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Abstract 

CRISPR is originally discovered as an adaptive immune system in prokaryotes. It has 

been widely repurposed for application in different microbiological fields attributed to 

its ability to target DNA or RNA in a sequence-specific manner. But there is always an 

uncharted area of CRISPR systems in nature, awaiting exploration.  

The type I-G CRISPR system is one of the subtypes of type I CRISPR systems with a 

multi-subunit effector complex compared to type II CRISPR-Cas9, a single subunit 

effector. Characterised by the enigmatic cas proteins Csb2 and Cas8g, type I-G 

system is the least understood type I system and possesses a unique mechanism in 

CRISPR recognition and interference. 

 In this thesis, we expressed and reconstructed a type I-G system from Thioalkalivibrio 

sulfidiphilus. We present key insights into the biochemistry and mechanism of the 

system, and a first view of the structure of the effector complex of type I-G is provided. 

Heterologous expression of type I-G in Escherichia coli provides immunity against 

mobile genetic elements. Repurposing type I-G for genome editing in E. coli with 

atypical Cas3 generates desirable editing. These observations provide an overview of 

the type I-G system, potentiating fundamental studies and further applications. 
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Chapter 1: Introduction 

1.1 Bacterial defence systems 

Biological defence systems establish a balance between the integration and exclusion 

of foreign elements. Many species have elaborate defence mechanisms to protect 

them from invasive mobile genetic elements (MGEs). But MGEs find ways to 

circumvent these, ingeniously avoiding host immune clearance. Viruses need host 

cells to live. Therefore, genetic elements carried by viruses consistently invade host 

cells. In some cases, these genetic elements become part of the host genome, even 

improving host survival and propagation. Genetic elements of lysogenic phages, for 

instance, integrated into the host bacterial genome, produce immunity to lytic forms of 

the phages1. 

Other MGEs, however, take materials and energy from host cells for their own benefits. 

With the burden imposed by viruses, host cells may undergo dysfunction or even cell 

death. To strike the balance between the intake and exclusion of MGEs, different 

layers of immunity systems are deployed to protect host cells. In eukaryotes, innate 

immunity and adaptive immunity are two primary immune strategies. Invasive nucleic 

elements are recognized as pathogen-associated molecular patterns (PAMPs) by 

pattern recognition receptors, triggering immune responses2. Innate dendritic cells and 

natural killer cells clear the infectious cells. Moreover, antibodies produced by adaptive 

immune system specifically eliminate pathogens and form an immune memory3-5. 

Prokaryotic immunity is different from eukaryotic systems and is specially introduced 

below. 
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1.1.1 Overview of prokaryotic defence system 

Bacteriophage interacting with bacterial defence systems is a representative model to 

learn prokaryotic immunity. Phages, as for all other viruses, are dependent on host 

cells to replicate. Phage infection begins with phage attachment to the bacterial 

surface, injecting phage genetic elements, DNA, into bacteria cells. Following phage 

DNA replication and protein expression, assembled phage progeny continue to infect 

other bacterial cells6. Bacterial defences target all phases of phage life cycle from 

preventing adsorption, blocking injection to inhibiting phage replication. Also, 

clearance of phage DNA is carried out by defence systems, including restriction-

modification (R-M) and CRISPR-Cas systems. Furthermore, drastic immune defences 

lead to abortive infection (Figure 1.1)7, 8. 
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Figure 1.1 Phage life cycle and bacteria defence 

Bacterial defence strategies target different phases of phage life cycle. Phage life cycle starts 

from either direct DNA injection upon attaching the host cell surface or prophage (phage 

genome that is integrated into host chromosome) induction. Following phage DNA replication 

and expression, phage particles assembled and released from host cells. Anti-viral defences 

target each stage of phage’s life cycle. Adapted from Rostøl et al., 20197. 

 

1.1.2 Blocking adsorption and injection 

The start of phage infection is adsorption to the bacterial cell surface. In fact, this 

surface is a frontline in bacterial immunity. Bacterial cells are protected by biofilms, a 

physical structure that blocks phage entry9. Gram-negative bacteria secrete outer 
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membrane vesicles (OMVs), acting as decoys to bind extracellular phages. It was 

reported that Vibrio cholerae OMVs inhibit phage infection by binding phages10. 

Receptors on the surface of bacterial cells are the door to the cell interior for phages. 

Bacteria can hide their surface proteins to block the phage attachment. For example, 

Pseudomonas aeruginosa protects itself from phages through modification on surface 

receptors. Phages, using type IV pilus protein as a receptor, can be blocked due to 

glycosylation on the pilus11. More interestingly, E. coli lytic phage T5, which enters 

cells through the FhuA protein on the cell surface, encodes a lipoprotein that blocks 

other phages using FhuA protein from binding to the cell surface. This phenomenon 

of T5 phage protects bacteria from subsequent infection by other phages, an example 

of “superinfection exclusion” (Sie)12. Receptors can also be modified by a gene 

mutation. A typical example is that phage lambda adsorption is influenced by lamB 

(receptors of phage lambda) mutations in E. coli13. 

Phage DNA injection can also be targeted. This defence mechanism is always found 

in superinfection exclusion. Mycobacteriophage Fruitloop expresses a protein gp52, 

which inactivates Wag31. Wag31, a Mycobacterium smegmatis protein controlling cell 

surface biosynthesis during cellular pole growth, is crucial for Subcluster B2 phages’ 

DNA injection. The inactivation of Wag31 from Fruitloop protects cells from heterotypic 

phage infection14. 

Once phage escapes the surface defence, innate immune systems targeting phage 

DNA or interfering phage replication can be activated to protect bacterial cells.  
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1.1.3 Bacterial immunity 

Once phage has successfully attached to cell surface and injected genome into host 

bacterial cells, bacteria responded by a diversity of bacterial immunity. Immunity of 

bacteria generally utilizes three different ways to restrict phage propagation: I. 

Degradation of phage nucleic acids; II. Abortive infection; III. Inhibition of DNA and 

RNA synthesis (Figure 1.2)15. Various defence machinery is produced to counter 

phage infection with different strategies. 
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Figure legends next page. 
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Figure 1.2 The diversity of bacterial immunity. 

Green panel (Degradation of phage nucleic acids): 

 CRISPR systems capture phage DNA by adaptation model and incorporate it into bacterial 

genome. This incorporated DNA fragment, Spacer, is transcribed with repeat sequence on 

genome into pre-CRISPR RNA (pre-crRNA), following maturation, pre-crRNA is cleaved into 

crRNA. crRNA together with CRISPR associated protein (cas protein) formed the effector 

module. The effector specifically targeted and degraded phage DNA by RNA guide. Type III 

CRISPR effectors recognise phage RNA, besides target nucleic acid cleavage, and generate 

cyclic oligoadenylate (cOA) as a second signal messenger to activate downstream effector, 

Csm6 for example. Both phage RNA and cellular RNA are degraded by the effector, resulting 

in cell growth arrest or cell death. The CRISPR system is deeply elucidated in section 1.2. 

Restriction-modification systems, phage DNA with restriction sites is cleaved by nuclease, 

however, host bacterial DNA is modified by methylase, protected from nuclease cleavage. 

Details in section 1.1.3.1. 

Argonaute systems, at first, prokaryotic Argonaute (pAgo) non-specifically cleaves phage DNA 

or RNA, generating DNA/RNA fragments that are being used for guide-dependent degradation. 

Invasive plasmid, phage DNA or RNA is subsequently degraded by Argonaute system. Details 

in section 1.1.3.2. 

Blue panel (Abortive infection, details in section 1.1.3.3): 

Signalling systems, phage components are sensed by signal-generating enzymes, producing 

signalling molecules. Different effectors, including Phospholipase, transmembrane proteins, 

NADase and DNase, are activated by the signalling molecule, causing cell death. Signal-

generating enzymes and signalling molecules differ in cyclic oligonucleotide-based anti-phage 

signalling system (CBASS), Pycsar and Thoeris.  



   8 

Retron systems, Retron, a DNA-RNA hybrid with reverse transcriptase, “guards” RecBCD. 

When RecBCD is inhibited by phage protein, Retron and effector are activated, resulting in 

cell death. 

Toxin-antitoxin system, toxin component is repressed by antitoxin, phage infection degrades 

antitoxin, releasing toxins, leading to toxin-mediated cell death. 

PrrC system, phage encodes a short peptide, called Stp, to inhibit restriction enzyme in R-M 

system, which activates PrrC that cleaves Lys-tRNA. Protein synthesis is aborted, causing cell 

death. 

Bacterial gasdermins, phage component activates Caspase-like protease that removes a C-

terminal peptide of gasdermin, leading to a gasdemin pore formation that disrupts the integrity 

of cell membrane, subsequently causing cell death. 

Purple panel (Inhibition of DNA and RNA synthesis, details in section 1.1.3.4): 

Prokaryotic viperins (pVips) produce 3′-deoxy-3′,4′-didehydro (ddh)-cytidine triphosphate 

(ddhCTP), acting as a chain terminator of Phage RNA synthesis. 

Secondary metabolites, anthracyclines inhibit phage DNA replication by DNA intercalation. 

Aminoglycosides inhibit phage DNA replication and RNA transcription with an unknown 

mechanism. 

Nucleotide depletion, transcription is inhibited by phage, resulting in dCTP deaminase or 

dGTPase production, eliminating nucleotide for DNA replication. 

Red panel, more defence systems with unknown mechanism is described in section 1.1.4. 

Adapted from Nitzan Tal and Rotem Sorek15.  
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1.1.3.1 Restriction-modification systems 

Restriction-modification (R-M) systems were found as a bacterial immune strategy 

against invasive nucleic acid in 1950s16. R-M systems are found in 74% of prokaryotic 

genomes17. In general, the R-M systems include two major components. R stands for 

restriction endonuclease. M is short for modification, but in most cases, it stands for 

methyltransferase. Restriction endonucleases can recognize DNA motifs and degrade 

the DNA, but both host and phage DNA possess these motifs. The modification 

component marks the DNA through methylation, separating self-DNA from phage 

DNA. R-M systems modify and degrade target DNA by different mechanisms, 

classified into four types. In type I, type II and type III R-M systems, host self-DNA is 

methylated, and non-self DNA without methylation is cleaved. In type IV, non-self DNA 

is modified while the host DNA remains unaltered, and modified phage DNA is 

targeted by restriction component18. For example, type I R-M enzymes translocate 

along bacterial DNA. Bacterial DNA is recognized by the methylation state. Enzymes 

recognize fully or hemi-methylated DNA as self-DNA and modify the hemi-methylated 

DNA to fully methylated DNA. In contrast, invasive phage DNA without single 

methylation is cleaved by restriction enzymes distant from the recognition sites19. It 

was also shown that modifications other than methylation can be used to distinguish 

self and non-self DNA. The dnd system, for instance, adds a sulphur group to the host 

DNA20. 

 

1.1.3.2 Prokaryotic Argonautes 

Argonaute proteins were originally discovered in eukaryotes, where they play a crucial 

role in RNA interference (RNAi)21.  Argonaute, as the main functional component, 
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together with subunits of RNA-induced silencing complex (RISC) and single-strand 

guide RNA specifically targets RNA sequences, silencing the target RNA expression22. 

Homologous prokaryotic Argonautes were then identified. Considering the lack of 

RNAi pathways in prokaryotes23, the functional role of prokaryotic Argonautes was 

unclear at the beginning. It was hypothesized that Argonautes in prokaryotes provided 

defence against MGEs, as Argonautes are frequently encoded in defence islands 

(regions in genome enriched defence genes). Pervasive horizontal gene transfer of 

Argonautes also suggests its defensive role24. Recently, DNA-guided DNA 

interference by a prokaryotic Argonaute has been reported25. One form of prokaryotic 

Argonautes can non-specifically degrade invasive DNA at first, and the degradation 

product, as guide DNA, leads to a specific DNA interference to the same invasive 

DNA26. RNA-guided DNA interference has also been demonstrated in a different 

prokaryotic Argonaute system27. More recently, a short prokaryotic Argonaute system 

was shown to trigger cell death by NAD(P)+ depletion upon high-copy invading DNA 

detection28. It is an abortive infection as discussed below. 

 

1.1.3.3 Abortive infection 

There is a drastic defence strategy against phage infection in bacteria. The bacterial 

cell can activate “programmed cell death” after phage infection instead of trying to 

survive through defence systems. This is called abortive infection (Abi), which cuts off 

materials and energy supply before a phage life cycle is completed and protects 

surrounding cells from phage infection29. Abortive infection is often triggered by a 

specific element such as a phage protein, phage DNA or a cellular phage infection 
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state30.  Different types of abortive infection have been shown in Figure 1.2 blue panel. 

Below is a more detailed explanation. 

Escherichia coli has been widely used in phage infection studies as a model 

organism31. As so, abortive infection was first explored in E. coli. Two abortive infection 

systems (Lit and PrrC system) have been well studied in E. coli. The Lit system is 

activated by phage T4. Lit is a protease of E. coli activated by the Gol peptide of the 

T4 capsid protein, cleaving the ribosomal elongation factor EF-Tu, resulting in 

translation shutdown, which leads to cell death32. PrrC of E. coli cleaves the bacterial 

tRNALys when the R-M systems have been suppressed by phage33. In addition, more 

than 20 Abi systems have been described in Lactococcus lactis. AbiZ, for example, 

accelerates the lysis, causing premature lysis of phage-infected cells in L. lactis34. 

Toxin–antitoxin systems are defined by a pair of toxin and antitoxin genes, which can 

be used to execute abortive infection35.  The ToxN/ToxI TA pair in Pectobacterium 

atrosepticum is a typical TA system. ToxN possesses RNase activity but is 

sequestered by antitoxin ToxI in the normal cellular state. However, its RNase activity 

is released after phage infection. Both host and phage transcripts can be degraded by 

its ToxN36.  

Retrons are genetic elements that were originally discovered in Myxococcus xanthus37. 

The general composition of Retron is a non-coding RNA (ncRNA) and a reverse 

transcriptase (RT), typically generating a chimera RNA-DNA molecule via its RT 

activity. Retrons have been found in different organisms, but the biological function of 

Retrons remains unclear until its anti-phage defence role was explored38, 39. A retron 

Ec48 activates abortive infection upon phage infection by guarding RecBCD. Ec48 
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senses RecBCD inhibition that is caused by phage protein, and its associated effector 

is activated, leading to abortive infection39. 

A recent study reveals that gasdermin homologs in bacteria provide phage defence 

and execute cell death, yet another abortive infection with a novel mechanism40. In 

mammals, gasdermin forms cell pores after proper cleavage by caspase protease, 

which is activated by pathogen infection, causing pyroptotic cell death41-43. This 

strategy probably originated from prokaryotes. Bacterial gasdermin has been identified 

and presented a similar mechanism of cell death to the mammalian gasdermin. 

Gasdermin in bacteria is cleaved by caspase-like protease when phage is infected, 

forming cell pores, and interrupting cell membrane integrity, leading to cell death40. 

As the gasdermin defensive system demonstrates, an immune mechanism in 

eukaryotes could date back to ancestral prokaryotes. Cell signalling defensive 

systems has been found in bacteria, showing homology to eukaryotic defences. These 

systems produce cyclic oligonucleotides as signal molecules upon phage infection, 

activating the effector to achieve anti-phage defence44-47. The same strategy has been 

adopted by well-known innate immunity cGAS-STING in animals to activate immune 

response48.  CBASS (cyclic oligonucleotide-based anti-phage signalling system) is the 

first elucidated signalling defence system in bacteria. Phage infection induces the 

production of cyclic oligonucleotides by CBASS cyclase (CD-NTase, cGAS/DncV-like 

nucleotidyltransferase). The cyclic products vary in different CBASS systems, 

including cyclic GMP–AMP (cGAMP), cyclic tri-adenylate (cA3) and others44, 49. Those 

signalling molecules activate CBASS effectors that kill cells in diverse mechanisms. 

One of them causes cell death by triggering phospholipases, which break cell 

membrane integrity45. NADase has been shown as the effector to execute NAD+ 

depletion, leading to cell death49. In addition, endonucleases can serve as the effector, 



   13 

indiscriminately cleaving DNA50. Other effectors contain transmembrane domain and 

membrane ion channel45. The death of infected cells inflicted by CBASS system 

retains the spread of phage, hence providing defence immunity to bacteria. Pycsar 

(pyrimidine cyclase system for antiphage resistance) is another signalling defence 

system, characterized by the pyrimidine cyclases that specifically synthesize cCMP 

and cUMP upon phage infection. There are two effectors in Pyscar signalling, a 

transmembrane effector and a NADase effector. They induce cell membrane 

impairment and NAD+ depletion respectively, resulting in abortive infection46. Thoeris 

system produces an isomer of cyclic ADP-ribose as signalling molecules by ThsB 

when phage infects. The Toll/interleukin-1 receptor (TIR) domain of ThsB triggers 

signals production. Following an effector (ThsA, a NADase) activation, infected cells 

deplete NAD+, leading to cell death47. TIR-domain is identified originally in eukaryotes 

and has been deeply investigated in eukaryotic immune response51. Thoeris provides 

evidence that prokaryotes and eukaryotes share similarities in signalling defence. 

 

1.1.3.4 Inhibition of DNA and RNA synthesis  

Recent studies have shown that bacteria produce small molecules to interrupt phage 

DNA and RNA synthesis directly. Prokaryotic viperins (pVips) process nucleoside 

triphosphate (NTP) into 3’-deoxy-3’,4’-didehydro (ddh)-cytidine triphosphate 

(ddhCTP), ddh-guanosine triphosphate (ddhGTP) and ddh-uridine triphosphate 

(ddhUTP). Those ddh modified nucleotides act as an RNA synthesis terminator, 

inhibiting phage RNA transcription52. Viperin was first discovered in animals as an 

interferon-induced protein, it produces ddh modified nucleotides to stop viral RNA 
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transcription53. The homology in prokaryotes reveals the origins of the eukaryotic 

viperins.  

Small molecular compounds of bacterial secondary metabolites have been reported 

to inhibit phage DNA replication and RNA transcription. Anthracyclines, a class of 

molecules from Streptomyces, can be inserted into phage DNA to block phage DNA 

replication54. Aminoglycoside antibiotics produced by Streptomyces also interrupt 

phage life cycle. Phage DNA replication and RNA transcription are inhibited when 

aminoglycoside antibiotics is present, but the underlying mechanism has not been 

characterised yet55. 

Another strategy to disrupt phage DNA replication is to prevent phage from acquiring 

the substrate of DNA synthesis. Two types of deoxynucleotides depletion enzymes 

induce dNTP shortage to shut down phage DNA replication. This immune response 

starts when bacterial transcription is suppressed by phage infection. One of the 

enzymes, dCTP deaminase converts dCTP to dUTP, and another enzyme, dGTPase 

dephosphorylates dGTP to dG. These two products are no longer used for DNA 

replication, hence, blocking phage propagation56. 

 

1.1.4 Diversity of prokaryotic defence systems  

Besides the defence systems mentioned above, there are still a variety of defence 

strategies in prokaryotes. Lysogenic phage inhibits lytic phage by expressing a 

repressor to maintain lysogeny, which is considered as a form of superinfection 

exclusion57. Streptomyces spp. produce small molecules (doxorubicin and 

daunorubicin) to disturb phage DNA replication without interfering with host DNA 

replication54.  
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A diverse world of prokaryotic defences has been described. The anti-MGEs 

mechanisms in prokaryotes have been studied for decades. However, the diversity of 

the field was widely expanded recently. Back to the initial stage of defence system 

discovery, the two widespread systems, R-M and Abi, were observed co-located 

frequently on the genome, suggesting genes of defences are clustered in genomic 

islands58, 59. With this assumption, researchers explored bacterial and archaeal 

genome data bioinformatically and found numerous novel prokaryotic defences in the 

“defence island” where defence genes enriched60. This approach revealed the 

signalling Abi system, for instance, CBASS that has been experimentally studied (see 

description above). Further novel defences found in the study have been elucidated, 

and there are more remaining undissected. But this study is not the end of expanding 

the prokaryotic defence arsenal. A functional selection study has revealed defences 

that reside out of the defence island. Intriguingly, those systems are primarily encoded 

in prophage and MGEs61.  This raised a question. The so-called “defence system” 

defends whom from what? We thought the defence system was the immunity of 

bacteria and archaea against MGEs, the defence line between the host and the 

invader. But at present, the boundary between these two rivals is blurred. There are 

MGEs that help the host to counter other MGEs. Three parties in this playground for 

prokaryotic cells and MGEs: the host, the invasive MGEs and the defensive MGEs 

The interaction between those three is extensive and can be either antagonism or 

symbiosis62. A representative example is the Phage-inducible chromosomal islands 

(PICIs). PICIs are mobile genetic elements in bacteria63. The expression of PICIs is 

repressed until bacteria are infected by the helper phage. PICIs then generate proteins 

and the PICI genome to alter helper phage capsid size and seize the phage capsid, 
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interfering the phage assembly64. In this case, the MGEs PICIs play a defensive role 

against other phages by seizing phages’ assembly components. Moreover, PICIs 

have been shown to carry defence systems that protect the host from phage 

competitors without going through PICI expression cycles (no capsid seizing)65.  

 

1.1.5 Anti-defence systems 

The prokaryotic arsenal provides weapons to defence the host from MGEs, but the 

MGEs can find a way to counterattack. Anti-defence systems are the key to tackling 

the various defences. 

Potentially, where there is a defence system, there is a counterpart anti-defence 

system. A well-studied example is the anti-CRISPR66. The showcase of this anti-

defence strategy is that phage encodes anti-CRISPR proteins (Acr), targeting CRISPR 

associated proteins to repress CRISPR interference. AcrF1, AcrF2 and AcrF3 are 

three anti type I-F CRISPR proteins. AcrF1 and AcrF2 bind to CRISPR Cascade 

(CRISPR-associated complex for antiviral defence), and AcrF3 inhibits Cas367. The 

successful inhibition helps phage infections. A recent study has discovered that in the 

leading region of plasmids (one of the MGEs), various anti-defence systems were 

encoded, including anti-CRISPR, anti-SOS, anti-restriction and unknown anti-

defences68. The discovery of novel anti-defence systems will also lead to the discovery 

of new defence systems. Anti-defence system plays an important role in shaping the 

interaction between the host and MGEs62. The two sides of this race will keep evolving, 

and more exciting mechanisms await to be discovered. 
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1.1.6 Defence and anti-defence  

The diversity of defence and anti-defence exists in nature. We may ask why there are 

myriad defence systems. The simple answer is that there is a variety of MGEs. No 

bacteria are immune to all MGEs infections, no phages are omnipotent to invade all 

bacteria. Namely, extensive interaction between the host and MGEs results in diversity. 

They apply a strategy that makes the community fit in that niche. The situation alters 

over time, so the defences and anti-defences change. CRISPR-Cas system, for 

example, adapts spacers to eradicate phage infection, but the spacers can be very 

dynamic in time despite overall infected microbial being relatively stable69. The 

bacteria phage that evades the host toxin-antitoxin defence loses the ability to invade 

the other host since they deleted the anti-defence gene that counters the other 

defence system to maintain the size of the genome for packing70. An interesting 

cooperation between two defence systems was reported recently, CRISPR-Cas13 

non-specifically degraded phage and host transcripts upon target recognition, 

resulting in cell dormancy. RM system cleaves phage genome out and recovers cell 

from dormancy71. We consider the defence and anti-defence as an arms race between 

bacteria and phages, but if we observe it from an ecological scale, this arms race is 

not everlasting since it has cost and has to be compromised for each side at a point 

to get adapted to the current situation72.  

Studying the treasure vault of prokaryotic defences and anti-defence will help us 

understand the evolution of bacterial interactions with mobile genetic elements and 

the meaning of the arms race on the ecology level and discover new tools to reshape 

the development of biology, the medical, and the industrial.  
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One well-established exploitation of prokaryotic defence systems is repurposing those 

systems into gene-editing tools. Prokaryotic Argonautes with DNA or RNA guide DNA 

interference ability are considered as potential genome-editing tools60. More strikingly, 

CRISPR-Cas systems have been successfully applied in gene editing. The CRISPR-

Cas systems have become a widely applied gene-editing tool from the initial 

prokaryotic adaptive immune system over a decade. The following part will introduce 

CRISPR-Cas systems in detail. 
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1.2 CRISPR-Cas systems 

1.2.1 Discovery of CRISPR 

CRISPR has become one of the most exciting advances in the molecular biology field 

over the last decade. The discovery of CRISPR, however, was initially in the year of 

1993. It is in the Mediterranean port of Santa Pola, a beautiful coast in Spain, that 

Francisco Mojica was working on his doctoral studies, in which he investigated the 

correlation between salt concentration and genome digestion by restriction enzymes 

in Haloferax mediterranei, an archaeon from Santa Pola’s marshes with extreme salt 

tolerance. During his studies of the genome, he found a palindromic repeated 

sequence that was separated by spacers on a DNA fragment 73.  A Japanese group 

reported a similar structure in the late 1980s74, but no further investigation was carried 

out on it. Other than that, there were no similar structures in known microbes at that 

time. Mojica, however, decided to unlock the mystery of the structure. He kept on with 

the investigation and reported this new class of repeats75, trying to use bioinformatics 

for further investigation. After nearly ten years of devotion to this study, he had 

identified different loci with this structure in 20 microbes76.  Researchers gradually took 

notice of this prevalent structure. More features of the repeat locus, such as the 

repeats were often flanked by associated genes, were characterized. It came to the 

time to give this mysterious structure a name. Mojica originally called it short regularly 

spaced repeats (SRSRs). The name was then changed to clustered regularly 

interspaced palindromic repeats (CRISPR)77, 78, which has become one of the most 

known systems in modern biology research. 

