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Abstract 

 

Prokaryotes have a wide range of antiviral strategies to defend against invading mobile 

genetic elements (MGEs). Type III CRISPR-Cas systems typically synthesise cyclic 

oligoadenylate (cOA) second messengers upon binding to cognate foreign RNA. These 

second messengers allosterically activate type III CRISPR ancillary proteins, potentiating a 

powerful immune response. Following the discovery of cOA signalling pathway, several 

ancillary proteins from Csx1/Csm6 family had been described. They sense cOA molecules 

with their CARF (CRISPR associated Rossman fold) domains and non-specifically cleave 

RNA with their effector domains. Here, we describe the structure and mechanism of two novel 

ancillary proteins Can1 and Can2. Can1 has a unique monomeric architecture that contains 

two CARF domains, a PD-(D/E)XK nuclease domain and a nuclease-like domain. It favours 

nicking scDNA in the presence of cyclic tetra-adenylate (cA4) and metal ions. Can2 forms a 

canonical homodimer and each monomer contains a CARF domain and a PD-(D/E)XK 

nuclease domain. It exhibits both DNase and RNase activity in the presence of cA4 and metal 

ions. It also provides effective immunity against plasmid and bacteriophage infection in a 

recombinant type III CRISPR-Cas system. 

 

 

 

 

 

 

 

 



 xii 

Abbreviations 

 

2’3’-cGAMP  cyclic 2’5’- and 3’5’-linked GMP-AMP 
3’3’-cGAMP  cyclic 3’5’-linked GMP-AMP 
A2-P   di-adenylate with a 3’-phosphate 
A2>P   2’,3’-cyclic phosphate-terminated di-adenylate 
A4>P   2’,3’-cyclic phosphate-terminated tetra-adenylate 
A6>P   2’,3’-cyclic phosphate-terminated hexa-adenylate 
A>P    2’,3’-cyclic adenosine monophosphate 
Abi   abortive infection 
Acr   anti-CRISPR 
Ago   Argonaute 
AHL   N-Acyl homoserine lactone 
AMP    adenosine monophosphate 
ATP   adenosine triphosphate 
bp   base pairs 
BREX   bacteriophage exclusion 
BSA    bovine serum albumin 
cA3   cyclic tri-adenylate 
cA4   cyclic tetra-adenylate 
cA6   cyclic hexa-adenylate 
cAMP   3’,5’-cyclic adenosine monophosphate 
Can1   CRISPR ancillary nuclease 1 
Can2   CRISPR ancillary nuclease 2 
Card1 cOA-activated single-stranded RNase and single-stranded DNase 1 
CARF   CRISPR associated Rossman fold 
Cas   CRISPR-associated 
Cascade  CRISPR-associated complex for antiviral defence 
CBASS  cyclic-oligonucleotide-based anti-phage signalling system 
CD-NTase  cGAS/DncV-like nucleotidyltransferase 
cGAMP  cyclic GMP-AMP 
cGAS   cyclic GMP-AMP synthase 
Cmr   Cas module RAMP 
cOA   cyclic oligoadenylates 
CRISPR  clustered regularly interspaced short palindromic repeats 
Crn1   CRISPR-associated ring nuclease 1 
Crn2   CRISPR-associated ring nuclease 2 
Crn3   CRISPR-associated ring nuclease 3 
CRP   cAMP receptor protein 
crRNA   CRISPR-RNA 
Csm   Cas subtype Mtube 
D-loop   displacement loop 
Dar   defence against restriction 
DDT   dithiothreitol 
DISARM  defence island system associated with restriction-modification 
DNase   deoxyribonuclease 
DSB   double-strand break 
dsDNA   double-stranded DNA 
DUF1887  domain of unknown function 1887  
EF-Tu   elongation factor Tu 
EMSA   electrophoretic mobility shift assay 
EPS   exopolysaccharides 



 xiii 

HD   histidine-aspartate 
HEPN   higher eukaryotes and prokaryotes nucleotide-binding 
HGT   horizontal gene transfer 
HTH   helix-turn-helix 
IHF   integration host factor 
INTEGRATE  insertion of transposable elements by guide RNA-assisted targeting 
ITC   isothermal titration calorimetry 
kobs   observed rate constant 
LAS   leader anchoring sequence 
Lpa   late promoter activator 
MCS   multiple cloning site 
MGEs   mobile genetic elements 
MOI   multiplicity of infection 
msDNA  multicopy single-stranded DNA 
MTase   methyltransferase 
ncRNA   non-coding RNA 
Ocr   overcome classical restriction 
PAC   primed acquisition complex 
PAM   protospacer adjacent motif 
PFUs   plaque forming units 
Pgl   phage growth limitation 
pre-crRNA  precursor crRNA 
PVDF   polyvinylidene difluoride 
qPCR   quantitative PCR 
RAMP   repeat associated mysterious proteins 
RBP   receptor-binding protein 
REase   restriction endonuclease 
RLR   retron library recombineering 
RM   restriction-modification 
RNAi   RNA interference 
RNase   ribonuclease 
RRM   RNA recognition motif 
RT   reverse transcriptase 
SAVED  SMODS-associated and fused to various effector domains 
SAXS   small angle X-ray scattering 
scDNA   supercoiled DNA 
SDS-PAGE  sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
ssDNA   single-stranded DNA 
ssRNA   single-stranded RNA 
STING   stimulator of interferon genes 
TA   toxin-antitoxin 
TEMED  N,N,N’,N’-tetramethylethylenediamine 
TEV   Tobacco Etch Virus 
tracrRNA  trans-activating crRNA 
TSD   target site duplication 
 
 
 
 
 
 
 
 
 
 



 1 

CHAPTER 1 

1 INTRODUCTION 

 

1.1 ARMS RACE BETWEEN PROKARYOTES AND PARASITIC NUCLEIC ACIDS 

UNDER EVOLUTIONARY PRESSURE 

 

Mobile genetic elements (MGEs) are segments of nucleic acids that mediate intracellular and 

intercellular gene movement in prokaryotic organisms1. They typically include certain plasmids, 

viruses and transposons and play important roles in microbial ecology and evolution1–4. They 

provide host cells with antibiotic resistance, virulence factors, unusual metabolic pathways 

and changes of lifestyle and fitness1–3. The interactions between MGEs and their hosts also 

provides important notions in evolutionary biology5. Moreover, researchers have shown that 

virus particles are the most abundant entities in the biosphere and the bacteria-infecting 

viruses, bacteriophages, outnumber hosts by approximately 10-fold in the environment6,7. As 

agents of mortality, viral lysis removes 20-40% prokaryotes daily in surface waters of oceans 

and structures microbial populations and communities in biogeochemical cycling8,9. As a result, 

prokaryotes have developed multiple defence mechanisms to protect themselves against the 

invading MGEs under the evolutionary pressure4,10,11. In turn, viruses have also evolved 

diverse evasion strategies to overcome the antiviral mechanisms, which results in a state of 

co-evolutionary equilibrium or symbiosis between hosts and viruses4,10,11. 

 

1.1.1 Bacteriophage life cycle 

 

Viruses are the most abundant biological entities in the biosphere and the majority of them 

are thought to be bacteriophages (or simply phages)6,7. Therefore, we mainly use 

bacteriophages as models to discuss several general principles of arms race between 
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prokaryotes and parasitic nucleic acids. For more detailed reviews, see Ref.4,10,11. In general, 

a phage initiates the infection by binding to specific cell surface receptors in a process known 

as adsorption (Figure 1.1). After penetrating through bacterial membranes, the phage injects 

its genome into the cytoplasm (Figure 1.1). Then phages adopt different pathways to 

reproduce. Virulent (strictly lytic) phages replicate their genomes, transcribe viral genes and 

synthesise viral proteins. This is followed by virions assembly, cell lysis and progeny release12. 

Temperate phages can exploit a lysogenic cycle and integrate their genomic material into the 

bacterial chromosome to become quiescent prophages (Figure 1.1)2. The prophages can also 

maintain as linear or circular plasmids in the cytoplasm (not shown in Figure 1.1) and they are 

occasionally lost after cell division2. Notably, temperate phages have the ability to initiate a 

lytic cycle in which they replicate through a lytic lifestyle2. In addition, some archaeal viruses, 

filamentous phages and plasmaviruses adopt a chronic infection lifestyle where progeny 

viruses are continuously secreted from the cell without cell lysis (not shown in Figure 1.1)13. 

 

Prokaryotes adopt various defence mechanisms to protect themselves based on different life 

cycle stages of bacteriophages and other MGEs4,10,11. The defence mechanisms can be 

categorised by different methods according to the perspective of researchers. Here I broadly 

classified them into five groups: resistance of cell surface receptors, typical innate immune 

systems, adaptive immune systems, abortive infection mechanisms and other antiviral 

mechanisms. The following sections will review the arms race between prokaryotes and 

invading MGEs based on these groups. 
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Figure 1.1. Schematic of different life cycles of bacteriophages. 
Virulent phages only replicate through the lytic cycle. They initiate the infection by binding to 
specific cell surface receptors in a process known as adsorption. After penetrating through 
bacterial membranes, phages inject their genomes into cytoplasm, followed by genome 
replication, genes transcription and expression, virions assembly and cell lysis. Temperate 
phages can exploit either a lytic or lysogenic cycle. In the lysogenic cycle, they integrate their 
genomic material into the bacterial chromosome to become quiescent prophages. The 
prophage is induced to a lytic cycle under certain conditions. They can also maintain as linear 
or circular plasmids in the cytoplasm and the genomes are occasionally lost after cell division 
(not shown in the figure). Chronic infections are not shown in the figure. 
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1.1.2 Resistance of cell surface receptors and viral counter-strategies 

 

To efficiently adsorb to the cell surface, the receptor-binding protein (RBP) of a phage binds 

to cell surface molecules specifically (Figure 1.1). Therefore, inhibition of RBP-target binding 

is one of the primary strategies of host defence. For example, bacteria can modify the cognate 

receptors by mutation or replace them with other molecules (Figure 1.2A)14,15. Glycosylation 

on the surface receptor, O-antigen, is another prevalent strategy to reduce phage adsorption 

rate at a lower fitness cost for bacteria16,17. Moreover, several bacteria can produce 

polysaccharide capsule or exopolysaccharides (EPS) to provide a physical barrier on the cell 

surface which limits the phage access (Figure 1.2A)18,19. Bacteria can also bud off outer 

membrane vesicles with surface receptors and use them as decoys to reduce infections 

(Figure 1.2A)20. Furthermore, researchers found that quorum sensing was employed to 

downregulate gene expression of surface receptors to reduce infection rate21. Quorum 

sensing is a gene regulation pathway in response to the change in cell density22. Quorum 

sensing bacteria are able to secrete signalling molecules called autoinducers that accumulate 

extracellularly as cell density increases22. The autoinducers are detected and bound by 

receptors that results in regulation of gene expression22. In the study of Escherichia coli and 

phage λ model system, bacteria use N-Acyl homoserine lactone (AHL) as the autoinducer that 

is detected by transcriptional regulator SdiA21. The expression of λ receptors on the cell 

surface is downregulated through AHL quorum sensing21. 

 

In response, bacteriophages have evolved various by-pass mechanisms to access cell 

surface receptors. In general, phages are able to recognise a number of structures on the cell 

surface which extends their host range23,24. Some phages simultaneously express several 

RBPs to recognise multiple receptors25. When a cognate receptor is mutated or its expression 

is suppressed, phages can evolve to recognise the altered receptor or a novel receptor in 

addition to the initial one through mutations (Figure 1.2B)26,27. When the surface receptors are 

masked with capsules or exopolysaccharides, phages may equip their tail apparatuses with 
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endosialidase, glycosidase or other polysaccharide depolymerases to degrade the barriers 

(Figure 1.2B)18,28. In addition, the surface receptors on the outer membrane vesicles can 

transfer to other cells, resulting in the extension of phage host range (Figure 1.2B)29. 

 

 

Figure 1.2. Bacteriophage access to cell surface receptors. 
(A) Bacterial defence strategies to prevent adsorption. The surface molecule alteration, 
disguise and modification are coloured in green, blue and red, respectively. Surface molecule 
masking is represented by blue circles covering. Outer membrane vesicles with surface 
receptors are precluded and used as decoys. (B) Phage by-pass mechanisms. Phages are 
able to recognise modified surface receptors through mutations and degrade the physical 
barrier by previously encoded enzymes. The host range of phages extended by transferring 
outer membrane vesicles to cells that lack the specific receptors. Figures adapted from 
Hampton et al.4 
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1.1.3 Typical innate immune systems and viral counter-strategies 

 

When viral nucleic acids manage to enter prokaryotic cells, they become the primary targets 

of many innate immune systems and adaptive immune systems. Some of these systems and 

viral counter-strategies will be reviewed in the following sections in detail. 

 

1.1.3.1 Restriction-modification (RM) defence systems 

 

RM systems are the best characterised antiviral mechanisms that have been studied 

extensively owing to the enormous application of restriction endonucleases (REases) in 

molecular biology (reviewed by Loenen et al.30). They are highly diverse in function and 

present in 74.2% of prokaryotic genomes according to a study several years ago31. In general, 

RM systems discriminate between self and non-self sequences by specific modification 

(usually methylation) then degrade the latter by certain enzymes (Figure 1.3A)4.  

 

RM systems are classified into four types (I-IV) based on subunit composition, ATP or GTP 

requirement and mode of action32,33. They typically use a restriction endonuclease (REase) to 

cleave non-self DNA at a specific recognition site31. The host DNA containing the same 

recognition site is methylated by a methyltransferase (MTase) which prevents host DNA from 

cleavage31. The type I RM systems are ATP-dependent and their REase subunit contains an 

ATPase domain34. In addition to REase and MTase, type I RM systems also encode a 

sequence specificity subunit34. Type II RM systems are the most abundant, accounting for 

over 40% of all RM systems31. They are solely composed of REase and MTase subunits that 

can function separately or as a same protein30. With their high specificity, these enzymes are 

widely used in molecular biology30. Type III RM systems contain MTase and ATP-dependent 

REase subunits and cleave DNA outside recognition sites30. Finally, type IV RM systems 

consist of a GTPase and an endonuclease subunit which non-specifically target modified 
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phage DNA30. The modifications could be employed by phages to prevent DNA cleavage from 

other RM systems, which suggests type IV RM systems can overcome such phage evasion32. 

 

Figure 1.3. Antiviral defence mechanisms targeting invaded nucleic acids. 
(A) Schematics of typical innate immune systems. RM and RM-like defence systems, 
including BREX, DND, DISARM, etc. are shown. These systems are explained in the text. 
They distinguish viral nucleic acids from host genome by specific modification, then degrade 
the former by certain enzymes. (B) Schematic of adaptive immune system. Type II CRISPR-
Cas system is shown as an example. The immunity is conferred by three steps: adaptation, 
expression and interference. In adaptation stage, adaptation complex is expressed and 
integrates foreign MGEs into the CRISPR array. In expression stage, CRISPR array is 
transcribed as a long precursor crRNA and then processed by Cas proteins into mature 
crRNAs. These crRNAs bind to interference effectors and guide the effectors to cleave 
cognate invading nucleic acids in interference stage. (C) Schematics of abortive infection 
systems. AbiZ, Lit and RexAB abortive infection pathways are shown. They initiate cell death 
or dormancy in response to viral invasion. The viral reproductive cycle is interrupted, which 
results in the release of few or no progeny viruses. Subsequently, the propagation of phage 
is inhibited. (D) Schematic of CBASS system. This system senses the infection and generates 
cyclic oligonucleotides. The effector proteins are activated by the cyclic oligonucleotides and 
initiate cell death or dormancy, which resembles abortive infection systems. (E) Schematic of 
other antiviral defence pathways. Chemical defence is shown as an example. Several 
secondary metabolites produced by bacteria are identified able to intercalate dsDNA, which 
could result in phage replication block. (F) Unknown mechanisms. Genomic analyses have 
discovered several novel antiviral defence mechanisms, named Gabija, Shedu, Zorya, Thoeris, 
Hachiman, Septu, Lamassu, etc. Figure adapted from Bernheim and Sorek10 
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1.1.3.2 RM-like defence systems  

 

In addition to methylation, bacteria can also distinguish invaders from host DNA by 

phosphorothioation in a system named DND, as multiple dnd genes are involved (Figure 

1.3A)35. A sulphur group is incorporate into the host DNA backbone at the specific site as a 

phosphorothioate modification36,37. The invasive DNA without modification is removed by 

restriction activity36,37. Moreover, this system has also been identified in many archaea35,38. 

 

Another RM-like defence system is identified in Streptomyces coelicolor, termed phage growth 

limitation (Pgl) system39. It is hypothesised that phage progeny is methylated upon first 

infecting Pgl+ strains and the methylated DNA is targeted in subsequent infections. Thus, the 

phage growth is severely attenuated40,41. The system requires four proteins: adenine-specific 

DNA methyltransferase PglX, ATPase PglY, predicted alkaline phosphatase PglZ and 

serine/threonine kinase PglW41. The enzymatic activities of PglX, PglY and PglW are 

validated41. It has been demonstrated that the methyltransferase activity of PglX is toxic and 

toxicity is inhibited by PglZ41. It is possible that the host genome is protected by PglZ while 

methylated invading DNA is cleaved. However, methylated DNA was not detected in both 

phage progeny and host during the subsequent infections41. More detailed mechanism 

remains to be elucidated. 

 

The homologues of PglX and PglZ are also identified in another phage resistance system, 

bacteriophage exclusion (BREX) system (Figure 1.3A)42,43. However, the defence strategy of 

BREX system differs from that of Pgl system based on studies investigating BREX systems 

from Bacillus cereus and Escherichia coli42,43. The bacteria discriminate between self and non-

self DNA by specifically methylation on host genome42,43. Unlike most RM systems, the 

methylation in BREX systems is performed at nonpalindromic sites and on one DNA strand. 

Moreover, REases in RM systems rapidly cleave unmethylated invading MGEs while it is 

unclear whether BREX systems function by destructing unmethylated DNA or blocking DNA 
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replication42,43. Six genes are expressed in a BREX system: brxA, brxB, brxC, brxX (pglX), 

brxZ (pglZ) and brxL, although the expressed enzymes are not yet fully understood42,43. They 

form a six-gene cassette which is widespread in prokaryotes and is typically located within the 

genomic loci, termed “defence islands”42,44. Furthermore, genomic analysis shows that various 

antiviral genes of both bacteria and archaea are physically clustered within the defence 

islands32,44. 

 

More recently, a novel bacterial defence system has been identified in the defence island of 

Bacillus paralicheniformis 9945a, termed DISARM (defence island system associated with 

restriction-modification) (Figure 1.3A)45. Genetic study shows that DISARM, which consists of 

five genes, is present in more than 350 sequenced genomes of bacteria and archaea45. Akin 

to RM systems, the host DNA is methylated at a specific palindromic motif by DISARM from 

B. paralicheniformis and the unmethylated invading DNA is possibly cleaved45. However, 

phage Nf, which lacks the recognition motif is also restricted by the system45. The exact 

mechanism of phage DNA depletion or restriction remains elusive. 

 

1.1.3.3 Prokaryotic Argonaute (pAgo) proteins 

 

Argonaute (Ago) proteins are highly diverse guide-dependent nucleases which provide innate 

immunity against invading MGEs46,47. They were initially discovered in eukaryotes and play 

central roles in RNA interference (RNAi) pathways48,49. RNAi is a gene silencing process that 

guided by microRNA (miRNA) or small interfering RNA (siRNA)50,51. These small RNA 

molecules are incorporated into effector complexes to interfere with gene expression via both 

pre- and post-transcriptional gene silencing mechanisms50–52. The eukaryotic Ago proteins 

were found to use small RNA molecules as guides and to cleave complementary targets49,52,53. 

In prokaryotes, Ago encoding genes are found in around 32% and 9% of archaeal and 

bacterial genomes, respectively54. Unlike eukaryotic counterparts, pAgo proteins can use both 

DNA and RNA as guides to mediate DNA or RNA interference (reviewed by Hegge et al.47). 
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However, the mechanisms of guide generation and non-self recognition remain obscure. The 

studies on Thermus thermophilus Ago (TtAgo) proteins suggested that TtAgo can degrade 

invading plasmids and use the DNA fragments as guides, followed by cognate DNA 

cleavage55,56. Another recent study on Clostridium butyricum Ago (CbAgo) proteins indicated 

that the catalytic activity of CbAgo functions together with double-strand break (DSB) repair 

machinery to generate and load DNA guides57. These guides are preferentially produced from 

multicopy sequences and DSBs sites57. The CbAgo-guide complex then induces interference 

with DNA that contains multicopy sequences or free double-strand ends (nature of plasmids 

or phages)57. Nevertheless, guide generation and discrimination between self and non-self 

sequences of many other Ago defence systems remain unknown. 

 

1.1.3.4 Retron-containing defence systems 

 

Retrons are bacterial retroelements that employ a specialised reverse transcriptase (RT) to 

generate intracellular satellite DNA, termed multicopy single-stranded DNA (msDNA)58–60. 

They are initially discovered by Yee et al. in 1984 in Myxobacteria xanthus and Stigmatella 

aurantica61. Retrons include a chimeric RNA-DNA structure and a specialised RT58,59. A 

precursor non-coding RNA (ncRNA) is transcribed from a locus adjacent to the specialised 

RT58,59. This RT recognises the structured precursor ncRNA and reverse transcribes part of 

it58,59,62. The reverse transcription is initiated from the 2’ end of a conserved guanosine residue 

and results in a covalently linked RNA-DNA molecule58,63. The mature RNA-DNA molecule is 

also processed by different nucleases depending on its original organisms59. 

 

In the genomic analysis carried out by Millman et al., retron RT homologues were detected in 

4,446 genomes out of total 38,167 prokaryotic genomes58. They are classified into eight clades 

where six clades are linked to known anti-phage defence systems58. Notably, vast majority of 

retron RT homologues are encoded in cassettes that also express functional proteins, 

containing ribosyltransferase domain, transmembrane helix, ATPase domain, HNH 
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endonuclease domain, etc.58. These proteins are predicted to be effectors in retron-containing 

defence systems58. Moreover, Millman et al. also investigated eleven retrons experimentally, 

together with their effectors58. Eight of them are able to provide anti-phage defence in 

transformed Escherichia coli cells58. One of these defence systems was further examined. It 

induced the loss membrane integrity before phage reproductive cycle was completed, which 

functioned via abortive infection system that will be reviewed later58. On the other hand, many 

RTs were found to participate in anti-phage defence64,65, which suggests that investigation on 

RTs may benefit our understanding of the conflicts between virus and host. 

 

More recently, a novel methodology, named retron library recombineering (RLR), has been 

developed based on the unique activity of retrons66. Multiple msDNA are produced by the 

specialised RT in vivo, that contain different synthetic or natural variants66. These msDNA are 

used as donors for recombineering in pooled experiments66. After selection, measurement of 

variant phenotypes is obtained by deep sequencing of retron donors, enabling high-throughput 

variant screens66. 

 

1.1.3.5 Phage evading innate systems 

 

In addition to the innate immune systems reviewed above, more antiviral mechanisms or 

candidates are recently discovered by investigating genes in prokaryotic defence islands67. 

More studies are required to characterise their mechanisms in detail. In contrast, many viral 

counter-strategies against these innate systems have been identified68–80.  

 

In many defence systems, host genome is recognised and protected by methylation at specific 

sites, whereas unmethylated invading MGEs are cleaved. To evade, phages can also encode 

certain methyltransferases and modify phage DNA rapidly before recognition by REase68. 

Moreover, some phages can stimulate the catalytic activity of host methyltransferases to 

modify phage DNA before REase cleavage69,73. For example, restriction alleviation protein 
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(Ral) from phage λ promotes phage DNA methylation by strongly enhancing the activity of 

methyltransferase EcoKI69. 

 

In general, most RM or RM-like immune systems target specific sequences by certain 

enzymes to exert the defence. Under this evolutionary pressure, some restriction sites are 

absent or underrepresented in the genomes of several phages74,75. Specifically, low frequency 

of EcoRII restriction sites in phages T3 and T7 genomes makes the DNA resistant to the 

cleavage by REase EcoRII74. It has been demonstrated that two restriction sites are required 

for EcoRII cleavage and the sites in phages T3 and T7 are too distant from each other74.  

 

To avoid recognition by host enzymes, another strategy employed by phages is to incorporate 

unusual bases into their genomes. In Bacillus subtilis phages, thymine is replaced with uracil, 

5-hydroxymethyluracil, 5-dihydroxypentyluracil or α-glutamylthymine76. In Escherichia virus T4 

(formerly named T-even phage), cytosine is replaced with hydroxymethylcytosine or 

glucosylated hydroxymethylcytosine77. These unusual bases prevent recognition or cleavage 

by host REase in most cases11.  

 

Furthermore, phages are able to encode certain proteins to interfere with antiviral pathways. 

Phage P1 can use the defence against restriction (Dar) system to avoid cleavage by type I 

REase78. It has been demonstrated that proteins DarA and DarB are able to mask restriction 

sites by binding to phage DNA78. A recent study indicated that more proteins are involved in 

the Dar systems and they together play important roles in antirestriction pathway and capsid 

morphogenesis79. Another protein encoded by phage T3 was found responsible for degrading 

S-adenosyl-L-methionine (SAM), which is an essential cofactor in type I and type III RM 

systems80. Cleavage of SAM alleviates the restriction activity of the host80. In phage T7 

infection, protein Ocr (overcome classical restriction) mimics the DNA phosphate backbone 

and binds tightly to both REase and MTase subunits of EcoKI complex, thereby inhibiting this 
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RM system70,71. In addition, Ocr is also found to inhibit BREX defence system by physically 

associating with BrxX methyltransferase72.  

 

Although multiple strategies of phage escape from innate immune systems are reviewed 

above (for more reviews, see Ref4,11,81), these strategies are mainly based on the avoidance 

of host recognition. Many mechanisms employed by viruses remain to be elucidated as more 

antiviral mechanisms are discovered in the defence islands67. Moreover, it is indicated that the 

abundance of RM systems is positively correlated with that of MGEs in bacterial genomes31,82. 

In addition to arms race, RM defence systems disseminate with the help of MGEs and play a 

role in horizontal gene transfer (HGT)32,82. 

 

1.1.4 Adaptive immune systems  

 

The adaptive immune system in prokaryotes consists of two principal components: clustered 

regularly interspaced short palindromic repeats (CRISPR) arrays and CRISPR-associated 

(Cas) proteins, therefore termed CRISPR-Cas system83–85. The system is widely distributed 

and is encoded in about 85% of archaea and 42% of bacteria86. To date, more than 30 

subtypes of CRISPR-Cas systems have been identified86. According to the composition and 

complexity of their effectors, they are categorised into 2 classes, each contains 3 types86. 

Class 1 systems, including type I, type III and type IV, possess multiprotein effector complexes, 

whilst class 2 systems, comprising type II, type V and type VI, have a single multidomain 

protein effector87. These CRISPR-Cas systems will be discussed in detail in Section 1.2. The 

general principle is reviewed here.  

 

The CRISPR array is a DNA sequence that typically contains partially palindromic repeats (25 

to 35 bp) that are interspaced by variable sequences (30 to 40 bp), termed spacers (Figure 

1.4)84,85,88. The array is flanked by many diverse cas genes (Figure 1.4)84,85,88. In general, the 

adaptive immunity is conferred by three steps: adaptation, expression and interference (Figure 
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1.4). In the first step, the immune memory is generated by acquisition of viral- or plasmid-

derived sequences and integrating them into CRISPR arrays as new spacers89,90. In most 

cases, the adaptation is achieved by the activity of the complex of proteins Cas1 and Cas2, 

which are highly conserved across CRISPR-Cas systems91,92. The CRISPR array is then 

transcribed and the transcript was processed by Cas proteins into small RNAs, termed 

CRISPR-RNAs (crRNAs), in expression stage93,94. Because the sequence of crRNAs is 

derived from foreign MGEs94, they are able to guide interference effectors to cleave cognate 

invading sequences in the step of interference95. Moreover, the targeting of invading MGEs 

by effectors not only results in cognate cleavage, but also activates the synthesis of second 

messengers, followed by various ancillary activities96. These activities will be reviewed in 

Section 1.3. 

 

Figure 1.4. Schematic of type I CRISPR-Cas adaptive immune system. 
The immunity is conferred by three steps: adaptation, expression and interference. The 
CRISPR array typically contains partially palindromic repeats denoted as grey rhombuses in 
the figure. They are regularly interspaced by spacers that are derived from foreign nucleic 
acids. In adaptation (Stage 1), adaptation complex is expressed and integrates foreign MGEs, 
termed protospacers, into the CRISPR locus after the first repeat. In expression (denoted as 
“Stage 2: expression and maturation”), CRISPR array is transcribed as a long precursor 
crRNA and then processed by Cas proteins into mature crRNAs. The crRNAs bind to CRISPR-
Cas interference effector complexes. In interference (Stage 3), the complexes cleave cognate 
invading sequences under the guide of crRNAs. Figure adapted from Hampton et al.4 
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1.1.5 Abortive infection (Abi) systems and viral counter-strategies 

 

In addition to adsorption inhibition and host immune systems, which target invading nucleic 

acids, Abi is another versatile defence strategy in bacteria and archaea10,32. The schematic 

pathways of Abi systems are shown in Figure 1.3C and D. The viral reproductive cycle is 

interrupted by host cell death or dormancy in response to viral invasion, which results in the 

release of few or no progeny viruses4,97,98. Subsequently, the propagation of phage is inhibited, 

which protects the host population4,97,98. The dormant cells might also have a chance to 

recover after infection is cleared32. 

 

1.1.5.1 AbiZ defence system 

 

One of the strategies in Abi systems is to cause premature lysis upon viral infection99. For 

example, the protein AbiZ from Lactococcus lactis is suggested to function cooperatively with 

phage-encoded holin, a protein controls the timing of cell lysis (Figure 1.3C)99. The lysis is 

then induced about 30 min earlier99.  

 

1.1.5.2 Activation of Lit protease 

 

Another strategy to trigger cell death or dormancy is to inhibit translation when infectious signal 

is detected100. In Escherichia coli, the Gol peptide of phage T4 is expressed late in the 

maturation of the phage and binds specifically to a translation elongation factor Tu (EF-Tu)100. 

This complex is a unique substrate cleaved by Lit protease, thereby shutting down translation 

and inducing cell death (Figure 1.3C)100.  
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1.1.5.3 RexAB defence system 

 

Moreover, λ prophage in Escherichia coli also encodes an Abi system, consisting of RexA and 

RexB, that prevents subsequent T4rII phage infection (Figure 1.3C)101,102. RexA proteins 

detect the infection by recognising a DNA-protein complex that is a possible intermediate of 

replication or recombination101. Then RexB is activated by RexA and forms a membrane ion 

channel, which results in transmembrane potential reducing, ATP leakage and cell death101. 

The RexAB system also adopts a mechanism to prevent self-exclusion that associates with 

overexpression of rex gene101. Recently, more prophage-encoded RexAB-like systems are 

described103,104. They are proposed to cause cell death by activating a loss of membrane 

potential upon detection of phage infection signals, similar to RexAB system103,104. 

 

1.1.5.4 Typical Toxin-antitoxin (TA) defence systems 

 

TA systems represent a large group of two-component modules (a toxin and an antitoxin) that 

are typically co-expressed or tightly co-regulated32. Genomic studies have shown that they 

are almost ubiquitous in bacteria and archaea32. Although the molecular mechanisms and 

biological functions of most TA systems remain poorly understood105, three possible functions 

have been described so far: plasmid maintenance, antibiotic tolerance and abortive 

infection106–108. In general, the toxin component inhibits cell growth by targeting an essential 

cellular process and antitoxin component protects cells by neutralising the toxin105. The toxin 

is usually a protein that is metabolically stable in the cells, whereas the antitoxin is highly labile 

and continuously expressed during normal conditions32,109. However, under certain stress 

conditions, for example phage infection, the amount of antitoxin is reduced which leads to 

activation of toxins32,109. In Escherichia coli, hok/sok system from plasmid R1 induced the loss 

of membrane potential by the activity of a membrane-associated polypeptide in response to 

phage T4 infection110,111. Another TA system from Escherichia coli, termed RnlAB system, 

degraded mRNAs rapidly by RnlA upon phage T4 infection112. RnlB neutralised non-specific 
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RNase activity of RnlA which is toxic to cells112. Notably, RnlB was extremely labile compared 

to RnlA and was presumably susceptible to phage T4 infection112. Similar to RnlAB system, 

mazEF TA system also exploits lethal RNase activity to exclude phage P1 infection113. 

 

1.1.5.5 Recently discovered signalling systems function via Abi mechanism 

 

Recent studies have discovered a novel antiviral mechanism, termed cyclic-oligonucleotide-

based anti-phage signalling system (CBASS), reviewed and classified by Millman et al.114. 

Genomic analyses have indicated that CBASS system and its variants are widespread in 

prokaryotic genomes with considerable diversity114. The schematic pathway is shown in Figure 

1.3D. Although only a small amount of CBASS systems have been characterised 

experimentally, these systems are able to confer immunity through a distinct pathway with two 

modules114. One module senses the infection and generates cyclic oligonucleotides114. The 

other module is the effector that is activated by the cyclic oligonucleotides and exerts immunity 

by inducing cell death or dormancy114. The biological function of CBASS was first described 

in Vibrio cholerae115. This CBASS system encodes four proteins: a cyclase that generates 

3’3’-cyclic GMP-AMP (cGAMP) upon phage infection; a phospholipase that can be activated 

by cGAMP; two proteins with eukaryotic-like domains that are essential for defence of most 

tested phages115. The immunity was mediated by activation of the phospholipase, thereby 

leading to inner bacterial membrane degradation and cell death115,116. Moreover, the cGAMP-

generating cyclase in CBASS is a homologue of eukaryotic cyclic GMP-AMP synthase 

(cGAS)115. The cGAS protein is previously identified in the eukaryotic cGAS-STING (cGAS-

stimulator of interferon genes) pathway in mammalian cells117. In cGAS-STING pathway, 

cGAS senses cytosolic DNA and produces the signalling molecule 2’3’-cGAMP that in turn 

activates STING protein117–119. This then results in the production of interferons and innate 

immune response117–119. The CBASS system is thought to share common ancestry with the 

cGAS-STING immune pathway115.  
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In addition to cGAMP, cyclic tri-adenylate (cA3) is used as a messenger molecule in a CBASS 

system from Escherichia coli upon infection120. The effector NucC is an endonuclease that 

non-specifically cleaves dsDNA when activated120. This results in destruction of chromosomal 

DNA and confers immunity by inducing abortive infection120. Notably, 31 distinct NucC 

homologues were identified within type III CRISPR-Cas systems by comprehensive search of 

bacterial genes120. One of them was activated by messenger molecule cA3 and displayed DNA 

endonuclease activity in biochemical assays120. It is possible that these homologues function 

via Abi mechanism in response to viral infection in CRISPR-Cas systems. 

 

Furthermore, a CBASS system from Enterobacter cloacae can recognise various cyclic 

oligonucleotide messengers and activate its effector Cap4121. Cap4 is also a DNA 

endonuclease that mediate phage immunity via abortive infection121. It recognises 

messengers by its SAVED (SMODS-associated and fused to various effector domains)121. 

Interestingly, SAVED is a fusion of two CARF (CRISPR associated Rossmann fold) domains 

from type III CRISPR, which suggests CBASS may evolutionarily relate to CRISPR-Cas 

system121. In type III system, many ancillary effectors are activated by cyclic oligonucleotides 

binding to their CARF domain, then non-specifically cleave RNA or DNA122–132, which is 

predicted to be toxic to the host (reviewed in detail in Section 1.3). These immune responses 

resemble the abortive infection mediated by CBASS system. The cyclic oligonucleotides 

synthesised from both systems might be shared and cross-activate the effectors from each 

system. 

 

1.1.5.6 Phage evading Abi systems 

 

In contrast, many strategies to bypass Abi systems have been discovered in phages. For 

example, detection of the Gol peptide of phage T4 in Escherichia coli results in inhibition of 

translation and cell death (discussed above)100. However, phage T4 with gol mutations can 

overcome the defence and infect the cells133. Except for escaping the detection, another 
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strategy to circumvent Abi systems is to inhibit toxicity directly by producing antitoxin. In a TA 

system, termed RnlAB system (discussed above), non-specific RNase activity of RnlA is 

induced in response to phage T4 infection112. But phage T4 can inhibit this RNase activity 

when it encodes the antitoxin Dmd shortly after infection134. Interestingly, Dmd can also 

neutralise another toxin, named LsoA, that is from a different TA system134. Furthermore, 

phage can repair the damage caused by Abi system, thereby propagating135. For example, 

anticodon nuclease PrrC cleaves lysine transfer RNA upon phage infection, but some T4 

phages can repair the damage by polynucleotide kinase and RNA ligase135. More mechanisms 

to evade Abi systems are reviewed by Samson et al.11, although many of them remain poorly 

understood and require further investigation.  

