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Abstract

Abstract

Leptospira interrogans is a bacterium that causes Leptospirosis. However, its
pathogenicity is poorly understood due to the lack of effective conventional genetic
manipulation tools. L. interrogans serovar (sv.) Copenhageni encodes two CRISPR-Cas
systems - I-B and I-C in its genome. The presence of the CRISPR-Cas system in the genome
of pathogenic Leptospira has been hypothesized as the reason for low success in genetic
manipulation and, hence, deciphering its virulent gene function. The CRISPR-Cas I-B locus in
L. interrogans has been extensively studied. However, CRISPR-Cas I-C lacks an array
element, making it an interesting subject to investigate its Cas protein's role in CRISPR
biology. The CRISPR-Cas I-C locus encodes all sets of proteins required for adaptation
(LinCaslC, LinCas2C, and LinCas4C), maturation (LinCas5C), and interference (LinCas7C,
LinCas8C, LinCas3C, and LinCas3C’). Moreover, the genes encoding these proteins are
transcriptionally active. The nucleotide sequence and encoded amino acids of the cas genes
show low sequence similarity with subtype I-B and are phylogenetically distantly related. The
adaptation Cas protein (LinCaslC, LinCas2C, and LinCas4C) exhibits metal-ion-dependent
DNase and metal-ion-independent RNase activity under in vitro conditions. However, neither
rLinCas1C nor LinCas2C demonstrates any activity towards small DNA oligos, except for
rLinCas4C. The crystal structure analysis of rLinCas2C shows that it adopts a dimeric
conformation, and each subunit exhibits the characteristic ferredoxin fold. The crystal structure
of rLinCas2C indicates its existence in a catalytically inactive conformational state. The
substitution mutation of active site residues (Tyr7, Asp8, Arg33, and Phe39) of rLinCas2C
with Ala and deletion mutation of RNA recognition loop (Asp60, Lys62, Thr63, and Asp64)
resulted in compromised DNase activity. The catalytic activity observed in adaptation Cas
proteins (LinCas1C and LinCas4C) of sub-type I-C suggests their potential involvement in
recognizing/processing foreign nucleic acid and integrating it as a spacer into the CRISPR
array. While the catalytic function of LinCas2C might be necessary for biological processes
distinct from the CRISPR-Cas-associated function. The rLinCas5C, a maturation Cas protein,
exhibits DNase activity and is contingent on the large size of the DNA substrates (>3kb), as it
displayed no activity on short ssDNA and dsDNA oligos (<36 nt). This study also revealed that
within subtype I-B, which possesses a complete set of Cas proteins and array elements, the
mature crRNA-rLinCas6 complex is protected from the endoribonuclease activity of
rLinCas5C. In silico analysis discovered that among Cas5C orthologs, LinCas5C exclusively
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contains -sheet insertion in the C-terminal, and Phe141 is one of the catalytic triad equivalents
to a more conserved histidine residue. Deleting additional B-sheet insertions and substituting
Phel41 with His141 in LinCas5C resulted in the gain of nuclease activity compared to the
wild-type. The rLinCas5C exhibits non-canonical cleavage activity on the non-cognate repeat
RNAs and pre-crRNAs. This raises a question about CRISPR-Cas I-C interference capability.
To address this, a plasmid interference assay was conducted, which revealed that the Cas
proteins of CRISPR-Cas I-C of Leptospira involved in the interference could functionally
intervene in the foreign plasmids carrying predicted protospacer adjacent motifs in the spacers.
Overall, this study provides a comprehensive understanding of the Leptospira CRISPR-Cas I-
C adaptation and maturation Cas proteins' biochemical activity and sheds light on the
interference capability of Cas proteins in a heterologous host (E. coli). These findings lay the
groundwork for leveraging the endogenous CRISPR-Cas systems of L. interrogans for genome

editing in the near future.
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Chapter 1

1. Defence system in prokaryotes

Bacteria are consistently confronted by bacteriophages, the most prevalent microbes on
earth. In response, bacteria have evolved numerous immune systems to counteract
bacteriophage infections. A dynamic interplay ensues as bacteriophages can develop resistance
mechanisms, engaging in an evolutionary arms race with their hosts. The swift pace of
evolution becomes imperative for the survival of bacterial cells (Bikard & Marraffini, 2012).
Bacteria have evolved many defence mechanisms to prevent or lessen the effects of biotic
assaults. Understanding these barriers is critical for several reasons. They provide insights into
bacterial biology by shedding light on the environmental constraints that bacteria faced in the
past and the strategies that evolved to solve them. These mechanisms are phylogenetically
widespread and have an impact on the physiology of numerous bacterial species (Wein &
Sorek, 2022).

1.1 Classes of bacterial defence.

Bacteria have numerous defence systems against rivals, phages, and predators. These
systems operate at various spatial scales, ranging from molecular and cellular defences to those
that require bacteria to function (Smith et al., 2023).

1.2 Defence at multi-cellular level.

Clonal groupings of bacteria frequently collaborate, thus, collectively surviving
challenges that would Kill single cells (Granato et al., 2023). The production of biofilms is the
most common example of multicellular protection in bacteria. Biofilms are at the root of many
chronic diseases and frequently form in response to drugs and competition from other strains
(Cornforth & Foster, 2013; Lories et al., 2020; Oliveira et al., 2015). Another collective
defensive approach that bacteria use is maintaining long-term population variability in
particular phenotypes (for example, growth phase) so that all individual cells in the colony do
not suffer equally when conditions deteriorate. This type of phenotypic variability is linked to
clinical antibiotic tolerance (Arnoldini et al., 2014; Lapinska et al., 2022). This could also be a

way for bacteria to resist toxins from competition.
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1.3 Defence at a cellular level.

Most hazardous substances must first penetrate a cell before they can cause detriment,
and bacterial membranes are crucial in preventing this invasion. Membrane surface structures,
for example, lipopolysaccharides and curli fibers, protect by blocking phage or toxin-binding
sites or shielding the cell against mechanical abuse (Dy et al., 2014; Vidakovic et al., 2018).
When the cell membrane fails to prevent the entry of hazardous molecules, bacteria can force
them back out by efflux pumps. Efflux pumps are a varied set of bacterial membrane transport
proteins with various substrate specificities and physiological functions (Saier Jr et al., 1998;
Webber & Piddock, 2003).

1.4 Defence at the molecular level.

Molecular level defence is typically performed at post-translational and genetic
modifications; for example, enzymatic methylation of bacterial ribosomes can prevent various
types of antibiotics from binding to their target (Blair et al., 2015). Antibiotics, other
competitive toxins, or phages frequently cause oxidative DNA damage in bacteria (Dong et al.,
2015; Fan et al., 2018), which is compensated via the base excision repair and nucleotide
excision repair systems, which are both highly conserved and ancient processes (Kisker et al.,
2013; Wozniak & Simmons, 2022). Besides chromosomal repair, certain species have RNA
ligases capable of repairing 16S ribosomal RNA damage produced by ribotoxic bacteriocins
(Maviza et al., 2022). Similarly, filamentous phage extrusion can damage E. coli's inner
membrane, although the production of membrane-binding phage shock proteins controls
proton leakage and preserves the proton-motive force (Joly et al., 2010). Bacteria have a variety
of mechanisms for degrading hazardous substances. B-lactamases are ancient proteins that
hydrolyze the ring structure of B-lactam antibiotics like penicillin (Ross et al., 2019).
Restriction-modification systems encode restriction endonucleases, which bind to and cleave
phage and other foreign DNA at specified recognition sites. Target modification also plays a
critical role here, but it is directed toward host DNA: recognition sequences on host DNA are
modified to protect them from degradation, whereas the endonuclease destroys unmodified
phage DNA (Ofir et al., 2018; Tock & Dryden, 2005) enabling innate protection against a
subset of phages. The degradation of exogenous nucleic acids is achieved via complexity in
CRISPR-Cas systems, which offer bacteria adaptive immunity against phages with previously

encountered genetic signatures (Smith et al., 2023).
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2. Innate and adaptative immune response in prokaryotes

The key differentiation lies in the fact that innate immune systems are present from
birth and lack memory of previous infections, rendering innate immunity non-specific. In
contrast, adaptive immune systems utilize past infections to mount defences against phages and
other threats (Owen et al., 2013). The presence of numerous unidentified genes within the
defence island implies its potential role in countering phages. Notably, genes associated with
the restriction-modification (R-M) system, the toxin-antitoxin system, and abortive infection
are frequently situated in defence islands (Rostel & Marraffini, 2019). The clustering of these
defence genes suggests functional cooperation among defence mechanisms, although the
specific relationships between these systems remain unclear. Moreover, the connection
between defence genes and mobilomes strongly indicates that horizontal gene transfer (HGT)
significantly contributes to the evolution of these islands. The subsequent section delves into a
detailed exploration of the diversity observed in prokaryotic defensive systems (Bernheim &
Sorek, 2020; Labrie et al., 2010). Immune systems are typically classified into two main types:

innate and adaptive immune systems.
2.1 Innate immunity.
2.1.1 Disable phage adsorption.

The invasion of phages initiates with the recognition of a specific surface receptor
molecule, typically a protein, polysaccharide, or lipopolysaccharide (LPS), leading to the
attachment of a phage particle to the bacterial cell wall. Subsequently, the phage genome is
introduced into the bacteria. In response, bacteria employ a phage-specific strategy to thwart
the entry of viral DNA, involving modifications to surface receptors. These receptor molecules
must not only be present on the surface but also accessible to the phage particle. Bacteria
attempt to alter the molecular structure of the receptor through mutations or by shielding it with
additional barriers (Labrie et al., 2010). Alterations in the lamB gene, responsible for the phage
receptor, can hinder phage absorption, resulting in robust resistance, as illustrated by early
studies on the lambda coliphage (Clement et al., 1983).
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2.1.2 Restriction modification system.

An RM system comprises two enzyme activities designed to identify and respond to a
specific DNA sequence. One enzyme cuts the sequence when it lacks methylation, while the
other attaches methyl groups to safeguard it against cleavage. When foreign, non-methylated
DNA, such as that from invading phages, enters the cell, it is selectively cleaved. This
mechanism provides a level of immunity to infection, the extent of which varies based on the
specific RM system and the nature of the phage involved (Koronaet al., 1993; Korona & Levin,
1993). The effectiveness of RM systems in conferring immunity is limited. Generally, an RM
system identifies only a limited set of DNA segments within a particular phage, and each of
these segments has the possibility of being methylated by the bacterial modification enzyme
before undergoing cleavage. Consequently, the phage may occasionally succeed in initiating a
productive infection and generating a substantial number of progeny phages. Additionally,
when a phage survives an infection cycle, the DNA of its descendants becomes methylated.
Subsequent infections with the same bacterial strain allow the progeny to evade the RM system
(Arber, 1965; Korona & Levin, 1993).

2.1.3. Toxin-Antitoxin systems.

Bacterial Toxin-Antitoxin (TA) systems are prevalent genetic elements that serve as
defenders against invading phages and plasmids. These systems consist of a toxin, disrupting
a crucial cellular process and inducing growth arrest, and a corresponding antitoxin, which
counteracts the toxin's activity under normal growth conditions. The specific action of the toxin
varies among bacteria. It may function as a DNase or an RNase, inhibiting DNA replication or
protein synthesis (Hayes & Van Melderen, 2011; Page & Peti, 2016). Leptospira interrogans
is the sole organism known to harbor three toxin-antitoxin systems, namely chplK, mazgF, and
vapBC. In the VapBC toxin-antitoxin system, VapC exhibits toxicity towards E. coli cells, with
VapB acting as the counteractive agent against VapC's harmful effects. Similarly, ChpK proves
toxic to E. coli, and Chpl serves as the antidote to neutralize ChpK's toxicity. The discovery of
mazEF was facilitated through homology searching (Picardeau et al., 2001; Zhang et al., 2004).
The toxin-antitoxin (TA) system within Pectobacterium atrosepticum consists of an
endoribonuclease named ToxN, serving as the toxin. To counteract the harmful effects of
ToxN, a non-coding RNA called Toxl, functioning as the antitoxin, inhibits ToxN activity by

forming a binding interaction with it. In the event of a phage attack, ToxN's ribonuclease
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activity leads to the destruction of both host and phage RNA. Consequently, the compromised
RNA renders both the host and phage incapable of survival, thereby halting the progression of
the infection (Blower et al., 2011).

2.1.4. Argonaute.

Argonautes (Ago) were initially identified in RNA interference (RNAI) processes in
eukaryotes (eAgo) (Bohmert et al., 1998). Subsequently, homologs of eAgo proteins were
found in bacteria and archaea (pAgo) (Shujuan Jin et al., 2021). The structural composition of
pAgo indicates the presence of PIWI, PAZ, and MID domains, responsible for nucleic acid
binding and cleavage (Wang et al., 2008). Initially, the functional role of pAgo was not well
understood, but their localization in defence islands suggested a potential involvement in
defence mechanisms (Makarova et al., 2009). Experimental investigations later confirmed that
pAgo participates in the recognition and nuclease-mediated cleavage of foreign genetic
material guided by small single-stranded RNA/DNA (Makarova et al., 2009; Swarts et al.,
2014; Yuan et al., 2005). In certain species, a nuclease-inactive form of pAgo, in conjunction
with microRNAs, operates to suppress the translation of target mRNA without causing its
cleavage (Hutvagner & Simard, 2008). For instance, Thermus thermophilus (TtAgo) employs
DNA-guided DNA interference to protect against foreign nucleic acids (Swarts et al., 2014).

2.2 Adaptative immunity
2.2.1 CRISPR-Cas system.

Prokaryotic clustered regularly interspaced short palindromic repeats (CRISPR) and
Cas (CRISPR associated) proteins encompass heritable adaptive immune systems to
complement innate immunity strategies like receptor masking, restriction-modification (R-M)
systems, DNA interference, bacteriophage exclusion, and abortive infection, which can be
crossed easily by rapidly evolving viruses (Babu et al., 2011; Jansen et al., 2002).

2.2.1.1 Discovery of CRISPR-Cas immune systems.

CRISPR loci were discovered in 1987 after sequencing the iap gene of Escherichia coli
(Ishino et al., 1987). A cluster of unique repeating sequences was discovered downstream of
the iap gene, but its significance could not be determined until after the accumulation of

prokaryote genomes in GenBank (Ishino et al., 1987). Francisco Mojica of the University of
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Alicante (Spain) discovered comparable structures in the archaeal genome of Haloferax
mediterranei in 1995, which marked a key step in understanding the biological role of CRISPR
loci (Mojica et al., 1993). Mojica noticed similarities between the elements he described in
archaea and previously discovered DNA repeats in bacterial genomes, and he was one of the
first scientists to hypothesise that these unusual loci include fragments of foreign DNA and are,
in fact, part of bacteria and archaea’'s immune system (F. J. Mojica et al., 2005). According to
the prokaryotic immune system theory, virus DNA pieces separated by short palindromic
repeats and clustered in intergenic regions represent a library of potentially hazardous genetic
material (Isaev et al., 2021). Initially, it was anticipated that such a system would operate via
the RNA interference mechanism. However, it was experimentally proven for the first time in
the publication of Marraffini and Sontheimer that the actual target of the immune system of

prokaryotes was foreign DNA (Marraffini & Sontheimer, 2008).

To check CRISPR-based immunity, Streptococcus thermophilus was infected with
phages, and fewer phages were able to infect, which might be connected with the presence of
spacer sequences in CRISPR loci (Barrangou et al., 2007). To validate the involvement of
CRISPR-Cas loci in antiphage defence, S. thermophilus was infected with phage, and the
CRISPR locus of the phage resistant bacteria was investigated, which revealed one or more
novel spacer sequences that matched a region of the infecting phage's genome (Deveau et al.,
2008). This demonstrated that new spacers are acquired during infection, resulting in resistance
or immunity to invading phages. Another study discovered that the Cas ribonucleoprotein
complex, which contains RNase, is responsible for the formation of mature crRNAs in E. coli,
which was blocked by mutation of catalytic residues of the RNase or disruption of the complex
(Deveau et al., 2008). Another study found that the Staphylococcus epidermidis CRISPR locus
contains a spacer sequence that matches a portion of the nickase gene of Staphylococcal

plasmids, inhibiting conjugation of such plasmids (F. J. Mojica et al., 2005).
2.2.1.2 Overview of CRISPR-Cas system.

The CRISPR-Cas system is exclusive to prokaryotes, being identified in over 50% of
sequenced bacteria and over 80% of sequenced archaea (Grissa et al., 2007; Makarova &
Koonin, 2015). CRISPR loci are made up of a succession of direct repeats (about 20-50 base
pairs) that are conserved within the loci and are separated by unique spacer sequences (Fig.
1.1) (Jansen et al., 2002; Makarova, Wolf, Iranzo, et al., 2020). The sequence and length of
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repeat sequences in various CRISPR loci can vary. In addition, the number of repeat-spacer
units in a CRISPR locus varies greatly between organisms (Jansen et al., 2002). Comparative
examinations of sequences near CRISPR loci found a (A+T)-rich 'leader sequence’ that acts as
a promoter element for CRISPR transcription (Plagens et al., 2015; Pougach et al., 2010).
Bioinformatic investigations have revealed that CRISPR loci are flanked by a significant
number of extremely different cas genes in addition to the leader sequence (Plagens et al.,
2015; Rousseau et al., 2009).

1686

cas genes CRISPR array

Figure 1.1. Organization of a typical CRISPR-Cas locus in a bacterial or archaeal
genome. The CRISPR-Cas system is essentially comprised of sets of cas genes followed by a
CRISPR array. Positioned upstream of the CRISPR array is a leader sequence, housing the
promoter responsible for transcribing the CRISPR array. CRISPR array contains identical
direct repeat (R) interspaced by a unique spacer (S) sequence. The arrow denotes the
transcription start site (Makarova et al., 2013).

2.2.1.3 Classification of CRISPR-Cas system.

Regardless of sharing functional similarities, the CRISPR-Cas system demonstrates
remarkable diversity in Cas proteins, gene compositions, and genomic loci architecture
(Barrangou et al., 2007; Sternberg et al., 2016). The extensive variation within the CRISPR-
Cas system poses a significant challenge to its categorization and classification. As genomic
and metagenomic data continue to grow, understanding of CRISPR-Cas system diversity
frequently expands. To address this expansion, various classification schemes have been
proposed (Koonin et al., 2017; Makarova & Koonin, 2015). Given the absence of shared genes
across CRISPR-Cas systems, a computational approach is employed for classification. This
involves the identification of signature genes, comparison of genomic loci and composition,
sequence similarity-based clustering, phylogenetic analysis, neighborhood analysis, and
consideration of experimental evidence (Makarova, Wolf, Iranzo, et al., 2020). The roles

played by Cas proteins serve as the basis for grouping all cas genes into three distinct functional
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modules. The first module, the adaptation module, encompasses crucial cas genes involved in
the spacer integration process, including a CRISPR array and three genes: casl, cas2, and cas4.
The expression module groups genes responsible for crRNA processing, while the interference
module contains genes encoding subunits of the effector complex. The CRISPR/Cas system
has been divided into two classes, Class 1 and Class 2, based on the architecture of the effector
complex. Class 1 has multi-subunit effector complexes, while Class 2 has individual protein
effector modules. Further, the Class 1 CRISPR/Cas system has been subdivided into types I,
I11, and 1V, and Class 2 has also been subdivided into types Il, V, and V1. (Fig. 1.2) (Koonin
etal., 2017; Makarova & Koonin, 2015).

CRISPR Interference
—

el [l cast  ca  cast  cass [Casm [ cass | ss [casSLs | Cas3t | Casy
-4
EETX])PI]]- Casl  Cas2 RT Cas6 Cas?  CasS ss Casl0or LS
syl

=1

iType1v ] cast | cam Cass  Cas7  Cass  CSsflLS
ni'npeu- Casl  Cas2  Cas4  RNaseIII Cas9
Simvpev | cast [ca | Rr Cas12

|

1

iype VI Cast | can CSTULS

Figure 1.2. Schematic representation of the universal organization of class 1 and class 2
CRISPR-Cas system. Class 1 CRISPR—Cas systems feature interference modules comprised
of several Cas proteins, forming a complex that binds to crRNA and cooperatively carries out
target binding and processing. In contrast, Class 2 systems employ a single, multidomain
crRNA-binding protein that serves a functionally equivalent role to the entire effector complex
(interference complex) found in Class 1. In the CRISPR array, repeats are denoted by black
color, while spacers are indicated by pink and purple color. Blue, green, and orange represent
the adaptation, maturation, and interference modules, respectively. [adapted from (Makarova,
Wolf, Iranzo, et al., 2020)].

The CRISPR-Cas type | system can be divided into nine major subtypes based on the
presence of a signature gene. The signature protein of the type | system is the Cas3 protein,
which contains an N-terminal exonuclease domain and a C-terminal helicase domain (Brouns
et al., 2008; Pougach et al., 2010; Sinkunas et al., 2013). In some type, | systems, the
endonuclease Cas3 nuclease and helicase domains are encoded by separate genes (cas3 and
cas3', respectively), but in each case, they are thought to participate in degrading foreign
nucleic acids (Brouns et al., 2008; Garneau et al., 2010; Han & Krauss, 2009; Mulepati &
Bailey, 2011). Nine subtypes have been established within the type 1 CRISPR-Cas system,
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delineated by variations in both the genomic organization of CRISPR-Cas loci and the
sequence diversity of Cas8 proteins (Makarova et al., 2013). The type Il CRISPR systems
consist of four cas genes, one of which is cas9 (signature gene), a large protein that includes
both a RuvC-like nuclease domain and an HNH nuclease domain. The type Il system has
Casl0 as a signature protein, which assembles into a Cascade-like interference complex for
target search and destruction. The type IV system is found as a cluster of cas genes but without
an associated CRISPR array. Type V system contains a Cas9 like nuclease, either Cpfl, C2cl,
or C2c3. Type VI systems have Csfl, a large protein with two predicted HEPN (higher

eukaryotes and prokaryotes nucleotide-binding) RNase domains (Makarova et al., 2013).

Class 1 systems employ RNA-guided surveillance complexes, which are made up of a
variety of subunits organised around a single crRNA molecule. The adaptation proteins Casl,
Cas2, and Cas4 are consistently found in all subtypes of the CRISPR-Cas system. However,
Cas4, crucial for prespacer processing, is notably absent in types I-E and I-F, while in type I-
G, it is fused with Casl (Almendros et al., 2019; Makarova, Wolf, Iranzo, et al., 2020).
Furthermore, the maturation of crRNA involves Cas6, but this protein is lacking in several
subtypes. For instance, in type I-C, Casb takes on the function of Cas6 (Fig. 1.3) (Nam,
Haitjema, et al., 2012; Punetha et al., 2014).

CRISPR
Subtype I-A < Cas Casll Cas7 Cass | Cas8a D Casy’ Cas3”  Cas2 Cas4  Casl ~ Cas4 [-} Archaeoglobus fulgidus

SubtypeI-B | Cas6 | ‘Cas8b » Cas7 Cas5 | Cas3  Casd | Casl » Cas2 [-J Clostriditimduyveri

Bacillus haludurans
Subtype I-C = Cas3 Casb Cas8c Cas7 Cas4 Casl Cas2 [-]

Subtype I-G |~ Cas3 Cas8u Cas7 Cas5  Cas6  Cas4 | Casl » Cas2 [-] Geobactor sulfurreducens

Subtype I-D | Cas3' » Cas3” |Caslod =~ Cas7  Cas5  Cas6 ~ Cas4 »| Casl » Cas2 [-} Cyanothece spp.

Subtype I-E = Cas3 Cas8e Casll  Cas7 Cas5 Cas6 Casl Cas2 [-J Escherichia coli

Subtype I-F1| Casl » Cas2 Cas3 ~| Cas8ft ) CassfL  Cas7fl  Caséf [-J Yersinia pseudo-tuberculosis

Rhodococcus jostii
Subtype I-F2| Casl » Cas2 Cas3 » Cas7f2  Cassf2 ~ Cas6f [-J

Thioalkalivibro spp.
subtype 1-F3 s tnsB  tnsc  tnsD  [JCRBA| cassts  casis | cassr ([N ioalkalivibro spp

Figure 1.3. Schematic illustration of typical CRISPR-Cas loci of type | subtypes. The type
1 CRISPR-Cas system has been further categorized into nine subtypes based on the genomic
structure of CRISPR-Cas loci and the diversity observed in the sequence of Cas8 proteins. On
the left side, CRISPR subtypes are delineated, followed by cas genes, CRISPR array, and a
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representative organism is depicted. Homologous genes share identical colors. In Type I-A,
Cas3' and Cas3" correspond to DExXD/H box helicase and HD-nuclease, respectively. In other
subtypes, the fusion of helicase-nuclease is present [adapted from (Makarova, Wolf, Iranzo, et
al., 2020)].

2.2.1.4 The three phases of CRISPR-Cas based immunity.
The CRISPR-Cas process includes three functionally distinct stages:

(1) In the CRISPR-Cas adaption phase, a segment of foreign DNA (protospacer) is cleaved and
inserted as spacers into the chromosomal CRISPR locus by a set of specialized Cas proteins
(Fig. 1.4) (Babu et al., 2011).

(i1) In the CRISPR-Cas expression and maturation, the spacers inserted into the CRISPR locus
are transcribed into precursor-crRNA (pre-crRNA), which is then processed into mature
crRNAs, each of which contains a single spacer flanked by a portion of the repeat sequence
(Fig. 1.4) (Brouns et al., 2008).

(iii) CRISPR interference, the crRNAs bind to Cas endonucleases, forming an RNA-protein
Cascade interference complex which is guided by crRNAs to the targeted foreign nucleic acid

to which the complex binds and then degrades it (Fig. 1.4) (Garneau et al., 2010).
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Figure 1.4. Schematic overview of three phases of CRISPR-Cas based immunity.
Adaptation, maturation and interference phases of CRISPR-Cas mediated immunity. (A)
Adaptation: The adaptation complex (Casl-Cas2-Cas4) identifies a Protospacer Adjacent
Motif (PAM) in the phage DNA or prespacer. The prespacer is then trimmed and integrated
into the leader proximal region of the CRISPR array. The nucleases involved in prespacer
trimming may vary depending on the CRISPR-Cas type. S represents spacers and R represents
repeats. (B) Maturation: The initiation of CRISPR array expression begins in the leader region
(L), giving rise to a precursor CRISPR RNA (pre-crRNA) transcript with a stem-loop structure.
Cas proteins, such as Cas6 or Casb, selectively cleave the pre-crRNA at a designated site,
producing the ultimate mature CRISPR RNA (crRNA). This mature crRNA then assembles
into a Cascade complex. (C) Interference: In the conclusive phase, the invading phage DNA is
recognized, prompting the recruitment of an effector nuclease. This nuclease, in turn, facilitates
the cleavage of the phage genome, completing the interference process [Adapted from
(Donohoue et al., 2018)].
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2.2.1.5 Adaptation phase of CRISPR-Cas system.

The insertion of DNA fragments (spacers) from invaders into host CRISPR loci is a
critical first step in CRISPR-Cas-mediated defence. This "adaptation™ or "spacer acquisition”
stage gives heritable immunity to afflicted organisms against future encounters with specific
invaders (Sternberg et al., 2016). Notably, new spacers are selectively incorporated at the leader
end of the CRISPR array. First, the foreign DNA should be known to be a potential target for
spacer acquisition. Second, an appropriate length of sequence (usually 30-40 bp, based on the
subtype of CRISPR-Cas system) (Barrangou & Van Der Oost, 2013) must be obtained from
the foreign DNA. Finally, the acquired sequence must be included in the CRISPR array as a
new spacer, and the neighboring repeat sequence has to be replicated. Although the components
and prerequisites of the spacer acquisition machinery differ between organisms and CRISPR-
Cas subtypes, many components appear to be universally conserved and required by all
CRISPR-Cas subtypes (Amitai & Sorek, 2016). These components are the Cas proteins Casl
and Cas2 and, within the CRISPR array locus, the leader sequence and the first CRISPR repeat.
Casl and Cas2 are often encoded in the same operon (Makarova et al., 2013), and together they
form a structurally stable protein complex (Cas1-Cas2) and facilitate spacer acquisition (Nufiez
et al., 2014a; Wang et al., 2015). The type I-E CRISPR-Cas system in E. coli revealed the
participation of the Casl-Cas2 complex in the adaptation stage for the first time in 2012,
demonstrating that Casl and Cas2 are the only Cas proteins necessary for successful spacer
acquisition. Typically, the Cas1-Cas2 complex integrates new spacers sandwiched between the
CRISPR array's first repeat and leader sequence (Nufiez, Lee, et al., 2015). The sequence of
the leaders is a long AT-rich sequence that is positioned directly upstream of the CRISPR array,
which normally includes both the promoter for CRISPR RNA (crRNA) expression and the
recognition sequence for spacer insertion (Pougach et al., 2010; Wei et al., 2015; Yosef et al.,
2012).

2.2.1.5.1 Mechanism of spacer acquisition.

The junction between the leader sequence and the first CRISPR repeat is the optimal
location for new spacer integration, and the minimal sequence required for integration is merely
a brief segment at the 3’ end of the leader and a single repeat unit (Wei et al., 2015; Yosef et
al., 2012). As a result of the preference for integration at this junction, spacers are inserted into

the CRISPR array towards the leader sequence end of the array, resulting in a chronologically
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ordered array with the most recently acquired spacer being the spacer closest to the leader
sequence (Barrangou et al., 2007; Pourcel et al., 2005). Recent studies on the adaptation stage
in E. coli type I-E CRISPR-Cas system have revealed that during spacer acquisition, the Cas1-
Cas2 complex undergoes conformation change upon binding to a protospacer such that each of
the Cas1 dimers rotates in opposing directions around the Cas2 dimer, exposing the surface of
a protein that binds to the central duplex region of the protospacer and orienting the two Tyr22
residues bracketing the duplex forming a wedge that terminates the double-stranded DNA
(dsDNA) region of 23 bp and splays apart the ends of the DNA on each side of the duplex
(Cady et al., 2012). Furthermore, a catalytic pocket is also formed in one monomer of each
Casl dimer, enabling accurate positioning of the PAM-complementary sequence in the 3’
single-stranded DNA (ssDNA) overhang within catalytically active site of Casl subunit as it
threads into one of the monomers of each Casl dimer through an arginine-rich channel, where
it is specifically recognized and cleaved (Connerton & Hooton, 2015). This resulted in a
protospacer intermediate with a precise length of 33 nucleotides, consisting of 23 bp dsDNA
core region and two splayed 5-nucleotide ssDNA overhangs with 3'-OH groups. The central
segment of the 23 bp binds to the surface of the Cas2 dimer and is stabilized by the interactions
formed between a set of two arginine residues (arginine clamp) in the Casl-Cas2 hetero-
complex and the phosphate groups in the phosphodiester backbone of the protospacer (Fig.
1.5A). This reveals the structural basis for spacer size determination and PAM recognition
(Amitai & Sorek, 2016).

In type I-E, type I-F, and type I-B CRISPR-Cas systems where the CRISPR locus
already contains a spacer targeting a particular phage or plasmid, the Cascade and Cas3
interference machinery which possibly generates cleavage points or nicks producing the
substrate for acquisition by the Cas1-Cas2 complex (Beloglazova et al., 2008; Connerton &
Hooton, 2015) leading to the acquisition of additional spacers from the same foreign element
much more rapidly and efficiently than normal acquisition (Rouillon et al., 2013). This positive
feedback between existing spacers and the acquisition of new spacers is termed primed
acquisition or priming. Priming occurs for both types of spacers- active spacers, which trigger
interference, and inactive, mismatch-containing spacers, which cannot elicit interference
(Rouillon et al., 2013). In Type I-E CRISPR-Cas systems, primed spacers are obtained from a
similar strand as the priming protospacer. However, in type I-B and Type I-F CRISPR-Cas
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systems, primed spacers are acquired from both strands on either side of the priming
protospacer (Amitai & Sorek, 2016).

Cas1-Cas2 complex, besides acquiring the spacer sequence from exogenous DNA, also
acts as an integrase in the E. coli type I-E CRISPR-Cas system. The protospacer integrates into
the CRISPR array in a two-step mechanism that resembles retroviral integration and DNA
transposition (Mojica et al., 2009). In the first step, the protospacer 3’-OH group carries out a
nucleophile attack on the 5’end of the first repeat, thus beginning spacer integration by forming
a branched intermediate where a single strand of the protospacer is ligated to a single strand of
the CRISPR array (Amitai & Sorek, 2016). The OH group at the 3' end on the other protospacer
strand generates a second nucleophile attack on the 5° phosphate end of the opposite DNA
strand of the repeat, which is adjacent to the leader sequence. The product of this reaction is an
expanded CRISPR array with a duplicated repeat and a new spacer (Fig. 1.5B) (Amitai &
Sorek, 2016). The single-stranded DNA gaps generated at the repeat sequences are filled and
repaired by DNA polymerase and a DNA ligase (Fig. 1.5B), but the specific proteins that carry
out these tasks have not yet been identified (Connerton & Hooton, 2015). In the in vitro assay,
spacer integration by the Cas1-Cas2 complex was possible when the protospacer was a dSDNA
molecule with either blunt ends or 3'-overhangs but not when the protospacer was ssSDNA
molecule; this is consistent with the structure of protospacer-bound Cas1-Cas2 complexes. In
the Cas1-Cas2—protospacer complex, there are two Casl monomers without protospacer DNA
in their catalytic sites, which are possibly responsible for binding to the CRISPR array during

spacer integration (Beloglazova et al., 2008).
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Figure 1.5. Schematic representation of the adaptation phase. (A) The schematic
illustration of protospacer binding by Cas1-Cas2 heteroprotein complex, comprising two Casl
dimers and one Cas2 dimer. The protospacer, containing double-stranded DNA with single-
stranded DNA overhangs, is positioned in a top arch formed by all six subunits. (B) The
mechanism for protospacer integration into the CRISPR array involves the 3'-OH group of the
protospacer initiating a nucleophilic attack on the 5’ end of the first repeat. This action forms a
branched intermediate where a single strand of the protospacer becomes ligated to a single
strand of the CRISPR array, thereby initiating spacer acquisition. Subsequently, the 3'-OH
group on the other protospacer strand performs a second nucleophilic attack on the 5" end of
the opposing DNA strand of the repeat, adjacent to the leader sequence. This results in the
expansion of the CRISPR array with a new spacer and a duplicated repeat. Any single-stranded
DNA gaps generated at the repeat sequences are filled and repaired by enzymes that have not
yet been fully characterized. [adapted from (Amitai & Sorek, 2016)].

2.2.1.5.2 Self vs non-self-recognition.

Self-targeting poses a potential threat for two main reasons. Firstly, adaptation proteins
may assimilate the host genome sequence, leading to the targeting of the host's genome (Wei
etal., 2015; Yosef et al., 2012). Secondly, the CRISPR array-derived crRNA can pair with the
corresponding spacer in the host genome through sequence complementarity, resulting in cell
death (Bikard & Marraffini, 2012). Consequently, the CRISPR system must distinguish
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between self and non-self DNA during both interference and adaptation phases. To prevent
such an autoimmune response, the CRISPR system employs multiple mechanisms that favor
specificity towards foreign nucleic acid. A protospacer-adjacent motif (PAM) is found
upstream or downstream of the protospacer in the foreign DNA for type I, Type Il, and type V
CRISPR-Cas systems (Mendoza & Trinh, 2018). The PAM is a short (2-5 nucleotide) sequence
that is required for target DNA breakage during the interference stage (Bolotin et al., 2005;
Mojica et al., 2009; Shah et al., 2013). Spacers are preferentially picked during spacer
acquisition from protospacers that have a corresponding PAM (Mojica et al., 2009). Although
the Cas1-Cas2 complex is sufficient to mediate PAM-dependent spacer acquisition in Type |
CRISPR-Cas systems (Yosef et al., 2012), Cas9 is also required for PAM recognition in type
Il systems (Wei et al., 2015).

2.2.1.5.3 Role of Cas4 in CRISPR adaptation.

Type | (I-A, I-B, I-C, and I-G), Type II-B, and Type V (V-A, V-B, V-E, V-F) encode
an accessory protein known as Cas4. Cas4 plays a crucial role in the adaptation process, as
indicated by various studies (Almendros et al., 2019; Kieper et al., 2018; Lee et al., 2019;
Makarova, Wolf, Iranzo, et al., 2020). Cas4 shares homology with RecB and possesses four
conserved cysteine residues responsible for coordinating an iron-sulfur cluster (Zhang et al.,
2012)(Zhang et al., 2012). The protein's nuclease activity is essential for selecting prespacers
with the correct Protospacer Adjacent Motif (PAM) and trimming prespacers at the PAM-
proximal end before integration. Recent findings in Bacillus halodurans (Type I-C)
demonstrated a direct interaction between Cas4 and Casl-Cas2 (Lee et al., 2019). Cryo-
Electron Microscopy (Cryo-EM) analysis of the Cas4/I-C structure revealed a complex with a
2:4:2 stoichiometry ((Cas4).-(Casl)s-(Cas2)2) (Lee et al., 2019). Notably, a majority of
observed particles in Cryo-EM contained a singular Cas4 copy in the complex, denoted as
(Cas4)1-(Casl)s-(Cas2)2. In this configuration, Cas4 is positioned near the PAM region in
unprocessed prespacers, suggesting its role in orienting prespacers at the leader-repeat-spacer
junction within the CRISPR array (Lee et al., 2019).