The functional role of CRISPR was unknown. Different hypotheses were proposed, 

including DNA repair, gene regulation and other functions78. But all of them lacked 
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experimental evidence. Mojica was still trying to find hints from bioinformatics. As 

microbial sequence databases expanded, he strikingly found that a spacer of CRISPR 

locus in an E. coli strain had the same sequence of a P1 phage, which infects many 

other strains of E. coli but not the one with the same sequence spacer. Mojica 

suggested the immune function of CRISPR79. A group in France also discovered that 

CRISPR spacers in Yersinia pestis derived from bacteriophage DNA, implying the 

CRISPR defence function80. Another French group reported that CRISPR had spacers 

of extrachromosomal origin, and the authors speculated that the transcripts from the 

CRISPR could inhibit phage gene expression in an anti-RNA manner81. The crucial 

experimental evidence appeared in 2007. Philippe Horvath’s group proved the 

immunity feature of CRISPR systems by showing different resistance to phages when 

integrating new spacers into bacteria or removing particular spacers82.  

The function of CRISPR systems was finally characterized through efforts over two 

decades. It provides immunity and defence against foreign genetic elements. But how 

does CRISPR provide immunity? What is the machinery of CRISPR systems? These 

important questions have occupied scientists for the past 15 years. 

 

1.2.2 Overview of CRISPR 

Before we discuss the mechanism of CRISPR systems, a basic understanding of 

CRISPR structure is necessary. The CRISPR array on prokaryotic genome possesses 

several unique features. Partially palindromic repeats are interspaced by similarly 

sized different sequences (spacers). The CRISPR loci are flanked by a leader 

sequence on one side. Besides, CRISPR-associated (cas) genes are invariably 

adjacent to a CRISPR locus77 (Figure 1.3). 
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Back to the discovery story, it had been widely accepted that CRISPR systems had a 

defence role in prokaryotes. Researchers were seeking more details about this curious 

system. In 2008, Stan Brouns and his colleagues showed that the immunity in E. coli 

required a 61-nucleotide-long CRISPR RNA (crRNA). The maturation of crRNA relied 

on the cleavage of a long precursor RNA, the transcript of the CRISPR locus. They 

also found that Cas proteins formed an effector complex (Cascade). The cascade 

complex together with mature crRNA is responsible for CRISPR defence. Furthermore, 

they designed and introduced the first artificial CRISPR arrays, targeting lambda (!) 

phage genes, to an E. coli strain without lambda phage resistance. The strain gained 

resistance to lambda phage after introducing sense or anti-sense CRISPR arrays, and 

the efficiency was higher when sense arrays were introduced. With this observation, 

they proposed a hypothesis that CRISPR may target DNA instead of mRNA to confer 

immunity83. 

The indisputable proof came out in the same year. Luciano Marraffini and Erik 

Sontheimer noticed that a spacer of CRISPR in Staphylococcus epidermidis matched 

a nickase (nes) gene on plasmids from Staphylococcus aureus. The plasmids cannot 

be transferred to S. epidermidis. They tried to reconstruct the CRISPR system of S. 

epidermidis in vitro to elucidate the target of CRISPR effector complex. Unfortunately, 

this system was too complicated to rebuild at the time. But they figured out another 

intelligent molecular biology method to prove DNA targeting. The plasmids were 

introduced to a self-splicing intron. If CRISPR targeted mRNA, the interference would 

still work because the intron would be spliced. But if the interference was lost, it would 

prove that the CRISPR effector targeted DNA since the DNA sequence cannot match 

the spacer sequence. They could not see interference after intron insertion, which 

means CRISPR targets DNA84. 
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We now understand that normally CRISPR immunity could be considered as a three-

stage process: adaptation, expression, and interference (Figure 1.3). There are a 

variety of CRISPR systems in nature. CRISPR systems are widely spread in Bacteria 

and Archaea. We now have a general impression of CRISPR, but the details of 

CRISPR systems are quite different. Next, the systemic introduction of CRISPR-Cas 

will be presented. 
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Figure 1.3 Stages of CRISPR-Cas systems 

Repeats (white), Spacers (coloured) and leader sequence (L) form the CRISPR locus, which 

is flanked by CRISPR-associated genes (cas genes). Adaptation stage: spacers were 

acquired from invasive genetic elements, phage DNA for example. Expression stage: 

Transcripts from CRISPR locus were cleaved to crRNA. Effector complex consisted of cas 

proteins. Interference stage: Effector complex together with crRNA targeted phage DNA 

protospacer (spacer captured by CRISPR in phage genome). Adapted from Luciano 

Marraffini85. 

 

Effector 
complex
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1.2.3 Classification of CRISPR-Cas systems 

Diverse CRISPR-Cas systems require a valid classification for systematic research. 

Classification provides hints for experimental study, and experimental results evolve 

classification. The cas proteins act a key role in CRISPR-Cas classification86. They 

are close to CRISPR arrays on the genome. When the CRISPR function was still a 

mystery in 2002, they were proposed to be co-functional with CRISPR repeats, and 

cas protein family may be homologous to DNA-helicases and exonucleases87. 

Meanwhile, protein families, named Repair Associated Mysterious Proteins (RAMPs), 

were identified88. The RAMPs were later renamed as Repeat Associated Mysterious 

Proteins by Haft et al. in 2005 without changing the acronym89 , because they were 

associated with CRISPR systems. In this report by Haft et al., more cas protein families 

were defined and the original classification of CRISPR-Cas systems was made. 

Although the original classification proposed by Haft possessed simplicity, it cannot 

thoroughly illustrate the relationship between cas proteins. Makarova et al. proposed 

a new classification in 201190, in which the CRISPR systems were mainly divided into 

three types: type I CRISPR-Cas systems contain cas3 gene and components of 

Cascade-like genes; type II CRISPR-Cas systems contain a single large protein--Cas9; 

type III CRISPR-Cas systems contain polymerase and RAMP modules. Most CRISPR 

systems can be classified into three types, according to the signature gene, and even 

subtypes. All the CRISPR systems including Cas1 and Cas2 shares similarity during 

adaptation stage. But the expression and interference stages are quite different 

between various types of CRISPR systems. The classification is widely accepted and 

used nowadays while it keeps updating. 
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In 2015, Makarova et al. developed the classification of CRISPR systems. The 

CRISPR-Cas systems were defined into two classes, five types and 16 subtypes. 

Class 1 includes type I, type III and type IV CRISPR-Cas systems, and they both 

possess a multi-subunit crRNA-effector complex. Class 2 includes type II and type V 

CRISPR-Cas systems, and a single subunit crRNA-effector is their feature86. Recently, 

an expansion of the classification systems was released. Class 2 now contains 3 types: 

type II, type V and type VI. Variants of CRISPR-Cas, lacking the nucleases for 

interference, were also identified. In addition, numerous ancillary CRISPR-linked 

genes were discovered (Figure 1.4)91. 

Classification helps us understand the differences between CRISPR-Cas systems. 

Next, CRISPR machinery will be introduced by comparing different types of CRISPR-

Cas systems. 
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Figure 1.4 Classification of CRISPR systems 

(A) A schematic organisation of class 1 and class 2 CRISPR-Cas loci; Multiple cas proteins 

comprised the effector complex in class 1 CRISPR, the dashed outlined cas3 and cas4 are 

replaceable or missing in some subtypes. Class 2 CRISPR contains a single effector protein. 

(B) Functional modules of classified CRISPR systems; Dispensable genes are indicated with 

dashed outlines. * Small subunit might fuse to large subunit; CARF, CRISPR-associated 

rossmann fold and HEPN, higher eukaryotes and prokaryotes nucleotide-binding, domain 

proteins are common sensors in type III CRISPR; # Unknow sensor or ring nuclease may 

involve sensing. Adapted from Kira S. Makarova92. 

 

A
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1.2.4 Stage one: adaptation 

Despite CRISPR being divergent in the interference effector, the adaptation complex 

is relatively conserved across CRISPR systems, featured by the widely conserved 

protein, Cas1 and Cas2 (Figure 1.4). During the adaptation stage, mobile genetic 

elements (MGEs) are captured and integrated into the host genome as spacers. The 

capture process first involves a DNA repair machinery of the host—RecBCD in Gram-

negative organisms (type I-E CRISPR in E. coli for example)93 and its homologue, 

AddAB, in Gram-positive organisms (type II CRISPR for instance)94. They produce 

substrates for spacer acquisition (Figure 1.5A). A complex formed by Cas1 and Cas2 

facilitates spacer selection. In type I and type II CRISPR systems, a protospacer-

adjacent motif (PAM) is crucial for selection and preventing self-targeting. Both type I 

and type II CRISPR rely on proper PAM as a marker to target and interfere95. 

Therefore, in type I-E system, the Cas1-Cas2 complex recognizes PAM directly and 

selects the protospacer specifically96. Although type II system requires PAM, its Cas1-

Cas2 complex lacks the ability to direct recognition of PAM. The PAM-interacting 

domain of Cas9 interacts with the Cas1-Cas2 complex to accomplish bias acquisition97 

(Figure 1.5B). More proteins, such as Cas4 in type I and accessory proteins, Csn2, in 

type II, are reported to be involved in the bias spacer selection97-99. Although the 

mechanism of spacer acquisition in type III is still unclear, a study has shown that a 

reverse transcriptase (RT)-Cas1 fusion protein can acquire spacers from RNA 

transcripts in the type III CRISPR system100.  

Primed spacer acquisition was observed in type I CRISPR adaptation101, 102. This kind 

of acquisition is compared with “naive acquisition” where initially a spacer from a new 

genome was incorporated into CRISPR array, but when a spacer from a specific 
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genome pre-existed in the CRISPR array, the rate of acquisition of additional spacers 

from this specific genome was increased. This is called primed spacer acquisition or 

priming101. The primed spacer acquisition can be either complete (Figure 1.5C) or 

partial (Figure 1.5D) matching, and the partial matching enables CRISPR system to 

adapt spacers to overcome the mutation escapes of MGEs103. Primed spacer 

acquisition is associated with the interference of CRISPR, in type I CRISPR-Cas 

system, the interference effector complex (Cascade) recognises specific DNA and 

recruits Cas3, a helicase and nuclease, to destroy target DNA. The product form 

degradation can be used for spacer acquisition by Cas1-Cas2 complex (Figure 1.5C). 

In contrast, when PAM in target DNA was mutated and target DNA escaped from 

surveillance, Cas3 was no longer recruited to Cascade directly. It requires the 

presence of Cas1-Cas2 to enhance Cas3 recruitment to the mutant site. Cas3 

nuclease activity was attenuated by Cas1-Cas2, it translocated in either direction from 

Cascade and drove spacer acquisition with Cas1-Cas2 integrase (Figure 1.5D)103.  

Type I-F CRISPR in Thermobifida fusca shares similarity in spacer primed spacer 

acquisition. The process requires Cascade, Cas3 and Cas1-Cas2 (primed acquisition 

complex, PAC), PAC can travel long on the target genome, suggesting long-range 

spacer acquisition104.  

Recently, type II primed spacer acquisition has been reported105. The DNA product 

from Cas9 degradation provides substrates for the adaptation complex to acquire 

spacers, enhancing the rate of spacer acquisition105. 
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Figure legends next page. 
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Figure 1.5 Spacer selection and capture. 

(A) After viral DNA injection, RecBCD in Gram-negative organisms (or AddAB in Gram-

positive organisms) generates substrates for spacer acquisition. (B)  Protospacer selection, 

In type I-E CRISPR system, the Cas1-Cas2 complex prefers protospacers with PAM directly. 

In type II, Cas9 and Csn2 are required for protospacer selection. (C) Primed spacer generation 

with complete matching, Cascade effector binds to target DNA and recruits Cas3 to degrade 

DNA, generating protospacer substrates for the Cas1-Cas2 adaptation. (D) Primed spacer 

generation with PAM mutation, instead of recruiting Cas3 immediately upon binding, Cas1-

Cas2 was present to enhance Cas3 recruitment, and the complex was translocated from the 

target site to capture nearby protospacers. Adapted from Jon McGinn106. 

 

Once the heterohexameric complex [(Cas12–Cas2)2] is loaded with protospacer, it 

then acts as the spacer integrase. The integration of new spacers into CRISPR array 

is polarized. New spacers were incorporated between the leader sequence (an AT-

rich sequence preceding CRISPR array) and the first repeat, hence the new spacer 

become the new first spacer107, 108. The protospacer with Cas1-Cas2 complex firstly 

attacks the site and ligate itself between the leader and the repeat. Subsequently, the 

second attack and ligation take place at the site between the old spacer and the repeat, 

generating ssDNA for the repeat sequence which is repaired and ligated eventually 

(Figure 1.6A)107. The polarity of spacer integration is conducted by the Cas1-Cas2 

complex that contacts with the leader sequence. However, this is not sufficient for type 

I CRISPR to achieve the polarized preference. For type I CRISPR, host factors, such 

as IHF or H-NS, mediates bending of the leader sequence and interacts with Cas1. In 

contrast to type I CRISPR, the Cas1-Cas2 integrase of type II CRISPR is sufficient to 

achieve without additional host factors. It interacts with the minor groove of the leader 
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DNA, named the leader anchoring sequence (LAS) for type II CRISPR, to carry out 

spacer integration (Figure 1.6B)108. 

 

 

Figure 1.6 Spacer integration 

(A) New spacers integrated into CRISPR array; Two cleavage-ligation take place, the first one 

is at the site between the leader and the repeat, the second one is at the site between the old 

spacer and the repeat; ssDNA was produced and repaired to achieve spacer integration. (B)  

Mechanisms of the polarized spacer integration; In type I CRISPR, an additional host factor, 

IHF for instance, is required to interact with the leader and Cas1-Cas2 complex to achieve 

spacer integration; In type II CRISPR, the Cas1-Cas2 complex is sufficient to integrate new 

spacer by contacting the LAS (leader anchoring sequence). Adapted from Jon McGinn106. 

 

We focused on the adaptation of type I and type II systems here. Since Cas1-Cas2 is 

widely conserved across CRISPR systems, adaptation in other CRISPR systems 

resembles those two aforementioned systems. But it is noted that different systems 

inherit specific features under the outline of adaptation. 

A B
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1.2.5 Stage two: Expression 

The expression stage of CRISPR includes expression of pre-crRNA and cas proteins, 

crRNA maturation and effector ribonucleoprotein (RNP) complex formation. As 

indicated in the classification of CRISPR, class 1 CRISPR-Cas systems (type I, type 

III and type IV) possess a multi-subunits effector complex, while class II CRISPR-Cas 

systems (type II, type V and type VI) utilise a single-unit effector (Figure 1). We will 

discuss the expression and interference stage by illustrating examples from each type 

of CRISPR system. 

Type I-E CRISPR from E. coli is the first biochemically elucidated CRISPR-Cas 

system83. The CRISPR gene cluster of type I-E contains cas gene series, cas3-cas8-

cas11-cas7-cas5-cas6-cas1-cas2, and the repeat-spacer array (Figure 1.7A). 29 nt 

repeat forms hairpin and 32 nt spacer sits in between two repeat hairpins post pre-

crRNA transcription. Subsequently, the pre-crRNA is processed into mature crRNA by 

Cas6, where a 5’-8nt handle and a 3’-hairpin are generated (Figure 1.7B). Cas6 

remains attached with mature crRNA, and Cas7 forms the backbone along crRNA, 

together with Cas5, Cas8 and Cas11, a 405 kDa type I-E Cascade (1 Cas5, 1 Cas6, 

6 Cas7, 1 Cas8 and 2 Cas11) comprised83. Cascade structure elucidated by cryo-EM 

shows a “seahorse-like” shape RNP complex (Figure 1.7C)109. 

Type I CRISPR has exhibited an elaborate complex, but the complexity of type III 

CRISPR systems is going even further. Two subtypes (type III-A and type III-B) of type 

III CRISPR systems were discovered using two sets of cas proteins (Csm2-Csm5 for 

type III-A, Cmr3-Cmr6 for type III-B) respectively for the RNP complex composition 

(Figure 1.8A)110-112. The pre-crRNA of type III systems is cleaved by Cas6, generating 

an 8nt 5’-tag and a 3’-hairpin113, which resembles type I CRISPR, but this is not the 
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end of crRNA maturation in type III CRISPR. The cleaved crRNA is further loaded into 

Cas10-Cmr/Csm complex114. Cas6 is displaced by the complex probably due to 

physical contact111. The Cas10 complex removes the stem-loop (3’-haipin) of crRNA 

by the interaction between crRNA and Csm3/Cmr4115. This interaction defines which 

part of crRNA is exposed to PNPase (polynucleotide phosphorylase, a host nuclease 

recruited by Csm5) for crRNA maturation (Figure 1.8B)116, 117. 

Type IV CRISPR expression has similar characteristics to type I and type III CRISPR, 

cas proteins bind to crRNA, forming a crRNP complex. However, the composition of 

type IV complex is much reductive (Cas5-Cas7-Csf1), where Csf1 is a replacement of 

the larger subunit in type I (Cas8) or type III (Cas10)118, 119. 
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Figure 1.7 type I CRISPR expression 

(A) type I-E CRISPR array from E. coli K12 strain genome. (B)  crRNA maturation; pre-crRNA 

was processed to mature crRNA by Cas6; mature crRNA contains an 8 nt 5’-handle and a 3’-

hairpin. (C)  Structure of type I-E Cascade; (i) A model representation; (ii) A cryo-EM structure. 

Adapted from John van der Oost120. 
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Figure 1.8 type III CRISPR expression 

(A) type III CRISPR cluster, csm2-csm5 for type III-A CRISPR, cmr3-cmr6 for type III-B 

CRISPR. (B)  crRNA maturation; pre-crRNA was first processed to mature crRNA by Cas6, 

generating an 8 nt 5’-tag and a 3’-stem loop; crRNA was further transferred to Cas10-

Csm/Cmr complex; The complex removed the stem-loop of crRNA by recruiting a host 

nuclease polynucleotide phosphorylase (PNPase). Adapted from Luciano A. Marraffini121. 
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Multi-subunit crRNP complexes of Class 1 systems show the complexity of CRISPR. 

On the other hand, Class 2 CRISPR has revealed the simplicity of CRISPR. In class 

2 systems, the multi-subunit complex is substituted by a single protein. A paradigm is 

Cas9 protein from type II CRISPR. Type II CRISPR cluster consists of the signature 

gene cas9 and a tract gene across all subtypes of type II systems (Figure 1.9A)91. The 

crRNA maturation in type II applies a unique mechanism, where pre-crRNA is not 

cleaved by cas protein, but an RNA, named transactivating crRNA (tracrRNA), plays 

an indispensable role in the process122-124. Pre-crRNA, however, is cleaved by an 

endogenous RNase III, and the cleavage requires a formation of RNA duplex including 

the pre-crRNA and the tracrRNA, which contains a sequence (anti-repeat) that is 

complementary to the repeat sequence in the pre-crRNA. The cleavage by RNase III 

produces short crRNA with a 5’ overhang that is subsequently processed by an 

unidentified nuclease to finish crRNA maturation (Figure 1.9B)122. 
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Figure 1.9 type II crRNA maturation 

(A) type II CRISPR cluster, cas9 and tracr gene exist in all subtypes of type II CRISPR. (B)  

crRNA maturation; pre-crRNA formed a duplex with tracrRNA, RNase III cleaved the duplex 

into a short piece; An unidentified nuclease was recruited to further process 5’ end of crRNA. 

Adapted from Tautvydas Karvelis and Virginijus Siksnys125. 

 

Type V CRISPR features the signature protein Cas12. Cas12 protein possesses a 

striking diversity that includes 12 subtypes currently (type V-A to type V-K and type V-

U, U stands for uncharacterised)91. Type V systems utilise three different approaches 

to achieve crRNA maturation (Figure 1.10). Pre-crRNA can be cleaved directly by 

Cas12 to generate mature crRNA (Figure 1.10A)126-128 or perform the type II-like 

cleavage that requires tracrRNA and additional host factor (Figure 1.10B)127. 

A B
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Furthermore, the scoutRNA (short-complementarity untranslated RNA, a unique RNA 

found in type V system) is required to self-cleave pre-crRNA without additional host 

factors in some subtypes (Figure 1.10C)129. 

 

 

 

Figure 1.10 Three different ways of type V crRNA maturation 

(A) Cas12 (green) directly cleaves pre-crRNA into mature crRNA. (B) tracrRNA and a host 

factor enable crRNA maturation. (C) scoutRNA without additional host factor activates 

autocleavage. Adapted from Morgan Quinn Beckett et al130. 

 

The crRNA maturation of type VI CRISPR is similar to the first approach of type V 

systems, pre-crRNA is cleaved by the signature cas protein Cas13 that contains an 

RNase domain (Figure 1.11)131. 
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Figure 1.11 type VI expression 

pre-crRNA is processed by Cas13 to mature crRNA and the complex formed. Adapted from 

Omar O. Abudayyeh and Jonathan S. Gootenberg132. 

 

1.2.6 Stage three: Interference  

After the expression of the cas protein and crRNA complex (RNP complex), the 

CRISPR machinery is prepared to perform interference by targeting DNA or RNA 

derived from MGEs. 

Cascade, RNP complex of type I systems, specifically target dsDNA (Figure 1.12). 

The interference starts from locating Cascade on the target dsDNA under the guide of 

crRNA. PAM on dsDNA is crucial for targeting non-self-DNA, instead of self-DNA, as 

mentioned in the adaptation stage95. Scanned PAM changes the state of Cascade, 

enabling target dsDNA unwinding133. A seed sequence in crRNA is subsequently base 

paired with the target DNA. This seed sequence is part of the crRNA, 6 nt to 8 nt at 

the 5’ end of the spacer sequence, and of importance to initialise R-loop formation (a 
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state that non-target strand of target dsDNA is displaced, spacer in crRNA base paired 

with the target strand)133-135. Single mismatch in seeding abrogates further 

interference, but sporadic mismatch at downstream of seed sequence is tolerated and 

R-loop can be formed if not too many mismatches occur101, 136. Cas3, a key protein in 

target dsDNA degradation, is recruited to the Cascade when R-loop is present. Cas3 

is comprised of an ATP-dependent helix domain and an HD-nuclease domain that 

unwinds target dsDNA, reeling and looping the target strand, and cleaving the non-

target strand of the target dsDNA (Figure 1.12). The target strand not cleaved by Cas3 

may be further degraded by host nuclease103, 137, 138. Hence, the target dsDNA is 

specifically degraded by the Cascade-Cas3. 

 

 

Figure 1.12 type I interference 

(i) Cascade scanned PAM on the target dsDNA. (ii) Seed sequence base paired with target 

dsDNA upon PAM recognition. (iii) crRNA fully paired with target strand to form R-loop. (iv) 

Cas3 was recruited to Cascade to cleave non-target strand. (v) Cas3 unwound target DNA, 

reeling and looping target strand with the degradation of non-target strand. Adapted from John 

van der Oost120. 

 

Different from type I systems, the target of type III effector complex is RNA instead of 

DNA, namely, the transcript110. Upon recognition of the specific transcript that is 
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sequence-complementary to the guide RNA, Cas10-Csm/Cmr complex triggers a 

series of non-specific degradation to achieve type III interference. Firstly, the HD 

domain of Cas10 is activated to non-specifically cleave ssDNA139-141. In addition, 

Cas10 possesses a polymerase/cyclase palm domain that is activated to catalyse ATP 

into cyclic oligoadenylates (cOA). cOA acts as signalling molecules that convert 

inactive type III accessory protein (Csm6/Csx1) to active state. Activated Csm6/Csx1 

degrades transcripts of host and invader indiscriminately with its RNase activity142, 143. 

Eventually, the transcript that binds to the Cas10-Csm/Cmr complex is cleaved by 

Csm3/Cmr4, which ends the Cas10 complex activation (Figure 1.13A)110, 144, 145. 

The degradation of target transcript marks the end of Cas10 activation, non-specific 

ssDNA cleavage and production of cOA stops to avoid further harm to the host, but 

the produced cOA keeps activating Csm6/Csx1, which generates continuously non-

specific RNA degradation that is not beneficial for the host. To protect host from 

overreaction, a ring-nuclease is expressed to eradicate cOA146. Thus, the non-specific 

degradation is controlled. 

Since type III complex targets transcripts, self-targeting is not likely to take place 

unless bidirectional transcription generates a complementary transcript. But even in 

the presence of an antisense transcript, the Cas10 complex can prevent itself from 

activation. This unique recognition requires a 3’ anti-tag on target transcript. The anti-

tag is not base-paired with the crRNA 5’ tag (Figure 1.13B). Mismatches between the 

tag and anti-tag lead to Cas10 activation. While the transcript is completely 

complementary to crRNA 5’ tag (Figure 1.13C), the Cas10 is locked into a static state 

that is incapable of activation147. 
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Figure 1.13 type III interference 

(A) Cas10-Csm/Cmr complex (green) recognised target transcript, activating Cas10 to non-

specifically cleave ssDNA (1); In addition, Cas10 generated cyclic oligoadenylates (cOA) to 

active accessory protein Csm6/Csx1 that non-specifically degraded RNA (2). Target transcript 

was cleaved by the complex to deactivate Cas10 (3). (B) Spacer of crRNA in the complex 

base-paired with target transcript with a flipped 6th base; Target transcript possessed a 3’ anti-

tag that is not complementary to the crRNA 5’ tag. (C) CRISPR antisense transcript that 

harbours a complementary 3’ sequence was incapable to activate Cas10. Adapted from 

Luciano A. Marraffini121. 

