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1.1 Introduction 

 

Life on Earth has developed into a vast range of forms, from prokaryotic single-celled 

organisms like bacteria to complex eukaryotic multicellular beings like animals and plants 

(Brasier, McLoughlin, Green, & Wacey, 2006). This diversity of life forms is a testament to 

the power of natural selection to drive the evolution of life over billions of years. Such changes 

have been theorized as per the Red Queen hypothesis where exposure to multiple biotic and 

abiotic challenges has propelled the evolution of primordial organisms to not only greater 

biological diversity but also to newer and higher forms of life (Paterson et al., 2010).  

In this race of survival of the fittest, organisms are subjected to – amongst other 

challenges – constant threat from their predators. Even the most primitive life forms such as 

prokaryotes have been exposed to these challenges (Field, Behrenfeld, Randerson, & 

Falkowski, 1998) and one such threat is posed by an even more abundant life form – Phages 

(Edwards & Rohwer, 2005). Phages are viruses that lack cellular machinery for replication or 

protein synthesis for their fundamental survival. Thus, in order to thrive in nature they rely on 

the host cellular machinery. Based on their type of life cycle they can either infect a host or 

reside in them for an indefinite amount of time, lyse the host and recommence infection on 

newer cells.  

Research in the field of bacteria-phage interactions is driven by various factors. Firstly, 

the curiosity to understand the role of phages in driving rapid evolution (Gregory et al., 2019). 

Secondly, the emergence of antibiotic resistance has prompted exploration into phage-based 

therapies as alternative antibacterial treatments (Dedrick et al., 2019; Sulakvelidze, Alavidze, 

& Morris, 2001). Understanding how bacterial pathogens may develop resistance to phages is 

crucial for the success of such therapies. Lastly, the need for phage-resistant strains in 

fermentation industries (O'Sullivan, Bolton, McAuliffe, & Coffey, 2019). This research not 

only supports industrial applications but also contributes to advancements in gene editing and 

diagnostics (Foss, Hochstrasser, & Wilson, 2019). The importance of bacterial immune 

systems in these areas has spurred a renewed interest in discovering and characterizing phage-

resistance mechanisms. Two extensively investigated bacterial immune systems include the 

restriction-modification system (R-M system) and abortive infection (Abi) systems. However, 

contemporary research has recently redirected its attention to the CRISPR-Cas system. This 

exploration of bacterial immunity has led to the realization that prokaryotic immune 
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mechanisms are significantly more intricate than initially understood. In addition to these well-

known systems, a multitude of novel defense systems continues to be unveiled regularly, 

revealing previously unknown facets of prokaryotic defense mechanisms (Hampton, Watson, 

& Fineran, 2020; Teklemariam et al., 2023). 

 

1.1.1 Bacterial defence systems 

 

Bacteria have evolved mechanistically complex defense methods that act at every stage 

of the phage life cycle to survive the continual onslaught of phage. The virus-host arms race 

drives the emergence of diverse defense systems. Most of these systems are guided by a few 

key mechanisms like the rapid evolution of genetic sequences, immense duplication of genes, 

and horizontal gene transfer through plasmids that carry the defense gene. There exists a 

potential positive relationship between the diversity of viruses in an environment and the 

prevalence of defense systems. The study of the genes involved in this system are typically 

found aggregated in genomic islands, also known as Defence Islands. The DIs (defense islands) 

exhibit a notable enrichment of putative operons and consist of numerous gene families that 

are overrepresented. In-depth sequence analysis of the proteins encoded by these 

overrepresented genes in DIs revealed that many of them represent divergent versions of known 

defense system components. Whereas, certain genes that exhibit distinct features, such as 

characteristic operonic organization, suggested the presence of novel defense systems 

(Makarova, Wolf, Snir, & Koonin, 2011). These antiviral defense mechanisms operate based 

on two main principles – firstly the ability to discriminate between self and non-self and 

secondly infection-induced dormancy, or cell suicide. Based on their ability to recall the 

memory of the viral encounter, these systems are broadly classified as innate and adaptive 

immune systems. A few such systems are described below. 

 

1.1.2 Innate immune response 

 

Innate immune responses are a category of immune responses that have been naturally 

present in organisms. They are an essential part of the immune system as they provide 

immediate defense against various pathogens and foreign substances. Unlike adaptive immune 

responses, which develop over time and have a memory of previous infections, innate immune 
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systems do not possess a memory of prior encounters with pathogens. These responses act as 

the first line of defense and help to contain and control infections until the adaptive immune 

system can generate a more specific and targeted response. 

 

1.1.2.1 Surface exclusion 

 

The initiation of a successful phage infection relies on the viral attachment to a specific 

receptor on the surface of the bacteria. These receptors are typically comprised of either 

polysaccharides or lipopolysaccharides (LPS) or porins (or other proteins), and it is equally 

important that these receptors are accessible to the phage particles for attachment (Bertozzi 

Silva, Storms, & Sauvageau, 2016; Steven et al., 1988).  Thus, as a defense strategy, bacteria 

either may attempt to alter the molecular structure of the receptor through mutations or shield 

the receptor with additional barriers (Letarov & Kulikov, 2017; Seed, 2015). For instance, the 

outer-membrane lipoprotein TraT, which is encoded by the F plasmid, plays an important role 

in impeding phage infections. TraT disrupts phage attachment by interacting with outer-

membrane protein A (OmpA), which acts as the entry receptor for several T-even-like E. coli 

phages. This modification prevents or reduces the attachment of phages to the host cell and 

inhibits their infection (Riede & Eschbach, 1986). Similarly, Bordetella bronchiseptica 

exhibits two distinct phases, namely Bvg+ and Bvg-, where the former is essential for 

pulmonary colonization as it expresses various surface proteins, including pertactin. It has been 

observed that phage particles attach to pertactin on the bacterial surface. In the Bvg- strain, 

where pertactin is absent, phage attachment to the bacterial surface is impeded or significantly 

reduced (M. Liu et al., 2002).  

 

1.1.2.2 Superinfection exclusion 

 

Once the phage successfully attaches to the bacterial surface, superinfection exclusion 

(Sie) systems come into play, blocking the entry of phage DNA into the bacterial cytoplasm. 

Superinfection exclusion (Sie) systems are protein-based defenses that provide immunity 

against specific phages by hindering the entry of other phage DNA into host cells, as a result, 

providing bacterial immunity against superinfecting phages. These proteins are expected to be 
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either anchored to the cell membrane or associated with membrane components (Labrie, 

Samson, & Moineau, 2010). For instance, the E. coli phage HK97 produces a transmembrane 

protein called gp15, which effectively inhibits the entry of other HK97 phages, as well as a 

closely related phage, HK75 (Cumby, Edwards, Davidson, & Maxwell, 2012).  

 

1.1.2.3 Restriction -Modification system 

 

Once the viral DNA is successfully introduced into the bacteria, the host deploys 

various mechanisms to prevent phage replication and assembly. One of these mechanisms is 

the restriction-modification (R-M) system, which acts to destroy invading DNA. R-M systems 

exhibit two distinct activities: (a) The restriction endonuclease (REase) that recognizes and 

cleaves unmethylated DNA. (b) The methyltransferase (MTase) that modifies DNA bases of a 

specific sequence by transferring a methyl group to both strands (Tock & Dryden, 2005).   

The self vs non-self discrimination happens at the level of methylation. The R-M 

systems typically recognize short DNA sequences of 4 to 8 base pairs. As these sequences may 

be present in both the host and attacking viruses, the host methylates and modifies its DNA 

using the MTase. This self-methylated DNA is not recognized by the host restriction 

endonuclease (REase). However, the unmethylated DNA of the attacking phage is cleaved 

upon entry into the host's cytoplasm. 

R-M systems are highly diverse and are categorized into four types based on their 

sequence recognition and cleavage mechanisms. The Type I R-M system is a hetero-oligomeric 

complex system comprising three subunits: R (restriction), M (modification), and S 

(specificity). The R subunit includes the active site responsible for ATP hydrolysis and 

endonuclease activity. The M subunit functions as a methylase, modifying the host nucleic acid 

by adding methyl groups. Meanwhile, the S (specificity) subunit contains two target 

recognition domains (TRDs), which play a crucial role in conferring target sequence specificity 

to both the R and M subunits (Murray, 2000). The Type II R-M system has found widespread 

use in various biological applications as it is the simplest of all the R-M systems. It comprises 

of a restriction endonuclease (REase) and a methyltransferase (MTase), which are typically 

encoded within the same operon (Tock & Dryden, 2005). On the other hand, the Type III R-M 

system is similar to the Type II system as it comprises of two subunits R and M, with an ATP-
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dependent helicase domain fused to the R subunit. They require two copies of their 

unmethylated, short asymmetric recognition site to be present in the target DNA, in an inverted 

repeat orientation (Meisel, Bickle, Kruger, & Schroeder, 1992). Type IV restriction enzymes 

differ from other types of R-M systems as they only contain a restriction enzyme (R) and lack 

a methylase (M). Unlike the other types, the presence of specific modifications, such as 

methylation, hydroxymethylation, or glucosyl-hydroxymethylation, serves as the recognition 

signal for Type IV restriction enzymes, making them highly selective in their DNA cleavage 

activity (Loenen & Raleigh, 2014). The R subunit of this system functions as both a GTPase 

and an endonuclease (Bourniquel & Bickle, 2002). 

 

1.1.2.4 Abortive infection 

 

All the above-mentioned strategies of viral defence focus on the survival of the host. 

Contrarily, abortive infection (Abi) is a bacterial defense mechanism by which it limits the 

spread of the phage particles via apoptosis. Abi systems are linked to mobile genetic elements 

such as prophages and plasmids. The cellular suicide can be triggered either by altering the cell 

membrane or by affecting internal cellular processes like transcription and translation. 

However, the specific mechanism behind the Abi (abortive infection) process is not well 

comprehended (Samson, Magadan, Sabri, & Moineau, 2013).  

Lactobacillus lactis harbours almost over 20 Abi systems namely, AbiA - AbiZ. AbiP 

operates at an early stage in the phage replication cycle, disrupting both phage DNA replication 

and the transition from early to late gene expression (Domingues, Chopin, Ehrlich, & Chopin, 

2004). Another example of the Abi system harboured by Staphylococcus species against the 

Siphoviridae which involves the Stk2 kinase gene, which is activated by a phage protein called 

PacK, which has been hypothesized to be involved in phage DNA packaging. Once activated, 

Stk2 phosphorylates multiple proteins within the cell, ultimately resulting in cell death 

(Depardieu et al., 2016). 
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1.1.2.5 Toxin-antitoxin system 

 

Toxin-antitoxin (TA) systems are a widely spread defense mechanism in bacteria that 

comprise of a toxin gene and its corresponding antitoxin. In these systems, the toxins are always 

proteins, whereas the antitoxins can be either proteins or non-coding RNAs. The toxin gene 

hinders cell proliferation by interfering with essential cellular processes, whereas the antitoxin 

gene neutralizes the toxin's harmful effects (Unterholzner, Poppenberger, & Rozhon, 2013). 

TA modules are currently categorized into eight classes based on the molecular nature of the 

antitoxin and how it interacts with the toxin (Qiu, Zhai, Wei, Zheng, & Jiao, 2022). For 

example, Erwinia carotovora subspecies atroseptica harbours a ToxIN system where ToxN is 

a toxin protein that inhibits bacterial growth. Its cognate antitoxin, ToxI, is a non-coding RNA 

that inhibits ToxN's activity by forming a complex with it. When a phage attack occurs, ToxN's 

RNase activity leads to the destruction of both host and phage RNA. Consequently, neither the 

host nor the phage can survive, halting the infection (Fineran et al., 2009). Mycobacterium 

tuberculosis harbours a DarTG TA system, wherein DarT toxins have the capability to ADP-

ribosylate single-stranded DNA, leading to the inhibition of phage DNA synthesis. DarG 

antitoxins possess ADP-glycohydrolase activity, enabling them to enzymatically reverse the 

modifications induced by their corresponding DarT toxins. Upon phage infection, the release 

of the DarT toxin is triggered, and as a consequence, a DNA damage response is initiated in 

cells (LeRoux et al., 2022). 

 

1.1.2.6 Argonaute  

 

Argonautes (Ago) were initially identified as an RNA-mediated gene silencing (RNAi) 

system in eukaryotes (eAgo). Similar homologs of eAgo proteins were later discovered in 

prokaryotes (pAgo) (Aravind, Watanabe, Lipman, & Koonin, 2000). The presence of the genes 

encoding the pAgo proteins on the defence island indicated their role in the defence, which was 

later studied to be involved in the recognition and nuclease-mediated cleavage of foreign 

genetic material using single-stranded RNA/DNA (Makarova, Wolf, van der Oost, & Koonin, 

2009). Most pAgos, exhibit a bilobal structure comprising of four domains. The N- terminal 

and PAZ (PIWI-Argonaute-Zwille) domains form one lobe, while the MID (Middle) and PIWI 

(P-element Induced Wimpy Testis) domains constitute the other lobe (Lisitskaya, Aravin, & 
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Kulbachinskiy, 2018). For instance, Thermus thermophilus Ago (TtAgo) is an active 

endonuclease, that protects against foreign nucleic acids through the process of DNA-guided 

DNA interference (Swarts et al., 2014).  

 

1.1.2.7 Novel bacterial defence systems 

 

In recent times numerous previously unknown defense systems were identified from a 

comprehensive study examining defense islands in various bacteria and archaea. A few of them 

are described below. 

 

1.1.2.7.1 The Thoeris 

 

The thoeris defense system is a two-component based system where the first gene 

identified is thsA, which encodes a nicotinamide adenine dinucleotide (NAD) binding domain. 

The second component is thsB which comprises a Toll-interleukin receptor (TIR) domain. TIR 

domain plays a crucial role in certain innate immune systems found in higher organisms. 

Similarly, the thoeris system functions by transmitting molecular signals by ThsB, within the 

cell after detecting the presence of a pathogen which activates the NAD+ degrading activity of 

ThsA. This finally leads to the depletion of the host NAD+ pool and eventually to cell death by 

Abi (Doron et al., 2018; Ofir et al., 2021). 

 

1.1.2.7.1 The Zorya 

 

Based on the genetic composition, the Zorya system is classified into two types. Type 

I Zorya system is a four-component system that is encoded by the zorABCD operon, out of 

which ZorA and ZorB were found to be homologs of inner membrane protein that constitute 

the flagellar motor of bacteria, MotA and MotB. ZorC is a domain of unknown function (DUF), 

whereas ZorD harbours helicase domain. Whereas, the type II Zorya type is a three-component 

system that lacks zorC and zorD and instead harbours an additional HNH nuclease zorE.  The 

defense system functions via ZorA and ZorB mediated membrane depolarisation, leading to 

cell suicide during phage invasion (Doron et al., 2018). 
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1.1.2.7.2 The Gabija 

 

Gabija is a two-component system comprising of GajA, an ATP-dependent TOPRIM 

domain containing nuclease and GajB, a DNA helicase (GajB). At the time of phage attack, 

the process of phage DNA replication and transcription consumes cellular NTPs and dNTPs. 

This decline leads to the loss of activity of the ATP binding domain of GajA which in turn 

activates the TOPRIM domain. The activated TOPRIM domain then facilitates the cleavage of 

phage DNA and may also participate in the destruction of bacterial genomic DNA as part of 

the abortive infection response. Whereas, the role of GajB is hypothesised to be in either 

activating GajA or aiding in its nuclease activity (Cheng et al., 2021). 

 

1.1.2.7.3 The Druantia 

 

This system is characterized by a gene that encodes a remarkably large protein (~2000 

amino acids), DurA, that contains a domain of unknown function (DUF) along with a helicase 

signature and a Walker A/B motif, which implies the potential utilization of ATP. This large 

gene is found to be commonly preceded by a cluster of highly variable genes that lack 

recognizable domains or predicted functions (Doron et al., 2018). 

 

1.1.2.7.4 The Hachiman 

 

The Hachiman system is a two-component system comprising of HamA, a domain of 

unknown function (DUF, Pfam accession: 08878) and HamB, a helicase (Doron et al., 2018). 

 

1.1.2.7.5 The Wadjet 

 

The Wadjet system is unique in its dedicated role as an anti-plasmid defense system. 

It comprises of four genes, jetABCD, out of which the proteins JetA, JetB, and JetC were found 

to show sequence similarity to subunits of the bacterial condensin complex MukBEF. Whereas, 

JetD is found to show distant homology to TOPRIM domain containing nucleases. The system 

is known to target plasmid DNA by DNA loop extrusion followed by DNA cleavage (Deep et 

al., 2022).  
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Apart from these novel defense mechanisms, numerous operons are also found on 

the defense islands. For instance, the Shedu is a SduA nuclease-based system. The Septu 

system harbours an ATP-dependent helicase (PtuA) and an HNH nuclease (PtuB). The 

Lamassu system consists of a DUF protein (LmuA) and an ATPase (LmuB). The Kiwa system 

contains genes encoding the DUF domain (KwaB) and a transmembrane protein (KwaA) 

(Doron et al., 2018). These newly identified genes on defense islands expand our knowledge 

of the diverse array of defense mechanisms bacteria possess. However, to fully comprehend 

their mechanisms and functions, a systematic study is required, and further research is needed.  

 

1.1.3 The adaptive immune response 

 

The significance of an adaptive immune system lies in its ability to establish an 

immunological memory of the initial encounter with a pathogen. This memory results in an 

amplified immune response upon subsequent invasions by the same pathogen. In prokaryotes 

like bacteria and archaea, the CRISPR-Cas system operates as a distinctive defense mechanism 

where a fragment of the foreign mobile genetic element is integrated as immunological memory 

which later aids the host in evading the subsequent attack by the same pathogen. Until now, 

the CRISPR-Cas system stands as the sole known adaptive immune system in prokaryotes. It 

highlights the remarkable ability of bacteria to acquire and utilize defense strategies similar to 

RNA interference (RNAi) machinery in eukaryotes.  

 

1.1.3.1 The discovery of the CRISPR-Cas system 

 

The earliest reports of documentation of an array of repeat sequences adjacent to the 

alkaline phosphatase (iap) gene in E. coli, were made in the year 1987 (Ishino, Shinagawa, 

Makino, Amemura, & Nakata, 1987). In the years 1989 and 1991, a similar series of repeats 

were reported to be found in Enterobacteria (Shigella dysenteriae and Salmonella enterica) 

(Nakata, Amemura, & Makino, 1989) and Mycobacterium tuberculosis (Hermans et al., 1991), 

respectively. Bioinformatics analysis of many bacterial and archaeal genomes showed the 

presence of these repeats, which were then termed as short regularly spaced repeats (SRSSs) 

(F. J. Mojica, Diez-Villasenor, Soria, & Juez, 2000). It was in the year 2002, when it was found 

that these SRSSs were variable in size (21-37 nucleotides) and were interspaced by non-

repetitive unknown sequences. These arrays of repeats were then termed as CRISPR that stands 
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for Clustered Regularly Interspaced Short Palindromic Repeats. It was also found that certain 

specific genes were located in the vicinity of these arrays, which were absent in the genomes 

lacking CRISPR. These genes were termed as CRISPR-associated or cas genes and together 

the CRIPSR array and the cas genes comprised of the CRISPR-Cas loci (Jansen, Embden, 

Gaastra, & Schouls, 2002). Firstly, only four cas genes were identified, namely cas1, cas2, 

cas3 and cas4 whose functions were not clear. However, upon further investigation, the cas 

operon was found to contain various components, including a superfamily II helicase (Cas3'), 

HD-type phosphohydrolase (Cas3"), and RecB family exonuclease (Cas4), among others. The 

presence of these components suggests that they might play roles in DNA repair processes 

(Makarova, Aravind, Grishin, Rogozin, & Koonin, 2002) or regulation of gene expression 

(Jansen et al., 2002).  It was in the year 2005 that three groups independently showed that the 

non-repetitive DNA that stretch the repeat regions were derived from foreign mobile genetic 

elements (MGEs) such as phage genetic material or plasmids (Bolotin, Quinquis, Sorokin, & 

Ehrlich, 2005; F. J. Mojica, Diez-Villasenor, Garcia-Martinez, & Soria, 2005; Pourcel, 

Salvignol, & Vergnaud, 2005).  

 

1.1.3.2 Comparison between the CRISPR-Cas system and RNA interference 

 

Alongside, there were several studies made to understand this system which pointed 

towards the similarities it posed with the eukaryotic RNA interference (RNAi) system 

(Makarova, Grishin, Shabalina, Wolf, & Koonin, 2006). The fact supporting this similarity 

between the CRISPR system and RNA interference (RNAi) stems from the functional roles of 

the proteins found in CRISPR loci and the components of the RNA-induced silencing complex 

(RISC) involved in RNAi systems (Filipowicz, 2005; Makarova et al., 2006). The RISC is 

constituted of a Dicer, Argonaute, TRBP (Transactivating Response RNA-Binding Protein), 

and sRNA (Hammond, 2005; Iwakawa & Tomari, 2022; Sontheimer, 2005). Initially, it was 

hypothesized that Dicer serves as an analog of a superfamily 2 helicase fused to an HD family 

nuclease, which is represented by Cas3 in the CRISPR system. Similarly, the RecB family 

nuclease, known as Cas4 in the CRISPR loci, was believed to function similarly to the slicer 

in the CRISPR system. 

In the RNAi pathway of eukaryotes, short interfering RNA (siRNA), microRNA (miRNA), or 

piwi-interfering RNA (piRNA) serves as a guide to recognise and target specific nucleic acids 

(Carthew & Sontheimer, 2009; Iwakawa & Tomari, 2022; Scadden, 2005). Similarly, in the 

TH-3532_156106010



Chapter 1: Introduction 

12 
 

CRISPR system, a guide RNA is responsible for directing Cas proteins to recognize and cleave 

complementary foreign DNA, thereby acting as an analog to the RNAi pathway in eukaryotes 

(Brouns et al., 2008; Carte, Wang, Li, Terns, & Terns, 2008). Additionally, both systems 

exhibit an adaptive immune response against foreign attack. While the RNAi pathway and the 

CRISPR system share conceptual similarities, there are some distinct functional differences 

between them. The CRISPR guide RNA is matured from a single pre-CRISPR RNA transcript 

and is not amplified, as opposed to the miRNA or siRNAs of the RNAi system (Brouns et al., 

2008; Carte et al., 2008; C. Hale, Kleppe, Terns, & Terns, 2008). 

 

1.1.4 CRISPR-Cas system  

 

CRISPR-Cas is an adaptive immune system found exclusively in prokaryotes (almost 

36% of sequenced bacteria and 75% of sequenced archaea) (Couvin et al., 2018; Pourcel et al., 

2020; Rousseau, Gonnet, Le Romancer, & Nicolas, 2009). However, it was also observed that 

<10% of the uncultured bacterial species harboured CRISPR-Cas defense mechanism (Burstein 

et al., 2016). It is hypothesised that this can be due to two factors that might guide CRISPR 

incidence – thermophilicity and aerobicity, which means that CRISPR incidence differs with a 

difference in temperature (high incidence in mesophiles than in cryophiles) and availability of 

oxygen (anaerobes preferred over aerobes) (Weissman, Laljani, Fagan, & Johnson, 2019).  

CRISPR-Cas system is primarily composed of two components – a nucleic acid 

component called the CRISPR array and a protein component called Cas proteins. The CRISPR 

array is composed of a repeating unit of short palindromic DNA sequences, usually ranging 

from 25 to 40 nucleotides in length. These repeats are interspaced by similarly sized segments 

of foreign DNA or viral DNA fragments called spacers. Typically, spacers in CRISPR arrays 

are known to originate from foreign DNA, displaying homology to plasmids, viruses, or other 

invading genetic elements (Figure 1.1). However, it is noteworthy that in some instances, a few 

spacers have been observed to exhibit homology with sequences within the host genome itself 

(Devi, Harjai, & Chhibber, 2022; Stern, Keren, Wurtzel, Amitai, & Sorek, 2010).  Whereas, 

the protein component of this system is termed as CRISPR-associated or Cas proteins. These 

Cas proteins are responsible for carrying out the molecular tasks required to acquire, identify, 

target, and neutralize foreign genetic material.  

The functionality of the CRISPR-Cas system is achieved in three stages, namely 

adaptation, maturation and interference (Figure 1.1). In the first step, which referred as 

adaptation- the foreign DNA fragments from invading pathogens are acquired and incorporated 

TH-3532_156106010



Chapter 1: Introduction 

13 
 

into the CRISPR array that allows the cell to store the memory of the encounter. In the second 

stage, which is referred as maturation, the CRISPR array consisting of the repeat-spacer units, 

is transcribed into a long precursor RNA which is then processed by Cas protein(s), to generate 

mature CRISPR RNAs (crRNAs). These mature crRNAs associate with the Cas protein(s) to 

form a ribonucleoprotein (RNP) surveillance complex. Finally, in the interference step, the 

crRNA guides the RNP complex to specifically recognize and bind to complementary 

sequences in foreign genetic material. Upon target recognition, Cas proteins with endonuclease 

activity, cleave the invading DNA or RNA, rendering it non-functional and neutralizing the 

pathogen's genetic material. The subsequent sections shall delve into detailed discussions of 

each stage in the CRISPR-Cas system. 
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Figure 1. 1:  CRISPR-Cas system- An Overview. 

 

A schematic representation of the various stages of the CRISPR-based adaptive immunity.  A typical CRISPR-

Cas locus comprises of a sequence of conserved repeats separated by variable spacers. Positioned upstream of 

the CRISPR array is the 'leader' region (green bar), housing the promoter region responsible for CRISPR-RNA 

expression. Additionally, CRISPR-associated genes (cas genes) are found in the vicinity of the array. (1) 

Adaptation: The first stage is adaptation where the adaptation complex recognises the PAM sequence in the 

phage DNA/prespacer. These prespacers are integrated into the CRISPR array towards the leader proximal end 

followed by repeat duplication (R0) and expansion of the CRISPR array. Here, S0 denotes the newly acquired 

spacer, whereas, S1 and S2 denote the first and second spacers respectively, and so on. Similarly, R1 denotes 
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the first repeat and so on. (2) Maturation: This is the second step, where the CRISPR array is transcribed to 

produce pre-crRNA which is further processed by the Cas proteins to yield mature crRNAs. They subsequently 

assemble into a nucleoprotein Cascade complex. (3) Interference: Finally, in the third stage, the invading 

phage DNA is recognised by the Cascade complex that recruits an effector nuclease to cleave the target DNA. 

 

 

1.1.5 CRISPR-Cas system - Classification  

 

Comparable to other biological defense mechanisms, CRISPR-Cas systems exhibit a 

noteworthy diversity in their Cas protein sequences, gene compositions, and genomic locus 

architectures (Barrangou & Horvath, 2017; Hille & Charpentier, 2016; Ishino, Krupovic, & 

Forterre, 2018; Klompe & Sternberg, 2018; Koonin, Makarova, & Wolf, 2017; Mohanraju et 

al., 2016; Wright, Nunez, & Doudna, 2016). The ever-expanding understanding of this 

diversity increases with extensive genomic and metagenomic databases. To keep up with this 

expansion, several classification schemes of CRISPR-Cas systems based on their evolutionary 

relationships were proposed. Two such classification schemes from 2011 and 2015, utilized a 

multifaceted approach, where they integrated comparisons of CRISPR–Cas gene compositions 

and genomic loci architectures with sequence similarity-based clustering and phylogenetic 

analysis of conserved Cas proteins, to establish a comprehensive classification of the CRISPR–

Cas systems (Makarova, Haft, et al., 2011; Makarova et al., 2015). In the recently updated 

classification, a computational approach was employed in the identification of the signature 

genes, comparison of genomic loci and compositions, sequence similarity-based clustering and 

phylogenetic analysis, neighbourhood analysis and comparison, and experimental evidence, by 

which researchers were able to categorize and classify the diverse CRISPR-Cas systems 

effectively (Makarova et al., 2020). The cas genes within the CRISPR-Cas systems are 

categorized into four distinct functional modules based on the roles played by Cas proteins 

(Figure 1.2). The first module is the Adaptation module, that is involved in the spacer 

integration process. Within this module, there is a CRISPR array and three cas genes: cas1, 

cas2, and cas4 (Figure 1.2). The second module is the Expression module, which encompasses 

genes responsible for the processing of crRNA (Figure 1.2). The third one is the Interference 

module, where one can find genes that encode subunits of the effector complex (Figure 1.2). 

Lastly, the fourth module groups together all other ancillary proteins that aid in the mechanism 

of CRISPR-Cas mediated immunity (Figure 1.2). Based on the composition of the effector 

complex, the CRISPR-Cas system is broadly classified into two classes – Class 1 which 
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comprises of multi-subunit effector complex, and Class 2 comprising of a single subunit 

effector complex.  

 

 

 Figure 1. 2:  Classification of the CRISPR-Cas system 

 

 A schema representing the classification of the CRISPR-Cas system into two different classes, based on the 

composition of the effector complex. The further division of the classes into various types is based on the 

presence of a signature protein. Class 1 CRISPR-Cas system consists of a multi-subunit effector complex 

that takes part in interference (colored in cyan and light green). Class 2 CRISPR-Cas system consists of a 

single effector protein that is Cas9, Cas12 and Cas13 in the case of type II, type V and type VI, respectively. 

The proteins colored in beige are important in maturation whereas those colored in peach are required for 

adaptation. The additional/ancillary proteins are colored in magenta and coral. SS and LS indicate small and 

large subunits, respectively. The dotted lines indicate dispensable or missing components.  
 

 

 

1.1.5.1 Class 1 CRISPR-Cas system 

 

This class of CRISPR-Cas system is categorised based on the composition of the multi-

subunit effector complex. The major Cas proteins involved are Cas5, Cas6, Cas7, Cas8, Cas10 

and Cas11 in varied combinations. Based on the locus architecture and repertoire of cas genes, 

Class 1 is further divided into three types, namely, type I, type III and type IV. Type I and III 

are the most abundant types of CRISPR in bacteria and archaea. This classification of CRISPR-

Cas systems into specific types, such as Type I or Type III, is based on the presence of signature 

genes, such as cas3 and cas10, respectively. However, csf1 gene was proposed to be the 

signature gene for the type IV system (Makarova et al., 2015). But, recent studies have found 

that few type IV systems lack the csf1 gene. Thus, later, csf2, a cas7 homolog was entailed to 

be the signature gene of this type (Pinilla-Redondo et al., 2020; H. N. Taylor et al., 2021). Few 
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subtypes of type IV CRISPR-Cas system, lack the adaptation module.  The multi-subunit 

effector complex in these systems typically consists of paralogous Cas proteins belonging to 

the Repeat Associated Mysterious Proteins (RAMPs) family. The RAMP family is 

characterized by the presence of RNA Recognition Motif (RRM) containing proteins that are 

commonly found in bacteria and archaea, and they are primarily associated with CRISPR loci 

(R. Wang & Li, 2012). The backbone of the effector complex comprises of a multimeric Cas 

protein, usually Cas7 (type I) or its homologs like Csf2 (type IV) and Csm3/Cmr4 (type III). 

The backbone stabilizes the crRNA guide which is bound by single subunit Cas proteins like 

Cas5, Cas6, Csm5/Cmr1, Csm4/Cmr3, or Csf5 (H. N. Taylor et al., 2021; Wright et al., 2016). 

