in each segment 

(Figure 3.4C). Many of the amino acids important for ordering the bases in each segment 

are located on the thumbs that flank segments 1-5. Segment 6 is not flanked by a thumb on 

the 3’ end and the bases in these segments are more flexible (Figure 3.4B and Figure S3.5). 

Unlike the other five Cas7 subunits, the thumb on Cas7.1 contains a short helix that inserts 

into the hydrophobic V-shaped cleft of Cas6e connecting the Cas6e head to the Cas7 

backbone (Figure 3.3). 

In addition to the Cas7 backbone, Cas6e is connected to the body of Cascade via 

interactions with Cse2 (Figure 3.1 and Figure S3.8). The Cse2 proteins form a head-to-tail 
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dimer that assembles along the belly of Cascade making contacts with the thumb and web 

of Cas7 proteins (Figure 3.1C and Figure S3.8). Although the Cse2 subunits do not make 

direct contacts with the crRNA, electrostatic calculations show that both faces of the Cse2 

dimer are positively charged, indicating a possible role for Cse2 in stabilizing the bound 

and displaced strands of the DNA target (Figure S3.8) (12, 26). Comparison of the two 

Cascade assemblies in the asymmetric unit reveals that Cse2.1 of assembly 2 is shifted by 

7 Å away from the equivalent position in assembly 1 and Cas6e is rotated ~16° (Figure 

S3.2). This suggests that rotation of the head can influence the position of the Cse2 subunits 

(12).  

Programmed tail assembly  

CRISPR RNA processing results in a library of mature crRNAs that have a 

conserved 8-nt ‘handle’ on the 5’-end that is derived from the CRISPR repeat sequence 

(Figure 3.1 and 3.2). These nucleotides, numbered -8 to -1 according to convention, 

function as a molecular signal that initiates assembly of Cas7.6, Cas5e and Cse1. The α1-

helix of Cas7.6 introduces a final 5’-chicane in the crRNA by interacting with nucleotides 

that straddle the boundary between the 5’-handle and seed sequence (Figure 3.5). If the 

oligomeric assembly of Cas7s were to continue along the crRNA in the 5’ direction then 

the remaining 6-nts would be ordered across the web of the next Cas7 subunit. However, 

these six nucleotides (-8 to -3) are recognized by Cas5e, which may block propagation of 

Cas7 oligomerization at the 5’-end of the crRNA, induce a conformational change in the 

finger domain of Cas7.6, and provide a platform for the recruitment of Cse1 to the tail 

(Figure 3.5). 
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The Cas5e protein adopts a ‘right-handed fist-shape’ structure where the thumb 

arches across the top of the fist (Figure 3.5B and Figure S3.9). The fist is composed of a 

modified RRM that includes a 50 amino acid insertion between β-strands 2 and 3 that takes 

on the shape of a thumb. The Cas5e thumb, which bears no recognizable sequence 

similarity to the Cas7 thumb, performs a very similar function by folding over the top of 

the kinked base (nucleotide -1), and positions the first nucleotide of the seed in an A-form 

configuration (Figure 3.5B and Figure S3.3). However, unlike the straight thumb on Cas7 

proteins, the Cas5e thumb arches over the top of the fist and interacts with the finger 

domain of Cas7.6. Structural alignments of Cas7.6 with the other Cas7 subunits reveal a 

~180° rotation of the finger domain that accommodates the Cas5e thumb and creates a 28 

Å gap between the finger domains of Cas7.5 and Cas7.6 (Figure 3.5C). A recent cryo-EM 

structure of Cascade bound to dsDNA reveals that the enlarged separation between these 

two domains accommodates the dsDNA target (11). Modeling our crystal structure into the 

cryo-EM density reveals a lysine-rich helix (K137, K138, K141, and K144) on Cas7.5 and 

Cas7.6 that may play a role in stabilizing the dsDNA during target recognition (Figure 

S3.10).  
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Figure 3.5. Mechanism of tail assembly. (A) Schematic view of the 5’ tail. Base specific 

binding pockets and the 1-helix of Cas5e are highlighted. (B) Cas5e (orange) is composed 

of a modified RRM and a thumb that interacts with Cas7.6 and the crRNA. The AAC triplet 

of the 5’ handle is indicated, and insets highlight the three base-specific binding pockets. 

(C) The finger domain of Cas7.6 (blue) is rotated 180° relative to the finger domain of the 

other Cas7 proteins (white). This rotation increases the distance between the finger 

domains from 16 to 28 Å. The thumb of Cas5e would clash with the canonical orientation 

of the Cas7 finger domain (white), suggesting that the rotation of the Cas7.6 finger domain 

is influenced by Cas5e binding. (D) The L1-helix of Cse1 fits snugly into a pore created 

by the thumb of Cas5e. Inset shows the base-specific interactions made between L1 

residues and the AAC triplet of the 5’-handle. 

 

The last 7-nts on the 5’-end of the crRNA form a unique S-shaped curve that 

follows along the arch of the Cas5e thumb, swings across the web of Cas7.6 and the final 
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3 bases (-8A, -7U, and –6A) fit into base-specific binding pockets positioned along the top 

of the glycine rich α1-helix on Cas5e (Figure 3.5 and Figure S3.9). Nucleotides -5A, -4A, 

and -3C stack into a well-ordered triplet, while the cytosine at position -2 hangs vertically 

behind this triplet, and hydrogen bonds with the phosphate of nucleotide -4A. Mutations at 

the -2 position interfere with Cascade assembly (9), and the structure reveals that the 

cytosine at this position participates in maintaining the S-shaped curve in the 5’-handle 

(Figure 3.5B).  

Cas5 structures from distantly related CRISPR systems also contain a glycine rich 

α1-helix and a positively charged binding pocket that may play a similar role in recognition 

of nucleotides in the 5’-handle of the crRNA (Figure S3.9) (27-29). Cas5 proteins from 

Type IC systems have an additional C-terminal extension that contains an endonuclease 

active site (29). In these systems, Cas5d is the CRISPR-specific endoribonuclease 

responsible for CRISPR RNA processing and structural alignments with Cas5e suggest 

that Cas5d endonucleases may recognize the 5’-handle of the crRNA rather than the 3’ 

stem-loop (Figure S3.11). These observations may explain why Cas5d proteins no longer 

cleave crRNA substrates when portions of the 5’-handle are mutated or removed (27, 29). 

The Cas5e thumb arches over the top of the fist creating a cylindrical pore that 

permits access to the nucleotides in the 5’-handle (Figure 3.5B-D). This pore is a docking 

module for a short α-helix on Cse1. This helix is on a loop, previously called L1 (residues 

130-143) that is disordered in the crystal structure of the Cse1 protein from T. thermophilus 

(30, 31). In the Cascade structure the L1-helix inserts into the Cas5e helix-binding pore 

and makes base-specific interactions with the AAC triplet (Figure 3.5A and D) (30).  



70 

 

Cse1 is a large two-domain protein that adopts a unique globular fold that contains 

a metal-ion coordinated by four cysteines (C140, C143, C250, and C253), and a C-terminal 

four-helix bundle (Figure S3.12). The metal-ion binding motif creates a knob on the end 

of a loop that may be involved in positioning the L1-helix for docking. In addition to the 

docking interaction by L1, the globular domain of Cse1 also makes contacts with the 

modified RRM of Cas5e, and the four-helix bundle on Cse1 extends off the top of the 

globular domain, making contacts with the C-terminal domain of Cse2.2 (Figure S3.8). 

This interaction completes the structural bridge that connects the four-helix bundle of the 

Cse1 tail to the Cas6e head.  

Discussion  

The x-ray crystal structure of Cascade explains how the 12 subunits of this complex 

assemble into an RNA-guided surveillance machine that targets dsDNA. CRISPR RNA 

processing by Cas6e is essential for RNA-guided protection from invading DNA (7). Cas6e 

recognizes the CRISPR RNA repeat sequence through interactions with the RNA stem-

loop and specific interactions with bases on the 5’- and 3’- sides of the stem-loop (Figure 

3.2 and Figure S3.4) (18). After cleavage Cas6e remains tightly associated with the 3’ stem-

loop of the mature crRNA and this sub-complex may serve as a platform for the ordered 

assembly of the remaining 10 protein subunits that compose the backbone, tail, and belly 

of Cascade (Supplemental movie S3.1). 

Unlike Cas6e and Cas5e, which make sequence-specific interactions with portions 

of the CRISPR repeat sequence, the Cas7 proteins polymerize along the crRNA via non-

sequence specific interactions (Figure 3.4). The structure of Cascade reveals a common 
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thumb-like feature on Cas7 and Cas5e proteins that is critical to the oligomeric assembly 

of the helical backbone. The thumb of each Cas7 protein folds over the top of the crRNA 

and fits into a positively charged crease on the palm of the adjacent Cas7 protein (Figure 

3.4). This assembly creates an interwoven architecture that simultaneously protects the 

crRNA from degradation by cellular nucleases, while presenting a series of 5-nts segments 

for complementary base pairing to a target. EM structures of crRNA-guided surveillance 

complexes from Type I, Type III-A and Type III-B systems reveal a similar helical 

backbone structure, suggesting that this architecture may be a conserved feature of Type I 

and Type III CRISPR-systems (11, 12, 23, 24, 29, 32-34). Indeed, crystal structures of 

Csa2 (Type IA) (23) and Csm3 (Type IIIA) (22) reveal modified RRMs with large 

disordered loops at the same location as the E. coli Cas7 thumb, and a mutation in the 

predicted thumb of Csa2 has been shown to disrupt crRNA binding (Figure S3.5) (23).  

Pre-ordering of crRNA-guide plays an important role in target recognition by 

reducing the entropic penalty associated with helix formation and provides a 

thermodynamic advantage for target binding (25). Argonaute proteins enhance target 

detection using a similar strategy and a structural comparison of Cascade to eukaryotic 

Argonautes reveals a similar “kink helix” positioned between nucleotides 6 and 7 (Figure 

S3.13) (35). However, in Argonautes there is no thumb that covers the kinked base, and it 

is expected that target hybridization may release the RNA for contiguous duplex formation 

(36). Recent crystal structures of the Cas9 protein suggest a similar protein mediated pre-

ordering of the RNA-guide (37, 38), and a structure of the target bound complex suggests 

that the RNA-DNA hybrid forms a contiguous A-form duplex (38).  
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Target detection by Cascade relies on protein-mediated recognition of a three-

nucleotide PAM and crRNA-guided hybridization to the target. PAM recognition has been 

proposed to destabilize the target DNA duplex and initiate crRNA-guided strand invasion. 

Loop-1 (L1) in Cse1 has been implicated in this process and the structure explains why 

mutations in L1 result in Cascade assembly defects (Figure 3.5) (30). However, the 

structure of Cascade without DNA does not explain how Cascade recognizes the PAM. 

Structures of Cascade in association with DNA and Cas3 may provide additional insights 

into the interplay of Cascade and Cas3 in the process of RNA-guided DNA interference. 
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Materials and Methods 

Cascade expression and purification 

The protein and RNA components of Cascade were cloned and co-expressed in E. 

coli Bl21 (DE3) cells using four different expression vectors (7, 8, 12). Expression was 

induced using 0.2 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) at OD600nm=0.5, and 

grown overnight at 16-18°C. Cells were pelleted by centrifugation (5,000g for 10 min), 

suspended in lysis buffer (100mM Tris-HCl pH 8.0, 150mM NaCl, 1mM EDTA, and 1mM 

TCEP), and frozen at -80°C. Cells were lysed by sonication and lysates were clarified by 

centrifugation (22,000g for 20 min). The protein and RNA components of Cascade self-

assemble in vivo and the complex was affinity purified using an N-terminal Strep-II tagged 

Cse2 subunit with Strep-Tactin Superflow Plus resin (Qiagen). Cascade was eluted from 

the Strep-Tactin resin in lysis buffer containing 2.5 mM desthiobiotin. The Strep-II tag was 

removed with HRV-3C protease, followed by a second purification using the Strep-Tactin 

Superflow Plus resin. Cascade was concentrated and further purified using a HiLoad 16/60 

Superdex200 gel filtration column (GE Healthcare) equilibrated with gel filtration buffer 

(50mM Tris-HCl, pH 7.5). 

Cascade crystallization and structure determination 

Cascade crystals were grown at 4, 12, 18 and 24°C from equal volumes (2μl + 2μl) 

of concentrated Cascade protein solution (A280=30 to 45) and mother liquor (0.1 M HEPES 

pH 6.5-7.5, 0.05 – 0.20 M NaSCN, 0.150 NaCl, and 8-14% (w/v) PEG 8000) using hanging 

drop vapor diffusion or microbatch. Hanging drop experiments were carried out using 

EasyXtal 15-Well DG-Tool (Qiagen) plates and microbatch experiments were performed 
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using Impact Plates (HR3-293 Hampton Research), and ClearSeal film (HR4-521). 

Cascade crystals generally appeared after one to two weeks of incubation and were cryo-

protected for x-ray diffraction experiments using a stepwise exchange within the 

crystallization drop that gradually increased the concentration of PEG 400 to 20% (v/v). In 

the initial step, 1μl of mother liquor containing a 5% higher concentration of PEG 8000 

was added to the drop. The concentration of PEG 400 was then raised from 0-20% in 5% 

v/v increments by removing 1μl of the crystallization drop and adding 1 μl of cryo-

protectant solution. After about 30 seconds in the final cryo-protectant, crystals were 

scooped and flash-cooled in liquid Nitrogen. Diffraction data were collected at beamline 

4.2.2 of the Advanced Light Source (Lawrence Berkeley National Laboratory), beamlines 

19-ID and 23-ID of the Advanced Photon Source (Argonne National Laboratory), and 

beamline 12-2 of the Stanford Synchrotron Radiation Light source (SLAC National 

Accelerator Laboratory). Data processing was carried out using HKL2000, XDS, and 

Aimless (39-41). The data collection statistics are shown in Table S3.1. The crystals belong 

to space group P212121 and contain two molecules of Cascade in the asymmetric unit 

related by non-crystallographic symmetry.  

The 8 Å cryo-EM structure was used as a search model for molecular replacement 

using Phaser (42). Two copies were found with a clear signal (TFZ=20.3 for the second 

copy), and scale factor refinement reduced the magnification of the cryo-EM structure by 

a factor of 0.949. Phases were improved and extended to 3.24 Å by iterative rounds of 

density modification using the Autobuild wizard (43) of the Phenix software suite (44). 

Density modification included non-crystallographic symmetry (NCS) averaging both over 
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the two copies of the Cascade complex and over the multiple copies of the Cas7 and Cse2 

subunits within each complex. NCS operators within the copies of the complex were 

identified using phenix.find_ncs_from_density (16). The final atomic model was 

completed using iterative rounds of model building in COOT (45), refinement with 

Phenix.refine (46), and validation using Molprobity (47). Refinement statistics for the 

model are provided in Table S3.1. 

Labeling of oligonucleotides 

Oligonucleotides (Integrated DNA Technologies) listed in Table S3.2 were 5’-end 

labeled with γ32P-ATP (PerkinElmer) using T4 polynucleotide kinase (NEB). Labeled 

oligonucleotides were purified by phenol/chloroform extraction followed by Micro Bio-

Spin P-30 columns (Bio-Rad). dsDNA was prepared by mixing labeled oligonucleotides 

with a >10 times molar excess of the complementary oligonucleotide, in hybridization 

buffer (20mM HEPES pH 7.5, 75mM NaCl, 2mM EDTA, 10% glycerol, and 0.01% 

bromophenol blue). The mixture was incubated at 95°C for 5 minutes, and gradually cooled 

to 25°C in a thermocycler. Duplexed oligonucleotides were further purified by 15% native 

polyacrylamide gel (1x TBE buffer run at 25mA for 40 minutes at 4°C), and recovered 

from the gel by overnight precipitation.  

Electrophoretic Mobility Shift Assay (EMSA) 

Increasing concentrations of Cascade were incubated with oligonucleotides in a 

buffer containing 20mM HEPES pH 7.5, 75 mM NaCl, 2 mM EDTA, 1 mM TCEP 10% 

glycerol and 0.01% bromophenol blue. Samples were incubated for 30 minutes at 37°C 

and loaded onto a 6% native polyacrylamide gel and visualized using a phosphorimager 
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(GE Healthcare). Gels were dried, exposed to phosphor storage screens, and scanned with 

a Typhoon (GE Healthcare) phosphorimager. The signals from the bound and unbound 

DNA fractions were quantified using ImageQuant software (GE Healthcare). After 

background subtraction, the fractions of bound oligonucleotides were plotted against the 

total Cascade concentration. The data were fit by nonlinear regression analysis using the 

equation: 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑢𝑛𝑑 𝐷𝑁𝐴 =
𝑀1 ∗  [𝑃7 𝐶𝑎𝑠𝑐𝑎𝑑𝑒]𝑡𝑜𝑡𝑎𝑙

(𝐾𝑑 + [𝑃7 𝐶𝑎𝑠𝑐𝑎𝑑𝑒]𝑡𝑜𝑡𝑎𝑙 )
 

 

Where M1 is the amplitude of the binding curve. Reported KDs are the average of three 

independent experiments. 

Structure alignments and graphical rendering 

Comparison of homologous structures was performed using the secondary structure 

matching tool in COOT (45), or with the align tool in PyMol (48). Figures were rendered 

using PyMol or Chimera (48, 49). Movies were made using Chimera (49). 
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Supplemental Figures

 

Figure S3.1. Electron Density of Cascade. Electron density map (mesh) at 3.24 Å 

resolution obtained by molecular replacement using the EM density, followed by averaging 

over non-crystallographic symmetry. The refined model of Cascade is shown as sticks. 

  



83 

 

 

Figure S3.2. Superposition of the two Cascade molecules in the asymmetric unit. (A) 

The asymmetric unit contains two molecules of Cascade. (B) The two molecules 

superimpose with a rmsd of 1.29 Å. The primary difference between the two molecules is 

a rotation of the head. 
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Figure S3.3. Schematic of amino acid contacts with the crRNA. Amino acids are shown 

using three letter abbreviations and colored according to the key in the lower right corner. 

The segments of the crRNA are labeled and kinked bases are numbered. 
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Figure S3.4. Structural Comparison of Cas6e proteins. (A) Structure of E. coli Cas6e 

(yellow) bound to the 3’-end of the crRNA. (B) Structure of T. thermophilus Cas6e (gray) 

bound to a non-hydrolysable substrate (PDB: 2Y8W) (18). This structure reveals protein 

specific interaction 3’ of the cleavage site. (C) Superposition of E. coli Cas6e (yellow) and 

T. thermophilus Cas6e (gray). The extended RNA “groove-binding loop” in the E. coli 

protein is labeled. (D) Cartoons of the E. coli Cas6e (yellow), T. thermophilus Cas6e (gray) 

and their respective crRNA sequences. Together these structures suggest that Cas6e 

proteins recognize bases on both sides of the stem-loop and that after cleavage Cas6e 

releases the 3’ cleavage product (far right).  
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Figure S3.5. Structural similarities between Cas7 CRISPR proteins.  (A) The three 

different morphologies of the Cas7 proteins from Cascade are shown in complex with their 

respective crRNA substrates. (B) Structural alignments of the different morphologies of 

Cas7. The thumb of Cas7.1 is rotated 73˚ relative to Cas7.5 (left). The thumb of Cas7.1 

also forms a short helix that fits into the hydrophobic groove of Cas6e, serving as a tether 

between the head and backbone. The finger domain of Cas7.6 is rotated 180˚ relative to 

Cas7.5 (right). (C) Cas7 homologues in different CRISPR systems and their structural 

similarities to Cas7.5. Both Csa2 (Type I-A) (23) and Csm3 (Type III-A) (22) exhibit 

similar architecture to the Cas7 protein from E. coli, consisting of a modified RRM (palm 

domain), a helical fingers domain and two loops that make the webbing between the palm 

and thumb. The thumb is disordered in Csa2 and Csm3, however the structural similarities 

suggest a conserved role for the thumb in assembly of the Cas7 backbone across diverse 

CRISPR systems. 
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Figure S3.6. Surface features of Cascade. (A) Cascade shown as surface representation 

and colored by conservation. Conserved residues are colored orange and variable residues 

are white. (B) Individual components of Cascade colored by conservation. The palm and 

thumb of Cas7 proteins are the most conserved surfaces. (C) Cascade shown as an 

electrostatic surface. Positively charged residues are colored blue, negative as red and 

hydrophobic as white. (D) Individual components of Cascade colored according to 

electrostatic surface potential. The nucleic acid binding surfaces are positively charged. 
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Figure S3.7. Every 6th-nucleotide of the crRNA-guide does not participate in target 

recognition. (A) Data from electrophoretic mobility shift assays of dsDNA substrates that 

contain mismatches with the crRNA at 6-nt intervals (Figure 3.4D). The data were fit with 

a standard binding isotherm (Materials and Methods). The concentrations of Cascade are 

0, 0.1 pM, 0.5 pM, 1 nM, 5 nM, 10 nM, 100 nM, 1 uM, and 10 uM. (B) Average KD and 

standard error of the mean (SEM) from three independent experiments are plotted for each 

of the four different dsDNA substrates (Table S3.2). 
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Figure S3.8. Cse2 proteins form a dimer that assembles along the belly of Cascade. 

(A) Two Cse2 proteins form a dimer that parallels the helical Cas7 backbone and connects 

the head (Cas6e) to the tail (Cse1) of Cascade. Each Cse2 protein contacts three Cas7 

subunits through interactions with the thumb and webbing motifs. (B) Two parallel tracks 

of positive surface charge (dashed yellow line) may stabilize the target and displaced strand 

of DNA. 
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Figure S3.9. Structures of Cas5 proteins. (A) Atomic models of six Cas5-like proteins 

from Type I and Type III immune systems. Each of the structures consists of a modified 

RRM and a thumb. The structures were superimposed using the secondary structure 

matching program in COOT (45). The only structure that contains RNA is Cas5e from 

Cascade, however the crRNA binding pocket appears to be conserved in the other Cas5-
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like structures and the 5’-handle of the crRNA has been modeled into the binding pocket 

of these structures. (B) Surface representation of the Cas5-like proteins with the 5’-handle 

of the crRNA modeled according to panel A. (C) Electrostatic surface representation of the 

Cas5-like proteins with the 5’-handle of the crRNA modeled according to panel A. (D) 

Superposition of the E. coli Cas5e and B. halodurans Cas5c (29). (E) A co-crystal structure 

of Cmr3 (red) and Cmr2 (pink) from P. furiosus (50). Cmr3 (red) is a Cas5-like protein 

that may cap the end of the CMR complex. The N-terminal RRM of Cmr3 and Cas5d are 

superimposed. Superposition of the Cmr3-Cmr2 complex onto Cas5e positions the Cmr2 

protein in a similar location to Cse1 in Cascade (far right). 
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Figure S3.10. Docking the atomic model of Cascade into the cryo-EM density of 

Cascade bound to dsDNA. (A) Atomic models of Cascade docked into the cryo-EM 

density of Cascade bound to dsDNA. The dsDNA target is shown as a red surface. There 

is a 16 Å gap between the finger domains of the Cas7 proteins except between Cas7.5 to 

Cas7.6. A conformational change in Cas7.6 creates a larger gap between Cas7.5 and Cas7.6 

subunits allowing space for a nucleic acid duplex. (B) Zoomed in view of dsDNA target 

bound to Cascade. Lysine-rich helices on the finger domains of Cas7.5 and Cas7.6 are 

positioned to interact with the negatively charged backbone of the dsDNA target. 
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Figure S3.11. Conserved mechanism for recognition of the 5'-handle. (A) 

Superposition of Cas5e from E. coli Cascade and Cas5d from Bacillus halodurans (PDB: 

4F3M) (29). Cas5d has an additional C-terminal extension that contains an endonuclease 

active site (red). (B) The aligned 5'-handle from E. coli is modeled onto the surface of 

Cas5d and the putative trajectory of the extra three nucleotides observed in Type IC repeats 

is indicated with a dashed line. (C) Schematic of Cas6e-mediated crRNA processing and 

Cas5e binding in CRISPR subtype IE. (D) Schematic of a putative Cas5d-mediated crRNA 

processing mechanism in CRISPR subtype IC, in which Cas5d recognizes the 5'-handle 

sequence. 
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Figure S3.12. Cse1 is a metal binding protein. (A) Cse1 (purple) is a large two-domain 

protein consisting of a unique globular fold and a C-terminal four-helix bundle. The 

globular domain contains a metal-ion coordinated by four cysteines (black box). The inset 

on the right shows the electron density map (white mesh), model of the Cse1 metal binding 

site (purple) and the metal-ion (blue). (B) Excitation scan indicating that zinc is present in 

the crystal. (C) Fluorescence scan indicating that zinc is present in the crystal. 
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Figure S3.13. A-form ordering of RNA by diverse protein platforms. (A) The crystal 

structures of E. coli Cascade, Cas9 (PDB: 4OO8), and Argonaute (PDB: 4OLA) with guide 

RNAs (above). The protein in each of these systems pre-orders the RNA in a pseudo A-

form conformation (below). 
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Supplemental Tables 

Table S3.1. Data collection and refinement statistics 

Crystal morphology Shard 

Data collection  
Beamline 
Space group 

SSRL 12-2 
P212121 

Cell dimensions   
    a, b, c (Å) 201.0, 214.4, 217.9 

 ()  90.0, 90.0, 90.0 

CC1/2 0.994 (0.736) 
Completeness (%) 99.9 (100.0) 
Redundancy 6.8 (6.9) 
Rmerge(%) 14.1 (92.6) 
I / σI  8.5 (2.2) 
  
Refinement 
Resolution† (Å) 39-3.24 (3.35-3.24)* 
No. reflections 174565 
Rwork/Rfree (%) 22.09/26.47 
No. non-hydrogen atoms 53326 
    Marcomolecules 
    Zn  

53324 
2 

Mean B-factors 89.5 
    Macromolecules 89.5 
    Zn 182.8 
RMSD  
   Bond lengths (Å) 0.008 
   Bond angles (deg) 
Ramachandran 
    Favored (%) 
    Outliers (%) 
Clashscore 

1.42  
 
96 
0.17 
14.2 

  

*Values in parentheses are for highest-resolution shell. 
†Resolution limits use the criterion of I/σI > 2.0 

CC1/2 is the percentage of correlation between intensities from random half-datasets (51). 
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Table S3.2. DNA substrates used for band shift assays. 

Description Sequence 

Target strand (top) and non-target strand (bottom);  

PAM in black; the target is blue and mutations are red 

72 bp dsDNA 100% 

complementary to 

crRNA-guide 

                        1    6     12    18    24    30 

3’-CGCGCCGTTCGGCTTTCGTACTGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

5’-GCGCGGCAAGCCGAAAGCATGACGGTATTGTTCAGATCCTGGCTTGCCAACAGTGATTGCTCGGGAGTCGCT-3’ 

 

72 bp dsDNA with 

mutations at 

positions 5, 11, 

17, 23, and 29. 

                        1   5     11    17    23    29 

3’-CGCGCCGTTCGGCTTTCGTACTGCCTTAACATGTCTATGACCGTACGGTCGTCACTAACGAGCCCTCAGCGA-5’ 

5’-GCGCGGCAAGCCGAAAGCATGACGGAATTGTACAGATACTGGCATGCCAGCAGTGATTGCTCGGGAGTCGCT-3’ 

 

72 bp dsDNA with 

mutations at 

positions 6, 12, 

18, 24, and 30. 

                        1    6     12    18    24    30 

3’-CGCGCCGTTCGGCTTTCGTACTGCCACAACAATTCTAGTACCGATCGGTTTTCACTAACGAGCCCTCAGCGA-5’ 

5’-GCGCGGCAAGCCGAAAGCATGACGGTGTTGTTAAGATCATGGCTAGCCAAAAGTGATTGCTCGGGAGTCGCT-3’ 

 

72 bp dsDNA with 

mutations at 

positions 7, 13, 

19, 25, and 31. 