2.2.1.5.4 Prime adaptation.

The mutation rate within foreign nucleic acid is notably high, particularly in the PAM
and the 'seed’ sequence, where a 7-13 nucleotide-long PAM proximal region in prespacer,
crucial for interference. Mutations in these regions can result in compromised CRISPR
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interference (Deveau et al., 2008; Semenova et al., 2011). To counteract the risk of foreign
nucleic acid 'escape,’ the CRISPR system has evolved a mechanism to enhance spacer
acquisition frequency by using existing spacers as bait (Garrett et al., 2020). During this
process, multiple spacers are acquired from the priming region of the interference complex,
eliciting a robust immune response from the newly acquired spacers (Garrett et al., 2020;
Hochstrasser et al., 2014; Sternberg et al., 2016). Moreover, the natural fusion of Cas2 and
Cas3 (Cas2-3) in type I-F elucidates the evolutionary advantage of overlapping adaptation and
interference stages (Makarova, Wolf, Iranzo, et al., 2020). Primed adaptation commences with
the interference complex identifying target nucleic acid. Upon binding to the target DNA, the
interference complex recruits Cas3, an active nuclease-helicase, which unwinds and degrades
the target DNA into smaller fragments. In E. coli, the in vitro activity of Cas3 generates
fragments of approximately 30 to 100 nt, which may anneal to form suitable prespacers for the
Casl-Cas2 complex (Kinne et al., 2016). In a separate context, the conformation of the
Cascade complex after binding to cognate or mutated target DNA dictates the prevalence of
interference or adaptation, respectively. Mutations in the PAM or 'seed’ region lead the Cascade
complex to adopt a conformation unfavorable for interference. Instead, Casl-Cas2 and Cas3
are recruited, forming a primed adaptation complex that facilitates the acquisition of new

spacers (Hayes et al., 2016).
2.2.1.6 Maturation phase of CRISPR-Cas system.

A mature crRNA is required for an active CRISPR-Cas effector complex, where it
guides the recognition of cognate targets for destruction. Due to the palindromic nature of the
repeat sequence, the precursor crRNA (pre-crRNA) adopts a stem-loop structure that binds to
invading nucleic acids sequence specifically (Haurwitz et al., 2010; Nam, Haitjema, et al.,
2012). Unlike the CRISPR-Cas9 effector, which necessitates both a crRNA and a tracrRNA
(trans-acting crRNA) for its activity, all Class 1 complexes feature only a solitary crRNA
molecule (Liu & Doudna, 2020). An RNA recognition motif (RRM)-containing protein, such
as Casbd in type I-C systems or a Cas6 homolog for rest type | systems, recognizes and
catalyzes crRNA maturation (Li et al., 2013; Nam, Haitjema, et al., 2012; Przybilski et al.,
2011; Punethaetal., 2014; Sashital et al., 2011). As a result, Cas6/Cas5d enzymes have evolved
diverse ways to handle the barriers of RNA binding and catalysis. All the stems and loop

lengths vary widely in size and sequence, serving as the foundation for Cas6-specific binding.
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Casb6 proteins recognize and cleave the pre-crRNAs in a single turnover, establishing a stable
hairpin structure in each repeat (Haurwitz et al., 2010; Sashital et al., 2011; Sternberg et al.,
2016). Similarly, repeats of type I-C from Bacillus halodurans create persistent stem-loop
structures, which recognized by a unique Cas5 variant (Garside et al., 2012; Koo et al., 2013;
Nam, Haitjema, et al., 2012; Punetha et al., 2014) [called as Cas5d, where the prefix "d" alludes
to "Dvulg" because a Cas6 protein is missing from this system]. A 3 bp stem and a tetraloop in
the hairpin region were identified as a minimum structural requirement for Cas5d recognition

and cleavage (Nam, Haitjema, et al., 2012).

In Types I-A (Cas6a), I-B (Cas6b), I-D (Cas6d), I-E (Cas6e), and I-F (Cas6f), crRNA
processing generates a mature crRNA containing a single spacer sequence with fragments of
the CRISPR repeat on either side. The remaining repeat sequence at the 5’ end of the mature
crRNA is known as the 5" handle or 5’ tag, and in most type I systems, it is 8 nt in length (Fig.
1.6) (Brouns et al., 2008; Haurwitz et al., 2010). The leftover repeat segment at the 3’end of
the crRNA, which is more variable in length and structure, is sometimes known as the 3" handle
or 3’ stem-loop. Intriguingly, Cas5d has evolved to serve as the dedicated endoribonuclease of
type I-C systems, where it generates mature crRNAs with an 11-nt 5" handle (Fig. 1.6) (Plagens
etal., 2014; Wiedenheft et al., 2011). Cas5 proteins from other type | systems are non-catalytic
and serve as structural subunits in interference complexes. In the type I-A system, further
processing by an unknown trimming nuclease removes 3’ portions of the crRNA (Carte et al.,

2010; Koo et al., 2013).
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Figure 1.6. Processing of pre-crRNA in Class 1 CRISPR-Cas system. The entire Type |
systems feature a combination of structured and unstructured repeat sequences. On the left side,
the CRISPR array undergoes transcription, resulting in a lengthy pre-crRNA transcript. The
Cas6-family protein or Cas5 (I-C) identifies the stem-loop structure and processes the crRNA
by cleaving at the base of the loop. This processing generates a mature crRNA containing a
full spacer sequence and a partial repeat region. The interaction of the crRNA with
Cas6/Cas5(1-C) facilitates the assembly of additional Cascade proteins. On the right side, the
non-palindromic repeats in I-A and I-B undergo a conformational change induced by Cas6,
forming a hairpin-like structure. Cas6 recognizes and cleaves within these repeats. Notably,
Cas6 functions as a multi-turnover enzyme in this context and is not involved in the formation
of the Cascade complex. [adapted from (Hochstrasser & Doudna, 2015)].

Despite limited sequence homology among members of the Cas6 family, numerous
crystal structures of Cas6 reveal a shared overall fold and specific structural characteristics
crucial for crRNA binding (Hochstrasser & Doudna, 2015). Cas6 enzymes are composed solely
of two repeat-associated mysterious protein (RAMP) domains, which adopt ferredoxin-like or
RNA recognition motif (RRM) folds, a common trait among Cas proteins (Daniel H. Haft et
al., 2005; Hochstrasser & Doudna, 2015; Reeks, Sokolowski, et al., 2013). In comparison,
catalytic Cas5 enzymes possess an N-terminal RRM fold, but their C-terminal domain is
smaller, comprising only three antiparallel B-strands, two of which form a -hairpin, along with
disordered regions (Hochstrasser & Doudna, 2015). Interestingly, the active site of Cas5C is
situated differently from that of Cas6 enzymes, suggesting independent evolution of their
catalytic centers (Hochstrasser & Doudna, 2015). Additionally, Cas5C proteins feature a G-
loop in their RAMP domain that diverges from the consensus sequence of the Cas6 G-loop
(Jackson et al., 2014).

In contrast to Class 1 systems, Class 2 systems employ a single-subunit multidomain
effector nuclease and, in certain instances, non-CRISPR host proteins for crRNA maturation
(Deltchevaetal., 2011b). Additionally, in type Il and V-B systems, a trans-encoded small RNA
known as trans-activating crRNA (tracrRNA) plays a crucial role during the maturation
process. For example, in type II-A, crRNA processing relies on the tracrRNA:crRNA duplex;
however, a functional interference complex can still form in the absence of matured crRNA
(Deltcheva et al., 2011b; Makarova, Wolf, Iranzo, et al., 2020). Similarly, type V and VI
systems also necessitate an effector nuclease for maturation and interference. Cas12a serves as
the effector nuclease in type V-A systems and facilitates tracrRNA-independent maturation of
crRNA (Dong et al., 2016). A short complementary untranslated RNA (scoutRNA) is essential
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for maturation in types V-C and V-D (Harrington et al., 2020). Conversely, in type VI,
tracrRNA is absent, and Casl3, the effector nuclease, is required for crRNA maturation
(Abudayyeh et al., 2016; Makarova, Wolf, Shmakov, et al., 2020).

2.2.1.7 Interference phase of CRISPR-Cas system.

CRISPR-associated complex for antiviral defence (Cascade) of type 1 CRISPR-Cas
systems is encoded by multiple Cas proteins. Type | CRISPR-Cas systems are geared towards
identifying homologous segments of double-stranded DNA in phages or plasmids for
degradation. This targeting mechanism unfolds in two pivotal phases: first, the surveillance
complex identifies a complementary target within foreign DNA, and second, the target is
cleaved by Cas3 (Hochstrasser et al., 2014; Mulepati & Bailey, 2013). Cascade was first
characterise in E. coli type I-E CRISPR-Cas effector complex (Brouns et al., 2008) and
comprises Cas8e, Cas7, Cas5, and Cas6e, as well as an RNA component, the 61-nt crRNA.
Cascade shapes a seahorse-like structural design with a stoichiometry of Cas8e;1-Cas11,-Cas7e-
Casb5;-Cas6es (Jore et al., 2011). As previously stated, pre-crRNA in E. coli is processed by the
Cas6e ribonuclease and remains tightly bound to the 3’ repeat region of each crRNA after
processing (Jore et al., 2011). Simultaneously, six Cas7 proteins run along the crRNA's guide
region (spacer), forming the backbone filament, with the uppermost subunit interacting with
Cas6. These Cas7 proteins have a right-hand-like shape (Mulepati et al., 2014), and the subunits
are linked via interactions between the "thumb™ and "fingers" domains of one subunit and the
adjacent subunits (Jackson et al., 2014). Cas5 has a right-hand-like shape but lacks the "fingers"
domain, allowing Cas5 to cap the Cas7 filament at the 5’ end of the crRNA by interacting with
Cas7 subunits. Two Casl1 proteins form a dimer in the seahorse-like complex that does not
directly bind with crRNA but serves as a bridge between the complex's head and tail. One
Casl1 subunit, together with Casb, contacts Cas8 at the complex’s bottom, while the other

Cas11 subunit interacts with Cas6 at the complex top (Jackson et al., 2014).

The developed strategies for avoiding self-CRISPR targeting in these systems involve
a sequence immediately surrounding the protospacer, PAM, which is fundamentally required
for Cascade to detect genuine DNA targets. The L1 loop, positioned within the N-terminal
domain of Cas8, directly interacts with the PAM in the E. coli type I-E system, mediating
selective binding of Cascade to the PAM-containing DNA target (Sashital et al., 2011). Further

structural investigation revealed a glutamine wedge, a glycine loop, and a lysine finger were
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essential for PAM identification by Cas8 and specified PAM interaction with the target strand
(Hayes et al., 2016)(Hayes et al., 2016). A target DNA is determined by genuine PAM
recognition and base pairing between a crRNA and the corresponding protospacer (Zheng et
al., 2020).

The crRNA base pairs with the protospacer within the seed region and then throughout
the matching sequences, finally dislodging the non-target strand and producing a full R-loop.
The initial dsDNA binding, on the other hand, causes a substantial conformational shift in the
Cascade, which may lead to the recruitment of Cas3 to the Cas8 docking site (Hochstrasser et
al., 2014; Wei et al., 2015; Westra et al., 2012). Cas3 has an N-terminal HD phosphohydrolase
domain and a C-terminal superfamily 2 helicase domain (Makarova et al., 2006). When the
crRNA displaces the non-target strand, it is exposed and given over to the Cas3 nuclease for
nicking and sequential degradation in the 3’ to 5’ direction (Fig. 1.7) (Gong et al., 2014;
Sinkunas et al., 2013). Complete degradation of target DNA into sSDNA might not result in
this reaction. Cas3 nuclease domain or other host nucleases, with the help of the Cas3 ATP-
dependent helicase domain, leads to unwinding of the DNA target and its degradation (Brouns
et al., 2008; Mulepati et al., 2014).
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Figure 1.7. Schematic depiction of the maturation and interference by CRISPR-Cas type
1. In type 1, CasbC/Cas6 proteins are responsible for processing pre-crRNA into mature
crRNA, with CasbC/Cas6 (depicted in brown) remaining bound at both ends. This serves as a
scaffold for the assembly of the Cascade complex. The interference complex resembles a
seahorse architecture, comprising various effector Cas proteins. Six Cas7 proteins (illustrated
in green) assemble around the spacer, forming a helical backbone. A single Cas8 protein
(shown in blue) caps the 5’ end of the mature crRNA. Cas8 proteins identify the PAM sequence
in the invading nucleic acids. Subsequently, the crRNA's base pairing with the target invading
nucleic acids induces R-loop formation. Cas3 binds to the single-stranded DNA of the non-
target strand and cleaves the foreign nucleic acid in a 3" to 5" direction, employing its nuclease
and helicase activities [adapted from (Li et al., 2013; Liu & Doudna, 2020)].

The type 111 Interference complex exhibits a Cascade-like structure (referred to as Csm
for 111-A and Cmr for 111-B) and shares significant architectural and compositional similarities
with the type I interference complex (Hochstrasser et al., 2014; Jackson et al., 2014). However,
unlike type I, type Ill systems have the capability to target both invading RNA and DNA of
mobile genetic elements (Deng et al., 2013). Following crRNA maturation, Cas5 binds to a 5
repeat-derived handle, serving as a scaffold for the assembly of other Cas proteins. The
backbone of the complex is formed by Cas7 family proteins (Csm3 and Csm5 in Il1-A, and
Cmrl, Cmr4, and Cmr6 in 111-B), which grip onto the spacer region of crRNA. Cas10 (Csm1l
in I1I-A and Cmr2 in 111-B) and Cas11 (Csmz2 in Il11-A and Cmr5 in I11-B) constitute large and
small subunits, respectively (Osawa et al., 2015; Taylor et al., 2015). Upon binding to a nascent
target RNA through crRNA-mediated complementary base pairing, the Cas7 family subunits
of the interference complex cleave the target RNA after every sixth base (Osawa et al., 2015;
Taylor et al., 2015). In addition to cleaving the target, when bound to its target, Cas10 also
catalyzes the conversion of ATP to cyclic adenylate. This cyclic adenylate serves as an
activator for RNase Csm6, which subsequently initiates the degradation of nearby RNA

transcripts that are nonspecific in nature (Kazlauskiene et al., 2017).

In type Il systems, the interference complex comprises Cas9, crRNA, and a tracrRNA.
Cas9 exhibits a bilobed structure consisting of an alpha-helical recognition lobe (REC) and a
nuclease lobe (NUC), connected via a linker housing an arginine-rich helix. The positively
charged bridge helix interacts directly with the crRNA. Within the NUC lobe, there are HNH
and RuvC domains responsible for cleaving the target DNA during interference (Jiang &
Doudna, 2017). The functional role of the effector nuclease Casl2 varies across type V

systems. Casl2a (type V-A) operates independently of tracrRNA, while active Casl2b (type
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V-B) relies on tracrRNA for its function. Similar to Cas9, Cas12 possesses a bilobed structure
comprising REC and NUC lobes (Dong et al., 2016; Makarova, Wolf, Iranzo, et al., 2020).
However, it contains only a single catalytic RuvC domain. When the target binding is perfect,
it ensures the precise positioning and activation of the RuvC domain, leading to cleavage of
both the target and non-target strands (Yang et al., 2016). The effector nuclease Casl13 is a
protein containing High-Efficiency Prokaryotic Nuclease (HEPN) domains, specialized for
cleaving single-stranded RNA. Similar to Cas9 and Cas12, it exhibits a bilobed structure, with
two HEPN domains located in the nuclease (NUC) lobe. Upon binding to target sSRNA, the
HEPN domains become activated, leading to the cleavage of both the target ssSRNA and
collateral RNA (Abudayyeh et al., 2016; Anantharaman et al., 2013).

2.2.1.8 Phage-based defence against the CRISPR-Cas system.

According to the co-evolution theory, when an organism develops a new method to beat
a parasite and prevent extinction, the parasite responds by developing appropriate
countermeasures to evade the host organism's resistance (Pawluk et al., 2018; Safari et al.,
2020). Bacteria prevent phage invasion by stopping phage adsorption (i.e., suppressing phage
receptor function), restricting phage DNA entrance, and cleaving phage nucleic acids (e.g.,
through the restriction-modification system). As a result, phages developed new combat
techniques that included revising receptor-binding proteins and removing R-M system
recognition sites from their genome (Labrie et al., 2010; Roberts et al., 2003; Samson et al.,
2013; Xu et al., 2010). The CRISPR-Cas systems in prokaryotic cells elicited customised
responses from phages to re-establish the required circumstances for bacteria and archaea to
proliferate. Initially, single nucleotide changes or deletions in the conserved PAM or seed area
along the protospacer allowed phages to survive (Deveau et al., 2008; Labrie et al., 2010;
Semenovaetal., 2011). In this environment, phages apprised their DNA to avoid being targeted
by the CRISPR-Cas immune system (Samson et al., 2013), and anti-CRISPR proteins (Acrs)
appeared (Pawluk et al., 2018). Anti-CRISPRs are small proteins (around 12-193 amino acids)
that provide phages with an efficient and potent means of suppressing the CRISPR-Cas
immune system (Liu et al., 2020). At present, 30 different families of anti-CRISPR proteins for
type | and type V-A systems have been discovered (Q. Liu et al., 2020). Thirteen of them
exerted an inhibitory activity on CRISPR-Cas, either by preventing the Cascade/Cas-crRNA
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complex from joining the substrate DNA or by impeding DNA cleavage after inactivating the
Cas effector (Q. Liu et al., 2020).

Anti-CRISPR-Cas proteins such as AcrlE1 and AcrlF3 inhibit type | immune activity
by inhibiting the Cas3 helicase-nuclease complex from recruiting Cas3 helicase-nuclease.
Cascade-crRNA binds the substrate DNA stably without causing DNA degradation when
AcrlEL or AcrlF3 is expressed. As a result, AcrlE1 and AcrlF3 can influence gene transcription
(Luo et al., 2015; Marino et al., 2020). AcrlF1 and AcrlF8 target the Cas7f subunits, whereas
AcrlF10 binds Cas5f-Cas8f. Acrl with comparable inhibitory actions can bind identical
Cascade subunits. In type I-F, CRISPR-Cas Acrl proteins positioned on Cas8f tail (e.g.,
AcrIF10 and AcrlF2), mimic the DNA and prevent PAM recognition by the Cascade-crRNA
complex. AcrVAL, AcrVA4, and AcrVA5 use different approaches to eliminate Casl2a-
crRNA in type V CRISPR-Cas systems. AcrVVA1 is similar to AcrlF10 in that it competes with
crRNA for access to PAM. AcrVVAL does, however, exhibit RNase activity, which results in
crRNA truncation. AcrVA4, conversely, causes structural alterations in Casl2a proteins to
prevent DNA cleavage. Finally, AcrVA5 functions as an enzyme that, via a covalent alteration
on Cas12a, permanently eliminates CRISPR-Cas12a nuclease activity (Marino et al., 2020; Yu
& Marchisio, 2020).

2.2.1.9 Application of CRISPR-Cas system.

Prior to the advent of the CRISPR/Cas system, also recognized as the third-generation
genome editing tool, gene-editing tools like ZFNs (Zinc Finger Nucleases) and TALENs
(Transcription activator-like effector nucleases) were commonly employed (Ramalingam et al.,
2014). However, these two technologies had several limitations, including limited editability,
a high off-target rate, elevated cytotoxicity, increased costs, prolonged time consumption, and
heightened labour demands. In comparison to TALENs and ZFNs, the CRISPR/Cas system
stands out for its simpler design, lower cost, enhanced targeting efficiency, reduced off-target
rate, decreased cytotoxicity, and the ability to edit numerous genes in vitro or in vivo
(Bharathkumar et al., 2022). Due to these advantages, the CRISPR/Cas system has emerged as
a powerful genome editing tool in the realm of molecular biology. Moreover, with the ongoing
optimization of cleavage elements in the CRISPR/Cas9 system, it is anticipated that CRISPR
technology, based on CRISPR/Cas9, may ultimately take precedence in the future of gene

editing, even though TALEN technology is currently more prevalent in clinical applications
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(Huang et al., 2022). CRISPR-Cas systems operate based on the spacer sequence present in the
crRNA, providing guidance and sequence specificity (Makarova & Koonin, 2015). Upon
binding to the target sequence adjacent to the 2-5 nucleotide PAM, the Cas nuclease initiates
cleavage of the target nucleic acid (Hayes et al., 2016). This means that achieving sequence-
specific cleavage at any location near the PAM is feasible using CRISPR-Cas systems by
designing a unique crRNA or engineered guide RNA (gRNA) with an appropriate spacer
sequence (Marraffini & Sontheimer, 2008). The application scope of CRISPR/Cas technology
Is extensive, encompassing research, development, and diagnostics. Its primary utility lies in
modifying target genes (DNA/RNA) within the host as a genetic tool. Additionally,
CRISPR/Cas technology serves diverse functions in Genome library screening, Transcriptional
regulation (activation/repression), epigenetic modification, live cell imaging, and therapeutic
applications (Bharathkumar et al., 2022). Significant strides in gene-editing technology in
recent years have led to remarkable progress in enhancing human health. Gene editors are
currently being utilized in active clinical trials to address a range of human disorders, including

HIV, cancer, and hematologic conditions, showcasing the impactful achievements in this field.

While CRISPR/Cas9 stands as a promising method, its recent identification and
application in humans pose challenges for integration into clinical studies (Morshedzadeh et
al., 2024). Primary difficulties include immunogenicity, off-target effects, mutations, delivery
techniques, and ethical considerations associated with CRISPR/Cas9 technology
(Morshedzadeh et al., 2024). The Cpfl system, in the CRISPR family, emerges as a potent tool
for genome modification, distinct from the Cas9 system (Zetsche et al., 2015). Notably, Cpfl
is a singular RNA-guided endonuclease which recognizes a PAM resulting in staggered cuts
distal to the PAM site (Zetsche et al., 2015). Additionally, Cpfl exhibits dual functionality,
capable of processing its own crRNA and cleaving the target DNA (Safari et al., 2019). Another
distinctive feature is that the DNA cleavage in the CRISPR/Cpfl system is guided solely by
crRNA, eliminating the need for tracrRNA (Zetsche et al., 2015). The CRISPR/Cpf1 system's
adeptness in processing crRNA with direct repeats makes it particularly well-suited for

multiplex gene editing (Chen et al., 2023).
2.2.1.10 Webservers to predict CRISPR-Cas system in prokaryotic genome.

Despite experimental confirmation that CRISPR-Cas systems primarily target phages

or plasmids, the specific targets of the majority of spacers remain unidentified (Barrangou et
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al., 2007). For instance, among the 926 spacers identified for E. coli and Salmonella, Touchon
and Rocha were only able to predict the likely targets of 8%, and a parallel study discovered
the targets of 12% of spacers (Diez-Villasefior et al., 2010; Touchon & Rocha, 2010). Several
factors contribute to the difficulty in identifying crRNA targets. This challenge stems, in part,
from the limited number of studies dedicated to exploring the sequences of phages in relation
to their abundance and genetic diversity (Hatfull & Hendrix, 2011; Krupovic et al., 2011).
Additionally, accessing phage sequences in databases like GenBank is often challenging, but a
wealth of such sequences exists in viral metagenome or virome studies (Culley, 2011).
CRISPRTarget predict the most likely targets of CRISPR RNAs. CRISPRTarget, can be
utilized to identify targets in newly sequenced genomic or metagenomic data (Biswas et al.,
2013).

CRISPROne systematically investigates genomic locations of CRISPR-Cas systems in
both complete and draft bacterial genomes to quantify the frequency of co-occurrence between
CRISPR arrays and cas genes. Additionally, it explores the potential reasons behind the
presence of isolated cas loci using representative species. Within the isolated CRISPRs lacking
companion cas genes, a subset was identified as highly suspicious due to their absence of spacer
diversity, making them unlikely to be authentic CRISPRs. These suspicious CRISPRs, lacking
spacer diversity and thus less likely to be genuine, were termed false-CRISPR elements. It also
highlighted the possibility of confusion between some tandem repeats and CRISPRs,
particularly those containing structures resembling "repeat-spacer” configurations (Zhang &
Ye, 2017).

Cas protein identification can be accomplished using either BLAST or Hidden Markov
Model (HMM) searches, as exemplified in tools like CasFinder. The precise identification of
CRISPR-Cas systems poses a challenge during the analysis of new genomes. Accessible and
regularly updated online databases prove to be invaluable resources for exploring the diversity
of CRISPR-Cas systems. The pioneering CRISPRFinder program, with its associated database
CRISPRdb, was the first website dedicated to these structures. Recently, a new tool and
database, CRISPRCasFinder, have been developed, combining the functionalities of
CRISPRFinder and CasFinder to identify both CRISPR arrays and cas genes in submitted
sequences (Grissa et al., 2007; Pourcel et al., 2005; Pourcel et al., 2020). CRISPRDetect is a

program suitable for local or online use in genome sequence analysis (Biswas et al., 2016),
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while CRISPRdisco facilitates the discovery and analysis of CRISPR-Cas systems through
local program installation (Crawley et al., 2018). CRISPRCasdb provides a detailed description
of the database constructed with CRISPRCasFinder.

3. Leptospira interrogans

Leptospira, a pathogenic spirochete, is a causative agent for the zoonotic disease known
as Leptospirosis, a significant global health concern (Adler & de la Pefia Moctezuma, 2010;
Bharti et al., 2003). Over the past decade, outbreaks linked to sporting events, adventure
tourism, and natural disasters have highlighted how leptospirosis can pose a significant public
health threat in unconventional settings (Bharti et al., 2003; Haake & Levett, 2015; Santos et
al., 2010). Despite this, leptospirosis remains a neglected disease, disproportionately affecting
impoverished populations in developing countries and tropical regions (Santos et al., 2010).
Historically endemic among subsistence farmers, leptospirosis has also become a major issue
in urban slums, where poor sanitation fosters conditions for rat-borne transmission (Reis et al.,
2008; Riley et al., 2007). An estimated 1 million cases occur globally each year, resulting in
nearly 60,000 deaths (Costa et al., 2015). In India, fewer than 10,000 cases are reported
annually, while the estimated total ranges between 0.1 and 1 million. Most cases typically come

from Gujarat, Maharashtra, Tamil Nadu, and Kerala (Agrawal et al., 2018; Kumar, 2013).

These spirochetes are helically coiled and exhibit motility, measuring approximately 6-
25 um in length and 0.1 to 0.2 um in diameter (Bharti et al., 2003). Leptospira are mobility and
obligate aerobes capable of surviving in diverse environments, such as soils, mud, swamps,
streams, and rivers, as well as within the organs and tissues of living or deceased animals and
even diluted milk (Adler & de la Pefia Moctezuma, 2010; Bharti et al., 2003; Faine, 1999).
Leptospira can be distinguished from other spirochaetes based on their unique hook or question
mark-shaped ends (Li et al., 2001). Under in vitro conditions, Leptospira exhibits slow growth
on solid and liquid media supplemented with long-chain fatty acids, ammonium salts, vitamins
B1, and B12, typically at temperatures ranging from 28 to 30 °C. The most commonly
employed medium for cultivation is the Ellinghausen-McCullough/Johnson-Harris (EMJH)
medium, which includes oleic acid, bovine serum albumin, and polysorbate (Adler & de la
Pefia Moctezuma, 2010; Faine, 1999; Murray et al., 2015). Leptospires are not facultative
intracellular organisms; they are seldom seen within host cells and typically only pass through
them transiently when crossing cell monolayers in vitro. Infection results in prolonged
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leptospiraemia until the host's acquired immune response becomes effective, which generally

occurs one to two weeks after exposure (Barocchi et al., 2002).
3.1 The cycle of leptospiral infection.

Leptospira transmission occurs via direct contact with infected animals and bodily
fluids, primarily urine, or indirectly through contact with contaminated water (Bharti et al.,
2003; Sharma, 2008). Leptospira resides in the proximal renal tubules of the kidneys in both
carriers and infected mammals, leading to intermittent shedding through urine over months or
even a lifetime (Faine, 1999). Primary hosts include rats, mice, and moles, while a wide range
of other mammals, such as dogs, deer, rabbits, hedgehogs, cows, sheep, raccoons, opossums,
skunks, and certain marine mammals, serve as secondary hosts (Faine, 1999). Humans are
accidental hosts for Leptospira spp., which can cause acute and sometimes fatal infections (Ko
et al., 2009). Occupations involving frequent animal contact, such as farmers, abattoir workers,
butchers, veterinarians, pet traders, hunters, and rodent control workers, are particularly

susceptible to leptospirosis (Hartskeerl et al., 2011; Musso & La Scola, 2013).

Leptospira enters the body through cuts in the skin or mucous membranes of the eyes,
nose, and throat, with an incubation period of approximately 2 to 20 days. Clinical symptoms
vary depending on the Leptospira strain or serovar involved and the inoculum size, which
varies among individuals based on age and health (Adler & de la Pefia Moctezuma, 2010; Ko
etal., 2009). In most human cases, leptospirosis symptoms are mild and self-limiting. However,
the more severe Weil's syndrome presents with multi-organ complications, including jaundice,
hepatic and renal dysfunction, cardiovascular collapse, pulmonary haemorrhage, and
meningitis (Bharti et al., 2003). Additional symptoms encompass fever, nausea, headache,
myalgia, chills, and skin rashes (Faine, 1999; Vinetz, 2000). Leptospirosis is often
misdiagnosed in humans due to its symptom overlap with other illnesses, such as dengue fever,
influenza, hepatic disease, and Hantavirus infections, leading to the underestimation of its
occurrence (Fig. 1.8) (Hartskeerl et al., 2011; Victoriano et al., 2009).
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Figure 1.8. The cycle of leptospiral infection. Mammals excrete leptospiral
pathogens through their urine, which serves as a reservoir for the transmission of
pathogens. These pathogens are sustained in wild (sylvatic) and domestic
environments through transmission among various rodents. Infection in these
reservoirs results in a chronic, asymptomatic carriage of the pathogens. Leptospires
can next infect livestock, domestic animals, and wildlife, leading to a manifestation of
the spectrum of disease and their carrier. The sustained presence of leptospirosis in
these populations is attributed to exposure to rodent reservoirs or communication
within animal herds. In humans, Leptospirosis is transmitted either by direct contact
with reservoir animals or through exposure to environmental surface water or soil
contaminated with their urine. Leptospires can enter the body through abraded skin or
mucous membranes, enter the bloodstream, and spread throughout the tissues.
During the initial "leptospiraemic” phase, infection causes an acute febrile illness and
progresses during the subsequent "immune" phase, causing severe multisystem
manifestations such as hepatic dysfunction, jaundice, acute renal failure, pulmonary
haemorrhage syndrome, myocarditis, and meningoencephalitis. While the immune
reaction ultimately eradicates the infections, leptospires can survive for long periods in
immune-privileged locations such as the renal tubules the anterior chamber, and the
vitreous humor of the eye. This persistence might result in urine shedding weeks after
the sickness has resolved and uveitis months after exposure. It is vital to emphasise
that humans are unintentional hosts who do not excrete enough leptospires to act as
reservoirs for subsequent transmission [(adapted from (Ko et al., 2009)].
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3.2 Classification of Leptospira.

Initially, morphological characteristics served as the basis for classifying organisms
within the Leptospira genus (Picardeau, 2013, 2020). Subsequently, the genus was categorized
into pathogenic and non-pathogenic species, Initially, morphological characteristics served as
the basis for classifying organisms within the Leptospira genus (Picardeau, 2013, 2020).
Subsequently, the genus was categorized into pathogenic and non-pathogenic species. There
are more than 68 Leptospira species; however (Arent et al., 2022; Caimi & Ruybal, 2020;
Vincent et al., 2019), when considering serological classification based on agglutinating
lipopolysaccharide antigens, Leptospira spp. are divided into 20 serogroups, encompassing
over 300 serovars (Picardeau, 2013, 2020). Pathogenic Leptospira serovars exhibit host
preferences, such as serovar Hardjo for cattle, Canicola for dogs, and Icterohaemorrhagiae for
rats (Picardeau, 2017). However, these associations are not absolute, and the underlying genetic
mechanisms for host specialization remain unclear. DNA-DNA hybridization (DDH) and
phylogenetic analysis of 16S rRNA have identified three distinct clades within the Leptospira
genus (Picardeau, 2017). One clade encompasses pathogens capable of infecting and causing
diseases in both humans and animals, including species like L. interrogans, L. noguchii, L.
weilii, L. kirschneri, L. santarosai, L. mayottensis, L. kmetyi, and L. borgpetersenii. Another
group consists of intermediates isolated from humans and animals that may induce moderate
symptoms of leptospirosis, such as L. inadai, L. broomi, L. fainei, L. licerasiae, and L. wolffi.
The third clade comprises seven saprophytic species that cannot cause disease, including L.

biflexa, L. meyeri, L. wolbachii, L. terpstrae, L. vanthielii, and L. yanagawae (Picardeau, 2017).
3.3 Defense systems in Leptospira.

Leptospira employ various defense mechanisms to counteract threats. Among these,
the restriction-modification (R-M) system is notable. The most prevalent R-M systems are type
IV, type I, and type Il. Type Il R-M is absent from all the examined strains (Petakh et al.,
2024). Unlike innate immune systems that modify DNA based on fixed interactions with
defense proteins in phage genomes, prokaryotes also utilize adaptive immune systems like
CRISPR-Cas. For Leptospira, the dominant CRISPR types are CRISPR type I (which is present
in most pathogenic species and includes subtypes I-B, I-C, and I-E) and CRISPR type Il
(Petakh et al., 2024). Among the antiphage systems, PrrC, an anticodon nuclease targeting

tRNALYys, is the most common in L. interrogans strains. PrrC supports the R-M system by
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degrading tRNALys and inhibiting phage replication (Huiting & Bondy-Denomy, 2023;
Kaufmann et al., 1986; Sirotkin et al., 1978). It is categorized as an abortive infection system
due to its interference with the host's translation machinery (Huiting & Bondy-Denomy, 2023;
Penner et al., 1995). The Shedu antiphage system is also observed in half of the Canicola
strains. This system features a single protein, SduA, which functions as a nuclease with a
conserved DUF4263 domain from the PD-(D/E)XK nuclease superfamily (Gu et al.). The PD-
T4-7 system, found in 37.5% of Grippotyphosa strains, is a single-gene system operating
through an abortive infection mechanism (Vassallo et al., 2022). Among 22,803 complete
RefSeq genomes, PD-T4-7 is identified in 155 (0.68%). The Dsr system, also present in 25%
of Grippotyphosa strains, comprises two subsystems (Petakh et al., 2024). Recently, an in silico
study identified four vapBC loci in the genome of L. interrogans serovar Copenhageni strain
Fiocruz L1-130, which were numbered based on their genomic organization (Lopes et al.,
2014). Of these loci, only one designated VVapBC-3 had been characterized (Damiano et al.,
2024; Lopes et al., 2014). Consequently, the remaining three loci were classified as putative
toxin-antitoxin (TA) modules and required further investigation (Damiano et al., 2024). The
frequently observed defense system is Borvo, a single-gene antiphage system identified
through both bioinformatic prediction and experimental validation (Millman et al., 2022)[41].
Although Borvo is likely an abortive infection mechanism, the exact molecular mechanism by
which it operates has not yet been elucidated (Millman et al., 2022; Stokar-Avihail et al., 2023).

3.4 Genomic Differences in Leptospira Species in Evolution from Saprophyte to Infectious

Pathogen.

Leptospira strains exhibit genomic diversity with sizes ranging from 3.8 to 4.6 Mb and
GC content between 35-45%, underscoring the considerable variability within the genus (Fouts
etal., 2016; Xu et al., 2016). Recent insights into the evolutionary trajectory of Leptospira spp.
have been gleaned through the reconstruction of gene gain and loss over time (Xu et al., 2016).
The predominant trend in the evolution from a saprophytic progenitor to intermediate and
pathogenic forms involves the gain or loss of ancestral genes, particularly those encoding
proteins involved in metabolism and signal transduction systems. Horizontal gene transfer and
strain-specific duplications have played pivotal roles in the adaptive strategies of pathogenic
Leptospira spp. to diverse hosts (Picardeau, 2017). Computational biology analyses have

unveiled a shared evolutionary relationship among all known Leptospira species (Fouts et al.,
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2016). Pathogenic Leptospira spp. demonstrate distinctive genomic pathways associated with
sialic acid and cobalamin (B12) biosynthesis, recognized as bacterial virulence factors.
Additionally, they exhibit pathogen-specific porphyrin metabolism, indicative of their
adaptation to the mammalian system. Notably, the CRISPR-Cas system, a defence mechanism
against foreign nucleic acids, is prevalent in infectious members of the Leptospira genus (Fouts
etal., 2016).