Besides these, the effector complex harbours Cas proteins that interact with the guide RNA as 

well as other Cas proteins that bring about stability to the complex. They also comprise of Cas 

proteins that recognize the foreign genetic element based on the PAM sequence and interact 

with the effector nuclease for target recognition and degradation. Class 1 CRISPR-Cas effector 

complex mainly targets DNA with the exception of type III, which targets both DNA as well 

as RNA. A structural comparison of the available effector complex indicates a shared 

evolutionary origin for these proteins (Jackson & Wiedenheft, 2015; Makarova, Aravind, Wolf, 

& Koonin, 2011; Makarova et al., 2015). 

 

1.1.5.1.1 Type I CRISPR-Cas system  

 

The characteristic feature of the type I system is the presence of its signature gene cas3 

which encodes for the effector nuclease Cas3. Based on the locus architecture, type I system is 

further divided into seven subtypes (type I-A to I-G) (Figure 1.3). Most of these subtypes 

harbour a common adaptation module comprising of Cas1, Cas2 and Cas4, with the exception 

of types I-E and I-F which lack Cas4, that plays a crucial role in the prespacer processing and 

in type I-G where it is fused to Cas1 (Almendros, Nobrega, McKenzie, & Brouns, 2019; C. Hu 

et al., 2021; Makarova et al., 2020). The process of maturation in most of type I systems is 

executed by Cas6 protein, with an exception in type I-C where in the absence of Cas6, Cas5 

assumes the role (Gesner, Schellenberg, Garside, George, & Macmillan, 2011; Nam et al., 

2012; Punetha, Sivathanu, & Anand, 2014).  In type I-G, the Cas5 and Cas6 are fused together 

(Makarova et al., 2015). The interference module of type I consists of Cas3, which is also the 

signature Cas protein of this system. It is intriguing to note that Cas3 exhibits variability in 
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domain architecture among different subtypes. A standard Cas3 protein consists of an N-

terminal HD - nuclease followed by a DExD/H box superfamily 2 helicase domain and a C-

terminal domain. However, in Type I-A systems, the two functional domains of Cas3 (nuclease 

and helicase) are separated, yet they work in coordination during the interference process 

(Majumdar & Terns, 2019; Makarova et al., 2015). The domains in type I-G Cas3 are 

rearranged, and it contains N-terminal helicase followed by C-terminal nuclease (Makarova et 

al., 2015; Makarova et al., 2020). Also, in type I-D, the HD-nuclease domain is fused with the 

large subunit protein Cas10, whereas, in type I-F Cas3 is fused with Cas2 protein (Makarova 

et al., 2015) (Figure 1.3).  
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Figure 1. 3:  Type I CRISPR-Cas classification 

Schematic representation of the locus architecture of the seven subtypes encompassed under the type 1 

system, against their representative organisms. The signature protein of the type I CRISPR-Cas system is 

Cas3, which comprises of an N-terminal nuclease domain (dark green) and a C-terminal helicase domain 

(light green). The orientation of the same is reversed in type I-G and hence depicted using a reversed colour 

gradient. The effector module has been highlighted in light grey boxes. 
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1.1.5.1.2 Type III CRISPR-Cas system 

 

The hallmark of the Type III CRISPR-Cas system is the presence of an HD-type 

nuclease Cas10 protein. Cas10 serves as the largest subunit in the Type III system and contains 

a palm domain that includes both cyclase and polymerase activities (Osawa, Inanaga, & 

Numata, 2013; Osawa, Inanaga, Sato, & Numata, 2015; R. H. Staals et al., 2014; R. H. J. Staals 

et al., 2013). Similar to type I subtypes, type III systems also display variations in CRISPR loci 

architecture, and are classified into six subtypes (type III-A to III-F) (Makarova et al., 2020). 

Type III CRISPR-Cas systems, except for type III-A and III-E, typically lack a CRISPR array 

and may share the CRISPR array with other subtypes present in the same organism. 

Additionally, most of the type III systems also lack the adaptation module and instead acquire 

it from other subtypes present in the same organism (Kolesnik, Fedorova, Karneyeva, 

Artamonova, & Severinov, 2021; Makarova et al., 2015). Type III CRISPR-Cas system can 

target RNA, whose binding to the effector complex also activates the DNase activity of Cas10 

that recognises and cleaves the DNA component associated within the transcriptosome (Elmore 

et al., 2016; Estrella, Kuo, & Bailey, 2016; Kazlauskiene, Tamulaitis, Kostiuk, Venclovas, & 

Siksnys, 2016). In addition to the cas genes, the type III CRISPR-Cas system is linked to 

accessory proteins that are implicated in membrane transport or signal transduction processes. 

These accessory proteins possess two distinctive domains: the CRISPR -Associated Rossmann 

Fold (CARF) domain and the Higher Eukaryotes Prokaryote Nucleotide-binding (HEPN) 

domain. Notably, this system can produce a signaling molecule known as cyclic 

oligoadenylates (cOA). When cOAs bind to the CARF domain, it activates the HEPN domain, 

leading to the indiscriminate cleavage of RNA (Jia, Jones, Yang, Ouerfelli, & Patel, 2019; 

Molina et al., 2019). Additionally, the recently identified Type III-E system encodes a potential 

caspase-like protease, TPR-CHAT (also known as Csx29), along with accessory proteins 

Csx30, Csx31, and RpoE. This gRAMP Cas7-11 protein associates with crRNA and TPR-

CHAT, forming a stable complex termed Craspase (CRISPR-guided caspase) that initiates an 

RNA-guided and protease-based immune response as an alternative to the conventional system 

(C. Hu et al., 2022; G. Huo, Shepherd, & Pan, 2023; Strecker et al., 2022; X. Wang et al., 2022; 

H. Yang & Patel, 2022). 

 

 

TH-3532_156106010



Chapter 1: Introduction 

21 
 

1.1.5.1.3 Type IV CRISPR-Cas system 

 

Type IV CRISPR-Cas systems possess certain discernible characteristics from other 

CRISPR-Cas systems and are still not fully characterized.  The hallmark of this system is the 

Cas7 homolog, Csf2. Similar to its homolog, Csf2 also binds the guide RNA within a helical 

backbone (H. N. Taylor et al., 2021). Type IV CRISPR-Cas system is further classified into 

five subtypes: type IV-A-E (Pinilla-Redondo et al., 2020). Most of the organisms harbouring 

this system also lack the adaptation module as well as an effector nuclease. Additionally, they 

are primarily encoded by extra-chromosomal genetic elements like plasmids (Faure et al., 

2019; H. N. Taylor et al., 2021). They mostly target dsDNA damage but studies also indicate 

its role in RNA targeting (Zhou et al., 2021). The effector complex of type IV systems 

comprises of Csf2 (Cas7), Csf3 (Cas5), and Csf1 (large subunit) (Makarova et al., 2020; Ozcan 

et al., 2019; Pinilla-Redondo et al., 2020). Type IV-A and IV-E have an ancillary DinG helicase 

– Csf4 that helps in unwinding the target DNA, as well as a Cas6 homolog – Csf5 (Faure et al., 

2019; Makarova et al., 2020; S. A. Shmakov, Makarova, Wolf, Severinov, & Koonin, 2018).  

The type IV-B encodes a putative signal transduction protein CysH-like that is a homolog of 

the CysH alongside a putative Cas11 (small subunit) (Faure et al., 2019; S. A. Shmakov et al., 

2018). Type IV-D systems carry a helicase of the RecD family instead of the archetypal DinG 

(Pinilla-Redondo et al., 2020). Interestingly, the structure of Csf2 from type IV-C has 

similarities to Cmr4/Csm3, the Cas7-like helical backbone subunit in type III-A/B system 

(Pinilla-Redondo et al., 2020). 

 

1.1.5.2 Class 2 CRISPR-Cas system 

 

All the CRISPR-Cas systems that harbour a single subunit effector complex are 

categorized under the Class2 system. This property of Class 2 further aids in establishing 

several tools for genetic manipulation and gene silencing. The understanding of this class is 

ever expanding, since its discovery. Similar to Class 1, Class 2 is also further subdivided into 

three types, namely type II, V and VI, based on their difference in locus architecture (Makarova 

et al., 2020). The variants of class 2 differ majorly with respect to the mechanisms of pre-

crRNA processing (Chylinski, Makarova, Charpentier, & Koonin, 2014; Chyou & Brown, 

2019).  
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1.1.5.2.1 Type II CRISPR-Cas system 

 

Type II system harbours Cas9, which is its signature gene. Cas9 effector is a bilobed 

structure made of a Recognition lobe (REC) and a Nuclease lobe (NUC). The NUC lobe 

contains two juxtaposed nuclease domains, responsible for target DNA cleavage; RuvC 

endonuclease and HNH nuclease domain (Chylinski et al., 2014; Jinek et al., 2014). Apart from 

the Cas9 effector nuclease, type II adaptation module comprises of Cas1 and Cas2. A few of 

its variants also harbour the Cas4 endonuclease required for the adaptation process, while in 

the rest, Csn2 replaces Cas4 (Heler et al., 2015; Nussenzweig, McGinn, & Marraffini, 2019; 

Wei, Terns, & Terns, 2015). The guide RNA here is also accompanied by an additional RNA 

component called as the tracrRNA that has a complementarity sequence to the repeats in the 

CRISPR array, which upon binding to the former induces an RNaseIII-mediated cleavage 

event, which results in the processing and maturation of the crRNA (Deltcheva et al., 2011). 

Finally, in the interference stage, the effector complex that comprises of Cas9, tracrRNA and 

crRNA, recognises the target DNA, and the nuclease domains of Cas9 cleave both strands of 

DNA (Garneau et al., 2010; Gasiunas, Barrangou, Horvath, & Siksnys, 2012; Jinek et al., 

2012). Type II is further divided into three subtypes: Type II-A, II-B and II-C (Makarova et 

al., 2020).  

 

1.1.5.2.2 Type V CRISPR-Cas system 

 

One of the most diverse CRISPR types, type V comprises of the signature protein 

Cas12, which similar to Cas9, is also bilobed harbouring both REC and NUC lobes. The NUC 

lobe lacks the HNH domain but contains a RuvC endonuclease domain that cleaves target 

DNA. The diversity in the locus architecture further divides this system into eleven subtypes 

(V-A to I, V-K and CRISPR-CasΦ) (Tong et al., 2020). The adaptation module of type V 

system consists of Cas1, Cas2 and Cas4 with an exception in types V-C, D, G, H, I, K and 

CRISPR-CasΦ, suggesting a shared adaptation module with other existing CRISPR loci 

(Makarova et al., 2020; Tong et al., 2020; Zetsche et al., 2017). Additionally, certain types (V-

F, V-G, V-H, V-K and Φ) contain a relatively smaller version of Cas12 protein (Tong et al., 

2020). The Cas12-crRNA effector complex typically targets double-stranded DNA (dsDNA) 

but recent studies have revealed that it can also target only ssDNA (type V-F), both dsDNA 

and ssDNA (type V-A, B, C, D, H, I and Φ) as well as RNA targets too (type V-G). Except for 

Cas12k (type V-K), Cas12 shows trans cleavage activity leading to collateral damage (Chen et 
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al., 2019; Harrington et al., 2018; Harrington et al., 2020; J. J. Liu et al., 2019; Pausch et al., 

2020; S. Shmakov et al., 2015; Strecker et al., 2019; Yan et al., 2019; Zetsche et al., 2017). In 

contrast, Cas12k lacks CRISPR-based DNA cleavage activity (both cis and trans) and it is 

associated with transposons that facilitate crRNA-dependent transposition (Park et al., 2023; 

Strecker et al., 2019; Yan et al., 2019). 

 

1.1.5.2.3 Type VI CRISPR-Cas system 

 

Type VI CRISPR-Cas system is the most minimal system amongst the other types and 

harbours the signature protein Cas13. Cas13 also harbours a REC and NUC lobe, where the 

NUC lobe is comprised of two HEPN domains (L. Liu, Li, Wang, et al., 2017). Based on the 

difference in locus architecture, this system is further subdivided into four subtypes, type VI-

A to VI-D. The adaptation module is lacking in types VI-B and VI-C, whereas types VI-A and 

VI-D contain Cas1 and Cas2, but, lack Cas4 (Makarova et al., 2020). This system is primarily 

an RNA-dependent RNA targeting system, which also shows collateral damage due to 

indiscriminate host targeting (Abudayyeh et al., 2016; Perculija, Lin, Zhang, & Ouyang, 2021). 

Type VI-B harbours additional ancillary proteins like Csx27 and Csx28 that regulate the 

interference activity of Cas13 (Smargon et al., 2017). Similarly, type VI-D consists of a WYL-

domain containing ancillary protein that enhances the activity of Cas13 (Yan et al., 2018).   

 

1.1.6 CRISPR adaptation 

 

Adaptation is a process in which the variable DNA sequence coming from the foreign 

mobile genetic elements, is acquired into the CRISPR array. These variable DNA sequences 

called spacers, are the basis of the CRISPR immunological memory. It has been also observed 

that few spacers are acquired within the host genome itself (Devi et al., 2022; Levy et al., 2015). 

There can be 2 to more than 200 variable spacers in a CRISPR array, and thus, these variable 

spacers can provide immunity against a wide range of MGEs (S. A. Shmakov et al., 2017).  

The process of adaptation within the CRISPR-Cas system is intricate and involves 

several stages, leading to the selection and incorporation of a segment from a Mobile Genetic 

Element (MGE) into the CRISPR array. Initially, Cas proteins discern a brief sequence pattern, 

known as the protospacer-adjacent motif (PAM), consisting of 2 to 7 nucleotides on the 

invasive MGE. Subsequently, this specific DNA segment is transformed into a sequence 

spanning 20 to 40 base pairs. This alteration is accomplished through collaboration between 
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Cas proteins and, in certain prokaryotes, host exonucleases (Barrangou et al., 2007; Garneau 

et al., 2010; Marraffini & Sontheimer, 2010b; Yoganand, Muralidharan, Nimkar, & Anand, 

2019; Yosef, Goren, & Qimron, 2012). The abbreviated segment of the MGE is referred to as 

"prespacers," which are precursors to the actual spacers. In the final phase of this process, the 

altered DNA fragment is incorporated into the CRISPR array with the assistance of Cas 

integrase. The DNA that gets integrated into the array are thereafter termed as spacers. The 

entire arrangement of repeats and spacers is termed as CRISPR array. The array is preceded by 

a leader region that harbours the promoter element required for the transcription of the array. 

Typically, the process of adaptation is polarised in nature, in which the new spacers are 

incorporated towards the leader proximal region of the CRISPR array (Barrangou et al., 2007; 

Diez-Villasenor, Guzman, Almendros, Garcia-Martinez, & Mojica, 2013; Erdmann & Garrett, 

2012; Yosef et al., 2012). Sometimes, multiple spacers can be acquired from a phage genome, 

consequently heightening the potential for interference in scenarios where specific segments 

of phage DNA undergo mutations, which in turn helps to pace up with constantly evolving 

phages (Paez-Espino et al., 2013; R. H. Staals et al., 2016; van Houte et al., 2016). The detailed 

process of adaptation is discussed in the upcoming sections. 

There are two types of adaptation - naïve adaptation, where spacers are acquired from 

completely new MGEs. This process is gradual, and the spacers are procured without any 

specific pattern. Given that MGEs undergo constant mutations, the process of naïve adaptation 

is inadequate for countering mutated MGEs effectively. To address this challenge, spacers are 

swiftly acquired from mutated MGEs via a mechanism known as primed adaptation. Both the 

mechanism of naïve and primed adaptation are explained briefly in the subsequent sections. 

 

1.1.6.1 Self and non-self-discrimination during adaptation 

 

The functioning of the CRISPR-Cas system as an adaptive immune mechanism relies 

on its ability to discern between self and non-self elements. However, self-targeting in case of 

CRISPR-Cas immunity is a potential threat as the process of adaptation might lead to the 

acquisition of host genome sequence too (Levy et al., 2015; Wei et al., 2015; Yosef et al., 

2012). Additionally, the crRNA that is complementary to the CRISPR array, might also lead 

to autoimmunity (Bikard, Hatoum-Aslan, Mucida, & Marraffini, 2012; Edgar & Qimron, 2010; 

W. Jiang, Bikard, Cox, Zhang, & Marraffini, 2013). To prevent such an autoimmune response, 

the CRISPR system employs multiple mechanisms to tilt its specificity in favour of recognizing 
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and targeting foreign MGEs. Indeed, non-self recognition in CRISPR immunity has been 

observed both during spacer acquisition and target degradation. 

In the case of CRISPR adaptation, the Cas1-2 complex acquires DNA substrates from 

the breakdown products resulting from RecBCD (in gram -ve bacteria) and AddAB (in gram 

+ve bacteria) activity during double-stranded DNA (dsDNA) breaks repair (Ivancic-Bace, 

Cass, Wearne, & Bolt, 2015; Levy et al., 2015; Modell, Jiang, & Marraffini, 2017). However, 

the activity of RecBCD-mediated ssDNA cleavage is decelerated on encountering a crossover 

host instigator (Chi) site. The bacterial chromosome is less prone to extensive spacer 

acquisition due to the high density of Chi sites, whereas the phage DNA is more susceptible. 

Furthermore, given that most phages enter the cell as linear DNA, and RecBCD binds and 

processes exposed linear DNA until it reaches the nearest Chi site, unprotected phage DNA 

becomes an immediate target for spacer acquisition upon cell entry (Dillingham & 

Kowalczykowski, 2008; Levy et al., 2015; Modell et al., 2017; Weissman, Stoltzfus, Westra, 

& Johnson, 2020). 

 

1.1.6.2 Naïve adaptation 

 

Naïve adaptation in CRISPR-Cas system includes the acquisition of immunity de novo. 

This acquisition is independent of the already acquired spacers. The initiative step of this 

process is the selection and processing of prespacers. This is followed by the integration of this 

prespacer into the existing repeat-spacer array. The CRISPR array functions as a molecular 

memory system, storing information about past interactions with foreign genetic elements. In 

contrast to higher-order eukaryotes, the immunological memories produced by CRISPRs are 

inheritable and transmitted to offspring cells, facilitating the swift propagation of immunity 

throughout the microbial community. 

 

1.1.6.2.1 Selection and processing of prespacer 

 

CRISPR adaptation is limited in its ability to capture a spacer from any arbitrary 

location on MGEs. Within the type I, II, and V CRISPR-Cas systems, the choice of prespacers 

is directed by a DNA sequence found in the PAM (protospacer adjacent motif) region of MGEs 

(F. J. M. Mojica, Diez-Villasenor, Garcia-Martinez, & Almendros, 2009; J. Wang et al., 2015). 

However, in the course of adaptation, the PAM sequence is excluded and not incorporated into 
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the CRISPR array. As the CRISPR array lacks the PAM, it remains immune to targeting by the 

CRISPR interference machinery, thereby safeguarding the 'self' genome (F. J. M. Mojica et al., 

2009). Nonetheless, the MGE containing the corresponding PAM sequence remains 

susceptible to CRISPR interference. Furthermore, research indicates that the frequency of 

spacer uptake is elevated from DNA segments that are actively transcribing and replicating 

(Goldberg, Jiang, Bikard, & Marraffini, 2014; Ivancic-Bace et al., 2015; Levy et al., 2015; 

Samai et al., 2015). The distinguishing feature of phage and plasmid DNA is their elevated 

rates of transcription and replication, in contrast to the relatively lower activity of the host 

genomic DNA. Consequently, spacers are selectively obtained from MGEs, preserving the host 

genome from such acquisitions. 

While CRISPR-Cas systems display significant diversity, the essential Cas protein 

components of the adaptation machinery, i.e., Cas1 and Cas2 proteins, are universally 

conserved across most CRISPR-Cas types. Typically, the adaptation complex is hetero-

hexameric with two dimers of Cas1 sandwiched between a dimer of Cas2 (Cas14-Cas22) (J. 

Wang et al., 2015). The Cas1-Cas2 complex recognizes the PAM region of the DNA substrates 

with dual forks, that are generated by the RecBCD complex, featuring a 23 bp duplex region 

and 3’ extended overhangs. In E. coli, the Cas1-Cas2 complex is structurally adapted to handle 

DNA substrates approximately 33 nucleotides in length. The initial phase of DNA substrate 

processing involves the binding of the Cas1-Cas2 complex to the forked DNA substrate, 

followed by trimming facilitated by host exonucleases like ExoIII, ExoT, and DnaQ 

(Ramachandran, Summerville, Learn, DeBell, & Bailey, 2020; Yoganand et al., 2019) (Figure 

1.4).   

Exceptionally, in a few type I, II, and V systems Cas4 cleaves the 3' overhangs of prespacer 

DNA until it encounters a bound Cas1-Cas2 complex, resulting in the production of spacers 

with a specific length and a correct PAM (Almendros et al., 2019; Kieper et al., 2018; H. Lee, 

Dhingra, & Sashital, 2019; H. Lee, Zhou, Taylor, & Sashital, 2018; Rollie, Graham, Rouillon, 

& White, 2018; Shiimori, Garrett, Graveley, & Terns, 2018).  

Prespacer recognition in type II-A CRISPR-Cas systems involves additional Cas9 

protein and ancillary protein Csn2. It is proposed that the Cas18–Cas24–Csn28 complex binds 

to the free ends of prespacers and moves along the DNA until it reaches Cas9, which is bound 

to a PAM. At this point, the spacer may be excised from the DNA (Ellinger et al., 2012; K. H. 

Lee et al., 2012; Wilkinson et al., 2019).  

Interestingly, the adaptation process in the type III-B system involves a unique reverse 
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transcriptase (RT)-fused-Cas1 protein. In contrast to RT-free systems previously reported, 

which can only adapt DNAs as CRISPR spacers, the type III-B system exhibits the capability 

to utilize both RNAs and DNAs as substrates. The adaptation against RNAs is specifically 

reliant on the reverse transcriptase (RT). This distinctive ability to adapt to RNAs allows the 

system to preferentially acquire new spacers from transcribing regions. This preference proves 

advantageous for the system's functionality, as target interference by type III systems 

necessitates the transcription of the targets (Gonzalez-Delgado, Mestre, Martinez-Abarca, & 

Toro, 2019; Silas et al., 2016).  

 

1.1.6.2.2 Integration of prespacer into CRISPR array 

 

After the prespacers are captured and processed, they are ready to be integrated into the 

CRISPR array and be further served as an immunological memory to the host. The Cas1-Cas2 

complex that is bound to the prespacer helps further in its integration. One of the four subunits 

of Cas1 latches the PAM region to its active site, which eventually helps in maintaining the 

directionality of the spacers that get integrated into the array (Nunez, Harrington, Kranzusch, 

Engelman, & Doudna, 2015; Shipman, Nivala, Macklis, & Church, 2016; S. Shmakov et al., 

2014; Swarts et al., 2014; J. Wang et al., 2015) (Figure 1.4). Another prerequisite of this process 

is the presence of the leader region upstream to the first repeat of the array. Prespacer 

integration exhibits polarity, with newly acquired spacers being integrated at the leader 

proximal end of the CRISPR array (Figure 1.4). This polarized integration preserves the 

chronological order of encounters with MGEs, thereby enhancing efficient interference against 

the most recent infections (Barrangou et al., 2007; McGinn & Marraffini, 2016; Pourcel et al., 

2005).  

Typically, in type I-E system, the 3’-OH groups on both strands of the prespacer 

sequentially initiate nucleophilic attacks on the junctions between the leader and the first 

repeat, and between the first repeat and the initial pre-existing spacer, resulting in half-site 

integration. The recognition of the leader-repeat boundary is guided by the interaction of the 

leader sequence with the Integration Host Factor (IHF) (Nunez, Bai, Harrington, Hinder, & 

Doudna, 2016; Nunez, Harrington, et al., 2015; Yoganand et al., 2019) (Figure 1.4). Through 

transesterification reactions, the Cas1–Cas2 complex integrates the double-stranded prespacer 

into the CRISPR array (full-site integration), causing a separation between the plus and minus 

strands of the first repeat and leaving two gaps. To complete the process, DNA polymerase(s) 

and ligase(s) are believed to participate in filling the gaps (Ivancic-Bace et al., 2015; Nunez, 
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Lee, Engelman, & Doudna, 2015; Rollie, Schneider, Brinkmann, Bolt, & White, 2015) (Figure 

1.4).  

In contrast, the adaptation mechanism in type II systems does not necessitate IHF and 

instead, relies on a brief motif (~5 nt) located in the leader region known as the Leader 

Anchoring Site (LAS). The Cas1-Cas2 complex directly recognizes LAS, and this interaction 

is adequate for generating correctly oriented spacers (McGinn & Marraffini, 2016; Wright et 

al., 2016; Xiao, Ng, Nam, & Ke, 2017). 

 

 

Figure 1. 4:  CRISPR adaptation 

 

Schematic representation of the adaptation process in a typical type I-E system. Cas1 binds to the prespacer 

recognising the PAM sequence. Thereafter, certain host 3’-5’ nucleases like ExoIII, ExoT and DnaQ (dark 
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green) process the prespacer, sized by the adaptation complex. In the subsequent steps, the host recruits a protein 

called integration host factor (IHF), that binds to the leader region (IHF binding site in pink) of the CRISPR 

array and bends the DNA such that the Cas1-Cas2 anchoring site (in blue) binds the adaptation complex and 

localizes it to the leader-repeat junction. The 3’ -OH group of the prespacer makes a nucleophilic attack at the 

leader-R1 junction leading to a half-site integration intermediate product. A full-site integration product is 

subsequently generated via a second nucleophilic attack by free 3’-OH at the R1-S1 junction. Finally, the host 

polymerases and ligases repair the breaks and gaps in the array. R1 – first repeat in parent array, S1 – First 

spacer in parent array, R0 – newly generated repeat after integration, S0 – newly acquired spacer after 

integration. 

 

 

1.1.6.3 Primed adaptation 

 

The MGEs have high mutation rates which can easily alter the PAM or the seed 

sequence. This can in turn result in compromised CRISPR interference. To counteract potential 

'escape' by MGEs with such mutations, the CRISPR system has evolved a mechanism to 

enhance spacer acquisition frequency by utilizing existing spacers as bait (Datsenko et al., 

2012; Swarts, Mosterd, van Passel, & Brouns, 2012). In this process, multiple spacers are 

acquired from the priming region of the interference complex during the interference stage, 

leading to a robust immune response from the newly acquired spacers. This process is initiated 

by the recognition of the target sequence by the Cascade complex. The conformation of the 

Cascade complex, after binding to cognate or mutated target DNA, determines the prevalence 

of interference or adaptation, respectively. When there is a mutation in the PAM or 'seed' 

region, the Cascade complex assumes a conformation that is unfavourable for interference. 

Instead, Cas1-Cas2 and Cas3 are recruited, forming a Primed Adaptation Complex (PAC), 

leading to the acquisition of new spacers (Blosser et al., 2015; Hayes et al., 2016; Nussenzweig 

et al., 2019; Redding et al., 2015; Savitskaya, Semenova, Dedkov, Metlitskaya, & Severinov, 

2013; Swarts et al., 2012; Xue, Whitis, & Sashital, 2016). Moreover, the natural fusion of Cas2 

and Cas3 (Cas2-3) in type I-F elucidates the evolutionary advantage of having an overlap 

between the adaptation and interference stages (Fagerlund et al., 2017; Makarova et al., 2020; 

R. H. Staals et al., 2016).  

 

1.1.7 CRISPR maturation 

 

The second stage of CRISPR-Cas immunity is termed as CRISPR maturation. In this 

stage, the immunological memory that was acquired during adaptation is prepared to be utilised 

in selectively binding and targeting specific sequences within invading genetic elements. 
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CRISPR maturation is a two-step process that firstly involves the transcription of the CRISPR 

array yielding unprocessed transcripts referred as precursor-crRNAs (pre-crRNAs). The pre-

crRNA harbours all the acquired spacers and needs to be processed further in the subsequent 

step with the help of specific endoribonucleases. In some CRISPR-Cas systems, an additional 

trimming or secondary cleavage step is necessary to produce active, mature crRNAs 

(Charpentier, Richter, van der Oost, & White, 2015; Hille et al., 2018; Hochstrasser & Doudna, 

2015). Both of these steps are described in detail in the later sections. 

Mature crRNAs consist of a constant repeat segment recognized by various Cas proteins 

and a variable spacer region complementary to the invading MGEs. Essentially, every CRISPR 

system needs to differentiate between crRNAs and other transcripts to effectively carry out 

immunity. To address this challenge, the constant region serves as a distinctive marker, 

allowing the system to differentiate it from other cellular RNAs and indicating its selection for 

RNA processing (C. Hale et al., 2008; Haurwitz, Jinek, Wiedenheft, Zhou, & Doudna, 2010). 

Moreover, the acknowledgment of the constant region in the crRNA by the CRISPR 

immunosurveillance complex is frequently linked to the activation of the complex. Therefore, 

the maturation of crRNA potentially serves as a pivotal regulatory step before the onset of the 

targeting phase in the immune response (Nussenzweig & Marraffini, 2020). 

 

1.1.7.1 Transcription of the CRISPR locus 

 

The first step of CRISPR maturation is the transcription of the CRISPR array of repeat 

and spacers. The initial observation of transcribing a CRISPR locus into a primary transcript 

or pre-crRNA emerged from extensive analyses of non-coding RNAs in Archaeoglobus 

fulgidus and Sulfolobus solfataricus P2 (Tang et al., 2002; Tang et al., 2005). The identified 

sequences were associated with various positions within the CRISPR array, indicating that the 

entire locus undergoes transcription as a lengthy transcript, subsequently undergoing 

processing into smaller repeat-spacer units. It was later observed in many different bacterial 

and archeal species (Agari et al., 2010; Brouns et al., 2008; C. R. Hale et al., 2009; Marraffini 

& Sontheimer, 2010b; Pougach et al., 2010; Pul et al., 2010). Additionally, the studies also 

indicated the unidirectional transcription of the pre-crRNAs from a leader proximal end of the 

locus that harbours putative BRE and TATA box sites. However, in a few Sulfolobus species, 

transcription of the CRISPR array was observed from the complementary strand indicating the 

presence of these promoter elements downstream of the array (Lillestol, Redder, Garrett, & 
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Brugger, 2006; Lillestol et al., 2009). However, further processing of these pre-crRNAs has 

not been well detected and thus remains undetermined.  

In general, Cas proteins and pre-crRNA are expressed continuously, yet under specific 

conditions, their levels can be subject to regulation, indicating the existence of a feedback 

mechanism to monitor the presence of invasive nucleic acids. The regulatory process exhibits 

notable variations among different CRISPR-Cas systems, underscoring the remarkable 

adaptability and evolutionary capacity of CRISPR systems in response to environmental 

pressures. Various types of regulation have been observed in the transcription of CRISPR 

arrays and cas genes. 

• Bacterial quorum sensing (QS) plays an important role in regulating the 

expression of the CRISPR-Cas system. QS entails the production, release, and detection of 

extracellular signal molecules known as autoinducers (AI). This communication system 

regulates behaviors that necessitate synchronized actions among cells to achieve effective 

outcomes. Studies have shown that the expression of the cas genes as well as the CRISPR array 

of type I-E, I-F and III-A in Serratia sp. are found to be regulated by SmaI (autoinducer) and 

SmaR (repressor) based system of the host (Patterson et al., 2016). Similar observations have 

been made about the interplay between quorum sensing (QS) and CRISPR-Cas systems in 

Pseudomonas aeruginosa and Aliivibrio wodanis, highlighting how the presence of 

autoinducers influences the regulation and functioning of the CRISPR defense mechanism 

(Hoyland-Kroghsbo et al., 2017; Maharajan, Hjerde, Hansen, & Willassen, 2022). 