                        1     7     13    19    25    31 

3’-CGCGCCGTTCGGCTTTCGTACTGCCATTACAAGCCTAGGTCCGAATGGTTGCCACTAACGAGCCCTCAGCGA-5’ 

5’-GCGCGGCAAGCCGAAAGCATGACGGTAATGTTCGGATCCAGGCTTACCAACGGTGATTGCTCGGGAGTCGCT-3’ 
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Supplemental Movies 

Movie S3.1. Cas proteins and their interactions with the crRNA. Cascade is a sea-

horse-shaped complex designed to bind double-stranded DNA targets complementary to 

the crRNA-guide sequence. The complex consists of 11 proteins and a 61-nt crRNA. The 

CRISPR locus is transcribed and partial dyad symmetry in the E. coli repeat sequence 

results in long CRISPR RNA consisting of a series of 29-nt repeats with stable stem-loop 

structures that are separated by 32-nt spacer sequences. Cas6e is a CRISPR-specific 

endoribonuclease that interacts with the crRNA stem-loop. Cas6e cleaves the crRNA on 

the 3’-side of the stem-loop forming a mature 61-nt crRNA consisting of the 32-nt spacer 

(red) flanked by portions of the repeat. After cleavage Cas6e remains tightly associated 

with the 3’ stem-loop of the mature crRNA and a hydrophobic V-shaped cleft on the back 

of Cas6e provides a binding site for a short helix from Cas7.1 that tethers Cas6e to the 

helical backbone of Cascade.  

The backbone of Cascade is composed of six Cas7 proteins that oligomerize along the 

crRNA forming an interwoven architecture that divides the crRNA in six discrete 

segments. Each Cas7 protein resembles a ‘right hand’ that grips the crRNA through non-

sequence specific interactions on the palm, web and fingers. The thumb of each Cas7 

subunit folds over the top of the RNA and slots into a positively charged crease in the palm 

of the adjacent molecule. The 8-nts on the 5’-end of the crRNA function as a molecular 

signal that initiates assembly of the tail. The Cas5e protein specifically binds nucleotides 

in the 5’-handle and a thumb folds over the top of the crRNA and arches across the palm 

of Cas7.6. The Cas5e thumb creates a pore that provides access to nucleotides in the 5’-

handle. This pore is a docking module for a short helix on Cse1. The two Cse2 subunits 

assemble along the belly of Cascade. Although the Cse2 subunits do not make direct 

contacts with the crRNA, electrostatic calculations show that both faces of the Cse2 dimer 

are positively charged, indicating a possible role for Cse2 in stabilizing the bound and 

displaced strands of the DNA target. 

The interlocking assembly of the Cascade backbone segments the crRNA into six sections. 

The first five segments consist of a buried nucleotide followed by five solvent accessible 

bases that are ordered in a pseudo A-form configuration. Previous biochemical and genetic 

studies has shown that the nucleotides in segment 1 (positions 1-5) are critical for target 

recognition. This portion of the crRNA-guide is called the ‘seed’ sequence and it has been 

suggested that helical ordering of these bases may explain their importance in target 

binding. However, the helical arrangement of bases in segment 1 are not significantly 

different from those in segments 2, 3, 4, and 5, suggesting that the importance of the seed 

may have more to do with its proximity to the PAM, rather than preferential pre-ordering 

of the bases.  

A surface representation of Cascade colored according to phylogenetic conservation. White 

signifies variable, while residues colored orange are conserved. Disassembly of the 

complex into individual subunits reveals that the most highly conserved subunits appear 

along the palm, web and finger domains of Cas7. 

https://science.sciencemag.org/content/suppl/2014/08/06/science.1256328.DC1 

https://science.sciencemag.org/content/suppl/2014/08/06/science.1256328.DC1
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Abstract 

In bacteria and archaea, short fragments of foreign DNA are integrated into 

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeat) loci, providing a 

molecular memory of previous encounters with foreign genetic elements. In Escherichia 

coli, short CRISPR-derived RNAs (crRNAs) are incorporated into a multi-subunit 

surveillance complex called Cascade (CRISPR-associated complex for antiviral defense). 

Recent structures of Cascade capture snap-shots of this seahorse-shaped RNA-guided 

surveillance complex before and after binding to a DNA target. Here we determine a 3.2 

Å x-ray crystal structure of Cascade in a new crystal form that provides insight into the 

mechanism of dsDNA binding. Molecular dynamic simulations performed using available 

structures reveal functional roles for residues in the tail, backbone, and belly subunits of 

Cascade that are critical for binding dsDNA. Structural comparisons are used to make 

functional predictions and these predictions are tested in vivo and in vitro. Collectively, the 

results in this study reveal underlying mechanisms involved in target-induced 

conformational changes and highlight residues important in DNA binding and PAM 

recognition.  
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Introduction 

All immune systems must recognize and eliminate foreign invaders while avoiding 

self-antigens that would lead to an autoimmune reaction. In many bacteria (~50%) and 

most archaea (~90%), immunity to invading genetic parasites is achieved by integrating 

short fragments of invading DNA into Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPRs) (1-8). Transcripts from these loci are processed into short CRISPR-

derived RNAs (crRNAs) that assemble with CRISPR-associated (Cas) proteins into large 

ribonucleoprotein surveillance complexes that use the crRNA as a guide to bind 

complementary DNA targets, called protospacers. While all CRISPR-systems rely on 

crRNAs for sequence specific detection of invading nucleic acids, phylogenetic analyses 

of CRISPR loci and cas genes have identified three distinct CRISPR-system types (Type 

I, II, and III) that are further separated into at least 11 subtypes (Type I-A to I-E, Type II-

A to II-C, and Type III-A to III-C) (9).  

CRISPR RNA-guided (crRNA) surveillance complexes must distinguish “non-

self” (viral and plasmid DNA) from “self” (chromosomal DNA) sequences that are 

complementary to the crRNA-guide. Type I and Type II CRISPR-systems identify “non-

self” targets through recognition of a protospacer adjacent motif (PAM) (10-17). In 

contrast, Type III complexes prevent self-targeting by detecting complementary base 

pairing that extends beyond the crRNA-guide and into the 5’-handle (7,18,19). Foreign 

DNA recognition results in conformational changes in the CRISPR surveillance machinery 

that activate cis- or trans-acting nucleases for target destruction. 
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Escherichia coli K12 contains a Type IE system that consists of eight cas genes and 

a downstream CRISPR locus (Figure 4.1A). Five of these cas genes encode proteins that 

assemble (Cse11, Cse22, Cas76, Cas5e1, and Cas6e1) with a 61 nt crRNA into a large 

seahorse-shaped complex called Cascade (CRISPR-associated complex for antiviral 

defense) (Figure 4.1) (10,20,21). Recently, three x-ray crystal structures and an additional 

cryo-EM reconstruction of Cascade were determined at different stages of DNA target 

surveillance (22-25). The crystal structures explain how six Cas7 proteins assemble into a 

helical backbone with the 32nt crRNA-guide sequence presented in short helical segments, 

while head and tail proteins interact with conserved regions of the 3’ and 5’ repeat 

sequences, positioned at opposite ends of the complex (22-24). The unbound and ssDNA-

bound crystal structures adopt different conformational states, and the cryo-EM 

reconstruction offers new insights into the mechanism of binding double-stranded 

(dsDNA), which is the physiologically relevant target. Collectively, these structures offer 

snap-shots of Cascade at different stages of DNA surveillance, however the 

contemporaneous nature of these publications has precluded a comparison of these 

structures.  

Here we present a 3.2 Å x-ray crystal structure of Cascade in a new crystal form, 

which reveals interactions between protein and nucleic acid subunits. This structure, 

combined with insights from recent x-ray and cryo-EM structures of Cascade, offer a 

mechanistic explanation for target induced conformational rearrangements and reveals new 

functions for specific residues involved in target recognition. These structure-guided 

insights are used to test function using a combination of in vivo and in vitro assays. 
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Collectively, the data presented here support a DNA targeting mechanism where positively 

charged residues in the backbone make non-sequence specific interactions with dsDNA 

substrates that are necessary to initiate RNA-guided strand invasion. Conserved residues 

along the belly stabilize directional hybridization with the crRNA, driving the 

conformational rearrangements that lock the complex on the DNA target and recruit the 

Cas3 nuclease for target destruction. 

Materials and Methods 

Cascade expression and purification 

Protein expression and purification was performed using previously described 

methods (10,21). Briefly, cas genes and CRISPR RNAs were co-expressed in E. coli Bl21 

(DE3) cells using three or four different expression vectors, where either Cse2 or Cas7 is 

fused to an N-terminal Strep tag (Supplemental Table S4.1). Cells were grown in LB-media 

under antibiotic selection and induced at an OD600nm of 0.5 using 0.2 mM isopropyl-β-D-

1-thiogalactopyranoside (IPTG). Cells were cultured overnight at 16°C, pelleted by 

centrifugation (5,000g for 10 min), suspended in lysis buffer (100mM Tris-HCl pH 8.0, 

150mM NaCl, 1mM EDTA, 1mM 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 self-assembles in vivo and the complex was affinity purified on StrepTrap HP 

resin (GE) using N-terminal Strep-II tags on either Cse2 or Cas7. Elution of Cascade was 

performed using the lysis buffer supplemented with 2.5 mM desthiobiotin. The Strep-II tag 

was removed with HRV-3C protease, followed by a second purification using StrepTrap 

HP resin. Cascade was concentrated prior to gel filtration chromatography using either a 
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10/300 Superose6 column (GE Healthcare) equilibrated with 50mM Tris-HCl pH 7.5, 

100mM NaCl, 1mM TCEP and 5% glycerol, or a 26/60 Superdex 200 (GE Healthcare) 

equilibrated with 50mM Tris-HCl pH 7.5. 

Cascade crystallization and structure determination 

Cascade crystals were grown using hanging-drop vapor diffusion at 4, 12, 18 and 

24°C from equal volumes (2μl + 2μl) of concentrated Cascade protein (A280=30 to 45) and 

mother liquor (0.1 M HEPES pH 7.0, 0-0.1 M KCl, and 8-14% (w/v) PEG 8000). The 

crystal used in this study grew in the presence of an 11-nt ssDNA containing a 5’-CTT-3’ 

PAM and 8-nts (5'-AATACCGT-3') complementary to the crRNA-guide sequence in a 2:1 

oligonucleotide:protein ratio. However, the target DNA is not observed in the electron 

density. Hanging-drop experiments were carried out in EasyXtal 15-Well DG-Tool plates 

(Qiagen). Crystals generally appear after three weeks of incubation. Crystals were 

harvested and cryo-protected in mother liquor supplemented with 20% (v/v) PEG 400 

before flash-cooling in liquid Nitrogen. Diffraction data were collected on beamline 23-ID 

at the Advanced Photon Source at the Argonne National Lab (Supplemental Table S4.2). 

Data processing was carried out using XDS and Aimless (26,27). A previously determined 

structure of Cascade was used as an initial search ensemble to determine the structure by 

molecular replacement using Phaser (28). Model building was performed using COOT 

(29), the model was refined using Phenix.refine (30), and validated using Molprobity 

(Supplemental Table S4.2) (31). 
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Structural analysis and graphical rendering 

Structures were analyzed and figures were rendered using PyMol or Chimera 

(32,33). Movies were made using Chimera. Molecular dynamics simulations were 

performed using Cascade structures (PDB ID: 4TVX, 4QYZ, and EMDB ID: 5929) 

(22,23,25). Two different Molecular dynamic simulations we preformed. In the first 

simulation we used atomic coordinates from the unbound structure of Cascade (4TVX), 

whereas the second simulation used atomic coordinates from Cascade (4QYZ) bound to 

ssDNA. However, parts of the ssDNA bound structure are disordered and not present in 

the x-ray density. To create a model based on the ssDNA bound structure, the unbound 

(4TVX) and ssDNA bound (4QYZ) structures of Cascade were superimposed using the 

Cas7 backbone (rmsd 0.71 Å). The aligned unbound structure was used to model amino 

acid positions not observed in the ssDNA bound structure. For both simulations, the models 

were refined using Molecular Dynamics Flexible Fitting (MDFF) by generating force 

potentials from a simulated 5-Å resolution map of the unbound Cascade structure or the 

ssDNA bound Cascade structure, while simultaneously enforcing harmonic restraints to 

maintain secondary structure (34,35). This simulation ran for 100-picoseconds (ps) 

followed by a 2-ps energy minimization in Nanoscale Molecular Dynamics (NAMD) (36). 

This atomic model was then fit into the ~9 Å resolution cryo-EM map of Cascade bound 

to dsDNA (25), and B-form DNA was modeled into density at the tail of the complex using 

Chimera. The 9 Å resolution cryo-EM density accommodates two distinct starting models, 

each positioning the globular domain of Cse1 (Cas8) in a different conformational state. 

These differences are derived from whether we used the ssDNA bound or unbound x-ray 
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crystal structure as the basis to model the conformational state of the Cse1 subunit. Atomic 

coordinates of these models were refined using MDFF for 150-ps, followed by a 2-ps 

energy minimization. All simulations were performed at 300˚K with 2-femtosecond time 

steps. Correlation coefficients were determined using Chimera’s Fit in Map function. 

Electrophoretic Mobility Shift Assay (EMSA) 

Oligonucleotides (Operon) listed in Supplemental Table S4.3 were 5’-end labeled 

with γ32P-ATP (PerkinElmer) using T4 polynucleotide kinase (NEB). Labeled 

oligonucleotides were purified by phenol/chloroform extraction followed by MicroSpin G-

25 columns (GE Healthcare). dsDNA was prepared by mixing labeled oligonucleotides 

with a >5 fold molar excess of the complementary oligonucleotide, in hybridization buffer 

(20mM HEPES pH 7.5, 75mM NaCl, 2mM EDTA, 10% glycerol, and 0.01% bromophenol 

blue). The mixture was incubated at 95°C for 5 minutes, and gradually cooled to 25°C in a 

thermocycler. Oligonucleotide duplexes were gel purified, ethanol precipitated and 

recovered in hybridization buffer.  

Increasing concentrations of Cascade were incubated with oligonucleotides in 

hybridization buffer plus 1mM TCEP. Samples were incubated for 15 minutes at 37 °C, 

loaded onto a 6% native polyacrylamide gel, and run for 3 hours at 150 Volts at 4 °C. 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) or GelQuant.NET software 

(biochemlabsolutions.com). After background subtraction, the fractions of bound 
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oligonucleotides were plotted against total Cascade concentration. The data were fit by 

nonlinear regression analysis using the equation: 

 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑏𝑜𝑢𝑛𝑑 𝐷𝑁𝐴 =
𝑀1 ∗  [𝐶𝑎𝑠𝑐𝑎𝑑𝑒]𝑡𝑜𝑡𝑎𝑙

(𝐾𝑑 + [𝐶𝑎𝑠𝑐𝑎𝑑𝑒]𝑡𝑜𝑡𝑎𝑙 
)
 

 

Where M1 is the amplitude of the binding curve. Reported KDs are the average of three 

independent experiments and error bars represent standard deviations. 

Plasmid Curing Assays 

Plasmid curing assays were preformed according to previously described methods 

(37). In brief, E. coli BL21 (AI) cells were transformed with pWUR547 (CRISPR 7xP7), 

pWUR397 (Cas3), and pWUR400 (Cse1, Cse2, Cas7, Cas5e, and Cas6e) plasmids. These 

cells were made electrocompetent using standard methods and transformed with an equal 

molar mixture of pUC19 (non-target) and pUC19-P7-CAT (target) containing a 350-bp 

insert of the phage P7 genome flanked by a 5’-CAT-3’ PAM (Supplemental Table S4.1). 

Cells used for a negative control (immunodefective) were identical except pWUR547 

(CRISPR 7xP7) was replaced with a non-targeting CRISPR (pWUR630), which targets a 

protospacer that is not present on either pUC19 or pUC19-P7-CAT plasmids. After 

transformation the cells were grown for 2 hours at 37°C in 1 ml of LB-media supplemented 

with 100 µg/ml ampicillin, 0.2 % L-arabinose, and 0.2 mM IPTG. Cells were plated on 

LB-agar plates supplemented with 100 µg/ml ampicillin, 0.2 % L-arabinose and 0.2 mM 

IPTG at 37°C overnight. The next day, 40 colonies were randomly screened for the 
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presence of pUC19 or pUC-P7-CAT by colony PCR using forward (5’- 

CAGTGAGCGCAACGCAATTA) and reverse (5’- AACTATGCGGCATCAGAGCA) 

primers that amplify a 454-bp region of pUC19 or a 768-bp region in pUC-P7-CAT. PCR 

reactions were separated by agarose gel electrophoresis and stained with sybr safe 

(Supplemental Figure S4.1). The error bars represent standard error of the mean calculated 

from three independent experiments. Mutants of Cascade were made by site directed 

mutagenesis using the pWUR400 plasmid as a template. Primers for mutagenesis are listed 

in Supplemental Table S4.4. 

Results  

A lysine-rich vise is essential for dsDNA binding and unwinding.  

We determined a 3.2 Å x-ray structure of Cascade in a new crystal form using 

molecular replacement methods (Figure 4.1 and Supplemental Table S4.2). The 

asymmetric unit contains two structurally similar seahorse-shaped Cascade assemblies that 

superimpose on two previously determined structures of Cascade with a root-mean-square 

deviation (rmsd) of less than 1.1 Å for equivalently positioned C atoms (Supplemental 

Figure S4.2 and Supplemental Table S4.2) (22,24). However, the arrangement of Cascade 

molecules in the new crystal form provides new insights into the mechanism of dsDNA 

binding. Symmetrically related Cascade complexes are packed in a head-to-tail and head-

to-belly arrangement (Figure 4.1B and 1C), with the 3’-stem-loop of one Cascade placed 

between two positively charged lysine-rich helices (K137, K138, K141, and K144) on 

Cas7.5 and Cas7.6 subunits. The backbone of Cascade is composed of six Cas7 subunits 

that share a ‘right-hand’ morphology consisting of fingers, palm, and a thumb (Figure 4.1). 
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The lysine-rich helix (K-rich helix) is located on the ‘pinky’ of the fingers domain of 

Cas7.1 to Cas7.5, but the fingers domain of Cas7.6 is rotated ~180 degrees. Previously we 

speculated that the lysine-rich helix on Cas7.5 and Cas7.6 may play a role in stabilizing 

dsDNA during target recognition and our new crystal structure reveals non-sequence 

specific interactions between the lysines and the negatively charged phosphate backbone 

(Figure 4.1D) (22). To test the importance of these lysines in Cascade-mediated immunity, 

we made a quadruple mutant of Cas7 (K137A, K138A, K141A, and K144A) denoted 

KKKK, and tested the mutant using an in vivo plasmid curing assay. Plasmid curing 

assays indicate that the KKKK mutation results in severe immunodeficiency (Figure 

4.1E).  

To model potential interactions between the K-rich helices and dsDNA, we docked 

the atomic coordinates of Cascade and B-form dsDNA into the 9 Å cryo-EM reconstruction 

of Cascade and then used Molecular Dynamics Flexible Fitting (MDFF) to fit the atomic 

model into the EM density while maintaining bond angles and distances (34,35,38). This 

model indicates that the 3’-end of a bound dsDNA target is positioned between the K-rich 

helices of Cas7.5 and Cas7.6. We hypothesized that the K-rich helices of Cas7.5 and Cas7.6 

function as a molecular vise-grip that binds the phosphate backbone of dsDNA and 

positions the target for PAM recognition and crRNA-guided strand invasion (Figure 4.1G 

and Supplemental Movie S4.1). To test this hypothesis, we purified KKKK Cascade 

(Supplemental Figure S4.3A), and performed electrophoretic mobility shift assays 

(EMSAs) using dsDNA containing a protospacer and a 5’-CAT-3’ PAM. Wild type 

Cascade bound to a 72-bp dsDNA target containing a protospacer and PAM with high 
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affinity (KD=1.14 nM), while the KKKK mutation resulted in a severe binding defect 

(KD>1000 nM) (Figure 4.1H and Supplemental Figure S4.4B). In contrast to dsDNA 

targets, the KKKK mutation results in modest binding defects for ssDNA targets Figure 

4.1H). These biochemical data indicate the immunodeficiency of the KKKK mutant is a 

result of a dsDNA-binding defect.  

Structural models of Cascade bound to dsDNA suggest that at least twelve 

additional base pairs on the 3’-side of the protospacer sequence are required to extend 

through the K-rich helices. Accordingly, the model predicts that 3’-truncations of the 

dsDNA will disrupt high-affinity binding to Cascade. To test this model, we performed 

EMSAs using a series of dsDNA substrates with identical protospacers, but incrementally 

shorter 3’-ends. We observed a direct correlation between the length of the 3’-end and 

binding affinity. Double-stranded DNA substrates with 3’-ends that extend 8-bps beyond 

the PAM bind with high affinity (KD<5 nM), while substrates with shorter 3’-ends display 

significant binding defects (Figure 4.1H and Supplemental Figure S4.4B). Binding 

affinities directly correlated with the length of the 3’-end and dsDNA substrates that do not 

reach the lysine vise (+3 and +0) result in binding affinities comparable to non-target DNA 

(KD>1000 nM). However, these binding defects are primarily limited to dsDNA substrates. 

The length of the 3’-end had no significant impact on binding affinities for short ssDNA 

substrates, though longer ssDNA did bind with lower affinity to the KKKK mutant 

(Figure 4.1H and Supplemental Figure S4.4C). Together, these results suggest the K-rich 

vise positions dsDNA for subsequent PAM scanning and duplex unwinding. 
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Figure 4.1. A lysine-rich vise is critical for binding dsDNA. (A) The CRISPR-mediated 

adaptive immune system in Escherichia coli (Type IE) consists of eight cas genes (arrows) 

and a CRISPR locus (black diamonds and red cylinders). Five of the cas genes (colored 

arrows) encode proteins that assemble with a 61-nt crRNA to from the seahorse-shaped 

complex composed of an unequal number of five different Cas proteins. The stoichiometry 

of Cas proteins in Cascade is indicated above the arrows. (B) Cartoon schematic of how 

three symmetry related Cascade complexes pack together in the crystal in a head-to-tail 

and head-to-belly arrangement. Subunits are colored according to the scheme used in panel 

A. (C) Surface rendition of symmetry related Cascade complexes. (D) The interface 

between the 3’ stem-loop of one Cascade assembly with lysine-rich (K-rich) helices of 

another. Positively charged K-rich helices are indicated in blue. (E) Plasmid curing results. 

The KKKK mutation results in immunodeficiency. (F) Model of Cascade bound to 

dsDNA docked into the cryo-EM density EMDB 5929. The K-helices of Cas7.5 and Cas7.6 

are indicated. (G) Schematic of Cascade binding dsDNA. The PAM and number of base 

pairs required to reach through the K-helices (+12) are indicated. (H) Equilibrium 

dissociation constants of Cascade and KKKK Cascade with various dsDNA and ssDNA 

substrates containing 3’-ends with variable lengths.  
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PAM recognition and strand invasion.  

Cascade distinguishes self from non-self sequences through recognition of a tri-

nucleotide PAM sequence located adjacent to the protospacer (12,39). Previous structural, 

biochemical, and genetic work suggested that residues 125 to 131 of Cse1 form a loop (L1) 

that participates in PAM recognition (40). The crystal structure of Cascade reveals that L1 

includes a short α-helix that extends through a pore formed by Cas5e (22,24), and that the 

L1-helix interacts with nucleobases in the 5’-handle of the crRNA (Figure 4.2A) (25,40). 

However, DNA binding induces a conformational change in Cascade, and L1 is disordered 

in the ssDNA bound structure of Cascade (23). This suggests that conformational changes 

induced by DNA binding may extract the L1-helix from the Cas5e pore. To clarify the 

functional role of the L1-helix, we compared unbound structures of Cascade to atomic 

models of Cascade bound dsDNA that we generated using MDFF (Figure 4.2A-B). MDFF 

models generated using atomic coordinates from the ssDNA bound structure indicate that 

L1 moves out of the Cas5e pore and repositions itself next to the PAM. However, a similar 

simulation performed using atomic coordinates from the unbound structure of Cascade 

reveals only modest changes in the position of residues in the L1-helix (Supplemental 

Figure S4.5). The different position of L1 between these models reflects bias introduced 

by the position of L1 in the starting model. Regardless of the starting model, both 

simulations indicate that two residues in the L1-helix (T125 and N126) become more 

accessible for PAM interactions. Furthermore, both models indicate that a -hairpin on 

Cse1 (residues 343 to 366) positions itself between the complementary and displaced 

strands of the protospacer. 
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To test the importance of the L1-helix and the -hairpin in dsDNA target 

recognition, we mutated L1 and the -hairpin of Cse1 to mimic the Cse1 sequence from 

Streptococcus thermophilus (Supplemental Figure S4.6), which recognizes a 5’-AAT-3’ 

PAM rather than a 5’-CAT-3’ PAM recognized by E. coli Cascade (41). Mutations in L1 

were restricted to solvent accessible residues (i.e. T125N and N126K) (Figure 4.2A-B). 

The -hairpin is surface exposed in both MDFF models and 6 residues (343 to 366) were 

replaced with the corresponding amino acids from the S. thermophilus Cse1 sequence 

(Supplemental Figure S4.6). Mutations in either the L1-helix or the -hairpin result in 

immunodeficiencies comparable to controls performed using a non-targeting CRISPR 

(Figure 4.2C). To determine if the immunodeficiencies were due to assembly defects, we 

purified Cascade complexes containing either the L1-helix or the -hairpin mutations. The 

L1-helix and -hairpin mutants express and purify like wild type, suggesting that these 

mutations do not perturb assembly of the complex (Figure 4.2D). Next, we used the 

purified complexes to perform EMSAs to determine if these mutations perturb DNA 

binding. The L1-helix and -hairpin mutations result in only minor binding defects for 

ssDNA, but these same mutants result in significant binding defects for dsDNA substrates 

that contain a 5’-CAT-3’ or a 5’-AAT-3’ PAM, and a protospacer (Figure 4.2E and 

Supplemental Figure S4.7). These results indicate that residues in the L1-helix or the -

hairpin are not necessary for recognition of ssDNA targets and that the L1-helix or the -

hairpin are not individually responsible for PAM recognition, but they are critical for 

binding dsDNA. 
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Figure 4.2. The L1-helix and a long β-hairpin in the Cse1 subunit are involved in PAM 

recognition and duplex destabilization. (A) In the structure of Cascade prior to DNA 

binding, L1 sits inside the Cas5e pore. F129, V130, and N131 make contact with 

nucleobases in the 5’-handle of the crRNA. T125 and N126 are solvent accessible. (B) 

Molecular Dynamic Flexible Fitting (MDFF) was used to model atomic coordinates of 

Cascade prior to target binding, into the cryo-EM density of Cascade bound to a dsDNA 
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target with a PAM. The model is colored according to changes in distance relative to the 

PAM. Motion towards the PAM is colored orange and motion away from the PAM is blue. 

In the simulation, the L1-helix is positioned proximal to the PAM and the -hairpin is 

positioned between single-strand regions of the DNA target. (C) Mutations in the L1-helix 

(T125N/N126K) or the -hairpin (R351G/N353P/A355S/S356R) result in 

immunodeficiency. (D) Elution profile of the L1-helix and -hairpin mutants. The insert 

shows a Commassie blue-stained SDS-PAGE gel (top) and a denaturing polyacrylamide 

gel of phenol extracted crRNA isolated from each of the Cascade complexes (bottom). (E) 

Equilibrium dissociation constants of Cascade, the L1-helix and -hairpin mutants for 

dsDNA substrates containing either 5’-CAT-3’ or 5’-AAT-3’ PAM and for ssDNA 

substrates containing a 5’-CAT-3’ PAM.  

 

An arginine relay facilitates conformational rearrangements during target binding. 