3.5 Genetic manipulation in Leptospira.

Genetic manipulation in pathogenic Leptospira species is still in its early stage, and the
reason for Leptospira's genetic inaccessibility, possibly involving the CRISPR-Cas system,
remains unknown. Homologous recombination is the common technique for targeted genetic
knockout or random insertion (Croda et al., 2008). Transcription activator-like effectors
(TALE) have also been employed for exact gene silencing in both saprophytic and pathogenic
strains, albeit at high cost and with labor-intensive efforts (Pappas et al., 2015). The progress
of studying genetic manipulation in pathogenic Leptospira has been hindered due to the lack
of naturally occurring plasmids and the slow growth of the bacteria in both solid and liquid
media (Bulach et al., 2006; Nascimento et al., 2004; Picardeau et al., 2008). The lack of
plasmids in the genomes of pathogenic leptospires highlights the necessity to create a
replicative vector with a wide host range, suitable for genetic experimentation purposes. Upon
identifying the bacteriophage LEL1 replicating as a circular plasmid in L. biflexa, a shuttle vector
was formulated for E. coli-L. biflexa (Saint Girons et al., 1990). This vector incorporates the
LE1 origin of replication and antibiotic resistance markers (Girons et al., 2000). Through
electroporation, this DNA can be introduced to leptospires and replicate within saprophytic L.
biflexa, but not in pathogenic species (Girons et al., 2000; Ko et al., 2009). A recent display of
conjugation between E. coli and Leptospira spp. utilizing the RP4 plasmid indicates a potential
alternative approach for introducing DNA into leptospires (Picardeau, 2008). Significant
advancements have been achieved in the genetic manipulation of Leptospira spp, with the
development of a shuttle vector, pMaORI (Pappas et al., 2015). This vector can replicate within
saprophytic, intermediate, and pathogenic leptospires. The construction of the shuttle vector
involved the insertion of a 2.9-kb DNA segment, encompassing the parA, parB, rep genes,
aadA cassette, ori R6K, and oriT RK2/RP4 into pMAT vector backbone (Pappas et al., 2015).
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Recently, CRISPR interference techniques have been employed for genetic
manipulation of Leptospira. The recognition of a 30 bp protospacer adjacent motif (PAM) by
Cas9, followed by RNA-DNA Watson and Crick base pairing, results in DNA cleavage. This
process creates double-strand breaks (DSBs) that must be repaired for the cell to survive
(Lieber, 2010). Most bacteria cannot repair double-strand breaks (DSBs) without a template
for recombination, and Cas9 cleavage has been shown to be lethal to Leptospira (Fernandes et
al., 2019; Fernandes et al., 2021). The first strategy to mitigate this lethality in both saprophytic
and pathogenic strains involved expressing a catalytically inactive Cas9 (dCas9) along with a
single-guide RNA (sgRNA) designed to pair with the coding strand of the target gene
(Fernandes et al., 2019; Fernandes et al., 2021). The dCas9-sgRNA complex acts as a physical
barrier, obstructing RNA polymerase elongation and leading to gene silencing instead of gene
disruption (Zheng et al., 2017). The second strategy is to employ bacterial DSBs:
nonhomologous end-joining (NHEJ) system. Certain bacteria, including Mycobacterium
tuberculosis, M. smegmatis, Pseudomonas aeruginosa, Bacillus anthracis, and B. subtilis,
express a more streamlined version of this pathway, consisting of two essential proteins: an
ATP-dependent ligase (LigD) and a DNA end-binding protein (Ku) (Matthews & Simmons,
2014). In this context, the NHEJ system of M. tuberculosis and M. smegmatis has been
demonstrated to function in some bacteria (Zheng et al., 2017). However, the use of a
heterologously expressed NHEJ system in Leptospira spp. has not yet been investigated. The
lethality caused by double-strand breaks (DSBs) in L. biflexa was overcome by the
simultaneous expression of the S. pyogenes CRISPR/Cas9 and M. tuberculosis NHEJ systems.
This resulted in null phenotypes for LipL32, consistent with the indel mutations observed in
the LipL32 genes (Fernandes & Nascimento, 2022). The CRISPRi (dCas9) approach was
employed to generate mutants of the key proteins LipL32, LipL41, LipL21, and OmpL1 in L.
interrogans serovar Copenhageni. Silencing LipL32 resulted in increased bacterial virulence,
while LipL41 silencing led to a slight attenuation of acute disease symptoms. Silencing LipL21
rendered the leptospires incapable of causing acute disease, whereas silencing OmpL1 was
lethal to both saprophytic and pathogenic Leptospira, highlighting its essential role in the basic
biology of the bacteria (Fernandes et al., 2023).

The novel CRISPR prime editing (PE) strategy was first introduced to edit human cells
and has since been applied to various model organisms, including mouse embryos, organoid
lines, plants, and E. coli (Geurts et al., 2021; Shuai Jin et al., 2021; Y. Liu et al., 2020; Park et
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al., 2021; Tong et al., 2021). CRISPR-PE is the first precise genome-editing technology
capable of performing deletions, insertions, and base substitutions without creating double-
strand breaks (DSBs) (Zhao et al., 2023). This is achieved by using a nickase Cas9 (Cas9n)
that cuts only a single strand of DNA. In CRISPR-PE, Cas9n is fused with an engineered
reverse transcriptase (RT), and the system employs a modified SgRNA, known as prime editing
guide RNA (PEgRNA), which contains a primer-binding sequence (PBS) and a reverse
transcription template (RTT) (Geurts et al., 2021). The PEgRNA not only enables target
recognition through protospacer base-pairing but also guides the incorporation of the desired
edits into the DNA target as specified by the RTT sequence (Fernandes et al., 2024). The use
of CRISPR-PE in both saprophytic (mutation in B-galactosidase) and pathogenic Leptospira
(mutation in LipL32) species has enabled the introduction of deletions or insertions into target
DNA with remarkable precision, down to a single nucleotide. This marks not only the first
application of the innovative CRISPR-PE technique to develop knock-out strains across
different species and serovars of Leptospira spp., but also the first instance of this tool being

used in spirochetal species (Fernandes et al., 2024).

However, applying the endogenous CRISPR-Cas system of pathogenic Leptospira
strains as a genome editing tool remains a future challenge, making it crucial to understand
Leptospira’'s CRISPR-Cas system, as it may eventually enable genetic manipulation in these

strains.
4. Research gap

L. interrogans sv. Copenhageni genome encodes two CRISPR-Cas system (subtype I-
B and I-C) (Makarova & Koonin, 2015; Xiao et al., 2019). The cas genes of subtype I-B are
aligned in one direction and are located on either side of the CRISPR array in two different
operons (Dixit et al., 2016). Adaptation Cas proteins (LinCas1B, LinCas2B, and LinCas4B) of
CRISPR-Cas I-B exhibit metal-ion dependent DNase activity on a variety of DNA substrates.
LinCaslB and LinCas2B are inert on small oligo (23 and 50 mer) whereas LinCas4B
completely degrade them (Dixit, Anand, et al., 2021b; Dixit et al., 2016; Dixit, Prakash, et al.,
2021). LinCas6B cleaves its cognate repeat RNA upstream to 8 nt from its 3’ end in a single
turnover mode (Prakash & Kumar, 2021). Additionaly, LinCas6B canonical processing its
cognate pre-crRNA transcript into mature cRNA under in vitro conditions (Prakash & Kumar,
2021). LinCas7B exhibits modulated activity against DNA and RNA substrates in the presence
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of Mg** ions. Consistent with its established role in CRISPR-Cas immunity, LinCas7B
selectively binds to mature crRNA exclusively when Mg?* ions are present. In the absence of
divalent metal ions, LinCas7B functions as a non-specific RNase. Notably, among proteins
categorized within the Cas7 family, LinCas7B stands out for its Mg?* ion-dependent DNase
activity, showecasing its unique characteristics (Hussain & Kumar, 2022). CRISPR-Cas I-B
interference machinery confers PAM-dependent target plasmid interference in the
heterologous host (E. coli). LinCas11B co-translates within LinCas8B ORF exhibits non-
specific affinity for nucleic acids and is indispensable for the LinCascade-mediated target DNA
degradation (Hussain et al., 2023).

CRISPR-Cas systems encompass two essential genetic elements: the CRISPR array and
cas genes responsible for encoding Cas proteins (Makarova & Koonin, 2015). Conventionally,
the cas genes are situated in the vicinity of CRISPR loci (Daniel H Haft et al., 2005).
Nevertheless, in an intriguing departure from this norm, the CRISPR-Cas I-C system identified
in L. interrogans sv. Copenhageni contradicts this expectation by lacking a CRISPR array
element (Makarova et al., 2011b). Hence, the efficacy of a CRISPR-Cas system devoid of a
CRISPR array in an organism raises questions about its functionality. Consequently,
investigating the functional activity of each cas genes becomes crucial. This study aims to
explore whether maturation and interference cas genes can cleavage non-cognate CRISPR
arrays for immunity. Additionally, the inquiry extends to whether endogenous CRISPR-Cas

types | (I-B and 1-C) can be harnessed for genome editing purposes.
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Chapter 2
Deciphering the architecture of CRISPR-Cas subtype I-C
of Leptospira interrogans serovar Copenhageni strain
Fiocruz L1-130 and comparison with subtype 1-B

The PAM prediction portion in this chapter is partially adapted from the published article and
reprinted with author’s permission. Hussain, M. S., Anand, V., & Kumar, M. (2023).
Functional PAM sequence for DNA interference by CRISPR-Cas IB system of Leptospira
interrogans and the role of LinCasllb encoded within lincas8b. International Journal of
Biological Macromolecules, 237, 124086.
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Abstract

The CRISPR-Cas system has captivated attention for its remarkable ability to identify
and eliminate foreign nucleic acids precisely. In line with a previous report and the CRISPR-
CasFinder webserver, it has been determined that the genome of Leptospira interrogans
serovar Copenhageni contains two subtypes of CRISPR-Cas systems (I-B and I-C),
accompanied by two CRISPR arrays (CRISPR-2 and -3). Remarkably, subtype I-C is barren
of an array element, and concurrently, CRISPR-3 lacks a cas operon. This prompts inquiries
into the underlying rationale for retaining cas genes in the absence of the characteristic array
and, conversely, maintaining a CRISPR array without the typical cas operon. This study
conducted an in silico analysis of repeat and spacer sequences, predicting the protospacer
adjacent motif using spacers of both CRISPRs. Notably, CRISPR-Cas I-C nucleotide and
protein exhibit lower similarity and are phylogenetically distant from I-B. The transcript of cas

genes in CRISPR-Cas I-C was detected under in vitro conditions.
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2.1 Introduction

The CRISPR-Cas system, recognized as a form of bacterial adaptive immune system,
has garnered considerable interest for its extraordinary capacity to accurately identify and
eradicate foreign nucleic acids (Makarova & Koonin, 2015). There are numerous bacteria and
archaea which have been documented to possess more than two CRISPR-Cas systems. For
instance, Pyrococcus furiosus (type I-A, I-G, and 111-B) (Majumdar et al., 2015), Pseudomonas
aeruginosa (type I-C, I-E, and I-F) (Gagaletsios et al., 2022), Clostridium species (type I-B, IlI-
B, II-C, and 111-B) (Louwen et al., 2014), and Bacillus species (type I-B and I-C) are known to
have multiple CRISPR-Cas systems (Makarova et al., 2011b). In the ongoing evolutionary
competition with CRISPR-Cas; the phages, and other genetic elements have developed varied
strategies to hinder or bypass immunity. Organisms that possess multiple CRISPR-Cas systems
use different effector complexes to target and destroy diverse foreign nucleic acids (Smith et
al., 2023; Zahedipour et al., 2024).

The genomes of L. interrogans and L. kirschneri encode CRISPR-Cas subtypes I-B and
I-C. In contrast, the genome of L. noguchii carries CRISPR-Cas subtypes I-C and I-E.
Additionally, the genomes of L. alstonii, L. weilii, and L. santarosai harbor CRISPR-Cas
subtypes I-B and I-E. (Makarova et al., 2011b; Xiao et al., 2019). L. interrogans serovar (sv.)
Copenhageni has CRISPR-Cas subtypes I-B and I-C, along with two CRISPR arrays (CRISPR-
2; LIC_Cr? and -3; LIC_Cr® in its genome (Makarova et al., 2011b). The cas genes of
CRISPR-Cas I-B are oriented in a single direction, positioned on both sides of the LIC-Cr?
array within two distinct operons, whereas CRISPR-Cas I-C is devoid of CRISPR array (Dixit
et al., 2016; Xiao et al., 2019). LIC_Cr®, however, does not have a cas operon in its vicinity,
and it can be considered an orphan CRISPR. CRISPR array contains fragments of invading
genetic elements called spacers that recognise the target nucleic acids through base pairing,
thereby enabling immunity against foreign nucleic acids. To distinguish between self and non-
self DNA, a conserved trinucleotide sequence, known as the protospacer adjacent (PAM) motif,
is located adjacent to the target DNA (Gleditzsch et al., 2019). In this study, identification of
spacers derived from infiltrating genetic elements (protospacer) in LIC_Cr?and LIC_Cr® was

carried out and using upstream region of protospacer PAM was predicted.
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Although it is known that cas genes in CRISPR-Cas I-B of L. interrogans sv.
Copenhageni and CRISPR-Cas I-C of sv. Linhai is transcriptionally active (Dixit et al., 2016;
Xiao et al., 2019); there is no information about the transcription of CRISPR-Cas I-C cas genes
of sv. Copenhageni. The cas genes in CRISPR-Cas I-C of sv. Copenhageni was found to be
transcriptionally active. To understand similarities and evolutionary relatedness among cas
genes and protein sequences of both subtypes (I-B and I-C). This study examines the
similarities and evolutionary relationships between cas genes and protein sequences of both
subtypes (I-B and I-C). The findings indicate that CRISPR-Cas I-C nucleotide and protein are
less similar and phylogenetically distantly related to I-B.

2.2 Results

2.2.1 CRISPR-Cas elements of L. interrogans sv. Copenhageni.

A prior study indicates L. interrogans sv. Copenhageni carries CRISPR-Cas I-B and I-
C. The genome includes two CRISPR arrays, LIC_Cr? and LIC_Cr® (Makarova et al., 2011b;
Prakash & Kumar, 2022). Array LIC_Cr? array is positioned between the two cas 1-B operons
(Dixit et al., 2016). Array LIC_Cr® is located away from both subtypes and thus can be
considered as an orphan CRISPR. To investigate the presence of additional CRISPR-Cas
elements in the L. interrogans sv. Copenhageni genome, we conducted a genome analysis using
the CRISPR-CasFinder webserver. The CRISPR-CasFinder web server predicted a total of 11
CRISPRs, out of which two were confirmed (LIC_Cr? and LIC_Cr®), and nine were putative
CRISPRs (CRISPR-1, -4, -5, -6, -7, -8, -9, -10, and -11) based on number of spacer present
within the array (Fig. 2.1A). The numbering of the CRISPR array is based on its position within
the genome. The CRISPR-CasFinder webserver distinguishes between confirmed and putative
CRISPRs based on the number of spacer sequences present. An array with more than one spacer
is considered confirmed, while an array with only one spacer is considered putative. LIC_Cr?
is composed of 3 spacers (34, 39, and 37 bp) and 4 repeats (36 bp) (Dixit et al., 2016). In
contrast, the LIC_Cr® has 4 spacers (41 bp) and 5 repeats (28 bp) sequences (Fig. 2.1B).
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Figure 2.1. Schematic representation of CRISPR-Cas elements within the L.
interrogans genome. (A) Schematically representation of CRISPR-Cas elements
within chromosome | of L. interrogans sv. Copenhageni. CRISPR arrays are depicted
as sky blue circles, and CRISPR-Cas systems are represented by red triangles. (B)
Predicted CRISPR arrays within the genome of L. interrogans sv. Copenhageni.
CRISPR-2 and -3 are confirmed CRISPR, while others are putative CRISPRs. The
repeat (R) is symbolized by a rhombus, and the spacer (S) is represented by a
rectangle. Genome coordinates are provided in brackets. CRISPR arrays 1-11 exhibit
distinct repeat and spacer sequences and each is uniquely colored for clarity.

The transcription direction of array LIC_Cr? was experimentally shown in the direction
of the cas operon in CRISPR-Cas I-B (Prakash & Kumar, 2021). However, there is no
information about the direction of transcription for LIC_Cr®. As per CRISPR-CasFinder web
server, the predicted transcription of array LIC_Cr® takes place using the sense strand as a
template. In arrays, repeats generally exhibit uniform length and sequence, although minor
differences may occur specifically at the end of an array (Lillestgl et al., 2009; F. J. M. Mojica
et al., 2005). Variation in terminal repeats has been documented previously in the CRISPR
array of Streptococcus thermophilus (Horvath et al., 2008) and E. coli (Touchon & Rocha,
2010). Likewise, variations were noted among the repeats of array LIC_Cr?, specifically within
its terminal repeat and more prominently toward the 3’ end (Prakash & Kumar, 2021). This
instigated to investigate the repeat sequence of LIC_Cr3. As the transcription direction of
LIC_Cr® remains experimentally undetermined and has solely been predicted in silico, we
conducted a thorough examination of both the sense and anti-sense strands of LIC_Cr® to

explore similarities among the repeat sequences.

The repeats sequence of LIC_Cr® from sense strand were aligned and variations among

the repeats were seen towards 5’ terminal (Fig. 2.2A). Variations were specifically observed at
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2, 5-8, 14, 17, 20, 24, and 25" position in the repeat nucleotide sequence. In contrast, within
the repeats sequence of LIC_Cr® from anti-sense strand variations was observed towards the 3’
terminal. Differences were precisely observed at the 4, 5, 9, 12, 21-24, and 27" positions in the
repeat nucleotide sequence (Fig. 2.2B). Overall, a 65 percent similarity was noted among the
repeat sequences of LIC_Cr3. Consequently, to investigate the cleavage site by the CRISPR-
Cas I-C maturation Cas protein within the repeat, a consensus repeat sequence derived from

both sense and anti-sense strands of LIC_Cr® was selected.

(A) (B)

1 10 20 28 i o 2D 2B
Rl Gu A:Gr' o RS =Yu v ujife]uaalduuliic ciNauuu cldililic cEa
YR olEc cilelEls canA O e UAlElA AR RYRUUUEENUA AU U C CBAUUU CEXefeF\G G oA
R3 WU UARALFYY A G I5jU D AR RERUU U U A AEVU Ul MAUUUC SRy EAR
R4 (yulseluaziale ot Tl R4 Bl U uPENAR G5 ufselelu ENTS U U U A felela
Sifuicc s\ canaufdcclEaalsu Al v v ulsiuaalduulec cledauuuciifildsccyn

Consensus : UUCCUAAAGAAAUAGGGAAUUUAAAAAA Consensus: UUUUUUAAAUUCCCUAUUUCUUUAGGAA

Figure 2.2. Analysis of repeat sequence of orphan LIC_Cr3. (A) Alignment of
LIC_Cr3sense strand. Alignment of LIC_Cr2 anti-sense strand. Sense and antisense
strands were predicted using CRISPR-CasFinder webserver. Alignment of repeats
was performed using the Clustal Omega webserver using the default parameter. R1,
R2, R3, R4, and R5 depict repeat sequences.

Spacer sequences are predominantly distinct within the CRISPR array. Numerous
spacers have been identified by aligning with sequences that originate from extrachromosomal
sources such as phages, plasmids, and other transferable elements (F. J. M. Mojica et al., 2005;
Pourcel et al., 2005). Importantly, these spacers confer sequence-specific immunity against
foreign nucleic acids (Barrangou et al., 2007; Deveau et al., 2010). Using the CRISPRTarget
web server (Biswas et al., 2013) the origin of spacers within LIC_Cr® were identifed (Table
2.1).

Table 2.1. Exotic genetic elements (protospacer) from which spacers of array LIC_Cr3
were acquired.

CRISPR SPACER Protospacer (5'-3') Invading phages strain
(coordinates)
1 ATAACCGTCAATTATA IMGVR_UViG_33000109

ATTTCGTTGTAGCTT 38 000117
ATAGATAATTCTTTTA (26328-26292)
AC
€ 2 TTTAGGAATTGTTTC IMGVR _UViG 25410470
AAGTCTGTTTCCATT 37_000001 (30045-
30006)
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TAAAGATAACACCTG
TAAA
3 TTTGGGAAGTGTTTG IMGVR_UViG_25410470
AAGTTTATTCCATTCT 37_000001 (30114-

ATCGACAGTTCTTTT 30074)
AGT
4 TTACTTTAATATTTTA  IMGVR_UViG_33000091
CTTTTATTTTTGATTA 82_000299 (87-124)
AATATTATTCTTTTTA
A

2.2.2 PAM prediction using foreign genetic elements invaded in Leptospira.

Cas proteins have a vital role in breaking down foreign DNA into shorter segments,
which are then incorporated into the CRISPR array as new spacers (Nufiez et al., 2014a). The
Cascade complex uses a two-factor authentication process to distinguish between self and non-
self DNA. The first factor involves the mature crRNA, which must be robustly complementary
to the target sequence within the invading genome. The second factor is the presence of a PAM
located immediately adjacent to the protospacer (Gleditzsch et al., 2019; Leenay & Beisel,
2017; Marraffini & Sontheimer, 2010a). Furthermore, the PAM plays a crucial role in the
CRISPR adaptation phase. In E. coli subtype I-E, the Cas1-Cas2 complex actively examines
foreign nucleic acid to identify the presence of the PAM sequence (Rollie et al., 2015).
Similarly, in Bacillus halodurans, the Casl-Cas2-Cas4 complex plays an active role in
scrutinizing foreign nucleic acid for the presence of the PAM sequence (Lee et al., 2019;
Shiimori et al., 2018). Subsequently, adaptation complex removes the PAM adjacent to the
protospacer and incorporates them as a new spacer towards the leader-repeat end of the
CRISPR array (Lee etal., 2019; Rollie et al., 2015; Shiimori et al., 2018). In the type | CRISPR-
Cas system, the PAM is positioned upstream of the protospacer. The CRISPRTarget webserver
(Biswas et al., 2013) aligns spacers with the protospacer and provides the eight-nucleotide

sequences upstream and downstream of the flanking region of the protospacer (Table 2.2).

Table 2.2. Origin of spacers within array LIC_Cr3. Eight nucleotides upstream of
invading genetic elements (protospacers) is depicted using the CRISPRTarget

webserver.

CRISPR | SPACER PAM-Protospacer (5'-3') Invading phages strain (coordinates)
TCTCAATAAAGTTTTTCACGGGGTGACGAATGTTT | Ga0123519 10003459 (22167-22136)
TCCCCCT
TTTGATGAAGGGGGAAAACATTCGTCACCCCGTG IMGVR_UViG_2531839053_000001
AAAAACTT (22136-22167)
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TTTAATGAAGGGCGAGAACATTCGTCATCCTGTGA | IMGVR_UViG_2541047030_000003
AAAACTT (12676-50382)

1 TTTAATGAAGGGCGAGAACATTCGTCATCCTGTGA | IMGVR_UVIiG_2541047030_000002
AAAACTT (19810-19779)

2 TTTAATGAAGGGCGAGAACATTCGTCATCCTGTGA | IMGVR_UVIiG_2541047029_000002
AAAACTT (19822-19791)
TTTAATGAAGGGCGAGAACATTCGTCATCCTGTGA | IMGVR_UViG_2534681715_ 000001
AAAACTT (16951-16920)

2 No hits -
TTTAATGAAGGGCGAGAACATTCGTCATCCTGTGA | IMGVR_UViG_3300025691_000035
3 AAAACTT (12213-12239)
ATAACCGTCAATTATAATTTCGTTGTAGCTTATAGA | IMGVR_UViG_3300010938_ 000117
TAATTCTTTTAAC (26328-26292)
CTCCTAATAACCTGTTGTTTCGTATTCGCTTACATA | IMGVR_UViG_3300029349_000026
TGATTCTTTTAAA (8814-8778)
CTTTAAACGAATTATGTCATCTTTTGCGCTTAAAAA | IMGVR_UViG_3300010289_000015
TAATTCTTTTAAT (4311-4339)
GTTAGGAAGAGTTGTAAGTTGGTTAGCATTTAAAT | Leptospira interrogans serovar Bataviae
ACAATTTTTGCAAA strain 1548 plasmid p3 (34936-34976)
IMGVR_UViG_3300014492_000006
(7620-7658)
1 IMGVR_UViG_3300014499_000007
(21043-21081)
ATTACTTAGTGTTGTAATTAAGGTAGCGTTTAAAGA | IMGVR_UViG_3300014838_000020
TAATTTTTGTAAA (38924-38962)
IMGVR_UViG_3300017697_001055
(3283-3246)
IMGVR_UViG_3300007540 001321
(2795-2832)
AGGAGGCAGAGTTGTAATTTCGTTCGCGCTTAAAT | IMGVR_UVIiG_2541047037_000001
ATAATTCTTTTAAA (29976-29936)
3 TTTAGGAATTGTTTCAAGTCTGTTTCCATTTAAAGA | IMGVR_UVIiG_2541047037_000001
2 TAACACCTGTAAA (30045-30006)
TTTGGGAAGTGTTTGAAGTTTATTCCATTCTATCGA | IMGVR_UVIiG_2541047037_000001
CAGTTCTTTTAGT (30114-30074)
TTTGGGAAGTGTTTGAAGTTTATTCCATTCTATCGA | IMGVR_UVIiG_2541047037_000001
CAGTTCTTTTAGT (30114-30074)
IMGVR_UViG_3300008611_000021
(71156-71122)
IMGVR_UViG_7000000099_ 000029
(57721-57687)
IMGVR_UViG_3300007096_000002
(71449-71415)
3 TTTAAGCTGAGTTTCAAGCTTATTCCTATCTATAGC | UGV-GENOME-0352847 (55068-55032)
CAGTTCTTTCTGT IMGVR_UViG_7000000422_000021
(25221-25255)
UGV-GENOME-0352542 (11200-11236)
DTR_380873 (11314-11348)
UGV-GENOME-0350548 (23062-23098)
CAGGCTGATTGATTAAAGTTTATTCGATTCTTTCCA | IMGVR_UViG_3300013307_000016
AAGCTCTTTTACA (135933-135896)
IMGVR_UViG_2541047037_000001
(30183-30143)
IMGVR_UViG_GVMAG-M-3300025860-
TTGCGGTAATATTTTGAGTTGATTTCTGCTTAAATA | 25 000001 (27519-27554)
TAATTCTTTTAAG IMGVR_UViG_3300025138_002215
(7773-7807)
IMGVR_UViG_3300001567_000012
(3900-3862)
TTACTTTAATATTTTACTTTTATTTTTGATTAAATATT | IMGVR_UVIiG_3300009182_000299 (87-
ATTCTTTTTAA 124)
IMGVR_UViG_3300006793_002264
(6315-6275)
IMGVR_UViG_3300025066_000658 (892-
932
ACGAGATGATATTCCGAGTTTAATTCCACTTTTAAA IMG)VR UViG 3300025103 000041
TAATTCTTTTAAG (29383-29343) -
IMGVR_UViG_3300025133_000754
(15438-15478)
IMGVR_UViG_3300010150_000270
(4913-4873)
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IMGVR_UViG_3300009071_000436
TAGCTGCTTCGTTTTCATTTGGCTTATGATTAAATA | (6977-6940)

TAATTCTTTCAAG IMGVR_UViG_3300025849_000937
(5493-5530)

4 IMGVR_UViG_3300027977_000172
(7785-7750)

IMGVR_UViG_3300028044_000207 (285-
250)

IMGVR_UViG_3300028581_000270
(14443-14478)

AGAGCTTTTTCATTTGATTTTATTTCGGCTTCAATA IMGVR_UViG_3300028557_000246
GAATTCTTTGAAT (18127-18162)

IMGVR_UViG_3300028553_000043
(47156-47191)

IMGVR_UViG_3300027730_000101
(1170-1135)

IMGVR_UViG_3300027970_000032
(46865-46900)

Norman_145 NODE_2_length_145303 c
ov_286.136298 1 (2229-2259)

IMGVR_UViG_3300006802_002588 (210-
5246)

IMGVR_UViG_3300007236_000347
(1979-1943)

TATGTTCTATATTTTGTGTTGCTTTCCTCATGAATA IMGVR_UVIiG_3300025810_000011
TAATTGTTTCATA (29440-29476)

IMGVR_UViG_3300025803_000225
(12099-12135)

IMGVR_UVIiG_3300025769_000360
(31675-31711)

IMGVR_UViG_3300025759_001977
(8078-8114)

IMGVR_UViG_3300006147_000029
(1317-1281)

IMGVR_UViG_3300006145_000023
TGTAAAATATATTTTTAGAAGATTTATGTTTATATAA | (19209-19173)

AATTCTTTATAA IMGVR_UViG_3300006217_000088
(29601-29637)

IMGVR_UViG_3300006149_000100
(16930-16894)

IMGVR_UVIiG_2541047037_000001
(30183-30143)

IMGVR_UViG_GVMAG-M-3300025860-
TTGCGGTAATATTTTGAGTTGATTTCTGCTTAAATA | 25 000001 (27519-27554)

TAATTCTTTTAAG IMGVR_UViG_3300025138_002215
(7773-7807)

IMGVR_UViG_3300001567_000012
(3900-3862)

Using WebLogo webserver (Crooks et al., 2004) an eight nucleotide sequence upstream
of the protospacers were aligned to determine consensus trinucleotides or PAM. “TGA” and
“ATA” were predicted PAM employing spacers of LIC_Cr? (Fig. 2.3A). Likewise, “TTA”,
“TTT”, “GAA”, “TCT”, and “GCT” were predicted PAM using spacers of LIC_Cr® (Fig.
2.3B).
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Figure 2.3 PAM prediction using foreign genetic elements invaded in Leptospira.
Web logo representation of eight nucleotides upstream of exotic nucleic acid sequence
from which LIC_Cr? and LIC_Cr® spacers are acquired. (A) ATA and TGA are the
predicted PAM using spacers of LIC_Cr?. (B) TTA, TTT, GAA, TCT, and GCT are the
predicted PAM using spacers of LIC_Cr3,

It is noteworthy that the prior analysis of Leptospira’'s CRISPR-Cas systems revealed a
moderately conserved PAM, specifically “TAC” for subtype I-B and “TTC” for I-E. However,
no apparent motifs were detected in the downstream region of protospacers (Xiao et al., 2019).

2.2.3 Comparison of CRISPR-Cas I-C and I-B.

CRISPROne is one of the renowned webservers to predict presence of CRISPR-Cas
system within prokaryotic genome (Zhang & Ye, 2017). Based on homology search
CRISPROne webserver predicts Cas proteins involved in CRISPR-Cas based immunity.
Additionally, CRISPROne also provider genome coordinates of each cas genes present in cas
loci. Using CRISPRONe webserver and the data retrieved from the earlier report (Makarova &
Koonin, 2015), architecture of CRISPR-Cas I-C in L. interrogans sv. Copenhageni was
predicted. The CRISPR-Cas I-C of L. interrogans sv. Copenhageni predicted to have have eight
cas genes which are named as follows: Lincas3C', Lincas3C, Lincas5C, Lincas8C, Lincas7C,
Lincas4C, LincaslC, and Lincas2C. The coordinates of these genes start from Lincas3C’
(3535328) and end at Lincas2C (3542766) (Fig. 2.4). There is a 4 bp overlap between Lincas5C
and Lincas8C. Additionally, there are 2, 139, 254, and 2 bp intergenic regions between
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Lincas8C-Lincas7C, Lincas7C-Lincas4C, Lincas4C-LincaslC, and LincaslC-Lincas2C,
respectively (Fig. 2.4). In the CRISPR-Cas I-C systems of Bacillus halodurans and
Streptococcus pyogenes, the cas3C helicase and nuclease domain is encoded in one open
reading frame (ORF). On the other hand, in L. interrogans, the predicted Lincas3C helicase

domain and nuclease domain are encoded by two separate ORFs (Fig. 2.4).

L1C12910 LIC12911  LIC12912 L1C12913 LIC12914 L1C12915 L1C12916 LIC12917

(:}VS' 3! b
/| cmc N casic CassC CasiC CasiC CasiC casic N casc S
P (1313bp) /] (1131bp) (761 bp) (1621 bp) (921 bp) (429 bp) (765 bp) /] (213bp) n’e}""
139bp 254 bp
i 1
Maturation and interference cas genes Adaptation cas genes

Figure 2.4. The predicted architecture of CRISPR-Cas I-C locus of L. interrogans
sv. Copenhageni. Architecture of CRISPR-Cas I-C was predicted using CRISPROne
webserver. Coordinates of the CRISPR-Cas I-C are mentioned at each end of the cas
locus. Lincasl, Lincas2, and Lincas4 are anticipated adaptation cas genes, Lincas5C
is predicted to play a maturation role, while Lincas7, Lincas8, and Lincas3C are
forecasted interference cas genes within the CRISPR-Cas I-C.

As earlier stated L. interrogans sv. Copenhageni also possess CRISPR-Cas I-B
(Makarova & Koonin, 2015). Therefore, it was interesting to explore the similarity and
evolutionary connections within cas genes and protein sequences of both subtypes. Each set of
cas gene and protein sequences of CRISPR-Cas I-B and I-C were aligned to examine similarity
between them using the EMBOSS and BLAST web server enlisted in Table 2.3. CRISPR-Cas

I-C and I-B share 30-40% cas gene sequence and 2-40% protein sequence similarity.

Table 2.3. Comparing the cas genes and protein sequences of CRISPR-Cas I-C with

I-B.
cas genes of cas genes of subtype  Nucleotide sequence  Protein
subtype I-C (Locus I-B (Locus tag) similarity in percent = sequence
tag) similarity in
percent
LincaslC LincaslB 40.3 25.4
(L1C12917) (L1C10942)
Lincas2C Lincas2B 414 47.0
(L1C12916) (L1C10941)
Lincas4C Lincas4B 33.6 17.0
(L1C12915) (LIC10943)
LincasbC LincasbB 40.7 2.4
(L1C12912) (LIC10935)
Lincas7C Lincas7B 39.3 18.0
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(LIC12914) (LIC10936)

Lincas8C Lincas8B 39.5 14.1
(L1C12913) (L1C10937)

Lincas3C 34.9 8.4
(L1C12911) Lincas3B

Lincas3C’ (LIC10938) 30.3 12.1
(L1C12910)

Due to the low sequence similarity between cas genes and protein sequences of
CRISPR-Cas I-C and I-B, an analysis of their evolutionary relationship was undertaken. Cas
protein orthologs with more than 20 percent similarity were considered for constructing a
phylogenetic tree, regardless of their subtypes. The lineage of predicted adaptation Cas protein
in CRISPR-Cas I-C is distantly related to 1-B within the same serovar (Copenhageni) as both
are placed in different branch in phylogentic tree. However, the lineage of predicted adaptation
Cas protein in sv. Copenhageni CRISPR-Cas I-C is closely associated with I-C of sv. Lai as
they are clustered in single texa (Fig. 2.5A, 2.5B, and 2.5C). The anticipated LinCas5C and
LinCas5B are positioned at distinct branch in the phylogenetic tree, indicating a distant
relationship between their lineages. Despite this, the predicted LinCas5C and LinCas5C_Lai
lineages are closely related, as evidenced by their clustering within a single taxon (Fig. 2.5 D).
The predicted lineage of interference Cas proteins in CRISPR-Cas I-C is distantly related to I-
B, with both being clustered on different branches. Although, the lineage of predicted
interference Cas proteins of CRISPR-Cas I-C in sv. Copenhageni is closely associated with I-
C of sv. Lai, as both are clustered within a single taxon (Fig. 2.5E, 2.5F, and 2.5G). Overall,
it can be concluded that the Cas proteins of CRISPR-Cas I-C in L. interrogans sv. Copenhageni

is are distantly related to 1-B and closely related to I-C of sv. Lai.
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Figure 2.5. Evolutionary relationship between Cas proteins of CRISPR-Cas I-C
with its orthologs. The phylogenetic tree of predicted Cas proteins in CRISPR-Cas
I-C with their orthologs were constructed using Megall software taking 1000
bootstraps replicates and Maximum likelihood algorithms. The scale of each tree is
mentioned at the bottom. Phylogenetic analysis of LinCas1lC (A), LinCas2C (B),
LinCas4C (C), LinCas5C (D), LinCas7C (E), LinCas8C (F) and LinCas3C helicase and
nuclease (G) with their orthologs. Orange arrow demarcated CRISPR-Cas I-C and |-
B Cas protein. Spy (Streptococcus pyogenes), Xor (Xanthomonas oryzae), Bha
(Bacillus haludurans), Dvu (Desulfovibro vulgaris), Sso (Sulfolobus solfataricus), Neu
(Nitrosomonas europaea), Mth (Moorella thermoacetica), Rru (Rhodospirillum
rubrum), Cte (Chlorobaculum tepidum), Syn (Synechocystis sp), Fal (Frankia alni),
Ban (Bifidobacterium animalis), Aba (Armatimonadetes bacterium), Pba
(Phycisphaerales bacterium), Mag (Magnetospirillum), Gar (Geobacter argillaceus),
Ram (Ruficoccus amylovorans), Gba (Gammaproteobacteria bacterium), Mba
(Myxococcales bacterium), Mab (Magnetospirillum aberrantis), Pol (Polaromonas sp.),
Bac (Bacteroides sp.), Aba (Alphaproteobacteria bacterium), Thi (Thiohalocapsa sp.),
Pel (Pelomonas sp. P7), But (Butyrivibrio sp.), Fal (Filifactor alocis), Cba (Clostridia
bacterium), Oba (Oscillospiraceae bacterium), Bba (Burkholderiales bacterium), Lmo
(Lamprobacter  modestohalophilus), Cba (Clostridiales bacterium), Gba
(Gammaproteobacteria bacterium), Xba (Xanthomonadales bacterium), MCa
(Macrococcus carouselicus), Chy (Candidatus hydrogenedentes), Nau (Novipirellula
aureliae), Com (Candidatus omnitrophica), Nga (Novipirellula galeiformis), Dba
(Dehalococcoidia  bacterium), Aco (Aminobacterium  colombiense), Pba
(Planctomycetes bacterium), Rub (Rubinisphaera sp), Syn' (Synergistaceae
bacterium), Pla (Planktothricoides sp.), Apy (Aminivibrio pyruvatiphilus), Zav
(Zavarzinella sp.), Pba' (Phycisphaerales bacterium), Cva (Chloracidobacterium
validum), Tro (Thiocapsa roseopersicina), Cac (Candidatus accumulibacter), Fba
(Firmicutes bacterium), Mth (Moorella thermoacetica), Rru (Rhodospirillum rubrum),
Cte (Chlorobaculum tepidum), Gsu (Geobacter sulfurreducens), Tth (Thermus
thermophilus), Mhu (Methanospirilum hungatei), Mth (Methanothermobacter
thermautotrophicus), Fnu (Fusobacterium nucleatum), Mxa (Myxococcus xanthus),
Mru (Methanobrevibacter ruminantium), Ssu (Spirulina subsalsa), Nit (Nitrospira sp.),
Eba (Elusimicrobia bacterium), Ccy (Coleofasciculaceae cyanobacterium SM2_1 6),
Cbi (Candidatus Bipolaricaulis sibiricus), Sba (Syntrophaceae bacterium), Cba
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(Chloroflexi bacterium), Aba (Acidobacteria bacterium), Eba (Eubacteriales
bacterium), Vba (Verrucomicrobia bacterium), Dba (Deltaproteobacteria bacterium),
Lha (Longimonas halophila), Smi (Smithella sp. SCADC), Bbo (Brevibacillus
borstelensis), Nex (Nannocystis exedens), The (Thermomicrobium sp.), Apy
(Aminivibrio pyruvatiphilus), Bbo (Brevibacillus borstelensis), Afe (Acidibacillus
ferrooxidans), Tso (Tautonia sociabilis), Nmo (Nitrospira moscoviensis), Dmu
(Desulfococcus  multivorans), Dfe  (Desulforamulus ferrireducens), Smo
(Synechococcus moorigangaii), Rru (Rhodospirillum rubrum), Cba (Chloroflexi
bacterium), Pir (Pirellula sp.), Tvi (Thiocystis violacea), Pba (Planctomycetaceae
bacterium), Mal (Methylotuvimicrobium alcaliphilum), Aba (Armatimonadetes
bacterium), Hdy (Hydrococcus sp.), Dba (Deltaproteobacteria bacterium), Vba
(Verrucomicrobia bacterium), Nmo (Nitrospira moscoviensis), Cte (Candidatus
tectomicrobia), Pfu (Polyangium fumosum), Cba (Chloroflexi bacterium), The
(Thermomicrobium sp.), Lba (Leptospiraceae bacterium), Cma (Candidatus
macondimonas diazotrophica), Azo (Azoarcus sp. Aa7), Rgr (Rhodocyclus gracilis),
Cac (Candidatus accumulibacter sp.), Pro (Propionivibrio sp.), Rba (Rhodocyclaceae
bacterium), Cco (Candidatus competibacteraceae), Dag (Dechloromonas agitate),
Rgr (Rhodocyclus gracilis), Cme (Candidatus methylophosphatis), Den
(Denitromonas sp.), Rba (Rhodocyclaceae bacterium), ZBa (Zoogloeaceae
bacterium), Nba (Nitrospinae bacterium), Pba (Proteobacteria bacterium), Gba
(Gammaproteobacteria bacterium), Cbr (Candidatus brocadia), Lep (Leptonema illini),
Tli (Thiothrix litoralis), Tla (Thiothrix lacustris), Nba (Nitrospirae bacterium), Zba
(Zetaproteobacteria bacterium), Mer (Mariprofundus erugo), Gar (Geobacter
argillaceus), Tni (Thiothrix nivea), Vba (Verrucomicrobia bacterium), Cro (Candidatus
rokubacteria bacterium), Tpo (Thalassoglobus polymorphus), Sco (Synechococcus),
Scy (Scytonema sp.), Xan (Xanthomonadaceae bacterium), Mca (Methylococcus
capsulatus), Cni (Candidatus nitrotoga fabula), Gba (Gammaproteobacteria
bacterium), Nba (Nitrospirae bacterium), Nha (Nitrosococcus halophilus), Gal
(Gallionella sp.), Cni (Candidatus nitrotoga sp.), Sba (Sulfuricellaceae bacterium), Spa
(Salinispira pacifica), Hba (Halothiobacillaceae bacterium), Asu (Acidithiobacillus
sulfuriphilus), Hal (Halothiobacillus sp.), Bba (Burkholderiales bacterium), Fer
(Ferrovum sp.), Cro (Candidatus rokubacteria bacterium), Des (Desulfobacca sp.), Riv
(Rivularia sp.), Sym (Symploca sp.), Osc (Oscillatoria sp.), Lep (Leptolyngbya sp.), Ali
(Aphanocapsa lilacina), Nos (Nostoc sp. MS1), Cal (Calothrix sp.), Kim (Kaiparowitsia
implicata) and Tel (Thermosynechococcus elongatus).