• Nucleoid-associated proteins (NAPs) that possess the capacity to bind double-

stranded DNA, also serve as global regulators of gene expression. Histone-like nucleoid 

structuring (H-NS) protein, belonging to the NAPs family, non-specifically binds to DNA at 

adenine and thymine rich regions, resulting in significant DNA condensation that might hinder 

gene transcription (Navarre, McClelland, Libby, & Fang, 2007; Stoebel, Free, & Dorman, 

2008). Studies indicate that H-NSs not only play a role in the general repression of gene 

expression but also downregulate the transcription of CRISPR-Cas genes. In E. coli, H-NS 

activity almost entirely suppresses cas gene expression under laboratory conditions (Pul et al., 

2010). Moreover, certain phages have been discovered to encode their own hns genes, 

suggesting that it might counteract the defense response of the CRISPR-Cas system 

(Skennerton et al., 2011). The transcription of the CRISPR array is also influenced, albeit to a 

lesser degree, by the regulatory characteristics of these proteins. This dependence is attributed 

to the reduced binding affinity of H-NS to the leader portion of the CRISPR array, which allows 
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for the generation of pre-crRNA at lower levels, as the expression is not entirely suppressed 

(Pul et al., 2010). 

•  However, LeuO, another DNA binding protein, binds to the regulatory region 

of the cas gene as a tetramer and interferes with the cooperative binding of H-NS proteins 

(Guadarrama, Medrano-Lopez, Oropeza, Hernandez-Lucas, & Calva, 2014). Studies on E. 

coli mutants have revealed that LeuO not only inhibits the binding of repressors but also 

stimulates the transcription of the cas genes (Westra et al., 2010). The regulation of leuO gene 

expression indirectly impacts the regulation of the CRISPR-Cas system. Activation of leuO 

expression occurs through the RcsB-BglJ heterodimer, belonging to the LuxR family of 

transcription regulators (Venkatesh et al., 2010). The transcription of leuO is also repressed by 

H-NS and/or StpA (H-NS homolog). Additionally, a negative feedback loop is evident at high 

LeuO concentrations. The LeuO protein can bind to its operator on DNA, leading to the 

inhibition of transcription, indirectly leading to repression of the CRISPR-Cas expression 

(Stratmann, Pul, Wurm, Wagner, & Schnetz, 2012). 

• StpA protein is a homologue of H-NS protein and belongs to the NAPs family. 

It has been observed that StpA and H-NS paralogs share a common DNA binding site but have 

opposite roles in the regulation of transcription. In E. coli type I-E system, StpA was found to 

repress the expression of cas genes (Mitic, Radovcic, Markulin, & Ivancic-Bace, 2020). 

Leucine-responsive regulatory proteins (LRPs), like H-NS proteins, are members of the NAPs 

family and share a similar function of suppressing the CRISPR operon that is regulated by 

LeuO. In S. typhi, both LRP and H-NS bind upstream and downstream of the transcriptional 

start site of cas genes suggesting their collaborative role in controlling gene expression within 

the CRISPR-Cas system (Medina-Aparicio et al., 2011). 

• The complex of cAMP and cAMP receptor proteins, also known as catabolite 

activator proteins (CAP), is generally a global transcription modulator. However, it was 

observed to have influenced the CRISPR locus expression in various organisms. In the case of 

Pectobacterium atrosepticum harbouring I-F CRISPR-Cas subtype, a deficiency in glucose 

activates the expression of cas genes, and its abundance has the opposite regulatory effect 

(Patterson, Chang, Taylor, & Fineran, 2015). Whereas, in E. coli with subtype I-E, elevated 

glucose levels result in the indirect activation of transcription, whereas inhibition of 

transcription occurs at lower glucose levels (C. D. Yang, Chen, Huang, Huang, & Tseng, 2014). 

This difference arises due to the difference in CAP binding sites. In case of E. coli the CAP 

binding site is located upstream of the cse1 transcriptional start site and overlaps the binding 
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site of the LeuO activator, which directly effects the expression of cas genes and CRISPR 

array. On the other hand, P. atrosepticum CAP-box is situated optimally which enhances 

RNAP binding without effecting the leuO binding site and thus upregulating the expression of 

the CRISPR locus. 

• Various two-component systems are also found to control the expression of the 

CRISPR locus. For example, the VicR/K system regulates the expression of subtypes II-A and 

I-C in Streptococcus mutans. This two-component signaling system favoured the expression 

of type II-A CRISPR locus over type I-C (Serbanescu et al., 2015). However, the mechanism 

of action is not clear yet. Similarly, in P. aeruginosa, the I-F CRISPR-Cas system is regulated 

by a two-component system – KinB/AlgB, that takes part in alginate biosynthesis regulation 

(Borges et al., 2020). 

 

1.1.7.2 Processing of the pre-crRNA 

 

The second step of maturation is the processing of pre-crRNAs (consisting of constant 

repeat units interspaced by variable spacer units) into mature crRNAs by specific endoRNases. 

The processing takes place within the repeat sequences as a result of which the mature crRNAs 

consist of a repeat segment recognized by Cas proteins in a manner dependent on both structure 

and sequence and a target-specific spacer region. In a few cases, an additional processing step 

is required to generate the mature crRNAs. These endoRNases serve two distinct functions: 

first, they identify and process the precursor transcript, leading to the generation of mature 

crRNAs, and second, they typically retain the mature crRNA for subsequent loading onto the 

respective effector proteins or complexes responsible for mediating interference. The 

diversification of CRISPR-Cas into different classes and types and the presence of a wide array 

of distinct Cas proteins reflect the evolution of distinct mechanisms for crRNA processing. 

 

1.1.7.2.1 Class 1 crRNA maturation 

 

Class 1 CRISPR-Cas systems are subdivided into types I, III and IV, wherein the 

process of crRNA maturation shows similarity in types I and III. The majority of type I 

CRISPR-Cas systems, excluding subtype I-C systems, utilize Cas6 endoribonucleases to cleave 

the repeat sequence within the pre-crRNA sequence (Charpentier et al., 2015; H. Li, 2015). 
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Cas6 belongs to the repeat-associated mysterious proteins (RAMP) superfamily, which 

includes a diverse range of protein families characterized by tandem or single ferredoxin-like 

folds. These folds are also known as RNA recognition motifs (RRM) and are associated with 

RNA binding (Haurwitz et al., 2010; R. Wang, Preamplume, Terns, Terns, & Li, 2011). The 

RRM folds are characterized by two sequentially connected units of βαβ, resulting in an overall 

fold shaped like βαββαβ. In general, RAMP proteins set themselves apart from other 

ferredoxin-fold proteins by incorporating additional secondary elements onto the fundamental 

βαββαβ unit and organizing two such domains in tandem. The N-terminal domain in all RAMP 

proteins typically closely resembles the classic ferredoxin fold, while the C-terminal domain is 

often interrupted by insertions. The distinctive G-loop links the final α-helix and β-strand (α4 

and β8) and is positioned at the junction between the two ferredoxin-like fold/RRM domains. 

The G-loop has been identified as crucial for both the folding of Cas6 and RNA binding  

(Haurwitz et al., 2010; Sashital, Jinek, & Doudna, 2011; R. Wang & Li, 2012; R. Wang et al., 

2011). The Cas6-mediated processing step is metal-independent and proposed to be catalyzed 

through a potential general acid-base mechanism, typically resulting in crRNAs with 5′-OH 

and 2′,3′-cyclic phosphate termini (Carte, Pfister, Compton, Terns, & Terns, 2010; Carte et al., 

2008; Gesner et al., 2011; Jore, Brouns, & van der Oost, 2012). 

Cas6 recognises and binds to the repeat regions of the pre-crRNA initiating the 

processing of the precursor substrate. The repeats found in different CRISPR-Cas types and 

subtypes exhibit variations in both sequence and structure. These repeats can adopt either a 

structured architecture, such as a stem-loop, or remain unstructured. The ability of each repeat 

sequence to form stable secondary structures, often in the form of a stem-loop, is influenced 

by the palindromic nature of the repeat sequence (F. J. Mojica et al., 2000). Sequence 

similarities and alignment of the repeats allow the organization of CRISPR repeats into 33 

repeat clusters. (Kunin, Sorek, & Hugenholtz, 2007). Among these, 12 clusters included 10 or 

more members, and the most extensive cluster (cluster 1) encompassed 94 repeat sequences. 

Consequently, various CRISPR-Cas systems can be linked to distinct clusters, showcasing 

differences in the sequence and structure of repeats. Therefore, the unique recognition of a 

repeat RNA necessitates a specific mechanistic solution for substrate discrimination by the 

endoRNases, implying variations in the mechanism of substrate recognition and processing 

among different CRISPR variants. 

CRISPR repeats in subtype I-A and I-B lack palindromic sequences, resulting in an 

unstructured conformation. Cas6 proteins in these systems form dimers and play a crucial role 
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in remodeling the repeats to create the necessary stem-loop structure and reposition the 

cleavage site (Figure 1.5). This is achieved by either two Cas6 proteins forming dimers to 

process the unstructured repeat, or two non-interacting Cas6 proteins binding to separate 

sequence motifs within the same repeat, facilitating processing activity (Reeks et al., 2013; 

Richter, Lange, Backofen, & Randau, 2013; Shao & Li, 2013; Shao et al., 2016). Cas6a (type 

I-A) and Cas6b (type I-B) have a metal-independent ribonuclease activity, that specifically 

generates an 8-nt 5′ repeat tag followed by a complete spacer sequence. All known homologs 

of Cas6a (type I-A) and some homologs of Cas6b (type I-B) release the crRNA after the 

processing event and do not become integrated into the effector complex (Carte et al., 2008; 

Charpentier et al., 2015) (Figure 1.5).  

Cas6 in type I-D, I-E, and I-F CRISPR-Cas systems identifies stable hairpins that 

develop between palindromic sequence stretches within their repeats (Kunin et al., 2007) 

(Figure 1.5). The conserved nucleotide sequence of the repeats within pre-crRNA is crucial for 

its recognition (Brouns et al., 2008; Jore et al., 2011).  Structural studies show that the 

phosphate backbone in the 3' region of the RNA establishes electrostatic contacts with 

positively charged residues in both ferredoxin-like domains, while the 5' region remains 

exposed to the solvent. Specifically, the N-terminal ferredoxin domain (N-ferredoxin) of 

Cas6/I-E is involved in RNA hydrolysis. It interacts with the lower portion of the RNA stem 

containing the scissile phosphate and with the two unpaired nucleotides at the 3'-end of the 

RNA. On the other hand, the C-terminal ferredoxin domain (C-ferredoxin), responsible for 

recognizing the RNA substrate, plays crucial roles in maintaining (i) the groove-binding 

element (GBE) situated between β1′ and α1′, where the prime symbol refers to the second, C-

terminal RRM, probing the major groove of the pre-crRNA stem and often providing sequence 

specificity, (ii) the glycine-rich loop (G-loop) motif GhGxxxxxGhG (where h represents a 

hydrophobic residue and xxxxx contains at least one arginine or lysine) at the C-terminus 

positioned between α2′ and β4′ that stabilizes the pre-crRNA interaction with the Cas6 

nuclease, and (iii) the β hairpin formed by β2′ and β3′ that assists in positioning the scissile 

phosphate of the pre-crRNA transcript in the active site (Carte et al., 2008; Gesner et al., 2011; 

Haurwitz et al., 2010; Makarova, Aravind, et al., 2011; Sashital et al., 2011). The catalytic 

residues Tyr23, His26, Arg27, and Arg158 of Cas6e play a role in RNA cleavage (Gesner et 

al., 2011; Sashital et al., 2011).  

Cas6d from type I-D binds to the pre-crRNA in a manner dependent on both sequence 

and secondary structure. It cleaves the repeat sequence after the stem-loop, resulting in an 
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approximately 72-nucleotide crRNA with an 8-nucleotide 5′ and a 29-nucleotide 3′ repeat-

derived handles. However, in the natural host Synechocystis, further maturation to 45 and 39 

nucleotides is observed (Jesser, Behler, Benda, Reimann, & Hess, 2019; Scholz, Lange, Hein, 

Hess, & Backofen, 2013). A similar maturation pattern is observed in type I-D from S. 

islandicus, suggesting step-wise processing by host nuclease(s), similar to type III systems, as 

well as explains processing in complexes lacking Cas6 and a Cas7 subunit(s) (Lin et al., 2020; 

Scholz et al., 2013).  

Cas6f from type I-F tightly binds to the hairpin region of the repeat RNA. However, In 

P. aeruginosa, Cas6f features an N-terminal ferredoxin-like fold, whereas, its C-terminal 

region adopts an extended conformation, despite maintaining a basic secondary structure 

connectivity reminiscent of a ferredoxin-like fold (Haurwitz et al., 2010). Cas6f utilizes a serine 

and a histidine residue to facilitate cleavage of the pre-crRNA within the repeat at the 3′ side 

of a stable RNA stem-loop structure. Notably, in contrast to crRNA processing by type I-E 

Cas6e, crRNAs produced by Cas6f have a non-cyclic phosphate at the 3′ end (Wiedenheft et 

al., 2011). In the I-F system, Cas6 remains bound to the cleavage product through base-specific 

interactions with the RNA allowing for the subsequent utilization of the mature crRNA by the 

Cascade complex (Rollins, Schuman, Paulus, Bukhari, & Wiedenheft, 2015; Sternberg, 

Haurwitz, & Doudna, 2012). 

The type I-C CRISPR-Cas system lacks Cas6 maturase and Cas5d, identified within the 

locus, serves as the endoribonuclease responsible for cleaving pre-crRNA within the repeats 

(Figure 1.5). Cas5d recognizes both the base of the pre-crRNA stem-loop and the 3′ single-

stranded overhang in the pre-crRNA repeat and subsequently cleaves the substrate in a metal-

independent manner (Garside et al., 2012; Nam et al., 2012). Unlike Cas6 enzymes, Cas5d 

generates an 11-nucleotide 5′ tag instead of the canonical 8 nucleotides. Cas5d cleavage 

produces crRNA products with a 5′ OH and a 2′,3′-cyclic phosphate. The crystal structure of 

Cas5d reveals a ferredoxin-based architecture and a catalytic triad consisting of histidine, 

tyrosine, and lysine, indicative of a general acid-base mechanism. Cas5 proteins feature a single 

N-terminal RAMP (Repeat-Associated Mysterious Proteins) domain and a smaller C-terminal 

β-sheet domain, where the RAMP (RRM) domain is responsible for substrate binding and 

cleavage. Cas5 from certain subgroups belonging to type I-C harbour an insertion (∼23 

residues) in between the β3 and β4 strands of the RRM fold (Garside et al., 2012; Koo, Ka, 

Kim, Suh, & Bae, 2013; Nam et al., 2012). Further biochemical and structural analysis 

demonstrates that after pre-crRNA cleavage, Cas5d assembles into a 400-kDa complex with 
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the mature crRNA, Cas8c (Csd1), and Cas7 (Csd2), the other two Cas proteins specific to type 

I-C. Few Cas5d variants have also been shown to possess an additional metal-dependent DNase 

activity (Punetha et al., 2014).  

Unlike the swaths of structural and biochemical insights available for most of the 

abovementioned type I systems, an unexplored but fascinating system is the type I-G CRISPR-

Cas system. Interestingly, type I-G, a newly identified subtype of type I CRISPR-Cas system, 

does not harbour either Cas5 or Cas6 as a standalone maturase. Instead, it comprises of Csb2 

which is a fusion of both Cas5 and Cas6 proteins and was thus predicted to be involved in 

crRNA maturation (Makarova et al., 2015). Recent biochemical insights into the role of Csb2 

from Thioalkalivibrio sulfidiphilus, have shown its role in the processing of pre-crRNA 

(Shangguan, Graham, Sundaramoorthy, & White, 2022). However, its interplay with other 

components of the CRISPR system is poorly understood. 

Type III CRISPR-Cas system is further subdivided into six subtypes (A-F) (Makarova 

et al., 2020). Amongst them only type III-A and III-B retain cas6 in their locus. The repeat 

regions in these systems are unstructured and the Cas6 proteins exhibit high sequence similarity 

to Cas6 homologs of type I-A and I-B. Additionally, the overall processing mechanism in type 

III closely resembles that of type I-A and I-B, where Cas6-mediated crRNA maturation occurs 

through a two-step process. Firstly, processing includes the cleavage of pre-crRNA by Cas6 

within the repeats, and then they undergo further processing by unknown host nucleases, at the 

3′ ends of the crRNA to generate the active, mature crRNAs (Carte et al., 2010; Carte et al., 

2008; Kunin et al., 2007; Marraffini & Sontheimer, 2010a). Moreover, like the Cas6 homologs 

of type I-A and I-B, type III Cas6 proteins are not part of the interference complex. The 

catalytic and binding sites in Cas6/III-B are distantly located and connected by the substrate, 

which interacts weakly or transiently with the signature Glycine-rich loop. Cleavage of the pre-

crRNA transcript takes place 8 nucleotides upstream of each spacer, generating the conserved 

5' handle and a variable 22-nucleotide repeat-derived sequence at the 3'-end. This processing 

is facilitated by a catalytic triad consisting of Tyrosine, Histidine, and Lysine. The resulting 

product remains bound to Cas6 until it is transferred to the respective effector complex (R. 

Wang et al., 2011). Type III-C, D and F systems do not have genes that express the Cas6 

maturase and thus are hypothesised to either utilize Cas5 similar to type I-C or Cas6 from 

neighbouring CRISPR locus. Interestingly, type III-E harbours a giant RAMP family protein 

(Cas7-11), which is found to take part in the maturation of the pre-crRNA to mature crRNA.  
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The cas7-11 gene consists of four subunits of cas7, whose last subunit is interrupted by an 

insertion element and the first subunit is succeeded by cas11. The Cas7.1 and Cas7.2 subunits 

are responsible for processing the pre-crRNA (Goswami, Rai, Das, & Li, 2022; Ozcan et al., 

2021; van Beljouw et al., 2021; Yu et al., 2022). 

Type IV CRISPR-Cas system is further divided into five subtypes (A-E), out of which 

type IV-B lacks Cas6 (Pinilla-Redondo et al., 2020). Type IV systems encompass various Cas6 

variants, incorporating sequences resembling Cas6e and Cas6f and an additional, Cas6 

homolog known as Csf5 (Makarova et al., 2020). The structure of Cas6/IV-A reveals the 

presence of two RRM folds wherein the C-terminal RRM fold harbors the GBE, the G-loop 

and the β hairpin. The metal-independent cleavage by Cas6 is catalysed by tyrosine and 

histidine (H. N. Taylor et al., 2019). However, sequence alignments comparing biochemically 

characterized and putative type IV Csf5/Cas6 enzymes have indicated that Csf5 enzymes 

cleave RNA using arginine active site residues (Ozcan et al., 2019; H. N. Taylor et al., 2021). 

Cas6/IV from Mahella australiensis is found to remain bound to the 5ʹ side of its cleaved 

crRNA product, indicating that it might function as a component within a multi-subunit 

complex that assembles on the processed crRNA (H. N. Taylor et al., 2019). The mechanism 

of crRNA processing in subtypes IV-C, D and E awaits characterization.  
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Figure 1. 5:  Type I CRISPR maturation 

 

Type I systems harbour both structured (left) and unstructured (right) repeat regions.  

Left panel: The expression of the CRISPR array yields a long pre-crRNA transcript which is processed further 

by either Cas6 or Cas5. Both of them recognise the stem-loop of the repeat RNA and cleave at the base of it. 

Cas6/Cas5 generally remains bound to the mature crRNA facilitating the assembly of the Cascade complex.  

Right panel: The unstructured repeats fail to form a stem-loop structure. In such cases, the Cas6 dimers 

recognise the repeat sequence and bind to it forming a transient stem-loop like structure that facilitates its 

further processing. Unlike the previous case, Cas6 here is a multi-turnover enzyme and does not form a part of 

the Cascade complex.  

 

 

1.1.7.2.2 Class 2 crRNA maturation 

 

In contrast to Class 1 systems, Class 2 systems employ a single-subunit multidomain 

effector nuclease and, in some instances, a non-CRISPR host protein for crRNA maturation. 

Class 2 system is further catagorized into three types- type II, V and VI systems. Amongst 

these type II and V requires an additional trans-acting small RNA (tracrRNA) for successful 

TH-3532_156106010



Chapter 1: Introduction 

40 
 

processing of the pre-crRNA (Deltcheva et al., 2011; S. Shmakov et al., 2015; Zhang et al., 

2013). The tracrRNA is a small RNA encoded in trans, often transcribed several nucleotides 

upstream of the CRISPR locus from the opposite strand.  

Type II CRISPR system is further subdivided into three subtypes, type II A-C. The 

maturation of crRNA in type II involves a distinct Cas protein known as Cas9, which 

collaborates with RNase III, a host factor, to facilitate the processing of CRISPR RNA (Figure 

1.6). The apo state structures of Cas9 feature an alpha-helical recognition (REC) lobe and a 

nuclease (NUC) lobe, which contains the conserved HNH and split RuvC nuclease domains, 

along with the more variable C-terminal domain (CTD). These two lobes are connected by two 

linking segments, one formed by the arginine-rich bridge helix and the other by a disordered 

linker (residues 712–717). The REC lobe consists of three alpha-helical domains (Hel-I, Hel-

II, and Hel-III) and lacks structural similarity with other known proteins. The elongated CTD 

exhibits a Cas9-specific fold and includes PAM-interacting sites essential for PAM 

interrogation (Jinek et al., 2014). Type II repeat RNAs lack the potential to form hairpin 

structures. The tracrRNA, which is complementary to the crRNA, plays a crucial role by 

providing an interacting RNA structure and consequently contributing towards overcoming the 

deficiency of repeat secondary structures (Deltcheva et al., 2011) (Figure 1.6). Moreover, the 

tracrRNA is indispensable for crRNA-mediated DNA recognition and Cas9-mediated 

targeting, even for crRNAs that skip the processing (Jinek et al., 2012; Zhang et al., 2013). The 

initiation of the maturation process in the type II-A system begins with the binding of tracrRNA 

to the complementary sequence on the repeat region of pre-crRNA, forming a 

tracrRNA:crRNA duplex. The effector protein Cas9 (II-A) stabilizes the duplex and recruits 

the host RNase III protein for the initial processing of crRNA. Following this, another unknown 

host nuclease trims the 5' repeat-derived overhang (Deltcheva et al., 2011; Le Rhun, Escalera-

Maurer, Bratovic, & Charpentier, 2019) (Figure 1.6). The mature crRNA, bound to tracrRNA 

with approximately 20 nucleotides in the 5' spacer and 19-22 nucleotides in the 3' repeat-

derived region, along with Cas9, forms the interference complex necessary for target cleavage 

(Deltcheva et al., 2011; Gasiunas et al., 2012; Jinek et al., 2012). In contrast, the type II-C 

system features individual promoters towards the terminal 9 nucleotides of each repeat, leading 

to the transcription of individual crRNAs. This results in bypassing the need for further 

processing and yielding mature crRNA (Zhang et al., 2013). Although trimming at the 3’-end 

may occur, involving RNase III and tracrRNA, it is dispensable for interference. The 

dispensability of pre-crRNA processing represents a notable mechanistic variation in crRNA 

generation among type II variants (Zhang et al., 2013).  
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Type V CRISPR-Cas system is one of the highly diversed systems which is further 

subdivided into twelve subtypes (A-H, I, K, L and CRISPR-CasΦ) (Tong et al., 2020; Yan et 

al., 2019). Similar to the type II system, some variants of type V also requires a tracrRNA 

element and the host RNaseIII for processing the pre-crRNA. Apart from these, Cas12 – a 

major Cas protein – is involved in the crRNA maturation. Cas12 is bilobed in structure, 

consisting of an α-helical recognition (REC) lobe and a nuclease (NUC) lobe. The two lobes 

are joined by a bridge helix (BH) motif. The REC lobe features two REC domains (REC1 and 

REC2), primarily responsible for accommodating and stabilizing the crRNA-target DNA 

hybrid upon the formation of the "R-loop". Within the NUC lobe, Cas12a features a RuvC 

domain, a PAM identical (PI) domain, an oligonucleotide-binding (OB) domain, and a Nuc 

domain (Gao, Yang, Rajashankar, Huang, & Patel, 2016). The CRISPR repeat RNAs of the 

type V system are typically structured with a stem-loop region (Figure 1.6). Cas12a/Cpf1 

mediated crRNA processing is metal independent and the catalytic residues responsible for 

crRNA processing are one histidine and two lysines, that are located in the WED domain of 

the NUC lobe (Fonfara, Richter, Bratovic, Le Rhun, & Charpentier, 2016; Swarts, van der 

Oost, & Jinek, 2017). Cas12b/C2c1 is the type V-B effector nuclease that demonstrates 

cleavage properties similar to Cpf1/V-A. However, Cas12b mediated processing requires both 

crRNA and tracrRNA for targeting, as opposed to Cpf1/V-A (H. Yang, Gao, Rajashankar, & 

Patel, 2016). The structure of Cas12b/C2c1 is a bi-lobed architecture with REC and NUC lobes, 

but it lacks the PI domain (L. Liu, Chen, et al., 2017).  

Studies on type V-C, G, H and I show involvement of the respective Cas12 (Cas12c, g, 

h and i) proteins, but the mechanism of their action is poorly understood.  Amongst these, type 

V-G reveals the involvement of tracrRNA in the processing of pre-crRNA, and is also 

hypothesised to utilise additional host nucleases for this process (Yan et al., 2019). On the other 

hand, Cas12c from type V-C requires a 71nt long scout RNA for pre-crRNA processing. 

Cas12d also recruits a scout RNA, but its involvement in pre-crRNA processing is poorly 

understood (Harrington et al., 2020). Both Cas12c  and Cas12d harbour a single 

RuvC nuclease domain, which is known to help in RNA-guided DNA cleavage, in other type 

V family enzymes (Haurwitz et al., 2010). The process of maturation in types V-E, F and K is 

not yet studied. Type V-J/ CRISPR-CasΦ system features CasΦ which is a minimal effector 

protein consisting of a C-terminal RuvC domain which is responsible for metal-dependent 

processing of the pre-crRNA (Pausch et al., 2020).  

The last member of the Class 2 CRISPR-Cas system is type VI which is further 

subdivided into four subtypes (A-D) (Makarova et al., 2020). Type VI CRISPR-Cas systems 
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feature Cas13 as the only effector protein. Unlike Cas9 and Cas12 from type II and V systems 

respectively, Cas13 does not require tracrRNA to aid in the process of maturation (L. Liu, Li, 

Ma, et al., 2017; L. Liu, Li, Wang, et al., 2017). Cas13 contains two nuclease domains 

belonging to the higher eukaryotes and prokaryotes nucleotide-binding (HEPN) superfamily, 

connected by a Helical-2 domain. The NUC (nuclease) lobe is preceded by an N-terminal REC 

(recognition) lobe that is composed of an N-terminal domain (NTD) and a Helical-1 domain. 

The repeat regions of the crRNA form a stem-loop structure (Figure 1.6). In the case of 

Cas13a/C2c2 from type VI-A the Helical-1 domain of the REC lobe harbours the catalytic sites 

(arginine and lysine) responsible for the processing of the crRNA (East-Seletsky, O'Connell, 

Burstein, Knott, & Doudna, 2017; East-Seletsky et al., 2016; Knott et al., 2017; L. Liu, Li, 

Wang, et al., 2017; O'Connell, 2019). Cas13a cleaves at the pre-crRNA at the base of the stem-

loop region towards the 5’ end (Figure 1.6). The crRNA maturation process follows a single-

turnover mechanism and is not dependent on divalent cations (East-Seletsky et al., 2016; L. 

Liu, Li, Wang, et al., 2017). Cas13b (type VI-B), pre-crRNA processing active site recognizes 

the base of the stem-loop region and cleaves at the 3’ end of it. Interestingly, it has been 

observed that in type VI-B, the CRISPR array exhibits variable repeat lengths, while the spacer 

sequence maintains a consistent length of approximately 30 nucleotides. A mature crRNA 

originating from this system may possess either 36-nucleotide or 88-nucleotide long repeats, 

with both variants demonstrating equal efficiency in target cleavage (Smargon et al., 2017). 

Cas13d (type VI-D) pre-crRNA processing produces a mature crRNA with a repeat-spacer 

structure similar to the Cas13a family, specifically cleaving at the 5’ end of the stem-loop 

region. However, unlike Cas13a, which is a metal-independent RNase, Cas13d pre-crRNA 

processing requires divalent ions (Konermann et al., 2018; L. Liu, Li, Wang, et al., 2017; Yan 

et al., 2018). Given the conservation of pre-crRNA processing in Type VI-A, B, and D systems, 

it is likely that Cas13c will also maintain the ability to cleave pre-crRNAs, but it requires 

further investigation. 
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 Figure 1. 6:  CRISPR maturation in class 2 

 

Class 2 CRISPR-Cas systems feature a single subunit effector protein that takes part in the maturation of pre-

crRNA.  

Left: Type II systems utilise a tracrRNA component (magenta) in the recognition of the pre-crRNA. This 

complementary recognition of the repeat region by tracrRNA facilitates Cas9 binding, which further deploys 

the host RNaseIII (in brown) for cleavage. Post RNaseIII mediated nicking, the crRNA bound to Cas9 is further 

subjected to processing by certain unknown host nucleases (in lavender).  
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Centre: Type V CRISPR system harbours Cas12 that recognises the repeat region and makes a nick at the 3’ 

end of the spacer. The individual crRNAs are then further processed by an unknown nuclease (lavender).  

Right: Cas13 is responsible for crRNA maturation in the type VI system. It recognises the repeat regions and 

cleaves at the 5’ end of the base of the stem-loop region, producing mature crRNAs.  

Red triangles denote nicking positions. 

 

 

1.1.8 CRISPR interference 

 

The conclusive step of the CRISPR-Cas system is interference, and involves the 

targeted destruction of invasive elements or mobile genetic elements (MGEs). This is achieved 

through the complementarity of the specific target DNA/RNA sequence with its corresponding 

spacer region on the crRNA within the effector complex. Given that crRNA is derived from 

the CRISPR array, there is a potential risk of self-targeting, leading to the cleavage of its own 

genome. However, an evolutionary mechanism has evolved to prevent such an autoimmune 

response. In most CRISPR-Cas systems, the protospacer adjacent motif (PAM) sequence, 

which is the major criterion for the recognition of the foreign DNA by the adaptation complex, 

is either not acquired or only partially integrated into the CRISPR array during the adaptation 

process (Goren, Yosef, Auster, & Qimron, 2012; Heler et al., 2015). Consequently, the PAM 

sequence is exclusively present in invading MGEs and absent in the CRISPR locus and since 

the PAM sequence is essential for effective CRISPR interference, the “cleavage of the self-

DNA” is precluded (Abudayyeh et al., 2016; Anders, Niewoehner, Duerst, & Jinek, 2014; 

Deveau et al., 2008; Hayes et al., 2016; F. J. M. Mojica et al., 2009; Westra et al., 2013; Yosef 

et al., 2012; Zetsche et al., 2017). In contrast, type III systems do not rely on the PAM sequence 

for such discrimination and instead, the 5' and 3' portions of repeats on the matured crRNA 

serve as markers to identify invading MGEs. The complementary base pairing between crRNA 

and the host CRISPR DNA makes interference machinery less effective, thereby safeguarding 

it from unintended cleavage (Marraffini & Sontheimer, 2010b).  

 

1.1.8.1 Class 1 CRISPR-Cas Interference 

 

Class 1 CRISPR-Cas systems are further categorized into types I, III, and IV, each 

characterized by a multi-subunit interference complex responsible for the interference process. 