Comparison of unbound and DNA bound x-ray structures reveals that the helical 

Cas7 backbone of Cascade is a rigid structure that does not move upon target binding 

(Figure 4.3) (22-24). In fact, the hexameric Cas7 backbones from these two structures 

superimpose with an rmsd of 0.71 Å over all equivalently positioned C atoms. In contrast 

to the structurally rigid Cas7 backbone, target binding triggers a dramatic conformational 

rearrangement in the belly (Cse2) and tail (Cse1) subunits. The two Cse2 subunits slide 

~10 Å towards the tail upon target binding, and the four-helix bundle of Cse1 tilts ~14 Å 

closer to the bound ssDNA (Figure 4.3A and Supplemental Movie S4.1). To understand 

the functional implications of this conformational rearrangement, we examined 

interactions between the Cas7 and Cse2 subunits in the unbound and ssDNA-bound crystal 

structures. In the unbound state, two conserved arginines (R27 and R101) on each Cse2 

subunit form salt-bridges with conserved aspartic acid residues (D22) displayed on the 

Cas7 subunits. Target binding induces a conformational change that moves the Cse2 

subunits down the Cas7 backbone. The R27 and R101 residues form new contacts with 

kinked-out bases on the bound DNA target, and compensatory salt bridges are formed 
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between additional arginines on Cse2 (R107 and R119) and D22 residues further down the 

backbone (Figure 4.3B-C).  

This “molecular relay” of arginines anchors the Cse2 subunits to the Cascade 

complex during target binding, and results in a net gain of four ionic interactions with the 

kinked out bases. We hypothesized that newly formed interactions between flipped-out 

bases and the arginines on Cse2 would contribute to the stability of the target bound 

conformational state. To test this hypothesis we performed EMSAs using dsDNA and 

ssDNA targets that are missing a nucleobase at every 6th position of the target strand 

protospacer (Supplementary Table S4.3). We observed a 5-fold binding defect in abasic 

ssDNA substrates (Supplemental Figure S4.8), suggesting that interactions between the 

Cse2 arginines R27 and R101, and kinked out bases contribute to target binding. However, 

no significant difference was observed for binding abasic dsDNA substrates, which may 

not be surprising given that the relatively modest contribution gained by stabilizing the 

flipped out bases may be masked in dsDNA substrates where abasic substitutions 

compensate for the binding defect observed in ssDNA by destabilizing the dsDNA duplex.  

Salt bridges between D22 residues on Cas7 and conserved arginines on Cse2 (R27, 

R101, R107, and R119), appear to be critical for anchoring the Cse2 subunits to the Cas7 

backbone (Figure 4.3 B-C). To determine the importance of the salt bridges in Cascade-

mediated immunity we made point mutants of the salt-bridging arginines on Cse2 (R27A, 

R101A, R107A, and R119A), and performed in vivo plasmid-curing assays (Figure 4.3D). 

Individual arginine mutations of R27A, R107A, and R119A had no detectable effect on 

immunity, while R101A resulted in an immunodeficiency. Next, we made double mutants 
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of the arginine residues that participate in salt bridging before (R27A/R101A) or after 

(R107A/R119A) target binding. The double mutant R27A/R101A was 

immunocompromised, while R107A/R119A showed no significant immune defect, 

indicating that salt bridges formed before target binding are critical for immunity while 

compensatory interactions made after target binding are not essential in an overexpression 

system. Consistent with these results, the quadruple arginine mutant (R27A, R101A, 

R107A, and R119A), denoted RRRR, resulted in an immune defect comparable to R101A 

or the double R27A/R101A mutant. To confirm that the immune defect was a result of 

disrupting the observed salt-bridges we mutated the aspartic acid residue (D22A) on Cas7. 

The D22A mutation resulted in a plasmid-curing defect similar to R101A, R27A/R101A, 

and RRRR, suggesting that salt-bridge formation between Cse2 R101 and Cas7 D22 is 

important for immunity. 

To determine if the immunodeficiencies observed for the Cse2 double mutants 

R27A/R101A and R107A/R119A and the Cas7 D22A mutant are a consequence of 

perturbing Cascade assembly, target binding, or Cas3 recruitment, we expressed and 

purified mutant Cascade complexes using a strep-tag on the N-terminus of Cas7. These 

mutations all result in Cascade complexes lacking the Cse2 subunits (Figure 4.3E). A faint 

Cse2 band is observed in D22A Cascade preparations. One explanation for this observation 

is that Cas7 has a second aspartic acid residue at position 21 that may partially compensate 

for the D22A mutations during purification. To determine the consequence of Cse2 

destabilization on target binding we performed EMSAs using ssDNA and dsDNA targets. 

Cascade lacking Cse2 is unable to bind dsDNA tightly and has a 15-fold decrease in affinity 
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for ssDNA targets (Figure 4.3F and Supplemental Figure S4.9). These data indicate that 

Cse2 facilitates binding to ssDNA, and that Cse2 is critical for efficient binding to dsDNA 

substrates (17,21,42,43).  

 

Figure 4.3. Conserved arginines on the Cse2 subunits participate in a relay that 

stabilizes target binding induced conformational changes. (A) Overlay of Cascade 

crystal structures before (gray) and after (colored) target binding. (B - C) Schematic of the 

conformational change induced by target binding. The two Cse2 subunits move ~10-Å 

down the backbone of Cascade. Salt bridges between the belly (Cse2 R27 and R101) and 
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the backbone (Cas7 D22) are broken. R27 and R101 are repositioned to stabilize the 

flipped-out bases on the DNA target strand and compensatory salt bridges are formed by 

Cse2 R107 and R119 with D22 residues on Cas7 subunits further down the backbone. (D) 

Plasmid curing assays reveal that R101A mutations result in a strong immune system 

defects, while individual mutation of the other Cse2 arginines shows little or no measurable 

defect. The D22A mutation also results in immunodeficiency. (E) Elution profile of the 

WT Cascade and different mutants. The insert shows a Commassie blue-stained SDS-

PAGE gel (top) and a denaturing polyacrylamide gel of phenol extracted crRNA isolated 

for the Cascade complexes (bottom). The Cse2 R27A/R101A, Cse2 R107A/R119A, and 

Cas7 D22A mutants lack Cse2. (F) Equilibrium dissociation constants of Cascade and 

Cascade mutants for a 72-bp dsDNA target and a 72-nt ssDNA target containing a 5’-CAT-

3’ PAM. 

Discussion 

Cascade is a crRNA-guided surveillance complex that efficiently binds foreign 

DNA and recruits a trans-acting nuclease for target degradation (41,44-46). Here we 

determined the x-ray structure of Cascade in a new crystal form that reveals non-sequence 

specific interactions between K-rich helices located on the Cas7.5 and Cas7.6 backbone 

subunits and the negatively charged crRNA from a symmetry related molecule (Figure 

4.1D). Collectively, we show that the positive charge on the K-rich helix is necessary for 

dsDNA, but not ssDNA binding, and that the K-rich vise plays a fundamental role in 

dsDNA binding that is equivalent to the importance of the protospacer and the PAM. 

dsDNA substrates that contain a PAM and a protospacer, but do not have 3’-ends long 

enough to reach the K-rich vise are bound with affinities similar to dsDNAs lacking a PAM 

or protospacer (Figure 4.1H) (10-12,40). Our structural models indicate that 12-bps of 

duplex DNA stretch from the 3’-end of the protospacer through the K-rich vise, and we 

show that substrates with 3’-ends that extend across the K-rich vise are bound with high-

affinity. This distance is similar to the 9 base pairs protected by Cascade in nuclease 

protection assays (10). 
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PAM recognition by Cascade is promiscuous, and different PAMs elicit distinct 

immune responses (39). Recognition of a protospacer flanked by one of the five different 

‘interference’ PAMs elicits a response that involves the recruitment of Cas3 for 

degradation of the DNA target (39,47). However, protospacers flanked by one of 22 

different ‘priming’ PAMs are still recognized by Cascade, but rather than eliciting Cas3 to 

degrade the target, these interactions appear to elicit a ‘priming’ response that promotes 

the rapid acquisition of adjacent protospacers (25,39,48). While the mechanism of PAM 

sensing remains unknown, we propose that PAM-dependent and PAM-priming modes of 

protospacer recognition will require the K-rich vise on Cas7.5 and Cas7.6, the L1-helix on 

Cse1, the -hairpin on Cse1, and residues involved in the arginine relay that reposition the 

two Cse2 subunits during target binding (Figure 4.4). Residues in the L1-helix on Cse1 

have previously been implicated in PAM detection (15,25), but structures of Cascade prior 

to engaging a DNA target suggested that these residues (F129, V130, and N131) are buried 

and unavailable for PAM interactions. However, target binding introduces a 

conformational change that may liberate the L1-helix for participation in PAM scanning. 

Our structural models and biochemical studies also identified a -hairpin (residues 343-

366) that is important for dsDNA target binding and may be involved in PAM sensing. Our 

attempts to change PAM detection from 5’-CAT-3’ to 5’-AAT-3’ by simply swapping 

solvent accessible residues in the L1-helix, or -hairpin from E. coli for residues found at 

equivalent positions in the Cse1 subunit from S. thermophilus failed. We think that this 

failure reflects our incomplete understanding of PAM recognition and we anticipate that 

higher-resolution structures of Cascade bound to a dsDNA target containing a PAM will 
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provide more insight into the mechanism of PAM sensing. While the resolution of our 

models precludes an atomic-resolution understanding of PAM-recognition, we anticipate 

that PAM detection momentarily stalls Cascade, and that protracted lifetimes at PAM 

motifs may explain the proficiency of recognizing protospacers flanked by PAMs. This 

model is supported by recent evidence showing that the Csy complex (Type 1-F) 

preferentially interacts with dsDNA substrates containing PAMs, and that Cas9, a Type II-

A crRNA-guided surveillance complex, preferentially samples PAM-rich regions of the 

lambda phage genome (14,16).   

PAM recognition initiates directional hybridization between the dsDNA target and 

complementary crRNA, displacing the non-complementary strand of the DNA target and 

creating an R-loop that is predicted to be stabilized by Cse1 and Cse2 subunits (17,43). 

Complete R-loop formation results in a locking mechanism that increases the grip of 

Cascade on DNA substrates and Rutkauskas et al demonstrated that the locking mechanism 

is required for Cas3 recruitment to bound targets (43). The structural analysis presented 

here reveals a series of conserved arginine resides on the Cse2 subunits that may contribute 

to locking by stabilizing flipped out bases on the target strand and forming salt-bridges 

with conserved acidic residues (i.e. D22) displayed on the Cas7 backbone (Supplemental 

Figure S4.10). Interestingly, the D22 residue is also strictly conserved in the Cas7 proteins 

of the Type III Cmr and Csm complexes, where it is required for endonucleolytic cleavage 

of RNA substrates (Supplemental Figure S4.10) (22). Although Cascade has no detectable 

RNase activity (data not shown), we show that D22 still plays a critical role in Cascade 

assembly and function. It is likely that this strictly conserved residue is derived from a 
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common ancestor of Type I and Type III systems, but its function has evolved to match the 

needs of these diverse surveillance systems.  
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Figure 4.4. DNA target recognition and binding by Cascade. (A - B) A lysine-rich vise 

makes non-sequence specific interacts with dsDNA. (C) DNA binding induces a 

conformational change and the L1-helix and -hairpin are positioned for PAM scanning. 

(D) Directional hybridization between the DNA target and complementary crRNA drives 
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an arginine relay along the belly subunits, in which arginines interact with kinked out bases 

from the bound target strand and conserved aspartates on the Cas7 backbone. (E) The 

conformational rearrangement locks Cascade on the target and signals recruitment of the 

Cas3 helicase-nuclease. (F - G) Cas3 is recruited to the Cascade-DNA complex and the 

DNA is degraded by Cas3. Degradation of the DNA may release Cascade for another round 

of target detection, however turnover of Cascade has not been demonstrated. 
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Supplemental Figures 

 
 

Figure S4.1. Representative agarose gels used to screen colonies in plasmid curing 

assays. (A) Agarose gel of PCR products from 20 colonies of E. coli that contain a Type 

IE CRISPR programed to target a high-copy number (pUC19) plasmid (positive control). 

Only one colony contained the target plasmid (lane1, 768-bp fragment), while 19 colonies 

contained the non-target plasmid (454-bp fragment). (B) Agarose gel of PCR products from 

20 colonies of E. coli that contain a Type IE CRISPR-mediated programed to target a 

sequence that is not represented in the plasmid (negative control). Twelve colonies 

contained the target plasmid, seven colonies contained the non-target plasmid, and one 

colony contained both plasmids (lane 20). 
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Figure S4.2. Superposition of Cascade structures. (A) All six Cascade assemblies from 

the three available structures are aligned. Cas6e head adopts different conformations that 

vary by ~6 Å. (B) Overlay of the ssDNA-bound Cascade structure (colored) onto all the 

apo structures (transparent white). Cas6e of the ssDNA-bound structure adopts a 

conformation similar to that observed in apo Crystal assemblies, but target binding causes 

a conformational rearrangement in the Cse2 and Cse1 subunits, shown as colored arrows. 

The grey arrow indicates the variable position of Cas6e in the apo structures.  
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Figure S4.3. The ΔKKKK mutant expresses and purifies similar to the wild type 

Cascade complex. (A) Elution profile of WT Cse2-tagged Cascade (green) and Cse2-

tagged ΔKKKK (blue). The insert shows a Commassie blue-stained SDS-PAGE gel (top) 

and a denaturing polyacrylamide gel of phenol-extracted crRNA isolated for the Cascade 

complexes (bottom). ΔKKKK expresses and purifies as WT Cascade. (B) Elution profile 

of Cse2-tagged Cascade (blue) and Cas7-tagged Cascade (red). The broader peak of the 

Cas7-tagged Cascade consists of WT Cascade and CascadeΔCse2 complexes. 
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Figure S4.4. Cascade relies on a lysine-rich vise for binding dsDNA targets. (A) 

Schematic of the crRNA and a 72-bp dsDNA target. The protospacer (red) is flanked by 

19-bps (brown) on the 5’-end and 0 to 21-bps on the 3’-end. (B) Electrophoretic mobility 

shift assays (EMSA) performed using Cascade or ΔKKKK-Cascade, with dsDNA 

substrates that have different 3’- ends. Only dsDNA targets that reach the lysine-rich vise 

(K-rich vise) are bound with high affinity. Deletion of the lysine vise (ΔKKKK) results in 

a binding defect. (C) EMSA performed with Cascade or ΔKKKK-Cascade, using either 

32-nt or 72-nt ssDNA targets. Mutation of the K-rich vise (ΔKKKK-Cascade) has little 

effect on ssDNA binding. Imagines of gels used for Electrophoretic Mobility Shift Assays 

were saved as JPGs and the brightness and contrast have been altered to enhance visibility. 
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Figure S4.5. Structural models generated using Molecular Dynamics Flexible Fitting. 

(A) Atomic coordinates of Cascade were modeled into the cryo-EM density of Cascade 

bound to a dsDNA target with a PAM (magenta) using Molecular Dynamics Flexible 

Fitting (MDFF). The model is colored according to changes in distance relative to the 

PAM. Atoms that move towards the PAM are colored orange and away from the PAM are 

blue. (B) Same as in panel A, only the atomic coordinates of the ssDNA bound structure 

of Cascade were used as the starting model. In this simulation the L1-helix moves out of 

the Cas5e pore, and is repositioned next to the PAM.
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Figure S4.6. Sequence and structural alignment of PAM sensing features from E. 

coli and S. thermophilus. (A) Amino acid sequence alignment of the L1 and β-hairpin 

features of Cse1 from E. coli and S. thermophilus. (B) Structural comparison of the L1 

and β-hairpin features of Cse1 from E. coli (left) and a homology model of Cse1 from S. 

thermophilus (right).
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Figure S4.7. The L1-helix and β-hairpin are required for high-affinity binding to 

dsDNA targets. (A) EMSAs of WT Cascade, the L1-helix mutant (Cse1 T125N/N126K), 

and the β-hairpin mutant (Cse1 R351G/N353P/A355S/S356R) performed using a 72-bp 

dsDNA target. (B) Mutation of the L1-helix or the β-hairpin has little effect on ssDNA 

binding. EMSAs of Cascade, the L1-helix mutant, and the β-hairpin mutant, were 

performed using 72-nt ssDNA target. 
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Figure S4.8. Conserved arginines stabilize flipped-out bases on the DNA target. (A) 

Equilibrium dissociation constants of Cascade for 72-bp targets and 72-bp targets that are 

abasic at the positions corresponding to the flipped-out bases in the target strand. (B) 

Representative, EMSA performed using Cascade and ssDNA targets with or without abasic 

nucleotides a every 6th position of the protospacer. The absence of a nucleobase results in 

a modest but reproducible binding defect.  
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Figure S4.9. Mutations that perturb the arginine relay result in a dsDNA binding 

defect. (A) EMSAs performed using Cascade or Cascade mutants (Cse2R27A/R101A or 

Cse2R107A/R119A) with 72-bp dsDNA target. Absence of the Cse2 subunits in the 

mutants leads to a severe dsDNA-binding defect. Cas7-tagged Cascade has a higher KD 

(13.3 nM) than Cse2-tagged Cascade because it contains a subpopulation of Cascades 

lacking Cse2 (Figure S4.3). (B) EMSA of Cascade and arginine or aspartic acid mutants 

with 72-nt ssDNA target. These mutations result in a 15-fold binding defect. Visible is the 

subpopulation of CascadeΔCse2 binding ssDNA in the WT Cascade lanes. 
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Figure S4.10. Aspartate residue conservation in Cas7 proteins from Type I and Type 

III CRISPR systems. (A) Amino acid sequence alignments of the Cas7 subunit from Type 

I-E (Cas7), Type III-A (Csm3), and Type III-B (Cmr4). The conserved aspartate is 

indicated on each alignment. (B) Cas7 subunits are shaped like a right hand with palm, 

fingers, and thumb domains. The conserved aspartate is located between the palm and 

thumb domains. PDB codes are indicated. (C) Views of the conserved aspartate in context 

of the Cascade complex (left) and Cmr Complex (right). In Cascade, D22 forms a salt 

bridge with R27, whereas in the Cmr Complex D31 forms part of the RNase active site. 
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Supplemental Tables 

Table S4.1. Plasmids used  

Plasmid Description  source 

pWUR397 Cas3 in pRSF-1b Brouns et al. (1) 

pWUR400 cse1-cse2-cas7-cas5-cas6e in pCDF-1b Brouns et al. (1) 

pWUR407 cse1-cse2 in pRSF-1b  Brouns et al. (1) 

pWUR408 cse1 in pRSF-1b Brouns et al. (1) 

pWUR515 cas7 with Strep-tag II (N-term)-cas5-cas6e in pET52b Brouns et al. (2) 

pWUR547 E. coli R44 CRISPR, 7x spacer P7 in pACYCDuet-1 Jore et al. (3) 

pWUR610 pUC-J3; pUC19 containing J3-protospacer on a 350 bp phage λ amplicon Semenova et al. (4) 

pWUR613 pUC-P7-CGT; pUC19 containing R44-protospacer with CGT PAM on a 350 bp phage P7 

amplicon 

Jore et al. (3) 

pWUR630 E. coli CRISPR, 4x spacer J3 in pACYCDuet-1 Semenova et al. (4) 

pWUR656 cse2 with Strep-tag II (N-term)-cas7-cas5-cas6e in pCDF-1b Westra et al. (5) 

pUC-P7-CAT pUC19 containing R44-protospacer with CAT PAM on a 350 bp phage P7 amplicon This study 
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Table S4.2. Data collection and refinement statistics 

Crystal morphology Shard 

Data collection  
Beamline 
Space group 

APS 23-ID 
P212121 

Cell dimensions  
    a, b, c (Å) 105.99, 244.80, 426.74 

        (deg)  90.0, 90.0, 90.0 

CC1/2 0.984 (0.566) 
Completeness (%) 100 (100.0) 
Redundancy 7.3 (6.9) 
Rmerge(%) 0.304 (1.369) 
I / σI  8.0 (2.1) 
  
Refinement 
Resolution† (Å) 49.74-3.20 (3.25-3.20)* 
No. reflections 1347007 
Rwork/Rfree (%) 25.0/27.6 
 
RMSD 

 

   Bond lengths (Å) 0.005 

   Bond angles (deg) 
Ramachandran 
    Favored (%) 
    Outliers (%) 
Clashscore 

0.839  
 
94.6 
0.58 
4.3 

  

*Values in parentheses are for highest-resolution shell. 
†Resolution limits use the criterion of I/σI > 2.0 
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Table S4.3. DNA substrates used for band shift assays 

Description Sequence  

target strand (top) and non-target strand (bottom); PAM in black and spacer in blue 

72 bp dsDNA target 

(+21) 

3’-CGCGCCGTTCGGCTTTCGTACTGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

5’-GCGCGGCAAGCCGAAAGCATGACGGTATTGTTCAGATCCTGGCTTGCCAACAGTGATTGCTCGGGAGTCGCT-3’ 

66 bp dsDNA target 

(+15) 

      3’-GTTCGGCTTTCGTACTGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

      5’-CAAGCCGAAAGCATGACGGTATTGTTCAGATCCTGGCTTGCCAACAGTGATTGCTCGGGAGTCGCT-3’ 

62 bp dsDNA target 

(+11) 

          3’-GGCTTTCGTACTGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

          5’-CCGAAAGCATGACGGTATTGTTCAGATCCTGGCTTGCCAACAGTGATTGCTCGGGAGTCGCT-3’ 

60 bp dsDNA target (+9)             3’-CTTTCGTACTGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

            5’-GAAAGCATGACGGTATTGTTCAGATCCTGGCTTGCCAACAGTGATTGCTCGGGAGTCGCT-3’ 

58 bp dsDNA target (+7)               3’-TTCGTACTGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

              5’-AAGCATGACGGTATTGTTCAGATCCTGGCTTGCCAACAGTGATTGCTCGGGAGTCGCT-3’ 

56 bp dsDNA target (+5)                 3’-CGTACTGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

                5’-GCATGACGGTATTGTTCAGATCCTGGCTTGCCAACAGTGATTGCTCGGGAGTCGCT-3’ 

54 bp dsDNA target (+3)                   3’-TACTGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

                  5’-ATGACGGTATTGTTCAGATCCTGGCTTGCCAACAGTGATTGCTCGGGAGTCGCT-3’ 

51 bp dsDNA target (+0)                      3’-TGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

                     5’-ACGGTATTGTTCAGATCCTGGCTTGCCAACAGTGATTGCTCGGGAGTCGCT-3’ 

72 bp a-basic dsDNA 

target 

3’-CGCGCCGTTCGGCTTTCGTACTGCCA-AACAA-TCTAG-ACCGA-CGGTT-TCACTAACGAGCCCTCAGCGA-5’ 

5’-GCGCGGCAAGCCGAAAGCATGACGGTATTGTTCAGATCCTGGCTTGCCAACAGTGATTGCTCGGGAGTCGCT-3’ 

72 bp dsDNA target         

5’-AAT-3’ PAM 

3’-CGCGCCGTTCGGCTTTCGTAATGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

5’-GCGCGGCAAGCCGAAAGCATTACGGTATTGTTCAGATCCTGGCTTGCCAACAGTGATTGCTCGGGAGTCGCT-3’ 

72 nt ssDNA target (+21) 3’-CGCGCCGTTCGGCTTTCGTACTGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

66 nt ssDNA target (+15)       3’-GTTCGGCTTTCGTACTGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

62 nt ssDNA target (+11)           3’-GGCTTTCGTACTGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

60 nt ssDNA target (+9)             3’-CTTTCGTACTGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

58 nt ssDNA target (+7)               3’-TTCGTACTGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

56 nt ssDNA target (+5)                 3’-CGTACTGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

54 nt ssDNA target (+3)                   3’-TACTGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

51 nt ssDNA target (+0)                      3’-TGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 

72 nt a-basic ssDNA 

target 

3’-CGCGCCGTTCGGCTTTCGTACTGCCA-AACAA-TCTAG-ACCGA-CGGTT-TCACTAACGAGCCCTCAGCGA-5’ 

72 nt ssDNA target           

5’-AAT-3’ PAM 

 

3’-CGCGCCGTTCGGCTTTCGTAATGCCATAACAAGTCTAGGACCGAACGGTTGTCACTAACGAGCCCTCAGCGA-5’ 
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Table S4.4. Primers used for site directed mutagenesis   

Primer Sequence (5`-3`) description 

PvE 80 gctgttcttgctGAAGATATTGCCGCCATAC cas7 K137A K138A K141A K144A (fw) (ΔKKKK) 

PvE 81 gagcagagcagcATCATCCAGATTATCAGCC cas7 K137A K138A K141A K144A (rv) (ΔKKKK) 

PvE 106 cagagccgcATTCTTGAACGGCGTCATG cse1 R351G N353P A355S S356R (fw) (β-hairpin) 

PvE 114 tggatttccATATCCCCCCATAATCAATTC cse1 R351G N353P A355S S356R (rv) (β-hairpin) 

PvE 132 CatgACGGTATTGTTCAGATCCTGGCTTGCCAACAG pUC-p7-CAT (fw) 

PvE 135 CTTTCGAGCTTGCCGATCAGCTTGG pUC-P7-CAT (rv) 

PvE 148 GCAAATTAGAgctGTTTCAGAACCTGATGAATTAC cse2 R27A(fw) 

PvE 149 GCACATGATCCATTATCC cse2 R27A(rv) 

PvE 150 TAACGAGCGCgctATCTTTCAATTAATTCGG cse2 R101A(fw) 

PvE 151 ATTCTTCCACTATTGGCTAAAG cse2 R101A(rv) 

PvE 152 TCAATTAATTgctGCTGACAGAACAGCCGATATGGTC cse2 R107A(fw) 

PvE 153 AAGATACGGCGCTCGTTA cse2 R107A(rv) 

PvE 154 TAACGAGCGCgctATCTTTCAATTAATT cse2 R101A R107A(fw) 

PvE 166 AAGCGGCGCGaacaagTGTGCATTTGTCAATCAAC cse1 T125N N126K (fw) (L1) 

PvE 167 ACCCCAGCCAACAGTTTTTC cse1 T125N N126K (rv) (L1) 

PvE 176 CCAGTTACGTgctTTACTTACTCACGC cse2 R119A(fw) 

PvE 177 ACCATATCGGCTGTTCTG cse2 R119A(rv) 
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Supplemental Movies 

Movie S4.1. Mechanism of dsDNA binding by Cascade. Cascade is a seahorse-shaped 

ribonucleoprotein complex consisting of 11 protein subunits and a crRNA guide molecule 

(red). X-ray crystal structures of Cascade determined before and after binding a 

complementary DNA target reveal a conformational change that is primarily restricted to 

the belly (Cse2) and tail (Cse1) subunits. To understand the mechanism of DNA binding, 

the unbound structure of Cascade was docked into the 9 Å cryo-EM density and a piece of 

B-form dsDNA (green) with PAM sequence (pink) was modeled into density near the tail. 

Lysine rich helices (blue) are present on the Cas7 backbone subunits. The lysine rich 

helices of Cas7.5 and Cas7.6 form a vise, which interacts with the phosphate backbone of 

the DNA target. Molecular dynamics flexible fitting (MDFF) was used to model atomic 

coordinates of the unbound Cascade structure into the cryo-EM density. The simulation 

shows that upon dsDNA binding the L1-helix slightly out of a pore formed by Cas5e. In 

contrast to the modest movement in L1, a large β-hairpin is repositioned in between the 

complementary and displaced strands of the DNA target. Residues that move towards the 

PAM are colored orange in the simulation. In addition to conformational changes in the 

tail, target binding triggers an “arginine relay” in which specific salt bridges between 

arginine residues on Cse2 (R27 and R101) and aspartic acid residues (D22) on the Cas7 

subunits, are broken and compensatory salt bridges are formed (R107 R119) with acidic 

residues further down the Cas7 backbone. The arginines R27 and R101 interact with the 

flipped-out bases of the target DNA strand.  

https://academic.oup.com/nar/article/43/17/8381/2414437#supplementary-data 
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Abstract 

Clusters of regularly interspaced short palindromic repeats (CRISPRs) function in 

tandem with cas (CRISPR-associated) operon to form an RNA-based adaptive immune 

system against foreign genetic elements in prokaryotes (1). Type I systems account for 

95% of known CRISPR systems, and have been utilized to control gene expression and 

cell fate (2, 3). During CRISPR RNA (crRNA)-guided interference, Cascade (CRISPR-

associated complex for antiviral defense) facilitates crRNA-guided invasion of double-

stranded DNA (dsDNA) for complementary base-pairing with the target DNA strand, 

while displacing the non-target strand to form an R-loop (4, 5). Cas3 nuclease/helicase is 

recruited subsequently to degrade two DNA strands (4, 6, 7). Protospacer adjacent motif 

(PAM) flanking target DNA is crucial for self vs. foreign discrimination (4, 8-16). Here 

we present a 2.45 Å crystal structure of E. coli Cascade bound to a foreign dsDNA target. 