2.2.4 Transcript analysis of CRISPR-Cas I-C cas genes.

The CRISPROne webserver was employed to predict cas genes in CRISPR-Cas I-C of
L. interrogans sv. Copenhageni. Subsequently, it was interesting to examine the transcription
of these cas genes in an in vitro cultured L. interrogans sv. Copenhageni. To investigate the
transcript of cas genes in CRISPR-Cas I-C (Fig. 2.6A), RT-PCR was performed using cDNA
obtained from in vitro cultivated sv. Copenhageni as a template. The analysis revealed that the
adaptation cas genes of the CRISPR-Cas I-C (Lincas1C, Lincas2C, and Lincas4C) undergo
transcription in an in vitro condition (Fig. 2.6B). Nevertheless, transcription of maturation and

Page | 51
TH-3470_166106104



Chapter 2

interference full-length cas genes were not detectable (Fig. 2.6C). Occasionally, the intricate
folding of RNA molecules may hinder the successful synthesis of full-length cDNA. This
situation can result in the creation of truncated cDNA (DAS et al., 2001). Therefore, partial
gene amplifying primers were designed to amplify 300 bp towards the 3’ end of the maturation
and interference cas genes. Using partial gene amplifying primers, transcripts of maturation

and interference cas genes were detectable (Fig. 2.6D).

Previous studies have shown that the adaptation cas genes of CRISPR-Cas I-B in sv.
Copenhageni is transcribed from a single promoter (Dixit et al., 2016). To confirm the
polycistronic transcription of adaptation cas genes in CRISPR-Cas I-C, various primer
combinations were tested (Fig. 2.6A). Transcript was detected exclusively when the primer set
of Lincas1C:forward-Lincas2C:reverse was utilized, while no transcript was detected with the
use of others primer set. Thus, evaluation of the transcriptional organization of CRISPR-Cas I-
C adaptation genes revealed that Lincas1C and Lincas2C are transcribed as a polycistronic unit

controlled by a single promoter (Fig. 2.6E).
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Figure 2.6. Transcript analysis of cas genes in CRISPR-Cas I-C of L. interrogans
sv. Copenhageni. (A) Schematic depiction of various primer sets used for transcript
analysis. P1: Lincas3C' forward, P2: Lincas3C' reverse, P3: Lincas3C forward, P4:

Page | 52
TH-3470_166106104



Chapter 2

Lincas3C reverse, P5: Lincas5C forward, P6: Lincas5C reverse, P7: Lincas8C
forward. P8: Lincas8C reverse, P9: Lincas7C forward, P10: Lincas7C reverse, P11:
Lincas4C forward, P12: Lincas4C reverse, P13: LincaslC forward, P14: Lincasl1C
reverse, P15: Lincas2C forward and P16: Lincas2C reverse. (') primer represents
partial gene amplifying primers. (B) Transcript analysis of adaptation cas genes
(Lincas1C, Lincas2C, and Lincas4C), (C) maturation (Lincas5) and interference cas
genes (Lincas7C, Lincas8C, Lincas3C, and Lincas3C’) using sv. Copenhageni cDNA
as a template and gene specific primers. (D) Detection of short transcripts of
maturation and interference cas genes using partial gene amplifying primers. (E)
Polycistronic transcription of adaptation cas genes using various primer combinations
as depicted in Fig. A. The PCR with sv. Copenhageni total RNA (cDNA synthesized
without reverse transcriptase) serves as RNA control in the experiment. gDNA:
genomic DNA.

2.3 Discussion

Prokaryotes host a variety of evolved parasites, including plasmids, viruses, and
transposons (van Beljouw et al., 2023). The sole identified form of adaptive immunity in
bacteria and archaea is the CRISPR-Cas system (Makarova et al., 2011b). The CRISPR-Cas
system acknowledged as a type of bacterial adaptive immune system, has attracted significant
attention due to its remarkable ability to precisely detect and eliminate foreign nucleic acids
(Koonin et al., 2017). In the continuous evolutionary struggle against CRISPR-Cas, phages,
and other genetic elements have evolved diverse strategies to impede or circumvent the host's
immune response (Zahedipour et al., 2024). Several bacteria and archaea carry multiple
CRISPR-Cas systems, enabling the formation of diverse effector complexes. The presence of
diverse effector complexes facilitates the efficient destruction of numerous foreign genetic
elements (Smith et al., 2023; Zahedipour et al., 2024). It's important to note that P. furiosus has
three effector complexes - I-A, I-G, and 111-B - that share a single adaptation module associated
with type I-G. There is a functional overlap observed among the three CRISPR effector
complexes, and crRNAs originating from any of the seven CRISPR arrays can associate and
operate efficiently with any of the three effector complexes (Garrett et al., 2020; Majumdar et
al., 2015). It is possible that L. interrogans sv. Copenhageni's CRISPR-Cas I-C may share
LIC_Cr?, which is located between CRISPR-Cas I-B cas operons, or use an orphan LIC-Cr? to
facilitate CRISPR-Cas based immunity. This can help in eliminating foreign nucleic acids by
using different effector complexes.

CRISPR-Cas-mediated immunity relies on the CRISPR array element to recognize and

dismantle foreign nucleic acids. The mature crRNA, in association with various Cas protein
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families, forms the Cascade (CRISPR-associated complex for antiviral defence), which
recognises and disrupts foreign nucleic acids. Cascade employs diverse mechanisms to
distinguish between self and non-self DNA (Gleditzsch et al., 2019; Hochstrasser et al., 2014).
CRISPR interference is hindered when, in addition to base pairing with the spacer sequence,
the 5" handle also base pairs with the protospacer-flanking sequence of the target DNA. Self-
targeting of the CRISPR locus is naturally avoided, as it would result in complete base pairing
of the 5’ handle of the crRNA with the CRISPR repeat sequence from which it is transcribed
(Marraffini & Sontheimer, 2010b). The presence of a PAM sequence also serves as an
important criterion to discriminate between self and non-self DNA (Marraffini & Sontheimer,
2010b). Cascade complexes can effectively identify PAM sequences in exotic nucleic acids by
examining extended DNA sequences (Gleditzsch et al., 2019; Leenay & Beisel, 2017,
Marraffini & Sontheimer, 2010a). Likewise, the predicted PAM of L. interrogans sv.
Copenhageni might help Cascade complex in distinguishing between self and non-self nucleic

acid.

In general, CRISPR-Cas subtype I-C includes adaptation (cas1C, cas2C, and cas4C),
maturation (cas5C), and interference (cas3C, cas7C, and cas8C) cas genes (Makarova &
Koonin, 2015). CRISPR-Cas I-C Cascade is considered a minimal Cascade as it contains only
three cas genes in its operon: cas5C, cas7C, and cas8C (Makarova & Koonin, 2015). The
subtype I-C Cascade uses Cas5C to process the crRNA instead of Cas6 (Makarova, Wolf,
Iranzo, et al., 2020; Makarova et al., 2013). Similarly, predicted CRISPR-Cas I-C architecture
of L. interrogans sv. Copenhageni includes adaptation (Lincas1C, Lincas2C, and Lincas4C),
maturation (Lincas5C), and interference (Lincas3C, Lincas7C, and Lincas8C) cas genes.
CRISPR-Cas I-C of L. interrogans sv. Copenhageni also encodes minimal Cascade as that of
its orthologs. In contrast to the typical CRISPR-Cas I-C system, the L. interrogans sv.
Copenhageni CRISPR-Cas I-C, Lincas3C helicase, and nuclease domains are encoded in two
separate ORF, resembling the organization cas3 in CRISPR-Cas I-A and I-D (Makarova &
Koonin, 2015).

The prevailing belief is that cas genes are typically in close proximity to CRISPR loci
(Daniel H Haft et al., 2005). However, the CRISPR-Cas I-C system in L. interrogans sv.
Copenhageni deviates from this expectation as it lacks a CRISPR array element. CRISPRs that

are in isolation without nearby cas genes have been identified in several species, including
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Listeria monocytogenes (Mandin et al., 2007), Aggregatibacter actinomycetemcomitans (Jorth
& Whiteley, 2012), and Enterococcus faecalis (Hullahalli et al., 2015). In L. monocytogenes,
isolated CRISPRs were noted to be expressed but not processed into mature crRNAs
(Makarova & Koonin, 2015; Zhang & Ye, 2017). In Yersinia pestis and Streptococcus
thermophilus, isolated arrays have been shown to capture new spacers (Barrangou et al., 2007;
Pourcel et al., 2005). In S. islandicus type Ill CRISPR-Cas systems, which do not possess
CRISPR arrays, have been demonstrated to employ trans crRNA located next to type I-A loci
(Deng et al., 2013; Garrett et al., 2011; Shah & Garrett, 2011). Haloferax volcanii, harboring
three CRISPR loci featuring nearly identical repeat sequences. The expression of all three
CRISPR loci occurred, resulting in the generation of mature crRNA. Nonetheless, it was
observed that not all crRNAs possessed the capability to effectively initiate interference (Maier
etal., 2013). Cas loci found in isolation serve either as vestiges of CRISPR-Cas systems lacking
the immunity function or operate in conjunction with distant CRISPR(s) within the same
genome (Zhang & Ye, 2017). Overall, it is still unclear which of the isolated arrays are
functionally active and, specifically, whether they can complement sets of cas genes that are

devoid of arrays (Shmakov et al., 2020).

The transcription of cas genes is commonly described as polycistronic. Usually, casl
and cas2 are encoded in same operon (Amitai & Sorek, 2016; Makarova et al., 2013). In L.
interrogans sv. Copenhageni CRISPR-Cas I-B, two clusters of genes adaptation (Lincas4B,
Lincas2B, Lincas1B) and maturation, interference (Lincas6B, Lincas3B, Lincas8B, Lincas7B,
LincasbB) are transcribed under different operons (Dixit et al., 2016). However, in the
CRISPR-Cas I-C, Lincas1C and Lincas2C share a common promoter, while the transcription
of Lincas4C is not regulated by this promoter. Full-length transcripts were not discernible for
the maturation and interference cas genes within the CRISPR-Cas I-C; however, short
transcripts were detected. In contrast, a full-length transcript for the maturation and interference
module was detected in the CRISPR-Cas I-C of sv. Linhai. (Xiao et al., 2019).

2.4 Material and Methods.
2.4.1 Bacterial strain and culture media.

Page | 55
TH-3470_166106104



Chapter 2

L. interrogans sv. Copenhageni strain Fiocruz L1-130, was sourced from the Regional
Medical Research Centre in Port Blair, Andaman and Nicobar Islands, India. L. interrogans
sv. Copenhageni was cultivated in EMJH (Ellinghausen-McCullough-Johnson-Harris)
medium at a temperature of 29°C. To isolate genomic DNA and RNA of L. interrogans sv.
Copenhageni, 10 ml of a 7-day-old culture was used.

2.4.2 CRISPR-Cas I-B and I-C sequence analysis.

The CRISPR-Cas system and CRISPR array in L. interrogans sv. Copenhageni genome
was determined using the CRISPR-CasFinder webserver (Grissa et al., 2007; Pourcel et al.,
2005). The genome sequence of L. interrogans sv. Copenhageni, which comprises two
chromosomes, is publicly accessible on the NCBI database (accession no. ASM207349v2).
The genome sequence was loaded onto the CRISPR-CasFinder webserver and the default
parameters were used. The set of cas genes and its encoded protein sequences in the 1-B and I-

C locus of Leptospira were retrieved from the NCBI database (https://www.ncbi.nlm.nih.gov/).

The genetic architecture of CRISPR-Cas I-C was created based on the documented cas gene
coordinates (Makarova et al., 2011b) and using the CRISPROne webserver (Zhang & Ye,
2017). A comparison of the set of cas genes and its encoded protein sequences in the I-B and
I-C locus of Leptospira was conducted using BLAST (Korf et al., 2003) and the EMBOSS

webserver (Rice et al., 2000).
2.4.3 Phylogenetic analysis.

Cas endonuclease amino acid sequences used in phylogenetic tree construction were
retrieved from the UniProt database (https://www.uniprot.org/). The phylogenetic tree was
constructed using Megall software via the Maximum Likelihood algorithm with 1000

bootstrap replicates (Tamura et al., 2021).
2.4.4 Complimentary DNA synthesis and Reverse transcriptase PCR (RT-PCR).

The total RNA from L. interrogans sv. Copenhageni was isolated using a trizol reagent
(Thermo Fisher, cat. No. 15596026) following the manufacturer's protocol. The total RNA (2
pg) was then treated with DNase | (NEB, cat. No. M0303S) to exclude the possibility of
genomic DNA contamination. 1 ug of total RNA (DNase treated) was used to synthesize cDNA
using random hexamer provided in Verso cDNA synthesis kit (Thermo Fisher, cat. No.

AB1453A) and as per manufacturer’s protocol. Additionally, cDNA was synthesized using 1
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pg of total RNA (DNase treated) without adding the reverse transcriptase which serve as an
RNA control. For RT-PCR, CRISPR-Cas I-C adaptation cas gene-specific primers were used
with cDNA as a template. In contrast, partial gene amplifying primers were employed to

amplify maturation and interference cas genes.

2.4.5 PAM prediction.

The CRISPRTarget webserver (Biswas et al., 2013) was used to predict PAM. The
LIC_Cr? and LIC_Cr® spacer sequences were fed separately into the webserver to detect the
protospacer and the eight nucleotides upstream flanking region of the protospacer. The eight-
nucleotide flank sequence of each protospacer was aligned using the WebLogo webserver
(Crooks et al., 2004) to identify the consensus trinucleotide or PAM.

Table 2.4. Oligos used in Chapter 2.

DNA oligos | Sequence (5'-3")
LincaslC: F CTAGCTAGCTTGATCAGAAAAGCTCAAT
Lincas1C: R CCGCTCGAGTTATTTCCATATAAAAGGAA
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CGCGGATCCCATGTTTATCATTGTATGTTACGAC
Lincas2C: F | GT

Lincas2C: R | GCGTCGACTTAAAAATCAAGAATGTTAGAAACTC
C

Lincas4C: F | CTAGCTAGCATGTTTAGTAAATCAATAAAACTGT
Lincas4C: R | CCGCTCGAGTTAATATCCGCCAGAGTCTT
Partial gene amplifying primers

Lincas5C: F | GACAGTATTACAAAATTTGAAGAG
Lincas5C: R | TCATAGTCTCGCTCCATTGGT

Lincas7C: F | TTTTCCGAAGAAGATTTAGAATTATTTTG
Lincas7C: R | TTAGGAAACTTTTTTGATTAATTCCAC
Lincas8C: F | GAAAGATTACAGGAAAGAGCAAATC
Lincas8C: R | TTATTCTCCTTGTGATAGTTCTTC
Lincas3C: F | AAAAATTTCAAACTAATCGACAAAGAC
Lincas3C: R | TTAAATGATTAAATCTTGATCATTCGG

Lincas3C" F | GTATTACAAACAAAATGGATCGAGTG
Lincas3C: R | CTAAGCTTCATCCAATATGATTACG

%k %k k 3k
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Chapter 3
Biochemical Characterization of Cas Proteins Involved in
Adaptation Phase in CRISPR-Cas Subtype I-C of L.
interrogans sv. Copenhageni Strain Fiocruz L1-130

This is chapter is partially adapted from the published article and reprinted with author’s
permission. Anand, V., Prabhakaran, H. S., Gogoi, P., Kanaujia, S. P., & Kumar, M. (2022).
Structural and functional characterization of Cas2 of CRISPR-Cas subtype IC lacking the
CRISPR component. Frontiers in Molecular Biosciences, 9, 988569. (PDB ID: 7F84).
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Abstract

The pathogenic Leptospira interrogans serovars Copenhageni and Lai encodes CRISPR-
Cas subtypes I-B and I-C. However, CRISPR-Cas subtype I-C lacks a CRISPR array. In the
CRISPR-Cas I-C, the gene size of Lincas1C reported in the NCBI database is 765 bp, which is
inconsistent with the documented protein size of 336 amino acids. However, a reverse
transcription-polymerase chain reaction has revealed the existence of a Lincas1C transcript of
765 bp, suggesting that Lincas1C is 765 bp (254 amino acids). Multiple sequence alignment
and modeled structure of LinCas1C displayed a shorter N-terminal region than its orthologs;
however, it is comparable with LinCas1C_Lai. In this study, the amino acids E78, H146, and
E162 of LinCaslC are predicted to constitute the core nucleolytic site. In addition, the
adaptation Cas proteins in CRISPR-Cas I-C of Leptospira were cloned, overexpressed, and
purified. We observed that due to a natural frameshift mutation in the rLinCas2C_Lai, it
expresses truncated protein but retains its nuclease activity. The adaptation Cas protein in
CRISPR-Cas I-C of sv. Copenhageni and rLinCas2C_Lai of sv. Lai exhibited metal-dependent
DNase and metal-independent RNase activities. Moreover, rLinCaslC and rLinCas2C
exhibited inertness towards single-stranded oligos, while rLinCas4C displayed sequence-
specific cleavage activity on single-stranded oligos. The crystal structure of rLinCas2C
obtained at the resolution of 2.60 A revealed that the protein is in an apostate conformation and
contains N- (1-71 amino acids) and C-terminal (72-90 amino acids) regions, with the former
possessing a ferredoxin fold. Substitution of the conserved residues (Tyr7, Asp8, Arg33, and
Phe39) with alanine and deletion of Loop L2 resulted in compromised DNase activity. On the

other hand, only selective rLinCas2C mutants showed a moderate reduction in RNase activity.
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3.1 Introduction

Casl and Cas2 are universal Cas proteins found in all CRISPR-Cas systems and are
necessary for spacer integration (Koonin et al., 2017). The Cas1-Cas2 protein complex helps
insert new spacers in the microbial genome between the leader sequence and the first repeat of
the CRISPR array using a two-step transesterification reaction (Nunez et al., 2015; Rollie et
al., 2015). Casl functions as a nuclease and engages metal ions to cleave double stranded DNA,
single stranded DNA, and branched DNA substrates (Babu et al., 2011; He et al., 2018;
Wiedenheft et al., 2009). L. interrogans CaslB (LinCaslB), Archaeoglobus fulgidus Casl
(AfuCasl), Pseudomonas aeruginosa (PaeCasl), Riemerella anatipestifer (RanCasl), and E.
coli Casl (EcoCasl) exhibit metal-ion dependent DNase activity on a wide variety of DNA
substrates (Babu et al., 2011; Dixit, Prakash, et al., 2021; He et al., 2018; Wiedenheft et al.,
2009). Furthermore, it has been found that both AfuCasl and EcoCasl demonstrate RNase
activity that is dependent on metal ions (Babu et al., 2011; Kim et al., 2013).

Cas2 of E. coli (EcoCas2) aids the non-catalytic acquisition of exotic nucleic acids
(protospacers) into the CRISPR array. The mutation of Cas2's active site does not prevent the
acquisition of spacers by the heterohexameric complex of Cas1-Cas2 in E. coli (Lee et al.,
2019; Nufiez et al., 2014b; Rollie et al., 2015). EcoCas2 acts non-catalytically as a yardstick to
measure the length of the protospacer (Nunez et al., 2015). Cas2 proteins function as core
metallonucleases and have been linked to the virulence process in Legionella pneumophil
(Gunderson et al., 2015). However, the catalytic role of Cas2 in CRISPR biology is not yet
fully understood, despite the structural and functional characterization of several Cas2
orthologs (Beloglazova et al., 2008; Jung et al., 2016; Ka et al., 2014; Kwon et al., 2012; Nam,
Ding, et al., 2012; Samai et al., 2010). It has also been suggested that Cas2 may play a role in
inducing morphological changes in E. coli, indicating that its catalytic activity could potentially
be harnessed for other biological processes beyond the scope of CRISPR-Cas (Wang et al.,
2019).

The tertiary structure of Cas2 from various organisms, including Sulfolobus
solfataricus Cas2 (SsoCas2), Bacillus halodurans Cas2 (BhaCas2), Streptococcus pyogenes
Cas2 (SpyCas2), Desulfovibrio vulgaris Cas2 (DvuCas2), and Thermococcus onnurineus Cas2
(TonCas2), consists of N- and C-terminal regions (Beloglazova et al., 2008; Jung et al., 2016;
Kaetal., 2014; Nam, Ding, et al., 2012; Samai et al., 2010). The former region has a ferredoxin
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(Bappap) fold, while Cas2 proteins form dimers through the interaction of their C-terminal 5
strands (Beloglazova et al., 2008; Jung et al., 2016; Ka et al., 2014; Nam, Ding, et al., 2012;
Samai et al., 2010). In the SsoCas2 dimer, a pair of conserved aspartate residues (Asp10) are
involved in catalytic activity (Beloglazova et al., 2008).

Type-specific ancillary cas genes have been integrated into the adaptation module in
CRISPR-Cas systems. Cas4 is a widely distributed ancillary protein in type I, II, and V
CRISPR-Cas systems (Hudaiberdiev et al., 2017). Cas4 usually exists as an independent
protein, but certain systems, such as type I-G and V-B, encode Cas4/1 fusion protein (Li et al.,
2014). An in vivo study on Haloarcula hispanica type I-B CRISPR system suggests that
deleting the cas4 gene prevents the uptake of new spacers (Li et al., 2014). In addition, Cas4
has been found to exhibit metal-ion dependent DNase activity, as observed in L. interrogans
sv. Copenhageni (LinCas4B) (Dixit, Anand, et al., 2021b). Moreover, in Sulfolobus
solfataricus, Cas4 proteins, such as Sso0001Cas4 and Ss01391Cas4, exhibit various DNA
processing abilities such as unwinding, exonuclease, and endonuclease activities (Lemak et al.,
2013; Zhang et al., 2012). In Bacillus halodurans type I-C, BhaCas4 forms a higher-order
complex with BhaCas1-BhaCas2 in the presence of a double-stranded DNA (dsDNA) substrate
with BhaCas4.-BhaCasl1s-BhaCas2> stoichiometry (Lee et al., 2019). The BhaCas4-BhaCas1-
BhaCas2 complex is highly specific for PAM sequences and cleaves precisely upstream of the
PAM in single-stranded DNA (Lee et al., 2019). Bacillus halodurans Cas4 (BhaCas4)
recognizes the PAM sequence with high specificity and sequesters the overhang away from the
active site of Casl (Dhingra et al., 2022). In Synechocystis, Cas4 collaborates with Casl to
process the prespacer in a PAM-dependent manner. Following prespacer processing, the Casl-
prespacer complex exhibits an increased affinity for Cas2. Subsequently, Casl dissociates from
Cas4 and forms a Casl1-Cas2-prespacer ternary complex for prespacer integration (Wu et al.,
2021).

In the Leptospira genome (accession no. ASM207349v2), an inconsistency was found
between the reported nucleotide size (765 bp) and protein sequence size (336 amino acids) of
LinCas1C in the NCBI database. The RT-PCR analysis confirmed that LinCas1C has a precise
size of 765 bp and corresponds to 255 amino acids. Therefore, for subsequent study, LinCas1C
of 765 bp was considered. The cas2C gene of another pathogenic serovar Lai (Lincas2C_Lai;
LA0683), encodes only the first 58 amino acids due to a natural frameshift mutation. Therefore,

it was fascinating to explore whether LinCas2C_Lai could demonstrate nuclease activity
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despite expressing truncated proteins. Consequently, we further scrutinized the biochemical

properties of rLinCas2C_Lai and juxtaposed its activity with that of rLinCas2C.

L. interrogans adaptation Cas proteins, possess metal-ion dependent DNase activity on
various DNA substrates and metal-ion independent RNase activity on luciferase mRNA
substrate. Additionally, rLinCas1C and rLinCas2C showed no activity towards ss-oligos.
However, rLinCas4C demonstrated cleavage activity on the ss-oligo sequence specifically. The
crystal structure of rLinCas2C was determined and found to exist in the dimeric form with the
characteristic N-terminal ferredoxin fold (Bappap). The structure was further compared with
its homologs. This is the first report on the crystal structure and function of CRISPR-Cas
lacking array elements from spirochetes.

3.2 Results

3.2.1 Transcript analysis of Lincas1C.

Unexpectedly, a notable discrepancy in the NCBI database regarding the gene size of
Lincas1C was discovered. The database states that the LinCas1C gene sequence is 765 bp long,
while the corresponding protein sequence is said to consist of 336 amino acids. This
inconsistency raises concerns about the accuracy of the data. Subsequently, the information
about the LinCasl1C locus in the Uniprot database was examined, which is known for its
meticulously curated sequences, but unfortunately, we could not find any information
(L1C12916). To determine the precise size of the LinCas1C transcript, primers that could
amplify sequences of different lengths were designed (765, 785, 805, and 1002 bp) (Fig. 3.1A).
Interestingly, when employing sv. Copenhageni cDNA as the template in RT-PCR, only the
765 bp amplicon was witnessed (Fig. 3.1B). Previous studies have also reported the Cas1C
transcript of sv. Linhai (Lincas1C_Linhai) to be 765 bp long using RT-PCR (Xiao et al., 2019).
Additionally, the Uniprot database lists the lengths of other Casl proteins of L. interrogans,
such as LinCaslB sv. Copenhageni (LIC10942) and CaslC of sv. Lai (LinCaslC_Lai;
LA0684), as 284 and 255 amino acids, respectively. The length of LinCaslB and
LinCas1C_Lai is similar to the length of the LinCas1C nucleotide sequence documented in the
NCBI database. Based on our findings and the previous report, we have selected a 765 bp

sequence, which corresponds to a protein comprising 265 amino acids, for this study.
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Figure 3.1. Transcript analysis of LinCaslC by RT-PCR. Determination of
Lincas1C transcript size using sv. Copenhageni complementary DNA (cDNA) as a
template. (A) Schematic representation of primer sets constructed to amplify
transcripts (765, 785, 805, and 1002 bp) of the Lincas1C. (B) A transcript of 765 bp
was detected for Lincas1C using sv. Copenhageni cDNA as a template in RT-PCR.
Complementary DNA template synthesized from total RNA of sv. Copenhageni using
random hexamers.

3.2.2 In silico characterization of LinCas1C.

A Multiple Sequence Alignment (MSA) was conducted to determine the similarity
between LinCas1C and its orthologs. The MSA analysis unveiled that LinCas1C is 32 residues
shorter at the N-terminal compared to LinCaslB (CRISPR-Cas I-B of sv. Copenhageni;
LIC10942). LinCas1C protein sequence length is comparable to LinCas1C (LA0684) of sv.
Lai CRISPR-Cas IC (LinCas2C Lai). Compared to other orthologs, LinCaslC is
approximately 80-90 amino acids shorter toward the N-terminal. The N-terminal of Leptospira
LinCasl (LinCaslC, LinCas1lC_Lai, and LinCaslB) is generally shorter than their orthologs
(Fig. 3.2A).

The disparity in size between LinCas1C and its orthologs prompted to investigate its
structural conservation. The tertiary structure of LinCas1C was modeled using AfuCasl as a
template (Fig. 3.2B) and compared to its closest orthologs. The LinCas1C lacks two beta-
strands and a helix at its N-terminal, in contrast to the LinCas1B modeled structure (Fig. 3.2C).
When comparing the modeled structure of LinCasl1C to that of LinCas1C_Lai, it was found

that both have a similar overall tertiary structure (Fig. 3.2D). However, LinCas1C is missing
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eight beta-strands and a helix at its N-terminal, compared to BhaCasl and AfuCasl (Fig. 3.2E).
In AfuCasl and Pseudomonas aeruginosa Casl (PaeCasl), the N-terminal domain has a
significant contribution in the formation of homodimer (Kim et al., 2013; Wiedenheft et al.,
2009). Despite having a shorter N-terminal domain, LinCas1B reportedly forms a homodimer
through in silico analysis (Dixit, Prakash, et al., 2021). Similarly, the homodimer of LinCas1C
was modeled to identify the specific residues responsible for its dimer formation (Fig. 3.2F).
The LinCas1C homodimer demonstrates interactions between Lys4 and Glu13 of one protomer
with Lys8, and Ser10 of another protomer, at a distance of >3.5 A (Fig. 3.2F). These residues
exhibit conservation within LinCas1C and LinCas1C_Lai and are hypothesized to contribute

in the homodimer formation.

LinCas1C _ LinCas1C
LinCas1B Extended N-terminal LinCaslC_Lai

RMSD: 1.70 A region in LinCas1B RMSD: 1.65

LinCas1C

BhaCasl (RMSD: 1.95 A)

(PDB ID: 8D3L)
Figure 3.2. Multiple sequence alignment, tertiary structure prediction of
LinCas1C, and comparison with its orthologs. (A) Multiple sequence alignment
(MSA) of LinCas1C with its orthologs. MSA was performed using Clustal Omega and
decorated using an EsPript 3 webserver. AfuCasl: Archaeoglobus fulgidus Casl
(Uniprot ID: 028401), PhoCas1: Pyrococcus horikoshii Casl (Uniprot ID: O58938),
SynCasl: Synechocystis Casl (Uniprot ID: AOAO68N1P8), PfuCasl: Pyrococcus
furiosus Casl (Uniprot ID: Q8U1T7), SpyCasl: Streptococcus pyogenes Casl
(Uniprot ID: AOA660A7M1) and BhaCasl: Bacillus halodurans Casl (Uniprot ID:
Q9KFX9). (B) LinCas1C modeled tertiary structure (255 amino acids), generated by
AlfaFold using Archaeoglobus fulgidus Casl as a template (PDB ID: 4N06). (C)
Structural comparison of LinCas1C with LinCas1B (RMSD: 1.70). (D) LinCas1C_Lai
(RMSD: 1.65). (E) BhaCasl (RMSD: 1.95), AfuCasl (RMSD: 0.50). (F) Modeled
homodimer of LinCas1C using AfuCasl homodimer (PDB ID: 4N0O6) as a template.
LinCas1C?2 and LinCas1CP are the two protomers of LinCas1C. Red circle represents
residues involved in homodimer formation.
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The a5-a7 region in AfuCasl contains potential nucleolytic residues (E168, H239, and
E254) (Kim et al., 2013). It was observed that LinCas1C (E78, H142, and E162) and LinCas1B
(E108, H176, and E191) have similar residues mapping in their modeled structures, which is
consistent with the putative nucleolytic residues of AfuCasl (Fig. 3.3A). It is worth noting that
the nucleolytic sites of Casl variants (LinCas1C, LinCas1B, and AfuCasl) mostly cluster with
positively charged residues (Fig. 3.3B, 3.3C, and 3.3D). When the nucleolytic core residues
in AfuCasl (E168, H239, and E254) and LinCas1B (E108, H176, and E191) were substituted
with Ala, DNase activity was abolished (Dixit, Prakash, et al., 2021; Kim et al., 2013). The
study on AfuCasl (Kim et al., 2013) and LinCas1B (Dixit, Prakash, et al., 2021) has revealed
that their nucleolytic sites are involved in metal-dependent endonuclease activity. Similarly,
LinCasl1C also contains a nucleolytic site in its tertiary structure, which prompted us to

investigate its nuclease activity on different nucleic acid substrates.

A) (B) ©) (D)

H146
> H176

1 H239
P o

»

E108 >
E168
E162 <//
E191

E254 ¢

LinCas1C LinCas1C AfuCasl
LinCas1B (PDB ID: 4N06)

AfuCas1C (PDB ID: 4N06)

Figure 3.3. lllustration of the predicted nucleolytic core site of LinCasl1C. (A)
Tertiary structure alignment of modeled LinCas1C and LinCasl1B with the available
structure of AfuCasl (PDB ID: 4N06) to predict nucleolytic core site. Residues E108,
H176, and E191 are predicted to form a nucleolytic core site of LinCas1C. (B, C & D)
Surface electrostatic potential map of LinCas1C to map positive charged amino acids
at nucleolytic core site. The positive and negative charges are blue and red,
respectively (scale 5 kT/e to +5 kT/e for red and blue, respectively).

3.2.3 Oligomeric state of rLinCas1C, rLinCas2C and rLinCas2C_Lai in solution.

To study the adaptation Cas proteins in CRISPR-Cas I-C of L. interrogans sv.
Copenhageni, LincaslC, Lincas2C, and Lincas4C genes were cloned. In addition,
LinCas2C_Lai of sv. Lai was cloned. Thereafter, these proteins were overexpressed and the
corresponding recombinant proteins were purified using Ni-NTA affinity chromatography
(Fig. 3.4).
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Figure 3.4. Cloning, overexpression, and purification of adaptation Cas proteins
of L. interrogans CRISPR-Cas I-C. 15 % SDS-PAGE analysis of purified rLinCas1C
(yield: 2 mg/L) (A), rLinCas2C (yield: 5 mg/L), rLinCas2C_Lai (yield: 1 mg/L) (B) and
rLinCas4cC (yield: 0.1 mg/L) (C).

To analyze the oligomeric state of purified rLinCas1C and rLinCas2C proteins in
solution size-exclusion chromatography (SEC) was performed. The rLinCas1C was found to
exist in a monomeric state (Fig. 3.5A). LinCaslC has a shorter N-terminal region in
comparison to its homologous, and the modeled homodimer indicates that only two residues
are involved in the homodimer formation, it suggests that there may be a weak interaction
between the two protomers. Therefore, LinCas1C eluted in a monomeric state. The rLinCas2C
was found to exist in both dimeric (28 kDa) and monomeric (15 kDa) states in solution (Fig.
3.5B). However, due to a natural frameshift mutation, rLinCas2C_Lai was purified in a
truncated form (8.6 kDa) that lacked the C-terminal region essential for dimer formation.
Despite this, rLinCas2C_Lai could self-assemble to a trimeric (34 kDa) form, in addition to the
expected monomeric state (12 kDa), instead of forming a dimer during SEC (Fig. 3.5B).
Unfortunately, the low yield of protein prevented the SEC of rLinCas4C despite multiple

attempts.
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Figure 3.5. Oligomeric state of rLinCasl1C, rLinCas2C and rLinCas2C_Lai in
solution. (A) Size-exclusion chromatography of rLinCas1C. The chromatogram
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shows that the rLinCasl1C eluted at the monomeric size (approximately 25 kDa).
SEC650 high-resolution column (10 mmx300 mm, catalog no. 7801650) was used for
conducting SEC using an NGC chromatography system (BioRad). (B) Chromatogram
shows the rLinCas2C eluted at the dimeric (approx. 28 kDa) and monomeric size
(approx.15 kDa), whereas rLinCas2C_Lai eluted at higher oligomeric size (approx. 34
kDa) along with monomeric size (approx. 12 kDa). Superdex 200 increase column (GE
Healthcare, catalog. n0.28-9909-44) on AKTA prime plus (GE Healthcare).

