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1.1 Introduction

Life flourishes in a microbial-driven world, where the earth's initial hostile environment
was made hospitable by archaea, bacteria and viruses by crafting the conditions suitable for
eukaryotes to evolve. These microorganisms code for proteins involved in various biochemical

pathways, creating a biochemical balance in the ecosystem (Field et al., 1998).

Viruses are the most abundant biological entities on the earth, and they impart a critical
ecological and evolutionary role. All cellular organisms harbour a unique repertoire of viruses.
Historically, three distinct hypotheses for viral evolution are considered (Forterre, 2000).
According to the ‘primordial virus world’ hypothesis, viruses are the direct descendants of the
first replicating molecules. In contrast, ‘reductive virus origin’ explains that the viruses result
from the degradation of the ancestral cellular material rendering the viral particle an obligate
parasite. Finally, the origin of viruses is defined in terms of the ‘escaped gene’ hypothesis,

according to which the genes from bacteria or archaea escaped and gave rise to viruses.

Bacteria and Archaea have co-existed with bacteriophages (viruses) for billions of
years, and thus they interact with each other routinely. Throughout evolution, bacteria are under
the attack of parasitic bacteriophages. Bacteriophages lack cellular machinery to replicate and
synthesise their nucleic acid or protein and thus hijack the host bacterial system. During this

process, often bacteriophage ends up killing its bacterial host.

Due to the immense evolutionary pressure imposed by bacteriophages on bacteria, the
complexity and diversity of anti-phage mechanisms developed by bacteria are astonishing. We
have only recently begun to understand the complexities of the interaction between bacteria
and bacteriophages. The anti-phage mechanism study has been used as a molecular biology

tool, such as restriction enzymes for cutting DNA and other gene-editing techniques.

According to the red queen hypothesis, the living organism must continuously evolve
to maintain its relative population. Taking a constant tug-of-war between bacteria and viruses
into consideration, bacteria must always acquire/evolve anti-phage mechanism. On the other
hand, phages are in a constant struggle to overcome such bacterial anti-phage mechanisms.
This evolutionary arms race between bacteria and phages forced bacteria to produce a vast
assembly of anti-phage systems referred to as the ‘prokaryotic immune system’. Two of the
highly studied bacterial immune system are restriction-modification system (R-M system) and

abortive infection (Abi) systems. More recently, the research focus has been shifted to the
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CRISPR-Cas system. This research on the bacteria has concluded that the prokaryotic immune
system is much more complicated than previously believed. Apart from these, numerous new
defence systems are being discovered regularly, unravelling the previously unknown

prokaryotic defence systems.

An individual species of bacteria can encode several defence systems, and it has also
been shown that such systems can be transferred horizontally from one species to another in a
relatively shorter time scale. One of the most powerful drivers for horizontal gene transfer is
transposable elements and viruses. Their capability to replicate, edit, change and transfer

genetic information is an instrument for generating genetic diversity.

1.1.1 Defence Islands

The arms race between bacteria and phages has led to the evolution of several defence
systems in bacteria and phages. The analysis of genes responsible for the anti-phage
mechanism in bacteria has suggested that the defence genes and mobilomes (transposons) are
frequently found to be clustered in genomic islands. These defence islands contain several
operons encoding different proteins, and a few of them have already been established to be
involved in anti-phage defence. The presence of an unknown gene in the defence island
suggests that it may also participate in the defence against the phages. For example, genes for
restriction-modification (R-M) system, toxin-antitoxin system, abortive infection are usually
found on defence islands. The clustering of defence genes suggests functional cooperation
between defence systems. However, it remains unclear to what extent these defence systems
are associated with each other. Moreover, the correlation between the defence genes and the
mobilomes strongly suggests the critical role performed by horizontal gene transfer (HGT) in
the evolution of these islands. The diversity present in prokaryotic defence systems is explained

in detail in the following section.

1.1.2 Innate Immune Systems

Immune systems are broadly classified into two groups: Innate immune systems and
Adaptive immune systems. The critical difference between innate and adaptive immune system
is that innate immune systems are present from birth, and they do not keep records of previous

infections, which makes innate immunity non-specific. On the other hand, adaptive immune
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systems remember previous infections and use this memory to gain leverage against invading

phages. Few of the innate immune systems are described below.

1.1.2.1 Blocking phage adsorption

Phage invasion begins with recognising a specific surface receptor molecule, typically
a protein, polysaccharide, or lipopolysaccharide (LPS) and attachment of phage particle to the
cell wall of bacteria. Subsequently, the phage genome is injected inside the bacteria.
Consequently, Bacteria attempt to use a phage specific mechanism to avoid viral DNA entry
by modifying surface receptors. Receptor molecules must not only be present on the surface,
but they should also be accessible to the phage particle. Thus, bacteria try to change the
molecular structure of the receptor through mutations or by covering the receptor with
additional barriers (Dy et al.,, 2014; Labrie et al., 2010). For example, Bordetella
bronchiseptica has two distinct phases, Bvg" and Bvg'. Bvg' phase is required for pulmonary
colonisation, and during this phase, bacteria express several surface proteins, including
pertactin. Phage particles attaching to pertactin have been identified. The absence of pertactin
in Bvg strain hinders phage attachment on the bacterial surface (Liu et al., 2002). In
Escherichia coli, the K1 capsule has been shown to obstruct the attachment of the T7 phage
particle to one of its LPS receptors (Scholl et al., 2005).

1.1.2.2 Preventing the injection of DNA

After successful attachment of phage onto the bacterial surface, superinfection
exclusion (Sie) systems can block the entry of phage DNA into the bacterial cytoplasm. Sie
systems are phage derived and work to avoid the entry of other phages, thereby conferring
protection to already lysogenised host. For example, an E. coli phage HK97 manufactures gp15
transmembrane protein, which stops the entry of other HK97 and one other closely related

phage, HK75 (Cumby et al., 2012).

1.1.2.3 Restriction-Modification systems

Even after the successful insertion of viral DNA inside the cytoplasm, there are several

mechanisms deployed by the bacteria in order to prevent further damage. One such mechanism
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is the restriction-modification (R-M) system which can destroy the invading DNA. A typical
R-M system includes a restriction endonuclease (REase) and a related methyltransferase

(MTase) (Tock and Dryden, 2005)

An R-M system recognises short DNA sequences in the range from 4 to 8 bases pairs.
Since these sequences may be present in both the host and the attacking viruses, the host uses
MTase to methylate and modify its DNA. Host Restriction endonucleases do not recognise
such self-methylated DNA. Since the attacking phage DNA is not methylated, it is cleaved
upon entry into the cytoplasm. R-M systems are diverse, and they are categorised into four

groups based on sequence recognition and cleaving mechanism (Roberts et al., 2003).

Based on subunit composition, ATP/GTP requirement and mechanism of cleavage, R-
M systems are classified into four types (I-IV) (Pingoud et al., 2016; Roberts et al., 2003;
Roberts et al.,, 2007). Type I R-M system is complex and contains three subunits; R
(restriction), M (modification) and S (specificity). The R subunit contains an RNase domain
and a superfamily II helicase domain (ATP-dependent helicase). The M subunit is a methylase
that methylates the host nucleic acid. (Roberts et al., 2003). Type II system is the simplest of
all the R-M systems and has been widely used in applications. Type II system consists of a
REase, and MTase typically encoded within the same operon (Ershova et al., 2012). Type III
system is similar to type II system and contains only two subunits, R and M. Like type I system,
type III system also contains an ATP dependent helicase domain fused to R subunit (Butterer
et al., 2014; Rao et al., 2014). Type IV R-M is different from others, as it contains only an
endonuclease (R). Modification enzymes are not part of the R-M system. The R subunit in the
type IV R-M system is a GTPase and endonuclease (Bourniquel and Bickle, 2002; Loenen and
Raleigh, 2014).

1.1.2.4 Abortive infection

The majority of the protective mechanisms against phages aim at increasing the survival
of the infected bacteria. In contrast, abortive infection (Abi) is a process by which the bacterial
cells avoid the spread of phage particles by sacrificial death. Phage infected bacterium
undergoes altruistic death to avoid the spread of phages to the surrounding bacterial cells. Cell
death is either achieved through changes in the cell membrane or changes in internal cellular

processes such as transcription and translation. However, the exact mechanism of the Abi
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process is poorly understood. Abi systems are associated with mobile genetic elements that

include prophages and plasmids (Samson et al., 2013).

In Lactobacillus lactis, several Abi systems from AbiA to AbiZ have been characterised
(Chopin et al., 2005). AbiZ stimulates premature lysis of cells, leading to the incomplete
assembly of viral particles and aborting further viral infection (Durmaz and Klaenhammer,
2007). Another example of an Abi system is found in Staphylococcus epidermidis, where a
serine/threonine kinase Stk2 phosphorylates several molecular targets in cellular pathways
such as transcription, translation and replication. Such inactivation of several metabolic

pathways by phosphorylation leads to cell death (Depardieu et al., 2016).

1.1.2.5 Toxin-Antitoxin systems

Bacterial Toxin-Antitoxin (TA) systems are abundantly found genetic elements that
protect against invading phages and plasmids. The TA module encodes a toxin that inhibits cell
proliferation by impeding vital cellular processes and an anti-toxin that neutralises the toxin
(Page and Peti, 2016; Unterholzner et al., 2013). The mechanism of action of toxin is not the
same for all bacteria. A toxin can be a DNase or an RNase, and it can inhibit the replication of
DNA or halt the synthesis of proteins. Six different types of TA systems have been discovered,
and some inhibit the phage life cycle. For example, the TA system in Pectobacterium
atrosepticum encodes an endoribonuclease ToxN (toxin). A non-coding RNA, ToxI (anti-
toxin), blocks the activity of ToxN by binding to it. If there is a phage attack, the phage and the
host RNA is destroyed by ToxN RNase activity. Subsequently, the host and phage are unable
to survive, which arrests the infection (Blower et al., 2011; Fineran et al., 2009). Similarly, E.
coli encodes MazF ribonuclease (toxin), which can suppress phage infection by cleaving phage
nucleic acid. MazE (anti-toxin) suppresses the activity of MazF in the absence of a phage attack

(Engelberg-Kulka et al., 2005).

1.1.2.6 Argonaute

The argonautes (Ago) were initially described in RNA interference (RNAi) in
eukaryotes (eAgo) (Bohmert et al., 1998; Tabara et al., 1999). Later homologos of eAgo
proteins were discovered in bacteria and archaea (pAgo) (Aravind et al., 2000). The structure
of pAgo suggests that it contains PIWI, PAZ and MID domains responsible for nucleic acid
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binding and cleavage (Wang et al., 2008; Yuan et al., 2005). Initially, the role of pAgo was
poorly understood, but their presence in the defence island suggested their role in the defence
(Makarova et al., 2009). Later it was experimentally established that pAgo is involved in small
single-stranded RNA/DNA-guided recognition and nuclease-mediated cleavage of foreign
genetic material (Makarova et al., 2009; Sheng et al., 2014; Swarts et al., 2015; Willkomm et
al., 2016; Yuan et al., 2005). Some species harbours a nuclease-inactive form of pAgo, which,
along with microRNAs, suppresses the translation of target mRNA without cleaving it
(Hutvagner and Simard, 2008). For example, Thermus thermophilus (TtAgo) protects against
foreign nucleic acids using DNA-guided DNA interference (Swarts et al., 2014).

1.1.2.7 Recently discovered bacterial defence systems

Recently a comprehensive study of defence islands in several bacteria and archaea has
led to the discovery of many previously unknown defence systems. A few of them are described

below.

1.1.2.7.1 The Gabija

This system consists of a DNA helicase (GajB) and an ATP dependent nuclease (GajA)
which are arranged in an operon gajAB (Doron et al., 2018). Since this operon is found in
defence island, it is thought to be involved in anti-phage defence. In most bacteria, gaj4 and
gajB genes are found together with few exceptions. In few strains of Ralstonia solanacearum
(HA4-1, IBSBF1503, CMR15, CFBP3059, and UW386), GajA and GajB genes are dispersed
across the genome, which makes its role in anti-phage defence unlikely, at least in certain
strains of R. solanacearum (Castillo et al., 2020; Doron et al., 2018). However, a thorough

study is required to establish the role of the gaj4B operon in anti-phage defence.

1.1.2.7.2 The Hachiman
The Hachiman operon hamAB translates to a helicase (HamB) and a protein of unknown

function (HamA, Pfam ID 08878).

1.1.2.7.3 The Zorya

Based on the composition of the genes, there are two types of Zorya systems. Type |
Zorya comprises of zorABCD operon. Proteins ZorA and ZorB are homologs of inner
membrane protein MotA and MotB, which are part of the flagellar motor of bacteria. Protein

zorC contains a domain of unknown function (DUF), whereas zorD is a helicase. The Zorya
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type II lacks zorC and zorD and contains an additional HNH nuclease zorE. The presence of
membrane proteins ZorA and ZorB suggest membrane depolarisation and cell suicide during

phage invasion (Doron et al., 2018).

1.1.2.7.4 The Thoeris

The first gene in the Thoeris system is thsA. This gene is identified as a nicotinamide
adenine dinucleotide (NAD) binding domain in some organisms, whereas sometimes it is
annotated as sirtuin (SIR-like domain or Macro domain). The second gene is thsB which has a
Toll-interleukin receptor (TIR) domain. TIR domain is an essential part of some innate immune
systems in plants and animals where it works by transferring molecular signals after the cell
has detected a pathogen. The presence of the TIR domain implies that the Thoeris system

should also be involved in delivering immune signals upon phage attack (Doron et al., 2018).

1.1.2.7.5 The Druantia

The Druantia is characterised by a large DurA gene having a DUF domain and several
other genes of unknown function (DurB, DurC, DurD). A second gene present in this system
is a helicase with Walker A/B motif, which suggest its dependence on ATP. The total size of
this system is typically 12kb, which exceeds most other defence systems. Therefore, the
mechanism of action of this system is thought to be different from the existing defence systems

in prokaryotes (Doron et al., 2018).

Apart from the above mentioned recently discovered defence systems, several operons
are found on the defence islands. For example, the Shedu system consists of an endonuclease
(SduA) (Doron et al., 2018). The Septu system has an ATP dependent helicase (PtuA) and an
HNH nuclease (PtuB) (Doron et al., 2018). The Lamassu system and the Wadjet system show
several genes with the DUF domain and/or a helicase (Doron et al., 2018). The recently
discovered genes on the defence islands expand our understanding of the bacterial arsenal of

defence. However, a systematic study is required to unravel their mechanisms.

1.1.3 The Adaptive Imnmune Systems

The hallmark of the adaptive immune system is the presence of immunological memory
after the first pathogen encounter, which leads to an enhanced immune response on the
subsequent invasion by the same pathogen. In bacteria, the CRISPR-Cas system employs a

unique defence mechanism where a portion of foreign DNA is incorporated as immunological
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memory. In the next step, the same portion of integrated foreign DNA helps the host to evade
the subsequent attack. Hitherto, the CRISPR-Cas system is the only known adaptive immune

system in prokaryotes.

1.1.3.1 The discovery of the CRISPR-Cas system

The first report of unknown repeat sequences adjacent to the alkaline phosphatase (iap)
gene in E. coli was published in a CRISPR unrelated work in 1984 (Ishino et al., 1987). Fifteen
years later, in the year 2002, in silico analysis of the genomes of prokaryotes (both bacteria and
archaea) showed repeating DNA sequences, which were not present in eukaryotes or viruses.
These repeats vary in size from 21 to 37 nucleotides and are interspaced by similarly sized non-
repetitive DNA sequence. To highlight this distinguishing feature, this portion of the genome
was referred to as Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)
(Jansen et al., 2002). In the same study, four CRISPR-associated (cas) genes were identified in
the CRISPR loci of bacteria. These genes are absent in the bacteria lacking CRISPR loci. The
presence of cas genes (casi, cas2, cas3 and cas4) in the vicinity of the CRISPR locus indicated
the functional relationship between the CRISPR locus and cas genes (Jansen et al., 2002).
Further analysis showed the presence of a superfamily II helicase (Cas3’), HD-type
phosphohydrolase (Cas3”) and RecB family exonuclease (Cas4), among others in the cas
operon, suggesting that these might be involved in DNA repair (Makarova et al., 2002),
chromosome partitioning (Mojica et al., 1995) or regulation of gene expression (Jansen et al.,
2002). With the revolution in genome sequencing methods, numerous bacterial and viral
genomes were sequenced, and their sequences were freely available for analysis. Comparative
genome analysis of CRISPR loci in the bacterial and the phage genomes by three independent
studies showed that the unique non-repetitive DNA sequences are homologous to DNA
sequences in foreign plasmids and phages or mobile genetic elements (MGEs) (Bolotin et al.,

2005; Mojica et al., 2005; Pourcel et al., 2005).

TH-2684_136106023



Chapter 1: Introduction

1.1.3.2 Comparison between the CRISPR-Cas system and RNA interference

Further analysis suggested several similarities between CRISPR loci and the eukaryotic
RNA interference (RNAI1) system (Makarova et al., 2006). The critical evidence showing the
similarity between the system emanates from the functional role of proteins in CRISPR loci
and RNAI protein components, particularly RISC (Filipowicz, 2005; Sontheimer, 2005; Tang,
2005). The functional part of RISC entails a helicase-nuclease protein, dicer, exonuclease,
slicer, argonaute and sometimes an RNA binding protein (Hammond, 2005; Miyoshi et al.,
2005; Scadden, 2005; Sontheimer, 2005). Functional analogs of these proteins can be
recognised in CRISPR loci as well. It was initially thought that dicer is an analogue of a
superfamily 2 helicase fused to HD family nuclease (Cas3). Similarly, the RecB family
nuclease (Cas4) present in the CRISPR loci was believed to play the functional role of the slicer
in the CRISPR system. The RNAi pathway in eukaryotes uses short interfering RNA (siRNA),
microRNA (miRNA) or piwi-interfering RNA (piRNA) as a guide to locate the target nucleic
acid (Cagan and Ready, 1989; Carthew and Sontheimer, 2009; Talansky and Gordon, 1988).
Similarly, in the CRISPR system, short RNA called CRISPR RNA (crRNA) helps Cas proteins
to locate the target DNA/RNA. Both siRNA and crRNA are derived from invading nucleic
acids and are processed from a longer parent RNA (Brouns et al., 2008; Carte et al., 2008;
Carthew and Sontheimer, 2009). Both RNAi and CRISPR pathways are adaptive and target
nucleic acids in a sequence-dependent manner (Andersson and Banfield, 2008; Barrangou et
al., 2007). Even though both the systems function alike, there are a few dissimilarities between
the two systems. Unlike siRNA and miRNA, crRNA is matured from a single-stranded
precursor, and the amount of crRNA is not amplified after transcription (Brouns et al., 2008;
Carte et al., 2008; Hale et al., 2008; Marraffini and Sontheimer, 2008). RNA from RNAI is
directly borrowed from invading RNA, whereas crRNA is derived from a previously integrated

portion of the invading nucleic acid (Andersson and Banfield, 2008; Barrangou et al., 2007).

1.1.4 CRISPR-Cas overview

The CRISPR-Cas system is exclusively present in prokaryotes. Nearly 50% of sequenced
bacteria and >80% of sequenced archaea harbour the CRISPR-Cas system (Grissa et al., 2007).
However, recent metagenomic data from a groundwater sample suggests that CRISPR-Cas
may be present in only 10% of the bacterial and archaeal species, which is lower than

previously thought (Burstein et al., 2016). A typical CRISPR consists of a repeating unit of
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short palindromic repeats (25-40 nt) and interspaced by similarly sized spacers (Figure 1.1).
Usually, spacers are mapped to foreign DNA (homologue to plasmids and viruses), but a few
spacers matching the host genome have also been reported in some bacteria (Stern et al., 2010).
The number of spacers in a CRISPR array varies from as low as two to several hundred.
CRISPR array is preceded by a leader sequence (Figure 1.1), which holds a promoter for the
transcription of the CRISPR array to form a precursor CRISPR RNA (pre-crRNA). The leader
region is an A-T rich region and harbours binding sites for regulatory elements (Hale et al.,

2012; Lillestol et al., 2009; Pougach et al., 2010; Pul et al., 2010).

A CRISPR-Cas system functions in three stages (Figure 1.1): (1) The first stage
is the Adaptation stage, where a portion of the foreign genetic element is identified and
incorporated inside the host bacterial genome. This acquired DNA portion acts as memory
during subsequent infection; (2) The second stage is the expression/maturation stage, during
which the CRISPR array is transcribed into pre-crRNA, which is ultimately processed by
Cas/host proteins to form a mature crRNA. Mature crRNA remains associated with the Cas
protein(s) to form an effector ribonucleoprotein complex (RNP); (3) the last stage is the
Interference stage, where the RNP complex locates a specific DNA sequence in the invading
DNA through complementary crRNA base pairing. Depending on the type of CRISPR-Cas
system, the invading DNA is cleaved by either the RNP complex or a separate effector

nuclease. Each stage in the CRISPR-Cas system will be discussed in detail in the later sections.
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Figure 1. 1: An Overview of the CRISPR-Cas system.

A typical CRISPR-Cas locus consists of an array of conserved repeats which are interspaced
by variable spacers. The ‘leader’ region (dark green bar) is present upstream to the CRISPR
array and holds a promotor for CRISPR-RNA expression. CRISPR-associated genes (cas
genes) are found in the vicinity of the array. (1) Adaptation: Adaptation complex (Cas1-Cas2-
Cas4) locates PAM in the phage DNA / prespacer. Prespacer is trimmed and integrated into the
leader proximal region of the CRISPR array (S0). Depending on CRISPR types, nucleases
involved in prespacer trimming may vary. Here, S1 denotes the first spacer, S2 denotes the
second, and so on. Similarly, R1 denotes the first repeat and so on. A new spacer (S0) is
acquired, followed by repeat duplication (R0O) and expansion of the CRISPR array. (2)
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Maturation: Expression of CRISPR array starts from the ‘leader’ region forming a pre-crRNA
transcript having a stem-loop structure. Cas proteins (Cas6/Cas5) cleave pre-crRNA at a
specific location to form a final/mature crRNA, which subsequently assembles into a Cascade
complex. (3) Interference: In the final stage, invading phage DNA is identified, and an effector
nuclease is recruited to cleave the phage genome.

1.1.5 Classification of the CRISPR-Cas system

Despite the functional similarity, the CRISPR-Cas system exhibits remarkable diversity
in Cas proteins, gene compositions, the architecture of the genomic loci, and the stoichiometry
of the RNP complex (Barrangou and Horvath, 2017; Hille and Charpentier, 2016; Ishino et al.,
2018; Klompe and Sternberg, 2018; Mohanraju et al., 2016; Wright et al., 2016). Owing to
such vast diversity in the CRISPR-Cas system, the categorisation and classification of the
CRISPR-Cas systems is a significant challenge. With the ever increase of genomic and
metagenomic data, our knowledge about the diversity in the CRISPR-Cas systems is
incessantly expanding. In order to keep pace with such expansion in the CRISPR-Cas, several
classification schemes were put forward (Koonin et al., 2017a; Makarova and Koonin, 2015).
However, initial classifications became obsolete, and the latest classification was adopted in
2020 (Makarova et al., 2020). Since none of the genes is shared across CRISPR-Cas systems,
a computational approach is used. Identification of signature genes, comparison of genomic
loci and composition, sequence similarity-based clustering and phylogenetic analysis,
neighbourhood analysis and comparison, and experimental evidence were some of the
parameters used to categorize the CRISPR-Cas system (Makarova et al., 2020). Based on the
roles played by Cas proteins, all the cas genes are divided into four distinct functional modules
(Figure 1.2). The first module is the Adaptation module, which includes the critical cas genes
involved in the spacer integration process (Figure 1.2). This module includes a CRISPR array
and three genes; casl, cas2 and cas4. In the Expression module, genes for the processing of
crRNA are grouped. The Interference module contains genes that encode subunits of the
effector complex (Figure 1.2). Finally, in the fourth module, all other ancillary proteins are
grouped (Figure 1.2). Based on the architecture of the effector complex, the CRISPR-Cas
system is divided into two broad classes; Class 1, where the effector complex consists of
multiple Cas proteins such as Cas3, Cas5, Cas6, Cas7, Cas8, Casl0 and Casl1, in different
combinations depending on the type and subtypes. Class 2 CRISPR-Cas consists of a single

effector protein such as Cas9, Cas12 or Casl3.
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Figure 1. 2: CRISPR-Cas classification:

The figure depicts a generalized representation of the organization of genes in various CRISPR
Cas systems. Cas genes are grouped according to their functional role, so the actual
arrangement of genes in a particular organism can vary. Genes in the dotted line indicate that
it is crucial in some subtypes and not present in others. Dual-colour in Cas10 and Class 2 (Cas9,
Casl2, and Casl3) means functional convergence compared to gene positions in the type I
system. Multiple CRISPR types in a single bacterial species are possible. CRISPR array is
shown for all the systems; however, in several bacteria and archaea, the CRISPR array is either
absent or shared with other existing CRISPR types. SS — Small subunit, LS — Large subunit.
(Makarova et al., 2020)

1.1.5.1 Class 1 CRISPR-Cas system

The Class 1 CRISPR-Cas system is further divided into three types depending on
CRISPR loci architecture: type I, type 111, and type IV. Type I and type 111 are the most common
CRISPR-Cas types which are present in archaea and bacteria. Type I is marked by Cas3 effector
nuclease, whereas the function of Cas3 in type III is carried out by Cas10 protein. The effector
protein in type IV is uncharacterized, and Csf2, a subunit of the surveillance complex, is chosen
as the signature protein (Figure 1.2) (Koonin et al., 2017a; Makarova and Koonin, 2015;
Makarova et al., 2020; Pinilla-Redondo et al., 2020). Type IV system either lack adaptation
protein or harbours a rudimentary form of adaptation module (Makarova et al., 2020). The

effector complex in type I and III is generally multi-subunit and contains paralogous Cas
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proteins of recently discovered Repeat Associated Mysterious Proteins (RAMPs) family, such
as Cas5 and Cas7. The RAMP family comprises an RNA Recognition Motif (RRM) containing
proteins found in bacteria and archaea, and it is primarily associated with CRISPR loci (Wang
and Li, 2012). Along with the RRM fold containing Cas5, Cas6 and Cas7, the effector complex
is also comprised of a ‘large’ and a ‘small’ subunit (Hochstrasser et al., 2014; Hochstrasser et
al., 2016; Jackson et al., 2014a; Jackson and Wiedenheft, 2015; Staals et al., 2013; van der Oost
et al., 2014; Zhao et al., 2014). Typically, Cas5 and Cas6 contain duplicated RRM fold in
tandem, whereas Cas7 contains only one RRM fold. Effector complex usually contains one
unit of Cas5 and several (5-7) units of Cas7 along with crRNA containing a spacer and some
portion of a repeat (Hochstrasser et al., 2016; Jackson et al., 2014a; van der Oost et al., 2014;
Zhao et al., 2014). The number of Cas7 may change according to the length of the spacer in
crRNA (Hatoum-Aslan et al., 2013; Kuznedelov et al., 2016; Luo et al., 2016). The binding of
Cas7 to crRNA forms the backbone of the effector complex, which may also contain several
copies of the ‘small’ subunit. Cas5 remains bound to the 5’ end of the crRNA, and it directly
interacts with the ‘large’ subunit. Protein that forms the ‘large’ subunit varies depending on the
CRISPR type: Cas8 in type I and Casl0 in type III. Although the RAMP proteins show poor
sequence similarity, a comparison of the available structure of the effector complex suggests a
common evolutionary origin of these proteins (Jackson and Wiedenheft, 2015; Makarova et

al., 2011a; Makarova et al., 2015).

1.1.5.1.1 Type I CRISPR-Cas system

Type I system is characterised by the presence of Cas3 effector nuclease and is further
divided into nine subtypes (type I-A to I-G) (Figure 1.3). The adaptation proteins (Casl, Cas2
and Cas4) are present across all the major subtypes. Cas4, which is required for the processing
of prespacers, is absent in type I-E and I-F, and it is fused to Casl in type I-G (Almendros et
al., 2019; Makarova et al., 2020). Cas6, which helps in the maturation of crRNA, is absent in
several subtypes. In type I-C, the function of Cas6 is replaced by Cas5 protein (Nam et al.,
2012; Punetha et al., 2014). Interestingly, Cas3 shows variability in the domain architecture
across subtypes. A typical Cas3 protein contains an N-terminal HD-type nuclease domain fused
to DExD/H box superfamily 2 helicase and a C-terminal domain (CTD). In type I-A, the two
functional domains of Cas3 (nuclease-helicase) are split and co-operate during interference
(Majumdar and Terns, 2019; Makarova and Koonin, 2015). The domains in type [-G Cas3 are
interchanged, and it contains N-terminal helicase followed by C-terminal nuclease (Makarova
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et al., 2020). Cas3 is fused to Cas2 in type I-F, and its nuclease domain is fused to Cas10 in
type I-D (Figure 1.3) (Makarova et al., 2020).

Subtype Representative
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Cas6 Cas?7 Cas8 Cas3" Cas4 Cas4"
_ Archeoglobus
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Figure 1. 3: Type I CRISPR-Cas classification.

The figure shows the schematic representation of the genetic composition and architecture of
type I systems. A list of representative organisms is mentioned on the right, and on the left,
CRISPR subtypes are mentioned. Homologous genes are depicted in the same colours. In type
I-A, Cas3’ (yellow) and Cas3” (green) represent DExD/H box helicase and HD-nuclease,
respectively, whereas, in another subtype, the fusion of helicase-nuclease is represented using
gradient colouring (yellow-green). As an exception in type [-G, Cas3 domains are reversed and
depicted accordingly using gradient colour.
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1.1.5.1.2 Type IIT CRISPR-Cas system

The presence of an HD-type nuclease Cas10 protein characterises the type-III CRISPR-
Cas system. Casl0 is the largest subunit in the type-III system and contains a palm domain
(cyclase and polymerase). (Osawa et al., 2013; Osawa et al., 2015; Staals et al., 2014; Staals et
al., 2013). All type-III systems (except type III-A and III-E) lack a CRISPR array and possibly
share the CRISPR array from other subtypes present in the same organism. Like type-I
subtypes, type-III also exhibits several variations in CRISPR loci architecture, and therefore it
is further divided into six subtypes (type I1I-A to III-F) (Makarova et al., 2020). The adaptation
module is not present in most of the type-III system, and it is believed that it borrows adaptation
proteins from other CRISPR-Cas subtypes present at a different genomic location. This system
is also marked by genes encoding the small subunits, Csm (in type III-A, III-E and III-D) and
Cmr (in type I1I-B and III-C) (Tamulaitis et al., 2017). Apart from the cas genes, the type-III
system is associated with accessory proteins that are shown to be involved in membrane
transport or signal transduction. These proteins contain a CRISPR Associated Rossmann Fold
(CARF) domain and a Higher Eukaryotes Prokaryote Nucleotide-binding (HEPN) domain.
This system has been shown to synthesise a signalling molecule, cyclic oligoA, which binds to
the CARF domain, which then activates the HEPN domain, cleaving RNA indiscriminately
(Jia et al., 2019; Molina et al., 2019).

1.1.5.1.3 Type IV CRISPR-Cas system

Several bacterial and archaeal species contain uncharacterised type-IV CRISPR-Cas
system. This system is further divided into four subtypes; type-IV-A to type IV-D (Pinilla-
Redondo et al., 2020). This subtype is considered highly mobile because it is usually found in
plasmids. Like type-III, this system lacks the adaptation proteins, Casl, Cas2 or Cas4 and an
effector nuclease (Makarova et al., 2015; Makarova et al., 2020). Csf2 is the signature protein
for this system (Makarova et al., 2015; Makarova et al., 2020; Pinilla-Redondo et al., 2020).
This system includes a minimal effector complex (Csfl, Csf3 (Cas5), Csf2 (Cas7) and crRNA)
which consists of a reduced large subunit. Type IV-A has a DinG helicase - Csf4 and a Cas6
like protein - Csf5 (Makarova et al., 2020; Pinilla-Redondo et al., 2020). A putative signal
transduction protein CysH is present in type IV-C (Makarova et al., 2020; Pinilla-Redondo et
al., 2020). Type IV system is found mostly associated with type I system. Due to this reason
and the absence of adaptation proteins, type IV is believed to share Cas proteins with type |
subtypes (Pinilla-Redondo et al., 2020).
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1.1.5.2 Class 2 CRISPR-Cas system

Class 2 system shows a minimal architecture with a single multidomain protein (Cas9
or Cpfl), which performs all the interference related functions and crRNA processing in some
variants. The presence of a single effector protein in Class 2 makes it suitable for several
applications such as genetic manipulation and gene silencing. Since its discovery, our
understanding of the Class 2 CRISPR-Cas system has been rapidly expanding. Like Class 1,
Class 2 is also sub-divided into three types (Type II, V and VI), and these types are further
divided into >25 subtypes and still expanding (Makarova et al., 2020).