 

Since type IV systems lack a nuclease domain in CRISPR cluster, compared with type 

I (Cas3) and type III (Cas10), the interference of type IV was speculated to inhibit  

MGEs replication, plasmid mostly, by blocking the movement of replication fork or 

transcription without cleavage148. 
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Multiple subunits of the effector work together in a coordinated manner to achieve the 

clearance of target DNA or RNA in class 1 systems. Class 2 systems, on the other 

hand, use a well-rounded single-unit effector to perform interference. 

 

Cas9 of type II systems is comprised of nuclease (NUC) and recognition (REC) lobes. 

The formation of Cas9 RNP complex results in a conformation change of Cas9 and 

the complex is activated to scan PAM sequences in DNA149. The recognition of PAM 

via the PAM interaction (PI) domain bends dsDNA and triggers R-loop formation. Like 

the R-loop initiation in type I systems, the R-loop formation starts at the seed sequence 

proximal to PAM and extends to the end distal to PAM150. The formation of R-loop 

leads to a conformation change of NUC, in which the HNH domain is placed for 

complementary strand cleavage while the non-target strand is cleaved by RuvC 

domain150, 151. Hence, dsDNA break is introduced to the target by Cas9 RNP complex 

(Figure 1.14). 
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Figure 1.14 type II interference 

1. Two lobes, REC and NUC, comprised Cas9, and stay relaxed without crRNA-tracrRNA 

duplex binding (apo-Cas9); 2. Cas9 RNP complex has a conformation change and is activated; 

3. The RNP complex searching target by 3D collision and 2D diffusion; 4. PAM is recognised 

by PAM interaction (PI) domain; 5. R-loop formation is initialized by seed sequence priming; 

6,7 R-loop formation drives a conformation change of NUC, where HNH domain cleaves target 

strand and RuvC domain cleaves non-target strand. Adapted from Tautvydas Karvelis and 

Virginijus Siksnys125. 

 

Type V interference shows the diversity of type V CRISPR. The target range of type V 

systems is broad, including dsDNA, ssDNA and ssRNA. Cas12 RNP complex can 

target dsDNA with PAM sequence, in this case, no tracrRNA is present, generating a 

staggered dsDNA break with a 5’ overhang on the target strand (Figure 1.15A)126, 152-
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154. Some subtypes of type V CRISPR target ssDNA or ssRNA with tracrRNA-crRNA-

Cas12 complex. PAM recognition is not necessary for single strand targeting (Figure 

1.15B)127, 155. In addition, target-activated Cas12 shows non-specific single-strand 

nucleic acid cleavage. The collateral cleavage is carried out by Cas12 in both dsDNA 

targeting and single-strand nucleic acid targeting127, 156. 

 

Figure 1.15 type V interference 

(A) Cas12 RNP complex recognises 5’ PAM in dsDNA and produces staggered dsDNA break. 

(B) Subtypes of type V systems target ssDNA or ssRNA with an RNP complex that contains 

a tracrRNA-crRNA duplex. Adapted from Morgan Quinn Beckett et al130. 

 

The target of type VI systems is RNA. When phage infects host cells, phage RNA or 

transcripts from phage DNA is captured by the Cas13 RNP complex and cleavage by 

Cas13 RNase domain157. In addition to the target cleavage, collateral cleavage of RNA 

is triggered upon target ssRNA binding. Non-specifical degradation of host mRNA 
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leads to abortive infection which arrests cell growth and restricts phage infection 

(Figure 1.16)131. 

 

Figure 1.16 type VI interference on phage infection 

(A) Cas13 RNP complex recognises phage RNA and cleaves target RNA. (B) Cas13 target 

cleavage clears phage ssRNA; In addition, collateral cleavage is activated to degrade host 

RNA to retain the phage infection; Mutated phage is eradicated via the collateral effect. 

Adapted from Omar O. Abudayyeh and Jonathan S. Gootenberg132. 
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1.3 Applications of CRISPR  

From what we have discussed above, CRISPR systems can be viewed as adaptive 

immune systems that target nucleic acid in a sequence-specific manner via an RNA 

guide. Two keywords from CRISPR are ‘sequence-specific’ and ‘nucleic acid targeting’. 

It opens the opportunity to repurpose this prokaryotic immune system for gene 

engineering. The last decade has seen the development of CRISPR-Cas systems in 

gene editing, and myriad achievements have been made. In this section, we will 

introduce the principle of utilising CRISPR-Cas systems in gene engineering and 

demonstrate successful cases of CRISRP-Cas application. 

 

1.3.1 The principle of CRISPR-Cas application 

 CRISPR interference results in DNA or RNA cleavage, which eradicates invasive 

nucleic acid and builds immunity in the prokaryotes. The fundamental role of CRISPR-

Cas can be repurposed to target genome, leading to gene depletion. Taking a step 

further, when targeting host genome, and generating dsDNA break (DSB), host DNA 

repair systems take actions to repair DNA damage, and the outcome of repair is 

controllable via manipulating the repair process. This established the base for utilising 

CRISPR-Cas systems in desired gene editing. 

Cas9 is the most broadly applied CRISPR-Cas system owing to its simplicity. We will 

take Cas9 as a paradigm to explain how CRISPR-Cas facilitate gene engineering. 

CRISPR-Cas9 is introduced to eukaryotes and exhibits target editing via a pre-

designed guide RNA(gRNA)158, 159. Cas9 produces DSB upon binding to target dsDNA, 

nonhomologous end joining (NHEJ) is the major pathway to repair the DNA damage 
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created by Cas9 targeting in eukaryotes160. NHEJ requires KU70-KU80 heterodimers 

that bind to DNA ends, preventing DNA resection. DNA ligase IV is then recruited to 

ligate the damage ends with 0 to 4 nt microhomology at the damage site. But if the 

damaged DNA has already been processed before KU protection and ligation is not 

available, nucleases can be recruited to process DNA, making it available for ligation. 

In this process, insertions or deletions (indels), are incorporated into the damaged 

DNA. If the repair is faithful, Cas9 keeps cleaving target dsDNA until unfaithful repair 

takes place (Figure 1.17A)161, 162. In the absence of KU, the alternative end joining (a-

EJ), also termed microhomology-mediated end joining (MMEJ), carries out DNA repair 

by end resection and ligation. The resection is driven by CtIP-MRN, which generates 

5 to 25 bp of microhomology used for following ligation by DNA ligase IIIα (Figure 

1.17A)163, 164. The “error prone” property of NHEJ and a-EJ enables Cas9 editing to 

introduce mutation or deletion at target site. However, the outcome of editing is not 

well controllable. Homology-directed repair was exploited to perform a more precise 

editing. Compared with NHEJ, KU-mediated end protection is not present in HDR, 

instead, CtIP-MRN resects DNA ends from DSB, replication protein A (RPA) binding 

to DNA strand to prevent fusing of overhang. RPA is then replaced by RAD51, 

enabling repair with a donor dsDNA template (Figure 1.17B)165, 166. The donor 

templates provide engineers with a controllable platform where desired editing can be 

inscribed. Ideally, any desired outcomes can be gained by HDR, but HDR suffers a 

low efficiency in practical applications since the damage of DNA is primarily repaired 

via NHEJ rather than HDR in vivo167. One direction of Cas9 editing development is 

enhancing HDR frequency or inhibiting NHEJ. 
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Figure 1.17 Genome editing strategies by exploiting endogenous DNA repair 

pathways. 

(A) dsDNA break (DSB) created by Cas9 targeting activates endogenous DNA repair; 

Nonhomologous end joining (NHEJ) is a repair pathway where KU70/80 protect DNA ends 

from resection, and DNA ligase IV ligate the end of DNA to achieve repair; DNA ends can be 

processed before KU protection, which leaves an end that is not available for ligation, 

nucleases process it to fit DNA ligation, in this process, insertions or deletions can be 

introduced to achieve gene knockout. Alternative end joining (a-EJ) is another pathway that 

repairs DNA damage with Pol θ and DNA ligase IIIα, but the DNA end is not protected by KU, 

instead, resected by CtIP-MRN. (B) Homology-directed repair (HDR) pathway also utilises 

resected DNA ends, but the overhangs are protected by replication protein A (RPA) from 

binding. RPA is subsequently replaced by RAD51 under the meditation of BRCA2. RAD51 

enables damaged DNA to be repaired with a donor template that can be provided artificially. 

Cas9-inactivating mutation can be introduced into the donor to cease editing after a successful 

gene knock-in. Adapted from Peter Lotfy and Patrick D. Hsu168. 
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Through the exploitation of endogenous repair pathways, Cas9 editing is capable of 

modifying the genome, but there are three concerns in practical application: off-target 

effects, potential toxicity of DSB and various outcomes of editing. To overcome those 

detriments and improve Cas9 editing efficiency, approaches that generate gene 

editing without DSBs have been explored. The first step is to abolish Cas9 

endonuclease activity but keep its ability of recognition. Mutations in Cas9 nuclease 

active sites convert Cas9 into either a nickase (Cas9n) or catalytically dead Cas9 

(dCas9), and these two mutants are capable of targeting dsDNA without generating 

DSBs158, 169.  The Cas9 variants were further fused with ssDNA deaminases that 

convert DNA bases (C to T or A to G), enabling mutation in target sequence, which is 

termed base editing170. Base editing changes DNA bases without introducing DSBs, 

but the conversion is limited to specific bases (C to T or A to G). A different method, 

primer editing was developed to expand the range of editing outcomes. In primer 

editing, Cas9 nickase variant is fused to a reverse transcriptase, and a primer editing 

gRNA (pegRNA) that carries a desired editing sequence in addition to basic gRNA 

allows the nicked strand to be repaired by reverse transcription based on the provided 

sequence171.  The base editing and primer editing without DSBs may get around the 

toxicity of gene editing and have potential to be widely applied. 

 

1.3.2 Utilising CRISPR-Cas systems  

CRISPR-Cas application has touched every corner of modern biological study. 

Fundamental research has been shaped owing to the development of CRISPR-Cas. 

One core question in genetic studies is the association between genetic variants and 

phenotypes. Gaining the variants is essential for studying the functional association. 
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CRISPR-Cas9 has been used to generate variants that can be used for phenotyping 

and functional study (Figure 1.18A). One example is the genetic study of late-onset 

Alzheimer’s disease (LOAD). The APOE gene is polymorphic and related to 

differential risk for LOAD. Researchers applied Cas9 to target APOE gene with a donor 

single-strand oligodeoxyribonucleotides (ssODNs), which generates variants that can 

be used for functional comparison with wild-type. The variant shows many features 

associated with neurodegeneration, revealing the APOE functional role in LOAD172, 

173. 

CRISPR-Cas9 has also been used in transgenic animal model generation. Cas9 RNP 

is electroporated or microinjected into animal zygotes with or without donor DNA. The 

effector RNP cleaves target locus before cell division, which reduced the chance of 

generating mosaic editing outcomes, improving the efficiency compared with 

canonical workflow of transgenic animal model production (Figure 1.18B) 174-176. 

Another expertise of CRISPR-Cas gene engineering is multiplexed genome editing 

which requires targeting multiple genes simultaneously. CRISPR-Cas processes pre-

crRNA into mature crRNA where multiple spacers with different targets can be 

generated, enabling multi-targeting. Cas12a is one of the most streamlined Cas 

proteins in multiplexed genome targeting since Cas12 generates mature crRNA 

without host RNase or a tracrRNA compared with Cas9 (Figure 1.18C) 126, 128. 
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Figure legends next page. 
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Figure 1.18 CRISPR-Cas application in fundamental research 

(A) CRISPR-Cas9 is applied in genetic studies; SpCas9 (Cas9 from Streptococcus pyogenes) 

is transfected into cells with donor (ssODNs) to target specific genes and generate variants 

that can be used for phenotyping and functional comparison. (B) Cas9 application in 

Transgenic animal models; Cas9 RNP with or without donor is electroporated or microinjected 

into animal zygotes to edit target gene before cell division. (C) Cas12a is used for multiplexed 

gene editing; Cas12a processes pre-crRNA into gRNA, which produces different spacers that 

drive the multiplexed gene editing simultaneously. (D) Genome-scale screens by CRISPR-

Cas; Oligonucleotides encoding sgRNA (single guide RNA) are synthesized for broad genome 

targeting; They are cloned into a plasmid with Cas gene and further packed into lentivirus that 

is transduced into cells; Phenotypic screening with selective pressure generates cells for next-

generation sequencing; Assessment of sequencing data reveals the differences of sgRNA 

abundance between the treated population and initial population, pointing to the essential 

genes in the specific process. Adapted from Peter Lotfy and Patrick D. Hsu168. 

 

Genome-scale screening has been reshaped by the introduction of CRISPR-Cas in 

recent years. One well-presented example is gene screening in cancer cells. The 

screens start with an oligonucleotide library where thousands of oligonucleotides that 

encode sgRNA, targeting various genes, are synthesized. The oligonucleotides are 

further cloned into vectors that express Cas proteins, and the vectors are packed into 

lentivirus which acts as a cargo and is introduced into cells by transduction. Applying 

selection pressure on cells and performing phenotypic screening allow subsequent 

next-generation sequencing to gain data for assessment of sgRNA abundance, either 

depletion or enrichment compared with the initial population, thereby revealing 

essential genes for different process177. 
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In addition to the genome-editing, CRISPR-Cas systems have also been repurposed 

for programmable gene regulation. The dCas9 (catalytic dead Cas9 variant) 

possesses targeting ability while losing the endonuclease activity. When relocated 

dCas9 RNP to the upstream area of a gene of interest, it inhibits target gene 

transcription by sterically blocking the RNA polymerase (RNAP) (Figure 1.19A)178, 179. 

By fusing an effector (either activator or repressor) to dCas9, extensive gene 

repression or activation can be achieved (Figure 1.19B)180. 

 

 

Figure 1.19 Programmable gene regulation by CRISPR-Cas systems 

(A) dCas9 RNP binding to the upstream of target gene blocks transcription by displacing 

RNAP. (B) dCas9 RNP is fused to an effector that either activates or represses target gene 

expression. Adapted from Jasprina N. Noordermeer, Crystal Chen, and Lei S. Qi181. 

 

CRISPR-Cas is a prokaryotic immune system that protects host from MGEs invasion. 

If the CRISPR is artificially manipulated to target its own chromosome (self-targeting), 

host cells would be killed182. This has led to the utilisation of CRISPR-Cas systems for 

A B
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antimicrobials development. Both class 1 and class 2 CRISPR are capable of forcing 

cells into committing “suicide”. Several studies have been proposed to repurpose 

CRISPR-Cas for antimicrobials183, 184. 

 

We focused on applying the interference of CRISPR-Cas to various aspects of modern 

biology research. But the vault of CRISPR is not only interference stage, the 

adaptation stage of CRISPR also holds its unique property that can be exploited for 

biological information recoding185, 186. CRISPR adaptation apparatus, Cas1-Cas2, 

capture DNA and write it into CRISPR array. If the Cas1-Cas2 was leveraged for 

capturing DNA whose expression was regulated based on biological signals, this 

temporal biological information can then be recorded into genome, following 

sequencing, the temporal information attributed to signal change is able to be of 

readout. Under this rationale, a workflow was developed where biological signals 

induce the expression of intracellular DNA that is subsequently recorded by Cas1-

Cas2 into cell genome. This method provides a way to record dynamic information of 

cell status185. 

 

It is no more than two decades since the discovery of CRISPR-Cas systems, but 

CRISPR-Cas has exhibited its omnipotent potential. In 2021, CRISPR-Cas9 mediated 

genetic therapy has been reported in transthyretin amyloidosis (ATTR)187, transfusion-

dependent β-thalassemia (TDT) and sickle cell disease (SCD)188. Although this 

pioneering work is restricted to a small group of patients or individuals, the results 

support further research on applying the gene editing therapeutic strategy in genetic 

disease. 
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1.4 Type I CRISPR-Cas systems 

1.4.1 Subtypes of type I CRISPR-Cas 

Type I systems are the most abundant CRISPR-Cas in the microbial world86. The 

signature gene of type I systems is cas3, which encodes the effector to degrade target 

dsDNA. Type I systems also possess a stunning diversity in terms of gene 

compositions and operonic organizations. There are 7 subtypes of type I systems (type 

I-A to type I-G) with distinct features (Figure 1.20)91. The prototype of type I consists 

of 8 cas proteins (Cas1 to Cas8), with which type I-B fits the best, where Cas1, Cas2 

and Cas4 carry out the adaptation189, while the rest of cas proteins form the effector 

complex for interference190.  

Type I-A is considered as a derivative of type I-B, where Cas3 is split into Cas3’ and 

Cas3’’, and the large subunit of the effector complex (Cas8) is split into a small subunit 

(Cas11) and the remaining large subunit86. Experimental studies have revealed the 

adaptation of type I-A that also involves Cas1, Cas2 and Cas4191. Cas3 helicase 

domain and nuclease domain are split into two distinct units, Cas3’ and Cas3’’ 

respectively, and reconstitution of type I-A in vitro shows interference activity192. The 

structure of type I-A effector complex has been elucidated, revealing a well-organized 

complex that contains Cas5, Cas6, Cas7, Cas8, Cas11 and even Cas3193. 
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Figure 1.20 Subtypes of type I CRISPR 

Representative CRISPR cluster of type I-A to type I-G; cas3, Signature gene of type I; cas1, 

cas2 and cas4, CRISPR adaptation genes; cas5, cas6, cas7, cas8 and cas11, crRNA 

maturation and effector complex formation. I-B, the prototype of type I CRISPR, contains cas1 

to cas8; I-A, signature gene: split cas3, cas11 present; I-C, lack of cas6; I-D, signature gene: 

cas10d; I-G, signature gene: csb2 (fusion of cas5 and cas6); I-E, lack of cas4, cas11 present;  

I-F signature gene: fusion of cas2 and cas3; Variants of I-F: lacks cas3 and utilised by 

transposons or lacks cas8 and cas11. Adapted from Kira S. Makarova91. 

 

Type I-C lacks cas6 gene compared with other type I systems. Cas6 is the protein that 

cleaves pre-crRNA into mature crRNA, however, this role has been substituted by 

Cas5 in type I-C194. The structure of type I-C effector complex shows that a small 

subunit, translated from a Cas8 inner ORF, is critical to stabilizing R-loop formation195. 

Type I-D is considered to be an evolutionary intermediate between type I and type III 
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since the nuclease domain of Cas3 is shifted to the larger subunit Cas8, which shares 

the similarity to type III Cas10, accordingly the large subunit is termed Cas10d86. 

Experimental data shows that type I-D cleaves both dsDNA and ssDNA, which holds 

both canonical type I dsDNA cleavage and type III ssDNA cleavage feature196. 

Type I-E is the first elucidated CRISPR system83. The study on type I-E reveals 

fundamental biological mechanisms of CRISPR immunity, which has been described 

in section 1.3. Compared with the prototype I-B, I-E cluster contains distinct large 

subunit Cas8 and small subunit Cas11, similar to type I-A. And no Cas4 is present in 

the adaptation gene locus86.The signature gene of type I-F is the fusion of cas2 and 

cas3. However, there are variants of type I-F that lack cas3, losing the ability of 

interference. They are instead utilised by transposons for RNA-guided DNA 

integration197. Structural studies have been carried out on type I-F198, type I-F 

transposon variant199 and a variant that lacks both Cas8 and Cas11200. The structure 

of the transposon variant shows that Cascade of type I-F binds to transposition protein, 

which provides the basis for RNA-guided transposition199. The variant that lacks Cas8 

and Cas11 is structurally demonstrated, showing that Cas5 and Cas7 replace the 

functional role of Cas8 and Cas11, the Cas5 and Cas7 in this variant type I-F is 

structurally different from the canonical ones200. 

The last subtype of type I CRISPR is type I-G whose signature gene is csb2, a fusion 

of cas5 and cas6. cas4 and cas1 are also fused into one gene in type I-G. Type I-G is 

used to be named type I-U, U stands for uncharacterized86. It is the least understood 

subtype among all type I systems. The details of type I-G interference and underlying 

mechanisms remain unexplored. 
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1.4.2 Cas3, the signature protein of type I CRISRP 

Cas3 is the signature protein of type I CRISPR systems. It is a dual-functional protein 

with HD-nuclease and helicase activity201. The nuclease activity is activated by single- 

strand DNA (ssDNA), and the double-strand DNA (dsDNA) helicase activity requires 

the presence of ATP and ssDNA. The Helicase domain of Cas3 is a typical superfamily 

2 (SF2) helicase with Walker A and B boxes involved in the binding and hydrolysis of 

ATP201-203. In vitro reconstitution of type I-E Cascade, coupling with Cas3 from 

Streptococcus thermophilus, shows that target dsDNA is specifically degraded, and 

the direction of Cas3 cleavage activity is 3’ to 5’ of DNA204, 205. Cascade-Cas3 

initialises the target dsDNA degradation by nicking in the proto-spacer of the non-

target strand (NTS), which generates ssDNA as substrates for Cas3 nuclease. The 

effector complex stays in place while target dsDNA is unwound by Cas3 helicase 

activity and NTS is reeled to Cas3 nuclease domain, subsequently degraded104, 203. 

The degradation of NTS results in the exposure of target stand (TS) that acts as a 

platform for loading the same or other Cas3, following further degradation204. The 

Cascade-Cas3 is functionally activated when introduced to a heterologous organism, 

for instance, S. thermophilus type I-E system provides heterologous protection in E. 

coli206. 

 

1.4.3 Application of type I CRISPR-Cas 

CRISPR application is often taken as a synonym for CRISPR-Cas9. However, the type 

II CRISPR, Cas9 is only the tip of the iceberg in natural CRISPR occurence. In fact, 

Type I CRISPR is the most prevalent (50%) CRISPR system in bacteria86. So, instead 
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of pursuing the heterologous editing tool, repurposing endogenous type I systems for 

self-genome editing is performed in practice. 

Industrial bacterial strains and medical pathogens have been modified by endogenous 

type I CRISPR. Examples include type I-F in Zymomonas mobilis207, an ethanol-

producing bacterium; type I-B in Clostridium tyrobutyricum208, a butanol-producing 

strain; type I-C in the pathogenic bacterium, Pseudomonas aeruginosa209; type I-B in 

Clostridium difficile, a human pathogen210. 

Not only for the endogenous application, but type I CRISPR can be also introduced 

into heterologous organisms for genome editing.  Type I-C and I-F from 

Pseudomonas are packed and transformed into heterologous bacterial hosts to 

achieve genome engineering209, 211. Furthermore, there are successful utilizations of 

type I in eukaryotic organisms193, 209, 212-218. 

Compared with small DSB generated by Cas9 editing, type I CRISPR destructively 

cleaves the target DNA, generating long-range deletion on genome targeting (Figure 

1.21A)212, 214. This deletion outcome can be altered by removing Cas3, in this manner, 

Cascade targets dsDNA and blocks binding from other proteins, RNAP for instance, 

leading to repressing the expression of target gene (Figure 1.21B)219, 220.  
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Figure 1.21 Type I CRISPR application 

(A) Genome deletion by type I Cascade and Cas3. (B) Cascade binds to target promoter to 

block the binding of RNAP (RNA polymerase). (C) Genome editing with type I Cascade and 

transposons associated proteins. (D) Cascade is fused to FokI, a restriction enzyme; the 

dimeric Cascade/crRNA-complex allows target editing in the centre of the DNA. Adapted from 

John van der Oost120. 

 

As mentioned above, there are variants of type I systems that couple with transposons. 

This combination allows donor dsDNA to be incorporated into target site without DSB, 

which has potential to generate genome editing under lower toxicity and higher 

efficiency (Figure 1.21C)197. One example of type I precision editing is to fuse a 

restriction enzyme, FokI, to Cascade. By using a dimeric Cascade/crRNA-complex, 

the target editing on the centre site flanked by the complex can be obtained (Figure 

1.21D)221. 
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1.5 Significance and aims of the thesis 

The fundamental studies on CRISPR systems reveal an elegant machinery of the 

prokaryotic adaptive immune system. The discovery of underlying mechanisms drives 

the repurposing of CRISPR systems in gene engineering. Modern genetic modifying 

technologies have been shaped since the appearance of CRISPR. It has been 

extensively applied in every aspect of biological research. However, there are still 

mysterious areas existing in this exciting field.  

Type I-G CRISPR, the protagonist of this thesis, is the least understood type I CRISPR. 

It possesses a unique gene organisation and a signature gene, but the expression and 

interference of type I-G CRISPR have not been investigated. With the study on type I-

G, we will elucidate its basic biological mechanism and complete the understanding of 

type I CRISPR systems. It will also provide opportunities to utilize this system in gene 

engineering. 

 

The aim of the thesis: 

1. Elucidating the expression and interference of type I-G CRISPR. 

2. Obtaining the structure of type I-G effector complex. 

3. Application of type I-G CRISPR in heterologous genome editing.  

 

Chapter 3 focuses on the reconstruction of type I-G CRISPR for mechanism 

investigation. In Chapter 4, we will reveal the structure of type I-G effector complex. 

Chapter 5 will open the door to applying type I-G in genome editing. 
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Chapter 2: Materials and methods 

2.1 In vitro and in vivo construction of type I-G system 

2.1.1 Cloning 

2.1.1.1 Vectors for single Cas protein expression 

Synthetic genes encoding Cas proteins (Cas8g, Csb2, Cas7 and Cas3 from 

Thioalkalivibrio sulfidiphilus) were obtained from Integrated DNA Technologies 

(Coralville, IA, USA). Restriction enzyme sites were added when necessary and codon 

usage was optimized for Escherichia coli. cas8g, cas7 and cas3 genes were digested 

with NcoI and BamHI (Thermo Scientific) and ligated into pEV5HisTEV222 to produce 

the vector that allows expression of individual proteins with N-terminal TEV cleavable 

His8-tags. csb2 was cloned into the pET-Duet (Novagen, Merck Millipore) vector via 

ligation after NdeI and XhoI (Thermo Scientific) digestion. Site directed mutagenesis 

of cas genes was carried by standard protocols using Phusion enzyme (Thermo 

Scientific). 