 

1.1.6 Other antiviral mechanisms and viral counter-strategies 

 

In addition to adsorption inhibition, innate immune systems, adaptive immune systems and 

abortive infection mechanisms reviewed above, novel antiviral mechanisms are under 

investigation continuously. This section will focus on strategies with unique features and those 

discovered only by genomic studies, which are poorly understood. On the other hand, viral 

evasion strategies that are not specifically against certain defence systems will also be 

reviews in this section.  

 

The antiviral strategies discussed above are mediated by either multi-subunit complexes or 

proteins. In contrast, a recent discovered phage defence mechanism is conferred by small 

chemical molecules136. The schematic pathway is shown in Figure 1.3E. This defence 

mechanism is widely distributed within Streptomyces genus136. Among the naturally produced 

secondary metabolites, several compounds that identified are able to intercalate dsDNA136. 

This could result in phage replication block and provide protection against phage infection136. 

However, the underlying mechanisms of self and non-self DNA recognition remain unclear. In 

some cases, temperate phages form quiescent lysogens (prophages) and mediate defence 
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systems against subsequent phage infection, termed superinfection exclusion137,138. Usually, 

the same or closely related virus is excluded137,138. For example, RexAB system encoded by 

λ prophage in Escherichia coli prevents subsequent T4rII phage infection via Abi mechanism 

(discussed in Section 1.1.5)101,102. In addition, different prophages from Mycobacterium 

smegmatis encode various defence systems against viral attack138. Moreover, several 

prophages have been discovered to collude with the hosts to provide protection against 

phages that are genomically unrelated to them103,104.  

 

A recent study that aimed to systematically map the defence islands in bacteria and archaea 

has identified 28 candidate defence systems, of which 26 were successfully expressed in 

model organisms67. They were challenged by different phages or foreign plasmids67. Nine of 

these systems provided protection against phages and one against plasmids67. They are 

named after protective deities from various mythologies (Thoeris, Hachiman, Shedu, Gabija, 

Septu, Lamassu, Zorya, Kiwa, Druantia, Wadjet)67. Among them, Thoeris, Zorya and Kiwa are 

hypothesised to associate with cell membrane67. However, the exact mechanisms of them are 

unclear. They are categorised into ‘Unknown mechanisms’ in Figure 1.3F. This schematic is 

only hypothesis and does not represent that any of these systems function via the process 

shown in Figure 1.3F. 

 

On the other hand, invading viruses also adopted some unique strategies to circumvent or 

subvert antiviral systems. For example, jumbo phages can segregate viral DNA from DNA 

targeting modules of the host by forming a nucleus-like compartment139,140. It has been 

demonstrated that these compartments protect phage DNA from many CRISPR-Cas systems 

or RM systems140,141. However, this strategy of jumbo phage is vulnerable to RNA targeting 

immune systems that cleave phage mRNA in the cytoplasm140,141. Recently, genomic analyses 

have discovered several novel anti-defence genes on MGEs142. They are found often 

clustered with genes that encode predicted anti-defence systems, therefore these loci are 

termed “anti-defence islands”142. Further study of recent discovered antiviral defence systems 
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and anti-defence systems will probably expand our understanding of arms race between 

prokaryotes and MGEs, which may eventually bring progress in ecology and biotechnology. 

 

1.1.7 Interaction and transfer between defence systems for additional protection 

 

Owing to the diversity of viruses and their ability to develop counter-strategies that circumvent 

antiviral systems4,11,96,138, multiple lines of defence are required by prokaryotes. Indeed, as 

some defence systems only destroy one type of virus, prokaryotes simultaneously harbour 

diverse defence systems and some prokaryotes even harbour several systems of the same 

kind10. To offer multiple lines of defence, some immune systems are proposed to be coupled 

with Abi mechanisms32. For example, effector complex of type III CRISPR-Cas system cleaves 

specific nucleic acids and its ancillary proteins non-specifically degrade DNA or RNA, which 

may result in a growth arrest (reviewed in detail in the following sections). The effector Cas12 

of type V CRISPR and effector Cas13 of type VI CRISPR are also suggested to cleave nucleic 

acids non-specifically, in addition to their targeted viral nucleic acids cleavage87. Moreover, 

some molecules or signals are able to regulate multiple Cas genes of different CRISPR-Cas 

systems143. Other defence strategies may also interact with CRISPR-Cas systems. Quorum-

sensing signals downregulate the gene of cell surface receptor but promote expression of Cas 

genes21,143. The cyclic oligonucleotides synthesised in response to viral infection can cross-

activate ancillary proteins of Type III CRISPR-Cas system and CBASS system. In addition to 

interact with each other, defence systems are frequently gained and lost via horizontal gene 

transfer32. Therefore, the composition of defence systems within a population is highly variable. 

The population then harbours an arsenal of defence systems that is accessible to single 

microorganism10. This theory is named pan-immune system that effectively reduces the fitness 

cost of each microorganism10. 
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1.2 CRISPR-CAS ADAPTIVE IMMUNITY AND ANTI-CRISPR MECHANISMS 

 

CRISPR-Cas systems have been explored extensively in the past several years, owing to the 

applications of Cas proteins as powerful genome editing tools144–148. The clustered repeats of 

these systems were first discovered in Escherichia coli by Ishino et al. in 1987149. The name 

CRISPR was introduced and four cas genes were first identified in CRISPR-containing 

prokaryotes by Jansen et al. in 200283. By investigating the spacers of CRISPR loci, the 

sequence homologies and proposed relations between spacers and some MGEs were 

discovered in 2005150–152. These results implied that CRISPRs may play an important role in 

prokaryotic immunity against invading MGEs150–152. 

 

Following these studies, a comparative genomic analysis proposed that Cas proteins and 

CRISPRs compose a novel immune system that is analogous to eukaryotic RNA 

interference153. Of note, the biological function of CRISPR-Cas systems was soon confirmed 

by an experimental study in 200789. In the experiment, phage-derived sequence was 

integrated into the CRISPR array as a new spacer, which linked to phage resistance89. The 

resistance was conferred by Cas enzymatic activities and was modified by removal or insertion 

of certain spacers89. The pathway of CRISPR-Cas was further investigated in Escherichia 

coli93. The CRISPR array was transcribed and the transcript was processed by Cas proteins 

into crRNAs in a stage termed expression or biogenesis (Figure 1.4)93. These crRNAs 

contained virus-derived sequence and served as guides to interfere with invading viruses 

(Figure 1.4)93,95. Following these studies, Cas9 was discovered as a single effector protein to 

cleave foreign MGEs, which raised the possibility to use Cas9 as a programmable genome 

editing tool154. Other CRISPR-Cas systems were also studied extensively. These systems will 

be reviewed below in terms of the three stages of their immune response. 
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1.2.1 Adaptation stage 

 

The unique feature of CRISPR-Cas immunity is its ability to provide immune response against 

those invading MGEs encountered in the past. This immune memory is achieved by 

integrating new fragments of foreign genetic information, termed protospacer into host 

CRISPR arrays (Figure 1.4). The integrated fragments are termed spacers and their biological 

function was first discovered by Barrangou et al.89. In general, adaptation stage contains two 

steps: spacer capture and integration. The proteins Cas1 and Cas2 are proposed to play 

important roles during whole adaptation stage and are almost universal modules across the 

CRISPR-Cas systems91,92,155. To date, most studies have focused on investigation of 

adaptation on type I and II CRISPR-Cas systems. The well characterised adaptation 

mechanisms of several CRISPR-Cas subtypes will be discussed in the section, although the 

adaptation steps of many subtypes remain poorly understood. 

 

In type I systems, Cas1 and Cas2 proteins form an essential part which consists of a Cas2 

dimer sandwiched by two Cas1 dimers (Cas14-Cas22)156–161, schematically shown in Figure 

1.5A. Cas1 was found able to cleave ssDNA, branched DNAs, dsDNA or ssRNA in vitro162–164. 

Cas2 also exhibited endonuclease activity, but the activity is not essential for spacer 

acquisition156,165. Cas2 dimer was proposed to form a structural scaffold to bridge Cas1 dimers 

and stabilise DNA sequence that acquired156,158. In subtype I-E CRISPR-Cas system, without 

additional Cas proteins, Cas14-Cas22 complex identified functional protospacers by 

recognising the PAM (protospacer adjacent motif) sequence, a three-nucleotide sequence 

flanked by protospacer157,158. The captured sequence, termed prespacer containing a 

protospacer and a PAM, was further processed for integration166. In subtype I-C system, 

additional protein Cas4 was found to form a complex with Cas14-Cas22 structure167, 

schematically shown in Figure 1.5A. Two Cas4 monomers were shown in close proximity to 

the two Cas1 dimers on each side167. This complex specifically recognised PAM sequence 

and processed the prespacer before integration167. Unsurprisingly, Cas4 also played a critical 
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role in PAM sequence recognition and prespacer maturation in other type I CRISPR-Cas 

systems168–171. Moreover, cas4 genes have also been found in type II and V CRISPR-Cas 

loci172, although their mechanisms remain unknown.  

 

On the other hand, a recent structural study of adaptation in subtype II-A CRISPR-Cas system 

revealed that the additional protein Csn2 is needed to form a complex with Cas1 and Cas2160. 

The three proteins mainly formed a structure that consists of eight Cas1, four Cas2 and eight 

Csn2 subunits, with a duplex DNA binding inside the central channel of the complex160. In 

adaptation stage, the complex was proposed to slide on the DNA before reaching the effector 

Cas9 that was bound to the PAM (Figure 1.5B)160. The prespacer was then cleaved from the 

site for subsequent integration.  

 

Furthermore, in subtype III-B CRISPR-Cas system, a RT domain was fused to Cas1, which 

allows prespacer capture directly from the transcripts65. This enables the functional spacer 

acquisition from actively transcribed regions65. The type III systems lacking a RT subunit is 

likely unable to select spacers preferentially173. For example, type III systems in Thermus 

thermophilus were found to employ a conventional spacer acquisition machinery, in which 

both strands of phage DNA are targeted for spacer acquisition173. The RT-Cas1 fusion gene 

was also identified in several type VI CRISPR-Cas loci by genomic studies174. Their precise 

mechanisms remain poorly understood. Interestingly, cas1 and cas2 genes are typically lost 

in type IV systems86. Their adaptation stages are poorly understood.  

 

In contrast, viruses can readily escape the specific immunity by mutating certain sequences 

during infection11,175. Thus, diverse spacers targeting the same virus are required to thoroughly 

eliminate current invaders175. The strategy to rapidly acquire multiple spacers was reported in 

type I and type II CRISPR-Cas systems, termed primed spacer acquisition87. In type I systems, 

when target recognition is impaired in the interference stage, the interference effector will 

recruit a Cas1-Cas2 complex before its functional nuclease subunit alongside the target 
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DNA176,177. Together, they form a primed acquisition complex (PAC) which licenses the 

acquisition of new spacers176,177. On the other hand, primed spacer acquisition in a type II 

system requires the cleavage of the effector Cas9 and new spacers are captured from the 

vicinity of cleavage, thereby constituting a pool of diverse spacers178. 

 

After prespacer capture and processing, the DNA sequence is then integrated into the 

CRISPR array. Another well conserved module among CRISPR-Cas systems is the AT-rich 

leader sequence, upstream of the first repeat of CRISPR locus92. This leader-repeat junction 

is proposed to be critical for recognition of spacer integration179. The integration step is 

mediated by two cleavage-ligation reactions that are carried out by prespacer-Cas protein 

complex to insert a spacer into the leader side of CRISPR array (Figure 1.6)159,161,180. The 

processed prespacer contains two free 3’-hydroxyl groups at both ends that are used for 

nucleophilic attacks on leader-repeat junction159,161,180. In the studies of type I CRISPR-Cas 

systems, the first nucleophilic attack likely took place at leader-repeat boundary of forward 

DNA strand and the next attack took place at the first repeat-spacer boundary of the reverse 

DNA strand (Figure 1.6)159,180. The two DNA strands of the first repeat were then separated 

and a new spacer was sandwiched by the two strands159,180, followed by DNA repair by 

unknown mechanisms. The orientation of the integrated spacer is proposed to be determined 

by asymmetrically trimming of PAM sequence before integration166,181. The PAM sequence 

was found to be protected by a Cas1-Cas2 complex until the nucleophilic attack took place, 

resulting in correct orientation of the spacer166. The orientation mechanism of those CRISPR-

Cas systems that lack PAMs remains poorly understood. Moreover, the prespacer-Cas protein 

complex is localised to specific integration site with the help of integration host factor (IHF) in 

the subtype I-E system (Figure 1.5A)182. In type II systems, a sequence at 3’ end of the leader, 

termed leader anchoring sequence (LAS) (Figure 1.5B), enhances the integration specificity183. 

 

Recently, a novel prokaryotic superfamily of self-synthesising transposons has been 

identified184,185. These transposons encode several variable proteins, but the only enzyme that 
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is predicted to mediate DNA transposition reactions is a homologue of the Cas1 

endonuclease155. Hence, the transposons are named casposons and the Cas1 homologues 

named casposases184. Casposons are distributed among many archaeal and some bacterial 

genomes and they have been classified into 4 families155,184,186. 

 

Notably, phylogenetic analysis suggests that the divergence of casposon-encoded Cas1 is 

antecedent of the radiation of CRISPR-Cas systems184,187. It indicates that the CRISPR 

adaptation machinery may originate from casposons. Moreover, Cas1 proteins from CRISPR-

Cas systems and casposases share high sequence similarity and contain same conserved 

residues in the active site155. They catalyse nucleic acids via a divalent metal ion-dependent 

mechanism155. The integration reaction mediated by casposases consists of two cleavage-

ligation reactions, same as the integration mediated by Cas1-Cas2 complex (Figure 1.6)188. 

The integration reactions result in repeat duplication or target site duplication (TSD) for 

CRISPR or casposon integration, respectively155. The casposases also display a site-specific 

preference in catalysis155,189. More recently, the structures of both casposase and Cas1-Cas2 

in complex with DNA were compared and the evolutionary pathway from casposon integration 

to spacer integration was discussed189. 
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Figure 1.5. Schematics of spacer acquisition of type I and type II CRISPR-Cas systems. 
(A) Schematic of spacer acquisition of type I system. Cas14-Cas22 complex or Cas42-Cas14-
Cas22 complex identifies functional protospacers by recognising the flanked PAM sequence. 
Captured prespacers are processed, leaving two 3’-hydroxyl groups at both ends that are used 
for nucleophilic attacks on leader-repeat junction. The prespacer-Cas protein complex is 
localized to specific integration site with the help of IHF. (B) Schematic of spacer acquisition 
of type II system. The interference effector Cas9 identifies and binds to PAM sequence. Csn28-
Cas18-Cas24 complex is assembled containing two Cas14-Cas22 on both sides with two 
tetramer Csn2 in the centre that forms a channel for duplex DNA binding. The schematic of 
this complex is simplified in the figure. This complex slides on the DNA before reaching the 
effector Cas9 that binds to PAM. The prespacers are captured, processed and integrated to 
leader-repeat junction. The integration is localised by LAS sequence. Repeats are denoted as 
grey rhombuses in the figure. Figures adapted from Nussenzweig and Marraffini87 
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Figure 1.6. Schematic of a new spacer integration in CRISPR-Cas system. 
The prespacer contains the protospacer sequence and two 3’-hydroxyl groups at both ends. 
The first nucleophilic attack using one 3’-OH takes place at leader-repeat boundary of forward 
DNA strand of CRISPR array (yellow arrow 1). One strand of prespacer is ligated to the 
forward DNA strand. The second nucleophilic attack using another 3’-OH takes place at the 
first repeat-spacer boundary of reverse DNA strand (yellow arrow 2), joining the other strand 
of prespacer to the reverse DNA strand. The duplex DNA is then repaired by host enzymes. 
Figure adapted from Rollie et al.180 
 

 

1.2.2 Expression stage 

 

The second stage of CRISPR immune response is termed expression or biogenesis when 

CRISPR arrays are transcribed and processed to mature crRNAs (Figure 1.4). Typically, a 

CRISPR array is transcribed into a long precursor crRNA (pre-crRNA) from the promoter 

located in the leader sequence94. The pre-crRNA contains several repeat-derived sequences 

interspaced by spacer-derived sequences (Figure 1.4)94. The subsequent maturation steps, 

including recognition and cleavage, vary in different CRISPR-Cas systems. In class 1 (type I, 
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type III and type IV) systems, the Cas6 endoribonuclease family proteins (or Cas5d for subtype 

I-C) are employed190–193. Typically, the repeat-derived sequence of pre-crRNA, which is 

partially palindromic, forms a hairpin structure that is recognised by the 

endoribonuclease87,191,194. Moreover, it was observed that Cas6b from Methanococcus 

maripaludis subtype I-B system helped the pre-crRNA to form a proper hairpin structure for 

cleavage195. In some organisms, the same Cas6 endoribonuclease is shared among type I 

and type III systems196,197.  

 

After binding of pre-crRNA, Cas6 or Cas5d initiates a cleavage downstream of the hairpin 

stem (within the repeat-derived sequence), which generates several crRNAs containing a 

spacer-derived sequence flanked by repeat-derived sequence on both ends94,190–196. The 5’ 

end usually contains 8 repeat-derived nucleotides, termed 5’-handle. In type I systems, Cas6 

or Cas5d typically remains bound with crRNA which is incorporated to the interference 

complex, whilst in type III systems, Cas6 is dissociated87,94. Moreover, in type III systems, 3’ 

end hairpin structure is predicted to be trimmed before trafficked to the interference 

complex198,199.  

 

In class 2 (type II, type V and type VI) systems, dedicated endoribonuclease for crRNA 

maturation is missing. In type II systems, an additional trans-activating CRISPR RNA 

(tracrRNA) is transcribed from CRISPR locus200. It forms stem-loop structures and anneals to 

repeat region of pre-crRNA through base pairing200. The effector Cas9 is then recruited to 

stabilise the complex when the RNA duplex is cut by the housekeeping enzyme RNase III, 

thereby releasing from the long pre-crRNA transcript200. After the 5’ end of crRNA is further 

trimmed by unknown enzyme, this RNA duplex-Cas9 complex is used for interference200. 

However, RNase III is not required in a subtype II-C from Neisseria meningitidis201. In type V 

and type VI systems, the pre-crRNA is processed by their effector proteins which recognise 

the hairpin structure formed by the repeat region202,203. Moreover, tracrRNA is also discovered 

in some type V systems, but the precise mechanism remains unknown86. 
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1.2.3 Interference stage 

 

After maturation of crRNA, a ribonucleoprotein complex is immediately formed in class 2 

CRISPR-Cas systems, whilst the crRNA is trafficked into corresponding Cas protein complex 

in class 1 systems, as discussed above. The ribonucleoprotein complex is termed surveillance 

complex or interference effector complex that is able to target cognate invading MGEs in a 

sequence-specific manner in interference stage87,204. The mechanisms significantly differ 

between class 1 and class 2 systems87. The work in this thesis focuses on the immune 

response activated by a second messenger that is synthesised by the type III CRISPR effector 

complex. Therefore, interference of type III systems will be reviewed in detail in this section. 

The interference of other CRISPR-Cas systems of class 1 and the systems of class 2 will also 

be briefly reviewed in this section. 

 

1.2.3.1 Interference of type III CRISPR-Cas systems 

 

Although class 2 CRISPR-Cas systems have received considerable attention, due to their 

simple effector complex that can be used as a genome editing tool144–148, class 1 systems are 

more common in nature86. The interference complexes within this class (type I, III and IV) 

share a similar architecture despite their extensive divergence in many aspects198,205–208. Many 

structures of type I and III complexes have been determined and their schematics are shown 

in Figure 1.7. Initially, several subunits were identified and they contained an RNA recognition 

motif (RRM) domain that interacts with the binding crRNA86. They comprised a superfamily, 

termed RAMP (repeat-associated mysterious protein) that was divided into three distinct 

groups: Cas5, Cas6 and Cas786. Proteins within each group share structural similarity but vary 

in sequence86. Generally, these Cas proteins consist of a helical backbone filament of the 

effector complex of class 1 system, flanked by a large subunit (Cas8 in type I, Cas10 in type 

III and putatively Csf1 in type IV) at one end86,87,198,205–209.  

 



 31 

For type III systems, the effector complexes are further divided into six subtypes, namely 

subtype III-A to III-F86. The effector is also named Csm (Cas subtype Mtube) complex in 

subtype III-A, III-D, III-E and III-F systems or Cmr (Cas module RAMP) complex in subtype III-

B and III-C systems86,210. Therefore, the Cas proteins that consist of the complexes are also 

named Csm1-5 or Cmr1-6 accordingly (Table 1.1). Subtype III-A (Csm) and III-B (Cmr) 

complexes have been well characterised and are shown as schematics in Figure 1.7B and 

Figure 1.8. The overall architecture of the complex consists of a helical backbone formed by 

multiple Cas7 (Csm3/Cmr4, green in Figure 1.8) subunits that scaffold the crRNA. This 

backbone filament is intertwined and supported by another filament formed by one or multiple 

small subunits Cas11 (Csm2/Cmr5, grey in Figure 1.8). Two filaments are capped by Cas7 

family proteins (Csm5 in type III-A or Cmr1 and Cmr6 in type III-B) at 3’ end of crRNA, whereas 

Cas10 (Csm1/Cmr2) and Cas5 (Csm4/Cmr3) cap the 5’-handle of crRNA at the other end 

(Figure 1.8). The subunit stoichiometry varies in different type III complexes and for more 

detailed structures or reviews, see Ref.96,198,205,206,208,211–216. The Cas5 and Cas7 subunits 

adopt a thumb-like domain to interact with the adjacent subunits and introduce periodic kinks 

in the crRNA-target RNA duplex at 6-nucleotide intervals206,211. This arrangement places the 

scissile bonds close to the conserved aspartate of Cas7 (Csm3/Cmr4) that initiates the target 

RNA cleavage at the distances of 6 nucleotides206,211,217. 

 

Table 1.1. Subunit name in different type III effector complexes. 

Table adapted from Molina et al.208 

Family 

In Csm complex  

(subtype III-A, D, E and F) 

In Cmr complex 

(subtype III-B and C) Position in complex 

Cas10 Csm1 Cmr2 Large subunit 

Cas11 Csm2 Cmr5 Small subunit 

Cas7 Csm3 Cmr4 Backbone 

Cas5 Csm4 Cmr3 Bottom cap 

Cas7 Csm5 Cmr6 and Cmr1 Top cap 
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Figure 1.7. Schematics of interference mechanisms in type I and III CRISPR-Cas systems. 
(A) Interference pathway of subtype I-E CRISPR-Cas systems. The effector complex contains 
a helical backbone formed by multiple Cas7 subunits that stabilise the binding crRNA. One 
end of the complex is capped by Cas6 that stabilises the 3’ end hairpin structure and the other 
end is capped by Cas8 (Cse1) and Cas5 that bind to 5’-handle. The complex targets cognate 
dsDNA by recognising the PAM sequence that flanks protospacer, then dsDNA is unwound 
and base paired with crRNA which forms a R-loop structure, resulting in recruitment of a 
nuclease-helicase Cas3 by Cas8 (Cse1). Cas3 initiates the cleavage on the non-target DNA 
strand. (B) Interference pathway of subtype III-A CRISPR-Cas systems. The effector complex 
contains a helical backbone formed by multiple Cas7 (Csm3) subunits that scaffold the crRNA. 
One end of the complex is capped by Csm5 at 3’ end of crRNA, whereas Cas10 and Csm4 
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cap the 5’-tag (containing repeat-derived nucleotides) of crRNA at the other end. The complex 
targets nascent transcript by base pairing of crRNA and target RNA. If the 5’-tag is not 
complementary to target RNA (non-self transcript), the HD domain and Palm domains of 
Cas10 are activated. The HD domain mediates a ssDNA cleavage towards transcription 
bubble, whereas the two Palm domains synthesise various cyclic oligoadenylates that 
activates various CRISPR ancillary effectors. Csm6 is one of them that degrades RNA non-
specifically. After target RNA cleavage, both ssDNA cleavage and cOAs synthesis are 
inhibited. Figures adapted from Nussenzweig and Marraffini87 
 
 

 

Figure 1.8. Interference of type III CRISPR-Cas system. 
The effector complex consists of a helical backbone formed by multiple Cas7 (Csm3/Cmr4, 
green) subunits that scaffold the crRNA. This backbone filament is intertwined and supported 
by another filament formed by Cas11 (Csm2/Cmr5, grey) small subunits. Two filaments are 
capped by Cas7 family proteins (Csm5 or Cmr1 and Cmr6) at 3’ end of crRNA, whereas Cas10 
(Csm1/Cmr2, light magenta) and Cas5 (Csm4/Cmr3, blue) cap the 5’-handle of crRNA at the 
other end. The complex targets nascent transcript by base pairing of crRNA and target RNA 
and target RNA is cleaved by Cas7 backbone units. The 5’-handle contains 8 repeat-derived 
nucleotides that is complementary to self-transcripts from CRISPR array. If the 5’-handle 
anneals to nascent transcript, the Cas10 is inactive which avoids autoimmunity. Otherwise, 
the HD domain and Palm domains of Cas10 subunit are allosterically activated. The HD 
domain mediates a ssDNA cleavage towards transcription bubble, whereas the two Palm 
domains synthesise various cyclic oligoadenylates that activates various CRISPR ancillary 
effectors. The effectors are able to degrade RNA and DNA non-specifically. The effect Csa3 
is able to regulate the expression of CRISPR loci. Both ssDNA cleavage and cOAs synthesis 
are inhibited after target RNA cleavage. Figure adapted from Athukoralage and White96 
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The large subunit Cas10 (Csm1/Cmr2) is the signature protein of type III systems, although 

cas10 gene is absent in subtype III-E system86. Typically, it harbours an N-terminal histidine-

aspartate (HD) nuclease domain, two Palm domains and two α-helical domains206,208,212,217. It 

forms a heterodimer with Cas5 (Csm4/Cmr3), which caps the 5’-handle of crRNA (Figure 

1.8)208,212,217. The 5’-handle is also termed the 5’-tag that contains 8 repeat-derived nucleotides, 

denoted by position (-1) to (-8) counted from repeat-spacer region boundary to the 5’ end of 

crRNA208,212. The corresponding 8-nucleotide sequence of the target RNA is termed 3’-anti-

tag region. When a nascent transcript is generated, the effector complex is tethered to the 

transcription bubble by base pairing of target mRNA and the spacer region of crRNA218–220. If 

the 3’-anti-tag of a target RNA is not complementary to the 5’-tag (cognate target RNA), the 

HD domain and Palm domains of Cas10 subunit are allosterically activated (Figure 

1.8)124,131,132,212,218–220. 

 

The HD domain mediates a non-specific ssDNA cleavage towards DNA, whereas the two 

Palm domains synthesise various cyclic oligoadenylates (cOAs) (Figure 1.7B and Figure 

1.8)124,131,132,213,218–220. cOA second messengers activate various CRISPR ancillary effectors 

that will be described in Section 1.3. On the other hand, the 3’-anti-tag of self-transcripts from 

CRISPR array contains repeat-derived sequence that is complementary to 5’-tag (non-

cognate target RNA), which avoids activation of Cas10, thereby preventing autoimmune 

response220–222. In both cases (non-cognate and cognate target RNA binding), the target RNA 

is cleaved, allowing the complex to dissociate. In cognate RNA recognition, both ssDNA 

cleavage and cOAs synthesis are inhibited after target RNA cleavage124,131,132,218–220. However, 

a recent study indicated that Csm complexes from both Thermus thermophilus and 

Staphylococcus epidermidis do not cleave ssDNA at transcription bubble223. Moreover, a 

comparative genomic analysis indicated that the Cas10 subunit typically lacks HD domain in 

subtype III-D systems210. These results leave the role of HD domain controversial in some 

type III systems. 
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Recently, the cryo-EM structures of Streptococcus thermophilus (Sth) Csm complex bound to 

both non-cognate and cognate target RNA revealed molecular mechanisms underlying the 

activation of Cas10212. The nucleotides at position (-6) and (-7) of 5’-tag form hydrogen bonds 

directly with Cas10 (Csm1) and Cas5 (Csm4), respectively, while nucleotides (-6) to (-8) make 

stacking interactions with the subunits212. The nucleotide (-1) is also unable to base pair with 

target RNA as it is kinked and stabilised by the thumb of Cas5 (Csm4) and Cas7 (Csm3)212. 

The nucleotides at position (-2) to (-5) are stabilised by Cas5 (Csm4) but their base edges are 

solvent-exposed and available to base pair with target RNA212. When non-cognate target RNA 

is engaged, nucleotides (-2) to (-5) of 5’-tag is base paired with nucleotides (-2)’ to (-5)’ of 3’-

anti-tag and the 4-base pair duplex sits in the cleft between Cas10 (Csm1) and Cas5 (Csm4) 

(schematic in the left inset of Figure 1.8)212. When cognate target RNA is engaged, the Linker 

of the two Palm domains and a loop from Palm1 domain form a positive-charged channel 

within Cas10 (Csm1), where nucleotides (-2)’ to (-5)’ of 3’-anti-tag is positioned (schematic in 

the middle inset of Figure 1.8)212. Moreover, biochemical assays have indicated that the 

arrangement of the Linker and 3’-anti-tag is important for ssDNA cleavage of HD domain and 

cOA synthesis212.  

 

Another structural study of Thermococcus onnurineus (Ton) Csm complex demonstrated that 

cognate target RNA binding disordered a Glu-rich loop segment in the catalytic pocket of HD 

domain, which licensed ssDNA cleavage activity206. The structure of TonCsm in complex with 

cOA product, the substrate or intermediate revealed mechanism underlying the formation of 

cOA second messengers213. Two ATP substrates bound to both Palm domains and the 3’-OH 

of one molecule was activated and launched a nucleophilic attack on the α-phosphate of the 

other substrate213. The linear intermediate was further attacked by incoming ATP with its 3’-

OH to generate longer linear intermediate213. The cyclic oligoadenylate formation was 

observed when two adenosines of one intermediate were positioned in the two Palm domain 

pockets, followed by an intramolecular nucleophilic attack213. The downstream cOA activated 

CRISPR immune response that will be described in Section 1.3. Interestingly, the Palm 
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domains of Cas10 in subtype III-C and subtype III-F systems are predicted to be inactivated, 

while cas10 gene is absent in subtype III-E system86,210. The precise mechanism of immune 

response in these systems remains unclear. 

 

1.2.3.2 Interference by type I and IV systems 

 

The type I system was the first identified system that is widely distributed among prokaryotes 

and has been well characterised86. Although the interference complex targets cognate 

invading dsDNA, it shares considerable similarities with Csm or Cmr complex in architecture 

(Figure 1.7)198,205. An example of the complex is shown in Figure 1.7A, which is from subtype 

I-E system that is also termed Cascade (CRISPR-associated complex for antiviral 

defence)93,224. Cascade contains a helical backbone formed by multiple Cas7 subunits that 

stabilise the binding crRNA225,226. The “belly” of the structure is composed of the large subunit 

Cas8 (Cse1) and two small Cas11 (Cse2) subunits225,226. One end of the complex is capped 

by Cas6 that binds to 3’ end hairpin structure of crRNA, whereas the other end is capped by 

Cas8 (Cse1) and Cas5 that bind to 5’-handle of crRNA, which contains 8 repeat-derived 

nucleotides225,226. In type I systems, the large subunit Cas8 distinguishes viral sequence from 

host genome by recognising the PAM sequence that flanks protospacer227. This mechanism 

allows a rapid sampling of DNA binding sites by the complex228. Following PAM recognition, 

the target dsDNA is unwound and is base paired to crRNA which forms a three-stranded 

nucleic acid structure (Figure 1.7A)225,226. This structure contains two unwound antiparallel 

DNA strands and one RNA strand that is base paired to the cognate DNA strand, leaving the 

other DNA strand displaced (Figure 1.7A). This structure is named R-loop, which is derived 

from D-loop (displacement loop) where all three strands are DNA molecules229. Letter R 

represents the involved RNA strand229. The R-loop formation then induces conformational 

changes in type I effector complex that recruits the signature nuclease-helicase Cas3 or Cas2-

Cas3 fusion protein to Cas8209,226,230. The enzyme initiates the cleavage on the non-target DNA 
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strand (Figure 1.7A), then the target strand is possibly degraded by additional Cas3 or host 

nuclease87,231.  

 

Type IV systems have been identified recently and their molecular mechanisms remain 

elusive86. A recent study has determined the structure of a subtype IV-B effector complex that 

resembles type I and type III complexes207. This complex is assembled upon an RNA and 

consists of two intertwined helical filaments207. The backbone filament is composed by 6 Cas7-

like (Csf2) subunits, while the belly filament is comprised by 5 Cas11 subunits207. Csf3 (Cas5) 

and Csf1 (Cas8-like) subunits are only observed on SDS-PAGE gel207. On the other hand, 

putative helicase DinG, adenosine 5’-phosphosulfate reductase CysH, a RecD family helicase 

and a HD nuclease domain are predicted to provide catalytic activity for invader clearance in 

different type IV systems86,232,233.  

 

1.2.3.3 Interference in class 2 systems 

 

Class 2 CRISPR-Cas systems include three types (type II, type V and type VI), that share a 

similar architecture in effector complex that consists of a single multidomain protein87,234. 

Among them, the type II system was the first to be described and its effector is the signature 

protein Cas995,154,235. Cas9 played a role in both adaptation stage and expression stage as 

described in Section 1.2.1 and 1.2.2 above. After maturation of crRNA, the ribonucleoprotein 

complex targets invading dsDNA by recognition of the PAM sequence, followed by DNA 

unwinding236,237. The base pairing of crRNA and complementary protospacer sequence forms 

a R-loop structure that induces conformational changes then activates nuclease domains of 

Cas9236–239. Cas9 contains a RuvC and an HNH nuclease domains that are responsible for 

cleavage of each target DNA strand, leaving a blunt dsDNA break154,235,240. Type V system 

CRISPR-Cas systems contain 10 subtypes (most in class 2) and they use Cas12 (Cpf1 or 

C1c1) as the effector86. Cas12 recognises PAM sequence and is activated by crRNA-target 

DNA duplex formation241,242, similar to Cas9. However, it only contains a RuvC nuclease 
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domain that cleaves non-target DNA first, then the target strand moves to RuvC catalytic site 

for cleavage242. Interestingly, Cas12 remains bound to the cleaved DNA and stays catalytically 

active that results in cleavage of ssDNA non-specifically242. Type VI system CRISPR-Cas 

system uses Cas13 as its effector. It is allosterically activated by base pairing of crRNA and 

target RNA243,244. It contains two HEPN (higher eukaryotes and prokaryotes nucleotide-binding) 

domains that are able to cleave RNA non-specifically, leading to cell dormancy243,244.  

 

1.2.4 Transposon-encoded CRISPR-Cas systems 

 

As we discussed in Section 1.1.7, each microorganism may benefit from the arsenal of 

defence systems harboured by the population via horizontal gene transfer10,32. This theory is 

named pan-immune system, in which prokaryotic cells frequently gain and lose defence 

systems instead of incorporating all defence systems10,32. The MGEs are proposed to play 

important role in horizontal gene transfer (i.e., gain and loss of defence systems)32,82,88,245.  