1.1.5.2.1 Type II CRISPR-Cas system

The gene encoding a multidomain protein Cas9 is the signature gene for the type II
CRISPR-Cas system. Type II is further divided into three subtypes: Type II-A, 1I-B and II-C
(Makarova et al., 2020). Type II contains the usual adaptation gene cas/ and cas2. Gene cas4
endonuclease is present in some variants, and it may be required for the adaptation process
(Makarova et al., 2020). In type II-A, Cas4 is absent and replaced by Csn2 protein, which,
along with Cas9, is found to be essential for prespacer acquisition (Heler et al., 2015;
Nussenzweig et al., 2019; Wei et al., 2015). Most type II systems also harbour a tractrRNA with
a complementary sequence to the repeats in the CRISPR array. The tracrRNA binds to the
repeat region on the pre-crRNA transcript, followed by an RNaselll mediated cleavage leading
to the maturation of crRNA (Deltcheva et al., 2011). Both Cas9 and tractrRNA are required for
crRNA maturation. Cas9 shows a bilobed structure having a Recognition lobe (REC) and a
Nuclease lobe (NUC). NUC lobe contains juxtaposed RuvC endonuclease and HNH nuclease
domain (Jinek et al., 2014a). In the interference stage, the effector complex (Cas9, tracrRNA
and crRNA) locates the target DNA, and the RuvC and HNH domains of Cas9 makes a double-
stranded cut on both the strands of DNA (Garneau et al., 2010; Gasiunas et al., 2012; Jinek et
al., 2012a).

1.1.5.2.2 Type V CRISPR-Cas system

Type V is the most diverse of all the CRISPR-Cas types and is further divided into ten
subtypes (Makarova et al., 2020; Yan et al., 2019). The information about several subtypes in
type V systems are derived from metagenomic studies, and hence only computational evidence

is available for some subtypes (Yan et al., 2019). However, many subtypes are highly studied,
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which includes Cas12a (Cpfl) from type V-A (Moreno-Mateos et al., 2017; Safari et al., 2019;
Zetsche etal., 2015; Zetsche et al., 2017). Cas12 is the signature protein in this type, and similar
to Cas9, Casl2 is also bilobed (both REC and NUC present), and it also contains two RuvC
endonuclease domains which cleave both the strands on the target DNA. (Zetsche et al., 2015).
Unlike Cas9, Cas12 lacks the HNH nuclease domain. All the adaptation genes, cas/, cas2 and
cas4, are present in type V-A, V-B (cas4 fused to cas!l), V-F and V-E (Makarova et al., 2020;
Yan et al., 2019). Type V-C and V-D contain only the cas/ gene, whereas the adaptation genes
are entirely absent in type V-G, V-I, V-H, and V-U, suggesting a shared adaptation module
with other existing CRISPR loci (Makarova et al., 2020; Yan et al., 2019). Apart from this,
certain types (V-F, V-G and V-U) contains a comparatively smaller version of Cas12 protein.
Casl2-crRNA effector complex typically targets double-stranded DNA (dsDNA).
Exceptionally, Casl12 from type V-G (Casl2g) has been shown to possess RNA-dependent
RNA targeting (Karvelis et al., 2020). Upon binding to target RNA, Cas12g also shows a non-
specific collateral cleavage of RNA and single-stranded DNA (ssDNA) (Chen et al., 2018;
Harrington et al., 2018; Yan et al., 2019).

1.1.5.2.3 Type VI CRISPR-Cas system

Type VIis the minimalistic CRISPR-Cas type and contains Cas13 as a signature protein
(Makarova et al., 2020). Cas13 shows bilobed organisation with REC and NUC lobes (Zhang
et al., 2018). It is further divided into four subtypes (type VI-A, VI-B, VI-C and VI-D)
(Makarova et al., 2020). The presence of two HEPN domain is the peculiar feature of the type
VI system (O'Connell, 2019; Yan et al., 2018; Zhang et al., 2019; Zhang et al., 2018). HEPN
domain is also a common feature of proteins in several toxin-antitoxin systems. Thus it is
believed that Casl3 has originated by a duplication of the HEPN domain from a common
ancestor possibly belonging to the toxin-antitoxin system (Makarova et al., 2020). The
adaptation module is almost absent or not well distinguished, suggesting shared adaptation
modules with other existing CRISPR loci (Makarova et al., 2020). Like type V systems, type
VI also exhibits non-specific collateral cleavage of RNA (Abudayyeh et al., 2016; Knott et al.,
2017).
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1.1.6 CRISPR adaptation
The variable DNA sequence “spacer’” within the CRISPR array is the fundamental part

of immunological memory. Spacer sequences are acquired from mobile genetic elements
(MGEs, like plasmids and viruses) to provide immunity against them. Studies have shown that
some spacers are also acquired from the host genome (Levy et al., 2015; Yosef et al., 2012);
however, this phenomenon is poorly understood. Research based on data mining suggests that
around 90% of the acquired spacer sequences are derived from MGE (Shmakov et al., 2017).
The number of spacers in a CRISPR array can vary from 2 to more than 200, and they usually
do not belong to the same MGE. Thus, the presence of variable spacer sequences can provide
immunity against a wide range of MGEs during the interference stage (Shmakov et al., 2017).
The acquisition of new spacers leads to the expansion of the CRISPR array, which is also
responsible for acquiring immunological memory through Lamarckian type evolution

(Barrangou et al., 2007; Garneau et al., 2010; Yosef et al., 2012).

The adaptation process is a complex and multistep process where a portion of MGE is
chosen and subsequently stored in the CRISPR array. In the first step, Cas proteins identify a
short sequence motif (2-7 nt) called protospacer-adjacent motif (PAM) on the invading MGE.
In the next step, this portion of DNA is processed into 20-40 bp sequence with the help of Cas
proteins and in some prokaryotes by host exonucleases (Barrangou et al., 2007; Garneau et al.,
2010; Marraffini and Sontheimer, 2010; Yoganand et al., 2019; Yosef et al., 2012). This small
portion of MGE is termed as “prespacers” (spacer precursors). In the last step, the processed
portion of DNA is integrated into the CRISPR array by Cas integrases (Barrangou et al., 2007,
Garneau et al., 2010). The integrated portion of DNA is termed spacers. Usually, the adaptation
process is polarised where new spacers are integrated towards the ‘leader’ proximal region of
CRISPR loci (Barrangou et al., 2007; Diez-Villasefior et al., 2013; Erdmann and Garrett, 2012;
Yosef et al., 2012). In general, the leader region harbours the promoter for the transcription of
the CRISPR array during the later stages. Targeting the phages/plasmids, which undergo rapid
mutations (escape mutants), can be challenging for the CRISPR-Cas system (Amitai and Sorek,
2016; Sternberg et al., 2016). Occasionally, multiple spacers are also acquired from a single
phage genome, thereby increasing the chances of interference when some portion of phage
DNA is mutated (Paez-Espino et al., 2013; Staals et al., 2016b; van Houte et al., 2016). The
frequent and multiple acquisitions of spacers from MGEs keep the CRISPR system in pace
with the rapidly evolving phages/plasmids.

20
TH-2684_136106023



Chapter 1: Introduction

Acquisition of spacers from entirely unfamiliar MGEs is called naive adaptation. The
process of naive adaptation is slow, and the spacers are acquired randomly. MGEs undergo
rapid mutation, and the slow process of naive adaptation is not sufficient to act against mutated
MGEs. In order to overcome this problem, spacers are rapidly acquired from mutated MGE
through a process of ‘priming’ called primed adaptation or priming aquisition. Naive and

primed adaption processes are discussed in details in later sections.

1.1.6.1 Self and non-self-discrimination during adaptation

Self-targeting is a potential threat because of two reasons. First, the adaptation proteins
can acquire the host genome sequence that leads to the targeting of the ‘self” genome (Levy et
al., 2015; Wei et al., 2015; Yosef et al., 2012). Second, the crRNA, which is transcribed from
the CRISPR array, can pair with the corresponding spacer in the host genome due to sequence
complementarity leading to cell death (Bikard et al., 2012; Edgar and Qimron, 2010; Jiang et
al., 2013). Thus, the CRISPR system must discriminate between self and non-self-DNA during
the interference and adaptation stages. To avoid such autoimmune response CRISPR system

uses several mechanisms to bias specificity towards foreign MGEs.

1.1.6.1.1 RecBCD complex in adaptation

For the generation of spacers during naive adaptation, the CRISPR system uses the
RecBCD pathway in gram-negative bacteria (Ivancic-Bace et al., 2015; Levy et al., 2015) and
AddAB in gram-positive bacteria (Modell et al., 2017). The primary function of RecBCD is to
assist the repair of double-stranded breaks in DNA via homologous recombination (Figure 1.4)
(Dillingham and Kowalczykowski, 2008). It also degrades single-stranded DNA protecting
bacteria from foreign MGEs (Modell et al., 2017). Activated RecBCD complex unwinds
dsDNA through ATP dependent helicase subunit, and the nuclease subunit degrades DNA until
it encounters a crossover hotspot instigator (Chi) site (Dillingham and Kowalczykowski, 2008).
Chi, which is an eight-nucleotide sequence motif, decelerates the RecBCD mediated cleavage.
Since Chi sites are present abundantly in the host genome (every 4.6 kb), it limits the prespacer
generation by RecBCD complex from ‘self” DNA. On the contrary, MGEs, which generally
lack Chi-site, becomes an easy target for the RecBCD complex (Figure 1.4).
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Furthermore, the linear phage DNA injected during infection is preferentially utilised
by CRISPR machinery to generate spacers, as the host genomic DNA is circular and lacks
double-stranded breaks. These properties of MGEs allows immediate recognition and
acquisition of spacers, making the CRISPR system more effective against invading phages
(Modell et al., 2017). Alternatively, it is also possible that Cas proteins may physically
associate with RecBCD (Babu et al., 2011). Moreover, in several CRISPR types, spacer
acquisition happens in the absence of RecBCD, which suggest alternate self/non-self-

recognition mechanisms.
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Figure 1. 4: Self vs non-self-recognition.

Schematic diagram representing naive adaptation through the RecBCD pathway. The DNA
degraded by the RecBCD DNA repair complex with the appropriate size and containing the
PAM region is identified and captured by the Adaptation complex. Since the phage genome
lack Chi sites, the RecBCD complex can actively degrade it. Additionally, the frequency of
spacer uptake is higher for actively transcribing phage genome.

22
TH-2684_136106023



Chapter 1: Introduction

1.1.6.1.2 Regulation of spacer acquisition

The CRISPR-Cas autoimmunity is also controlled by limiting the rate of spacer
acquisition. In the laboratory condition, the rate of DNA uptake from MGEs has been reported
to be very slow (occurring in 1 in 107 cells) (Heler et al., 2015; Hynes et al., 2014; McGinn and
Marraffini, 2016). This rate is slower in natural conditions, and the rate of uptake of ‘self” DNA
is equally rare. On the other hand, overexpression of Cas integrases to increase spacer
acquisition rate showed a higher level of toxicity (Heler et al., 2017). The slow rate of spacer
acquisition is evolutionarily significant that nullifies the deleterious effect of autoimmunity. In
order to save the bacterial population from the effects of autoimmunity, the rate of spacer
acquisition may be regulated by an unknown mechanism. Indeed, the recent discovery of
quorum sensing in the CRISPR-Cas system suggests molecular regulation in the fight against

phages (Hoyland-Kroghsbo et al., 2017; Patterson et al., 2016).

1.1.6.1.3 Selection of prespacer

CRISPR adaptation cannot acquire a spacer from a random location on MGEs. Only a
subsection of DNA bordering the PAM sequence on MGE:s is qualified to become a spacer in
type I and II CRISPR systems (Deveau et al., 2008; Mojica et al., 2009; Wang et al., 2015).
However, during adaptation, the PAM sequence is omitted, and it is not integrated into the
CRISPR array. Since the CRISPR array lacks PAM, it cannot become a target for the CRISPR
interference machinery protecting the ‘self’ genome. However, the MGE with the cognate
PAM sequence can be targeted by CRISPR interference. Additionally, it has been shown that
the frequency of spacer uptake is higher from actively transcribing and replicating part of the
DNA (Deng et al., 2013; Goldberg et al., 2014; Peng et al., 2015; Samai et al., 2015). The high
transcription and replication rate are the hallmark of phage and plasmid DNA, whereas host
genomic DNA is comparatively less active (Figure 1.4). Therefore, spacers are preferentially

acquired from MGEs sparing the host genome.

1.1.6.2 Selection and processing of prespacers

In type I, Il and V CRISPR-Cas system, the selection of prespacers is guided by a DNA
sequence in the PAM region on the MGEs. The PAM sequence is generally compatible with
the interference machinery (Datsenko et al., 2012; Deveau et al., 2008; Mojica et al., 2009;
Swarts et al., 2012). Even though CRISPR-Cas systems are highly diverse, Casl and Cas2
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proteins, crucial for adaptation machinery, are universally conserved across most CRISPR-Cas
types. Most of our understanding of CRISPR adaptation in type I system has been gained from
E. coli which belongs to the type I-E system. In E. coli, Casl-Cas2 assemble to form a
heterohexameric integrase complex — (Casl)4(Cas2), — that aids in the integration of new
spacers into the CRISPR array (Figure 1.5A) (Nunez et al., 2015a; Nunez et al., 2014; Wang
et al., 2015; Wright et al., 2017). There are four Cas1 active sites on the integration complex,
out of which only two Casl sites are utilised during spacer processing and integration (Wang
et al., 2015). Cas1-Cas2 complex identifies PAM region and Casl subunit preferably bind the
PAM complementary sequence (Figure 1.5B and 5C) (Datsenko et al., 2012; Swarts et al.,
2012; Wang et al., 2015; Yoganand et al., 2019). The dual-forked substrates are generated as a
result of helicase-nuclease activity of the RecBCD complex (Levy et al., 2015) or by
interference driven primed adaptation (Kunne et al., 2016; Staals et al., 2016a). Cas1-Cas2
complex identifies such dual-forked DNA substrates, which contain a 23 bp duplex region and
3’ extended overhangs. In E. coli, the architecture and dimension of the Casl-Cas2 complex
are tuned to accommodate approximately 33 nt long DNA substrates (Wang et al., 2015). The
processing of DNA substrates usually begins with the docking of the Cas1-Cas2 complex onto
forked DNA substrate, which is subsequently trimmed by host exonucleases such as Exolll,
ExoT and DnaQ (Figure 1.5B) (Ramachandran et al., 2020; Yoganand et al., 2019). As a minor
variation in type I-E, the CRISPR system in Streptococcus thermophilus encodes Cas2
intrinsically fused to DnaQ nuclease, which engenders prespacers compatible for integration
(Drabavicius et al., 2018). Apart from Casl-Cas2, the several CRISPR types encode an
accessory nuclease Cas4 as a part of the integration complex for prespacer processing and

integration. The role of Cas4 is discussed in detail in the later section.
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Figure 1. 5: Selection and processing of prespacers.

A. Molecular structure of type I-E adaptation complex containing four subunits of Casl and
two subunits of Cas2 (PDB ID: 5DS6) B. In CRISPR types I-A to I-D, Cas4 endonuclease
recognises and trims PAM proximal end of the prespacer, and an unknown nuclease trims PAM
distal end. In type I-E, Cas4 is absent, and PAM is recognised by the C-terminal tail of the
Casl subunit. In the subsequent step, host 3’-5’ nucleases (Exolll, ExoT or DnaQ) trims
unprocessed prespacers. The processed prespacer are asymmetric and contains a 3’-OH group.
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The binding of the adaptation complex to the bonafide prespacer acts as a molecular ruler
conserving the length of spacers.

C. Absence of the cognate PAM sequence does not support prespacer processing and
integration.

D. In type III-A, an auxiliary protein Csn2 is required along with Cas1-Cas2 and Cas9. Cas9 is
only required for PAM identification, whereas Csn2 nuclease trims prespacer.

In type II-A CRISPR-Cas system, all the Cas proteins viz., Cas9 (effector nuclease),
Casl, Cas2 (core integrase complex), Csn2 (an auxiliary protein) and tracrRNA are required
for spacer selection and integration (Heler et al., 2015; Wei et al., 2015). Here, Cas9 is
responsible for PAM recognition and mutations in the PAM recognition domain leads to
random spacer acquisition (Figure 1.5D). Nuclease null mutants of Cas9 support spacer
integration, suggesting Cas9 nuclease is not involved in prespacer processing but required only
for PAM identification (Heler et al., 2015; Wei et al., 2015). However, it is yet to be established
how exactly Cas9 assembles and interacts with the Casl-Cas2-Csn2 complex during spacer
acquisition. In a proposed model, Cas9 may bind to a degraded PAM -containing portion of
MGE:s. Csn2 (ring-shaped tetramer) may slide on DNA till it encounters Cas9 and subsequently
trim and load this processed DNA onto the adaptation complex (Figure 1.5D) (Wilkinson et
al., 2019). Since Csn2 is absent in type II-B and II-C, the exact mechanism of spacer acquisition

is poorly understood in these systems (Makarova et al., 2020).

1.1.6.3 Role of Cas4 in CRISPR adaptation

Type I (I-A, I-B, I-C and I-G), type II-B and type V (V-A, V-B, V-E, V-F) encode for
an accessory protein Cas4, which is involved in the adaptation process (Almendros et al., 2019;
Kieper et al., 2018; Lee et al., 2019; Lee et al., 2018; Makarova et al., 2020; Rollie et al., 2018;
Swarts et al., 2012). Cas4 is homologous to RecB and additionally contains four conserved
cysteine residues that are involved in the coordination of an iron-sulphur cluster (Zhang et al.,
2012). Its nuclease activity ensures the selection of prespacers with correct PAM and trimming
of prespacers at PAM proximal end before integration (Figure 1.5B). A recent study in Bacillus
halodurans (type 1-C) revealed that Cas4 directly interacts with Cas1-Cas2 (Lee et al., 2019).
Recent Cryo-EM structure of Cas4/I-C showed Cas4-Cas1-Cas2 are present as a complex in
2:4:2 stoichiometry ((Cas4)>-(Casl)s-(Cas2)2) (Lee et al., 2019). However, a majority of the
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particles observed under Cryo-EM contained a single copy of Cas4 in the complex, i.e. (Cas4):-
(Casl)s-(Cas2),. In this complex, Cas4 is present near the PAM region in unprocessed
prespacers, which suggest the role of Cas4 in the orientation of prespacers at the leader-repeat-

spacer junction in the CRISPR array (Lee et al., 2019).

1.1.6.4 Integration of prespacers into CRISPR array

Each of the four Casl subunits in the adaptation complex contains a PAM sensing
region; however, only one of the Cas1 subunit holds PAM in its active site (Nunez et al., 2015a;
Wang et al., 2015). This safeguards the correct orientation of spacers during the integration
into the CRISPR array (Shipman et al., 2016; Shmakov et al., 2014; Swarts et al., 2012). The
unidirectional integration is essential to ensure the alignment of the PAM region with the
crRNA sequence during CRISPR interference (Figure 1.6). Another crucial requirement during
integration is the presence of the leader and repeats (Figure 1.6). Prespacer integration is
polarised, and newly acquired spacers are incorporated at the leader proximal end of the
CRISPR array. This polarised integration maintains the chronology of MGE encounters and
thus favours efficient interference against the most recent infections (Barrangou et al., 2007,
McGinn and Marraffini, 2016; Pourcel et al., 2005). The mechanism of prespacer integration
has been mainly studied in type I-E system, and it has been shown that the integration
mechanism is analogous to retroviral integrases and transposases (Nunez et al., 2015b). The
integration process initiates with a nucleophilic attack of 3’ OH of the prespacer followed by
ligation to 5° phosphate of the leader-repeat junction and forms a half-site intermediate (Figure
1.6). The recognition of leader-repeat boundary is guided by binding of leader sequence with
Integration Host Factor (IHF) (Figure 1.6) (Nunez et al., 2016; Nunez et al., 2015b; Yoganand
et al., 2017). After binding to IHF, the leader region sharply bends, guiding the Casl-Cas2
complex towards the leader-repeat boundary (Figure 1.6) (Yoganand et al., 2017).
Subsequently, a second nucleophilic attack at the existing first repeat-spacer junction leads to
full-site integration of prespacers into the CRISPR array (Figure 1.6) (Arslan et al., 2014;
Nunez et al., 2015b; Rollie et al., 2015). The correct orientation of integration is guided by the
presence of partial/full PAM in the prespacer. However, after integration, only one nucleotide
from PAM is retained (Figure 1.6) (Shipman et al., 2016; Shmakov et al., 2014; Wang et al.,
2015).
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On the contrary, the adaptation process in type II systems do not require IHF. Instead,
adaptation is dependent on a short (~5 nt) motif on the leader region termed as Leader
Anchoring Site (LAS) (McGinn and Marraffini, 2016; Wright and Doudna, 2016; Xiao et al.,
2017b). LAS is directly recognised by the Casl-Cas2 complex and is sufficient to produce
correctly oriented spacers. Mutations in LAS lead to abnormal integration of prespacers
(McGinn and Marraffini, 2016). Like type I-E system, spacer integration starts with a 3> OH
nucleophilic attack at the first LAS-repeat junction leading to half-site integration products
(Xiao et al., 2017b). Subsequently, depending on the spacer size and binding of the Cas1-Cas2
complex, a second nucleophilic attack on the first repeat-spacer junction leads to full-site
integration (Wright and Doudna, 2016; Xiao et al., 2017b). Failure to produce full-site
integration leads to improper integration, which is likely to be disintegrated by host DNA repair
enzymes (Wright and Doudna, 2016).
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Figure 1. 6: Integration of prespacer into the CRISPR array.

The above figure depicts the process of spacer integration that occurs in the type I-E CRISPR-
Cas system. Casl-Cas2 complex (Casl-Cas2-Cas4 complex in type I-A to I-D and I-G)
captures PAM containing DNA fragment generated through RecBCD mediated degradation
(Naive adaptation) or generated as a result of CRISPR interference (Primed adaptation). Only
a single base from PAM is retained during integration (The base ‘G’ from ‘AAG’ PAM is
retained in type I-E system). Cas1-Cas2 complex harbouring PAM containing prespacer binds
to Cas1-Cas2 anchoring site (coloured magenta). Subsequently, IHF bends the leader region
by 120° and localizes the Cas1-Cas2 complex at the leader-R1 junction. Nucleophilic attack
by 3’ -OH group at leader-R1 junction leads to half-site integration intermediate product.
Subsequently, a second nucleophilic attack by free 3’-OH at the R1-S1 junction produces a
full-site integration product. Finally, the breaks and gaps in the array are repaired by host
polymerases and ligases. R1 — first repeat in parent array, S1 — First spacer in parent array, RO
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—newly generated repeat after integration, SO — newly acquired spacer after integration, IHF —
Integration Host Factor.

1.1.6.5 Primed Adaptation

The mutation rate in MGEs is very high, and often, mutations in the PAM and ‘seed’
sequence (7-13 nt long PAM proximal region on MGE is crucial for interference) of the
prespacer can lead to impaired CRISPR interference (Deveau et al., 2008; Fineran et al., 2014;
Semenova et al., 2011). Thus, to avoid such ‘escape’ MGEs, the CRISPR system has evolved
with a mechanism to increase spacer acquisition frequency using the existing spacers as bait
(Andersson and Banfield, 2008; Swarts et al., 2012). During this process, multiple spacers are
acquired from the priming region of the interference complex during the interference stage
leading to a strong immune response from newly acquired spacers (Figure 1.7) (Fineran et al.,
2014; Savitskaya et al., 2013; Swarts et al., 2012). Additionally, a naturally occurring fusion
of Cas2 and Cas3 (Cas2-3) in type I-F explains the evolutionary advantage of having an overlap
between adaptation and interference stages (Fagerlund et al., 2017; Makarova et al., 2020;

Staals et al., 2016a).

Primed adaptation begins with the identification of target DNA/MGEs by interference
complex. After binding to target DNA, the interference complex recruits Cas3 — an active
nuclease-helicase — that unwinds and degrades target DNA into smaller fragments (Figure
1.7B). In E. coli, the in vitro activity of Cas3 produces ~30 to 100 nt fragments which may
anneal to form suitable prespacers for the Casl-Cas2 complex (Kunne et al., 2016). In a
separate study, the conformation of the Cascade complex after binding to cognate or mutated
target DNA decides the prevalence of interference or adaptation, respectively. With mutation
in PAM or ‘seed’ region, Cascade complex attains a confirmation that is not favourable for
interference; instead, Casl-Cas2 and Cas3 are recruited and forms a Primed Adaptation
Complex (PAC), which leads to the acquisition of new spacers (Figure 1.7A) (Blosser et al.,
2015; Hayes et al., 2016; Redding et al., 2015; Xue et al., 2016).
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Figure 1. 7: Interference dependent spacer acquisition.

A. Mutations (coloured black in DNA strands) in the PAM and ‘seed’ region can lead to
impaired interference. In some cases, the Cascade guided by crRNA can bind to the imperfect
target sequence; however, the recruitment of Cas3 is conformationally blocked. In such a
scenario, the adaptation complex is recruited to the Cascade priming region, which
subsequently recruits Cas3 nuclease. The adaptation complex and Cas3 associate to form a
Primed Adaptation Complex (PAC) in type I-E. The PAC utilizing helicase activity of Cas3
translocates unidirectionally (bidirectionally in some subtypes) on the target DNA, producing
DNA fragments. On encountering PAM (coloured red), the adaptation complex halts and
integrates the corresponding portion of DNA into the CRISPR array.

B. According to an alternate pathway in type I-E, in the presence of canonical PAM, the
Cascade complex recruits Cas3 nuclease, which subsequently degrades target DNA. The
degraded fragment of target DNA containing cognate PAM is selected and captured by
adaptation machinery and later integrated into the CRISPR array. The association of adaptation
complex with interference complex, in this case, is undetermined. The rate of target
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degradation is higher when crRNA and target are perfectly matched, and thus the Adaptation-
Interference association, in this case, is poorly understood.

Primed adaptation is at least 50 times more frequent than naive acquisition, and it can
also tolerate mutations up to 13 nucleotides (including PAM and ‘seed’ region) in the MGE
(Datsenko et al., 2012; Fineran et al., 2014; Xue et al., 2015). Primed adaptation is strand biased
in type I-E, and most of the spacers are acquired from the strand that triggered priming
(Datsenko et al., 2012; Shmakov et al., 2014; Swarts et al., 2012). However, during naive
adaptation, spacers are acquired equally from both strands. Whereas, in type I-B and I-F, such
strand bias is not observed (Li et al.,, 2014; Richter et al., 2014). Overall, the present
understanding of primed adaptation is minimal, and several questions from strand selection to
molecular events that occur during priming is yet to be answered. Since primed adaptation is
not studied in most CRISPR-Cas subtypes, understanding its mechanism in different systems

will significantly elevate our knowledge.

1.1.7 Biogenesis of crRNA and effector complex

The characteristic of the CRISPR-Cas system is the degradation of MGEs by forming a
ribonucleoprotein complex that includes an invader derived small RNA and Cas proteins.
Herein the small RNA acts as a guide to recognise the MGE based on sequence
complementarity. The process starts with the transcription of the CRISPR locus into a long
precursor CRISPR RNA (pre-crRNA), which is later processed to form a mature CRISPR RNA
(crRNA) (Carte et al., 2008). Each crRNA contains a partial repeat sequence and a complete
spacer sequence which can target a unique MGE. The transcription is facilitated by the AT-
rich leader region upstream to the CRISPR array (Brouns et al., 2008; Pougach et al., 2010; Pul
et al., 2010). In E. coli and Salmonella enterica, the transcription of the CRISPR array is
regulated by transcription repressor H-NS and activator LeuO (Medina-Aparicio et al., 2011;
Pougach et al., 2010; Pul et al., 2010; Westra et al., 2010). As an exception, each repeat in the
CRISPR array of Neisseria meningitides contains a 9 nt promoter sequence resulting in the

individual transcription of the downstream spacer (Zhang et al., 2013).

32
TH-2684_136106023



Chapter 1: Introduction

1.1.7.1 Maturation of crRNA in Class 1 system

CRISPR-Cas systems are diverse, and therefore the process of crRNA maturation is not
similar between Class 1 and Class 2 (Punetha et al., 2018). In Class 1, the process of crRNA
maturation seems to be similar in type I and III (Figure 1.8). The critical protein involved in
the processing of crRNA belongs to the Cas6 family (a metal-independent enzyme containing
two RRM-type RNA-binding domains) endoribonuclease (Carte et al., 2008; Gesner et al.,
2011; Haurwitz et al., 2010; Richter et al., 2012; Sashital et al., 2011). Due to the presence of
a palindromic sequence in repeats, most type I pre-crRNAs contain stem-loop structures. Cas6
recognises these stem-loop structures and cleaves RNA at the bottom of the 3” end of the stem
(Figure 1.8) (Gesner et al., 2011; Haurwitz et al., 2010; Sashital et al., 2011). The cleavage
generates mature crRNA containing a full spacer sequence and short repeat derived 5° handle
(8 nt handle in E. coli) and 3’ stem-loop (Figure 1.8). Exceptionally, in the type I-C system,
Cas6 family protein is absent, and Cas5 plays the functional role of crRNA maturation. Here,
the recognition and cleavage mechanism exhibited by Cas5 is similar to Cas6 (Figure 1.8)
(Garside et al., 2012; Nam et al., 2012; Punetha et al., 2014). After cleavage, both Cas5 and
Cas6 remain bound to the structured repeat of crRNA (Figure 1.8) and provide a framework
for the assembly of CRISPR-associated ribonucleoprotein (RNP) complex for antiviral defence
(Cascade complex) (Jore et al., 2011; Sashital et al., 2011). In contrast, type I-A and I-B repeats
are non-palindromic in nature (Figure 1.8) (Koonin et al., 2017b; Kunin et al., 2007). Here,
Cas6 dimers remodel repeats to form a transient stem-loop structure favourable for its
maturation (Reeks et al., 2013; Richter et al., 2013; Sefcikova et al., 2017; Shao and Li, 2013;
Shao et al., 2016). Cas6 in type I-A and I-B is a multi-turnover enzyme that leaves crRNA after
cleavage and does not associate with the Cascade complex (Charpentier et al., 2015). In
bacteria like Thermus thermophilus and Pyrococcus furiosus, multiple type I systems are
found. Here Cas6 is not present in all the subtypes, and evidently, CRISPR array/crRNA is
shared during maturation/interference (Majumdar et al., 2015; Staals et al., 2014).
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Figure 1. 8: Processing of pre-crRNA in Class 1 CRISPR-Cas system.

Type I systems contain both structured and unstructured repeat sequences. Left: The CRISPR
array is transcribed into a long pre-crRNA transcript. Cas6-family protein / Cas5 (I-C)
recognises the stem-loop structure and processes the crRNA by cleaving at the base of the step-
loop. The resulting mature crRNA contains a complete spacer sequence and partial repeat
region. The crRNA bound to Cas6/Cas5(I-C) allows the assembly of other Cascade proteins.
Right: The repeats in I-A and I-B are non-palindromic. Cas6 induces a conformational change
in repeat sequence to form a hair-pin like structure. Cas6 recognises and cleaves within the
repeats. Here, Cas6 is a multi-turnover enzyme and does not form a part of the Cascade
complex.
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In the type III system, Cas6 exhibits high sequence similarity to corresponding type I-
A and I-B homologs (Figure 1.8). Moreover, type III repeats are not structured or partially
structured (Kunin et al., 2007). Therefore, the crRNA maturation process in type III systems
follow a similar remodelling of repeats in pre-crRNA and subsequent generation of the final
crRNA (Carte et al., 2008; Hatoum-Aslan et al., 2011). Like type I-A and I-B, Cas6 in type III
releases crRNA after cleavage and does not form a part of the Cascade complex (Plagens et al.,
2014; Richter et al., 2012). Interestingly, like type I-C, Cas6 homologs are not present in type
ITI-C and III-D, and Cas5 may complement the role of Cas6 (Makarova et al., 2020). In type
IV, Csf5 (Cas6 homolog) facilitates the maturation of crRNA (Ozcan et al., 2019).