While our understanding of interference in Class 1 primarily stems from types I and III, the 
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knowledge regarding the functionality of recently discovered type IV systems is in its early 

stages and necessitates comprehensive investigation. 

Type I system is the most prevalent among CRISPR-Cas systems. It utilizes a 

multiprotein complex, known as the CRISPR-associated complex for antiviral defense 

(Cascade), bound to crRNA, that recognizes the target sequences. Thereafter it employs Cas3, 

a helicase-nuclease protein for the cleavage of targeted DNA sequences. While the general 

structure of Cascade is maintained across different subtypes, there can be variations in its 

composition (Makarova et al., 2015; Makarova et al., 2020). The major protein components of 

the most widely studied Cascade complex from type I-E, are Cas51, Cas61, Cas76, Cas81 and 

Cas112, where the suffix indicates the number of subunits (Figure 1.7A). Following pre-crRNA 

processing by Cas6e, it remains associated with the 3' repeat portion of the crRNA and 

facilitates Cascade assembly (Gesner et al., 2011; Sashital et al., 2011). The crRNA becomes 

an integral component of Cascade, binding along the backbone of the complex and capped by 

Cas5e at the 5' end (Figure 1.7A). Six subunits of Cas7e proteins constitute the helical backbone 

of the Cascade, that adopt hand-like shapes, with the thumb domains inducing a kink in the 

crRNA at every sixth nucleotide. Cascade consists of small (Cas11e) and large (Cas8e) 

subunits. Two Cas11e subunits (small subunit) interact directly with the Cas7e backbone, 

forming the 'belly' of the complex, while Cas8e (large subunit) interacts with Cas5e, Cas7e, 

and Cas11e, constituting the 'tail' (Figure 1.7A). The Cascade effector complex finally 

assembles into a seahorse-like structure (Jackson et al., 2014; Mulepati, Heroux, & Bailey, 

2014; Zhao et al., 2014) (Figure 1.7A). Cas8 recognises the PAM of the target DNA and 

initiates the local unwinding. Following this, the crRNA binds to the complementary seed 

sequence, comprising the first eight PAM-proximal nucleotides of the crRNA (Hayes et al., 

2016; Xiao, Luo, et al., 2017) (Figure 1.7B). The non-target strand of the DNA is bound by 

two Cas11e subunits, leading to the formation and stabilization of the R-loop structure. The R-

loop structure triggers the recruitment of the endonuclease Cas3, which initiates the 

degradation of the non-target strand (Y. Huo et al., 2014; Redding et al., 2015; Westra et al., 

2012; Zhao et al., 2014) (Figure 1.7B). Cas3 comprises of N-terminal HD domain followed by 

a superfamily 2 DEAD-box helicase domain followed by a C-terminal domain (CTD). The 

metal-dependent HD domain of Cas3 nicks the displaced non-target DNA strand, inducing 

structural changes in the protein that activates its ATP-dependent helicase activity. 

Consequently, Cas3 translocates and progressively degrades the non-target DNA strand in the 

3' to 5' direction (Beloglazova et al., 2011; Gong et al., 2014; D. Han & Krauss, 2009; Y. Huo 

et al., 2014; Jackson et al., 2014; Sinkunas et al., 2011; Sinkunas, Gasiunas, & Siksnys, 2015) 
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(Figure 1.7B). It was also shown that the CTD is crucial for the interference step in type I-C 

Cas3 (Nimkar & Anand, 2020). Nevertheless, in certain variants of Type I systems, such as in 

Type I-A, the nuclease and helicase domains are expressed separately and yet function 

synergistically. Additionally, there are instances where these domains are fused to other Cas 

proteins, such as the Cas2-Cas3 fusion observed in Type I-F. Another example is Type I-G, 

where Cas3 domains are rearranged, resulting in the presence of N-terminal helicase and C-

terminal nuclease domains (Makarova et al., 2015; Makarova et al., 2020; Tuminauskaite et 

al., 2020). The full degradation of the target DNA may be mediated by host nucleases, whose 

exact mechanism remains the subject of further investigation.  

The interference complex in Type III exhibits a structure similar to Cascade, referred 

to as Csm for III-A and Cmr for III-B which has structural similarity to the type I interference 

complex (Hochstrasser et al., 2014; Jackson et al., 2014; Makarova, Haft, et al., 2011; Mulepati 

et al., 2014; Osawa et al., 2015; R. H. Staals et al., 2014; D. W. Taylor et al., 2015; Zhao et al., 

2014) (Figure 1.7C). However, the major difference lies in its ability to target both invading 

RNA and DNA of mobile genetic elements. Following crRNA maturation, Cas5 binds to a 5' 

repeat-derived handle, serving as the scaffold for the assembly of other Cas proteins. The 

backbone of the complex is formed by Cas7 family proteins (Csm3 and Csm5 in III-A and 

Cmr1, Cmr4, and Cmr6 in III-B), whereas, Cas10 (Csm1 in III-A and Cmr2 in III-B) and Cas11 

(Csm2 in III-A and Cmr5 in III-B) constitute the large and small subunits, respectively 

(Makarova et al., 2020; Osawa et al., 2015; R. H. Staals et al., 2014; D. W. Taylor et al., 2015) 

(Figure 1.7C). In Type III, the degradation of target DNA is contingent upon its transcriptional 

activity. Upon binding to a nascent target RNA through crRNA-mediated complementary base 

pairing, the Cas7 family subunits of the interference complex cleave the target RNA after every 

sixth base (Figure 1.7C). Simultaneously, the transcriptionally active DNA is cleaved by the 

HD-nuclease domain of the Cas10 subunit (Osawa et al., 2015; Samai et al., 2015; R. H. Staals 

et al., 2014; Tamulaitis et al., 2014; D. W. Taylor et al., 2015) (Figure 1.7C). The Type III 

complex frequently associates with Csm6 and Cxs1 family RNases, playing an auxiliary role 

in interference (Koonin et al., 2017; Makarova et al., 2020). Besides target cleavage, the target-

bound Cas10 converts ATP to cyclic adenylate, activating RNase Csm6, leading to the 

degradation of non-specific proximate RNA transcripts, including both host and invader RNA 

(Kazlauskiene, Kostiuk, Venclovas, Tamulaitis, & Siksnys, 2017; Kazlauskiene et al., 2016; 

Niewoehner et al., 2017) (Figure 1.7C). Furthermore, the newly discovered Type III-E system 

includes a putative caspase-like protease called TPR-CHAT (also referred to as Csx29). This 

system also involves accessory proteins Csx30, Csx31, and RpoE. The Cas7-11 protein 
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associated with crRNA and TPR-CHAT forms a stable complex known as Craspase (CRISPR-

guided caspase) initiating an RNA-mediated protease activity in addition to the Target RNA 

degradation (C. Hu et al., 2022; G. Huo et al., 2023; Strecker et al., 2022; X. Wang et al., 2022; 

H. Yang & Patel, 2022). 

In type IV systems, Csf3 (Cas5) and Csf2(Cas7) are consistently present across all 

subtypes (IV-A to IV-D), and in some subtypes, Csf1(Cas8) and Cas11 are also observed, that 

constitute the effector complex (Makarova et al., 2020). Type IV-A recruits a class 2 

superfamily helicase called DinG that exhibits ssDNA-stimulated and ATP-dependent 5'-3' 

DNA helicase activity that can unwind both the non-target strand (NTS) and the target strand 

(TS) (Cui et al., 2023; H. N. Taylor et al., 2021). Further research is crucial to unravel the 

intricacies of type IV systems and their interplay with other CRISPR-Cas systems for a more 

comprehensive understanding of their interference mechanisms (H. N. Taylor et al., 2021). 
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Figure 1. 7:  CRISPR interference in Class 1 CRISPR-Cas system 

 

A. Seahorse-shaped structure of the classical type I-E Cascade complex bound to crRNA (dark green) from 

E. coli is shown above. Type I-E Cascade complex consists of six units of Cas7 (cyan) that form the helical 

backbone. Cas6 (pink) caps this backbone at the top, whereas, Cas5 (purple) is located towards the tail of 

the structure along with Cas8 (dark red). Two subunits of Cas11 (blue) form the belly region of the Cascade 

complex. PDB ID: 5CD4. 

B. A schematic representation of a typical type I interference mechanism is shown. The Cascade complex 

(pink) recognises the PAM region (red) and binds to the target DNA, after which it undergoes a 

conformational change and recruits Cas3 (teal). Cas3 loads onto the non-target strand (dark brown) where 

its helicase domain unwinds the DNA and the nuclease domain facilitates degradation in a 3’ to 5’ direction. 

C. Type III interference mechanism is multifaceted. It encompasses three major events. First, the target RNA 

is recognised by the Csm/Cmr effector complex, whose catalytic Cas7 subunits (pink) cleave the RNA. 

Second, the Cas10 subunit (light blue) of the complex cleaves the DNA region that is bound to the target 
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RNA transcript. Parallelly, Cas10 is also involved in generating cyclic oligoadenylates (cOA) that act as 

secondary messengers. These cOAs activate another protein called Csm6 (light red) which subsequently 

degrades non-specific RNA. 

 

 

1.1.8.2 Class 2 CRISPR-Cas Interference 

 

The characteristic feature of class 2 CRISPR-Cas is the single multi-domain Cas protein 

that is responsible for target degradation. Based on the domain architecture of the effector 

protein, the class is further divided into three types – type II, V and VI. The presence of a single 

effector complex in Class 2 CRISPR-Cas systems renders them particularly well-suited for 

genome engineering applications. 

 The interference complex in type II comprises Cas9, crRNA, and a tracrRNA 

(Barrangou et al., 2007; Deltcheva et al., 2011; Gasiunas et al., 2012; Jinek et al., 2012; Jinek 

et al., 2014). The HNH and RuvC domains of the NUC lobe are responsible for cleaving the 

target DNA during interference. Guided by crRNA, Cas9 locates and binds to the target DNA 

that induces a conformational change promoting PAM recognition by the C-terminal domain, 

leading to unwinding of the target DNA (Anders et al., 2014; F. Jiang & Doudna, 2015; Jinek 

et al., 2014; Nishimasu et al., 2015; Nishimasu et al., 2014) (Figure 1.8A). Similar to type I, an 

incorrect PAM or 'seed' sequence does not support target degradation. However, perfectly 

matched target DNA results in the conformational activation of the HNH and RuvC nuclease 

domains, leading to the stabilization of the R-loop. The HNH domain cleaves the target strand, 

whereas the RuvC domain nicks the non-target strand, resulting in a blunt double-stranded 

DNA break (Jinek et al., 2012; Sternberg, LaFrance, Kaplan, & Doudna, 2015) (Figure 1.8A). 

Type V CRISPR-Cas system features Cas12 effector nuclease that harbours REC and 

NUC lobes similar to Cas9. However, few of its subtypes operate without the tracrRNA 

(Fonfara et al., 2016; Makarova et al., 2020; S. Shmakov et al., 2015). The PI (PAM-

interacting) domain in the NUC lobe, identifies the protospacer adjacent motif (PAM) and 

initiates the unwinding of the targeted double-stranded DNA (dsDNA), the seed sequence 

promptly engages with the target strands. Thereafter, the seed sequence immediately interacts 

with the target strands, providing the groundwork for the extension of the R-loop structure 

(Stella, Alcon, & Montoya, 2017) (Figure 1.8B). In the case of perfect target binding, the RuvC 

domain is properly positioned and activated, leading to the cleavage of both the target and non-
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target strands (H. Yang et al., 2016) (Figure 1.8B). In the Type V-K CRISPR system, Cas12k 

contains a catalytically inactive RuvC domain, preventing it from participating in target 

degradation. Instead, the crRNA-Cas12k-target dsDNA complex interacts with a Tn7-like 

transposase to form a transposome, which facilitates the integration of cargo DNA elements 

into the target DNA (Faure et al., 2019; Park et al., 2023).  

The effector nuclease of type VI CRISPR-Cas system is Cas13, which harbours HEPN 

domains specialized in cleaving single-stranded RNA (ssRNA). Similar to Cas9 and Cas12, 

Cas13 exhibits a bilobed structure, featuring two HEPN domains in the nuclease (NUC) lobe 

(Anantharaman, Makarova, Burroughs, Koonin, & Aravind, 2013; Makarova et al., 2020; S. 

Shmakov et al., 2015). The binding of the Cas13:crRNA complex to the target ssRNA,  

activates the HEPN domains, leading to the cleavage of both the target ssRNA and collateral 

RNA (Abudayyeh et al., 2016; East-Seletsky et al., 2016; S. Shmakov et al., 2015; Smargon et 

al., 2017) (Figure 1.8C). Cas13 activation is permissive to mismatches at the edges of 

crRNA:target-ssRNA base pairing, although the central region is crucial for its function 

(Abudayyeh et al., 2016; L. Liu, Li, Ma, et al., 2017). The interaction between Cas13 and the 

protospacer flanking sequence (PFS) is also essential during interference (Abudayyeh et al., 

2016; East-Seletsky et al., 2016; Smargon et al., 2017) (Figure 1.8C). Once all the necessary 

conditions are met by the target-ssRNA, the two HEPN domains cleave both the target and 

proximally present ssRNAs. In the interference process, host RNAs are also cleaved, leading 

to cellular dormancy or programmed cell death (Abudayyeh et al., 2016; East-Seletsky et al., 

2016; Smargon et al., 2017)(123, 220, 221) (Figure 1.8C). The Cas13 mediated targeting is 

modulated by certain accessory proteins like Csx27, Csx28 and WYL-domain containing 

proteins (Smargon et al., 2017; Yan et al., 2018). 
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Figure 1. 8:  CRISPR interference in Class 2 CRISPR-Cas system.  

 

A. In type II systems the tracrRNA, crRNA and Cas9 facilitate the process of interference. Cas9 recognises 

the PAM and the seed region of the target DNA sequence and induces a double-stranded break on the target 

DNA. This is followed by complete degradation by host nucleases (green).  

B. Type V CRISPR system employs a Cas12-crRNA complex that recognises and binds the target DNA and 

cleaves it generating staggered ends. Similar to the type II system, the type V system also employs host 

nucleases (green) for further degradation of the target. 

C. In case of type VI systems, the Cas13-crRNA complex binds to target DNA flanked by protospacer flanking 

sequence (PFS). This results in two situations, firstly target RNA degradation and secondly, non-specific 

RNA degradation. 

 

 

1.1.9 CRISPR inhibition by phage 

 

The mechanisms of phage resistance displayed by bacteria exhibit a remarkable 

diversity, and in response, phages have evolved a wide range of counteracting strategies. 

Amongst these, the CRISPR-Cas systems alone can be evaded by phages in multiple ways. 

Phages can acquire point mutations or deletions in the PAM sequences or the seed region of 
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the protospacer (Malone, Birkholz, & Fineran, 2021). Alternatively, some phages use anti-

CRISPR (Acr) proteins, first described in phages of P. aeruginosa (Bondy-Denomy, Pawluk, 

Maxwell, & Davidson, 2013). In general, Acr proteins work by either preventing recruitment 

of the crRNA-Cas complex to the target DNA by binding the complex or occluding the PAM 

sequence, or by inhibiting the endonuclease domain so that cleavage cannot take place (Y. Li 

& Bondy-Denomy, 2021; Stanley & Maxwell, 2018). Recent studies have also discovered a 

novel CRISPR–Cas inhibition strategy involving small non-coding RNA anti-CRISPRs 

(Racrs), that mimic the repeats present in CRISPR arrays (Camara-Wilpert et al., 2023). 

Glucosylation of phage genetic material has also been shown to protect phages against some 

CRISPR-Cas systems (Vlot et al., 2018). A different strategy is employed by the 

jumbo Serratia phage PCH45 and Pseudomonas phage ϕKZ, which form a protein shell that 

encloses phage DNA in a nucleus-like compartment, physically shielding it from the CRISPR-

Cas complexes (Malone et al., 2020; Mendoza et al., 2020). Of note, this mechanism does not 

protect the phage from RNA-targeting CRISPR-Cas systems, as the transcribed mRNA is not 

contained within the nucleus-like compartment during translation. 

 

1.2 Applications of CRISPR-Cas system 

 

Genetic engineering encompasses the usage of several DNA-binding proteins that alter 

the DNA locus. For example, several prokaryotic proteins, such as restriction enzymes, 

TALENS, zinc fingers, and recombinases are utilized for gene editing (Danna & Nathans, 

1971; Kim, Cha, & Chandrasegaran, 1996; Kim & Chandrasegaran, 1994; Kim, Shi, Berg, & 

Chandrasegaran, 1997; Ramalingam, Annaluru, Kandavelou, & Chandrasegaran, 2014). 

However, the challenge lies in specificity. In contrast, CRISPR-Cas systems rely on the spacer 

sequence in the crRNA, and PAM or PFS on target, for guidance and sequence specificity. This 

allows for sequence-specific cleavage at any location near PAM or PFS by designing a unique 

crRNA or engineered guide-RNA (gRNA). 

The single effector complex of the class 2 CRISPR-Cas system makes it particularly 

suitable for genome engineering applications. Among Class 2 CRISPR variants, Streptococcus 

pyogenes Cas9 (SpCas9) is the first and most widely used genome editing tool (Jinek et al., 

2012; Jinek et al., 2013; Wiedenheft, Sternberg, & Doudna, 2012). Cas9-mediated genome 

editing involves generating a double-stranded break (DSB), initiating a DNA damage response, 
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and inducing an endogenous DNA repair mechanism. Two repair mechanisms, non-

homologous end-joining (NHEJ) and homology-directed repair (HDR), can occur. NHEJ is 

error-prone, often resulting in insertions or deletions (indels) that create knockouts. HDR relies 

on homologous recombination and can be directed to a precise location using a template DNA 

sequence, leading to exact genome alterations (Lieber, 2010; Patsali, Kleanthous, & Lederer, 

2019; Richardson, Ray, DeWitt, Curie, & Corn, 2016). The fusion of Cas9 and reverse 

transcriptase is also developed as a prime editing tool, to create insertion and deletion mutants 

(Anzalone et al., 2019). Besides mutation induction, a nuclease mutant variant of Cas is being 

widely used for gene regulation. Studies have also demonstrated the use of Cas9 fused to 

cytidine deaminase or uracil glycosylase to edit a single base (Gaudelli et al., 2017). While, 

Cas12 (type V) has been employed in genome editing, similar to Cas9, Cas13 (type VI) on the 

other hand is utilized for RNA editing and regulation (Freije et al., 2019; Gootenberg et al., 

2017; Mahas, Aman, & Mahfouz, 2019). However, recent research has shown the effectiveness 

of employing type I systems for genome editing in prokaryotes (X. Han et al., 2024; Hidalgo-

Cantabrana, Goh, & Barrangou, 2019; C. Hu et al., 2024; Z. Xu, Li, Li, Xiang, & Yan, 2021). 

Besides these, CRISPR-Cas systems are also exploited for various other applications such as 

live imaging of nucleic acids, chromatin immunoprecipitation, DNA/RNA detection, genome-

wide high throughput screening, etc (Anton, Karg, & Bultmann, 2018; Fujita & Fujii, 2013; Y. 

Hu & Li, 2022; Y. Xu & Li, 2020). 

 

1.3 Definition of the problem 

 

Based on the composition of the effector complex, the CRISPR-Cas system is broadly 

classified as Class 1, comprising of multi-subunit effector complex and Class 2, which utilises 

a single subunit effector complex. Class 1 is further classified into type I, III and IV, whereas 

Class 2 is categorised further into types II, V and VI; each type is subdivided into various 

subtypes. Amongst all, type I belonging to the Class 1 CRISPR-Cas system, is the most 

abundant system in bacteria. Type I system is further subdivided into 7 subtypes (A-G). The 

genomic loci of all the subtypes harbour a varied CRISPR architecture. The Cas proteins that 

form the effector complex in these subtypes display unique structural and compositional 

features, suggesting that they have evolved with distinct functional mechanisms. In line with 

this, the newly discovered subtype, type I-G, displays atypical architecture that may 
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differentiate its functional mechanism from other type I systems. With respect to the maturation 

stage, type I CRISPR-Cas systems follow a nearly conserved theme with the involvement of 

Cas6 as the processing enzyme, except for type I-C, where Cas6 is absent, and Cas5 assumes 

its role. Interestingly, the type I-G system harbours a fusion protein of Cas5 and Cas6. 

Intriguingly, it was not known whether Cas5 or Cas6 or both are required for processing the 

pre-crRNA and how this fusion of Cas5 and Cas6 influences the assembly and function of the 

effector complex. When the author began her studies, the type I-G system was just identified 

and these aforementioned questions were not addressed. Therefore, this thesis investigates the 

mechanistic basis of CRISPR RNA maturation in the type I-G system and its functional 

implications in CRISPR interference. 

 

1.3.1 Objectives of the study 

  

• To characterise the functional mechanism of the type I-G CRISPR RNA 

processing enzyme 

• To probe the role of type I-G effector complex in crRNA maturation 

• To assess the impact of type I-G CRISPR RNA maturation on the interference 

mechanism.  
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2 Chapter 2 

 

2.1 Introduction  
 

The fundamental feature of CRISPR-Cas defense is the use of crRNAs to specifically 

recognize and target invading genetic elements. The process of maturation ensures the proper 

generation of these crRNA molecules, which makes it a hallmarking step in the CRISPR-based 

targeting system. The mature crRNA harbours a segment of the repeat region, followed by the 

complete spacer sequence (Nussenzweig & Marraffini, 2020). The pivotal protein responsible 

for the maturation of crRNA in type I systems belongs to the Cas6 family, which features two 

tandemly arranged ferredoxin-like domains, also known as RNA recognition motif (RRM) 

domains, and a glycine-rich region at the C-terminus (Haurwitz et al., 2010; R. Wang et al., 

2011) (Figure 2.1 A-B). Exceptionally, in the type I-C system, where Cas6 is absent, a 

catalytically active Cas5 drives maturation. Unlike Cas6, Cas5 comprises of a single RRM 

domain and a C-terminal β-sheet domain (Figure 2.1 A, C) (Garside et al., 2012; Koo et al., 

2013; Nam et al., 2012). Though Cas5 and Cas6 are two distinct Cas proteins, their 

functionality as a maturase is somewhat similar. Cas6 and Cas5 (in case of type I-C), are metal-

independent endoRNases. They recognise the stem-loop structure of the repeat RNA and cleave 

at the base of the stem-loop structure, generating products with a 5′ OH and a 2′,3′-cyclic 

phosphate groups (Carte et al., 2010; Carte et al., 2008; Garside et al., 2012; Gesner et al., 

2011; Jore et al., 2012; Nam et al., 2012). Additionally, Cas5/I-C also displays a tunable metal-

dependent DNase activity (Punetha et al., 2014). Remarkably, the type I-G system features a 

fusion protein encompassing Cas5 and Cas6-like domains (Figure 2.1A) (Makarova et al., 

2015; Makarova et al., 2020). This fusion poses an intriguing question: whether Cas5 and/or 

Cas6-like domain(s) is/are essential for processing the pre-crRNA?  

When the author began her studies, the type I-G system was just identified and the 

mechanism of crRNA maturation in the type I-G was not understood. Therefore, we embarked 

on a comprehensive study of the biochemical characteristics of Csb2, which harbours the Cas5-

Cas6 fusion. Additionally, we tested the RNase activity of Csb2 on various substrates and 

probed its specificity determinant. Since Cas6 and Cas5 (in type I-C) are metal-independent 

nucleases, we also checked the metal ions requirement of Csb2 nuclease activity.  

Subsequently, we also carried out experiments to assess which domain of Csb2 (Cas5-like or 
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Cas6-like) was involved in the processing of pre-crRNA. We also tested for the nuclease 

activity of Csb2 on various dsDNA substrates. Altogether, in Chapter 2, our efforts were 

directed towards in vitro characterization of Csb2 as a stand-alone protein.  

 

Figure 2. 1:  Type I-G has unique locus architecture 

 

A. A schematic representation of the CRISPR-Cas locus of the type I-E, I-C and I-G from E. coli, B. 

halodurans and B. animalis respectively. Genes are drawn to represent the locus architecture of the 

respective subtype. The effector module has been highlighted in light grey boxes.  

B. Molecular structure of type I-E Cas6 from E. coli (PDB -5CD4) is shown in the figure. Cas6 consists of an 

N-terminal and a C-terminal ferredoxin-like fold followed by a Glycine-rich loop. 

C. Molecular structure of type I-C Cas5 from H. halodurans (PDB -4F3M) is shown in the figure. Cas5 

consists of an N-terminal ferredoxin-like fold followed by a C-terminal β-sheet region. 
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2.2 Materials and Methods   

 

2.2.1 Molecular cloning 

 

The genomic DNA of Bifidobacterium animalis subsp lactis (DSM-10140), Geobacter 

sulfurreducens PCA (DSM-12127) and Kyrpidia tusciae (DSM-2912) were procured from 

DSMZ. The genes encoding Csb2 from all these organisms were cloned in pET Strep II TEV 

LIC cloning vector (1R, Addgene #29664) at the SspI restriction site by using the Gibson 

Assembly method. The point mutants of Csb2 from B. animalis, namely, Y14A, E24A, R31A, 

E65A, Y90A, Y236A, E410A, H520A and D530A were created using PCR-based 

mutagenesis. These constructs, as well as ΔN (1-250 aa) and ΔC (251-545 aa) truncation 

domains, were PCR amplified and cloned into pET Strep II TEV LIC cloning vector (1R, 

Addgene #29664). 

 

2.2.2 Purification of proteins 

 

To purify Csb2 from various organisms or its mutant variants, E. coli BL21 (DE3) cells 

were transformed with plasmids carrying the respective genes. The cells were grown in freshly 

prepared LB broth supplemented with 50 µg/mL of kanamycin at 37 °C until OD600 reached 

0.6. The cells were then induced with 0.2 mM IPTG and were expressed at 25 °C for 12 hours. 

The cells were then harvested by centrifugation at 25 °C, 10,000 g for 5 min and the pellet was 

washed and resuspended in binding buffer (20 mM Tris-Cl (pH 7.6), 500 mM NaCl and 6 mM 

β-mercaptoethanol) containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and Protease 

inhibitor cocktail (Sigma-Aldrich) (20 mg/g of cell pellet). Cells were lysed by using a 

sonicator (Pulse - 2 sec ON and 20 sec OFF) and clarified by centrifugation at 4 °C and 20,000 

g for 30 min. The supernatant was then loaded onto a pre-equilibrated 5 mL StrepTrap HP (GE 

Healthcare) column. After binding, the column the column was washed with 10 column 

volumes of binding buffer. Subsequently, the protein was eluted in the binding buffer enriched 

with 2.5 mM d-Desthiobiotin (Sigma-Aldrich). The eluted fractions were subjected to 

additional purification through a HiLoad 16/600 Superdex 75 prep grade column (GE 

Healthcare). The proteins were concentrated using ultrafiltration through a 50 kDa cutoff filter 

(Sartorius), and subsequently, they were snap-frozen and stored at -80 °C until further use.  
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2.2.3 Promoter prediction 

 

To predict the directionality of the repeat-spacer array, previously well studied 

parameters were used (Biswas, Fineran, & Brown, 2014). 200 nts flanking both sides of the 

CRISPR repeat-spacer array was chosen for the analysis. The methods used for prediction 

involved several approaches. Firstly, a sequence pattern similar to ATTGAAA was searched 

for within the repeat regions. Secondly, variations in nucleotide composition, particularly a 

higher proportion of AT bases, in the leader and trailing regions of the arrays were examined. 

Thirdly, mutations within the repeats leading to the degeneracy of the array was analyzed. 

Fourthly, the secondary structure of the repeat was assessed. Fifthly, the distance between the 

repeats and the nearest coding gene at both the 5' and 3' ends was determined. Here, the longer 

distances indicate the potential functional significance. Lastly, a higher occurrence of the 

nucleotide A compared to T within the repeat sequences was looked for. This analysis revealed 

that the sense strand RNA conforms with the first, third and fifth criteria while the anti-sense 

RNA agreed with the rest three criteria, suggesting an equal probability of repeat RNA to be 

synthesized from either ends. To confirm the second criteria, we employed Promotech 

(Chevez-Guardado & Pena-Castillo, 2021), which is a machine learning-based tool for the 

detection of promoter region in diverse bacterial species. Of the two strands, Promotech 

predicted promoter sequence upstream of Cas operon in one of the strands only. Whereas for 

the repeat-spacer array, it predicted that the upstream region of the CRISPR array harbours 

promoter sequence in both orientations, suggesting that crRNA is synthesised from both the 

strands. It is worth mentioning that due to the presence of promoter elements in both strands, 

some of the standard prediction tools couldn’t ascertain the transcriptional direction of CRISPR 

array unambiguously (Briner et al., 2015; Couvin et al., 2018).  

 

2.2.4 Preparation of substrates 

 

Repeat RNA substrate of 36 nt length expressed from both the Cas sense orientation 

(CSO) and Cas anti-sense orientation (CAO) labelled with either 5’ or 3’ 6-FAM were 

chemically synthesized from IDT.  To create various mutants of the RNA substrates, their DNA 

sequence along with the minus strand of the T7 promoter was synthesized (IDT). These were 

annealed with the plus strand of T7 promoter and were further used as substrates for RNA 

synthesis via in vitro transcription using T7 RNA polymerase. To remove the remains of the 
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DNA template, they were subjected to DNase I treatment followed by phenol-chloroform 

extraction.  They were further purified by gel extraction followed by ethanol precipitation. 

 

2.2.5 In vitro RNase assay 

 

To test the nuclease activity of Csb2, 0.5 µM of the CAO repeat RNA (5’ 6-FAM 

labelled) substrate was incubated with 1 µM of Csb2/I-G or their variants in a reaction buffer 

containing 20 mM Tris-Cl (pH 7.6), 100 mM KCl and 6 mM β-Mercaptoethanol (β-ME) and 

incubated at 37 °C for 30 min. Cleavage products were analysed on a 20% (w/v) denaturing 

polyacrylamide gel and viewed using Bio-Rad gel documentation system.  

Time-dependent nuclease assays were performed using 5’ 6-FAM labelled CAO repeat 

RNA where 0.25 µM and 50 nM RNA in reaction buffer 1 were incubated with 1 µM of either 

wild type (WT) or H520A Csb2, at 37 °C from 0-120 min. The samples were analyzed on a 

20% (w/v) denaturing polyacrylamide gel and viewed using Bio-Rad gel documentation 

system. 

 

2.2.6 Cleavage site mapping assay 

 

In order to map the cleavage sites on the RNA substrates, two types of ladders were 

generated – RNase T1 ladder and an alkaline hydrolysis ladder (Nilsen, 2013). For RNase T1 

digestion reaction, CRISPR repeat RNA (5’/3’ 6-FAM labelled in CSO and CAO) was treated 

with 0.1 units of RNase T1 in 10 mM Tris-Cl (pH 7), 100 mM KCl and 10 mM MgCl2.  An 

alkaline hydrolysis ladder was generated by heating the CRISPR repeat RNA (5’/3’ 6-FAM 

labelled in CSO and CAO) with 1X alkaline hydrolysis buffer (50 mM Sodium carbonate (pH 

9.2) and 1 mM EDTA) at 95 °C for 5 min and snap cooled in ice. These digests along with the 

test sample where the CRISPR repeat RNA (5’/3’ 6-FAM labelled in CSO and CAO) was 

treated with Csb2, were subsequently resolved on a 20% (w/v) denaturing polyacrylamide gel 

and visualized using a Bio-Rad gel documentation system.   
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2.2.7 Assay for characterisation of the nature of the ends of the fragment 

 

To assess the nature of the fragment released by Csb2 activity on the repeat RNA in 

CAO, the cleaved fragment was isolated and treated with T4 polynucleotide kinase (T4-PNK) 

in 100 mM Tris-acetate (pH 6), 10 mM MgCl2 and 2 mM EDTA at 37 °C for 30 min (Das & 

Shuman, 2013). The end-repaired RNA was purified by ethanol precipitation and treated with 

1 unit of T4 RNA ligase 1 in 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, 1 mM 

ATP at 37 °C for 30 min, to ligate the 3’ end of the dephosphorylated 5’ cleavage fragment to 

the phosphorylated 5’ end of the 3’ cleavage fragment (Kaufmann, Klein, & Littauer, 1974). It 

was subsequently resolved in 20% (w/v) denaturing polyacrylamide gel and visualized using a 

Bio-Rad gel documentation system.  