2.1.1.2 Vectors for pre-crRNA generation 

A CRISPR array containing six identical spacers targeting the tetR gene flanked by 

seven repeats was cloned into pCDF-Duet (Novagen, Merck Millipore) by ligation after 

NcoI and SalI digestion. The other two CRISPR arrays: lacZ target (five repeat, four 

spacer) and lpa target (four repeat, three spacer) were prepared using the same 

method. Sequence details in Table 1. 
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2.1.1.3 Vectors for multiple Cas proteins expression 

To express the type I-G complex for in vivo studies, vector pACE-M1 (MultiColiTM, 

Geneva Biotech, Genève, CH) was assembled by SLIC (sequence and ligation 

independent cloning). DNA fragments encoding cas8g, csb2 and cas7 were amplified 

with PCR prior to SLIC and ligation into pACE, placing these three genes under control 

of a single T7 promoter. The cas3 gene was digested with NcoI and SalI and 

incorporated into vector pRAT under the control of the araBAD promoter. Plasmid 

lacZ-pRAT was described previously223. All final constructs were verified by 

sequencing (GATC Biotech, Eurofins Genomics, DE)  

 

2.1.2 Oligonucleotides 

All 6-FAM™-labelled and non-labelled DNA or RNA substrates were purchased from 

Integrated DNA Technologies (Leuven, BE). Where required, oligonucleotides were 

5’-end-labelled with [γ-32P]-ATP (10 mCi ml−1, 3000 Ci mmol−1, Perkin Elmer) with 

polynucleotide kinase (Thermo Scientific). Duplex DNA was obtained by annealing 

equimolar amount of complementary ssDNA in 10mM Tris-HCl, 50mM NaCl, pH7.5, 

95 °C for 5min, slowly cooling down overnight to room temperature in a heat block. All 

oligonucleotide sequences can be found in Table 1. 

 

2.1.2.1 Oligonucleotides purification 

Purchased oligonucleotides were submitted for gel purification before using. 

Lyophilised DNA substrates were resuspended in TE-NaCl buffer (10 mM Tris-HCl, 1 

mM EDTA, 10 mM NaCl) or double distilled water (ddH2O), and RNA substrates in 
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RNase-free H2O to a concentration of 500 μM and stored at -20 ̊C until required. 2 μl 

of the oligonucleotide (500 μM) was diluted with 8 μl RNase-free water and 10 μl 

denaturing loading buffer (100% formamide, no dye, a dye loading buffer (100% 

formamide, 0.25% bromophenol blue and 0.25% xylene cyanol) was running 

alongside the no dye lane as a visual sign) and the mixture was heated at 90 ̊C for 5 

min. The solution was then cooled on ice before being loaded on a pre-run denaturing 

polyacrylamide-TBE gel (20% polyacrylamide, 7 M urea). Gels were run in 1X Tris-

Borate-EDTA running buffer (100 mM Tris (pH 8), 90 mM M boric acid, 1 mM EDTA) 

at 30W and 45 ̊C for between 1.5 and 3 hours, depending on oligonucleotide length. 

Substrates were visualised using UV shadowing (Minerallight USV-54 UV wand) and 

the substrate band was excised. The gel band was soaked in 400 μl TE-NaCl 

buffer/ddH2O/RNase-free H2O overnight at 4 ̊C. The supernatant was then decanted 

and filtered before the nucleic acid was extracted by ethanol precipitation as described 

below. 

 

2.1.2.2 Ethanol precipitation 

Ethanol precipitation of DNA/RNA substrates was carried out by adding 2 volumes of 

cold (4 ̊C) 100% ethanol and 0.1 volume of 3 M (pH 5.2) sodium acetate. The solution 

was then centrifuged at 13,200 rpm and 4 ̊C (Eppendorf fixed angle F-45-24-11 rotor) 

for 30 min, before the supernatant was decanted. 2 volumes of cold 70% ethanol was 

added to the nucleic acid pellet and the solution was centrifuged for a further 30 min 

(Eppendorf fixed angle F-45-24-11 Rotor, at 13,200 rpm). The ethanol was carefully 

decanted and the pellet was air-dried and resuspended in the desired volume of 

RNase-free water (RNA substrates) or TE- NaCl buffer.  
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2.1.2.4 In vitro transcription and RNA extraction 

In vitro transcription was performed with MEGAscript™ T7 Transcription Kit, 

Invitrogen™. In details, linear DNA templates containing a T7 promoter were amplified 

from pCDF, pre-crRNA vectors. 0.1 to 0.2 µg template was mixed with 8 µl NTP mix, 

2 µl 10X reaction buffer and 2 µl enzyme mix, added water up to 20 µl. The reaction 

tube was gently mixed and incubated at 37°C for 4 hours. The volume of  product was 

adjusted to 180 μl by adding 160 μl nuclease-free water. 20 μl of 3 M sodium acetate, 

pH 5.2 (Final concentration 0.3M) or 20 μl of 5 M ammonium acetate was added, 

mixed thoroughly. 400 µl (2x volume) of phenol:chloroform:isoamyl alcohol pH 8.0 was 

added and shaken vigorously inside fume hood for 15 seconds. The tube was 

centrifuged at maximum speed in a microcentrifuge at 4° C, for 2 minutes and the top 

aqueous phase was transferred to a new tube. 2x volume of chloroform:isoamyl 

alcohol pH 8.0 was added and shaken vigorously inside fume hood for 15 seconds, 

following centrifugation at 4° C, for 2 minutes. The top aqueous phase was transferred 

to a new tube. Glycogen (final amount 20 µg) (optional) and 2x volume of ethanol was 

added for ethanol precipitation as described above. 

 

2.1.3 Protein expression and purification 

2.1.3.1 Expression 

pEV5HisTEV vectors harbouring cas genes were transformed into E. coli C43(DE3) 

for protein expression. Cells grew in LB culture containing 50 µg ml-1 kanamycin 

overnight. Following a 100-fold dilution, cells were grown at 37 °C, 180 rpm to reach 

an OD600 of 0.6~0.8, induced by 400 µM IPTG, followed by overnight protein 
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expression at 25 °C. The cells are harvested by centrifugation at 4000rpm, 4°C for 10 

min, using a pellet scraper to remove the pellet from the 1 litre pot and weigh. Cell 

pellets can be used immediately or stored frozen until needed. Pellets resuspend 

better from frozen. 

 

2.1.3.1 Purification 

Day 1: 

1. Cell pellet is defrosted and resuspended in 3-5 volumes of lysis buffer, mls per gram 

of pellet containing Lysis buffer (50mM Tris–HCl pH 7.5, 0.5 M NaCl, 10 mM imidazole, 

and 10% glycerol) supplemented with EDTA-free protease inhibitor tablets (Merck; 1 

tablet per 100 ml buffer) and lysozyme (1 mg/ml).  

2. Cells are lysed by sonicating for 6x1 min with 1 min rest intervals on ice at 4°C with 

the medium probe. 

3. Lysed cells are ultracentrifuged at 40000 rpm, 4°C for 30 min to pellet cell debris. 

Remove tubes quickly after centrifugation to stop ‘jelly’ layer from resuspending and 

clogging filters. 

4. Cleared cell lysate is then filtered using a 0.45 μm syringe filter to remove any 

precipitated material and loaded onto a 5 ml HisTrap FF crude column (GE Healthcare) 

equilibrated with Wash buffer (50 mM Tris–HCl pH 7.5, 0.5 M NaCl, 30 mM imidazole, 

and 10% glycerol). Load the lysate with the pump (prewash with water and wash buffer 

before equilibration and loading). 
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5. Unbound protein is washed away with up to 20 column volumes (CV) of Wash buffer 

prior to elution of the bound his-tagged protein using a linear gradient of Elution buffer 

(50mM Tris–HCl pH 7.5, 0.5 M NaCl, 0.5 M imidazole, and 10% glycerol). A stepped 

gradient AKTA program (Histrap first Nickle) was used for first nickle run. 

6. After SDS-PAGE showing the trace of different eluted fractions. The fraction 

containing protein of interest are pooled and concentrated to 5 ml. 

7. Remove the his-tag by incubating concentrated protein with TEV protease (1mg per 

10mg protein) during dialysis in at least 100x volume of Wash buffer (50 mM Tris–HCl 

pH 7.5, 0.5 M NaCl, 30 mM imidazole, and 10% glycerol) at RT overnight. Equilibrated 

gel filtration column (HiLoad 16/60 Superdex pg 200, GE Healthcare) with GF buffer 

(20 mM Tris-HCl, 250 mM NaCl, pH 7.5) for the next day. 

Day 2: 

1. The TEV-cleaved protein is recovered using a 5ml HisTrapFF crude column and 

loaded via the 10 ml loading loop. The cleaved protein does not bind the column and 

therefore can be eluted using 20 ml Wash buffer (50 mM Tris–HCl pH 7.5, 0.5 M NaCl, 

30mM imidazole, and 10% glycerol) into a 50 ml tube, then concentrated to 2ml. The 

TEV protease contains an uncleavable his-tag and therefore binds the HisTrap column. 

100% Elution buffer was used to wash the bound protein off into a separate 50 ml tube 

to run on a gel to determine the percentage cleavage. (The AKTA program Histrap 

second Nickle). 

2. The protein is further purified by gel filtration chromatography with the equilibrated 

GF column and GF buffer (20mM Tris–HCl pH 7.5, 0.25 M NaCl). (The AKTA program 

S200).  
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3. Run the eluted fractions on SDS-page, collect and concentrate the fractions 

containing protein of interest. Pure protein was finally concentrated in Amicon Ultra 

centrifugal filter (Merck-Millipore). 

4. Aliquot proteins and freeze with liquid Nitrogen. 

A schematic figure is shown in Figure 2.1. 

 

 

Figure 2.1 Protein expression and purification 

A schematic figure protein expression and purification. Cas protein was expressed in E. coli. 

Soluble lysate after sonicating was submitted to Ni-NTA affinity column, polyhis-tagged Cas 

protein was eluted with a high imidazole concentration buffer. The polyhis tag of eluted Cas 

protein was then removed by TEV protease while dialysing. Tag removed protein was then 

concentrated and submitted to size exclusion column (SEC) and the eluted protein was 

analysed on SDS-PAGE. Adapted from Nitu Singh and Kakoli Bose224 
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2.1.4 CRISPR repeat cleavage assay 

36 nt 5’-6-FAM™-labelled CRISPR repeat RNA was incubated with Csb2 or other Cas 

protein in 20 mM Tris-HCl, 50 mM NaCl, 1 mM DTT, 5 mM EDTA, 0.1 U/µl RNase 

inhibitor, pH 7.5 for 5 min at 37 °C, at a final concentration of 50 nM RNA and 0.5 µM 

protein. Reaction was stopped by adding 1µl 0.5M EDTA formamide and heat 

denaturing at 95 °C for 3 min. Product was loaded to a denaturing gel (20% acrylamide, 

7M Urea), running in 1 X TBE buffer, and visualized by scanning (Typhoon FLA 7000, 

GE Healthcare). RNA ladders were obtained by alkaline hydrolysis of the CRISPR 

repeat RNA (Thermo Fisher Scientific, RNA Protocols).  

 

2.1.5 pre-crRNA cleavage 

643nt pre-crRNA was in vitro transcribed with [a-32P]-ATP (10 mCi ml−1, 3000 Ci 

mmol−1, Perkin Elmer) as described above, followed by phenol-chloroform extraction 

and ethanol precipitation. Reactions contained 1 µM pre-crRNA in reaction buffer (20 

mM Tris-HCl, 50 mM NaCl, 1 mM DTT, 0.1 mg/ml BSA, 5 mM MgCl2, 1 mM EDTA, 

0.1 U/µl RNase inhibitor, pH 7.5). Wildtype or variant H503A Csb2 was added to the 

reaction at a progressively higher concentration followed by incubation at 37 °C for 30 

min. Cleavage products were resolved in a denaturing gel as described above. 

 

2.1.6 Csb2 N-terminal domain and C-terminal domain expression 

A stop codon was introduced by mutagenesis at R260 of Csb2 to allow the expression 

of the N-terminal domain on pEV5HisTEV vector. For the C-terminal domain, primers 
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with NcoI and BamHI were used to amplify C-terminal sequence fragment encoding 

from R262 to the end of the csb2 gene, which was cloned into the pEV5HisTEV vector 

by digestion and ligation. Both N- and C-terminal domains were expressed and purified 

as described for the full-length proteins above. Primer sequences are shown in Table 

1. 

 

2.1.7 Fluorescence anisotropy 

The method is adapted from Sarah L. Reid225. In detail, 25 nM 5’-6-FAM™-labelled 

CRISPR hairpin or repeat RNA was suspended in a quartz cuvette with 50 mM NaCl, 

1 mM DTT, 5 mM MgCl2, 1 mM EDTA, 0.1 U/µl RNase inhibitor (Thermo Scientific). 

The initial anisotropy of the RNA was measured in a Varian Cary Eclipse fluorescence 

spectrophotometer (Agilent Technologies), using the Eclipse ADL application. The 

measurement was carried at 37 °C, exciting the fluorescein-labelled RNA at 480 nm 

and monitoring emitted fluorescence at 525 nm. Csb2 was titrated at progressively 

higher concentrations into the sample. All points of titration were carried out with 

automatic polarizers. The anisotropy value of each point was plotted against Csb2 

concentration, and a curve was fitted to get KD value using equation below. 

A=Amin+((D+E+KD)-((D+E+KD)2-(4DE))1/2 )(Amax-Amin)/(2D) 

Where A is anisotropy of free RNA, D is total RNA concentration, E is total protein 

concentration. Amax and Amin is maximum and minimum anisotropy. The equation 

assumes a RNA : protein binding stoichiometry of 1:1225. 
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2.1.8 Effector complex reconstruction 

Effector complexes were assembled by mixing individual pure protein subunits with 

pre-crRNA, obtained by in vitro transcription (MEGAscript™ T7 Transcription Kit, 

Invitrogen™) in the combinations noted in the results. The Cas protein combinations 

were incubated with pre-crRNA in 20 mM Tris-HCl, 250 mM NaCl, 1 mM DDT, 1 mM 

EDTA and 0.5 U/µl RNase inhibitor pH 7.5 for 1 h at 37 °C, filtered by centrifugation 

at 10000 x g for 10 min, then loaded onto a Superose 6 10/300 increase (GE 

Healthcare) column for gel filtration in GF buffer buffer (20 mM Tris-HCl, 250 mM NaCl, 

pH 7.5). Fractions containing the complex were pooled and concentrated using a 

centrifugal filter (Vivaspin® 500, MW cutoff 30,000 Dalton, Vivaproducts). 

 

2.1.9 Electrophoretic mobility shift assay (EMSA) of short dsDNA 

10 nM [γ -32P]-labelled dsDNA was mixed with 0.8 µM effector complex in 10 µl 

reaction buffer (20 mM Tris-HCl, 50 mM NaCl, 1 mM DTT, 0.1 mg/ml BSA, 5 mM 

MgCl2, 1 mM EDTA) at 37 °C for 30 min, loaded onto an 8 % acrylamide 1 x TBE gel 

with Ficoll loading buffer, and electrophoresed at 200 V for 1 h, followed by 

visualization (Typhoon FLA 7000, GE Healthcare). 

 

2.1.10 Plasmid DNA binding and cleavage assays 

In vitro reconstructed effector complex was mixed with target or control plasmid (2 nM), 

incubated in 10 µl reaction buffer (20 mM Tris-HCl, 50 mM NaCl, 1 mM DTT, 0.1 mg/ml 

BSA, 5 mM MgCl2, 1 mM EDTA) at 37 °C for 1h. ATP was present at 2 mM where 

indicated. Reactions were analysed by separation on a 0.8 % Agarose gel, running in 
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1 X TBE buffer at 10 mA overnight, post-stained with SYBR green for 30 min, and 

visualized by scanning (Typhoon FLA 7000, GE Healthcare). Open circular plasmid 

control was obtained by incubation with the Nt.BspQI nickase (New England Biolabs), 

and linear plasmid by  cleavage with BamHI 

 

2.1.11 Short dsDNA cleavage assay 

0.3µM in vitro reconstructed effector complex was mixed with 16.6 nM [γ -32P]-labelled 

dsDNA and incubated in reaction buffer (20 mM Tris-HCl, 50 mM NaCl, 1 mM DTT, 

0.1 mg/ml BSA, 5 mM MgCl2, 1 mM EDTA) at 37 °C for 1h, supplemented with 2 mM 

ATP as indicated. Reactions were stopped by addition of 0.5 M EDTA, an equal 

volume of formamide and denaturation at 95 °C for 3 min. Cleavage products were 

separated on a S2 sequencing gel (20% acrylamide, 7 M Urea), 90W, 70 min and 

visualized by scanning as above. A Maxam-Gilbert G+A ladder was acquired by 

incubating 5 ng 32P-labelled oligonucleotide with 1 µg calf thymus DNA and 0.4 % 

formic acid in 10 µl TE buffer (10 mM Tris-HCl, 0.1 mM EDTA, pH 7.5) at 37 °C for 25 

min, followed by addition of 150 µl 1 M piperidine and heating at 95 °C for 30 min. The 

ladder was ethanol precipitated before resuspension into loading buffer and loading 

onto the gel. 

 

2.1.12 Plasmid challenge assay 

The method was described previously223. For the type I-G system, pACE-M1 and 

pCDF with targeting CRISPR array were co-transformed into E. coli C43 (DE3). 

Transformants were selected by 100 µg ml−1 ampicillin and 50 µg ml−1 spectinomycin. 
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Competent cells were prepared by diluting an overnight culture 50-fold into fresh, 

selective LB medium. The culture was incubated at 37 °C, 220 rpm to reach OD600 0.4 

to 0.5. Cells were collected by centrifugation and the pellet resuspended in an equal 

volume of 60 mM CaCl2, 25 mM MES, pH 5.8, 5 mM MgCl2, 5 mM MnCl2. Following 

incubation on ice for 1 h, cells were collected and resuspended in 0.1 volumes of the 

same buffer containing 10 % glycerol. Aliquots were stored at -80 °C. pRAT Plasmid 

with or without Cas3 was transformed to the competent cells. Transformation mixture 

with LB medium was incubated with shaking for 2.5 h after heat shock. A total of 3 µl 

transformation product was applied in a 10-fold serial dilution to LB agar plates 

supplemented with 100 µg ml−1 ampicillin and 50 µg ml−1 spectinomycin when 

selecting for recipients only; transformants were selected on LB agar containing 100 

µg ml−1 ampicillin, 50 µg ml−1 spectinomycin, 25 µg ml−1 tetracycline. LB agar plates 

containing 0.2 % (w/v) D-lactose and 0.2 % (w/v) L-arabinose were used for induction. 

Plates were incubated at 37 °C for 16–18 h. The experiment was performed with two 

biological replicates and at least two technical replicates. 

 

2.1.13 Phage propagation 

E. coli phage P1 (DSM5757) was obtained from DSMZ and stored at 4°C. 

Bottom LB agar with 10 mM MgCl2, 5 mM CaCl2 and 10 μg/ml Ampicillin was set as 

bottom agar in 9 cm petri dishes. 3 ml melted top agar (LB agar : L-broth = 1 : 1, 

around 42°C) with 10 mM MgCl2 and 5 mM CaCl2 was inoculated with 1/100th volume 

of E. coli LMG194 culture (mid- to late-log phase) and 1/1000th to 1/100th volume of 

phage P1 stock (≥1011 PFU/ml) and spread onto bottom agar. The plates were 

incubated upside down at 37 °C for 16 h. 5 ml SM buffer (100mM Sodium chloride, 
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10mM Magnesium sulphate, 50mM Tris-HCl, pH 7.5) was added to overnight plates 

and incubated carefully at 16 °C for 15 to 30 min with gentle shaking (180 rpm). SM 

buffer containing the phage was collected, filter-sterilised, aliquoted and stored at 4 °C. 

To determine the phage titre, 30 ml top agar as used above was inoculated with 

1/100th volume of a mid- to late-log phase of E. coli C43(DE3) culture and spread to 

three plates (10ml each). 3 μl of a serial 10-fold dilution of the above prepared P1 

stock in SM buffer was applied on each plate, incubating upside down at 37 °C for 16 

h. Phage titre was calculated by counting the plaques. 

 

2.1.14 Phage immunity assay 

The method was described previously226. For the type I-G system, pACE-M1, pCDF-

Lpa (CRISPR array targeting phage P1 Lpa) and pRAT-Cas3 were co-transformed to 

E. coli C43 (DE3). Cells were selected by 100 µg ml−1 ampicillin, 50 µg ml−1 

spectinomycin and 12.5 µg ml−1 tetracycline. The cells were grown overnight at 37 °C 

in LB medium containing 50 µg ml−1 ampicillin, 25 µg ml−1 spectinomycin and 12.5 µg 

ml−1 tetracycline. The overnight culture was diluted to OD600 of 0.1 by LB medium 

supplemented with the antibiotics, 10 mM MgSO4, 0.2 % (w/v) D-lactose and 0.2 % 

(w/v) L-arabinose. In uninduced tests, D-lactose and L-arabinose were absent. 160 µl 

of diluted culture was infected with 40 µl diluted bacteriophage P1 to give MOIs of 1, 

0.1 and 0.01 in a 96-well plate. The OD600 of the culture in the plate was measured by 

a FilterMax F5 Multi-Mode Microplate Reader (Molecular Devices) every 20 min over 

20 h. The experiment was carried out with two biological replicates and three technical 

replicates. The OD600 was plotted against time using Graphpad Prism 8. 
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2.2 Structure of type I-G effector complex 

2.2.1 Type I-G effector complex preparation for cryo-EM 

Type I-G complex containing Csb2, Cas7 and Cas8g was obtained as describe in 

section 2.1.8. The sample was aliquoted and flash-freezing with liquid nitrogen, storing 

in -80°C. Sample was sent for cryo-EM preparation in dry ice. The complex sample 

was diluted to 1 mg/ml for cryo-EM grid preparation. 

 

2.2.2 Assays for Cas8g mutants 

Complexes with mutated Cas8g were obtained using the same method in section 2.1.8. 

EMSA was described in section 2.1.9. Plasmid challenge assay and phage immunity 

assay were described in section 2.1.11 and 2.1.12 respectively. 

 

2.2.3 Structure prediction 

Alphafold strucute predition227 was performed on the online server of Alphafold2: 

https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2

.ipynb. The protein sequences were entered in “query_sequence” and parameters was 

set to default. For Csb2 structure comparison, Alphafold generated predicted structure 

was submitted to DALI server228 for PDB search. The hits were ranking by Z-score. 

Structure was analysed in ChimeraX229. 

 

 

https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
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2.3 Genome editing in prokaryotes by type I-G system 

2.3.1 Cloning 

2.3.1.1 Genome targeting vectors 

For E. coli genome editing, the pM2 vector was constructed based on the pACE-M1. 

The original T7 promoter was replaced by an araBAD promoter using overlap PCR 

extension with overlap primers. Restriction sites (NcoI and SalI) were introduced for 

further construction. The cas3 gene was digested with NcoI and SalI (Thermo 

Scientific) and ligated into the promoter-swapped vector to generate the pM2 vector. 

Site directed mutagenesis of the cas3 gene in pM2 was carried out using standard 

protocols with Phusion enzyme (Thermo Scientific). Two BpiI restriction sites with type 

I-G repeat sequence were introduced to pRAT-Duet MCS-I to get the spacer 

replaceable backbone of the pSPACER plasmid. 5’-phosphorylated oligos of CRISPR 

spacers were annealed and ligated into the BpiI digested pSPACER backbone to 

obtain the pSPACER vector with target spacer. 

 

2.3.1.2 HDR vectors 

For experiments that required a DNA donor, we constructed the pHR vector by 

introducing homologous template into the pSPACER vector. Two 615 bp homologous 

arms (donor) for homologous directed repair (HDR) were PCR amplified from the E. 

coli MG1655 genome. The donor was incorporated into pSPACER MCS-II using 

restriction sites NdeI, XhoI and XhoI AvrII, followed by ligation. All final constructs were 

verified by sequencing (GATC Biotech, Eurofins Genomics, DE). Primers and 
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synthetic genes were obtained from Integrated DNA Technologies (Coralville, IA, 

USA), sequence can be found in Table 2 and Table 3.  

 

2.3.2 Genome targeting by the type I-G CRISPR system 

pM2 was transformed into E. coli MG1655. Transformants were selected using 100 

µg ml−1 ampicillin. Competent cells were prepared by diluting an overnight culture 50-

fold into fresh, selective LB medium. The culture was incubated at 37 °C, 220 rpm to 

reach OD600 0.4 to 0.5. Cells were collected by centrifugation and the pellet 

resuspended in an equal volume of 100 mM CaCl2, 40 mM MgSO4. Following 

incubation on ice for 30 min, cells were collected and resuspended in 0.1 volumes of 

the same buffer containing 10 % glycerol. Aliquots were stored at -80 °C. 60 ng 

pSPACER or pHR was transformed into 60 µl competent cells. 400 µl LB medium was 

added after heat shock and cells incubated at 37 °C for 80 min. 100 µl aliquots of cells 

were applied onto 10 cm petri dishes in a 10-fold serial dilution for colony number 

counting and the number was corrected for dilution and volume to obtain colony-

forming units (cfu) 0.1ml−1. The LB agar plates contained 100 µg ml−1 ampicillin, 12.5 

µg ml−1 tetracycline, 1 mM IPTG, 0.2 mg/ml X-gal and 0.2 % (w/v) L-arabinose for 

induced plates.  