1.1.7.2 Maturation of crRNA in Class 2 systems

Unlike Class 1, Class 2 systems use a single-subunit multidomain effector nuclease and,
in some cases, non-CRISPR host protein for crRNA maturation (Deltcheva et al., 2011;
Makarova et al., 2020; Makarova et al., 2018). Additionally, in type Il and V-B, a trans-encoded
small RNA called trans-activating crRNA (tractrRNA) is also crucial during the maturation
process (Deltcheva et al., 2011; Shmakov et al., 2015; Zhang et al., 2013). The initiation of the
maturation process in the type II-A system starts with the binding of tracrRNA to the
complementary sequence on the repeat region on pre-crRNA leading to the formation of
tractRNA:crRNA duplex (Figure 1.9). The effector protein Cas9 (II-A) stabilises the duplex
and further recruits the host RNaselll protein for the initial processing of crRNA (Figure 1.9)
(Deltcheva et al., 2011). Subsequently, another unknown host nuclease trims 5’ repeat derived
overhang (Figure 1.9). The tracrRNA bound mature crRNA with ~20 nt 5° spacer and ~19-22
nt 3’ repeat-derived region along with Cas9 completes the interference complex required for
target cleavage (Deltcheva et al., 2011; Gasiunas et al., 2012; Jinek et al., 2012a). Conversely,
each repeat contains promoter elements in the type II-C system that lead to transcription of
individual crRNA (Dugar et al., 2013; Zhang et al., 2013). Like type II-A, the processing of
ctRNA in type II-C also depends on tracrRNA:crRNA duplex; however, functional

interference complex can also form in the absence of matured crRNA (Zhang et al., 2013).

Like type II, type V and VI also requires an effector nuclease for both maturation and
interference. Casl2a is the effector nuclease in type V-A systems and helps in tracrRNA
independent maturation of crRNA (Figure 1.9). Casl2a recognises structured repeats in pre-

crRNA and cleaves within the repeats (Dong et al., 2016; Fonfara et al., 2016). Later, an
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unknown host nuclease trims both 5* and 3’ ends, leading to the maturation of crRNA with a
5’ repeat derived hairpin loop. In type V-C and V-D, a short complimentary untranslated RNA
(scoutRNA) is required for maturation (Figure 1.9) (Harrington et al., 2020). Compared to
tractrRNA, scoutRNA is short and attains a different secondary structure. However, scoutRNA
remains bound to Casl2 after crRNA maturation and helps in interference (Harrington et al.,
2020). Here, host RNaselll is not required for pre-crRNA trimming. On the other hand, type
V-B, V-E, V-F and V-G contains tractrRNA, and the crRNA maturation mechanism is expected
to be similar to type II-A (Cas9) (Makarova et al., 2020; Shmakov et al., 2015).

In type VI, tracrRNA is absent, and Cas13 (effector nuclease) is required for crRNA
maturation (Figure 1.9) (Abudayyeh et al., 2016; East-Seletsky et al., 2016; Makarova et al.,
2020; Shmakov et al., 2015). Cas13 recognises structural and sequence motifs on repeat region
and cleaves upstream of the stem-loop on pre-crRNA (East-Seletsky et al., 2016). Intriguingly,
in type VI-A, crRNA maturation is not a compulsory requirement for functional interference;
however, a mature crRNA increases the overall efficacy of target cleavage during interference
(East-Seletsky et al., 2016). In type VI-B, the repeat lengths are not constant within the CRISPR
array; however, the length of the spacer sequence is uniform (~30 nt). A mature crRNA may
contain either 36 nt or 88 nt long repeats, and both the crRNAs are equally efficient in target
cleavage (Smargon et al., 2017).
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Figure 1. 9: Processing of pre-crRNA in Class 1 CRISPR-Cas system.

In class 2 systems, there are no reserved Cas proteins for crRNA processing. For crRNA
maturation, these systems employ the effector nuclease and host RNaselll (only in the type 11
system).
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Left: Type Il systems require tractrRNA, Cas9 and RNaselll for crRNA maturation. The
tractrRNA binds to the complementary repeat region acting on the long pre-crRNA transcript.
The structure of tracrRNA guides the binding of Cas9, which later outsources the processing
to host RNaselll. RNaselll nicks the 5° side of the Cas9 and separates individual crRNA units,
which are then processed by an unknown host nuclease.

Centre: The structured repeats in type V-A is recognised by Cas12, which makes a nick at the
3’ end of the spacer. The individual crRNAs are then further processed by an unknown
nuclease. Type V shows variations in ctrRNA processing; in type V-C and V-D, scoutRNA is
also required, whereas, in type V-B, V-E, V-F and V-G, tracrRNA is present. In this figure,
only type V-A processing is depicted.

Right: In type VI, only Cas13 is responsible for crRNA maturation. Here, complete maturation
of crRNA is not a compulsory requirement for active CRISPR interference, and immature
crRNA can also help in the degradation of target DNA. Red triangles denote nicking positions.
Unknown nucleases are depicted using brown colour half-circles.

1.1.8 CRISPR interference

The final step or the hallmark of the CRISPR-Cas system is the sequence-specific
destruction of invaders/MGEs. The sequence specificity is attained through the target DNA
complementary spacer region on crRNA within the interference complex. Since the crRNA is
derived from the CRISPR array, the possibility of interference complex binding to ‘self’
CRISPR DNA and leading to cleavage of the ‘self” genome cannot be avoided. However, such
an autoimmune response cannot be favoured during evolution. Hence, there is a mechanism to
differentiate between self and non-self during CRISPR interference. In most CRISPR-Cas
systems, the PAM sequence is not acquired or partially integrated into the CRISPR array during
adaptation (Goren et al., 2012; Heler et al., 2015). Hence, PAM is only present in invading
MGEs and absent in the CRISPR locus. Since PAM 1is crucial for functional CRISPR
interference, cleavage of ‘self” CRISPR DNA is ruled out (Abudayyeh et al., 2016; Anders et
al., 2014; Deveau et al., 2008; Hayes et al., 2016; Mojica et al., 2009; Westra et al., 2013; Yosef
et al., 2012; Zetsche et al., 2015). On the contrary, type III systems do not employ the PAM
sequence for such discrimination. Here, 5° and 3’ portions of repeats on the matured crRNA
act as a marker to identify invading MGEs. The complementary base pairing between crRNA
and ‘self” CRISPR DNA is not favourable for interference machinery to degrade DNA, thereby
protecting the ‘self” genome (Marraffini and Sontheimer, 2010).
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1.1.8.1 Class 1 CRISPR-Cas Interference

Class 1 CRISPR-Cas systems are subdivided into type I, III and IV, where a multi-
subunit interference complex is responsible for interference. Most of our understanding of
interference in Classl is derived from type I and III. Knowledge about the recently discovered
type IV systems' functioning is in a nascent stage and requires a thorough study. In the type IV
system, Cas5 and Cas7 are present in all the subtypes (IV-A to IV-D), with Cas8 and Cas11
appearing in a few subtypes (Makarova et al., 2020; Ozcan et al., 2019). Overall, full
interference machinery in type IV has not been identified yet. The co-existence of type IV with
other CRISPR-Cas systems suggests shared interference machinery during target cleavage

(Pinilla-Redondo et al., 2020).

1.1.8.1.1 Type I CRISPR-Cas Interference

Type 1 is the most abundant CRISPR-Cas system across bacteria and archaea (Koonin
et al., 2017a; Makarova and Koonin, 2015; Makarova et al., 2015). Invading MGE is cleaved
with the help of a multi-subunit ribonucleoprotein surveillance complex called Cascade.
Cascade complex harbours crRNA, which imparts sequence specificity to the system.
Surveillance complex (Cascade) locates the invading MGE, and an effector nuclease, Cas3
(nuclease-helicase), cleave the invading MGE through its nuclease activity (Brouns et al.,
2008). The overall architecture of Cascade is conserved; however, its composition can vary
depending on the CRISPR subtypes. Among all the seven type I subtypes (Makarova et al.,
2015), type I-E is the most characterised subtype; thus, it is a suitable model for understanding

type I interference.

1.1.8.1.2 Type I Cascade complex composition and architecture

Cascade complex in type I-E system consists of all the identified proteins in type I viz.
Cas5, Cas6, Cas7, Cas8 and Casl1 along with crRNA (Jackson et al., 2014a; Makarova et al.,
2020). Cas5, Cas6 and Cas7 contain RNA recognition motif (RRM) and directly interact with
crRNA in the complex (Brouns et al., 2008; Jore et al., 2011). After the maturation of crRNA,
Cas6 remains bound to 3’ repeat derived stem-loop of crRNA, which acts as a scaffold for other
subunits to assemble (Gesner et al., 2011; Sashital et al., 2011). One molecule of Cas6 forms
the head of the structure (Figure 1.10A-B). The helical backbone of the Cascade complex is

composed of seven subunits of Cas7 molecules that make direct contact with the 32 nt spacer
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region of crRNA (Figure 1.10A). Here, Cas7 molecules attain a closed palm-like shape with
interconnected thumb domains, which stabilises the structure. Cas5 is present at 5’ repeat
derived end of crRNA (Jackson et al., 2014a; Jore et al., 2011; Mulepati et al., 2014;
Wiedenheft et al., 2011; Zhao et al., 2014). The interwoven arrangement of Cas7 and Cas5
molecules segregates the spacer region of crRNA into six sections (Figure 1.10A-B and 1.11A).
The thumb domain in Cas7 flips one base in the reverse direction after every five bases on
crRNA (Figure 1.11A). Although Cas5 bears no noticeable sequence similarity with Cas7
thumb, it performs a similar base flipping function at the last nucleotide of the 5’ repeat handle.
The resulting flipped base is not available for base pairing with target DNA (Figure 1.11A). As
a result, six units of 5 nucleotide stretch on crRNA base pairs with the target DNA during
interference (Jackson et al., 2014a; Mulepati et al., 2014; Zhao et al., 2014). Cas8 and Cas11
are large subunit (LS) and small subunit (SS) of the Cascade complex, respectively. Two
subunits of Cas11 interacts with Cas7 in the 'belly region of the Cascade. Subunit Cas8 interacts
with Cas7 and Cas5 and forms a part of the tail region (Jackson et al., 2014a; Mulepati et al.,
2014; Zhao et al., 2014). After the assembly of all the Cascade subunits, the final structure
resembles a seahorse shape (Figure 1.10A) (Jackson et al., 2014a; Jore et al., 2011; Wiedenheft
etal., 2011).

The interference module in type I-C CRISPR operon contains four genes viz. casJ,
cas7, cas8 and casll (Figure 1.10C). Unlike type I-E, Cas6 is absent in the type I-C system,
and as a result, the 3’ repeat derived stem-loop end of the crRNA is not capped (Makarova et
al., 2015; Nam et al., 2012; Punetha et al., 2014). After maturation of crRNA, Cas5 subunit
caps 5’ repeat derived handle and acts as a scaffold for other subunits to assemble (Garside et
al.,2012; Koo et al., 2013; Nam et al., 2012). Like type I-E, in type I-C, seven subunits of Cas7
forms the backbone, interacting directly with ~32 nt spacer region of crRNA (Hochstrasser et
al., 2016; O'Brien et al., 2020). The cryo-EM structure of type I-C Cascade in Desulfovibrio
vulgaris shows that Cas8 is a fusion of large and small subunit. Cas8 subunit assembles near
the 5’ end of crRNA interacting with Cas5 and the seventh subunit of Cas7 (Figure 1.10C)
(Hochstrasser et al., 2016). Recently it has been identified that the standalone Casl1 (SS),
which is internally translated from the cas8§ gene, also forms a part of the Cascade complex
(Figure 1.10C) (McBride et al., 2020; O'Brien et al., 2020). The presence of the ribosome-
binding site (followed by start codon) within the cas§ gene leads to an independent translation
of Casl1. Two subunits of Casl1 make the ‘belly’ of the seahorse-shaped Cascade complex

(Figure 1.10C) (O'Brien et al., 2020). Overall, the Cascade complex in type [-C displays the
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following composition: (Cas5)i-(Cas7)7-(Cas8)i-(Casll), (Figure 1.10C) (McBride et al.,
2020; O'Brien et al., 2020).

non-target
stran

Figure 1. 10: Cascade composition in type I-E and type I-C CRISPR-Cas system.

A. Seahorse shaped structure of type I-E Cascade complex bound to target-DNA from E. coli
is shown above. Cas6, after crRNA processing, remain bound to the 3° end, allowing the
assembly of the whole Cascade complex. Seven units of Cas7 forms the helical backbone.
Casl1 (SS) from the belly region and Cas8 (LS) form the tail region of the structure. PDB ID:
SHYF.

B. The structure shows crRNA and target DNA present within the complex. The target strand
makes a complementary base pairing with the spacer region of the crRNA displacing the non-
target strand and forming an R-loop. A single subunit of Cas6 caps the stem-loop region of the
crRNA. PDB ID: SH9F.
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C. Atomic model of D. vulgaris type 1-C Cascade (PDB ID: 7KHA) derived from the
associated Cryo-EM structure (EMD-22876) is shown in the figure. Cas6 is absent in type [-C
and 3’end of crRNA is capped by Cas7 subunit. Two subunits of Casl1 and the C-terminal
region of Cas8 form the belly region of the Cascade. The N-terminal of Cas8 forms the large-
subunit and interacts with Cas5 and Cas7.

D. The figure shows type I-C crRNA present within the Cascade complex. The 3’ stem-loop
region is poorly resolved and not present in the above model.

Cascade complex in type I-A, I-B I-D, I-F and I-G shows a few variations in the
architecture (Makarova et al., 2020). Unfortunately, information about type I-A, I-B, and I-G
Cascade complex is not available. In type I-F, large and small subunits are absent, and Cas5
and Cas7 replace their functional role (Gleditzsch et al., 2016; Pausch et al., 2017). In type I-
D, the functional role of the large subunit is replaced by Cas10, which also makes this subtype
a connecting link between type I and III (Makarova et al., 2020; McBride et al., 2020).

1.1.8.1.3 Mechanism of target identification in type I system

CRISPR interference starts with the surveillance and identification of invading MGE
through sequence specificity derived from crRNA within the Cascade complex. A critical step
during target recognition is identifying the PAM sequence by Cas8 (LS) (Figure 1.11B) (Hayes
etal.,2016). The L1 loop, Gly-rich loop and Gln-wedge present in the Cas8 or the large subunit
directly interacts with the PAM sequence (Figure 1.11B) (Hayes et al., 2016). Once the PAM
is identified, conformational changes in the glycine-rich regions on the Cas8 subunit of the
Cascade complex leads to the unwinding of target DNA from the PAM proximal end (Figure
1.11) (van Erp et al., 2017). As the unwinding proceeds further towards the PAM distal end, a
strong target binding is enabled by complementary base pairing between crRNA and the target
stand (Figure 1.11A) (Xiao et al., 2018; Xiao et al., 2017a). The three-stranded DNA:RNA
hybrid with an unpaired DNA strand is generated after successful target binding, and this
structure is called R-loop (Figure 1.11A). The unpaired DNA strand in the R-loop is the non-
target strand and performs a crucial role in effector nuclease loading (Hayes et al., 2016;
Jackson et al., 2014a; Mulepati et al., 2014; Xiao et al., 2017a). Mutation in the PAM and
‘seed’” (PAM proximal crRNA paired 8 nt on target strand) region hampers target DNA binding
and interference (Datsenko et al., 2012; Semenova et al., 2011; Xiao et al., 2017a). Disruption
of the L1 loop weakens target DNA binding drastically (Hayes et al., 2016). The curvature of
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the Cascade complex bends the target strand to ~120°, and the backbone subunit (Cas7)
maintain the stability of the structure (Hayes et al., 2016; Xiao et al., 2018; Xiao et al., 2017a).
The non-target strand is bound to Casl1 subunits, which stabilize R-loop (Figure 1.11A)
(Hayes et al., 2016; Xiao et al., 2017a). Since the type I system is diverse, some variations can

be seen across different subtypes. However, the overall mechanism of target identification and

binding seems to be conserved.
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Figure 1. 11: Target identification and R-loop formation.

A. The above figure shows the schematic representation of target DNA identification and R-
loop formation in the E. coli type I-E system. The double-stranded target DNA with target
strand (yellow) and non-target strand (blue) containing cognate PAM ‘AAG’ (for E. coli) is
shown in the figure. The binding of Cas7 to crRNA induces base flipping after every 5™ base
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starting from the last nucleotide of the 5’ repeat handle. The dotted line at the 3’ end of the
crRNA represents the Cas6 bound stem-loop structure (Figure 1.8, left). The search for the
target starts with a sampling of the minor grooves of the invading phages/MGEs. On locating
the correct PAM sequence, the Gly-loop, Gln-wedge and L1-loop of the Cas8 (LS) initiate the
R-loop formation from PAM proximal end. A further unwinding of DNA leads to complete
displacement of the non-target strand and complementary base pairing between target-strand
and spacer region of crRNA. Due to Cas7 induced base flipping, every 6™ base on the target
strand does not take part in binding. Local conformational changes in the Cas8 CTD lead to
sequestration of non-target strand by Cas11 and forming a flexible bulge at PAM proximal end.
Subsequently, the recruitment of Cas3 results in target degradation.

B. Glycine loop, Glutamine wedge and L1 loop present in the Cas8 subunit are essential for
target identification and initiation of R-loop formation. The figure represents the amino acid
residues that directly interact with the bases at the PAM region in E. coli.

1.1.8.1.4 The effector nuclease/Cas3 and target degradation

After binding to target DNA, the LS and SS of the Cascade complex undergo a few
structural and spatial changes that lead to the recruitment of effector nuclease Cas3 for target
cleavage (Hayes et al., 2016; Xiao et al., 2017a). Typically, Cas3 is a fusion of N-terminal HD-
nuclease domain and C-terminal superfamily 2 DExD/H Box helicase (Figure 1.12A) (Gong
et al., 2014; Huo et al., 2014a; Jackson et al., 2014b; Sinkunas et al., 2011; Sinkunas et al.,
2015); however, in some variants, either nuclease and helicase domains are expressed
separately (type I-A) or fused to other Cas proteins (e.g. Cas2-Cas3 fusion in type I-F) (Huo et
al., 2014a; Makarova et al., 2015; Makarova et al., 2020). In type I-G, Cas3 domains are
interchanged, containing N-terminal helicase and C-terminal nuclease (Makarova et al., 2020).
The function of the nuclease domain is supported by metal ions such as magnesium and cobalt
(Beloglazova et al., 2011; Mulepati and Bailey, 2011; Sinkunas et al., 2011). After loading
onto the single-stranded DNA (ssDNA), the helicase domain of Cas3 unwinds DNA in a 3’ to
5’ direction in the presence of metal ion and using energy from ATP-hydrolysis (Sinkunas et
al., 2011). The highly conserved arginine-rich channel on the helicase domain is believed to
aid stable capture and translocation on ssDNA (Xiao et al., 2017a). Apart from two major
domains, Cas3 also harbours a C-terminal domain (CTD), although its precise function is not

adequately understood (Figure 1.12A).

In Pseudomonas aeruginosa (type 1-F), Cas2 and Cas3 are fused, and the nuclease

activity of Cas2-Cas3 is inhibited when Casl is present in the complex. However, the Cascade
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complex bound bonafide target reactivates Cas2-Cas3 nuclease activity, leading to target
degradation (Rollins et al., 2015). The fusion of Cas2-Cas3 in type I-F hints towards
cooperation between adaptation and interference machinery. In Thermobifida fusca (type I-E),
standalone Cas3 or Cas3-Cascade complex is incompetent to dislocate a DNA binding protein
(e.g. RNA polymerase) barrier during translocation (Dillard et al., 2018). Interestingly, the
addition of the Cas1-Cas2 complex to the target bound Cas3-Cascade complex ensues the
formation of a larger Primed Adaptation Complex (PAC), which can displace protein barriers
efficiently (Dillard et al., 2018). However, the mechanism of the displacement of ‘roadblock’

1s not understood.

After the validation of bonafide target DNA by the cascade complex, the change in
conformation of the Cas8 subunit divulges the Cas3 interaction site (Figure 1.11A). It seems
Cas3 and Cascade complex co-operate via a combination of steric hindrance, hydrophobic and
electrostatic interaction (Xiao et al., 2018; Xiao et al., 2017a). An initial nick by nuclease
domain facilitates the loading of Cas3 on the displaced non-target strand in the R-loop created
by the Cascade complex (Redding et al., 2015). Subsequently, Cas3 unwinds double-stranded
DNA (dsDNA) in 3° to 5’ direction and regularly feeds ssDNA to HD-nuclease domain,
creating a single-stranded gap of approximately 200-300 nt on the non-target strand (Figure
1.12B) (Huo et al., 2014a; Westra et al., 2012a; Zhao et al., 2014). However, this is not
sufficient to completely degrade invading MGE. It is believed that unknown host nucleases
might help destroy target DNA or the Cascade independent non-specific nuclease activity of
Cas3, which has been shown in vitro, might be sufficient for large scale destruction (Mulepati

et al., 2014; Redding et al., 2015; Sinkunas et al., 2013).
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Figure 1. 12: Target degradation in Class 1 CRISPR-Cas system.

A. Molecular structure of type I-E Cas3 from 7. fusca is shown in the figure. Cas3 consists of
three domains; Nuclease, Helicase and C-terminal domain (CTD).

B. The figure represents the interference mechanism in the type I system. After binding to
target DNA, Cascade undergoes a conformational change and recruits Cas3. Cas3 loads onto
the non-target strand and subsequently unwinds and degrades DNA in a 3’ to 5’ direction.

C. Type III interference machinery has two crucial components; the Cas10-Csm complex
harbouring crRNA and Cas6 (RNase with HEPN domain). The Cas10 shows dual activities —
nicking the target DNA and conversion of ATP to cyclic oligoadenylates (cOA). The
identification of the target begins with searching the crRNA complementary sequence on the
transcribing nascent RNA. The binding of the Csm complex to nascent RNA tethers it to the
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transcribing DNA, thereby activating the double-stranded DNA cleavage by Casl0. On the
other hand, cOA molecules activate Csm6, which subsequently degrade non-specific RNA
present in the vicinity.

1.1.8.1.5 Type IIT CRISPR-Cas Interference

The type III Interference complex contains a Cascade like structure (Csm for III-A and
Cmr for III-B) and shows high similarity to type I interference complex in architecture and
composition (Abbondanzieri et al., 2005; Hochstrasser et al., 2014; Jackson et al., 2014a;
Makarova et al., 2011b; Mulepati et al., 2014; Osawa et al., 2015; Staals et al., 2014; Taylor et
al., 2015; Zhao et al., 2014). However, unlike type I, type III can target both invading RNA
and DNA of MGE (Deng et al., 2013; Elmore et al., 2016; Goldberg et al., 2014; Samai et al.,
2015). Most of our understanding about type III systems is from III-A and III-B, and most
recently discovered III-C, III-D and III-F are not yet studied. After ctrRNA maturation, Cas5
binds to a 5’ repeat derived handle to which other Cas proteins assemble. Cas7 family proteins
(Csm3 and Csm5 in III-A and Cmrl, Cmr4 and Cmr6 in III-B) form the backbone of the
complex by holding on to the spacer region of crRNA. Cas10 (Csml in III-A and Cmr2 in III-
B ) and Casl1 (Csm2 in III-A and CmrS5 in III-B) form large and small subunits, respectively
(Makarova et al., 2020; Osawa et al., 2015; Staals et al., 2014; Taylor et al., 2015). In type III,
the degradation of the target DNA can happen only when it is transcriptionally active (Deng et
al., 2013; Elmore et al., 2016; Estrella et al., 2016; Goldberg et al., 2014; Kazlauskiene et al.,
2016; Samai et al., 2015). After binding to nascent target RNA using crRNA mediated
complementary base pairing, the Cas7 family subunits of interference complex cleaves target
RNA after every sixth base. The transcriptionally active DNA is cleaved by the HD-nuclease
domain of the Cas10 subunit (Figure 1.12C) (Osawa et al., 2015; Samai et al., 2015; Staals et
al., 2014; Tamulaitis et al., 2014; Taylor et al., 2015). Csm6 and Cxs1 family RNase frequently
associate with type III complex and have an auxiliary role in interference (Figure 1.12C)
(Koonin et al., 2017a; Makarova et al., 2020). Apart from target cleavage, Cas10 (target bound)
also converts ATP to cyclic adenylate, which activates RNase Csm6 leading to degradation of
non-specific proximate RNA transcripts (host and invader RNA) (Figure 1.12C) (Kazlauskiene
et al., 2017; Kazlauskiene et al., 2016; Niewoehner et al., 2017).
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1.1.8.2 Class 2 CRISPR-Cas Interference

In Class 2, a multi-subunit cascade-like complex is absent, and a single multi-domain
Cas protein carries out target degradation. The effector nuclease notation varies based on the
size and domain architecture (Cas9 in type II, Cas12 in type V and Casl3 in type VI). The
application of Cas9 in genome editing makes it one of the highly characterized CRISPR-Cas

systems.

1.1.8.2.1 Type II CRISPR-Cas interference

The interference complex in type II consists of Cas9, crRNA and a tracrRNA (Figure
1.13A) (Barrangou et al., 2007; Deltcheva et al., 2011; Gasiunas et al., 2012; Jinek et al., 2012a;
Jinek et al., 2014a; Nishimasu et al., 2014). Cas9 has a bilobed structure containing an alpha-
helical recognition lobe (REC), and a nuclease lobe (NUC) fused through a linker with an
arginine-rich helix. The positive charge on the bridge helix interacts directly with the crRNA.
The NUC lobe contains HNH and RuvC domains that cleave target DNA during interference
(Anders et al., 2014; Hirano et al., 2016; Jiang and Doudna, 2015; Jinek et al., 2014a;
Nishimasu et al., 2015; Nishimasu et al., 2014). Cas9, guided by crRNA, locates and binds to
the target DNA. Subsequently, binding induced conformational change promotes PAM
identification by a variable C-terminal domain and unwinding of target DNA from PAM
proximal end (Anders et al., 2014; Jiang et al., 2016; Jinek et al., 2012a; Sternberg et al., 2015;
Sternberg et al., 2014). Like, type I, incorrect PAM, or ‘seed’ sequence does not favour target
degradation. Perfectly matched target DNA leads to conformational activation of HNH and
RuvC nuclease domains and stabilization of R-loop. HNH domain cleaves target strand
whereas RuvC domain nicks non-target strand resulting in a blunt double-stranded DNA break

(Figure 1.13A) (Jinek et al., 2012a; Sternberg et al., 2015).
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Figure 1. 13: Target Degradation in type II and V CRISPR-Cas interference.

A. The type II CRISPR interference is aided by Cas9, crtRNA and tracrRNA. Cas9 identifies
the crRNA complementary sequence of the target DNA. Later, the HNH and RuvC domains
of Cas9 realigns, leading to double-stranded breaks on the target DNA, followed by complete
degradation by host nucleases.

B. Type V-A CRISPR interference does not require tractRNA and relies solely on structured
crRNA and Casl2. After the binding to bonafide target DNA, the RuvC domain of Casl2
makes a staggered cut on the target DNA.

1.1.8.2.2 Type V CRISPR-Cas interference

The functional requirement of the effector nuclease Casl2 varies in type V systems
(Fonfara et al., 2016; Makarova et al., 2020; Shmakov et al., 2015; Zetsche et al., 2015; Zetsche
et al., 2017). Casl2a (type V-A) does not require tracrRNA, whereas, for an active Casl2b
(type V-B), tracrRNA is mandatory. The characterization of Casl2c (type V-C) is yet to be
carried out. Like Cas9, Cas12 has a bilobed structure with both REC and NUC lobes. However,
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it harbours only a single catalytic RuvC domain (Dong et al., 2016; Gao et al., 2016; Liu et al.,
2017a; Yamano et al., 2017). Perfect target binding leads to proper positioning and activation
of the RuvC domain, which subsequently cleaves both the target and the non-target stands. The
crystal structure of Cas12 with target DNA reveals that both the strands are positioned on the
RuvC active site (Yang et al., 2016). However, it is not clearly understood whether the strands
are cleaved successively or simultaneously. The cleavage product usually contains 5-7 nt sticky
ends (Figure 1.13B) (Fonfara et al., 2016; Shmakov et al., 2015; Yang et al., 2016; Zetsche et
al., 2015; Zetsche et al., 2017).

1.1.8.2.3 Type VI CRISPR-Cas interference

The effector nuclease Cas13 is a HEPN containing protein that is specialised to cleave
ssSRNA (Figure 1.14). Like Cas9 and Cas12, the overall structure is bilobed, and it contains two
HENP domains in the NUC lobe (Anantharaman et al., 2013; Makarova et al., 2020; Shmakov
et al., 2015). Upon binding to target ssSRNA, the HEPN domains are activated, which cleave
target ssSRNA and collateral RNA (Abudayyeh et al., 2016; East-Seletsky et al., 2016; Shmakov
etal., 2015; Smargon et al., 2017). Activation of Cas13 is tolerated by mismatches at the edges
of crRNA:target-ssRNA base pairing, but the central region is crucial (Abudayyeh et al., 2016;
Liu et al., 2017b). Interaction of Casl3 with protospacer flanking sequence (PFS) is also
essential during interference (Abudayyeh et al., 2016; East-Seletsky et al., 2016; Smargon et
al.,2017). Once the target-ssSRNA meets all the required conditions, two HEPN domains cleave
both target and proximally present ssSRNAs. During interference, host RNAs are also cleaved,
leading to cell dormancy or suicide (Abudayyeh et al., 2016; East-Seletsky et al., 2016;
Smargon et al., 2017).
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Figure 1. 14: Target Degradation in type VI CRISPR-Cas interference.

In type VI, Casl3, guided by crRNA, binds to target DNA flanked by protospacer flanking
sequence (PFS). The conformational changes in Casl3 activate the HEPN domains on the
protein. Once activated, Casl3 acts as an RNase and degrades target RNA as well as non-
specific RNAs leading to global RNA degradation.

1.1.9 Evasion of bacterial anti-phage defence

Our knowledge about bacterial anti-phage mechanisms has grown several folds;
however, we have only begun to understand the regulation, control, and implications of these
defence systems on host-pathogen interaction. Even though both bacteria and phages compete
for survival, they coexist and exhibit a population equilibrium. To maintain this balance,
phages have evolved several measures to counter bacterial defence systems. In order to escape
bacterial defence systems, phages may deactivate the host nucleases, lose the target sequence
through random mutation or show a higher rate of replication (Hampton et al., 2020). For
example, some phages encode genes that modify bases on phage DNA through
hydroxymethylation (Warren, 1980), gycosylation (Kruger and Bickle, 1983) or acetamidation
(Swinton et al., 1983). These modifications assist certain phages to evade R-M systems (Vasu
and Nagaraja, 2013). Many other phages encode methyltransferases (MTases) that protect the
‘selt” genome from multiple REases (Bickle and Kruger, 1993; Tock and Dryden, 2005).

Additionally, some phages have evolved proteins that block host nucleases through direct

51
TH-2684_136106023



Chapter 1: Introduction

interaction. For example, several anti-RM (Goryanin et al., 2018) and anti-CRISPR (Bondy-
Denomy et al., 2013) have been discovered that neutralizes the activities of R-M and CRISPR

system, respectively.