3.2.4 Native detection of LinCas1C and LinCas2C and cross-antigenic verification.

The detection of the transcript of adaptation cas genes in the CRISPR-Cas I-C has led
to an investigation of the expression of these adaptation Cas proteins in an in vitro grown sv.
Copenhageni. To study the expression of native LinCas1C and LinCas2C in an in vitro grown
sv. Copenhageni, polyclonal antibodies against rLinCas1C and rLinCas2C were raised in mice.
Anti-rLinCas1C and rLinCas2C shows optimal titer at 1:1000 dilution (Fig. 3.6A and 3.6B).
The expression of native LinCas1C was not detectable in the L. interrogans sv. Copenhageni
cell lysate (~5 x 10° cells) possibly due to its lower expression level (Fig. 3.6C). However,
monomeric forms of native LinCas2C were identified through immunoblot in the lysate of L.
interrogans sv. Copenhageni (=5 x 10° cells), including a faintly observed dimeric form of
native LinCas2C (Fig. 3.6B). A phylogenetic analysis of LinCas2C and its orthologs revealed
that LinCas2C is distantly related to LinCas2B but closely related to LinCas2C_ Lai (discussed
in Chapter 2). This raises the question whether anti-LinCas2C antibodies could detect
LinCas2B or LinCas2C_Lai or vice versa. Recombinant LinCas2C and rLinCas2B were found
not to cross-react with each other (Fig. 3.6E). Nevertheless, anti-LinCas2C could cross-react
with rLinCas2C_Lai (Fig. 3.6F), which supports the phylogenetic study.
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Figure 3.6. Native detection of LinCas1C and LinCas2C and cross-antigenic
verification. Titer determination of polyclonal antibody generation against rLinCas1C
(A), and rLinCas2C (B). Detection of Native expression of LinCas1C (C) and LinCas2C
(D) in L. interrogans sv. Copenhageni (L.i sv) by immunoblot. Leptospira lysates were
probed with anti-rLinCas1C or anti-rLinCas2C (1:1000 dilution). (E) Immunoblot to
detect rLinCas2B and rLinCas2C_Lai with anti-LinCas2C. (F) Immunoblot to detect
rLinCas2C and rLinCas2C_Lai with anti-LinCas2B (1:1000 dilution). Secondary
antibody HRP-conjugated anti-mouse secondary antibodies at 1:5000.

3.2.5 Nuclease activity of rLinCas1C on double-stranded DNA substrate.

The conserved nucleolytic core site in LinCas1C as compared to its orthologs driven to
explore its nuclease activity on various DNA substrates. To determine the most effective
concentration of rLinCas1C for complete degradation of dsDNA substrate, we tested its
nuclease activity at various protein concentrations (ranging from 1-15 uM) and found that
optimal cleavage occurred at a concentration of 15 uM of rLinCas1C in the presence of Mg?*
ions after an hour of incubation (Fig. 3.6A). This cleavage was observed to be more effective
with Mg?* ions, compared to Mn?* and Ni?* ions. However, no nuclease activity was detected
in the presence of Ca?* and Fe?* ions. This suggests that rLinCas1C requires a divalent Mg?*
ion as a cofactor for optimal DNase activity and possesses endo-deoxyribonuclease activity.
We also found that adding a metal-ion chelating agent (EDTA) completely abolished the
rLinCas1C nuclease activity, emphasizing the importance of specific divalent ions for DNase
activity (Fig. 3.7B).

The effect of pH on the DNase activity of rLinCas1C was determined within a pH range
of 3.0 to 11.0. It was observed that the most significant nuclease activity occurred at pH 8.0,
while no activity was seen at pH 9.0 to 11.0. At lower (3.0 - 6.0) and higher (9.0 -10.0) pH
values, strong nucleic acid binding activity was observed, but it does not have any
physiological relevance (Fig. 3.7C).

The DNase activity of rLinCas1C was tested on linear dSDNA substrate. In the absence
of Mg?* ions, rLinCas1C showed DNA binding activity, but when Mg?* ions were present, its
DNase activity was found to be deficient (Fig. 3.7D). This is consistent with AfuCal, which
was reported to be inactive towards linear double-stranded DNA at a concentration of 0.1 pM,
but exhibited DNA binding activity at higher concentrations (Kim et al., 2013). Notably, the
DNase activity of rLinCas1C on circular dsSDNA was similar to that of LinCaslB (Dixit,
Prakash, et al., 2021).
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Figure 3.7. DNase activity of rLinCas1C on double-stranded DNA substrates.
Nuclease activity was accomplished for an hour at 37°C. (A) Concentration-
dependent DNase activity of rLinCas1C on plasmid DNA substrate. (B) Metal-ion
dependent activity of rLinCas1C in the presence of different divalent metal-ions (2.5
mM MgClz2, MnSO4, NiSO4, FeClz, and CaClz). (C) DNase activity of rLinCas1C
evaluated at different pH (3-11). (D) DNase activity of rLinCas1C on linear dsDNA in
the presence or absence of meat-ion. Plasmid-1 (Circular dsDNA substrate):
pTZ57R/T plasmid-1;500 ng, linear dsDNA: linearized pTZ57R/T plasmid;500 ng,
divalent metal-ion: 2.5 mM, EDTA: 2.5 mM, Protein ladder: pre-stained protein ladder
(Himedia, cat. No. MBT092) and DNA Ladder: GeneRuler 1 kb DNA Ladder (Thermo
scientific, cat. No. SM0311). Nuclease reaction products were analysed on ethidium
bromide-stained 1% agarose gel.

3.2.6 Nuclease activity of rLinCas1C on single-stranded DNA and RNA substrate.

The purpose of the study was to investigate the nuclease activity of rLinCas1C on
different types of DNA and RNA substrates. The nuclease activity of the rLinCas1C on the
dsDNA substrate instigated to explore its activity on ssSDNA and RNA substrates to
comprehend its variability towards different nucleic acid substrates. The results showed that
rLinCaslC exhibited DNase activity on linear ss-DNA (M13mp18) and circular ss-DNA
(®X174) in the presence of Mg?" ions (Fig. 3.8A and 3.8B), but did not show any activity
towards small 50- and 23-mer oligos (Fig. 3.8C). These findings are consistent with LinCas1B,
which degrades viral ss-DNA and is inert towards small oligos (Dixit, Prakash, et al., 2021).
Furthermore, rLinCas1C showed ribonuclease activity on the luciferase mRNA substrate,
independent of Mg?* (Fig. 3.8D).
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Figure 3.8. Nuclease activity of rLinCas1C on single-stranded DNA and RNA
substrates. Nuclease activity was accomplished for an hour at 37°C. (A) DNase
activity of rLinCas1C on linear ssDNA substrate (M13mp18; 6.4kb, 500 ng) and (B)
circular ss DNA substrate (®X174; 5 kb, 500 ng) in the presence or absence of metal-
ion. (C) The DNase activity of rLinCas1C on 5' FAM labeled ss oligos (50 and 23-mer).
(D) RNase activity of rLinCas1C on luciferase mRNA substrate (500 ng). rLinCas1C:
15uM, EDTA: 2.5 mM, MgClz: 2.5 mM and Ladder: GeneRuler 1 kb DNA Ladder
(Thermo scientific, cat. No. SM0311). Nuclease reaction products (A), (B), and (D)
were analyzed on ethidium bromide stained 1% agarose gel. Reaction products of (C)
were analyzed on 8 M 20% denaturation PAGE, and the FAM-labeled product was
visualized directly.

3.2.7 Cas2C of the CRISPR-Cas I-C locus is present in the genomes of L. interrogans sv.
Copenhageni and sv. Lai.

The CRISPR-Cas I-C locus of sv. Copenhageni and Lai contains the Lincas2C gene
(ORF id: LIC12917) which is 273 base pairs long and is located between the nucleotide
coordinate 3535328 - 3542766 (Fig. 3.9A). In a previous study, researchers analyzed the
CRISPR-Cas I-C locus of the pathogenic spirochete L. interrogans sv. Lai using an in silico
approach and reported that the Lincas2C Lai gene (ORF id: LA0683) was missing at
nucleotides coordinate 686432- 693873 (Xiao et al., 2019). However, the NCBI genome
database of Leptospira predicts that the Lincas2C_Lai gene (LA0683) is 272 bp in size, with a
natural deletion of one nucleotide (adenine108™), which may result in partial ORF translation.
Thus, Xiao and co-workers (Xiao et al., 2019) reported that in L. interrogans sv. Lai genome,
Lincas2C _Lai (LA0683) might encode for truncated (58 amino acids) and inactive
LinCas2C_Lai (Xiao et al., 2019). We have described the partial reading frame (177 of 272 bp)
of the CRISPR I-C locus of L. interrogans sv. Lai (Fig. 3.9B).

The CRISPR-Cas I-C locus in Leptospira lacks the CRISPR array, which is necessary

for RNA-mediated interference of foreign nucleic acids and makes the role of Cas2 in CRISPR
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biology uncertain in the absence of an array. In phylogenetic analysis, it was revealed that
among Cas2 of Leptospira, the lineage of LinCas2C is closely related to LinCas2C_Linhai and
LinCas2C_Lai. LinCas2B is a well-studied Cas protein of Leptospira from our research group
(Dixit et al., 2016). However, LinCas2B and LinCas2C proteins grouped separately in the
phylogenetic tree analysis (discussed in Chapter 2). This led us to investigate whether the
LinCas2C nuclease property differs from that of LinCas2B. Both LinCas2B and
LinCas2C_Linhai have been characterized to have metal-dependent DNase activity and are
transcriptionally active under in vitro growth conditions (Dixit et al., 2016; Xiao et al., 2019).
However, the role of LinCas2C is not yet fully understood.

A
LI1C12910 LIC12911 L1C12912 L1C12913 LI1C12914 L1C12915 LI1C12916 LIC12917
5’/L cas3 >| cass >| cas8c >| cas? >— casl ¥
139 bp 2541
® G- S a3 B .

LA0690 LA0689 LA0688 LA0687 LA0686 LA0685 LA0G84 §'LA0683§

5’¢L cas3’ | cas3 >| cas5 >| cas8c
J 300 bp 254 bp

Figure 3.9. Schematic representation of CRISPR-Cas I-C locus of L. interrogans.
(A and B) Schematic representation of the architecture of CRISPR-Cas I-C of sv.
Copenhageni and Lai, respectively, highlight Lincas2C ORF (green). Genomic
coordinates are mentioned at the ends. + and — represent sense and anti-sense
strands, respectively.
3.2.8 Recombinant LinCas2C and LinCas2C_Lai nuclease activity on double-stranded DNA.

The Cas2C enzyme was purified and used to study its nuclease activity on various DNA
substrates. The LinCas2B_Lai was not included in the analysis as it had a similar sequence to
the well-studied LinCas2B. To optimize the cleavage of dSDNA (plasmid DNA; 0.5 ug), we
conducted a nuclease assay with increasing concentrations (5-25 uM) of each rLinCas2C and
rLinCas2C_Lai. We found that around 25 pM of each enzyme could completely cleave the
DNA within an hour at 37°C (Fig. 3.10A and 3.10B). Moreover, the study showed that both
Cas2C enzymes are endodeoxyribonucleases.

To better understand their role in nuclease activity, we substituted metal ions in the
nuclease reaction. The results showed that both nucleases had a higher affinity for Mg?* as a
cofactor for their DNase activity. Mn?* and Fe?* followed next in terms of preference. Both

nucleases showed reduced or no DNA cleavage activity in the presence of Ca?*, Cu?*, and Zn?*
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cofactors (Fig. 3.10C and 3.10D). The agarose gel electrophoresis of the reaction products
further revealed a shift in DNA mobility, possibly due to the preserved DNA binding property
of LinCas2C.

In this study, we also investigated whether the nucleotide sequence of the substrate
influences the activity of the rLinCas2C nuclease. The DNase activity of rLinCas2C was tested
on two circular dsDNA plasmids and showed non-specific DNase activity that was similar to
that of LinCas2B and LinCas2C_Linhai (Fig. 3.10E) (Dixit et al., 2016; Xiao et al., 2019). The
DNase activity of rLinCas2C required divalent metal ions, and the optimum pH range between
7.0 to 9.0. The nuclease activity decreased at pH 10.0 to 11.0, and the enzyme showed a
moderate binding affinity for DNA. At lower pH (3.0 to 6.0) enzyme showed a high binding
affinity for DNA (Fig. 3.10F). The pH-dependent DNase activity of rLinCas2C was similar to
that of LinCas2B (Dixit et al., 2016). Furthermore, it is suggested that BhaCas2 assumes a

metal-bound catalytically active conformation at the optimum pH (Nam, Ding, et al., 2012).
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Figure 3.10. DNase activity of rLinCas2C and LinCas2C_Lai on plasmid DNA.
DNase activity reaction was carried out at 37°C for an hour. Concentration-dependent
DNase activity of rLinCas2C (A) and (B) rLinCas2C_Lai on plasmid-1 substrate (5.3
kb pET28a vector, 0.5 ug) in the presence of Mg?* ion. DNase activity of rLinCas2C
(C) and LinCas2C_Lai (D) in the presence of different divalent metal ions on plasmid
exemplifies its optimum activity in Mg2* and Mn?* ions. (E) The substrate specificity of
rLinCas2C on two different plasmid substrates. Substrate plasmid-1 (3.5 kb pTZ57R/T
vector, 0.5 pg) and plasmid-2 (5.2 kb pET28a vector, 0.5 pug) were employed for
DNase activity. (F) DNase activity of rLinCas2C at different pH. The optimum activity
was observed at pH 8.0 and 9.0. DNA ladder: 2 log DNA ladder (NEB). rLinCas2C: 25
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uM, EDTA: 2.5 mM, Mg?* and others divalent metal: 2.5 mM. Reaction products were
analyzed on 2% agarose gel.

3.2.9 Recombinant LinCas2C nuclease activity on single-stranded DNA and RNA.

It was interesting to investigate whether rLinCas2C can degrade sSDNA and RNA.
Previous studies have shown that LinCas2B and BhaCas2 were inactive against short DNA
oligos (28-32-mer) (Dixit et al., 2016; Nam, Ding, et al., 2012). The results of nuclease activity
suggested that rLinCas2C was incapable of cleaving short DNA oligos (23- and 50-mer), even
in the presence of a cofactor (Fig. 3.11A). However, both rLinCas2C and rLinCas2C_Lai
demonstrated DNase activity on viral SSDNA (linear M13mp18 and ®X174) in the presence of
divalent metal ion (Fig. 3.11B, 3.11C, 3.11D and 3.11E). The activity of rLinCas2C on viral
ssDNA was similar to the activity reported for LinCas2B (Dixit et al., 2016). Moreover, both
rLinCas2C and rLinCas2C_Lai can cleave mMRNA transcripts of the luciferase gene without

requiring divalent metal ions (Fig. 3.11F and 3.11G).

N

S © Linear ssDNA (0.5 D)
“ ¢¢0‘§\ ® Linear ssDNA (0.5 pg) r__;ﬂ (= o Circular ssDNA (0.5 pg)
= 3 —_—
R TLinCas2C (25 M) £ rLinCas2C_Lai @25 M) rLinCas2C (25 uM)
ER\ete P = s —_—
o k] — r S s
x> T - o+ - - EDTA (2.5 mM) s 5 + 4+ Me¥(25 Z - + - - EDTAQ5mM)
- = -} = A S M =
ot 3350 53 50 nt oligo kb S+ 4 E + Mg (2.5 mM) L o 9 55 - En?ﬂzs pl\l{ b E + o+ > + Mg (2.5 mM)
s 10> = - 10
0> e -
3
B3>e - > 3>
I i
0.1» 1>
0.1>
Denaturing urea 20 % PAGE
(5' FAM-labeled fragments)
©G) 2 ;
®) Circular ssDNA (0.5 pg) ® luciferase mRNA (0.5 pg) Iuciferase mRNA (0.5 pg)
 —
[ -
S = y 5 E
£ FLinCas2C_Lai (25 pM) E LinCas2C @25 M) Z rLinCas2C_Lai (25 M)
g S~ = Sl C —
s 7 -+ - EDAQ@SmM) N
=5 i

L+

RS + Mg (2.5 mM
- 4 - EI%T( Y

+

-+ 4 Mg¥(2.5mM)

- & + Mg (25 pM)
-+ - EB'I}[\(ZE;AKI) A (2.5mM)

=

kb kb

10>

3> 1>
1>

0.1»>

Figure 3.11. Nuclease activity of rLinCas2C on single-stranded DNA and RNA.
The nuclease activity reaction was carried out at 37°C for an hour. (A) DNase activity
of rLinCas2C on synthesized single-stranded linear DNA (oligo-1: 23-mer 0.4 uM,
oligo-2: 50-mer 0.4 uM). The nuclease reaction product was analysed on 8 M 12%
urea-PAGE. DNase activity of rLinCas2C (B) and LinCas2C_Lai (C) on linear single-
stranded DNA (0.5 ug of 6.4 kb M13mp18). DNase activity of rLinCas2C (D) and
LinCas2C_Lai (E) on circular single-stranded DNA (3.6 kb ®X174, 0.5 ug). RNase
activity of rLinCas2C (F) and LinCas2C_Lai (G) on luciferase mRNA (0.5 pg).
Complete degradation of RNA was observed even in the absence of Mg?* ions. (DNA
ladder: 2 log DNA ladder (NEB). rLinCas2C: 25 uM and Mg?*: 2.5 mM. The nuclease
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reaction products of Fig. (B), (C), (D), (F) and (G) were analysed on EtBr stained 2%
agarose gel.
3.2.10 Overall structure of rLinCas2C.

The crystal structure of rLinCas2C was shown to contain the N-terminal ferredoxin
domain (BofPap), a characteristic of nuclease protein. Overall, the LinCas2C is made up of
three a-helices (al-a3) and five anti-parallel B-strands (B1-B5) (Fig.3.12A). Data collection
and refinement statistics of rLinCas2C is enlisted in Table 3.1. This is consistent with the
structure of other Cas2 orthologs listed in Table 3.2. Cas2 orthologs have two loops named L1
and L2 that connect f1-al and a2-B4, respectively. It is speculated that these loops recognize
DNA and RNA substrates. Structure superimposition of rLinCas2C over modeled rLinCas2B
shows that the DNA binding loop L1 is shorter, while the RNA binding loop L2 is comparable
in size (Fig. 3.12B). The modeled three-dimensional structure of rLinCas2C_Lai reveals that
it has two a-helices (ol and a2) and three anti-parallel B-strands (B1-f3). However, unlike
conventional Cas2 proteins, two B-strands at the C-terminus, 4 and B5, are missing in
rLinCas2C_Lai (Fig. 3.12C). Structural superimposition of rLinCas2C_Lai reveals that it has
an identical DNA binding loop L1 as rLinCas2, but a shorter loop L2 (Fig. 3.12D). However,
shorter loop L2 may be the possible reason behind rLinCas2C_Lai displaying activity despite
expressing the truncated protein.

After conducting a structural homology search using the web server DALI (Holm,
2022), the closest homologs to rLinCas2C were BhaCas2 and SpyCas2 based on scores of
selected parameters, including Z-score and root mean square deviation (Table 3.2). To further
analyze the putative DNA and RNA binding loops of rLinCas2C, its crystal structure was
superimposed with the structures of Cas2 orthologs (SpyCas2C, BhaCas2C, DvuCas2C, and
SsoCas2) (Fig. 3.12E). Results showed that Cas2 proteins (SpyCas2C, BhaCas2C, and
DvuCas2) have identical L1 and L2 loop sizes to rLinCas2C. Additionally, to understand the
rLinCas2C_Lai divergence in the putative substrate-binding loop, its modeled structure was
superimposed with the SpyCas2, BhaCas2, DvuCas2, and SsoCas2. The putative loop L1 size
of rLinCas2C_Lai aligns with SpyCas2, BhaCas2, and DvuCas2 but not SsoCas2. However,
the putative loop L2 of rLinCas2C_Lai was smaller than its orthologs (Fig. 3.12F-3.121).

A comparison of LinCas2C with its related genes revealed differences in the amino acid
sequence of the L1 and L2 loops. LinCas2C_Lai, which is 31% dissimilar to LinCas2C, has a
few different conserved residues (His8, Pro37, Phe38, Leu39, Trp44, Asn54, and Lys57)
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compared to their counterparts in LinCas2C (Asp8, Ser37, Val38, Phe39, Leud4, Asp64, and
Arg67) (Fig. 3.11J). Another Cas2C paralog, LinCas2C_Linhai, has a 3% difference at the N-
(Pro32 and His47) and C-terminal region (lle78, Glu91, Glu92, Pro93, 11e94, 11e95, and Leu96)
compared to LinCas2C (Fig. 3.11J).

(©)

i RN. .. RV
Loop L1

Figure 3.12. The crystal structure of rLinCas2C and its correlation with various
orthologs. (A) The crystal structure of rLinCas2C is represented as a cartoon model.
All the secondary structural elements, along with the N and C-termini, are labeled for
clarity. To map the putative substrate-binding loop (L1 and L2), rLinCas2C structure
was correlated with LinCas2B; rmsd: 0.8 (B). (C) Modeled structure of LinCas2C_Lai
obtained by the homology modeling via I-TASSER program using the template of
SpyCas2 from Streptococcus pyogenes serotype M1 (4QRO) with rmsd of 0.6 A.
Structural correlation of LinCas2C with modeleld rLinCas2C Lai; rmsd: 1.0 (D),
SpyCas2; rmsd: 0.9, BhaCas2; rmsd: 0.6, DvuCas2; rmsd: 0.9, SsoCas2; rmsd: 1.4
A. (E). Structural correlation of modeled LinCas2C _Lai with with SpyCas2 (F),
BhaCas2; rmsd: 0.7 A (G), DvuCas2; rmsd: 1.7 A (H), SsoCas2; rmsd: 0.8 A (1). (J)
Multiple sequence alignment of rLinCas2C with its orthologs. Two putative substrate-
binding loops, L1 (DNA) and L2 (RNA), and secondary structure elements, are labeled.
The secondary structural elements on top of the alignment are given according to the
rLinCas2C. XalCas2: Xanthomonas albilineans (D2UG58), BhaCas2: Bacillus
halodurans (Q9KFX8), DvuCas2: Desulfovibrio vulgaris (Q72WF4), SsoCas2:
Sulfolobus solfataricus (Q97YC2), SpyCas2: Streptococcus pyogenes (Q99YS8).
Loop L1 and L2 are marked with rectangles. Red triangles highlight conserved
residues.
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Table 3.1. Data collection and refinement statistics of rLinCas2C. The values in

parenthesis are for the last resolution shell.

Parameters rLinCas2C
Wavelength (A) 1.5418
Temperature (K) 100
Space group 1422
Unit-cell parameters (A, °) a=b=103.16, ¢c=97.30, a=L=y=90.00
Resolution (A) 72.94 - 2.60 (2.72 - 2.60)
No. of observed reflections 140737 (17109)
No. of unique reflections 8390 (1011)
Mn(l) CC (1/2) 0.998 (0.959)
Completeness (%) 100 (100)
Vv, (A’ Da’) 3.19
Solvent content (%) 61.44
Mosaicity (°) 0.60
Mean l/o(l) 12.3 (4.8)
Rmerget (%) 15.8 (50.4)
Rpim (%) 5.6 (17.8)
Rmeas (%) 16.8 (53.5)
Multiplicity 16.8 (16.9)
Rwork/Rree (%) 20.87/26.96
Protein model
No. of subunits in ASU 2
Protein atoms 1428
Water molecules 51
Other molecules 1
Deviation from ideal geometry
Bond length (A) 0.013
Bond angles (°) 1.869
Average B-factor (A?)
Protein atoms 27.39
Water molecules 33.52
Other molecules 63.98
Ramachandran plot (%)
Favored 96.53
Allowed 3.47
PDB id 7F84
Table 3.2. List of structural homologs of LinCas2C.
Protein PDB id rmsd (A) | Z-Score | Reference
BhaCas?2 4ES1 1.2 14.7 (Nam, Ding, et al., 2012)
SpyCas?2 4QR2 1.2 14.6 (Ka et al., 2014)
XalCas2 5H10 1.6 13.8 (Ka etal., 2017)
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TthCas2 1ZPW 1.8 11.3 (Seto et al., 2003)

DvuCas?2 30Q2 1.9 13.4 (Samai et al., 2010)

PhoCas2 6K2E 1.9 10.4 -

TonCas?2 5G4D 1.9 10.5 (Jung et al., 2016)

PfuCas2 210X 2.0 10.1 -

TdeCas2 6JHZ 2.2 9.3 -

SpyCas?2 5ZYF 2.5 9.7 (Ka et al., 2014)

SsoCas? 2I8E 2.5 9.3 (Beloglazova et al.,
2008)

EcoCas?2 AMAK - - -

The crystal structure of Cas2 orthologs enlisted in Table 3.2 agrees with the asymmetric
unit of the rLinCas2C crystal, which contains a dimeric assembly of two protein subunits (Fig.
3.13A) (Beloglazova et al., 2008; Ka et al., 2014; Samai et al., 2010). In SpyCas2, upon
dimerization, the buried surface area is 2793-2856 A?, forming 29-32 hydrogen bonds between
the two protomers (Ka et al., 2014). In rLinCas2C, two protomers form 33 hydrogen bonds
upon dimerization with a buried surface area of 3430 A? (out of 9920 A?), identified by
PDBePISA (Velankar, Best, et al., 2010) and WinCoot (Corradi, 2015). The rLinCas2C dimer
is characterized by a specific interaction between two protomers. This interaction involves the
B5 strand (6 residues) of one protomer, which forms hydrogen bonds with the B4 strand (5
residues) of the other protomer. Additional residues at the dimeric interface are listed in Table
3.3. Some residues, namely Asp8, Asp64, Leu66, and Arg67, are conserved in LinCas2C
orthologs. However, rLinCas2C Lai lacks f4 and B5 strands and still appears to exist in a
trimeric state when in solution.

The trimeric structure of LinCas2C_Lai was predicted by generating a symmetry mate.
Upon trimeric structural analysis, it was found that Arg6, His8, GIn35, and Asn36 of one
protomer interact with GIn35, Asn36, Arg6, and His8 of the second protomer, respectively.
Furthermore, Argl7 of the third protomer interacts with Ser29 of the second protomer at a
distance of <3.5 A. This interaction is the probable reason behind the self-assembly of
rLinCas2C_Lai as a trimer in solution.

The interface of rLinCas2C and DNA demonstrates that each protomer of the nuclease
cleaves the two complementary strands of DNA (Fig. 3.13B). The residues of rLinCas2C that
interact with DNA primarily come from the L1 loop, L2 loop, and a1 region. This is consistent
with the heterocomplex Cas1-Cas2-dsDNA structure of E. coli, which reveals that the L1 loop
of Cas2 interacts with dsDNA dsDNA (Nufiez, Harrington, et al., 2015). The surface

electrostatic potential mapping of rLinCas2C revealed that the putative nucleic acid substrate-
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binding loop (L1 and L2) and the a1 region have a positive charge (Fig. 3.13C). Table 3.4 lists
the residues of rLinCas2C that interact with dsDNA, and among these interacting residues,
seven residues (Agrl7, Arg21, Arg33, Lys36, and Lys62) are positively charged.

The obtained crystal structure of rLinCas2C (in dimeric form) suggests that it is in a
catalytically inactive conformational state, as the distance between the conserved Asp8 residue
of each protomer is 11.0 A (compared to 6.5 A in SsoCas2) (Fig. 3.13D). The distance of 11.0
A is considered too far to coordinate a single Mg?* ion of the protein. Similarly, the protomers
of SpyCas2 (11.4 A), BhaCas2 (10.6 A), DvuCas2 (15.4 A), and HpyVapD (12.6 A) measured
uneven distance between the conserved equivalent aspartate residue (Fig. 3.13E) (Beloglazova
et al., 2008; Bertelsen et al., 2021; Ka et al., 2014; Nam, Ding, et al., 2012; Samai et al., 2010).

(A) Protomer A Protomer B (B)
L1 ’

P
» §

) (B

SsoCas2 HpyVvapD

Figure 3.13. The dimeric interface of rLinCas2C crystal structure. (A) The crystal
structure shows a dimeric form of rLinCas2C, where one protomer is shown in cyan
and another in magenta. (B) Putative DNA binding region on LinCas2C. LinCas2C
bound DNA model was proposed using the template of Synechocystis Casl-
Cas2/prespacer binary complex structure (PDB id:7CR6). (C) Surface electrostatic
potential map of rLinCas2C. The positive and negative charges are blue and red,
respectively (scale 5 kT/e to +5 kT/e for red and blue, respectively). (D) Comparison
of the distance between Asp residues side chain of the two protomers of rLinCas2C
and SsoCas?2 and (E) rLinCas2C-HpyVapD.
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Table 3.3. Residues of rLinCas2C protomer A interacting with protomer B (< 3.5 A).

Protomer A Residues Protomer B Residues No. of H-bond
B-1 Asp8 Turn Lys36 1
B-2 GIn35 B-1, B-4 Cys6, Asn65 1,2
Turn Lys36 B-1 Asp8 1
a-2 Glubs2 B-5 Lys80 1
Loop 2 Thr63 Turn Asn86 1
Loop 2 Asp64 B-5 Val84 1
B-4 Asn65 B-2, B-4 GIn35, Vvalg84 | 2,1
Leu66 B-5 Phe82 2
Arg67 B-3, B-5 Glu40, GIn81 | 2,1
lle68 B-5 Lys80 2
Ser70 Lys78, Lys80 | 1,1
a-3 Ser75 B-4 Asp72 2
B-5 Ser77 B-4 Ser70 2
Lys78 Ser70 1
Lys80 lle68 2
Val84 Loop2, B-4 Asp64, Asn65 | 1,1
Phe82 B-4 Leu66 2
GIn81 Asn65, Arg67 | 1,1

Table 3.4. Residues of rLinCas2C protomers interacting with ds-DNA (distance of <

3.54).

Region Protomer A Protomer B

B1 Asp8 Asp8
Val9 Val9
Glul0 Glul0

Loop 1 Thrll Thrll
llel2 llel2
Thrl3 -
GInl14 GInl4

af Argl7 Argl7
Leu20 Leu20
Arg21 -

B2 Arg33 Arg33

Turn Lys36 Lys36
Asn60 Asn60

Loop 2 Lys62 Lys62
Thr63 Thr63
Asp64 Asp64
Asn86 -
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3.2.11 Recombinant LinCas2C mutants and their activity.

A comparative analysis of LinCas2C showed significant similarity with SpyCas2,
XabCas2, BhaCas2, DvuCas2, and SsoCas2. The maximum sequence similarity of LinCas2C
was found with SpyCas2, which was 45% similar and had a query coverage of 98%. LinCas2C
was 41% similar to XabCas2, 39% similar to BhaCas2, 37% similar to DvuCas2, and 30%
similar to SsoCas2. The study identified conserved residues and motifs in LinCas2C, including
Tyr7, Asp8, Ala24, Arg33, GIn35, Leu55, Leu71, RVQ, and SVF (Fig 3.12J). A previous study
showed that the mutation of Asp10 in LinCas2B caused a loss in its DNase activity but did not
affect its RNase activity (Dixit et al., 2016). A model of LinCas2C was proposed, with a metal-
ion binding to specific residues. The residues Tyr7 and Asp8 were identified as putative metal-
binding residues of LinCas2C. Residues Arg33 and Phe39, located near metal-binding and
active site grooves, were conserved among Cas2 homologs (Fig. 3.14A) (Beloglazova et al.,
2008). In this study, additional site-directed mutations were made in rLinCas2C at one or more
sites that are likely to be involved in nuclease activity. The purified recombinant LinCas2C
mutant variants were obtained (Fig. 3.14B).

In SsoCas2, the residues Arg31 and Phe37 are crucial for nuclease activity homologs
(Beloglazova et al., 2008). In rLinCas2C, both single (rLinCas2CY"") and double
(rLinCas2CY"A*D8AY mutants showed reduced DNase activity. As a result, a partial nick in DNA
caused a change in the plasmid's conformation (Fig. 3.14C). Additional mutations were made
to rLinCasC, including Arg33 and Phe39, resulting in rLinCas2CR3AF39A angd
rLinCas2CY /A*DEATRISATEIIA \nhich completely abolished the DNase activity. Another mutant
construct (rLinCas2CA%?) with L2 deletion was generated to explore the role of loop L2 in
rLinCas2 and to analyse the DNase and RNase activity. To our surprise, rLinCas2CAL?
exhibited a complete loss of DNase activity (Fig. 3.14C). This contradicts an earlier report
(Beloglazova et al., 2008) that suggested that the loop L1 was responsible for DNA substrate
recognition. To resolve this inconsistency, rLinCas2C was docked with random DNA,
indicating that DNA may interact with rLinCas2C at multiple sites, including the residues
Asp60, Lys62, Thr63, and Asp64, which form the loop L2 (Fig. 3.14D).

Using a kit-based fluorogenic RNA substrate, the RNase activity of rLinCas2C was
measured and compared to its mutants or rLinCas2C_Lai. The mutant rLinCas2CY7A showed
RNase activity very similar to rLinCas2C, whereas the activity of other mutants

(rLinCas2CY7A*D8A ¢ inCas2CR33AFI9A 1 inCas2CY A*DEARISATFIA and rLinCas2CAM?) was
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moderately reduced. The mutant rLinCas2CY/A*DBA*RIA+FIIA \was found to have the most
adversely affected RNase activity; however, none of the mutants showed a complete abolition
in RNase activity. After heat denaturation, the RNase activity of rLinCas2C and
rLinCas2C_Lai was abolished, indicating that the protein is free of RNase contaminant and
activity is dependent on protein conformation (Fig. 3.14E). The RNase assay suggested that
the residues involved in RNA cleavage are different from those involved in DNA cleavage,

making LinCas2C metal-independent RNase.
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Figure 3.14. Generation of rLinCas2C mutants and assessing its nuclease
activity. (A) Purified rLinCas2C or its variant and LinCas2C_Lai resolved on 15%
polyacrylamide gel. (B) Proposed model of LinCas2C with Mg?* ion. LinCas2C amino
acid residues interacting with metal ions and putative active site are shown in stick
form. (C) The nuclease activity of rLinCas2C mutants was evaluated on plasmid-1 (0.5
Hg. (D) Interaction of rLinCas2C with non-specific DNA was analyzed by the NPDock
webserver. Amino acid residues of rLinCas2C interacting with DNA at a distance of <
3.5 A are labeled. (E) RNase activity of rLinCas2C or its mutant variants and the
rLinCas2C_Lai was quantified using fluorescently labeled RNA substrate. A
fluorescent RNA substrate (10 pmol) was incubated with rLinCas2C or its mutants (25
uM) at 37°C, and fluorescent was recorded at 5 min intervals for one hour.

3.2.12 Nuclease activity of rLinCas4C on double-stranded DNA substrate.
Some of the CRISPR-Cas systems ( I-A, I-B, I-C, I-D, I-U, and 11-B types or subtypes)
include an extra Cas4 protein that plays a functional role in the adaptation process of prespacer

DNA maturation and the precise integration of genetic material (Lee et al., 2019; Makarova et

al., 2015). LinCas4B from sv. Copenhageni CRISPR-Cas I-B demonstrates nuclease activity
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on various DNA substrates (Dixit, Anand, et al., 2021b). It was thus interesting to conduct a
comparative study of LinCas4C and LinCas4B of Leptospira to evaluate its similarity in
nuclease activity. To assess the nuclease activity of rLinCas4C, a circular double-stranded
DNA (dsDNA; plasmid) substrate was used with increasing concentrations of rLinCas4C (1-3
MM). The optimal cleavage of circular ds-plasmid DNA substrate by rLinCas4C (3 pM) was
exclusively observed in the presence of Mn?* and Fe?* ions. whereas activity was not observed
in the presence of Zn?*, Ca?*, Cu?*, and Ni?* ions (Fig. 3.15A and 3.15B). The DNase activity
of rLinCas4C was also evaluated in the presence at different pH range. The most pronounced
activity was observed at pH 8.0 (Fig. 3.15C). The versatility of rLinCas4C nuclease activity
was also examined on linear ds-DNA substrate, which is a linearized plasmid. In the presence
of Mn?* ion, rLinCas4C cleaves linear ds-DNA substrate (Fig. 3.15D). The DNase activity of
rLinCas4C was found to be similar to that of the well-studied LinCas4B, Pyrobaculum
calidifontis Cas4 (PcaCas4), and SsoCas4 (Dixit, Anand, et al., 2021b; Lemak et al., 2013).

Plasmid-1 (0.5 pg) Plasmid-1 (0.5 pg) Linear dsDNA (0.5 pg)
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Figure 3.15. DNase activity of rLinCas4C on double-stranded DNA substrates.
Nuclease activity was accomplished for an hour at 37°C. (A) Concentration-
dependent DNase activity of rLinCas4C on plasmid DNA substrate. (B) Metal-ion
dependent activity of rLinCas4C in the presence of different divalent metal-ions (2.5
mM MgClz, MnSOg4, NiSOas, FeClz, and CaClz). (C) DNase activity of rLinCas1C
evaluated at different pH (4-10). (D) DNase activity of rLinCas4C on linear dsDNA in
the presence or absence of metal ion. Plasmid -1 (Circular dsDNA substrate):
pTZ57R/T plasmid;500 ng, linear dsDNA: linearized pTZ57R/T plasmid;500 ng,
monovalent metal-ion: 50-150 mM, divalent metal-ion: 2.5 mM, EDTA: 2.5 mM, Protein
ladder: pre-stained protein ladder (Himedia, cat. No. MBT092) and DNA Ladder:
GeneRuler 1 kb DNA Ladder (Thermo Scientific, cat. No. SM0311). Nuclease reaction
products were analysed on ethidium bromide-stained 1% agarose gel.
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3.2.13 Nuclease activity of rLinCas4C on single-stranded DNA and RNA substrate.