The 5’-ATG PAM is recognized in double-stranded form, from the minor groove side, by 

three structural features in Cse1. The promiscuity inherent to minor groove DNA 

recognition rationalizes the puzzling observation that a single Cascade can respond to 

several distinct PAM sequences. Optimal PAM recognition coincides with a wedge 

inserted into dsDNA, initiating the directional target strand displacement for segmented 

base-pairing with crRNA. The non-target strand is guided along a parallel path 25 Å apart, 

and the R-loop structure is further stabilized by locking this strand behind Cse2 dimer. 

These observations provide the structure basis to understand the PAM-dependent 

directional R-loop formation process (17, 18).   
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Main text 

Differentiating between ‘self’ and ‘non-self’ antigens is critical in CRISPR systems, as 

foreign target sequences (protospacers) are identical to sequences recorded in the host 

CRISPR locus (spacers). In Type I and II CRISPR systems, foreign DNA detection relies 

on protein-mediated recognition of a short PAM sequence (4, 8-16). Whereas PAM 

recognition in Cas9-based Type II systems has been elucidated based on major-groove 

DNA contact (19, 20), it remains unclear as to whether Cascade recognizes PAM from 

DNA major or minor groove (12), in ss- or ds-form (4, 21). A particularly puzzling 

observation is the promiscuity in PAM recognition. Five PAM sequences (5’-ATG, AAG, 

AGG, GAG, and TAG reading from the non-target strand) are capable of triggering robust 

CRISPR interference via E. coli Cascade (4, 11, 21, 22). Crystal structures of E. coli 

Cascade in free- and ssDNA-bound forms revealed multiple conformational states, and 

provided valuable insights about the crRNA-guided ssDNA recognition mechanism (21, 

23, 24), however, the mechanisms for dsDNA entry, PAM recognition, and R-loop 

formation remain poorly defined.  

To understand the PAM-dependent foreign DNA recognition mechanism, we 

determined the 2.45 Å crystal structure of E. coli Cascade bound to a partially duplexed 

dsDNA that forms a partial R-loop (Figure 5.1A-C, Figure S5.1); such DNA substrates 

were efficiently bound by T. fusca Type I-E Cascade, and the resulting complex 

specifically recruited Cas3 (25). This structure agrees well with the cryo-EM 

reconstruction of the full R-loop/Cascade complex, underlining its validity in explaining 

the R-loop formation process (21) (Figure S5.2, Supplementary Video 1). Comparison with 
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high-resolution crystal structures suggests the R-loop formation requires both the sliding 

of Cse1-CTD (C-terminal domain)-Cse2.1-Cse2.2, as seen in the ssDNA-bound structure, 

and the engagement of Cse1-NTD (N-terminal domain) as seen in the free-Cascade 

structure (21, 23, 24) (Figure S5.3, Supplementary Videos 2, 3). In addition, a localized 

conformational change takes place near the putative Cas3 binding site (21), which is only 

observed in this R-loop bound structure, therefore may play a role in Cas3 recruitment 

(Figure S5.4). dsDNA enters Cascade between Cas7.5 and Cas7.6, contacted by the lysine-

rich helices (16, 26) (Figure 5.1D-E, Figure S5.5). DNA bifurcates underneath PAM. The 

entire target DNA strand flips to form the segmented DNA-crRNA duplex, as observed in 

the Cascade-ssDNA structure (27). The 10-nt non-target strand is guided to a parallel path 

25 Å apart by sequence nonspecific contacts, an active mechanism to prevent R-loop 

collapse (Figure 5.1D-E). Modeling dsDNA beyond PAM would project it across Cse1-

CTD without severe steric clashes (Figure 5.1F), which illustrates a possible PAM-

searching scenario (21). 

The 5’-ATG PAM sequence is recognized in the double-stranded form, from the 

minor groove side, by the Cse1 subunit of the Cascade (Figure 5.2A-B). This rather 

surprising mode of recognition strongly biases towards the target DNA strand, which 

explains the previous observations that mismatched PAMs could be tolerated, provided the 

target strand sequence was optimal (4, 21). Three structural features in Cse1 are involved 

in PAM recognition: the glutamine-wedge, the glycine-loop and a lysine-finger (Figure 

5.2A-B). Most studies showed that only CT-1−GNT-1 is tolerated at the -1 PAM position 

(PAM-1) in E. coli (5, 21), although recent high throughput analyses revealed spacer-
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dependent tolerance of other base-pairs at PAM-1 (28). In our structure, CT-1−GNT-1 is 

specified by two main-chain protein contacts (Figure 5.2A-D). The amide of A355 in the 

glutamine-wedge donates a H-bond to O2 of CT-1, specifying a pyrimidine in the target 

strand. The carbonyl of G157 in the glycine-loop accepts a water-mediated H-bond from 

N2 of GNT-1, although GNT-1-to-inosine substitution assayed by Electrophoretic Mobility 

Shift Assays (EMSAs) suggests this contact only provides minor discrimination against 

ANT-1 (Figure S5.6A). Cascade’s affinity for different PAM-1 combinations agreed well 

with our structure-based prediction that the target strand contact is the major determinant 

of specificity (Figure S5.6B). The narrow dynamic range of Kd differences, however, does 

not seem to support an absolute CT-1−GNT-1 specification at PAM-1. Indeed, Cas3 was 

capable of cleaving each PAM-containing target, provided the Cascade concentration is 

above the Kd of the corresponding target (Figure S5.6C). These results echo the recent 

analysis in suggesting that PAM-1 readout could be further complicated by Cascade/Cas3 

expression level and spacer content (28). 
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Figure 5.1. Foreign DNA bound Cascade structure. (A) Arrangement of I-E CRISPR-

cas locus in the E. coli K12 genome. The color schemes are preserved throughout all 

figures. (B) Nucleic acid sequences and (C) overall views of foreign DNA-bound Cascade 

structure. (D) Entry of dsDNA between Cas7.5 and Cas 7.6, PAM recognition by three 

structural elements in Cse1-NTD (magenta), and partial R-loop underneath PAM. (E) 

Schematic of Cascade-DNA contacts around PAM regions. Hydrogen bonds and 

electrostatic contacts as dashed lines, hydrophobic interactions as solid lines, and waters as 

blue circles. (F) Modeling of Cascade sampling B-form dsDNA for PAM. 
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Importantly, PAM recognition coincides with the insertion of the glutamine-wedge 

into the path of dsDNA underneath PAM (Figure 5.2A, D). The tip residue Q354 stacks 

underneath CT-1 and, together with N353, sterically displaces the first two nucleotides in 

the target strand protospacer, forcing them to rotate outwards. Given its strategic location, 

it is rather surprising that this wedge is not highly conserved in sequence (Figure S5.7). 

Indeed, tip residue substitutions (Q354A, N353A, and Q354A/N353A) had little effect in 

EMSA assays. In contrast, trimming this wedge (NNQAS352-356/GG) led to 100-fold 

DNA binding defect. These data suggest the wedge functions largely through a steric 

interference mechanism, to nucleate the displacement of target strand nucleotide upon 

PAM recognition (Figure 5.2E-F). A serine-to-phosphate ‘lock’ is essential in initiating the 

target DNA strand flipping in Cas9 (19). T125 is in a similar location in our structure but 

contacts the +1 bridging oxygen instead, and T125A substitution had negligible defect 

(Figure 5.2E).  

Recognition at PAM-2 is promiscuous by E. coli Cascade. Only GT-2-CNT-2 is 

rejected at this position; the other three combinations lead to efficient interference (22). 

Here the glycine-loop residues (159-161) assume a Type II β-turn. This lip-like structure 

introduces DNA bending at AT-2-TNT-2 and ‘bites’ onto PAM-1 base-pair in conjunction 

with the glutamine-wedge underneath; TNT-2 retreats backwards and tilts upwards (Figure 

5.2B, D). The rim of the glycine-loop explores shape-complementarity to AT-2, and donates 

a weak H-bond to N3 of AT-2. G160A substitution disrupts the shape complementarity and 

reduced Cascade binding affinity by ~100-fold, and Cas3 cleavage to baseline level (Figure 

5.2E-F). Rejection of a GT-2-CNT-2 pair at PAM-2 can be rationalized by the fact that N2 
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amine of GT-2 would introduce steric clashes against the glycine loop; whereas a TT-2-ANT-

2 or CT-2-GNT-2 pair would not, based on modeling (Figure S5.8A). Indeed, removal of this 

amine by inosine substitution largely rescued the DNA-binding defect, confirming that N2 

of GT-2 is the anti-determinant for PAM-2 specificity (Figure S5.8B). An equivalent 

glycine-rich loop is present in all known Cse1 structures; they likely play a similar minor 

groove DNA recognition function (Figure S5.7).  

PAM-3 is typically specified as a pyrimidineT-purineNT pair by E. coli Cascade (4, 

11, 21), TAG PAM is also tolerated, but none of the GT-3-CNT-3 containing PAMs lead to 

interference (22, 28). Here the only contact is a favorable electrostatic interaction from a 

lysine-finger (K268) to O2 of TT-3, which rationalizes the strong preference for pyrimidine 

at this position (Figure 5.2B, D). K268A mutation had >8-fold DNA binding and >10-fold 

Cas3 cleavage defects, emphasizing its positive contribution to PAM-3 recognition (Figure 

5.2E-F). Interestingly, K268A mutant still retained wild-type level discrimination against 

5’CTG-PAM (Figure S5.8C). GT-3–to-inosine substitution ultimately proved that, similar 

to the scenario at PAM-2, the N2 amine of GT-3 serves as a strong anti-determinant in the 

rejection of GT-3–containing PAMs (Figure S5.8D). Interestingly, K268 makes a weaker 

electrostatic interaction to CT-4 (Figure 5.2B, D), which imply certain level of sequence 

discrimination at PAM-4 as well.  
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Figure 5.2. PAM recognition by Cse1 subunit of Cascade. (A)(B) Detailed views 

featuring PAM recognition by the glutamine-wedge (and its involvement in target DNA 

strand displacement), glycine-loop, and lysine-finger of Cse1. The 2FO-FC electron density 

map is displayed at 1.5 σ. (C) Summarization of the five interference PAMs in E. coli Type 

I-E CRISPR system, with the observed Cascade contacts marked. (D) Top-down views of 

PAM recognition at each base-pair. Left: stringent recognition of PAM-1. Middle: shape 

complementarity to PAM-2. Right: Electrostatic contacts to PAM-3 and -4. (E) 

Mutagenesis assayed by Cascade-binding (EMSA) and (F) Cas3-mediated DNA cleavage 

to evaluate the observed PAM contacts. 
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Detailed structure dissection also helps us rationalize the self-avoidance 

mechanism. The spacers in E. coli CRISPR loci are ‘protected’ by a 5’-CCG-PAM. This 

PAM combines the least-preferred nucleotides in each PAM position (GNT-3GNT-2CNT-1), 

rationalizing the inability of Cascade to form an R-loop in the CRISPR loci, despite a 

perfect spacer match. 

The non-target strand is guided sequence nonspecifically along the Cascade 

surface, 20-25 Å away from the target strand (Figure 5.3A). The sugar-phosphates of 

nucleotides 1-3 are contacted by K163, G169 and K296 of Cse1-NTD. Nucleotides 6-9 

traverse across Cse1-CTD, contacted by a string of positively charged residues 

(R393/K394/K488/H489/R491) (Figure 5.3A). Y397 and L481 further interdigitate 

between di-nucleotide stacks to strengthen this interaction. The redundant interactions 

were not disrupted by a point mutation (Y397A). A double mutant (488-489 KH/AA) 

neutralizing a positive patch, however, led to a 4-fold binding defect (Figure 5.3B). The 

10th/last nucleotide rests at an intersection between Cse1-CTD and Cse2.1. To resolve 

whether the following non-target residues traverse across the surface or backside of the 

Cse2 dimer (trench route), we further determined a 3.2 Å structure where the non-target 

DNA strand is 22-nt longer. Although most of the additional residues are not resolved, the 

electron density clearly reveals that the following non-target strand residues take the trench 

route downwards through the gap between Cse1-CTD and Cse2.1, attracted by the 

favorable electrostatic environment therein (Figure 5.3C-E).  The non-target strand 

sequestration to the Cse2’s backside explains the corresponding protection pattern in 
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footprinting analysis (5). It likely corresponds to the extra “locking” step after most of the 

R-loop forms, as the R-loop collapse would be kinetically slow after sequestration (17).  

 

Figure 5.3. Active guidance of the non-target DNA strand by Cascade. (A) Sequence 

nonspecific contacts guide the 10-nt non-target strand (red sticks) underneath PAM along 

the surface of Cse1-NTD (cyan), and across a binding site on Cse1-CTD (green). (B) 

EMSA evaluating non-target contacts by Cascade. (C)(D) Nucleic acid sequence and 

Zoom-in view of the 3.2 Å structure of Cascade programmed with a 22-nt longer non-target 

strand. The 2FO-FC electron density map at 1.0 σ clearly reveals that the longer non-target 

DNA strand takes the trench route. Inset illustrates the favorable electrostatic surface. 
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Figure 5.4. Model for PAM-dependent directional R-loop formation in Type I 

CRISPR-Cas system. (A) Cascade samples dsDNA minor groove for various sequence 

combinations (yellow sticks). (B) Left: interference and priming PAMs lead to longer dwell 

time and local DNA bending. Middle: Interference PAMs allow optimal minor groove 

interaction, which is coupled with the glutamine wedge insertion and disruption of the first 

2-bp of protospacer. Right: Directional DNA melting leads to segmented DNA/crRNA 

duplex formation at the target strand side, and favorable sugar-phosphate contacts at the 

non-target side, leading to seed bubble stabilization. (C) Further DNA unwinding leads to 

the non-target strand sequestration to the backside of Cse2 dimer, locking the R-loop in 

place. (D) R-loop formation is accompanied by a pivoting motion in Cse1-CTD and a 

sliding motion in Cse2 dimer. Local rearrangement occurs in Cse1 (depicted as a flag), 

licensing Cas3 recruitment. 

 

In summary, our structural analysis provides important insights about the PAM-

dependent directional R-loop formation process (17) (Figure 5.4). Recognition of an 

interference PAM by Cascade coincides with the wedge-mediated displacement of the first 

two target strand nucleotides, initiating DNA unwinding. The directional DNA melting 

ensures the ordered guidance of the non-target DNA strand ~25Å away from the target 

strand, as a mechanism to stabilize the seed bubble. Further R-loop propagation leads to 

non-target strand sequestration behind Cse2 dimer, locking the R-loop in place. 

Conformational changes accompany the process and reorganize the Cse1 surface, paving 

the way for Cas3 binding. The active guidance of the non-target DNA strand is a theme not 

observed in Cas9-DNA structures (19, 20). It rationalizes the observation that the Cascade-

bound R-loop is significantly more stable than that by Cas9 (17). Besides five interference 

 

a b c d 
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PAMs, Twenty-one other PAM sequences stimulate the “primed adaptation” in E. coli (22), 

where Cascade and Cas3 actively recruit the spacer acquisition Cas1/Cas2 complex (29, 

30). Priming PAMs may lead to suboptimal Cse1 contacts and non-canonical R-loops. 

Such T-loops are usually not completely unwound and more difficult to form (18), 

requiring much higher Cascade concentration (30) and favorable DNA torque (17). They 

also fail to directly recruit Cas3 (30), which may reflect that the non-target DNA strand is 

misguided, as Cas3 recruitment is contingent on physically interacts with non-target strand 

as well (25). Overall, our work provides a framework for future biochemical and structural 

studies to better understand the interference mechanism in Type I CRISPR-Cas systems. 

Materials and Methods 

Expression and purification of Cascade, Cascade-dsDNA complex and Cas3 

Sequence information for primers and the synthetic CRISPR expression cassette 

can be found in Extended Data Table 1. Cascade expression was similar to (26). Briefly, 

cse1 was PCR amplified from E. coli K12 genomic DNA and cloned into pRSF-Duet-

ORF1 vector (KanR), between NcoI and NotI restriction sites (Extended Data Table 1). The 

cse2-cas7-cas5e-cas6e sub-operon was cloned into pET52b (AmpR) between NcoI and 

NotI; as a Precission cleavable His6 fusion at the N-terminal of cse2. The pre-crRNA 

expression cassette was synthesized by Life Technologies and cloned into the pHSG-398 

vector (CamR) (Extended Data Table 1). E. col BL21 (DE3) star cells containing the 3 

plasmids were grown in LB medium at 37 °C to O.D. 600 of 0.6. Cascade expression was 

induced by the addition of 0.5 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) and 

cells were further cultured at 20 °C for 12 hr.  
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The cells ware disrupted by sonication in buffer A (50mM Tris pH 8.0, 20mM 

imidazole, 300 mM NaCl), loaded to Ni-NTA column, and eluted with buffer A 

supplemented with 300 mM imidazole. The His6 tag was cleaved by Precision protease, 

and back-adsorbed with a second Ni-NTA column binding step. Cascade was concentrated 

and buffer exchanged into buffer B (20 mM Tris pH 7.5, 150 mM NaCl, 2 mM DTT), and 

further purified on Superdex 200 prep grade column (GE healthcare). Free-Cascade 

containing fractions were pooled, concentrated to 15 mg/mL, flash-frozen, and stored at -

80 oC. 

Cascade-dsDNA complex was prepared by mixing free-Cascade with dsDNA R-

loop mimicking substrate. DNA substrates were chemically synthesized from IDT 

(Extended Data Table 1). The non-target strand was annealed with the target strand at a 

1.5:1 molar ratio. The resulting R-loop mimicking substrate was mixed with Cascade at a 

2:1 molar ratio, incubated at room temperature for 30 minutes, and re-purified on Superdex 

200. Cascade-dsDNA complex fractions were pooled and utilized in crystallization trials. 

The Cascade-dsDNA complex containing the 32-nt non-target strand overhang was also 

obtained using the above protocol, except the His tag was not cleaved. Cascade mutants 

were constructed with site-directed mutagenesis, and purified using the same method as 

free-Cascade, except that the N-terminal His6 tag was left intact. Cascade integrity was 

checked using SDS-PAGE (Figure S5.4B).  

The Cas3 gene was amplified from E. coli K12 genomic DNA and cloned between 

BamHI and XhoI into the pET28a-SUMO plasmid. E. coli BL21 (DE3) star cells were 

grown in LB medium at 20 °C to O.D.600 of 0.3, induced with 0.2 mM IPTG, and further 
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cultured at 20 °C for 12 hr. The Ni-NTA and SEC purification procedures were similar to 

the procedure mentioned above. The monomeric SUMO-Cas3 fractions were pooled, 

concentrated to 2 mg/mL, flash-frozen and stored at -80 °C until usage in biochemical 

assays.  

Crystallization and structure determination of Cascade/partial R-loop complex 

Cascade complex crystals were grown using the hanging drop vapor-diffusion 

method by mixing 2 L of purified Cascade-ds-DNA complex (15 mg/mL) with 2 L of 

mother liquor (1.6 M Na/K Phosphate pH 6.2) at 18 °C. Initial crystals appeared after 2 

weeks and grew to full size after ~6 weeks. Crystals were cryoprotected in motherliquor 

supplemented with 20% ethylene glycol and flash frozen in liquid nitrogen. Diffraction 

data were collected at Advanced Photon Source – NECAT beamline 24-ID-C and were 

processed with HKL2000 (31). The structure was solved by molecular replacement with 

PDB: 4QYZ as the search model. Iterative model building and refinement was conducted 

with COOT (32) and PHENIX (33). A summary of the diffraction and refinement statistics 

can be found in Extended Data Table 2. The Ramachandran plot for the Cascade-dsDNA 

10-nt overhang structure indicated 95.9% of residues in the favored region, 3.9% allowed, 

and 0.2% outliers. The Ramachandran plot for the Cascade ds-DNA 32-nt overhang 

structure indicated 91.9% of residues in the favored region, 7.3% allowed, and 0.8% 

outliers.  Figures were generated using Pymol (34) and CCP4mg (35). 

Electrophoretic mobility shift assay 

Fluorescent dsDNA target substrates were generated for biochemical assays. The 

crRNA-matching targets with varied PAMs were cloned into pCDF-Duet between the PstI 
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and NcoI sites Extended Data Table 1. The dsDNA1 and dsDNA2 substrates were PCR 

amplified from the plasmid using the indicated fluorescent oligonucleotides (5’ 6-FAM for 

the non-target strand and 5’ Cy5 for the target strand). The dsDNA3 substrates were 

prepared by oligonucleotide annealing.  All dsDNA substrates were subsequently gel-

purified. The dsDNA1 substrate (5’ATG-PAM) was used for all main-text EMSA and Cas3 

cleavage assays.  The dsDNA2 substrates were used for the EMSA shown in Figure 

S5.7.  The dsDNA3 substrates were used in the EMSA shown in Table S5.1. DNA binding 

was conducted in 20 mM Tris pH 7.5, 150 mM NaCl, 5% glycerol. The dsDNA substrate 

concentration was held constant at 3 nM and Cascade concentration was titrated as 

indicated. The Cascade and dsDNA were incubated at 37 ˚C for 30 minutes in 20 mM Tris 

pH 7.5, 150 mM NaCl, 5% glycerol. EMSA was carried out at 4 ˚C on 2% agarose gels. 

Fluorescent signals were scanned using a Typhoon 9200 scanner. 

Cascade-mediated Cas3 DNA cleavage assay 

Cascade-R-loops were pre-formed by mixing 40 nM Cascade or Cascade mutants 

with 6 nM fluorescent dsDNA target in binding buffer (5 mM HEPES pH 7.5, 60 mM KCl) 

at 37 ˚C for 30 minutes. Cascade-R-loops were then mixed with 500 nM SUMO-Cas3 in 

DNA cleavage RXN buffer (5 mM HEPES pH 7.5, 60 mM KCl, 10 mM MgCl2, 10 M 

CoCl2). Either 2 mM ATP or 2 mM AMPPNP was added and the reaction was incubated 

at 37 ˚C for 30 minutes. Cy5 and 6-FAM fluorescent signals were recorded by Typhoon 

9200 scanner. The wild-type E. coli Cascade specifically nicked the non-target DNA strand 

~10-12 nt into the R-loop region in the presence of a non-hydrolyzable ATP analog, 

AMPPNP. Addition of ATP triggered processive degradation of the non-target DNA strand 



169 

 

and distributive degradation of the target strand upstream of the R-loop. These results are 

consistent with previous studies (11, 21). 
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Supplemental Figures 

 
Figure S5.1. Electron density of nucleic acids in Cascade-dsDNA complex structure. 

2FO-FC electron density map (1.0 σ).  Nucleic acid strands are shown as sticks and colored 

as previously indicated. 
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Figure S5.2. Comparison between the Cascade-partial R-loop crystal structure and 

the Cascade-full R-loop EM reconstruction. Rigid body docking of the partial R-loop 

Cascade crystal structure into the EM reconstruction (EMD-5929) of the full R-loop 

Cascade illustrates a similar overall conformation, with a correlation value of 0.83.  
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Figure S5.3. Conformational changes in Cascade upon partial R-loop formation. 

Comparison of free- (PDB: 4TVX; in a darker shade) and partial R-loop bound Cascade 

(this study, in lighter shade). Arrows indicate the direction of the movement. The C-

terminal domain (CTD) of Cse1 pivots 30˚ about a hinge at the Cse1 NTD-CTD interface. 

The amplified motion at the tip of the Cse1-CTD slides with the Cse2 dimer ~12 Å relative 

to the Cas7 scaffold, and protrudes upwards into the R-loop. Cse1 NTD remains in the 

docked position, stabilized by the clamping of Cse1 L1 loop onto the exposed tri-nucleotide 

motif on crRNA 5’-handle. 
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Figure S5.4. Local conformational rearrangement in Cse1 at the proposed Cas3 

binding site. (A) Vector map showing global and local conformational changes in Cse1.  

Cse1-NTD (in cyan) undergoes moderate movement. Cse1-CTD (in green) swings about a 

pivoting point (W307) as part of the global conformational changes, The Cse1 NTD/CTD 

interface (in orange) undergoes significant local conformational rearrangement upon 

partial R-loop formation. (B) SDS-PAGE of wild type and mutant Cascades used in 

mutagenesis. All mutants contained stoichiometric amounts of Cse1, except W307A, in 

which Cse1 failed to assemble. (C) Detailed structure rearrangement at Cse1 NTD/CTD 

interface, involving amino acids 300-326. Different colors are used to differentiate 

structural elements (amino acid numbers tabulated to the right side). Partial R-loop and 

free-Cascade structures are rendered in solid and semi-transparent cartoons, respectively. 

(D) W307 from Cse1-NTD rotates inside a hydrophobic socket at Cse1-CTD during the 

conformational change (free-Cascade-CTD rendered in a darker shade of green). 

Disruption of this interaction (W307A) caused Cse1 dissociation from Cascade. (E) 

Docking of our structure into the cryo-EM reconstruction of the crosslinked Cascade-

dsDNA-Cas3 complex (EMD-5930). Cas3 density and the location of the local 

rearrangement in Cse1 are circled to highlight their proximity. 
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Figure S5.5. Guided entry of dsDNA into Cascade. A series of positively charged 

residues from Cas7.5, Cas7.6, Cas5e and Cse1 (dark blue surfaces) guide the dsDNA into 

Cascade and towards PAM recognition elements in Cse1-NTD. 
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Figure S5.6. Influence of PAM-1 base-pair composition on Cascade binding affinity 

and Cas3 cleavage efficiency. (A) Inosine substitution of GNT-1 led to a mild 2-fold 

binding defect, suggesting the N2 amine of GNT-1 is a minor determinant of specificity. 