1.1.9.1 Anti-CRISPR system

Since the CRISPR-Cas interference cleaves target-DNA based on the sequence
complementarity, mutations in the genome may help phage escape degradation by the effector
nuclease. However, by taking advantage of faulty interference machinery, bacteria can acquire
new spacers through the primed adaptation process and subsequently cleave the phage DNA.
Therefore, some phages have developed more advanced strategies to evade the attack by
directly inhibiting CRISPR interference. Several phages express anti-CRISPR proteins (Acr),
which bind to the interference complex and stops target cleavage. The first Acr protein was
discovered in phages that infect Pseudomonas spp. These phages could infect and propagate in
Pseudomonas aeruginosa even after the presence of an active type [-F CRISPR-Cas system
and the targeting spacers (Bondy-Denomy et al., 2013). Later, it was found that these phages
encode Acr proteins (AcrF1 and AcrF2) that directly bind to subunits of the Cascade complex
and prevent it from binding to target DNA (Bondy-Denomy et al., 2015; Chowdhury et al.,
2017; Peng et al., 2017). In addition, AcrF3 obstructs the binding of Cas3 to the Cascade
complex, preventing DNA cleavage (Bondy-Denomy et al., 2015). Several Acr proteins
(AcrE1-AcrE4) against type I-E CRISPR-Cas system in P. aeruginosa have also been found.
Interestingly, these Acr proteins neither block the type I-F system in P. aeruginosa nor a related
type I-E system in E. coli (Bondy-Denomy et al., 2013; Pawluk et al., 2014). This suggests that
some of the Acr proteins are specialized for a given subtype and species. On the contrary,
AcrF6 protein inhibits both type I-F and type I-E systems in P. aeruginosa (Pawluk et al.,
2016). Similarly, Acr proteins have been discovered for type I-E, 1I-A, II-B and II-C CRISPR-
Cas system (Dong et al., 2017; Pawluk et al., 2014; Rauch et al., 2017; Shin et al., 2017).

As an exception, Vibrio cholerae phages harbour a fully functional type I-F CRISPR-
Cas system. This system contains spacers that target a portion of the defence island in V.
cholarae to silence a non-CRISPR anti-phage defence system (Seed et al., 2013). Furthermore,
Campylobacter jejuni harbours a type II-C system having Casl, Cas2, Cas9 and tracrRNA,
whereas Cas4 is absent. However, here a Cas4-like protein is complemented through

Campylobacter phages. Interestingly, all the acquired spacers are of host origin, suggesting
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that the Cas4-like protein activates spacer acquisition, preferably from the host genome.
Consequently, the host genome is targeted by the interference machinery leading to cell death

(Hooton and Connerton, 2014).

1.2 Applications of the CRISPR-Cas system

DNA binding proteins that modify a DNA locus possess a tremendous advantage in
genome engineering applications. Restriction enzymes (Danna and Nathans, 1971; Kim and
Chandrasegaran, 1994), TALENS (Ramalingam et al., 2014), zinc fingers (Kim et al., 1996;
Kim et al., 1997), recombinases are some of the prokaryotic proteins being harnessed for gene
editing. However, the process of developing a customized DNA binding protein to bind to a
specific target is challenging, slow and requires expertise in protein engineering. On the
contrary, the CRISPR-Cas systems rely on the spacer sequence on the crRNA for guidance and
sequence specificity. After binding to the target sequence positioned adjacent to the 2-5 nt
PAM or PFS sequence, the Cas nuclease cleaves the target nucleic acid. Thus, a sequence-
specific cleavage at any location adjacent to PAM or PFS can be achieved using CRISPR-Cas
systems by fabricating a unique crRNA or engineered guide-RNA (gRNA) comprising a

suitable spacer sequence.

A single effector complex in the Class 2 CRISPR-Cas system makes it suitable for
genome engineering applications. Among all the CRISPR variants present in the Class 2
system, Streptococcus pyogenes Cas9 (SpCas9) is the first and most widely used genome
editing tool (Jinek et al., 2012b; Jinek et al., 2013; Jinek et al., 2014b; Wiedenheft et al., 2012).
Cas9 is a dual-RNA guided nuclease requiring crRNA and tracrRNA (figure 1.13A). The
function of crRNA and tracrRNA can be replicated with an engineered single gRNA (fusion
of crRNA and tracrRNA). Cas9-mediated genome-editing functions by generating a double-
stranded break (DSB) and consequently initiating a DNA damage response and inducing an
endogenous DNA repair mechanism. There are two repair mechanisms: non-homologous end-
joining (NHEJ) and homology-directed repair (HRD). NHEJ is error-prone and often results in
insertion or deletion (indel) and can thus create knockouts. On the other hand, HDR relies on
homologous recombination and can be diverted to a precise location using a template DNA
sequence. This leads to the exact alteration of the genome, as is specified by the homologous
template. Additionally, a nuclease mutant of Cas9 (dCas9) can only bind to the target DNA
without cleaving it. The stable binding of dCas9 can stop the translocation of RNA-polymerase,
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leading to reduced or arrested expression of the downstream gene (Bikard et al., 2013).
Separate studies showed that Cas9 fused to cytidine deaminase (APOBEC1) (Komor et al.,
2016) or uracil DNA glycosylase inhibitor (UGI) (Komor et al., 2017) can be used to edit a
single base by modifying one base to another. Similarly, Cas12 (type V) and Casl3 (type VI)
have also been used in genome editing (Cox et al., 2017; Zetsche et al., 2017).

54
TH-2684_136106023



Chapter 1: Introduction

1.3 Definition of the problem

CRISPR-Cas system is highly diverse, and it is broadly divided into two classes (1 and
2), which are further divided into six types (I-VI) and several subtypes. Type I (Class 1) system
is the most abundant CRISPR-Cas system present in the bacteria, and it is further divided into
seven subtypes. Befitting the enormous diversity exhibited by the type I system, the
composition and architecture of the Cascade effector complex have undergone commensurate
variation. In tune with this, the domain architecture of Cas3 — the effector nuclease in type I
system — in some subtypes has evolved in a very distinctive way such that Nuclease and
Helicase domains, which are fused in some sub-types, have undergone domain fission in others.
The current understanding of CRISPR interference in type I comes majorly from the type [-E
system with sporadic investigations from other type I systems such as [-A, I-F and I-G. In type
I-C, the Cascade complex is composed of four subunits, viz. Cas5, Cas7, Cas8 and Casl1, as
against five (Cas5, Cas6, Cas7, Cas8 and Casl1) in case of type I-E. Cas6, which is essential
for crRNA maturation, is absent in type [-C, and Cas5, which is inert in type I-E, has replaced
the role of Cas6. Given the architectural differences among the Cascade complex of type I-C
and type I-E, it is reasonable to assume that this will be translated into functional differences.
However, when the author embarked on this study, apart from type I-E, studies that
systematically investigated the interference stage in type [-C were virtually non-existent.
Hence, the author has attempted to understand the functional mechanism of CRISPR
interference in the B. halodurans type 1-C system and its role during CRISPR adaptation.

1.3.1 Objectives of the study

e Characterization of type I-C effector nuclease.

e Development of an in vivo assay system to study the interference mechanism.

e Understand the molecular events that occur during target recognition and
degradation.

e Unravel the involvement of interference module in spacer acquisition.
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Chapter 2: Biochemical Characterization of Type [-C Effector Nuclease

2.1 Introduction

The effector nuclease Cas3 is indispensable for target DNA cleavage during CRISPR
interference in type I systems. Cascade complex locates and binds to the target DNA with
crRNA induced sequence specificity, forming an R-loop (Hayes et al., 2016; Jackson et al.,
2014a; Mulepati et al., 2014; Xiao et al., 2017a). Favourable conformational changes in the
Cascade complex recruits Cas3, which further degrades target DNA (Brouns et al., 2008; Hayes
et al., 2016; Jackson et al., 2014a; Mulepati et al., 2014; Xiao et al., 2017a). Cas3 is present
only in type I systems making it a ‘signature’ protein for the type I CRISPR-Cas system
(Koonin et al., 2017a; Makarova et al., 2020). Our understanding of Cas3 is primarily attributed
to the studies on E. coli and T. fusca, which belong to the type I-E CRISPR-Cas system (Gong
et al., 2014; Hayes et al., 2016; Huo et al., 2014a; Ivancic-Bace et al., 2013; Jackson et al.,
2014a; Majsec et al., 2016; Makarova et al., 2020; Mulepati et al., 2014; Sinkunas et al., 2011;
Xiao et al., 2018; Xiao et al., 2017a). However, the arrangement and composition of genes in
the CRISPR-Cas systems are diverse, and Cas3 also exhibits multiplicity in its domain
architecture. In a typical type I Cas3, the N-terminal HD-nuclease domain is fused to a C-
terminal DExD/H box Superfamily 2 helicase domain (Jackson et al., 2014b; Makarova et al.,
2020; Sinkunas et al., 2011; Xiao et al., 2018; Xiao et al., 2017a). However, in Cas3 in type I-
A, the nuclease and helicase domains are split and expressed as two standalone proteins
(Makarova et al., 2020). In type I-G, Cas3 exhibits domain swapping where the helicase
domain forms the N-terminus, and the nuclease domain is present at C-terminal. Additionally,
in type I-F, Cas2 is C-terminally fused to Cas3 (Makarova et al., 2020). In type I-C, the
molecular size of Cas3 is small; however, the domain architecture is similar to type I-E.
Overall, it 1s reasonable to assume that these architectural differences will be reflected in the
function and molecular mechanism of Cas3. Hence, to understand the interference mechanism
in the type I-C system, it was essential to investigate and understand type I-C Cas3 (Cas3/I-C)

in detail.

Since the information about the type [-C Cas3 was practically non-existence, we set out
to thoroughly study both nuclease and helicase domains of Cas3/I-C. We tested nuclease
activity on various substrates such as dsDNA, ssDNA, ssRNA and other DNA modifications.
Since Cas3 is a metal-dependent nuclease, we also checked the metal ions required to activate
Cas3/I-C nuclease activity. Subsequently, we also carried out experiments to assess DNA

unwinding by the Cas3/I-C helicase domains. Nuclease and helicase domains are fused in
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Cas3/I-C; consequently, the nuclease domain has to cooperate with the helicase domain. We
tried to understand this co-operation in vitro. Overall in chapter 2, we have tried to characterise

Cas3/I-C as a standalone protein in vitro.

2.2 Materials and Methods

2.2.1 Molecular cloning

B. halodurans C-125 strain was procured from The Microbial Type Culture Collection
and Gene Bank (MTCC), India. Gene encoding Cas3/I-C (BH0336) and its mutants (D48 A and
D395A) were cloned in 1R (Addgene #29664) at the Sspl restriction site by employing the
Gibson Assembly method. Point mutations were created in Cas3/I-C using PCR-based

mutagenesis. The 1R vector encodes Strep II tagged protein.

2.2.2 Protein purification

E. coli BL21 (DE3) harbouring pWT-1 (Cas3/I-C mentioned-above cloned in 1R) was
grown in LB broth supplemented with 50 pg/ml kanamycin at 37 °C till the ODegoo reached 0.6.
At this point, Cas3/I-C expression was induced with 0.2 mM IPTG and cells were allowed to
grow for 12 h at 18 °C. Cells were harvested and re-suspended in binding buffer (20 mM Tris-
CI (pH 8.0), 300 mM NaCl, 10% glycerol, I mM phenylmethylsulphonyl fluoride (PMSF) and
6 mM B-mercaptoethanol). Cells were lysed using a cell disruptor (20 kpsi), and cell debris
was removed by centrifugation at 4 °C and 16000 % g for 30 min. After cell lysis, DNase I (50
pg/ml) was added to reduce the viscosity due to the presence of intact genomic DNA. The clear
supernatant was loaded onto a pre-equilibrated 5 ml StrepTrap HP (GE Healthcare) column.
After loading, the column was washed with 10 CV of binding buffer to remove unbound
protein, and Cas3/I-C was eluted in a binding buffer containing 2.5 mM desthiobiotin. Cas3/I-
C was further loaded onto the HiTrap Heparin HP column (GE Healthcare) to remove
impurities. Subsequently, it was eluted with a linear gradient of 0.15-2 M NaCl in the binding
buffer. Later, the protein was further purified through HiLoad 16/600 Superdex 200 prep grade
column (GE Healthcare) and eluted in buffer containing 20 mM Tris-Cl (pH 7.5), 150 mM
NaCl, 10% glycerol and 6 mM B-mercaptoethanol. After concentration, samples were flash-
frozen in liquid nitrogen and stored at —80 °C until use. Protein samples were run on SDS-

PAGE to check the purity, and concentration was measured by absorbance at 280 nm. Cas3/I-
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C mutants cloned in 1R (pD48A, pQ253A) were purified using a similar protocol mentioned

above.

2.2.3 ATP hydrolysis assay

ATP hydrolysis reactions were conducted at 37 °C in the reaction buffer containing 20
mM Tris-CI (pH 8.0), 50 mM NaCl, 10 mM Mg**, 1 mM ATP, 6 mM B-Mercaptoethanol and
1 uM Cas3/I-C. Hydrolysis reactions were performed in the presence of 10 ng of ssDNA,
dsDNA and 16S rRNA. Malachite Green assay was used to determine the liberated inorganic
phosphate. Reactions were initiated by the addition of ATP and stopped by adding a malachite
green reaction mixture (ammonium molybdate: malachite green in the ratio 1:4). To this
mixture, 34 % sodium citrate was added to make a final concentration of 3.7 %. The volume
was made up to 1 ml using water, and absorbance was measured at 630 nm. A standard curve
between absorbance and inorganic phosphate concentration was established by using a varying

concentration of KH>PO4. All the reactions were performed in triplicates.

2.2.4 Assay for nuclease activity

All nuclease activity assays were performed in cleavage buffer containing 20 mM Tris-
Cl (pH 8.0), 60 mM NaCl, 1 mM dithiothreitol (DTT) and 10 mM MgCl,. About 500 nM
Cas3/I-C was incubated with 100 nM DNA or 50 nM RNA unless specified otherwise. To
check metal ion dependency, 2 mM of various metal salts and 500 nM Cas3/I-C were used.
The reactions were carried out at 37 °C for 10-60 min. Cleavage products were visualized by

either 0.8% agarose gel electrophoresis or 10—15% (w/v) 8 M urea denaturing PAGE.

2.2.5 Assay for helicase activity

Partial DNA duplexes were used to test the helicase activity of Cas3/I-C and its variants.
6-FAM labelled oligonucleotides were obtained from IDT. To generate the construct with 3’
overhang, 3' 6-FAM labelled short oligonucleotide (36 nt), and unlabelled long oligonucleotide
(70 nt) were annealed. Similarly, in order to generate the construct with 5’ overhang, 5’ 6-FAM
labelled short oligonucleotide (34 nt) and unlabelled long oligonucleotide (70 nt) were
annealed. In addition, an excess of an unlabelled short oligonucleotide having an identical
sequence as that of 6-FAM labelled was used as trap DNA in order to avoid the re-annealing
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of the separated strand. Helicase activity was assessed by mixing Cas3/I-C (0.5-1 pM), and 6-
FAM labelled DNA substrates (0.5 pM) in the reaction buffer containing 20 mM Tris-Cl, 60
mM NaCl, 6 mM B-mercaptoethanol, 10 mM MgCl,, 50 uM Trap-DNA and 1 mM ATP (or
other triphosphate variants). The reaction was carried out at 37 °C for 2 h. DNA bands were

visualized on a 12% (w/v) native PAGE.

2.3 Results

2.3.1 Characterization of the Nuclease activity of Cas3/I-C

To test the substrate preference for HD nuclease, different nucleic acid substrates were
utilized in the presence of ATP and Mg?" ions. This showed that Cas3/I-C cleaves both double-
stranded (pQE2) and single-stranded (M13mp18) DNA proficiently (Figure 2.1A).

A B
< < <
DNA & g é é
3 8 3§ IS Unmethylated  Methylated
Cas3 M = + el +. Time(min) 30 60 30 60
EDTA = + = = = 4 = =
Cas3 — + ++ M— 4+ + +
M13mp18 e _ 1]
ssDNA 4.8 kb L
—
2.5kb_--| = - -
y 1 pQE2 1 kb | -’
5 dsDNA =

Figure 2. 1: Substrate preference for Cas3 nuclease.

(A) ssDNA and dsDNA represent single-stranded and double-stranded DNA substrates,
respectively. Cas3/I-C cleaves both single (M13mp18) and double (pQE2) stranded DNA in
the presence of divalent metal ion (Mg®") and ATP. DNA marker (M) positions are shown on
the left.

(B) Methylated and unmethylated DNA fragments are of the same size (2.5 kb). Unmethylated
DNA was generated using Pfu polymerase that generates blunt-end products. The methylated
DNA fragment of 2.5 kb was released from the plasmid using restriction enzymes Ndel and
Kpnl. An additional band of 4.8 kb corresponds to the linearized vector pQE2. DNase activity
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is not sensitive to methylation. The results were visualized using 0.8% agarose gel
electrophoresis. The dotted line indicates a discontinuity in the gel for clarity, and M denotes
the position of the DNA marker.

Further, nucleases such as restriction endonuclease do not cleave host DNA which is
methylated. So, we wondered if Cas3/I-C displays such a trait. To test this, we used a linear
plasmid (pQE2) isolated from E. coli as methylated substrate (E. coli methylates DNA) and a
PCR amplified gene as non-methylated DNA. When these substrates were incubated with
Cas3/1-C, we found that the nuclease activity does not differentiate between methylated (pQE2)
and unmethylated (PCR amplicon) forms as substrates (Figure 2.1B).

A B
2.5 Kb 400 bp 70 bp

Cas3—++++ —++++ —+++ +

Time(min) 15304560M 15304560M 153045 60
= — 150 nt RNA
= = Cas3 — + + + +
25kb s v ’ Time(min) 15 30 45 60
. °

Figure 2. 2: DNase/RNase activity depends on the size of the substrate.

(A) DNase and (B) RNase activities were assessed on 0.8 % agarose and 12 % denaturing
PAGE, respectively. To test the nuclease activity, 500 nM Cas3/I-C was incubated with 100
nM of 2.5 kb or 400 bp DNA. Similarly, 1.5 uM Cas3/I-C was used against 300 nM of 70 bp
DNA. RNA concentration was 50 nM. Cas3/I-C preferred large DNA substrates (2.5 kb),
whereas smaller DNA (400 and 70 bp) and RNA (150 nt) substrates were not completely
cleaved even after 60 min of incubation. M denotes the position of the DNA marker.

Our experiments suggested that Cas3/I-C lacks intrinsic sequence specificity towards
DNA. Prompted by the lack of apparent specificity for the target, we questioned whether
Cas3/I-C shows any preference for the length of the target. We utilized DNA substrates of
various lengths—70 bp, 400 bp and 2.5 kb. We found that while Cas3/I-C is active against 2.5
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kb substrate, it is barely active against 400 bp and 70 bp substrates, respectively. In line with
this, though it acts on long RNA, no nuclease activity was discernible with a small RNA
fragment (150 nt). These suggest that despite the apparent preference for longer DNA, Cas3/I-
C exists as a promiscuous nuclease with no apparent intrinsic specificity for the target (Figure

2.2 A-B). We also tested

Cas3 - + + + + + + +
Metal = EDTA zn2* Mg2* Mn2* cu?* NiZ* ca?* M

pQE2
plasmid

Figure 2. 3: Cas3/I-C mediated DNA cleavage is dependent on the divalent metal ion.

The addition of 500 nM Cas3/I-C in the presence of Mg>* and Mn?" in the reaction mixture
showed prominent cleavage, whereas Ni**, Zn**, Cu**, and Ca®" were less effective to a varying
extent. EDTA inhibited the cleavage drastically. DNA marker (M) positions are shown on the
right. The dotted line indicates a discontinuity in the gel for clarity. Note: All the samples were
visualized using 0.8% agarose gel stained with ethidium bromide.

Having tested nuclease activity on DNA substrates, we also checked if Cas3/I-C can
cleave RNA. To test that, we purified total RNA containing 23S, 16S and 5S rRNA from B.
halodurans and incubated it with Cas3/I-C for several time points (0-60 mins) in the presence
and absence of Mg?>" metal ion (Figure 2.4A). We observed that Cas3/I-C cleaves rRNA in
both conditions; however, the cleavage was more efficient in the absence of Mg?*. It is known
that Mg?" stabilizes RNA folding. Hence, in the absence of Mg?*, the destabilization of the
RNA structure might be responsible for prominent cleavage (Figure 2.4A). To negate the
presence of metal ion already bound to Cas3/I-C, we added EDTA in the reaction and found
that cleavage was inhibited. Additionally, the presence of co-purified tightly bound Fe?" in the
available structure of Cas3/I-E from 7. fusca suggests that Cas3/I-C might have co-purified
with a metal ion (Figure 2.4C) (Huo et al., 2014b). Mutation in the conserved aspartic acid
residue (D48) leads to nuclease inactive Cas3/I-C (Figure 2.4B).
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Figure 2. 4: Cas3/I-C RNase activity.

(A) 16S and 23S rRNAs isolated from B. halodurans were used as substrates for Cas3/I-C in
the presence and absence of Mg?*, and the reaction was monitored for several time points (0-
60 mins). The absence of Mg?" made rRNAs more susceptible to cleavage. Since Mg?" is
required for RNA folding, this enhanced cleavage is presumably due to the destabilization of
RNA structure in the absence of Mg?'. ‘Triangle’ denotes Cas3/I-C, which was rendered
nuclease inactive after heat treatment at 80 °C for 20 mins. The Star symbol signifies that rRNA
was incubated in the reaction buffer for 60 mins without the addition of Cas3/I-C to negate the
possibility of nuclease contamination.

(B) 16S and 23S rRNAs were used as a substrate for Cas3/I-C WT and Cas3/I-C nuclease
mutant (D48A). We have incubated rRNA substrate for various time points. The nuclease
domain mutation D48A abrogated nuclease activity. rRNA was incubated with RNase A for
60 mins.

(C) To test metal-dependent cleavage of RNA, 16S and 23S rRNA were used as substrates for
Cas3/IC in the presence of 10 mM EDTA, and cleavage was monitored for several time points.
The presence of EDTA inhibited rRNA cleavage, which suggests that Cas3/I-C co-purifies
with a bound metal ion.

Note: All the samples were visualized using 0.8% agarose gel stained with ethidium bromide.
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2.3.2 Characterization of the helicase activity of Cas3/I-C

Having characterized the HD nuclease activity, we set out to assess the DExD/H
domain-mediated helicase activity using a non-specific DNA substrate. We utilized DNA
containing 3" and 5’ overhang substrates to assess the directionality of helicase activity (Figure
2.5A). We observed that Cas3/I-C unwinds only that DNA, which possesses a 3" overhang,
suggesting that it translocates in a 3'-5' direction in the presence of ATP and Mg®". These
suggest that Cas3/I-C is a generic 3'-5" helicase with no apparent sequence specificity (Figure
2.5 B and C). Mutation in the conserved aspartic acid residue in the Walker B motif of Cas3/I-
C inhibits DNA unwinding (Figure 2.5D).

5' 3'

A % B
TrapDNA - + - - 4+ + Trap DNA - - - + +
3 Trap DNA Cas3M) - 0 1 5 1 5 Cas3 (uM) - 1 5 1 5
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5! g 1
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Displacement of labelled DNA
C N . . gl Cas3 (D305A) & E
NTP - = E B E B et e P
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Figure 2. 5: Helicase activity of Cas3/I-C.

(A). Schematic representation of helicase unwinding assay. A partial duplex DNA was
incubated with Cas3/I-C in the presence of ATP and Mg**. A trap DNA with the same sequence
as 6-FAM labelled short strand was added to avoid reannealing of the displaced labelled strand.
The displaced 6-FAM labelled strand can be visualized using a native PAGE.

(B). DNA unwinding was tested using a fluorescently labelled partial DNA duplex.
Displacement of 36 nt was observed when a substrate containing 3’ overhang was used. About
15% native PAGE was used to analyse the results.

(C). Cas3/I-C unwinds DNA utilizing ATP as the sole energy source. No unwinding was
observed in the presence of other nucleotide triphosphates (CTP, GTP, and UTP).

65
TH-2684_136106023



Chapter 2: Biochemical Characterization of Type [-C Effector Nuclease

(D). Cas3/I-C helicase domain mutant (D395A) was unable to unwind partial duplex. We have
used 250 nM and 500 nM Cas3/I-C (D395A) both with and without trap DNA. The
concentration of Cas3/I-C (wt) was maintained at 500 nM.

(E). Cas3/I-C nuclease domain mutant (D48A) was able to unwind partial DNA duplex. An
increasing concentration of D48A, as mentioned in the figure, was used.

2.3.3 Co-operation between Nuclease and Helicase domains of Cas3/I-C

To check if nuclease and helicase domains co-operate during nucleic acid degradation,
we analysed the cleavage of the plasmid (pQE2) in the presence and absence of ATP. Since
ATP is required for helicase activity, the effect of the presence of ATP can be reflected in the
nuclease activity. Time-dependent cleavage of pQE2 showed that the nuclease activity is

enhanced when ATP was added to the reaction. This suggests a functional overlap between the

domains of Cas3/I-C (Figure 2.6A).

Additionally, we also calculated the rate of ATP hydrolysis by Cas3/I-C in the presence
of several nucleic acids (variants of DNA and RNA). Cas3/I-C helicase domain shows an
intrinsic ATP hydrolysis which is evident from the increase in inorganic phosphate
concentration in the absence of nucleic acids (Figure 2.6B). Surprisingly, the ATP hydrolysis
rate is enhanced when DNA (both single and double-stranded) was added along with metal ion.
However, we could not observe any change when RNA was used as a substrate. Overall results

suggest the co-operation between nuclease and helicase domains of Cas3/I-C.
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Figure 2. 6: Co-operation of nuclease and helicase domain during DNA cleavage.

(A). Time-dependent (0-120 mins) cleavage of plasmid DNA (pQE2) by Cas3/I-C shows that
nuclease activity is enhanced in the presence of ATP, suggesting functional overlap between

the DEXD/H helicase and HD nuclease domains. The size of the DNA markers is shown in
lane M.

(B). The rate of ATP hydrolysis is enhanced in the presence of nucleic acids. Cas3/I-C (wt) is
shown to hydrolyse ATP in the absence of any nucleic acid substrate. The addition of
M13mp18 (ssDNA) and 70 bp partial duplex DNA with 3’ overhang (dsDNA) enhanced ATP
hydrolysis significantly as seen in the case of both Cas3/I-C (wt) and nuclease inactive Cas3/I-
C (D48A). In comparison, the ATP hydrolysis rate remained unchanged when rRNAs (16S and
23S) were used as substrates with Cas3/I-C (wt). Error bar represents standard deviation
measured from three independent trials.
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2.4 Discussion

Precise recognition and cleavage of target DNA is the hallmark of the CRISPR-Cas
system. In Class 2 systems, for recognition and cleavage of target DNA, a single multi-domain
protein is sufficient, whereas, in type I systems, recognition and cleavage are separated between
Cascade complex and Cas3, respectively. Previously published reports (Beloglazova et al.,
2011; Gong et al., 2014; Huo et al., 2014a; Ivancic-Bace et al., 2013; Sinkunas et al., 2011;
Sinkunas et al., 2015) and data from the current study suggest that Cas3 is a promiscuous
nuclease in vitro. Unlike many restriction endonucleases, which specifically cleave non-
methylated phage DNA and spare methylated host genome, Cas3/I-C has shown no such
discrimination. Overall, the lack of sequence specificity might have a deleterious effect on cell
growth. However, such an effect has not been observed in vivo, suggesting a separate

mechanism imparting sequence specificity to Cas3, which we have addressed in chapter 4.

In Cas3/I-C, the requirement of HD-nuclease and DExD/H-helicase for DNA cleavage
suggests that the concerted domain—domain crosstalk plays a pivotal role in regulating the
nuclease activity. Strikingly, both HD-nuclease and DExD/H-helicase domains require single-
stranded DNA substrates, which are transiently formed during highly orchestrated events such
as replication and transcription. Therefore, Cas3 is unlikely to have access to its preferred
single-stranded substrates most of the time, which may preclude any inadvertent self-targeting.
Unlike plasmid DNA, small double-stranded DNA (<400 bp) is not cleaved, strengthening this
conjecture. Due to the typical in vitro setting by which plasmid DNA is isolated by employing
denaturation and renaturation cycles as well as given its large size, it is likely that some regions
retain a single-stranded state even after renaturation. Moreover, pQE2 is found to be negatively
supercoiled, which may also produce a single-stranded region. These single-stranded regions
could become the substrate for Cas3/I-C mediated nicking and its subsequent loading points.
Whereas shorter DNA fragment is likely to have efficient renaturation and this can pre-empt

Cas3/I-C loading.

The Cas3/I-C helicase activity is similar to Cas3 from the type I system (Cas3/I-E) —
requiring a 3’ overhang to load and unwind DNA in a 3* to 5” direction. The presence of the
Q and Walker B motif in the helicase core of Cas3 allows only ATP to bind (Figure 2.7).
Subsequently, ATP is hydrolysed to ADP. Later, ADP is released, leading to conformational
changes in the helicase domain, and this conformational re-orientation is responsible for the

unwinding of DNA.
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Figure 2. 7 Multiple sequence alignment of Cas3:

Multiple sequence alignment of Cas3/I-C with Cas3/I-E shows conserved motifs in the helicase
domain. Q-motif is required for ATP binding, Walker A motif binds to phosphate and Walker
B motif contains Mg>* binding aspartic acid.

The current chapter has characterized Cas3/I-C, majorly focusing on its nuclease and
helicase domains, and showed a co-operation between these domains during target cleavage.
Apart from these two domains, Cas3 also possess a C-terminal domain (CTD). A CTD is
usually found in helicases where they are typically involved in protein-protein interaction or
contain an RNA recognition motif (RRM). However, the role of CTD has not been studied in
Cas3 irrespective of CRISPR subtypes. We have tried to decipher its role in chapter 3.

2.5 Summary

In this chapter, we have accomplished the biochemical characterization of the nuclease
and helicase domains of Cas3/I-C. We assessed the nuclease activity against several nucleic
acid substrates (DNA and RNA). We showed that Cas3/I-C is a single-strand DNA (ssDNA)
specific nuclease and that the DNA cleavage requires metal ions (Mg?* and Mn*"). Apart from
the nuclease domain, Cas3/I-C also possesses a helicase domain. In order to check the effect
of the active helicase motor on the nuclease activity, we carried out nuclease cleavage in the
presence of ATP. Interestingly, with the addition of ATP, the nuclease activity was enhanced,
suggesting an interplay between the two domains. Further, we observed that Cas3/I-C nuclease
activity does not discriminate between methylated and unmethylated DNA. Apart from
cleaving DNA, Cas3/I-C is also effective against RNA substrates. Active site mutation in the
nuclease domain makes Cas3/I-C inactive against both DNA and RNA. Apart from being a
nuclease, Cas3/I-C is also an active helicase whose motor activity helps in unwinding double-
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stranded DNA during the interference stage. Cas3/I-C unwinds DNA in a 3’ to 5’ direction,
requiring ATP and metal ion (Mg?"). It was found that other NTPs (GTP, CTP, and TTP) could
not stimulate the unwinding of DNA. Active site mutations in the helicase domain of Cas3/I-
C stalls DNA unwinding. We also found that the presence of DNA stimulates ATP hydrolysis,
whereas RNA showed no such apparent effect. With these observations, we characterized

Cas3/I-C and proceeded further to understand the interference mechanism in chapter 3.
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Chapter 3: Molecular Mechanism of
Target Degradation by Effector Nuclease

The work presented in this chapter is published

Nimkar, S., and Anand, B. (2020). Cas3/I-C mediated target DNA recognition and cleavage during
CRISPR interference are independent of the composition and architecture of Cascade surveillance
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3.1 Introduction

Having studied the biochemical properties of Cas3/I-C in vitro, we sought to understand
the interference mechanism in the type [-C CRISPR-Cas system in detail. Cas3/I-C works in
co-operation with other Cas proteins (Hayes et al., 2016; Xiao et al., 2018), and hence in order
to appreciate the mechanism of CRISPR interference in detail, it was obligatory to investigate
target degradation in the presence of the Cascade complex. Results from the previous chapter
suggest Cas3/I-C is a non-specific nuclease. So, it was interesting to investigate whether

Cas3/I-C attains sequence specificity in the presence of the Cascade complex.