 

In the study of CRISPR-Cas systems, the evolutionary link between adaptation machinery and 

transposons has been discussed in Section 1.2.1. In addition, crRNA-guided DNA targeting 

machinery (Cascade, Cas9 and Cas12) is also thought to derive from transposable 

elements246–248. A group of Tn7-like transposons were firstly discussed in a genomic 

analysis246. They encode minimal type I CRISPR-Cas systems with nuclease-deficient 

effectors and transposases without directing units246. It was hypothesised that such 

transposons use the minimal CRISPR-Cas systems for site-specific transposition246. This 

mechanism was confirmed by biochemical and structural studies on a Tn7-like transposon, 

named Tn6677 transposon from Vibrio cholerae249,250. A co-complex encoded by Tn6677 

includes a nuclease-deficient Cascade complex and a transposase subunit, which is able to 

recruit additional transposase subunits for RNA-guided integration249,250. Moreover, another 

Tn7-like transposase was found to catalyse RNA-guided DNA integration in association with 

nuclease-deficient Cas12248. These systems are named CAST (CRISPR-associated 
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transposase) systems248. In the study of Tn6677 transposon, the system was able to direct 

highly specific DNA integrations genome-wide with few design rules, which enables a possible 

genetic editing tool for DNA insertion249. On the other hand, nuclease-deficient Cas9 has also 

been employed to catalyse RNA-guided DNA insertion by fusing it to a casposase251. All these 

systems lay the foundation for a new type of genetic editing tool, named insertion of 

transposable elements by guide RNA-assisted targeting (INTEGRATE) system252. 

 

1.2.5 Anti-CRISPR mechanisms of viruses 

 

To circumvent or subvert CRISPR-Cas systems, viruses also adopt various strategies. As 

described above, type I, II and V systems targets invading dsDNA by recognition of the PAM 

sequence and all systems initiate immune response by crRNA-target base pairing. Thus, 

mutations in PAM or protospacer sequence were able to evade CRISPR-Cas immunity for 

some viruses4,253–256. Notably, sequences immediately downstream of the PAM (seed region) 

are important for crRNA targeting and mutations within the seed region lead to phage 

escape240,253,255. Moreover, phages can also encode small polypeptides, termed anti-CRISPR 

(Acr) proteins, that block CRISPR immune response pathway257–260. One of the strategies is 

to bind directly to crucial Cas proteins. For example, AcrIF1 binds to the Cas7 backbone of 

subtype I-F interference complex, whereas AcrIF2 mimics helical DNA duplex and binds to 

Cas7 and Cas8 of subtype I-F complex, that competes target DNA binding230,261. Moreover, 

AcrIF3 forms a dimer and locks Cas3 in an inactive form, thereby inhibiting its nuclease activity 

and preventing target cleavage262. AcrVA4 was found to repress the immune response of 

subtype V-A system263,264. It binds to and dimerises the Cas12a-crRNA effector 

complexes263,264. 

 

More recently, enzymatic Acrs have also been discovered, which subvert CRISPR-Cas 

systems in a multiple-turnover manner. AcrVA1 inactivates Cas12a-crRNA effector complex 

through triggering the cleavage of bound crRNA263,265. AcrVA5 acetylates a conserved lysine 
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residue of Cas12a that is critical in PAM-recognition266. Moreover, a widely distributed enzyme, 

termed ring nuclease AcrIII-1 is identified to rapidly degrade the second messenger cA4 (cyclic 

tetra-adenylate), which switches off the immune response from CRISPR ancillary proteins267. 

Although several Acrs are transcribed from powerful promoters at early stage of infection268, 

they could be still destroyed by the constitutively expressed CRISPR-Cas systems269,270. One 

counter-strategy is to deliver a payload of Acrs during each infection that immunosuppresses 

the host, resulting in a successful infection when certain Acr concentration is built269,270. The 

diversity of anti-CRISPR strategies highlights the arms race between invading MGEs and 

prokaryotes under evolutionary pressure. 

 

1.3 ANCILLARY PROTEINS OF TYPE III CRISPR-CAS SYSTEMS 

 

Typically, cognate target RNA binding to the Csm/Cmr complex results in cOA synthesis by 

the Palm domains of Cas10 large subunit (discussed in Section 1.2.3.1)124,131,132. The 

molecular mechanism underlying the formation of cOA is also discussed in Section 1.2.3.1213. 

The synthesised cOA is an antiviral second messenger, activating various downstream 

effector proteins that will be reviewed in this section. 

 

1.3.1 Discovery of ancillary proteins Csx1 and Csm6 

 

In early studies, Csx1 and Csm6 were first identified to play important roles in interference of 

type III systems in vivo197,271, although the connection between the effector complex and these 

two ancillary proteins was unclear then. A study on Sulfolobus islandicus Cmr system showed 

that Csx1 was able to restore immunity in csx1 gene deletion strain and csx1 gene was often 

found adjacent to Cmr complex gene197. A study on Staphylococcus epidermidis Csm system 

showed that Csm6 and Palm domains of Cas10 were required for immunity271. On the other 

hand, several apo structures of Csx1 and Csm6 had also been determined272,273. Previously, 
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a crystal structure of Csx1 from Sulfolobus solfataricus was determined and submitted (PDB 

ID: 2I71) without a publication by Midwest Centre for Structural Genomics (Figure 1.9A). 

Another crystal structure of Csx1 from Pyrococcus furiosus was determined by Kim et al. 

(Figure 1.9B)272, whereas Sheppard et al. found that PfCsx1 was a metal-independent RNase 

that specifically cleaved ssRNA by its HEPN domain274. The apo structure of TtCsm6 was also 

determined (Figure 1.9C)273. Likewise, its HEPN domain was responsible for the ssRNA-

specific cleavage activity273. Moreover, all these Csx1 and Csm6 family proteins form a 

homodimer and each monomer contains at least a CARF domain and a HEPN domain272,273. 

The HEPN domain exhibits non-selective RNase activity that results in collateral damage to 

both host and invader, which putatively functions as Abi system273–275. Collectively, the 

conserved CARF domain was predicted to bind a ligand and allosterically activate the fused 

effector domain (schematic in Figure 1.8)273–275. 

 

1.3.2 Identification of the activators for Csx1 and Csm6 

 

Following these studies, it was found that TtCsm6 was remarkably activated by A4>P (2’,3’-

cyclic phosphate-terminated tetra-adenylate), Methanothermobacter thermautotrophicus 

Csm6 (MtCsm6) was activated by A4>P and Enterococcus italicus Csm6 (EiCsm6) was 

activated by A6>P (2’,3’-cyclic phosphate-terminated hexa-adenylate)131. This study also 

showed that Cas10 Palm domains of EiCsm complex generated a 3’-5’ linked cyclic hexa-

adenylate (cA6) that allosterically activated the CARF domain of EiCsm6 (schematic in Figure 

1.8)131. Meanwhile, another study showed Cas10 of Streptococcus thermophilus Csm complex 

generated various cOAs and StCsm6 was activated only by cA6 through its CARF domain132. 

For Csx1, the study on SisCsx1 from Sulfolobus islandicus found that it possessed a RNase 

activity that was significantly improved upon binding to an RNA molecule containing four 

continuous adenosines at the 3’ end276. This study also showed that its CARF domain was 

responsible for ligand binding, thereby activating its HEPN domain276. Then cA4 was identified 

as the activator for SsoCsx1 of Sulfolobus solfataricus (schematic in Figure 1.8), while cOA 
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synthesis was initiated upon target RNA binding and switched off rapidly after target RNA 

cleavage124. Apart from these studies, more Csm6 family proteins from different organisms 

were described122,277–279. Their RNase activity and important roles in immune response were 

elucidated122,277–279, although molecular mechanisms underlying ligand-CARF domain binding 

or allosteric activation of HEPN domain was yet unclear then. 

 

1.3.3 Structure and molecular mechanism of Csx1 and Csm6 

 

More recently, the structures of Csm6 and Csx1 in complex with their activators were 

determined, which explained how ligand-CARF domain binding triggers the activity of HEPN 

domain123,125,127. TonCsm6 from Thermococcus onnurineus is a cA4 activated RNase that 

cleaves ssRNA after adenosine sites, especially between two adenosines125. It is a canonical 

Csm6 family protein that contains a N-terminal CARF and a C-terminal HEPN domain and 

functions as a dimeric architecture (Figure 1.9D)125. Upon binding to its cA4 ligand, subtle 

conformational changes were observed between its inactive and active states125. Notably, 

TonCsm6 is also a self-limiting ring nuclease that cleaves cA4 step-wisely to A4>P then A2>P 

(2’,3’-cyclic phosphate-terminated di-adenylate) in CARF domain, subsequently to A>P (2’,3’-

cyclic adenosine monophosphate) in HEPN domain125. Following the study on the cA6 

activated RNase, EiCsm6, mentioned above131, its crystal structure in complex with a cA6 

mimic was determined (Figure 1.9E)123. The structure revealed that EiCsm6 adopts a 

symmetrical dimer architecture containing dimeric CARF and HEPN domains123. The ligand is 

recognised by an interface between the CARF domain dimers and extensive interactions are 

identified between CARF domains and ligand123. Although the apo structure is lacking, it was 

envisioned that cA6 binding stabilised the active state, resulting in a proper orientation of 

catalytic residues within HEPN domains123. Notably, EiCsm6 is also a self-limiting enzyme that 

cleaves its activator cA6
123.  
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Figure 1.9. Structures of CRISPR-Cas ancillary proteins of CARF domain family. 
(A) Structure of SsoCsx1 (PDB ID: 2I71). It forms a dimeric architecture and each monomer 
contains a N-terminal CARF domain and a C-terminal HEPN domain. (B) Structure of PfCsx1 
(PDB ID: 4EOG). It forms a dimeric architecture and each monomer contains a N-terminal 
CARF domain and a C-terminal HEPN domain. (C) Structure of TtCsm6 (PDB ID: 5FSH). It 
forms a dimeric architecture and each monomer contains a N-terminal CARF domain and a 
C-terminal HEPN domain, that connected by a 6H domain. (D) Structure of TonCsm6 in 
complex with cA4 (PDB ID: 6O6V). It forms a dimeric architecture and each monomer contains 
a N-terminal CARF domain and a C-terminal HEPN domain. cA4 molecules bind to both 
dimeric domains. (E) Structure of EiCsm6 in complex with cA6 (PDB ID: 6TUG). It forms a 
dimeric architecture and each monomer contains a N-terminal CARF domain and a C-terminal 
HEPN domain. cA6 molecule binds to the CARF domains. (F) Structure of SthCan2 in complex 
with cA4 (PDB ID: 7BDV). It forms a dimeric architecture and each monomer contains a N-
terminal CARF domain and a C-terminal PD-(D/E)XK domain. cA4 molecule binds to the CARF 
domains. (G) Structure of SisCsx1 in complex with cA4 (PDB ID: 6R9R). SisCsx1 monomer 
contains a N-terminal CARF and a C-terminal HEPN domain, that connected by a HTH domain. 
Three SisCsx1 dimers form a triangular assembly that harbours the HEPN domain catalytic 
pocket in the centre and three CARF domains at vertexes. cA4 molecule binds to the CARF 
domains. (H) Structure of SsoCsa3 (PDB ID: 2WTE). It forms a dimeric architecture and each 
monomer contains a N-terminal CARF domain and a C-terminal HTH domain. (I) Structure of 
TtCan1 in complex with cA4 (PDB ID: 6SCE). It forms a unique monomeric architecture that 
contains two CARF domains, a PD-(D/E)XK nuclease domain and a nuclease-like domain. 
cA4 molecule binds to the CARF domains. All proteins from (A)-(I) are shown in cartoon 
representation and ligands shown in stick representation. The dimeric CARF domain units are 
coloured in cyan and light cyan, respectively. The dimeric effector domain units are coloured 
in dark blue and sky blue, respectively. The 6H domains of TtCsm6 from (C) are coloured in 
dark orange and yellow, respectively. The dimeric HTH domain units of SisCsx1 from (G) are 
coloured in dark orange and yellow, respectively. The PD-(D/E)XK nuclease domain and 
nuclease-like domain of TtCan1 from (I) are coloured in dark blue and sky blue, respectively. 
 

 

Following the study on the cA4 activated SisCsx1276, its apo and cA4 bound structure were 

determined (Figure 1.9G)127. SisCsx1 monomer contains a N-terminal CARF and a C-terminal 

HEPN domain that connected by a helix-turn-helix (HTH) domain127. Three SisCsx1 dimers 

form a triangular assembly that harbours the HEPN domain catalytic pocket in the centre and 

three CARF domains at vertexes (Figure 1.9G)127. Upon cA4 binding, several loops within 

CARF domain reshaped and the binding pocket was then observed127. The comparison of two 

SisCsx1-cA4 complexes crystallised at different temperatures suggests that a conformational 

change of bound cA4 triggers the activity of HEPN domains127. The rearrangement was 

transmitted along the HTH domains to HEPN domains127. 
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1.3.4 Ancillary effectors other than Csx1 and Csm6 families 

 

All ancillary proteins of type III CRISPR-Cas systems discussed above are from Csm6 or Csx1 

family. They form dimeric architectures or subunits shown in Figure 1.9. They sense their cOA 

activators by dimeric CARF domains and cleave ssRNA by dimeric HEPN domains to 

potentiate the immune response. Following these studies, we identified two novel CARF family 

ancillary effectors from Thermus thermophilus type III system and Sulfobacillus 

thermosulfidooxidans type III system, respectively. The work on them constitutes my PhD 

study. They will be described in CHAPTER 3 and CHAPTER 4, respectively. We also named 

them as Can1 (CRISPR ancillary nuclease 1) and Can2 (CRISPR ancillary nuclease2), 

respectively. An orthologue of Can2 from Treponema succinifaciens, termed Card1 (cOA-

activated single-stranded ribonuclease and single-stranded deoxyribonuclease 1) has been 

described by another research group128. It will be discussed in CHAPTER 4 with the study of 

Can2.  

 

In addition to nucleases, one CARF domain family protein Csa3 from Sulfolobus solfataricus 

was identified (Figure 1.9H)280. Its apo structure revealed that it forms a dimeric architecture 

with each monomer contains a N-terminal CARF domain and a C-terminal HTH domain, 

proposed to be a transcriptional regulator280. Biochemical studies of Csa3a from Sulfolobus 

islandicus indicated that it up-regulated transcription of adaptation cas genes and CRISPR 

array in subtype I-A system, mediated by cA4 (schematic in Figure 1.8)281. Recently, a novel 

identified transcriptional regulator Csa3b from Sulfolobus islandicus was observed to play 

roles in both subtype I-A and III-B systems282,283, which suggests the interaction between 

different CRISPR-Cas systems. Moreover, comparative genomic analyses have identified 

more CARF or SAVED domain-containing proteins that may function in diverse cellular 

pathways, mediated by cOA signalling284–286.  
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1.3.5 Ancillary proteins that degrade the signalling activators 

 

The ancillary proteins discussed above are cOA-activated effectors that function via their 

effector domains. Apart from them, several ancillary proteins have been found to sense and 

degrade the signalling molecules129,267,287–289. They will be discussed in this section. 

 

Although cOAs synthesis is switched off rapidly after target RNA cleavage124, the extant 

signalling molecules are predicted to keep the effectors activated290. A comprehensive 

dynamic interplay performed by my colleagues indicated that approximately 6 μM cA4 was 

generated per target RNA molecule by Sulfolobus solfataricus subtype III-D system290. It is in 

great excess to activate its effector290. The non-specific DNase or RNase activity of the 

effectors contains an intrinsic potential for damaging host nucleic acids after infection is 

cleared. Indeed, the studies on Csm6 from Staphylococcus epidermidis and Enterococcus 

italicus showed that excessive activated Csm6 may cause collateral damage to the hosts that 

results in cell growth arrest123,279. The study on Card1 from Treponema succinifaciens showed 

that it leads to cell growth arrest by its single-stranded DNase128. 

 

Unsurprisingly, a ring nuclease from Sulfolobus solfataricus, named Crn1 (CRISPR-

associated ring nuclease 1), has been found capable to specifically degrade the cA4 second 

messengers267,287. It only contains a canonical CARF domain and is dedicated to cleaving cA4 

molecules in a dimeric architecture287. Recently, another ring nuclease Crn3 (CRISPR-

associated ring nuclease 3) has been identified to degrade cA4 molecules288. It is a distant 

member of CARF domain families, previously named Csx3288,289. In addition, the effector 

TonCsm6 and EiCsm6 discussed above are able to degrade their own activators cA4 and cA6, 

respectively123,125. Likewise, two more CARF domain family RNase were identified to degrade 

the cA4 activator molecule122,129. In addition to CARF domain-containing ancillary proteins, ring 

nuclease Crn2 (CRISPR-associated ring nuclease 2) is related to the viral ring nuclease AcrIII-
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1 family and is predicted to be co-opted from virus into CRISPR loci129,267. They are predicted 

to eliminate excessive activators and mitigate collateral damage. 

 

1.4 AIMS AND OBJECTIVES 

 

Previously, ancillary proteins from Csm6 and Csx1 families were first discovered and identified 

to play important roles in type III CRISPR-Cas systems (discussed in Section 1.3.1)197,271–275. 

Following the discovery of cOA signalling pathway124,131,132, the mechanism and structure of 

Csm6 and Csx1 family proteins were then described (discussed in Section 1.3.2 and 

1.3.3)123,125,127. Until the beginning of my research project, all these described ancillary proteins 

from type III systems are non-specific RNase that contains a N-terminal CARF domain and a 

C-terminal HEPN domain. They form a canonical dimer and sense their cOA second 

messengers by the CARF domain, thereby allosterically activating HEPN domain. However, 

a wide range of CARF domain proteins were found to contain various effector domains and 

many of their genes are linked to type III CRISPR-Cas systems275,285,291. Thus, the aim of this 

project is to investigate unknown CARF family proteins from type III systems that are putatively 

activated by cOA second messengers and to investigate how these proteins function in 

CRISPR immune response.  

 

We characterised a novel ancillary protein from Thermus thermophilus type III system, named 

Can1. It has a unique monomeric architecture that contains two CARF domains, a PD-(D/E)XK 

nuclease domain and a nuclease-like domain. It is crystallised in complex with one cA4 

molecule (PDB ID: 6SCE). Its two CARF domains are used for sensing cA4 molecule and the 

PD-(D/E)XK nuclease domain is its effector domain. The structure and mechanism are 

detailed in CHAPTER 3. Following the discovery of Can1, we investigated another PD-

(D/E)XK domain-containing protein of type III system from three different organisms, named 

Can2. It forms a homodimer that is crystallised in complex with one cA4 molecule (PDB ID: 

7BDV). It senses cA4 molecule by the dimeric CARF domains, thereby allosterically activating 
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the dimeric PD-(D/E)XK domains. The structure and mechanism are detailed in CHAPTER 4. 

The important role of Can2 in response to infection is demonstrated by in vivo assays, that 

are detailed in CHAPTER 4. 
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CHAPTER 2 

2 MATERIALS AND METHODS 

 

2.1 CLONING AND PURIFICATION 

 

The genes encoding TtCan1, SthCan2, TsuCan2 and VC1899 are identified and codon 

optimised for expression by Prof Malcolm F. White (University of St Andrews, Scotland). 

Synthetic genes (g-blocks) are cloned into expression vector and expressed in Escherichia 

coli (E. coli) cells. The variants are generated by site-directed mutagenesis. Part of the work 

are carried out by Dr Shirley Graham (University of St Andrews, Scotland).  

 

2.1.1 Cloning of TtCan1 

 

Synthetic gene (g-block) encoding Can1 from Thermus thermophilus HB8 was separated into 

two overlapping fragments and purchased from Integrated DNA Technologies (IDT), Coralville, 

USA. The sequence was codon optimised for expression in E. coli cells. The two fragments 

were connected by a BamHI restriction enzyme site and cloned into the plasmid pEHisV5TEV 

(Appendix A) between the NcoI and HindIII restriction enzyme sites. This expression plasmid 

is from Huanting Liu (University of St Andrews, Scotland)292. The sequence integrity was 

confirmed by sequencing (GATC Biotech, Eurofins Genomics, Germany). This cloning 

strategy resulted in the addition of two residues (Leu and Glu) to the C-terminus of the protein. 

The amino acid sequence is listed in Appendix A. The variants E541A/D543A, K90E, 

R206E/R249E, N12A, W42A, H113A, Q222A and Q222E were generated using QuikChange 

Site-Directed Mutagenesis kit as per manufacturer’s instructions (Agilent Technologies, 

California, USA). The primers used for mutagenesis are shown in Table 2.1. The sequence 

integrity of all variants was confirmed by sequencing. 
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Table 2.1. Primers used for site-directed mutagenesis of TtCan1. 

Name Sequence 5’ to 3’ Note 

E541A/D543Af CCACTGCGGTCGCCGGGGTATTTTTTCACCG Forward primer 

E541A/D543Ar ATACCCCGGCGACCGCAGTGGATTGCGGGG Reverse primer 

K90Ef CTGGAGGAGCAGAATACTGGGCG Forward primer 

K90Er CGCCCAGTATTCTGCTCCTCCAG Reverse primer 

R206Ef GCCAAAGATATGTCAGAAAAGGCTTTAAGTG Forward primer 

R206Er CACTTAAAGCCTTTTCTGACATATCTTTGGC Reverse primer 

R249Ef GAATGTATTCGCAGAGTGGCGTGCCTGG Forward primer 

R249Er CCAGGCACGCCACTCTGCGAATACATTC Reverse primer 

N12Af GCCTTCTTGGGGCCGATCCTGCC Forward primer 

N12Ar GGCAGGATCGGCCCCAAGAAGGC Reverse primer 

W42Af CGTTCCCAGCAGCGAACGAGGAGTACG Forward primer 

W42Ar CGTACTCCTCGTTCGCTGCTGGGAACG Reverse primer 

H113Af AGTTGAAGGAGCTCGTGCCCTTGAGGC Forward primer 

H113Ar GCCTCAAGGGCACGAGCTCCTTCAACT Reverse primer 

Q222Af CGCTTAGGGGGTGCGTTGTGCTTGCCC Forward primer 

Q222Ar GGGCAAGCACAACGCACCCCCTAAGCG Reverse primer 

Q222Ef CGCTTAGGGGGTGAGTTGTGCTTGCCC Forward primer 

Q222Er GGGCAAGCACAACTCACCCCCTAAGCG Reverse primer 
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2.1.2 Cloning of Can2 orthologues 

 

Synthetic genes encoding SthCan2 from Sulfobacillus thermosulfidooxidans, TsuCan2 from 

Thioalkalivibrio sulfidiphilus and VC1899 from Vibrio cholerae were codon optimised for 

expression and purchased from IDT. The genes were cloned into the pEHisV5TEV vector 

(Appendix A) between the NcoI and BamHI restriction enzyme sites. Their amino acid 

sequences are listed in Appendix A. The nuclease variants SthCan2 E276A/D278A, TsuCan2 

E302A/K304A and VC1899 E291A/D293A were generated using QuikChange Site-Directed 

Mutagenesis kit as per manufacturer’s instructions (Agilent Technologies). The primers used 

for mutagenesis are shown in Table 2.2. The sequence integrity of all constructs was 

confirmed by sequencing. 

 

Table 2.2. Primers used for site-directed mutagenesis of Can2 orthologues. 

Name Sequence 5’ to 3’ Note 

SthCan2 

E276A/D278Af 
GTCTCCAATGCACTGGCCGTCGTTTTTTTATAC Forward primer 

SthCan2 

E276A/D278Ar 
GTATAAAAAAACGACGGCCAGTGCATTGGAGAC Reverse primer 

TsuCan2 

E302A/K304Af 

CGCTTATGGGTACTGGCATGCGCGGCTTCGAAT

ACCTTCGC 
Forward primer 

TsuCan2 

E302A/K304Ar 

GCGAAGGTATTCGAAGCCGCGCATGCCAGTACC

CATAAGCG 
Reverse primer 

VC1899 

E291A/D293Af 

CGCGAAGTACGCAATGCGCTTGCCGTAGCAACC

GTCGT 
Forward primer 

VC1899 

E291A/D293Ar 

ACGACGGTTGCTACGGCAAGCGCATTGCGTACT

TCGCG 
Reverse primer 
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2.1.3 Protein expression and purification of TtCan1 and its variants 

 

Each constructed plasmid was transformed into E. coli C43 (DE3) competent cells (Sigma-

Aldrich, Missouri, USA). For protein expression, a single colony was picked and grown 

overnight in 12 ml LB (lysogeny broth) liquid medium at 37 °C with shaking. 10 ml of the culture 

was inoculated into 1 L large scale LB medium (2 L in total) and grown with constant shaking 

at 37 °C to an OD600 of ~0.8. The expression was then induced with 0.4 mM isopropyl-β-D-1-

thiogalactoside (IPTG). Grown was continued overnight with constant shaking at 25 °C. The 

cells were harvested by centrifuging at 3063 × g at 4 °C for 15 min and drained. The pellet 

was frozen at -20 °C until required. The cells were defrosted and resuspended in lysis buffer 

(50 mM Tris-HCl pH 7.5, 500 mM NaCl, 10mM imidazole and 10% glycerol) supplemented 

with EDTA-free protease inhibitor (Roche, Switzerland; one tablet per 100 ml) and lysozyme 

(Sigma-Aldrich, Missouri, USA; 1 mg/ml). The cells were lysed by sonicating six times for 1 

min on ice allowing 1 min interval rest. The lysate was cleared by centrifuging at 117734 × g 

at 4 °C for 45 min. The supernatant was filtered through a 0.45 μm polyvinylidene difluoride 

(PVDF) membrane filter (MilliporeSigma, Massachusetts, USA) and applied to a 5 ml HisTrap 

FF crude column (GE Healthcare, Illinois, USA), equilibrated in wash buffer (50 mM Tris-HCl 

pH 7.5, 500 mM NaCl, 30mM imidazole and 10% glycerol). After washing with 5 column 

volumes (CV) of wash buffer, proteins were eluted with a concentration gradient of elution 

buffer (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 500 mM imidazole and 10% glycerol), consisting 

of 30-500 mM imidazole. The elution process was held at 20% of elution buffer for 4 CV and 

50% of elution buffer for 4 CV, corresponding to the two peaks in Figure 2.1A. Fractions 

corresponding to the peaks were analysed by SDS-PAGE (sodium dodecyl sulphate- 

polyacrylamide gel electrophoresis), using Invitrogen NuPAGE from Thermo Fisher Scientific, 

Massachusetts, USA. 

 

The protein-containing fractions (the second peak) were pooled and concentrated using a 30 

kDa molecular mass cut-off centrifugal concentrator (MilliporeSigma, Massachusetts, USA). 
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The polyhistidine affinity tag of the protein was removed by Tobacco Etch Virus (TEV) 

protease (1 mg per 10 mg protein) while dialysing in wash buffer overnight at room 

temperature. The protein was isolated from TEV protease by the HisTrap FF crude column 

and unbound fraction was collected. The protein was further purified by size exclusion 

chromatography (HiLoad 26/600 Superdex 200 prep grade; Cytiva, Massachusetts, USA) in 

gel filtration buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl). Fractions corresponding to the 

peak (Figure 2.1B) were analysed by SDS-PAGE. The protein-containing fractions were 

pooled and concentrated using a 30 kDa molecular mass cut-off centrifugal concentrator. The 

concentrated protein was aliquoted, flash frozen in liquid nitrogen and stored at -80 °C. 

 

 

Figure 2.1. The purification of TtCan1. 
(A) Elution profile of immobilized metal ion affinity chromatography for TtCan1. The protein 
was purified by a Nickel column. The absorption at 280 nm is plotted against elution volume 
during the chromatography. Two prominent peaks were observed. Fractions from the second 
peak were pooled, followed by TEV-cleavage of N-terminal polyhistidine affinity tag. (B) 
Elution profile of size-exclusion chromatography for TtCan1. After TEV-cleavage, the protein 
was isolated from TEV protease by a second Nickel column and loaded onto a gel filtration 
column. The absorption at 280 nm is plotted against elution volume during the 
chromatography. Only a single prominent peak was observed. Fractions from the peak were 
pooled and concentrated. All variants of TtCan1 were purified by the same method. 
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2.1.4 Purification of selenomethionine labelled TtCan1 

 

The constructed plasmid was transformed into E. coli B834 (DE3) cells (MilliporeSigma, 

Massachusetts, USA). A single colony was picked and grown overnight in LB liquid medium 

supplemented with 1% glucose at 37 °C with shaking. 25 ml of the overnight culture was 

pelleted and wash by M9 minimal medium three times. Then the culture was inoculated into 1 

L large scale M9 minimal medium supplemented with Selenomethionine Nutrient Mix 

(Molecular Dimensions, UK). After 20 min growing, (L)-selenomethionine (50 mg/L; Acros 

Organics, Massachusetts, USA) was added into the culture. The cells were grown with 

constant shaking at 37 °C to an OD600 of ~0.8. The expression was then induced with 0.4 mM 

IPTG. Grown was continued overnight with constant shaking at 25 °C. Selenomethionine 

labelled TtCan1 was purified as described above.  

 

2.1.5 Protein expression and purification of Can2 orthologues and variants 

 

Each constructed plasmid was transformed into E. coli C43 (DE3) competent cells. For protein 

expression, a single colony was picked and grown overnight in 12 ml LB liquid medium at 

37 °C with shaking. 10 ml of the culture was inoculated into 1 L large scale LB medium (2 L in 

total) and grown with constant shaking at 37 °C to an OD600 of ~0.8. The expression was then 

induced with 0.4 mM IPTG. Grown was continued overnight with constant shaking at 25 °C. 

The cells were harvested by centrifuging at 3063 × g at 4 °C for 15 min and drained. The pellet 

was frozen at -20 °C until required. The cells were defrosted and resuspended in lysis buffer 

(50 mM Tris-HCl pH 7.5, 500 mM NaCl, 10mM imidazole and 10% glycerol) supplemented 

with EDTA-free protease inhibitor (one tablet per 100 ml) and lysozyme (1 mg/ml). The cells 

were lysed by sonicating six times for 1 min on ice allowing 1 min interval rest. The lysate was 

cleared by centrifuging at 117734 × g at 4 °C for 45 min. The supernatant was filtered through 

a 0.45 μm PVDF membrane filter and applied to a 5 ml HisTrap FF crude column, equilibrated 

in wash buffer (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 30mM imidazole and 10% glycerol). 
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After washing with 5 column volumes (CV) of wash buffer, proteins were eluted with a 

concentration gradient of elution buffer (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 500 mM 

imidazole and 10% glycerol), consisting of 30-500 mM imidazole. The elution process was 

held at 20% of elution buffer for 4 CV and 50% of elution buffer for 4 CV, corresponding to the 

two peaks in Figure 2.2A. Fractions corresponding to the peaks were analysed by SDS-PAGE. 

The protein-containing fractions (the second peak) were pooled and concentrated using a 30 

kDa molecular mass cut-off centrifugal concentrator. 

 

The polyhistidine affinity tag of the protein was removed by TEV protease (1 mg per 10 mg 

protein) while dialysing in wash buffer overnight at room temperature. The protein was isolated 

from TEV protease by the HisTrap FF crude column. The unbound fraction was collected and 

buffer-exchanged into gel filtration buffer (50 mM MES pH 6.5 and 150 mM NaCl) using a 10 

kDa molecular mass cut-off centrifugal concentrator. The protein was further purified by size 

exclusion chromatography in gel filtration buffer. Fractions corresponding to the peak (Figure 

2.2B) were analysed by SDS-PAGE. The protein-containing fractions were pooled and 

concentrated using a 10 kDa molecular mass cut-off centrifugal concentrator. The 

concentrated protein was aliquoted, flash frozen in liquid nitrogen and stored at -80 °C. For 

purification of TsuCan2 and its variant, the bound fraction was collected after the second 

HisTrap FF crude column purification as vast majority of protein were in the bound fraction. 

The gel filtration buffer used for TsuCan2, VC1899 and their variants contains 20 mM Tris-

HCl pH 7.5, 150 mM NaCl. 
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Figure 2.2. The purification of SthCan2. 
(A) Elution profile of immobilized metal ion affinity chromatography for SthCan2. The protein 
was purified by a Nickel column. The absorption at 280 nm is plotted against elution volume 
during the chromatography. Two prominent peaks were observed. Fractions from the second 
peak were pooled, followed by TEV-cleavage of N-terminal polyhistidine affinity tag. (B) 
Elution profile of size-exclusion chromatography for SthCan2. After TEV-cleavage, the protein 
was isolated from TEV protease by a second Nickel column and loaded onto a gel filtration 
column. The absorption at 280 nm is plotted against elution volume during the 
chromatography. Only a single prominent peak was observed. Fractions from the peak were 
pooled and concentrated. All orthologues and variants of SthCan2 were purified by the same 
method. 
 

 

2.1.6 Purification of selenomethionine labelled SthCan2 

 

The constructed plasmid was transformed into E. coli B834 (DE3) cells. A single colony was 

picked and grown overnight in LB liquid medium supplemented with 1% glucose at 37 °C with 

shaking. 25 ml of the overnight culture was pelleted and wash by M9 minimal medium three 

times. Then the culture was inoculated into 1 L large scale M9 minimal medium supplemented 

with Selenomethionine Nutrient Mix. After 20 min growing, (L)-selenomethionine (50 mg/L) 

was added into the culture. The cells were grown with constant shaking at 37 °C to an OD600 

of ~0.8. The expression was then induced with 0.4 mM IPTG. Grown was continued overnight 
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with constant shaking at 25 °C. Selenomethionine labelled SthCan2 was purified by the same 

method described for native SthCan2. 

 

2.2 DETERMINATION OF PROTEIN-LIGAND STRUCTURE 

 

2.2.1 Crystallisation, X-ray data processing, structure solution and refinement of TtCan1 

 

Co-crystallisation of TtCan1-cA4 complex, data collection, data phasing, structure solution and 

model refinement were carried out by Dr Stephen A. McMahon (University of St Andrews, 

Scotland) from the laboratory of Dr Tracey Gloster (University of St Andrews, Scotland). 

Structural analysis was performed by Dr Stephen A. McMahon and Dr Tracey Gloster. The 

results used in this thesis are adapted from McMahon et al.126 The native and 

selenomethionine labelled TtCan1 were provided as required. 

 

2.2.2 Small angle X-ray scattering (SAXS) 

 

The experiment and data analysis were performed by Dr Robert Rambo (Diamond Light 

Source Ltd, UK). The results used in this thesis are adapted from McMahon et al.126 SAXS is 

an analytic technique that probes nanoscale structural features by recording the intensity and 

angle of the scatted X-rays when they are travelling through the sample293,294. The scattering 

is measured at small angles, typically in the range of 0.1-10°293,294. The SAXS for the solution 

state of apo TtCan1 and TtCan1-cA4 complex was measured coupled to size exclusion 

chromatography. SAXS derived radius of gyration Rg and paired-distance-distribution were 

characterised. We only discuss the results briefly as the assay is performed by our collaborator. 

 

 

 



 58 

2.2.3 Crystallisation, X-ray data processing, structure solution and refinement of SthCan2 

 

Co-crystallisation of SthCan2-cA4 complex, data collection, data phasing, structure solution 

and model refinement were carried out by Stuart McQuarrie (University of St Andrews, 

Scotland). Structural analysis was performed by Stuart McQuarrie and Dr Tracey Gloster. The 

results used in this thesis are adapted from Zhu et al.130 The native and selenomethionine 

labelled SthCan2 were provided as required. 

 

2.3 MULTIPLE SEQUENCE ALIGNMENT 

 

Amino acid sequences are from NCBI. All sequences were aligned using Clustal Omega295 

and displayed using the ESPript server296. The schematic secondary structure was obtained 

by using the ESPript server296 and annotated above alignment. 

 

2.4 PROTEIN BIOCHEMICAL ANALYSIS 

 

2.4.1 Isothermal titration calorimetry (ITC) studies of TtCan1 

 

ITC is a quantitative technique used in thermodynamic characterization of biomolecular 

interactions in solution297,298. It determines the thermodynamic parameters of binding by 

directly measuring the heat released or absorbed during the dissociation reaction (enthalpy 

changes DH)297,298. By using the relation below, Gibbs free energy changes (DG), entropy 

changes (DS) and association constant (Ka) can be determined. 

 

D! = −	%&ln)! = D* − &D+ 

(where R is the gas constant and T the absolute temperature).  
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The dissociation constant Kd is the inverse of Ka. In our study, the data was analysed by using 

MicroCal PEAQ-ITC Analysis Software (Malvern Panalytical, UK) and Kd of TtCan1 binding 

with cA4 was calculated.  

 

All wild-type TtCan1 and cA4 were dialysed in the same ITC buffer (20 mM MES pH 6.5, 100 

mM NaCl and 1 mM EDTA) overnight at room temperature. TtCan1 and cA4 were diluted by 

the same ITC buffer to approximate 10 and 100 μM, respectively. The accurate final 

concentration of TtCan1 was measured by NanoDrop before experiments for calculation. 