In previous studies, it has been shown that both PcaCas4 and SsoCas4 exhibit metal-
dependent 5'-t0-3' exonuclease activity on single-stranded DNA substrates (Lemak et al., 2013;
Lemak et al., 2014). In contrast, LinCas4B can completely degrade single-stranded oligos
(Dixit, Anand, et al., 2021b). On the other hand, the BhaCas4 cleavage process is highly
specific to a particular sequence, and it only processes the PAM end of the prespacer (Lee et
al., 2019). Like in other type | systems where DnaQ-like exonucleases are associated with
prespacer processing, it is likely that cellular non-specific exonucleases play a role in trimming
the non-PAM end of the prespacer (Hu et al., 2021; Kieper et al., 2018).

In this study, a 27-nucleotide oligomer with a 5' FAM label was designed to test the
site-specific cleavage of a single-stranded oligomer by rLinCas4C. In contrast to LinCas4B,
LinCas4C did not completely degrade single-stranded oligos. However, sequence-specific
cleavage was observed (Fig. 3.16A). In the absence of Casl and Cas2, SsoCas4 and LinCas4B
proteins have been shown to exhibit non-specific nuclease activities (Dixit, Anand, et al.,
2021b; Lemak et al., 2013). In contrast, BhaCas4 acts as a sequence-specific endonuclease, in
the presence of Casl and Cas2 (Dhingra et al., 2022). Furthermore, the nuclease activity of
rLinCas4C was assessed on circular (#X174) and linear (M13mp18) single-stranded DNA
substrates. It was discovered that rLinCas4C can cleave both circular and linear ss-DNA
substrates in the presence of Mn?" ions. However, in the absence of Mn?* ions and in the
presence of EDTA, the DNase activity was eliminated (Fig. 3.16B and 3.16C). Previous
studies also suggest that rLinCas4B can cleave circular and linear ssDNA when Mn?* ions are
present (Dixit, Anand, et al., 2021b). Additionally, the nuclease activity of rLinCas4C was
examined on a luciferase mRNA substrate. Interestingly, rLinCas4C exhibited RNase activity
even in the absence of Mn?* ions and in the presence of EDTA (Fig. 3.16D). Henceforth,
rLinCas4C exhibits both Mn?* ijons dependent DNase activity and Mn?* ions independent

RNase activity.
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Figure 3.16. Nuclease activity of rLinCas1C on single-stranded DNA and RNA
substrates. Nuclease activity was accomplished for an hour at 37°C unless specified.
(A) The DNase activity of rLinCas4C on ss-oligo (27-mer) in the presence of metal
ions. (B) DNase activity of rLinCas4C on linear ssDNA substrate (M13mp18; 6.4kb,
500 ng), and (C) circular ssDNA substrate ($X174; 5 kb, 500 ng) in the presence or
absence of metal-ion. (D) RNase activity of rLinCas4C on luciferase mRNA substrate
(500 ng). rLinCas4C: 3 uM, EDTA: 2.5 mM, MnSO4: 2.5 mM and Ladder: GeneRuler
1 kb DNA Ladder (Thermo scientific, cat. No. SM0311). Reaction products of (C) were
analysed on 8 M 20% denaturation PAGE, and the FAM-labeled product was
visualised directly. Nuclease reaction products (B), (C), and (D) were analysed on
ethidium bromide-stained 1% agarose gel.

3.2.14 LinCas1C-LinCas2C interacts to form heteroprotein complex.

Adaptation module proteins Casl and Cas2 are present in all CRISPR-Cas systems
(Makarova et al., 2015). In E. coli, Pyrococcus furious, Synechocystis, Geobacter
sulfurreducens, Pectobacterium atrosepticum, and Bacillus halodurans Casl and Cas2 interact
to form heterocomplex and further facilitates spacer acquisition in the CRISPR array by two
step transesterification reaction (Fagerlund et al., 2017; Hu et al., 2021; Lee et al., 2019; Nunez
etal., 2015; Rollie et al., 2015; Tang et al., 2021; Wu et al., 2021). In Cas1-Cas2 heterocomplex
generally N-terminal of Casl interacts with C-terminal of Cas2 to form heteroproteion complex
(Fagerlund et al., 2017; Hu et al., 2021; Lee et al., 2019; Nunez et al., 2015; Rollie et al., 2015;
Tang et al., 2021; Wu et al., 2021).

However, in Pyrococcus furiosus one of the residues at the C-terminal of Casl N276
interacts with E83 of Cas2, as charged reversal mutation of these residues abolishes Cas1-Cas2
interaction (Tang et al., 2021). LinCas1B and LinCas2B of L. interrogans also reported to form
heteroprotein complex, despite LinCas1B having shorter N-terminal region (Dixit, Prakash, et
al., 2021). Using PfuCas1-2C crystal structure, the LinCas1-2C heteroprotein complex was
modeled. Interestingly in LinCas1-2C modeled hetero complex, the C-terminal of LinCas2C
interacts with the C-terminal of LinCas1C, where Ser61 and Lys62 of LinCas2C form polar
contact with Lys223 and Glu214 of LinCas1C, respectively, at a distance of > 3.5 A (Fig.
3.17A); which was also witness in PfuCas1-2 heterocomplex.

In silico analysis unveiled two residues of LinCaslC interacting with LinCas2C,

prompting further investigation into their in vitro interaction.
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We have demonstrated LinCas1C-2C interaction via pull-down assay. His tagged
LinCas2C and untagged LinCas1C were co-expressed (LinCas1C-His:LinCas2C) and purified
by affinity chromatography. Here, untagged Lincas1C was expected to co-elutes along withHis
tagged LinCas2C. To check whether untagged LinCas1C got co-eluted along with His tagged
LinCas2C, immunoblot was performed using anti-rLinCas1C. Immunoblot revealed untagged
LinCas1C got co-eluted along with His tagged LinCas2C, indicating LinCas1C and LinCas2C
interact with each to form a hetero-protein complex (Fig. 3.17B). Untagged LinCas1C do not
bing with N-NTA beads nor to LinCas6B (Fig. 3.17B). LinCas1C and LinCas2C interaction
provide strong evidence regarding their involved in spacer acquisition during adaptation of
CRISPR based immunity. The rLinCas1C and rLinCas2C interaction was also studied via
spectroscopic method. LinCas1C contains two tryptophan residues, whereas LinCas2C lacks
tryptophan, so it was speculated that the intrinsic fluorescence of LinCaslC tryptophan
increases or decreases upon interaction with LinCas2C. Interestingly, the intrinsic fluorescence
of rLinCaslC was found to decrease upon the increasing concentration of rLinCas2C,
indicating an interaction between both proteins (Fig. 3.17C). These results conclude

rLinCas1C and rLinCas2C interact to form a hetero-protein complex.
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Figure 3.17. The rLinCas1C and rLinCas2C interaction analysis. (A) In silico
LinCasl1C-LinCas2C interaction analysis. LinCas1lC and LinCas2C hetero-protein
complex was modeled using Pyrococcus furiosus Casl and Cas2 crystal structure as
a template (PDB ID: 7EI1). The interacting residues were measured at a distance of <
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3.5 A. (B) Interaction analysis of rLinCas1C and rLinCas2C via pull-down assay.
LinCas1C and His:LinCas2C were co-expressed, solubilized, bound to Ni-NTA beads,
and eluted using 250 mM imidazole. LinCas1lC or LinCaslC-His:LinCas6 were
expressed, solubilized, bound to Ni-NTA beads, and used as a negative control to
ensure LinCasl1C do not interact with Ni-NTA beads and LinCas6. Immunoblot to
confirm the presence of LinCas1C in the elutes (upper panel). Immunoblot to confirm
the presence of His:LinCas2C in the elutes (lower panel). Primary antibody (anti-
rLinCas1C and anti-rLinCas2C): 1:1000 dilution. Secondary antibody HRP-conjugated
anti-mouse secondary antibodies at 1:5000 dilution. (C) Interaction analysis of
rLinCas1C and rLinCas2C by spectroscopic method. rLinCas1C (2 uM) mixed with an
increasing concentration of rLinCas2C (0.5 to 4 uM). The fluorescence of tryptophan
was recorded at 295 nm excitation and 310-570 nm emission spectra in FluoroMax-4
(HORIBA). LinCas6 and BSA (4 uM) were used as a negative control.

3.2.15 To study naive adaptation using CRISPR-Cas I-C adaptation machinery in a

heterologous host.

The aim of the investigation was to study the acquisition of spacers by introducing the
adaptation module from Leptospira CRISPR-Cas I-C into E. coli BL21cells, which does not
have a native CRISPR-Cas system. To conduct this study, plasmids (pHis.Lincasl-2C,
pET28a.Lincas4C, and pCDF.LIC_Cr2 array) were used to transform E. coli BL21 cells. The
spacer acquisition assay, conducted in these cells, showed no increase in the size of the parental
CRISPR array (564 bp) from Leptospira CRISPR-Cas I-C adaptation module. This lack of
expansion was attributed to the absence of insertion of a new repeat-spacer unit (70-74 bp) at
the leader-repeat junction (Fig. 3.17A). Additionally, no evidence of spacer acquisition was
observed in the E. coli BL21 CRISPR array, which maintained an approximate size of 400 bp
(Fig. 3.17B). Nevertheless, employing a comparable methodology, spacer acquisition was
demonstrated in the E. coli CRISPR array through the utilization of E. coli Casl and Cas2
enzymes. This resulted in an expansion of the CRISPR array's size. The implication is that
unlike LinCas1C, LinCas2C, and LinCas4C, E. coli Casl and Cas2 are proficient in acquiring
and integrating new spacers into the E. coli CRISPR array (Dixit, 2021; Yosef et al., 2012). In
the E. coli type I-E system, spacer integration by the Casl-Cas2 complex is directed to the
leader-proximal repeat by a host factor, the integration host factor (IHF), which binds to a
consensus site in the CRISPR leader sequence to induce DNA bending. This allows the Casl-
Cas2 integrase to catalyze the first integration reaction at the leader-repeat junction (Nufiez et
al., 2016). Inthe S. islandicus type I-A CRISPR-Cas system, a robust positive regulator (Csa3)
of the adaptation system was identified (Liu et al., 2015). Csa3a binds to the casl promoter,
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and overexpression of Csa3a elevates Casl protein expression, driving the integration of
spacers in the CRISPR loci (Liu et al., 2015). In the P. atrosepticum type I-F system, the CRP
(CAMP receptor protein)-cAMP activates the casl promoter in response to glucose levels,
driving the expression of the entire cas operon (Patterson et al., 2015). The upregulation of cas
expression within this subtype correlates with increases in both interference and adaptation,
fostering an efficient defense response against horizontally acquired genetic elements
(Patterson et al., 2015). CRP also increases cas gene transcription in T. thermophilus type I-E
and type Il1I-A systems (Agari et al., 2010). In vivo spacer acquisition studies (in E. coli)
revealed that the type I-F system from P. aeruginosa requires an intact effector (Cys) complex
and a crRNA besides Casl and Cas2 for naive adaptation (\Vorontsova et al., 2015). Therefore,
identifying host factors in L. interrogans that are linked to CRISPR adaptation would be
advantageous. This could help us develop an effective system to illustrate L. interrogans spacer
acquisition using a heterologous host.

TE
® th
. @
Leader F > ’e‘é Cyoles :‘E §
 mmm e RS ISR BN 123 45 67 8 9101112131415161718 1920 21 2223242526 21 &
-«
HPR 075
564 0.5 5| - - - - -
’ P« 025>
Dixit et aL, 2016 -
Lin CRISPR? array G64 hp)

®)

Positire conirol

11 <
[Negatie control

Cyels
BY 3 45 6 7T 8 9 101112 1314 15 1617 18 19 20 2122 23 24 25
-»
—»

12
RejoR 26 27

MG7F K
DOOMO00000D- 3]

|][léss " - - -

Yosef et al., 2012

T § ]

BL21(DE3) CRISPR array (~400 hp)

Figure 3.18. Naive adaptation using CRISPR-Cas |-C adaptation module in the
heterologous host (E. coli). In this experiment pHis-Lincas1-2C, pET28cas4C, and
pCDF.LIC_Cr? was used to study adaptation. All the plasmid was co-transformed in
E. coliBL21 (DE3) cells and cyclic induction was given using IPTG (1 mM) for 24 hours
each cycle. (A) Expansion in CRISPR array of LINCRISPR2. (B) Expansion of E. coli
BL21 (DE3) CRISPR array. Analysed on 2% agarose gel. Expansion in the CRISPR
array was not observed.
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3.3 Discussion

This study sheds light on the adaptation Cas proteins of L. interrogans sv. Copenhageni.
Casl and Cas2 self-assemble to form a heterohexameric complex and facilitate the integration
of spacers by dual transesterification reactions. These reactions take place via the nucleophilic
attack of the 3'-hydroxyl on both strands of a double-stranded prespacer substrate at the
phosphodiester backbone within the CRISPR array (Babu et al., 2011; Lee et al., 2019).
Additional Cas proteins, such as Cas4, are essential for adaptation in some CRISPR-Cas
systems. Cas4 is present in type I, 1l, and V systems (Hudaiberdiev et al., 2017). In vivo
experiments proved that deleting Cas4 reduces the efficiency of adaptation and leads to the
integration of non-functional spacers from regions that lack a proper PAM (Li et al., 2014; Liu
etal., 2015). The adaptation module in such cases is not limited to Cas1 and Cas2 but comprises
the Casl protein complexed with Cas2 and Cas4. Two Casl dimers encircle a Cas2 dimer at
the center, with a single Cas4 subunit connecting to each Cas1 dimer on one end. The complex
has a stoichiometry of Cas4,:Casls:Cas2; (Dhingra et al., 2022).

BhaCasl, AfuCasl, and EcoCasl exist in a dimeric state, and Cas1's N-terminal region
is involved in dimerization (Kim et al., 2013; Lee et al., 2019; Nufez et al., 2014a). The
dimerization of the N-terminal domain (NTD) involves three secondary structural elements:
B1, B6, and B8, through polar and non-polar interactions (Kim et al., 1997). Remarkably,
interrogans sv. Copenhageni's LinCasl has a shorter N-terminal region compared to its
orthologs and exists in a monomeric state in the solution. To integrate a spacer, Casl and Cas2
proteins form a complex, and in a heteroprotein complex, Casl and Cas2 exist in a dimeric
conformation (Nufiez et al., 2014a). Therefore, LinCas1C may interact with Cas1 proteins from

other subtypes to form a dimer or work with an auxiliary protein to assist in spacer integration.

Recombinant LinCas1C protein that has been adapted to have DNase activity on
different types of DNA substrates, such as circular double-stranded DNA, linear and circular
single-stranded DNA. This DNase activity is dependent on metal ions. LinCas1B, Riemerella
anatipestifer Casl (RanCasl), and PaeCasl have also been found to exhibit metal-ion-
dependent DNase activity on DNA substrates (Dixit, Prakash, et al., 2021; Wiedenheft et al.,
2009). AfuCasl, like LinCas1C, can bind to linear double-stranded DNA substrates (Kim et
al., 2013). Both LinCas1C and LinCas1B cannot cleave oligos of 36- and 50-mer, which is
consistent with the behavior of E. coli Casl (EcoCasl) (Nufiez et al., 2014a). However, the
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substrate specificity of most Casl proteins, such as LinCasl1B, AfuCasl, PaeCasl, EcoCasl,

and RanCasl, is not yet clear.

The recombinant forms of LinCas2C and the naturally truncated LinCas2C_Lai have
been found to possess nuclease activity on various DNA substrates, including circular double-
stranded DNA, linear and circular single-stranded DNA. This activity is dependent on the
presence of divalent metal ions and the pH of the reaction. However, these nucleases were
inactive towards small DNA oligos measuring 23-50-mer. In a recent study, LinCas2C_Linhai
prefers Mg?* to exhibit nuclease activity (Xiao et al., 2019). However, Legionella pneumophila
Cas2 (LpnCas2) and Thermus thermophilus Cas2 (TthCas2) demonstrated nuclease activity in
the presence of Mn?* (Gunderson et al., 2015; Nam, Ding, et al., 2012). The DNase activity of
rLinCas2C and rLinCas2C_Lai was consistent with the other reported Cas2 proteins, including
BhaCas2 (Nam, Ding, et al., 2012), SpyCas2 (Ka et al., 2014), XorCas2 (Makarova et al.,
2011b), and LinCas2B (Dixit et al., 2016). Similar to LinCas2B activity, rLinCas2C was
inactive towards single-stranded short oligos (Dixit et al., 2016). The recombinant Cas2
nucleases (LinCas2C and LinCas2C_Lai) of the two sv. of Leptospira are divalent metal-
independent RNase. In contrast, Sso8090Cas2 homologs from Sulfolobus solfataricus,
TmaCas2 of Thermotoga maritima, MthCas2 of Methanobacterium thermoautotrophicum,
AfuCas2 of Archaeoglobus fulgidus, LpnCas2, and NeuCas2 of Nitrosomonas europea
exhibited metal-dependent RNase activity (Beloglazova et al., 2008). Detection of nuclease
activity in rLinCas2C_Lai suggests that the conserved residues at the N-terminal are more
involved in nucleic acid catalysis. The metal-independent RNase activity rLinCas2C indicates
its additional role beyond CRISPR biology.

A recent study found that the virulence-associated protein D (VapD) of toxin-antitoxin
systems (TA) possesses a ribonuclease fold similar to Cas2 proteins (Bertelsen et al., 2021).
VapD toxins are metal-independent nucleases that can moderate gene expression by breaking
down specific, stable RNAs. VapD is part of a toxin-antitoxin (TA) system with other
homologs such as RelE, MazF, and VapC VapC (Bertelsen et al., 2021; Goeders & Van
Melderen, 2014; Kwon et al., 2012). These homologs function as RNases. The bacterial
CRISPR-Cas immunity systems may have evolved from a primordial vapXD-type TA system,
as the structural similarity of VapD with Cas2 supports this notion (Makarova et al., 2013).
The structure analysis of rLinCas2C revealed that it exists as a dimeric and apostate

conformation, with each subunit of the protein containing the signature ferredoxin fold. The
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structure of rLinCas2C confirms the evolutionary conservation of the VapD/Cas2-like
ribonuclease protein fold (Bertelsen et al., 2021; Shaibullah et al., 2023). In TonCas2, each
protomer's C-terminal B5 region interacts with the other molecule's f4, forming a B-sheet of
five strands in both subunits (Jung et al., 2016). The structure of rLinCas2C explains how the
catalytic aspartate plays a crucial role in limiting conformational freedom. It is possible that
each site may contain a symmetrically bound metal ion since divalent cations take part in
catalysis for DNA.

The function of rLinCas2C's metal-independent RNase activity is similar to that of
HpyVapD from H. pylori and Burkholderia pseudomallei Cas2/VapD but different from that
of SsoCas2 (Kwon et al., 2012; Shaibullah et al., 2023). In SsoCas2, the phosphodiester
cleavage is initiated by the coordination between Mg?* and two Asp10 residues from two dimer
subunits (Beloglazova et al., 2008). However, for HpyVapD or rLinCas2C, the distance
between the side chains of two instances of Asp7 or Asp8 is greater than 10 A, indicating that
they are unable to coordinate the metal ion (Kwon et al., 2012). It is noteworthy that HpyVapD
demonstrates ribonuclease activity even without the addition of metal ions. However, based on
studies of HpyVapD and comparisons with Cas2, two aspartate residues (Asp7 and Asp76)
have been suggested as strong candidates for the catalytic site of VapD (Kwon et al., 2012).

The closest homolog of LinCas2C, SpyCas2 and BhaCas?2 is a metal- and pH-dependent
dsDNase (Ka et al., 2014). Mutagenesis of SsoCas2 (SS0O1404) identified six residues essential
for RNase activity: Tyr9, Aspl10, Argl7, Argl9, Arg31, and Phe37. The study also suggested
that Asp10 might be the principal catalytic residue (Beloglazova et al., 2008). However, in
DvuCas2, neither Tyrl3 nor Phe45 played a catalytic role due to their buried location (Samai
et al., 2010). In most RNases, catalysis is dependent on two or three acidic residues that are
conserved. These residues coordinate with one or two metal cations, which act as a catalyst to
activate a water molecule that acts as a nucleophile to hydrolyze the phosphodiester bond.
Alternatively, these residues stabilize the transition state in cleavage reactions (Worrall &
Luisi, 2007). The Cas2 family's nuclease activity varies due to the structural difference at its
catalytic site. In LinCas2C, substitution of conserved residues Tyr7, Asp8, Arg33, and Phe39
with Ala and loop L2 deletion mutants, leads to abolishment of DNase activity. However,
moderate reduction of RNase activity was evident in selected mutants.

LinCas4C, another adaptation Cas protein of CRISPR-Cas I-C, exhibits metal-ion

dependent DNase activity on circular ds-DNA substrate similar to LinCas4B (Dixit, Anand, et
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al., 2021b). SsoCas4 (Sso0001 and Ss01391) and PcaCas4 cleave short oligos but not circular
ds-DNA (Lemak et al., 2013; Zhang et al., 2012). rLinCas4C cleaves viral sSDNA substrates
similar to LinCas4B, PcaCas4, Sso0001, and Ss01391(Dixit, Anand, et al., 2021b; Lemak et
al., 2013). LinCas4B completely degrades oligos (Dixit, Anand, et al., 2021b), while LinCas4C
cleaves sequence specifically.

The EcoCas1E identifies the adjacent PAM sequence in the protospacer, which is bound
by the Cas1-Cas2 nucleoprotein complex. It then processes the protospacer at the PAM before
integrating it into the CRISPR loci (Makarova et al., 2015; Nufiez et al., 2014a; Rollie et al.,
2015; Wang et al., 2015; Xiao et al., 2017). BhaCas4 promotes the integration of the prespacer
at the non-PAM end, while the BhaCas1-2-4 complex mediates the polarized integration of the
protospacer at the leader-repeat junction (Dhingra et al.,, 2022). BhaCas4 protospacer
processing requires both BhaCasl and BhaCas2 and is dependent on the BhaCas4 active site
but not on the BhaCasl active site (Lee et al., 2019). LinCas4C can cleave single-stranded
sequence specifically. Sequence specific cleavage of oligos by LinCas4C provides strong
evidence of its involvement in prespacer processing and assisting in the adaptation phase of
CRISPR-Cas-based immunity.

The recombinant LinCas1C, LinCas2C, and LinCas4C display RNase activity that is
independent of metal-ions, in contrary AfuCas1B and EcoCaslE exhibit RNase activity that
depends on metal-ions (Babu et al., 2011; Kim et al., 2013). Another Cas protein, LinCas2B,
has been reported to have nonspecific RNase activity that does not depend on metal-ions (Dixit
et al., 2016). Cas nucleases such as BhaCas5C have been shown to have DNase activity that
depends on metal-ions and RNase activity that does not depend on metal-ions (Punetha et al.,
2014). The simultaneous occurrence of RNA and DNA hydrolysis, whether in the presence or
absence of Mg?* ions, suggests the presence of a singular active site exhibiting variable target
selectivity. When DNA is not in close proximity, the low affinity of CasbC for metal-ions
makes it an RNase, enabling it to assist in ribonuclease activity. However, when DNA is close
by, the affinity for metal-ions increases, making it a deoxyribonuclease (Punetha et al., 2014).
LinCaslC and LinCas4C may share a similar mechanism in terms of DNase activity that
depends on metal-ions and RNase activity that does not depend on metal-ions.

DNA and RNA can undergo cleavage at either the 5" or 3" position of a scissile

phosphate bond. However, the structures and catalytic mechanisms of RNA and DNA
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nucleases are complex and varied. Nucleases use water, (deoxy)ribose, inorganic phosphate,
or the sidechains of Ser, Tyr, or His as a nucleophile. Additionally, nuclease activities are
strictly regulated by stringent substrate specificity. Catalysis may or may not require metal ions
(Gerlt et al., 1983; Yang et al., 2006). Metal-ion independent phosphodiester hydrolysis is
generally based on general acid-base catalysis. Here, the 2'-OH of ribose makes an
intramolecular nucleophilic attack on the adjacent 3'-phosphate, breaking the RNA backbone
and generating 2°,3"-cyclic phosphate and 5°-OH products (Yang, 2011b). DNA lacks a 2'-OH
group, so, in this case, the nucleophile is more likely to be a water molecule. The metal-bound
water molecule is involved in nucleophile activation. A nucleophile attacking the scissile
phosphate from the 3" side breaks the 5° O-P bond, producing 3 -phosphate and 5°-OH
(Dupureur, 2008; Yang, 2011b).

Recombinants LinCaslC, LinCas2C, and LinCas4C show different preferences for
divalent metal ions when carrying out DNase activity. LinCas1C and LinCas2C prefer Mg?*
ions, while LinCas4C prefers Mn?* ions. The preference for divalent metal ions is based on
their hydration properties and specific ligand requirements (Yang, 2011b). Mg?* and Fe?* ions
tend to have six inner-sphere ligands arranged in an octahedral configuration. Meanwhile, Ca®*
and Zn?" ions can also have octahedral coordination, but Zn?* ions frequently have four ligands
in a tetrahedron, and Ca?* ions have seven, eight, or even nine ligands. Nucleases usually favor
Mg?* ions because of their abundance, solubility, and redox stability when compared with
Mn?*, Fe?*, and Cu?®" ions. Mg?" ions are smaller than Ca?* ions and have more rigid
coordination geometry compared to the transition metals Fe?*, Cu?*, Ni%*, and Zn?* (Maguire
& Cowan, 2002; Yang, 2011b). The relaxation of substrate specificity observed in
metalloenzymes with Mn?* is a common phenomenon, possibly attributed to Mn?* being a
transition element with less rigid coordination requirements compared to Mg?*. Numerous
enzymes remain active even with just a trace of either Mg?* or Mn?* (Brautigam & Steitz, 1998;
Pingoud et al., 2009). Like other divalent cations, Fe?* also plays a role in enzymatic catalysis,
such as nonheme iron enzymes. Similar to Mg?*, Fe?* also forms six inner-sphere ligands

arranged in an octahedral configuration (Harding, 1999).

Evidence suggests that Cas proteins have a role in various cellular functions. For
instance, deleting the casl gene in E. coli leads to abnormally elongated, sensitive cells to DNA
damage and have weakened chromosome segregation. This was observed after treating the

cells with mitomycin C (Babu et al., 2011). Similarly, deleting casl in H. volcanii reduces cell
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survival, implying the CRISPR-Cas immune protein's role in DNA repair (W0rtz et al., 2022).
The mechanism behind these findings is most likely based on Casl's ability to cleave branched
DNA substrates commonly present during DNA repair and recombination (Babu et al., 2011,
Rollie et al., 2015). Moreover, Casl has been shown to associate with several repair proteins
in E. coli, lending credence to the idea that E. coli CRISPR-Cas system components play a part
in DNA repair (Babu et al., 2011). In the archaeon Sulfolobus solfataricus, Csa3a plays a
crucial role in regulating the expression of CRISPR adaptation genes (Liu et al., 2015).
Similarly, in Sulfolobus islandicus, Csa3a has been found to stimulate the expression of
adaptation cas genes, CRISPR RNA, and DNA repair genes such as helicase herA, nuclease
nurA, and dpo2 (Liu et al., 2017). The Csa3a protein helps activate and regulate DNA repair
genes (Liuetal., 2017; Z. Liu et al., 2020). It is thought that Cas2 orthologs' nuclease properties
may enable them to degrade exotic phage DNA or transcripts or inhibit translation by globally
cleaving mRNA. Cas2 proteins may use their VapD-like fold to modulate bacterial cell growth
and survival during infection by utilizing an intrinsic metal-independent ribonuclease activity
(Bertelsen et al., 2021; Gunderson et al., 2015). Moreover, the Cas4 protein family has
similarities with RecB and AddB nucleases, which play a vital role in DNA repair mechanisms
(Zhang et al., 2012). The endonuclease activity of LinCas1C and LinCas4C may provide an
advantage with an additional role other than typical CRISPR adaptation. The current work on
deciphering shared protein structure-function relationships between bacterial defence systems
is building an exciting future. The global inhibition of translation by mRNA cleavage may be
a fundamental principle in the biological role of Cas2 proteins, as reported for TA systems,
including RelBE, MazEF, PemlIK, and ChpBIK (Beloglazova et al., 2008; Gerdes et al., 2005;
Masuda et al., 1993; Zhang & Inouye, 2009; Zhang et al., 2005).

3.4 Materials and Methods.

3.4.1 Bioinformatics analysis.

The CRISPR-Cas I-C adaptation cas genes present in L. interrogans sv. Copenhageni
and Lai were obtained from NCBI. The 3D atomic coordinates of the Cas1 and Cas2 orthologs
were downloaded from the Protein Data Bank (PDB) (Berman et al., 2002). The phylogenetic
tree LinCas2C and its orthologs were constructed as discussed in Chapter 2. The 3D structures
of LinCas1C, LinCaslB, LinCaslC_Lai, LinCas2C_Lai, and LinCas2B were predicted using
the programs I-TASSER (Yang & Zhang, 2015) and AlphaFold (Jumper et al., 2021). The
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models were refined, and the energy was minimized using the ModRefiner web server (Xu &
Zhang, 2011). Clustal Omega was used to conduct a multiple sequence alignment (Sievers et
al., 2011) with the default set of parameters and decorated using the web tool ESPript for better
visual effect (Gouet et al., 2003). The program NPDock was used to perform molecular docking
of LinCas2C with a non-specific dsSDNA (Tuszynska et al., 2015). The protein tertiary structure
of Casl and Cas2 orthologs was retrieved from the PDB database (Velankar, Alhroub, et al.,
2010). The program PyMOL was used to generate the superimposition of structures and figures
(DeLano, 2002). The buried surface area of the LinCas2C dimer was calculated using the
webserver PDBePISA (Velankar, Best, et al., 2010). The polar contacts between LinCas2C
protomers and LinCas2C-DNA interface were identified using PyMOL within a distance of 3.5
A. LinCas2C with Mg?* ion was modeled using Enterococcus faecalis Cas1-Cas2/prespacer
ternary complex as a template (PDB id: 5XVP).

3.4.2 Complimentary DNA synthesis and reverse transcriptase PCR (RT-PCR).

The cDNA was synthesised using in vitro grown L. interrogans sv. Copenhageni as
discussed in chapter 2. Finally, RT-PCR was performed using four different pairs of primers,
each capable of amplifying a different length of Lincas1C transcript (765, 885, 905, and 1002
bp).

3.4.3 Nucleic acid isolation and cloning.

The spirochete L. interrogans serovars Copenhageni or Lai were cultured in
Ellinghausen-McCullough-Johnson-Harris (EMJH) media at 29°C with 1x enrichment media
(Difco) and 5-fluorouracil (100 pug/mL). After incubating for seven days, the culture was sub-
cultured successively. Genomic DNA of L. interrogans sv. Copenhageni and Lai were isolated
from a 7-day-old culture containing approximately 1x108 cells per ml using the QlAamp DNA
Blood Mini Kit (Qiagen) following the manufacturer's protocol.

E. coli strains DH50 and BL21 (DE3) were grown in Luria Bertani (LB, Himedia) broth
or agar for cloning, transformation, and expression. The open reading frame (ORF) of
L1C12916 (Lincasl1C, 765 bp), LIC12917 (Lincas2C, 273 bp), and LI1C12915 (Lincas4C, 429
bp) were amplified using the genomic DNA templates of L. interrogans serovars Copenhageni.
On the other hand, LA0683 (Lincas2C_Lai, 272 bp) was amplified using the genomic DNA
templates of L. interrogans sv. Lai. LincaslC and Lincas4C were cloned in the pET28a

expression vector (Nhel-Xhol) (Novagen), while Lincas2C and Lincas2C_Lai genes were
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cloned in the pCDF-1b expression vector (BamHI-Sall) (Novagen). Clones were confirmed by
double digestion and sequencing of plasmids.
3.4.4 Protein overexpression and purification.

The genes (LinCaslC, LinCas2C, LinCas2C_Lai, and LinCas4C) ligated in the
expression plasmids were transformed into E. coli BL21 (DE3) cells, where they were
overexpressed using one mM isopropyl B-D-1-thiogalactopyranoside (IPTG) for 4 hours at
37°C. LinCaslC, LinCas2C, and LinCas4C were purified using native conditions. However,
rLinCas2C_Lai remained insoluble in native conditions. As a result, rLinCas2C_Lai was
purified using the hybrid method described before (Dixit, Anand, et al., 2021a; Dixit et al.,
2016; Prakash & Kumar, 2021). The yield of rLinCas1C, rLinCas2C, rLinCas2C_Lai, and
rLinCas4C purification were 2, 5, 0.40, and 0.1 mg per liter, respectively, and the purified
proteins were stored at -20°C till further use.

3.4.5 Size-exclusion chromatography.

Size-exclusion chromatography was carried out on rLinCas2C and rLinCas2C_Lai
using a Superdex 200 increase column (GE Healthcare, catalogue no. 28-9909-44) on an
AKTA Prime Plus (GE Healthcare). For rLinCas1C, a high-resolution column (10 mm x 300
mm, catalogue no. 7801650) was used with a plate number of SEC650. The column was
equilibrated with an equilibration buffer (50 mM Tris-Cl pH 8.0 and 150 mM NaCl) and then
calibrated with standard proteins of known molecular mass. The standard proteins used were
B-amylase (200 kDa), alcohol dehydrogenase (158 kDa), albumin (66 kDa), carbonic
anhydrase (29 kDa), and cytochrome C (12.4 kDa) (Sigma, catalogue no. MWGF-200).
Approximately 200 pg of each protein were resolved in SEC.

3.4.6 Generation of polyclonal antibodies against rlinCas1C and rLinCas2C.

Polyclonal antibodies against pure rLincaslC and rLinCas2C were generated in
BALB/c mice aged 4-6 weeks. Each mouse was subcutaneously injected with around 20 pg of
each protein emulsified in Freund’s complete adjuvant (FCA; catalogue no. sc-3727; Santa
Cruz Biotechnology) for primary immunization. Two booster doses of each antigen emulsified
in Freund’s incomplete adjuvant (FIA; catalogue no. 3726; Santa Cruz Biotechnology) were
administered via subcutaneous injection after 14 and 20 days of primary immunization. After
30 days of primary immunization, blood was collected from each mouse by retro-orbital
bleeding. Serums were pooled from the collected blood through centrifugation at 3000 rpm for

5 minutes, and the titers of the antibodies were estimated through ELISA. These immunization
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experiments were conducted at the Department of Veterinary Microbiology, College of
Veterinary Science, Assam Agriculture University Guwahati.
3.4.7 Immunoblotting.

Recombinant proteins (50 ng) each of (LinCaslC, LinCas2B, LinCas2C, and
LinCas2C_Lai) along with Leptospira lysate (~1x10° cells) were separated using SDS-PAGE
and transferred onto a nitrocellulose membrane (Himedia) at 100V for 60 minutes in chilled
transfer buffer (2.4 g Tris-base and 11.16 g glycine dissolved in 900 mL distilled water and
100 mL Methanol). The membrane was blocked with 5% skim milk in TBS solution (Tris
buffer saline solution containing 8 g NaCl and 20 mL of 1 M Tris-Cl pH 7.5 per liter of distilled
water) for 2 hours at room temperature on a shaker. Subsequently, the blocking solution was
removed, and the membrane was probed with 10 mL of 1:1000 diluted anti-rLinCas1C or anti-
rLinCas2C or anti-rLinCas2B in TBST (2% skim milk) for 2 hours at room temperature on a
shaker. The membrane was washed thrice with TBST for 10 min each and was probed with
1:10000 anti-mouse 1gG HRPO conjugated secondary antibody in TBST (2% skim milk) for 1
hour at room temperature on a shaker. The membrane was further washed thrice with TBST,
and the enzymatic activity of HRP was determined by adding a mixture (1:1) of Peroxide
Solution A and Luminol substrate Solution B (Thermo Scientific Pierce ECL Western Blotting
Substrate). Finally, chemiluminescence was observed in the Chemidoc (Biorad XRS+) at
different exposure times.

3.4.8 Nuclease activity assay.

The study investigated the nuclease activity of adaptation Cas proteins on various
substrates (DNA and RNA). The RNA transcript of the luciferase gene was synthesized using
the HiScribe T7 high-yield RNA synthesis kit (NEB) following the manufacturer's protocol.
The plasmid was obtained from a 5 mL overnight grown culture of E. coli DH5a cells using a
mini-prep kit (Thermo Scientific). The substrates used for nuclease activity of adaptation Cas
proteins were circular double-stranded (ds) plasmid DNA (pET28a, pTZ57/R/T, 500 ng),
circular single-stranded (ss) DNA (M13mp18, 500 ng), linear ssDNA (®x174 genome, 500
ng), 23-, -27 -36 and 50-mer nucleotides (400 nM), and firefly luciferase mRNA (500 ng)
(Table 3S1). Each substrate was independently incubated with proteins in a total reaction
volume of 25 pul of nuclease buffer (25 mM Tris-HCI pH 8.0, 100 mM KCI, and 2.5 mM MgCl;
or MnCly) for an hour at 37°C. DNase activity dependence for divalent metal ions (2.5 mM)

was determined by substituting various divalent metal ions (MgCl2, MnSOa, CaClz, NiSQOa,
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FeSO4, CuSOs, and ZnSOy4). All reaction products were separated on ethidium bromide-stained
2% (w/v) agarose gel electrophoresis. The nuclease reaction containing 23-, 27-, 36-, and 50-
mer nucleotides was assessed on 8 M 20% urea-PAGE.