As mentioned earlier, type I systems are diverse, and Cas3 also shows variations in its
domain architecture (Makarova et al., 2020). A peculiar example is type I-A, where Cas3 is
split into a standalone helicase (Cas3’) and a nuclease (Cas3”) (Koonin et al., 2017a; Makarova
and Koonin, 2015; Makarova et al., 2020). However, the functional role played by these Cas
proteins is conserved and efficient (Majumdar and Terns, 2019; Plagens et al., 2012; Plagens
et al., 2014). To check the effect of a domain split in type I-C CRISPR interference, we aimed
to express the nuclease and helicase domains separately and measure the extent of interference.
This study would deliver information about domains interplay in Cas3/I-C. On the other hand,
the Cas3 also possess a C-terminal domain (CTD) (Elmore et al., 2015; Gong et al., 2014;
Jackson et al., 2014b; Sinkunas et al., 2011; Sinkunas et al., 2015; van Erp et al., 2017; Xiao et
al., 2018). Cas3 has been extensively studied in type I-E, and several atomic resolution
structures are available (Beloglazova et al., 2011; Gong et al., 2014; Huo et al., 2014a; Mulepati
and Bailey, 2011; Xiao et al., 2018). Studies have shown the interaction between the Cascade
complex and Cas3 (Huo et al., 2014a; Xiao et al., 2018; Xiao et al., 2017a); however, the role
of CTD was largely unknown. We set out to unravel the role of CTD in the present chapter.
Alanine scanning mutagenesis of the conserved residues in Cas3/I-C CTD would reveal its

functional role in interference.

Characterization of Cas3/I-C in chapter 2 suggested that it is a non-specific single-
stranded nuclease. The generation of single-stranded DNA as a by-product of the R-loop
provides Cas3 with a loading and target cleavage platform. Buoyed by these observations, we
hypothesized that such a mechanism could be persistent among type I systems regardless of
the variances in composition and architecture of Cascade. Hence, we devised a surrogate

system to study the conservation of target cleavage between type I-E and I-C.
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In vitro studies would provide mechanistic information about CRISPR interference;
however, it would not mimic accurate physiological conditions present during target
degradation. Cellular cytoplasm holds a repertoire of DNA binding proteins that can compete
with the functioning of CRISPR proteins. Additionally, molecular crowding may impede the
identification and cleavage of target DNA. We aimed to replicate true physiological conditions

while addressing our questions, and hence in vivo systems were designed and utilized.

3.2 Material and Methods

3.2.1 Strain construction

For studies related to the integration of genes encoding Cascade/I-C (Cas5, Cas7, and
Cas8) from B. halodurans, E. coli IYB5101 (Table 2) was used as a recipient strain. This strain
harbours T7 RNA polymerase gene, which is under the control of araC, and hence it is inducible
with arabinose. Genes encoding Cascade/I-C (Cas5, Cas7, and Cas8) were amplified as a
polycistronic construct using B. halodurans C-125 genomic DNA as a template. This construct
has a T7 promoter sequence upstream of the coding region. Subsequently, this construct was
integrated into E. coli IYB5101 using pOSIP-CT (addgene #45981) to create the strain IC-I
through one-step cloning and chromosomal integration of DNA (clonetegration), which uses
phage integrases. A double knockout of cas3 (Acas3) and hns (Ahns) was created in E. coli K-
12 BW25113 (Table 2) using A Red recombineering to create strain IC-2. The list of strains
employed for this study is presented in Table 2.

3.2.2 Molecular cloning

B. halodurans C-125 strain was procured from The Microbial Type Culture Collection
and Gene Bank (MTCC), India. Gene encoding Cas3/I-C (BH0336) and all its mutants
(pD48A, pQ253A, pD395A, pK742 A, pK743A, pQ745A, pQ746A, and pY747A) were cloned
in 1R (addgene #29664) at Sspl restriction site by employing Gibson Assembly. Point
mutations were created in Cas3/I-C using PCR-based mutagenesis. The 1R vector encodes
Strep II tagged protein. Genes encoding Cascade/I-C (Cas5, Cas7, Cas8 and Casll) were
amplified as a polycistronic construct and inserted into the 1R expression vector to produce
pCascade/I-C. The CRISPR array containing seven copies of identical repeat-spacer units

preceded and succeeded by the T7 promoter and terminator sequences, respectively, was

74
TH-2684_136106023



Chapter 3: Molecular Mechanism of Target Degradation by Effector Nuclease

commercially synthesized (GenScript) and inserted into 13S-R (addgene # 48328) to produce
pCRISPR/I-C. 13S-R and 1R are compatible vectors and can be used for the purification of the
Cascade/I-C complex. Target DNA sequence was inserted into the pUC19 vector using Kpnl
and HindlIII restriction sites. All cloned constructs were verified by Sanger sequencing (Table

3).

3.2.3 Assay for nuclease activity

In order to assess the nuclease activity of Cas3/I-C in the presence of Cascade/I-C,
target DNA and Cascade/I-C were incubated 1 uM of Cas3/I-C in the buffer containing 20 mM
Tris-CI (pH 8.0), 60 mM NaCl, 1 mM dithiothreitol (DTT), 10 mM MgCl, and 1 mM ATP.
Proteinase K was added to release residual Cascade bound DNA fraction. After the incubation,
samples containing unlabelled DNA were directly loaded onto 20% (w/v) native
polyacrylamide gel and electrophoresed in 1X TBE at 4 °C. DNA bands were visualized in the
gel documentation system (Bio-Rad) after staining with EtBr. 6-FAM labelled DNA samples
were analysed on 20% (w/v) denaturing PAGE containing 8 M urea and directly visualized

without any post-staining.

3.2.4 Assay for CRISPR interference

E. coli IC-1 harbouring pWT-1 and pCRISPR/I-C (Table 2) was grown in LB broth
supplemented with 25 pg/ml kanamycin, 50 pg/ml spectinomycin, 25 pg/ml chloramphenicol,
0.2 % L-arabinose, and 0.02 mM IPTG at 37 °C until ODeoo reached 0.3. Cells were harvested
at 4 °C by centrifuging at 2700 x g. Harvested cells were made chemically competent using
0.1 M calcium chloride and transformed with pT1/pNT1 (see Table 3). Cells were grown
overnight at 37 °C on LB agar supplemented with 25 pg/ml kanamycin, 50 pg/ml
spectinomycin, 25 pg/ml chloramphenicol, 50 pg/ml ampicillin, 0.2% L-arabinose, and 0.1
mM IPTG. The number of colonies obtained was counted, and transformation efficiency was

calculated using the equation mentioned below.
Transformation efficiency = (No. of colonies x Dilution factor) / (ug of DNA)

Transformation efficiency for Cas3/I-C variants (pHD, pHL, pCas3ACTD, pD48A,
pQ253A, pD395A, pK742A, pK743A, pQ745A, pQ746A and pY747A; vide Table 3) was
calculated using similar protocol.
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E. coli IC-2 harbouring pWT-2 was cultured in LB broth supplemented with 50 pg/ml
ampicillin and 20 uM IPTG at 37 °C. Cells were harvested when ODsoo reached 0.3.
Subsequently, harvested cells were made chemically competent, as mentioned above. These
cells were transformed with pRSF-11/pST-KT (Table 3). Cells were grown overnight in LB
agar with 25 pg/ml kanamycin and 50 pg/ml ampicillin. The transformation efficiencies for
other variants of Cas3/I-C (pD48A, pQ253A, pD395A, pHD, pHL, pHD + pHL, pHD +
pHLACTD) and pCas3/I-E were determined as mentioned above.

3.2.5 Homology modelling

A model of Cas3/I-C was prepared using the -TASSER server (Zhang, 2008). Cas3/I-
C (BH0336) sequence was uploaded on the I-TASSER server, and Cas3/I-C was modelled
using Cas3/I-E from 7. fusca [PDB ID: 4QQX and 6C66] as template structures. Cas3/I-C from
B. halodurans and Cas3/I-E from T. fusca share 38% sequence identity. The model with the

highest C-score was chosen for further analysis.

3.3 Results

3.3.1 The interplay between helicase and nuclease domains of Cas3/I-C

It is not clear whether the nuclease and helicase domains of Cas3/I-C co-operate during
interference in vivo. To address this, we utilized E. coli [YB5101 as a surrogate host (IC-
1, Table 2) for porting the type I[-C system (CRISPR/I-C and Cascade/I-C) from B.
halodurans (Figure 3.1A). We introduced the protospacer sequence abutting the targeting
PAM sequence (TTC) into the pUC19 vector, which acted as target plasmid (T1). On the other
hand, an empty pUC19 vector lacking protospacer was used as the non-target plasmid (NT1).
In the absence of Cas3/I-C, the transformation efficiency of both T1 and NT1 was comparable
(Figure 3.1A). When Cas3/I-C was introduced via a plasmid-borne construct, the
transformation efficiency of NT1 was retained; however, that of T1 was drastically reduced
(Figure 3.1A). This suggests that the type I-C system is able to discriminate between the target
and the non-target substrates in vivo. In addition, we observed that CRISPR interference is not
active in those strains under the following conditions: (1) Cas3/I-C lacks CTD; (ii) separate
nuclease and helicase domains are produced; and (ii1) a mutation in HD (D48A) or DExD/H

(D395A) domain that inhibits nuclease and helicase activity, respectively (Figure 3.1B).
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However, co-expression of standalone HD and HL domains results in the functional assembly
of the interference complex, as evidenced by the reduction in transformation efficiency (Figure
3.1B). This suggests that the interplay between these domains is crucial for CRISPR

interference in the type I-C system.

A

CRISPR array Ic-1

T/ N'I:1 ] High transformation
cas3/I-C IPTG induction -20 pM efficiency
‘ Incubation -12 hr (CRISPR inactive)
LB agar
Antibiotic selection
cascade/l-c A
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B efficien

oHD/TL B (CRISPR acgle)
PHL/T1 L
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Figure 3. 1: Inter-domain interaction in Cas3/I-C influences CRISPR interference.

(A). An E. coli IYB5101 strain harbouring genes encoding Cascade/I-C (IC-1) was used as a
surrogate for in vivo experiments. Cas3/I-C and crRNA were expressed through IPTG inducible
vectors having kanamycin and spectinomycin antibiotic resistance markers, respectively. The
target sequence was inserted into the pUC19 vector (T1), whereas an empty pUC19 vector was
used as a non-target (NT1). Low transformation efficiency indicates functional CRISPR
interference.

(B). Transformation efficiencies of the strain IC-1 against the target (T1) and the non-target
(NT1) for wild-type and variants of Cas3/I-C are shown. In the presence of Cas3/I-C wild-type
(pWT) and co-expressed construct of HD and DExD/H domain (pHD+pHL), there was a
significant reduction in transformation efficiency (indicated by a red bar). Interference was
rendered ineffective when the HD domain mutant (pD48A), Helicase domain mutant (pQ253A
and pD395A), CTD deletion mutant (pWTACTD), standalone nuclease domain (pHD) and

77
TH-2684_136106023



Chapter 3: Molecular Mechanism of Target Degradation by Effector Nuclease

standalone helicase domain (pHL) were used. Error bar represents standard deviation measured
from three independent trials. The boundary of the domain variants are as follows: HD domain
(pHD) 1-248; DExD/H domain (pHL) 249-800; WT without CTD (pWTACTD) 1-709.

3.3.2 A constellation of highly conserved residues in the C-terminal

domain of Cas3/I-C regulates target cleavage

Apart from the two major functional domains—nuclease and helicase—Cas3/I-C has a
CTD, whose function is poorly defined (Figure 3.2A). Intrigued by the fact that CTD is crucial
for CRISPR interference (Figure 3.1B), we set out to probe its role in more detail. Previously
determined crystal structure of Cas3/I-E with target DNA [PDB ID: 4QQX] shows that CTD
caps the two juxtaposed RecA domains (that are part of the DExD/H domain) such that the
target DNA is sandwiched between CTD and RecA domains (Figure 3.2A). Sequence
alignment of Cas3/I-C orthologs showed high conservation of K742, Q745 and Y747, and these
conserved residues were absent in Cas3/I-E, suggesting a functional significance for these
residues in type [-C (Figure 3.2B and 3.3A). Since the structure of Cas3/I-C is not determined,
we employed the Cas3/I-E structure [PDB ID: 4QQX] as a template and made a homology
model for Cas3/I-C, which suggested that K742, K743, Q745, Q746, and Y747 that are part of
CTD could stabilize the interaction of the target DNA with the helicase core (Figure 3.2A).
Based on this, we hypothesized that CTD might be involved in stabilizing the interaction with
target DNA so that Cas3/I-C does not dissociate from DNA during its translocation. We
performed alanine-scanning mutagenesis of the aforementioned residues and assessed for the
nuclease activity to test this hypothesis. Toward this, we designed a 100 bp target substrate
harbouring a TTC PAM and performed the assay in the presence of Cascade/I-C and Cas3/I-C
(Figure 3.2D and 3.2E). As compared to the wild-type, mutants harbouring K743A, Q745A,
and Y747A were found to be inactive (Figure 3.2E).
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Figure 3. 2: Deciphering the role of Cas3/I-C CTD.

(A). Homology model of Cas3/I-C from B. halodurans based on the crystal structure of Cas3/I-
E [PDB ID: 4QQX] shows the organization of nuclease (HD in cyan), DExD/H helicase
(RecAl in pink and RecA2 in orange) and CTD (in blue) domains. DNA is shown as a rod in
green. Amino acids (K742, K743, Q745, Q746 and Y747) from the CTD domain that are
possibly interacting with target DNA are shown.
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(B). Highly conserved residues in the CTD domain from the type I-C system are shown. Red
dots indicate those residues from B. halodurans that are chosen for alanine-scanning
mutagenesis.

(C). CTD mutants were tested for their role in CRISPR interference using the E. coli IC-1 strain
as the surrogate host. Wild-type and CTD mutants were expressed through an IPTG inducible
IR vector (referred to as pWT, pK742A and so on). Transformation efficiency was measured
against pUC19 harbouring the target sequence with functional PAM TTC (referred to as pT1).
Error bar represents standard deviation measured from three independent trials.

(D). A 100 bp target DNA harbouring functional PAM sequence TTC is depicted. Target
sequence represents the strand, which is complementary to crRNA.

(E). CTD point mutants were tested for their nuclease activity. Cascade/I-C was incubated with
target DNA in the reaction mixture containing Mg?* and ATP to form R-loop. Wild-type or
CTD mutant was added to the reaction, and the cleavage was monitored. Proteinase K was
added to release residual Cascade bound DNA fraction. DNA was analysed using 20% native
PAGE.

(F). Fluorescently labelled partial duplex DNA (with a 3’ overhang) was used to test the
helicase activity of Cas3/I-C CTD mutants. 500 nM of partial duplex DNA was incubated with
50 uM of trap DNA and 1 pM of Cas3/I-C and CTD mutants. ATP was added to 1 mM
concentration. Trap DNA was provided in excess to avoid re-annealing of the displaced strand.

(G). The percentage of the DNA duplex unwound in the presence of Cas3/I-C and CTD mutants
in 15 mins, as observed in (F), is shown. 100% unwinding signifies complete unwinding of
DNA duplex, whereas 0% signifies no unwinding. DNA band intensities from (E) were
quantified using Image Lab software (Bio-Rad). Error bar represents standard deviation
calculated from two independent trials.

The effect of these CTD mutations on CRISPR interference in vivo was tested in E. coli
IC-1. This strain was transformed with pCas3/I-C harbouring the desired mutation in the CTD,
and the transformation efficiency was measured against pUC19 harbouring the target sequence.
We anticipated that the active Cas3/I-C would target the pUCI19 resulting in reduced
transformation efficiency, whereas the inactive Cas3/I-C would result in target evasion leading
to high transformation efficiency. We observed that K743A, Q745A, Q746A and Y747A in
CTD produced high transformants compared to WT, suggesting that these mutations indeed
render the CRISPR interference inactive (Figure 3.2C). Intriguingly, though Q746A showed
nuclease activity in the absence and presence of Cascade/I-C in vitro, there was no appreciable

CRISPR interference in vivo (Figure 3.2C).
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Figure 3. 3: Comparison of Cas3/I-E and Cas3/I-C.

(A). Multiple sequence alignment corresponding to CTD of Cas3/I-C from select organisms is
shown. The sequences were aligned using MUSCLE. The motif “KKAQQY” that shows high
conservation among the orthologs is shown within the black box. The location of these residues

in the homology model of Cas3/I-C suggests a possible role to stabilize the target DNA
channel. Residues in the alignment are highlighted based on the extent of conservation using

Jalview

(B). Cas3 sequences from type I-E systems were aligned using MUSCLE. In the type I-E
system, the motif “KKAQQY™ is absent, suggesting some differences in the functionality of

CTD between

type I-C and I-E.

TH-2684_136106023

81



Chapter 3: Molecular Mechanism of Target Degradation by Effector Nuclease

Figure 3. 4: Homology model of Cas3/I-C CTD based on Cas3/I-E structure

(A). Cas3/I-C was modelled using Cas3/I-E [PDB ID: 4QQX] as a template using [-TASSER.
Residues selected for mutations in this study are indicated in the figure. The position of these
mutations suggests their role in locking CTD after Cas3/I-C is bound to target DNA during
interference.

(B). The modelled structure of Cas3/I-C, as well as available Cas3/I-E structures, suggest that
the uncharacterized CTD rests on top of the DExD/H domain, providing a channel for ssDNA
to enter, thereby stabilizing the interaction between DNA and Cas3/I-C. CTD (shown in blue)
is linked to the helicase domain with the help of a long flexible linker. Since mutations in the
CTD domain impede interference mechanism and CTD undergoes conformational changes (2),
we speculate that the linker region allows CTD to move towards and away from the helicase
domain (indicated by a double-headed arrow). This is likely to facilitate the bolting of Cas3/I-
C onto the non-target strand. Upon recruitment, Cas3/I-C HD domain nicks the displaced non-
target strand and subsequently, the ssDNA strand is fed continuously to the nuclease domain
via a directed channel (indicated by a pale brown cylinder) formed at the interface between
helicase and CTD domains.
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3.3.3 Evolutionary conservation of target recognition and cleavage

mechanism between type I-C and type I-E

Buoyed by the fact that it is the generation of single-stranded DNA as a by-product of
the R-loop that provides a platform for Cas3/I-C loading and target cleavage, we hypothesized
that such mechanism could be pervasive among type I system irrespective of the differences in
composition and architecture of Cascade. To test this, we chose Cascade/I-E, which comprises
five Cas subunits—as against Cascade/I-C, which comprises three subunits only. Despite these
differences, both Cascades facilitate the formation of R-loop, and therefore, we anticipated that
in such a scenario, it is possible to complement the Cascade/I-E with Cas3/I-C in order to
promote the target cleavage in vivo. To test this, we created an E. coli strain (IC-2, Table 2)
that harbours a spacer that targets pRSF-11 (T2, Table 3) and Cascade/I-E. In IC-2, the innate
Cas3/I-E was deleted, and therefore the intrinsic CRISPR/I-E machinery can recognize the
target, but it is deficient in target cleavage (Figure 3.5A). When IC-2 was challenged with T2,
more transformants were observed (Figure 3.5B), suggesting that target cleavage is impaired
in the absence of Cas3/I-E. When strain IC-2 was complemented with plasmid-borne Cas3/I-E
(pCas3/I-E), there was a drastic reduction in transformation efficiency, which suggests the

restoration of functional CRISPR interference.
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Figure 3. 5: Cas3/I-C supplants Cas3/I-E in type I-E CRISPR-Cas system.

(A). E. coli K-12 harbouring Cas3/I-E null mutant (IC-2) was used. IC-2 harbours spacer sequence
targeting plasmid pRSF-11 (pT2). Cas3/I-C was heterologously expressed through IPTG inducible

vector having an ampicillin selection marker. Transformation efficiency was calculated after
induction with 20 pM IPTG and 12 h incubation.

(B). Cas3/I-C and its variants were tested for interference activity using E. coli 1C-2.
Heterologous expression of Cas3/I-C (pCas3/I-C) and Cas3/I-E (pCas3/I-E) showed reduced
transformation efficiency (indicated as a red bar). When the HD (pHD) and helicase (pHL)
domains of Cas3/I-C were co-expressed as two separate constructs, the transformation
efficiency mirrored that of wild-type (indicated as a red bar). However, HD nuclease mutant
(pD48A), helicase mutants (pQ253A and pD395A) and co-expressed constructs of HD and
helicase without CTD (pHD + pHLACTD), standalone nuclease domain (pHD) and standalone
helicase domain (pHL) showed high transformation efficiency. Error bar represents standard
deviation measured from three independent trials. Purple triangles represent the location of the
point mutations. The boundary of the domain variants are as follows: HD domain (pHD) 1-
248; DExD/H domain (pHL) 249-800; pHD+pHLACTD 1-709.
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Interestingly, a similar phenotype was noted when plasmid-borne Cas3/I-C (pCas3/I-
C) complemented IC-2, suggesting that T2 is efficiently targeted by Cas3/I-C (Figure 3.5B).
To probe this further, the HD (pHD) and DExD/H (pHL) domains of Cas3/I-C were co-
expressed as independent domains for complementation in vivo. Remarkably, this strain
showed less transformation efficiency that is comparable to Cas3/I-C WT, suggesting that these
domains interact and produce functional Cas3/I-C in vivo during CRISPR interference. It is to
be noted that HD and DExD/H domains, when expressed separately, failed to restore CRISPR
interference, and it was only when they were co-expressed, T2 was targeted (Figure 3.5B). In
line with this, a pCas3/I-C harbouring point mutation in lieu of catalytic residue in HD (pD48A)
or Helicase domain (pQ253A and pD395A) is found to be inactive (Figure 3.5B). This suggests
that despite the difference in the architecture of Cascade/I-C and Cascade/I-E, the Cas3-

mediated target cleavage mechanism seems to be conserved between type 1-C and type I-E.

Csel-NTD
¥

)

R ‘,,..IV-Iinker

EcoCas3/I-E (model) TfuCas3/I-E

Figure 3. 6: Comparison of Cascade interacting interface between Cas3/I-E and Cas3/I-
C.

Four interfaces on BhaCas3/I-C (A) and EcoCas3/I-E (C), which were modelled using Cas3/I-
E (PDB ID: 6C66) as a template using I-TASSER, are shown. Blue represents a surface with
basic residues, and red represents a surface with acidic residues. These interfaces are identified
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as contact points between TfuCas3/I-E (D) and Csel subunit of TfuCascade/I-E. The surface
electrostatics of EcoCsel/I-E (PDB ID: SHI9F) (B) is shown along with expected Cas3 contact
interfaces. Surface charges on BhaCas3/I-C (A) and EcoCas3/I-E (C) shows similarities at
interfaces I, II and III. Unlike TfuCas3/I-E (D) and EcoCsel/I-E (C), the charge compatibility
between BhaCas3/I-C (A) and EcoCsel/I-E (C) (mainly interfaces II and III) explains why
there is a hetero-assembly of BhaCas3/I-C and EcoCascade/I-E in vivo in our study

pHD/NT1 I—
pHL/NT1 [ ——
pHD+pHL/NT1 I,
PpWTACTD/NT1 I
pD395A/NT1 I ———
pY747A/NT1 I,
pQ746A/NT1 i
pQ745A/NT1 e,
pK743A/NT1 .
pK742A/NT1 e
pQ253A/NT1 I,
pD4SA/NT1 I,
pCas3/I-C/NT1 Iy
pCas3/I-C/T1 "
NT1

0 50 100 150 200 250

Transformation efficiency
(no.of colonies /ug of DNA)

Figure 3. 7: CRISPR interference against non-targeting plasmid in E. coli 1C-1.

E. coli IC-1 was used as a surrogate for Cas3/I-C interference assay. The target sequence was
inserted in the pUC19 vector (T1), whereas an empty pUC19 vector was used as a non-target
(NT1). Cas3/I-C and crRNA were expressed through compatible IPTG inducible vectors. High
transformation efficiency indicates non-functional CRISPR interference. In the presence of
Cas3/IC (pCas3/1-C), T1 (shown as a red bar) showed a reduction in transformation efficiency,
whereas NT1 showed higher transformation efficiency. Similarly, Cas3/I-C mutants (pD48A,
pQ253A, pK742A, pK743 A, pQ745A, pQ746A, pYT747A, pD395A, pWTACTD, pHD+pHL,
pHL and pHD) were unable to target NT1.
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pHUNT2
pHD/NT2 [
pHD + pHLACTD/NT2 [,
pHD + pHL/NT2
pD395A/NT2 I
pQ253A/NT2 I—
pD4SA/NT2
pCas3/I-C/NT2 I
pCas3/1-E/NT2 s
pCas3/I-c/T2
NT2 [
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Transformation efficiency
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Figure 3. 8: CRISPR interference against non-targeting plasmid in E. coli 1C-2

E. coli IC-2 harbouring a spacer that targets pPRSF-11 plasmid (T2) was used for in vivo studies.
Plasmid pST-KT, lacking spacer sequence, was used as a non-target plasmid (NT2). Cas3/I-C
and its variants were expressed using IPTG inducible pQE2 plasmid, and subsequently,
transformation efficiency was estimated. Cas3/I-C (pCas3/I-C), Cas3/I-E (pCas3/I-E), HD
nuclease mutant (pD48A), helicase mutant (pQ253A, and pD395A), nuclease-helicase split
(pHD + pHL), nuclease-13helicase split without CTD (pHD + pHLACTD), nuclease domain
(pHD) and helicase domain (pHL)were all found to be inactive against NT2. However, as
anticipated, Cas3/I-C (pCas3/I-C) was active against T2 (shown as a red bar).
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Figure 3. 9: Sequence conservation among Cas3 from type I-C and type I-E

Multiple sequence alignment of BhaCas3/I-C from B. halodurans with Cas3 from type I-E
shows conservation in the functional motifs. Amino acids showing complete conservation are
boxed in red, whereas partial conservation is boxed in blue. Cas3-Cascade interfaces (I-IV) are
shown in coloured bars above the alignment. The secondary structural assignment is based on
the homology model of BhaCas3/I-C.
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3.4 Discussion

In this chapter, we have designed an E. coli surrogate system and studied CRISPR
interference in vivo. Taken together, results from chapter 2 (Figure 2.1) and chapter 3 (Figure
3.1B and 3.7) suggest that the functional helicase and nuclease domains are crucial for CRISPR
interference. This is evident from the abrogation of interference activity when active site
mutants of nuclease and helicase domains were transformed in the E. coli IC-1 strain (Figure
3.1B). As shown in Chapter 1, type I CRISPR systems are diverse and further divided into
seven subtypes. Out of these seven subtypes, type I-A CRISPR systems are frequently found
in archaea and occurring sporadically in bacteria (Makarova et al., 2011b; Makarova et al.,
2015). Cas3/I-A is split and naturally expressed as a standalone helicase (Cas3’) and nuclease
(Cas3”) domains (Haft et al., 2005; Makarova et al., 201 1b; Makarova et al., 2015). Moreover,
Cas3’/I-A and Cas3”/I-A forms interference complex in type I-A system (Majumdar et al.,
2015; Plagens et al., 2012; Plagens et al., 2014), whereas Cas3 in other subtypes is recruited
after the Cascade complex has identified and bound to the target DNA (Gong et al., 2014;
Hayes et al., 2016; Hochstrasser et al., 2014; Rutkauskas et al., 2015; van Erp et al., 2017;
Wiedenheft et al., 2011; Xiao et al., 2018; Xiao et al., 2017a). Interestingly, like type I-A the
CRISPR interference in the type I-C system was still active when the helicase (including CTD)
and the nuclease domains of Cas3/I-C were deliberately expressed separately (Figure 3.1B).
This suggests that the crosstalk between the nuclease and helicase domain is crucial for

CRISPR interference.

Apart from two major domains, Cas3 also contains a C-terminal domain (CTD) whose
function was poorly defined. Usually, helicase CTDs are involved in protein-protein binding
or facilitate the recognition of specific DNA sequences (Buttner et al., 2007; Karow and
Klostermeier, 2010; Luo et al., 2008). However, the information about the role of Cas3 CTD
during CRISPR interference was limited. Typically, Cas3/I-E is expressed as a standalone
protein; however, sequence analysis of the Cas3 from a few type I-E systems (For example,
Streptomyces sp. SPB78 (Accession Number: ZP 07272643.1), Streptomyces griseus
(Accession Number: YP 001825054), and in Catenulispora acidiphila DSM 44928
(Accession Number: YP 003114638)) shows that Cas3 is C-terminally fused to Cas8
(Hochstrasser et al., 2014; Westra et al., 2012b). The presence of these fusion proteins suggests
Cas3 interacts with the Cas8 subunit of Cascade during target cleavage (Hochstrasser et al.,

2014). Additionally, when the C-terminal tail of Cas3/I-E was synthetically fused to the N-
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terminus of Cas8, the resulting interference complex was active and cleaved target DNA
suggesting the role of CTD in interaction with the Cascade complex (Westra et al., 2012b).
However, such interaction was not observed when individually purified Cas3 and Cas8 were
mixed and analysed using size-exclusion chromatography (Gong et al., 2014). In another study,
deletion of CTD reduces the affinity between Cas3 and Cascade complex; however, affinity
was restored to wild-type level when CTD was expressed in trans (Huo et al., 2014a). In the
present thesis, we analysed and compared the sequences in substantially studied Cas3/I-E and
poorly-studied Cas3/I-C, and we could not detect any conservation in the CTD region.
However, when only Cas3/I-C sequences were aligned, we could observe some conserved
amino acids (K742, K743, Q745, Q746, and Y747; Figure 3.3A-B). Modelled structure of
Cas3/I-C and available Cas3 structures show that CTD sits on top of two juxtaposed RecA
domains and may provide a ssDNA channel, thereby stabilizing DNA-Cas3 interaction (Figure
3.4). The impairment in target cleavage activity when CTD residues are mutated is likely due
to the opening of the ssDNA channel leading to destabilization of protein-DNA interaction
(Figure 3.4).

The fact that Cas3/I-C—albeit exhibiting differences such as the presence of highly
conserved residues in CTD—shows functional similarities with respect to Cas3/I-E has raised
a question of how this functional equivalence could exist in harmony with Cascade/I-C—which
exhibits compositional and architectural differences with Cascade/I-E. Strikingly, the
complementation of Cas3/I-C in lieu of Cas3/I-E in the type I-E system in vivo shows that the
target recognition and cleavage mechanism are conserved between type I-C and I-E (Figure
3.5). When we compared the homology model of Cas3/I-C from B. halodurans (BhaCas3/1-C)
(Figure 3.2A and 3.6) and the homology model of Cas3/I-E from E. coli (EcoCas3/I-E)—both
are modelled on the basis of the recent cryo-EM structure of Cas3/I-E from T. fusca (TfuCas3/I-
E)—we could discern that BhaCas3/I-C shows a significant sequence and structural similarities
with EcoCas3/I-E, if not complete, in interfaces I-IV (Figure 3.6 and 3.9). Based on this
analysis, we attribute the reported incompatibility for hetero-assembly between TfuCas3/I-E
and EcoCascade/I-E (Xiao et al., 2018) to the following factors: (i) the reconstitution of hetero-
assembly was attempted in vitro. Therefore, it is quite likely that the lack of a cellular milieu
could be a possible deterrent for hetero-assembly. (i1) TfuCas3/I-E and EcoCascade/I-E are not
thermo-compatible. The former is thermophilic, and the latter is mesophilic. They have
undergone different adaptations attuned to the thermal conditions. (iii) In our study, types I-C

and I-E are not coexisting as composite CRISPR-Cas systems within the same organism. This
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precludes any selection pressure to avert cross-over Cascade—Cas3 interaction between type I-
C and I-E. Thus, our data suggest that despite the compositional and architectural differences
seen between Cascade/I-C and Cascade/I-E, Cas3 recruitment and target cleavage mechanism

seem to be conserved, at least in I-C and I-E systems, if not all type L.