 

2.2.8 Fluorescence anisotropy assay 

 

   Both 5’ and 3’ 6-FAM labelled CSO and CAO RNA were used for the study. 10 nM 

of the RNA substrates were pre-incubated with varied concentrations of either Csb2 in binding 

buffer containing 10 mM Tris-Cl (pH 8), 50 mM KCl and 6 mM β-Mercaptoethanol (β-ME) 

for 30 min. The anisotropy value of the reactions was measured using FluoroMax®-4 (Horiba 

Scientific) by exciting the fluorescein-labelled RNA at 495 nm and measuring the emitted 

fluorescence at 518 nm. The anisotropy values for the respective protein concentrations were 

plotted and fitted to the following equation using in GraphPad Prism.  

𝐴 = 𝐴𝑚𝑖𝑛 + [(𝐷 + 𝐸 + 𝐾𝐷) − {(𝐷 + 𝐸 + 𝐾𝐷)2 − (4𝐷𝐸)}
1
2] (𝐴𝑚𝑎𝑥 − 𝐴𝑚𝑖𝑛)/(2𝐷) 

 

where A is the anisotropy of the RNA at a protein concentration E, D is the total RNA 

concentration,  Amax and Amin are maximum and minimum anisotropy (Riede & Eschbach, 

1986). 

 

2.2.9 In vitro DNase assay 

 

To assess the DNase activity of Csb2, circular or linear pUC19 (dsDNA) was used as 

substrates. The substrate was incubated with varied concentrations of Csb2 in reaction buffer 

1. The samples were visualized in 0.8% agarose gel using EtBr stain. The reaction buffer 1 was 

supplemented with Mg2+ ions, wherever necessary.  
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2.3 Results 

 

2.3.1 Identification of a suitable type I-G system 

 

Based on the sequence similarity and availability of the genomes, we selected three 

microorganisms for our study. The microorganisms were Bifidobacterium animalis, Geobacter 

sulfurreducens and Kyrpidia tusciae. The respective gene encoding Cas5-Cas6 fusion protein, 

Csb2, was amplified using gene-specific primers. The positive clones were selected for 

expression studies. The overexpressed proteins were evaluated for their solubility, wherein, 

Csb2 from B. animalis was found to be most amenable to purification under native conditions 

(Figure 2.2A). Thus, we chose B. animalis as our system for further studies (Figure 2.2B).  

A time-dependent stability check of Csb2 revealed that Csb2 is unstable and gets 

degraded within two weeks (Figure 2.2C, upper panel). Western blot analysis of the same 

samples showed that the degradation was indeed happening from the C-terminal end of the 

protein (Figure 2.2 C, lower panel). Therefore, all the assays were performed either 

immediately or within a couple of days from the purification. 

 

Figure 2. 2: Expression and purification of Csb2 

 

A. A 15% SDS PAGE showing the expression profile of Csb2 (70 kDa) from various organisms; KT - 

Kyrpidia tusciae, GS - Geobacter sulfurreducens, BA - Bifidobacterium animalis, and VB – empty vector 

backbone (1R).  A protein marker is loaded on the right and the respective molecular weights are indicated. 

Lanes marked as P and S indicate pellet and supernatant fractions, respectively. The vertical broken line 

indicates discontinuity between the lanes, which is introduced for the sake of clarity. The expression of 

Csb2 from B. animalis is indicated by a red box. 
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B. A 15% SDS PAGE showing the purified 70 kDa Csb2 protein (marked as Csb2). A protein marker is loaded 

on right and the respective molecular weights are indicated. To improve visual clarity, a vertical broken 

line has been introduced to emphasize the separation between lanes. 

C. A 15% SDS PAGE showing the time-dependent degradation of 1 µM Csb2 over a period of 21 days at 4 

°C. The corresponding immunoblot analysis is presented below, employing an antibody specifically 

targeting the N-terminal Strep-tag. 

 

 

2.3.2 Assessing the orientation of the B. animalis CRISPR array 

 

Before embarking upon the understanding of the functionality of Csb2, we tried to 

understand the features of its substrate RNA. While assessing the orientation of the CRISPR 

array in B. animalis, an intriguing observation was made where it was found that there was an 

equal probability of the presence of promoter-like elements in both strands, which might result 

in the transcription of the repeat-spacer array from both the directions (Chevez-Guardado & 

Pena-Castillo, 2021). To distinguish between the two orientations, we hereafter refer to one as 

Cas sense orientation (CSO) where the transcription direction of CRISPR array aligns with that 

of cas genes and the other as Cas anti-sense orientation (CAO) (Figure 2.3 A-C).  

 

Figure 2. 3: Dual orientation of B. animalis CRISPR array 

 

A. A schematic representation of the CRISPR-Cas locus of the type I-G from B. animalis subsp lactis. Genes 

are drawn to represent the locus architecture of the respective subtype. The repeats regions (R) are indicated 
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as green diamonds, whereas, the spacers (S) are shown as rectangles in yellow. The predicted promoter 

elements (PCSO, PCAO and PCas) are indicated by the arrows in black.  

B. A predicted secondary structure representation of the B. animalis CRISPR repeat RNA in Cas sense 

orientation (CSO) is shown. The secondary structure prediction was made using the MFOLD Web Server 

and illustrated using the Varna tool (Darty, Denise, & Ponty, 2009; Zuker, 2003).  

C. A predicted secondary structure representation of the B. animalis CRISPR repeat RNA in Cas anti-sense 

orientation (CAO). The secondary structure prediction was made using the MFOLD Web Server and 

illustrated using the Varna tool (Darty et al., 2009; Zuker, 2003).  

 

 

2.3.3 Characterization of the nuclease activity of Csb2  

 

To test Csb2 substrate specificity, we incubated both CSO and CAO RNA with Csb2 

and noted a prominent small RNA fragment, suggesting that Csb2 is an RNase that could 

process repeat RNA from both orientations (Figure 2.4 A & B). However, even after prolonged 

incubation of the CAO RNA, no further processing was observed until 60 mins, suggesting that 

Csb2 is an endonuclease that cleaves at a specific region within the repeat RNA (Figure 2.4D). 

To check the dependency of metal ions for the RNase activity, we incubated the reaction with 

metal and EDTA, separately and found that Csb2 is a metal-independent RNase, similar to its 

counterpart Cas6 (Figure 2.4C).  

 To identify the site of cleavage within RNA substrates, we performed alkaline 

hydrolysis and RNase T1 based structural mapping. This revealed that Csb2 cleaves the CSO 

repeat RNA at 8 nt from the 3’ end, that is between C28 and A29 (Figure 2.5 A & B). Similarly, 

it also cleaves the CAO repeat RNA 5 nt from the 5' end, between C5 and A6 (Figure 2.5 C & 

D). On further investigation, it was found that the repeat RNAs in both the orientations harbour 

a unique conserved sequence at the site of cleavage, that is 5’ UCA[AU]U 3’, where C and A are 

the site of cleavage and AU within the bracket indicates that either A or U may occur at this position. 

Since it was observed that Csb2 could cleave the repeat RNA substrate from both the 

orientations in a similar manner, we have used the Cas anti-sense orientation (CAO) RNA 

substrate for our further studies, unless mentioned otherwise. 

Studies suggest that both Cas6 and in a few instances Cas5, cleave the substrate RNA 

via nucleophilic reaction generating fragments that comprise of 5’ hydroxyl (OH) and 2’,3’-

cyclic phosphate RNA ends. To understand the nature of the RNA ends generated by Csb2, we 

treated the CAO 5’ 6-FAM labelled cleavage product with T4 Polynucleotide Kinase (PNK) in 

an acidic condition such that it favours the removal of phosphates (Das & Shuman, 2013) 
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(Figure 2.6A). On analyzing the reactions on a denaturing PAGE, it was found that the T4 PNK 

treated fragments migrated slower than that of the untreated ones indicating the conversion of 

the phosphate group to a less negatively charged hydroxyl group. To further confirm this, we 

attempted to ligate the 3’ end of the dephosphorylated 5’ cleavage fragment to the 

phosphorylated 5’ end of the 3’ cleavage fragment using T4 RNA ligase. However, we could 

not succeed as the size of the generated RNA fragment (5 nt)  is too small for T4 RNA ligase 

to act upon (Kaufmann et al., 1974) (Figure 2.6B). Thus, based on the difference in migration, 

it appears that RNA cleavage by Csb2 yields fragments with 2’, 3’- cyclic phosphate ends. 

 

Figure 2. 4: Characterising the RNase activity of Csb2 

 

TH-3532_156106010



Chapter 2: Investigating the nuclease activity of Csb2 in crRNA maturation 

66 
 

A. A 20% denaturing PAGE showing the RNase activity of Csb2 (0.5 µM and 2 µM) on 5’ 6-FAM labelled 

CSO repeat RNA substrate. The schema shows both the substrate and the cleaved fragment.  

B. A 20% denaturing PAGE showing the RNase activity of Csb2 (1 µM and 2.5 µM) on 5’ 6-FAM labelled 

CAO repeat RNA substrate. The schema shows both the substrate and the cleaved fragment. 

C. A 20% denaturing PAGE shows RNase activity of Csb2 (1 µM) on 5’ 6-FAM labelled WT CAO repeat 

RNA substrate (0.25 µM), in presence of metal and EDTA. 

D. A 20% denaturing PAGE shows the time-dependent (0, 5, 10, 15, 30, 60, 90, 120 min) RNase activity of 

Csb2 (1 µM) on 5’ 6-FAM labelled WT CAO repeat RNA substrate (0.25 µM). Both stain-free and EtBr 

stained gels are shown. 

 

 

Figure 2. 5: Mapping the site of cleavage by Csb2 

 

A 20% denaturing PAGE is shown for mapping the cleavage site in the 6-FAM labelled CSO (A, B) and CAO 

(C, D) repeat RNA by Csb2, using an RNase T1 digestion ladder and an alkaline hydrolysis ladder. 

A. The RNase T1 digestion ladder in lanes 1 and 2 was generated by treating the 5’ 6-FAM labelled CSO 

repeat RNA with 1 and 0.1 units of RNase T1, respectively. The alkaline hydrolysis ladder in lane 3 was 

generated by incubating it for 5 min at 95 °C. Positions that are specific to cleavage by RNase T1 are 

indicated as G32 and G7.  
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B. The RNase T1 digestion ladder in lane 1 was generated by treating the 3’ 6-FAM labelled CSO repeat RNA 

with 0.1 units of RNase T1. The alkaline hydrolysis ladder in lane 2 was generated by incubating it for 5 

min at 95 °C. Positions that are specific to cleavage by RNase T1 are indicated as G24 through G36 in red.  

C. The RNase T1 digestion ladder in lane 1 and 2 was generated by treating the 5’ 6-FAM labelled CAO repeat 

RNA with 1 and 0.1 units of RNase T1, respectively. The alkaline hydrolysis ladder in lanes 3, 4 and 5 was 

generated by varying the hydrolysis incubation times, 5 and 10 min at 95 °C and 20 min at 60 °C, 

respectively. Positions that are specific to cleavage by RNase T1 are indicated as G9 through G23 in red.  

D. The RNase T1 digestion ladder in lane 1 was generated by treating the 3’ 6-FAM labelled CAO repeat 

RNA with 1 unit of RNase T1. The alkaline hydrolysis ladder in lanes 2 and 3 was generated by varying 

the hydrolysis incubation times (5 and 10 min at 95 °C), respectively. Positions that are specific to cleavage 

by RNase T1 are indicated as G23 through G32 in red.  

The site of cleavage by Csb2 on both the RNA substrates, along with the sites of cleavage by RNase T1 are 

indicated on the predicted repeat RNA structures, using purple and red arrows, respectively. The conserved 

sequence motif ‘UCA[AU]U’ is also highlighted. 

 

 

Figure 2. 6: Understanding the nature of the cleaved fragments by Csb2 

 

A. A schematic representation of the experiment designed to understand the nature of the cleaved fragments, 

whose experimental results are shown in panel D. The cleaved RNA product was treated with T4 PNK at 

pH 5.2 in the absence of ATP to replace terminal phosphates with hydroxyl groups. 

B. A 20% denaturing PAGE is displayed for deciphering the nature of cleaved RNA fragment by Csb2. The 

difference in migration between T4 PNK treated and untreated samples is attributed to the charge difference 

between these groups. 

 

TH-3532_156106010



Chapter 2: Investigating the nuclease activity of Csb2 in crRNA maturation 

68 
 

 

2.3.4 Substrate specificity of Csb2 

 

To investigate the sequence and structural preference of Csb2 for the RNA substrate, 

we designed several RNA constructs to generate structural and sequence variations in the 

substrate RNA (Figure 2.7A). On incubating Csb2 with each variant of RNA that has altered 

stem-loop structure, we observed reduced cleavage, suggesting the crucial role of the stem-

loop in the nuclease activity. However, to evaluate sequence conservation, we introduced 

alterations upstream of the cleavage site, along with deletion of the 5' region. This resulted in 

a noticeable reduction in RNA processing thereby confirming the significance of the 5' region 

for the nuclease activity (Figure 2.7B). 
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Figure 2. 7: Various RNA mutant substrates used to understand the substrate specificity of Csb2 

 

A. Secondary structure representation of the varied repeat CAO RNA substrates that were used to study the 

influence of sequence and structure of repeat RNA on the nuclease activity of Csb2. The secondary structure 

prediction was made using the MFOLD Web Server (Zuker, 2003).  TV-mut (blue) and TS-mut (brown) 

RNA indicate transversion and transition mutations incorporated in the first 8 nt from the 5’ end, 

respectively. 5’ TV-mut (cyan) and 5’ TS-mut (magenta) RNA indicate transversion and transition 

mutations incorporated in the first 12 nt from the 5’ end, respectively, but keeping the site of cleavage (C5 

and A6) intact in both cases.  Shr-mut RNA (orange dashed lines) indicates a deletion of the first 8 nt from 

the 5’ end, whereas, Δ5’ (dark brown dashes) indicates deletion of 5’ overhang (12 nt from the 5’ end). 
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Stem” RNA (black) variant indicates destabilisation of the stem region, yet, the total length with respect to 

the WT remains unaltered (36 nt). 

B. An EtBr stained 20% denaturing PAGE is shown for assessing RNA substrate specificity of Csb2 (1 µM) 

on structural and sequence variants of WT RNA (0.5 µM) as described in (A). 

 

Upon identifying the RNA structural elements preferred for cleavage by Csb2, we next 

wanted to understand the repeat RNA regions where the protein binds for processing. Towards 

this, we designed a fluorescence anisotropy-based assay with 6-FAM end-labelled CSO and 

CAO repeat RNA. We hypothesised that Csb2 bound RNA would display increased 

fluorescence anisotropy in comparison to the unbound RNA. Further, by using a substrate 

labelled on either ends, we could also track the region of the repeat RNA that remains bound 

after cleavage. (Figure 2.7 C-F). Using this experimental design, we observed a steady increase 

in the fluorescence anisotropy in the CSO repeat RNA construct labelled at the 5’ end that 

retained the stem-loop region, suggesting that CSb2 stably binds to this region of the repeat 

RNA (Figure 2.8A). Contrastingly, no such trend was observed on using the 3’6-FAM labelled 

substrate (Figure 2.8B). Interestingly, we previously observed that Csb2 cleaves towards the 

3’ end of the CSO repeat RNA and hence may not remain bound to the cleaved 3’ fragment. 

Similar observations were made for CAO RNA, where Csb2 preferably binds to the stem-loop 

region, with lower affinity as compared to the CSO RNA substrate (Figure 2.8 C & D). Overall 

our study indicated the importance of the stem-loop region for Csb2 binding and the 5’ 

overhang region for its nuclease activity, suggesting an unconventional mode of RNA 

processing by Csb2 (Figure 2.8 A & D). 
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Figure 2. 8: Characterising the substrate specificity of Csb2 

 

A-D.  Fluorescence anisotropy analysis of the binding of Csb2 to the CSO (A, B) and CAO (C, D) repeat RNA. 

The schema above each plot indicates the probable RNA binding region of Csb2 (purple). The 6-FAM 

label is indicated by a green star. The KD values were shown if the R2 value for the fit was greater than 0.8. 

 

 

2.3.5 Understanding the role of the different domains of Csb2 

 

After verifying the RNase activity of Csb2, our objective was to investigate which of 

the individual domains within Csb2 houses the nuclease activity. To address this, we conducted 

domain assignments using the FFAS server (Jaroszewski, Li, Cai, Weber, & Godzik, 2011), 

which indicated that the N-terminal region (1-250 aa) shares homology with Cas5, while the 

C-terminal region (251-545 aa) is homologous to Cas6 (Figure 2.9 A&D). To evaluate whether 

the catalytic activity resides in the Cas5-like or Cas6-like domain (or both), we generated N-

terminal (∆N) and C-terminal (∆C) deletions. In vitro nuclease activity of these truncated 

proteins demonstrated that ∆N retained the nuclease activity, whereas ∆C exhibited no activity 
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(Figure 2.9B). This implied that the catalytic activity lies in the C-terminal Cas6-like domain, 

while the N-terminal Cas5-like domain remains inactive in the type I-G system. 

Following the identification of the catalytic domain in Csb2, our next step was to 

identify the active site residues. We conducted a comprehensive analysis of Csb2 orthologs 

across 57 organisms through a multiple sequence alignment using Clustal Omega (Sievers et 

al., 2011). From the conserved residues, we specifically targeted charged residues for site-

directed mutagenesis (SDM). The chosen residues (Y14A, E24A, R31A, E65A, Y90A, 

Y236A, E410A, H520A, and D530A) were substituted with alanine and subsequently, cloned, 

and purified for the assessment of nuclease activity (Figure 2.10). Interestingly, all mutants, 

except H520A and D530A, retained RNase activity comparable to the wild type (Figure 2.9 

C). This observation suggests that H520 and D530 serve as the catalytic residues in Csb2. 

Notably, both H520 and D530 are located in the C-terminal region of Csb2, providing 

additional evidence supporting the catalytic function of the C-terminal Cas6-like domain 

(Figure 2.9 D). 
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Figure 2. 9: Investigating the catalytic domain of Csb2 

 

A. A schematic representation of the domain assignment of Csb2 (orange) that shows the presence of Cas5-

like and Cas6-like domains. FFAS analysis (Jaroszewski et al., 2011) revealed that the N-terminal region 

of Csb2 from 1st -250th amino acid (peach) is homologous to Cas5, whereas the rest from 251st – 545th 

amino acid (light yellow) is homologous to Cas6. 

B. A 20% denaturing PAGE shows the RNase activity of 1 µM of truncated version of Csb2 such as the ΔC 

(lane 3) and ΔN (lane 4) on 0.5 µM 5’ 6-FAM labelled repeat RNA substrate in comparison to the WT 

(lane 2). 

C. A 20% denaturing PAGE shows the RNase activity of 1 µM of the Csb2 point mutants Y14A, E24A, 

R31A, E65A, Y90A, Y236A, E410A, H520A, and D530A (lanes 3-11, respectively) on 0.5 µM of 5’ 6-

FAM labelled repeat RNA substrate in comparison to WT (lane 2). The percentage of cleaved RNA 

fragment is indicated below the gel. 
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D. An Alphafold2 predicted 3D structural model of Csb2 indicating the predicted N-terminal Cas5-like 

domain (in dark blue) and C-terminal Cas6-like domain (in light blue) is shown. The active site residues, 

namely, H520 and D530 (in red) are shown in the inset.   

 

 

Figure 2. 10: The sequence logo depicts the conservation of amino acids Y14 (A), E24 (B), R31 (C) E65 (D), 

Y90 (E), Y236 (F) and E410 (G), H520 (H) and D530 (I) across Csb2 proteins (57 organisms) in the type I-G 

CRISPR-Cas system. The X-axis indicates the amino acid residue number, whereas, the Y-axis indicates the 

extent of its conservation (in bits). 
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2.3.6 Investigating the DNase activity of Csb2 

 

Studies have shown that Cas5/I-C is an RNase but also has a tunable DNase activity 

(Punetha et al., 2014). We wanted to examine whether Csb2 which harbours an N-terminal 

Cas5 domain, exhibits any DNase activity similar to Cas5/I-C. To explore this, we incubated 

Csb2 with both circular and linear DNA substrates, in the presence or absence of metal. While 

we detected nickase activity on circular DNA (dsDNA) at higher concentrations, no significant 

nuclease activity was observed on linear dsDNA (Figure 2.11 A-D).  

 

Figure 2. 11: DNase activity of Csb2 

 

A. A 1% agarose gel showing the DNase activity of increasing concentration of Csb2 (0.5, 1, 2.5, 5 µM) on 

circular dsDNA substrate in the absence of divalent metal ion (Mg2+), (lanes 4-8). Lane 8 consists of DNA 

treated with 5 µM of Csb2, followed by Proteinase K treatment. A DNA marker is loaded in lane 2, and 

the respective bands are marked for reference. Lane 1 and lane 9 show linearized substrate DNA and DNA 

treated with Topoisomerase I, respectively.  

B. A 1% agarose gel showing the DNase activity of increasing concentration of Csb2 (0.5, 1, 2.5, 5 µM) on 

circular dsDNA substrate in the presence of divalent metal ion (Mg2+), (lanes 4-8). Lane 8 consists of DNA 

treated with 5 µM of Csb2, followed by Proteinase K treatment. A DNA marker is loaded in lane 2, and 

the respective bands are marked for reference. Lane 1 and lane 9 show linearized substrate DNA and DNA 

treated with Topoisomerase I, respectively.  

C.  A 1% agarose gel depicts the DNase activity of increasing concentration of Csb2 (0.5, 1, 2.5, 5 µM) on 

linear dsDNA substrate in the absence of divalent metal ion (Mg2+), (lanes 2-5). Lane 6 consists of DNA 

treated with 5 µM of Csb2, followed by Proteinase K treatment. A DNA marker is loaded in lane 7, and 

the respective bands are marked for reference.  

D.  A 1% agarose gel shows the DNase activity of increasing concentration of Csb2 (0.5, 1, 2, 3, 5 µM) on 

linear dsDNA substrate (lanes 2-6) in the presence of divalent metal ion (Mg2+). Lane 7 consists of DNA 

treated with 5 µM of Csb2, followed by Proteinase K treatment. A DNA marker is loaded in lane 8, and 

the respective bands are marked for reference. 
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2.4 Discussion  
 

 In most studied type I systems Cas6 (Cas5 in case of type I-C system), is typically 

responsible for generating the guide crRNA by cleaving within the repeat region of the pre-

CRISPR transcript (Carte et al., 2008; Garside et al., 2012; Gesner et al., 2011; Nam et al., 

2012; Sashital et al., 2011; R. Wang et al., 2011). Both Cas6 and Cas5 possess ferredoxin-like 

domains, also known as RNA recognition motif (RRM) domains (Haurwitz et al., 2010; Koo 

et al., 2013; R. Wang et al., 2011). Therefore, the fusion of Cas5-like and Cas6-like domains 

in Csb2 raises several questions about its role in type I-G crRNA maturation and the mechanism 

by which this enzyme recognises and processes its substrate.  To address this, we biochemically 

characterised the type1-G Csb2 protein from B. animalis.  

We attempted to express Csb2 homologs from three different organisms including the 

representative organism G. sulferreducens. Except for Csb2 from B. animalis, our efforts didn’t 

succed for others due to protein insolubility. We were successful in purifying Csb2 from B. 

animalis, but, the protein displayed significant instability in vivo (Figure 2.2C), suggesting that 

the instability might arise from its ectopic expression or its inherent need for a stabilizing 

partner. Next, we also observed a novel feature of the CRISPR array of type I-G system from 

B. animalis, which harbours bidirectional promoter-like elements for generating pre-crRNA 

transcripts. We also observed that these RNA transcripts had distinct structures and sequences 

from both orientations (Figure 2.3 A-C). Interestingly, such bidirectional expression of the 

CRISPR array had only been observed in type III CRISPR-Cas systems in Sulfolobus 

acidocaldarius, where it was suggested that the complementary base-pairing between the two 

RNA transcripts may serve to inactivate the processing of pre-crRNA in the absence of an 

invading foreign genetic element (Lillestol et al., 2006; Lillestol et al., 2009). Further, we 

demonstrate that both these RNA transcripts can be processed by Csb2, which is unique across 

CRISPR-Cas systems reported till date (Figure 2.4 A, B).  Even more fascinating is the fact 

that our mapping studies reveal that the sites of Csb2-mediated cleavage are conserved among 

both the orientations (Figure 2.5). The nature of the RNA fragments produced by Csb2 

(generating 5’-OH and 2’,3’ cyclic phosphate) is characteristic of both Cas5 and Cas6 nuclease 

activities, which employ metal independent RNA hydrolysis (Carte et al., 2010; Carte et al., 

2008; Garside et al., 2012; Gesner et al., 2011; Jore et al., 2012; Nam et al., 2012) (Figure 2.6 

A, B). Furthermore, unlike most type I maturases that prefer the base of the stem-loop structure 

for binding and processing of CRISPR repeats, Csb2 exhibits specificity towards the stem-loop 
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region for binding while cleaving at the overhang region (Figure 2.7). Here, Csb2 binds to the 

5’- proximal stem-loop region of the CSO repeat RNA and cleaves at the 3’ overhang region 

(Figure 2.8 A, B). Whereas, it also binds the 3’- proximal stem-loop region of the CAO repeat 

RNA while cleaving the 5’ overhang region (Figure 2.8 C, D).  Collectively, these observations 

suggest that Csb2 displays an unconventional mode of specificity towards the repeat RNA. 

Csb2 harbours an N-terminal Cas5-like domain and a C-terminal Cas6-like domain. Here, the 

nuclease activity resides in the C-terminal Cas6-like domain, while the N-terminal Cas5-like 

domain is catalytically inert (Figure 2.9B).  Previous studies have shown that in type I-C, in 

the absence of Cas6, Cas5 assumes the catalytic role. Interestingly, Cas5/I-C also possesses a 

tunable DNase activity (Punetha et al., 2014); however, Csb2/I-G exhibited no substantial 

DNase activity, suggesting that Cas5-like domain is not active against both DNA and RNA 

(Figure 2.11).  

Csb2 is an endoRNase that can process the repeat regions of the crRNA that are 

transcribed from both orientations. In vitro nuclease assays have shown that Csb2 can act as a 

standalone maturase, but, in a few other type I systems, like type I-E, Cas6-mediated 

maturation occurs only after the formation of the multi-subunit Cascade complex. However, 

Csb2-mediated maturation as a part of the Cascade complex has not been studied yet. We have 

tried to understand the Cascade formation of the type I-G system and its role in crRNA 

maturation, in chapter 3. 

 

2.5 Summary 

 

In this chapter, we have characterized a Cas nuclease that is involved in crRNA 

maturation from a newly identified type I-G CRISPR-Cas system. We assessed the RNase 

activity on repeat RNA substrates from both the orientations. We showed that Csb2 is a metal-

independent RNase that cleaves repeat RNA from both sense and anti-sense orientations, 

recognising a common motif. We also analysed the type of fragments generated during this 

cleavage and found that the processing of pre-crRNA generates fragments with 2’,3’cyclic 

phosphates and 5’-OH respectively, that is characteristic of a metal-independent RNA 

hydrolysis. Additionally, we observed that the stem-loop region of the repeat RNA is important 

for Csb2 binding, whereas, the 5’ overhang of the repeat region is important for the nuclease 

activity. Csb2 harbours an N-terminal Cas5-like and a C-terminal Cas6-like domains. Amongst 
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these, the C-terminal Cas6-like domain harbours the catalytic center. We also found two of the 

catalytically active site residues for Csb2 RNase activity. With these findings, we characterized 

Csb2 and proceeded further to understand the maturation mechanism in Chapter 3. 
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3 Chapter 3 

 

3.1 Introduction 
 

Having characterised the Csb2 as a site-specific endo-RNase, we next set out to 

understand the functional role of Csb2 as a subunit of the effector complex. Our curiosity 

towards the type I-G effector complex stems from the differential mode of Cas6-mediated 

crRNA processing in other type 1 systems. For example, Cas6a (from type I-A) processes pre-

crRNA and delivers the mature crRNA to a pre-formed Cascade complex during a transient 

association with the type I-A Cascade (Charpentier et al., 2015; Lintner et al., 2011; Plagens, 

Tjaden, Hagemann, Randau, & Hensel, 2012), suggesting it to be a multi-turnover enzyme 

complex. On the other hand, Cas6e (type I-E) remains bound to the mature crRNA and 

facilitates the assembly of the Cascade complex around it (Brouns et al., 2008; Pougach et al., 

2010). Similarly, Cas5 also is a single turnover RNase that remains bound to the crRNA and 

leads to the assembly of the effector complex (Nam et al., 2012; O'Brien et al., 2020). Our 

biochemical characterization of Csb2 in chapter 2, clearly establishes its ability to process pre-

crRNA as a standalone protein in vitro. Therefore, we next wanted to investigate whether Csb2 

can also process crRNA, as a part of the Cascade complex. Additionally, in I-E Cascade 

complex, Cas6 caps the backbone of the Cascade complex at the 3’ end and Cas5 constitutes 

the tail region of the complex (Figure 1.7A) (Gesner et al., 2011; Jackson et al., 2014; Mulepati 

et al., 2014; Sashital et al., 2011; Zhao et al., 2014). Such an arrangement of Cas proteins in 

other type I Cascade complexes sparked our curiosity regarding the potential association of a 

Cas5-Cas6 fusion protein (Csb2) with the remaining components of the Cascade complex. 

Additionally, the type I-G effector complex is anticipated to be more minimalistic (three-

component system) compared to other type I effector complexes, enhancing its intrigue for in-

depth study of its assembly process (Makarova et al., 2015; Makarova et al., 2020). 

Thus, in this chapter we primarily focus on the assembly of the minimal type I-G 

effector complex. As it was already predicted that Csb1 and Csb3 is homologous to Cas7 and 

Cas8, respectively, we hypothesised that Csb1, Csb2, and Csb3 could collectively form a 

Cascade complex analogous to those observed in other type I systems. We then aimed at 

investigating the pre-crRNA processing abilities of Csb2 as a part of the Cascade complex. 

Intriguingly, we also observed the involvement of additional Cas proteins besides Csb2, in pre-
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crRNA processing. Overall, in Chapter 3, we shed light on distinct features exhibited by the 

type I-G effector complex, setting it apart from other type I systems. 