 

2.3.3 Tiling PCR 

Transformants were submitted for colony PCR with sets of primers (table 3). 10 µl 

MyTaq™ Red Mix (Bioline, Meridian bioscience) was used with 2 µl 20 µM primer mix, 
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colonies were added into the reaction. PCR products were analysed by separation on 

a 0.8 % agarose gel, running in 1 X TBE buffer. 

 

2.3.4 Assays for Cas3 mutants 

Cas3g mutated complexes were obtained using the same method in section 2.1.8. 

Plasmid challenge assay and phage immunity assay were described in section 2.1.11 

and 2.1.12 respectively. 

 

E. coli strains and plasmid used in this thesis can be found in Appendix Table 4 and 

Table 5. 
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Chapter 3: In vitro and in vivo construction of type I-G 

system 

This chapter is adapted in part from the published manuscript: Structure and 

mechanism of the type I-G CRISPR effector230. 

3.1 Introduction 

The type I-G gene locus in Thioalkalivibrio sulfidiphilus was investigated for elucidating 

type I-G system (Figure 3.1). This locus contains three canonical sections of CRISPR 

system, the CRISPR array, the adaptation cas genes and the interference cas genes. 

It also includes non-canonical genes (two toxin-antitoxin systems and an xpf-like gene) 

between cas4-1 and csb2. The toxin-antitoxin system might be co-regulated with type 

I-G CRISPR as an immune defence. The xpf-like gene is uncharacterised but most 

likely encodes a DNA endonuclease involved in prespacer processing for adaptation. 

However, type I-G adaptation has been elucidated in another organism (Geobacter 

sulfurreducens), showing the fusion protein of Cas4 and Cas1 (Cas4-1) is crucial for 

spacer acquisition and the mutation of cas4 domain significantly decreases the rate of 

gaining spacer231. 

We have discussed how the Cas1-Cas2 complex acquires a spacer and incorporates 

it into CRISPR array. Cas4 protein has been found in several CRISPR systems related 

to the adaptation complex. In type I-A and I-D, Cas4 is not indispensable for spacer 

acquisition, but it involves functional PAM selection and prespacer processing99, 232. 

Another study in type I-C from Bacillus halodurans observes strong interaction 

between Cas4 and Cas1, showing Cas4 is associated with Cas1-Cas2 complex in EM 

structure233. Cas4 and Cas1 are fused in a single gene cas4-1 in type I-G system. The 
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Cas4 domain is crucial for PAM selection (TTN) and unfused Cas4 leads to a decrease 

in acquisition frequency231, suggesting an evolutionary route of CRISPR adaptation. 

 

 

Figure 3.1 Type I-G gene locus of Thioalkalivibrio sulfidiphilus 

There are three canonical sections: CRISPR array, adaptation, and interference. Between 

csb2 and cas4-1, there are 5 genes, including two toxin-antitoxin systems and an xpf-like gene. 

 

csb2, the signature gene of type I-G, is in the interference section. It is taken as a 

fusion gene of cas5 and cas6. We will start from here to reveal this uncharacterized 

system. 

  

cas3 cas8g cas7 csb2 cas4-1 cas2 CRISPR

T. sulfidiphilus type I-G CRISPR locus

Interference Adaptation
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3.2 Result 

3.2.1 crRNA maturation in type I-G 

3.2.1.1 Expression and purification of cas proteins 

To study type I-G interference, we first investigated crRNA maturation, the basis of 

type I-G effector complex formation. To dissect this process, synthetic cas genes were 

first cloned into the pEV5HisTEV vector for protein expression. The vector contains a 

TEV protease cleavable His-tag, allowing further removal of His-tag after His-pulldown. 

Individual cas gene in the expression vector was then transformed into E. coli protein 

expression strain (C43 or Bl21 star) for protein expression. Through Ni-NTA affinity 

chromatography, Cas protein was isolated and pooled for TEV protease cleavage 

which removed the His-tag. The TEV cleaved protein was then submitted for size 

exclusion chromatography (Details in Figure 2.1). Eluted protein was monitored by 

SDS-PAGE. All three Cas proteins (Cas8g, Csb2 and Cas7) were successfully 

expressed and generated a defined peak on size exclusion chromatography. SDS-

PAGE gel showed the purified protein from the eluted peak (Figure 3.2). 
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Figure 3.2. cas protein purification. 

 (A) (B) (C) Chromatograms of Cas8g, Csb2 and Cas7 purification by gel filtration 

chromatography, purification monitored by SDS-PAGE; lane 1-2, corresponding to the peak 

shown in the chromatogram. 

 

3.2.1.2 Csb2 cleaves pre-crRNA into mature crRNA 

The canonical crRNA maturation is carried out by Cas6 in type I systems, except type 

I-C where no Cas6 is present and Cas5 executes crRNA maturation. Csb2 is 

annotated as a fusion of Cas5 and Cas6. It is highly likely that Csb2 cleaves pre-
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crRNA into mature crRNA in type I-G, however, the large subunit Cas8g is also a 

mysterious protein that might contribute to this process. Accordingly, we performed 

crRNA cleavage assay with all the Cas proteins to elucidate which one is the key to 

the crRNA maturation. 

We first incubated Csb2, Cas7 and Cas8g individually with a 36 nt crRNA repeat. The 

crRNA repeat sequence was originally obtained from NCBI (NC_011901.1, T. 

sulfidiphilus genome). But we noted a directional error of the repeat sequence on the 

current database, hence, the crRNA repeat sequence was reverted for correction. 

With the corrected crRNA repeat, we observed a cleavage on crRNA repeat in Csb2 

incubation and no cleavage in both Cas7 and Cas8g incubation (Figure 3.3A). The 

cleavage generated a 28 nt product, enabling us to map the cleave site on the crRNA. 

As shown in Figure 3.3C, the cleavage point was located 4 nt 3’ of the base of the 

hairpin formed by pre-crRNA, an unusual feature as most Cas6 enzymes cleave at 

the base of hairpin234. But it still produces a canonical 8 nt handle at 5’ end. To confirm 

the Csb2 activity and active site, we detected two conserved histidine (H331 and H503) 

in Csb2 protein sequence by multiple sequence alignment. Mutated variants of Csb2 

were then purified as for wild-type Csb2 and incubated with crRNA repeat. The H331A 

variant showed no significant difference from wild-type Csb2, while H503A variant 

completely aborted the activity of crRNA cleavage (Figure 3.3B). 
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Figure 3.3. Csb2 generates mature crRNA in type I-G systems.  

 (A) A synthetic RNA species corresponding to the 36 nt CRISPR repeat (50 nM) was 

incubated with 0.5 µM purified recombinant Csb2, Cas7 and Cas8g at 37 °C for 10 min and 

analysed by denaturing gel electrophoresis. Only Csb2 generated a cleavage product. The 

ladder was obtained by alkaline hydrolysis of the crRNA. (B) The H503A variant of Csb2 does 

not cleave the repeat. (C) Schematic showing the pre-crRNA with Csb2 cleavage sites 

indicated. 

 

To investigate pre-crRNA cleavage in more detail, we generated a 643 nt radioactively 

labelled RNA by in vitro transcription. The pre-crRNA comprised of 7 repeats and 6 

spacers and is theoretically cleaved by Csb2 into a 72 nt mature crRNA (Figure 3.4A). 

Wild-type Csb2 and variants were submitted to process the pre-crRNA, a series of 

products were observed on the denaturing gel with a major product corresponding to 

the expected size of mature crRNA. A high concentration of Csb2 is required for 

producing the final product; intermediate products accumulated when Csb2 was at a 

low concentration. The H503A variant no longer processed the pre-crRNA (Figure 

3.4B), which is consistent with the previous crRNA repeat cleavage assay. The 
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(Figure 3.3), suggesting a more complicated structure of RNA might hinder the crRNA 

maturation. 

 

Figure 3.4. pre-crRNA cleavage by Csb2  

 (A) The sequence of this 643 nt pre-crRNA; Repeat sequence in blue, spacer sequence in 

red, 8 nt 5’ handle highlighted in yellow, arrow indicates the cleavage site. (B) 643nt pre-

crRNA (1 µM) was in vitro transcribed with [a-32P]-ATP and cleaved by WT-Csb2 or variants 

of Csb2 and products were analysed by denaturing gel electrophoresis. 

 

3.2.2 Csb2, the fusion of Cas5 and Cas6 

3.2.2.1 Structural analysis of Csb2 

Csb2 cleaves pre-crRNA into mature crRNA. It provides evidence for the assumption 

that Csb2 is a fusion of Cas5 and Cas6. But how the Csb2 interacts with the crRNA 

remains unclear. To further investigate it, we used Alphafold to model Csb2227. This 

model shows two distinct domains of Csb2 connected by a linker (Figure 3.5). 

Although the orientation of the two domains cannot be predicted, the model does 

80mer 
ssDNA

WT Csb2
1.5 3 6Pre-cr

RNA

µM
H331A

1.5 3 6
H503A

1.5 3 6

A B

72nt major 
product

72nt



   88 

support the fusion theory with histidine 503 of Csb2 positioned in the C-terminal 

domain. The model was then submitted to DALI228 for structural homologues search. 

The first 150 residues of the N-terminal domain match to Cas5 subunit of type I and 

type III systems from the DALI search, giving a reasonable Z-scores in range 5 to 10. 

And the C-terminal domain of Csb2 has a strong match (Z-score 12.4) to the Cas6b 

protein from Methanococcus maripaludis.  

 

Figure 3.5. Csb2 Alphafold model structure 

The sequence of Structural model of the Csb2 protein by Alphafold suggests a two-domain 

structure with a C-terminal Cas6-like domain, joined by a linker (Indicated by arrow) sequence. 

The relative orientation of the two domains cannot be predicted. RRM, RNA recognition motif. 

 

By structural comparison between the N-terminal domain of Csb2 and Cas5 from E. 

coli, the N-terminal domain does hold common structural features of Cas5, an RRM 

(RNA recognition motif) fold and extended beta-hairpin. But at the end of N-terminal 

domain, the structure diverts with a more extended alpha-helix (Figure 3.6A). For C-

terminal domain, the comparison with Cas6b supports the strong match, and the 
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binding site of crRNA could be estimated by the overlay of the structures, which is 

consistent with the Csb2 catalytic site histidine 503 (Figure 3.6B). 

 

Figure 3.6. Alignment of Csb2 N-term and C-term 

 (A) Structural comparison of the modelled Csb2 N-terminal domain (blue) with the Cas5 

protein from Escherichia coli (red), PDB: 4U7U. (B) Structural comparison of the modelled 

Csb2 C-terminal domain (blue) with the Cas6b protein from Methanococcus maripaludis (red), 

PDB: 4Z7K, reveals the likely site of crRNA hairpin binding (black, from the Cas6b structure) 

adjacent to the position of the H503 (cyan) active site residue. 
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3.2.2.2 Csb2 binding affinity with crRNA repeat  

The structure model and the overlay provide us with a working model where Csb2 is 

associated with the 3’ hairpin of crRNA. It is a canonical model in type I systems that 

Cas6 cleaves pre-crRNA and remains associated with the 3’ hairpin, however, Cas5 

is found associated with 5’ handle after crRNA maturation in type I-C195. This brought 

up uncertainty since Csb2 is the fusion of Cas5 and Cas6, two distinct domains linked 

together. To resolve this uncertainty and figure out where Csb2 is associated after 

cleavage, we processed to investigate the binding affinity of Csb2 for crRNA 3’ hairpin 

or 5’ handle with fluorescence anisotropy. Csb2 was titrated at progressively higher 

concentrations into fluorescein-labelled (FAM) crRNA repeat, and a high binding 

affinity (KD=55 nM) was observed (Figure 3.7A). The fluorescein-labelled crRNA 3’ 

hairpin or 5’ handle was submitted to the same anisotropy assay. Csb2 showed a 

higher binding affinity (KD=43 nM) for crRNA 3’ hairpin (Figure 3.7B), while no binding 

affinity was observed for 5’-8 nt handle (Figure 3.7C). To exclude the possibility that 

the position of fluorescein-label blocked the binding, the label was moved to 3’ end, 

and no binding was detected (Figure 3.7D). This indicates that Csb2 remains 

associated with 3’ hairpin after cleavage, a canonical Cas6 feature. But as we showed 

in the Csb2 structure comparison, Csb2 does possess a Cas5-like N-terminal domain. 

What is the functional role of the Cas5-like domain? Is it indispensable in crRNA 

maturation? We dissected Csb2 further to resolve these questions. 
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Figure 3.7. Csb2 binding affinity with CRISPR repeat, 3’ hairpin or 5’- 8 nt-handle. 

(A) (B) Fluorescence anisotropy analysis of Csb2 binding to the CRISPR repeat and hairpin, 

the dissociation constant (KD) is 55 nM and 43 nM respectively. (C) (D) Fluorescence 

anisotropy analysis of Csb2 binding to the 8nt handle; The FAM-label is either 5’ end or 3’ end; 

The position of the FAM label is indicated with a yellow star. Data points and error bars 

represent the mean of five technical replicates and standard deviation. 
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separated the Csb2 domain at R260 in the linker. The N- and C-terminal domain were 

cloned and purified successfully, suggesting that the stability of folding each domain 

is independent. The purified N- and C-terminal protein were submitted to crRNA 

repeats cleavage. The Cas6-like C-terminal domain demonstrated similar cleavage 

activity to the intact Csb2, while the Cas5-like N-terminal cannot cleave the crRNA 

repeat at all (Figure 3.8A). The binding affinity assay was carried out with those two 

domains. For intact crRNA repeat and 3’ hairpin, C-terminal domain shows a high 

binding affinity (KD=8 nM and KD=3 nM for crRNA repeat and 3’ hairpin respectively), 

even higher the intact Csb2. However, the N-terminal domain has no binding with 

crRNA (Figure 3.8B&C). Both N- and C-terminal domain are not associated with 5’ -8 

nt handle (Figure 3.8D). These results confirm that Csb2 binds with crRNA 3’ hairpin 

after crRNA maturation through its Cas6-like C-terminal domain and suggest that 

Cas5-like N-terminal domain is not necessary for crRNA maturation. The functional 

role of N-terminal domain is still unclear, and a reasonable guess is that it might be 

involved in the effector complex construction, we will investigate it in the reconstruction 

of type I-G effector complex. 
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Figure 3.8. Binding affinity of the two domains of Csb2 

(A) crRNA repeat cleavage with N- and C- terminal domain of Csb2. (B) (C) Fluorescence 

anisotropy analysis of N- and C- terminal domain of Csb2 binding to the CRISPR repeat and 

hairpin, the dissociation constant (KD) of C-terminal domain binding is 8 nM and 3 nM 

respectively. (D) Fluorescence anisotropy analysis of N- and C- terminal domain of Csb2 

binding to the 8nt handle. The position of the FAM label is indicated with a yellow star. Data 

points and error bars represent the mean of five technical replicates and standard deviation. 
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3.2.3 In vitro reconstruction of type I-G effector complex 

3.2.3.1 The formation of type I-G effector complex 

Type I systems expressed an effector complex to target dsDNA. The complex is first 

termed as Cascade (CRISPR-associated complex for antiviral defence) when type I-

E CRISPR was investigated. Upon targeting dsDNA, Cascade recruits Cas3 to 

degrade target dsDNA. To investigate the type I-G system, we sought to reconstruct 

the Cascade of type I-G in vitro. Since Cas proteins were expressed and purified 

separately, we proceeded to incubate Cas proteins with in vitro transcribed pre-crRNA 

to form the effector complex in vitro. Csb2 and Cas7 were first incubated with pre-

crRNA. Theoretically, Csb2 performs pre-crRNA cleavage, generating mature crRNA, 

and Cas7 binds to the mature crRNA, forming the backbone of the effector complex. 

After incubation, the Cas protein and crRNA mix were submitted for size exclusion 

chromatography. As shown in Figure 3.9A, an early eluted peak was observed 

compared to the no pre-crRNA control, suggesting a large molecular weight complex 

eluted. The eluted protein from the early peak was then run on SDS-PAGE to identify 

the composition. Csb2 and Cas7 were both detected in this early eluted fraction, 

showing that the Csb2, Cas7 and crRNA form the backbone of the effector complex 

by in vitro incubation. We then introduced Cas8g, the large subunit of the effector 

complex, into the incubation. Cascade was obtained by the same procedure (Figure 

3.9B). We also attempted to introduce Cas3 into the incubation, surprisingly, Cas3 

was incorporated into Cascade without target dsDNA present (Figure 3.9C), 

suggesting Cas3 in type I-G is a stable component of the effector complex instead of 

being recruited to the Cascade upon target binding. 
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Figure 3.9. In vitro reconstruction of the type I-G complex.  

Recombinant protein subunits were incubated with in vitro transcribed pre-crRNA and 

subjected to size exclusion chromatography. Each panel shows the resulting chromatography, 

SDS-PAGE analysis of the indicated fractions and schematic representation of the complex 

obtained (Schematic figures were made based on the structure data which will be discussed 

in next chapter). (A) Cas7 and Csb2 form a defined complex with crRNA. (B) Cas8g forms a 

stable Cascade complex with Cas7/Csb2/crRNA. (C) Cas3 forms a stable complex with the 

type I-G Cascade. In all cases, complex formation was dependent on the presence of crRNA. 
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When Cas8g is absent, Cas3 no long binds to the backbone (Figure 3.10), suggesting 

that Cas3 is associated to the backbone by the interaction with larger subunit Cas8g. 

 

 

Figure 3.10. Cas3 interacts with Cas8g to be incorporated into the Cascade. 

(A) Chromatography showing complex formation in the presence of Cas8g or in the absence 

of Cas8g. The rectangle indicated the fraction of the complex. (B)  The complex from 

chromatography was submitted to SDS-PAGE. 
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3.11). Intact Csb2 is required to form the complex, suggesting the Cas5-like N-terminal 

domain of Csb2 plays an important role in effector complex formation. 

0 10 20 30
0

10

20

30

40

50

Volume (ml)

m
A

U

+Cas8g

!Cas8g

!Cas8g

Pre
-G
F

Com

Cas8g

Csb2

Cas7

Cas3

Pre-GF: Sample before gel filtration
Com: complex from the peak indicated

+Cas8g

Pre
-G
F

Com

Complex

A B



   97 

 

Figure 3.11. Two domains of Csb2 are required for complex formation. 

Chromatography showing only completed csb2 formed the effector complex, neither N-

terminal domain nor C-terminal domain alone formed the complex. 
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complete loss of free SC dsDNA was observed on the target plasmid, which was gel-

shifted by the effector complex and no shift in the non-target plasmid assay, indicating 

the binding between the RNP and target SC dsDNA (Figure 3.12A). The plasmid 

binding assay was adopted from Westra, Edze R235. The binding of effector complex 

and supercoiled dsDNA is observed as a band shift on gel. 

We strengthened the observation by introducing 80bp dsDNA for RNP targeting. The 

80bp target dsDNA was either target strand or non-target strand labelled, following the 

electrophoretic mobility shift assay (EMSA) with type I-G effector complex, a faint shift 

was detected where Cascade (backbone and Cas8g) was present alone. But when 

Cas3 was incorporated, nearly all free dsDNA was gel-shifted by the effector complex 

(Figure 3.12B). Cas3 alone cannot bind to target dsDNA (Figure 3.12C&D). The 

observation in short dsDNA is consistent with that in plasmid assay where Cas3 pre-

associated with Cascade is essential for dsDNA targeting. 
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Figure 3.12. dsDNA targeting by effector complex.  

(A) Target dsDNA pRAT and non-target dsDNA pCDF were incubated with type I-G complex 

Cascade or Cascade plus Cas3, following an overnight Agarose gel electrophoresis. OC 

(open circular) dsDNA, SC (supercoiled) dsDNA. * Shifted dsDNA. (B) Electrophoretic Mobility 

Shift Assay (EMSA) shows that type I-G Cascade only forms a stable complex with linear 

dsDNA targets in the presence of Cas3, 10 nM dsDNA was mixed with 0.8 µM effector 

complex. (C) Electrophoretic Mobility Shift Assay (EMSA) shows that Cas3 alone has no 

binding with dsDNA; TS, target strand labelled dsDNA; NTS, non-target strand labelled dsDNA. 

(D) Anisotropy showing Cas3 binding affinity with target dsDNA. Cas3 alone has no binding 

with target dsDNA. Data points and error bars represent the mean of five technical replicates 

and standard deviation. 
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3.2.3.3 Target dsDNA cleaved by type I-G effector complex 

After targeting, type I-G effector complex is capable of cleaving target dsDNA. To test 

the cleavage ability of type I-G effector complex in vitro, we performed the same 

plasmid assay, but in the cleavage study, ATP was added into the reaction. Upon 

binding to type I-G effector complex (Cascade and Cas3), target free supercoiled 

dsDNA was gel-shifted, which had been observed in the binding assay without ATP. 

In addition to the binding, a progressive increase in target dsDNA cleavage was seen, 

giving rise to the background staining. In contrast, no gel-shifted band and background 

staining was observed for non-target plasmid (Figure 3.13A). To further confirm the 

gel-shifted band is due to the binding between effector complex and free SC dsDNA, 

the products were denatured by heating, and the shifted band disappeared, free SC 

dsDNA was released on the gel while the cleavage product can still be observed 

(Figure 3.13B). 

ATP activates the type I-G cleavage, the key protein to this process is the Cas3. Cas3 

is an ATP dependent helicase and ATP-independent nuclease. To confirm the 

cleavage of target dsDNA is generated by Cas3, two variants of Cas3 helicase domain 

mutation, K39A and D164A (Walker motif mutation, more details in Chapter 5), were 

expressed and purified. The helicase activity of K39A and D164A was abolished and 

no longer unwinds long dsDNA into ssDNA for nuclease domain cleavage. When the 

Cas3 variants were incorporated into Cascade, the effector complex could still bind to 

target SC dsDNA, but no smear of degradation was generated. More open circle (OC) 

dsDNA was seen, consistent with the ATP absent condition (Figure 3.13C). 
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Figure 3.13. Supercoiled dsDNA targeting and degradation by effector complex.  

(A) Supercoiled (SC) dsDNA plasmid cleavage and binding assay. Target plasmid pRAT and 

non-target plasmid pCDF were incubated with type I-G complex Cascade and Cas3 with ATP 

and analysed by gel electrophoresis. The target plasmid SC species was gel-shifted by 

Cascade (*), nicked to open circle (OC) form, and degraded to generate a background smear 

of DNA fragments. The non-target plasmid was partly nicked, but not bound or digested. pRAT 

obtained by nicking endonuclease digestion; linear pRAT gained by single restriction enzyme 

digestion. *Target SC dsDNA was bound by the effector complex. (B) Agarose gel 

electrophoresis shows that shifted band disappeared after product denaturing.  (C) Target SC 

plasmid was incubated with Cascade and Cas3 in the absence (-) or presence (+) of ATP. 

ATP was required for the generation of the smear of degraded DNA species. Cas3 helicase 

domain mutant, Cas3 K39A and D164A aborted the target plasmid degradation.  

 

A B

pCDF

Cascade +Cas3
(µM)

OC  

pRAT Linear 

pRAT

pRAT
(target dsDNA)

Marker
(bp)

4K

3K

Cascade +Cas3
(µM)

0 0.08 0.4 2 0 0.08 0.4 2

*
SC dsDNA

OC dsDNA

Degradation
product

Cascade +Cas3
(µM)

0 0.08 0.4 2 Heated 2µM product

Heated 0µM product

-ATP

Cascade+ WT Cas3 (µM)

+ATP

4K

3K

Marker
(bp)

Cascade+ K39A
(µM)

Cascade+ D164A
(µM)

0 0.08 0.4 2 0 0.08 0.4 2 0 0.08 0.4 2 0 0.08 0.4 2

C

Degradation
product



   102 

We next checked the target dsDNA cleavage in more detail using the 80 bp short 

target dsDNA. The non-target strand (NTS) of target dsDNA was radioactively labelled 

first, the labelled dsDNA was then submitted for effector complex targeting. Products 

from the reaction were heat-denatured and loaded to a polyacrylamide-TBE gel. As 

expected, the cleavage was dependent on the presence of Cascade and Cas3. We 

generated a G+A ladder for mapping the cleavage site. In the absence of ATP, the 

initial cleavage site on the non-target strand is near the centre of R-loop (A8 position), 

defining the start position of Cas3 nuclease. While ATP was present, unwinding 

dsDNA, non-target strand was further cleaved by Cas3 nuclease, more cleavage sites 

were revealed away from the start point A8 in a 5’ direction (Figure 3.14A&C). The 

target strand was not cleaved by type I-G effector complex in vitro (Figure 3.14B).  

Overall, the type I-G effector complex was successfully reconstituted in vitro. Target 

dsDNA is specifically cleaved by type I-G effector complex. 
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Figure 3.14. Mapping dsDNA cleavage  

(A) 16.6 nM dsDNA target was incubated with 0.3 µM Cascade ± Cas3 in the presence and 

absence of ATP and analysed by denaturing gel electrophoresis. Without ATP, Cas3 cleaved 

the NTS in the centre of the R-loop (position A8). In the presence of ATP, Cas3 cleaves the 

NTS at sites 5’ of the R-loop, consistent with the 3’-5’ polarity of Cas3. (B) Target labelled or 

NTS-labelled dsDNA was incubated with Cascade and Cas3 in the presence of ATP, products 

separated on a denaturing polyacrylamide-TBE gel. (C) Schematic of the Cascade-target DNA 

complex, and mapping of cleavage sites observed for D. Black triangles show the cleavage 

sites when ATP is present. The five nucleotides boxed by dash lines are all cleavage sites.  
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3.2.4 In vivo reconstruction of type I-G effector complex 

3.2.4.1 Invasive plasmid eradicated by type I-G CRISPR in vivo 

After the reconstitution of type I-G effector complex in vitro, we then attempted to build 

type I-G system in vivo. We first constructed three vectors containing components of 

type I-G effector complex. Backbone genes of type I-G (csb2, cas7 and cas8g) were 

cloned into pACE (Ampicillin resistance, ApR) under lac operon control. CRISPR array, 

repeat and spacer, was cloned into pCDF (Spectinomycin resistance, SpR), also lac 

operon control. Cas3 was incorporated into pRAT (Tetracycline resistance, TetR), 

under araBAD promoter control. pACE and pCDF were co-transformed into E. coli 

C43 strain to provide a stable expression of Cascade targeting TetR gene since the 

spacer in pCDF was designed for TetR targeting. pRAT was then transformed into the 

Cascade expression cell line. Transformed cells were subsequently spread on three 

types of plates with different selecting conditions: I. Recipients, ampicillin and 

spectinomycin selection, indicating the initial recipient cell numbers. II. Transformants, 

ampicillin, spectinomycin and tetracycline selection, showing transformation efficiency, 

cells without TetR cannot survive. III, Induced, all antibiotics, lactose, and arabinose 

for full type I-G system induction (Figure 3.15A). 