3.5 Summary

In this chapter, we have characterized Cas3/I-C in vivo in the presence of Cascade
complex and legitimate target plasmid DNA. It was observed that helicase and nuclease
domains of Cas3/I-C co-operate during target cleavage and mutations in either of them renders
Cas3/I-C inactive. Like type I-A, splitting of Cas3/I-C domains lead to functional interference
complex. We have shown that an accessory CTD is crucial for interference. Unlike Cas3/I-E,
CTD in Cas3/I-C shown sequence conservation, and mutation in these conserved residues leads
to defective interference. Further, we have shown that the target identification and cleavage
mechanism remain conserved across type I CRISPR-Cas subtypes irrespective of Cascade

composition and architecture.
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4.1 Introduction

Having addressed a few interference related questions, we further expanded our
understanding of interference by studying the molecular mechanism of Cas3/I-C mediated
target degradation. We tried to unravel the molecular events from Cas3/I-C loading to the final
step, where the target DNA is cleaved. After the Cascade complex locates the target DNA, the
spatial rearrangements at the binding site lead to the formation of a DNA:RNA hybrid called
R-loop (Hayes et al., 2016; Pausch et al., 2017; van Erp et al., 2017; Xiao et al., 2018; Xiao et
al., 2017a). Formation of R-loop is a pre-requisite for Cas3 to load and cleave the bonafide
target DNA. However, in vitro Cas3/1-C data presented in Chapter 2 and published information
on Cas3/I-E (Sinkunas et al., 2011; Sinkunas et al., 2015) suggest that the Cas3 lacks sequence
specificity. Additionally, as shown in chapter 3, when Cas3/I-C was expressed along with
Cascade/I-E, the interference complex was active and efficiently degraded the target DNA.
Based on these outcomes, we hypothesized that the ssDNA region created as a result of R-loop
formation might act as a loading point for Cas3/I-C. Once Cas3/I-C is loaded onto the ssDNA
region, target cleavage is activated through cooperation between the helicase core and the

nuclease domain.

Next, we set out to understand the effect of Cas3 and Cascade interaction during
interference (Hayes et al., 2016; Rutkauskas et al., 2015; Xiao et al., 2018; Xiao et al., 2017a).
In type I-E, Cas3 interacts with Cascade through a combination of steric hindrance and
electrostatic attraction (Xiao et al., 2018). After Cas3 is recruited, two possible mechanisms
can be followed for target degradation; (1) Translocation — where Cas3, while unwinding
duplex DNA, leaves Cascade complex and move towards 5’ end cleaving DNA in the process;
(2) Reeling — where Cas3 remain bound to Cascade and unwinds DNA by reeling/pulling
(Loeff et al., 2018). In the current chapter, using fluorescence-based experiments, we have tried

to understand which of these two mechanisms is followed by the type I-C interference complex.

On the other hand, while unwinding target DNA, Cas3 may encounter several
‘roadblocks’ in the form of DNA binding proteins, transcription factors or polymerases. Some
helicases are known to displace protein roadblock; for example, PcrA displaces RecA protein
bound to DNA during DNA replication (Park et al., 2010). It was interesting to understand
whether the active helicase core of Cas3/I-C is able to displace such roadblocks and its

implications on type I-C interference.
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4.2 Materials and methods

4.2.1 Molecular cloning and protein purification:

For molecular cloning, please refer to Chapter 3, section 3.2.2.

E. coli BL21 (DE3) harbouring pCascade/I-C and pCRISPR/I-C (Table 3) was grown
in LB broth supplemented with 50 pg/ml kanamycin and 100 pg/ml spectinomycin at 37 °C till
the ODgoo was equal to 0.6. Cascade/I-C expression was induced with 0.2 mM IPTG and cells
were allowed to grow overnight at 25 °C. Cells were harvested and re-suspended in binding
buffer (20 mM Tris-Cl (pH 7.5), 150 mM NaCl, 10% glycerol, 1 mM PMSF and 6 mM -
mercaptoethanol). Cells were lysed using a cell disruptor (20 kpsi), and cell debris was
removed by centrifugation at 4 °C and 16000 % g for 30 min. After cell lysis, DNase I (50
pg/ml) was added to reduce the viscosity. The clarified supernatant was passed through a pre-
equilibrated 5 ml StrepTrap HP (GE Healthcare) column. After washing with 10 CV of binding
buffer, Cascade/I-C was eluted in a binding buffer containing 2.5 mM desthiobiotin. Samples
were pooled up and passed through the HiTrap Heparin HP column (GE Healthcare) and eluted
with a linear gradient of 0.15-2 M NaCl in the binding buffer to remove additional impurities.
Later, proteins were further purified through HiLoad 16/600 Superdex 200 prep grade column
(GE Healthcare) and eluted in buffer containing 20 mM Tris-Cl (pH 7.5), 150 mM NacCl, 10%
glycerol and 6 mM B-mercaptoethanol. Concentrated samples were flash-frozen in liquid

nitrogen and stored at —80 °C until further use.

For purification of Cas3/I-C and its mutants, please refer to chapter 2, section 2.2.2

4.2.2 Electrophoretic mobility shift assay

Single-stranded DNA (Table 1) with or without 6-FAM labels were purchased from
Integrated DNA Technologies, Inc (IDT) and gel purified to remove truncated DNA fragments.
A 100 bp target DNA construct was generated by annealing the oligonucleotides having 3’
complementarity and subjecting them to extension in a PCR using Pfu DNA polymerase. About
50 ng of target DNA was incubated with 500 nM of Cascade/I-C complex in the buffer
containing 20 mM Tris-Cl (pH 8.0), 150 mM NaCl and 1 mM DTT at 37 °C for 30—60 min to
allow R-loop formation. Post incubation, one set of the sample was treated with 1 mg/ml

proteinase-K to test the release of target DNA bound to Cascade/I-C. Samples were directly

95
TH-2684_136106023



Chapter 4: Functional Insights into the Interference Mechanism

loaded onto 20% (w/v) native polyacrylamide gel and electrophoresed in 1X TBE at 4 °C.
While 6-FAM labelled constructs were directly visualized under UV in a gel documentation
system (Bio-Rad), unlabelled constructs were visualized after staining with ethidium bromide

(EtBr).

4.2.3 Assay for nuclease activity

In order to assess the nuclease activity of Cas3/I-C in the presence of Cascade/I-C,
target DNA and Cascade/I-C were incubated with varied concentration of Cas3/I-C in the
buffer containing 20 mM Tris-Cl (pH 8.0), 60 mM NaCl, 1 mM dithiothreitol (DTT), 10 mM
MgCl and 1 mM ATP. After the incubation, samples containing unlabelled DNA were directly
loaded onto 20% (w/v) native polyacrylamide gel and electrophoresed in 1 X TBE at 4 °C. DNA
bands were visualized in the gel documentation system (Bio-Rad) after staining with EtBr. 6-
FAM labelled DNA samples were analysed on 20% (w/v) denaturing PAGE containing 8 M

urea and directly visualized without any post-staining.

To check the cleavage in the presence of single-stranded DNA binding (SSB) protein,
5" 6-FAM labelled 60 nt ssDNA was incubated with 0.1-1 uM of SSB, and the reaction was
incubated at room temperature to allow SSB to bind to DNA. Later, 500 nM Cas3/I-C along
with 1 mM ATP was added to the reaction. To check metal ion dependency, 2 mM of various
metal salts and 500 nM Cas3/I-C were used. The reactions were carried out at 37 °C for 10—-60
min. Cleavage products were visualized by either 0.8% agarose gel electrophoresis or 10—15%

(w/v) 8 M urea denaturing PAGE

4.2.4 Nuclease activity on bubble DNA construct

Unlabelled single-stranded DNAs (100 nt) having complementary terminal ends were
purchased from IDT and PAGE purified to remove truncated DNA fragments (Dloop-AAG-
FP and Dloop-TTC-RP; refer Table 1). These oligonucleotides (1 uM) were annealed and
incubated with increasing concentration of Cas3/I-C (0.2-1 puM) in the reaction mixture
containing 20 mM Tris-Cl (pH 8.0), 150 mM NaCl, I mM DTT, 10 mM MgCl, and 1 mM
ATP at 37 °C for 120 min. Samples were directly loaded onto 20% (w/v) native polyacrylamide
gel and electrophoresed in 1X TBE at 4 °C. Gels were post-stained with ethidium bromide

(EtBr), and DNA bands were visualized in the gel documentation system.
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4.2.5 Nuclease activity on biotin labelled DNA construct

Biotin-labelled DNA construct with 5’ 6-FAM label was designed and purchased from
Bioserve Biotechnologies (India) Pvt. Ltd., and PAGE-purified to remove free 6-FAM and
truncated oligonucleotides (ssDNA-biotin; refer Table 1). To form double-stranded target
DNA, both the strands were annealed by heating at 95 °C followed by gradual cooling. dSSDNA
or ssDNA was pre-incubated with streptavidin to form a roadblock in the molar ratio 2:3 (DNA:
Streptavidin). Wherever mentioned, 500 nM of Cascade/I-C was added to form R-loop.
Subsequently, Cas3/I-C was added in the reaction mixture containing 20 mM Tris-Cl (pH 8.0),
150 mM NaCl, I mM DTT, 10 mM MgCl, and 1 mM ATP/ADP/AMP-PNP. Samples were
analysed on 20% (w/v) denaturing PAGE containing 8 M urea and directly visualized in the

gel documentation system.

4.2.6 Fluorescence quenching assay

DNA strand with 5’ biotin and 6-FAM at 5™ nucleotide (NTS) and Iowa Black FQ (IB)
at 29" nucleotide was ordered from IDT. All the DNA constructs were PAGE purified to
remove truncated fragments and annealed by heating at 95 °C followed by gradual cooling.
About 100 nM of annealed dsDNA was pre-incubated with 200 nM streptavidin and 500 nM
Cascade/I-C. Cas3/I-C at increasing concentration (0—5 pM) was added in the reaction mixture
containing 20 mM Tris-CI (pH 8.0), 150 mM NaCl, 1 mM DTT, 10 mM MgCl, and 1 mM
ATP/ADP/AMP-PNP, and fluorescence intensity was immediately measured using
FluoroMax®-4 (Horiba Scientific). For time-dependent measurement, S00 nM of Cas3/I-C was
added in the reaction mixture mentioned above, and fluorescence intensity was measured for

120 min.

4.2.7 Anisotropy measurements

The biotin labelled ssDNA construct with 5’ 6-FAM mentioned previously (Table 1)
was pre-incubated with streptavidin in the molar ratio 2:3 (DNA: Streptavidin). Cas3/I-C was
added in the reaction mixture containing 20 mM Tris-Cl (pH 8.0), 150 mM NaCl, I mM DTT,
10 mM MgCl, and 1 mM ATP/ADP/AMP-PNP, and anisotropy values were measured using

FluoroMax®-4 (Horiba Scientific). To assess Cas3/I-C binding, anisotropy readings were
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taken immediately after adding Cas3/I-C (0—10 pM). For time-dependent measurement of
anisotropy, 500 nM of Cas3/I-C was added, and readings were noted for 90 min

4.3 Results

4.3.1 Cascade/I-C purification and target DNA binding

We began our study with the purification of Cascade/I-C from B. halodurans (Figure
4.1A) and tested its binding efficiency to the various target DNAs. Electromobility shift in the
100 bp 6-FAM labelled target DNA showed Cascade/I-C binding (Figure 4.1B), which was
further confirmed through size-exclusion chromatography (Figure 4.1C). In type I-E, the PAM
sequence is crucial for target binding. Mutations in the PAM region weaken the binding of
Cascade and thus lead to impaired interference. We checked the binding affinity of Cascade/I-
C with three different PAM containing target DNA (TTC, TAC and ATG) (Figure 4.1D) and
calculated binding affinity from the band intensities as observed in Figure 4.1D. We observed
that Cascade/I-C shows slight variations in the binding affinity; however, these differences
were not significant (Figure 4.1D). This suggests that the binding of Cascade/I-C to target DNA
does not depend on the PAM sequence; however, PAM seems to be essential for Cas3/I-C

mediated target degradation (Figure 4.3A).
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Figure 4. 1: Characterization of target DNA interaction with Cascade/I-C

(A). Purification of the Cascade/I-C complex was achieved by co-expressing Cas proteins and
CRISPR array. Csdl (Cas8c), Csd2 (Cas7) and Cas5d (Cas5) can be observed in 15 % SDS-
PAGE, which shows the affinity-purified (lanes 1-6) and SEC-purified fractions of Cascade/I-
C complex (lane 7). Protein marker (M) is shown on the right. The dotted line indicates a
discontinuity in the gel for the purpose of clarity.
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(B). A 100 bp target DNA that is complementary to crRNA was designed with a 6-FAM label
at the 5’end of the non-target strand. In the presence of an increasing concentration of
Cascade/I-C, a change in the migration of DNA was observed. Bound DNA fraction was
released after the addition of proteinase K, which confirms the formation of the target DNA -
Cascade/I-C complex. DNA marker (M) positions are shown on the right.

(C). DNA bound and free Cascade/I-C showed a significant difference in mobility in analytical
size exclusion chromatography. Blue profile corresponds to free Cascade/I-C, and orange
profile corresponds to DNA bound Cascade/I-C.

(D). Target DNAs with varied PAM sequences (TAC, TTC, and ATG) showed an altered
binding affinity towards Cascade/I-C (0-500 nM). The canonical PAM sequence (TTC)
showed a slightly stronger affinity (Kq=0.15uM) than other sequences; however, it is not
significant. Standard deviation is calculated after measuring band intensities from two
independent experiments.

Note: Samples in figures 4.1B and 4.1D were visualized using 15 % native PAGE.

4.3.2 Resection of short double-stranded linear DNA by Cas3/I-C

necessitates the presence of Cascade/I-C

Piqued by the observation that Cas3/I-C lacks intrinsic target specificity in vitro and
retains one in vivo, we set out to resolve this apparent paradox. We hypothesized that the
absence of ‘intrinsic’ target specificity could be compensated by a mechanism that introduces
‘induced’ target specificity. To test our hypothesis, we designed a 100 bp DNA substrate with
‘TTC’ PAM at the 5’ end (Figure 3.2D and 4.2A). When Cas3/I-C alone was introduced, no
apparent cleavage was noted (Figure 4.2A and 4.2C). This was surprising; however, it was
consistent with our earlier observation (Figure 2.2A) that nuclease activity is attenuated for
short DNA constructs (<400 bp). Led by the requirement of Cascade/[-C for CRISPR
interference in vivo, we introduced the Cascade/I-C into the reaction. Remarkably, the target
DNA—which was initially refractory to nuclease activity of Cas3/I-C—was cleaved in the
presence of Cascade/I-C (Figure 4.2C). Intrigued by this, we asked what was bestowed by the
Cascade/I-C on Cas3/I-C to target the DNA? Based on previous reports in type I-E (Jore et al.,
2011; Rutkauskas et al., 2015; Sinkunas et al., 2013), we interpreted that the Cascade/I-C
binding to target DNA ensues the generation of a DNA-RNA hybrid and a single-stranded
DNA referred to as R-loop. Since Cas3/I-C requires 3'-overhang for loading (Figure 2.5), we
hypothesized that the duplex nature of the target DNA perhaps abrogates the DNA binding.
Therefore, it is likely that the ssDNA that was formed as a consequence of the R-loop could
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then provide a platform for Cas3/I-C loading (Figure 4.2A and 4.2C). To test this, we designed
a 100 bp bubble DNA construct with no base pairing in the central region, which mimics the
R-loop in the absence of Cascade/I-C (Figure 4.2B). Remarkably, we found that Cas3/I-C
sliced the bubble DNA even in the absence of Cascade/I-C, suggesting that it is indeed the
single-stranded region that is becoming the loading point for Cas3/I-C (Figure 4.2D and 4.3B).
Additionally, we also found the presence of small DNA fragment (~75—85 nt) when ATP was
not included in the reaction that hints at the ATP independent nicking of the target DNA (Figure
4.3B)
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Figure 4. 2: Cascade/I-C provides a single-stranded DNA loop for Cas3/I-C binding.

(A). A schematic model suggests that Cascade/I-C binding to target DNA provides an ssDNA
platform for Cas3 binding. The location of PAM (TTC in red) in the 100 bp construct is
indicated.

(B). A 100 bp bubble DNA construct that lacks base pairing in the centre was designed with
PAM (TTC in red). The single-stranded DNA loop is suggested to facilitate Cas3/I-C binding
in the absence of Cascade/I-C.

(C). DNA cleavage was tested on 20% native PAGE with increasing concentration of Cas3/I-
C in the presence of Cascade (lanes 2—4). Proteinase K was added to release bound DNA (lane
5). No cleavage was noticed in the absence of Cascade (lane 6).
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(D). Bubble DNA was cleaved in the absence of Cascade/I-C (lanes 3—9), whereas dsSDNA was
cleaved only in the presence of Cascade/I-C (lanes 11-12). DNA was visualized using a 20%

native PAGE.
A
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Cas3
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Figure 4. 3: Characterization of target DNA interaction with Cascade/I-C and Cas3/I-C.

(A). Interference was checked on target DNA with varying PAM sequences. Target DNA with
TTC containing PAM was cleaved by Cas3/I-C (0-500 nM), whereas TAC and ATG were non-
functional. The dotted line indicates two separate gels, which are merged for comparison.
Cascade/I-C was used at 300 nM. DNA marker (M) positions are shown on the right.

(B). 100 bp Bubble DNA was incubated with an increasing concentration of Cas3/I-C (0-500
nM) in the presence and absence of ImM ATP. The cleavage products are indicated with a red
triangle. In the absence of ATP, we observed a shifted DNA band (nucleoprotein complex)
which is absent when ATP is added to the reaction. Additionally, the appearance of a small
DNA fragment (indicated by a red triangle) in the absence of ATP suggests a nick in the target
DNA. The dotted line indicates two separate gels, which are merged for comparison.

Note: Samples in figures 4.3A and 4.3B were visualized using 15 % native PAGE.
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4.3.3 Cas3/I-C cleaves target via a reeling mechanism

The interaction between Cascade/I-C and Cas3/I-C facilitates the target DNA cleavage.
After recruitment by Cascade/I-C, the helicase activity of Cas3/I-C may allow it to translocate
on the ssDNA, unwinding the target DNA in 3’ to 5’ direction followed by cleavage via
nuclease domain, eventually leading to the dissociation from Cascade/I-C. An alternative
possibility is to remain associated with Cascade/I-C and reel in the target DNA, which may
result in the formation of a loop in the target strand. In order to test how Cas3/I-C unwinds
double-stranded target DNA upon recruitment by Cascade/I-C, we designed a 100 bp dsDNA
with a fluorophore (6-FAM) and a quencher (Iowa Black FQ) (Figure 4.4). The non-target
strand (NTS) was tagged with biotin at the 5’ end and 6-FAM at the 5™ nucleotide from the 5’
end. On target strand (TS), lowa Black FQ (IB) was introduced proximal to the PAM at the
29" nucleotide from 3’ end (Figure 4.4). Biotin was introduced at 5’ end with the presumption
that Cas3/I-C would halt on encountering the biotin-streptavidin block, thus sustaining 6-FAM
quenching by lowa Black FQ for a sufficiently long duration for measurements. Since 6-FAM
and IB were far apart, the fluorescence of 6-FAM was not quenched. However, if Cas3/I-C
reeled in the DNA, 6-FAM would come in proximity with IB, which in turn would quench the
fluorescence (Figure 4.4). Target DNA was saturated with streptavidin and Cascade/I-C before

adding Cas3/I-C, and fluorescence intensity was measured to estimate the extent of quenching.
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Figure 4. 4: Reeling and Translocation modes of target degradation.

Schematic representation of 100 bp DNA substrates with biotin (black dot) at 5’ end of the non-
target strand (NTS), 6-FAM (shown as a green star) at 5" nucleotide, Iowa Black® FQ (shown
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as a brown dot) at 29" nucleotide on target strand (TS) and PAM sequence TTC (depicted in
red). Cas3-Cascade interaction is not stable in the translocation mode, and Cas3 would
translocate towards the 5’ end. Cas3-Cascade interaction is stable in the reeling mode, and thus
Cas3 would pull the DNA leading to fluorescence quenching by lowa black quencher.

Interestingly, we observed significant fluorescence quenching with increasing Cas3/I-
C concentrations (0—5 pM) when Cascade/I-C was present. On the other hand, quenching was
not observed when the reaction did not contain Cascade/I-C (dsDNA), or only a non-target
strand (ssDNA) was present (Figure 4.5A). Moreover, fluorescence quenching was observed
only when ATP was supplied to Cas3/I-C in addition to Cascade/I-C (Figure 4.5A and 4.5B).
Taken together, our result suggests that Cas3/I-C remain bound to Cascade/I-C and pulls in 6-

FAM towards IB, which leads to fluorescence quenching.
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Figure 4. 5: Cascade/I-C and Cas3/I-C form a stable complex during interference.

(A). The substrate mentioned in figure 4.4 was incubated with or without Cascade/I-C (1 uM)
and increasing the concentration of Cas3/I-C (0—5 uM). A significant decline in fluorescence
intensity is evident when both Cascade/I-C and Cas3/I-C were present. There was no apparent
quenching when dsDNA and ssDNA were used in the absence of Cascade/I-C.

(B). Fluorescence quenching was observed in the presence of ATP but not when ADP and
AMP-PNP were used.
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4.3.4 Stalling the helicase motor of Cas3/I-C stimulates the nuclease

activity

Bacterial cytoplasm holds a repertoire of DNA-binding proteins, and therefore, Cas3/I-
C, during its processive nuclease—helicase activity, is expected to encounter proteins such as
single-stranded DNA binding protein (SSB), RNA polymerases etc. In order to decipher what
would happen if Cas3/I-C encounters such roadblocks, we intentionally introduced a stalling
site in the target DNA. The stalling site comprises a biotin labelled nucleotide that binds to
streptavidin, which is expected to block the movement of the Cas3/I-C helicase motor. We
labelled the 5" end of the non-target strand (NTS) with FAM and the 12% nucleotide from 5
end with biotin (Figure 4.6). Prior to the addition of Cas3/I-C, target DNA was incubated with
Streptavidin and Cascade/I-C.

Target (1) Target (I1)

L

e LR
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Figure 4. 6: Target design for stalling helicase motor

Schematic representation of target DNA (100 bp) with PAM (TTC in red) end-labelled with 6-
FAM at 5' end of the non-target strand and biotinylated at 12" nucleotide (Target I). A similar
target DNA without biotin (Target II) is also represented.

Cas3/I-C was introduced with ATP/ADP/AMP-PNP, and cleavage was monitored
using denaturing PAGE (Figure 4.7). We could discern the accumulation of a prominent ~55—
60 nt band in the absence of ATP (lanes 10, 11, 13, 14 and 16 in Figure 4.7). Since the helicase
motor is inactive in the absence of ATP, we presume it to be a single-stranded nick generated
by Cas3/I-C nuclease upon binding to NTS. Apart from the above observation, the presence of
cleavage product (~55—-60 nt) in the absence of nucleotide suggests that Cas3/I-C induced
initial nick is independent of the nucleotide-bound state (Figure 4.7). Interestingly, in the
presence of ATP, we observed a prominent band at ~40 nt; however, the band corresponding

to ~55-60 nt was not perceptible (Figure 4.7). On the contrary, ~40 nt band was not visible
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when the biotin-streptavidin block was absent, even in the presence of ATP; however, we could
spot the ~55-60 nt band (Figure 4.7). This suggests that Cas3/I-C introduces a nick in the

single-stranded region of NTS irrespective of the nucleotide-bound state.
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Figure 4. 7: Stalling the translocation of helicase motor stimulates cleavage.

Target (I) and (II) mentioned in figure 4.6 were incubated with streptavidin and Cascade/I-C
to form an interference complex. Cleavage was initiated by addition of Cas3 (0.2 and 0.5 pM)
and 1 mM ATP/ADP/AMP-PNP. Prominent cleavages of the target (I) and (II) are indicated
by a red triangle (~60, 40 and 10 nt). The size of the DNA markers is shown in lane M. A 20%
denaturing PAGE was used to assess the cleavage of DNA.

106
TH-2684_136106023



Chapter 4: Functional Insights into the Interference Mechanism

To account for the appearance of ~40 nt band specifically in the presence of ATP and
biotin-streptavidin block, we hypothesized that the helicase motor of Cas3/1-C, in the presence
of Cascade/I-C and ATP, would have reeled in the NTS from the loading point and a biotin-
streptavidin roadblock could have triggered cleavage by the trailing nuclease domain. To test
our hypothesis, we intentionally introduced a similar stalling site in single-stranded DNA
labelled with 6-FAM at 5'-end. Two constructs were made in which the biotin was labelled at

12t (Target A) and 20™ (Target B) nucleotide positions, respectively (Figure 4.8A and 4.9A).

We measured the change in fluorescence anisotropy of substrates mentioned above
upon the addition of Cas3/I-C (Figure 4.8B, 4.9B, 4.10A and 4.10B). Initially, we observed a
slight increase in anisotropy for biotin-labelled DNA, suggesting early binding of Cas3/I-C to
ssDNA. With time, we could discern a significant decline in anisotropy value in the absence or
when ATP/ADP/AMP-PNP was present; however, the decay was steep when ATP was present
(Figure 4.8B and 4.9B). Remarkably, in the absence of biotin, the anisotropy decay is not steep
(Figure 4.8B and 4.9B). This decrease in anisotropy value with time suggests that DNA is
fragmented, possibly due to Cas3/I-C induced cleavage. In order to understand such cleavage,
Cas3/I-C was mixed with ATP/ADP/AMP-PNP and bands were analysed using denaturing
PAGE (Figure 4.8C and 4.9C). In line with the above observations, two prominent bands at the
top corresponding to ~30 and 40 nt for Target A (lanes 4, 5, 7, 8 and 11 in Figure 4.8C) and
~45 and 55 nt for Target B (lanes 4, 5, 7, 8 and 11 in Figure 4.9C), respectively, were
perceptible in the presence of ATP/ADP/AMP-PNP. For Target A, we posit that the ~30 nt
band could arise by cleavage due to biotin block, and the other ~40 nt could emerge by
cleavage when a second Cas3/I-C gets stalled by the preceding Cas3/I-C. A similar scenario
can be envisaged for Target B as well. Whereas in the absence of a biotin-streptavidin block,
we could not observe any cleavage (Figure 4.10E). Interestingly, we also observed small sized
bands (<10 nt), which suggests that few Cas3/I-C could trespass the biotin-streptavidin block
and possibly get stalled by 6-FAM at the 5" end (Figure 4.8C and 4.9C).
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Figure 4. 8: Roadblock in the translocation of Cas3/I-C stimulates cleavage

(A). A schematic representation of 60 nt 5’ 6-FAM labelled ssDNA with biotin at 12" nt (Target
A) is shown.

(B). The ssDNA mentioned above was incubated with 200 nM of Cas3/I-C for several time
points, and anisotropy measurements were recorded. With time, the decrease in anisotropy
values was observed for ssDNA with a biotin roadblock.

(C). The ssDNA was pre-incubated with streptavidin before the addition of Cas3/I-C.
Prominent DNA cleavage products were observed in the presence of ATP at ~40 nt in target
A, indicated with a red triangle. In the presence of AMP-PNP, a higher Cas3 concentration was
required for the cleavage. The size of the DNA markers is shown in lane M. A 20% denaturing
PAGE was used to assess the cleavage of DNA.
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Figure 4. 9: Roadblock in the translocation of Cas3/I-C stimulates cleavage.

(A). A schematic representation of 60 nt 5' 6-FAM labelled ssDNA with biotin at 20th
nucleotide (Target B) is shown.

(B). The ssDNA mentioned above was incubated with 200 nM of Cas3/I-C for several time
points, and anisotropy measurements were recorded. With time, the decrease in anisotropy
values was observed for ssDNA with a biotin roadblock.

(C). ssDNA was pre-incubated with streptavidin before the addition of Cas3/I-C. Prominent
DNA cleavage products were observed in the presence of ATP at ~50 nt in target B, indicated
with a red triangle. In the presence of AMP-PNP, a higher Cas3 concentration was required for
the cleavage. The size of the DNA markers is shown in lane M. A 20% denaturing PAGE was
used to assess the cleavage of DNA.
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Since the biotin-streptavidin block is highly stable and not present inside the bacterial

cell, we used a single-stranded DNA binding protein (SSB) to create a roadblock. We incubated

60 nt 5° 6-FAM labelled with SSB at room temperature to allow SSB to bind to ssDNA. Later,

we added Cas3/I-C along with ATP in the reaction. We could observe multiple bands on

denaturing PAGE. Since SSB lacks sequence specificity and binds to ssDNA at random

positions, the presence of multiple DNA bands suggests Cas3/I-C might have stalled at multiple

locations, leading to cleavage by the nuclease domain of Cas3/I-C (Figure 4.10C). Altogether

the data suggest that when the helicase motor of Cas3/I-C encounters a roadblock en route, the

nuclease activity associated with the HD domain is stimulated.
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Figure 4. 10: Target degradation with and without Cas3/I-C stalling.

(A)-(B). A roadblock was created using biotin-streptavidin conjugate. An increase in
anisotropy was observed when the ssDNA mentioned above (Target A and Target B in figure
4.8A and 4.9A) was incubated with increasing Cas3/I-C concentration, which suggests that
Cas3/I-C binds to ssDNA irrespective of the nucleotide.

(C). Since the biotin-streptavidin block is highly stable and not present usually inside the
bacterial cell, we used single-stranded DNA binding protein (SSB) to create a roadblock. A 60
nt ssDNA with 5° 6-FAM label was incubated with single-stranded DNA binding protein (SSB,
0.1-1 uM) and later 500 nM Cas3/I-C along with 1 mM ATP was added. Multiple cleavage
bands were observed with increasing concentration of SSB, suggesting cleavage by Cas3/I-C
at several locations on the DNA. Since SSB binds to ssDNA non-specifically at multiple
locations, it might act as a roadblock for Cas3/I-C, which in turn favours cleavage. DNA marker
(M) positions are shown on the right. Samples were visualized using a 20% 8 M urea denaturing
PAGE.

(D). DNA construct showed in Figure 4.4 was incubated with 500 nM of Cas3/I-C, and
fluorescence intensity was measured over a period of 120 mins. As expected from the reeling
mechanism, Cas3/IC fluorescence intensity showed a sharp decline for 60 mins due to
quenching of 6-FAM by Iowa Black FQ. Subsequently, there was an increase in fluorescence
intensity, suggesting cleavage and release of NTS.

(E). ssDNA without a biotin block was incubated with Cas3/I-C (250 nM and 500 nM) and 1
mM ATP/ADP/AMPPNP for 30 mins. No cleavage was observed, suggesting that in the
absence of a blockade, Cas3/I-C translocate without exhibiting apparent nuclease activity.
DNA marker (M) positions are shown on the right. Samples were visualized using a 20% 8M
urea denaturing PAGE.