Identical aliquots of cA4 were titrated from a syringe, stirring at 750 rpm, into TtCan1 in the 

sample cell at 25 °C by using MicroCal PEAQ-ITC (Malvern Panalytical, UK). Control assay 

was carried out using same cA4 was titrated into the ITC buffer. The titration volume of each 

injection and the times of injection may change between different assays. The data of each 

assay was analysed by using MicroCal PEAQ-ITC Analysis Software. Accurate concentration 

of TtCan1 was used and the binding site was fix to one. The control was used for normalising.  

 

2.4.2 Preparation of cA4 

 

Unlabelled cA4 was purchased (BIOLOG Life Science Institute, Germany) and diluted to stock 

solution by the Tris buffer (20 mM Tris-HCl pH 7.5, 100 mM NaCl and 1 mM EDTA). Same 

cA4 concentration was used as the protein in each reaction unless specified. 32P radiolabelled 

cA4 was prepared by Dr Januka S. Athukoralage (University of St Andrews, Scotland) of our 

laboratory. 5 nM α-32P-ATP was incubated with 120 µg S. solfataricus subtype III-D (Csm) 

complex in the presence of 0.5 mM ATP, 1 mM MgCl2 and 100 nM Target RNA A26 (Table 

2.3) for 2 h at 70 °C in MES pH 5.5 buffer (20 mM MES pH 5.5, 100 mM potassium glutamate, 

1 mM dithiothreitol (DTT) and three units SUPERase•In RNase Inhibitor (Thermo Fisher 

Scientific, Massachusetts, USA)). All samples were deproteinized by phenol-chloroform 

extraction (Ambion, Massachusetts, USA). The deproteinized samples were further isolated 
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by chloroform extraction (Sigma-Aldrich, Missouri, USA). Unlabelled and radiolabelled cA4 

were stored at -20 °C until required. 

 

2.4.3 Electrophoretic mobility shift assay (EMSA) to analyse binding affinity 

 

The ligand binding affinity of protein and ligand can be described by the apparent dissociation 

constant (Kd). The general reaction is given by: 

 

,"-# ⇋ /, + 1-                               (2.1) 

 

where A expresses protein, B expresses ligand and AxBy is the complex of protein and ligand. 

When the reaction is at equilibrium, we have: 

 

$[&!'"]
$) =	2$3,"-#4 −	2*[,]"[-]# = 0                 (2.2) 

 

where [A], [B] and [AxBy] are the concentrations of protein, ligand and protein-ligand complex, 

respectively. When the protein is in dimer topology, [A] is the concentration of dimer. kd and 

ka express the rate of dissociation and association. The apparent dissociation constant is 

defined as: 

 

)+ =	 ,#,$ 	= 	
[&]![']"
[&!'"]

                                  (2.3) 

 

When both protein and ligand have sole binding site where x = y = 1, we have: 
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)+ =	 [&]['][&']                                        (2.4) 

 

In principle, the initial concentration of protein [A]0 and ligand [B]0 are given by: 

 

[,]- = [,] + [,-]                             (2.5) 

[-]- = [-] + [,-]                             (2.6) 

 

The fraction of ligand bound can be obtained: 

 

Fraction	of	ligand	bound = 	 [&'][']%
=	 [&']

['].[&']            (2.7) 

 

According to equation (2.4), we have: 

 

Fraction	of	ligand	bound = 	
['][)]
*+

['].['][)]*+
	                  (2.8) 

 

We can rearrange the equation: 

 

Fraction	of	ligand	bound	 = 	 /
*+
[']./

                   (2.9) 

 

In this case, Kd is the dissociation constant and equals to the unbound protein concentration 

producing half occupation. [A] is the concentration of unbound protein. However, in this 
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equation, all binding events are considered to be independent. To determine the degree of 

cooperativity of the ligand binding to the receptor, we change the equation (2.4) and (2.5) to: 

 

)+ =	 [&][']
,

[&',]
                                      (2.10) 

[,]- = [,] + [,-0]                               (2.11) 

 

Then we have the fraction of protein bound by ligand: 

 

Fraction	of	protein	bound = 	 [&',][&]%
	= 	

['][)],
*+

[&].['][)],*+

             (2.12) 

 

We can rearrange the equation: 

 

Fraction	of	protein	bound = 	 /
*+
[)],.	/

                      (2.13) 

 

If we replace the Kd with (KA)n, we have the Hill-Langmuir equation: 

 

Fraction	of	protein	bound = 	 /
2*'[)]3

,
./

                    (2.14) 

 

Kd is the apparent dissociation constant while KA is microscopic dissociation constant. [B] is 

the concentration of free ligand and n is the Hill coefficient. 
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To evaluate the binding affinity of cA4 bound to TtCan1 or its variants, the fraction of ligand 

bound (independent binding) was measured by EMSA. We incubated roughly 100 nM 32P 

radiolabelled cA4 with protein in MES pH 6.5 buffer (20 mM MES pH 6.5, 100 mM NaCl, 1 mM 

EDTA and 2 μM bovine serum albumin (BSA)) in the presence of 5 mM MnCl2 at room 

temperature for 10 min. The protein concentrations used in the assay are 0.1, 0.25, 0.5, 1, 2 

and 4 µM. All reactions were added with same volume of 20% glycerol before loading onto a 

native polyacrylamide gel. The gel contains 15% acrylamide in 1 × Tris/borate/EDTA (TBE) 

buffer (50 ml per gel before casting) and was polymerised by adding 220 μl of 10% ammonium 

persulfate and 56 μl of N,N,N’,N’-tetramethylethylenediamine (TEMED) (Sigma-Aldrich, 

Missouri, USA). 32P radiolabelled cA4 was phosphor imaged overnight and visualised by a 

Typhoon FLA 7000 imager (GE Healthcare, Illinois, USA). According to crystal structure, we 

considered that the binding of cA4 to TtCan1 is independent. Therefore, we estimated the 

approximate value of apparent dissociation constant Kd according to equation (2.9), where Kd 

equals to the unbound protein concentration producing half occupation. We qualitatively 

compared apparent dissociation constants between wild-type TtCan1 and its variants. 

 

To determine the dissociation constants of cA4 bound to SthCan2, the fraction of ligand bound 

(independent binding) or the fraction of receptor bound (cooperative binding) was measured 

by EMSA. We incubated 200 nM 32P radiolabelled cA4 with protein in HEPES buffer (20 mM 

HEPES pH 7, 100 mM NaCl, 1 mM EDTA, 2 μM BSA and three units SUPERase•In RNase 

Inhibitor (Thermo Fisher Scientific, Massachusetts, USA)) in the presence of 5 mM MgCl2 at 

room temperature for 10 min. The protein concentrations used in the assay are 0.025, 0.05, 

0.1, 0.2, 0.3, 0.4, 0.5, 1, 2.5 and 5 µM (measured as dimer). The incubation without protein 

was used as negative control. The experiment was carried out in triplicate. All reactions were 

added with same volume of 20% glycerol before loading onto a 15% native polyacrylamide 

gel. 32P radiolabelled cA4 was phosphor imaged overnight and visualised by a Typhoon FLA 

7000 imager. The amount of cA4 was quantified by Bio-Formats plugin299 of ImageJ as 

distributed in the Fiji package300. The unbound cA4 of each reaction was divided by the 
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negative control to give the fraction unbound. The fraction of cA4 bound was plotted against 

free protein dimer concentrations using Kaleidagraph (Synergy Software) and the data was 

fitted to equation (2.9) by Kaleidagraph for measuring apparent dissociation constant Kd of 

independent binding. For cooperative binding, we consider cA4 is the receptor and dimer 

SthCan2 is the ligand for calculation, as we titrated dimer SthCan2 to certain amount of cA4. 

Then we plotted the same date again and fitted it to equation (2.14) by Kaleidagraph for 

measuring microscopic dissociation constant KA, apparent dissociation constant Kd and Hill 

coefficient n of cooperative binding. 

 

2.4.4 Thin-layer chromatography (TLC) to analyse ring nuclease activity 

 

To test ring nuclease activity of TtCan1, we incubated roughly 10 nM 32P radiolabelled cA4 

with TtCan1 at 60 °C for 10 min. The concentrations of TtCan1 used in the assay are 0.1, 0.2, 

0.5, 1, 2, 5, 10 and 20 µM. To test ring nuclease activity of SthCan2, we incubated roughly 10 

nM 32P radiolabelled cA4 with SthCan2 at 50 °C for 10 min. The concentrations of SthCan2 

used in the assay are 0.1, 0.2, 0.5, 1, 2, 5, 10 and 20 µM (measured as monomer). All 

reactions were carried out in HEPES buffer (20 mM HEPES pH 7, 100 mM NaCl, 1 mM EDTA 

and three units SUPERase•In RNase Inhibitor) in the presence of 5 mM MgCl2. The negative 

control was carried out in the buffer without protein. All reactions were quenched and 

deproteinized by phenol-chloroform extraction (Ambion, Massachusetts, USA). The 

deproteinized samples were further isolated by chloroform extraction (Sigma-Aldrich, Missouri, 

USA). 

 

For TLC, a sealed glass chamber was prewarmed at 35 °C for 1 h, then humidified with 100ml 

of TLC buffer (0.2 M ammonium bicarbonate pH 9.2, 70% ethanol and H2O) at 35 °C for 45 

min. We spotted 1 μl of the isolated samples on a silica gel TLC plate (Supelco Sigma-Aldrich, 

Missouri, USA). The plate was then leant against the wall inside the humidified glass chamber 

at 35 °C for approximate 3 h. The buffer will migrate up along the plate through capillary action. 



 65 

The plate was then air dried and phosphor imaged overnight, followed by visualising using a 

Typhoon FLA 7000 imager (GE Healthcare, Illinois, USA). 

 

2.4.5 Supercoiled plasmid (scDNA) cleavage assays 

 

To test deoxyribonuclease activity of the proteins, we chose the plasmid pEHisV5TEV 

(supercoiled plasmid; scDNA) as one of the substrates. Its sequence is listed in Appendix A.  

 

For TtCan1, 2 nM pEHisV5TEV was incubated with 200 nM (unless specified) TtCan1 or its 

variants in MES pH 6.5 buffer (20 mM MES pH 6.5, 100 mM NaCl and 1 mM EDTA) in the 

presence of cA4 and 5 mM MnCl2 at 60 °C. The concentration of cA4 was the same as the 

protein unless specified. The incubation time and the conditions for controls were specified in 

each assay. All reactions were quenched by 10 mM EDTA followed by addition of Gel Loading 

Dye, Purple (6X) (New England BioLabs, Massachusetts, USA). Subsequently, all reactions 

were loaded onto a 0.7% native agarose gel and the gel was stained with ethidium bromide. 

It was excited at wavelength of 532 nm and visualised by a Typhoon FLA 7000 imager (GE 

Healthcare, Illinois, USA). 

 

For Can2 orthologues, approximate 2 nM pEHisV5TEV was incubated with 1 μM (unless 

otherwise stated) (measured as monomer) Can2 orthologues or their variants in HEPES pH 

7 buffer (20 mM HEPES pH 7, 100 mM NaCl and 1 mM EDTA) in the presence of cA4 and 5 

mM MnCl2 or MgCl2. The concentration of cA4 was the same as the protein unless specified. 

The temperature and time of incubation and the conditions for controls were specified in each 

assay. All reactions were analysed by agarose gel as described above. 
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2.4.6 Single-stranded RNA (ssRNA) cleavage assays 

 

To test ribonuclease activity of the proteins, we used the ssRNA, P1A26crRNA-FAM as a 

substrate. It was purchased from Integrated DNA Technologies (IDT), Coralville, USA. It is a 

5’ 6-FAM labelled ssRNA and its sequence (60 nucleotides) is listed in Table 2.3. 

 

For TtCan1, 50 nM ssRNA was incubated with 200 nM (unless specified) TtCan1 or its variants 

in HEPES pH 7 buffer (20 mM HEPES pH 7, 100 mM NaCl, 1 mM EDTA and three units 

SUPERase•In RNase Inhibitor (Thermo Fisher Scientific, Massachusetts, USA)) in the 

presence of cA4 and 5 mM MnCl2 or MgCl2 at 60 °C. The concentration of cA4 was the same 

as the protein unless specified. The incubation time and the conditions for controls were 

specified in each assay. All reactions were quenched by 10 mM EDTA followed by addition of 

same volume of formamide (Sigma-Aldrich, Missouri, USA). Subsequently, all reactions were 

heated at 95 °C for 5 min and loaded onto a 20% denaturing polyacrylamide gel (20% 

acrylamide, 7 M urea and 1 × Tris/borate/EDTA (TBE) buffer). The gel was polymerised by 

adding 220 μl of 10% ammonium persulfate and 56 μl of TEMED (Sigma-Aldrich, Missouri, 

USA) and pre-run for 30 min before sample loading. The fluorescence was excited at 

wavelength of 495 nm and visualised by a Typhoon FLA 7000 imager (GE Healthcare, Illinois, 

USA). 

 

For Can2 orthologues, 30 nM ssRNA was incubated with 1 μM (unless otherwise stated) 

(measured as monomer) Can2 orthologues or their variants in HEPES pH 7 buffer (20 mM 

HEPES pH 7, 100 mM NaCl, 1 mM EDTA and three units SUPERase•In RNase Inhibitor) in 

the presence of cA4 and 5 mM MnCl2 or MgCl2. The concentration of cA4 was the same as the 

protein unless specified. The temperature and time of incubation and the conditions for 

controls were specified in each assay. All reactions were analysed by denaturing 

polyacrylamide gel as described above. Of note, reactions were deproteinized by phenol-
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chloroform extraction (Ambion, Massachusetts, USA) when SthCan2 and TsuCan2 were 

incubated in the presence of MgCl2. 

 

2.4.7 Single-stranded DNA (ssDNA) cleavage assays 

 

To test deoxyribonuclease activity of the proteins, we used ssDNA as substrates. The activity 

was not investigated extensively, more experiments and controls are required. 

 

For TtCan1, circular single-stranded ΦX174 Virion DNA, purchased from New England 

BioLabs, Massachusetts, USA, was used as the substrate. 5 nM ssDNA was incubated with 

100 nM TtCan1 or its variants in MES pH 6.5 buffer (20 mM MES pH 6.5, 100 mM NaCl and 

1 mM EDTA) in the presence of 100 nM cA4 and 5 mM MnCl2 at 60 °C for 10 min. All reactions 

were analysed by agarose gel as described in Section 2.4.5. 

  

For Can2 orthologues, we used the ssDNA oligonucleotide, J1B50 as a substrate. It was 

purchased from Integrated DNA Technologies (IDT), Coralville, USA. It is a 5’ 6-FAM labelled 

ssDNA and its sequence (50 nucleotides) was listed in Table 2.3. We incubated 30 nM J1B50 

with 200 nM (unless otherwise stated) (measured as monomer) Can2 orthologues or their 

variants. All reactions were carried in MES pH 6.5 buffer (unless otherwise stated) in the 

presence of cA4 and 5 mM MnCl2 or MgCl2. The concentration of cA4 was the same as the 

protein unless specified. The temperature and time of incubation and the conditions for 

controls were specified in each assay. All reactions were analysed by denaturing 

polyacrylamide gel as described in Section 2.4.6. 
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2.4.8 Double-stranded DNA (dsDNA) oligonucleotide cleavage assays 

 

To test deoxyribonuclease activity of the proteins, we used dsDNA oligonucleotide as a 

substrate. We only incubated dsDNA oligonucleotide with Can2 orthologues in our 

experiments. More experiments and controls are required. 

 

For SthCan2, we used the dsDNA oligonucleotide, MM as a substrate. It consists of two 

complementary 5’ 6-FAM labelled ssDNA annealed and their sequences (39 nucleotides) 

were listed in Table 2.3. It was purchased from Integrated DNA Technologies (IDT), Coralville, 

USA. 30 nM dsDNA was incubated with 200 nM (measured as monomer) SthCan2 in HEPES 

pH 7 buffer (20 mM HEPES pH 7, 100 mM NaCl and 1 mM EDTA) in the presence of 200 nM 

cA4 or cA6 and 5 mM MnCl2 or MgCl2 at 37 °C for 3 h. All reactions were analysed by denaturing 

polyacrylamide gel as described in Section 2.4.6. 

 

For TsuCan2, we generated a dsDNA oligonucleotide substrate by annealing J1B50 to its 

complementary sequence (unlabelled with FAM). It was purchased from IDT and its sequence 

(39 nucleotides) was listed in Table 2.3. We incubated 30 nM dsDNA with 200 nM (measured 

as monomer) TsuCan2 in MES pH 6.5 buffer (20 mM MES pH 6.5, 100 mM NaCl and 1 mM 

EDTA) in the presence of 200 nM cA4 and 5 mM MgCl2 at 37 °C for 90 min. For VC1899, same 

substrate was used. 30 nM dsDNA was incubated with 2 μM (measured as monomer) VC1899 

in the same buffer in the presence of 2 μM cA4 or cA6 and 2.5 mM of both MgCl2 and MnCl2 

at 37 °C for 2 h. All reactions were analysed by denaturing polyacrylamide gel as described in 

Section 2.4.6. 

 

2.4.9 Generation of linear or nicked plasmids 

 

Commercial restriction enzyme BamHI (Thermo Fisher Scientific, Massachusetts, USA) was 

incubated with approximate 2 nM pEHisV5TEV as per manufacturer’s instructions for 
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generation of linear plasmid. The pEV5HisTEV contains unique BamHI recognition site 

(G^GATCC). 

 

Nicking endonuclease Nt.BspQI (New England BioLabs, Massachusetts, USA) was incubated 

with approximate 2 nM pEHisV5TEV as per manufacturer’s instructions for generation of 

nicked plasmid. The pEV5HisTEV contains unique Nt.BspQI recognition site (GCTCTTCN^). 

In addition, Nt.BspQI hydrolyses the phosphodiester bond between the 3’-hydroxyl and 5’-

phosphate. Both linear and nicked plasmids were used as controls. 

 

Table 2.3. Oligonucleotides used as target RNA or substrates. 

Name Sequence 5’ to 3’ Note 

Target RNA A26 
AGGGUCGUUGUUAAGAACGACGUUGUUAGA

AGUUGGGUAUGGUGGAGA 

For generating 

radiolabelled cA4 

P1A26crRNA-FAM 
AUUGAAAGACCAUACCCAACUUCUAACAACG

UCGUUCUUAACAACGGAUUAAUCCCAAAA 

5’ 6-FAM labelled 

ssRNA 

J1B50 
CCTCGAGGGATCCGTCCTAGCAAGCCGCTGC

TACCGGAAGCTTCTGGACC 

5’ 6-FAM labelled 

ssDNA 

J1B50_ comp 
GGTCCAGAAGCTTCCGGTAGCAGCGGCTTGC

TAGGACGGATCCCTCGAGG 

Unlabelled DNA 

complementary to 

J1B50 

Forward strand of 

MM 

CGCCCTCGGTGCTAAGTTCATGCGGTACTCG

GAGTATCG 

5’ 6-FAM labelled 

ssDNA 

Reverse strand of 

MM 

CGATACTCCGAGTACCGCATGAACTTAGCAC

CGAGGGCG 

5’ 6-FAM labelled 

ssDNA 
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2.4.10 Determination of rate laws and rate constants by single-turnover approach 

 

To further characterise deoxyribonuclease and ribonuclease activities exhibited by the 

proteins, we carried out several kinetic experiments. The degradation of scDNA and ssRNA 

by both TtCan1 and SthCan2 were robust. Thus, we carried out kinetic study for the proteins 

when scDNA or ssRNA was used as substrate. As the phosphodiester bond of DNA or RNA 

substrate is hydrolysed by one water molecule at each reaction site301, nucleic acid and H2O 

are the reactants of the reaction. Thus, the rate law is given by: 

 

rate = 2[,]"[-]#                                             (2.15) 

  

In this equation, [A] expresses the DNA or RNA concentration and [B] is the concentration of 

water. The exponents x and y are the reaction orders of each reactant. And coefficient k is the 

rate constant of the reaction. As all reactions were carried out in water solution, [B]y is 

considered to be a constant. We have: 

 

  rate = 2[,]"[-]-# = F2[-]-#G[,]" = 2456[,]"                (2.16) 

 

The observed rate constant kobs is the rate constant we observed in the experiment. In the 

situation where the reaction is first-order in substrate (x = 1), the rate law is given by: 

 

rate = − $[&]
$) = 2456[,]                             (2.17) 

 

We can rearrange and integrate both sides to obtain integrated rate law: 
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−ln H[&]-[&]%
I = 2456J                                  (2.18) 

[,]) = [,]-K7,./0)                                (2.19) 

 

In this equation, [A]0 expresses the initial substrate concentration and [A]t expresses substrate 

concentration at given time t. Then, the fraction of substrate cleaved, and incubation time 

could be fitted to the single exponential equation below: 

 

Fraction	cleaved = 1 − [&]-
[&]%

= 1 − K7,./0)               (2.20) 

 

In some enzymatic reactions, the rate of product release limits overall reaction rate when 

product release is slower than chemical conversion. Therefore, we employed single-turnover 

approach to prevent catalytic cycling. In this situation, the multiple hydrolysis on a single 

substrate molecule does not interfere with the reaction order and the observed rate constant 

kobs. The enzyme is then characterised in a general way by kobs that is corresponds to the rate 

of chemical conversion. 

 

To confirm the reaction order and determine the observed rate constant kobs of TtCan1 nicking 

scDNA, two biological samples were assayed in triplicate under pseudo-single turnover 

condition. We incubated 2 nM scDNA with 200 nM TtCan1 in MES pH 6.5 buffer in the 

presence of 200 nM cA4 and 5 mM MnCl2 at 60 °C for 0.5, 1, 1.5, 2, 3 and 5 min. Same amount 

of scDNA was used as negative control. All reactions were analysed by agarose gel as 

described in Section 2.4.5. In this experiment, once a single phosphodiester bond was 

hydrolysed, the plasmid is considered as a product. Therefore, except for scDNA, all nicked 

and linear plasmids on the gel are products of the reaction. The amount of DNA was quantified 

by Bio-Formats plugin299 of ImageJ as distributed in the Fiji package300. The amount of 
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uncleaved scDNA was divided by the negative control at each time point to give the fraction 

uncleaved. The fraction of scDNA cleaved was plotted against time and the data was fitted to 

equation (2.20) using Kaleidagraph (Synergy Software) for measuring kobs. To differentiate the 

observed rate constants between the variants and TtCan1, concentrations of protein and cA4 

were reduced to 100 nM and 20 nM, respectively. The experiments were carried out in 

triplicate for 1, 2, 3, 6 and 10 min. Quantified nicked plasmids was divided by the total value 

of nicked and supercoiled plasmids at each time point to give the fraction cleaved. The fraction 

cleaved was plotted against time and fitted to equation (2.20) using Kaleidagraph.  

 

To confirm the reaction order and determine the observed rate constant kobs of TtCan1 

cleaving ssRNA, we performed a pseudo-single turnover kinetic assay in triplicate. We 

incubated 50 nM ssRNA with 200 nM TtCan1 in HEPES pH 7 buffer in the presence of 200 

nM cA4 and 5 mM MgCl2 at 60 °C for 0.17, 0.5, 1, 3, 5 and 10 min. The reactions in the 

presence of MnCl2 are too fast to be quantified accurately. Same amount of ssRNA was used 

as negative control. All reactions were analysed by denaturing polyacrylamide gel as 

described in Section 2.4.6. The amount of RNA was quantified as described above. The 

amount of uncleaved ssRNA at each time point was divided by the negative control to give the 

fraction uncleaved. The fraction of ssRNA cleaved was plotted against time and the data was 

fitted to equation (2.20) using Kaleidagraph for measuring kobs. 

 

To confirm the reaction order and determine the observed rate constant kobs of SthCan2 

cleaving scDNA, we performed a turnover kinetic assay in triplicate. We incubated roughly 2 

nM scDNA with 1 μM (measured as monomer) SthCan2 in HEPES pH 7 buffer in the presence 

of 1 μM cA4 and 5 mM MnCl2 at 50 °C for 0.17, 0.33, 0.67, 1, 2 and 3 min. All reactions were 

analysed by agarose gel as described in Section 2.4.5. The amount of DNA was quantified as 

described above. The value of nicked and linear plasmids was divided by the total value of 

DNA at each time point to give the fraction cleaved. The fraction cleaved was plotted against 

time and fitted to equation (2.20) using Kaleidagraph for measuring kobs. 
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To confirm the reaction order and determine the observed rate constant kobs of SthCan2 

cleaving ssRNA, we performed a turnover kinetic assay in triplicate. We incubated 30 nM 

ssRNA with 1 μM (measured as monomer) SthCan2 in HEPES pH 7 buffer in the presence of 

1 μM cA4 and 5 mM MgCl2 at 50 °C for 0.17, 0.33, 0.67, 1, 2 and 3 min. The reactions in the 

presence of MnCl2 are too fast to be quantified accurately. Same amount of ssRNA was used 

as negative control. All reactions were analysed by denaturing polyacrylamide gel as 

described in Section 2.4.6. The amount of RNA was quantified as described above. The 

amount of uncleaved ssRNA at each time point was divided by the negative control to give the 

fraction uncleaved. The fraction of ssRNA cleaved was plotted against time and the data was 

fitted to equation (2.20) using Kaleidagraph for measuring kobs. 

 

2.4.11 Alkaline agarose gel electrophoresis 

 

To further analyse the DNA products from incubations of scDNA and proteins, we loaded them 

onto an alkaline agarose gel, where double-stranded DNA is denatured and separated while 

running. The gel is made of 0.7% agarose, 30 mM NaCl and 2 mM EDTA. After casting, the 

gel was immersed for 2 h in alkaline electrophoresis buffer (30 mM NaOH and 2 mM EDTA). 

All samples were mixed with 6 × alkaline gel loading dye (180 mM NaOH, 6 mM EDTA, 18% 

Ficoll 400 and 0.05% bromophenol blue) and heated at 95 °C for 5 min. Then samples were 

chilled on ice for at least 3 min before loading. GeneRuler 1 kb DNA Ladder (Thermo Fisher 

Scientific, Massachusetts, USA) was denatured by the same method and run alongside the 

samples. The gel was run at 2 V/cm for 10 h in alkaline electrophoresis buffer, then soaked in 

renaturing buffer (500 mM Tris-HCl pH 8.0) for 30 min and stained with SYBR Gold (Thermo 

Fisher Scientific, Massachusetts, USA) for 30 min. After destained with water, it was excited 

at wavelength of 532 nm and visualised by a Typhoon FLA 7000 imager (GE Healthcare, 

Illinois, USA).  
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2.4.12 Nicked plasmid ligation and supercoiling 

 

To further analyse the DNA products from incubations of scDNA and proteins, we designed a 

three-step assay to ligate and supercoil the products. Approximate 2 nM scDNA was 

incubated with 200 μM (measured as monomer) TtCan1 or SthCan2 in the presence of 200 

nM cA4 and 5 mM MnCl2. The assay for TtCan1 was carried out in MES pH 6.5 buffer at 60 °C 

for 3 min. The assay for SthCan2 was carried out in HEPES pH 7 buffer at 50 °C for 1.5 min. 

All reactions were quenched and deproteinized by PCR Clean-Up System as per 

manufacturer’s instructions (Promega, Wisconsin, USA). In the second step, we incubated 

eluted samples with T4 DNA Ligase (New England BioLabs, Massachusetts, USA) in ligase 

buffer (50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 1 mM ATP and 10 mM DTT) as per 

manufacturer’s instructions, followed by enzyme inactivation at 65 °C for 10 min. In the last 

step, we incubated ligated samples with E. coli DNA gyrase (Inspiralis, UK) in gyrase buffer 

(35 mM Tris-HCl pH 7.5, 24 mM KCl, 4 mM MgCl2, 2mM DTT, 1.8 mM spermidine, 1 mM ATP, 

6.5% glycerol and 0.1 mg/mL albumin) as per manufacturer’s instructions. Samples were 

deproteinized by phenol-chloroform extraction (Ambion, Massachusetts, USA) before analysis 

by agarose gel as described in Section 2.4.5. The gel was stained with SYBR Gold (Thermo 

Fisher Scientific, Massachusetts, USA). 

 

2.4.13 RNaseAlert fluorimetric assay 

 

To test ribonuclease activity of the proteins, we employed a fluorimetric assay using 

commercial RNaseAlert substrates (Integrated DNA Technologies, Coralville, USA). The 

substrates are single-stranded RNA oligonucleotide probes that contain a FAM reporter on 5’-

end and a dark quencher on 3’-end. The fluorescent reporter is initially quenched but will emit 

a signal by exciting after being cleaved. RNA sequences are optimised for various 

ribonuclease but not provided by the manufacturer.  
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We only incubated RNaseAlert substrates with Can2 orthologues in our experiments. 30 nM 

ssRNA was incubated with 1 μM (measured as monomer) Can2 orthologues or their variants 

in HEPES pH 7 buffer (20 mM HEPES pH 7, 100 mM NaCl, 1 mM EDTA and three units 

SUPERase•In RNase Inhibitor (Thermo Fisher Scientific, Massachusetts, USA)) at 37 °C for 

35 min in the presence of 1 μM cA4 and 5 mM MnCl2 or MgCl2. The experiments were carried 

out in triplicate. The conditions for controls were specified in each assay. We excite all 

reactions by the light at 485 nm and detect the emission at 520nm by a fluorimeter, FLUOstar 

Omega (BMG LABTECH, Germany). The fluorescence signal was plotted against time using 

Kaleidagraph (Synergy Software). 

 

2.5 IN VIVO ANALYSIS 

 

2.5.1 Plasmid challenge assays 

 

All plasmid challenge assays are designed and performed by Dr Sabine Grüschow (University 

of St Andrews, Scotland) of our laboratory and the data is analysed by me. 

 

The plasmid pCsm1-5_DCsm6 contains Csm interference complex genes cas10 (csm1), csm3, 

csm4, csm5 from M. tuberculosis and csm2 from M. canettii. This plasmid was constructed by 

Cre recombination by Dr Sabine Grüschow as described previously302. A control plasmid 

pCsm1-5_Cy encodes a cyclase variant (Csm1 D630A/D631A) of the Csm complex. This 

plasmid was generated by site-directed mutagenesis (Agilent Technologies, California, USA) 

on the donor plasmids as described previously302. All genes used in this assay are synthetic 

gene purchased from Integrated DNA Technologies (IDT), Coralville, USA. All constructs were 

confirmed by sequencing (GATC Biotech, Eurofins Genomics, Germany). 
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The plasmids pCRISPR_TetR and pCRISPR contain CRISPR arrays and transcribe crRNAs. 

The CRISPR arrays were assembled and cloned into pCDFDuetTM-1 (Novagen, Missouri, 

USA) by Dr Sabine Grüschow to give pCRISPR_TetR and pCRISPR, as described 

previously302. pCRISPR_TetR contains four spacers targeting tetracycline-resistance gene, 

flanked by five repeats from M. tuberculosis. pCRISPR contains two spacers targeting the 

pUC19 multiple cloning site (MCS) flanked by three repeats from M. tuberculosis. pCRISPR 

was used as negative control. Both plasmids contain cas6 gene from M. tuberculosis for 

crRNA processing. All synthetic sequences were purchased from IDT.  

 

The plasmids pRAT and pRAT-Duet were constructed by Dr Sabine Grüschow as described 

in Grüschow et al.302 and Athukoralage et al.267, respectively. Both plasmids contain 

tetracycline-resistance gene. Plasmid pRAT_TsuCan2 was constructed by cloning tsucan2 

gene into pRAT-Duet between 5’-NcoI and 3’-SalI sites to express TsuCan2 in vivo. The 

plasmid pRAT was used as negative control. 

 

E. coli C43 (DE3) cells were co-transformed with plasmids pCsm1-5_DCsm6 and 

pCRISPR_TetR. These two plasmids were maintained with 100 μg/ml ampicillin and 50 μg/ml 

spectinomycin as they contain ampicillin-resistance and spectinomycin-resistance gene, 

respectively. For making competent cells containing pCsm1-5_DCsm6 and pCRISPR_TetR, 

the cells were grown overnight and diluted by 50-fold with selective LB medium. The diluted 

culture was incubated with constant shaking at 37 °C to an OD600 of ~0.8. The cells were 

pelleted by centrifugation and resuspended in an equal volume of MES pH 5.8 buffer (25 mM 

MES pH 5.8, 60 mM CaCl2, 5 mM MgCl2 and 5mM MnCl2). After incubation on ice for 1 h, the 

cells were pelleted and resuspended in 0.1 volume of MES pH 5.8 buffer supplemented by 

10% glycerol, followed by flash frozen in liquid nitrogen and stored at -80 °C. 100 μl competent 

cells were transformed with 50 ng of pRAT_TsuCan2 and outgrowth at 37 °C for 2.5 h. 5 μl of 

a 10-fold dilution series was applied onto LB agar plates containing 100 μg/ml ampicillin and 
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50 μg/ml spectinomycin to determine cell density of the recipient cells. Colonies were counted 

and normalised. The dilution series was applied onto LB agar plates containing 100 μg/ml 

ampicillin, 50 μg/ml spectinomycin and 25 μg/ml tetracycline, supplemented by 0.2% (w/v) D-

lactose and 0.2% (w/v) L-arabinose for induction, to determine the number of viable 

transformants. Colonies were counted and normalised. The experiment was carried out with 

two biological replicates and four experimental replicates each. Plasmids pCsm1-5_Cy, 

pCRISPR and pRAT were used as control for plasmids pCsm1-5_DCsm6, pCRISPR_TetR 

and pRAT_TsuCan2, respectively. 

 

2.5.2 Bacteriophage infection assays 

 

This assay was designed and performed by me. Plasmids pCsm1-5_DCsm6, pCsm1-5_Cy, 

pCRISPR, pRAT_TsuCan2 and pRAT were constructed by Dr Sabine Grüschow as described 

above. Plasmid pCRISPR_Lpa was constructed by Dr Sabine Grüschow and transcribes 

crRNA that targets lpa gene of bacteriophage P1303. The gene encodes Lpa (late promoter 

activator) protein which binds to RNA polymerase to initiate transcription of P1 late genes303. 

The CRISPR array containing three identical spacers (Table 2.4), flanked by four repeats from 

M. tuberculosis was ligated into pCDFDuetTM-1 (Novagen, Missouri, USA) to give 

pCRISPR_Lpa. Another plasmid pRAT_E302A/K304A was constructed by me and expresses 

the nuclease domain variant of TsuCan2. The tsucan2 gene was cloned into the pEHisV5TEV 

vector between the NcoI and BamHI sites. The variant E302A/K304A was generated by site-

directed mutagenesis (Agilent Technologies, California, USA). The variant gene was then 

cloned from this plasmid construct into pRAT-Duet between 5’-NcoI and 3’-SalI sites to give 

pRAT_E302A/K304A. 

 

E. coli C43 (DE3) cells were co-transformed with plasmids pCsm1-5_DCsm6, pCRISPR_Lpa 

and pRAT_TsuCan2. The cells were grown at 37 °C overnight with constant shaking in LB 
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liquid medium containing 50 μg/ml ampicillin, 25 μg/ml spectinomycin and 12.5 μg/ml 

tetracycline. The overnight culture was diluted to OD600 of approximate 0.1 (measured by light 

path length of 10 mm) with LB liquid medium containing 50 μg/ml ampicillin, 25 μg/ml 

spectinomycin, 12.5 μg/ml tetracycline and 10 mM MgSO4, supplemented by 0.2% (w/v) D-

lactose and 0.2% (w/v) L-arabinose for induction. 160 μl of the diluted culture was infected 

with 40 μl bacteriophage P1 solution to give a multiplicity of infection (MOI) around 1 and 

grown in a 96-well plate (CELLSTAR Cell Culture Microplates, Greiner Bio-one, Austria). The 

OD595 of the culture was measured (light path length of ∼6.2 mm) by a FilterMax F5 Multi-

Mode Microplate Reader (Molecular Devices, California, USA) every 15 min over 16 h 

incubation time. Plasmids pCsm1-5_Cy, pCRISPR, pRAT and pRAT_E302A/K304A were 

used as negative controls, specified in each assay. An incubation without bacteriophage 

infection was used as positive control. The experiment was carried out with four biological 

replicates and two technical replicates each. The OD595 value was plotted against time using 

Kaleidagraph (Synergy Software). 