 If the type I-G system is functionally activated in vivo, the target plasmid pRAT would 

be eradicated from the cells, losing the tetracycline resistance, hence cells cannot 

survive on the plates that contain tetracycline. In contrast to "Cas3 strain where pRAT 

was transformed without cas3 gene, fully established type I-G system in E. coli 

significantly decreased the cell number on the induced plate. Even without induction, 

the small amount of type I-G system expressed from promoter leakiness could clear 
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the invasive target plasmid pRAT, leading to cell death on transformants plates (Figure 

3.15B).  

To further confirm the type I-G activity and exclude the possibility that the toxicity of 

type I-G caused the cell loss, we constructed a new spacer targeting the lacZ gene 

and incorporated into pCDF, following same process as above, Cascade with lacZ 

targeting was built in E. coli DH5α strain. But in this case, the cell strain was challenged 

by either non-target pRAT-Duet plasmid or target pRAT-lacZ (lacZ gene cloned into 

pRAT-Duet) plasmid. Cas3 was present in both conditions. Target strain suffered a 

huge loss in cell number while non-target strain showed adequate transformants on 

the plates (Figure 3.15C), indicating type I-G expressed in vivo and specifically 

targeting invasive plasmid, causing the loss of tetracycline resistance. 

In general, type I-G can be built in the heterologous organism E. coli and specifically 

target dsDNA to eradicate the invasive plasmid. 
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Figure 3.15. Plasmid challenge assay.  

(A) A schematic diagram explaining the plasmid challenge assay. Competent cells harbouring 

type I-G system were challenged with target plasmid. Csb2, Cas7 and Cas8g gene were built 

in pACE vector (Ampicillin resistance); CRISPR array targeting the pRAT tetracycline 

resistance (TetR) gene was constructed in pCDF (Spectinomycin resistance); Cas3 gene in 

pRAT under arabinose promoter control. Recipients, Ampicillin and Spectinomycin in plates; 

Transformants, Ampicillin, Spectinomycin and tetracycline in plates; Induced, with all three 

antibiotics and lactose, arabinose for induction. (B) The cells on the plates in different condition. 

!Cas3, cells challenged with pRAT-Duet plasmid (Cas3 excluded). (C) Same plasmid 

challenge assay for target or non-target plasmid with Cas3 present. The cells on the plates in 

different condition. 
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3.2.4.2 Type I-G CRISPR protects cells from phage infection 

Since in vivo reconstruction of type I-G eradicates invasive plasmid, we wondered if 

the type I-G could protect cells from phage infection. The phage immunity assay was 

conducted to answer this question. 

We first co-transformed three aforementioned plasmids, pACE, pCDF and pRAT into 

E. coli C43 strain, and pCDF contains a new spacer that targets the temperate phage 

P1 late promoter activating (lpa) gene. The cells were then challenged by phage P1 

(Figure 3.16A). Phage P1 infected the cells with three MOI (multiplicity of infection). 

At MOI 0.01 where phage infected cells with a low concentration, the growth curves 

showed that fully established type I-G system provides immunity against phage 

infection while the growth of "Cas3 strain was constrained by phage infection. At 

higher MOI (MOI=0.1 and MOI=1), type I-G consistently provides phage immunity and 

the cells lacking Cas3 suffers a nearly complete loss at early stage of infection. The 

cell growth recovers at late stage of infection, mainly due to phage P1 incorporated 

into host genome to start temperate infection (Figure 3.16B). 
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Figure 3.16. Phage challenge assay with induced type I-G system 

(A) Phage immunity assay. Type I-G system established in E. coil, CRISPR array targeting 

phage P1 lpa gene. (B) Cell growth curve, no phage infection or phage infection (MOI=0.01, 

0.1 and 1). !Cas3, cells lack of Cas3 gene. Data points represent the mean of six experimental 

replicates (two biological replicates and three technical replicates) with standard deviation 

shown. 
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Figure 3.17. Phage challenge assay without induction 

Cell growth curve without lactose and arabinose induction. No phage infection or phage 

infection (MOI=0.01, 0.1 and 1). !Cas3, cells lack of Cas3 gene. Data points represent the 

mean of six experimental replicates (two biological replicates and three technical replicates) 

with standard deviation shown. 
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3.3 Discussion 

We have explored the mechanism of the type I-G expression and interference stages. 

In general, type I-G shares the features of common type I CRISPR systems, but it is 

divergent to other type I systems in terms of the details. 

crRNA maturation of type I-G is executed by Csb2, the feature protein of type I-G. It 

generates a mature crRNA with an 8 nt 5’-handle and 3’ hairpin, the common type I 

product, but instead of cutting the pre-crRNA at the bottom of hairpin like common 

type I234, Csb2 cleaved at the 4 nt 3’ end away from the base (Figure 3.3C), which is 

strikingly divergent. The extended 3’ hairpin is probably necessary for Csb2 binding, 

the core protein that remains bound to the 3’hairpin after pre-crRNA cleavage. 

When submitting Csb2 for long pre-crRNA (multiple repeats) cleavage (Figure 3.4), 

intermediate products were observed. A similar observation has been shown in type 

I-F system, where Cas6 of type I-F cleaves pre-crRNA, generation a series of product 

and the major products is the mature crRNA236. However, even at a high concentration 

of Csb2, the trace of mature crRNA product is still weakly shown on the gel. This might 

be attributed to the lack of Adenine nucleotides in the mature crRNA since the pre-

crRNA is transcribed with [a-32P]-ATP. More likely, the cleavage activity of Csb2 on 

long pre-crRNA is restricted by the complicated RNA structure. The pre-crRNA 

cleavage by Cas6 has high fidelity in vivo across type I CRISPR234. Despite no direct 

in vivo data showing the fidelity of pre-crRNA in type I-G, the reconstitution of type I-

G in vivo successfully exerts target specific interference, suggesting the functional 

mature crRNA is generated in vivo.  

Csb2, a bioinformatically predicted fusion of Cas5 and Cas6, was experimentally 

shown to harbour a Cas6-like C-terminal domain. The C-terminal domain alone is 
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sufficient to cleave pre-crRNA (Figure 3.8A), and even has a higher binding affinity 

with crRNA repeats compared to intact Csb2 (Figure 3.8B), but the yield of cleaved 

crRNA was slightly lower (Figure 3.8A). The Cas5-like N-terminal domain, however, 

cannot cleave pre-crRNA and is not associated with neither 5’ -handle nor the 3’-

hairpin (Figure 3.8). The most likely functional role of Cas5 is to structurally build the 

type I-G effector complex, its absence leads to a disruption of complex formation 

(Figure 3.11). But as we mentioned above, mature crRNA contains an abnormal 4 nt 

extension and intact Csb2 has a higher yield of mature crRNA, the Cas5-like N-

terminal domain could still affect the crRNA maturation. The structure model from 

prediction shows that only first 150 residues match with Cas5 (Figure 3.6A), the 

uncommon end of N-terminal domain might be the reason why this Cas5-like domain 

is highly divergent to other Cas5 in type I systems. 

Cas3 in type I-G system is pre-associated with Cascade before DNA targeting (Figure 

3.9&3.12). A variant of type I-G system in Bifidobacterium has also shown that 

Cascade combined with Cas3 significantly improves DNA targeting237.   This is a major 

divergence to the well-studied type I mechanism where Cas3 is recruited to Cascade 

upon binding to target DNA. A recent study on type I-A CRISPR system revealed that 

Cas3 of type I-A is also pre-binding to the Cascade, and Cas3 rigidified the PAM 

recognition subunit of type I-A Cascade, enabling target DNA binding193. The authors 

also proposed two model of type I system activation, the trans-recruitment of nuclease 

and the allosteric activation of nuclease. Cas3 of type I-G, like type I-A, can possibly 

be allosterically activated upon binding to target DNA. The difference between these 

two types of models may be attributed to the structure of Cas3, which we will discuss 

more in following chapters. 
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In the 80 bp dsDNA cleavage assay (Figure 3.14). The target strand (TS) of target 

dsDNA is not cleaved in the presence of ATP, which differs from the type I-E system, 

where TS of target dsDNA is cleaved when ATP is present and not cleaved when ATP 

is absent204. The two models of DNA degradation might be the explanation for this 

difference since the pre-associated Cas3 in type I-G probably interacts with PAM 

recognition subunit and hence lacks dynamic, while the Cas3 of type I-E is recruited 

to the NTS that is exposed by R-loop formation, where the same Cas3 has the 

potential to cleave the TS once the NTS is cleaved. 

One thing should be noted is that the type I-G system we studied here is just a 

representative of type I-G systems. There is a diversity of type I-G variants, with a 

variable size in Cas8g (Figure 3.18). Cas8g in our study is the largest one out of three 

variants, also named as Cas8g1. Type I-G was characterized by the csb2 gene, but 

those subtle differences in variants should not be ignored in future experimental study. 

 

 

Figure 3.18. type I-G variants.  

Adapted from Makarova et al90. Type I-G variants show variable large subunit Cas8g. Csb3 

presumably is the large subunit of Cascade in Bifidobacterium animalis. 
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Chapter 4: Structure of type I-G effector complex 

This chapter is adapted in part from the published manuscript: Structure and 

mechanism of the type I-G CRISPR effector230. 

4.1 Introduction 

We discussed the structure of type I-E Cascade in the introduction section, showing 

the canonical structure of type I effector that comprises of a Cas7 backbone along the 

mature crRNA, forming a crescent shape. Cas6 remains associated with 3’-hairpin 

after pre-crRNA cleavage, Cas5 is positioned in 5’-handle, together with large subunit 

Cas8 and small subunit Cas11 in the centre of the groove (Figure 1.7C). The Cas7 

backbone is conserved among type I subtypes while other Cas proteins vary in the 

complex construction. 

To elucidate the structure of type I-G effector complex, we submitted in vitro expressed 

type I-G effector complex for single particle Cryo electron microscopy (cryo-EM). The 

Cascade complex obtained from in vitro incubation (Figure 3.9B) was submitted for 

cryo-EM. The complex consists of subunits Csb2, Cas7 and Cas8g with a 72 nt mature 

crRNA (Figure 4.1).  
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Figure 4.1. Cascade for cryo-EM.  

A schematic of Cascade and the 72 nt mature crRNA, 36 nt spacer was in red. 

 

The details of cryo-EM sample preparation, data collection and model building were 

carried out by our collaborator, Ramasubramanian Sundaramoorthy, which will not be 

discussed in this thesis. We will focus on the explanation of the structure and the 

comparison between type I-G Cascade and other type I complex in the following 

sections. 
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4.2 Result 

4.2.1 Architecture of type I-G effector complex 

4.2.1.1 Overview of type I-G effector complex 

A first look at the type I-G Cascade showed distinctly distributed particles on the 

micrograph (Figure 4.2A). After 2D classification, a crescent shape of Cascade 

particles with prominent subunits was observed (Figure 4.2B). 3D model of type I-G 

Cascade further reveals the composition of the crescent shape, seven interlocking 

Cas7 subunits form the backbone of Cascade along the crRNA, Cas8g is positioned 

in the belly of the crescent (Figure 4.2C). Csb2 has high binding affinity for crRNA 3’-

hairpin, but no clear density of Csb2 was observed in the area, while the complex for 

cryo-EM contains Csb2 stoichiometrically (Figure 3.9B), which suggests the intrinsic 

flexibility of this part of the complex, namely, the linkage of Csb2 to the rest of the 

complex is flexible. Same observation has been made in type I-A193, type I-C195 and 

type I-F238 effector complex. 



   116 

 

Figure 4.2. The overview of type I-G cascade. 

 (A) Representative micrograph of vitrified type I-G cascade complex. (B) Reference free 2D 

classification averages showing various projection images of type I-G cascade. (C) 180° 

rotated views of the Cryo-EM reconstructed maps of the Type I-G Cascade showing the 

arrangement of seven Cas7 subunits (Blue and grey staggered), the bound crRNA (black) and 

the large subunit Cas8g (orange). The volume corresponding to each subunit of Cas7, crRNA 

and Cas8g are segmented in ChimeraX and shown in surface representation. The refined 

structures of Cas7, crRNA and the large subunit Cas8g are placed within the Cryo-EM map 

and shown in cartoon representation. The seven Cas7 subunits adopt a crescent shaped 

architecture with the large subunit Cas8g at the belly. 
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4.2.1.2 Cas7-crRNA backbone organisation 

The Cas7-crRNA backbone was refined to an overall resolution at 3.2Å. The five 

centre subunits have a higher resolution compared to the crRNA 5’-handle and 3’-

hairpin. The crRNA interaction with Cas7 backbone is visualized (Figure 4.3A). We 

used the Alphafold2 predicted Cas7 structure as a starting model. Cas7 of type I-G 

exhibits a canonical central RAMP (Repeat Associated Mysterious protein) domain 

with extended β-hairpin, each Cas7 occupies 6 nucleotides of crRNA with a 5+1 nt 

pattern, where the sixth base flipped out in the opposite direction to the remaining five 

bases. 5’-handle is extended out and bent back while 3’-hairpin also exposes out the 

Cas7 backbone. The spacer sequence for targeting, complementary to the target DNA, 

is encompassed by Cas7 backbone (Figure 4.3B). 
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Figure 4.3. Organisation of Cas7 backbone and crRNA  

(A) Refined structure of interconnected Cas7 subunits with bound crRNA shown in cartoon 

representation. The 5’ end of the crRNA contains 8 bases of handle which was visible closer 

to the edge of the Cas7.1, and the 3’ end of the crRNA constitutes 17 bases of the stem loop 

which was located immediately adjacent to the Cas7.7 subunit. (B) A schematic figure 

showing the 5+1 pattern and a flipped base in the crRNA. 36 nt spacer was in red. 

 

The central region of Cas7 backbone (Cas7.3 and Cas7.4) is clearly visualized, crRNA 

5+1 pattern is shown in density, where crRNA U25 and U31flipped at the opposite 

direction (Figure 4.4B). Some side chains of Cas7 could also be visualized in the 

density map (Figure 4.4C). 
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Overall, the structure of Cas7-crRNA backbone was elucidated at a high resolution 

(3.2Å), and it possesses a typical type I CRISPR organisation with interlocking Cas7 

subunits spanning crRNA and a 5+1 nt pattern of crRNA positioning. 

 

Figure 4.4. Architecture of Cas7 and crRNA  

(A) Cryo-EM density for the crRNA is drawn in surface representation with the refined crRNA 

shown in cartoon representation. (B) A closer view of interaction of crRNA segment with the 

selected Cas7 subunits. The Cas7 subunits are shown in cartoon representation and the 

crRNA drawn as stick. The Cryo-EM density for the crRNA segment is shown in mesh. (C) 

Selected regions of Cas7 residues side chains are shown in stick and the corresponding Cryo-

EM density drawn in mesh. Residues are numbered. 

 

4.2.2 The large subunit, Cas8g 

4.2.2.1 Cas8g, a “large and small” subunit 

Cas8g locates in the belly of the crescent shape, the overall resolution of Cas8g is 

significantly lower than the Cas7-crRNA backbone, at 8.2Å. Cas8g, the large subunit 
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of type I-G system, has no detectable sequence to any other Cas8 protein. We used 

AlphaFold2 to predict its structure as a starting model. N-terminus of Cas8g was 

predicted as a α+β mixed domain while C-terminus of Cas8g is an α-helical domain 

(Figure 4.5A&45A). In the resolution scale we obtained, the N-terminal domain of 

Cas8g has an extensive interaction with the first two Cas7 subunit (Cas7.1 and 

Cas7.2), the specific residues for interaction cannot be elucidated due to the lack of 

resolution, but the crRNA 5’-handle is not involved in this interaction, which remains 

distant to Cas8g N-terminal domain (Figure 4.5B). 
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Figure 4.5. Large subunit Cas8g 

(A) Cryo-EM refined structural model of the large subunit Cas8g shown in cartoon 

representation. The large subunit constitutes two distinct sub domains. The N-terminal domain 

of Cas8g (orange) adopts a mixed α and β fold. The C-terminal domain (light green) is 

reminiscent of Cas11 and was placed closer to the 3’ end of the crRNA and the Cas7.7 subunit. 

(B) The N-terminal domain has extensive interaction with first two Cas7 (Cas7.1 and Cas7.2) 

subunits and the bound crRNA within this region. Due to lack of resolution, specific interacting 

residues could not be deciphered.  
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Since no significant hits for the Cas8g model in current protein data bank, we 

attempted to search the structural hits using Foldseek239. By comparing the Alphafold2 

predicted structures in the complete Swissprot database, a significant hit for Cas8g N-

terminal domain was detected. Cas8a2 subunit of type I-A system from 

Methanocaldococcus jannaschii and related archaea is predicted to match the N-

terminal domain of Cas8g structurally (Figure 4.6B). 

There were no structural hits for the C-terminal domain of Cas8g, but the α-helical 

construction indicates the resemblance of the small subunit Cas11 in Class I CRISPR 

effectors240. With a Cas11-like C-terminal domain and a Cas8-like N-terminal domain, 

Cas8g is highly divergent to other type I large subunit Cas8. However, we can still find 

clues in other type I systems that share the similarity to the arrangement of the “large 

and small” subunit. Cas8f protein from type I-F CRISPR also possesses two distinct 

domains with an α-helical rich domain positioned in the centre of the Cascade198. Type 

I-D effector complex requires a small subunit Cas11 that expressed from its large 

subunit gene cas10d to fully function241. Overall, the large subunit Cas8 in type I 

systems holds sequence and structural diversity, and Cas8g from type I-G has its 

unique arrangement in the structural organisation of effector complex. 
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Figure 4.6. Structure alignment of Cas8g 

 (A) The N-terminal domain (orange) has a mixed α+β secondary structure while the C-

terminal domain (green) is predicted for α helical bundle, similar to the composition of the 

Cas11 subunit in other effector complexes. (B) Structural overlay with the Alaphfold2 model 

of Cas8a2 (blue) from Methanocaldococcus jannaschii.  
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4.2.2.2 Mutations on Cas8g disrupt complex architecture 

To further investigate the mysterious protein Cas8g, we designed site directed 

mutations of Cas8g to study the functional changes of the variants. Four sites were 

mutated based on the structure and sequence conservation, Cas8g sequence 

alignment data was showed in Appendix Figure 1. Three mutated sites locate in the 

N-terminal domain, including two surface area, R143 and R270-R271, arginine was 

mutated to glutamic acid for charge reversal. Inside the N-terminal domain, a loop was 

also mutated (ND176AA, 176 asparagine and 177 aspartic acid were mutated to 

alanine). The 662 and 663 arginines near the crRNA 3’-hairpin in the C-terminal 

domain of Cas8g were mutated to glutamic acid (Figure 4.7). 
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Figure 4.7. Mutations on Cas8g 

Mutation sites on Cas8g showing in structural model. Two mutation R143E (143 arginine 

mutated to glutamic acid) and RR270EE (270 and 271 arginines mutated to glutamic acid) are 

on the surface of the N-terminal domain of Cas8g (orange), with one internal mutation 

ND176AA (176 asparagine and 177 aspartic acid mutated to alanine). RR662EE (662 and 

663 arginines mutated to glutamic acid) is at the end of C-terminal domain (light green). 

Mutation sites were indicated by changed colour of atom representation and arrows. The 

Cas8g sequence alignment data is shown in Appendix Figure 1. 
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We constructed the mutated Cas8g sequence into expression vector and successfully 

expressed and purified the Cas8g mutants. Once we obtained the Cas8g variants, we 

first investigated the effect of Cas8g variants on complex formation by in vitro 

reconstruction of the type I-G effector. Intriguingly, Cas8g variants exerted different 

influence on the in vitro complex formation. After the incubation with Csb2, Cas7, Cas3 

and the pre-crRNA, all samples that contained Cas8g variants eluted in complexes, 

an early peak showing on the chromatography (Figure 4.8A). But the composition of 

this eluted peak reveals the changes of the complex. Effector complex from ND176AA 

variant, the inner mutation of Cas8g N-terminal domain, still contained all 4 cas 

proteins like the wild-type Cas8g (Figure 3.9C), the architecture of type I-G effector is 

not disrupted. But the two surface mutations on N-terminal domain, R143E and 

RR270EE led to a loss of Cas3 in the complex composition, suggesting the interaction 

between Cas8g and Cas3 through the surface of Cas8g N-terminal domain. The 

complex formation of RR662EE variant, C-terminal domain mutation, results in a 

different composition where Cas8g and Cas3 are nearly missing, only weak 

association was detected on SDS-PAGE gel (Figure 4.8B). This might be attributed to 

the interaction between Cas8g and the backbone (Csb2 and Cas7) was disrupted, 

suggesting that Cas8g interacts with backbone, most probably Csb2, through its C-

terminal domain. 
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Figure 4.8. Complex formation disrupted by Cas8g mutants 

(A) Cas8g mutants, Cas3, Csb2 and Cas7 were incubated with pre-crRNA and subjected to 

size exclusion chromatography. The resulting chromatograph was shown, and the boxed 

fraction was submitted for SDS-PAGE. (B) SDS-PAGE analysis of the indicated fractions. 

 

We proceeded to check the effector complex target ability with the complex variants 

we obtained from in vitro incubation (Figure 4.9). Since Cas8g and Cas3 are missing 

in RR662EE mutated complex, it completely loses the ability for binding target dsDNA. 

However, the binding ability of RR270EE mutated complex was completely abolished 

even though Cas8g is present in the composition, not like the Cascade from wide-type 

Cas8g where a weak binding can still be detected, indicating the RR270 mutation is 

not only blocking the interaction of Cas3 but crucial for dsDNA targeting as well. 

R143E mutated complex had the same composition as the RR270EE complex (Cas3 

missing), but it shows a binding affinity reminiscent of the wide-type Cascade instead 

of not binding at all, suggesting the change in R143 only disrupts Cas3 association 

and R143 is not involved in dsDNA targeting. Surprisingly, ND176AA mutated complex 
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which comprises of all 4 subunits, has a significant decrease in target dsDNA binding 

affinity compared to the wide-type Cascade-Cas3 complex. This inner mutation in 

Cas8g N-terminal domain might be involved in the process of DNA targeting, PAM 

recognition for example. 

 

Figure 4.9. target dsDNA binding with Cas8g mutated complex 

Electrophoretic Mobility Shift Assay (EMSA) shows the target dsDNA binding with Cas8g 

mutated complex. RR270EE and RR662EE mutated complex completely abolished the 

binding with target dsDNA, while R143E and ND176AA mutated complex showed weaker 

binding. 10 nM target dsDNA was incubated with 0.8 µM complex. 

 

In vitro reconstruction of the Cas8g mutated complex reveals the potential sites in 
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investigating the behaviour of these Cas8g variants in vivo with plasmid challenge 

assay and phage immunity assay.  

R143E and RR270EE mutated complexes have same composition, but differ in target 

DNA binding in vitro, where RR270EE fully aborts the targeting while R143E still 

shows a weak targeting activity (Figure 4.9). In vivo expression of those two variants 

leads to a dramatic difference in plasmid challenge assay (Figure 4.10). RR270EE 

strain completely loses the ability to eradicate invasive plasmid even under fully 

induced condition, but R143E strain shows a strong interference on the target plasmid 

even without induction. The ND176AA mutated complex, all 4 components in 

composition but low targeting efficiency in vitro, exhibits a surprising outcome upon 

plasmid challenge, it also abolishes the target plasmid clearance in vivo (Figure 4.10).  

RR662EE mutated complex loses its DNA targeting ability in vitro but gains a high 

interference activity in vivo when the complex was fully induced (Figure 4.10). Those 

data suggest that the high expression of type I-G complex in vivo can recover the 

target DNA interference that might be altered by site directed mutation on Cas8g in 

vitro, R143E and RR662EE, for instance. These two site mutations might weaken the 

type I-G interference activity but not essential for the process. On the contrary, 

ND176AA and RR270EE mutations dramatically change the activity of type I-G 

interference, indicating the importance of the two sites on Cas8g for target interference. 

Compared mutated Cas8g complex data with Chapter 3 data, in vitro binding assay 

(Figure 3.12B) and in vivo plasmid challenge and phage immunity assay (Figure 

3.15&3.16), we also notice that R143E mutated complex loses the ability to bind Cas3 

in vitro, exhibiting the same behaviour as Cascade lacking Cas3, weakly binding with 

target dsDNA, however, in vivo assays shows that R143E mutated Cascade with Cas3 

expression behaves like wide type Cascade with Cas3, fully interference in vivo. Wild-
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type Cascade alone ("Cas3, no Cas3 expression at all) cannot accomplish plasmid 

eradication and phage immunity. R143E mutated Cascade, despite the weak 

interaction with Cas3 in vitro, can bind Cas3 in vivo and activates interference, 

suggesting R143 of Cas8g might get involved in subunits interaction with Cas3 but not 

critical to abolish Cas3 binding to target dsDNA in vivo. 