4.4 Discussion

A significant outcome of this chapter underlines the molecular events that occur during
interference in the type I-C CRISPR-Cas system. During the interference stage, the Cascade
complex using sequence complementarity of crRNA identifies 30-35 nt in the protospacer
sequence adjacent to PAM on the invading MGE. After the target is identified, duplex DNA is
directionally (PAM proximal end to PAM distal end) unwound (Rutkauskas et al., 2015; Xiao
et al., 2017a), and a DNA:RNA hybrid called R-loop is formed (Gasiunas et al., 2014;
Hochstrasser et al., 2014; Huo et al., 2014a; Ivan¢i¢-Bace et al., 2012; O'Brien et al., 2020;
Rutkauskas et al., 2015; Wiedenheft et al., 2011; Xiao et al., 2018; Xiao et al., 2017a).
Formation of R-loop leads to displacement and emergence of an ssDNA region on the non-

target strand (Figure 1.11) (Redding et al., 2015; Rutkauskas et al., 2015; Szczelkun et al.,
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2014; van Erp et al., 2017; Westra et al., 2012b; Wiedenheft et al., 2011; Xiao et al., 2017a).
Biochemical studies on type I-E CRISPR systems in E. coli, Thermobaculum terrenum, and T.
fusca provides detailed information on how the Cascade complex locates and forms R-loop and
how Cas3 is recruited for final cleavage. In type I-E, Cas3 directly interacts with Cas8, which
is evident from the hydrogen-deuterium exchange and structural studies on Cas3 and Cascade
(van Erp et al., 2017; Xiao et al., 2018). However, all this information was limited to type I-E
systems. Our results suggest that the single-stranded region is enough for Cas3/I-C to cleave
DNA and hints towards an important role played by the Cascade complex during interference.
The displacement of the non-target strand by the Cascade complex provides a loading point for
Cas3/I-C. Once Cas3/I-C is loaded, the target DNA is cleaved by the active cooperation of
helicase and nuclease domains. However, these findings do not refute the significance of Cas3-
Cascade interaction. As shown in type I-E, Cas3-Cascade interaction may help in directing its
nuclease activity exclusively towards CRISPR immunity (Rutkauskas et al., 2015; Sashital et
al., 2012; Sinkunas et al., 2013), thus preventing non-specific cleavage of the host genome.
Moreover, the recently discovered type IV CRISPR-Cas system (Figure 1.2) lacks the
conserved adaptation module and Cas3-like effector nuclease, and it was observed that these
systems co-exist with other CRISPR types (Pinilla-Redondo et al., 2020). It was found that
type IV crosstalk with co-existing type I-E CRISPR system and believed to share Cas proteins
(Pinilla-Redondo et al., 2020). Due to the differences in CRISPR architecture, a strong
interaction between co-existing Cascade/type-IV and Cas3/I-E is unlikely; however, Cascade-
like complex in type IV system may borrow Cas3/I-E by displacing non-target strand and
subsequently allowing Cas3 loading. Taken together, our data suggest that the recruitment of
Cas3 is not solely contingent on the Cas3-Cascade complex, which is in part driven by the

single-stranded region created by R-loop formation.

The R-loop has no free 3’ end for helicase loading, and therefore threading the ssSDNA
into the helicase domain creates a topological problem. This can be overcome if the nuclease
activity of Cas3/I-C produces a free 3’ end. Nonetheless, the homology model of Cas3/I-C
based on the crystal structure of Cas3/I-E suggests that the active site of HD nuclease is oriented
toward the helicase domain, and therefore, it is unlikely to access the ssDNA directly.
Consequently, it appears that the ssDNA has to enter the HD active site via the helicase domain
only. However, our data suggest that upon recruitment to the target site, Cas3/I-C nicks non-
target strand at ~30-35 nt from PAM (Figure 4.7). This initial nick in the absence of ATP
points toward the direct binding of the nuclease domain at the PAM distal region of the R-loop,
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which then renders a loading point for the helicase domain (Loeff et al., 2018). This also
concurs with the interpretation from the recent Cryo-EM structure of Cascade/I-E and Cas3/I-
E (Xiao et al., 2018). Our data further suggest that though Cas3/I-C lacks DNA unwinding
activity in the absence of ATP, it can translocate on the ssDNA (Figure 4.8 and 4.9). In the
presence of ATP, it seems that Cas3/I-C unwinds the target DNA as well as channelizes the
displaced ssDNA toward the active site of the HD nuclease through the helicase motor activity.
This implies that the DNA is unlikely to reach the HD nuclease in the absence of the helicase
motor activity. This is in line with the current understanding of Cas3/I-E mediated cleavage
and explains the helicase domain requirement for CRISPR interference (Figures 4.7 and 3.1)

(Xiao et al., 2018; Xiao et al., 2017a).

DNA Binding

protein ATP

Initial Nick

Figure 4. 11: Schematic representation of target degradation by type I-C interference.

The conformational changes in the Cascade complex lead to the recruitment of Cas3 towards
the target location. Cas3 nicks the displaced single-stranded non-target strand (bottom strand)
before loading. Subsequently, the helicase core of Cas3 reels the non-target strand while
remaining bound to the Cascade complex. This movement may produce a bulge on the target
strand (top strand). During the reeling, Cas3 may encounter roadblocks leading to cleavage.

Presumably, we posit that the incessant movement of DNA toward the HD nuclease
would not provide enough residence time for the alignment of catalytic residues. This is likely
to impede the nuclease activity as long as the helicase motor is active (Figures 3.4B, 4.10D and
4.10E). Therefore, whenever there is a blockade for helicase movement, it is likely that the
catalytic residues of HD nuclease have sufficient residence time to be suitably oriented toward
the scissile bond (Figures 4.7, 3.4B). This appears to be an ingenious strategy to time the
cleavage. Our data on Cas3/I-C are in agreement with the recent finding where stalling of
Cas3/I-E translocation at roadblocks stimulates nuclease activity that is otherwise reported to
be sparse (Dillard et al., 2018; Loeff et al., 2018). After the Cas3/I-C loading onto the single-

stranded region, we envisage two modes of helicase motor activity: (i) translocation—Cas3/I-
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C is mobile with respect to the Cascade:target-DNA complex and (ii) reeling—Cas3/I-C is
stationary with respect to Cascade:target-DNA. In E. coli, Cas3/I-E is known to leave the
Cascade complex behind. In this process, the Cas3/I-E moves towards 5’ end cleaving ssDNA
generated by active helicase domain and no re-association of Cas3/I-E with Cascade complex
was observed (Mulepati and Bailey, 2013; Redding et al., 2015). In contrast, Cas3/I-E in T.
fusca remains associated with the Cascade complex, and the helicase domain pulls the single-
stranded non-target strand of DNA (Dillard et al., 2018). However, in line with this previous
report on Cas3/I-E ((Dillard et al., 2018; Loeff et al., 2018)), our data showed that the cleavage
pattern concurs with a DNA reeling mechanism wherein Cas3/I-C has an intimate interaction
with Cascade/I-C during DNA unwinding (Figure 4.5 and 4.10D). In this setup—where the
mobility of the first Cas3/I-C molecule is locked due to interaction with Cascade/I-C—a
caravan consisting of multiple Cas3/I-C that can load onto the R-loop is likely to collide with
each other as well as with the one that interacts with Cascade/I-C to inflict multiple cleavages
(Figure 4.8 and 4.9). While the rationale for adopting reeling over translocation is not
abundantly clear, it is tempting to speculate that reeling allows Cas3/I-C to inflict cleavage
proximal to the interference effector complex, thus exhibiting an apparent target site-

specificity.

4.5 Summary

In this chapter, we have shown that the ssDNA region created as a result of R-loop
formation by the Cascade complex acts as a loading point for Cas3/I-C. Cas3/I-C essentially
nicks the single-stranded non-target strand at ~ 30 nt proximal to PAM before loading and
translocate in 5’ to 3’ direction utilizing energy from ATP. It was found that in the absence of
ATP, Cas3/I-C nicks target DNA; however, it does not translocate or cleave DNA further. Our
fluorescence quenching data suggests that Cas3-Cascade interaction is stable in type I-C
system, and as a result, Cas3/I-C exhibits a reeling mechanism during interference. Further, if
the Cas3/I-C helicase motor encounters a roadblock, the nuclease activity associated with the
nuclease domain is stimulated. Overall, we have probed the molecular events that occur during
interference in the type [-C CRISPR-Cas system, which provided new insights on the

specificity of molecular interactions.
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5.1 Introduction

Despite being an elegant system, which targets invading MGEs with high specificity,
the CRISPR-Cas system has its limitations. The replication machinery of phages is error-prone
and frequently inserts random mutations in its genome during replication. The occurrence of
mutation in the PAM and ‘seed’ region of the protospacers leads to defective interference, and
consequently, the MGEs escape/avoid the defences of the CRISPR-Cas system. To win the
evolutionary arms race, bacteria have conceived a mechanism to acquires multiple spacers from
mutant MGEs. The acquisition of multiple spacers and their subsequent use during interference
results in a robust immune response against phages. This is achieved through an alternative
spacer acquisition mechanism called primed adaptation (Datsenko et al., 2012; Nussenzweig
et al., 2019). The primed adaptation is probed broadly in type I systems and only recently in
type II systems.

Most of the understanding of primed adaptation in type I is attributed to studies in type
I-E (Datsenko et al., 2012; Dillard et al., 2018; Fineran et al., 2014; Kuznedelov et al., 2016;
Savitskaya et al., 2013; Semenova et al., 2016; Staals et al., 2016a; Swarts et al., 2012; Xue et
al., 2015; Xue et al., 2016) and I-F (Richter et al., 2014; Staals et al., 2016a) with a few reports
on I-B (Li et al., 2014) and I-C (Rao et al., 2017). Depending on the CRISPR-Cas type, a few
differences in the acquisition mechanism have been observed; for example, there is a strand
bias between target and non-target strands during primed adaptation. In type I-B, 70% of the
acquired spacers during primed adaptation is from the target strand, whereas in type I-E, it is
90%. Moreover, Cas4 is absent in type I-E, and Cas1-Cas2 associate with Cas3 to form a
Primed Adaptation Complex (PAC) (Dillard et al., 2018). Such a phenomenon has not been
observed in other CRISPR types yet. In type I-F, Cas3 is naturally fused to Cas2, which hints
towards the direct association of Cas3 with the adaptation complex (Makarova et al., 2020).
Thus, Cas3 being a nuclease, plays a crucial role in spacer generation. Mechanistic
understanding of primed adaptation is still in the nascent stage. Several models have been
proposed to explain the primed adaptation mechanism; however, a thorough understanding is
yet to emerge on the underlying process (Semenova et al., 2016; Xue et al., 2015; Xue et al.,
2016). In this chapter, we set out to study the molecular role of Cas3/I-C during primed
adaptation in depth. In chapter 3, we have shown that CTD is essential for interference. Since

interference and adaptation are linked, we found it interesting to understand the role of Cas3/I-
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C CTD in primed adaptation. Lastly, we tested the PAM dependent transition of the

Interference complex to the Adaptation complex.

5.2 Materials and Methods

5.2.1 Molecular cloning:

B. halodurans C-125 strain was procured from The Microbial Type Culture Collection
and Gene Bank (MTCC), India. Gene encoding Cas3/I-C (BH0336) and its mutants (pD48A,
pQ253A, pD395A, pK742A, pK743 A, pQ745A, pQ746A, and pY747A) were cloned in 1R
(Addgene #29664) at the Sspl restriction site by employing the Gibson Assembly method.
Point mutations were created in Cas3/I-C using PCR-based mutagenesis. The 1R vector
encodes Strep II tagged protein. Genes encoding Cas4-1-2 complex as a single operon was
cloned in 13S-R (Addgene #48328) at the Sspl restriction site. 13S-R plasmid (CDF origin) is
compatible with 1R (ColE1 origin), and these are used to co-express multiple proteins. Target
sequence, complementary to crRNA sequence, with and without PAM, is inserted in pUC19

vector at HindIII and EcoRI restriction site.

5.2.2 Strain construction
E. coli IC-1 strain (Refer chapter 3, section 3.2.1) was used to integrate the CRISPR/I-
C array using phage-186 integrase from pOSIP-KO (Addgene # 45895) to generate E. coli IC-

3 strain. Please refer to section 3.2.1 for the detailed procedure.

5.2.3 Spacer acquisition assay

E. coli 1C-3 strain was transformed with a plasmid containing Cas3/I-C (pWT/I-C)
(Refer table 2) and a plasmid harbouring Cas4-1-2 (pCas412/I-C) and grown in LB broth
containing 25 pg/ml kanamycin, 50 pg/ml spectinomycin, 25 pg/ml chloramphenicol, 0.2 %
L-arabinose, and 0.02 mM IPTG at 37 °C until ODeoo reached 0.3. Cells were harvested at 4
°C by centrifuging at 2700 x g. Harvested cells were made chemically competent using 0.1 M
calcium chloride and transformed with target plasmid (pT-PAM/pT-mPAM, refer to table 3).
Cells were grown overnight at 37 °C on LB broth supplemented with 25 pg/ml kanamycin, 50
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pg/ml spectinomycin, 25 pg/ml chloramphenicol, 50 pg/ml ampicillin, 0.2 % L-arabinose, and
0.1 mM IPTG. Two cycles of growth and induction were performed for all the in vivo
integration-related experiments unless mentioned otherwise. Cells were grown for 16 hours at
37 °C between each cycle, and 1 % inoculum from the previous cycle was transferred to fresh
LB broth medium and growth was continued with the antibiotics and inducers mentioned above
for 16 hours. Cells were harvested after two cycles unless mentioned otherwise. Cells were
washed with water and then resuspended in PCR grade water. In order to take an equal amount
of template for PCR, water volume was adjusted for each sample to maintain ODggo at 0.1.
Array expansion was observed using PCR, and results were observed on 0.8 % agarose gel.
DNA band intensities were measured using Image Lab Bio-Rad software, and relative spacer
acquisition was calculated using the equation given below, where A’ is percentage relative

acquisition and A is acquisition in presence of Cas3/I-C (wt),

Intensity of Expanded array (E)
Intensity of Expanded array (E) + Intensity of Parent array(P)

Aquisition (A) =

E

5.2.4 Nuclease assay

For the procedure, please refer to section 4.2.4 in chapter 4. The concentration of
Cascade/I-C, Cas4-1-2/I-C and Cas3/I-C was 1 pM each. Target DNA was incubated for 60

mins before visualizing on 20% denaturing Urea PAGE.

5.2.5 Fluorescence quenching assay

For a detailed method, please refer to section 4.2.7 in chapter 4. The concentration of

Cascade/I-C, Cas4-1-2 and Cas3/I-C was 1 uM if mentioned otherwise.
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5.3 Results

5.3.1 The presence of Cas3 enhances the frequency of spacer acquisition

Cas3 is indispensable for CRISPR interference, and in several subtypes, its association
with the Adaptation complex makes it crucial for spacer uptake (Kunne et al., 2016; Li et al.,
2014; Ramachandran and Bailey, 2016; Staals et al., 2016a). We set out to explore the
importance of Cas3/I-C in primed adaptation using E. coli as a surrogate host. To test this, we
used E. coli 1C-3 strain (refer to table 2), which comprises of all the Cascade/I-C subunits
(Cas5, Cas7, Cas8 and Casl 1) and repeat-spacer units (CRISPR/I-C array) from B. halodurans
integrated into a distant genomic locus using phage-186 integrase (Figure 5.1A). In order to
negate the effect of intrinsic type [-E CRISPR-Cas machinery, Cascade/I-E was deleted using
A-red mediated homologous recombination. Next, we introduced a protospacer sequence
abutting a cognate PAM (TTC) into a pUC19 plasmid, which acts as a target plasmid pT-PAM
(Figure 5.1A). On the other hand, a mutated PAM (ATG or TAC) was inserted into pUC19,
termed as pT-mPAM (Figure 5.1A). Components of the Adaptation complex (Casl, Cas2 and
Cas4) and Cas3/I-C (and its variants) were expressed using a compatible IPTG inducible
expression vector (Figure 5.1A). Once all the plasmid except pT-PAM/pT-mPAM were
transformed into E. Coli IC-3 strain, Cas proteins were nominally expressed using 20 pM
IPTG. To this strain, target plasmids were transformed accordingly, and CRISPR array
expansion was observed using a PCR based method (Figure 5.1B).
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Figure 5. 1: Spacer acquisition assay.

(A). An E. coli IYB5101 strain harbouring genes encoding Cascade/I-C and CRISPR/I-C array
(IC-3) was used as a surrogate for in vivo experiments. Cas3/I-C (Kanamycin) and Cas4-1-2/1-
C (Spectinomycin) were expressed using IPTG inducible plasmids. The target sequence was
inserted into the pUC19 vector with either cognate PAM (TTC, pT-PAM) or mutated PAM
(TAC, ATG, pT-mPAM). After transforming the target plasmid, cells were grown at 37° C for
two cycles and harvested. The expansion of the array was observed using PCR.

(B). Spacer acquisition was measured using PCR based array expansion assay. FP (Forward
primer) and RP (Reverse primer) correspond to the leader region and the 5™ spacer,
respectively. After PCR, in the parent array, 435 bp fragment is observed, while an increased
fragment size is seen in the expanded array. The bands were visualised using 0.8% agarose gel
electrophoresis.
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When E. coli IC-3 strain, harbouring Cas3/I-C (wt), Cascade/I-C and Cas4-1-2/1-C, was
transformed with pT-mPAM, we could observe an increase in the frequency of spacer
acquisition (Figure 5.2, lane 6). On the contrary, the spacer acquisition frequency was
significantly less in the absence of Cas3/I-C, suggesting functional overlap between
interference and adaptation machinery (Figure 5.2, lane 4). Surprisingly, we could observe
array expansion even in the absence of the target plasmid, which could be attributed to the
acquisition of spacers from already existing plasmids (Cas3/I-C and Cas4-1-2/1-C) through
naive adaptation (Figure 5.2, lane 5). As expected, Cas4, Casl and Cas2 are crucial for

adaptation (Figure 5.2, lane 3 and 14).

A Cas3 (D48A) Cas4 absent
Cas3 (wt) Cas3 (D395A)
Cas4 —  ——+++ —+ +—+ + — —
Casl-2 — — — + + 4+ —+ + — + + — +
pT-mPAM — + + + — + + — + + — + — +
Cas3 — — +—++ ++ ++ + + + +
Lanes 1 2 3 45 6 7 8 91011121314 M
Expanded ™
array
R— e w e L C e e e - (500bp
Parent
array
B Cas3 (wt)
100
90
c 80
g 70 Cas3 (D48A)
‘» 60
'S Cas3 (D395A)
o 50 — QT
(%)
@ 40
X 30
Y Cas4 absent
10
0 L

Lanes 1 2 3 45 6 7 89 101112 1314
Cas4 — — — + + + -+ + o
Casi-2 — — — + + + -+ + -+ + - 4
PT-mPAM — + + + — + + - + + -+ -+
Cas3 — — + — + + ++ + ++ + + 4+

Figure 5. 2: Primed adaptation with Cas3/I-C variants.

(A). PCR products from a representative spacer acquisition assay (out of three independent
trials) using E. coli IC-3 strain are shown in the above figure. The parent array corresponds to
435 bp fragment, and the expanded array corresponds to 559 bp. Array expansion was observed
in the presence of Cas3/I-C (wt), Cas3/I-C D48A and Cas3/I-C D395A (Lanes 3-12). Cas4/I-
C was removed in lane 14 to assess its importance in primed adaptation. M indicates the DNA
marker. Samples were analysed using 0.8 % agarose gel.
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(B). The figure shows the percentage acquisition measured from three independent trials, as
shown in figure 5.2A. Band intensities of parent and expanded array were measured using Bio-
Rad Image Lab software. The relative expansion was calculated using the equation in method
section 5.2.3. Error bar represents standard deviation measured from three independent trials.

In type I-E, Cas3 associates with the Casl1-2 complex to form a Primed Adaptation
Complex (PAC) (Redding et al., 2015). PAC is known to translocate on the target DNA,
displacing protein roadblocks en route. However, it was not clear if the nuclease domain of
Cas3/I-E cleaves the target DNA forming substrates for the Cas1-Cas2 complex. To test the
importance of nuclease and helicase domains during primed adaptation, Cas3/I-C (WT) was
replaced with its nuclease (D48A) (Figure 5.2, lane 7, 8 and 9) and helicase mutants (D395A)
(Figure 5.2, lane 10, 11 and 12), successively, and array expansion was assessed. Interestingly,
the frequency of acquisition was reduced, suggesting that the nuclease and helicase activities

are required for the primed adaptation in type 1-C (Figure 5.2).

5.3.2 PAM sequence acts as a gate between interference and adaptation
Having established the cooperation between interference and adaptation complexes in
type I-C, we set out to study the effect of the alternate PAM sequence on Primed Adaptation.
The protospacer sequences with three different PAM were inserted in the pUC19 plasmid to
generate pT-PAM (TTC) and pT-mPAM (TAC and ATG), and these plasmids were
transformed into E. coli IC-3 strain harbouring Cas3/I-C, Cascade/I-C and Cas4-1-2/I-C. We
observed that when a non-target plasmid (without protospacer sequence) was transformed, the
acquisition frequency was in line with the naive adaptation process (Figure 5.3, lane 2). When
TTC was used as PAM, the adaptation frequency was similar in the presence and absence of
Cas3, suggesting that the acquisition frequency is similar to naive adaptation. Interestingly,
when the PAM was mutated to ATG or TAC, a significant increase in acquisition frequency
was observed (Figure 5.3, lanes 8 and 11). In order to assess the fold difference between naive
and primed adaptation in type I-C, we used ATG PAM in the absence of Cas3 and cells were
grown for four cycles instead of two cycles. We observed that even after four cycles, the
adaptation frequency of naive adaptation was significantly lower than the frequency observed
during primed adaptation (Figure, lane 12). On the other hand, deviation from the cognate TTC

PAM leads to increased spacer acquisition, suggesting that it is primed adaptation.
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Figure 5. 3: Effect of PAM sequence on primed adaptation.

(A). E. coli 1C-3 was transformed with pT-PAM (TTC) and pT-mPAM (TAC and ATG), and
spacer acquisition was observed using PCR. The frequency of spacer acquisition for non-target
plasmid (lanes 2) was similar to the frequency observed when Cas3/I-C is absent (lanes 4, 7
and 10), suggesting that is naive adaptation. When TTC was used as PAM in the presence of
Cas3/1-C, the frequency of acquisition was similar to naive adaptation, whereas, when the PAM
sequence was mutated to TAC or ATG, we could observe a significant rise in spacer
acquisition. To compare naive and primed adaptation, the target plasmid with ATG PAM was
transformed in the absence of Cas3/I-C (lane 12), and cells were grown for four cycles instead
of two cycles (marked as a red star). Surprisingly, even after four generations, the frequency of
acquisition was lower than that of primed adaptation. Samples were analysed using 0.8 %
agarose gel. This is a representative spacer acquisition assay out of three independent trials.

(B). The figure shows the percentage acquisition from three independent trials, as shown in the
figure above. Error bar represents standard deviation measured from three independent trials.
The band intensities were measured using Image Lab software and plotted as a bar graph.

Based on our experiments and previously reported observations (Semenova et al.,

2016), we hypothesized that in the presence of non-cognate PAM (ATG and TAC), target DNA
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is not rapidly cleaved by Cas3/I-C, providing adequate time for adaptation machinery to select
and uptake spacers. To test this hypothesis, we used a 100 bp 6-FAM labelled (non-target
strand) DNA construct, as shown in Figure 5.4A, with cognate ‘TTC’ and non-cognate ‘ATG’
PAM sequence. We observed cleavage after the addition of type I-C Cas proteins. When ‘TTC’
was used as PAM, the target DNA was degraded in the presence of Cas3/I-C and Cascade/I-C
(Lanes 5, 7, 11 and 13 in Figure 5.4B), whereas the target DNA containing ‘ATG” PAM
sequence was comparatively intact (Lanes 5, 7, 11 and 13 in Figure 5.4C). Moreover, we could
also observe multiple bands in the presence of Cas4-2-1/I-C (Lanes 4 and 10 in Figure 5.4B-
C). It has been shown that Cas4, in association with Cas1-2, cleaves PAM containing prespacer,
ensuring spacer fidelity (Lee et al., 2019; Lee et al., 2018). Presumably, the presence of
multiple PAM sequences on the target DNA (Figure 5.4D) may favour nuclease cleavage by
the Cas4-2-1 complex.
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ATTATTGTACTTAAGACCTATTTTCGAAAGCTAATGATCATGTCCAACGAATCAATACCTACCTCAATGAACCTAGGCATGGAGTATACCTAACCTTGAT
TAATAACATGAATTCTGGATAAAAGCTTTCGATTACTAGTACAGGTTGCTTAGT TATGGATGGAGTTACTTGGATCCGTAGGTCATATGGATTGGAACTA

Spacer region

Figure 5. 4: Rapid degradation of target DNA by interference machinery.

(A). Schematic representation of 100 bp DNA substrates (also mentioned in Figure 4.4) with
biotin (black dot) at 5’ end of the non-target strand (NTS), 6-FAM (shown as a green star) at
5" nucleotide, ITowa Black® FQ (shown as a brown dot) at 29 nucleotide on target strand (TS)
and PAM sequence TTC (depicted in red).

(B). 100 bp DNA harbouring ‘TTC’ PAM sequence was incubated with Cas3/I-C, Cas4-1-2/I-
C and Cascade/I-C for 60 mins in various combinations, and ATP/AMP-PNP was added to the
reaction. The red triangle indicates cleavage products. M denotes 6-FAM labelled DNA
markers.

(C). 100 bp DNA harbouring ‘ATG’ PAM sequence was incubated with Cas3/I-C, Cas4-1-2/I-
C and Cascade/I-C for 60 mins in various combinations, and ATP/AMP-PNP was added to the
reaction.
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(D). The sequence of target DNA indicating the presence of PAM (red) or PAM-like (blue)
regions triggering nuclease cleavage by the Cas4-1-2 complex.

Note: Samples were analysed using 20% denaturing 8M urea polyacrylamide gel.

5.3.3 Cas3/I-C CTD is essential for primed adaptation

Having established the importance of nuclease and helicase domains during primed
adaptation, we asked if the Cas3 CTD is crucial for spacer acquisition. In chapter 3, we have
shown that CTD is essential for interference and point mutations on the conserved residues of
CTD lead to impaired target cleavage (Figure 3.2C and 3.2E). We transformed the E. coli IC-
3 strain with Cas3/I-C CTD mutants along with the Cas4-2-1 complex. Apart from wild-type
Cas3/I-C and Cas3/I-C K742A (Figure 5.5 lanes 3-4), we observed that the acquisition
frequency for all other mutants (K743A, Q745A, Q746A, Y747A and ACTD) corresponds to
naive adaptation, suggesting the importance of CTD during adaptation (Figure 5.5, lanes 5-9).
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Figure 5. 5: Role of Cas3/I-C CTD in primed adaptation.

(A). Cas3/I-C (wt) and CTD mutants were tested for their involvement in primed adaptation.
Except for Cas3/I-C K742A, other CTD mutants seem to be crucial for primed adaptation.
This is a representative experiment out of three independent trials.
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(B). The figure represents percentage acquisition from three independent trials, as shown in
figure 5.4A. Error bar represents standard deviation measured from three independent trials

5.3.4 Minimal interaction between adaptation and interference complex

drives primed adaptation.

There are two possible mechanisms of spacer uptake that have been observed in the
type I-E system in E. coli. According to the first mechanism, in the type I-E system, the PAM
containing fragments (~ 30-40 nt) generated as a result of nuclease degradation by Cas3 are
uptaken by the Casl-2 complex and integrated into the CRISPR locus (Kunne et al., 2016).
This model may or may not require direct interaction of the Casl-2 complex with the
interference complex. On the contrary, another model in type I-E system suggests that
mutations in PAM aborts interference and promotes forming a primed adaptation complex
(PAC) containing adaptation proteins and Cas3 (Redding et al., 2015; Xue et al., 2016). Here,
the adaptation complex along with Cas3 moves on the target DNA, selecting new spacers for
integration (Redding et al., 2015). On the other hand, the adaptation complex in the type I-C
system harbours Cas4, which is absent in the type I-E system. Hence, we asked which of the
two possible mechanisms is followed in the type I-C system where the composition of the
adaptation complex is different from the type I-E system. In order to check this, we employed
100 bp 6-FAM labelled target DNA containing mutated “ATG” PAM sequence (Figure 5.6A).
As expected, when Cascade/I-C and Cas4-1-2/1-C were added, we could observe an increase
in fluorescence anisotropy suggesting efficient binding, while Cas3/I-C could not bind to

dsDNA (Figure 5.6B).

We first incubated the target DNA with Cascade, followed by other proteins (Figure
5.6C) and measured a change in fluorescence anisotropy. As expected, the addition of Cas3
showed an increase in anisotropy, suggesting efficient binding. On the other hand, the addition
of the Cas4-2-1 complex exhibited no change in anisotropy, suggesting a lack of direct
interaction between the Cascade and the Cas4-1-2 complex. Next, to test if the Cas4-1-2
complex interacts with Cas3, we first incubated Cascade-target DNA with Cas3 and then Cas4-
2-1 was added in an increasing concentration. Surprisingly, we could not observe any
significant change in fluorescence anisotropy, suggesting an apparent lack of interaction
between the Cas3 and Cas4-1-2 complex. Additionally, we reversed the order of interaction by

incubating Cascade bound target DNA with Cas4-1-2 complex followed by an increasing
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concentration of Cas3 and observed an increase in fluorescence anisotropy. As mentioned
above, there is no direct interaction between Cascade and Cas4-2-1, and hence this increase in
fluorescence anisotropy is attributed to the binding of Cas3 to the Cascade complex. To further
probe the molecular interaction, we first incubated the target DNA with the Cas4-1-2 complex
and later added either Cascade or Cas3, followed by Cascade. Surprisingly we could not
observe a significant change in fluorescence anisotropy, possibly due to the protection of the

Cascade binding site by the Cas4-1-2 complex (Figure 5.6 D).
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Figure 5. 6: Sequential binding of effector Cas proteins to target DNA.

(A). A schematic representation of 100 bp FAM labelled target DNA (‘ATG’ PAM),
representing the probable interaction between Cas4-1-2/I-C and Cas3/I-C. The green star
represents 6-FAM. Target Strand and non-target are depicted in yellow and blue, respectively.
PAM is represented in Red colour.

(B). The target DNA mentioned above was incubated with an increasing concentration of
Cascade/Cas3/Cas4-1-2 complex, and fluorescence anisotropy measurements were recorded.

(C). The target DNA was first incubated with 1 pM of Cascade, and Cas3/Cas4-1-2 was added
later. The symbol ‘->’ represents the sequential addition of a given protein to Cascade bound
target DNA. Cas3 -> Cas4-1-2 represent the addition of 1 uM Cas3, followed by an increasing
concentration of Cas4-1-2. Similarly, Cas412 -> Cas3 represents the addition of 1 uM Cas4-1-
2, followed by an increasing concentration of Cas3.
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(D). The target DNA was first incubated with 1 uM of Cas4-1-2, and Cas3/Cascade was added
later. The symbol ‘->’ represents the sequential addition of protein to Cas4-1-2 bound target
DNA. Cascade -> Cas3 represents the addition of 1 uM Cascade, followed by an increasing
concentration of Cas3.

Note: All the experiments were performed three times, and standard deviations are represented
as bars. The x-axis represents the concentration (in uM) of indicated protein(s) or complex.

5.3.5 Cas4-1-2/1-C retards target DNA reeling by Cas3/I-C
In chapter 4, we have shown that Cas3/I-C degrades target DNA via the reeling

mechanism (Figure 4.5). Therefore, we asked whether the transient association between
Cas3/I-C and Cas4-1-2/I-C alters target DNA reeling. To address this, we used a 100 bp dsDNA
with a fluorophore (6-FAM) and a quencher (Iowa Black FQ) (Figure 4.4 and 5.7A). Biotin
was introduced at the 5" end with the presumption that Cas3/I-C would halt on encountering
the biotin-streptavidin block, thus sustaining 6-FAM quenching by Iowa Black FQ for a
sufficiently long duration for measurements. Since 6-FAM and IB were far apart, the
fluorescence of 6-FAM was not quenched. However, if Cas3/I-C reeled the DNA, 6-FAM
would come in proximity with IB, which would quench the fluorescence. Target DNA was
saturated with streptavidin and Cascade/I-C before adding Cas3/I-C, and fluorescence intensity
in the presence of ATP was measured to estimate the extent of quenching. As expected, we
could observe a significant fluorescence quenching when Cascade/I-C, followed by Cas3/I-C,
was added to the reaction (purple curve in Figure 5.7B). Interestingly, we could observe only
a slight decrease in fluorescence intensity when the Cas4-1-2 complex was present along with
Cascade/I-C and Cas3/I-C (black and orange curve in Figure 5.7B). This reduction in
fluorescence quenching may be either due to DNA cleavage by Cas3/I-C or due to blocking of
Cas3/I-C movement. There was no quenching when only Cascade/Cas3/Cas4-1-2 or Cas4-1-
2, followed by Cas3, was present. On the other hand, when ATP was not present, we could not

observe any fluorescence quenching (Figure 5.7C).
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Figure 5. 7: DNA reeling in the presence of Cascade, Cas3 and Cas4-1-2.

(A). A schematic representation of 100 bp FAM, Iowa Black (IB) and Biotin labelled target
DNA with ‘TTC’ PAM. TS — Target Strand, NTS — Non-target strand.