 

3.2 Materials and methods 

 

3.2.1 Molecular cloning 

 

To reconstitute the type I-G Cascade complex in vivo, a polycistronic construct 

consisting of B. animalis derived genes encoding Csb2, Csb1 and Csb3 (referred as pCascade) 

was designed via overlap extension PCR and cloned into pQE2 (Qiagen) using Gibson 

assembly. Cascade complex with Csb2 point mutant (Csb2 H520A) was similarly cloned into 

pQE2. A type I-G CRISPR array derived from B. animalis, containing six identical repeat-

spacer units with the Cas anti-sense orientation (CAO), was incorporated under the regulation 

of a T7 promoter. This was obtained through commercial synthesis (GeneArt) and subsequently 

cloned into 13S-R (Addgene # 48328) to generate pCR_Array. The gene encoding Csb1 and 

Csb3 from B. animalis were PCR amplified and cloned into pET Strep II co-transformation 

cloning vector (13S-R Addgene) and pQE2 (Qiagen) vector, respectively, using Gibson 

assembly. 

 

3.2.2 In vivo Cascade complex reconstitution 

 

For in vivo reconstitution of the Cascade complex, E. coli BL21 (DE3) was co-

transformed with pCascade and pCR_Array. The cells were cultivated in LB broth 

supplemented with 50 µg/mL kanamycin and 100 µg/mL spectinomycin. Upon reaching 0.6 

OD600, the cells were induced by adding 0.2 mM IPTG, and the culture was further incubated 

at 16 °C for an additional 12 hours. Subsequently, cells were harvested, resuspended in binding 

buffer A (20 mM Tris-Cl, pH 7.6, 30 mM NaCl, 10% glycerol, and 6 mM β-mercaptoethanol), 

and supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF), Protease inhibitor 

cocktail (Sigma Aldrich) (20 mg/g of cell pellet), and RNase-free DNase I. Cell lysis was 

performed using a cell disruptor operating at 20 kpsi. The lysate was clarified  

through centrifugation at 4 °C and 20,000 g for 30 minutes, followed by an additional 
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ultracentrifugation step at 4 °C and 120,000 g for 2 hours. The clarified lysate was then loaded 

to a pre-equilibrated 5 mL HiTrap SP HP (GE Healthcare) column connected in series with 5 

mL HiTrap Q HP (GE Healthcare) column. The column was then washed individually with 10 

CV of the binding buffer A. The complex was eluted from the HiTrap Q HP column using a 

linear gradient of 30 mM to 1 M NaCl in the binding buffer A. The eluted fractions were pooled 

and loaded onto a pre-equilibrated 5 mL HisTrap HP (GE Healthcare) column. After washing 

with 10 CV of buffer B (20 mM Tris-Cl (pH 7.6), 300 mM NaCl, 30 mM imidazole, 10% 

glycerol and 6 mM β-mercaptoethanol) the complex was eluted using a linear gradient of 30 

mM to 1 M imidazole in buffer B. For the final step of purification, the fractions were loaded 

onto a pre-equilibrated HiLoad 16/600 Superdex 200 prep grade column (GE Healthcare) and 

eluted in the storage buffer (20 mM Tris-Cl (pH 7.6), 300 mM NaCl, 10% glycerol and 6 mM 

β-mercaptoethanol). The complex was concentrated using ultrafiltration through a 100 kDa 

cutoff filter (Merck) and analyzed on a 10% SDS PAGE for the presence of Cas subunits. 

Similar to Csb2, the Cascade complex was also observed to undergo spontaneous disintegration 

within few days even at -80 °C. Therefore, after the complex was purified, all assays were 

performed immediately or within a couple of days. To ascertain that no dissociated subunits 

were used while performing the experiments, each time the purified complex was re-passed 

through a 100 kDa cutoff filter and only the retentate was used for the in vitro experiments. 

The Cascade complex harbouring the Csb2 point mutant, namely pC2H_Cascade was 

reconstituted similarly.  

 

3.2.3 crRNA extraction from Cascade complex 

 

To isolate the crRNA from the intact Cascade complex, 500 µL of the 20 µM sample 

was heated at 95 °C for 15 min. It was then subjected to phenol-chloroform extraction, followed 

by ethanol precipitation. The sample thus obtained was treated with RNase-free DNase I (50 

µg/mL) at 37 °C for 1 hour to remove any traces of DNA. The RNA that remained was 

visualized using an EtBr stained 20% denaturing polyacrylamide gel. 
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3.2.4 Purification of proteins 

 

For the purification of Csb1, E. coli BL21 (DE3) cells carrying pCsb1 were cultured in 

LB broth supplemented with 50 µg/mL spectinomycin at 37 °C until the optical density at 600 

nm (OD600) reached 0.6. The cells were then induced with 0.2 mM IPTG and were expressed 

at 25 °C for 12 hours. Following expression, cells were collected by centrifugation at 25 °C, 

10,000 g for 5 minutes. The harvested cell pellets underwent washing and resuspension in 

binding buffer C (20 mM Tris-Cl, pH 7.6, 500 mM NaCl, and 6 mM β-mercaptoethanol), 

supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and Protease inhibitor 

cocktail (Sigma-Aldrich) (20 mg/g of cell pellet). Cells were lysed through sonication (Pulse - 

2 sec ON and 20 sec OFF), and the resulting lysate was clarified by centrifugation at 4 °C and 

20,000 g for 30 minutes. The supernatant was loaded to a pre-equilibrated 5 mL StrepTrap HP 

(GE Healthcare) column and subsequently washed with 10 CV of binding buffer C, and eluted 

in binding buffer containing 2.5 mM d-Desthiobiotin (Sigma-Aldrich). The eluted fractions 

were further refined using a HiLoad 16/600 Superdex 75 prep-grade column (GE Healthcare). 

The purified protein was concentrated via ultrafiltration through a 50 kDa cutoff filter 

(Sartorius), snap-frozen, and stored at -80 °C until needed for subsequent use. 

To purify Csb3, E. coli BL21 (DE3) harboring pCsb3 was grown in LB broth 

supplemented with 100 µg/mL ampicillin at 37 °C until OD600 reached 0.6 and induced with 

0.2 mM IPTG. The expression was continued at 25 °C for 12 hours and then the cells were 

harvested by centrifugation at 25 °C, 10,000 g for 5 min. The pellet was then resuspended in 

binding buffer D (20 mM Tris-Cl (pH 7.6), 300 mM NaCl, 30 mM imidazole and 6 mM β-

mercaptoethanol) containing 1mM phenylmethylsulfonyl fluoride (PMSF) and Protease 

inhibitor cocktail (20 mg/g of cell pellet). After sonication (Pulse - 2 sec ON and 20 sec OFF), 

the lysate was centrifuged at 4 °C and 20,000 g for 30 min. The supernatant was loaded onto a 

pre-equilibrated 5mL HisTrap HP (GE Healthcare) column. After the sample binding, the 

column was washed with 10 CV of binding buffer B and eluted on a linear gradient of imidazole 

(30 mM to 1 M) in buffer D. The eluted fractions were loaded onto a pre-equilibrated HiLoad 

16/600 Superdex 75 prep grade column (GE Healthcare) and purified further. The protein was 

concentrated using ultrafiltration through a 30 kDa cutoff filter (Sartorius), snap-frozen and 

stored at -80 °C until further used.  
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3.2.5 In vitro RNase assay 

 

To test whether Csb2 could process repeat RNA as a part of the Cascade complex, 0.5 

µM of the CAO repeat RNA (5’ 6-FAM labelled) substrate was incubated with 1 µM of WT 

or its mutant variant (Csb2 H520A) Cascade complex in a reaction buffer containing 20 mM 

Tris-Cl (pH 7.6), 100 mM KCl and 6 mM β-Mercaptoethanol (β-ME) and incubated at 37 °C 

for 30 min. Cleavage products were analysed on a 20% (w/v) denaturing polyacrylamide gel 

and viewed in Bio-Rad gel documentation system. Similar reactions were set up to assess the 

RNase activity of Csb1 and Csb3.  

 

3.3 Results 

 

3.3.1 In vivo reconstitution of the Cascade complex 

 

Following the characterization of the nuclease activity of Csb2, our objective was to 

examine whether Csb2 could process the pre-CRISPR transcript too as part of the effector 

complex. To achieve this, the initial step involved the successful reconstitution of the Cascade 

complex. In other type I systems, core components such as Cas5, Cas6, Cas7, and Cas8 

typically constitute the Cascade complex in conjunction with crRNA. Based on our predictions, 

Csb1 shares homology with Cas7, Csb2 contains N-terminal Cas5-like and C-terminal Cas6-

like domains, and Csb3 is homologous to Cas8. Consequently, these proteins were identified 

as potential constituents of the Cascade complex in the type I-G system. To test the assembly 

of these proteins into the Cascade complex, we cloned csb1, csb2, and csb3 from B. animalis 

as a polycistronic construct via overlap extension PCR (pCascade) (Figure 3.1 A-D) and co-

expressed them with the CRISPR repeat-spacer array (pCR_Array) (Figure 3.1E and 3.2A). 

We purified the intact complex through series of purification steps followed by final size-

exclusion chromatography step (Figure 3.2B) (refer to methods for details, section 3.2.2). 

Notably, during the analysis of the purified complex on SDS-PAGE, we successfully identified 

these proteins, indicating that Csb1, Csb2, and Csb3 indeed form a complex with crRNA. This 

analysis also suggests that Csb1 is the most enriched whilst Csb2 and Csb3 might be present 

in lower stoichiometries (Figure 3.2 C). Further, the nucleic acid isolated from the purified 
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complex was treated with DNase, following which, a distinct band was observed on a 

denaturing PAGE, with its size corresponding to the predicted length (approximately 60-70 nt) 

of crRNA (Figure 3.2D). This additional evidence strongly suggests that Csb1, Csb2, and Csb3 

co-assemble to form a complex with crRNA. 

 

 

Figure 3. 1: Cloning of the type I-G Cascade operon 

 

A. A schematic representation of the experimental outline of constructing the type I-G Cascade operon through 

overlap-extension PCR. The genes encoding Csb1, Csb2 and Csb3 were amplified separately using specific 

primers. csb1 and csb3 were amplified via overlap extension PCR to give csb1-csb3 amplicon which was 

later combined with csb2 via a second overlap-extension PCR reaction to generate csb2-csb1-csb3 

(cascade) operon. 

B. A 0.8% agarose gel showing PCR amplicons csb2 (1.6 kb, lane 1) and csb1-csb3 (2.2 kb, lane 2) overlap. 

A DNA marker is loaded in lane 3, and the respective bands are marked for reference. The dashed line 

denotes discontinuity in the gel for the purpose of clarity. 

C. A 0.8% agarose gel showing PCR amplicon of the cascade operon, csb2- csb1-csb3 (3.8 kb, lane 1). A 

DNA marker is loaded in lane 2, and the respective bands are marked for reference. The dashed line denotes 

discontinuity in the gel for the purpose of clarity. 

D. A 0.8% agarose gel showing the clone confirmation of pCascade construct using restriction digestion. The 

gene of interest released after digestion in shown in red box. A DNA marker is loaded in lane 1, and the 

respective bands are marked for reference. 
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E. A 0.8% agarose gel showing the clone confirmation of pCR_Array construct using restriction digestion. 

The gene of interest released after digestion in shown in red box. A DNA marker is loaded in lane 2, and 

the respective bands are marked for reference. 

 

 

Figure 3. 2: In vivo Cascade reconstitution 

 

A. A schematic representation of the constructs used for overexpression and in vivo reconstitution of the 

Cascade complex. The plasmids expressing the Cascade complex (pCascade) and crRNA (pCR_Array) 

were co-expressed upon IPTG induction in E. coli BL21 (DE3). 

B. A size exclusion chromatogram of the HiLoad 16/600 Superdex 200 prep grade column indicating the peak 

corresponding to the Cascade complex (red box), eluted at 64.5 mL is shown.  

C. A 10% SDS PAGE shows the individual subunits of the purified Cascade complex (lane 1) extracted from 

the peak fraction in (B). A protein marker is loaded on lane 2 to validate the molecular sizes. The respective 

subunits, namely, Csb1, Csb2 and Csb3 are also indicated on the right. The dashed line indicates the 

discontinuity in the gel for clarity. 

D. An EtBr stained 20% denaturing PAGE shows the RNA isolated from the purified Cascade complex. Lane 

1 shows the nucleic acid extract from the Cascade complex, while lane 2 displays the same extract after 

treatment with DNase, confirming the presence of RNA. An ssDNA marker is loaded onto lane 3 for 

reference. 
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3.3.2 Pre-crRNA processing by the Cascade complex in vitro 

 

Inspired by these findings, we investigated whether the effector complex possesses the 

capability to process CRISPR repeat RNA. Remarkably, we observed that the effector complex 

exhibited endonuclease activity when incubated with CRISPR repeat RNA, and this activity 

was more efficient compared to the Csb2 nuclease activity (Figure 3.3 B-C).  This suggests 

that the pre-CRISPR transcript undergoes processing by Csb2 both as an independent protein 

and as a subunit within the RNP effector complex. 

To confirm that the nuclease activity of the effector complex is attributed to Csb2, we 

reconstituted the complex in vivo with a Csb2 nuclease-dead mutant (H520A) (Figure 3.3A). 

Intriguingly, this mutant Cascade complex exhibited nuclease activity similar to the WT 

Cascade complex, suggesting the presence of an additional nuclease within the complex 

(Figure 3.3 B-C). 

 

Figure 3. 3: In vitro nuclease assay of the Cascade complex 

 

A. An overlay of size exclusion chromatograms of the HiLoad 16/600 Superdex 200 prep grade column for 

comparison of elution profiles of the WT (in blue) and the Csb2_H520A (in red) Cascade complexes. The 

desired complex is eluted at approximately 64 mL for both the complexes (indicated by the black box). 

B. A 20% denaturing PAGE shows the RNase activity of 1 µM of Cascade complex (lane 3, 4) as well as 

Cascade (Csb2 H520A) complex (lane 5, 6) on 0.5 µM of 5’ 6-FAM labelled repeat RNA substrate. The 

Csb2 that was incubated with RNA substrate is shown in lane 2 as a control. 

C. A bar graph showing the densitometric analysis of the RNase activity of Wt Csb2 compared to WT Cascade 

complex as well as its mutant variant (Csb2_H520A), whose representative analysis is shown in panel B.   

 

TH-3532_156106010



Chapter 3: Identification of dual nucleases in type I-G Cascade complex 

88 
 

 

3.3.3 Identifying the additional catalytic center in type I-G effector complex 

 

The observation of the mutant Cascade complex (Csb2 H520A) retaining RNase 

activity (Figure 3.3B) led us to formulate a hypothesis regarding the existence of another RNase 

within the Cascade complex. To explore this possibility, we turned towards investigating the 

nuclease activity of other Cas subunits – Csb1 and Csb3. Csb1 was predicted to be homologous 

to Cas7 protein, whereas, Csb3 was homologous to Cas8 protein. We then cloned and expressed 

both Csb1 and Csb3 separately and tested for their respective nuclease activities (Figure 3.4 A-

B). In vitro nuclease activity of Csb1 and Csb3 against 5’ 6-FAM labelled CAO RNA revealed 

that Csb3 exhibited no cleavage, whereas, Csb1 demonstrated RNase activity (Figure 3.4C). 

This observation supports our hypothesis that the Cascade complex possesses additional Cas 

nuclease. We therefore proceeded to characterise Csb1 further. 

 

 

Figure 3. 4: Dual nuclease activity of type I-G Cascade subunits 

 

A. A 15% SDS PAGE shows the purified 43 kDa Csb1 protein (marked as Csb1). A protein marker is loaded 

on the left to validate the molecular sizes. The vertical broken line indicates discontinuity between the 

lanes, which is introduced for the sake of clarity.   

B.  A 15% SDS PAGE shows the purified and 39 kDa Csb3 protein (marked as Csb3), respectively. A protein 

marker is loaded on the left to validate the molecular sizes. The vertical broken line indicates discontinuity 

between the lanes, which is introduced for the sake of clarity.   

C. A 20% denaturing PAGE depicting the RNase activity of Csb1 (lane 2), Csb2 (lane 3), and Csb3 (lane 4) 

on 5’ 6-FAM labelled CAO repeat RNA substrate. 
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3.4 Discussion 

 

In type I CRISPR-Cas systems, the primary function of Cas6 is to process the pre-

crRNA and subsequently co-assemble along with this crRNA and other Cas proteins to form 

the Cascade complex (Gesner et al., 2011; Sashital et al., 2011). The most widely studied type 

I-E Cascade complex consists of Cas77, Cas61, Cas51, Cas81 and Cas112, where the subscript 

indicates the stoichiometry of each subunit (Gesner et al., 2011; Sashital et al., 2011). In 

contrast, previous predictions (Makarova et al., 2015; Makarova et al., 2020; Shangguan et al., 

2022) and our in vivo reconstitution experiments suggest that type I-G Cascade complex is 

constituted of only three components – Csb1 (Cas7 homolog), Csb2 (Cas5-Cas6 fusion), Csb3 

(Cas8 homolog), thus representing a minimalistic type I effector complex (Figure 3.2 B-C). 

Interestingly, our work and recent reports (Shangguan et al., 2022) have confirmed that the 

backbone forming Cas7 homolog, Csb1, is the most enriched component of this effector 

complex while Csb2 and Csb3 are represented in lower stoichiometry. We could also extract 

the crRNA to further ascertain the assembly of crRNA with Cas proteins (Figure 3.2 D). Our 

reconstruction of the Cascade complex aligns with a recent study that documented the 

formation of a backbone in the type I-G effector complex, consisting of seven subunits of Csb1 

(Shangguan et al., 2022). Our in vitro nuclease assays indicated that the type I-G Cascade could 

process crRNA in a notably more efficient manner compared to the action of Csb2 alone 

(Figure 3.3 B). Notably, we also discovered an additional nuclease, Csb1, which demonstrated 

the ability to cleave the repeat RNA similar to Csb2 (Figure 3.4 C). The presence of an 

additional nuclease aligned with the effective processing observed in the Cascade complex, 

compared to a single Cas protein. Catalytic activity of Cas7 homologs has not been previously 

reported in type I systems. However, type III CRISPR-Cas system harbours a catalytically 

active variant of Cas7 protein that cleaves target RNA (Osawa et al., 2015; Ozcan et al., 2021; 

Samai et al., 2015; R. H. Staals et al., 2014; D. W. Taylor et al., 2015; van Beljouw et al., 

2021).  

Therefore, our findings on the bidirectional transcription of the CRISPR array (as 

discussed in Chapter 2) and the catalytic behaviour of the Cas7 homolog Csb1 (as presented in 

the current chapter) bear similarity to the type III system. This suggests that the type I-G 

CRISPR-Cas system could potentially serve as an evolutionary link between type I and type 
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III systems. Moreover, it also implies that the surplus of the CRISPR array transcripts that are 

expressed in this system can be now attributed to the presence of dual nucleases that can process 

the RNA. This prompted a deeper exploration of the novel RNase activity exhibited by Csb1. 

Therefore, in our forthcoming Chapter 4, our objective is to meticulously characterize the 

RNase activity of Csb1 and compare it with Csb2. 

 

3.5 Summary 
 

In this chapter, we have accomplished the in vivo reconstitution of the type I-G Cascade 

complex from B. animalis. We evaluated the RNase activity of the Cascade complex and found 

that Csb2 could cleave repeat RNA both as a standalone protein and as a part of the complex. 

To ascertain this, we evaluated the nuclease activity of a variant of Cascade complex 

comprising of Csb2-point mutant (dead mutant) and found that the Cascade complex could still 

retain the processing ability. This prompted us to investigate the additional catalytic center. We 

observed that amongst Csb1 and Csb3, Csb1 harboured the additional catalytic center in the 

type I-G Cascade complex. With these observations, we identified an additional nuclease in 

type I-G effector complex, which is strikingly different from that observed previously 

(Shangguan et al., 2022)  and proceeded further to characterize it in Chapter 4. 
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4 Chapter 4 

 

4.1 Introduction 
 

Having discovered Csb1 as an additional RNase within the type I-G system, we focused 

on a more in-depth characterization of the biochemical properties of this Cas nuclease. Csb1, 

a Cas7 homologue belonging to the RAMP superfamily that harbours a single RRM domain 

(Makarova, Aravind, et al., 2011; R. Wang & Li, 2012), stands out, as our studies unveil that 

it has acquired a catalytic trait, a feature not observed in any other type I systems. Usually, in 

type I systems, a sea-horse shaped Cascade complex is composed of Cas7 that primarily 

stabilizes its backbone by assembling with the crRNA to form a hand-like shape, the thumb 

region of which induces a kink in the crRNA every sixth nucleotide (Jackson et al., 2014). Cas7 

also interacts with the Cas8 (large-subunit) and Cas11 (small-subunit) proteins to constitute the 

tail and the belly region of the Cascade complex respectively (Jackson et al., 2014; Jore et al., 

2011; Mulepati et al., 2014; Nam et al., 2012; O'Brien et al., 2020; Wiedenheft et al., 2011; 

Zhao et al., 2014). In contrast to this, within type III CRISPR-Cas systems, a catalytic variant 

of Cas7 (Csm3/Cmr4) is responsible for cleaving target RNA (Osawa et al., 2015; Samai et al., 

2015; R. H. Staals et al., 2014; Tamulaitis et al., 2014; D. W. Taylor et al., 2015). Initially, 

Cas7 in type III systems was recognized for its involvement in the interference mechanism. 

However, a recent discovery uncovered gRAMP Cas7-11, which was identified to play a role 

not only in interference but also in the crRNA maturation (Goswami et al., 2022; Ozcan et al., 

2021; van Beljouw et al., 2021; Yu et al., 2022). The cas7-11 gene is composed of four subunits 

of cas7, with an interruption in the last subunit caused by an insertion element. The first subunit 

is followed by cas11. Notably, the processing of pre-crRNA is primarily attributed to Cas7.1 

and Cas7.2 subunits within the complex (Goswami et al., 2022; Ozcan et al., 2021; van Beljouw 

et al., 2021; Yu et al., 2022).  

Our current findings indicate that Csb1, the Cas7 homolog in the type I-G CRISPR-Cas 

system, possesses an additional catalytic centre, setting it apart from the characteristics 

observed in Cas7 proteins in other type I systems.  Intrigued by this, we aimed at characterizing 

the RNase activity of Csb1, through a series of detailed experiments that were designed to 

characterize Csb2 in Chapter 2. Throughout our chapter, we also try to compare our 

observations with that of Csb2. By doing so, we also attempted to understand the nature of this 
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additional catalytic centre which can eventually help us to understand the physiological basis 

of harbouring two catalytic centres in type I-G maturation mechanism.  

 

4.2 Materials and methods 

 

4.2.1 Molecular cloning 

 

The gene encoding Csb1 from B. animalis was PCR amplified and cloned into pET 

Strep II co-transformation cloning vector, 13S-R (Addgene) vector using Gibson assembly (as 

described in Chapter 3, Section 3.2.1). The point mutants of Csb1, namely, E78A, H122A, 

R123A, R179A and R320A were created using PCR-based mutagenesis and cloned into 13S-

R vector similarly. 

 

4.2.2 Purification of proteins 

 

Expression and purification of Csb1 and its mutant proteins were carried out as 

described in Chapter 3 (section 3.2.4). To study the oligomerisation pattern of Csb1, purified 

protein is passed through the HiLoad 16/600 Superdex 200 prep grade column (GE Healthcare) 

and the peak fractions were collected for all oligomeric states, followed by analysis on an SDS 

PAGE and utilized for biochemical assays. For TEM imaging, the affinity purified Csb1 

samples were used and the TEM grids were examined using a JEOL (Model 2100F) 

transmission electron microscope operated at 200 kV. 

 

4.2.3 Preparation of substrates 

 

Repeat RNA substrates used for the studies are described in Chapter 2. Details of its 

synthesis and purification are described in Section 2.2.4.   
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4.2.4 In vitro RNase assay 

 

Assays for in vitro RNase activity of the Csb1 mutants were carried out as described in 

Chapter 3 (Section 3.2.5). The time-dependent nuclease assay of Csb1 was performed similar 

to that of Csb2 (mentioned in Section 2.2.5 in Chapter 2). 

 

4.2.5 Cleavage site mapping assay 

 

To map the cleavage site on the RNA substrate by Csb1, we conducted reactions following a 

protocol akin to that outlined for Csb2 in Section 2.2.6 of Chapter 2. 

 

4.2.6  Assay for characterisation of the nature of the ends of the fragment 

 

To characterise the nature of the fragment generated by Csb1 activity on the repeat 

RNA, we took the same approach as described in Section 2.2.7 of Chapter 2. 

 

4.2.7 Fluorescence anisotropy assay 

 

The anisotropy assays were carried out as described in Section 2.2.8 in Chapter 2. 

4.3 Results 

 

4.3.1 Csb1 RNase activity 

 

Preliminary experiments with Cascade complex harbouring a mutant version of Csb2 

(H520) suggested that Csb1 was catalytic in nature and can process pre-crRNA (Figure 3.4C). 

This prompted us to further characterise the role of Csb1 in Cascade complex that also harbours 

the Csb2 nuclease. Towards this, we first assessed its metal dependency and noted that, akin to 

Csb2, the RNase activity of Csb1 was metal-independent (Figure 4.1A). Time-dependent 

cleavage assay of Csb1 at various substrate to enzyme ratios (1:4 and 1:10) was carried out. At 

the 1:4 (substrate: enzyme) ratio, we observed significant processing, which doesn’t show any 
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further cleavage even after prolonged treatment, suggesting that Csb1 is an endonuclease that 

cleaves at a specific region within the repeat RNA (Figure 4.1B). Whereas, no significant 

processing was observed while using a substrate: enzyme ratio of 1:10, suggesting longer 

incubation or high protein concentrations are needed to elicit Csb1 mediated RNA maturation. 

(Figure 4.1C). Comparing this with that of Csb2 activity at the same ratio (1:10) indicated that 

Csb2 is a more potent nuclease than Csb1 (Figure 4.1D). We performed alkaline hydrolysis 

and RNase T1 based structural mapping to identify the site of cleavage within RNA substrates 

which revealed that Csb1 cleaves the CSO repeat RNA at 8 nt from the 3’ end, that is between 

C28 and A29 (Figure 4.2 A, D) and the CAO repeat RNA 5 nt from the 5' end, between C5 and 

A6 (Figure 4.2 B, D). Notably, the observed cleavage site for Csb1 matched precisely with the 

cleavage site for Csb2. On careful analysis, we identified a conserved motif at the site of 

cleavage (5’ UCAA/UU 3’, where C and A are the sites of cleavage) (Figure 4.2D).  

 

 

Figure 4. 1: RNase activity of Csb1 

 

A. A 20% denaturing PAGE showing the RNase activity of EDTA treated Csb1 (1 µM) on 5’ 6-FAM labelled 

CAO repeat RNA substrate (0.25 µM), in presence of metal. 

B. A 20% denaturing PAGE demonstrating the time-dependent (0, 5, 10, 15, 30, 60, 90 and 120 min) RNase 

activity of Csb1 (1 µM) on 5’ 6-FAM labelled CAO repeat RNA substrate (0.25 µM).  
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C. A 20% denaturing PAGE demonstrating the time-dependent (0, 5, 10, 15, 30, 60, 90 and 120 min) RNase 

activity of Csb1 (100 nM) on 5’ 6-FAM labelled CAO repeat RNA substrate (10 nM). 

D. A 20% denaturing PAGE showing the time-dependent (0, 5, 10, 15, 30, 60, 90 and 120 min) RNase activity 

of Csb2 (100 nM) on 5’ 6-FAM labelled WT CAO repeat RNA substrate (10 nM).   

 

Next, we also studied the nature of the RNA ends produced by Csb1 by treating the 

CAO 5’ 6-FAM labelled cleavage product with T4 Polynucleotide Kinase (PNK) under acidic 

conditions (Das & Shuman, 2013). Similar to Csb2, T4 PNK treated fragments migrated at a 

slower rate compared to the untreated fragments, suggesting the conversion of the phosphate 

group to a less negatively charged hydroxyl group (Figure 4.2 C). Collectively, this data 

established parallels between modes of RNA processing between Csb1 and Csb2. 
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Figure 4. 2: Characterizing the RNase activity of Csb1 

 

A. A 20% denaturing PAGE is shown for mapping the cleaved CSO RNA fragment by Csb1 (lane 5) using 

an RNase T1 digestion ladder (lane 1) and an alkaline hydrolysis ladder (lane 2 and 3) generated by varying 

the hydrolysis incubation times (5 and 10 min at 95 °C), respectively.  Positions specific to cleavage by 

RNase T1 are indicated as G24 and G36 in red. The cleaved RNA fragment indicated as A29 (in purple) 

maps to the 29th nucleotide from the 5’ end of the repeat RNA between C28 and A29.  

B. A 20% denaturing PAGE mapping the cleaved CAO RNA fragment by Csb1(lane 4) using an RNase T1 

digestion ladder (lane 1) and an alkaline hydrolysis ladder (lane 2), is shown. The RNA substrate that was 

incubated with Csb2 separately in lane 5 is also indicated. Position specific to cleavage by RNase T1 is 

indicated as G9 in red. The cleaved RNA fragment indicated as C5 (in purple) maps to the 5th nucleotide 

from the 5’ end of the repeat RNA between C5 and A6.  

C. A 20% denaturing PAGE is shown for deciphering the nature of cleaved RNA product by Csb1 (lane 5). 

The cleaved RNA product was treated with T4 PNK at pH 5.2 in the absence of ATP to remove terminal 

phosphates. The difference in migration between T4 PNK treated and untreated samples is attributed to the 

charge difference between these groups. Similarly, Csb2 cleaved RNA fragment was also treated with T4 

PNK and loaded in lane 6 for comparison. 

D. A schema showing the site of cleavage by Csb1 on both the RNA substrates, along with the sites of cleavage 

by RNase T1 are indicated on the predicted repeat RNA structures, using purple and red arrows 

respectively. The conserved sequence motif ‘UCA[AU]U’ is also highlighted. 

 

 

4.3.2 Substrate specificity of Csb1 

 

Next, we wanted to test the importance of the 5’ overhang region and the stem-loop 

region of the RNA substrate (Chapter 2, Section 2.3.4).  Towards this, we tested the substrate 

specificity of Csb1 using similar RNA variants as described in Chapter 2. On incubating Csb1 

with an RNA substrate with a smaller stem-loop region, we observed slightly reduced cleavage 

activity. Further, transition and transversion mutations in the sequences upstream of the 

cleavage site also led to an inability in the processing. However, a significant reduction in the 

nuclease activity was observed while using substrates that lacked the 5’ overhang region, 

suggesting that this region is crucial for the processing of repeat RNA similar to the case in 

Csb2 (Figure 4.3 A, B).  

To further evaluate the binding affinity of Csb1 to the repeat RNA, we performed the 

anisotropy-based assay employed in Chapter 2. In this assay, we incubated Csb1 with both 

CSO and CAO repeat RNA substrates, each carrying a fluorescent label at either 5’ or 3’ end. 

The anisotropy analysis revealed that Csb1 exhibits binding affinity to the stem-loop region of 

the CSO RNA but unlike Csb2, it did not demonstrate any measurable binding affinity towards 

the stem-loop region of the CAO RNA, suggesting that the mode of RNA binding may vary 

between Csb1 and Csb2 (Figure 4.3 C-F).  
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Figure 4. 3: Substrate specificity of Csb1 

 

A. An EtBr stained 20% denaturing PAGE shows the nuclease activity of Csb1 (0.5 µM) on WT, TV-mut, 

TS-mut, 5’-TV and 5’-TS mutant (0.25 µM) variants of CRISPR repeat RNA as described in Figure 2.6 

(Chapter 2).  

B. An EtBr stained 20% denaturing PAGE shows the nuclease activity of Csb1 (0.5 µM) on WT, Shr-mut, 

Δ5’ and Stem” mutant (0.25 µM) variants of CRISPR repeat RNA as described in Figure 2.6 (Chapter 2).  