 

Figure 4.10. Plasmid challenge assay on Cas8g mutated complex 

Cells on the plates in different condition. Recipients, Ampicillin and Spectinomycin in plates; 

Transformants, Ampicillin, Spectinomycin and tetracycline in plates; Induced, with all three 

antibiotics and lactose, arabinose for induction. 

 

Phage immunity assay on Cas8g mutated complexes showed a consistent outcome 

to the plasmid challenge assay (Figure 4.11). Under fully induced condition, R143E 

and RR662EE mutated complexes effectively protected cells from phage infection, but 

ND176AA and RR270EE mutated complexes no longer held immunity to phage 

infection. 

In summary, the mutations on Cas8g reveal its crucial role in type I-G CRISPR 

interference and potential sites of interaction with other Cas proteins and target DNA. 
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Figure 4.11. Phage challenge assay with Cas8g mutated complex 

Phage immunity assay. Cas8g mutated type I-G system established in E. coil, CRISPR array 

targeting phage P1 lpa gene. Cell growth curve, no phage infection or phage infection 

(MOI=0.01, 0.1 and 1). Data points represent the mean of six experimental replicates (two 

biological replicates and three technical replicates) with standard deviation shown. 
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In this chapter, we showed the structure of type I-G Cascade complex obtained from 

cryo-EM, a crescent shape Cas7-crRNA backbone with Cas8g located in the belly. 

Type I-G crRNA in the backbone shares a canonical 5+1 nt pattern in RNA 
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F (Figure 4.12). 7 Cas7 subunits span the crRNA, each occupies 6 nt of crRNA. 

Different from the backbone of type I-D, I-E and I-F, where only 6 Cas7 form the 

backbone. Type I-A, I-C and I-G all require 7 Cas7 for complex formation. The length 

of crRNA determines the number of Cas7 subunit on the complex. 

Browsing the structure of type I effector complexes (Figure 4.12), the Cas5 subunit is 

consistently present at the 5’ end of crRNA, intensively interacting with the large 

subunit Cas8, and involved in PAM recognition. In the type I-G structure, however, the 

Cas5 subunit is absent. The signature gene of type I-G system, Csb2, a fusion of Cas5 

and Cas6 has been discussed in chapter 3. This fusion probably leads to the missing 

Cas5 subunit in the structure, since Csb2 has high binding affinity to crRNA 3’-hairpin 

instead of the 5’-handle (Figure 3.7). The N-terminal domain of Cas8g is, on the other 

hand, distant from the 5’ end of the crRNA. Together with the absence of Cas5, 

showing the most divergent point of type I-G effector from other subtypes. This also 

opens the question how the PAM is recognised by type I-G effector. The likely 

explanation is that the structure of Cas8g is dynamic in the belly and has a good 

chance of conformational change upon binding target dsDNA. Cas3 is pre-associated 

with Cascade in type I-G, like Cas3 in type I-A. In fact, Cas3 of type I-A binds to Cas8a 

fixes the Cas8a N-terminal domain, enabling PAM recognition by Cas8a N-terminal 

domain193. Cas3 of type I-G is associated to the Cascade by the interaction with Cas8g 

(Figure 3.10). It could also reduce the dynamic of Cas8g in type I-G system, leading 

to reliable PAM recognition. As we have seen in the biochemical data, Cas3 pre-

associated with Cascade significantly increases DNA binding (Figure 3.12).  

Cascade alone binds to target dsDNA at a low binding affinity (Figure 3.12B&4.9), and 

the addition of Cas3 significantly improves the binding affinity. Cas3 is pre-associated 

with Cascade by interacting with Cas8g (Figure 3.10), the interaction between Cas3 
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and Cascade prior to the dsDNA binding likely leads to a conformation change where 

the PAM recognition subunit would rigidify for a better dsDNA targeting. Type I-A 

effector complex has been demonstrated to be in line with this model, where the 

Cascade of type I-A has a weak binding with target dsDNA, and the addition of Cas3’ 

and Cas3’’ enables a better structural change for PAM recognition193. However, the 

binding between Cascade alone and target dsDNA is not neglectable, namely, even 

without Cas3, Cascade of type I-G and type I-A can still bind to target dsDNA, 

assumably, Cas3 would also be recruited upon dsDNA recognition. The pre-

association model and the recognition-recruitment model might co-exist in the type I-

G and type I-A systems. This can explain why R143E mutated Cascade still activated 

in vivo (Figure 4.10&4.11) while it is not pre-associated with Cas3 in vitro (Figure 4.8), 

with the binding between R143E mutated Cascade and target DNA in vivo, may occur 

at a low frequency, Cas3 can be recruited to the R143E mutated Cascade, despite 

disrupted interaction between R143E Cas8g and Cas3. This could lead to an 

interesting assumption that the search of target dsDNA evolves from the recognition-

recruitment model solely to the co-existence of the pre-associated model. The driving 

force of this evolution is likely to be the pressure of anti-CRISPRs. In this scenario, 

anti-CRISPR proteins would block the target dsDNA binding by interacting with 

Cascade or abolish the Cas3 activity to depress CRISPR immunity, and the bacteria 

would counterattack the anti-CRISPR proteins by building a pre-associated effector 

complex to dismiss the influence from anti-CRISPR proteins. Evidence that supports 

this assumption has been observed: anti-CRISPR protein AcrIF1 of type I-F system 

prevents target DNA binding by binding to Cascade67, AcrIF11 modifies PAM 

recognition subunit to prevent target dsDNA recognition242, AcrIE1 of type I-E system 

binds to Cas3 to abolish Cas3 nuclease activity243. Those interruptions from anti-
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CRISPR proteins could be overcome by building a pre-associated Cascade-Cas3 

complex. 

Another feature of type I effector complex is the small subunit, Cas11 that constantly 

locates in the belly of the Cascade. Cas11 subunit of type I-B, type I-C and type I-D 

systems is encoded within the gene of larger subunit241, small subunit Cas11 is 

required for Cascade formation, however, in type I-G system, there is no small subunit 

expression from the large subunit cas8g gene, instead the small subunit seems fuse 

to the large subunit Cas8. The C-terminal domain of Cas8g has an α-helical rich 

structure and is located in the belly, in line with the canonical Cas11. This could be a 

reduction of expression burden and make type I-G more compact in terms of subunits 

numbers. 

The curvature of the type I-G effector complex structure is close to type I-E and type 

I-F systems and distinct from type I-C and type I-D that has a similar curvature to type 

III CRISPR systems195, 241. Type I-D has shown type I and type III features on the 

biochemical level since it carries both Cas3 and Cas10, the signature proteins of type 

I and type III systems196. The structure of type I-D also suggests that type I-D system 

is a halfway house between type I and type III systems on the evolutionary level.  
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Figure 4.12. Comparison of type I CRISPR effector structures  

The crRNA is shown in black and Cas7 backbone in light grey. Cas5 is shown in yellow, Cas6 

in blue, Cas8 in orange, Cas11 in green. For type I-G, Cas8 N-terminal domain is orange and 

C-terminal domain green. For type I-A, the Cas3 HD (pink) and helicase (violet) proteins are 

also shown. For type I-D, Cas8 is replaced with a Cas10 subunit, also in orange, and bound 

target RNA is also present in the structure. Structures shown are: type I-A193 , type I-C195, type 

I-D244, type I-E245, type I-F238 and type I-G (this study). 
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Chapter 5: Genome editing in prokaryotes by type I-G 

system 

This chapter is adapted in part from the published manuscript: Repurposing the 

atypical Type I-G CRISPR system for bacterial genome engineering246. 

5.1 Introduction 

The type I-G CRISPR system specifically targets dsDNA and leads to DNA 

degradation. Like other CRISPR systems, this feature can be repurposed for genome 

editing. But in contrast to the paradigm of type II Cas9 editing, type I CRISPR 

constantly generates long-range DNA break if no desired repair templates provided. 

Very recently, a type I-G variant in Bifidobacteria has been repurposed for self-genome 

editing237, a showcase for exploiting endogenous CRISPR system, demonstrating the 

potential for introducing type I-G system to heterologous organisms on genome editing. 

Since we successfully built T. sulfidiphilus type I-G system in the heterologous 

organism E. coli, we attempted to redirect the type I-G system for E. coli genome 

editing. To achieve genome editing, we redesigned the type I-G expressing vector. 

Four cas genes (cas3, cas8g, cas7 and csb2) of type I-G were cloned into pM2 vector 

under arabinose inducible promoter control. The CRISPR array was cloned into 

pSPACER for generating pre-crRNA (Figure 5.1 A&B). pM2 vector was transformed 

into E. coli MG1655 strain first, pSPACER was then introduced to build the type I-G 

effector complex. To visualize genome editing outcomes, lacZ gene on E. coli genome 

was targeted. Cells with intact lacZ gene remain blue on the X-gal plates while lacZ 

edited cells appear to be white. Spreading the cells on the X-gal plates after 
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transformation results in both blue and white colonies, white colonies indicate that lacZ 

gene was successfully edited on its genome (Figure 5.1C&D). 

With this rationale, we then investigated the type I-G editing in detail. 

 

Figure 5.1. Target editing by type I-G  

(A) An overview of type I-G CRISPR operon from Thioalkalivibrio sulfidiphilus HL-EbGr7. Cas 

proteins (7 x Cas7, Csb2, Cas8g and Cas3) together with crRNA form the effector complex 

and target dsDNA. (B) pM2 vector contains type I-G operon (cas3, cas8g, cas7 and csb2) 

under arabinose promoter control; pSPACER vector, with CRISPR repeat and spacer (target 

lacZ) under arabinose promoter control. (C)  A schematic of building type I-G system in E.coli; 

pM2 was transformed into E. coli MG1655 strain (lacZ intact) first, and pSPACER was 

introduced to activate type I-G lacZ targeting, cells were spread on the X-gal plates for blue-

white screening. (D)  A representation of blue-white screening assay with no target control 

and lacZ target spacer. 
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5.2 Results 

5.2.1 Type I-G for genome targeting 

5.2.1.1 Type I-G genome targeting decreases cell survivability 

When repurposing the type I-G for lacZ genome targeting, a significant decrease in 

cell number was observed with the generation of white colonies (Figure 5.1D). 

Targeting the genome results in around a 2 orders of magnitude decrease in 

transformation efficiency compared to empty vector control, EV, with no target spacer 

(Figure 5.2A). Even without induction, cell loss could still be observed, and the 

transformation efficiency was comparable to the arabinose induced condition, 

suggesting a low level of type I-G expression from promoter leakiness was sufficient 

to target the genome. The cell survivability decrease has been observed in 

endogenous genome targeting from other type I systems247, 248, heterologous Cas9 

targeting on bacterial genome also hugely decreased cell number249. The cell loss is 

most likely attributed to double-strand DNA breaks (DSB) and/or deletions of a flanked 

essential gene generated by genome targeting. Bacteria lack efficient DNA repair to 

recover DNA damage, hence, causing cell death upon genome targeting. But cells can 

overcome the DNA damage and survive at a low frequency. On blue-white screening, 

a small number of white colonies was observed on the plates for the lacZ targeting 

while no white colonies appeared on the EV control plates (Figure 5.2B). lacZ gene 

on bacterial genome was successfully targeted by type I-G system. 
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Figure 5.2. Type I-G editing on lacZ.  

(A) (B) Transformation efficiency and white colony number out of transformants on the plate 

after transformation of the empty vector control or lacZ target spacer to wildtype Cas3 strain 

with L-arabinose induction (blue) or without induction (red); Transformation efficiency was 

calculated as the number of transformants divided by the number of transformants for original 

plasmid without target (Empty vector control); Values and error bars represent the mean of 

three biological replicates and standard deviation. 
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5.2.1.2 Type I-G genome targeting creating bi-directional long-range 

deletion 

Since type I-G system targets lacZ on genome, we proceeded to investigate the 

targeting outcomes. A set of primers flanking the lacZ gene on the genome was 

designed to detect the deletion range of lacZ targeting (Figure 5.3A). 18 white colonies 

from genome targeting were submitted to tiling PCR with the set of primers from 55 kb 

downstream up to 20 kb upstream of lacZ. The 20 kb upstream region was intact 

across all white colonies since the essential gene hemB is adjacent. Colonies where 

hemB is deleted cannot survive. But a upstream deletion smaller than 20 kb could be 

observed in most of white colonies. On the other hand, the downstream region of lacZ 

gene was broadly deleted, and the deletion extended to at least 55 kb downstream 

(Figure 5.3B). 
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Figure 5.3. Tiling PCR of type I-G targeting lacZ.  

(A) An overview of location of tiling PCR primers; A pair of small blue arrow represents 

a set of PCR primers. (B) Tiling PCR product from different primers was submitted for 

electrophoresis on a 0.8% agarose gel. 18 white colonies and 1 blue colony (Control) 

were assayed. M, marker. Blue arrows indicate positive PCR products. 
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As shown in Figure 5.4A, a deletion map of lacZ targeting by the type I-G effector was 

generated with tiling PCR results. Out of 18 tested white colonies, 17 survivors had a 

target lacZ deletion. 13 out of 17 had a deletion at least as far as 55 kb downstream 

of lacZ, 3 survivors yielded a deletion of 45 kb to 55 kb downstream, and 1 survivor 

experienced a shorter 10 kb to 25 kb downstream deletion. The lacZ gene of one white 

colony (WT-18) remained intact with no detected deletion around the target site, 

suggesting a spontaneous lacZ mutation. For upstream deletion, 16 colonies showed 

10-20 kb deletions and 1 had a shorter (≤ 10 kb) deletion (Figure 5.4B). Overall, type 

I-G targeting cell genome generates bi-directional long-range deletion flanked the 

target site. 
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Figure 5.4. Deletion map of lacZ. 

 (A) A deletion map showing the outcome of lacZ targeting by type I-G; 18 white colonies 

generated by lacZ targeting were submitted for tiling PCR to determine the deletion range; 

Pairs of small blue arrows represent tiling PCR primers; Red lines indicate the intact sequence 

on genome; Blue dot lines indicates possible deleted sequence; Thin blue dash lines indicate 

confirmed deleted sequence. (B) Editing outcome of lacZ targeting by wildtype type I-G; 18 

white colonies generated by lacZ targeting were submitted for tiling PCR to determine the 

deletion range; Counts of white colonies are plotted against deletion range. 
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To further reveal the deletion outcome, we proceeded to target lacZ adjacent genes. 

If the type I-G consistently yields the long-range bi-directional deletion on target site, 

white colonies can still be detected even lacZ is not the directed target. yahK, a gene 

located in 20 kb downstream of lacZ, and frmA, 13 kb upstream of lacZ, were chosen 

for targeting (Figure 5.5A). Cell survivability was consistent across different targets, all 

undergoing a significant cell loss (Figure 5.5B). Targeting yahK resulted in a 

comparable white colony number to the lacZ targeting. However, targeting frmA 

dramatically lowered the number (Figure 5.5C). The proximity to the essential gene 

hemB is probably causing the low number. The adjacent gene targeting confirms the 

deletion patten of type I-G. 
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Figure 5.5. yahK and frmA target editing.  

(A) yahK and frmA location on E. coli genome. (B) (C) Transformation efficiency and white 

colony number out of transformants on the plate after transformation of the empty vector, lacZ 

target spacer, frmA target spacer or yahK target spacer respectively with L-arabinose 

induction (blue) or without induction (red); Transformation efficiency was calculated as the 

number of transformants divided by the number of transformants for original plasmid without 

target (Empty vector control); Values and error bars represent the mean of three biological 

replicates and standard deviation.  
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5.2.2.1 Functional changes of Cas3 variants 

We first scrutinized Cas3 at the sequence level. Compared to the representative Cas3 

from type I-E system in Thermobifida fusca, type I-G Cas3 comprises of the canonical 

HD nuclease domain and helicase domain (RecA family motor), but the domain 

organisation is different, the HD nuclease domain is located in the C-terminus instead 

of N-terminus (Figure 5.6). Based on structure prediction and sequence alignment, we 

designed Cas3 site directed mutations to modify Cas3 activity. Since Cas3 helicase 

domain unwinds target dsDNA and provides ssDNA for nuclease degradation, 

abolishing Cas3 helicase activity is highly likely to generate shorter deletions upon 

targeting. Subsequently, two sites in the helicase domain, K39 of Walker A motif and 

D164 of Walker B motif, were mutated to alanine to disrupt Cas3 helicase activity. 

Mutation on HD nuclease domain predicted to completely abort Cas3 cleavage activity, 

a mutation at the nuclease active site D625 was also constructed for investigation. 
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Figure 5.6. Comparison of type I-G and type I-E Cas3.  

Domain organisation and active site residues of Thermobifida fusca (type I-E) and T. 

sulfidiphilus (type I-G) Cas3. Each has two RecA-family motor domains containing active site 

residues that define the Walker A and Walker B boxes of the helicase motor. The HD nuclease 

domain is present at the N-terminus of T. fusca Cas3 but at the C-terminus of T. sulfidiphilus 

Cas3. Type I-G Cas3 mutated residues were indicated, the corresponding residues in type I-

E Cas3 also labelled. 
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consistent result where only fully induced Cas3 K39A and D164A variants were 

capable of protecting cells from phage infection. Indeed, the D164A strain grew to a 

higher cell density than the wild-type strain across a range of MOIs, and the cell 

density of the K39A strain was even higher. On the other hand, these two variants 

showed compromised immunity when expression was uninduced compared to wild-

type Cas3 (Figure 5.7B). The same plasmid challenge and phage immunity assay for 

wild-type Cas3 has been performed in Figure 3.15, 3.16 and 3.17. 

We previously observed in an in vitro assay that in the absence of ATP (and thus 

helicase activity), target DNA was only cleaved at the site of Cas3 loading (Figure 

3.14A). Together with in vivo data, it suggests that when Cas3 helicase activity was 

disrupted, it cannot translocate on DNA, but can still cut the target DNA. The result is 

that type I-G CRISPR defence is weakened but not abolished, and a high expression 

level of helicase deficient effector can block the plasmid and phage replication in vivo.  
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Figure 5.7. Plasmid and Phage P1 Challenge with wild-type and variant Cas3.  

(A) Cells on the plates in different condition. Recipients, Ampicillin and Spectinomycin in plates; 

Uninduced, Ampicillin, Spectinomycin and Tetracycline in plates; Induced, with all three 

antibiotics and lactose, arabinose for induction of the type I-G CRISPR system. The Cas3 

variants !Cas3, K39A, D164A and D625A were also studied. (B) Cell growth curve under 

phage P1 challenge (MOI=0, 0.01, 0.1 and 1). !Cas3 cells lack the cas3 gene. Data points 

represent the mean of six experimental replicates (two biological replicates and three technical 

replicates) with standard deviation shown. 
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The phenotype of HD nuclease domain mutant D625A was indistinguishable from the 

"Cas3 control (Figure 5.7A&B). It is reasonable to conclude that the disruption on 

Cas3 nuclease active site completely aborts type I-G interference. However, when we 

expressed and purified Cas3 D625A in vitro, we noticed that Cas3 D625A eluted from 

a size exclusion column as an aggregate (Figure 5.8). These data suggest that 

mutations disrupting active site of the Cas3 nuclease domain may disrupt protein 

folding or stability rather than just inactivating the nuclease domain. 

 

Figure 5.8. Cas3 D625A variant is aggregated.  

Size Exclusion chromatography of WT Cas3 and Cas3 D625A. Cas3 D625A eluted right after 

the void volume, suggesting an aggregated state.  
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loss was still observed (Figure 5.9A). White colonies also appeared on induced plates 

at a low frequency (Figure 5.9B). Despite no significant change in numbers compared 

with wild-type editing, the introduction of Cas3 K39A provided an inducible way to 

activate type I-G genome editing. 

 

 

Figure 5.9. K39A Cas3 on lacZ targeting.  

(A) (B) Transformation efficiency and white colony number out of transformants on the plate 

after transformation of the empty vector control or lacZ target spacer to K39A Cas3 strain with 

L-arabinose induction (blue) or without induction (red); Transformation efficiency was 

calculated as the number of transformants divided by the number of transformants for original 

plasmid without target (Empty vector control); Values and error bars represent the mean of 

three biological replicates and standard deviation. 
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We proceeded to examine the targeting outcomes of the K39A variant by tiling PCR. 

18 white colonies were assayed with the primer set shown in Figure 5.10A. Stark 

differences from wild-type editing were observed. Out of 18 white colony survivors 

analysed by tiling PCR, 14 gave a PCR product when using an internal lacZ primer, 4 

had a localised lacZ deletion, and only 1 of them showed long-range deletion to 25 kb 

downstream (Figure 5.10B). A pair of primers that cover the target area was then used 

to obtain further detail of deletions. Intriguingly, the products from target area PCR 

differed in size, indicating a small deletion (Figure 5.10C).  
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Figure 5.10. Tiling PCR of type I-G K39A targeting lacZ.  

(A) An overview of location of tiling PCR primers; A pair of small blue arrows represents a set 

of PCR primers. (B) Tiling PCR products from different primers were submitted for 

electrophoresis on a 0.8% agarose gel. 18 white colonies and 1 blue colony (Control) were 

assayed. M, marker. (C) PCR product with primers that cover the target area was submitted 

for electrophoresis on a 0.8% agarose gel. 
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Visible bands on agarose gel from target area PCR (Figure 5.10C) were extracted and 

submitted for sequencing. A deletion map was generated based on tiling PCR and 

sequence data (Figure 5.11), showing a pattern of small deletion (Figure 5.11B).  
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Figure 5.11. The deletion map of K39A Cas3 editing. 

 (A) A deletion map showing the outcome of lacZ targeting by Cas3 K39A mutated type I-G; 

18 white colonies generated by lacZ targeting were submitted for tiling PCR to determine the 

deletion range; Pairs of small blue arrows represent tiling PCR primers; Red lines indicate the 

intact sequence on genome; Blue dot lines indicates possible deleted sequence; Thin blue 

dash lines indicate confirmed deleted sequence. (B) Editing outcome of lacZ targeting by Cas3 

K39A mutated type I-G; 18 white colonies generated by lacZ targeting were submitted for tiling 

PCR to determine the deletion range; Counts of white colonies are plotted against deletion 

range. 
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5.2.2.3 Various deletion outcomes caused by microhomology 

Genome targeting with Cas3 K39A variant generates small deletion. We sequenced 

13 PCR products from target area amplification (Figure 5.10C). Out of 13 sequenced 

PCR bands, 1 contained a point mutation, 7 had a precise 180 bp deletion flanking the 

target site and the other 5 had no obvious edit (Figure 5.12). Investigation of the 

sequences revealed the presence of 11 bp homology area flanking the deleted region. 

This suggests that the DNA break introduced by Cas3 was repaired by limited strand 

resection and repair by microhomology-mediated end joining (MMEJ). 

 

 

Figure 5.12. Type I-G editing on lacZ.  

A schematic of 180 bp deletion by Cas3 K39A targeting lacZ; Blue, deleted sequence; Red, 

homology area; PAM, protospacer adjacent motif; SPACER, spacer sequence for lacZ 

targeting; Primers used for amplification of target area were indicated by arrows. Sequence 

analysis of the 180 bp deletion by Cascade with Cas3 K39A; Blue arrow, a point mutation was 

detected; Direct repeats in the flanking sequence are shown in red. 
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To further investigate this phenomenon, we targeted a second site in the lacZ gene 

using a different crRNA and analysed it as before. DNA sequencing showed various 

editing outcomes: intact target site (8 out of 17 tested colonies), point mutation (2/17), 

24 bp short deletion (5/17), 324 bp long deletion (1/17) and a 11 bp insertion (1/17) 

(Figure 5.13). Microhomology areas ranging from 2 to 8 bp were apparent flanking the 

deleted regions. Overall, genome targeting via Cas3 variant K39A generated unique 

editing outcomes compared with the wild-type editing. 
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Figure 5.13. K39A target deletion on alternative lacZ site.  

A different target site on lacZ gene produces various editing outcomes; Blue arrow, point 

mutation site. Homology in red.  

 

5.2.3 Desirable genome editing by type I-G CRISPR 

5.2.3.1 Introducing a HDR template increased cell survivability and editing 

efficiency 
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directed repair (HDR) or MMEJ in bacteria. The HDR pathway is not effectively 
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activated if no templates are available for repair, and MMEJ becomes the main 

pathway to repair genome, as we observed in type I-G editing. MMEJ is an “error-

prone” repair pathway and the outcome of repair is not controllable, mainly depending 

on the microhomology flanking the target area. We attempted to obtain desirable 

editing with type I-G system. To achieve this, HDR templates were introduced to 

activate the HDR pathway. 

We first cloned two homologous arms as HDR templates into the pSPACER vector, 

generating the new vector pHR, which contains a CRISPR array and a donor HDR 

template. The two homologous arms were 600 bp in length, flanking the lacZ gene on 

the genome (Figure 5.14A). If HDR was successfully activated upon lacZ targeting, 

the region between the two homologous arms on the genome would be excised. 

pHR was transformed into the E. coli MG1655 harbouring pM2, and blue-white 

screening was performed as before (Figure 5.14B). The introduction of HDR templates 

did not improve the cell survivability in wild-type type I-G targeting. However, more 

survivors were observed in Cas3 K39A variant targeting (Figure 5.14C). A higher 

number of white colonies were also apparent from blue-white screening (Figure 5.14C). 

The improvement of cell survivability and target editing efficiency in Cas3 K39A editing 

suggested that HDR was activated, resulting in shorter DNA deletions. But in wild-type 

type I-G editing, the profoundly damaged DNA might not be recovered by HDR, hence, 

no significant survivability change was observed. 
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Figure 5.14. Homology-directed Repair. 