(B). The DNA substrate mentioned above was incubated only with Cascade/Cas3/Cas4-1-2 or
Cascade, followed by Cas3 and Cas4-1-2, and fluorescence intensity was measured at 516 nm.
ATP concentration used was 1 mM. The symbol ‘>’ represents the sequential addition of
proteins to Cascade/Cas4-1-2 bound target DNA. Cascade -> Cas3 -> Cas4-1-2 represent the
addition of 1 uM Cascade, followed by 1 uM Cas3 and an increasing concentration of Cas4-1-
2. Similarly, Cas412 -> Cas3 represents the addition of 1 pM Cas4-1-2, followed by an

increasing concentration of Cas3.
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(C). Fluorescence quenching was measured with the substrate mentioned in (b) in the absence
of ATP.

5.4 Discussion

The crosstalk between interference and adaptation is known in several CRISPR types.
In an ideal condition, when there is a perfect target-DNA:crRNA matching, the interference
machinery diverts towards the target-degradation pathway. However, when the target
degradation is delayed due to target-DNA:crRNA mismatching, it becomes essential to channel
the resources to acquire new spacers using available defective interference machinery
(Datsenko et al., 2012; Kunne et al., 2016; Nussenzweig et al., 2019; Semenova et al., 2016;
Staals et al., 2016a; Xue et al., 2015). Subsequently, the newly acquired spacers can efficiently
guide the interference complex during target degradation. To understand such a phenomenon
in type I-C system, we have designed an E. coli surrogate system and utilized it to understand
primed adaptation in vivo. In line with the previous reports (Datsenko et al., 2012; Kunne et
al., 2016; Nussenzweig et al.,2019; Rao et al., 2017; Semenova et al., 2016; Staals et al., 2016a;
Xue et al., 2015), the presence of Cas3/I-C assists in increasing the acquisition frequency
through its interaction with the adaptation complex. Surprisingly, we could detect an expansion
of the CRISPR array even in the absence of either Cas3 or the target DNA, which is likely due
to spacer acquisition from already existing plasmids (Yosef et al., 2012). Since there is no
priming of interference complex in the absence of Cas3 or target DNA, the spacer acquisition
under such condition can happen through a naive adaptation mechanism (RecBCD mediated

acquisition in E. coli) (Ivancic-Bace et al., 2015; Levy et al., 2015).

Cas2/I-F and Cas3/I-F are fused in type I-F system, and the complex Cas2-3/I-F has
long provided a link between interference and adaptation machinery (Fagerlund et al., 2017;
Koonin et al., 2017a; Makarova et al., 2020). In Pectobacterium atrosepticum (type I-F), the
Casl/I-F, Cas2-Cas3/I-F assemble to form a ~ 400 kDa complex with four Casl/I-F subunits
and two Cas2-3/I-F subunits (Fagerlund et al., 2017). Interestingly, in this system, the integrase
activity of Casl/I-F was essential, and it was independent of the nuclease and helicase activity
of Cas3/I-F (Fagerlund et al., 2017). Moreover, in the type I-F system in P. aeruginosa, Cas1/I-
F also acts as a repressor of the nuclease activity of Cas2-3/I-F (Rollins et al., 2017). Our data
on type I-C suggest that both the nuclease and helicase activities of Cas3/I-C are essential for

primed adaptation. The available cryo-EM structure of the Cas4-1-2 complex from B.
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halodurans shows an asymmetrically placed Cas4 subunit (Lee et al., 2019). Hence it is likely
that the PAM proximal end of the protospacer may be trimmed by asymmetrically placed Cas4
subunit in Cas4-1-2 complex while the nuclease domain of Cas3/I-C processes the PAM distal
end. Additionally, the deletion of Cas3/I-C CTD also leads to impaired spacer acquisition.
Similarly, point mutations on the conserved amino acid residues on the CTD do not support

primed adaptation, probably due to the destabilization of Cas3-DNA interaction (Figure 3.4).

In chapter 4, we have shown that Cas3/I-C remains attached to target-bound Cascade
molecule and effectively reels DNA which was evident from fluorescence quenching (Figure
4.5). However, we observed that the fluorescence quenching was significantly reduced when
Cas4-1-2/I-C was also present in the reaction. Additionally, we observed that Cas4-1-2/I-C
cleaved the target DNA even in the absence of Cascade/I-C and Cas3/I-C (Lanes 4 and 10 in
Figure 5.4B-C). Hence, the apparent decrease in fluorescence quenching in the presence of

Cas4-1-2/1-C may be attributed to the cleavage of target DNA, forbidding reeling by Cas3/I-C.

Although primed adaptation has been established, the fundamental question of how the
spacers are generated by cooperation between interference and adaptation complexes is poorly
understood. Understanding how Cascade recruits either Cas3 for DNA degradation or Cas4-1-
2 for spacer acquisition is likely to elucidate this mechanism. At present, there are two plausible
models to explain this cooperation: (1) According to the first model, the mismatch between
target-DNA and crRNA or mutated PAM induces an ‘open’ conformation in the Cas8 subunit
of the Cascade complex (Blosser et al., 2015; Redding et al., 2015; Xue et al., 2015; Xue et al.,
2016). This model explains the Casl-2 dependent recruitment of Cas3 at the target location
leading to spacer acquisition. (2) According to an alternate model, the PAM and ‘seed’
sequence-dependent conformational changes in the interference complex are not prerequisites
for switching between interference and adaptation (Semenova et al.,, 2016). Here, both
interference and adaptation are the results of the same target-DNA destruction pathway. When
fully and partially matching targets were present on the same DNA molecule, it was observed
that the frequency of acquisition for a fully matched target was at least ten times more than the
mismatched target (Semenova et al., 2016). On the contrary, when matching and mismatching
targets were on separate DNA molecule, the mismatched target DNA was a preferred substrate
for spacer acquisition (Semenova et al., 2016). These discrepancies in the protospacer
preference can be explained by considering the rate of target degradation. When both the targets
were on the same DNA, the rate of target degradation was the same for both matched and
mismatched targets that led to similar spacer acquisition. When matched and mismatched
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targets were present on separate DNA molecule, the target DNA was cleaved at a higher rate,
making it difficult for adaptation machinery to harvest spacers while the mismatched target
was available for sufficient time, allowing easy spacer selection. In this study, we have used
both cognate as well as mutated PAM sequences. The spacer acquisition pathway is favoured
when the PAM region is mutated, which is in line with the previous reports. Based on previous
reports on Legionella pnuemophila and E. coli (Rao et al., 2017; Semenova et al., 2011), the
spacer uptake mechanism in B. halodurans is likely to follow the second model of primed
adaptation; however, since the primed adaptation mechanism shows differences within the
same CRISPR subtype, this will prime the future studies to resolve the basis for such

differences.

5.5 Summary:

Most of our understandings about primed adaptation belong to type I-E and I-F systems
and some sporadic pieces of information from type I-B and I-C. In this chapter, we have shown
that the presence of Cas3/I-C enhances the frequency of spacer acquisition by functioning in
cooperation with Cascade and adaptation complex. We showed that, unlike the type I-F system,
the nuclease and helicase activities of Cas3/I-C are required most likely for translocation during
spacer selection and uptake from the target DNA and processing of the PAM distal end.
Deletion and mutation in Cas3/I-C CTD destabilize the interaction of Cas3 with DNA, and
thus, the spacer acquisition mechanism follows RecBCD mediated naive adaptation. Apart
from protein components, PAM sequence mismatch is also responsible for the apparent
increase in spacer acquisition frequency. We have also shown that the interaction between type

I-C adaptation and interference proteins seems to be transient.
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6.1 Conclusion

The phrase “survival of the fittest” is the hallmark of the Darwinian theory of evolution.
This statement applies to all living organisms, including microscopic bacteria and phages.
Phages/MGEs that are devoid of cytoplasm hijack bacterial system to replicate and propagate.
As protection against invading phages, bacteria have developed and regularly improved several
defence systems, of which the CRISPR-Cas system is the only identified adaptive immune
system in prokaryotes (Bolotin et al., 2005; Jansen et al., 2002; Mojica et al., 2005; Pourcel et
al., 2005). The CRISPR-Cas system acts against phages and other MGEs using the sequence
specificity imparted by the crRNA present within the interference complex. As mentioned
earlier, the CRISPR-Cas systems are highly diverse and yet perform a similar function, i.e.
degradation of invading MGE (Koonin et al., 2017a; Makarova et al., 2020). The interference
stage, where the invading nucleic acid molecule is cleaved, is mechanistically similar to RNA
interference in eukaryotes and is the hallmark of the CRISPR-Cas system. Interestingly, the
proteins involved in the interference stage also seem to govern the adaptation and the
maturation stage, thus making interference unique. For example, Cas6 or Cas5 (type I-C) is a
constituent of the interference complex that helps in the trimming and maturation of crRNA
(Nam et al., 2012; Punetha et al., 2014). Similarly, Cas3 and Cascade interact with the
adaptation complex to increase spacer acquisition frequency (Dillard et al., 2018; Rao et al.,
2017; Richter et al., 2014; Xue et al., 2016). The present work has attempted to unravel the
molecular mechanism of CRISPR interference in a minimalistic type [-C CRISPR-Cas system
and shows the interplay between interference and adaptation. Focusing on understanding the
functioning of the effector nuclease, we characterized Cas3/I-C in detail. Like Cas3/I-E,
Cas3/I-C is also a metal-dependent ssDNA specific nuclease that unwinds duplex DNA ina 3’
to 5’ direction utilizing energy from ATP; however, these activities are independent of DNA
sequence. The cooperation between nuclease and helicase domains was evident when the
addition of ATP stimulated the nuclease cleavage of plasmid, and the addition of DNA
increases the rate of ATP hydrolysis by the helicase domain. However, the knowledge about
the kinetics of Cas3 loading, translocation, and degradation rate is poorly understood and

therefore, it will be interesting to probe these mechanistic aspects.

We further tested the activities and interplay between nuclease and helicase domains in
vivo, using an E. coli (IC-1 strain) surrogate system. This strain of E. coli contained a spacer

for targeting pUCI19 plasmid with the corresponding protospacer. The region harbouring
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Cascade proteins on intrinsic type I-E CRISPR-Cas locus was deleted using A-red recombinase
to avoid activity overlap between type I-E and integrated type I-C system. Since E. coli is a
model bacterium, having abundantly available genetic manipulation tools, the development of
a surrogate system facilitated the study of type I-C system in an in vivo set-up. Additionally,
the E. coli IC-1 strain was used to comprehend the contribution of Cas3 CTD during target
cleavage. Interestingly, the sequence analysis of Cas3 CTD revealed the presence of conserved
amino acids in type I-C, whereas we could not observe any conservation in type I-E, and hence
we set out to understand the importance of these conserved residues. Our experimental data
suggested that residues K742, K743, Q745, Q746 and Y747 are crucial for interference;
however, the exact involvement of these residues in interference was not apparent initially. Our
unsuccessful attempts to crystallize Cas3/I-C led us to adopt homology modelling as an
alternative approach. Based on the crystal structure Cas3/I-E structure, Cas3/I-C was modelled,
which suggested that the conserved residues in CTD bolts Cas3/I-C on target DNA and thus
crucial for stabilization of Cas3-DNA interaction. Additionally, the Cryo-EM structure of the
Cas3/I-E in complex with Cascade/I-E suggested that Cas3/I-E interacts with Cascade/I-E via
a set of four interfaces (Xiao et al., 2018), and CTD seems to not play any role in the interaction
(Xiao et al., 2018); however, since the structure represents one snapshot of the dynamic
interactions, the possibility of Cas3-Cascade interaction in type I-C system via CTD cannot be
ruled out. Future investigations that attempt to determine the high-resolution structure of type
I-C interference complex will significantly advance our understanding of molecular

interactions in this system.
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Figure 6. 1: A schematic model representing the possible scenarios leading to Cas3/I-C
mediated target DNA cleavage or primed adaptation.

Cascade/I-C (shown in blue) through base pairing between crRNA (indicated as stem and loop
structure in green) and target DNA locates the invading foreign genetic element, thereby
forming an R-loop. The ensuing conformational change in the large subunit of Cascade/I-C
facilitates its binding to Cas3/I-C. This is followed by nucleotide independent single-stranded
nick on the non-target strand by HD domain. This promotes the loading of the helicase domain
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of Cas3/I-C onto the ssDNA of the non-target strand. Based on the longevity of Cascade/I-C—
Cas3/I-C interaction, we propose that Cas3/I-C remains attached to Cascade/I-C as a stable
complex and reels in the non-target strand (this leads to DNA looping on the target strand),
utilizing energy from ATP. Subsequently, Cas3/I-C may hit a roadblock (e.g. a DNA-binding
protein), which can trigger further DNA cleavage. Here, the cleavage site is likely to be in
proximity to the Cascade/I-C. On the contrary, the mutation in the PAM or ‘seed’ region may
lead to an alternate Cascade/I-C confirmation, which recruits Cas4-1-2/I-C complex (coloured
green) and Cas3/I-C. Spacers may be acquired from an upstream cognate PAM containing a
portion of DNA leading to primed adaptation.

Having characterized Cas3/I-C, we tried to understand the molecular events that occur
during target cleavage. Interestingly, we found that the single-stranded region (displaced non-
target strand, Figure 6.1 and 4.2) formed as a result of R-loop formation by Cascade: target-
DNA binding is sufficient for Cas3/I-C to load and degrade DNA in the presence of ATP;
however, ATP is not required for Cas3/I-C loading. However, these findings do not rebut the
importance of Cas3-Cascade interaction during interference. The interaction between Cas3 and
Cascade is believed to direct the nuclease activity of Cas3 towards a specific target. The
interaction between Cas3 and Cascade can be weak or strong depending on the CRISPR type
and the species of bacteria/archaea. For example, this interaction is weak in E. coli but is
observed to be very strong in 7. fusca (Loeff et al., 2018). Interestingly both the E. coli and T.
fusca harbour type I-E system and yet exhibit these differences. While studying the prevalence
of Cas3-Cascade interaction in type I-C system during interference, we observed that the
contact between Cas3 and Cascade in B. halodurans is strong, and thus we observed that type
I-C follows the reeling mechanism of target degradation similar to 7. fusca (Loeff et al., 2018).
It will be interesting to see if a similar mechanism is followed in other CRISPR types, including
the type I-C system in other bacteria. During reeling, Cas3/I-C may encounter protein
roadblocks that can impede its translocation. The stalling of the movement of Cas3/I-C on the
target DNA stimulates the nuclease cleavage, which is in line with Cas3/I-E from 7. fusca
(Dillard et al., 2018). We presume that the stalling of Cas3/I-C movement provides enough

residence time for the nuclease domain to cleave the DNA.

The identification and degradation of target DN A rely on the sequence of the protospacer.
However, phages and MGEs are known to mutate rapidly, which can lead to impaired
interference. The CRISPR system compensates for the mutated target by acquiring more

spacers abutting the Cascade priming region. Using E. coli as a surrogate system, we have

140
TH-2684_136106023



Chapter 6: Conclusion, Future Directions and Applications

shown that all the three domains of Cas3/I-C — nuclease, helicase and CTD — are essential for
primed adaptation where PAM acts as a switch between interference and adaptation pathway.
Overall, the significant outcomes of the thesis underline the crucial events that occur during

the target cleavage and cross-talk between interference and the adaptation stage.

6.1.1 Future scope and application:

In the present study, we have attempted to uncover the molecular events leading to the
target recognition and cleavage mechanism in the type I-C CRISPR-Cas system. However,
several questions remain open. At present, the type I-C CRISPR-Cas system lacks high-
resolution structural information, and hence, it is challenging to study its functional mechanism
at atomic details. Determining molecular structures of proteins in the type [-C system would
help answer questions related to the domain conformation, protein interactions, and PAM
identification. On the other hand, we have shown that primed adaptation is prevalent in the type
I-C system. However, the precise molecular mechanism is yet not known. It will be exciting to
understand the cross-talk between interference and adaptation despite differences in CRISPR

architecture.

The current research on type-I CRISPR-Cas system unlocks several opportunities in the
development of novel applications in the field of therapeutics, bio-processing, medical
diagnosis and many more. Class 2 CRISPR proteins (Cas9, Cas12 or Cas13) have shown their
potential as a genetic manipulation tool recently and are already being used for genome editing.
However, it has also been found that the efficiency of these proteins is not significant and the
usage of these proteins leads often leads to off-site targeting. Although type I systems work in
a similar mechanism, their use was limited due to the presence of a multi-subunit effector
complex, unlike a single subunit in Cas9/Cas12/Cas13. However, recently, harnessing type |
systems for genome editing has been shown to be effective in prokaryotes (Hidalgo-Cantabrana
et al., 2019; Xu et al., 2021). The spacer length in the type I system varies from a minimum of
~25 nt to as long as ~36 nt, which is significantly higher than that of Cas9 (~20 nt). A longer
spacer length can potentially decrease the off-site effect, increasing the overall efficiency of

the system.
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1. Table 1. Oligonucleotide and other

used in this study:

Appendix

DNA sequences

Oligo name Sequence (5’ to 3°) Description
Cas3-pQE2-FP | ATGCCATATGATGTACATTGCCCATATTCGA Amplification of gene
encoding Cas3 from B.
Cas3-pQE2-RP | GGTACCTTAAAACGACATAAAGTCCAT halodurans with
restriction sites Ndel
and Kpnl for pQE2
plasmid.
Cas3-LIC-FP TACTTCCAATCCAATGCAATGTACATTGCCCATATTCGA | Amplification of gene
Cas3-LIC-RP | TTATCCACTTCCAATGTTATTATTAAAACGACATAAAGT ZZ?SS;I;inSaS\?V itfflmife
gy sites for p1R plasmid.
Cas3-D48A GTGTATTTCCCTAGAGCGTGGAGGAGCCCCG Along  with
Cas3-D395A GCCATTCCGTCTTAATTTTTGCTGAAGTGCAGAAAGTAC | Cas3-pQE2 and Cas3-
CG LIC primers, these
Cas3-Q253A TGGCAAATGACTCGCACGCCTCAGACATAGCAGACC primers were used for
Cas3-K742A GACGACTTATCAAAGGTGTTGGCAAAGGCGCAGCAGTA | PCR based. site-directed
TACAG mutagenesis.
Cas3-K743A GTTGACGACTTATCAAAGGTGTTGAAAGCGGCGCAGCA
GTATA
Cas3-Q745A CAAAGGTGTTGAAAAAGGCGGCGCAGTATACAGTCAAC
CTTT
Cas3-Q746A AAGGTGTTGAAAAAGGCGCAGGCGTATACAGTCAACCT
TTATTC
Cas3-Y747A GTGTTGAAAAAGGCGCAGCAGGCTACAGTCAACCTTTA
TTCACA
Cas3’-FP GGAATTCCATATGGCTATGTCTGAGCAGTGCGAGTCATT | Amplification of
T helicase and C-terminal
domain of Cas3 from B.
halodurans (Amino
acid 249-800) with
restriction sites Ndel
and Kpnl for insertion
in pQE2 plasmid
Cas3”-RP ATACGGGGTACCTTAAGACCGCAGTACATTAATTGGTTT | Amplification of
CTGCGC nuclease domain of
Cas3 from B.
halodurans (Amino
acid 1-248) with
restriction sites Ndel
and Kpnl for insertion
in pQE2 plasmid.
Ahns-FP ATTATTACCTCAACAAACCACCCCAATATAAGTTTGAGA | For deletion of ns gene
TTACTACAATGTATGAATATCCTCCTTAGTT from Acas3 strain of E.
Ahns-RP GATTTTAAGCAAGTGCAATCTACAAAAGATTATTGCTTG | coli K-12
ATCAGGAAATCTGTAGGCTGGAGCTGCTTCG
CasS-FP TACTTCCAATCCAATGCAATGAGAAACGAAGTCCAATTT | Amplification of casS5,
GAGCTATTT cas8c and cas7 as a
Cas7-RP TTATCCACTTCCAATGTTATTATTACTGGCCATCAATCA | single construct from B.
CTT halodurans with LIC
site for p1R
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Acas3-FP AGCCCGCTGATATCATCGATAATACTAAAAAAACAGGG | For deletion of cas3
AGGCTATTAATGGGCGCGCCTACCTGTGACGG (ygeB) gene from E.
Acas3-RP ATCGTCATTGATAACAATCATTCCCGAAGTTATTTGGGA | coli K-12
TTTGCAGGGATAACTTCATTTAAATGGCGCG
F1-T7-FP ATTCGAGCTCGGTACCCGGGGATCCTAATACGACTCACT | For  integration  of
ATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGA | cascade/I-C, using
AATAATTTTGTT clonetegration into P21
F2-cas5 AGCTCAAATTGGACTTCGTTTCTCATGGTATATCTCCTTC | attB site of 1YB5101.
TTAAAGTTAAACAAAATTATTTCTAGAGGGGAATTGTTA | C1-T7-FP was used to
TCCGCTCACA insert T7 promoter
F3-cas5 TTTAACTTTAAGAAGGAGATATACCATGAGAAACGAAG | upstream of cascade/I-
TCCAATTTGAGCT C. Other
F4-cas7-RP CATGCATCTCGAGGCATGCCTGCAGTTACTGGCCATCAA | oligonucleotides  were
TCACTTCAACA used to amplify cascade
from B. halodurans
Helicase-act- AGTGACTTCTGAGGTGTAGGTTACTCACGCTGCTAAGAA | For helicase activity
long TGTAGTTTAAGGTGCGTGAGTCCGTGTGTAG assays.  Helicase-act-
Helicase-act- TTAGCAGCGTGAGTAACCTACACCTCAGAAGTCACT-6- long was annealed to
3’short FAM3’ either of the two 6-
Helicase-act- 5’-6-FAM- FAM labelled
5’short CTACACACGGACTCACGCACCTTAAACTACATTC oligonucleotides to

form 3’ or 5’ overhang.

F5-Target-TTC-
FP

AAACAGCTATGACCATGATTACGCCAAGCTTTTCTAACT
CCATCCATAACTAAGCAACCT

F6-Target-RP

CAGTGAATTCGAGCTCGGTACCCGGGGATCCTACTAGT
ACAGGTTGCTTAGTTATGGATG

These oligonucleotides
have 3
complementarity. 100
bp  fragment  was
generated using these
oligonucleotides in a
PCR  reaction and
inserted in pUCI9
vector to  generate
Target plasmid (T1)

Target-TTC-FP

TACTTCCAATCCAATGCAGGTACCATCGAAAGTAACTCC
ATCCATAACTAAGCAACCTGT

Target-TAC-FP

TACTTCCAATCCAATGCAGGTACCATCGAATGTAACTCC
ATCCATAACTAAGCAACCTGT

Target-ATG-FP

TACTTCCAATCCAATGCAGGTACCATCGATACTAACTCC
ATCCATAACTAAGCAACCTGT

These oligonucleotides
have 3
complementarity. 100
bp DNA construct was
generated using PCR

Targert-RP TAATAACATTGGAAGTGGATAAAAGCTTTCGATTACTA
GTACAGGTTGCTTAGTTATGGA

Dloop-AAG-FP | TACTTCCAATCCAATGCAGGTACCATCGAAAGTAACTCC | These oligonucleotides
ATCCATAACTAAGCAACCTGTACTAGTAATCGAAAGCTT | were  annealed  to
TTATGGACTTCCAATGTTATTA generate 100 bp

Dloop-TTC-RP | TAATAACATTGGAAGTCCATAAAAGCTTTCGAAATGAT | construct for DNA loop
CATGTCCAACGAATCAATACCTACCTCAATCTTTCGATG | related experiment.
GTACCTGCATTGGATTGGAAGTA

ssDNA- ATGAAGGTT-Biotin- ssDNA target with

biotin 12 AGGTATACTCCATGCCTAGGTTCATTGAGGTAGGTATTG | biotin at 12™ position
ATTCGTTGGACA-6-FAM-3’

ssDNA ATGAAGGTTAGGTATACTCCATGCCTAGGTTCATTGAGG | ssDNA target without
TAGGTATTGATTCGTTGGACA-6-FAM-3’ biotin

ssDNA- ATGAAGGTTAGGTATACTCC-Biotin- ssDNA target with

biotin 20 ATGCCTAGGTTCATTGAGGTAGGTATTGATTCGTTGGAC | biotin at 20™ position
A-6-FAM-3’

CRISPR/I-C TAATACGACTCACTATAGGGTCGCACTCTTCATGGGTGC | DNA sequence
GTGGATTGAAATATTGAGGTAGGTATTGATTCGTTGGAC | encoding type I-C

ATGATCATGTCGCACTCTTCATGGGTGCGTGGATTGAAA
TATTGAGGTAGGTATTGATTCGTTGGACATGATCATGTC
GCACTCTTCATGGGTGCGTGGATTGAAATATTGAGGTAG

CRISPR array having 7
copies of same repeat-
spacer units with T7
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GTATTGATTCGTTGGACATGATCATGTCGCACTCTTCAT | promoter and  T7
GGGTGCGTGGATTGAAATATTGAGGTAGGTATTGATTC | terminator.
GTTGGACATGATCATGTCGCACTCTTCATGGGTGCGTGG
ATTGAAATATTGAGGTAGGTATTGATTCGTTGGACATGA
TCATGTCGCACTCTTCATGGGTGCGTGGATTGAAATATT
GAGGTAGGTATTGATTCGTTGGACATGATCATGTCGCAC
TCTTCATGGGTGCGTGGATTGAAATATTGAGGTAGGTAT
TGATTCGTTGGACATGATCATGTCGCACTCTTCATGGGT
GCGTGGATTGAAATATTGAGGTAGGTATTGATTCGTTGG
ACATGATCATGTCGCACTCTTCATGGGTGCGTGGATTGA
AATCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCT
GCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGG
GGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGA
2. Table 2. List of strains used in this study:
Strain Genotype Source
E. coli A(araD-araB)567, AlacZ4787(::rtnB-3), A-, tph-1, A(rhaD-rhaB)568, hsdR514 CGSC#:
BW25113 7636
E. coli F-A(araD-araB)567 AlacZ4787 (::xrnB-3) A- rph-1 A(rhaD-rhaB)568 hsdR514 Kind gift
IYB5101 araB:: T7-RNAp-tet4, TetR from Prof.
(Wt) Udi Qimron
E. coli F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, 4hns-746::kan, tph-1, A(rhaD- CGSCH#:
JW1225-2 | vhaB)568, hsdR514, Kan® 9111
E. coli F- ompT hsdsB(rB-, mB-) gal dcm araB:: TT-RNAp-tetd, Tet® Invitrogen
BL21-Al
E. coli F- ompT hsdsB(rB-, mB-) gal dem M(DE3)
BL21(DE3)
E. coli F- mcrd4 A(mrr-hsdRMS-mcrBC) $80lacZAMI1S5 A lacX74 recAl araD139 Invitrogen
TOP10 A(araleu)7697 galU galK rpsL endAl nupG, Str®
E. coli IC-1 | IYB5101 Acsel-cas6 P21::cas5-cas7, Cam® This study
E. coli 1IC-2 | JW1225-2 Ahns Acas3, Cam® This study
E. coliIC-3 | IYB5101 dcsel-cas6 P21::cas5-cas7, 186::Array/I-C, Cam® This study
3. Table 3: List of plasmids used in this study
Plasmid Description Source
name
pKD46 ori R101, repA101ts, AmpR, araC, expresses A Red genes (gam-bet-exo) under | CGSC
the control of arabinose inducible promoter (Paupap). #7739
pOSIP-CT ori Ry, ori pUC, Cam®, attP P21, ccdB, A (cI857) encodes P21 integrase under | Addgene
the control of A promoter (A pR). #45981
pUC19/ ori PBR322, AmpR, for gene insertion under the control of lac promoter. New
pNT1 England
Biolabs
pQE2 ori ColE1, AmpR, expresses gene of interest to synthesize N-terminal 6xHis
tagged protein under the IPTG inducible T5 promoter.
pST-KT / ori PBR322, Kan® Kind gift
pNT2 from Dr. VK
Nandicoori
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pRSF-11/ ori RSF, Kan®, cloning and expression vector with T7 inducible promoter

pT2

pET Strepll ori pMB1, Kan®, lacl, expresses the gene of interest to synthesize N-terminal Addgene

TEV LIC Strepll tagged protein under the control IPTG inducible promoter (PT7lac). #29664

cloning vector (Scott

(plR) Gradia)

pET Strepll ori CloDF13, SpcR, lacl, expresses the gene of interest to synthesize N- Addgene

TEV co- terminal Strepll tagged protein under the control IPTG inducible promoter #48328

transformation | (PT7lac). (Scott

cloning vector Gradia)

(p13SR)

pCas3/I-E PQE2 inserted with cas3 gene from Escherichia coli encoding N-terminal This study
6xHis tagged protein. Ampicillin resistance plasmid. Amp®

pWT- pIR inserted with cas3 gene from B. halodurans encoding N-terminal Strep-1I | This study

1/pCas3/1-C tagged protein. Kanamycin resistance plasmid (Kan®)

pWT- pQE2 inserted with cas3 gene from B. Halodurans encoding N-terminal 6xHis | This study

2/pCas3/1-C tagged protein. Ampicillin resistance plasmid (Amp®)

pHD p1R inserted with HD domain (nuclease) of Cas3/I-C encoding N-terminal This study
Strep-1I tagged protein. Kan®

pHL pIR inserted with DExD/H domain (helicase) of Cas3/I-C encoding N- This study
terminal Strep-II tagged protein. Kan®

pCas3ACTD pIR inserted with Nuclease and Helicase domain of Cas3/I-C without CTD, This study
encoding N-terminal Strep-II tagged protein. Kan®

pCascade/I-C | p1R inserted with Cascade proteins (Cas5, Cas8 and Cas7) encoding N- This study
terminal Strep-1I tagged protein. Kan®

pK742A pIR inserted with Cas3/I-C with alanine mutation at K742 amino acid, This study
encoding N-terminal Strep-II tagged protein. Kan®

pK743A p1R inserted with Cas3/I-C with alanine mutation at K743 amino acid, This study
encoding N-terminal Strep-II tagged protein. Kan®

pQ745A pIR inserted with Cas3/I-C with alanine mutation at Q745 amino acid, This study
encoding N-terminal Strep-II tagged protein. Kan®

pQ746A p1R inserted with Cas3/I-C with alanine mutation at Q746 amino acid, This study
encoding N-terminal Strep-II tagged protein. Kan®

pY747A p1R inserted with Cas3/I-C with alanine mutation at Y747 amino acid, This study
encoding N-terminal Strep-II tagged protein. Kan®

pD48A-1 p1R inserted with HD domain mutant (D48A) of Cas3/I-C encoding N- This study
terminal Strep-1I tagged protein. Kan®

pQ253A-1 p1R inserted with helicase domain mutant (Q253A) of Cas3/I-C encoding N- This study
terminal Strep-1I tagged protein. Kan®

pD395A-1 p1R inserted with helicase domain mutant (D395A) of Cas3/I-C encoding N- This study
terminal Strep-1I tagged protein. Kan®

pT1 Target DNA sequence with TTC PAM inserted in pUC19 vector This study

pCRISPR/I-C | p13SR plasmid inserted with DNA sequence encoding CRISPR array having 7 | This study
copies of same repeat-spacer units. Spectinomycin resistance

pD48A-2 pQE2 inserted with Cas3/I-C with alanine mutation at D48 amino acid, This study
encoding N-terminal 6x His tagged protein. Amp®

pQ253A-2 pQE2 inserted with Cas3/I-C with alanine mutation at D253 amino acid, This study
encoding N-terminal 6x His tagged protein. Amp®

pD395A-2 pQE2 inserted with Cas3/I-C with alanine mutation at D395 amino acid, This study
encoding N-terminal 6x His tagged protein. Amp®

pHD + pHL pQE2 inserted with Nuclease and Helicase domain of Cas3/I-C encoding a This study
bicistronic cassette. Amp®

pHD + pQE2 inserted with Nuclease and Helicase domain of Cas3/I-C without CTD This study

pHLACTD encoding bicistronic cassette. Amp®

pCas4-1-2 13S-R inserted with Cas4-1-2 as a single operon. Spec® This study

pCasl-2 13S-R inserted with Cas1-2 as a single operon. Spec® This study
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