C-F.  Fluorescence anisotropy analysis of the binding of Csb1 to the stem-loop region or the overhang region 

of the CSO (C, D) and CAO (E, F) repeat RNA. The schema above each plot indicates the probable binding 

preference by Csb1 (green). The FAM label is indicated by a green star. The Kd values for the samples were 

reported only if R2 for the non-linear least square regression was greater than 0.8. 

 

 

4.3.3 RNA-independent oligomerization of Csb1 

 

RNA binding studies of Csb1 suggested that its mode of recognition and binding may 

vary as compared to Csb2. Additionally, repeated Size exclusion Chromatography (SEC) runs 

of highly pure Csb1 protein displayed broad elution profiles in contrast to distinct elution peaks 

typically expected of soluble monomeric proteins (Figure 4.4 A, B). This suggested that Csb1 

may exist in different oligomeric states which in turn may affect its RNA binding and 

interaction properties. To test this, we first carried out a negative stain-TEM analysis of SEC 

purified Csb1 fractions. Here, we could identify, the presence of varied ring-like structures 

formed by Csb1, confirming RNA-independent oligomerization (Figure 4.4C).  Further, we 

individually tested the nuclease activity of various fractions to test the effect of oligomerization 
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on RNA processing. To our surprise, fractions containing higher-order oligomeric states of 

Csb1 did not show significant RNA processing activity in contrast to fractions expected to 

contain monomeric protein fractions (Figure 4.4D). These findings suggest that Csb1 

undergoes RNA-independent oligomerization, and this may influence the binding and/or 

processing of the RNA substrate.  

 

 

Figure 4. 4: RNA-independent oligomerisation of Csb1 

 

A. A size exclusion chromatography (SEC) analysis indicating the profile corresponding to the dynamic 

oligomerization of Csb1. The fractions used for further analysis are indicated by red dashes.  

B. A 12% SDS PAGE shows the fractions of Csb1 after SEC purification (A). A protein marker is loaded on 

lane 13 to validate the molecular sizes.  

C. A negative staining TEM image analysis showing Csb1 in various oligomeric states, which are indicated 

by arrows in different colours. 

D. A 20% denaturing PAGE shows the RNase activity of various Csb1 (1 µM) fractions from (A) and (C) on 

5’ 6-FAM labelled CAO repeat RNA substrate (0.25 µM). 
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4.3.4 Identifying the active site residues of Csb1 

 

Next, we focused on identifying the catalytic residues of Csb1 protein through multiple 

sequence alignment of Csb1 orthologs to identify conserved charged residues that may 

facilitate acid-base catalysis. These residues, namely, E78, H122, R123, R179 and R320 

(Figure 4.5 A-D) were substituted with alanine and subsequently, cloned, and purified for the 

assessment of nuclease activity. Interestingly, H122A and R123A showed significant reduction 

in RNase activity compared to the wild type (Figure 4.5 E-F). This observation suggests that 

H122 and R123 may serve as catalytic residues in Csb1.  
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Figure 4. 5: Identifying the active site residues of Csb1 

 

A-D. The sequence logo depicts the conservation of amino acids, namely, E78 (A), H122 and R123 (B), R179  

       (C), and R320 (D) in Csb1 across the type I-G CRISPR-Cas system (57 organisms), respectively. The X-  

       axis indicates the amino acid residue number, whereas, the Y-axis indicates the extent of its conservation  

       (in bits). 

E.  A 20% denaturing PAGE shows the RNase activity of the Csb1 point mutants E78A, H122A, R123A,  

      R179A, and R320A (1 µM each) (lanes 3-7), respectively, on 0.5 µM of 5’ 6-FAM labelled CAO repeat  

      RNA substrate, in comparison to WT (lane 2). The percentage of cleaved RNA fragment is indicated below    

      the gel.   

F.  An Alphafold2 predicted 3D structural model of Csb1 is shown. The catalytic residues H122 and R123 (in  

     maroon) are shown. 
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4.4 Discussion 

 

Cas7 in other type I systems (A-F) is generally inert, and forms the backbone of the 

Cascade complex (Brouns et al., 2008; Jackson et al., 2014; Jore et al., 2011; Lintner et al., 

2011; Maier et al., 2019; Mulepati et al., 2014; O'Brien et al., 2020; Pausch et al., 2017; Zhao 

et al., 2014). In contrast, Cas7 in the type III system cleaves the target RNA and in case of type 

III-E, found to be involved even in the processing of the pre-crRNA transcript (Goswami et al., 

2022; Osawa et al., 2013; Osawa et al., 2015; Ozcan et al., 2021; Samai et al., 2015; R. H. 

Staals et al., 2014; Tamulaitis et al., 2014; D. W. Taylor et al., 2015). Interestingly, our in vitro 

RNase assay in Chapter 3 revealed that Csb1 which is homologous to Cas7 is not inert in type 

I-G system (Figure 3.4C). However, a recent study on type I-G crRNA maturation could not 

observe any RNase activity of Csb1 at a substrate to enzyme ratio of 1:10 (Shangguan et al., 

2022). It is noteworthy, using this ratio, we were able to observe RNAse activity starting from 

30 mins, as opposed to 10 mins that was used in their study, suggesting that the reaction 

incubation time can also be a critical factor for processing by Csb1 (Figure 4.1C). This 

hypothesis is further strengthened by our experiments where, processing was readily observed 

within 5 minutes of incubation when substrate to enzyme ratios were increased to 1:4 (Figure 

4.1B).  

Further biochemical characterizations of Csb1 reveal that Csb1 could process repeat 

RNA substrates from both the orientations (CSO and CAO) analogous to Csb2 (Figure 4.2 A-

B). The site of cleavage for this nuclease activity was similar to Csb2 (Figure 4.2 A, B, D). 

Both Csb1 and Csb2 produced RNA fragments harbouring 5’-OH and 2’,3’ cyclic phosphate 

ends (Figure 4.2C). A notable distinction between the two arises from their binding preferences 

to the stem-loop region of the RNA substrate. Csb2 exhibits higher binding affinities to the 

stem-loop region of CSO RNA as compared to the CAO RNA substrates (Figure 2.8). 

Similarly, Csb1 displays significant binding exclusively to the CSO RNA stem-loop region 

(Figure 4.3 C, D) whereas, binding affinities of Csb1 to the CAO RNA could not be determined 

reliably (Figure 4.3 E, F). We posit that this inability to determine the binding affinities for 

Csb1 to the CAO RNA may arise due to low binding affinities coupled with its existence of 

multiple oligomeric states, that could transiently bind and still cleave the substrate.  

Another interesting observation of the current chapter was the fact that Csb1 could 

oligomerize in absence of crRNA. However, this oligomerization did not follow a particular 
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pattern as we observed a broad peak in the SEC chromatogram (Figure 4.4A). This was 

confirmed by the TEM analysis which showed several oligomeric states of Csb1 in absence of 

RNA (Figure 4.4B). Nuclease activity assays of these oligomers displayed differences in the 

processing of the repeat RNA substrate, suggesting heterogeneity in oligomeric states of Csb1 

and their associated RNase activity (Figure 4.4D). We also identified that two highly conserved 

charged residues are important for the catalytic activity of Csb1 (H122 and R123) as their 

substitutions resulted in significant decrease in the RNase activity (Figure 4.5E). Interestingly, 

these residues are a part of the conserved RRM domain of Csb1 but are not conserved across 

the inert variants of Cas7. However, the catalytic Cas7 homologs of type III system harbour 

similar charged residues that are responsible for the nuclease activity (Goswami et al., 2022; 

R. H. J. Staals et al., 2013; Tamulaitis et al., 2014), suggesting the conserved residues of Csb1 

may use an acid-.base catalysis based mechanism of RNA hydrolysis as observed in other 

active Cas7 homologs. Thus, our overall findings not only introduce Csb1 as a founding 

member of catalytically active Cas7 in type I CRISPR systems, but also suggest that type I-G 

CRISPR-Cas system could serve as a potential evolutionary intermediate between the type I 

and type III systems. 

This chapter presents the characterization of an additional catalytic subunit, Csb1, 

within the type I-G effector complex, and emphasizes both the similarities and differences 

between Csb1 and the previously identified nuclease of the system, Csb2. However, the 

question of why this system requires two catalytic centres for RNA processing is still not clear. 

Also, the consequence of this dual nuclease activity of Cascade complex on the succeeding 

interference mechanism is yet to be understood. Thus, the upcoming chapter focuses on 

understanding the effect of dual nucleases in type I-G crRNA maturation and studying its effect 

on the interference mechanism.  

 

4.5 Summary  

 

In this chapter, we have accomplished the biochemical characterization of the RNase 

activity of Csb1. We evaluated the RNase activity on repeat RNA substrates in both 

orientations. Our findings demonstrated that Csb1 functions as a metal-independent RNase, 

and its cleavage pattern is similar to that of Csb2. We further examined the nature of the 

fragments produced during this cleavage and identified a fragment with 2’,3’ cyclic 
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phosphates. Additionally, our observations indicated that the binding of Csb1 on CSO RNA is 

influenced by the stem-loop region of the repeat RNA, while the nuclease activity still relies 

on the 5’ overhang of the repeat region. We noted that Csb1 exhibits RNA-independent 

oligomerization, and it is noteworthy that the resulting oligomers do not possess uniform 

nuclease activities. Finally, we could also identify the catalytically active residues that might 

be responsible for its RNase activity. With these observations, we proceeded further to 

understand the effect of these dual nucleases on type I-G crRNA maturation and understand its 

impact on the interference mechanism in chapter 5. 
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5 Chapter 5 

 

5.1 Introduction 

 

Our current investigation showed Csb1 to be an additional nuclease, capable of 

processing crRNA like the primary RNase Csb2. Presence of dual nucleases in the effector 

complex is hitherto not noted in type I CRISPR systems and is unique to type I-G. Hence, it 

was fascinating to explore the dynamic interaction between these two RNases within the 

effector complex. The fundamental question we aimed to answer was whether the activity of 

either Csb1 or Csb2 relied on the presence or function of the other and what would be the 

subsequent implications of this interaction on the interference mechanism within this system. 

Typically, the interference mechanism in type I system includes recruitment of an 

effector nuclease, viz, Cas3 by the effector complex, for target elimination. Cas3 comprises of 

an N-terminal HD nuclease domain followed by a DExD/H box Superfamily 2 helicase domain 

and a C-terminal domain (Gong et al., 2014; Y. Huo et al., 2014; Jackson et al., 2014; Sinkunas 

et al., 2011). However, in contrast to Cas3 in other type I systems, the domain architecture of 

Cas3/I-G has undergone rearrangement, wherein the helicase domain occupies the N-terminal 

region and the HD nuclease domain occupies the C-terminal region (Makarova et al., 2015; 

Makarova et al., 2020). However, we do not understand the implications of this domain re-

arrangement in Cas3 on its functionality and its interaction with the Cascade complex.  

Thus, in this chapter we focus on understanding the impact of the dual nucleases on the 

type I-G crRNA processing as well as the interference mechanism using in vitro and in vivo 

experiments. Towards this, we create various mutant varieties of the Cascade complex to 

understand the dependency of Csb1 and Csb2 on each other, for pre-crRNA processing. Next, 

we also developed an in vivo interference system using Cas3. Using this system as a readout 

for efficient maturation., we investigate the impact of the dual nucleases on crRNA maturation. 
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5.2 Materials and Methods 

 

5.2.1 Creation of Strains  

 

To assess CRISPR interference in vivo, we integrated the CRISPR array (in CSO and 

CAO orientations, separately) from B.  animalis into the attB sites of the E. coli IYK-12 

genome. The integrated fragments, each approximately 1.7 kb in length, encompassed 175 

nucleotides upstream and 150 nucleotides downstream of the CRISPR array. This integration 

was achieved using the pOSIP-CT plasmid (Addgene #45981) through a method known as 

clonetegration (St-Pierre et al., 2013). Consequently, two distinct strains, IG-CR_CSO and IG-

CR_CAO, were generated to facilitate the investigation of CRISPR interference mechanisms. 

 

5.2.2 Molecular cloning 

 

The Cascade complex harbouring various point mutants like Csb1-H122A (C1H), 

Csb1-R123A (C1R), Csb1 H122A_Csb2 H520A (C1H_C2H), Csb1 R123A_Csb2 H520A 

(C1R_C2H), Csb1 H122A_R123A (C1HR) and Csb2 H520A_D530A (C2HD) were cloned 

into pQE2. The operon design as well the cloning approach was similar to the WT Cascade 

mentioned in Chapter 3 (Section 3. 2.1).  To generate the target plasmid (pT/I-G), the DNA 

sequence of the target along with ‘TTT’ PAM sequence was inserted into the 13S-R vector 

(Addgene #48328) through Gibson assembly, whereas the empty vector backbone was used as 

the non-target plasmid (pNT). The gene encoding Cas3 was cloned into pET Strep II TEV LIC 

cloning vector, where a modification was introduced whereby the Strep II fusion tag was 

positioned on the C-terminal end of the protein (1R, Addgene #29664). All the clones were 

confirmed by Sanger sequencing.  

 

5.2.3 In vivo Cascade complex reconstitution 

 

The mutant variants of the Cascade complexes were reconstituted in vivo by co-

expressing them with the pCR_Array plasmid and expressing them similarly as mentioned for 

the WT Cascade complex in Chapter 3 (Section 3.2.2). 
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5.2.4 In vitro RNase assay 

 

To test the RNA processing activity of the mutant variants of the Cascade complex, 0.5 

µM of the CAO repeat RNA (5’ 6-FAM labelled) substrate was incubated with 1 µM of 

Cascade complex (WT or mutants) in a reaction buffer containing 20 mM Tris-Cl (pH 7.6), 

100 mM KCl and 6 mM β-Mercaptoethanol (β-ME) and incubated at 37 °C for 30 min. 

Cleavage products were analysed on a 20% (w/v) denaturing polyacrylamide gel and viewed 

in Bio-Rad gel documentation system.  

 

5.2.5 In vivo CRISPR interference assay 

 

To create a functional in vivo CRISPR interference assay system for type I-G, E. coli 

IG-CR cells (E. coli IG-CR_CSO and IG-CR_CAO strains described in Section 5.2.1) were 

used as a surrogate. E. coli IG-CR cells were transformed with various combinations of 

constructs (pCascade, pCas3, pT, and pNT) and plated onto an LB agar plate supplemented 

with the respective antibiotics and 0.2 % glucose to arrest any leaky expression. A single colony 

was inoculated in a fresh 5 mL LB broth containing the appropriate antibiotics (25 µg/mL 

chloramphenicol, 25 µg/mL kanamycin, 50 µg/mL ampicillin, 50 µg/mL spectinomycin) and 

0.2% glucose. The culture was allowed to grow at 37 °C until the OD600 reached 0.6. 500 µL 

of the cells were centrifuged and the resulting pellet was washed twice with fresh LB broth to 

eliminate any residual glucose. The pellet was then re-suspended in 500 µL of fresh LB broth 

containing the respective antibiotics mentioned above along with 0.02 mM IPTG and 0.2% L-

arabinose. The culture was allowed to grow at 180 rpm at 37 °C for approximately 2 hours. 

Subsequently, the pellet was harvested, serially diluted up to 10-5 times, and plated onto LB 

agar plates supplemented with antibiotics. The plates were then incubated at 37 °C for 10-12 

hours. The number of colonies in each plate was counted, and the transformation efficiency 

was calculated using the following equation. 

Transformation efficiency =
No. of colonies x Dilution factor

µg of DNA used
  

 

Transformation efficiency for various mutants of the Cascade complex 

(pC1H_Cascade, pC1HR_Cascade, pC2H_Cascade, pC2HD_Cascade and pC1H_C2H) was 

calculated using a similar protocol. 
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5.3 Results  

 

5.3.1 In vitro RNase activity of the dual nuclease effector complex 

 

Having characterised the dual nucleases namely, Csb1 and Csb2 individually, we then 

proceeded towards understanding their interplay as a part of the Cascade complex. Towards 

this, we created variants of the Cascade constructs harbouring catalytically inactive mutants of 

either Csb1 or Csb2 or both. The constructs namely, Csb1 H122A Cascade, Csb1 R123A 

Cascade, Csb1 H122A_Csb2 H520A Cascade and Csb1 R123A_Csb2 H520A Cascade were 

created via overlap-extension PCR and ligated into pQE2 vector via Gibson assembly (Figure 

5.1 A, B). Next, these constructs were individually co-expressed with pCR_Array plasmid for 

in vivo reconstitution, similar to that for the WT Cascade complex. Upon assessing the nuclease 

activity, we observed that only the double mutants viz, Csb1 H122A_Csb2 H520A and Csb1 

R123A_Csb2 H520A were inactive, while the single mutants (Csb1 H122A and R123A) 

retained nuclease activity, albeit at a reduced level (Figure 5.1C). This indicates that the 

absence of nuclease activity in Csb1 is compensated for by Csb2 within the Cascade complex. 

This provides additional evidence supporting the idea that Csb1 and Csb2 can both function as 

dual nucleases within the Cascade complex. 
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Figure 5. 1: Effect of dual nucleases on type I-G maturation 

 

A. A 0.8% agarose gel showing the clone confirmation using restriction digestion of various Cascade mutant 

constructs viz., Csb1 H122A (C1H, lane 1, 2), Csb1 R122A (C1R, lane 3, 4), Csb1 H122A_Csb2 H520A 

(C1H_C2H, lane 5, 6) and Csb1 R123A_Csb2 H520A (C1R_C2H, lane 7, 8). UN and D indicate undigested 

and digested plasmids respectively. The size of the desired fragments are 6.2 kb and 2.3 kb, respectively. 

A DNA marker is loaded in lane 9, and the respective bands are marked for reference. The dashed line 

denotes discontinuity in the gel for the purpose of clarity. 

B. A schematic representation of the various Cascade mutant constructs generated in (A) and tested for its 

nuclease activity in (C). 

C. A 20% denaturing PAGE showing the RNase activity of WT (lane 4) and mutant Cascade complexes (1 

µM each) on 5’ 6-FAM labelled CAO repeat RNA substrate (0.5 µM).  The Cascade complex mutants 

include Csb1 H122A (C1H, lane 5), Csb1 R123A (C1R, lane 6), Csb1 H122A_Csb2 H520A (C1H_C2H, 

lane 7), and Csb1 R123A_Csb2 H520A (C1R_C2H, lane 8). The RNA substrate was also incubated with 

Csb1 (lane 2) and Csb2 (lane 3) for a comparative analysis. The percentage of cleaved RNA fragment is 

indicated below the gel 

 

 

5.3.2   In vivo CRISPR interference activity  

 

Having established the functional redundancy of the dual nucleases on type I-G crRNA 

maturation, we then proceeded to comprehend the implications of this on CRISPR interference. 
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Towards this, we decided to ectopically reconstitute the type I-G interference machinery in E. 

coli due to inherent challenges in growing B. animalis in the lab. To reconstitute the 

functionally competent type I-G CRISPR machinery in E. coli, we expressed plasmid-borne 

genes coding for Cascade (pCascade) and Cas3 (pCas3) together with either target (pT) or non-

target (pNT) (Figure 5.2). The target construct (pT) consists of ‘TTT’ PAM sequence 

(Almendros et al., 2019) followed by the spacer sequence complementary to the CRISPR array 

integrated into E. coli IG-CR_CSO and IG-CR_CAO strains. These strains express the pre-

CRISPR transcript in one of the orientations from a chromosomally integrated cassette 

(referred in methods). A fully operational CRISPR machinery, comprising of both the Cascade 

complex and Cas3, significantly reduced the transformation efficiency of pT (target) compared 

to pNT (non-target) in both strains (Figure 5.3). This observation suggests that the type I-G 

CRISPR-Cas system is functionally reconstituted in a surrogate host and is also effective 

against the target substrate. 
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Figure 5. 2: In vivo interference assay 

 

A schematic representation of the in vivo interference assay is shown. An E. coli IG-CR strain harbouring the 

CRISPR array from B. animalis in either CAO or CSO orientation was used as a surrogate host. Cascade/I-G 

complex (including its varied mutants) and Cas3 were co-expressed through IPTG inducible vectors harbouring 

ampicillin and kanamycin antibiotic resistance markers, respectively. The target sequence was inserted in 13S-

R vector (T) that harbours spectinomycin resistant marker, whereas an empty 13S-R vector was used for the 

non-target plasmid (NT). Low transformation efficiency indicates a functional CRISPR interference resulting 

from target plasmid degradation that may be attributed to the successful maturation of crRNA. 
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Figure 5. 3: Functionality of type I-G in vivo interference assay 

 

A-B.   Transformation efficiency is shown for E. coli IG-CR_CSO (A) and E. coli IG-CR_CAO (B) in response 

to the presence of the target plasmid and other components of the CRISPR interference machinery such as 

Cascade complex and Cas3. The error bars represent the standard deviation from three independent biological 

replicates. 

C-D.   Transformation efficiency is shown for E. coli IG-CR_CSO (C) and E. coli IG-CR_CAO (D) in response 

to the presence of the non-target plasmid and other components of the CRISPR interference machinery such as 

Cascade complex and Cas3. The error bars represent the standard deviation from three independent biological 

replicates. 
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5.3.3   Functional implications of dual nucleases on the in vivo CRISPR interference 

activity  

 

Encouraged by the above findings, we next aimed at understanding the implication of 

Csb1 and Csb2 functionality on CRISPR interference.  To study this, we created single and 

double mutants of Csb1 and Csb2 and tested for its impact on interference via in vivo 

interference assay. Here, the high transformation efficiency indicates that the CRISPR 

interference is less active or vice versa. We observed that the single mutants, such as Csb1 

H122A and Csb2 H520A, exhibited increased transformation efficiency compared to the WT, 

while the double mutant (Csb1 H122A_Csb2 H520A) displayed even higher transformation 

efficiency than the single mutants (Figure 5.4). This suggests that mutations in both Csb1 and 

Csb2 abolish CRISPR interference, likely due to defective crRNA maturation in the respective 

constructs. To further dissect the roles of Csb1 and Csb2 in pre-crRNA processing, we 

generated dual mutants for a single Cas subunit of the Cascade complex, namely, Csb1 

H122A/R123A and Csb2 H520A/D530A. Both mutants showed better transformation 

efficiencies than the WT. Remarkably, the dual mutant variant of Csb2 (Csb2 H520A/D530A) 

exhibited significantly elevated transformation efficiency, indicating the pivotal role of Csb2 

and its extended involvement in the interference mechanism (Figure 5.4). Collectively, these 

results further underscore that the presence of dual nucleases (Csb1 and Csb2) enhances the 

efficiency of CRISPR-mediated target elimination, potentially by expediting the processing of 

the pre-CRISPR transcript. 
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Figure 5. 4: Functional implications of dual nucleases on interference efficiency 

 

A. Transformation efficiency of E. coli IG-CR_CAO was tested in response to target plasmid in the presence 

of varied mutant forms of Cascade complex such as C1H (Csb1 H122A), C2H (Csb2 H520A), C1HR (Csb1 

H122A_R123A), C2HD (Csb2 H520A_D530A) and C1H_C2H (Csb1 H122A and Csb2 H520A). The 

error bars represent standard deviation from three independent biological replicates. 

B. Transformation efficiency of E. coli IG-CR_CAO was tested in response to non-target plasmid in the 

presence of varied mutant forms of Cascade complex such as C1H (Csb1 H122A), C2H (Csb2 H520A), 

C1HR (Csb1 H122A_R123A), C2HD (Csb2 H520A_D530A) and C1H_C2H (Csb1 H122A and Csb2 

H520A). The error bars represent standard deviation from three independent biological replicates. 

 

 

5.4 Discussion  

 

Csb1 stands out as the sole studied catalytically active Cas7 homolog within type I 

systems. Moreover, it is a component of the only investigated effector complex known to host 

two nucleases. Thus, we aimed at understanding the interplay between these nucleases for 

processing the crRNA. Our in vitro nuclease assay of the mutant variants of the Cascade 

complex showed that the Cascade complex harbouring mutations in both Csb1 and Csb2 had 

significantly lost the processing ability while complex harbouring mutation in only Csb1 had 

reduced nuclease activity (Figure 5.1C). Similar observations were also made in Chapter 3 

where we observed processing by the Csb2 mutant complex variant. This suggests that the 

nuclease activity of Csb1 is compensated by Csb2 within the Cascade complex and vice versa, 

supporting the notion that Csb1 and Csb2 function as dual nucleases within the complex. 

Thereafter, we aimed at comprehending the influence of the dual nucleases on the 

interference mechanism. For this, we successfully designed an in vivo interference assay, where 

we noted substantial interference efficiency against the target substrate using CRISPR array in 

both orientations. Notably, this efficacy for both orientations has not yet been reported in any 

CRISPR systems and indicates that type I-G CRISPR systems can actively engage and 

neutralize incoming MGEs using crRNA guides originating from both orientations of the 

CRISPR array. (Figure 5.3). Interestingly, our experiments with mutant Cascade complex 

exhibited markedly lower targeting efficiencies compared to the wild-type variant (Figure 5.4). 

Further, it is also interesting to note that despite some differences in biochemical properties of 

individual Cas nucleases (Figure 2.2B and Figure 4.4) and their RNA processing activities 

(Figure 2.7, 4.3 and Figure 4.1), their cumulative nuclease activity was instrumental in efficient 

TH-3532_156106010



Chapter 5: Dual nucleases influence the CRISPR interference 

116 
 

targeting of DNA targets (Figure 5.1C). These findings not only underscore the significance of 

dual nucleases in CRISPR RNA maturation but also emphasizes that a non-functional 

maturation step can consequently result in reduced interference efficiency.  

Collectively, it is interesting to note that our study comprehensively established the 

presence of dual nucleases in type I effector complex. Further, we also show the importance of 

these dual nucleases in assembled Cascade complex and their interplay with respect to the 

interference machinery in enhancing the targeting efficiency of type 1-G system.  

 

5.5 Summary  

 

This chapter embarks on understanding the role of dual Cas nucleases on the type I-G 

crRNA maturation and its impact on the overall targeting efficiency of a dual nuclease effector 

complex. Firstly, we investigated the interplay between the nucleases Csb1 and Csb2, within 

the Cascade complex through the creation of catalytically inactive Cascade variants harbouring 

mutations in either Csb1 or Csb2 or both, and testing for their processing activity. Here, we 

found that only double mutants, Csb1 H122A_Csb2 H520A and Csb1 R123A_Csb2 H520A, 

were inactive, while single mutants (Csb1 H122A and R123A) retained nuclease activity, 

though at a reduced level. This functional redundancy suggested that Csb2 compensates for the 

loss of Csb1 nuclease activity within the Cascade complex. Subsequently, we reconstituted the 

type I-G CRISPR machinery in E. coli as a surrogate host and observed effective CRISPR 

interference against target substrates. Further, we explored the implications of Csb1 and Csb2 

functionality on CRISPR interference by creating single and double mutants and conducting in 

vivo interference assays. The results indicated that mutations in both Csb1 and Csb2 abolished 

CRISPR interference, and the presence of dual nucleases enhanced the efficiency of CRISPR-

mediated target elimination, potentially by accelerating pre-CRISPR transcript processing. 

Overall, our findings shed light on the intricate dynamics and functional roles of Csb1 and 

Csb2 in the type I-G CRISPR-Cas system, offering valuable insights into maturation and 

interference mechanisms.
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6 Chapter 6 

 

6.1 Conclusion 
 

The abundant variety of living organisms sustaining in competitive and most 

challenging environmental niches stand as evidence for the remarkable influence of natural 

selection in guiding the course of life's evolution over countless millennia. In this ongoing 

contest for survival of the fittest, every single-celled prokaryotes to multi-cellular eukaryotes 

compete, adapt, and evolve to thrive. One such life form that are present with extreme 

abundance in every environment, the phages, are devoid of cellular machinery, thereafter 

parasitize on other hosts for its fundamental survival tasks such as replication or protein 

synthesis (Edwards & Rohwer, 2005). In response to such threats, bacteria have evolved and 

refined diverse defense systems, with the CRISPR-Cas system standing out as the sole 

recognized adaptive immune system in prokaryotes (Bolotin et al., 2005; Jansen et al., 2002; 

F. J. Mojica et al., 2005; Pourcel et al., 2005). CRISPR-Cas based defence system operates 

through 3 steps – adaptation (acquisition of foreign MGE into its CRISPR array), maturation 

(processing of the CRISPR array to generate specific crRNA that are complementary to the 

target MGE) and interference (recognition and degradation of the target MGE). The core aspect 

of CRISPR-Cas defence lies in the utilization of crRNAs for precise identification and targeting 

of invading genetic elements. The maturation process plays a crucial role in ensuring the 

accurate generation of these crRNA molecules, thereby serving as a pivotal step in the 

CRISPR-based targeting system. In the extensively studied type I CRISPR systems, Cas6 

(Cas5, in case of type I-C) generates guide crRNA by cleaving the repeat region of pre-CRISPR 

transcripts (Garside et al., 2012; Haurwitz et al., 2010; Nam et al., 2012; R. Wang et al., 2011). 

Notably, type I-G system harbours Csb2, that was predicted to be a fusion of Cas5-like and 

Cas6-like domains (Makarova et al., 2015; Makarova et al., 2020). The present work has 

attempted to unravel the molecular mechanism of type I-G CRISPR maturation by probing the 

primary maturase Csb2 and other components that assist crRNA maturation.  

Using a type 1-G CRISPR array we also showed that the catalytic activity of Csb2 

resides in the C-terminal Cas6-like domain, while the N-terminal Cas5-like domain is 

catalytically inert. This observation falls in line with most type I systems, except I-C, where 

Cas5 is generally inactive and plays a structural role in RNA binding and stabilizing other Cas 
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proteins in the Cascade complex (Brouns et al., 2008; Garside et al., 2012; Jore et al., 2011; 

Nam et al., 2012; Wiedenheft et al., 2011).  

Interestingly, the Cas6-like domain of Csb2 is inherently prone to self-degradation (Figure 

2.2C).  Further, structural predictions using AlphaFold (Jumper et al., 2021) confirms the 

existence of two independently folded regions of Csb2 which suggest a head-to-head fusion of 

the two Cas proteins, where the characteristic motifs like the ferredoxin folds of Cas5 and Cas6 

and the Cas6 specific glycine-rich loop are conserved. Interestingly, other type I-G proteins 

involved in adaptation and interference have been shown to undergo significant fusion or 

rearrangement during evolution (Almendros et al., 2019; Makarova et al., 2015; Shangguan & 

White, 2023). Thorough biochemical and structural studies on these Cas proteins can further 

help unveil the overall functioning of the type I-G system and factors driving its evolution.  

 The next interesting observation comes from the type I-G CRISPR array that harbour 

promoter-like elements upstream of both strands giving rise to pre-crRNA transcripts with 

distinct structures and sequences (Figure 2.3). Notably, bidirectional expression of the CRISPR 

array that gives rise to complementary transcripts was observed previously in type III systems. 

These complementary transcripts were hypothesised to regulate the crRNA-mediated self-

targeting in the absence of an invading genetic element (Lillestol et al., 2006; Lillestol et al., 

2009). Alternately, the bidirectional CRISPR array may also help achieve higher crRNA 

expression levels for neutralizing invading genetic elements. Fascinatingly, Csb2 can process 

RNA transcripts from both strands, a unique feature among reported CRISPR-Cas systems 

(Figure 6.1). Structure mapping studies revealed that the cleavage site is conserved in both 

CSO and CAO repeat RNA, and the generated RNA fragment end that possesses 2’,3’ cyclic 

phosphate shows characteristics of metal-independent nuclease activity of Cas5 and Cas6. 