 

Table 2.4. Spacer and repeat of pCRISPR_Lpa used in bacteriophage infection assays 

Name Sequence 5’ to 3’ Note 

Spacer 
ATTCGTGAGTGATTTATTTCCATGAAGTGGCGTC

CCT 
Targeting lpa gene 

Repeat 
GTCGTCAGACCCAAAACCCCGAGAGGGGACGG

AAAC 

Repeat from M. 

tuberculosis 

 

2.6 STATISTICS 

 

Statistical analyses were carried out by RStudio with help from Miss Yangzhu Chen. The 

samples used for statistical analyses are colony-forming units per millilitre (cfu/ml) from 

plasmid challenge assay or OD595 values of cell cultures from bacteriophage infection assay. 
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All the assays were carried out with eight replicates. In other words, each data set has eight 

values. Jarque-Bera test is chosen for checking normality due to the relatively small sample 

sizes304. For plasmid challenge assay, colonies of eight replicates were counted and 

normalised for each data set. P value of each data was calculated and listed in Table 2.5. For 

bacteriophage infection assay, OD595 values of cell cultures of eight replicates were recorded 

for each data set and P values were calculated and listed in Table 2.6. Only one test has a P 

values < 0.05 (marked with * in Table 2.6). This is probably due to small sample size. All the 

other data is assumed to be normally distributed. Thus, Student’s t-test is applied to test 

whether the sample means of two data sets are significantly different from each other. 

Specifically, independent two-sample t-test assuming unequal variances (Welch’s t-test) is 

used as the two population variances are unknown305. The data sets in Table 2.5 and Table 

2.6 are compared with Wild-type or control set accordingly and the probability is calculated 

with RStudio. The label NS (not significant) indicates P values > 0.05, ** indicates P values < 

0.01 and  *** indicates P values < 1E-05. 

 

Table 2.5. P values of each data set from Jarque-Bera test in plasmid challenge assay 

 Recipients Transformants 
Wild-type 0.642195902 0.539173439 

Cyclase variant 0.72481906 0.60651149 
No targeting crRNA 0.360088774 0.573249664 

No TsuCan2 0.32182441 0.541499536 
 

Table 2.6. P values of each data set from Jarque-Bera test in bacteriophage infection assay 

 Grow after 4 hours Grow after 10 hours 
No phage 0.717869022 0.871562919 
Wild-type 0.598293718 0.424947403 

Cyclase variant 0.125773934 0.504252931 
No targeting crRNA 0.615455927 0.614542322 

E302A/K304A *0.000861016 0.813270822 
No TsuCan2 0.310608112 0.21569646 
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CHAPTER 3 

3 STRUCTURE AND MECHANISM OF ANCILLARY 

NUCLEASE CAN1 

 

3.1 INTRODUCTION 

 

The interference of type III CRISPR-Cas systems has been discussed in Section 1.2.3. Its 

cOA signalling pathway and downstream ancillary proteins play crucial roles in response to 

invading MGEs (Section 1.3). The typical ancillary proteins described before are from Csx1 or 

Csm6 family (Section 1.3.1 to 1.3.3). They are non-specific RNase that contains a N-terminal 

CARF domain and a C-terminal HEPN domain. They form a canonical dimer and sense their 

cOA second messengers by the CARF domain, thereby allosterically activating HEPN domain. 

However, a wide range of CARF domain proteins have been found and many of their genes 

are linked to type III CRISPR-Cas systems275,285,291. These CARF family proteins are predicted 

to be an essential constituent of type III CRISPR defence. Here, we investigate a relatively 

larger CARF-containing protein Can1, identified as a potential ancillary effector of type III 

systems by Shah et al. (denoted as cluster 107)284. Can1 orthologue we chose here is from a 

model organism Thermus thermophilus HB8 (Can1 is denoted as TTHB155 in the genome)306.  

 

The type III CRISPR-Cas systems of this organism are well characterised173,211,223,307,308. Its 

Cmr and Csm complexes were among the first described effector complexes307,308. The high 

resolution cryo-EM structure of a Cmr complex from T. thermophilus was determined, which 

revealed the molecular mechanism of backbone RNA cleavage at 6-nucleotide intervals 

(discussed in Section 1.2.3.1)211. In addition, two canonical Csm6 orthologues from T. 

thermophilus have been described, denoted as TTHB152 and TTHB144, respectively in the 

genome122,131,273,306. The structure of TtCsm6 (TTHB152) is shown in Figure 1.9C and it is a 
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cA4 activated non-specific RNase (discussed in Section 1.3.2)131,273. TtCsm6 (TTHB144) is 

able to degrade its own activator cA4 to inhibit ancillary proteins122. The gene of TtCan1 is 

under the same promotor as TtCsm6 (TTHB152)306. We crystallised TtCan1 in complex with 

one cA4 molecule (PDB ID: 6SCE). It has a unique monomeric architecture that contains two 

CARF domains, a PD-(D/E)XK nuclease domain and a nuclease-like domain. We demonstrate 

that the two CARF domains are used for sensing cA4 molecule and the PD-(D/E)XK nuclease 

domain is its effector domain. TtCan1 is a metal dependent DNase favouring nicking scDNA 

and also provides a possible exoribonuclease activity. TtCan1 nicks scDNA at random sites 

and generates ligatable products. It is predicted that scDNA nicking could compromise viral 

DNA replication by collapsing the replication forks, which results in mild collateral damage to 

the host. 

 

3.2 RESULTS 

 

3.2.1 Purification of wild-type TtCan1 and its variants 

 

To explore the structure and biochemical activity of Can1, we cloned a synthetic gene 

encoding TtCan1 from T. thermophilus into a E. coli expression vector pEHisV5TEV126. The 

enzyme (72.1 kDa) was purified by immobilised metal affinity chromatography (Figure 2.1A), 

followed by TEV-cleavage of N-terminal polyhistidine affinity tag. The protein was then isolated 

from TEV protease by a second immobilised metal affinity chromatography and purified by 

size-exclusion chromatography as described in MATERIALS AND METHODS (Figure 2.1B). 

Eight variants, E541A/D543A, K90E, R206E/R249E, N12A, W42A, H113A, Q222A and 

Q222E, were purified by the same method. They were analysed by SDS-PAGE to confirm 

their purity (Figure 3.1). 
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Figure 3.1. SDS-PAGE analysis of purified TtCan1 and its variants. 
After purification, same amount of wild-type TtCan1 and its variants were loaded onto an SDS-
PAGE gel. The protein samples are pure enough and the monomer mass is approximately 70 
kDa that is consistent with the mass of the proteins. The size of ladder is indicated on the gel. 
 

 

3.2.2 Crystal structure of TtCan1-cA4 complex 

 

TtCan1 was co-crystallised in complex with cA4 and its structure (PDB ID: 6SCE) was solved 

to 1.83 Å resolution by Dr Stephen McMahon (University of St Andrews, Scotland) from the 

laboratory of Dr Tracey Gloster (University of St Andrews, Scotland)126. All crystal trials of 

different conditions, data collection, data phasing, structure solution and model refinement 

were carried out by Dr Stephen McMahon. Structural analysis was performed by Dr Stephen 

McMahon and Dr Tracey Gloster. The diffraction data set was collected at Diamond Light 

Source and phased from incorporated selenium atoms126. The structure was refined to 

produce a final R-Value Work of 0.176 and R-Value Free of 0.209126. The protein chain can 

be traced from residue 3 to 638, with some miss residues (464-471, 491-494 and 530-539)126. 
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The structure reveals that TtCan1 exists as a unique monomer with four distinct domains 

linked by flexible loops (Figure 3.2A and B). There are two CARF domains (residues 3-151 

and 293-422), each adopts a canonical Rossmann fold architecture (Figure 3.2B). Both CARF 

domains consist of five parallel β-strands alternating with four α-helices, followed by two β-

strands and an α-helix (Figure 3.2B). At the C-terminus there is a typical PD-(D/E)XK family 

metal-dependent nuclease domain (residues 426-638), which comprises a six β-stranded core 

flanked by six α-helices (Figure 3.2B)309,310. In addition, there is another domain from Residue 

168 to Residue 276, indicated as domain 2 in Figure 3.2A. It is composed of five β-strands 

flanked by four α-helices, which is reminiscent of part of its own C-terminal nuclease domain 

(Figure 3.2B). Domain 2 superimposes with the nuclease domain with an r.m.s.d. of 2.6 Å over 

83 Cα atoms and contains no canonical nuclease active site residues (Figure 3.2D)126. Thus, 

we hereafter refer to domain 2 as nuclease-like domain.  
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Figure 3.2. Domain organisation and structure of TtCan1 
(A) Domain organisation of Can1 from T. thermophilus. Four distinct domains were identified 
by the crystal structure. The first CARF domain is coloured in magenta. Domain 2 (nuclease-
like domain) is coloured in cyan. The second CARF domain is coloured in green. C-terminal 
nuclease domain is coloured in orange. The start and end of each domain are indicated with 
numbers. The conserved Arg206, Arg249, Glu541 and Asp543 within active site are indicated. 
(B) The crystal structure of TtCan1-cA4 complex (PDB ID: 6SCE). The crystal structure at 1.83 
Å resolution is shown in cartoon representation. All domains are coloured as in panel A and 
the cA4 molecule is shown as sphere with carbon, nitrogen, oxygen and phosphorus coloured 
in yellow, blue, red and orange, respectively. The conserved Arg206, Arg249, Glu541 and 
Asp543 are shown as sticks. (C) Surface representation of TtCan1-cA4 complex with the same 
colouring as panel B. (D) Superimposition of the C-terminal nuclease and Domain 2 
(nuclease-like domain). C-terminal nuclease domain is coloured in orange and Domain 2 in 
cyan. (E) Close-up view of nuclease domain (orange) and Domain 2 (cyan) in complex with a 
modelled dsDNA. The position of dsDNA is modelled by Prof Malcolm F. White (University of 
St Andrews, Scotland), based on homologous structures of AgeI-DNA complex (PDB ID: 
5DWB) and NgoMIV-DNA complex (PDB ID: 1FIU). The conserved Arg206, Arg249, Glu541 
and Asp543 are shown as sticks. Figures adapted from McMahon et al.126 
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3.2.3 Ligand cA4 recognition by TtCan1 

 

Clear electron density was observed for a molecule of cA4 bound to TtCan1 (Figure 3.3B). 

The adenosine moieties are numbered A1-A4 arbitrarily (Figure 3.3C). The molecule is 

completely enclosed in the cavity of the protein and bound at the interface between the two 

CARF domains (Figure 3.2C). The cA4 ligand is recognised by asymmetric interactions formed 

with TtCan1, mostly via residues from the two CARF domains (Figure 3.3C). Hydrogen bonds 

form between A1-3 and CARF1 domain via backbone chain of residues N12, D13, G88 and 

K90, and via side chain of residues N12, K90, H113, Y143 and Y147 (Figure 3.3C). Hydrogen 

bonding interactions between CARF2 domain and adenosines A1, A3 and A4 are made via 

main chain Q301, N380, T384 and G405, and side chain S299, T322, E324, N380, T384 and 

Y402 (Figure 3.3C).  

 

Notably, the adenine of A1 makes a π-π stacking interaction with residue Trp42 from CARF1 

domain, which makes the adenine base in a more axial position at the anomeric carbon (Figure 

3.3). In addition, the adenine base of A4 is further stabilised through hydrogen bonding with 

residue Gly550, from the nuclease domain, via its main chain carboxyl group (Figure 3.3C and 

D). Gln222, from nuclease-like domain, forms two water-mediated hydrogen bonds to 

phosphate groups of A2 and A4 (Figure 3.3D). 
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Figure 3.3. Structure of the cA4 and its interactions with TtCan1 in TtCan1-cA4 complex. 
(A) Structure of the cA4. The chemical structure of the cA4 is shown. Chemical bonds and 
atomic symbols are indicated. (B) The cA4 molecule, represented in stick, is shown in the Fobs-
Fcalc electron density map. The carbon, nitrogen, oxygen and phosphorus atoms are coloured 
in yellow, blue, red and orange, respectively. (C) Interactions between cA4 and TtCan1. The 
adenosine moieties of cA4 are numbered A1-A4 arbitrarily. cA4 and residues are shown in stick 
representation. cA4 is coloured as in panel B and amino acid residues coloured by the domain 
from which they originate (CARF domain 1: magenta, Domain 2: cyan, CARF domain 2: green, 
nuclease domain: orange). The atoms from residues are coloured as cA4 if they form hydrogen 
bonds with cA4. The dotted lines represent hydrogen bond interactions. (D) Interactions 
between cA4 and non-CARF domain residues. cA4 and residues are shown in stick 
representation and coloured as in panel C. The dotted lines represent hydrogen bond 
interactions. Red spheres represent water molecules. All conserved residues that are 
substituted for generating variants are highlighted. Figures adapted from McMahon et al.126 
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Figure 3.4. Multiple sequence alignment of Can1 orthologues. 
Multiple sequence alignment of TtCan1 (from Thermus thermophilus HB8) and its orthologues 
from Thermus arciformis (WP_093006939.1), Thermus aquaticus (WP_155982870.1), 
Thermus sediminis (WP_117237739.1), Thermus filiformis (WP_038066125.1), Thermus 
caliditerrae (WP_152560730.1) and Thermus sp. CCB_US3_UF1 (WP_155983238.1). NCBI 
reference sequences are indicated in round brackets. All orthologues are from Thermus genus. 
Sequences were aligned using Clustal Omega295 and displayed using the ESPript server296. 
The secondary structure of TtCan1 is schematically annotated above alignment. Conserved 
regions are shown in blue box. Highly conserved residues are shown in red text. Identical 
residues among orthologues are highlighted with red background. 
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3.2.4 Ligand cA4 binding affinity to CARF domains and key residues 

 

To further investigate the ligand binding interactions experimentally, we aligned the sequence 

of TtCan1 with its orthologues within Thermus genus in Figure 3.4. Absolutely (N12, K90 and 

Q222) or partially (W42 and H113) conserved residues, involved in ligand binding, were 

substituted (Figure 3.4). Variants N12A, W42A, K90E, H113A, Q222A and Q222E were 

purified by the same methods as for wild-type TtCan1. Binding affinity between cA4 and wild-

type was firstly measured by isothermal titration calorimetry (ITC) studies. Identical aliquots of 

~150 μM cA4 were titrated into 10 to 12 μM TtCan1 at 25 °C. Small endothermic peaks were 

observed after each titration, representing the heat absorbance upon ligand binding (Figure 

3.5). Four technical replicates were carried out and apparent dissociation constants (Kd) were 

19.0 ± 2.99 nM, 28.3 ± 5.99 nM, 25.5 ± 5.19 nM and 14.7 ± 5.49 nM, respectively (Figure 3.5). 

The standard deviation of the repeats is relatively large, but we can still point out that the 

apparent Kd for cA4 and TtCan1 is below 50 nM.  

 

Apparent dissociation constants of the six variants, involved in ligand binding, are unable to 

be measured by ITC accurately. We therefore investigated the binding affinity by 

electrophoretic mobility shift assay (EMSA), using ~100 nM 32P radiolabelled cA4 (Figure 3.6). 

Both wild-type and variants were incubated with labelled cA4 in MES pH 6.5 buffer in the 

presence of 5 mM MnCl2 at room temperature for 10 min. A smear of cA4 was observed on 

the native polyacrylamide gel for wild-type TtCan1. The apparent Kd equals to unbound protein 

concentration when half ligand is bound to the protein according to equation (2.9). Therefore, 

we can estimate the approximate value of apparent Kd and qualitatively compare wild-type 

TtCan1 with variants. In EMSA assay, the estimated apparent Kd for wild-type TtCan1 is below 

100 nM (Figure 3.6), slightly higher than the results from ITC studies.  
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Figure 3.5. ITC studies of cA4 binding to monomer TtCan1. 
Identical aliquots of cA4 were titrated into wild-type TtCan1 solution at 25 °C. The assay was 
replicated for four times and the results were shown. Small endothermic peaks were observed 
after each titration, representing the heat absorbance upon ligand binding. Enthalpy change 
of each identical injection was plotted against molar ratio of ligand and protein. Binding site of 
ligand and protein is fixed to one according to crystal structure of TtCan1-cA4 complex. 
Apparent dissociation constant (Kd) was determined and indicated for each assay. 
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Figure 3.6. EMSA studies of cA4 binding to wild-type TtCan1 and its variants. 
Wild-type TtCan1 and variants (K90E, N12A, W42A, H113A, Q222A and Q222E) were 
incubated with ~100 nM 32P radiolabelled cA4 at room temperature for 10 min. Negative control 
was carried out without protein under the same condition (the first lane). The protein 
concentrations used in the assay are 0.1, 0.25, 0.5, 1, 2 and 4 µM. The apparent Kd is unbound 
protein concentration when half ligand is bound to the protein according to equation (2.9). 
Therefore, approximate value of apparent Kd is estimated and listed for qualitatively 
comparison between wild-type and variants. The smear on the gel represents cA4 bound with 
the proteins. The radiolabelled cA4 was prepared by incubating 32P-α-ATP with activated S. 
solfataricus Csm complex. The asterisk * indicates side products of the cyclase activity (e.g. 
linear A4, A3 or A2). 
 

 

For the variants, K90E abolished the cA4 binding (Figure 3.6). Residue K90 forms a hydrogen 

bond with the phosphate group of cA4 via a protonated amino group at the end of its side chain 

(Figure 3.3C). The variant K90E incorporates a glutamate residue, negatively charged at pH 

6.5, to replace the conserved Lys90 (positive at pH 6.5). This substitution makes the end of 

the side chain deprotonated, which may result in abolishing of the cA4 binding. Asn12 and 

His113 form hydrogen bonds directly with cA4 via side chain atoms (Figure 3.3C). Alanine 

substitution of Asn12 and His113 yielded apparent Kd of around 4 µM and 1 µM, respectively 

(Figure 3.6). Highly conserved Trp42 makes a π-π stacking interaction with an adenine base 

of cA4 (Figure 3.3C). The apparent Kd of W42A variant was around 2 µM (Figure 3.6). 

Absolutely conserved Gln222, from nuclease-like domain, forms two water-mediated 
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hydrogen bonds to phosphate groups of cA4 (Figure 3.3D). We made two variants, Q222A 

and Q222E, to investigate the importance of Gln222. Binding affinity was moderately affected 

for both variants, yielding a similar apparent Kd of around 0.5 µM (Figure 3.6). The apparent 

Kd values for all variants are significantly higher, compared with wild-type TtCan1, suggesting 

all these residues contribute to ligand binding interaction. Among them, binding affinity was 

severely reduced for N12A and abolished for K90E, highlighting the essential roles of N12 and 

K90 for cA4 recognition. 

 

3.2.5 Ring nuclease activity monitored by thin-layer chromatography (TLC) 

 

We then tested ring nuclease activity for TtCan1, using ~10 nM 32P radiolabelled cA4 incubated 

with different concentrations of proteins at 60 °C for 10 min. All reactions were loaded onto 

TLC plates and visualized by phosphor imaging. No clear cA4 cleavage product was observed 

on the plate, compared with the control lane (Figure 3.7). Tiny amounts of A2>P and A2-P (di-

adenylate with a 3’-phosphate) were observed (Figure 3.7), which may come from the 

generation of radiolabelled cA4 by S. solfataricus Csm complex as detailed in MATERIALS 

AND METHODS. Therefore, TtCan1 does not degrade the second messenger, unlike some 

CARF family proteins122,123,125,129,287,288. Moreover, there are no conserved residues allocated 

suitably (Figure 3.3), to position or activate a 2’-hydroxyl group of the cA4 for in-line 

nucleophilic attack on the adjacent phosphodiester bond125,129,267,288. 
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Figure 3.7. TtCan1 is not a ring nuclease. 
Wild-type TtCan1 was incubated with ~10 nM 32P radiolabelled cA4 at 60 °C for 10 min. The 
concentrations of TtCan1 used in the assay are 0.1, 0.2, 0.5, 1, 2, 5, 10 and 20 µM. Negative 
control was carried out without protein under the same condition. All reactions were loaded 
onto TLC plates and visualized by phosphor imaging. No clear cA4 cleavage product was 
observed on the plate. Tiny amounts of A2>P and A2-P were observed for all reactions 
including the negative control. 
 

 

3.2.6 scDNA degradation by TtCan1 activated by cA4 

 

To study the DNase activity of TtCan1, we engineered and purified two more variants 

E541A/D543A and R206E/R249E. E541A/D543A, where the conserved Glu541 and Asp543 

were substituted to alanine residues, targets the PD-(D/E)XK active site within the nuclease 

domain (Figure 3.2). To make R206E/R249E, conserved basic residues Arg206 and Arg249 

in the nuclease-like domain were substituted to acidic glutamate residues (Figure 3.2). Arg206 

and Arg249, putatively involved in DNA binding interaction, are in close proximity to a modelled 

DNA molecule (Figure 3.2E). We first used supercoiled plasmid pEHisV5TEV (i.e. scDNA) as 

a substrate (Appendix A) and incubated TtCan1 with scDNA in the absence or presence of 

cA4, supplemented with or without divalent cations. All reactions were analysed by agarose 
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gels. We found that TtCan1 favours nicking scDNA in the presence of cA4 and MnCl2 (Figure 

3.8A). Standards including supercoiled, linear and nicked plasmid are shown on the gel 

(Figure 3.8A). Reactions in the absence of protein, MnCl2 or cA4 are shown in control lanes 

C1, C2 and C3 in Figure 3.8A. Very little activity was observed for all controls. Alongside with 

variants, 200 nM wild-type TtCan1 was incubated with 2 nM scDNA at 60 °C and reactions 

were stopped by addition of EDTA at indicated time points in Figure 3.8A. Plasmid nicking 

started promptly and almost all scDNA was nicked after 2 min. A small amount of linear scDNA 

occurred after 5 min incubation (Figure 3.8A). 

 

If the reaction was incubated on extended time up to 2 h, TtCan1 slowly degraded the scDNA 

to smaller fragments (Figure 3.8B). Thus, TtCan1 favours nicking scDNA which happened 

within minutes and extensive DNA degradation was relatively slow. We also monitored the 

cA4-mediated deoxyribonuclease activity of variants E541A/D543A, K90E and R206E/R249E. 

Reactions were carried out under the same conditions as for wild-type. Alanine substitution of 

the canonical catalytic residues on PD-(D/E)XK active site (E541A/D543A) abolished scDNA 

cleavage activity as expected (Figure 3.8A). Variant K90E, which completely abolished cA4 

binding, was also inactive, confirming that TtCan1 is activated by cA4 (Figure 3.8A). Variant 

R206E/R249E introduced electric charge reversion on nuclease-like domain. Near complete 

loss of catalytic activity of R206E/R249E suggests that the nuclease-like domain may be 

involved in DNA binding (Figure 3.8A). This result is consistent with the structure prediction 

modelled with dsDNA where Arg206 and Arg249 are in close proximity to the dsDNA (Figure 

3.2E). 
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Figure 3.8. TtCan1 nicks scDNA rapidly activated by cA4 in the presence of MnCl2 and slowly 
degrades scDNA on extended incubation time. 
(A) Agarose gel analysis of scDNA nicking by TtCan1 and its variants. 2 nM scDNA was 
incubated with 200 nM wild-type TtCan1 at 60 °C for 0.5, 1, 2 and 5 min in the presence of 
cA4 and MnCl2. Vast majority of scDNA was nicked to open circular conformation with a small 
amount linearized after 5 min incubation. Variants E541A/D543A, K90E and R206E/R249E 
are catalytically inactive. Standard migrating forms of supercoiled, linear and nicked plasmids 
are shown. Controls including 5 min incubations in the absence of enzyme, MnCl2 or cA4 are 
shown in lanes C1, C2 and C3, respectively. (B) Agarose gel analysis of scDNA incubated 
with wild-type TtCan1 up to 2 h. The reaction for wild-type TtCan1 was extended up to 2 h. 
scDNA was slowly degraded to smaller fragments. The size of ladder is indicated on the gel. 
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3.2.7 The rate law and rate constant of scDNA catalysed by TtCan1 

 

To further characterise the deoxyribonuclease, we measured the rate constant of plasmid 

nicking under pseudo-single turnover condition, using 200 nM wild-type protein incubated with 

2 nM scDNA in the presence of cA4 and MnCl2. The experiment was carried out with two 

biological replicates and three technical replicates each. All reactions were stopped at 

indicated time points in Figure 3.9. In this experiment, once a single phosphodiester bond was 

hydrolysed, the plasmid is considered as a product. Therefore, except for scDNA, all nicked 

and linear plasmids on the gel are products of the reaction. The fraction of scDNA nicked was 

quantified and normalised detailed in MATERIALS AND METHODS. The fractions were 

plotted against reaction time and the data was fitted to the single exponential equation (2.20) 

(Figure 3.9C). In brief, the reaction is first-order in scDNA substrate and the observed rate 

constant kobs is 0.81 ± 0.15 min−1 (Figure 3.9). 

 

To further investigate the effect of ligand binding interaction on deoxyribonuclease activity, the 

rate constants of plasmid nicking of variants N12A, W42A, H113A, Q222A and Q222E were 

measured (Figure 3.10). Due to the moderate change of some variants, concentrations of 

protein and cA4 were reduced to 100 nM and 20 nM to differentiate wild-type TtCan1 from the 

variants. Wild-type TtCan1 and the three inactivated variants E541A/D543A, K90E and 

R206E/R249E were analysed as controls (Figure 3.10). The assays were performed in 

triplicate and stopped at desired time points. No clear products are observed for variants 

E541A/D543A, K90E and R206E/R249E as expected (Figure 3.10A). The observed rate 

constant of wild-type is 0.39 ± 0.07 min−1 under such conditions (Figure 3.10B). The observed 

rate constants of variants N12A, W42A, H113A, Q222A and Q222E are slightly reduced and 

listed in Figure 3.10B. However, the ligand binding affinity of these variants (N12A, W42A, 

H113A, Q222A and Q222E) is largely affected (Figure 3.6). The only exception is variant K90E. 

Both DNase activity and binding affinity of it are abolished (Figure 3.6 and 3.10). This result 

highlights the importance of Lys90 in protein activation (Figure 3.10) 
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Figure 3.9. Determination of the reaction order and the observed rate constant of scDNA 
degradation under pseudo-single turnover condition. 
(A) Two biological replicates and three technical replicates for each biological replicate time 
course assays for kinetic study. 2 nM scDNA was incubated with 200 nM TtCan1 in the 
presence of cA4 and MnCl2 at 60 °C for 0.5, 1, 1.5, 2, 3 and 5 min. Same amount of scDNA 
was used for making linear and supercoiled DNA standards. All reactions were loaded onto 
agarose gels for quantification. The size of ladder is indicated on the gel. (B) Quantification of 
fraction cleaved. The amount of DNA is quantified by Bio-Formats plugin299 of ImageJ as 
distributed in the Fiji package300. The uncleaved scDNA is divided by the negative control at 
each time point to give the fraction uncleaved. The fractions of scDNA cleaved are shown for 
each sample. The mean values and standard deviations are shown in the table. (C) Plot and 
curve fitting for scDNA degradation. The fraction of scDNA degraded was quantified for each 
time point and plotted against time. The data was fitted to the single exponential equation 
(2.20) which confirms that the reaction is first-order in scDNA and yields the observed rate 
constant kobs = 0.81 ± 0.15 min−1. Values and error bars represent the mean of the repeats 
and the standard deviation. 
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Figure 3.10. Quantitative comparison of deoxyribonuclease activity for TtCan1 and all its 
variants. 
(A) Triplicates of scDNA degradation time course assays for kinetic study. 2 nM scDNA was 
incubated with 100 nM enzymes in the presence of cA4 and MnCl2 at 60 °C for 1, 2, 3, 6 and 
10 min. Standard migrating forms of supercoiled, linear and nicked plasmids are shown. All 
reactions were loaded onto agarose gels for quantification. The size of ladder is indicated on 
the gel. (B) Plot and curve fitting for scDNA degradation. The fraction of scDNA degraded was 
quantified for each time point and plotted against time, except for E541A/D543A, K90E and 
R206E/R249E which are inactive. The data was fitted to the single exponential equation (2.20) 
and rate constants were listed alongside. Values and error bars represent the mean of 
triplicate experiments and standard deviation. 
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3.2.8 Sequence specificity of scDNA cleavage by TtCan1 

 

To understand possible specificity of sequence recognition when TtCan1 nicks scDNA, we 

employed a nicking endonuclease Nt.BspQI, which hydrolyses one strand of the duplex DNA 

at 5’-GCTCTTCN^ site. The substrate plasmid pEHisV5TEV (Appendix A) contains one 

recognition site therefore can be nicked to open circles by Nt.BspQI. Same amount of scDNA 

was incubated with TtCan1 (5 min for nicking) or Nt.BspQI, followed by commercial restriction 

enzyme BamHI, which cleaves both strands of scDNA at one site. All reactions were analysed 

by alkaline agarose gel where double-stranded DNA is denatured (Figure 3.11).  

 

Because Nt.BspQI nicks scDNA at one site and BamHI cleaves scDNA at another specific 

site, three linear products (5.4 knt, 3.0 knt and 2.4 knt length) are expected after denaturing, 

as shown in the schematic Figure 3.11A. Consequently, three corresponding bands were 

observed on the alkaline gel (Figure 3.11B). However, the reaction incubated with TtCan1 

then BamHI corresponds to a 5.4 knt length band and a smear of DNA on the gel (Figure 

3.11B). This band represents one single-stranded DNA cut by BamHI only, whilst the smaller 

fragments represent the other single-stranded DNA cut by TtCan1 and nicked BamHI. This 

result suggests scDNA was nicked by TtCan1 at random sites.  
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Figure 3.11. TtCan1 nicks scDNA at random sites. 
(A) Schematic demonstration of DNA species generated by Nt.BspQI and BamHI. The 
plasmid was nicked by Nt.BspQI at one specific site and cleaved by BamHI at another 
recognition site. Three expected single-stranded DNA species are shown, corresponding to 
5.4 knt, 3.0 knt and 2.4 knt length. (B) Alkaline agarose gel analysis of product DNA species. 
scDNA was first incubated with Nt.BspQI or TtCan1, then the products were incubated with 
BamHI. The final products were loaded onto an alkaline agarose gel where double-stranded 
DNA is denatured. Three corresponding bands were observed when scDNA was incubated 
with Nt.BspQI and BamHI. One band and a smear of DNA were observed when scDNA was 
incubated with TtCan1 and BamHI, suggesting that the nicking site is nonspecific. The 
intermediate products cut by either TtCan1 or Nt.BspQI were also loaded onto the gel. 
Supercoiled and linear scDNA and scDNA incubated without any enzymes were included as 
controls. The size of ladder is indicated on the gel. 
 

 

3.2.9 Catalytic mechanism of phosphodiester bond break by TtCan1 

 

The catalytic pocket of TtCan1 contains a variant PD-(D/E)XK motif (Figure 3.2 and 3.4), which 

is widely distributed across all domains of life310. Enzymes within this superfamily belong to 

PD-(D/E)XK phosphodiesterases, which are highly diverse in functions310. The active 

nucleases of this superfamily are predicted to cleave phosphodiester bonds through a catalytic 



 101 

mechanism coordinated by two catalytic metal ions301. In most cases, two divalent cations are 

coordinated by conserved residues and a water molecule is deprotonated by one of cations 

to attack the scissile phosphate bond301. The hydrolysed products contain 5’-phosphate and 

3’-hydroxyl groups301. To validate whether TtCan1 generates such products, we used DNA 

ligase to re-ligate the products (nicked scDNA) then DNA gyrase to introduce negative 

supercoils for the ligated products. Nt.BspQI was used as a positive control as it nicks scDNA 

to 5’-phosphate and 3’-hydroxyl products. All reactions were loaded onto agarose gel (Figure 

3.12). Relaxed plasmid topoisomers were observed after ligating, whereas supercoiled 

plasmids occurred after gyrase incubation (Figure 3.12), confirming that TtCan1 nicks scDNA 

to 5’-phosphate and 3’-hydroxyl products. 

 

 

Figure 3.12. Ligation and supercoiling of DNA nicked by TtCan1. 
(A) Normal agarose gel analysis of product DNA species. scDNA was first incubated with 
Nt.BspQI or TtCan1, then the products were incubated with DNA ligase or DNA gyrase or both. 
The final products were loaded onto an agarose gel. scDNA was nicked to open circular 
conformation by TtCan1 or Nt.BspQI. Various plasmid topoisomers were observed after open 
circular plasmids were ligated by DNA ligase. Supercoiled plasmids were observed after these 
topoisomers were incubated with DNA gyrase. The open circular plasmids could not be 
supercoiled without ligation. TtCan1 is same as Nt.BspQI which nicks DNA to 5’-phosphate 
and 3’-hydroxyl products. Standard migrating forms of supercoiled and linear plasmids are 
shown. The size of ladder is indicated on the gel. (B) Schematic of ligation and supercoiling 
process. Open circular plasmids are ligated to topoisomers. Then topoisomers are restored to 
supercoiled plasmids. 
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3.2.10 Activity on circular ssDNA 

 

Recently, another cA4-mediated type III CRISPR ancillary effector Card1 was characterised128. 

The protein has one N-terminal CARF domain and one C-terminal nuclease domain with PD-

(D/E)XK motif, which is able to cleave ssDNA but not dsDNA128. Single-stranded ΦX174 Virion 

DNA was cleaved by Card1 to a smear of products128. Likewise, we incubated TtCan1 with 

ΦX174 Virion DNA in the presence of cA4 and MnCl2 at 60 °C for 10 min (Figure 3.13). No 

cleaved products were observed on the gel for both wild-type and variants (Figure 3.13). 

Moreover, scDNA was used as positive control, which is nicked by wild-type TtCan1 after 10 

min incubation (Figure 3.13). Thus, unlike Card1, TtCan1 is unable to cleave circular ssDNA. 

 

 

Figure 3.13. TtCan1 nicks scDNA and does not cleave ssDNA. 
2 nM scDNA or 5 nM single-stranded ΦX174 Virion DNA was incubated with 100 nM enzyme 
at 60 °C for 10 min in the presence of cA4 and MnCl2. Vast majority of scDNA was nicked to 
open circular conformation by wild-type TtCan1. Wild-type 1 represents the reaction without 
deproteinization. Wild-type 2 and 3 show the reactions that are deproteinized by proteinase K 
or phenol-chloroform extraction. Wild-type 4 represents the reaction deproteinized by both 
proteinase K and phenol-chloroform extraction. Variants E541A/D543A and K90E do not 
cleave dsDNA. No obvious activity was observed when single-stranded ΦX174 was used as 
substrate. Supercoiled and linear plasmid and single-stranded ΦX174 were shown as 
negative controls. The size of ladder is indicated on the gel. 
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3.2.11 Activity on ssRNA 

 

In type III CRISPR-Cas systems, most CARF family effectors characterised to date are 

ribonucleases activated by cOA122–125,127–132. Among them, type III CRISPR ancillary effectors 

Card1 and Can2 are able to degrade ssRNA substrates through their PD-(D/E)XK nuclease 

domain128,130. Thus, we also examined ribonuclease activity for TtCan1 as a PD-(D/E)XK 

superfamily nuclease. 5’ 6-FAM labelled ssRNA P1A26crRNA-FAM (60 nucleotides; Table 

2.3) was incubated with TtCan1 in the presence or absence of cA4 and divalent cations at 

60 °C for 10 min (Figure 3.14). According to Figure 3.14, we can predict some postulated 

mechanisms behind RNA cleavage. In the presence of cA4 and MnCl2, RNA was degraded 

into small fragments (Figure 3.14B). Without the addition of cA4, one RNA species was 

observed when MnCl2 was supplemented but no cleavage was observed when MgCl2 was 

supplemented (Figure 3.14B). The mechanism of this ribonuclease activity is unclear.  

 

The addition of cA4 and MgCl2 also resulted in cleavage of ssRNA (Figure 3.14B). Vast 

majority of the substrates are the same size as the substrates from the reaction in presence 

of MnCl2 only, while a small amount of ssRNA was further cleaved (Figure 3.14B). Because 

RNA was rapidly degraded in the presence of cA4 and MnCl2, precluding accurate 

quantification, we measured the rate constant of RNA degradation in the presence of cA4 and 

MgCl2 (Figure 3.15). The assays were carried out in triplicate under pseudo-single turnover 

condition using 200 nM wild-type protein incubated with 50 nM ssRNA. The fraction of ssRNA 

cleaved was quantified and normalised detailed in MATERIALS AND METHODS. The 

fractions were plotted against reaction time and the data was fitted to the single exponential 

equation (2.20), yielding an observed rate constant of 1.02 ± 0.21 min−1 (Figure 3.15B). 

Moreover, the triplicate time course experiment shows that TtCan1 may possess an 

exoribonuclease activity which gradually degrades two nucleotides from 3’ end (Figure 3.15A). 