(B) Affinity of E. coli Cascade for all four base-pair compositions at PAM-1. Kd for 5’-

ATG, ATA, ATC, and ATT PAMs were measured at ~10, 40, 100, and 100 nM, 

respectively. (C) Tighter Cascade binding correlated well Cas3 cleavage efficiency (5’-

ATG>ATA>>ATT≈ ATC). Cascade concentration above the Kd led to efficient Cas3 

cleavage. Experiments were done in triplicate and representative results are shown. 
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Figure S5.7. Conservation of PAM recognition elements. (A) Sequence alignment of 

Cse1 proteins with known structures. Identical residues are highlighted in red, conserved 

residues in red text.  DNA-contacting residues in the Cse1-NTD and CTD are marked by 

cyan and green asterisks, respectively. The glycine loop and glutamine wedge are in blue 

and orange boxes, respectively. Residues mediating the W307 ball-and-socket interaction 

are marked with black asterisks. (B) Structural alignment of Cse1 PAM recognition 

elements. Apo Cse1 from T. thermophillus (PDB: 4AN8), A. ferrooxidans (PDB: 4H3T) 

and T. fusca (PDB: 3WVO) were superimposed with the Cse1 in our partial R-loop forming 

E. coli Cascade structure. Despite sequence variation, a glycine-rich loop is present in each 

Cse1 structure, and likely plays a similar function to recognize PAM from the minor groove 

(left inset).  The glutamine-wedge protrusion is highly conserved in 3-D. Each wedge 

features a long side chain at the tip (right inset), which likely stacks underneath PAM in a 

similar fashion.   
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Figure S5.8. Rationalization of PAM-2 and PAM-3 specificity using nucleotide 

substitution and modeling. (A) Modeling of alternative base-pairs at PAM-2 suggesting 

that only the N2 amine of GT-2 would cause steric clashes with Cα of G160 (lower right 

quadrant), this amine therefore may serve as the anti-determinant for the rejection of GT-

CNT at PAM-2. (B) EMSAs demonstrating that removal of this amine by inosine 

substitution rescues the Cascade binding defect. (C) Whereas K268A contained reduced 

affinity for the correct PAM, it still possesses very strong discrimination against GT-CNT 

at PAM-3 (5’-CTG), suggesting the further presence of a mechanism to reject GT-3. (D) 

Inosine substitution of GT−3 restored the Cascade binding Kd to ~40 nM, leading to the 

conclusion that the N2 amine of GT−3 is a minor determinant of specificity. Experiments 

were done in triplicate and representative results are shown.  
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Supplemental Tables 

Table S5.1. Oligonucleotides used in this study. 
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Table S5.2. Data collection and refinement statistics. 
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Abstract 

Bacteria and archaea rely on CRISPR (clustered regularly interspaced short 

palindromic repeats) RNA-guided adaptive immune systems for sequence specific 

elimination of foreign nucleic acids. In Escherichia coli, short CRISPR-derived RNAs 

(crRNAs) assemble with Cas (CRISPR-associated) proteins into a 405-kilodalton multi-

subunit surveillance complex called Cascade (CRISPR-associated complex for antiviral 

defense). Cascade binds foreign DNA complementary to the crRNA guide and recruits 

Cas3, a trans-acting nuclease-helicase required for target degradation. Structural models of 

Cascade have captured static snapshots of the complex in distinct conformational states, 

but conformational dynamics of the 11-subunit surveillance complex have not been 

measured. Here we use hydrogen-deuterium exchange coupled to mass spectrometry 

(HDX-MS) to map conformational dynamics of Cascade onto the three-dimensional 

structure. New insights from structural dynamics are used to make functional predictions 

about the mechanisms of the R-loop coordination and Cas3 recruitment. We test these 

predictions in vivo and in vitro. Collectively, we show how mapping conformational 

dynamics onto static 3D-structures adds an additional dimension to the functional 

understanding of this biological machine. 
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Introduction 

The adaptive immune system in Escherichia coli (type I-E) consists of eight cas 

genes flanked by a CRISPR locus (Figure 6.1A). Five of the cas genes encode proteins 

(Cse11, Cse22, Cas76, Cas51, Cas6e1) that assemble with a 61-nucleotide CRISPR-

derived RNA (crRNA) into a seahorse-shaped complex called Cascade (CRISPR-

associated complex for antiviral defense), with subunits that resemble a head, backbone, 

belly, and tail (Figure 6.1B) (1-4). Cascade is a crRNA-guided surveillance complex that 

identifies foreign DNA and recruits a trans-acting nuclease-helicase (i.e. Cas3) for target 

degradation (5-7).  

Target DNA recognition by Cascade relies on protein-mediated recognition of a 

three-nucleotide PAM (protostpacer adjacent motif) and a protospacer sequence that is 

complementary to the crRNA-guide (1, 8-10). Structures of E. coli Cascade before binding 

DNA (3, 4, 11), bound to ssDNA (12), bound to a partially duplexed dsDNA target (8), 

and recent structures of Cascade from Thermobifida fusca bound to a dsDNA target (13), 

provide snapshots of the complex poised at different stages of antiviral defense. 

Collectively, these structures explain how DNA binding triggers a conformational 

rearrangement in which the two belly subunits (i.e. Cse2) slide along the ridged Cas7 

backbone via a molecular relay that relies on a series of conserved arginine residues (11). 

One of the Cse2 subunits abuts the C-terminal domain (CTD) of Cse1 (also called Cas8e), 

and the DNA-induced transition of Cse2 is thought to shove the CTD of Cse1 between the 

two strands of the DNA duplex (3, 4, 8, 12). While the CTD of Cse1 appears to function 

like a molecular pry bar that helps separate the two strands of the DNA duplex, three 



191 

 

structural features (i.e. lysine finger, glycine rich loop and glutamine wedge) in the N-

terminal domain of Cse1 are involved in PAM recognition (8). PAM recognition relies on 

sequence- and shaped-based recognition of the minor groove, resulting in a diverse 

combination of different PAMs that are recognized with varying affinities (7, 8, 14, 15). 

While a variety of PAMs support target binding, different PAM and protospacer 

combinations have been shown to elicit distinct biological outcomes (14, 16, 17). Binding 

to a limited number of PAMs elicits an “interference response”, which is characterized by 

recruitment of a nuclease active form of Cas3 that processively degrades the target (7, 17-

20). Alternatively, some PAMs or mutations at specific positions in the protospacer, reduce 

interference to levels below what is required for clearance of plasmids or virus elimination, 

and trigger a “priming response.” Priming is a positive feedback mechanism characterized 

by the rapid integration of new fragments of foreign DNA into the CRISPR locus, which 

are used to restore immunity (14, 16, 17, 21). Priming relies on all the of the CRISPR 

machinery (Cascade, Cas1, Cas2, and Cas3) in addition to a partial complementary target. 

Recently, Förster resonance energy transfer (FRET) studies have been used to 

monitor the conformational state of Cascade in association with targets that elicit priming 

or interference. Xue et al. used structures of Cascade to position FRET dyes at specific 

locations in the tail of Cascade to monitor the conformational state of Cse1 in response to 

binding DNA targets that elicit priming or interference (19, 22). These studies 

demonstrated that Cascade adopts distinct conformational states based on sequence 

characteristics of the dsDNA target and that the conformational state of the Cse1 tail 

subunit correlates with the relative rates of interference and priming. While structure 
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guided placement of FRET dyes provides a powerful means for measuring distances 

between two selected landmarks, this approach cannot provide a global understanding of 

the complex conformational dynamics of a large multi-subunit machine like Cascade.  

Rather than examining movements of specific locations on Cascade, here we use 

hydrogen-deuterium exchange coupled to mass spectrometry (HDX-MS) to investigate 

protein interactions and dynamics of Cascade before and after DNA binding. HDX 

measures the stability of hydrogen bond networks and solvent accessibility on global and 

local scales (23, 24) , enabling a mechanistic analysis of coordinated changes associated 

with target binding. To our knowledge, this is the first application of HDX-MS to a 

ribonucleoprotein of this complexity (i.e., 5 unique proteins totaling >1,450 amino acid 

residues). Peptide-resolution HDX-MS experiments reveal residues predicted to be 

involved in binding the displaced DNA strand (i.e. R-loop) and regions of the Cse1 subunit 

that are part of the Cas3 binding site. We test the function of these residues using in vivo 

and in vitro assays and show that HDX-guided mutations at specific locations eliminate 

Cas3-mediated DNA degradation without altering Cascade’s ability to bind dsDNA. 

Results 

Structural studies have captured snapshots of Cascade before and after target 

binding, but these static structures provide limited information about the conformational 

dynamics of the complex, which are important for function (3, 4, 8, 12). To measure global 

changes in the stability and dynamics of Cascade upon target binding, we used intact 

protein HDX-MS to measure HD-exchange in all 11-protein subunits of Cascade, both 

before and after binding DNA. We diluted unbound Cascade and Cascade bound to a 72-
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base pair dsDNA target containing a 3’-TTC-5’ PAM into deuterated buffer and then 

analyzed both complexes by Liquid Chromatography Mass Spectrometry (LCMS) over 15 

time points (Figure 6.1 and Supplementary Dataset 1). At each time point, dsDNA bound 

Cascade exhibited less deuterium uptake than the unbound form, though the difference was 

less pronounced at later time points. Overall, the intact protein HDX-MS revealed a net 

stabilization of each protein subunit in the complex upon dsDNA binding (Figure 6.1C). 

This stabilization was further confirmed using differential scanning fluorimetry, which 

showed that Cascade bound to a dsDNA target has a melting temperature that is 

approximately 10°C above the melting temperature of unbound Cascade (Figure S6.1). 

Having established that DNA binding globally decreases deuterium uptake and 

increases stability, we set out to map these changes to specific regions of the complex. To 

accomplish this, we digested Cascade and dsDNA-bound Cascade with pepsin (i.e., a low 

specificity protease), prior to LCMS. Deuterium uptake curves were generated by 

quenching the HDX reaction after 0, 0.16, 0.5, 2.5, 5.0, 10, 30 and 180 minutes. 255 

peptides, representing more than 90% of all Cascade protein sequences, were analyzed 

(Figure S6.2). Parent spectra (MS1) were used to determine the number of deuterons 

incorporated per peptide, and the difference in deuteron incorporation between peptides 

isolated from dsDNA bound and unbound states of Cascade were used to calculate changes 

in HD-exchange (Supplementary Dataset 1). Overall, 185 of the 255 peptides showed 

increased deuterium incorporation over the time course in either or both complexes, while 

70 peptides did not. After binding dsDNA, 22 of the 255 peptides increased deuterium 
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incorporation, while 119 peptides had decreased deuterium incorporation compared to the 

unbound complex. 

 

Figure 6.1. Binding of dsDNA increases the stability of Cascade. (A) The type 1-E 

CRISPR system of E. coli consists of eight cas genes and a CRISPR locus. Five cas genes 

(colored) code for proteins that assemble with a crRNA into the Cascade complex. (B) 

Schematic representation of three stages of Cascade during the interference process. 

Subunits colored according to Figure 6.1A. (C) Deuterium uptake curves for the individual 

subunits of Cascade. Error bars show the standard deviation (n=3) and are smaller than the 

circular symbols used to plot the data. Both the unbound and dsDNA bound Cascade 

complexes were incubated in deuterated buffer for 0.5 to 77.5 minutes. Colors of the data 

points on the uptake curves correspond with the subunits of Cascade as colored in Figure 

6.1A. Differences in deuterium uptake were determined by subtracting deuterium uptake 

of the unbound complex from the dsDNA bound complex at 77.5 minutes. The percentage 

change in uptake was mapped onto the dsDNA bound structure of Cascade (5H9F). 

Increasing blue hue indicates greater protection (i.e., less deuterium uptake) in the dsDNA 

bound form. Overall, the dsDNA bound form of Cascade takes up less deuterium and is 

more protected. 

 

HD-exchange profiles are not uniformly distributed across the complex or within 

an individual subunit. By analyzing the distribution of deuterium uptake over the time 

course, changes in the stability and dynamics of hydrogen bond networks upon dsDNA 

binding can be determined. Early time points report on changes in solvent accessibility 



195 

 

upon dsDNA binding, whereas later time points provide information on the stability of 

hydrogen bonding networks and the participation of peptide backbone amides in protein 

secondary structures that are protected from deuterium exchange because of noncovalent 

interactions (25). Regions of the complex that displayed significant protection upon 

dsDNA binding (i.e. decreased deuterium exchange) were investigated as potential DNA 

binding sites (Figure 6.2A, blue). We also analyzed peptides that assimilate more 

deuterium (i.e. become less protected) after binding DNA (Figure 6.2A, red). An increase 

in exchange indicates greater solvent exposure or dynamics. These regions are anticipated 

to have functional roles, such as docking sites for the nuclease-helicase Cas3. 

DNA binding 

To validate the HDX data we examined regions of the complex known to interact 

with DNA. The expectation is that DNA binding will stabilize the peptide backbone and 

physically occlude these regions from HD-exchange. Recognition of the PAM sequence 

takes place in the tail of the complex and involves three structural elements in the Cse1 

subunit: lysine finger, glycine loop, and glutamine wedge (8). The glutamine wedge (Cse1 

amino acids 352-358) forms a beta-hairpin that is positioned (i.e. wedged) between the 

complementary and non-complementary strands of the DNA target (Figure 6.2). In the 

dsDNA bound complex, a peptide corresponding to this feature (amino acids 345-358) 

exchanges less deuterium over time, than the same peptide in the unbound complex (Figure 

6.2B). This indicates that the glutamine wedge is protected from exchange and is less 

dynamic when Cascade is bound to DNA. Similarly, a peptide covering the PAM sensing 

lysine finger (Cse1 amino acid 268) also exchanges less deuterium upon dsDNA binding 
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(Figure S6.3). Results for the glutamine wedge and lysine finger are consistent with the 

structural models, however the glycine loop (Cse1 amino acids 157-161) showed no 

increase in protection upon dsDNA binding, which was surprising since the crystal 

structure indicates that this feature interacts with the minor groove of the double-stranded 

PAM (Figure S6.3). This suggests, that in solution, the glycine loop may be more dynamic 

after DNA binding than is indicated by the crystal structure. 

The Cse1 subunit is critical for binding DNA and the conformational state of this 

subunit has been implicated in recruitment and allosteric regulation of Cas3 (7, 19, 26, 27). 

In structures of Cascade without DNA or bound to dsDNA, the Cse1 subunit is tethered to 

Cas5 via a short loop (L1, amino acids 125-131) on Cse1 that is buried in a pore on Cas5 

(3). However, in the structure of Cascade bound to a complementary ssDNA target, the N-

terminal domain (NTD) of Cse1 comes “unhitched” from the complex and L1 loop is 

disordered in the structure (12). Collectively, these structures demonstrate that the NTD of 

Cse1 adopts conformationally distinct positions and recent FRET experiments by Xue et 

al. suggest that NTD of Cse1 is conformationally dynamic (19). While the structures of 

Cascade without DNA suggest that Cse1 is in a “closed” conformation where L1 is buried 

in the Cas5 pore, our HDX data reveals that the L1 peptide of Cse1 (amino acids 118-129) 

is significantly more protected (less HD-exchange) in the dsDNA bound complex, as 

compared to the unbound complex (Figure 6.2B and Figure S6.3). These data suggest that 

the Cse1 subunit is dynamic in the absence of DNA, sampling both the “open” and “closed” 

conformations.  
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Figure 6.2. Peptide-resolution mapping of deuterium uptake reveals areas of Cascade 

that become more or less protected upon dsDNA binding. (A) The percentage 

difference in deuterium uptake between the unbound and dsDNA bound complex for 

individual peptides at the 180-minute time point was mapped onto the dsDNA bound 

structure (5H9F). Blue indicates less deuterium incorporation in the dsDNA bound form 

(protection) while the red indicates more deuterium incorporation in the dsDNA bound 

form (de-protection). White indicates regions where there is no difference in deuterium 

uptake or peptides where no data is available. The inset shows the ribbon structure of the 

Cse1 subunit with the glutamine wedge and Loop 1 showing increased protection. The 

Cse1 subunit consists of a four-helix bundle (CTD) and globular domain (NTD). (B) 

Deuterium uptake curves show increased protection in the dsDNA bound form for peptides 

in Loop 1 (p-value<0.01 for all time points) and the glutamine wedge (p-value<0.01 for all 

time points after 2.5 minutes). Error bars represent the standard deviation of three 

replicates.  

 

Target recognition by Cascade relies on both specific- and non-sequence specific 

interactions with DNA. Recently, we showed that a lysine-rich helix (amino acid residues 
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137-144) on the fingers domain of two adjacent Cas7 subunits (i.e. Cas7.5 and Cas7.6) 

creates a lysine-rich vise that makes non-sequence specific interactions with dsDNA and 

that these interactions are essential for target binding (11). We predicted that dsDNA would 

result in less HD-exchange for peptides corresponding to the lysine-rich vise. To test this 

prediction, we examined a peptide covering the lysine-rich helices of Cas7 (amino acid 

residues 134-148). This peptide showed a small degree of protection upon dsDNA binding 

(Figure S6.3 and S6.4). However, there are six copies of the Cas7 subunit in the 

surveillance complex and only two of these subunits (Cas7.5 and Cas7.6) interact with the 

phosphate backbone of the incoming DNA (11). The Cas7 peptide corresponding to the 

lysine-rich vise (residues 134-148) should have a different exchange rates depending on 

their position in the complex. Peptides from Cas7.5 and Cas7.6 should have less HD-

exchange than the same peptides form Cas7.1-7.4, and this difference should result in a 

bimodal distribution of these peptides. In fact, we observe a bimodal behavior, which is 

consistent with a subset of the Cas7 subunits having increased protection upon DNA 

binding (Figure S6.4). 

Path of the Displaced DNA Strand 

One of the outstanding questions about the mechanism of target binding is the 

location of the displaced DNA strand. Once Cascade binds to a dsDNA target, the 

complementary strand of the DNA target base pairs with the crRNA, while the non-

complementary strand is displaced and forms an R-loop (2, 28). Structures of E. coli 

Cascade bound to dsDNA showed 10 to 12 nucleotides of the displaced DNA strand, but 

it remains unclear if this fragment reflects the path of the displaced strand when the 
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complex binds to a full-length target duplex (8). In the structure, the partial displaced strand 

is stabilized by interactions with residues on the Cse1 subunit of Cascade and we expected 

that the remaining part of the displaced strand would interact with specific residues on Cas 

subunits as it traversed form the PAM proximal tail to the PAM distal head. These 

stabilizing interactions would shield specific amino acid residues from HD-exchange. To 

trace the path of the displaced strand, we used our HDX-MS data to identify peptides that 

show greater protection from exchange in the dsDNA bound form (Figure 6.3A). 

Analysis of the tail of Cascade revealed a peptide in the C-terminal domain (CTD) 

of Cse1 (amino acid residues 381-398) with significant protection (p<0.01) in the dsDNA 

bound form of the complex  compared to the unbound complex (Figure 6.3A and Figure 

S6.3) (24). This is consistent with the path of the displaced strand in the dsDNA bound 

structure from Hayes et al (8). However, to clarify the mechanism of protection at this 

location, we conducted an additional comparison by performing HDX-MS on Cascade 

bound to ssDNA (Supplemental Dataset 1). Comparison of the dsDNA and ssDNA bound 

complexes reveal regions of protection specifically resulting from the presence of the 

displaced strand. Importantly, this comparison showed equivalent levels of protection in 

the ssDNA bound and dsDNA bound form of Cascade, indicating that the increase in 

protection observed in the dsDNA bound structure is not necessarily due to direct 

interactions with the displaced strand, but likely an allosteric stabilization of the hydrogen-

bonding network across this peptide. This result is consistent with a recent structure of T. 

fusca Cascade bound to a complete dsDNA target. In this structure, the R-loop is disordered 

in the region of the Cse1-CTD (13). 
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Figure 6.3. Using HDX to identify residues involved in binding the displaced DNA 

strand. (A) Differences in deuterium uptake between the unbound and dsDNA bound 

complex for individual peptides at the 180-minute time point are mapped onto the dsDNA 

bound structure. Only peptides that are more protected in the dsDNA bound complex (blue) 

are shown. The proposed path of the displaced strand is indicated (green). (B) Deuterium 

incorporation for peptides Cse2 6-27 and Cas7 296-311 at the 180-minute time point is 

displayed for Cascade without DNA (teal), ssDNA bound (green), and dsDNA bound 

complexes (red). The Cse2 peptide shows increased protection in the dsDNA bound 

complex, as compared to the unbound or the ssDNA bound complex (p<0.01). The Cas7 

peptide shows the most protection in the dsDNA bound complex. Error bars represent the 

standard deviation of three replicates. (C) HDX-guided mutation of positively charged 

residues on Cse2 (R12E), Cse2 (R53D, K77D, K78D, R89D, R135D, R143D and K158D, 

named Cse2 charge swap), and Cas7 (K296E, K299E, K301E) were tested in a plasmid-

curing assay to determine the biological impact of mutating these residues. The Cas7 

mutant did not have a significant impact while the Cse2 mutants displayed a small, but 

significant defect. The single mutation of Cse2 R12E had an equal impact as mutation of 

seven Cse2 residues. The error bars represent the standard error of the mean of three 

replicates.   

 

Once the displaced strand leaves the four-helix bundle, it must travel up the 

complex where it is expected to form interactions with the belly or backbone subunits of 

the complex. The HDX data revealed two distinct areas of increased protection that may 

accommodate the displaced strand (Figure 6.3A). The upper route travels across the top of 

the Cse2 subunits and includes a peptide that shows strong protection (residues 6-27). The 
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lower path of protection is formed by peptides covering residues 296-311 of the Cas7 

subunits. This lower route is part of the basic cleft that is formed by the Cse2 and Cas7 

subunits and has previously been hypothesized to accommodate the displaced strand (3, 8, 

12). Interestingly, the Cse2 peptide corresponding to the “upper path” (amino acid residues 

6-27) showed comparable levels of exchange in the unbound and ssDNA bound forms, 

while it was more protected from exchange in the dsDNA bound form (p<0.001), 

suggesting that this peptide may interact with the displaced strand (Figure 6.3B and Figure 

S6.3). Conversely, the Cas7 peptide corresponding to the “lower path” (amino acid residues 

296-311) showed comparable levels of exchange in both the ssDNA and dsDNA bound 

states (p>0.05), suggesting that the enhanced stability measured by HDX upon dsDNA 

binding is not a result of stable interactions with the displaced strand (Figure 6.3B and 

Figure S6.3). To test the role of these residues in stabilizing the displaced strand we 

mutated arginine 12 on Cse2 to glutamic acid (Cse2 R12E) and three lysine residues on 

Cas7 to glutamic acids (Cas7 K296E, K299E, and K301E). We then tested the impact of 

these mutations using a plasmid-curing assay that measures the in vivo efficiency of 

Cascade/Cas3 to detect and degrade a target plasmid (Figure 6.3C) (11, 29). The Cse2 

mutant (i.e. Cse2 R12E) displayed small, but reproducible defects, while the Cas7 mutant 

did not result in a measurable defect. We compared the HDX-guided mutants to a mutant 

we previously made based on electrostatic surface potential, where we mutated seven 

positively charged residues on Cse2 that line the basic cleft (Cse2 R53D, K77D, K78D, 

R89D, R135D, R143D and K158D, named Cse2 charge swap) (Figure 6.3C) (3, 12). The 

charge swap of seven Cse2 residues resulted in a small defect comparable to the mutation 
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of the single arginine 12 on Cse2. Collectively this suggests that precise coordination of 

the R-loop, may not be critical for immune system function. 

Recruitment of the nuclease-helicase Cas3. 

DNA binding triggers a conformational change in Cascade that recruits Cas3 to the 

Cse1 subunit (3, 4, 6, 8, 11, 30). We hypothesized that dsDNA binding exposes a Cas3 

docking site on Cascade and that these residues would display greater HD-exchange after 

Cascade binds dsDNA. To test this hypothesis, we compared HD-exchange before and 

after dsDNA binding and identified a large beta-hairpin, termed Loop 3 (L3, amino acids 

285-296) on Cse1 that is more flexible after DNA binding (Figure 6.4A). The increased 

exchange in L3 coincides with movement of a short loop called L4 (amino acids 316-326) 

(Figure S6.5 and S6.6). L4 is positioned next to L3 in the unbound and ssDNA bound 

Cascade structures, but moves 11 Å away from L4 upon dsDNA binding (Figure S6.6A). 

To assess the functional importance of L3 and L4 we compared the Cse1 protein structure 

from E. coli to homologous protein structures from Thermobifida fusca, Thermus 

thermophiles, and Acidimicrobium ferrooxidans (8, 11, 13, 31-33). While there is no 

detectable amino acid sequence conservation, L3 and L4 are conserved structural features 

(Figure S6.5 and S6.6). Based on structural conservation and dynamic response to dsDNA 

binding, we hypothesized that L3 and L4 may participate in Cas3 recruitment. To test this 

hypothesis, we deleted L3 (L285-K296, ΔL3) and performed plasmid-curing assays. 

Deletion of L3 caused a plasmid-curing defect, indicating that L3 has an important 

functional role in DNA binding, Cas3 recruitment, or both (Figure 6.4B). To clarify the 

function of L3, we expressed and purified the Cse1ΔL3 deletion mutant of Cascade. Size 
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exclusion chromatography and SDS-PAGE gel electrophoresis confirmed that the complex 

assembles and purifies like wild type Cascade (Figure S6.7A). However, Electrophoretic 

Mobility Shift Assays (EMSAs) revealed that the L3 deletion results in a DNA binding 

defect (KD= 135.2 nM) compared to wild type Cascade (KD= 1.5 nM) (Figure 6.4C and 

Figure S6.8), which indicates that defects in DNA binding are responsible for the immune 

defect observed in the plasmid-curing assays. To further investigate the function of L3, we 

focused on two conserved lysine residues (Cse1 K289 and K290) at the apex of L3. Alanine 

substitution of these two lysine residues (Cse1 K289A/K290A) resulted in a similar 

plasmid-curing defect as deletion of the entire 11 residue loop (Figure 6.4B). Like the ΔL3 

mutant, the Cse1 K289A/K290A mutant expressed and purified similar to wild type (Figure 

S6.7B). However, the Cse1 K289A/K290A mutation does not impair DNA binding (KD= 

1.8 nM) (Figure 6.4C and Figure S6.8). This suggested that the lysine residues might be 

involved in Cas3 recruitment or activation. To determine the role of the lysine residues, we 

performed an in vitro cleavage assay in which Cse1 K289A/K290A Cascade was pre-

bound to dsDNA followed by the addition of Cas3. However, in contrast to our prediction, 

Cascade with the Cse1 K289A/K290A mutation results in a very modest DNA degradation 

defect (Figure 6.4D). We speculate that the discrepancy between the in vivo plasmid-curing 

assay (defect) and the in vitro DNA degradation assay (no defect) might be explained by 

high Cas3 concentrations (300 nM) and low of sensitivity in our DNA degradation assay. 

The mechanistic basis of this distinction requires further investigation, but the result 

illustrates the importance of performing both in vivo and in vitro experimentation. 
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Figure 6.4. Predicting the Cas3 interaction site using HDX. (A) Ribbon representation 

of Cse1 colored according to the percentage difference in deuterium uptake of the dsDNA 

bound complex minus the unbound form of the Cascade complex at the 180-minute time 

point. Areas in red are more available for HDX after dsDNA binding. dsDNA is colored 

green. (B) Residues in three of the peptides (L3, H1 and H2) that exchange more deuterium 

after binding dsDNA and one peptide that exchanges less deuterium (H3) after binding 

dsDNA, were targeted for mutagenesis and tested using plasmid-curing assays. Deletion 

of Loop 3 (Cse1 ΔL285-K296, denoted ΔL3) or mutation of the lysine residues present at 

the tip of Loop 3 (Cse1 K289A/K290A, denoted KK) result in large immune system 

defects. Mutation of alpha helices H1 (Cse1 N379A/E380K), H2 (Cse1 N332A, Q333A, 

R335E) and H3 (Cse1 R194E/K197E) resulted in immune system defects for H1 and H3. 

Mutants showing defects were selected for further study. The error bars represent the 

standard error of the mean of three replicates. (C) Measurement of the binding affinity for 
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72 bp dsDNA containing a protospacer and interference PAM (3’-TAC-5’ or 3’-TTC-5’) 

using Electrophoretic Mobility Shift Assays (EMSAs). Only the deletion of Loop 3 resulted 

in a major binding defect. Error bars represent the standard deviation of three replicates. 

(D) Denaturing polyacrylamide gels showing time courses of Cascade/Cas3 mediated 

DNA degradation. 72 bp dsDNA containing P7 protospacer and 3’-TTC-5’ PAM was pre-

bound to wild type Cascade or the Cascade mutants and incubated for various lengths of 

time with Cas3. Wild type Cascade facilitates destruction of the DNA by Cas3. The H1 

mutant severely reduces the ability of Cas3 to degrade the DNA, indicating that this mutant 

blocks Cas3 recruitment or activation. The percentage of DNA degraded after 60 minutes 

is indicated with the error representing the standard deviation of three replicates. 