Furthermore, Csb2 displays specificity towards the stem-loop region for binding and cleaves 

at the overhang region, indicating an unconventional mode of repeat RNA specificity which is 

unlike other type I systems, where Cas6 recognises and binds the stem-loop region of the repeat 

RNA and cleaves at the base of it (Gesner et al., 2011; Haurwitz et al., 2010; Sashital et al., 

2011). Thus, comprehensive structural analysis of Csb2 bound to the crRNA (holoenzyme) 

may help us understand this distinctive recognition and cleavage mechanism adopted by Csb2.  

Next, we advanced towards understanding the type 1-G effector complex by in vivo 

reconstitution using Csb1 (Cas7 homolog), Csb2 (Cas5-Cas6 fusion), Csb3 (Cas8 homolog) 

and crRNA.  The compositional analysis of the purified Cascade complex showed the expected 

stoichiometry suggesting it to be a minimalistic type 1 effector complex consisting of only 
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three proteins. Interestingly, like Csb2, the type I-G Cascade efficiently processed crRNA and 

contains an additional nuclease, Csb1, which exhibited similar repeat RNA cleavage activity 

unlike its counterparts in other type I systems. Csb1 exhibited RNase activity in vitro, 

processing repeat RNA substrates from both orientations (CSO and CAO) akin to Csb2 (Figure 

6.1). Interestingly, Csb1 demonstrated RNA-independent oligomerisation, displaying a 

dynamic pattern observed through SEC chromatography and TEM analysis. The varied 

oligomeric states of Csb1 correlated with differences in RNase activity, suggesting the dynamic 

nature of Csb1-mediated processing. The RNA cleavage pattern for both CSO and CAO RNA 

were consistent for both Csb1 and Csb2. Interestingly, the binding affinities for the CAO RNA 

were significantly lower for Csb2 and could not be determined reliably for Csb1, likely due to 

the presence of varied oligomeric states. It is noteworthy that Cas7 in other type I systems is 

inert and plays major structural role in the Cascade assembly by forming the backbone of the 

complex via interacting with the crRNA (Brouns et al., 2008; Jackson et al., 2014; Jore et al., 

2011; Lintner et al., 2011; Maier et al., 2019; Mulepati et al., 2014; O'Brien et al., 2020; Pausch 

et al., 2017). In contrast, type III systems feature catalytically active Cas7 homologs engaged 

in RNA targeting, except for type III-E systems with a gRAMP Cas7-11 protein, where Cas7 

subunits are additionally involved in pre-crRNA processing (Goswami et al., 2022; Osawa et 

al., 2015; Ozcan et al., 2021; Samai et al., 2015; R. H. Staals et al., 2014; Tamulaitis et al., 

2014; D. W. Taylor et al., 2015). Given these observations, we propose that Csb1, acting as a 

catalytically active Cas7, challenges the conventional inert role of Cas7 in type I systems, 

suggesting a potential evolutionary link between type I and type III CRISPR systems. 

To further understand the functional basis of dual nucleases in the Cascade complex, 

we aimed to study crRNA processing by individually perturbing each nuclease in the Cascade 

complex. Here, the absence of one of the nuclease activities was compensated by the other 

within the Cascade complex, suggesting that the dual nucleases may act complementarily or 

cumulatively enhance crRNA processing for better MGE targeting. This observation leads us 

to suggest that the potential rise in the pre-crRNA population due to bidirectional transcription 

of the array can now be efficiently processed by the dual nucleases. However, the mechanism 

underlying their preference for either strands remains to be elucidated. Moving forward, we 

delved into understanding the impact of these dual nucleases on the interference mechanism. 

Successfully transplanting the type I-G machinery into a heterologous system allowed us to 

design an in vivo interference assay, as a readout for efficient maturation of pre-crRNAs arising 

from both orientations of the CRISPR array. Here, we also observed that cells with mutant 
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variants of the Cascade complex, exhibited markedly lower targeting efficiencies, emphasizing 

the crucial role of dual nucleases in CRISPR maturation (Figure 6.1). Furthermore, it 

underscores that a non-functional maturation step leads to a subsequent reduction in 

interference efficiency. Overall, the thesis makes important advances towards understanding 

the distinctly evolved type I-G CRISPR-Cas system. This work throws light on the disparate 

maturases that participate in the processing of crRNA and their interplay with the interference 

machinery. 

 
Figure 6. 1: Disparate Cas nucleases participate in the maturation of crRNA in type I-G CRISPR-Cas 

system. 

 

A schematic representation of functional interplay between various nucleases and the effector complex driving 

crRNA maturation in type I-G system. The bidirectionally encoded crRNA substrates can be processed by 

either Csb1 (green), Csb2 (blue) or Cascade complex, whose cumulative action enables the highest targeting 

efficiency in the type 1-G system.  
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6.2 Future directions  

 

In this study, we have attempted to unveil the molecular events associated with pre-

crRNA processing in the type I-G CRISPR-Cas system. Nevertheless, numerous questions 

remain unanswered. Currently, the type I-G CRISPR-Cas system lacks high-resolution 

structural information, posing a challenge to scrutinize its functional mechanism at the atomic 

level. Structural determination of both apo and holo forms of both Csb1 and Csb2 would assist 

in addressing the underlying interactions between the substrate and the enzyme. Recent 

structural investigations of type I-G Cascade complex reveal the partial structures of the 

Cascade backbone formed by Csb1-crRNA complex and the PAM recognising protein, Csb3 

(Shangguan et al., 2022). However, additional structural details highlighting the interactions 

between these Cas proteins remain unexplored. Thus, obtaining the structural details of the type 

I-G Cascade complex would provide comprehensive insights into the interaction among Cas 

subunits and the collaborative role of Csb1 and Csb2 in pre-crRNA processing.  

The present study also aims to understand the influence of the maturation mechanism 

on CRISPR interference. A distinctive feature of the type I-G effector nuclease, Cas3, is its 

unique domain rearrangement as compared to other type I systems. Typically, the N-terminal 

HD domain, responsible for target degradation has been relocated to the C-terminal region. 

This domain rearrangement also places the DEAD-box helicase domain on distal N-terminus 

end (Makarova et al., 2015). Future biochemical and structural investigations of Cas3/I-G could 

provide insights into the interference mechanism and contribute to understanding the impact of 

domain rearrangement on interference. Further elucidation of the structural aspects of the 

interference module (Cascade: crRNA: target: Cas3) promises to uncover a wealth of 

information pertaining to the functionality of type I-G CRISPR defence.  

Since the advent of CRISPR-based genome engineering, Cas9, Cas12 and Cas13 from 

Class 2 CRISPR-Cas systems, have been employed as the primary tools because of the ease of 

deploying a single effector protein for gene editing in higher organisms. Nonetheless, recent 

studies have demonstrated the efficacy of utilizing type I systems for genome editing in 

prokaryotes (X. Han et al., 2024; Hidalgo-Cantabrana et al., 2019; C. Hu et al., 2024; Z. Xu et 

al., 2021). This could be possible due to longer spacer length ranging from a minimum of 

approximately 25 nucleotides to as long as around 36 nucleotides, a notable exemption 

compared to Cas9 (~20 nucleotides). The longer spacer length may exhibit increased specificity 
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towards the target site and thus holds promise to reduce off-target effects, thereby enhancing 

the overall efficiency of the system. In this context, the type I-G CRISPR-Cas system emerges 

as a promising contender. Its minimal three-component Cascade complex renders it an 

especially worthy candidate for further exploration and potential utilization in genetic 

manipulation studies (Shangguan & White, 2023). 
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Appendix  

1. Table 1. Sequences of the various oligonucleotides 

used in the study: 

Oligo name Sequence (5’-3’) Description 

Csb1-13S-R FP AACCTGTACTTCCAATCCAATGCAATGATGCGCAAACTCACAG

TACAAG 

Amplification of gene 

encoding Csb1 from B. 

animalis with restriction 

sites SspI for 

13S-R plasmid. 

Csb1-13S-R RP TTATCCACTTCCAATGTTATTATTATCATCTATCATCGTCGTCA

GCAGCG 

BA_Csb2-1R 

FP 

TACTTCCAATCCAATGCAATGACGTTCGCGATTCGTATCCAC Amplification of gene 

encoding Csb2 from B. 

animalis with restriction 

sites SspI for 

1R plasmid. 

BA_Csb2-1R 

RP 

TTATCCACTTCCAATGTTATTATCATCTCCATTTCGGTTGCCCT

TT 

Csb3-pQE2 FP ACATCACCATCACCATCACCATATG 

ATGAGCGTTCTGCGAATTCC 

Amplification of gene 

encoding Csb3 from B. 

animalis with restriction 

sites NdeI and HindIII for 

pQE2 plasmid 

Csb3-pQE2 RP AGTCCAAGCTCAGCTAATTAAGCTT 

CTAGAGCCGTATGAGCTGCC 

Cascade-pQE2 

FP 

ACATCACCATCACCATCACCATATGATGACGTTCGCGATTCGT

ATCCAC 

Amplification of gene 

encoding Csb2 to 

assemble the Cascade 

operon from B. 

animalis with restriction 

sites NdeI and HindIII for 

pQE2 plasmid 

Csb2-Csb1 

overlap RP 

ACTGTGAGTTTGCGCATCATGGTATATCTCCTTCTTAAATTATC

ATCTCCATTTCGGTT 

Amplification of gene 

encoding Csb2 and 

overlapping region of 

Csb1, to assemble the 

Cascade operon from B. 

animalis in pQE2 vector 

 

Csb2-1 overlap 

FP 

AACCGAAATGGAGATGATAATTTAAGAAGGAGATATACCATG

ATGCGCAAACTCACAGT 

Amplification of gene 

encoding Csb1 and 

overlapping region of 

Csb2, to assemble the 

Cascade operon from B. 

animalis in pQE2 vector 

 

Csb1-Csb3 

overlap RP 

GGAATTCGCAGAACGCTCATGGTATATCTCCTTCTTAAATTAT

CATCTATCATCGTCG 

Amplification of gene 

encoding Csb1 and 

overlapping region of 

Csb3, to assemble the 

Cascade operon from B. 

animalis in pQE2 vector 

 

Csb1-Csb3 

overlap FP 

ACGACGATGATAGATGATAATTTAAGAAGGAGATATACCATG

AGCGTTCTGCGAATTCC 

Amplification of gene 

encoding Csb3 and 

overlapping region of 

Csb1, to assemble the 

Cascade operon from B. 
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animalis in pQE2 vector 

 

Csb2 ΔN-

terminal-1R FP 

TACTTCCAATCCAATGCAACTCGTATGATTATCATTCCCGCGC Amplification of gene 

encoding Csb2 ΔN-

terminal from B. 

animalis with restriction 

sites SspI for 

1R plasmid 

Csb2 ΔN-

terminal-1R RP 

TTATCCACTTCCAATGTTATTATCACCCTTTCGTTGTGAAACAG

CTTTCG 

Csb2 ΔC-

terminal-1R FP 

TACTTCCAATCCAATGCAATGACGTTCGCGATTCGTATCC Amplification of gene 

encoding Csb2 ΔC-

terminal from B. 

animalis with restriction 

sites SspI for 

1R plasmid 

Csb2 ΔC-

terminal-1R RP 

TTATCCACTTCCAATGTTATTATCAAGTCCATGGCAGCTGTACT

GC 

Csb1 E78A-

13S-R RP 

TCGGCTGATGTAGTCTGCCAAACGATTGGCCTG  

 

 

Amplification of gene 

encoding various point 

mutants of Csb1 from B. 

animalis with restriction 

sites SspI for 

13S-R plasmid. 

Csb1 H122A-

13S-R RP 

GTCCACCGCACGAGCTGGCAATTGAACATCATCGAAATAC 

Csb1 R123A-

13S-R RP 

GCGTCCACCGCAGCATGTGGCAATTGAACATCATCG 

Csb1 R179A-

13S-R RP 

TTGAAGCTGGCGGGAATAGCCAGTTGGTTCTTGTTTCG 

Csb1 R320A-

13S-R FP 

AAGCAATGCGGAATTGCATCTAGCGGAAAACTGCTTCCTTG 

Csb2 Y14A-1R 

RP 

ATATTCGCTTGCTCCTTGAGCGGAAGCAAGAAGGAAGTGG  

 

 

 

 

 

Amplification of gene 

encoding various point 

mutants of Csb2 from B. 

animalis with restriction 

sites SspI for 

1R plasmid. 

Csb2 E24A-1R 

RP 

TGGGAGTTGGAAAAGATGCCTTCTCCCCATATTCG 

Csb2 R31A-1R 

RP 

GATACCATTGCCTGATATAAAGCCATGGGAGTTGGAAAAGAT

TC 

Csb2 E65A-1R 

RP 

TCCGGCGGATTCGATGCCAACCATTCGAGTG 

Csb2 Y90A-1R 

RP 

CTTTGTCTGCTTTACGCCTAGCAGCAATGGCATTATGGGAGG 

Csb2 Y236A-

1R RP 

GCTTGTTTCTGAGGGCTGGCGGTACTGCGATGTACACA 

Csb2 E410A-1R 

FP 

TATGCCATTTTCGGTCAATGCAACACAAGCTGAAAAAAGCC 

Csb2 H520A-

1R FP 

CGGGCAGAGCAGGGCCTTTGGCGGGGGC 

Csb2 D530A-

1R FP 

GCTTACTCATTCCTATGGCTTGTCCCGAAAGCTGTT 

Array_CI_CSO-

pOSIP-CT 

FP 

GAATTCGAGCTCGGTACCCGGGGGATCCTAATACGACTCACTATAGG
GCAGCATAAAGCGGGGAATCTCTCGC 
 

For integration of the 

CSO CRISPR array from 

B. animalis using 

clonetegration into 

P21 attB site of IYB5101. 
Array_CI_CSO-

pOSIP-CT 

RP 

GCGCCATGCATCTCGAGGCATGCCTGCAGGTCACCTTGGATTTCTAAC
CATGCC 
 

Array_CI_CAO

-pOSIP-CT 

FP 

GAATTCGAGCTCGGTACCCGGGGGATCCTAATACGACTCACTATAGG
GGTCACCTTGGATTTCTAACCATGCC 
 

For integration of the 

CAO CRISPR array from 

B. animalis using 

clonetegration into 

P21 attB site of IYB5101. 
Array_CI_CAO

-pOSIP-CT 

RP 

GCGCCATGCATCTCGAGGCATGCCTGCAGCAGCATAAAGCGG

GGAATCTCTCGC 

TTT_Target-

13S-R FP 

GTGTGAAGCTTGCATGCCTGCAGGTCGACTCTAGATTTGACAG

TGCGAACACAGTGCAGT 

Amplification of TTT 

PAM containing Target 

sequence from B. 

animalis with restriction 
TTT_Target-

13S-R RP 

CACACGAATTCGAGCTCGGTACCCGGCGCGATCGTCACCGACT

GCACTGTGTTCGCACTG 
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sites PstI and KpnI for 

13S-R plasmid. 

Cas3-1R FP TACTTCCAATCCAATGCAATGGAGATGAATGCAACAACCCCA

A 

Amplification of gene 

encoding Cas3 from B. 

animalis with restriction 

sites SspI for 

1R plasmid. 

Cas3-1R RP TTATCCACTTCCAATGTTATTATCATCGTCCTTCCATGGATATC

GTC 

T7 Promoter FP GAAATTAATACGACTCACTATAGG For annealing the T7 

promoter to the DNA 

constructs of various 

mutant RNA substrates to 

be synthesised via in vitro 

RNA transcription 

TV-Mut RNA 

RP 

ATCTCCGAAGTCTCGGCTTCGGAGCTTCTAACTCCCCCTATAG

TGAGTCGTATTAATTTC 

 

 

 

 

For annealing the DNA 

template to the T7 

promoter region for 

synthesis of mutant RNA 

substrates via in vitro 

RNA transcription 

(RNA constructs are 

described in table S2) 

TS-Mut RNA 

RP 

ATCTCCGAAGTCTCGGCTTCGGAGCTTCGCCAGAAACCTATAG

TGAGTCGTATTAATTTC 

Shr-Mut RNA 

RP 

ATCTCCGAAGTCTCGGCTTCGGAGCTTCCCTATAGTGAGTCGT

ATTAATTTC 

5’TV RNA RP ATCTCCGAAGTCTCGGCTTCGGACGAAGTATGTCCCCCTATAG

TGAGTCGTATTAATTTC 

5’TS RNA RP ATCTCCGAAGTCTCGGCTTCGGACGAAGGCTGGAAACCTATA

GTGAGTCGTATTAATTTC 

Δ5’ RNA RP ATCTCCGAAGTCTCGGCTTCGGAGCCTATAGTGAGTCGTATTA

ATTTC 

Stem’’ RNA RP ATCTCCGAAGTCTCGGCTTCTTTTCTTCATTGAGGGCCTATAGT

GAGTCGTATTAATTTC 

CR_Array GCTCTTCCCCTGTAGATTAATTAAGCGGCCGCTAATACGACTC

ACTATAGGGCCCTCAATGAAGCTCCGAAGCCGAGACTTCGGA

GATGACAGTGCGAACACAGTGCAGTCGGTGACGATCGCGCCC

TCAATGAAGCTCCGAAGCCGAGACTTCGGAGATGACAGTGCG

AACACAGTGCAGTCGGTGACGATCGCGCCCTCAATGAAGCTC

CGAAGCCGAGACTTCGGAGATGACAGTGCGAACACAGTGCAG

TCGGTGACGATCGCGCCCTCAATGAAGCTCCGAAGCCGAGAC

TTCGGAGATGACAGTGCGAACACAGTGCAGTCGGTGACGATC

GCGCCCTCAATGAAGCTCCGAAGCCGAGACTTCGGAGATGAC

AGTGCGAACACAGTGCAGTCGGTGACGATCGCGCCCTCAATG

AAGCTCCGAAGCCGAGACTTCGGAGATGACAGTGCGAACACA

GTGCAGTCGGTGACGATCGCGCCCTCAATGAAGCTCCGAAGC

CGAGACTTCGGAGATCCGCTGAGCAATAACTAGCATAACCCC

TTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGGGTACCAC

GCGTGCGCGCTGATCCGGAAGAGC 

DNA sequence encoding 

type I-G CRISPR array 

harbouring 7 repeat units 

interspersed by 6 

identical spacer units 

from B. animalis flanking 

with T7 

promoter and T7 

terminator, followed by 

13S-R vector backbone 

and BspQ I recognition 

sites. 

 

GS_Csb2-1R FP TACTTCCAATCCAATGCAATGAGTATGTACTTTGTATTGACAA

TCGCC 

Amplification of gene 

encoding Csb2 from G. 

sulfurreducens with 

restriction 

sites SspI for 

1R plasmid. 

GS_Csb2-1R 

RP 

TTATCCACTTCCAATGTTATTATCAGTCAACGGGGGCGAAAAG

ACC 

KT_Csb2-1R 

FP 

TACTTCCAATCCAATGCAATGGAAGAGCGGTGGGCCA Amplification of gene 

encoding Csb2 from K. 

tusciae with restriction 

sites SspI for 

1R plasmid.,  

KT_Csb2-1R 

RP 

TTATCCACTTCCAATGTTATTATTAAAACCCGGATTCACCGTTG

CG 
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2. Table 2. Sequences of the various RNA constructs used 

in the study: 

Name Sequence (5’-3’) Description 

WT CSO RNA AUCUCCGAAGUCUCGGCUUCGGAGCUUCAUUGAGGG 5’/3’ 6-FAM labelled CSO 

CRISPR repeat RNA from B. 

animalis 

WT CAO RNA CCCUCAAUGAAGCUCCGAAGCCGAGACUUCGGAGAU 5’/3’ 6-FAM labelled CAO 

CRISPR repeat RNA from B. 

animalis 

TV-Mut RNA GGGAGUUAGAAGCUCCGAAGCCGAGACUUCGGAGAU Mutant CAO RNA construct 

where transversion mutations 

have been introduced in the 8 nt 

from the 5’end (in bold)  

TS-Mut RNA UUUCUGGCGAAGCUCCGAAGCCGAGACUUCGGAGAU Mutant CAO RNA construct 

where transition mutations have 

been introduced in the 8 nt from 

the 5’end (in bold)  

Shr-Mut RNA  GAAGCUCCGAAGCCGAGACUUCGGAGAU Mutant CAO RNA construct 

where 8 nt from the 5’end are 

deleted. 

5’TV-Mut 

RNA 

GGGACAUACUUCGUCCGAAGCCGAGACUUCGGAGAU Mutant CAO RNA construct 

where transversion mutations 

have been introduced in the 12 

nt from the 5’end, keeping the 

site of cleavage (in bold) intact. 

5’TS-Mut 

RNA 

UUUCCAGCCUUCGUCCGAAGCCGAGACUUCGGAGAU Mutant CAO RNA construct 

where transition mutations have 

been introduced in the 12 nt 

from the 5’end, keeping the site 

of cleavage (in bold) intact. 

Δ5’ RNA  CUCCGAAGCCGAGACUUCGGAGAU Mutant CAO RNA construct 

where 12 nt from the 5’end are 

deleted 

Stem’’ RNA  CCCUCAAUGAAGAAAAGAAGCCGAGACUUCGGAGAU Mutant CAO RNA construct 

where the stem region is deleted 

keeping the overall length of the 

repeat RNA intact. 
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3. Table 3. List of strains used in this study: 

Strain Genotype Source 

E. coli IYB5101 

 

F-Δ(araD-araB)567 ΔlacZ4787 (::rrnB-3) λ- rph-1 Δ(rhaD-rhaB)568 hsdR514 

araB::T7-RNAp-tetA, TetR 

 

Kind gift from 

Prof. Udi 

Qimron 

E. coli 

BL21(DE3) 

F- ompT hsdsB(rB-, mB-) gal dcm λ(DE3) NEB 

E. coli TOP10  F- mcrA Δ(mrr-hsdRMS-mcrBC) ɸ80lacZΔM15 Δ lacX74 recA1 araD139 

Δ(araleu)7697 galU galK rpsL endA1 nupG, StrR
 

Invitrogen 

 

E. coli  IG-

CR_CSO 

IYB5101 P21:: I-G CSO array, CamR This study 

E. coli IG-

CR_CAO 

IYB5101 P21:: I-G CAO array, CamR This study 

 

4. Table 4. List of plasmids used in this study: 

Plasmid name Description Source 

pOSIP-CT ori Rγ, ori pUC, CamR, attP P21, ccdB, λ (cI857) encodes P21 integrase under 

the 

control of λ promoter (λ pR). 

Addgene 

#45981 

pUC19 ori PBR322, AmpR, for gene insertion under the control of lac promoter. NEB 

pQE2 ori ColE1, AmpR, expresses gene of interest to synthesize N-terminal 6xHis 

tagged protein under the IPTG inducible T5 promoter. 

 

pET StrepII TEV 

LIC cloning vector 

(p1R) 

ori pMB1, KanR, lacI, expresses the gene of interest to synthesize N-terminal 

StrepII tagged protein under the control IPTG inducible promoter (PT7lac). 

 

Addgene 

#29664 

(Scott Gradia) 

pET StrepII TEV 

co-transformation 

cloning vector 

(p13SR) / pNT 

ori CloDF13, SpcR, lacI, expresses the gene of interest to synthesize N-terminal 

StrepII tagged protein under the control IPTG inducible promoter (PT7lac). 

Addgene 

#48328 

(Scott Gradia) 

pCsb2/I-G csb2 gene from B. animalis encoding N-terminal Strep tagged protein inserted in 

p1R plasmid. Kanamycin resistance plasmid (KanR) 

This study 

pGS_Csb2/I-G csb2 gene from G. sulfurreducens encoding N-terminal Strep tagged protein 

inserted in p1R plasmid. Kanamycin resistance plasmid (KanR) 

This study 

pKT_Csb2/I-G csb2 gene from K. tusciae encoding N-terminal Strep tagged protein inserted in 

p1R plasmid. Kanamycin resistance plasmid (KanR) 

This study 
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pCsb2 Y14A Csb2/I-G with alanine mutation at Y14 amino acid, encoding N-terminal Strep- 

II tagged protein expressed using p1R plasmid. KanR 

This study 

pCsb2 E24A Csb2/I-G with alanine mutation at E24 amino acid, encoding N-terminal Strep- 

II tagged protein expressed using p1R plasmid. KanR 

This study 

pCsb2 R31A Csb2/I-G with alanine mutation at R31 amino acid, encoding N-terminal Strep- 

II tagged protein expressed using p1R plasmid. KanR 

This study 

pCsb2 E65A Csb2/I-G with alanine mutation at E65 amino acid, encoding N-terminal Strep- 

II tagged protein expressed using p1R plasmid. KanR 

This study 

pCsb2 Y90A Csb2/I-G with alanine mutation at Y90 amino acid, encoding N-terminal Strep- 

II tagged protein expressed using p1R plasmid. KanR 

This study 

pCsb2 Y236A Csb2/I-G with alanine mutation at Y236 amino acid, encoding N-terminal Strep- 

II tagged protein expressed using p1R plasmid. KanR 

This study 

pCsb2 E410A Csb2/I-G with alanine mutation at E410 amino acid, encoding N-terminal Strep- 

II tagged protein expressed using p1R plasmid. KanR 

This study 

pCsb2 H520A Csb2/I-G with alanine mutation at H520 amino acid, encoding N-terminal Strep- 

II tagged protein expressed using p1R plasmid. KanR 

This study 

pCsb2 D530A Csb2/I-G with alanine mutation at D530 amino acid, encoding N-terminal Strep- 

II tagged protein expressed using p1R plasmid. KanR 

This study 

pCsb2 ΔC Cas5-like domain of Csb2/I-G without the C-terminal regions (from 251 – 545 

amino acids), encoding N-terminal Strep-II tagged protein expressed using p1R 

plasmid. KanR 

This study 

pCsb2 ΔN Cas6-like domain of Csb2/I-G without the N-terminal regions (from 1– 250 amino 

acids), encoding N-terminal Strep-II tagged protein expressed using p1R plasmid. 

KanR 

This study 

pCsb1/I-G csb1 gene from B. animalis encoding N-terminal Strep tagged protein inserted in 

p13S-R plasmid. Spectinomycin resistance plasmid (SpcR) 

This study 

pCsb1 E78A Csb1/I-G with alanine mutation at E78 amino acid, encoding N-terminal Strep- 

II tagged protein expressed using p13S-R plasmid. SpcR 

This study 

pCsb1 H122A Csb1/I-G with alanine mutation at H122 amino acid, encoding N-terminal Strep- 

II tagged protein expressed using p13S-R plasmid. SpcR 

This study 

pCsb1 R123A Csb1/I-G with alanine mutation at R123 amino acid, encoding N-terminal Strep- 

II tagged protein expressed using p13S-R plasmid. SpcR 

This study 

pCsb1 R179A Csb1/I-G with alanine mutation at R179 amino acid, encoding N-terminal Strep- 

II tagged protein expressed using p13S-R plasmid. SpcR 

This study 

pCsb1 R320A Csb1/I-G with alanine mutation at R320 amino acid, encoding N-terminal Strep- 

II tagged protein expressed using p13S-R plasmid. SpcR 

This study 

pCsb3/I-G csb3 gene from B. animalis encoding N-terminal 6xHis tagged protein inserted in 

pQE2 plasmid. Ampilcilin resistance plasmid (AmpR) 

This study 
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pCascade/I-G Cascade operon (Csb2-Csb1-Csb3) encoding N-terminal 6xHis tagged protein 

inserted in pQE2 plasmid. AmpR 

This study 

pC1H_Cascade Cascade operon (Csb2-Csb1-Csb3) with mutation at Csb1 H122 amino acid, 

encoding N-terminal 6xHis tagged protein inserted in pQE2 plasmid. AmpR 

This study 

pC2H_Cascade Cascade operon (Csb2-Csb1-Csb3) with mutation at Csb2 H520 amino acid, 

encoding N-terminal 6xHis tagged protein inserted in pQE2 plasmid. AmpR 

This study 

pC1HR_Cascade Cascade operon (Csb2-Csb1-Csb3) with mutation at Csb1 HR122/3 amino acid, 

encoding N-terminal 6xHis tagged protein inserted in pQE2 plasmid. AmpR 

This study 

pC2HD_Cascade Cascade operon (Csb2-Csb1-Csb3) with mutation at Csb2 H520 and D530 amino 

acid, encoding N-terminal 6xHis tagged protein inserted in pQE2 plasmid. AmpR 

This study 

pC1H_C2H 

Cascade 

Cascade operon (Csb2-Csb1-Csb3) with mutation at Csb1 H122 and Csb2 H520 

amino acids, encoding N-terminal 6xHis tagged protein inserted in pQE2 plasmid. 

AmpR 

This study 

pCR_Array/I-G I-G CRISPR array harbouring 7 repeat units interspersed by 6 identical spacer 

units from B. animalis, inserted in 13S-R plasmid, SpcR  

This study 

pCas3/I-G cas3 gene from B. animalis encoding N-terminal Strep tagged protein inserted in 

p1R plasmid. Kanamycin resistance plasmid (KanR) 

This study 

pT/I-G Target DNA sequence with TTT PAM inserted in 13S-R plasmid. SpcR This study 
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List of Publications 

 

Chhetry S, Anand B (2022) Csb1 moonlighting gives rise to functional redundancy with Csb2 

in processing the pre-CRISPR transcript in type I-G CRISPR-Cas system. Preprint 

at BioRxiv 2022.08.19.504415 DOI: https://doi.org/10.1101/2022.08.19.504415 (manuscript 

under revision) 

 

 

List of workshops and posters presented  

 

Posters 

• Sunanda Chhetry and B. Anand, “Unravelling the Maturation of CRISPR RNA in an atypical 

CRISPR-Cas System”. International lecture course on RNA binding proteins: From RNA 

binding to condensation and Aggregation, 08 – 11 February 2022, National Center for Cell 

Science (Pune), (Virtual mode) 

• Sunanda Chhetry and B. Anand, “Exploring CRISPR Maturation in an atypical CRISPR-Cas 

System” 10th RNA Group Meeting 2-4 May. 2019, RGCB, Thiruvananthapuram, Kerala, 

India. 

• Sunanda Chhetry and B. Anand, “Deciphering the mechanism of CRISPR Maturation in an 

atypical CRISPR-Cas System”. Structure Assisted Development of Novel Therapeutics. 12-16 

February 2019, Regional Center for Biotechnology, Faridabad, Haryana, India. 

• Sunanda Chhetry and B. Anand, “Investigating the mechanism of CRISPR Maturation in 

Type I-U CRISPR-Cas”. 9th RNA Group Meeting. 26-28 October 2017, Banaras Hindu 

University, Varanasi, India. 

 

Short Talks 

• Sunanda Chhetry and B. Anand, “Investigating the Maturation of CRISPR RNA in an 

atypical CRISPR-Cas system”. Research and Industrial Conclave 2022, 20 – 23 January 2022, 

Indian Institute of Technology, Guwahati (Virtual mode) 

• Sunanda Chhetry and B. Anand, “Unravelling the CRISPR RNA maturation in an atypical 

CRISPR-Cas system”. 1st National conference on CRISPR/Cas: From Biology to Technology, 

25- 27 November 2021, SRM University (Andhra Pradesh) and Institute of Bioinformatics and 

Applied Biotechnology (Bengaluru), (Virtual Mode) 

 

Workshops: 

• Structure Assisted Development of Novel Therapeutics. 12-16 February 2019, Regional Center 

for Biotechnology, Faridabad, Haryana, India. 
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