 (A) A schematic of homologous recombination; Homologous arms in red and blue; Primers 

for desired HDR verification was shown in grey arrow. (B) A schematic of homology directed 

repair; pM2 was transformed into E. coli MG1655 strain (lacZ intact) first, and pHR with donor 

sequence and lacZ target spacer was introduced to activate type I-G lacZ targeting and 

desired HDR, cells were spread on the X-gal plates for blue-white screening. (C, D) 

Transformation efficiency and white colony number on the plate after transformation of pHR 

into WT cas3 strain or K39A cas3 mutant strain with L-arabinose induction (blue) or without 

induction (red); Transformation efficiency was calculated as the number of transformants 

divided by the number of transformants for original plasmid without target (Empty vector 

control). Values and error bars represent the mean of three biological replicates and standard 

deviation; * p<0.05, paired T-test.  

 

5.2.3.2 Desirable genome editing achieved by HDR 

More white colonies were observed from blue-white screening of Cas3 K39A targeting, 

indicating more target editing on lacZ. We proceeded to examine the editing outcome 

of these white colony survivors. 

We assayed white colonies by PCR with the primer set shown in Figure 5.14A. The 

primer set will amplify the lacZ region (covering the homologous arms) on genome. If 

HDR successfully repairs DNA damage with the donor HDR template, PCR 

amplification with the primer set will generate a 1.3 kb product (Figure 5.14A). 8 white 

colonies from wild-type type I-G targeting and 30 white colonies from Cas3 K39A 

targeting were tested, only 1 out 8 wild-type targeting events generated a 1.3 kb PCR 

product, while 28 out of 30 colonies from Cas3 K39A targeting gave the desired 
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product (Figure 5.15). Provision of HDR templates thus activates the HDR pathway 

and significantly increases the target editing efficiency.  

Overall, the introduction of HDR templates in type I-G genome editing improves the 

editing efficiency and generates desirable editing, particularly when combined with the 

helicase deficient variant of Cas3. 
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Figure 5.15 Desirable HDR editing.  

(A) PCR product with verification primers were submitted for electrophoresis on a 0.8% 

agarose gel; 1.3kb product was detected, showing desired HDR with donor templates. (B) 

Editing outcomes with donor templates; Percentage of white colonies with desired HDR editing 

(yellow), without HDR editing (green); 30 individual white colonies from HR-K39A, 13 from 

HR-WT were assayed.  
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5.3 Discussion 

As we discussed in chapter 3, type I-G Cas3 is pre-associated with Cascade rather 

than being recruited on target DNA binding. This pre-binding between Cas3 and 

Cascade has been shown in type I-A CRISPR where the authors proposed an 

allosteric activation mode, in contrast with the common trans-recruitment mode193. The 

type I-G Cas3 shares common features with canonical Cas3 (a SF2-helicase domain 

and a HD-nuclease domain), but at the protein sequence level, the HD nuclease 

domain is in C-terminus instead of N-terminus (Figure 5.6), while type I-A Cas3 is split 

to two individual genes, Cas3’ (Helicase) followed by Cas3’’ (HD nuclease)86. This 

difference in protein sequence of Cas3 may be one of the factors that leads to the 

emergence of two different Cascade-Cas3 activation modes. 

Type I CRISPR degrades target dsDNA and generates either unidirectional212-215, 217, 

218 or bi-directional193, 209, 216 deletion of the targetted genome. In our study, Type I-G 

Cascade-Cas3 specifically created bi-directional long-range deletion in E. coli. 

Previous research revealed Cas3 unidirectionally translocates on target DNA in 

vitro103, 250. Our data also shows type I-G Cascade degrades short dsDNA 

unidirectionally in vitro (Figure 3.14). Cas3 of type I-G probably only possesses the 

ability of unidirectional degradation, but in vivo degradation machinery might 

contribute to target deletion when DNA repair is suppressed in prokaryotes. Similar 

bidirectional degradation has been observed for type I-C CRISPR in prokaryotic 

organisms209, but when type I-C from another organism was repurposed to apply in 

eukaryotes, it demonstrates unidirectional degradation218, indicating that editing 

outcome depends on both the type of CRISPR system and the organisms being 

studied. 
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When we introduced the helicase deficient variant Cas3 K39A for genome editing, a 

180 bp deletion or intact genome was observed on the target site (Figure 5.12). A 

further change of target site generated various editing outcomes that are attributed to 

“error-prone” repair (Figure 5.13). This alternative end joining repair, or 

microhomology mediated end joining, based on microhomology and had enhanced 

efficiency when HDR was abolished251. Meanwhile, providing a HDR template 

improved the cell survivability and produced desired editing by homologous 

recombination (Figure 5.14). Some white colonies still possessed an intact lacZ gene, 

suggesting interference inhibits lacZ expression without creating genome deletions. 

Recently, a Cas3 helicase variant of the Zymomonas mobilis type I-F system has been 

applied endogenously to carry out genome editing with high efficiency252. In that study, 

crRNA was used to target each strand of the target, resulting in “dual nicking” of the 

target gene. Our data suggest that targeting genes with a single guide RNA can still 

lead to efficient gene disruption and gene replacement, simplifying the procedure. 

The comparison between Class I and Class II CRISPR in leveraging them for genome 

engineering is shown in Box 1. Class II CRISPR systems, especially Cas9, have been 

intensively studied and developed since the discovery of CRISPR due to its simplicity, 

however, the current genome engineering is still limited and cannot cover all the needs 

of modern biological research despite the large number of efforts being invested. Low 

editing efficiency, off-target effects and the difficulty of delivery have impeded the 

application of CRISPR systems. Novel editors, such as base editors and primer editors 

based on Cas9 (described in Chapter 1), have been developed to tackle those 

problems, but the challenges still exist. Discovery of novel editing systems plays a 

crucial role in conquering those challenges. The application of Class I systems has 
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not drawn much attention compared with Class II systems. It is a treasure vault for 

discovering novel gene editing tools. 

Type I-G has the expertise in generating long-range deletion upon genome targeting. 

The multiple subunits have the potential to be modified to improve gene editing. The 

delivery of CRISPR systems is of importance to successful genome engineering, 

however, delivering multi-subunits is more challenging. Type I-G system is a relatively 

simple, 4-gene CRISPR system. It is more compact compared with other subtypes of 

type I systems, which could be an advantage in terms of delivery.  

In conclusion, we repurposed type I-G for genome targeting in the heterologous 

organism E. coli. It opens the opportunity for further application of type I-G in 

heterologous prokaryotic systems or even eukaryotic systems. 
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Box 1 The comparison between Class I and Class II CRISPR in genome 

engineering 

 Class 1 (Type I and Type III) Class2 (Type II, V and VI) 

Prevalence 

Widely spread in prokaryotic 

organisms. 

Endogenous CRISPR can be 

repurposed for self-genome 

engineering. 

Restrictedly spread in specific organisms. 

CRISPR can be introduced into 

heterologous organisms for prokaryotic 

genome editing, but compatibility could be 

an issue that hinders engineering. 

PAM 

A wide range of PAM sequence 

since a variety of Class I 

systems. 

Restricted PAM sequence especially for 

Cas9. PAMless Cas can be a method to 

circumvent the PAM limitation, but the trade-

off is the targeting specificity. 

Targeting 

outcome 

Type I systems generate long-

range deletion on the genome. 

Type III targets specific RNA 

transcript and activates 

unspecific RNA degradation. 

Type II (Cas9) and type V (Cas12) generate 

indels on genome targeting. 

Type VI (Cas13) targets RNA and triggers 

off-target cleavage of host RNAs. 

Accessibility 

of delivery 

Multiple Cas proteins, packaging 

and delivery of CRISPR to target 

organisms or tissues is 

challenging. 

Single Cas protein has more flexibility of 

packaging and delivery than the multi-

subunits systems. 
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Chapter 6: Conclusions and future direction 

6.1 Conclusion 

This thesis focuses on type I-G CRISPR system, the only subtype has not been 

explored in type I CRISPR family. We first expressed and purified Cas proteins of type 

I-G system from Thioalkalivibrio sulfidiphilus, investigating the expression stage of 

type I-G CRISPR. The unique Cas protein, Csb2, was shown to cleave pre-crRNA into 

mature crRNA, generating a canonical 5’-8 nt-handle and 3’-haipin, the cleavage site 

is 4 nt downstream of the base of hairpin instead of the exact base of hairpin, which is 

divergent from other type I systems. Further study revealed its two-domain 

organisation, a fusion of Cas5 and Cas6. Csb2 has a higher binding affinity for 3’-

hairpin of mature crRNA than that for 5’-8 nt-handle. This is another major divergence 

from type I CRISPR, where Cas5 is constantly associated with the 5’- handle. The 

functional role of Cas5 domain in Csb2 requires further investigation. 

We proceeded to investigate the interference stage of the type I-G system. By 

incubating Cas proteins with pre-crRNA, type I-G effector complex was successfully 

reconstituted in vitro. The Cascade of type I-G comprises of Csb2, Cas7 and large 

subunit Cas8g. In the process of constructing the effector complex, we found that Cas3 

is pre-associated with Cascade rather than being recruited to Cascade upon target 

DNA binding. The pre-binding of Cas3 is of importance to the target DNA recognition. 

The reconstructed type I-G effector complex specifically targets and degrades DNA in 

vitro. Cas3 and Cascade is pre-associated before target DNA binding, but the 

recruitment of Cas3 upon dsDNA binding model may co-exists, which need further 

investigation. 
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Type I-G was then introduced to E. coli for in vivo reconstruction. Type I-G system 

expressed in the heterologous organism and eradicated invasive plasmid upon phage 

challenge assay. It also provides sufficient immunity against phage infection. 

 All together, the data in chapter 3 revealed the type I-G expression and interference 

stage on a biochemical level for the first time.  

In chapter 4, we studied the structure of type I-G effector complex. The overview of 

type I-G Cascade is a crescent shape consisting of Cas7-crRNA backbone and Cas8g 

located in the belly of the backbone. Cas7-crRNA backbone shows a canonical 

organisation where each Cas7 occupies 6 nt of crRNA, and the crRNA is of a 5+1 

pattern that one base is flipped out in the opposite direction to the other 5 bases. 

Cas8g, the large subunit, however, is more complicated. There are no homologous 

hits in current protein database. By exploring the Alphafold predicted structure 

database, Cas8a2 from type I-A was shown to share structure similarity to the N-

terminal domain of Cas8g. The large subunit in type I CRISPR systems is typically 

important for PAM recognition. The conformation of the N-terminal domain appears 

dynamic in type I-G, and the association with Cas3 probably stabilizes the 

conformation, allowing PAM recognition. The C-terminal domain of Cas8g, on the 

other hand, is rich in α-helix, a feature of the (absent) small subunit Cas11. As it is 

likely positioned in the centre of backbone, like Cas11 in other type I CRISPR, we 

concluded that small subunit of type I-G is fused to the large subunit Cas8g. Site 

directed mutations of conserved residues in Cas8g disrupt the architecture of type I-

G effector complex, revealing two potential sites, RR270 and ND176, on Cas8g of Cas 

protein interaction and PAM recognition, but the more detailed mechanism of PAM 
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recognition will require a high-resolution structure of type I-G effector binding target 

dsDNA. 

A schematic model is shown in Figure 6.1. 

CRISPR systems can be repurposed for genome editing. We applied the type I-G 

system in bacterial genome editing in chapter 5. We first observed a significant 

decrease in cell number when redirecting type I-G system to target E. coli genome. 

Type I-G targeting genome DNA generates long-range bi-directional deletion on the 

genome, which cannot be efficiently repaired by bacteria, subsequently, lowering the 

cell survivability. 

We attempted to reduce the toxicity and create desirable editing. By modifying Cas3, 

we observed a compromised interference in a helicase deficient Cas3 variant, Cas3 

K39A. It was introduced for genome editing and altered the deletion outcome from 

long-range deletion to small deletion. Microhomology mediated end joining is the 

major pathway to repair the DNA break and hence generates various editing outcomes. 

We further introduced HDR templates to activate HDR, combining with Cas3 K39A 

variant, the cell survivability and editing efficiency are improved and desirable genome 

editing is achieved by manipulating the HDR templates. 
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Figure 6.1 Type I-G expression and interference 

A schematic figure showing the elucidated mechanism of type I-G in this thesis and the 

unsolved puzzles need to be addressed in the future study. 
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6.2 Future direction 

We obtained the structure of type I-G Cascade (Cas7-crRNA backbone and Cas8g), 

but the PAM recognition mechanism remains unclear. Cas3 proved to be crucial for 

target DNA binding, and it is reasonable to assume Cas3 plays a role in PAM 

recognition. Obtaining the structure of Cas3 and target DNA with Cascade is the most 

direct way to elucidate the details of DNA targeting mechanism. One major future aim 

is to reconstruct the complete effector complex, including Cascade, Cas3 and target 

dsDNA, submitting for structure analysis. This work will improve our understanding of 

the type I-G CRISPR system, including the functional role of the Cas5-like domain in 

Csb2. 

Understanding the interaction between subunits of type I-G is helpful for elucidating 

the type I-G mechanisms before obtaining a high-resolution structure. Protein cross-

link following mass-spectrometry is a useful approach to investigate the interaction. 

Furthermore, protein pulldown assay could also dissect the underlying interaction. 

To determine the co-existence of two Cas3 binding modesl, pre-associated or 

recognition-recruitment, Cas8g variant, R143E for instance, could be used to build 

Cascade, supplementing with Cas3 and submitting for DNA targeting assay.  

Another direction focuses on the application of type I-G system. Type I-G has exhibited 

its genome editing ability in E. coli. Although repurposing endogenous CRISPR 

system for genome editing is the ideal approach, there are 60% of bacteria without 

CRISPR loci253. The type I-G system is a relatively compact 4 genes system, which 

might benefit its application in other prokaryotic systems. Obviously, type II CRISPR 

systems (Cas9), possesses simplicity in terms of repurposing for genome editing, but 
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as the most prevalent CRISPR system, type I system can cover a much broader range 

of PAM, and may gain a better fitness when introducing to other prokaryotic organisms. 

Furthermore, type I-G can potentially be introduced to eukaryotic organism for gene 

editing. Compared with the well-established Cas9 editing, type I CRISPR requires the 

Cascade-Cas3 effector complex to achieve target editing. The more complicated 

effector means a more precise targeting. Off-target effect is suppressed since 

Cascade-Cas3 require a large conformational change, the sequence match is more 

strict compared to type II systems on targeting214. 

Type I CRISPR also holds advantages for long-range genome deletion. Applications 

such as exon skipping, complete removal of viral sequences or transposons, and 

efficient analysis of long non-coding regions can be achieved with less crRNA 

compared with type II editing. But  editing efficiency and the way to deliver large 

effector is the main hurdle to apply type I-G system254. 

One novelty of applying type I systems is the potential to modify the multiple subunits 

to achieve various editing outcomes, as we did with the Cas3 protein. Modification on 

the helicase domain of Cas3 has generated different editing outcomes. It is promising 

to generate more modifications on type I system for gene engineering. 
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Figure 1. Cas8g (Csx17) sequence alignment 

T. sulfidiphilus Cas8g protein sequence alignment with type I-G associated Cas8g 

from other organisms. Combining with T. sulfidiphilus Cas8g structure, following site 

were mutated : Arginine patch, 270-RR to EE for charge reversal; Arginine patch, 662-

RR to EE for charge reversal; 172-GTGGNDG loop, 176-ND to AA; R1443 patch, 

mutate to E for charge reversal.  
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Table 1.1 CRISPR array 

 
Name Squence (5’ to 3’) Note 

TetTarget 

GTCATCCGCGGCATTTAGCCGCGGCCTCATTGAAGCAAGCTGTCCCTGATGGTCGTC
ATCTACCTGCCTGGAGTCATCCGCGGCATTTAGCCGCGGCCTCATTGAAGCAAGCTG
TCCCTGATGGTCGTCATCTACCTGCCTGGAGTCATCCGCGGCATTTAGCCGCGGCCT
CATTGAAGCAAGCTGTCCCTGATGGTCGTCATCTACCTGCCTGGAGTCATCCGCGGC
ATTTAGCCGCGGCCTCATTGAAGCAAGCTGTCCCTGATGGTCGTCATCTACCTGCCT
GGAGTCATCCGCGGCATTTAGCCGCGGCCTCATTGAAGCAAGCTGTCCCTGATGGTC
GTCATCTACCTGCCTGGAGTCATCCGCGGCATTTAGCCGCGGCCTCATTGAAGCAAG
CTGTCCCTGATGGTCGTCATCTACCTGCCTGGAGTCATCCGCGGCATTTAGCCGCGG

CCTCATTGAAGC 

CRISPR array 
spacer 

targeting 
Tetracycline 

lacZTarget 

GTCATCCGCGGCATTTAGCCGCGGCCTCATTGAAGCCAGCACATCCCCCTTTCGCCA
GCTGGCGTAATAGCGGTCATCCGCGGCATTTAGCCGCGGCCTCATTGAAGCCAGCAC
ATCCCCCTTTCGCCAGCTGGCGTAATAGCGGTCATCCGCGGCATTTAGCCGCGGCCT
CATTGAAGCCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGGTCATCCGCGGC
ATTTAGCCGCGGCCTCATTGAAGCCAGCACATCCCCCTTTCGCCAGCTGGCGTAATA

GCGGTCATCCGCGGCATTTAGCCGCGGCCTCATTGAAGC 

CRISPR array 
spacer 

targeting lacZ 

lpaTarget 

GTCATCCGCGGCATTTAGCCGCGGCCTCATTGAAGCATAGATGACAGTACACGCCCA
CGTAGATTTCAGATCGTCATCCGCGGCATTTAGCCGCGGCCTCATTGAAGCATAGAT
GACAGTACACGCCCACGTAGATTTCAGATCGTCATCCGCGGCATTTAGCCGCGGCCT
CATTGAAGCATAGATGACAGTACACGCCCACGTAGATTTCAGATCGTCATCCGCGGC

ATTTAGCCGCGGCCTCATTGAAGC 

CRISPR array 
spacer 

targeting 
phage lpa 

 

 

Table 1.2 Primers for separating Csb2  

 
Name Squence (5’ to 3’) Note 

Csb2 R260 to 
stop codon 

5’- cgttcgctagcgccgtgtaccagagtgg -3’ 
5’- cggcgctagcgaacgcccaacgcaccttg -3; 

 
Primers for mutagenesis 

C-terminus of 
Csb2 

amplification 

5’- GCTGCCATGGCTCATATGTTAGCAGTGGCTTGTCG -3’ 
5’- CAGCCTCGAGGGATCCTCAGCGAACGCCCAACGCACC -3’ 

 

Primers with NcoI and 
BamHI site for Csb2 C-

terminal domain 
amplification 
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Table 1.3 Oligonucleotides for in vitro assay 

 
Name Squence (5’ to 3’) Note 

crRNA repeat 
5’-6-FAM- GUCAUCCGCGGCAUUUAGCCGCGGCCUCAUUGAAGC-

3’ 
 

crRNA repeat with FAM 
label 

3’- Haipin 
5’-6-FAM- GUCAUCCGCGGCAUUUAGCCGCGGCCUC-3’ 

 
3’haipin with FAM label 

for anisotropy 

5’-8nt-handle 
5’- AUUGAAGC-6-FAM- -3’ 
5’-6-FAM- AUUGAAGC-3’ 

 

5’-8nt handle for 
anisotropy, 5’FAM label 

or 3’FAM label 
81nt target 

strand 
5’GCCCGCGTTGCAGGCCATGCTGTCCAGGCAGGTAGATGACGACCA

TCAGGGACAGCTTCAAGGATCGCTCGCGGCTCTTAC-3’ 
Tetracycline resistance 

target 

80nt non-
target strand 

5’GTAAGAGCCGCGAGCGATCCTTGAAGCTGTCCCTGATGGTCGTCA
TCTACCTGCCTGGACAGCATGGCCTGCAACGCGGG -3’ 

 
Complementary strand 

for dsDNA duplex 
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Table 2 Primers for type I-G genome targeting 

 
Name Squence (5’ to 3’) Note 

T7toaraBAD-F gcaggaggaatacccatgggcagcgtcgacatggataaggatatgcacattaa
tgagatcgtcttgcg 

Replace T7 promoter by 
araBAD promote on pACE-

M1 T7toaraBAD-R ctataacggtcctaaggtagcgacctaggtatcgttatgacaacttgacggct
acatcattcac 

lacZ-507-F TTGTGGAGCGACATCCAGAG Verification on middle of 
lacZ  lacZ-507-R GATGAAGACCAGCCCTTCCC 

lacZ-20kUP-F GTCTTCCAGGGCGGAAATCA Verification on 20k 
upstream lacZ lacZ-20kUP-R ATTACCCAGTCGAACCCACG 

lacZ-10kUP-F CGTCCAGTAACCATGTCGCT Verification on 10k 
upstream lacZ lacZ-10kUP-R AGAATACCCGGTGCAGAAGC 

lacZ-10kDown-F ATGTTTTGCTGGTGGATCGC Verification on 10k 
downstream lacZ lacZ-10kDown-R TATACGAATGCCCCACCACC 

lacZ-25kDown-F CGCATGGCATCGAATACAGC Verification on 25k 
downstream lacZ lacZ-25kDown-R GTTCGCACCAGCCAAGAATG 

lacZ-40kDown-F AACATCATTAGCGGCCCCAG Verification on 40k 
downstream lacZ lacZ-40kDown-R TTGCCTGGCTCTGGGATTTT 

lacZ-55kDown-F AACTGGGCTTTCAGTCCTGG Verification on 55k 
downstream lacZ 

lacZ-55kDown-R CTTGACGACGGGCAGGTTAT 

lacZ-1-veri-F GCGAGTGGCAACATGGAAAT Verification on lacZ-1 target 
site 

lacZ-1-veri-R TTAGGCACCCCAGGCTTTAC 

lacZ-4-veri-F CCCCATATGGAAACCGTCGAT Verification on lacZ-4 target 
site 

lacZ-4-veri-R TCTGACCACCAGCGAAATGG 

HR-5kdown-F GGCTCATATGCCGCGCATTCCTCCAA For homologous arm 5k 
downstream of lacZ 

HR-5kdown-R CAGCCTCGAGGAGCTGGAGGCAATTCCTTT 

HR-5kUP-F GCTCCTCGAGAAACCGTTGTCCTGCTGCAT For homologous arm 5k 
uptream of lacZ 

HR-5kUP-R gcagcctaggCCCCCAGACAATCAGGGTTT 

lacZ-HRveri-F GACTGGGTTACAGCGAGCTT Verification on HDR product  

lacZ-HRveri-R TTAAGGGCGTGCGAGGAAAT 
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Table 3 Oligonucleotides for genome targeting 

 
Name Squence (5’ to 3’) Note 

Spacer-lacZ-1-T AAGCACCGTAATGGGATAGGTCACGTTGGTGTAGATGGGC Spacer targeting lacZ start 
site Spacer-lacZ-1-C TGACGCCCATCTACACCAACGTGACCTATCCCATTACGGT 

Spacer-lacZ-4-T AAGCATGGTAGTGGTCAAATGGCGATTACCGTTGATGTTG Spacer targeting lacZ end site 

Spacer-lacZ-4-C TGACCAACATCAACGGTAATCGCCATTTGACCACTACCAT 

Spacer-frmA-T AAGCTCGTAGTCATTCGGGTTAATGCAGTCGGTAGCACCG Spacer targeting frmA gene 

Spacer-frmA-C TGACCGGTGCTACCGACTGCATTAACCCGAATGACTACGA 
Spacer-yahK-T AAGCGAAAACTACTGTGATCACATGACCGGCACCTATAAC Spacer targeting yahK gene 

Spacer-yahK-C TGACGTTATAGGTGCCGGTCATGTGATCACAGTAGTTTTC 
Tsu-BpiI-rep-T-

5’ 
catggATCGACTTTTCTGCGAGGGCCGTCATCCGCGGCATTTAGCCGCGGCCT

CATTGAAGCgtgtctt 
Introduce type I-G repeat 

sequence with two BpiI site 
Tsu-BpiI-rep-T-

3’ 
cgtaccttgaagaccaGTCATCCGCGGCATTTAGCCGCGGCCTCATTGAAGCG

CCGAATCTCg 
Tsu-BpiI-rep-C-

3’ 
tcgacGAGATTCGGCGCTTCAATGAGGCCGCGGCTAAATGCCGCGGATGACtg

gtcttcaagg 
Tsu-BpiI-rep-C-

5’ 
tacgaagacacGCTTCAATGAGGCCGCGGCTAAATGCCGCGGATGACGGCCCT

CGCAGAAAAGTCGATc 

 

Table 4 E. coli strains 

Name Description 
DH5α For vector construction and gene cloning  

C43(DE3) For protein expression 

BL21 star For protein expression 

MG1655 For genome targeting 

LMG194 For phage propagation 

 

Table 5 Plasmids 

Name Description 
pACE-M1 Used for plasmid challenge assay and phage challenge assay. csb2, 

cas7 and cas8g genes included. 
pCDF Used for plasmid challenge assay and phage challenge assay. CRISPR 

array targeting tetR or phage lpa included. 
pRAT-Duet Used for plasmid challenge assay and phage challenge assay control. 

Lacking cas3. 
pRAT-Cas3 Used for plasmid challenge assay and phage challenge assay. cas3 

included. 
pM2 Used for genome targeting. cas3, csb2, cas7 and cas8g genes included. 

pSPACER Used for genome targeting. CRISPR array included. 

pHR Used for genome targeting. CRISPR array and homologous arms 
included. 
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