 

In addition to L3, we identified other surface exposed peptides on Cse1 with 

changes in their HDX profile upon DNA binding. We made mutations in three distinct 

locations that cluster on an exposed surface of Cse1 that is anticipated to be involved in 

Cas3 recruitment (Figure 6.4A). Two alpha-helices (H1 and H2) that showed increased 

exchange upon dsDNA binding and one alpha helix (H3) with a slight decrease in HD-

exchange were selected for mutational analysis. Polar residues with uncharged side chains 

were mutated to alanine residues, and residues with charged side chains were swapped for 

the opposite charge. The H1 mutation (Cse1 N379A/E380K) and the H3 mutation (Cse1 

R194E/K197E) both result in pronounced defects in the plasmid-curing assay, while the 

H2 mutation (Cse1 N332A, Q333A and R335E) results in a modest immune system defect 

(Figure 6.4B). To clarify the functional importance of H1 and H3 we expressed and 

purified these two mutants. The expression levels and stoichiometry of the purified mutants 

were comparable to wild type Cascade (Figure S6.7C). In vitro binding assays revealed 

that the H1 mutant binds dsDNA with wild type affinity (KD=0.86 nM), while the H3 

mutant has a small defect (KD=4.87 nM) (Figure 6.4C and Figure S6.8). To test the function 

of these residues in Cascade-mediated recruitment of Cas3, we performed DNA cleavage 

assays. The H1 mutant binds DNA like wild type Cascade, but does not facilitate Cas3-
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mediated DNA degradation, while the H3 mutant, which has a modest binding defect, 

degrades DNA similar to wild type (Figure 6.4D). A high concentration of Cascade (300 

nM) was used in the DNA cleavage assays to compensate for the small DNA binding defect 

observed. These data indicate that residues in H1 are critical for Cas3 recruitment or 

activation, while the plasmid-curing defect of the H3 mutant is caused by the small DNA 

binding defect.  

Discussion 

Structures of Cascade have captured the complex in several distinct conformational 

states (3, 4, 6, 8, 11, 12, 34). Collectively, these structural models reveal a series of 

conformational changes that coincide with DNA recognition and Cas3 recruitment. Here, 

we add an additional dimension to this work by performing HDX-MS on Cascade before 

and after target recognition. HDX-MS analysis reveals specific regions of the complex that 

have more or less HD-exchange after binding DNA. Mapping this data onto 3D-structures 

of Cascade highlights regions of functional importance that have been previously 

identified, as well as functionally important regions that do not stand out in static structures.  

The lysine-rich vise of Cas7 and the PAM sensing domain of Cse1 are critical for 

DNA binding (8, 11). Slow deuteration of a peptide is indicative of low solvent exposure 

or extensive hydrogen bonding and we measure significant decreases in deuterium 

incorporation after dsDNA binding for peptides that cover the lysine-rich vise, and two the 

PAM sensing elements (i.e., lysine finger and glutamine wedge). However, the glycine-

rich loop (amino acids 157-161), which has previously been shown to intercalate in the 

minor groove of the PAM duplex is not protected from HD-exchange in the dsDNA bound 
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complex (Figure S6.3). These results suggest that the glycine-rich loop may be more 

dynamic after binding than indicated by the crystal structure. 

While the mechanism of PAM sensing and directional hybridization of the crRNA 

guide to the DNA target is relatively well understood, the location of the displayed strand 

has not been determined for the E. coli Cascade complex. Based on the structure of E. coli 

Cascade bound to a partially duplexed DNA target, we expected the displaced strand to 

traverse over the C-terminal four-helix bundle of Cse1 and continue along a basic cleft 

formed by the Cse2 and Cas7 subunits (Figure 6.3) (12). Indeed, peptides covering the C-

terminal four-helix bundle of Cse1 (amino acids 381-398) incorporate significantly less 

deuterium after dsDNA binding. However, this same peptide is also protected (i.e. less 

deuterium incorporation) in the ssDNA bound complex, suggesting that the lack of 

deuterium uptake is due to changes in hydrogen bonding networks, rather than direct 

interactions with the displaced strand. This conclusion is consistent with the recent 

structure of T. fusca Cascade bound to a dsDNA target, which shows no density for the 

displaced DNA strand in this region (13).  

Following the displaced strand beyond the four-helix bundle we predicted that the 

remaining portion of the R-loop would be coordinated by residues that form a positively 

charged cleft between Cse2 and Cas7 (12). To test the role of this cleft in DNA binding, 

we flipped the charge on seven positively charged residues on Cse2 (i.e. R53D, K77D, 

K78D, R89D, R135D, R143D and K158D) and three positively charged residues on Cas7 

(i.e. K296E, K299E and K301E). Remarkably, neither of these mutants resulted in a 

pronounced immune defect (Figure 6.3C). Using the HD-exchange data, rather than 
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focusing strictly on electrostatic surface potential, we identified a peptide on Cse2 (amino 

acids 6-27) that exchanges significantly (p<0.001) less deuterium upon binding of dsDNA. 

Mutation of a single arginine (Cse2 R12) resulted in a small, but reproducible immune 

defect, which is consistent with a minor role for this peptide in stabilizing the displaced 

strand. In support of this conclusion, the recent T. fusca Cascade structure reveals an 

equivalently positioned arginine (R16) that is located ~4 Å from the phosphate backbone 

of the displaced strand (13). While we initially expected to identify an extensive network 

of non-sequence specific, protein-mediated interactions involved in R-loop stabilization, 

our results and recent structures of the Cascade complex from T. fusca reveal a poorly 

ordered displaced strand that makes few direct interactions with the Cas proteins. 

Collectively this suggests that precise coordination of the R-loop at positions distal to the 

PAM, may not be critical for immune system function. 

In addition to DNA binding, Cse1 also plays a critical role in Cas3 recruitment (6, 

7, 20). We hypothesized that regions of Cse1 that incorporate more deuterium after DNA 

binding, may be involved in Cas3 recruitment. To test this hypothesis, we designed HDX-

guided mutations in L3, H1, and H2 regions of Cse1 (Figure 6.4). Mutations in L3 and H1 

result in significant immune defects, while the H2 mutation has no measurable phenotype. 

We expected that the increase in HD-exchange would be indicative of regions involved in 

Cas3 recruitment; however, only the H1 mutant blocks Cas3-mediated DNA degradation, 

suggesting that this may be a docking site for Cas3. 

Conformational dynamics are critical to the function of any molecular machine. 

Magnetic tweezers have been used to measure the dynamics of torque-dependent R-loop 
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formation and DNA dissociation for Cascade (28, 35). These experiments reveal 

conformational changes in the DNA target and recent FRET studies have been used to 

identify distinct conformational states of Cascade that are controlled by the sequence of the 

DNA target (19, 22, 26). FRET has been used to show that binding to DNA targets 

containing specific PAM or protospacer mutations correspond with a rotation of the N-

terminal domain in Cse1. This conformation is referred to as the “open” state, which does 

not effectively recruit nuclease-active Cas3, but recruits a nuclease-repressed form of Cas3, 

in the presence of Cas1 and Cas2 (18). Collectively these studies suggest that the 

conformational state of Cascade is determined by the sequence of the DNA ligand, and that 

these conformations control the immune response by regulating the activity of Cas3 (3, 18, 

19). 

While structure guided placement of FRET dyes provides a powerful means for 

measuring distances between two selected landmarks, this approach cannot provide a 

global understanding of the complex conformational dynamics of a large multi-subunit 

machine like Cascade. Here we demonstrate how the high-spatial resolution of FRET is 

complemented by the peptide-resolution of HDX-MS. In this paper, we validate the method 

by comparing our results to previous insights (e.g. PAM binding residues) and provide new 

information about the mechanism of DNA binding (e.g. coordination of the displaced 

strand), and Cas3 recruitment (e.g. role of H1). Future experiments performed using HDX-

MS should focus on Cascade bound to DNA targets that have previously been shown to 

elicit interference or priming responses. These experiments will be critical to understanding 
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how DNA-induced conformational states of Cascade control the downstream immune 

response. 
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Materials and Methods 

Hydrogen-Deuterium Exchange coupled with Mass Spectrometry (HDX-MS): 

Three forms of the Cascade complex were tested using HDX-MS: unbound 

Cascade, Cascade bound to a ssDNA substrate, and Cascade bound to a dsDNA bound 

substrate (Supplemental Dataset 1). First Cascade was expressed and purified (see below) 

and pre-bound to ssDNA or dsDNA substrate, by incubating unbound Cascade with an 

excess of the appropriate oligonucleotide at 37 °C for 15 minutes. Excess oligonucleotides 
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were removed from the ssDNA and dsDNA bound Cascade preparations by gel filtration 

as described below (Figure S6.6D). Cascade (10mg/mL) was diluted 10-fold into reaction 

buffer (10mM sodium acetate, 50mM NaCl, pH 7.0) which was made in D2O. Samples 

were removed at different time points and quenched to stop the exchange after 0, 0.16, 0.5, 

2.5, 5.0, 10, 30 and 180 minutes. At each time point, 10 µL was withdrawn and placed into 

quenching/digestion solution at pH 2.5 containing 1% formic acid (FA, Sigma) and 0.2 

mg/mL pepsin (Sigma) at 0°C. After one and half minutes of digestion, the tube was frozen 

in liquid N2 and stored at -80°C until liquid chromatography-mass spectrometry (LC-MS) 

analysis. For Intact protein HDX-MS the reaction started in the same manner as the pepsin-

based HDX-MS. Time points were collected at 0.5, 6, 11.5, 17, 22.5, 28, 33.5, 39, 44.5, 

50, 55.5, 61, 66.5, 72, and 77.5 minutes. The intact protein HDX-MS time points were 

quenched in the same manner; however, the intact protein quench solution did not contain 

pepsin, and tubes were immediately frozen in liquid N2 and stored at -80°C until liquid 

chromatography-mass spectrometry (LC-MS) analysis 

LC-MS analysis of intact Cascade and Cascade peptides was completed on a 1290 

UPLC series chromatography stack (Agilent Technologies) coupled directly to a 6538 

UHD Accurate-Mass Q-TOF LC/MS mass spectrometer (Agilent Technologies). Before 

electrospray-time of flight (ESI-TOF) analysis, peptides were separated on a Reverse Phase 

(RP) column (Phenomenex Onyx Monolithic C18 column, 100 x 2 mm) at 1°C using a 

flow rate of 600 µL/min in the following conditions: 1min, 5% B; 1.0-9.0min, 5-45% B; 

9.0-9.80 min, 95% B; 9.80-9.90 min, 5% B solvent A = 0.1% formic acid (FA, Sigma) in 

water (ThermoFisher) and solvent B = 0.1% FA in acetonitrile (ACN, ThermoFisher). Data 
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was acquired at 2 Hz sec-1 over the scan range 50-1700 m/z in positive mode. Electrospray 

settings were: nebulizer set to 3.7 bar, drying gas 8.0 L/min, drying temperature 350○C, 

and capillary voltage 3.5 kV.  

Data processing was carried out in Agilent MassHunter Qualitative Analysis 

version 6.0. Unique peptides were identified by using Peptide Analysis Worksheet version 

2000.6.8.0 (PAWs, ProteoMetrics LLC.) with an accuracy of 10 ppm. Peptide sequences 

were also confirmed by MS-MS data acquisition, with a scan range of 50-1700 m/z (auto 

MS-MS)) with an isolation width of 4 m/z and an acquisition rate of 1 spectrum/s. Different 

collision energy voltage (20V, 25V, and 30V) and linear gradient voltages were applied in 

auto MS-MS mode. MS-MS data were analyzed and mapped to confirm the corresponding 

sequence by using Peptide Shaker version 0.41.1 paired with Search GUI version 1.30.1 

(Compomics) (36).  

Deuterium incorporation in each peptide was calculated using the program 

HDExaminer (version 1.3.0 beta 6, Sierra Analytics Inc.) which measures the shift of the 

centroid peak of the peptides collected throughout the time course in different samples. 

The shift of the centroid was then compared to a non-deuterated control (no exchange) and 

a fully deuterated sample (24-hour reaction) to determine the extent of exchange using 

methods previously reported by Guttman et al. (23). Back-exchange during 

chromatography was estimated from a fully deuterated protein. The 24-hour time point was 

denoted as 100% (𝑚100) exchange. The non-deuterated control was denoted as 0% (𝑚0%) 

exchange. Percentage deuteration for each peptide at different time points was calculated 

by following formula.  
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% Deuteration =
𝑚𝑡 − 𝑚0%

𝑚100% − 𝑚0%
 

𝑚𝑡 = deuterium uptake at different times 

Statistical analysis on deuterium uptake was performed using MEMHDX 24. P-values less 

than 0.05 were considered statistically significant. For the uptake curves (Figure 6.2 6.3 

and Figure S6.3), peptides that were the most representative of the data were displayed. 

Uptake information for all peptides can be found in Supplementary Data Set 1.  

Nested or sister peptides that shared the same N-terminal or C-terminal residue and 

varied in length were manually resolved to determine the contributions of the different 

amides to the overall uptake of the peptides. The overlapping regions of the peptides were 

assumed to take up the same amount of deuterium and the non-overlapping regions were 

assumed to be responsible for the rest of the uptake in the longer peptide. For example, if 

the peptide covering residues 1-4 took up two deuterium and the peptide covering residues 

1-6 took up three deuterium, it would be assumed that residues 5 and 6 together took up, 

on average, one deuterium. The uptake percentage of the resolved peptides of the unbound 

complex were then subtracted from the dsDNA bound complex and  mapped onto the 

structural model of dsDNA bound Cascade (5H9F) using Chimera version 1.10.2 (UCSF 

Resource for Biocomputing, Visualization, and Informatics), to create the difference maps 

shown in Figures 6.1-4 (37). 

Cascade expression and purification 

Cascade and Cascade mutants were expressed and purified using previously 

described methods (11). Briefly, cas genes and CRISPR RNAs were coexpressed in E. coli 

Bl21 (DE3) cells with Cse2 fused to an N-terminal Strep tag. Cells were grown in LB 
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media at 37°C under antibiotic selection and induced at an OD600nm of 0.5 using 0.2 mM 

isopropyl-D-1-thiogalactopyranoside (IPTG). Cells were cultured overnight at 20 ◦C, 

pelleted by centrifugation and suspended in lysis buffer (100 mM Tris–HCl pH 8.0, 150 

mM NaCl, 1 mM Ethylenediaminetetraaceticacid (EDTA), 1 mM tris (2- carboxyethyl) 

phosphine (TCEP) and 5% glycerol), and frozen at −80 °C. Cells were lysed by sonication 

and lysates were clarified by centrifugation. Cascade self-assembles in vivo and the 

complex was affinity purified on StrepTrap HP resin (GE) using N-terminal Strep-II tags 

on Cse2. Elution of Cascade was performed using the lysis buffer supplemented with 2.5 

mM desthiobiotin. The Strep-II tag was removed with HRV-3C protease. Cascade was 

concentrated prior to gel filtration chromatography using 10/300 Superose6, 16/60 

Superose6 or 26/60 Superose6 columns (GE Healthcare) equilibrated with 50 mM Tris–

HCl pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM TCEP and 5% glycerol (Figure S6.6) and 

stored at -80 °C until use. Stoichiometry of the different Cascade mutants was analyzed by 

SDS-PAGE gel and the presence of crRNA was checked by phenol/chloroform extraction 

of the protein followed by denaturing polyacrylamide gel (Figure S6.6).  

Cas3 expression and purification 

Cas3 was expressed and purified using previously described methods (5, 6). 

Briefly, the Cas3 gene fused to an N-terminal His6-MBP (maltose binding protein) tag was 

expressed from pHMGWA plasmid in E. coli BL21 (DE3) cells. Cells were grown in LB 

media at 20°C under antibiotic selection and expression was induced at an OD600 nm of 0.3 

using 0.2 mM IPTG. Cells were pelleted by centrifugation and suspended in lysis buffer 

(20 mM TRIS-HCl pH 8.0, 200 mM NaCl, 1 mM TCEP and 10 % glycerol). Cells were 
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lysed by sonication and lysates were clarified by centrifugation. Cas3 was affinity purified 

using Ni-NTA superflow resin (Qiagen), washed with lysis buffer supplemented with 5 

mM Imidazole followed by a 1 M Nacl wash. Cas3 was eluted with lysis buffer 

supplemented with 250 mM Imidazole. Cas3 was concentrated prior to gel filtration 

chromatography using 16/60 Superoses6 column equilibrated with 20 mM TRIS-HCl pH 

8.0, 200 mM NaCl, 1 mM TCEP and 5 % glycerol and stored at -80°C until use. Protein 

purity was checked by SDS-PAGE gel (Figure S6.6E). 

Oligoduplex preparation and DNA labeling 

Oligonucleotides (Supplemental Table 1) were 5-end labeled with [ɣ-32P] ATP 

(PerkinElmer) using T4 polynucleotide kinase (NEB). Labeled oligonucleotides were 

purified by phenol/chloroform extraction followed by MicroSpin G-25 columns (GE 

Healthcare). Oligonucleotides were gel purified on a denaturing polyacrylamide gel and 

recovered. dsDNA was prepared by mixing labeled oligonucleotides with a 5 fold molar 

excess of the complementary oligonucleotide in hybridization buffer (20 mM HEPES pH 

7.5, 100 mM KCl and 5 % glycerol). The mixture was heated to 95°C for 5 minutes and 

allowed to cool to room temperature. Duplexed oligonucleotides were purified on a native 

polyacrylamide gel and recovered in hybridization buffer. Duplexed oligonucleotides were 

used for EMSA and Cascade/Cas3 mediated DNA degradation assays. 

Electrophoretic mobility shift assay (EMSA) 

Electrophoretic mobility shift assays were carried out as described previously (11). 

The reported KDs are the average from three independent experiments and error bars 
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represent the standard deviation. Oligonucleotides used for EMSAs are listed in 

Supplemental Table 1. The non-target DNA strand was labeled. 

Plasmid-curing assays 

Plasmid-curing assays were carried out as described previously (11). Briefly, 

competent E. coli cells containing plasmids encoding Cascade, Cas3, and a crRNA 

targeting the pUC-P7-TAC plasmid were transformed with an equal molar mixture of 

pUC19 (non-target) and pUC-p7-TAC (target) plasmids. Expression of Cascade, Cas3, and 

the crRNA was induced using 0.2 mM isopropyl-D-1-thiogalactopyranoside (IPTG) and 

cells were plated on LB-agar plates. Forty individual colonies were screened using PCR 

designed to discriminate target from non-target plasmids based on size. Three replicates 

were carried out for each experiment and the average value of the ratio of target to non-

target plasmid was calculated and plotted in the graphs (Figure 6.3 6.4). An active immune 

system will destroy the target plasmid and result in a value close to 0, while an inactive 

immune system will preserve the original 1:1 ratio of target to non-target plasmid and result 

in a value close to 1. The error bars represent standard error of the mean calculated from 

three independent experiments. 

Cascade/Cas3 mediated DNA degradation 

Duplexed oligonucleotides were [ɣ-32P] ATP labeled on the 5’end of the non-target 

DNA strand and incubated with 300 nM Cascade or Cascade mutants for 15 minutes at 

37°C in reaction buffer (20 mM HEPES pH 7.5, 100 mM KCl, 10 mM MgCl2, 10 mM 

CaCl2, 100 µM NiSO4, 100 µM CoCl2 and 2 mM TCEP) supplemented with 2 mM ATP 

(Lanes marked No ATP did not receive ATP, lanes marked EDTA contained 17 mM 
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EDTA, Figure 6.4D). Reactions were incubated on ice for 5 minutes prior to addition of 

Cas3 to a final concentration of 300 nM. After the addition of Cas3 reactions were 

incubated for 60 minutes at 37 °C except for the samples that were part of the time course 

(triangle in Figure 6.4D, incubated for 0, 15 and 60 minutes). Once the reactions were 

complete the samples were quenched by the addition of EDTA and Sodium Dodecyl 

Sulphate (SDS) to a final concentration of 8 mM EDTA and 1 % SDS. Samples were mixed 

with 2x Formamide loading buffer, heated to 95°C C for 5 minutes and run on a pre-run 7 

M Urea, 15 % polyacrylamide (29:1) gel in Tris-Taurine-EDTA (TTE) buffer. Gels were 

dried, exposed to phosphor storage screens and scanned with a Typhoon phosphorimaginer. 

Degraded and undegraded DNA fractions were quantified using GelQuant.NET software 

and used to calculate the fraction of degraded DNA compared to the total DNA. Reported 

degradation percentages are the average of three independent experiments with the error 

representing the standard deviation.  
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Supplemental Figures 

 
Figure S6.1. DNA binding increases the stability of Cascade. Differential scanning 

fluorimetry of unbound Cascade (blue) and the dsDNA bound form of Cascade (red). The 

increase in melting temperature after dsDNA binding indicates that the complex is more 

stable. 
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Figure S6.2. Heat and coverage maps for all Cascade subunits. Heat map (colored) and 

coverage map (blue) for each subunit (Cse1 A, Cse2 B, Cas7 C, Cas5e D, and Cas6e E). 

The heat map shows the percentage of deuterium exchanged for each peptide at every time 

point. Each condition (no DNA, dsDNA bound, and ssDNA bound) are displayed as 

separate rows respectively, with each block further divided into rows indicating the tested 

time points. The percent deuterium uptake is indicated by differing colors. Coverage maps 

for each subunit are shown below each heat map. Each line represents a peptide used to 

measure the deuterium uptake in all conditions. Over 90% sequence coverage was achieved 

for all peptides. 
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Figure S6.3. HD-exchange over time. The number of deuteriums incorporated by specific 

peptides are plotted over time. HD-exchange is measured for peptides from Cascade prior 

to binding DNA (blue), bound to ssDNA (green), and dsDNA (red) at time points 10 and 

30 seconds, 2.5, 5, 10, 30 and 180 minutes. With the exception of the 10-minute data point 

from the unbound form of Cascade, which was only performed once, the remaining data 

points are the average of three replicates with the standard deviation shown as error bars. 

Error bars are too small to see in some cases. The maximum number of exchangeable amide 

hydrogens is indicated and calculated by subtracting two possible exchangeable amides 

hydrogens from the peptide length (back exchange) and one additional for each proline 

present.  
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Figure S6.4. Peptide covering the lysine-rich helix (Cas7 134-148) displays a bimodal 

distribution. Measured isotopic distributions for the Cas7 peptide 134-148 in Cascade 

prior to binding DNA, bound to ssDNA, and dsDNA bound. The expected isotopic 

distribution during HDX-MS is shown in green. In the absence of DNA (left column), the 

peptide shows a normal isotopic distribution, which shifts to the right over time. This shows 

the incorporation of deuterium. In the ssDNA bound form (middle column), the peptide 

shows bimodal behavior, which appears at the “leading edge” (red arrows) of the normal 

Gaussian distribution. This leading edge appears after 30 seconds and becomes 

continuously more exaggerated until 30 minutes when the isotopic envelope re-adopts a 

near Gaussian distribution. When dsDNA is bound (right column), the bimodal behavior 

is observed at the first-time point. Similar to behavior measured for the ssDNA bound 

complex, the profile returns to a near Gaussian distribution by 30 minutes. However, the 

centroid of the isotopic distribution for the dsDNA bound form of Cascade lies at a lower 

m/z value than in the ssDNA bound form. This shows that the dsDNA bound form of this 

peptide is more protected from deuterium exchange than the ssDNA bound form. 

  



232 

 

 
Figure S6.5. Sequence alignment of Cse1 shows little conservation in L3 and L4. 

Protein sequence alignment of Cse1 subunits of different organisms for which structures 

are available. Escherichia coli (5CD4), Thermobifida fusca YX (5U0A), Thermus 

thermophilus (4AN8), Thermobifida fusca (3WVO) and Acidimicrobium ferrooxidans 

(4H3T). Identical residues are highlighted in red and similar residues are in red text. L3 

(blue box) and L4 (green, underlined) are indicated and show little sequence 

conservation. 



233 

 

 

 
Figure S6.6. Structures of the Cse1 subunit. (A) Structures of the E. coli Cse1 subunit 

from the forked dsDNA bound Cascade (left, 5H9F) and from the unbound Cascade (right, 

5CD4). L4 in the dsDNA bound structure has moved 11 Å away from L3. (B) The Cse1 

subunit form Thermobifida fusca YX (5U0A), Thermobifida fusca (3WVO), Thermus 

thermophilus (4AN8) and Acidimicrobium ferrooxidans (4H3T) all share the conserved 

structural features L3 and L4. 
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Figure S6.7. Cascade mutants express and purify as WT Cascade. (A) Elution profile 

of WT Cascade (black) and ΔLoop3 (Cse1 ΔL285-K296, red). The insert shows a SDS-

PAGE gel and (top) and denaturing polyacrylamide gel (bottom). (B) Elution profile of 

WT Cascade (black), Cascade H1 (Cse1 N379A/E380K, blue) and Cascade H3 (Cse1 

R194E/K197E, purple). (C) Elution profile of WT Cascade (black) and Cascade 

K289A/K290A (Cse1 K289A/K290A, green). (D) Elution profile of WT Cascade (black), 

Cascade bound to 72-nt ssDNA containing P7 protospacer and 3’-TTC-5’ PAM (orange) 

and Cascade bound to 72-bp dsDNA containing P7 protospacer and 3’-TTC-5’PAM. (E) 

Elution profile of Cas3. The insert shows an SDS-PAGE gel. 
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Figure S6.8. Deletion of Loop3 results in a major dsDNA binding defect. 

Electrophoretic Mobility Shift Assays (EMSA) show equilibrium dissociation constants 

for Cascade and Cascade mutants binding to 72-bp dsDNA containing P7 protospacer and 

3’-TTC-5’ or 3’-TAC-5’ PAM. Only deletion of Loop 3 resulted in a major binding defect. 

The H3 mutant resulted in a minor binding defect. Equilibrium dissociation constant (KD) 

is calculated using three replicates. Error represents standard deviation.  
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Supplemental Tables 

Table S6.1. Oligonucleotides used in this study. 
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Abstract 

Argonaute (Ago) proteins are present in all three domains of life and are involved 

in nucleic acid guided silencing and interference pathways. Eukaryotic Argonautes (eAgo) 

form the catalytic core of the RNA interference (RNAi) pathway, which is involved in gene 

silencing, transposon silencing and antiviral defense. However, the biological role of 

Argonaute proteins in bacteria and archaea remains undetermined. Prokaryotic Argonautes 

(pAgos) have been hypothesized to defend against mobile genetic elements such as 

plasmids and viruses. To test this hypothesis, we overexpressed 8 phylogenetically diverse 

pAgo proteins in Escherichia coli and challenged them with 7 bacteriophages spanning the 

Myo-, Sipho-, and Podoviridae families. This resulted in robust protection against phage 

λvir and phage P1 (up to 400,000-fold reduced infectivity) by 4 of the tested pAgos, while 

little impact on phage infectivity was observed for the other phages tested. However, 

control experiments with a nuclease inactive pAgo mutant and expression of an unrelated 

gene, and showed similar protection against phage λvir and phage P1. Collectively, our data 

suggest that protein overexpression in general, rather than pAgo expression in particular, 

results in protection against 2 specific phages. 
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Introduction 

Argonaute (Ago) proteins are found in all three domains of life (1, 2). In 

Eukaryotes, Argonautes play a central role in small RNA-guided gene silencing processes 

collectively known as RNA interference (RNAi). RNAi is involved in many cellular 

functions such as antiviral defense, gene regulation and transposon regulation. Eukaryotic 

Argonaute (eAgo) proteins make up the catalytic core of the RNAi pathways and are loaded 

with small interfering RNAs (siRNAs), microRNAs (miRNAs) or Piwi-interacting RNAs 

(piRNAs) that act as guides to identify RNA targets through sequence complementarity (3, 

4). This leads to either target cleavage through intrinsic endonuclease activity, or to 

silencing of the RNA target through blocking of translation. Members of the Argonaute 

protein family are also present in prokaryotes. A recent comprehensive genomic and 

phylogenetic analysis by Ryazansky et al. identified prokaryotic Argonaute (pAgo) 

proteins in 17 % of bacterial and 25 % of archaeal genera (3). The prokaryotic Argonautes 

show far greater phylogenetic diversity compared to the eukaryotic Argonautes whom 

cluster as a single branch in the Argonaute family tree (Figure 7.1A). This greater diversity 

is also reflected in the nucleic acid guide and target versatility, as well as the domain 

architecture of the pAgos. Both short RNA and/or DNA guides are utilized by pAgos to 

target complementary RNA and/or DNA molecules, although the pAgos studied thus far 

appear to be predominantly DNA-targeting proteins (4, 5). Structurally, pAgos also show 

greater diversity than eAgos. All eAgo proteins have a bilobed architecture consisting of 

four domains separated by two linkers: N-terminal, L1 (Linker 1), PAZ (PIWI-Argonaute-

Zwille), L2 (Linker 2), MID (Middle) and PIWI (P-element induced Wimpy testis) 



242 

 

domains (Figure 7.1C). The pAgos are divided into two main phylogenetic groups: the 

“long-pAgos” and “short-pAgos” (1-3). The long-pAgos consist of the same four domains 

as the eAgos, the short-pAgos only contain the MID and PIWI domains. The PIWI domain 

of most of the eAgos and a subset of the long-pAgos contains the conserved catalytic tetrad 

of amino acids (DEDX, where X is D, H or K) that is responsible for endonucleolytic 

cleavage of the target. Short-pAgos do not contain the catalytic tetrad and are either 

nuclease inactive or are fused to or found next to additional putative nucleases. Among the 

Long-pAgos there is a secondary division in Long-A and Long-B pAgos clades (3). All the 

long-B pAgos lack the conserved catalytic tetrad and are thought to be nuclease inactive. 