Small amounts of RNA were cleaved to smaller size on the middle of the gels after 10 min 

incubation which suggesting it has a weak endoribonuclease activity (Figure 3.15A).  
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In addition, we investigated ribonuclease activity for variants E541A/D543A and K90E, which 

target the PD-(D/E)XK active site and cA4 binding pocket, respectively. Clearly, in the absence 

of MnCl2 no ribonuclease activity was observed for both wild-type and variant proteins (Figure 

3.14A). When we incubated the variants with ssRNA in the presence of MnCl2, vast majority 

of RNA was missing in all reactions with or without cA4 (Figure 3.14A). However, no degraded 

small fragments of RNA were observed for both E541A/D543A and K90E (Figure 3.14A). 

E541A/D543A appears to be inactivated and K90E might be able to cleave ssRNA to one 

RNA species in the presence of MnCl2 (Figure 3.14A). 

 

 

Figure 3.14. TtCan1 degrades ssRNA. 
(A) Denaturing gel analysis of ssRNA cleavage by TtCan1 and its variants. 50 nM ssRNA was 
incubated with 200 nM enzyme at 60 °C for 10 min in the presence or absence of cA4 and 
MnCl2. Wild-type TtCan1 and variants do not cleave ssRNA in the absence of MnCl2. In the 
presence of cA4 and MnCl2, wild-type TtCan1 degrades ssRNA to small fragments. In the 
presence of MnCl2 only, wild-type TtCan1 degrades ssRNA to one RNA species. Vast majority 
of RNA was missing when testing the activity of variant E541A/D543A and K90E. (B) 
Denaturing gel analysis of ssRNA cleavage in presence of different metal ions. 50 nM ssRNA 
was incubated with 200 nM TtCan1 at 60 °C for 10 min in the presence of MgCl2 or MnCl2. 
TtCan1 cleaves ssRNA when both cA4 and metal ions are supplemented. TtCan1 degrades 
ssRNA to one RNA species without cA4 in the presence of MnCl2. 
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Figure 3.15. Determination of the reaction order and the observed rate constant of ssRNA 
degradation under pseudo-single turnover condition. 
(A) Triplicate time course assays of ssRNA degradation for kinetic study. 50 nM ssRNA was 
incubated with 200 nM TtCan1 in the presence of cA4 and MgCl2 at 60 °C for 0.17, 0.5, 1, 3, 
5 and 10 min. All reactions were loaded onto denaturing gels for quantification. The negative 
control is same amount of ssRNA without incubation. (B) Plot and curve fitting for ssRNA 
degradation. The fraction of ssRNA degraded was quantified for each time point and plotted 
against time. The data was fitted to the single exponential equation (2.20) which confirms that 
the reaction is first-order in ssRNA and yields the observed rate constant kobs = 1.02 ± 0.21 
min−1. Values and error bars represent the mean of triplicate experiments and standard 
deviation. 
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3.3 DISCUSSION 

 

The genes of CRISPR-Cas systems from the model organism T. thermophilus HB8 were 

previously analysed306. can1 (tthb155) gene from T. thermophilus HB8 is located adjacent to 

CRISPR-5 array on its plasmid pTT27 (Figure 3.16)306. The mRNA expression level of can1 

is significantly up-regulated together with many cas genes following phage ΦYS40 infection306. 

Those cas genes and can1 are under the control of a same transcriptional activator, the cAMP 

receptor protein (CRP)306. They encode cas proteins Csm1-5, which form a subtype III-A 

interference complex and an ancillary protein, TtCsm6 (TTHB152) (Figure 3.16)306. TtCsm6 

(TTHB152) is a canonical non-specific endoribonuclease which consists of a N-terminal CARF 

domain and a C-terminal HEPN domain131,273. It is among the first characterised CRISPR 

ancillary CARF domain proteins activated by cyclic oligoadenylate131,273. In conjunction with 

the results from this chapter, we suggest TtCan1 is also a CRISPR ancillary protein together 

with TtCsm6, both activated by cA4. TtCan1 is a metal dependent deoxyribonuclease 

favouring scDNA nicking and also provides a metal dependent exoribonuclease activity. 

TtCsm6 is a metal independent enzyme providing the endoribonuclease activity131,273. Both 

proteins play roles in the antiviral defence together with the subtype III-A interference 

complex126,131,273. 
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Figure 3.16. Genome context of ttcan1. 
(A) Schematic of genes around CRISPRs on plasmid pTT27 of T. thermophilus HB8. Genes 
are named using the prefix TTHB followed by the numerals in the arrowheads. can1 (tthb155) 
gene is located adjacent to CRISPR-5 locus. Figure adapted from Agari et al.306 (B) Simplified 
schematic of genes around tthb155. Genes adjacent to can1 (tthb155) are shown. Figure 
adapted from McMahon et al.126 
 

 

Notably, a number of unique features have been found when we investigated Can1. The gene 

is distributed only within Thermus genus (Figure 3.4). TtCan1 contains 636 amino acids with 

a molecular weight above 70 kDa. The structure study reveals that it is a monomer protein 

consisting of four distinct domains, two CARF domains, a C-terminal nuclease domain and a 

nuclease-like domain (Figure 3.2). Unlike other CARF family proteins122–125,127–132, the ligand 

binding cavity for TtCan1 is formed by its own CARF domains rather than protein dimerization 

(Figure 3.2). Moreover, the two CARF domains are not identical which results in the cA4 ligand 

bound in an asymmetric conformation (Figure 3.3). A number of hydrogen bonding interactions 

between the ligand and TtCan1 are formed via main chain or sidechain atoms (Figure 3.3). A 

π-π stacking interaction between one adenine base of cA4 and residue Trp42 makes the 

adenine base in a more axial position, which exaggerates the asymmetric conformation 
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(Figure 3.3). Variants N12A, W42A, K90E, H113A, Q222A and Q222E were engineered to 

investigate key residues for ligand binding. The apparent dissociation constant (Kd) of wild-

type TtCan1 was determined to be below 50 nM by ITC (Figure 3.5). The apparent Kd values 

of variants were investigated by EMSA (Figure 3.6). Ligand binding was abolished when Lys90 

was substituted by a glutamate residue (K90E). The apparent Kd values for N12A, W42A, 

H113A, Q222A and Q222E were 4 µM, 2 µM, 1 µM, 0.5 µM and 0.5 µM, respectively. The 

result emphasises the essential roles of K90 for cA4 recognition.  

 

Due to inability to grow crystals of apo TtCan1, small angle X-ray scattering (SAXS) was used 

to analyse conformational change between the states of apo TtCan1 and TtCan1-cA4 

complex126. The experiment and data analysis were performed by Dr Robert Rambo (Diamond 

Light Source Ltd, UK). The result suggests that the apo state of TtCan1 is less compact and 

has wider overall distribution than TtCan1-cA4 complex126. The flexibility is probably provided 

by the movement of the nuclease and nuclease-like domains126.  

 

TtCan1 is a putative CRISPR ancillary effector in type III CRISPR-Cas system. Its biochemical 

activity is shown and widely analysed in this chapter. The enzyme displayed a robust 

deoxyribonuclease activity favouring scDNA nicking. TtCan1 is activated by antiviral second 

messenger cA4 and nicks vast majority of scDNA in 2 min in our assays (Figure 3.8). We 

further confirmed that the scDNA nicking takes place at a random site (Figure 3.11) and leaves 

5’-phosphate and 3’-hydroxyl products (Figure 3.12). The variant K90E which abolished cA4 

binding of TtCan1 is catalytically inactive (Figure 3.8 and 3.10). However, scDNA nicking by 

variants N12A, W42A, H113A, Q222A and Q222E, were not severely reduced (Figure 3.10). 

Canonical catalytic residues on PD-(D/E)XK active site are essential for this DNase activity 

which is illustrated by inactive variant E541A/D543A (Figure 3.8 and 3.10). Two conserved 

basic residues facing the putative DNA binding site on the surface of nuclease-like domain 

were reversed to acidic glutamate (variant R206E/R249E) (Figure 3.2D). The catalytic activity 

for R206E/R249E is also abolished (Figure 3.8 and 3.10) presumably due to interference with 
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scDNA binding. However, we lack a crystal structure of nucleic acid bound complex. We 

further investigated ssRNA ribonuclease activity for TtCan1. In the presence of MnCl2, ssRNA 

was rapidly degraded, precluding rate constant quantification by addition of cA4. Without the 

addition of cA4 but with MnCl2, TtCan1 putatively cleaved two nucleotides from 3’ end which 

is deduced by comparison of products in Figure 3.14 and Figure 3.15A. In contrast, scDNA 

nicking rate constant was measured (0.81 ± 0.15 min−1) in the presence of MnCl2 and cA4 

(Figure 3.9). Moreover, in the presence of MgCl2 and cA4, ssRNA substrate was degraded 

with a rate constant of 1.97 ± 0.52 min−1 (Figure 3.15B). In the presence of MgCl2 and cA4, 

scDNA nicking was not observed (data not shown). TtCan1 displays putative exoribonuclease 

activity by gradually degrading two nucleotides from 3’ end (Figure 3.15A). 

 

The active site on the nuclease domain of TtCan1 contains a PD-(D/E)XK motif. Enzymes 

containing such motif constitute a superfamily of phosphodiesterase that is widely distributed 

throughout all domains of life and viruses310. Apart from those enzymatically inactive and 

proteins of unknown functions, proteins within this superfamily are highly diverse in functions, 

including restriction endonucleases, Holliday junction resolvases, herpes virus exonucleases, 

transposase, exoribonucleases, mismatch repairing enzymes, tRNA splicing endonucleases, 

RNA polymerase, etc.310. The proline of signature PD-(D/E)XK motif can be replaced, mainly 

by a hydrophobic residue (valine in Can1)310. Another conserved glutamate is allocated ahead 

of the signature motif forming an EVD-ECK motif for Can1(Figure 3.4). To date, two more 

CRISPR ancillary effectors with PD-(D/E)XK nuclease domain and CARF domain, Can2 and 

Card1 have been characterised128,130. The signature PD-(D/E)XK motif for Can2 and Card1 is 

replaced by variant ELD-ECK motif128,130. However, TtCan1 has many structural differences 

with Can2 and Card1. They are composed of a CARF domain and a PD-(D/E)XK domain, 

functioning as a dimeric complex with bound cA4
128,130. We will investigate and analyse Can2 

in the CHAPTER 4. TtCan1 is predicted to be a cA4 activated CRISPR ancillary effector. 

Whether TtCan1 can provide any immunity in vivo remains unknown. In contrast, in vivo data 

for Can2 will be incorporated when we investigate Can2 in CHAPTER 4. 
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CHAPTER 4 

4 STRUCTURE AND MECHANISM OF CAN2 AND ITS 

ROLES IN CRISPR DEFENCE 

 

4.1 INTRODUCTION 

 

Following the study of TtCan1, we identified another CARF domain-containing protein, named 

Can2 as mentioned above. Can2 is smaller than TtCan1 and contains only one CARF domain 

and one PD-(D/E)XK nuclease domain130. A recent comprehensive census of CARF domain 

superfamily in prokaryotes has categorised 6,925 CARF and SAVED proteins (7,397 domains) 

into different clades285. Both Can1 and Can2 are classified into CARF4 clade, which contains 

400 proteins that are partially linked to CRISPR-Cas systems (approximately 30% of them are 

encoded in CRISPR loci)285. The apo structure of a Can2 orthologue, VC1899 from Vibrio 

cholerae was previous solved and submitted (PDB ID: 1XMX) without a publication. It forms 

a dimeric architecture with each monomer contains a CARF domain and a PD-(D/E)XK motif 

domain. The dimeric structure resembles CARF domain-containing CRISPR ancillary proteins 

(Figure 1.9), but VC1899 is not associated with a type III CRISPR-Cas system130. Until the 

beginning of our research, no Can2 orthologues have been well characterised. Therefore, we 

analysed Can2 orthologues from Gram-positive bacterium Sulfobacillus thermosulfidooxidans 

and Gram-negative bacterium Thioalkalivibrio sulfidiphilus, together with VC1899. The 

sthcan2 and tsucan2 genes are located adjacent to Cas proteins130.  

 

Here, we crystallised SthCan2 homodimer in complex with a cA4 molecule (PDB ID: 7BDV). 

The monomer contains a CARF domain and a PD-(D/E)XK motif domain. We also investigated 

catalytic activity of all three orthologues. SthCan2 displayed a potent metal dependent DNase 

activity in the presence of cA4, whereas TsuCan2 displayed a weaker DNase activity and 
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VC1899 displayed very weak DNase activity. All three orthologues exhibited potent metal 

dependent RNase activity. However, RNase activity of VC1899 is not mediated by the ligand 

and VC1899 does not cleave RNaseAlert substrates. TsuCan2 was expressed with a 

recombinant type III CRISPR-Cas system in E. coli. Our study demonstrated that TsuCan2 is 

able to provide immunity against both plasmids and phages.  

 

4.2 RESULTS 

 

4.2.1 Purification of Can2 and orthologues 

 

To explore the structure and biochemical activity of Can2, we cloned synthetic genes encoding 

Can2 from S. thermosulfidooxidans (SthCan2), T. sulfidiphilus (TsuCan2) and V. cholerae 

(VC1899) into a E. coli expression vector pEHisV5TEV130. Their amino acid sequences are 

listed in Appendix A. These enzymes were expressed and purified by immobilised metal 

affinity chromatography (Figure 2.2A), followed by TEV-cleavage of N-terminal polyhistidine 

affinity tag. Then the proteins were isolated from TEV protease by a second immobilised metal 

affinity chromatography and purified by size-exclusion chromatography (Figure 2.2B). We also 

engineered and purified their variants SthCan2 E276A/D278A, TsuCan2 E302A/K304A and 

VC1899 E291A/D293A, targeting their canonical PD-(D/E)XK active sites within C-terminal 

nuclease domains. All enzymes were analysed by SDS-PAGE to confirm their purity (Figure 

4.1). 
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Figure 4.1. SDS-PAGE analysis of purified SthCan2 and its orthologues and variants. 
After purification, same amount of wild-type SthCan2, TsuCan2, VC1899 and their variants 
were loaded onto an SDS-PAGE gel. The protein samples are pure enough and the monomer 
mass is approximately 40 kDa that is consistent with the mass of the proteins. The size of 
ladder is indicated on the gel. 
 

 

4.2.2 Crystal structure of SthCan2-cA4 complex 

 

Among the three Can2 orthologues, the apo structure of VC1899 is available in the Protein 

DataBank (PDB) with accession code 1XMX. SthCan2 was successfully co-crystallised with 

cA4 and the crystal structure (PDB ID: 7BDV) was solved to 2.02 Å resolution by Stuart 

McQuarrie (University of St Andrews, Scotland)130. All crystal trials of different conditions, data 

collection, data phasing, structure solution and model refinement were carried out by Stuart 

McQuarrie. Structural analysis was performed by Stuart McQuarrie and Dr Tracey Gloster. 

The diffraction data set was collected at Diamond Light Source and phased from incorporated 

selenium atoms130. The structure was refined to produce a final R-Value Work of 0.241 and 

R-Value Free of 0.29130. The proteins are in dimer topology and each dimer binds to a cA4 

molecule (Figure 4.2A). The protein chain can be traced from residue 3 to 366130. 
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Figure 4.2. Crystal structure of SthCan2-cA4 complex and interactions between SthCan2 and 
cA4. 
(A) Two views of SthCan2 dimer bound to cA4 (PDB ID: 7BDV). The crystal structure at 2.02 
Å resolution is shown in cartoon representation. The CARF domain is coloured in cyan and 
the nuclease domain in blue. The cA4 molecule is shown as sphere with carbon, nitrogen, 
oxygen and phosphorus coloured in yellow, blue, red and magenta, respectively. (B) 
Interactions between bound cA4 and SthCan2. The adenosine moieties of cA4 are numbered 
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A1-A4 arbitrarily. cA4 and residues from CARF domains are shown in stick representation. 
The atoms Carbon, nitrogen, oxygen and phosphorus from cA4 are coloured in yellow, blue, 
red and orange, respectively. Each CARF domain monomer is coloured green or magenta. 
The atoms from residues are coloured as cA4 if they form hydrogen bonds with cA4. The dotted 
lines represent hydrogen bond interactions. (C) Superimposition of the nuclease domain of 
SthCan2 and EndoMS. The nuclease domain of SthCan2 (blue) was superimposed with the 
nuclease domain of EndoMS (green) in complex with dsDNA (PDB ID: 5GKE). SthCan2 and 
cA4 are coloured as in panel A. The dsDNA molecule is coloured in green. (D) The nuclease 
domain of EndoMS was hidden in the superimposition in panel C. SthCan2, cA4 and dsDNA 
molecule are coloured as in panel C. Figures adapted from Zhu et al.130 
 

 

The crystal structure of SthCan2-cA4 complex shows that SthCan2 consists of a N-terminal 

CARF domain (residues 3-151) and a C-terminal nuclease domain (residues 166-366) (Figure 

4.2A). The CARF domain adopts a canonical Rossmann fold architecture, consisting of five 

parallel β-strands alternating with four α-helices followed by two β-strands and an α-helix 

(Figure 4.2A). The C-terminal nuclease domain is a typical PD-(D/E)XK family nuclease 

domain that comprises a six β-stranded core flanked by six α-helices (Figure 4.2A)309,310. 

 

4.2.3 Ligand cA4 recognition by SthCan2 

 

Clear electron density was observed for a molecule of cA4 bound to the dimeric SthCan2 

(Figure 4.2A). It is completely enclosed in the cavity of the dimer and bound at the interface 

between the CARF domains (Figure 4.2A). The cA4 ligand is recognised by symmetric 

interactions formed with each SthCan2 monomer via residues from the CARF domains (Figure 

4.2A). The adenosine moieties are numbered A1-A4 arbitrarily (Figure 4.2B). The main chain 

atoms of residues D20, H21, and K99 from each SthCan2 CARF domain recognise cA4 ligand 

through hydrogen bonding interactions (Figure 4.2B). And hydrogen bonds also form between 

cA4 ligand and side chain atoms of residues S19, D20, T42, K99, Y118 and S121 in each 

CARF domain (Figure 4.2B). Notably, all interactions formed between dimeric protein and cA4 

ligand are only from CARF domains which is different from TtCan1126. All adenine bases of 

cA4 in SthCan2-cA4 complex adopt similar a conformation to each other (Figure 4.2B). 
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However, in TtCan1-cA4 complex, one of the adenine bases adopts a more axial position at 

the anomeric carbon due to a π-π stacking interaction with a tryptophan residue (Figure 3.3C). 

 

4.2.4 DNA recognition by SthCan2 

 

The crystals of SthCan2-cA4 complex with nucleic acid substrates bound were unable to grow. 

To investigate the recognition of substrates by SthCan2, the nuclease domain of SthCan2 

(blue) was superimposed with the nuclease domain of EndoMS (green) in complex with 

dsDNA (PDB ID: 5GKE)311 (Figure 4.2C). EndoMS contains a PD-(D/E)XK domain which is a 

structural homologue to the nuclease domain of SthCan2. Their nuclease domains were 

aligned with an r.m.s.d. of 4.4 Å over 108 Cα atoms calculated by DALI312. The DNA molecule 

from EndoMS-dsDNA complex sits in the cleft between the nuclease domains of each 

SthCan2 monomer in the superimposition (Figure 4.2C). The nuclease domain of EndoMS 

was hidden in Figure 4.2D. 

 

4.2.5 scDNA cleavage monitored by agarose gel electrophoresis 

 

To investigate the catalytic activity of Can2, orthologues SthCan2, TsuCan2 and VC1899 were 

studied extensively by incubating them with different nucleic acids. Their C-terminal nuclease 

domains contain a canonical PD-(D/E)XK motif that is an active site for such enzymes310. 

Therefore, we made their nuclease variants SthCan2 E276A/D278A, TsuCan2 E302A/K304A 

and VC1899 E291A/D293A by substituting the conserved residues within PD-(D/E)XK motif 

to alanine. All variants were investigated with wild-types together. 

 

Experiments were carried out at 50 °C for SthCan2 as S. thermosulfidooxidans is a moderately 

thermophilic bacterium313. SthCan2 displayed potent deoxyribonuclease activity when scDNA 

(plasmid pEHisV5TEV) was used as substrates (Appendix A). We incubated 1 μM (measured 
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as monomer) wild-type protein with 2 nM scDNA in the presence of MnCl2 and cA4 (Figure 

4.3A). All reactions were stopped by addition of excessive EDTA at indicated time points 

(Figure 4.3A). After 1 min incubation, almost all scDNA substrate were cleaved. Vast majority 

of them was nicked to open circular conformation and a small amount of them was linearized 

(Figure 4.3A). After 5 min incubation, the nicked scDNA was further degraded to linearized 

plasmid or smaller fragments (Figure 4.3A). The scDNA cleavage is putatively initiated by 

nicking.  

 

In contrast, this catalytic process is much faster than that of TtCan1 (Figure 3.8). Standard 

migrating forms of supercoiled, linear and nicked plasmids are shown on the gel (Figure 4.3A). 

Controls including 30 min incubations in the absence of enzyme, MnCl2 or cA4 are shown in 

lanes C1, C2 and C3, respectively (Figure 4.3A). Very little activity was observed. The variant 

E276A/D278A degrades no scDNA after 30 min incubation (Figure 4.3A). These results 

confirm that SthCan2 exhibits potent metal dependent deoxyribonuclease activity, mediated 

by cA4 and conferred by its PD-(D/E)XK domain. Notably, SthCan2 was inactive when divalent 

manganese was replaced by divalent magnesium. We incubated SthCan2 with scDNA in the 

presence of MgCl2 and cA4 under same conditions for 30 min and observed no obvious activity 

(Figure 4.3B). This result suggests that divalent manganese is essential for deoxyribonuclease 

activity of SthCan2. 
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Figure 4.3. SthCan2 degrades scDNA rapidly activated by cA4 in the presence of MnCl2. 
(A) Agarose gel analysis of scDNA degradation by SthCan2 in the presence of MnCl2. 2 nM 
scDNA was incubated with 1 μM (measured as monomer) SthCan2 at 50 °C for 0.5, 1, 2 and 
5 min in the presence of cA4 and MnCl2. Almost all scDNA substrate was degraded after 1 min 
incubation. The nuclease variant E276A/D278A was incubated under the same condition for 
30 min and degraded no scDNA. Controls including 30 min incubations in the absence of 
enzyme, MnCl2 or cA4 are shown in lanes C1, C2 and C3, respectively. Standard migrating 
forms of supercoiled, linear and nicked plasmids are shown. The size of ladder is indicated on 
the gel. (B) Agarose gel analysis of scDNA degradation by SthCan2 in the presence of MgCl2. 
2 nM scDNA was incubated with 1 μM (measured as monomer) SthCan2 or variant 
E276A/D278A at 50 °C for 30 min in the absence or presence of MgCl2 or cA4. No clear activity 
was observed for all reactions. Standard migrating forms of supercoiled plasmid are shown. 
The size of ladder is indicated on the gel. 
 

 

Experiments for TsuCan2 were initially carried out at 37 °C as T. sulfidiphilus is a mesophilic 

bacterium and its optimum growth temperature is 35 °C314. We incubated 1 μM (measured as 

monomer) TsuCan2 with 2 nM scDNA in the presence of cA4 supplemented with MgCl2 or 

MnCl2 for 30 min (Figure 4.4A). However, both TsuCan2 and variant E302A/K304A are 

catalytically inactive under any conditions (Figure 4.4A). We then incubated the proteins at 

50 °C, firstly in the presence of MnCl2 and cA4 (Figure 4.4B). After 30 min incubation, vast 
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majority of scDNA substrate was nicked and a small amount of them linearized (Figure 4.4B). 

The reactions are significantly slower than for SthCan2 which may imply that scDNA cleavage 

is not the primary function of TsuCan2. Standard migrating forms of different plasmids are 

same as in Figure 4.3A. Controls including incubations in the absence of enzyme, MnCl2 or 

cA4 are shown in lanes C1, C2 and C3, respectively (Figure 4.4B). The variant E302A/K304A 

is inactive. Similarly, TsuCan2 was inactive when divalent manganese was replaced by 

divalent magnesium at 50 °C (Figure 4.4C).  
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Figure 4.4. TsuCan2 degrades scDNA slowly activated by cA4 in the presence of MnCl2 at 
50 °C. 
(A) Agarose gel analysis of scDNA degradation by TsuCan2 at 37 °C. 2 nM scDNA was 
incubated with 1 μM (measured as monomer) TsuCan2 or variant E302A/K304A at 37 °C for 
30 min in the absence or presence of cA4 or different divalent cations. No clear activity was 
observed for all reactions. Standard migrating forms of supercoiled plasmid are shown. The 
size of ladder is indicated on the gel. (B) Agarose gel analysis of scDNA degradation by 
TsuCan2 at 50 °C in the presence of MnCl2. 2 nM scDNA was incubated with 1 μM (measured 
as monomer) TsuCan2 at 50 °C for 1, 5, 10 and 30 min in the presence of cA4 and MnCl2. 
Vast majority of scDNA were nicked and a small amount of them linearized after 30 min 
incubation. The variant E302A/K304A is catalytically inactive. Controls including 30 min 
incubations in the absence of enzyme, MnCl2 or cA4 are shown in lanes C1, C2 and C3, 
respectively. Standard migrating forms of supercoiled, linear and nicked plasmids are shown. 
The size of ladder is indicated on the gel. (C) Agarose gel analysis of scDNA degradation by 
TsuCan2 at 50 °C in the presence of MgCl2. 2 nM scDNA was incubated with 1 μM (measured 
as monomer) TsuCan2 or variant E302A/K304A at 50 °C for 30 min in the absence or 
presence of MgCl2 or cA4. No clear activity was observed for all reactions. Standard migrating 
forms of supercoiled plasmid are shown. The size of ladder is indicated on the gel. 
 

 

 

Figure 4.5. VC1899 displays very weak deoxyribonuclease activity. 
2 nM scDNA was incubated with 1 μM (measured as monomer) VC1899 or variant 
E291A/D293A at 37 °C or 50 °C for 30 min in the absence or presence of cA4 or different 
divalent cations. Small amounts of nicked products were observed when wild-type VC1899 
was incubated in the presence of MnCl2 at 50 °C. Standard migrating forms of supercoiled 
plasmid are shown. The size of ladder is indicated on the gel. 
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Experiments for VC1899 were initially carried out at 37 °C as the protein is from the strains 

belonging to V. cholerae serogroup O:1, which can infect humans315. At this temperature, 

VC1899 did not display deoxyribonuclease activity (Figure 4.5). However, when doing the 

experiment at 50 ºC, wild-type VC1899 displayed very weak deoxyribonuclease activity in the 

presence of MnCl2 (Figure 4.5). This weak activity is not mediated by cA4. No obvious activity 

was observed for variant E291A/D293A (Figure 4.5). 

 

4.2.6 Sequence specificity of scDNA cleavage by SthCan2 

 

To further evaluate the deoxyribonuclease activity exhibited by Can2, we analysed the DNA 

products cleaved by Can2 to explore its specificity. SthCan2 was chosen for assays as it is 

the only orthologue that rapidly degraded scDNA (Figure 4.3A). It is evident that catalysed 

DNA products are mainly nicked plasmids after 1 min incubation and the nicked plasmids were 

in turn catalysed to linearized plasmid or small DNA fragments after 5 min (Figure 4.3A). The 

catalytic process appears to be carried out by repeatedly single strand nicking, which suggests 

that scDNA degradation by SthCan2 is nonspecific.  

 

To confirm this speculation, we designed a two-step assay where we incubated scDNA with 

SthCan2 then cleaved the product with commercial restriction enzyme BamHI. We employed 

a commercial nicking endonuclease Nt.BspQI as a control. This enzyme can cleave one 

strand of the duplex DNA at 5’-GCTCTTCN^ site. The substrate plasmid pEHisV5TEV 

(Appendix A) contains one recognition site nicked by Nt.BspQI and one recognition site 

cleaved by BamHI. Theoretically, if we incubate scDNA with Nt.BspQI then BamHI, followed 

by DNA denaturing, three single-stranded DNA products are expected, as shown in the 

schematic Figure 4.6A. They are 5.4 knt, 3.0 knt and 2.4 knt in length according to the plasmid 

sequence (Appendix A). We loaded the product onto an alkaline agarose gel where double-

stranded DNA is denatured. Three corresponding bands were shown on the gel (Figure 4.6B). 

We also incubated scDNA with SthCan2, followed by BamHI (Figure 4.6B). As SthCan2 
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degraded scDNA rapidly within few minutes (Figure 4.3A), we used less protein (200 nM) and 

incubated for 1 min. Vast majority of products were open circle plasmid with a small amount 

of supercoiled and linearized plasmid, as shown on a native agarose gel (Figure 4.6C).  

 

The intermediate product was then cleaved by BamHI and loaded onto the alkaline agarose 

gel. A band corresponding to 5.4 knt and a smear of DNA were observed, suggesting that the 

nicking site is nonspecific (Figure 4.6B). We employed the same method to analyse protein 

TtCan1 in CHAPTER 3 (Figure 3.11) where we showed TtCan1 also nicked scDNA at random 

sites. Surprisingly, the migrating forms of scDNA (control lanes) are different on the gels in 

Figure 3.11B and Figure 4.6B. As the denatured supercoiled plasmid is a catenane consisting 

of two entwined single-stranded circular DNA molecules, a possible explanation for the this 

might be that the catenane may migrate as either a compact or a relax conformation on a 

denaturing gel. The nicked plasmid could be denatured to a single-stranded circular molecule 

and a linear molecule that migrated to close positions on the gel. Thus, two close bands were 

observed when scDNA was incubated with Nt.BspQI alone (Figure 4.6B). A third upper band 

was observed in Figure 4.6B when scDNA was incubated with SthCan2 alone, which may 

correspond to the uncatalysed supercoiled plasmid (Figure 4.6C). 
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Figure 4.6. SthCan2 nicks scDNA at random sites. 
(A) Schematic demonstration of DNA species generated by Nt.BspQI and BamHI. The 
plasmid was nicked by Nt.BspQI at one specific site and cleaved by BamHI at another 
recognition site. Three expected single-stranded DNA species are shown, corresponding to 
5.4 knt, 3.0 knt and 2.4 knt length. (B) Alkaline agarose gel analysis of product DNA species. 
scDNA was first incubated with SthCan2 or Nt.BspQI, then the products were incubated with 
BamHI. The final products were loaded onto an alkaline agarose gel where double-stranded 
DNA is denatured. Three corresponding bands were observed when scDNA was incubated 
with Nt.BspQI and BamHI. One band and a smear of DNA were observed when scDNA was 
incubated with SthCan2 and BamHI, suggesting that the nicking site is nonspecific. The 
intermediate products cut by either SthCan2 or Nt.BspQI were also loaded onto the gel. 
Supercoiled and linear scDNA were included as controls. The size of ladder is indicated on 
the gel. (C) Normal agarose gel analysis of product DNA species. The intermediate products 
cut by either SthCan2 or Nt.BspQI from part B were loaded onto a normal agarose gel. After 
incubation with SthCan2, vast majority of scDNA were nicked and a small amount of them 
linearized or intact. Standard migrating forms of supercoiled and linear plasmids are shown. 
The size of ladder is indicated on the gel. 
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4.2.7 Catalytic mechanism of phosphodiester bond break by SthCan2 

 

The catalytic site of Can2 contains an absolutely conserved ELD-ECK motif that is a variant 

of PD-(D/E)XK motif310. The enzymes containing this canonical motif are phosphodiesterases 

that have been discussed in CHAPTER 3. They employ a two-metal-ion catalytic mechanism 

where the ions are coordinated by conserved residues301. Usually, a water molecule is then 

deprotonated by one of cations to attack the scissile phosphate bond, generating 5’-phosphate 

and 3’-hydroxyl products301.  

 

To confirm whether Can2 employs such catalytic mechanism, SthCan2 is chosen as the 

candidate for investigation because it nicks scDNA at early stage of catalysis (Figure 4.3A). 

We designed a three-step assay where we first incubate scDNA with 200 nM SthCan2 for 1.5 

min (same intermediate product shown in Figure 4.6C). Then we incubate the product with 

DNA ligase which can ligate 5’-phosphate and 3’-hydroxyl nicking on the plasmid. Finally, we 

introduce negative supercoil for the ligated product by DNA gyrase (Figure 4.7A). Nt.BspQI 

was used as a positive control as it nicks scDNA to 5’-phosphate and 3’-hydroxyl products. 

Plasmid incubated with Nt.BspQI or SthCan2 alone (nicked product) was included as negative 

control. The catalytic process is shown in schematic Figure 4.7B. Relaxed plasmid 

topoisomers were observed after ligating and supercoiled plasmids were observed after 

gyrase incubation by both Nt.BspQI and SthCan2 (Figure 4.7A). These results suggest that 

phosphodiester bonds are catalysed to 5’-phosphate and 3’-hydroxyl products by SthCan2. 
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Figure 4.7. Ligation and supercoiling of DNA nicked by SthCan2. 
(A) Normal agarose gel analysis of product DNA species. scDNA was first incubated with 
Nt.BspQI or SthCan2, then the products were incubated with DNA ligase or DNA gyrase or 
both. The final products were loaded onto an agarose gel. A number of scDNA was nicked to 
open circular conformation by SthCan2 and some linearized. Various plasmid topoisomers 
were observed after open circular plasmids were ligated by DNA ligase. Supercoiled plasmids 
were observed after these topoisomers were incubated with DNA gyrase. The open circular 
plasmids could not be supercoiled without ligation. SthCan2 is same as Nt.BspQI which nicks 
DNA to 5’-phosphate and 3’-hydroxyl products. Standard migrating forms of supercoiled and 
linear plasmids are shown. The size of ladder is indicated on the gel. (B) Schematic of ligation 
and supercoiling process. Open circular plasmids are ligated to topoisomers. Then 
topoisomers are restored to supercoiled plasmids. 
 

 

4.2.8 ssRNA cleavage monitored by denaturing urea polyacrylamide gel electrophoresis 

 

To investigate the ribonuclease activity of Can2, we used a 5’ 6-FAM labelled single-stranded 

RNA, P1A26crRNA-FAM (60 nucleotides), as a substrate. Its sequence was listed in Table 

2.3. Experiments for SthCan2 were carried out at 50 °C as S. thermosulfidooxidans is 

moderately thermophilic313. SthCan2 exhibited potent ribonuclease activity against ssRNA 

substrate. We incubated 1 μM (measured as monomer) wild-type protein with 30 nM ssRNA 
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in the presence of MnCl2 and cA4 (Figure 4.8A). The reactions were stopped by addition of 

excessive EDTA at indicated time points (Figure 4.8A). The ssRNA substrate was degraded 

within 0.5 min and one single-stranded RNA product and a smear of RNA product are 

observed on the gel (Figure 4.8A). Reactions in the absence of enzyme, MnCl2 or cA4 are 

shown in lanes C1, C2 and C3, respectively as controls (Figure 4.8A). Notably, many ssRNA 

substrates were missing, but no products were observed in lanes C2 and C3, where MnCl2 or 

cA4 was not added, respectively (Figure 4.8A). Moreover, variant E276A/D278A was 

incubated with ssRNA under same condition for 5 min. Many ssRNA substrates were missing 

and no products were observed (Figure 4.8A). This may result from unexpected RNA-protein 

binding as we did not deproteinize before loading the reactions onto a gel. In addition, we 

replaced MnCl2 with MgCl2 and repeated all the assays (Figure 4.8B). After incubation, we 

quenched the reactions and deproteinized the protein by phenol-chloroform extraction. 

 

The rate of ssRNA cleavage is slower when MnCl2 was replaced by same amount of MgCl2 

(Figure 4.8B). Vast majority of ssRNA was degraded after 1 min incubation (Figure 4.8B). 

Moreover, several product RNA fragments with different sizes were observed at early stage 

of incubation (Figure 4.8B). After 5 min incubation, predominant products are one certain size 

of ssRNA and a smear of RNA with smaller size, similar to the products when MnCl2 was used 

(Figure 4.8B). This result suggests that ssRNA cleavage is carried out gradually. Controls in 

the absence of enzyme, MgCl2 or cA4 are shown in lanes C1, C2 and C3, respectively and no 

activity is observed (Figure 4.8B). Variant E276A/D278A is inactive (Figure 4.8B). The ssRNA 

substrates for them do not miss which suggests that phenol-chloroform extraction is necessary. 