3.4.9 Site-directed mutagenesis.

Mutant variants of rLinCas2C were created using the Q5 site-directed mutagenesis kit
(NEB). The template plasmid pCDF_LIC12917 and primers listed in Table 3S1 were used to
generate the mutants. In rLinCas2C, potential residues that could be involved in nuclease
activities were substituted with Ala at one or multiple sites to create different mutant variants.
The mutant variants include rLinCas2CY™A, rLinCas2CY'A*P8A  rLinCas2CR3A+F9A  and
rLinCas2CY/ADEARSIAYFSIA " In one of the mutant variants called rLinCas2C%2, residues
framing the loop L2 were deleted. The generated constructs were sequenced before
overexpression, purification, and characterization of proteins.

The RNase activity of rLinCas2C, rLinCas2C_Lai, and the mutant variants of
rLinCas2C was analyzed using the RNaseAlert kit (Integrated DNA technology, IDT; Cat #
11-02-01-02). The RNaseAlert kit contains synthetic RNA oligo substrate labeled with
fluorescein and a quencher at the end. When cleaved by an RNase, the substrate fluoresces
green (490 nm excitation and 520 nm emission) and can be measured using a fluorometer.
RNase activity was performed in black flat-bottom 96-well plates (Invitrogen) at 37 °C.
Fluorogenic RNA substrate (10 pmol) was incubated with rLinCas2C, its mutant variants, and
LinCas2C_Lai (25 uM) in a total of 100 pL reaction buffer (25 mM Tris-Cl pH 8.0 and 100
mM KCI). Fluorescence was measured at 5-minute intervals for 60 minutes using the Infinite
M200Pro plate reader (Tecan).

3.4.10 Crystallization, data collection, and structure determination.

The protein rLinCas2C (5 mg/mL) was purified and screened for initial crystal hits
using crystallization conditions from Hampton Research. This was done using the hanging-
drop vapor-diffusion method at a temperature of 4°C. Eventually, diffraction-quality crystals
of rLinCas2C were obtained in a solution containing 0.2 M sodium citrate tribasic dihydrate
pH 5.6, 5% 2-propanol, 20% polyethylene glycol (PEG) 4000, and 0.2% low melting agarose
(LMA). X-ray intensity diffraction data were collected using the home source Rigaku
MicroMax-007 HF diffractometer (operated at 40 kV and 30 mA) and R-Axis IV++ imaging-
plate detector available at the central instrument facility (CIF) of the Indian Institute of

Technology Guwabhati, India at a temperature of -173°C. The crystal-to-detector distance was
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maintained at 170 mm. The diffraction data were processed and scaled using the programs
iMosflm (Battye et al., 2011) and Aimless (Evans & Murshudov, 2013) embedded in the CCP4
package (Winn et al., 2011). The intensities were converted to structure factors using the
module ctruncate available in the CCP4 package. A summary of X-ray intensity data collection
and processing statistics is provided in Table 3.1. Initial phases of the protein rLinCas2C were
determined employing the molecular replacement method using the crystal structure of
SpyCas2 (PDB id: 4QR0) from Streptococcus pyogenes having a sequence identity (query
coverage) of 45 (98)% as a search model using the program Phaser (McCoy et al., 2007). To
calculate the Rree, 5% of the total reflections were kept aside as a test data set (Brunger, 1992).
The atomic model building and iterative cycles of structural parameters refinement were
carried out using Coot (Emsley et al.,, 2010) and Refmac5 (Murshudov et al., 2011),
respectively. The structural quality of the final refined model was validated using the
PROCHECK program (Laskowski et al., 1993) and MolProbity program (Chen et al., 2010).
The details of the structure refinement and validation of the final structure models are provided
in Table 3.1. The three-dimensional atomic coordinates of the protein LinCas2 have been
deposited in the RCSB Protein Data Bank (Berman et al., 2000).
3.4.11 Naive adaptation in a heterologous host.

pHis.Lincas1-2C, pET28a.Lincas4C and pTZ57R/T-LIC_Cr2 plasmid constructs were
co-transformed in E. coli BL21 cells. Cyclic induction was given using IPTG (1 mM) for 16
hours at 37°C. After 25 cycles of induction, 25 ul of TE buffer was added to the cell pellet and
heated at 95 °C for 20 min to initiate cell lysis and plasmid DNA to get released. After heating,
the lysate was spun at 13000 rpm for 20 min, and the supernatant was collected in a 0.5 ml
centrifuge tube. One microliter of the supernatant was used in PCR to examine the expansion
in the CRISPR array.
3.4.12 LinCas1C and LinCas2C interaction analysis.
3.4.12.1 In silico approach. LinCaslC-LinCas2C hetero-protein complex was modeled
employing Pyrococcus furiosus Casl and Cas2 crystal structure as a template (PDB I1D: 7EI1).
Amino acids residues participate in interacting at the distance of <3.5A was analysed using
PyMol software.
3.4.12.2 Spectroscopic method. Recombinant LinCas1C (2 uM) and increasing concentration
of rLinCas2C (0.5 to 4 uM) were mixed in a buffer (containing 25 mM Tris-Cl pH 8.0 and 100

mM NaCl) and incubated at 4°C for an hour to form a hetero-protein complex as previously
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described (Nunez et al., 2015; Rollie et al., 2015). Thereafter, the fluorescence of tryptophan
(present in LinCas1C, not in LinCas2C) was recorded at 295 nm excitation and 310-570 nm

emission spectra in FluoroMax-4 (HORIBA).

3.4.12.3 Pull-down assay. Lincas1C (LIC12916), it was cloned in pET28a vector (Nhel-Xhol),
which add His tag at the C-terminal of recombinant protein. To get untagged LinCas1C an stop
codon was included in reverse primer. Lincas2C (L1C12917) was cloned in pCDF-1b vector
(BamHI-Sall). Untagged LinCas1C (in pET28a)-His:LinCas2C (pCDF1-b) was co-expressed
in E. coli BL21 (DE3) cells using IPTG (1 mM). Co-expressed cells were lysed using native
lysis buffer (25 mM Tris-Cl pH 8.0, 100 mM NacCl, 1 % triton-X 100, and 10 % glycerol) and
centrifuged at 13000 rpm for 20 min. The supernatant was allowed to bind pre-equilibrated Ni-
NTA beads for 1 hour at 4°C. Post-binding Ni-NTA beads were washed using native wash
buffer (25 mM Tris-Cl pH 8.0 and 100 mM NacCl). After washing, the protein was eluted using
native elution buffer (25 mM Tris-Cl pH 8.0, 100 mM NaCl, 250 mM imidazole, and 10 %
glycerol). Presence of LinCasl1C and rLinCas2C in LinCas1C-His:LinCas2C (co-expressed)
elutes were confirmed by immunoblot using anti-rLinCas1C and anti-rLinCas2C (1:1000),
respectively. LinCas1C-His:LinCas6 was used as a negative control (LinCas6; LIC10939 Cas6
of subtype I-B).

Table 3.5. Oligos used in Chapter 3.

DNA oligos Sequence (5'-3") Purpose
LinCaslC: F F: CGCGGATCCCATGTTTATCATTGTATGTTACGACGT ,
(Nhel) and R Cloning of
(Xhol) R: GCGTCGACTTAAAAATCAAGAATGTTAGAAACTCC Lincas1C
LinCas2C: F F: CGCGGATCCCATGTTTATCATTGTATGTTACGACGT .
(BamHI) and R Cloning of
(Sall) R: GCGTCGACTTAAAAATCAAGAATGTTAGAAACTCC LincaslC
LinCas4C:F F: CTAGCTAGCATGTTTAGTAAATCAATAAAACTGT Cloni .
' oning O
&'Egl')) andR R CCGCTCGAGTTAATATCCGCCAGAGTCTT Lincas4C
LinCas1C78:F F: GTTCCAACTCCGGTAACGTT TTG
Lincasl1C
LinCas1C8s:F F: GTGGAAAATTTCAAGGACGAC transcript
: analysis
LinCas1CLo02:F F: CCGGGATCCATCACTCAAGAAGGTTTATATC
LinCas2CY"A:F | F: CATTGTATGTgcaGACGTAGAGACGATTAC LinCas2C
and R R: ATAAACATTTAAAAATCAAGAATGTTAG Y7A mutant
F: CATTGTATGTgcagccGTAGAGACGATTACCC
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. V7A+DS LinCas2C
';I':”gr?g’ic R: ATAAACATTTAAAAATCAAGAATGTTAG Y7A+D8A
mutant
Li rasasy | F: atccgttgcaGAATGCCAACTGGAACCAG LinCas2C
inCas2C R33A+Y39A
%AF and R R: ttttgaactgcTTGGCCATGGCTTTCGCA mutant
LinCas2CA2F | F: AATCTTAGAATCTATTCTCTCG LinCas2C
and R R: TATAATTTTAGAAAGTTTTGCTTC A2 mytant
. CTAGGATCCCATGATTAAATTTTTAGTTTCCGAAGA 33}3‘5
TTTTTTTTTTTTTATTATCTGAGGGTTTAATCTTATTAATC | 50-mer
2 TCTTACTA oligo
3 CCCCCCCCCCTGACCCCCCCCCCCCCC Zzl'ig‘;r
23-mer
4 CCGAACTTTCAATTCTATAAGAG oligo
k %k k k
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Chapter 4

Biochemical characterization of Cas proteins Involved
in Maturation and Interference phase in CRISPR-Cas I-C
of L. interrogans sv. Copenhageni strain Fiocruz L1-130.

This is chapter is partially adapted from the published article and reprinted with author’s
permission. Anand, V., Prabhakaran, H. S., Prakash, A., Hussain, M. S., & Kumar, M. (2023).
Differential processing of CRISPR RNA by LinCas5c and LinCas6 of Leptospira. Biochimica
et Biophysica Acta (BBA)-General Subjects, 1867(12), 130469.

Page | 102
TH-3470_166106104



Chapter 4

Abstract

L. interrogans, the subtype I-C locus lacks an array component essential for assembling
an interference complex. Thus, the reason for sustaining the expense of a cluster of cas genes
(1-C) is obscure. Type I-C (previously Dvulg) is the only CRISPR subtype that engages Cas5C,
a Casb variant, to process precursor CRISPR RNA (pre-crRNA). In this study, thus, the
rLinCas5C and its mutant variants were cloned, expressed, and purified. The purified
rLinCas5C is illustrated as metal-independent cleavage of repeat RNA and pre-crRNA of
subtype I-B or orphan CRISPR array. However, the Cas6-bound mature crRNA of subtype I-
B fends off from the rLinCas5C activity. In addition, rLinCas5C holds metal and size-
dependent DNase activity. The bioinformatics analysis of LinCas5C inferred that it belongs to
the subgroup Cas5C-B. Substitution of Phel41 with a more conserved His residue and deletion
of unique (B1'-f2') insertions usher a gain of rLinCas5C activity over nucleic acid. The results
uncover the functional diversity of Cas5C ribonucleases and infer an incognito auxiliary role
in the absence of a cognate CRISPR array. This study also affirms the functionality of subtype
I-C interference machinery, suggesting its potential as an endogenous genetic manipulation
tool for future applications.
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4.1 Introduction

In the CRISPR-Cas type-I, most of its subtypes (I-A, I-B, I-D, I-E, and I-F) engage Cas6
to process pre-crRNA (Jackson et al., 2014), while Cas5 (catalytic inactive) operates as a
structural subunit in interference complexes (Jackson et al., 2014; Zhao et al., 2014). On the
other hand, type I-C (previously Dvulg), which lacks the Cas6, engages Cas5C, a Cas5 variant
(catalytic active), to process pre-crRNA (Ebihara et al., 2006; Makarova et al., 2011a). The
processing of the pre-crRNA is not restrained to Cas6 and Cas5C; it involves very diverse
families of proteins, including Cas12, Cas13, and endogenous RNase 111, depending on the type
of CRISPR-Cas system (Behler & Hess, 2020; Charpentier et al., 2015b; Deltcheva et al.,
2011a; Makarova, Wolf, Iranzo, et al., 2020). The active Cas5 variants in type 1-C have been
formerly denoted as Cas5d in diverse microorganisms, including Bacillus halodurans
(BhaCas5C) (Nam, Haitjema, et al., 2012), Desulfovibrio vulgaris (DvuCas5C) (Hochstrasser
et al., 2016), Mannheimia succiniciproducens (MsuCas5C) (Garside et al., 2012),
Streptococcus pyogenes (SpyCas5C) (Koo et al., 2013), Streptococcus mutans (SmuCas5C)
(Lemak et al., 2021), Thermus thermophilus (TthCas5C) (Garside et al., 2012), and
Xanthomonas oryzae (XorCas5C) (Koo et al., 2013). Catalytic active Cas5C (BhaCas5C,
DvuCasbC, MsuCas5C, SpyCas5C, and XorCas5C) cleave the cognate repeat RNA segment
upstream of the 11-nt from the 3’ -ends of pre-crRNA in a sequence-specific canonical mode
to render the mature crRNAs with an 11-nt 5’-handle (Garside et al., 2012; Hochstrasser &
Doudna, 2015; Hochstrasser et al., 2016; Koo et al., 2013; Nam, Haitjema, et al., 2012).

Various Cas5C proteins (BhaCas5C, DvuCas5C, SpyCas5C, TthCas5C, MsuCas5C,
SmuCas5C, and XorCas5C) have two-domain architectures consisting of an N-terminal RRM
(RNA recognition motif) domain and a C-terminal B-sheet domain (Brouns et al., 2008; Garside
et al., 2012; Hochstrasser et al., 2016; Koo et al., 2013; Lemak et al., 2021; Nam, Haitjema, et
al., 2012). Comparatively, the Cas6 of Sulfolobus solfataricus (SsoCas6) and Thermus
thermophilus (TthCas6) commonly have two sequential RRM domains or ferredoxin folds,
each at the N- and C-terminus (Ebihara et al., 2006; Reeks, Sokolowski, et al., 2013). The
CasbC active site generally differs from Cas6, and the catalytic center may have evolved
independently (Hochstrasser & Doudna, 2015). Moreover, DvuCas5C has been elegantly
portrayed to recognize the 5-handle of the repeat while Cas6 recognizes the 3’ stem-loop
(Hochstrasser et al., 2016). Nevertheless, the innate endonuclease activity of Cas6 and Cas5C
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fosters the cleavage of pre-crRNAs through a metal-independent and general acid-base
mechanism centered on the catalytic triad (Tyr, His, and Lys) present at the N-terminal RRM
domain (Charpentier et al., 2015a; Lemak et al., 2021; Prakash & Kumar, 2021; Punetha et al.,
2014). In SmuCas5C/BhaCas5C, the catalytic His121/117 residue (broad base) deprotonates
the nucleophile 2'-oxygen of the crRNA ribose, rendering 2',3'-cyclic phosphate, and 5'-OH
cleavage products. While the residue Tyr50/46 (general acid) protonates the leaving group 5’
hydroxyl oxygen (5’-OH), and the Lys120/116 stabilizes the developing negative charge of the
transition state (Lemak et al., 2021; Nam, Haitjema, et al., 2012; Yang, 2011a). The Lys residue
of the catalytic triad is conserved across the Cas5C homologs; however, Tyr and His residues
are not strictly conserved (Hochstrasser & Doudna, 2015; Lemak et al., 2021). Catalytic Tyr
residue can be superseded with His, Phe, or Leu, while the His residue can be superseded with
Phe (Hochstrasser & Doudna, 2015; Nam, Haitjema, et al., 2012; Reeks, Naismith, et al.,
2013).

In the CRISPR interference stage, the CRISPR-associated complex for antiviral
defence (Cascade) complex binding to foreign nucleic acid initiates the formation of a localized
gap in the target DNA, which is referred to as the R-loop. Within the R-loop, the displaced
non-target strand provides a base for the attachment of the Cas3 nuclease, which ultimately
cleaves the DNA target (Liu & Doudna, 2020). PAM components play a crucial role in
identifying authentic targets within a model studied in E. coli (Semenova et al., 2011).
Surveillance complexes of Cas proteins exhibit effective scanning capabilities across extended
foreign nucleic acids sequences in search of PAM. The Cas8 protein specifically identify and
attach to the PAM sequence. The seed sequences in close proximity to these PAM elements
are scrutinized for complementarity with the crRNA spacer, prompting complete base pairing

and subsequent interference (Semenova et al., 2011; Sternberg et al., 2014).

In this study, we sought to generate the recombinant Cas5C (rLinCas5C) and its mutant
variants of the L. interrogans serovar (sv.) Copenhageni. We dissected the rLinCas5C RNase
activity on repeat and precursor transcript sequences of CRISPRs that belong to L. interrogans
sv. Copenhageni. The catalytic activity of rLinCas5C was also probed on the DNA substrates
of different sizes and conformations. Conservation and variability among Cas5C homologs

were also represented through multiple sequence alignment and LinCas5C modeled structure
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analysis. Employing CRISPR-Cas I-C maturation and interference module and predicted PAM

interference has been studied via plasmid interference.
4.2 Results
4.2.1 Pure LinCas5C exhibits non-canonical cleavage activity on the repeat RNAs.

The existence of the subtype I-C locus in L. interrogans sv. Copenhageni, without a
CRISPR array, instigated us to apprehend the role of LinCas5C in CRISPR biology. The gene
(L1C12912) encoding for LinCas5C was cloned and overexpressed in E. coli BL21-Al. The
overexpressed recombinant protein (rLinCas5C, 28 kDa) was purified using Ni-NTA affinity
chromatography (Fig. 4.1A). The size-exclusion chromatography of rLinCas5C illustrated its
existence in a monomeric state (28 kDa) (Fig. 4.1B). However, an oligomeric state of pure
Cas5C proteins has variably been reported. BhaCas5C exists in the monomeric state of 26.9
kDa (Nam, Haitjema, et al., 2012), while SmuCas5C is in the dimeric state of 61.2 kDa (Lemak
et al., 2021). Interestingly, the crystal structure of BhaCas5C is arranged into two protein

molecules in an asymmetrical unit (Nam, Haitjema, et al., 2012).
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Figure 4.1. Purification and size-exclusion chromatography of rLinCas5C. (A) Ni-
NTA affinity chromatography purified rLinCas5C, resolved on 12% SDS-PAGE (PAA),
and stained with Coomassie Brilliant Blue. (B) Size-exclusion chromatography of
rLinCas5C. The elution profile demonstrates rLinCas5C existence in a monomeric
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state (approx. 26 kDa). Superdex 200 increase column (GE Healthcare, catalogue.
no.28-9909-44) on an NGC chromatography system (BioRad).

The molecular facts of CRISPR transcription, orientation, and repeat-spacer boundaries
are prerequisites for comprehending its processing by Cas5C. This study sought to investigate
if rLinCas5C can be operated to cleave the repeat RNA of two independent CRISPR arrays
(LIC_Cr? and LIC_Cr®) of Leptospira. The consensus sequence of repeat RNA of array
LIC_Cr?* described before (Prakash & Kumar, 2021). Similarly, sense (+) and antisense (-)
repeat RNA consensus sequence of array LIC_Cr3 was assessed (discussed in Chapter 2). The
predicted secondary structures of each repeat RNA consensus sequence (LIC_Cr?*, LIC_Cr®*,
and LIC_Cr*) exhibited stable folding with a distinct hairpin-stem loop (Fig. 4.2A; left,
middle and right panel). The rLinCas5C (3 uM) was incubated with a 5" FAM-labeled sense
repeat RNA (36-nt, 250 nM) of array LIC_Cr?* in the absence of Mg?* ions. After an hour of
nuclease reaction, the reaction products were resolved by electrophoresis on denaturing
polyacrylamide gel. As previously reported (Prakash & Kumar, 2021), rLinCas6 canonically
processed its cognate repeat RNA of array LIC_Cr?* generating 28-nt 5' FAM-labeled RNA
fragment. In contrast, rLinCas5C non-canonically processed the LIC_Cr?* repeat RNA
substrates, generating a prominent 7-nt long 5" FAM-labeled RNA fragments and two faint
bands of sizes 3- and 2-nt (Fig. 4.2B). The cleavage sites between the bases (U2-G3, G3-A4,
and A7-U8) of the repeat RNA sequence of array LIC_Cr?* is shown (Fig. 4.2A; left panel
and Fig. 4.2B). On the gel, a prominent intensity of the 7-nt fragment suggested one cleavage
site (A7-U8) as the most predominant for rLinCas5C on 5’ FAM-labeled sense repeat RNA
(36-nt) of LIC_Cr?".

The catalytic activity of rLinCas5C on the 5' FAM-labeled sense repeat RNA (28-nt)
of array LIC_Cr® produced one prominent cleavage product of size 6-nt along with five
different size fragments (5’ FAM-labeled) of varied band intensity (22<13<2<4-nt and 3-nt)
(Fig. 4.2C). In LIC_Cr®* repeat RNA, the cleavage sites between the multiple bases (A6-A7,
U2-C3, C3-C4, C4-U5, U13-Al14, and U22-A23) were detected (Fig. 4.2A; middle panel and
Fig. 4.2C). On the other hand, a single prominent band of 8-nt along with four different size
fragments (5’ FAM-labeled) of similar intensity (6, 4, 3, and 2-nt) was detected in the cleavage
reaction of 5’ FAM-labeled antisense repeat RNA of array LIC_Cr® (Fig. 4.2D). In this case,
the predominant cleavage site was between A8-A9 bases of the antisense repeat RNA of array

LIC_Cr* (Fig. 4.2A; right panel and Fig. 4.2D). Interestingly, rLinCas6 remained inert
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against the non-cognate repeat RNA of array LIC_Cr®* (Fig. 4.2C) and LIC_Cr* (Fig. 4.2D).

Given assays signify that rLinCas5C non-canonically cleaves the repeat RNAs.
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Figure 4.2. RNase activity of rLinCas5C and rLinCas6 on repeat RNAs. (A) The
secondary structure of repeat RNAs. The in silico predicted repeat RNA folding of
array LIC_Cr?*, LIC_Cr3*, and LIC_Cr3" (left, middle, and right panels, respectively) at
37°C. The minimum free energy (AG°) of predicted repeat RNA folds and the location
of cleavage sites by rLinCas5C are indicated. Most and less preferred cleavage sites
are demarcated by dark and faded color (red) emojis, respectively. (B) In vitro,
cleavage of sense repeat RNA of array LIC_Cr?*. The rLinCas5C or rLinCas6 (3 uM)
was incubated with 5' FAM-labeled sense repeat RNA substrate (250 nM). Under
similar reaction conditions, an equivalent amount of RNA substrate was incubated
without the rLinCas5C as a control. The 5' FAM-labeled fragments were observed on
the gel without staining. Cleavage sites were mapped within the predicted folding of
repeat RNA shown above the gel image. The dashed line in Figure 1A shows the
cleavage site based on the fragments observed on denaturing urea PAGE.
Unprocessed and processed RNA fragments visible on the gel are also indicated by
the line diagrams on the right side of the gel image. Green asterisks demarcate 5' FAM
labeling of repeat RNA. (C) In vitro, cleavage of sense repeat RNA of array LIC_Cr3*.
(D) In vitro, cleavage of antisense repeat RNA of array LIC_Cr3-. An alkaline hydrolysis
ladder of the repeat RNAs was generated, and the reaction products were resolved
by electrophoresis on denaturing urea 20% polyacrylamide gel (PAGE). Superscripts
“+” and “=” on LIC_Cr?? correspond to sense and antisense strands, respectively. All
reactions, including controls, were incubated at 37°C for 1 h.
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To rule out the possibility of Mg?* ions contamination during protein purification, we
have assessed the rLinCas5C activity on one of the RNA substrates (LIC_Cr?* repeat RNA) in
the presence or absence of EDTA (Fig. 4.3). Under both conditions, rLinCas5C demonstrated
similar endonuclease activity, suggesting its RNase activity to be Mg?* ion-independent.

Repeat RNA (LIC_Cr?*)
[5' FAM-labeled]
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Figure 4.3. The rLinCas5C Mg?* ion-independent RNase activity. The 5' FAM-
labeled sense repeat RNA substrate (LIC_Cr?*, 250 nM) was incubated with
rLinCas5C (3 pM) in the presence or absence of EDTA for an hour at 37 °C. Post
completion, the reactions were resolved on denaturing urea polyacrylamide (PAA,
20%) gel, and fluorescently labeled fragments were visualized.

4.2.2 Pure LinCas5C processes the pre-crRNASs.

The rLinCas5C mediated cleavage of 5' FAM-labeled repeat RNA (28-nt) of array
LIC_Cr* (antisense) displayed a single fragment (8-nt) on the gel. In a recent study, it has been
recommended that an adjacent spacer sequence may impact the cleavage of repeat in pre-
crRNA of Methanococcus maripaludis by Cas6é (MmaCas6) (Richter et al., 2013). Based on
the findings of MmaCas6 cleavage efficiencies on different assortments of spacer-repeat-
spacer RNAs, we were inquisitive in addressing if spacers in pre-crRNA may impact the
processing of repeats to generate mature crRNAs. We thus explored the rLinCas5C efficiency
in the processing of precursor crRNA transcripts. Moreover, with the findings of multiple
cleavage sites within sense (+) repeat RNA of arrays (LIC_Cr?*3*), it was also interesting to
evaluate the activity of rLinCas5C on their full-length pre-crRNA. Thus, the full-length pre-
crRNA (unlabeled) was synthesized in vitro and taken up as substrates of rLinCas5C in the

time-dependent (5-180 min) assay.
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For clarity, the full-length sense or antisense pre-crRNA with its repeats (R) and spacers
(S) in arrays LIC_Cr* (304-nt), LIC_Cr®" (304-nt), and LIC_Cr?* (254-nt) are schematically
portrayed (Fig. 4.4A; left, middle and right panels). We conjectured that a single site-specific
cleavage of repeat RNA might generate functionally mature crRNAs, each consisting of an
entire spacer flanked by partial repeat sequences as formerly documented for LinCas6
(Sokolowski et al., 2014). Hence, rLinCas5C (1 uM) was permitted to act upon antisense pre-
crRNA (LIC_Cr*") for 5-180 min. The reaction products at specific periods were resolved on
the urea PAGE. At a 5-15 min cleavage time, two distinguished processed fragments (~80 and
36 nt) were detected on staining with SYBR-Gold. An increase in cleavage time (30-180 min)
led to the further ~80 nt fragment processing. The intensity of ~36-nt fragment augmented in
5-30 min of the assay; however, it came to be reduced in 45-180 min cleavage time (Fig. 4.4B).
In the given assay, thus, pure rLinCas5C, in addition to cleaving between the A8-A9 base of
the repeat sequence (LIC_Cr*"), some non-specific cleavage within the spacers (41-nt each)

was also detected.

Similarly, pre-crRNA of sense array LIC_Cr®", when treated with rLinCas5C, yielded
a fragment (69-nt) of mature crRNA length in the early 5-15 min of incubation and later at
extended reaction time (30-180 min) processed to a short length (< 50-nt) (Fig. 4.4C). Thus,
although the cleavage pattern of sense (+) and antisense (-) pre-crRNA of array LIC_Cr® by
the rLinCas5C displayed disparity, a prominent band (69-nt) for constituting mature crRNAs
could not be detected on denaturing PAGE. Similarly, the processing of pre-crRNA of sense
array LIC_Cr?* by rLinCas5C also erred in yielding mature crRNAs (70-75-nt) (Fig. 4.4D).
Increasing the reaction time beyond an hour (60-180 min) did not oversee further enhancement

in the size (< 30-nt) of cleavage products.
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Figure 4.4. RNase activity of rLinCas5C on the pre-crRNAs. (A) Schematic
representation of pre-crRNAs of LIC_Cr3~(left panel), LIC_Cr3* (middle panel) and
LIC_Cr?* (right panel). The black lines denote repeats (R) within each pre-crRNA. The
orange lines represent an additional 10-nucleotide fragment (vector-derived) co-
transcribed at the 5' end of each pre-crRNA. The unique colored lines represent
spacers (S). (B) In vitro cleavage of repeat RNA of LIC_Cr3®, The rLinCas5C (1 uM)
was incubated (5-180 min) with pre-crRNA of LIC_Cr3~ (=100 nM), and then the
reactants were resolved on denaturing urea 10% PAA. The gel was imaged after
staining in SYBR Gold. (C) In vitro cleavage of pre-crRNA of LIC_Cr3*. (D) In vitro
cleavage of pre-crRNA of LIC_Cr?*. A Low range ss-RNA (300, 150, 80, and 50 nt)
ladder (NEB #N0364S) and a mixture of three 5' fluorescent-labeled RNA fragments
(36, 28, and 24 nt) or microRNA ladder were used as size markers. All reactions,
including controls, were incubated at 37°C.

Interestingly, rLinCas6 remained inactive against non-cognate antisense (Fig. 4.5A)
and sense pre-crRNA (304-nt) (Fig. 4.5B) of array LIC_Cr®. In contrast, a prior study suggests
(Prakash & Kumar, 2021) that the mature crRNAs could be generated by the endonuclease
activity of rLinCas6 on pre-crRNA of the array LIC_Cr?* (Fig. 4.5C). The cleavage rate for the
array by rLinCas5C indicates that the LIC_Cr?* was processed more efficiently than the
LIC_Cr3. Altogether, the rLinCas5C (subtype I-C) displayed a remarkable difference in the
CRISPR array processing.
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Figure 4.5. Nuclease activity of rLinCas5C and rLinCas6 on the pre-CrRNA. (A)
In vitro cleavage of repeat RNA of array LIC_Cr3® by rLinCas6. The rLinCas6 (1 uM)
was incubated (30 min) with pre-crRNA of array LIC_Cr3~ (~100 nM) and was resolved
on denaturing urea 10% PAA. The gel was imaged after staining in SYBR Gold. (C) In
vitro cleavage of pre-crRNA of array LIC_Cr3* by rLinCas6. (C) In vitro cleavage of
pre-crRNA of array LIC_Cr?* by rLinCas5C and rLinCas6. A Low range ss-RNA (300,
150, 80, and 50 nt) ladder (NEB #N0364S) and a mixture of three 5' fluorescent-
labeled RNA fragments (36, 28, and 24 nt) or microRNA ladder were used as size
markers. All reactions, including controls, were incubated at 37°C.
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4.2.3 LinCas6 protects mature crRNA of CRISPR I-B from LinCas5C.

We have earlier illustrated that rLinCas6 of subtype I-B remains bound to cleaved
repeat RNA after processing the repeat RNA of array LIC_Cr? (Prakash & Kumar, 2021).
However, the role of rLinCas6 adherence to the mature crRNA during the interference stage of
CRISPR-Cas immunity is obscure. Such adherence nudged us to address if bound rLinCas6
can fend its cognate repeat from the rLinCas5C endoribonuclease activity of Leptospira. With
this intention, the activity of rLinCas5C on rLinCas6 bound repeat RNA fragment (28-nt) of
array LIC_Cr® was first scrutinized. The repeat RNA fragment (28-nt) pre-bound with
rLinCas6 (nucleoprotein complex) was acquired by incubating the repeat RNA (36-nt sense
strand) of array LIC_Cr? with rLinCas6. In another independent reaction to set free the
rLinCas6 from the processed repeat RNA (28-nt), the nucleoprotein complex was heat-
denatured (95°C, 5 min). The activity of rLinCas5C was then assessed on repeat RNA
fragments (28-nt) developed in the unbound and bound state with rLinCas6. The rLinCas5C
cleaved the unbound repeat RNA fragment (28-nt) from 5’ ends into fragments of 7-nt size
(Fig. 4.6). The cleavage activity of rLinCas5C on the unbound repeat RNA (28-nt) fragment
agreed with that conducted on full-length repeat RNA (36-nt). On the other hand, the activity
of rLinCas5C was compromised on a repeat RNA fragment (28-nt) bound to rLinCas6 (Fig.
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Figure 4.6. The activity of rLinCas5C on rLinCas6 bound repeat RNA. The
rLinCas6 (3 uM) was incubated with 5' FAM-labelled sense repeat RNA (250 nM) of
LIC_Cr? (36-nt) at 37°C for 30 min. One reaction was heat-denatured (A) at 95°C for
5 min, and the other was left untreated at room temperature. Then rLinCas5C (3 uM)
was added to each reaction and incubated at 37°C for 1 h. Additional RNase reactions
without any protein (control) and with rLinCas5C were set against the full-length repeat
RNA for 1 h at 37°C. Each sample was then resolved by denaturing urea 20% PAA,
and the gel was imaged without staining. MicroRNA ladder or established length of
cleavage products was deemed to mark the size of ribonucleotide in the gel. A
schematic diagram of RNA fragments on the right side of the gel image is delineated.

The next question addressed was whether, in the presence of rLinCas5C and under in
vitro conditions, the biogenesis of mature crRNA from pre-crRNA (LIC_Cr?*) can be achieved
by rLinCas6 (subtype I-B). On denaturing urea PAGE analysis, the pure rLinCas6 (1 uM) could
process the pre-crRNA (264-nt, ~100 nM) of array LIC_Cr?* into mature crRNA (70-75-nt)
(Fig. 4.7A). In addition, a 38-nt RNA fragment was detected on denaturing urea PAGE from
the cleavage of the pre-crRNA (LIC_Cr?*) within the first repeat, as documented earlier
(Prakash & Kumar, 2021). On the other hand, under similar reaction conditions, an equimolar
concentration of pure rLinCas5C (1 uM) after processing the pre-crRNA of the array LIC_Cr?*
generated multiple (six) RNA fragments (Fig. 4.7A). However, with rLinCas6 and rLinCas5C
(1 uM each), a mature crRNA could be yielded from the pre-crRNA (LIC_Cr?*). This result
indicates that rLinCas6é has a higher affinity towards its cognate pre-crRNA, and hence,

rLinCas6 fends pre-crRNA from undesirable processing by LinCas5C.

Our earlier study documented the binding of rLinCas6 to processed cognate repeat
RNA and mature crRNA by an electrophoretic mobility shift assay (Prakash & Kumar, 2021).
We thus conjectured that the rLinCas6 binding to the mature crRNA may also fend from the
catalytic activity of rLinCas5C, as observed for rLinCas6 bound repeat RNA (Fig. 4.6). The
rLinCas6 (1 uM) was permitted to bind to the 5’ FAM-labeled mature crRNA (70-nt, 250 nM)
of the LIC_Cr?* array for 30 min at 37°C for further validation. Next, half of the reaction was
allowed to undergo heat treatment (95°C, 5 min) to denature the rLinCas6 and abrogate its
binding affinity to mature crRNA. After that, the rLinCas5C (1 uM) was incubated with the
heat-treated or untreated reaction for 30 min at 37°C, and the reaction product was resolved on
denaturing urea PAGE. Analysis of reaction products detected the activity of rLinCas5C to be
compromised on mature crRNA bound with rLinCas6 (Fig. 4.7B). However, rLinCas5C was
adept in cleaving the mature crRNA that had been dissociated from rLinCas6 denaturation.
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This observation led us to propose that LinCas6 in the subtype I-B may fend the crRNA from

co-existing endoribonucleases like LinCas5C in the Leptospira.
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Figure 4.7. The rLinCas6-mediated generation of mature crRNA and its
protection from rLinCas5C. (A) The activity of rLinCas6 and rLinCas5C on the
unlabeled pre-crRNA of LIC_Cr?*. Pre-crRNA (100 nM) was incubated (30 min at
37°C) with rLinCas6 (1 uM), rLinCas5C (1 uM), or with both rLinCas6 and rLinCas5C
(1 uM each). An equivalent amount of pre-crRNA was incubated without protein
(control) under similar reaction conditions. Heat-denatured (95°C, 5 min) forms of
rLinCas6 and rLinCas5C (1 puM each) as another control of the assay were also
incubated with an equivalent amount of pre-crRNA. Reactions, including control, were
resolved on a denaturing 10% polyacrylamide gel and visualized after staining with
SYBR Gold (left panel). Processed RNA fragments from pre-crRNA by rLinCas6 were
represented graphically (right panel) (B) The activity of rLinCas5C on free or rLinCas6
bound mature crRNA. The rLinCas6 (1 uM) was incubated with 5’ fluorescents labeled
mature crRNA for 30 min at 37°C to make the rLinCas6-crRNA complex. The
rLinCas5C (1 uM) was incubated with an unheated or heated (95°C, 5 min) rLinCas6-
crRNA nucleoprotein complex for 30 min at 37°C. Reactions were resolved by
denaturing 15% PAA and visualized without staining. The red arrowhead indicates the
5' fluorescent labeled RNA fragment generated from the freed mature crRNA in the
presence of rLinCas5C.

4.2.4 Structural modeling and MSA of LinCas5C.
RNA recognition motif (RRM) is a typical feature among various endoribonucleases,

including Cas6 and Cas5C family proteins (Koo et al., 2013; Nam, Haitjema, et al., 2012;
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Samai et al., 2010). Cas5C proteins contain a single N-terminal RRM domain and a C-terminal
B-sheet domain consisting of three antiparallel B-strands, whereas Cas6 proteins have two
sequential RRM domains in tandem at N- and C-terminus (Charpentier et al., 2015a; Koo et
al., 2013; Lemak et al., 2021). Based on sequence analysis, the Cas5C proteins are categorized
into two subgroups: Cas5C-A and Cas5C-B (Nam, Haitjema, et al., 2012). Cas5C-A includes
Cas5C proteins (BhaCas5C, SpyCassC, and SmuCasbC) with an extended C-terminus (~30
residues). The members of the subgroup Cas5C-B (XorCas5C, DvuCas5C, and MsuCas5C)
contain an a-helical insertion (~23 residues) between two short B-strands (e.g., p4 - B5 in
XorCas5C) of the N-terminal region (Koo et al., 2013). In addition, evolutionarily, Cas5C
proteins are clubbed into three (1, Il, and I11) major monophyletic groups (Lemak et al., 2021).
Group | encompasses the subgroup Cas5C-B proteins having an insertion in the N-terminal
RRM domain, whereas groups Il and 111 include the subgroup Cas5C-A proteins encompassing
an extended C-terminus (Lemak et al., 2021).