While in some of the long-A pAgos the catalytic tetrad is also mutated, the majority of 

Long-A pAgos contain the catalytic tetrad and are predicted to be nuclease active. Previous 

research has mainly focused on pAgos from the Long-A clade that have an intact catalytic 

tetrad (6-14). Only two pAgos from the Long-B clade have been studied to date 

(Rhodobacter sphaeroides Argonaute, RsAgo, and Archaeoglobus fulgidus Argonaute 

AfAgo) and no short pAgos have been studied (15, 16).  

While the biological role of pAgo proteins remains unclear they have been 

implicated in defense against foreign genetic elements based on the functions of eAgos, 

the genomic location of pAgo in areas of prokaryotic genomes enriched in genes with 

defense functions, and on limited experimental data (1-3, 17, 18). RsAgo, Thermus 

thermophilus Ago (TtAgo), Pyrococcus furiosus Ago (PfAgo) and Methanocaldococcus 

jannaschii Ago (MjAgo) have been shown to interfere with intercellular plasmid levels, 

and plasmid transformation efficiency of cells expressing these Argonautes (9, 10, 13, 16). 
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TtAgo and MjAgo can generate their own guide sequences in a process termed “chopping” 

by non-specifically cleaving double-stranded DNA and retaining one of the DNA strands 

as a guide that is used in subsequent rounds of targeted DNA degradation (13, 19). The 

RNA-guided RsAgo samples the transcriptome and associates with guides from expressed 

genes (16). How other pAgos obtain their guide sequences is unknown. pAgo proteins have 

long been hypothesized to function as an antiviral defense system. Here, we directly test 

this hypothesis by overexpressing 8 different pAgos in E. coli and challenging with 7 

different dsDNA phages. While we observed strong reduction in phage infectivity for two 

of the tested phages, control experiments revealed that this antiviral activity was not due to 

the pAgos in particular, but rather protein expression in general. This antiviral effect is 

related to the E. coli cell line, expression plasmid and protein being expressed. 
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Figure 7.1. Selection of pAgo proteins. (A) Maximum-likelihood phylogenetic tree of 

1010 pAgo and 8 eAgo sequences. Long-A, Long-B and short pAgos are color coded. 

Some Long pAgos have lost N-terminal and/or PAZ domains and are truncated. The branch 

of Short pAgos that are fused to SIR2 domains are indicated in brown. The 8 pAgos studied 

here are indicated on the outer rim. (B) Atomic resolution structures (boxed) of RsAgo 

(PDB 5awh), TtAgo (PBD 4nca) and MpAgo (PDB 5i4a), and RaptorX structural 

prediction of the remaining 5 pAgos. Domain of pAgos are colored according to Figure 

1C. NgAgo and PxAgo contain additional domains in yellow. (C) The selected 8 pAgos. 

Host species, guide and target identities are indicated on the left. Right side of the figure 

shows domain architecture of the pAgos. Amino acid numbers of the different domain are 

indicated. The active site residues are indicated in yellow. Mutated active site residues of 

are indicated in red. NgAgo is fused to a single stranded oligonucleotide binding domain 

(SSB). PxAgo is a short pAgo fused to a SIR2 domain and contains an APAZ domain 

(brown). The APAZ domain has structural homology to N-terminal L1, MID and L2 

domains.  
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Results 

We set out to directly test the hypothesis that pAgo proteins provide antiviral 

defense. Previous research shows that pAgo proteins can be recombinantly expressed in E. 

coli and are loaded with guide sequences predominantly derived from their expression 

plasmids, that allow them to degrade complementary plasmid targets in vitro (8-10, 16). 

Moreover, RsAgo actively degrades plasmid DNA when recombinantly expressed in E. 

coli (16). This suggest that pAgos will function in vivo when recombinantly expressed in 

E. coli. We set out to test and compare multiple pAgo proteins from diverse prokaryotic 

organisms. To select pAgo proteins of interest, we constructed a phylogenetic tree using 

1010 pAgo sequences identified by Ryazansky et al. and used it to guide selection of 8 

prokaryotic Argonautes (Figure 7.1A) (3). We selected four previously studied pAgos: 

Rhodobacter sphaeroides Ago (RsAgo), Thermus thermophilus Ago (TtAgo), Marinitoga 

piezophila Ago (MpAgo) and Natronobacterium gregoryi Ago (NgAgo) and four novel 

pAgos: Microcystis aeruginosa Ago (MaAgo), Clostridium sartagoforme Ago (CsAgo) 

Paraburkholderia xenovorans Ago (PxAgo) and Pseudomonas aeruginosa Ago (PaAgo). 

Five of these pAgos belong to the Long-A clade (CsAgo, NgAgo, TtAgo, MpAgo and 

MaAgo) one to the Long-B clade (RsAgo) and two to the short pAgo clade (PxAgo and 

PaAgo). Atomic resolution structures have been solved for TtAgo, RsAgo and MpAgo, 

and we started out by running structural predictions on the remaining 5 pAgos using the 

RaptorX webserver (Figure 7.1B) (20). CsAgo and MaAgo adopt a classical Long-A pAgo 

fold most closely related to the eAgo from Silkworm (Bombyx mori) and the bacterial 

Aquifex aeolicus Argonaute (AaAgo), respectively (14, 21). Both pAgos contain the 
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catalytic tetrad DEDD suggesting they are nuclease active. NgAgo also adopts the Long-

A pAgo fold with a catalytic tetrad consisting of DEDD, however the first 128 amino acids 

on the N-terminal side are predicted to fold as an Oligonucleotide Binding domain (OB-

fold domain) with structural homology to ssDNA binding domains of the archaea 

Methanosarcina mazei and  Saccharolobus solfataricus (Figure 7.1B+C) (22). This 

homology is not detectable at the amino acid level by BLAST-P but only at the higher 

order structural level using the RaptorX webserver (20).  

Previous work suggests NgAgo utilizes DNA guides to target complementary 

RNA, however these results have been disputed and recently NgAgo has been implicated 

in facilitating homologous recombination through guided DNA endonuclease activity (6, 

22-25). PxAgo belongs to the short pAgo clade and contains an APAZ (Analogue of PAZ) 

domain and a domain with homology to eukaryotic deacetylases of the SIR2 family on the 

N-terminal side (Figure 7.1B). APAZ domains are often found associated with or fused to 

short pAgos and are predicted to have structural, but not sequence homology to PAZ 

domains. Similarly, SIR2 like domains are regularly found in proximity of or fused to short 

pAgos (Figure 7.1A, brown branch) and have been suggested to act as nucleases in the 

context of pAgos (1-3). Structural prediction of PxAgo shows the APAZ domain has 

homology to the N-terminal, L1 and PAZ domains of Long pAgos, albeit with shorter 

sequence (Figure 7.1C). The Argonaute from P. aeruginosa belongs to the short pAgo 

clade and consist only of the MID and PIWI domains but is found in close proximity to 

two putative proteins of unknown function. Upstream of the PaAgo lies a 551 amino acid 

open reading frame that overlaps 11 bp with the start codon of PaAgo. 53 bp downstream 
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of the stop codon of PaAgo lies a 214 amino acid open reading frame that codes for a 

protein that belongs to the Domain of Unknown Function 2026 (DUF2026) protein family 

(Figure 7.1C). We hypothesized that these two associated proteins might be required for 

PaAgo function and set out to test the function of these three proteins combined. PaAgo in 

the remainder of the paper refers to PaAgo together with the up and downstream genes. In 

total we cloned 7 individual Argonautes and the PaAgo with up and down stream genes 

into the high copy number expression vector pRSF-1b and transformed them into E. coli 

BL21 (DE3) for testing in antiviral activity assays.  

We selected an array of 7 dsDNA E. coli phages spanning the Myoviridae (T4 and 

P1) Siphoviridae (T5, λvir and SECφ18) and Podoviridae (T3 and T7) families for testing 

against the pAgos. Five of these phages have a virulent lifecycle (T4, T5, SECφ18, T3 and 

T7) while two are temperate phages (P1 and λ) that can exist as lysogens, even though the 

virulent (intemperate) mutant of Lambda (λvir) that has lost its ability to lysogenize, is being 

used in our experiments (26). Phage P1 exist as a stable plasmid during lysogenic infection 

and does not integrate into the host chromosome as phage λ does (27). We preformed spot 

plaque assays with the 7 phages on lawns of E. coli BL21 (DE3) carrying the pAgo 

plasmids. 7 phages over 8-logs dilution were stamped on lawns of E. coli cells using a 96-

well pinning tool (Figure 7.2A). This allowed comparison of how individual pAgos affect 

all 7 phages simultaneously. Phages were stamped on lawns of cells induced and uninduced 

for pAgo expression. A fold protection score was calculated that shows the difference in 

phage infectivity on the pAgo expressing cells versus the non-expressing cells. This 

resulted in 4 pAgos (RsAgo, NgAgo, TtAgo and PxAgo) that provide robust protection 
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against phage λvir (up to 400,000-fold) and phage P1 (up to 7,000-fold, Figure 7.2B +C). 

Little to no protection was observed against the other dsDNA phages tested. This was 

surprising since phage λvir and P1 belong to different viral families (Siphoviridae and 

Myoviridae, respectively) and other phages belonging to the same families showed no 

protection (SECφ18, T5 and T4).  

 

 

Figure 7.2. Overexpression of some pAgos results in specific antiviral activity. (A) 

Overview of the phage plate spot assays. E. coli cell containing pAgo plasmids are plate 

on induction and non-induction agar plates. 7 dsDNA phages over 8-logs dilution are 

stamped on the agar plates and plaques are observed after overnight incubation. (B) Table 

showing results of the phage plate spot plaque assays. For each of the pAgos a fold 

protection score is calculated for each phage that shows the fold reduction in phage 

infectivity between the pAgo expressing plates and the pAgo non-expressing plates. Values 

are the average of three independent replicates. (C) Example of phage plate spot assays. 

Shown are E. coli BL21 (DE3) cells not containing a pAgo plasmid (left), containing 

TtAgo plasmid on plates without induction (middle), and containing TtAgo plasmid on 

plates with induction (right). Infectivity of phage P1 and λvir is greatly reduced on the 

TtAgo expressing plate (red box). 
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We wondered what phages λvir and P1 had in common that could explain the high 

levels of protection offered against these phages. The E. coli cell line used in the 

experiments contains the DE3 λ-lysogen integrated into the genome. This could provide a 

possible source of guide sequences for the pAgos to target phage λvir that are already 

present in the cell before phage infection occurs. BLAST-N alignments of the E. coli BL21 

(DE3) genome against the phage genomes revealed that next to λvir, P1, T3 and T7 share 

identical sequence with E. coli BL21 (DE3) (Figure 7.3A). P1 contains the small mobile 

genetic element “Insertion Sequence 1” (IS1) that is present in ±29 copies in the E. coli 

BL21 (DE3) genome (27-29). Phage T3 and T7 match the T7 RNA polymerase gene 

present on the DE3 lysogen (77% and 100% identity, respectively). We hypothesized that 

the pAgos are loaded with guide sequences derived from the λDE3 lysogen and the IS1 

elements already present in the cells before phage infection, and that these guides allow the 

pAgos to target and neutralize λvir and P1 upon infection. 

To investigate if pAgos acquire guide sequences derived from the E. coli genome 

that match the phages, we reanalyzed previously published datasets of guide sequences 

extracted from RsAgo (RNA guides) when expressed in E. coli BL21 (DE3) and of TtAgo 

(DNA guides) when expressed in E. coli KRX (9, 16). We hypothesized that the pAgos 

may have a better chance of neutralizing invading phages if they are loaded with guides 

matching these phages, before phage infection occurs. First, guides derived from the 

respective expression plasmids were separated from guides derived from the E. coli 

genomes. Next, the E. coli derived guides were mapped against the 7 phage genomes. This 

resulted in a set of guide sequences that are associated with RsAgo or TtAgo that are 
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derived from the E. coli genome or transcriptome, but also match the phage genomes 

(Figure 7.3B).  

 

Figure 7.3. Recombinantly expressed pAgo are loaded with guide sequence matching 

phages. (A) Schematic representation of the E. coli BL21 (DE3) genome with sequence 

that shares homology with the tested phages indicated. (B) Alignment of RsAgo and TtAgo 

guide sequences to phage genomes when recombinantly expressed in E. coli (BL21 (DE3), 

RsAgo and KRX, TtAgo). On the left side the three phages that share sequence homology 

with E. coli are shown. The majority of guides matching the phages are derived from 

homologous sequence. On the right side the three phages that do not share sequence 

homology with E. coli are shown. The guides matching these phages are derived from 

random sequence matches.  

 

 

Unexpectedly, both datasets contained guides matching all 7 phages. We did not 

anticipate this since several of the of the phages do not share homologous sequence with 

the E. coli genome. Closer inspection of the data revealed that some of the guides that 
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match both the phages and E. coli genomes derive from random short sequences matches 

that do not match in the flaking regions of the guide origin. This sequence homology is not 

picked up by BLAST-N alignments because it requires a minimal 28 bp match, longer than 

the ~14-25 nt guides. Guides matching phages T4, T5 and SECφ18 whom do not share 

sequence homology to the E. coli genome, only came from these random short sequence 

matches (Figure 7.3B). Guides matching phages P1, λvir and T7 are predominantly derived 

from the longer stretches of homology shared between the phages and E. coli genomes, 

such as the DE3 lysogen, cryptic prophages, insertion sequences and the T7 RNA 

polymerase gene (Figure 7.3B). There is a clear difference in the data between the number 

of guides targeting the phages that share homology (P1, λvir and T7) and the ones that don’t 

(T4, T5 and SECφ18). For the phages that share homology we found an average of 61.8 

and 555.7 guides per kb of phage genome for the RsAgo and TtAgo datasets, respectively. 

The phages that have no homology only match with 3.4 and 18.1 guides per kb of phage 

genomes for RsAgo and TtAgo respectively. This indicates that there are 30-60-fold more 

guides targeting the phages that share homology with the host than the phages that do not 

share homology. We did not include phage T3 in the homology containing phages because 

it’s RNA polymerase gene only matches with 77% identity to the T7 RNA polymerase 

gene in the E. coli genome and yields few fully matching guides sequences that are used in 

our analysis. The guides targeting all 7 phages combined only make up 0.23 and 0.67 % of 

the total number of guides derived from the E. coli genome for RsAgo and TtAgo, 

respectively. This indicates that only a few of the pAgo proteins present in the cell before 

phage infection are pre-loaded with guides targeting phage. From this analysis we 
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concluded that pAgos can be loaded with guide sequences derived from the E. coli genome 

that match phages before phage infection takes place.  

The majority of RsAgo guide sequences targeting phage P1 map back to the IS1 

element shared between E. coli BL21 (DE3) and phage P1 (Figure 7.3B). In order to test if 

the antiviral activity identified in the pAgo screen is mediated through sequence homology 

between the phages and the E. coli host, we tested a mutant of phage P1 where the IS1 

element has been removed (P1virΔIS1). This mutant phage P1 virΔIS1 is derived from a 

virulent P1 phage mutant (P1vir) (30, 31). We hypothesized that the antiviral activity of the 

pAgos against P1 phage was mediated by pAgos loaded with guides derived from the IS1 

elements in the E. coli genome, and that the P1virΔIS1 phage would escape pAgo mediated 

antiviral activity because it is lacking the IS1 element. The guide analysis revealed that 

88% of the RsAgo guides derived from the E.  coli BL21 (DE3) genome that match phage 

P1, target the IS1 element in P1. We anticipated that deletion of this IS1 element would 

abolish or greatly reduce the antiviral activity observed. Against our expectations, E. coli 

BL21 (DE3) expressing pAgos showed similar levels of antiviral activity against all P1 

phage variants (P1, P1vir and P1virΔIS1) (Figure 7.4A). This unexpected result prompted us 

to preform additional control experiments in order to validate the specific antiviral activity 

of the four pAgos against the two phages. We constructed the active site mutant of TtAgo 

which has a mutated residue in the catalytic tetrad (D478A) and is nuclease inactive. This 

active site mutant should not be able to degrade the viral genome and should not provide 

antiviral activity mediated through targeted nuclease activity. In addition, we used the 

pRSF-1b vector to express an unrelated protein (Cas8e, subunit of the Cascade complex of 
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the Type 1-E CRISPR system of E. coli K-12), which by itself does not have antiviral 

activity (32). Plaque assays with E. coli BL21 (DE3) expressing the mutant TtAgo 

(D478A) or Cas8e showed similar levels of reduction in infectivity of phage λvir and P1, 

while the other 5 phages remained unaffected (Figure 7.4B). This suggested that the 

antiviral activity detected in our pAgo screen is not due to specific activity of the 

Argonautes, but rather related to protein expression in general.  

 

Figure 7.4. Protein expression in general cause reduction in phage infectivity. (A) 

Table showing results of phage plate spot plaque assays with the four active pAgos and the 

three phage P1 variants. Infectivity of all three phages is reduced by pAgo expression, and 

the IS1 element is not required for antiviral activity. Values are the average of three 

independent replicates. (B) Table showing results of phage plate spot plaque assays with 

the TtAgo active site mutant D478A and the inert Cas8e protein. These two proteins have 

no guided nuclease activity and show that the reduction in phage infectivity is related to 

protein expression in general, not pAgo expression in particular. 

 

 

Discussion 

The biological role of prokaryotic Argonautes proteins is unknown, but it is 

speculated that pAgos are involved in defense against mobile genetic elements, such as 

plasmid, transposons and phages. Here, we set out to directly test the hypothesis that pAgos 

can defend the cell against invading bacteriophages. We overexpressed 8 prokaryotic 

Argonaute proteins in E. coli and challenged with 7 dsDNA E. coli phages. We observed 
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strong antiviral activity against two specific phages, however this activity was not related 

to pAgo expression in particular but to protein expression in general.  

Analysis of pAgo guide sequences revealed that a some of the pAgo proteins are 

loaded with guides matching phages when expressed in E. coli. The majority of the guides 

that match to the 7 tested phages are derived from regions of the E. coli genome that share 

sequence homology with the phages and target phages P1, λvir or T7. No reduction in T7 

infectivity was observed and any antiviral activity against phages P1 and λvir mediated by 

the pAgos is obscured in our screen by the protein expression mediated reduction in viral 

infectivity of these two phages. Therefore, it remains unknow if pAgos can provide 

antiviral defense.  

Interestingly, our analysis of guide sequence does reveal similarities between the 

RsAgo and TtAgo datasets. Both pAgos appear to acquire guides from similar genes in 

similar numbers. For example, the percentage of guides that match phage λ from the total 

number of guides that match the E. coli genomes is highly similar for both datasets (both 

0.098 %). Furthermore, the most common guide targeting phage λ in both datasets is 

derived from the same prophage lysis gene (RzpD, Figure 7.3B), possibly pointing towards 

a conserved pattern of guide acquisition. Olovnikov et al. showed that RNA guides 

targeting Insertion Sequence 4 (IS4) are highly enriched in RsAgo when it is expressed in 

the native host R. sphaeroides. We observed that both RsAgo and TtAgo acquire guides 

targeting IS1 when recombinantly expressed in E. coli. IS1 is also found in phage P1 and 

guides targeting phage P1 are predominantly derived from this insertion sequence in the 

case of RsAgo. Guides targeting phage P1 in the TtAgo dataset predominantly come from 
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IS5, an insertion sequence that is not present in E. coli Bl21 (DE3), but is present in E. coli 

KRX, the host strain used to express and purify this Argonaute. In our analysis, the 

predominant guide matching IS5 is the 17th most common guide derived from the E. coli 

KRX genome and highly overrepresented in the dataset (Figure 7.3B). This indicates that 

guides targeting IS elements are efficiently acquired by TtAgo. The association of pAgos 

with guides derived from Insertion Sequences suggest pAgo may play a role in suppression 

or spread of these elements. However, bioinformatic analysis has shown no decrease in 

transposable elements in prokaryotic genomes that contain Argonaute proteins (3). 

 The protein expression mediated antiviral activity seen against phages λvir and P1 

in our screen remains puzzling. This activity is specific against 2 phages while the other 5 

phages show no defect in infectivity. We observed that this activity is related to the E. coli 

strain used. Expression of pAgos in E. coli BL21-AI and T7 express lysY E. coli, showed 

similar antiviral activity while no antiviral activity was observed when pAgos are 

expressed in E. coli MDS42 or E. coli KRX (data not shown). Interestingly, all strains that 

showed the antiviral activity are derived from E. coli B stains, while the strains that showed 

no activity are derived from E. coli K12 strains. Furthermore, when we expressed the 

pAgos from the lower copy number plasmid pCDF-1b we did not observe any antiviral 

activity (data not shown), suggesting the activity is also related to the expression level of 

the protein. The mechanism of protein expression mediated antiviral activity is the subject 

of ongoing research.  
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Materials and Methods 

E. coli strains 

Experiments were carried out in a legacy E. coli BL21 (DE3) strain available in the 

laboratory unless stated otherwise. Additional strains used: E. coli KRX (Promega), E. coli 

MDS42 ScarabXpress® T7 lac (Scarab genomics). 

Argonaute selection and cloning 

Plasmids containing Thermus thermophilus Argonaute (TtAgo), Marinitoga 

piezophila Argonaute (MpAgo) and Natronobacterium gregoryi Argonaute (NgAgo) were 

obtained from Addgene (#53079, #79249, #78253, respectively). Rhodobacter sphaeroides 

Argonaute (RsAgo, WP_011910606) was amplified from genomic DNA from R. 

sphaeroides strains ATCC 17025. Pseudomonas aeruginosa Argonaute (PaAgo, 

WP_016263567) and the upstream and downstream flanking genes (WP_016263566 and 

WP_025982329) were amplified from genomic DNA from P. aeruginosa PACS2. 

Microcystis aeruginosa Argonaute (MaAgo, WP_012265209), Clostridium sartagoforme 

Argonaute (CsAgo, WP_016205751) and Paraburkholderia xenovorans Argonaute 

(PxAgo, WP_011488074) were obtained as E. coli optimized gene blocks from Genscript 

(Figure S7.1). All pAgos except PaAgo, were individually cloned into the expression 

vector pRSF-1b under control of an T7 promotor using OEPR cloning (Overlap Extension 

PCR and Recombination in vivo) with primers listed in Table S7.1 (33). Strep-II tags 

followed by HRV3C cleavage sites were added to the N-terminal ends of the pAgo proteins 

in the pRSF-1b vectors using Q5 site directed mutagenesis (NEB). PaAgo was cloned with 

up, - and downstream flanking genes into pRSF-1b. A Strep-II tag followed by HRV3C 
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cleavage site was added to the upstream flanking gene (WP_016263566) in the pRSF-1b 

vector.  

Phage preparation and purification 

Phages T3 and λvir were obtained from the Félix d'Hérelle Reference Center for 

bacterial viruses. Phage P1vir was obtained from the Coli Genetics Stock Center. Phages 

T4, T5 and P1 were kindly provided by U. Qimron. Phages SECphi18 and T7 were kindly 

provided by R. Sorek. Phage P1virΔIS1 was kindly provided by T. Fehér. All phages except 

P1virΔIS1 were grown up and purified from E. coli BL21 (DE3). Phage P1virΔIS1 was 

grown up and purified from the insertion sequence free E. coli MDS42. Phages were 

purified according to the “Phage on tap” protocol with minor alterations (34). Briefly, E. 

coli cells were grown in 100 ml LB supplemented with 2 mM MgSO4 and 2 mM CaCl2 to 

and OD600 of ± 0.4. 100 µl of high titer phage lysate was added and cells were incubated 

overnight at 37 ֯C with agitation. The next day, cells were spun down and supernatant was 

collected. 2 ml of chloroform was added to the lysates and vortexed for 2 minutes and 

incubated at room temperature for 15 minutes. Lysates were centrifuged and the 

supernatant was separated from the chloroform and pellet using a serological pipet. Lysates 

were filtered-sterilized using a 0.22 µm filter to yield cell free lysates. Lysates were 

concentrated using a 20 ml Corning Spin-X UF centrifugal concentrator with a 400 kDa 

molecular weight cut-off. Concentrated lysates were further washed with 2 x 20 ml of SM-

buffer (100 mM NaCl, 8 mM MgSO4, 50 mM Tris-HCl pH 7.4) in order to exchange the 

buffer and achieve desired phage titer. 100 µl aliquots of phage lysate were mixed with 

100 µl of 50 % glycerol in SM-buffer and frozen at -80 ֯C until use.  
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Phage plate spot plaque assays 

E. coli BL21 (DE3) cells carrying pAgo plasmids were grown in LB + kanamycin 

to an optical density of ± OD600=1.0. Once grown, 800 µl of culture was mixed with 10 ml 

of 0.6 % (top) agar either with or without 0.1 mM IPTG and plated on square agar plates 

containing 1% agar with or without 0.1mM IPTG, to generate induced (+IPTG) and 

uninduced (-IPTG) plates. As an additional control, E. coli BL21 (DE3) not carrying 

plasmids was also included. Plates were dried for ±30 minutes at room temperature. Once 

dry, the E. coli lawns were challenged with phage by stamping on 7 dsDNA phages (T3, 

T7, SECφ18, T5, λvir, P1 and T4) spanning a range of 8-logs dilution (Figure 7.2A) using 

a pinning tool (VP407A from V&P scientific) that transfers approximately 3 µl of phage 

suspension per pin. After overnight incubation at 37 ֯C, plates were imagined, and plaques 

assessed. Infectivity was counted as the highest fold dilution at which a minimum of 2 

plaques were visible. Assays were run in triplicate and the average infectivity calculated. 

A fold protection score was generated by dividing the average infectivity value of the 

uninduced plate with the induced plate. Experiments shown in Figure 7.4B were not 

performed in triplicate. 

Phylogenetic Analysis 

1010 pAgo protein sequences were retrieved from NCBI using accession numbers 

from Ryazansky et al. (3). 8 eAgo protein sequences were added identified by Swarts et al 

(2). Redundant sequences were removed with CD-HIT using a similarity threshold of 0.9, 

then locally aligned using MAFFT (35, 36). Domain borders were defined using Batch CD-

Search from NCBI and columns representing MID and PIWI domains were manually 
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extracted and trimmed with trimAl to remove columns composed of more than 50% gaps 

(37-39). Sixteen sequences that appeared to be only partial protein sequences were 

manually removed from the trimmed alignment, before a phylogenetic tree was made using 

FastTree, with the WAG and discrete gamma models (40). The maximum-likelihood tree 

was formatted using the ggtree package in R (41). 

pAgo guide Analysis 

Previously published datasets of small RNA associated with RsAgo when 

expressed in E. coli BL21 (DE3) was obtained from the Gene Expression Omnibus 

(GSM1208314) and small interfering DNAs associated with TtAgo when expressed E. coli 

KRX was obtained from Sequence Read Archive (SRS540697) (9, 16). FASTQ files were 

filtered for high quality reads (Phread > 20) and redundant reads were concatenated and 

converted to FASTA using the FASTX-Toolkit (42). Using BOWTIE and a custom R-

script, small RNA and DNA reads shorter than 14 nt, and reads that aligned to the pAgo 

expression plasmids were removed from each dataset (43). BOWTIE was used to align the 

remaining reads to the bacteriophage and bacterial genomes, with 0 mismatches allowed. 