In brief, SthCan2 displayed potent ribonuclease activity and degraded ssRNA rapidly in the 

presence of both MnCl2 and MgCl2, mediated by cA4 ligand. The nuclease domain variant 

E276A/D278A is catalytically inactive (Figure 4.8).  
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Figure 4.8. SthCan2 degrades ssRNA rapidly activated by cA4 in the presence of MnCl2 or 
MgCl2. 
(A) Denaturing gel analysis of ssRNA cleavage by SthCan2 in the presence of MnCl2. 30 nM 
ssRNA was incubated with 1 μM (measured as monomer) SthCan2 at 50 °C for 0.5, 1, 2 and 
5 min in the presence of cA4 and MnCl2. ssRNA was degraded after 0.5 min incubation. The 
nuclease variant E276A/D278A was incubated under the same condition for 5 min and 
degraded no ssRNA. Controls including 5 min incubations in the absence of enzyme, MnCl2 
or cA4 are shown in lanes C1, C2 and C3, respectively. ssRNA alone without incubation was 
loaded onto the first lane. (B) Denaturing gel analysis of ssRNA cleavage by SthCan2 in the 
presence of MgCl2. Same experiments were carried out as panel A using MgCl2 instead of 
MnCl2. ssRNA was degraded after 2 min incubation. The nuclease variant E276A/D278A was 
inactive. 
 

 

We also investigated the orthologue TsuCan2. Experiments were carried out 37 °C as T. 

sulfidiphilus is mesophilic314. TsuCan2 also exhibited potent ribonuclease activity against this 

ssRNA substrate. We repeated the same assay as we did for SthCan2 at 37 °C. The ssRNA 

substrate was degraded within 0.5 min supplemented with either MnCl2 or MgCl2 (Figure 4.9). 

Compared with its deoxyribonuclease activity detailed above (Figure 4.4), TsuCan2 tends to 

degrade ssRNA as its dominant biochemical function. We first used Mn2+ as divalent cation. 

A small amount of ssRNA products with different sizes were observed before 1 min incubation, 

whereas only a smear of product was observed when we incubated the reaction up to 5 min 

(Figure 4.9A). It is of interest that a number of ssRNA was cleaved when the reaction is 

supplemented with MnCl2 but without cA4 in Lane C3 (Figure 4.9A). Furthermore, we 
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quenched all reactions by addition of excessive EDTA. Unlike the results in Figure 4.8A, where 

many ssRNA substrates were missing, uncleaved ssRNA was clearly shown on the gel (Figure 

4.9A). One possible implication of this is that binding affinity of ssRNA is different between 

SthCan2 and TsuCan2. We then replaced MnCl2 with MgCl2. The products appear to be 

clearer on the gel as we deproteinized the reactions (Figure 4.9B). The fluorescent RNA 

substrate was degraded gradually from large to small fragments (Figure 4.9B). In summary, 

TsuCan2 degraded ssRNA rapidly in the presence of both MnCl2 and MgCl2, mediated by cA4 

ligand. The nuclease domain variant E302A/K304A is catalytically inactive (Figure 4.9).  

 

 

Figure 4.9. TsuCan2 degrades ssRNA rapidly activated by cA4 in the presence of MnCl2 or 
MgCl2. 
(A) Denaturing gel analysis of ssRNA cleavage by TsuCan2 in the presence of MnCl2. 30 nM 
ssRNA was incubated with 1 μM (measured as monomer) TsuCan2 at 37 °C for 0.5, 1, 2 and 
5 min in the presence of cA4 and MnCl2. ssRNA was degraded after 0.5 min incubation. The 
nuclease variant E302A/K304A was incubated under the same condition for 5 min and 
degraded no ssRNA. Controls including 5 min incubations in the absence of enzyme, MnCl2 
or cA4 are shown in lanes C1, C2 and C3, respectively. ssRNA alone without incubation was 
loaded onto the first lane. (B) Denaturing gel analysis of ssRNA cleavage by TsuCan2 in the 
presence of MgCl2. Same experiments were carried out as panel A using MgCl2 instead of 
MnCl2. ssRNA was degraded after 0.5 min incubation. The nuclease variant E302A/K304A 
was inactive. 
 

 

We also tested another orthologue VC1899 which is from a human infectious strain mentioned 

above315. We repeated same assays at 37 °C. Its ribonuclease activity is different from 
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SthCan2 and TsuCan2. Wild-type VC1899 is able to degrade ssRNA in the presence of MnCl2 

or MgCl2 that is not mediated by cyclic oligoadenylate (Figure 4.10). This is consistent with 

that VC1899 is an orphan protein that is not associated with a type III CRISPR-Cas system. 

In addition, unlike SthCan2 and TsuCan2, VC1899 exhibits potent ribonuclease activity only 

(Figure 4.5 and 4.10). RNA substrate was degraded rapidly by VC1899 within 0.5 min for all 

assays supplemented with either MnCl2 or MgCl2 (Figure 4.10). Moreover, almost all ssRNA 

was degraded to final products within 0.5 min (Figure 4.10), which possibly implies that ssRNA 

cleavage rate of VC1899 is even faster than SthCan2 and TsuCan2. The nuclease domain 

variant E291A/D293A is catalytically inactive (Figure 4.10). In summary, VC1899 is a potent 

metal-dependent ribonuclease. Notably, the size of final product cleaved by all enzymes 

depend on which divalent cation is used. The underlying mechanism remains unknown.  

 

 

Figure 4.10. VC1899 degrades ssRNA rapidly but not mediated by cyclic oligoadenylate. 
(A) Denaturing gel analysis of ssRNA cleavage by VC1899 in the presence of MnCl2. 30 nM 
ssRNA was incubated with 1 μM (measured as monomer) VC1899 at 37 °C for 0.5, 1, 2 and 
5 min in the presence of cA4 and MnCl2. ssRNA was degraded after 0.5 min incubation. 
Controls including 5 min incubations in the absence of enzyme, MnCl2 or cA4 are shown in 
lanes C1, C2 and C3, respectively. ssRNA was degraded in the absence of cA4 (C3). The 
nuclease variant E302A/K304A was inactive. ssRNA alone without incubation was loaded 
onto the first lane. (B) Denaturing gel analysis of ssRNA cleavage by VC1899 in the presence 
of MgCl2. Same experiments were carried out as panel A using MgCl2 instead of MnCl2. 
VC1899 degraded ssRNA after 0.5 min incubation in the presence of MgCl2 and cA4. VC1899 
also degraded ssRNA in the presence of MgCl2 only, shown in control lane C3. The nuclease 
variant E302A/K304A was inactive. 
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4.2.9 Ribonuclease activity of Can2 monitored by fluorimetry 

 

To further evaluate the ribonuclease activity exhibited by Can2, we employed commercial 

RNaseAlert substrates for fluorimetric assays. The substrates are RNA oligonucleotides that 

contain a FAM reporter on 5’-end and a dark quencher on 3’-end. RNA sequence is optimised 

for various ribonuclease but not provided by the manufacturer. The fluorescent reporter is 

initially quenched but will emit a signal after the RNA oligonucleotide being cleaved. We excite 

all reactions by the light at 485 nm and detect the emission at 520nm by a fluorimeter. All 

assays are carried out at 37 °C in the machine. 

 

We incubated 1 μM (measured as monomer) SthCan2 or its variant E276A/D278A with 30 nM 

RNaseAlert substrate for up to 35 min (Figure 4.11A). Reactions were carried out in triplicate 

and supplemented with cA4 and MnCl2 or MgCl2. Surprisingly, SthCan2 is only active when 

MnCl2 is supplemented as a divalent metal ion (Figure 4.11A). In contrast, it cleaved 5’-FAM 

labelled ssRNA P1A26crRNA-FAM in the presence of either MnCl2 or MgCl2 (Figure 4.8A and 

B). Except for cA4, manganese is essential in this fluorimetric assay. Moreover, the fluorescent 

signal reached a plateau after 20 min (Figure 4.11A). In contrast, SthCan2 cleaved all ssRNA 

after 2 min where same amount of protein and substrate were used (Figure 4.8A and B). The 

difference may arise from the substrates used. The ssRNA P1A26crRNA-FAM is 60 

nucleotides in length whereas RNaseAlert substrates are shorter oligonucleotides. Another 

possible explanation is that the fluorimetric assay was carried out at 37 °C instead of 50 °C 

due to the temperature limitation of this fluorimeter. In addition, fluorimetric assays are 

performed continuously without deproteinization at the time point. It is possible that the FAM 

reporter is still quenched until it dissociates from SthCan2. Variant E276A/D278A is inactive 

in any conditions (Figure 4.11A). The controls No enzyme, No metal and No cyclic 

oligoadenylate represent the reactions in absence of enzyme, metal ions and cA4 activator, 

respectively. Controls are not carried out in triplicate. No activity was observed in the controls, 

confirming SthCan2 is a metal-dependent ribonuclease activated by cA4. 
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We repeated the same assay for TsuCan2 and its variant E302A/K304A. Similarly, TsuCan2 

is only active when divalent metal manganese is used (Figure 4.11B). The fluorescent signal 

reached a plateau after 30 min (Figure 4.11B). On the other hand, TsuCan2 cleaved all ssRNA 

P1A26crRNA-FAM after 0.5 min potentiated by divalent manganese or magnesium (Figure 

4.9A and B). The catalytic rate is significantly slower in the fluorimetric assay which is 

consistent with the result from study of SthCan2. However, all experiments for TsuCan2 were 

carried out at 37 °C which excluded the effect of temperature difference. The inactive controls 

confirmed TsuCan2 is a metal-dependent ribonuclease activated by cA4 as well. 

 

In addition, we repeated the same assay for VC1899 and its variant E291A/D293A (Figure 

4.11C). No obvious fluorescent signal increase was observed for VC1899, E291A/D293A and 

all the controls. It is evident that VC1899 do not cleave or cleave very little RNaseAlert 

substrate in our assay. However, VC1899 did cleave ssRNA rapidly in previous assay and it 

was not mediated by cyclic oligoadenylate (Figure 4.10A and B). Furthermore, we plotted the 

fluorescent signal of wild-type SthCan2, TsuCan2 and VC1899 together for comparison and 

contrast (Figure 4.11D). Although the signal of SthCan2 plateaued faster than that of TsuCan2, 

the overall fluorescence intensity of TsuCan2 is higher. This result is likely to be related to 

RNA-protein binding that result in weak fluorescence quenching. In previous assay, we also 

observed that a part of ssRNA substrate was missing on denaturing gel (Figure 4.8A) when 

SthCan2 is supplemented with MnCl2, which we also suggest RNA-protein binding is a 

possible reason.  
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Figure 4.11. SthCan2 and TsuCan2 degrade RNaseAlert substrate in the presence of cA4 and 
MnCl2. 
(A) Plot of fluorescent signals emitted by RNaseAlert substrate while it was incubating with 
SthCan2 and its variant. 30 nM RNaseAlert substrate was incubated with 1 μM (measured as 
monomer) SthCan2 or variant E276A/D278A at 37 °C for 35 min in the presence of cA4 and 
MnCl2 or MgCl2. Controls include incubations in the absence of enzyme, divalent metal ions 
or cA4. SthCan2 degraded RNaseAlert substrate when MnCl2 and cA4 are in presence. The 
nuclease variant E276A/D278A was inactive. (B) Plot of fluorescent signals emitted by 
RNaseAlert substrate while it was incubating with TsuCan2 and its variant. Same experiments 
were carried out as panel A using TsuCan2 instead of SthCan2. TsuCan2 degraded 
RNaseAlert substrate when MnCl2 and cA4 are in presence. The nuclease variant 
E302A/K304A was inactive. (C) Plot of fluorescent signals emitted by RNaseAlert substrate 
while it was incubating with VC1899 and its variant. Same experiments were carried out as 
panel A using VC1899. No clear activity was observed for all reactions. VC1899 does not 
cleave RNaseAlert substrate. (D) Plot of fluorescent signals emitted by RNaseAlert substrate 
while it was incubating with all Can2 orthologues. Reactions from panel A, B and C where 
wild-type SthCan2, TsuCan2 and VC1899 were incubated in the presence of MnCl2 and cA4 
are plotted together for comparison. 
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4.2.10 The rate laws and rate constants of reactions catalysed by SthCan2  

 

To further characterise deoxyribonuclease activity exhibited by Can2 proteins, we carried out 

several kinetic experiments. Both SthCan2 and TsuCan2 are able to degrade scDNA in the 

presence of cA4 and MnCl2 from the experiments above (Figure 4.3A and 4.4B). In addition, 

TsuCan2 degrades scDNA much slower under the same condition than SthCan2 and appears 

to favour cleaving ssRNA (Figure 4.9). Thus, we carried out kinetic study for SthCan2 when 

scDNA was used as substrate (Figure 4.12). The phosphodiester bond of DNA is broken down 

with a water molecule and once a phosphodiester bond was hydrolysed, the plasmid is 

considered as a product. Therefore, except for supercoiled DNA, all nicked and linearized 

plasmids on the gel are products of the reactions (Figure 4.12). To prevent catalytic cycling, 

we employed single-turnover approach using 1 μM (measured as monomer) wild-type 

SthCan2 incubated with roughly 2 nM scDNA at 50 °C in triplicate (Figure 4.12). The fraction 

of scDNA cleaved was quantified for each time point and plotted against time detailed in 

MATERIALS AND METHODS. The data was fitted to the single exponential equation (2.20), 

which confirms that the reaction is first-order in scDNA and yields the observed rate constant 

kobs = 3.39 ± 0.57 min−1 (Figure 4.12).  

 

In addition, SthCan2, TsuCan2 and VC1899 exhibit potent ribonuclease activity and degrade 

fluorescent ssRNA in the presence of cA4 and divalent metal ions (Figure 4.8, 4.9 and 4.10). 

The reactions supplemented with MnCl2 are too fast to be quantified accurately. Therefore, 

we carried out kinetic study only for SthCan2 using MgCl2 as divalent metal ions (Figure 4.13). 

We incubated 1 μM (measured as monomer) wild-type SthCan2 with 30 nM ssRNA at 50 °C 

in triplicate (Figure 4.13). The fraction of ssRNA cleaved was quantified for each time point 

and plotted against time detailed in MATERIALS AND METHODS. The data was fitted to the 

single exponential equation (2.20), which confirms that the reaction is first-order in ssRNA. 

The observed rate constant kobs is 1.29 ± 0.15 min−1 (Figure 4.13).  
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Figure 4.12. Determination of the reaction order and the observed rate constant of scDNA 
degradation under single turnover condition. 
(A) Triplicate time course assays of scDNA degradation for kinetic study. 2 nM scDNA was 
incubated with 1 μM (measured as monomer) SthCan2 in the presence of cA4 and MnCl2 at 
50 °C for 0.17, 0.33, 0.67, 1, 2 and 3 min. All reactions were loaded onto agarose gels for 
quantification. Standard migrating forms of supercoiled plasmids are shown. The size of ladder 
is indicated on the gel. (B) Plot and curve fitting for scDNA degradation. The fraction of scDNA 
degraded was quantified for each time point and plotted against time. The data was fitted to 
the single exponential equation (2.20) which confirms that the reaction is first-order in scDNA 
and yields the observed rate constant kobs = 3.39 ± 0.57 min−1. Values and error bars represent 
the mean of triplicate experiments and standard deviation. 
 

 

Moreover, both SthCan2 and TsuCan2 also cleaved the RNaseAlert substrate in fluorimetric 

assay (Figure 4.11). As the sequence of RNaseAlert substrate is not provided by the 

manufacturer, it is unclear whether the RNA is identical or is a mix of different RNA. Therefore, 

we do not fit the data to any equation. Moreover, reactions in fluorimetric assay were not 

deproteinized at the time point and the observed rate constant in fluorimetric assay is affected 

by product release rate. Thus, fluorimetric assay is not suitable for measuring the rate constant 

kobs for Can2. 
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Figure 4.13. Determination of the reaction order and the observed rate constant of ssRNA 
degradation under single turnover condition. 
(A) Triplicate time course assays of ssRNA degradation for kinetic study. 30 nM ssRNA was 
incubated with 1 μM (measured as monomer) SthCan2 in the presence of cA4 and MgCl2 at 
50 °C for 0.17, 0.33, 0.67, 1, 2 and 3 min. All reactions were loaded onto denaturing gels for 
quantification. The negative control is same amount of ssRNA without incubation. (B) Plot and 
curve fitting for ssRNA degradation. The fraction of ssRNA degraded was quantified for each 
time point and plotted against time. The data was fitted to the single exponential equation 
(2.20) which confirms that the reaction is first-order in ssRNA and yields the observed rate 
constant kobs = 1.29 ± 0.15 min−1. Values and error bars represent the mean of triplicate 
experiments and standard deviation. 
 

 

4.2.11 Ligand binding affinity monitored by electrophoretic mobility shift assay 

 

The ligand cA4 is an essential activator for all deoxyribonuclease and ribonuclease activity as 

discussed above. And unambiguous electron density for a molecule of cA4 was observed at 
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the interface between the two CARF domains of dimer SthCan2 (Figure 4.2). Therefore, we 

analysed the binding affinity of cA4 bound to SthCan2. The fraction of ligand bound 

(independent binding) or the fraction of receptor bound (cooperative binding) was measured 

by EMSA detailed in MATERIALS AND METHODS. We incubated 200 nM 32P radiolabelled 

cA4 with SthCan2 for 10 min at room temperature in the presence of MgCl2. The concentration 

of dimer SthCan2 varies from 0 to 5 μM as denoted in Figure 4.14A. All reactions were carried 

out in triplicate and loaded onto native polyacrylamide gel. The amount of cA4 was visualised 

and quantified detailed in MATERIALS AND METHODS. The fraction of cA4 bound was plotted 

against free protein dimer concentrations and the data was fitted to equation (2.9) (Figure 

4.14B), yielding an apparent dissociation constant (Kd) of 99.3 ± 38.0 nM. However, the data 

is not fitting perfectly. The ligand may bind to dimer SthCan2 cooperatively.  

 

In our assays, we titrated dimer SthCan2 to certain amount of cA4. Therefore, we consider cA4 

is the receptor and dimer SthCan2 is the ligand for calculation. Then we plotted the same date 

again and fitted it to equation (2.14) (Figure 4.14C), yielding a microscopic dissociation 

constant (KA) of 90.0 ± 2.9 nM and an apparent dissociation constant (Kd) of 1.56 ± 3.18 pM. 

The Hill coefficient is 5.56 ± 0.82 when considering dimer SthCan2 is the ligand, which 

indicates that the binding is positively cooperative. However, this Hill coefficient also indicates 

that one cA4 molecule binds to multiple dimer SthCan2 protein, which is contrary to the crystal 

structure (Figure 4.2A). In addition, a smear of cA4 was observed on the gel instead of shifted 

bands (Figure 4.14A). A possible explanation might be that negatively charged cA4 molecule 

is rather small and unable to drag the protein-cA4 complex into the gel as the protein is 

positively charged. SthCan2-cA4 complex is stuck in the wells and keeps dissociating. The 

dissociated cA4 then runs into the gel. Thus, the ligand binding affinity measured by EMSA 

assays is not accurate enough. The apparent dissociation constant in our assay is considered 

to be approximate. Calorimetry studies are needed for more accurate quantification.  
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Figure 4.14. EMSA study of cA4 binding to dimer SthCan2. 
(A) Triplicate assays of radiolabelled cA4 binding by dimer SthCan2. 200 nM 32P radiolabelled 
cA4 was incubated by wild-type SthCan2 for 10 min at room temperature in the presence of 
MgCl2. The protein concentrations used in the assay are 0, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 
1, 2.5 and 5 µM (measured as dimer). All reactions were loaded onto native polyacrylamide 
gel for quantification. The radiolabelled cA4 was prepared by incubating 32P-α-ATP with 
activated S. solfataricus Csm complex and side products of the cyclase activity are indicated. 
(B) Plot and curve fitting for determination of dissociation constant. The fraction of ligand 
bound was quantified from the gel. Then the free concentration of dimer SthCan2 was 
deduced for each reaction. The data was fitted to equation (2.9) to yield an apparent 
dissociation constant (Kd) of 99.3 ± 38.0 nM. The data was also fitted to equation (2.14) to 
yield a microscopic dissociation constant (KA) of 90.0 ± 2.9 nM and an apparent dissociation 
constant (Kd) of 1.56 ± 3.18 pM. Values and error bars represent the mean of triplicate 
experiments and standard deviation. 
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4.2.12 Ring nuclease activity of SthCan2 monitored by thin-layer chromatography (TLC) 

 

Recent studies show that several CARF family type III CRISPR ancillary ribonucleases 

degrade their own cyclic oligoadenylate activator122,123,125,129. Therefore, we tested the ring 

nuclease activity of SthCan2 to explore whether it is a self-limiting protein. We incubated 

SthCan2 with ~10 nM 32P radiolabelled cA4 at 50 °C for 10 min in the presence of MgCl2. The 

concentration of SthCan2 varies from 100 nM to 20 μM (measured as monomer). All reactions 

were deproteinized and loaded onto TLC plates (Figure 4.15). Tiny amounts of A2>P and A2-

P were observed on the plate, including the control lane (Figure 4.15). This result indicates 

that SthCan2 exhibits no ring nuclease activity. Moreover, there are no conserved residues 

allocated suitably, to position or activate a 2’-hydroxyl group of the cA4 for in-line nucleophilic 

attack on the adjacent phosphodiester bond125,129,267,288. 

 

 

Figure 4.15. SthCan2 is not a ring nuclease. 
Wild-type SthCan2 was incubated with ~10 nM 32P radiolabelled cA4 at 50 °C for 10 min. The 
concentrations of SthCan2 used in the assay are 0.1, 0.2, 0.5, 1, 2, 5, 10 and 20 µM (measured 
as monomer). Negative control was carried out without protein under the same condition. All 
reactions were loaded onto TLC plates and visualized by phosphor imaging. No clear cA4 
cleavage product was observed on the plate. Tiny amounts of A2>P and A2-P were observed 
for all reactions including the negative control. 
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4.2.13 TsuCan2 is effective in a recombinant type III CRISPR-Cas system in E. coli 

 

After extensive investigation on DNase and RNase activity of Can2 in vitro, we next tested the 

function of Can2 in the immune response. The recombinant type III CRISPR interference 

complex (Csm complex) and CRISPR arrays were designed by Dr Sabine Grüschow 

(University of St Andrews, Scotland) of our laboratory267,288,302. All plasmids used for plasmid 

challenge assays are designed and constructed by Dr Sabine Grüschow. All plasmid 

challenge assays are performed by Dr Sabine Grüschow and the data is analysed by me. 

 

The plasmid pCsm1-5_DCsm6 contains Csm interference complex genes cas10 (csm1), csm3, 

csm4, csm5 from M. tuberculosis and csm2 from M. canettii (Figure 4.16A). This plasmid 

produces functional target RNA dependent Csm complex which is confirmed by previous 

study302. A control plasmid pCsm1-5_Cy expresses a cyclase variant of Csm complex where 

the subunit Csm1 is replaced by Csm1 D630A/D631A (Figure 4.16A). This cyclase variant is 

unable to synthesise any cOA signalling molecules, therefore unable to activate cOA 

dependent downstream effectors302. The next assembled plasmid is pCRISPR_TetR that 

contains a CRISPR array and transcribes a crRNA (Figure 4.16B). This crRNA targets a 

tetracycline-resistance gene. Its control plasmid pCRISPR transcribes a crRNA targeting 

pUC19 multiple cloning site (MCS) which is irrelevant in our assays (Figure 4.16B). Thus, this 

control is described as “No targeting crRNA”. Both pCRISPR_TetR and pCRISPR express 

cas6 from M. tuberculosis. The last constructed plasmid is pRAT_TsuCan2 which contains 

the tetracycline-resistance gene and tsucan2 gene (Figure 4.16C). Effector TsuCan2 is 

chosen as T. sulfidiphilus is mesophilic314. Its control plasmid pRAT contains no effector can2 

gene (Figure 4.16C). 
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Figure 4.16. Plasmids used for recombinant type III CRISPR-Cas system and its interference 
steps. 
(A) Schematic of plasmid pCsm1-5_DCsm6 or pCsm1-5_Cy. Csm interference complex 
genes csm1, csm3, csm4, csm5 from M. tuberculosis and csm2 from M. canettii were cloned 
into plasmid pCsm1-5_DCsm6. The control plasmid pCsm1-5_Cy encodes a cyclase variant 
(Csm1 D630A/D631A) that is unable to synthesise any cOA signalling molecules. Ampicillin-
resistance gene is shown. (B) The plasmids pCRISPR_TetR, pCRISPR_Lpa and pCRISPR 
contain CRISPR arrays and transcribe crRNAs. They have spacers targeting tetracycline-
resistance gene, lpa gene of bacteriophage P1 and pUC19 multiple cloning site, respectively. 
They all have cas6 gene from M. tuberculosis for crRNA processing. Spectinomycin-
resistance gene is shown. (C) The plasmid pRAT_TsuCan2 contains the nuclease effector 
TsuCan2. The control plasmid pRAT lacks tsucan2 gene. The control pRAT_E302A/K304A 
encodes a nuclease domain variant E302A/K304A of TsuCan2. Tetracycline-resistance gene 
is shown. All plasmids shown in panel A, B and C are constructed as per the methods in 
MATERIALS AND METHODS. The promoters are indicated in the figures (D) Schematic of 
interference steps. The schematic structure of Csm interference complex is shown. It is 
activated by cognate transcript targeting and generates cyclic oligoadenylates, that activates 
nuclease effector TsuCan2. Panel D is adapted from Athukoralage and White96. 
 

 

E. coli C43 (DE3) cells were transformed with plasmid pCsm1-5_DCsm6, pCRISPR_TetR and 

pRAT_TsuCan2 (wild-type). After induction, transformants are able to produce a recombinant 

Csm complex that can be activated by target RNA and synthesise different cyclic 

oligoadenylates (cA3-6), confirmed by previous studies267,302. TsuCan2 protein expressed by 

pRAT_TsuCan2 is then activated by cA4 in E. coli cells (Figure 4.16D). The first control 
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“Cyclase variant” (transformed with pCsm1-5_Cy, pCRISPR_TetR and pRAT_TsuCan2) is 

unable to synthesise any cOA. The second control “No targeting crRNA” (transformed with 

pCsm1-5_DCsm6, pCRISPR and pRAT_TsuCan2) is unable to synthesise correct targeting 

crRNA. The third control “No TsuCan2” (transformed with pCsm1-5_DCsm6, pCRISPR_TetR 

and pRAT) lacks TsuCan2 effector gene, thus unable to encode TsuCan2.  

 

We grew the cells at 37 °C for 2.5 h before applying a 10-fold dilution series onto LB agar 

plates without tetracycline to determine the cell density of recipients. Colonies were counted 

and normalised (Figure 4.17A). No significant differences were observed in the number of 

colonies (Figure 4.17A). All cells were applied onto LB agar plates with induction and 

additional tetracycline to determine the number of viable transformants. The transformants 

with plasmid pRAT_TsuCan2 or pRAT (containing tetracycline-resistance gene) are expected 

to survive on tetracycline selective plates. Colonies were counted and colony-forming units 

(cfu) per millilitre were obtained and plotted in Figure 4.17B.  

 

The number of wild-type transformant decreased by three orders of magnitude compared with 

all controls (Figure 4.17B). It is evident that TsuCan2 is effective in our recombinant type III 

CRISPR-Cas system. Together with the data of the controls, neither Csm interference 

complex nor inactive TsuCan2 results in a growth arrest. TsuCan2 may degrade the target 

plasmid or the transcripts of tetracycline-resistance gene as TsuCan2 displayed weak 

deoxyribonuclease activity and potent ribonuclease activity in our biochemical assays above. 

In addition, TsuCan2 may also provide immunity by inducing host cell death or dormancy.  
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Figure 4.17. TsuCan2 provides immunity in plasmid challenge assay. 
(A) Determination of the cell density of viable recipients. E. coli C43 (DE3) cells were 
transformed with three plasmids. One contains type III CRISPR interference complex genes 
from mycobacteria. One contains a CRISPR array and transcribes a crRNA which targets a 
tetracycline-resistance gene. The third plasmid contains the tetracycline-resistance gene and 
tsucan2 gene. Controls include “Cyclase variant” which is unable to synthesise any cOA, “No 
targeting crRNA” which is unable to synthesise correct targeting crRNA and “No TsuCan2” 
which lacks TsuCan2 effector gene. The cells were grown at 37 °C for 2.5 h before applying 
a 10-fold dilution series onto LB agar plates without tetracycline to determine the cell density 
of recipients. Colonies were counted and normalised. No significant differences were 
observed between wild-type and controls. The experiment was carried out with two biological 
replicates and four technical replicates each. Values and error bars represent the mean of 
triplicate experiments and standard deviation. (B) Determination of the number of viable 
transformants. All cells from part A were applied onto LB agar plates with induction and 
additional tetracycline. Colonies were counted and normalised. The colony number of wild-
type transformant decreased by three orders of magnitude compared with all controls. The 
experiment was carried out with two biological replicates and four technical replicates each. 
Values and error bars represent the mean of triplicate experiments and standard deviation. P 
values was obtained by Student’s t-test. ** indicates significate P values (P < 0.01) that were 
obtained in colony numbers between wild-type and all the controls. 
 

 

In another study conducted by Dr Sabine Grüschow in our laboratory, the same recombinant 

type III CRISPR-Cas system was used and TsuCan2 was replaced by its initial Csm6 

ribonuclease from M. tuberculosis type III system302. This effector is cA6-activated non-specific 

RNase302. The whole modules were transformed into E. coli C43 (DE3) cells and the cells 

were applied onto LB agar plates with induction302. The number of wild-type transformant 

decreased by three orders of magnitude compared with control302. So is the transformants 

with Csm complex mutants302. This result indicates that the immunity is predominantly 
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provided by ancillary effector, which is consistent with my study302. Moreover, an orthologue 

protein of Can2, Card1 was recently studied128. A recombinant type III system was constructed 

in S. aureus cells128. The result suggests that Card1 leads to cell growth arrest by its single-

stranded DNase128. Moreover, Card1 is able to clear target plasmid only when it acts 

synergistically with active HD nuclease domain of Cas10128. However, the biochemical activity 

of Can2 is different from these proteins. It remains unknown that whether Can2 clears target 

plasmid, transcripts or chromosomal DNA in cells. 

 

4.2.14 TsuCan2 provides immunity against bacteriophage infection in E. coli 

 

We next investigated the role of TsuCan2 in the immune response during bacteriophage 

infection. The CRISPR array targeting a viral gene and the plasmid carrying this array were 

constructed by Dr Sabine Grüschow (University of St Andrews, Scotland). Other plasmids in 

anti-phage immunity assay were constructed by me. All anti-phage immunity assays were 

carried out by me. 

 

Apart from plasmids pCsm1-5_DCsm6, pCsm1-5_Cy, pCRISPR, pRAT_TsuCan2 and pRAT 

(Figure 4.16) used in plasmid challenge assays, plasmid pCRISPR_Lpa was constructed 

(Figure 4.16B), transcribing crRNA that targets lpa gene of bacteriophage P1303, a temperate 

bacteriophage we used to infect E. coli cells303. The gene encodes Lpa (late promoter activator) 

protein which binds to RNA polymerase to initiate transcription of P1 late genes303. Another 

plasmid pRAT_E302A/K304A was constructed which expresses the nuclease domain variant 

of TsuCan2 we investigated above (Figure 4.16C). E. coli C43 (DE3) cells that transformed 

with plasmids pCsm1-5_DCsm6, pCRISPR_Lpa and pRAT_TsuCan2 were denoted as “wild-

type”. After induction, transformants are able to produce a recombinant Csm complex that 

synthesises different cyclic oligoadenylates and activate TsuCan2 (Figure 4.16D). The 

positive control “No phage” (transformed with pCsm1-5_DCsm6, pCRISPR_Lpa and 
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pRAT_TsuCan2) was incubated without bacteriophage infection. The control “Cyclase variant” 

(transformed with pCsm1-5_Cy, pCRISPR_Lpa and pRAT_TsuCan2) is unable to synthesise 

any cOA. The control “No targeting crRNA” (transformed with pCsm1-5_DCsm6, pCRISPR 

and pRAT_TsuCan2) is unable to synthesise correct targeting crRNA. The control 

“E302A/K304A” that is transformed with plasmids pCsm1-5_DCsm6, pCRISPR_Lpa and 

pRAT_E302A/K304A encodes the nuclease variant E302A/K304A. The control “No TsuCan2” 

(transformed with pCsm1-5_DCsm6, pCRISPR_Lpa and pRAT) lacks TsuCan2 effector gene.  

 

After co-transforming with corresponding plasmids, E. coli cells were grown in LB liquid 

medium at 37 °C overnight. The cultures were diluted and normalised for optical density and 

infected with bacteriophage P1 at a multiplicity of infection (MOI) of 1 followed by growth in a 

96-well plate. Optical density measurements at 595 nm (OD595) were taken for plotting growth 

curves (Figure 4.18A). The cells with activated wild-type TsuCan2 effectively suppressed 

bacteriophage P1, growing similarly to those without infection (Figure 4.18A). In contrast, cells 

unable to synthesise Lpa-targeting crRNA (No targeting crRNA) failed to survive infection 

(Figure 4.18A). Moreover, the strain unable to generate activator cA4 (Cyclase variant), the 

strain expressing inactive TsuCan2 variant (E302A/K304A) and the strain without downstream 

effector (No TsuCan2) were not immune to bacteriophage P1 (Figure 4.18A), although these 

three strains harboured Csm complex with correct targeting crRNA. This result suggests 

immunity is predominantly provided by ancillary effector TsuCan2 which is consistent with 

previous study302. In addition, OD595 of all strains at 4 h and 10 h after infection were plotted 

together in Figure 4.18B. P values, obtained by Student’s t-test, showed that there were no 

significant differences between cells without infection and wild-type, whereas significate P 

values (P < 1.0E-05) were obtained between cells without infection and other controls. Notably, 

TsuCan2 appears to be non-toxic to cells, which is different from Card1128. Although TsuCan2 

provides effective protection against phage P1 infection, the molecular mechanism in the cells 

remains unclear. The possible protection conferred by TsuCan2 will be discussed according 
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to its enzymatic activity in DISCUSSION, together with other Can2 orthologues. To confirm 

these hypotheses, more studies (e.g. plaque assays, quantitative PCR, RNA sequencing or 

northern blot) are required to monitor how immunity is conferred. These will also be discussed 

in DISCUSSION. 

 

 

Figure 4.18. TsuCan2 provides immunity against bacteriophage infection. 
(A) Growth curves of E. coli C43 (DE3) cells harbouring a recombinant type III CRISPR-Cas 
system and TsuCan2 effector infected with phage P1. The E. coli cells were transformed with 
three plasmids. One contains type III CRISPR interference complex genes from mycobacteria. 
One contains a CRISPR array and transcribes a crRNA which targets lpa gene of 
bacteriophage P1. The third plasmid contains the tetracycline-resistance gene and tsucan2 
gene. Negative Controls include “Cyclase variant” which is unable to synthesise any cOA, “No 
targeting crRNA” which is unable to synthesise correct targeting crRNA, “E302A/K304A” which 
expresses inactive E302A/K304A and “No TsuCan2” which lacks TsuCan2 effector gene. 
Wild-type cells that grow without bacteriophage infection are used as a positive control (named 
“No phage”). All cells were infected with bacteriophage P1 at a MOT of ~1 and grown in LB 
broth in a 96-well plate with shaking at 37 °C. OD595 of the culture was measured every 15 
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min to plot against time over the 16 h incubation. The grown curve of wild-type is similar to 
“No phage”. All negative controls are highly susceptible to bacteriophage infection. The 
experiment was carried out with four biological replicates and two technical replicates each. 
Values and error bars represent the mean of the repeats and standard deviation. (B) The 
OD595 values of the cultures of part A at 4- and 10-hour time points. The OD595 values were 
plotted against time in the bar figure. Values and error bars represent the mean of the repeats 
and standard deviation. Statistical analysis was carried out with RStudio using Student’s t-test 
to calculate P values. NS (not significant) indicates P values > 0.05 and *** indicates P values 
< 1.0E-05. 
 

 

4.2.15 Short DNA oligonucleotides cleavage by Can2 orthologues  

 

To investigate the deoxyribonuclease activity of different Can2 orthologues, we also used 

short DNA oligonucleotides as substrates. Although more experiments and controls are 

required to obtain more explicit results, we can still predict some postulated biochemical 

mechanisms behind short DNA cleavage.  

 

Experiments were carried out at 50 °C for SthCan2 as S. thermosulfidooxidans is a moderately 

thermophilic bacterium313. We first used 5’ 6-FAM labelled 50 nucleotides length ssDNA, 

named J1B50, as the substrate (sequence listed in Table 2.3). 30 nM J1B50 was incubated 

with 1 μM (measured as monomer) SthCan2 or its nuclease variant for 1, 5 and 30 min in the 

presence of MgCl2 or MnCl2 supplemented with cA4. All reactions were carried out in HEPES 

pH 7 buffer (20 mM HEPES pH 7, 100 mM NaCl and 1 mM EDTA) and loaded onto a 

denaturing PAGE (Figure 4.19A). Vast majority of ssDNA was degraded by wild-type SthCan2 

after 1 min incubation in the presence of MnCl2 (Figure 4.19A). Degraded ssDNA products 

were observed on the gel (Figure 4.19A). SthCan2 was unable to cleave ssDNA when Mg2+ 

was used as divalent cation which is consistent with scDNA cleavage assays (Figure 4.3). The 

nuclease variant E276A/D278A was inactive. Control C1 and C2 represent ssDNA incubated 

without enzymes but with MgCl2 or MnCl2, respectively. ssDNA was directly loaded onto the 

gel as a control before the lanes C1 and C2 (Figure 4.19A). Notably, a part of ssDNA substrate 
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appears to be missing in each lane on the denaturing gel (Figure 4.19A). This may result from 

unexpected DNA-protein binding as we did not deproteinize before loading.  

 

 

Figure 4.19. SthCan2 degrades ssDNA and dsDNA activated by cA4 in the presence of MnCl2. 
(A) Denaturing gel analysis of ssDNA cleavage by SthCan2. 30 nM ssDNA was incubated 
with 1 μM (measured as monomer) SthCan2 or its nuclease variant for 1, 5 and 30 min in the 
presence of MgCl2 or MnCl2 supplemented with cA4. Wild-type SthCan2 degraded ssDNA in 
the presence of MnCl2. The nuclease variant E276A/D278A was inactive. Control C1 and C2 
represent ssDNA incubated without enzymes but with MgCl2 or MnCl2, respectively. ssDNA 
was directly loaded onto the first lane of the gel as a control. (B) Denaturing gel analysis of 
dsDNA cleavage by SthCan2. 30 nM dsDNA was incubated with 200 nM (measured as 
monomer) SthCan2 for 3 h in the presence of different cOAs or different divalent cations. A 
part of dsDNA was degraded by wild-type SthCan2 after 3 h incubation only in the presence 
of cA4 and MnCl2. 
 

 

A dsDNA named MM which is 39 base pairs in length was also used as a substrate. The two 

DNA strands of MM are labelled with FAM at 5’ and their sequences are listed in Table 2.3. 

30 nM dsDNA was incubated with 200 nM (measured as monomer) SthCan2 for 3 h in the 

presence of different cOAs or different divalent cations. All reactions were loaded onto a 
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denaturing gel (Figure 4.19B). A part of dsDNA was degraded by wild-type SthCan2 after 3 h 

incubation only in the presence of cA4 and MnCl2 (Figure 4.19B), which is consistent with the 

results from scDNA and ssDNA cleavage assays (Figure 4.3 and 4.19A). However, there was 

still dsDNA substrate uncleaved after 3 h incubation (Figure 4.19B), suggesting dsDNA is not 

preferred substrate for SthCan2. Overall, it is evident that cA4 and MnCl2 are essential for DNA 

cleavage by SthCan2. 

 

Experiments for TsuCan2 were carried out at 37 °C as T. sulfidiphilus is a mesophilic 

bacterium314. J1B50 was used as ssDNA substrate. A short dsDNA oligonucleotide substrate 

was generated by annealing J1B50 to its complementary sequence (unlabelled with FAM). 30 

nM ssDNA or dsDNA was incubated with 200 nM (measured as monomer) TsuCan2 for 90 

min in the presence of cA4 and MgCl2. All reactions were loaded onto a denaturing gel (Figure 

4.20). J1B50 (50 nt) and one strand of MM dsDNA (39 nt) were loaded onto the gel as controls.  

 

Reactions without TsuCan2 were used as negative control and loaded before reactions with 

TsuCan2 (Figure 4.20). TsuCan2 was unable to cleave both ssDNA and dsDNA in the 

presence of cA4 and MgCl2 (Figure 4.20). However, TsuCan2 degraded plasmid at 50 °C in 

the presence of MnCl2 and cA4 (Figure 4.4B). More experiments are required for studying 

deoxyribonuclease activity of TsuCan2 when ssDNA or dsDNA are used as substrates.  
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Figure 4.20. TsuCan2 did not cleave ssDNA and dsDNA in the presence of cA4 and MgCl2. 
30 nM ssDNA or dsDNA was incubated with 200 nM (measured as monomer) TsuCan2 for 
90 min in the presence of cA4 and MgCl2. J1B50 (50 nt) and one strand of MM dsDNA (39 nt) 
were loaded onto the gel directly in the first two lanes. Reactions without TsuCan2 were used 
as negative control and loaded before reactions with TsuCan2. TsuCan2 was unable to cleave 
both ssDNA or dsDNA in the presence of cA4 and MgCl2. 
 

 

Experiments for VC1899 were carried out at 37 °C as the protein is from the strains belonging 

to V. cholerae serogroup O:1, which can infect humans315. J1B50 was used as ssDNA 

substrate. J1B50 annealed with its complementary sequence was used as dsDNA substrate. 

30 nM ssDNA was incubated with 200 nM (measured as monomer) VC1899 for 1 h in the 

presence of different divalent cations. All reactions were loaded onto a denaturing gel (Figure 

4.21A). No clear activity was observed. 30 nM dsDNA was incubated with 2 μM (measured as 

monomer) VC1899 for 2 h in the presence of different cOA supplemented with both MgCl2 and 

MnCl2 (Figure 4.21B). No clear activity was observed. VC1899 was unable to cleave both 

ssDNA and dsDNA. 

 

 

 



 149 

 

Figure 4.21. VC1899 did not cleave ssDNA and dsDNA. 
(A) Denaturing gel analysis of ssDNA cleavage by VC1899. 30 nM ssDNA was incubated with 
200 nM (measured as monomer) VC1899 for 1 h in the presence of different divalent cations. 
No clear activity was observed. (B) Denaturing gel analysis of dsDNA cleavage by VC1899. 
30 nM dsDNA was incubated with 2 μM (measured as monomer) VC1899 for 2 h in the 
presence of different cOA supplemented by both MgCl2 and MnCl2. No clear activity was 
observed. 
 

 

4.3 DISCUSSION 

 

The work in this chapter described the structure and mechanism of nuclease Can2 in details. 

We showed that Can2 is a dual-specificity nuclease degrading both DNA and ssRNA, 

mediated by ligand cA4. It also provides immunity when plasmids or bacteriophage is invaded. 

Both Can1 (from CHAPTER 3) and Can2 are classified into a same clade (CARF4) according 

to a genomic analysis on CARF domain superfamily285. On the other hand, Can2 is a PD-

(D/E)XK motif-containing protein and grouped into a family, named DUF1887 (domain of 

unknown function 1887) or PF09002 from Pfam database310,316. Among the three Can2 

orthologues, apo structure of VC1899 is first solved (PDB ID:1XMX). Its structure was 

compared with SthCan2 and analysed by my colleagues130. It is highly conserved with 
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SthCan2 (with an r.m.s.d. of 1.7 Å over 141 Cα atoms for CARF domain and 2.5 Å over 186 

Cα atoms for nuclease domain calculated by DALI), although SthCan2 is in active state130. 

Notably, the structure of Can1 is also conserved with SthCan2. The two CARF domains of 

Can1 is superimposed with dimeric CARF domains of SthCan2 with an r.m.s.d. of 2.6 Å over 

256 Cα atoms130. Likewise, their nuclease domains are aligned with an r.m.s.d. of 3.2 Å over 

139 Cα atoms130. The nuclease domain of Can1 and its nuclease-like domain overlay with an 

r.m.s.d. of 2.6 Å over 83 Cα atoms (Figure 3.2D)126. Overall, given the structure of Can2 (a N-

terminal CARF domain and a C-terminal nuclease domain), we postulate a scenario that can1 

gene was descended from an ancestor of can2, followed by duplication, fusion and divergent 

evolution.  

 

However, can1 gene is distributed only within Thermus genus (Figure 3.4), whereas can2 is 

widespread among bacteria130. Genome contexts of can2 from five species are shown in 

Figure 4.22. They located adjacent to Cas proteins of type III CRISPR-Cas interference 

complexes and multiple putative ancillary proteins. Notably, no cA4 cleavage by SthCan2 was 

observed (Figure 4.15). Ring nuclease is possibly required to deactivate Can2 orthologues. 

The gene expressing Crn2 (yellow in Figure 4.22) is identified adjacent to can2. It is related to 

the viral ring nuclease AcrIII-1 family and is likely able to degrade the activator129,267. Moreover, 

Csx16 (yellow in Figure 4.22)  is also predicted to be a ring nuclease285. 
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Figure 4.22. Genome contexts of Can2 orthologues. 
Genome contexts of Can2 orthologues from five species (Sulfobacillus thermosulfidooxidans, 
Thioalkalivibrio sulfidiphilus, Nitrococcus mobilis, Haemophilus haemolyticus and 
Methylomagnum ishizawai). Genes encoding Cas proteins of type III CRISPR-Cas 
interference complexes and predicted ancillary proteins are labelled. Genes named “CARF” 
represent uncharacterised CARF family proteins. Figure adapted from Zhu et al.130 
 

 

In our study, the structure of SthCan2 in complex with cA4 was solved (PDB ID: 7BDV). 

Although it is highly conserved to VC1899 (PDB ID:1XMX), VC1899 is not linked to a type III 

CRISPR-Cas system. It cleaves FAM labelled ssRNA (60 nucleotides) rapidly in the presence 

of divalent metal ions and cA4 is not required (Figure 4.10A and B). It displays very weak 

RNase activity on RNaseAlert substrates (Figure 4.11). In contrast, SthCan2 and TsuCan2 

are metal dependent dual-specificity nuclease activated by the second messenger cA4. In the 

presence of MnCl2, SthCan2 rapidly degraded scDNA at first-order with the kobs = 3.39 ± 0.57 

min−1 (Figure 4.12). The activity is suggested to initiate by nicking at random sites (Figure 4.6), 

although dimer SthCan2 contains two active sites (Figure 4.2). TsuCan2 displayed weaker 

DNA nicking activity (Figure 4.4A). Both SthCan2 and TsuCan2 displayed potent RNase 

activity (Figure 4.8, Figure 4.9 and Figure 4.11). The orthologue of Can2 from Treponema 

succinifaciens, named Card1 was characterised by another team from USA128. Card1 is metal 

dependent nuclease that cleaves circular viral ssDNA and ssRNA activated by cA4 ligand128. 

The scDNA substrates were not cleaved or nicked in their assay128. Overall, the catalytic 

activity of Can2 from different organisms varies.  
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In addition, TsuCan2 is able to provide immunity against both plasmids and phages when 

expressed with a recombinant type III CRISPR-Cas system (Figure 4.17 and 4.18). As 

TsuCan2 displays weak DNase but potent RNase (Figure 4.4, 4.9 and 4.11), the immunity 

conferred by TsuCan2 is postulated from global transcript degradation, which may affect viral 

protein expression. On the other hand, SthCan2 displays both potent DNase and RNase 

(Figure 4.3, 4.8 and 4.11). The scDNA is rapidly degraded by SthCan2, presumably initiated 

by nicking (Figure 4.3). Thus, SthCan2 may degrade viral transcripts and also compromise 

viral DNA replication by collapsing the replication forks. Moreover, SthCan2 is able to cleave 

ssDNA and dsDNA (Figure 4.19), which are typically absent in host cells. They are from viral 

genome or occur when plasmids or viruses replicate through rolling circle replication. 

Therefore, SthCan2 may protect hosts against invaders via multiple pathways. For VC1899, 

its enzymatic activity is not mediated by cyclic oligoadenylates (Figure 4.10) and it is not linked 

to a type III CRISPR-Cas system130. Its biological function remains unclear. In the study of 

Card1, no detectable transcript reduction was observed when Card1 was activated128. Card1 

cleared target plasmid by its single-stranded DNase activity that synergistically functioned with 

HD nuclease domain of Cas10128. The HD domain activity is also partially required (at high 

MOI) for immunity during phage infection128. Overall, it is possible that viral dsDNA was nicked 

by HD domain at transcription bubble and cleaved by Card1. All these Can2 orthologues have 

the intrinsic potential to cause collateral damage due to their non-specific activities. It is 

possible that these nucleases can function via Abi mechanism when activated. Notably, both 

in vivo studies on TsuCan2 and Card1 employed recombinant type III systems that expressed 

in E. coli and S. aureus cells, respectively128,130. The cellular environment is different from their 

original hosts, which may affect the activity of these effector proteins. 

 

To investigate how TsuCan2 and SthCan2 function in the host cells, certain experiments are 

required in the future. In the study of Card1, the number of plaque forming units (PFUs) from 

infected liquid culture were measured at different time points128. We could apply the culture 

that expresses activated Can2 and is infected with phage onto E. coli cell lawns to obtain 
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PFUs over time. This could monitor the number of infectious particles as cells growing to 

understand whether phage propagation is slowed down by Can2 or infectious phages are 

cleared by Can2. Moreover, RNA sequencing and northern blot analysis were performed in 

the study of Card1 to detect changes of select host and invader transcripts128. The methods 

could also be employed to ascertain whether RNA is the preferred substrate of Can2 and 

whether Can2 degrades both host and viral transcripts. Furthermore, quantitative PCR (qPCR) 

is also a possible method to determine transcript levels of certain genes after Can2 is 

activated317. This could unveil the main targets of Can2 orthologues. 
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CHAPTER 5 

5 CONCLUSIONS AND FUTURE WORK 

 

5.1 BACKGROUND AND AIM OF THIS THESIS 

 

The work in this thesis has identified two novel type III CRISPR ancillary proteins and has 

described how second messenger cA4 is bound to the CARF domains of the proteins in turn 

allosterically activates the effector domains to potentiate the immune response. Following the 

investigation of Csx1/Csm6 family proteins272–274 and the discovery of cOA signalling 

pathway124,131,132, the long-standing questions, those of the functions of Cas10 Palm domains 

and functions of CARF domain-containing proteins, were solved291. However, only few 

proteins from Csx1/Csm6 family had been described before we started our studies. These 

proteins contain a CARF domain fused to a HEPN effector domain (discussed in the 

INTRODUCTION chapter). The structure and mechanism of how type III interference is 

activated to synthesise cOA and the cOA signalling pathway are also discussed in the 

INTRODUCTION chapter. A comparative genomic study has identified 2019 CARF-containing 

proteins that are fused to HEPN domains and 929 CARF proteins fused to PD-(D/E)XK 

domains in total analysed 7143 proteins285. These two enzymatic domains are among most 

common domains in the study285. Our study on Can1 and Can2 broadened the understanding 

of those CRISPR ancillary proteins consisted of CARF and PD-(D/E)XK domains.  

 

5.2 STRUCTURES OF CAN1 AND CAN2 COMPARED WITH OTHER ANCILLARY 

PROTEINS 

 

TtCan1 and SthCan2 are crystallised in complex with cA4 and shown in Figure 1.9 with 7 other 

CARF family proteins. They all form dimeric architectures or subunits that contain N-terminal 
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CARF domain dimers (coloured in cyan and light cyan) and C-terminal effector domain dimers 

(coloured in dark blue and sky blue). Notably, the structure of TtCsm6 and dimeric subunits of 

SisCsx1 are formed by two twisted monomers and their terminal domains are connected by 

several intermediate α-helices (Figure 1.9C and G). EiCsm6 and SsoCsa3 are slightly twisted 

(Figure 1.9E and H). As we discussed in CHAPTER 4, Can1 is possibly descended from an 

ancestor of Can2, followed by gene duplication and fusion. The two halves of Can1 (CARF 

domain and PD-(D/E)XK domain or nuclease-like domain) are also slightly twisted (Figure 

1.9I). Other dimeric proteins, together with the recently described Card1128 (Can2 orthologue) 

are formed by monomers in parallel. The structures of TonCsm6, EiCsm6 and SisCsx1 are 

shown in complex with cOA (represented in stick in Figure 1.9D, E and G) and they hold the 

cOA molecule by dimeric CARF domains on the top of the proteins. The structures of TtCan1, 

SthCan2 (Figure 1.9F and I) and Card1128 in complex with cA4 showed that the ligands are 

completely enclosed in the centre cavity of the proteins. Overall, these differences could result 

in different rearrangement upon cOA binding from CARF domains to effector domains. 

Furthermore, both apo and ligand bound structures are solved for TonCsm6 and SisCsx125,127. 

Their conformational changes were discussed in Section 1.3.3. For Card1, both apo and cA4 

bound structures were also solved128. The two monomers come more compact to each other 

upon binding, which involves a rotation of each monomer128. For TtCan1, SAXS data 

suggested that the apo state of TtCan1 is less compact and has wider overall distribution than 

TtCan1-cA4 complex. We suggest that the flexibility is probably provided by the movement of 

the nuclease and nuclease-like domains. However, no diffracting crystals for apo TtCan1 were 

successfully grown. It is of interest to investigate conformational changes of TtCan1, as it is a 

unique monomer with two non-identical CARF domains folded to form a ligand binding cavity. 

All other CARF domain-containing ancillary proteins characterised to date form the signal 

sensing module as homodimers. In addition, no structures were solved with bound DNA or 

RNA substrates. It will help us to understand the mechanisms of phosphodiester bond 

cleavage if such structures are available.  
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5.3 BIOCHEMICAL ANALYSIS OF CAN1 AND CAN2 

 

We also studied extensively on ligand binding by CARF domains. We made six CARF domain 

variants for TtCan1. The conserved residues, involved in ligand binding, were substituted in 

these variants. We investigated the ligand binding affinities, which are less studied in other 

studies, by both ITC and EMSA. The apparent Kd of wild-type TtCan1 is clearly below 50 nM 

when measured by ITC, although the standard deviation is relatively large (Figure 3.5). The 

apparent Kd of the six variants were analysed by EMSA (Figure 3.6). The binding affinities are 

reduced to different extents. It is severely reduced for N12A and abolished for K90E, 

highlighting the essential roles of N12 and K90 for cA4 recognition. For SthCan2, the binding 

affinity was measured by EMSA in triplicate (Figure 4.14). The plotting and fitting suggest that 

the binding is positively cooperative. However, the Hill coefficient is 5.56 ± 0.82 calculated 

from Hill-Langmuir equation (2.14), which is contradictory to the crystal structure where only 

one cA4 molecule is bound (Figure 4.2A). Thus, calorimetry studies are required in the future. 

The binding affinity was also investigated in the study of Card1 by ITC128. The apparent Kd 

were about 15 nM, 18 μM and 27 μM for wild-type, Y340A and M42A, respectively128. 

Moreover, the apparent Kd of another ancillary protein from Csx family, SsoCsx1, was 

measure by my colleague in his study290. The value is 130 ± 20 nM, which is larger compared 

to TtCan1, SthCan2 and Card1128,290. Notably, we also tested the ring nuclease activity for 

both TtCan1 and SthCan2 (Figure 3.7 and 4.15). Their CARF domains are unable to cleave 

their activators and no conserved residues are allocated suitably to initiate an in-line 

nucleophilic attack on phosphodiester bonds. 

 

In addition, we also carried out a large amount of enzymatic studies on both TtCan1 and 

SthCan2. We investigated the rate laws and measured observed rate constant kobs of TtCan1 

and SthCan2 on different substrates (Figure 3.9, 3.10, 3.15, 4.12 and 4.13). The kobs of TtCan1 

on dsDNA is 0.81 ± 0.15 min−1 (Figure 3.9). The kobs of eight variants of TtCan1 are also 

measured and listed in Figure 3.10B. The activities of E541A/D543A, K90E and R206E/R249E 
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are abolished as expected (Figure 3.10A), which highlights the essential roles of these 

residues for cleavage, cA4 recognition and DNA binding. The kobs of TtCan1 on ssRNA is 1.02 

± 0.21 min−1 (Figure 3.15). Notably, the experiment shows that TtCan1 may possess an 

exoribonuclease activity which gradually degrades two nucleotides from 3’ end (Figure 3.15A). 

The kobs of SthCan2 on dsDNA and ssRNA are 3.39 ± 0.57 min−1 and 1.29 ± 0.15 min−1, 

respectively (Figure 4.12 and 4.13). These results indicate that SthCan2 is more catalytically 

active than TtCan1 under single turnover condition. Notably, both enzymes degrade scDNA 

only in the presence of MnCl2 and they displayed potent RNase in the presence of both MnCl2 

and MgCl2. The kobs on ssRNA substrates are measured in the presence of MgCl2 because 

reactions are too fast to be quantified when MnCl2 is used. Overall, TtCan1 and SthCan2 

displayed potent DNase and RNase. In addition, Card1 is also able to cleave circular viral 

ssDNA and ssRNA128. 

 

5.4 HYPOTHESIS OF IN VIVO MOLECULAR MECHANISMS 

 

It is unusual to have dual-specificity for PD-(D/E)XK domain proteins, although enzymes from 

this superfamily are highly diverse in functions310. Other examples of enzymes with dual-

specificity include three homologous nuclease TBN1, HBN1 and ABN1 (P1 nuclease family) 

from plants318, and an endonuclease G family protein from Serratia marcescens319. The latter 

could be engineered to a suicide system that kills E. coli cells in a controlled process by 

degradation of cellular nucleic acid320. Moreover, TsuCan2 displays potent RNase (Figure 4.9 

and 4.11), but weak DNase that was shown by nicking most scDNA at 50 °C (Figure 4.4B). It 

suggests that TsuCan2 may confer immunity in recombinant type III system (Figure 4.17 and 

4.18) by global transcript degradation, which is analogous to the function of Csm6/Csx1 family 

members131,197,277,278,302. SthCan2 displays both potent DNase and RNase (Figure 4.3, 4.8 and 

4.11). Thus, SthCan2 may degrade viral transcripts and also compromise viral DNA replication 

by collapsing the replication forks (Figure 5.1). Moreover, SthCan2 is able to cleave ssDNA 

and dsDNA (Figure 4.19), which are typically absent in host cells. They are from viral genome 
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or occur when plasmids or viruses replicate through rolling circle replication. But we do not 

use SthCan2 in the recombinant system in E. coli as it is from a thermophilic bacterium313. 

Therefore, whether and how SthCan2 confers an immune response is unclear.  

 

TtCan1 appears to degrade two nucleotides from 3’ end and most RNA sequences are still 

visible on the gel instead of degrading into small fragments (Figure 3.15A). Thus, the immune 

defence conferred by TtCan1 may come from its nicking activity (Figure 3.8). We postulate a 

scenario that viral DNA replication could be compromised by the collapse of replication forks 

(Figure 5.1). We further demonstrated that TtCan1 nicks scDNA at random sites and 

generates ligatable products (Figure 3.11 and 3.12). Thus, the nicked products by TtCan1 

could be repaired by host ligases when invading MGEs are cleared. The in vivo experiments 

are still required for TtCan1 in the future.  

 

For VC1899, it displays very weak DNase activity (Figure 4.5 and 4.21). It is able to cleave 

ssRNA (60 nucleotides) but not RNaseAlert substrates, which are shorter in length (Figure 

4.10 and 4.11). The activity is not mediated by cA4. Moreover, its postulated ligand binding 

site consists of many negatively charged and hydrophobic residues, unlikely harbours a cA4 

molecule130. The function of VC1899 remains mystery. Collectively, although TtCan1, 

SthCan2 and TsuCan2 exhibited both DNase and RNase activity, the explicit mechanism in 

immune response is unclear in their original organisms. Future work is then suggested to 

investigate which activity is required by the immune response. 
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Figure 5.1. Schematic of the collapse of replication forks by nicking. 
TtCan1 generates DNA nicking at random sites. DNA replication fork is collapsed when 
encounters a nicking site, resulting in uncompleted replication products. It is likely to 
compromise the phage replication or damage the host genome. The nicking site can be 
repaired by host ligases. 
 

 

5.5 FUTURE WORK TO INVESTIGATE MOLECULAR MECHANISMS 

 

In the study of Card1, transcripts were analysed by RNA sequencing or northern blot when 

Card1 was activated128. No detectable differences were observed comparing to Card1 

absence control128. Together with the results from plasmid challenge assays, it was suggested 

that target plasmid was cleared by single-stranded DNase of Card1128. The methods (RNA 

sequencing and northern blot) could be employed when we investigate the enzymes with dual 

specificity activity. Moreover, qPCR is also a possible method to determine transcript levels of 

certain genes after Can2 is activated317. In our study of TtCan1, same ssDNA substrate 

(ΦX174 Virion DNA) was used as the study of Card1. No obvious cleavage was observed 

(Figure 3.13). We do not perform single-stranded virion DNA cleavage assays for Can2 
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orthologues, which could be performed in the future. On the other hand, the scDNA substrates 

were not cleaved or nicked by Card1128. This could be one possible reason why Card1 

functions synergistically with HD nuclease domain of Cas10. One of the type III interference 

complexes adjacent to ttcan1 (tthb155) was recently studied (tthb147-151 in Figure 3.16)223. 

The result suggested that the Cas10 lacks direct interaction with ssDNA and does not cleave 

DNA at transcription bubble223. Therefore, the scDNA nicking activity from TtCan1 instead of 

ssDNA cleavage activity is required in this case. Overall, Can1 and Can2 orthologues may 

play different roles when they are activated by second messengers in response to infection. 

 

In addition, the propagation of virus can also be inhibited by cell growth arrest, triggered by 

global nucleic acid damage from these ancillary proteins. This strategy resembles Abi systems 

discussed in Section 1.1.5. Indeed, the studies on SepCsm6 and EiCsm6 showed that 

activated Csm6 resulted in host growth defect, but not severe123,279. In the study of Card1, both 

host cell death and dormancy were observed when Card1 was activated128. Notably, all these 

three studies employed a recombinant type III system that expressed in Staphylococcus 

aureus. The cellular environment may affect the toxicity of these proteins. TsuCan2, 

expressed in E. coli cells, provided effective immunity without leading to growth defect (Figure 

4.18). No detectable difference was observed between the growth curves of wild-type cells 

and control cells without phage infection (Figure 4.18). In the future, we could apply the 

cultures that are infected with phages onto E. coli cell lawns to obtain PFUs over time. This 

could monitor the number of infectious particles as cells growing to investigate the interaction 

between host and virus. In addition, different DNA phages or RNA phages can be used to 

ascertain whether invader or host genome is the main target of ancillary proteins. Interestingly, 

in our study the immunity against plasmids and phages is predominantly provided by TsuCan2 

(Figure 4.17 and 4.18), which is consistent with two other research278,302. In contrast, the 

interference complex and HD nuclease domain were also functional in some recombinant type 

III systems131,277,279. Furthermore, collateral damage to host was also found in other types of 
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CRISPR-Cas systems321. For example, Cas13 effectors from type VI systems are able to 

cleave RNA non-specifically203,322, that induces cellular dormancy243.  

 

5.6 CYCLIC MOLECULE SIGNALLING PATHWAY IS CONNECTED TO OTHER 

IMMUNE SYSTEMS 

 

In conclusion, type III CRISPR-Cas ancillary proteins Can1 and Can2 have been largely 

described in this thesis. Their unique features and important roles in immune response are 

compared with other CARF domain-containing proteins. Although many CARF family proteins 

and their molecular mechanisms remains unknown, the cOA signalling pathway is clearly one 

of the essential arms to protect prokaryotes against MGEs. Moreover, cyclic oligonucleotide 

based antiviral mechanisms are not specific in type III CRISPR-Cas systems. The CBASS 

systems, widespread in prokaryotic genomes, have been recently discovered (Figure 

1.3D)114,115. The cyclic second messengers are generated by an oligonucleotide cyclase, 

termed cGAS/DncV-like nucleotidyltransferase (CD-NTase)323,324. They were first described to 

activate a phospholipase upon phage infection, triggering inner bacterial membrane 

degradation in Vibrio cholerae115,116,325. More recently, several new effectors have been 

identified, including NucC DNase, Cap4 DNase and TIR-STING NADase120,121,324,326. Upon 

infection, they are activated by various cyclic oligonucleotides and inhibit cell growth by DNA 

cleavage or NAD+ cleavage120,121,324,326. Notably, a nucc gene is identified adjacent to can2 in 

Methylomagnum ishizawai (Figure 4.22). Cap4 DNase senses second messengers by its 

SAVED domain that is a fusion of two CARF domains121. Many SAVED family proteins, fused 

to various enzymatic domains, have been identified and some of them are associated with 

type III CRISPR-Cas systems285. Moreover, STING homologues were first described in the 

eukaryotic cGAS-STING pathway in immune systems (discussed in Section 1.1.5)117–119,327–

329. Overall, the cyclic oligonucleotide based signalling pathway plays important roles in 

immune response in both prokaryotic and eukaryotic organisms. Studies on this area will help 

us understand the rapid co-evolution between virus and host and facilitate the development 
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of phage-based therapies or phage-resistant bacterial strains. Certain proteins could also be 

engineered for gene editing tools or diagnostics. 
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Appendices 

 

Appendix A. Sequences of plasmids and proteins 

 

Sequence of pEHisV5TEV 

TGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTAC

GCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTC

CCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCC

CTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGT

GATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGG

AGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCT

CGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATG

AGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTCAGG

TGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTC

AAATATGTATCCGCTCATGAATTAATTCTTAGAAAAACTCATCGAGCATCAAATGAAACT

GCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCTGTAATGA

AGGAGAAAACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCG

ATTCCGACTCGTCCAACATCAATACAACCTATTAATTTCCCCTCGTCAAAAATAAGGTTA

TCAAGTGAGAAATCACCATGAGTGACGACTGAATCCGGTGAGAATGGCAAAAGTTTATG

CATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCACTCG

CATCAACCAAACCGTTATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCG

CTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAACCGGCGCAGGAACACTGCCA

GCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTGTTT

TCCCGGGGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTT

GATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGTAA

CATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTTC

CCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATA
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CCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCC

GTTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTG

TTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGA

AAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAAC

AAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTT

TTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAG

CCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCT

AATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGAC

TCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGC

ACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGC

TATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCG

GCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTAT

CTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTC

GTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCT

GGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGA

TAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAG

CGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTA

CGCATCTGTGCGGTATTTCACACCGCATATATGGTGCACTCTCAGTACAATCTGCTCTG

ATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCATGGCT

GCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCG

GCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTT

CACCGTCATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGCTCATCAGCGTGGTCGT

GAAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGA

AGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTT

GGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATG

AAACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGAACATGCCCGGTTACTGG

AACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCAC

TCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAG
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CAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGCGCTGACTTCCGCGTTT

CCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCAGA

CGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAAC

CAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGC

GCACCCGTGGGGCCGCCATGCCGGCGATAATGGCCTGCTTCTCGCCGAAACGTTTGG

TGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGATTCCGAATACCGCAA

GCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGACCC

AGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAGACAGTCATAAGTGC

GGCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCT

CAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAACTTACATTAATTGCG

TTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAAT

CGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTT

TCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTG

CAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTGATGGTGGTT

AACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATGT

CCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGCATTGCGCCCAGCGCCATCT

GATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGT

TTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTT

GATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACT

TAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCACG

CCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAG

AGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATC

CTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTG

TGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGC

TGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGT

GCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTT

GTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCC

CGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATAAG
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AGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTG

AATTGACTCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGAT

GGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGCAGCCCAG

TAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGAT

GGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGC

GCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAG

GCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTA

GAGGATCGAGATCGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGT

GAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACA

TATGTCGCATCACCATCATCACCATCATCACGATGGCAAACCGATTCCGAACCCGCTGC

TGGGCCTGGATAGCACCGGCAGCGACCAGACCGAGAACAGCGGCGAAAACCTGTATT

TTCAGGGCGCAAACGCCATGGCGATATCGGATCCGAATTCGAGCTCCGTCGACAAGCT

TGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGC

CCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTT

GGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGAT 

 

Sequence of TtCan1 

GANAMEAPVYLCLLGNDPAPAYLGLKVVEREAGRVAKAVFYSFPAWNEEYGKKRQAFFRL

LSEKGVLYEERPLEKGLEEAEAREVWVNLTGGAKYWAVRFLGHWRRPGARVFLVEGHRA

LEAPRALFLWPREEERSLEAEALTLEEYARLYLEPLGEAWERVSPPGAFPPGAQAARLPGR

EGGVFVVHRGLPYWYWVRPHLGGEAKDMSRKALSAFSGEAKRLGGQLCLPVVPYHKAHL

RSRHPKERENVFARWRAWAREYGVFLVDPGRPLEEEVASLIKGKASKKALPLPQEGPLLLA

LVSEQAVPLYAAYLHAGPREVYLLTTPEMESRLRWAEAFFRGKGVRVHRSFLSGPWALRE

VRDLLAPVVEEALRRGHPVHANLNSGTTAMALGLYLALRDGARAHYLDGDRLLLLDGGEAE

VPWEEGRPEDLLALRGYRFEEEYPDARPDPGLLALAEEILRRWDEVQTSWEASPLVRRFL

KFWKKRFGQAFPPKRLSRLKGLPLEYAVYSHLNAHLAPKGGQARMGGHLVPLGGNEALAP

QSTEVDGVFFHRGALWFVECKPTDEGLRERAPIMAELVRSVGGVEARGLMVARRWRGAP

PPASPNLVYMALEGGEGVGVYRFPEELEKALSRNPAPRRGLE 
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Sequence of SthCan2 

GANAMARLDDLFIIHDTYVCLLSDHLLPNVIPVIQAPPQRVILLYTPNNKERVQRFRQATESV

PTEIIEKQVHPYQYAQTQRICDEILEQFPNAILNVTGGTKIMALAAFDRFRHNHRPIIYVDSDS

QRILYLHNGESERLGDPLTVKQYLACYGFKADNINRQDNLPKTWREVEDLFAQNSTKWQN

QLGRLNWIAAQQQPIFTLQTGELQDLLLKANLIKPAEAKNAGFQFTSDQARQFINGGWFEH

YVYSLLRQISAQYPIKNLTKNIEISNDSVSNELDVVFLYHNKLHVIECKTRHFTADGKINPMETI

YKIDSVTNRVAGIKGKSMFASYYPLTQAAKKRCLNNSIYVSDQPSQLHHQLIKWINA 

 

Sequence of TsuCan2 

GANAMARYQTHVYLVSDQATPNLTPALDPDIRPERAVLAVTPQAEHQARWLTTVLERHGV

HCERLSLDDAYDLDSLRQSFRSYLQRCTEPVAVNVSGGSKPMSIAAFEVFAHADQGVFYV

NPRTDTLDWLHPTGIPAQAIADRVGLEDFLEAHGASVHHLSRQAAPASRLALYEEIVRLRGR

WKKHGSIGLLNRYAQGARETLRSEEISPEHQRLLNELPGLFAEQGLLSWEGTRLVFPDEQA

RRLVNGVWLEEYLFSRLLALKDSLPAMQDLAANVVVRRNTDNGYVQNELDVALLLDNRLW

VLECKASNTFAPQNRVDQATRQSLYKLEALLTPLGGILARGMLVNVLPIGVNDQRRIDNNPR

LCALTYRDFDDLDRHLHARLAAQ 

 

Sequence of VC1899 

GANAMAIHVGIIDQDPVRLVTPLLDHRTVSRHIIFIGDHTQTVIYQRLSDVLNKRNISTDFFEIP

AGSNTSAIKSAIRELAETLKARGEEVKFNASCGLRHRLLSAYEVFRSYHWPIFVVEPNSDCL

CWLYPEGNNDTQVQDRITIADYLTIFGARGEFNEHQLSPQLDQQLYQLGERWASNALELGP

GLATLNYLATTCRKEQKLDVELSDKQQGYRELNLLLSDLVEAKIASYENGILTFINEEARRFA

NGEWLETLVHSTVKQIQDDMPTIQDRSLNVQVYRQLGEREVRNELDVATVVNNKLHIIECKT

KGMRDDGDDTLYKLESLRDLLGGLQARAMLVSFRPLRHNDITRAEDLGLALIGPDELKDLKT

HLTQWFKAAGGN 