Alignments were analyzed in Excel and graphed in R. 
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Supplementary Figures  

Figure S7.1 E. coli optimized Prokaryotic Argonautes  

MaAgo 
ATGAACTACACCGCGGCCAACACGGCAAATAGTCCGATCTTCCTGTCCGAAATTAGCTCTCTGACCCTGAAAAATAGTT

GCCTGAACTGTTTTCAACTGAATCACCAGGTGACGCGTAAAATCGGTAACCGCTTTAGCTGGCAGTTCTCTCGCAAATT

TCCGGATGTCGTGGTTATTTTCGAAGACAATTGCTTTTGGGTTCTGGCTAAAGATGAAAAATCTATCCCGTCCCTGCAAC

AGTGGAAAGAAGCGCTGTCGGACATTCAGGAAGTGCTGCGTGAAGATATCGGCGACCATTATTACAGCATTCACTGGC

TGAAAGATTTTCAGATTACCGCGCTGGTTACGGCCCAACTGGCAGTCCGCATTCTGAAAATCTTTGGTAAATTCTCCGA

TCCGATCGTTTTCCCGAAAGACTCACAGATTTCGGAAAACCAAGTGCAGGTTCGTCGCGAAGTGAATTTTTGGGCTGAA

ATTATCAACGATACCGACCCGGCGATCTGTCTGACGGTCGATAGTTCCATTGTGTATTCAGGCGACCTGGAACAGTTTT

ATGAAAATCATCCGTACCGTCAAGATGCCGTCAAACTGCTGGTTGGCCTGAAAGTTAAAGACCGCGAAACCAACGGTA

CGGCTAAAATTATCCGTATTGCGGGCCGCATCGGTGAACGTCGCGAAGATCTGCTGACCAAAGCAACGGGTTCAATCTC

GCGTCGCAAACTGGAAGAAGCCCACCTGGGTCAACCGGTCGTGGCAGTGCAGTTCGGTAAAAATCCGCAAGAATACAT

CTACCCGCTGGCAGCTCTGAAACCGTGGGTTACCGATGAAGACGAAAGCCTGTTCCAGGTCAACTATGGCAATCTGCTG

AAAGCCACGAAAATCTTTTATGCAGAACGTCAGGAACTGCTGAAACTGTACAAACAAGAAGCTCAGAAAGCGCTGAAC

AATTTTGGTTTCCAGCTGCGCGAAAAATCTATCAATTCTCAAGAATACCCGGAACTGTTCTGGACCCCGAGCATTTCTAT

CGAACAGACGCCGATTCTGTTTGGCCAAGGTGAACGTGGCGAAAAACGCGAAATTATCAAAGGTCTGAGCAAAGGCGG

TGTCTATAAACGTCATCGCGAATACGTGGATCCGGCCCGTAAAATTCGCCTGGCTATCCTGAAACCGGCGAACCTGAAA

GTTGGCGACTTCCGTGAACAGCTGGAAAAACGCCTGAAACTGTACAAATTCGAAACCATCCTGCCGCCGGAAAACCAG

ATTAATTTCTCTGTGGAAGGCCTGGGTTTTGAAAAACGTGCCCGCCTGGAAGAAGCAGTTGATCGTCTGATTGGCGTCG

AAATCCCGGTGGACATTGCCCTGGTCTTCCTGCCGCAGGAAGATCGCAACGCAGACAATACCGAAGAAGGTAGTCTGT

ATTCCTGGATTAAACGTAAATTTCTGGGCCGCGGTGTGATCACCCAGATGATCTACGAAAAAACGCTGAACGATAAAA

GCAACTACAAAAACATCCTGAACCAGGTTGTCCCGGGCATTCTGGCGAAACTGGGTAACCTGCCGTATGTTCTGGCTGA

ACCGCTGGAAATCGCGGATTACTTCATTGGCCTGGACGTGGGTCGTATGCCGAAGAAAAACCTGCCGGGCTCACTGAA

CGTTTGCGCGTCGGTCCGCCTGTATGGCAAACAGGGTGAATTTGTGCGTTGTCGCGTTGAAGATAGTCTGACCGAAGGT

GAAGAAATCCCGCAGCGTATTCTGGAAAATTGCCTGCCGCAGGCCGAACTGAAAAACCAAACGGTGCTGATTTACCGC

GATGGCAAATTCCAGGGTAAAGAAGTTGAAAATCTGCTGGCACGTGCACGTGCAATCAACGCAAAATTCATCCTGGTT

GAATGTTACAAAACCGGCATCCCGCGTCTGTACAATCTGCAACAGAAACAGATTAACGCACCGAGCAAAGGTCTGGCT

CTGGCGCTGTCTAATCGCGAAGTGATTCTGATCACCTCACAAGTGTCGGAACAGATCGGTGTTCCGCGTCCGCTGCGTC

TGAAAGTCCATGAACTGGGTGAACAACGTAACCTGAAACAGCTGGTTGATACCACGCTGAAACTGACCCTGCTGCACT

ATGGCAGCCTGAAAGATCCGCGCCTGCCGATTCCGCTGTATGGTGCCGACATTATCGCATACCGTCGTCTGCAAGGCAT

TTACCCGTCCCTGCTGGAAGATGATTGTCAGTTTTGGCTG 

CsAgo 
ATGAAAGAATTCAACGTCATTACCGAATTCAAAAACGGCATCAACTCTAAAAGTATCGAAATCTACATCTACAAAATG

ATGGTGCGTGATTTCGAAAAACGCCACAACGAAAATTATGACGTCGTGAAAGAACTGATCAACCTGAACAATAACTCC

ACCATCGTGTTTTATGAACAATACATCGCATCATTCAAAGAAATCGAAAAATGGGGTAACGAACAGTACATCAACGTT

GAAAAACGTGCTATCAACCTGGAATCAAACGAAAAGAAAATTCTGGAACGCCTGCTGCTGAAAGAAATCAAAAACAA

CATCGATAACAACAAATATAAAGTTGTCAAAGACAGCATCTACATCAACAAACCGGTTTACAACGAAAAAGGCATCAA

AATCGATCGTTACTTCAACCTGGACATTAATGTCGAATCGAACGGCGATATCATCATCGGTTTCGACATCAGCCATAAC

TTCGAATACATCAACACCCTGGAATACGAAATTAAAAACAACAACATCAAAATCGGTGATCGCGTCAAAGACTATTTTT

ACAACCTGACGTATGAATACGTGGGCATTGCGCCGTTCACCATCTCGGAAGAAAATGAATATATGGGTTGCAGCATCGT

TGATTACTACGAAAACAAAAACCAGAGCTACATCGTCAACAAACTGCCGAAAGACATGAAAGCCATCCTGGTGAAAAA

TAACAAAAACTCCATCTTCCCGTACATCCCGTCACGTCTGAAGAAAGTGTGTCGCTTTGAAAATCTGCCGCAGAACGTG

CTGCGTGATTTCAATACCCGCGTTAAACAAAAAACGAACGAAAAAATGCAGTTCATGGTCGACGAAGTGATCAACATC

GTCAAAAACTCTGAACACATCGATGTGAAAAAGAAAAACATGATGTGCGACAACATTGGCTATAAAATCGAAGATCTG

CAACAGCCGGACCTGCTGTTTGGTAATGCACGTGCACAGCGTTATCCGCTGTACGGTCTGAAAAACTTCGGTGTTTACG

AAAACAAACGTATCGAAATCAAATACTTCATCGATCCGATCCTGGCCAAATCGAAAATGAACCTGGAAAAAATCAGCA

AATTCTGTGACGAACTGGAACAGTTCAGCTCTAAACTGGGCGTTGGTCTGAATCGCGTCAAACTGAACAACATCGTGAA

CTTCAAAGAAATCCGTATGGATAACGAAGACATTTTCTCTTACGAAATCCGCAAAATCGTTAGTAACTACAATGAAACC

ACGATTGTCATCCTGTCAGAAGAAAACCTGAACAAATACTACAACATCATTAAGAAAACCTTTTCGGGCGGTAACGAA

GTTCCGACGCAGTGCATTGGTTTCAATACCCTGTCCTACACGGAGAAAAACAAAGATTCAATTTTTCTGAACATCCTGC

TGGGCGTCTACGCAAAAAGCGGTATTCAGCCGTGGATCCTGAATGAAAAACTGAACTCTGATTGTTTCATCGGCCTGGA

CGTTAGTCGTGAAAACAAAGTGAATAAAGCTGGTGTTATTCAAGTGGTTGGCAAAGATGGTCGCGTCCTGAAAACGAA

AGTGATCAGTTCCTCACAGAGTGGCGAAAAAATTAAACTGGAAACCCTGCGTGAAATTGTGTTTGAAGCAATCAATTCC

TATGAAAACACCTACCGCTGTAAACCGAAACATATCACGTTCCACCGTGATGGTATTAACCGCGAAGAACTGGAAAAC

CTGAAAAATACCATGACGAATCTGGGCGTTGAATTCGATTACATCGAAATCACCAAAGGTATCAACCGTCGCATTGCTA

CGATCAGCGAAGGCGAAGAATGGAAAACCATTATGGGTCGTTGCTATTACAAAGATAATTCTGCGTATGTGTGTACCA

CGAAACCGTACGAAGGCATCGGTATGGCCAAACCGATTCGCATCCGTCGCGTGTTTGGCACGCTGGATATCGAAAAAA

TCGTTGAAGACGCATACAAACTGACCTTCATGCATGTGGGTGCTATTAACAAAATCCGTCTGCCGATTACCACGTATTA

CGCGGATCTGTCGAGCACCTATGGCAACCGTGACCTGATTCCGACCAACATTGACACCAACTGCCTGTATTTCATC 
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PxAgo 
ATGCATATCCACGCAGCACTGCAGACCGGTAGCTCTGTCCGTCGCCTGGGTGTTGATGCACTGGTCCGTTCACTGGCTG

TTTCGCAGGACCGTCCGCTGATGCTGTTTCTGGGTGCAGGTGCATCCATGACCTCAGGCATGCCGTCCGCGAATCAATG

TATCTGGGAATGGAAACGTGATATTTTTCTGTCAAACAATCCGGGCATCGAAGAACAGTTCTCGGAACTGAGCCTGCCG

TCTGTGCGTGATCGCATTCAGACCTGGCTGGACCGTCAACGCTGCTATCCGGTTGCGGGCCATCCGGATGAATATGGTG

CGTACATTGAAGCCTGTTTTTCACGCTCGGATGACCGTCGCCGTTATTTCGAACGTTGGGTGAAACAATCGACGCCGCA

CACCGGTTACCGTCTGCTGGCAGAACTGGCAGCTAGCGGTCTGATCCAGACCGTGTGGACCACGAACTTTGATGGTCTG

ATTGCACGTGCGGCCGTTGCTACGAATCTGACCAGCATTGAAATCGGCATTGATTCTCAACAGCGTCTGTATCGTGCAC

CGGGTAAAGACGAACTGGCATGCGTTTCTATGCATGGTGATTATCGTTACGACCGCCTGAAAAACAGTCCGGGCGAAC

TGGCGCAGGTCGAAGTGCAACTGCGTGATAGCCTGATTGAAGCACTGCGTACGCACACCGTCGTGGTTGCAGGCTATA

GTGGTCGTGATGAATCCGTGATGCAGGCATTTCGCCAATACGCAGCTTCTGGTCCGGCTCGTACGGATCTGCCGCTGTT

CTGGACCCAGTATGGCGAAGATCCGCCGCTGGACACGGTTAGCGCGTTTCTGTCTACCAATGATGACGAACCGTCACGC

TTTATCGTGCCGGGTGTTTCGTTCGATGACCTGATGCGCCGTCTGGCACTGTACCTGAGCAAAGGCCCGGCTCGTGATC

GCGTCAACAAAATTCTGGACGAACATGCAACCACGCCGGTGAATCAGCTGACGGCTTTCGGTCTGCCGCCGCTGCCGC

CGACCGGTCTGATCAAATCTAACGCGATTCCGCTGACCCCGCCGCAGGAACTGCTGGAATTTGATCTGCATCAATGGCC

GGCAAGTGGTACGGTCTGGGCAACCCTGCGTGAACTGGGTGATAAACACAATTTTGTGGCGGCCCCGTTCCGCAGTAA

AATCTATGCTATCGCGATTGCCGAATCCCTGCGTCTGGCCTTTGGCGAAAACCTGAAAGGTGAAATCAAACGCGTGCCG

CTGAATGATGACGATCTGCGTTACGAAGATGGTGTTATTAACCAGCTGGTCCGCCGTGCAACGGTGCTGGCTCTGTCCG

CAAAAGCTAATTGCCCGAGTGATGGCGAATCCCTGATTTGGACCTCAGAAAAAGTTGAAAACCTGCGTCTGGACCGCG

TGGATTGGAAAGTTCATCAGGCCGTTCTGGTCCAAATCCGCCCGCTGGGTACCGAAATGGCACTGGTTCTGAAACCGAC

GCTGTATGTCACCGATAAAAGTGGTGCGATTGCCCCGAAAGACACGGAACGTCTGGTCAAACAGCGCGTGCTGGGCTA

CCAACACAACAAAGAATTTAATGATGCGACCGAAGCATGGCGCCGTCGCCTGGTGCCGCAGCGTGACTTTCATGTTCG

CTTCCCGGACCACGAAGATGGCATCGACCTGACCTTTTCGGGTCGTCCGCTGTTCGCACGCATTACGGATGAACGTGAA

CGCACCGTGAGCCTGAGTTCCGCACAGGAACTGGCAGCTCGTCAGGCAGGTCTGCAACTGGCAGAACCGCGTCTGAAA

TTTGCACGTAAAAGCGCAGCAGGTCTGGCATTCGATACCCATCCGGTGCGTGGTCTGATCAACAATCGCCCGTTCGACT

CATCGCTGACCACGACCGGCATCGCGAGCTCTATTCGCGTTGGTATTATCGCACCGGCTCAAGATGCCACCCGTGTTCA

TCAGTATCTGTCCCAACTGCACGTCGCAGCTCAGCCGGGCAAAGACGCGGATTATCTGCCGCCGTTTCCGGGTTTCGCG

TCAGCCTACCAGTGTCCGCTGGAAATTCCGGCCGTGGGTGAACAGAGCTTTGTTCAACTGGATGAACCGGACTCTATGA

CGCCGAGTTCCGCACGTGCTCTGGCAGGTGCAATCACCCGTAGCATTGCAAGCCTGTCTGCCAGTCAGCGCCCGGATGT

TACCATTATCTATGTCCCGGACCGTTGGGCCCCGCTGCGTAACTACATGATCGACGATGAAGAATTTGATCTGCACGAC

TTCGTTAAAGCGGCCGCAATTCCGAAAGGTTGCGCAACCCAGTTTGTCGAAGAAGATACGCTGCGCAATACCCAACAG

CAATGTCGTGTGCGTTGGTGGCTGAGTCTGGCCCTGTATGTTAAATCCATGCGTACGCCGTGGACCCTGGAAGGCCTGA

GTGAAAAATCCGCATACGTCGGCCTGGGTTTCTCTGTGAAACGTAAAACGACCCAGAACGCAGGCGCTCATGTCGTGCT

GGGTTGCTCACACCTGTATTCGCCGAATGGCATTGGTCTGCAGTTTCGCCTGTCTAAAATCGAAGATCCGATTATGCGT

AACAAAAATCCGTTTATGAGTTTCGACGATGCGCGTCGCCTGGGCGAAGGTATCCGCGAACTGTTTTTCGCTGCACAGC

TGCGTCTGCCGGAACGTGTTGTCATTCATAAACAAACGCCGTTCCTGCGTGAAGAACGTAGCGGTCTGCAGGCAGGTCT

GGAAGGTGTCGCTTGTGTGGAACTGCTGCAGATTTTCGTCGACGATACCCTGCGTTATGTGGCGAGCCACCCGACGTCT

GATGGCAAATTTGAAACCGACAACTACCCGATCCGTCGCGGTACGACCGTGGTTATTGACGATCATACGGCCCTGCTGT

GGGTGCACGGTGCAAGTACCGCTCTGAATCCGCGTCGCCATTATTTTCAGGGCAAACGTCGCATCCCGGCACCGCTGGT

GATTCGTCGCCACGCTGGCACGACCGATCTGATGACCATCGCGGACGAAGTTCTGGGTCTGTCAAAAATGAACTTCAAC

TCGTTCGATCTGTACGGCCAGCTGCCGGCGACGATTGAAACCAGCCGTCGCGTGGCCAAAATTGGTGCTCTGCTGGACC

GCTTTTCGGAACACTCGTATGACTACCGCCTGTTTATG 
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Supplementary Tables  

 

Table S7.1. Primers used in Overlap Extension PCR and Recombination in vivo. 

Lowercase sequence matches pRSF-1b backbone, uppercase sequence matches 

Argonautes 

 
 

 

 

  

Primer Description Sequence (5'-3')

PvE 334 pRSF-1b backbone amplification FW taattaacctaggctgctg

PvE 335 pRSF-1b backbone amplification RV catggtatatctccttattaaagttaaac

PvE 336 PxAgo OEPR FW ctttaataaggagatataccatgCATATCCACGCAGCACTG

PvE 337 PxAgo OEPR RV gtggcagcagcctaggttaattaCATAAACAGGCGGTAGTC

PvE 338 CsAgo OEPR FW ctttaataaggagatataccatgAAAGAATTCAACGTCATTACC

PvE 339 CsAgo OEPR RV gtggcagcagcctaggttaattaGATGAAATACAGGCAGTTG

PvE 340 MaAgo OEPR FW ctttaataaggagatataccatgAACTACACCGCGGCCAAC

PvE 341 MaAgo OEPR RV gtggcagcagcctaggttaattaCAGCCAAAACTGACAATCATCTTC

PvE 342 NgAgo OEPR FW ctttaataaggagatataccatgACAGTGATTGACCTCGATTC

PvE 343 NgAgo OEPR RV gtggcagcagcctaggttaattaGAGGAATCCGACATTAGAC

PvE 344 RsAgo OEPR FW ctttaataaggagatataccatgGCCCCAGTGCAGGCTGCC

PvE 345 RsAgo OEPR RV gtggcagcagcctaggttaattaTAGGAACCAGCGGCTCCACTTG

PvE 346 MpAgo OEPR FW ctttaataaggagatataccatgTACCTGAATCTGTATAAAATCG

PvE 347 MpAgo OEPR RV gtggcagcagcctaggttaattaGTACGGAATATACAGCTTC

PvE 348 PaAgo 3 gene OEPR FW ctttaataaggagatataccatgCGAGCGCATCCAGCTCAC

PvE 349 PaAgo 3 gene OEPR RV gtggcagcagcctaggttaattaCCAACCCCCTTCGACAGC

PvE 350 TtAgo OEPR FW ctttaataaggagatataccatgAACCACCTTGGAAAAACG

PvE 351 TtAgo OEPR RV gtggcagcagcctaggttaattaAACGAAGAAGAGCTTTTC
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GENERAL CONCLUSION AND OUTLOOK 

All living organisms face the threat of viral predation and have evolved extensive 

antiviral defense mechanisms to mitigate this threat. Prokaryotes, the most abundant living 

organisms, are often outnumbered 10 to 1 by bacteriophages in their natural environments 

and therefore, require efficient defense systems for survival. Viruses on the other hand, are 

obligate intercellular parasites that rely on infection of the host for perpetuating their 

existence, driving them to evolve countermeasures against the prokaryotic defense 

mechanisms. This evolutionary arms race has given rise to many adaptations, both on the 

host and phage side, and has played a large role in driving evolution. 

The interface between virus and host is an ideal arena for scientific discovery. 

Firstly, it facilitates the study of evolution as it happens, as the short replication times of 

prokaryotes and their phages allow one to study many generations in a short period of time. 

Secondly, this interface has proven to be a goldmine for discovery of new proteins that can 

be adapted as biotechnological tools.  

During my doctoral program, the use of CRISPR derived tools for genetic 

engineering has rapidly expanded. CRISPR based genetic modification is now common in 

the plant breeder world, and soon we will likely see the first CRIPSR edited crops reach 

the marketplace. In medicine, the first clinical trials with CRISPR based therapies are 

underway, testing potential treatments for cancer, blood disorders, and blindness. More 

controversial modification of the human germline has also taken place, and the first 

CRISPRed humans have been born.  
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Looking beyond CRISPR to the next generation of biotechnological tools, 

Argonaute proteins come to mind. Similar to CRISPR, the Argonautes are nucleic acid 

guided nuclease, which makes them ideal for similar applications as CRISPR derived 

genetic tools.  

Prokaryotic Argonautes proteins represent an underexplored research area were 

many exciting discoveries are yet to be made. Likely, the phylogenetic diversity of the 

pAgos points toward functional diversity, which potentially entails another goldmine for 

discovery of new tools. Already, we have seen the first applications derived from pAgo 

proteins. PfAgo has been repurposed as an Artificial Restriction Enzyme (ARE), that can 

be programed to cleave at any desired location, and can be utilized in molecular cloning 

(1). NAVIGATER is a TtAgo based tool that is used to detect rare nucleic acids in a 

complex sample, similar to the CRISPR based tools such as Cas9-DASH, DETECTR, and 

SHERLOCK (2-6). As we gain a better understanding on the mechanisms of action of 

prokaryotic Argonaute proteins, we will surely see many more applications derived from 

this protein family. 

The Type I-E CRISPR System 

During my thesis work, considerable progress has been made elucidating the 

mechanism of action of the Type I-E CRISPR system. Atomic resolution structures of the 

different components of the system have facilitated more informed questions about the 

internal workings of the system.  

The structures of Cascade before and after target binding, discussed in Chapters 3 

and 5, together with the single-strand DNA bound structure of Cascade (7), provide 
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snapshots of the complex during different stages of antiviral defense. Together, these 

structures show the conformational changes that take place upon DNA binding that lead to 

Cas3 recruitment and target degradation. Combined, these structures explain how the PAM 

sequence is recognized, how directional hybridization of the crRNA guide to the target 

strand takes place, how full-length hybridization leads to Cascade locking, and how the 

Cas3 recruitment site is formed upon target binding. 

Target Binding and PAM Recognition 

The Cascade target search starts with non-specific interactions of Cascade with 

dsDNA. Through sliding and hopping interactions, Cascade initially searches for PAM 

sequences (8). This reduces the complexity of the target search and allows Cascade to 

quickly scan the vast sequence space present in the cell. The non-specific DNA interactions 

rely on the lysine-vise discussed in Chapter 4, a large solvent exposed β-hairpin (Loop3) 

discussed in Chapter 6, and a positively charged patch on the Cse1 (Cas8e) subunit (8, 9). 

Cascade complexes missing the Cse1 subunit lack any non-specific DNA binding activity 

in vivo (10).  

After non-specifically binding to dsDNA, Cascade must search for a correct PAM 

sequence. Recognition of the PAM takes place in double stranded form, from the minor 

grove and is facilitated by three motifs present in the Cse1 subunit; lysine finger, glycine 

loop, and glutamate wedge (Chapter 5). These three motifs specify the PAM preference 

of the system (3’-TTC-5’ on the target strand 5’-AAG-3’ on the non-target strand). 3’-

TTC-5’ represents the optimal PAM sequence, but it is not the only functional PAM that 

can be bound with high affinity. The minor grove PAM recognition is promiscuous, and 



270 

 

type I-E Cascade tolerates up to ~20 different PAM sequences that are bound with varying 

degrees of affinity. Only four-to-six of these PAM sequences support interference levels 

high enough to clear plasmids from cells or provide protection against phage (11-15). The 

-3 and -2 positions of the PAM are recognized by the lysine finger and glycine loop and 

exclude G-nucleotides on the target strand. This avoids autoimmunity by ensuring that 

Cascade cannot bind to the CRISPR locus from which the guide was derived. The spacer 

sequences in the CRISPR locus contain the 3’-GGC-5’ PAM sequence, which is highly 

unfavorable for Cascade binding (11, 12, 15). Possibly, the type I-E CRISPR system has 

evolved high stringency PAM recognition by the Cas1-Cas2 complex, during the 

acquisition of new spacers in the adaptation stage (16), while PAM recognition by Cascade 

during the interference stage has much lower stringency. This ensures that the CRISPR 

array is loaded with spacers derived from 3’-TTC-5’ PAM containing protospacers, while 

maintaining the potential benefit that targets with mutated PAM sequences can still be 

subjected to the interference machinery, either by direct interference or by priming. 

Conformational Control and Cas3 Recruitment 

The Cse1 subunit is loosely associated within the Cascade complex and recent in 

vivo work shows it is disassociated from the complex about 40% of the time (10). This 

loose attachment of Cse1 allows this subunit to adopt distinct conformations within the 

complex. The structures of Cascade during different stages of antiviral defense, together 

with single molecule FRET experiments have shown that Cse1 can adopt “open and 

closed” conformations (7, 14, 17, 18). Strong interference PAMs lead to a predominantly 

closed conformation that exposes the Cas3 recruitment site, while less optimal PAM 
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sequences drive Cse1 to adopt the open conformation, where the Cas3 recruitment site is 

buried. This conformational control of the nuclease activity of this system is discussed in 

Chapter 2.  

The local conformational change in the Cse1 subunit that completes the Cas3 

recruitment site is only visualized when both the unbound (Chapter 3) and dsDNA bound 

(Chapter 5) structures of Cascade are compared. In Chapter 6, HDX-MS is used to 

investigate the dynamics of the unbound and dsDNA bound complexes. The HDX map, 

together with the structures, allowed us to identify specific residues on Cse1. These 

residues form part of the Cas3 recruitment site that only fully forms upon target binding. 

Structures of Thermobifida fusca Cascade during different stages of target recognition 

show an equivalent local conformational change (19) and a recent structure of target-bound 

T. fusca Cascade in complex with Cas3 visualizes the entire Cas3 interaction site (20). This 

structure shows the equivalent residues in T. fusca, identified in the HDX map for E. coli 

Cascade, interacting with Cas3. Finally, the Cascade-Cas3 structure also shows that steric 

clashing that prevent Cas3 binding when Cascade is in the unbound or in a ssDNA bound 

conformation. Together, these structures explain how the open conformation of Cse1 leads 

to reduced Cas3 recruitment and target degradation.  

This elegant mechanism of conformational control provides an additional target 

verification step for the type I-E CRISPR systems. Not only is a sequence match required 

between the crRNA guide and target DNA, a PAM sequence is also required which 

facilitates Cse1 to adopt the closed conformation. This ensures that the PAM sequence is 

not only read during initial target binding, but also during the target degradation step. This 
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feature may prevent autoimmunity during host genome replication, when the CRISPR 

locus is briefly single stranded and can be bound by Cascade. In this way, even if Cascade 

binds to the CRISPR locus, the additional PAM read-out by Cse1 will ensure the Cas3 

recruitment site is buried and no genome degradation takes place. 

During my PhD research I have contributed to the study of CRISPR mediated 

immunity in Escherichia coli. Studying the protein components of this system helps us 

understand in molecular detail how these biological machines function. This in turn 

facilitates discovery of new genetic tools and improvement of existing ones. The rapid 

progress being made in CRISPR research promises many new exciting challenges and 

opportunities for the future. I am excited to learn and discover more about the molecular 

machines that make up prokaryotic antiviral defense systems. 
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