The modeled tertiary structure of LinCas5C consists of an N-terminal RRM-like
domain and a modified C-terminal B-sheet domain (Fig. 4.8A). LinCas5C modeled structure
displays similarity to the previously reported Cas5C structures, including XorCas5C (PDB ID:
3VZI) (Koo et al., 2013), MsuCas5C (PDB ID: 3KG4) (Garside et al., 2012), BhaCas5C (PDB
ID: 4F3M) (Nam, Haitjema, et al., 2012), and SmuCas5C (PDB ID: 4R0J) (Lemak et al., 2021).
Structural homology search using Dali web server (Holm, 2022) revealed XorCas5C (PDB ID:
3VZI chain A) as the closest topological homolog of modeled LinCas5C based on RMSD and
Z-score parameters (RMSD: 1.1 A, Z- score: 30). The XorCas5C RRM-like domain encloses
a helical insertion (al'- 02") between 4 and 5 strands (previously specified between 3 and
B4) (Koo et al., 2013). The modeled LinCas5C in the RRM-like domain also encloses a helical
insertion (al’- a2’- a3’) between B4 and B5 strands (Fig. 4.8A). For clarity, the structural
superimposition of XorCas5C and LinCas5C is shown (Fig. 4.8B). In addition, the LinCas5C
at the C-terminal unprecedently contains an antiparallel B-sheet (B1'- f2') insertion between the
B7 and B8 strands (Fig. 4.8A and 4.8B). MSA analysis of LinCas5C with its orthologs revealed
that it lacks the extra C-terminal residues (Fig. 4.8C), like the Cas5C-B subgroup, including
XorCas5C (Koo et al., 2013; Lemak et al., 2021). Overall, the modeled LinCas5C structure
displays an excellent structural analogy with XorCas5C; hence, it can be proclaimed a member
of the Cas5C-B subgroup.
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In a recent review, CasbC proteins are known to share substantial sequence

conservation of the catalytic triad (Tyr, Lys, and His) (Lemak et al., 2021; Reeks, Naismith, et
al., 2013) and are independent of their subgroup classification (Lemak et al., 2021; Reeks,
Naismith, et al., 2013). The catalytic triad residues of BhaCas5C (Y46, K116, H117) and
SmuCas5C (Y50, K120, H121) have been comprehensively studied for their endoribonuclease
activity (Lemak et al., 2021; Nam, Haitjema, et al., 2012). In the catalytic triad of Cas5C (Y,
K, H), the Tyr residue, is less critical for ribonuclease activity. Tyr residue is naturally
substituted with His (MsuCas5C and XorCas5C) or Leu (LinCas5C) among Cas5C orthologs
(Garside et al., 2012; Koo et al., 2013; Reeks, Naismith, et al., 2013). Similarly, in SmuCas5C,
substituting Tyr50 with Ala50 retained its RNase activity (Lemak et al., 2021).
However, in the catalytic triad, the other two residues (Lys and His) of BhaCas5C (K116 and
H117) and SmuCas5C (K120 and H121) are critical (Lemak et al., 2021; Nam, Haitjema, et
al., 2012). In SmuCas5C and BhaCas5C, the single residue substitution mutation of either of
the two conserved residues (Lys and His) with Ala resulted in the abolishment of ribonuclease
activity. Similarly, in XorCas5C catalytic triad (H44, K134, and H135), the mutation of His135
with Alal35 drastically reduced the RNase activity (Koo et al., 2013). In this study, the
LinCas5C catalytic triad (L51, K140, and F141) was predicted based on multiple sequence
alignment (MSA) with other available Cas5C orthologs (Fig. 4.8C). MSA in this study is also
in line with elsewhere reported elegant review (Reeks, Naismith, et al., 2013), it is observed
(Reeks, Naismith, et al., 2013) that in Cas5C (GenBank ID:EKQ47929) of another strain of
L. interrogans (L. interrogans strain 2002000623), the conventional Tyr and His residues of
the catalytic triad is replaced with the Leu46 and Phel36, respectively. However, the Leu and
Phe residues are non-dissociable hydrophobic amino acids whose catalytic properties are
questionable in LinCas5C (Ribeiro et al., 2020).
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Figure 4.8. Structure prediction and multiple sequence alignment of LinCas5C.
(A) The modeled tertiary structure of LinCas5C. The predicted 3D model of LinCas5C
is shown as a ribbon diagram with secondary structure elements labeled. The N-
terminal RRM-like and C-terminal B-sheet domains are indicated in magenta and
green, respectively. The a-helical insertion (a1'- a2'- a3') in the N-terminal RRM-like
domain- a characteristic of the Cas5C-B subgroup is colored cyan. The unigue insert
of two-stranded antiparallel B-sheet (B1'- 2') between 7 and 8 in the C-terminal [3-
sheet domain is shown in grey. The in silico predicted catalytic triad residues (L51,
K140, and F141) are labeled as blue sticks. (B) The structural superimposition of
LinCas5C (green) onto XorCas5C (Cas5C of X. oryzae; PBD ID: 3VZI; blue). (C)
Multiple sequence alignment (MSA) of LinCas5C with its orthologs. MSA was
performed using the Clustal Omega server with default parameters and visualized by
ESPript v3. The Cas5C orthologs from various organisms used for MSA include
BhaCas5C (B. halodurans; Q9KFY3), SpyCas5C (S. pyogenes; UniProt ID: Q99YS3),
SmuCasbC (Streptococcus mutans; Q8DSL7), MsuCas5C (M. succiniciproducens;
Q65TWS5), DvuCas5C (Desulfovibrio vulgaris; Q72WF9), and XorCas5C (X. oryzae;
AOA0J9X178) and LinCas5C (L. interrogans; Q72NC2). The corresponding subgroup
(Cas5C-A or Cas5CB) under which the different Cas5C orthologs falls has been
indicated at the left of the alignment. The secondary structure elements are inferred
from BhaCas5C (PDB ID: 4F3M; top) and XorCas5C (PDB ID: 3VZI; bottom)
structures. The LinCas5C’s secondary structure elements based on its predicted 3D
model are also depicted at the bottom of the alignment and color-coded as in (A). The
residue number indicated on top is as per BhaCas5C. The conserved residues are in
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white font highlighted with red, whereas semi-identical residues are in red font within
unfilled blue boxes. The predicted catalytic triad residues L51 (light blue star), K140
(black oval), and F141 (yellow triangle) in LinCas5C correspond to the conserved
catalytic triad (Y46, K116, and H117) of BhaCas5C. The characteristic insertion in the
N-terminal RRM-like domain and absence of extended sequence at the C-terminal in
subgroup Cas5C-B proteins (MsuCas5C, DvuCas5C, LinCas5C, and XorCas5C) are
shown in green and orange boxes, respectively.

The predicted catalytic triad of LinCas5C (L51, K140 and F141), when mapped with
its closest homologs BhaCas5 (Y46, K116 and H117) and XorCas5 (H44, K134 and H135)
demonstrated conformational alignment in the triad (Fig. 4.9). In LinCas5C, the existence of
Phel41 residue as one of the predicted catalytic triads (L51, K140, and F141) and its structural
correlation with H117 of BhaCas5C and H135 of XorCas5C boosted us to evaluate the impact
of the presence of Phel4l on LinCas5C activity. Therefore, a mutant variant of LinCas5C
(rLinCas5C™4H) was generated wherein the Phel41 was substituted with His residue. In
addition, a deletion mutant (rLinCas5C2P) for B-sheet insertion (B1’- P2') was created to

uncover its role in the LinCas5C activity.

K127
E121
F141
H135
K140
K134
LinCasbc
Catalytic triad and metal-ion coordinating residues ofE
XorCas5c

Figure 4.9. lllustration of predicted catalytic triad and metal-ion coordinating
residues of LinCas5C. Modeled LinCas5C was superimposed with the available
structure of XorCas5C and BhaCas5C. The mapped catalytic triad (L51, K140, and
F141) together with metal-ion coordinating residues (H61 and K127) of LinCas5C is
demonstrated and compared with XorCas5C and BhaCas5C.
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4.2.5 LinCas5C mutant variants exhibit gain of function in RNA cleavage.

The mutant variants of LinCas5C (rLinCas5C*P and rLinCas5C4t") were purified as
described for rLinCas5C. A quality check of the purified rLinCas5C mutant variants (2 ug
each) was accomplished on SDS-polyacrylamide gel before using it for downstream assays
(Fig. 4.10A). To measure the effect of mutation on RNase activity, purified proteins
(rLinCas5C, rLinCas5C*P, and rLinCas5C™41H) at an equimolar concentration (3 pM) were
individually incubated with the 5' FAM-labeled sense repeat RNA (LIC_Cr?*, 36-nt). The
resulting products were resolved by electrophoresis on a urea polyacrylamide gel. Consistent
with the earlier experiment, rLinCas5C cleavage activity yielded a major intense band (7-nt)
and a faint band of 3-nt size (Fig. 4.10B). However, under similar reaction conditions, the
rLinCas5C mutant variants (rLinCas5C*? and rLinCas5CF“!") at equimolar concentration
yielded only 3-nt product from the 5" FAM-labeled sense repeat RNA (LIC_Cr?*, 36-nt).
Similarly, the rLinCas5C mutant variants displayed a gain of activity on the 5’ FAM-labeled
sense and antisense repeat RNA (28-nt) of array LIC_Cr® (Fig. 4.10C and Fig. 4.10D).
Interestingly, the mutant variant rLinCas5C™4'H displayed stronger activity than rLinCas5C*#
on the 5" FAM-labeled repeat RNA of arrays LIC_Cr?* and LIC_Cr* (Fig. 4.10B and Fig.
4.10D).

The ribonuclease activity of rLinCas5C variants was also quantitively analyzed on a
commercially available model fluorogenic RNA substrate (Integrated DNA technology, IDT
Cat #11-02-01-02). The rate of ribonuclease activity of mutant variants (rLinCas5C** and
rLinCas5CF4H) showed a gain of function than the equivalent concentration (0.5 uM) of
rLinCas5C (Fig. 4.10E). It is known that the residue His, in general, is a stronger base than Phe
(Kessler & Raja, 2019) and thus, the substitution of Phel41 with a more conserved His141
residue might have accounted for the gain in the activity of rLinCas5C™4", However, for
LinCas5C*?, at this stage, it is unclear about the mechanism of gain of nuclease activity. The
tertiary structure of LinCas5C*P (modeled structure) showed more conservation (RMSD: 0.8
A and Z-score: 29.2) with XorCas5C than LinCas5C (1.1 A, and 30). Evidently, one may
hypothesize alterations in the conformation of rLinCas5C2P tertiary structure as one of the
possible causes for the gain of nuclease activity. Perhaps in the LinCas5C, the insertion of 1’

and B2’ by a unique evolutionary adaptation may offer an added advantage of regulated and
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controlled nuclease activity. The crystal structure of LinCas5C in the near future may provide

better insight into the role of additional B-sheet insertion in the regulation of nuclease activity.
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Figure 4.10. Comparison of RNase activity between rLinCas5C and its mutant

variants. (A) Ni-NTA affinity chromatography-purified recombinant LinCas5C mutant’s
variants (rLinCas5C?#, and rLinCas5CF41H) are resolved on 12% SDS-PAGE (PAA)
and stained with Coomassie Blue. RNase activity of rLinCas5C and its mutant variants
(rLinCas5C2® and rLinCas5CF4") on 5' FAM-labeled sense repeat RNA of (B)
LIC_Cr?*, (C) LIC_Cr3 and (D) LIC_Cr3. All reactions, including controls, were
incubated at 37°C for 1 h and resolved on denaturing urea PAGE (20% PAA). (D)
RNase activity of rLinCas5C and its variants was quantified using fluorogenic RNA
substrate. A fluorogenic RNA substrate (10 pmol) was incubated with rLinCas5C or its
variants (0.5 pM) at 37°C, and the fluorescence was recorded at 2 min intervals for

one hour. The data shown here represents Mean + Standard Error Mean (SEM) from
three different experiments performed in duplicates.

4.2.6 LinCasbhC activity on DNA substrates.

Recombinant LinCas5C specific cleavage on RNA substrate instigated us to assess its
activity and binding on 5" FAM-labeled antisense repeat DNA (36-nt) of array LIC_Cr2 The
reaction products of 5' FAM-labeled antisense repeat DNA substrate were resolved on
denaturing urea PAGE or native PAGE for assessing cleavage activity and binding activity of
rLinCas5C, respectively. The rLinCas5C displayed neither cleavage (Fig. 4.11A) nor any
binding affinity on 5’ FAM-labeled antisense repeat DNA (Fig. 4.11B) in the presence or
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absence of Mg?*. Similarly, rLinCas5C was inert on duplex DNA oligo (ds-repeat DNA, 36
bp) generated by annealing sense and antisense repeat DNA of LIC_Cr? (Fig. 4.11C).

Repeat DNA Repeat DNA
(LIC_Cr?) (LIC_Cr») ds-Repeat DNA
A [5' FAM-labeled] (B) [5' FAM-labeled] © (LIC_Cr?)
@A) " ) — = '
) ° 3
2 = < rLinCas5C (3 M)
< rLinCas5C (3 pM) S rLinCas5C (3 uM) = '—‘H
= S Mot Mgzt E-Mg?*+ Mg+
£ Mg +Mg @5 mM) £ Mg (25 mM) s Mg*™ (2,5 mM)
180" &)

18060 120 180 min 180 120 180 min

36 bp
36 nt

— Denaturing urea 20% PAGE
Denaturing urea 20% PAGE Native 10% PAGE SYBRg Gold stai;ed
’
(5' FAM-labeled fragments) (5’ FAM-labeled fragments)
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Figure 4.11. The nuclease activity of rLinCas5C on small DNA substrates. (A &
B) The activity of rLinCas5C on antisense repeat DNA of array LIC_Cr%. The 5' FAM-
labeled antisense repeat DNA (0.5 uM) was incubated with rLinCas5C (3 uM) at time
intervals of 60, 120, and 180 min in the presence or absence of Mg?* ions as indicated.
Reactions were resolved on 8 M urea 20 % PAGE (A) and 10% native-PAGE (B)
followed by visualization at 490 nm. (C) The activity of rLinCas5C (3 puM) on duplex
repeat DNA (LIC_Cr?; 36 bp, 0.5 uM) and reaction products were resolved on 8 M
urea 20 % PAGE and visualized after SYBR Gold staining.

The rLinCas5C in the presence of Mg?* ions displayed the DNase activity on larger size
circular ds-DNA (pTZ57R/T plasmid; 2886 bp) and circular ss-DNA (®x174 DNA; 5386 bp)
(Fig. 4.12A and 4.12B). Similarly, the mutant variants (rLinCas5C™*" and rLinCas5C*") also
displayed metal-dependent endonuclease activity on the DNA substrates (Fig. 4.12C, 4.12D,
4.12E, and 4.12F). The endonuclease activity of rLinCas5C™4H and rLinCas5C2? on the DNA
substrates consistently demonstrated a gain of function similar to the activity on repeat RNA
substrate. Using a well-studied Cas5C (BhaCas5C) tertiary structure as a template, the metal-
ion coordinating residues were predicted for modeled LinCas5C and XorCas5C (PDB ID:
3VZI chain A) structure. The LinCas5C metal-ion coordinating residues (H61 and K127)
plausibly coordinate with Mg?* ions through a non-canonical site, unlike BhaCas5C (D56 and
E100) and XorCas5C (D54 and E121) during the catalysis of DNA (Fig. 4.9). Also, the
proximity between the predicted metal-ion coordinating residues and the catalytic triad in the

LinCas5C modeled and XorCas5C (PDB ID: 3VZI chain A) structure were compared to that
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of BhaCas5C (Fig. 4.9). The comparative result suggested the existence of predicted metal-ion
coordinating residues and the catalytic triad of the LinCas5C model and XorCas5C in close

proximity to that of BhaCas5C.

Figure 4.12. The nuclease activity of rLinCas5C on large DNA substrates. All the
assays were performed using 3 uM enzymes at 37°C for 60 min or as indicated, and
the reactions were resolved on ethidium bromide stained-1% agarose gel. The activity
of rLinCas5C on (A) circular ds-DNA (pTZ57R/T; 2886 bp, 0.5 ug) and (B) circular ss-
DNA (dx174 virion DNA; 5386 bp, 0.5 pg). The activity of rLinCas5C™4H on (C)
circular ds-DNA (pTZ57R/T; 2886 bp) and (D) circular ss-DNA (®x174 virion DNA,;
5386 bp, 0.5 pg). The DNase activity of rLinCas5C2® on (E) circular ds-DNA
(pTZ57R/T; 2886 bp) and (F) circular ss-DNA (®x174 virion DNA; 5386 bp, 0.5 pg).

5.2.7 Interference by CRISPR-Cas I-C through plasmid interference assay.

Above finding suggests rLinCas5C standalone non-canonically cleaves repeat RNA
and is unable to generate mature CrRNA from pre-CrRNA of array LIC_Cr? and LIC_Cr3. We
hypothesized that LinCas5C, in alliance with other subtype-specific Cas proteins or host
factors, may act as a specific endoribonuclease to set off crRNAs or Cascade I-C in the
Leptospira CRISPR immunity. To test this hypothesis plasmid interference assay was
conducted employing the maturation and interference module of CRISPR-Cas I-C.
Protospacers were constructed using spacer 1 from array LIC_Cr?, incorporating the predicted
PAM sequences from both LIC_Cr? and LIC_Cr® at their 5’ ends (Table 4.1).

Table 4.1: Protospacers used to study plasmid interference.

PAM 1 5' AGCTTATAAAAGGATCCTTTGATCAAAAGAATTCGTCCTTGATTTCA 3’
5' TATGAAATCAAGGACGAATTCTTTTGATCAAAGGATCCTTTTATA 3'
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PAM2 5' AGCTTTGAAAAGGATCCTTTGATCAAAAGAATTCGTCCTTGATTTCA 3'
5' TATGAAATCAAGGACGAATTCTTTTGATCAAAGGATCCTTTTCAA 3’
LIC_CR? | PAM3 5' AGCTTATGAAAGGATCCTTTGATCAAAAGAATTCGTCCTTGATTTCA 3’
5' TATGAAATCAAGGACGAATTCTTTTGATCAAAGGATCCTTTCATA 3'
PCR2SP1 | 5" AGCTT AAAGGATCCTTTGATCAAAAGAATTCGTCCTTGATTTCA 3'
3' ATTTCCTAGGAAACTAGTTTTCTTAAGCAGGAACTAAAGTAT &
PAM 1 5'AGCTTTTAAAAGGATCCTTTGATCAAAAGAATTCGTCCTTGATTTCA 3’
5' TATGAAATCAAGGACGAATTCTTTTGATCAAAGGATCCTTTTAAA 3'
PAM 2 5'AGCTTTTTAAAGGATCCTTTGATCAAAAGAATTCGTCCTTGATTTCA 3'
5' TATGAAATCAAGGACGAATTCTTTTGATCAAAGGATCCTTTAAAA 3’
LIC_CR3 | PAM 3 5' AGCTTGAAAAAGGATCCTTTGATCAAAAGAATTCGTCCTTGATTTCA 3*
5' TATGAAATCAAGGACGAATTCTTTTGATCAAAGGATCCTTTTTCA 3’
PAM 4 5" AGCTTTCTAAAGGATCCTTTGATCAAAAGAATTCGTCCTTGATTTCA 3’
5' TATGAAATCAAGGACGAATTCTTTTGATCAAAGGATCCTTTAGAA 3’
PAM 5 5' AGCTTGCTAAAGGATCCTTTGATCAAAAGAATTCGTCCTTGATTTCA 3’

5'TATGAAATCAAGGACGAATTCTTTTGATCAAAGGATCCTTTAGCA 3’

ATG and TAC were previously reported PAM for the CRISPR-Cas I-B locus of the
genus Leptospira (Mendoza & Trinh, 2018; Xiao et al., 2019), therefore ATG PAM was used
as a positive control and wild-type pT7Blue was served as a negative control in this study. The

protospacers containing PAM predicted using spacers of array LIC_Cr?were previously cloned

in pT7Blue vector (Hussain et al., 2023) and in this study PAM predicted using spacers of array

LIC_Cr® were cloned in pT7Blue vector. These constructs were named as pPAM (Fig. 4.13A).

The array LIC_Cr? was cloned in pCDF-1b vector and the construct was named as pCr-array

(Fig. 4.13B). The interference module of CRISPR-Cas I-C was subsequently cloned into the

pACAY Duet vector, utilizing two multiple cloning sites (MCS). In one MCS, Lincas5-7C was
inserted, while in another MCS, Lincas3'-3C was integrated (Fig. 4.13C and 4.13D).
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Figure 4.13. Generation of tools to study plasmid interference by CRISPR-Cas I-
C. (A) Cloning of predicted PAM using spacers of LIC_Cr3 in pT7blue vector (Hindlll
and Ndel). Clone confirmation using PCR employing recombinant pT7blue vector as
a template. (B) Cloning of array LIC_Cr? in pCDF-1b vector (BamHI-Sall). Clone
confirmation using restriction digestion of recombinant plasmid. Cloning of
interference module of CRISPR-Cas I-C in pACYCDuet vector. Clone confirmation
using PCR employing recombinant pACYCDuet vector as a template with the aid of
Lincas7C (C) and Lincas3C (D) primers. NTC: no template control.

To investigate interference mediated by the maturation and interference module of
CRISPR-Cas I-C, E. coli BL21 (DE3) cells were co-transformed with three plasmids:
pLincas3-7C, pCr?_array, and pEmpty or pCr2SP1 or pPAM. The transformed E. coli BL21
(DEJ) cells were cultured until they reached the logarithmic growth phase. An equal number
of cells from the test and control groups were then plated on LB agar supplemented with IPTG
(0.05 mM) and antibiotics (ampicillin, chloramphenicol, and spectinomycin, each at a
concentration of 100 pg/ml). The degradation of the pPAM plasmid by the maturation and
interference module of CRISPR-Cas I-C led to the loss of ampicillin resistance, preventing the
cells from growing on the LB agar plate supplemented with IPTG (0.05 mM) and the specified
antibiotics. Consequently, the reduction in the number of bacterial colonies on the test plate
was a result of the destruction of the pPAM plasmids (carrying the AmpR gene) by the
CRISPR-Cas I-C interference module, indicating the presence of a CRISPR interference

phenotype. For clarity schematically depicted (Fig. 4.14).
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Figure 4.14. Schematic representation of plasmid interference by L. interrogans
CRISPR-Cas I-C maturation and interference module. pCr2_array (Spec®) harbors
LIC_Cr? array which gets transcribed into Pre-CrRNA and further processed into
mature CrRNA. pLincas3-7C (ChlIR®) harbors cas genes involved in the maturation and
interference phase. pCr2SP1 (AmpR) harbors the spacerl of LIC_Cr? array without
PAM, pPAM contains spacer 1 of LIC_Cr? along with the predicted PAM at its 5’end
and pEmpty is empty plasmid. Mature crRNA will bind to the protospacer and recruit
effector complex, thus leading to the degradation of the pPAM, and low transformants
will be observed on LB agar plate containing spectinomycin, chloramphenicol, and
ampicillin. The effector complex will bind to the protospacer in pCr2SP1 but will not be
able to cause interference of plasmid due to lack of PAM whereas the effector complex
will not bind to pEmpty as it lacks protospacer. SpecR: Spectinomycin resistance,
ChIR: Chloramphenicol resistance, and AmpR: Ampicillin resistance. L: leader, S:
spacer, R: repeat, Red rectangle: protospacer, PAM is demarcated by a purple
rectangle upstream of protospacer.

No Interference

The degree of interference with plasmid DNA was quantified by calculating the
percentage reduction in colony-forming units (CFU) in the test group compared to the control
group. For PAM sequences TGA, ATA, and ATC (predicted using spacers from LIC_Cr?),
reductions of 75%, 69%, and 78% in CFU were observed, respectively (Fig. 4.15A). For PAM
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sequences TTA, TTT, GAA, TCT, and GCT (predicted using spacers from LIC_Cr3),
reductions of 25%, 75%, 79%, 52%, and 53% in CFU were observed, respectively (Fig. 4.15B).
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Figure 4.15. Plasmid interference by L. interrogans CRISPR-Cas I-C maturation
and interference module. 5000 cells containing respective plasmids were plated on
a LB agar plate containing antibiotics along with 0.05 mM IPTG and incubated at 37°C
for 24 hours. (A) Plasmid interference employing PAM predicted using spacers of array
LIC_Cr? and (B) array LIC_Cr. Three independent experiments were performed. *
Indicates the significance level p << 0.05 compared to pEmpty. pEmpty: empty
pT7blue vector, pCR2SP1: pT7blue vector containing spacerl of array LIC Cr?
without PAM.

4.3 Discussion

This study illustrates that the purified rLinCas5C from the subtype I-C locus, devoid of
CRISPR element, is an active metal-independent endoribonuclease variant of Cas5C. The
rLinCas5C possesses non-canonical cleavage activity on various RNA substrates, including
repeat RNAs (sense and antisense), the pre-crRNAs (subtype I-B), and the orphan CRISPR
array. The cleavage sites of rLinCas5C within different RNA substrates were not conserved. It
denotes that the pure rLinCas5C may standalone not be efficient in generating functional
crRNAs from pre-crRNA in Leptospira. The presence of other cognate Cas proteins may
modulate the processivity of pre-crRNA by rLinCas5C. On the contrary, the catalytic active
Cas5C protein family cleaves its cognate repeat RNA upstream of the 11-nt from the 3'-ends
of pre-crRNA in a sequence-specific canonical approach to provide the mature crRNAs with
an 11-nt 5’-handle (Garside et al., 2012; Hochstrasser & Doudna, 2015; Hochstrasser et al.,
2016; Koo et al., 2013; Nam, Haitjema, et al., 2012).

Our in vitro RNase assays suggest that pure rLinCas5C may be ineffective in generating
mature crRNAs from the array of subtype I-B locus or orphan CRISPR arrays. Controlled or

regulated conduct of Cas proteins counts on many parameters like protein-protein interaction
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encoded within the same locus or the presence of other accessory factors in the host, for
example, integration host factor in E. coli (Nufiez et al., 2016). BhaCas5C alone had a weak
affinity for pre-crRNA; however, the presence of Csd1 and Csd2 results in the formation of a
stable complex, symbolizing that other Cascade elements may contribute to the selective pre-
crRNA processing inside the cell (Nam, Haitjema, et al., 2012). Pure Cas nucleases of
Leptospira (LinCas2) and Sulfolobus solfataricus (SsoCas2) display non-specific RNase
activity in vitro. Nevertheless, the physiological function of Cas2 in the host is anticipated to
be explicit in CRISPR biology (Anand et al., 2022; Beloglazova et al., 2008; Dixit et al., 2016).
In E. coli, the role of the Cas1-Cas2 complex has been defined; it integrates new spacer DNA
in the CRISPR locus of the host’s genome (Rollie et al., 2015). The oligomerization of Casl
and Cas2 of E. coli is vital to enforce the desired function. In addition, an integration host factor
(IHF) was critical in the Cas1-Cas2 complex of E. coli to achieve efficient integration (Nufiez
etal., 2016). Similarly, it is possible that LinCas5C, in coalition with other Cas proteins or host
factors, may act as a specific endoribonuclease to set off crRNAs or Cascade I-C in the
Leptospira CRISPR immunity. Thus, further study on LinCas5C and subtype-specific other
Cas proteins is mandated to unveil subtype I-C’s role in the Leptospira.

Interestingly, in the presence of rLinCas6, the catalytic activity of rLinCas5C is drastically
reduced over repeat RNA or mature crRNA of the CRISPR I-B locus. The rLinCas6 after pre-
crRNA processing is documented to remain bound with mature crRNA(Prakash & Kumar,
2021); however, the significance of such binding was obscure. This study reveals that the
mature crRNA-rLinCas6 complex of subtype I-B fends from the endonuclease rLinCas5C. It
is also conceivable that other Cas proteins involved in Cascade formation may fend off the
mature crRNA degradation from co-existing endoribonucleases. In this study, heat
denaturation (95°C for 5 min) of the pre-formed rLinCas6-crRNA nucleoprotein complex
results in the dissociation of crRNA and rLinCas6. This makes the rLinCas5C accessible to
crRNA for RNase activity. A bacterial genome may encode >1 CRISPR-Cas systems
(Sokolowski et al., 2014); nevertheless, the Cas endoribonucleases (Cas6 in type | and IlI,
CasbC in type I-C systems) meant for processing and maturation of crRNA are specific to its
cognate pre-crRNA. After that, other Cas proteins (Casb, Cas7, Cas8, and Casll) with or
without Cas6 bind to mature crRNA and form a ribonucleoprotein complex (Cascade). Such
binding of Cas proteins stabilizes the crRNA against cleavage by co-existing cellular RNases
(Brendel et al., 2014; Peng et al., 2013).
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Similarly, rLinCas6 (subtype I-B) processes the cognate pre-crRNA (LIC_Cr?*) into
mature crRNA (Prakash & Kumar, 2021) and forms a Cascade complex together with other
Cas subunits (LinCasb, LinCas7, LinCas8b, and LinCas11b) (Hussain et al., 2023). Hence, the
non-specific RNase activity of rLinCas5C in this study is shielded by the mature-crRNA-
LinCas6 complex. However, the hypothesis about other Cas proteins of Cascade in fending
crRNA must be tested before delineating any conclusion. This study also illustrates the role of
divalent metals in the rLinCas5C non-specific endo-DNase activity on ss-DNA and ds-DNA.
The DNase activity of rLinCas5C was also size-dependent as it was inert on short single-
stranded and duplex DNA substrates. The DNase activity of rLinCas5C on ds-DNA and ss-
DNA substrates agreed with BhaCas5C (Nam, Haitjema, et al., 2012).

On the contrary, XorCas5C has been shown to have a binding affinity for ds-DNA and ss-
DNA substrates but no cleavage activity (Koo et al., 2013). This indicates that the ds-DNA
cleavage activity of LinCas5C might be an evolutionary transformation that introduces the
other feasible functions of LinCas5C in various stages of CRISPR biology. In a recent study,
such non-specific DNase activity has been implied to confer a selective edge to bacteria by
empowering defence against intruding phages that escape recognition (Vasu et al., 2012). The
divalent metal-independent RNase and metal-dependent DNase activity of rLinCas5C indicate
that the phosphodiester cleavage mechanism for RNA is different from DNA. In agreement,
the Mg?* ions tunable DNase/RNase activity of BhaCas5C has been reported elsewhere
(Punetha et al., 2014). The simultaneous occurrence of RNA and DNA hydrolysis in the
absence and presence of Mg?* ions implies a single active site with variable target selectivity
(Punetha et al., 2014). When the DNA is not in the vicinity of Cas5C, its low affinity for metal
turns it into an RNase, allowing it to assist crRNA maturation. However, closeness to DNA,
which may occur during the interference stage of CRISPR immunity, is expected to increase
metal affinity, altering it into a DNase (Punetha et al., 2014). Thus, the predicted catalytic triad
and metal-ion coordinating residues may account for the LinCassC DNase activity. The
modeled structure of LinCas5C aided us in categorizing it in the Cas5C-B subgroup. LinCas5C
modeled structure encloses an N-terminal RRM-like domain with a helical region between 4
and B5 (al’- 02'- a3’), a characteristic of all reported Cas5C-B subgroup endoribonucleases,
and an additional B-sheet insertion (B1’-p2") in the C-terminal B-sheet domain. In silico analysis
predicted Phel4l as one of the catalytic triad residues (L51, K140, and F141) in modeled

LinCas5C, equivalent to more conserved His residue in its orthologs. The deletion of additional
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B-sheet (B1'-B2") insertions in the LinCas5C and the substitution of Phel4l with His141
ushered gain of nuclease activity. In BhaCas5C, the residue Tyr46 (corresponds Leu51 in
LinCas5C) was hypothesized to act as a base deprotonating the 2-OH of G21 for inline
nucleophilic attack on the scissile phosphate (Punetha et al., 2014). This hypothesis is also
reinforced by the fact that replacing this 2'-OH with a deoxy derivative and/or changing this
Tyr46 to Ala46 eliminates the cleavage (Carte et al., 2010; Nam, Haitjema, et al., 2012). In
BhaCas5C, Lys116 (corresponds to Lys140 in LinCas5C) is a likely candidate to stabilize the
negatively charged transition state, while His117 (corresponds to Phel41l in LinCas5C) may
protonate the leaving group (Punetha et al., 2014; Raines, 1998). However, because the
nucleophile is most likely a water molecule rather than an intrinsic 2’-OH group, the role of a
nucleophile activator may be taken up by a Mg?* ion during DNA hydrolysis (Yang et al.,
2006). As a result, the active site that promotes RNA hydrolysis may also participate in DNA
hydrolysis (Punetha et al., 2014). LinCas5C modeled structure may provide an added
advantage of having a controlled RNase activity, an unprecedented evolutionary adaptation
observed between the two B-strand (B1’ and 2’) and at one of the catalytic residue Phel41.
Plasmid interference assay revealed CRISPR-Cas I-C exhibiting interference, thus LinCas5C
in presence of other Cas protein is able to generate mature crRNA thus facilitating interference.
Functioning of Leptospira interference module has also been previously studied using plasmid
interference (Hussain et al., 2023). Interference has also been studied in Bifidobacterium breve
by the means of plasmid interference employing predicted PAM (Han et al., 2024). This study,
deliver strong evidence regarding the role of CRISPR-Cas I-C in providing immunity to

Leptospira against foreign nucleic acids.
4.4 Materials and Methods.

4.4.1 Cloning and purification of recombinant LinCas5C.

The available genomic sequence of L. interrogans serovar Copenhageni strain Fiocruz
L1-130 at NCBI was used for designing the primers (Table 4S1) and amplifying the Lincas5C
gene (LIC12912). The amplicon was ligated in the pET28-a vector at the Nhel-Xhol restriction
sites. The recombinant plasmid (pET28a-LincasbC) was outsourced to Bioserve for
sequencing before the protein overexpression and purification. Recombinant proteins
(rLinCas5C, rLinCas5C*P, and rLinCas5CF4H) were overexpressed in E. coli BL21-Al using
isopropyl B-D-1-thiogalactopyranoside (IPTG, 1 mM) and L-arabinose (0.2 %) in LB broth
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supplemented with 0.1 M sorbitol at 25°C for 8 h. Recombinant proteins were purified using
Ni-NTA affinity chromatography.
4.4.2 Size-exclusion chromatography.

Size-exclusion chromatography was conducted using HiLoad™ 16/600 Superdex™
200 pg column (GE Healthcare #28-9893-35) and was operated with an NGC chromatography
system (BioRad). SEC was performed as described in Chapter 3.

4.4.3 Synthetic and in vitro synthesized RNA substrates.

Custom synthesized repeat RNA (sense and antisense LIC_Cr®) substrates labeled
(fluorescence) with 5'-FAM (6-fluorescein amidites) were purchased from Integrated DNA
technologies (Table 4S1). The sense LIC_Cr? array transcription orientation was based on the
program CRISPRCasdb (Pourcel et al., 2020) output. In addition, a pre-crRNA of array
LIC_Cr? and its 5" FAM-labeled sense repeat RNA is used, as described before (Prakash &
Kumar, 2021). The pre-crRNA of array LIC_Cr® [sense (+) and antisense (-)] was synthesized
in vitro, as reported previously (Prakash & Kumar, 2021). All in vitro synthesized pre-crRNA
possesses a vector derived ten nucleotides (nt) sequences (5'-GGGAAAGCUU-3') at its 5'-end.
4.4.4 RNase assay of rLinCas5 and rLinCas6 on repeat RNA.

The secondary structure of repeat RNA consensus with minimum free energy (MFE;
AG®) was estimated at an experimental temperature (37°C) using an RNAalifold web server
(Bernhart et al., 2008). RNase assays of rLinCas5C and its mutant variants were conducted in
a nuclease buffer lacking Mg?* ions (20 mM HEPES-KOH pH 8.0, 250 mM KCI, and 1 mM
DTT). Briefly, the rLinCas5C or rLinCas6 (3 uM) was incubated with 5" FAM-labeled repeat
RNAs (250 nM) or unlabeled pre-crRNAs (100 nM) for an hour at 37°C, unless stated
otherwise. Under similar reaction conditions as the control, an equivalent amount of substrates
was incubated without rLinCas5C. The cleavage reactions were terminated, and the products
were resolved by electrophoresis on denaturing urea (8 M) polyacrylamide gel (10-20%), as
described previously (Prakash & Kumar, 2021; Sokolowski et al., 2014). The alkaline
hydrolysis ladder was used to map the RNA cleavage sites. The hydrolyzed ladder was
generated by incubating the sense repeat RNA of array LIC_Cr? and LIC_Cr®* with 1x
alkaline hydrolysis buffer (1 mM EDTA, 50 mM sodium carbonate, pH 9.2) for 30 min at
95°C.

4.4.5 RNase assay of rLinCas5C and rLinCas6 on pre-crRNA and mature crRNA.

The activity of endoribonuclease (rLinCas6 and rLinCas5C) was explored on substrates

(pre-crRNA and mature crRNA) in a nuclease buffer (20 mM HEPES-KOH pH 8.0, 250 mM
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KCI, and 1 mM DTT) lacking Mg?* ions. Unlabeled pre-crRNA of array LIC_Cr?* (100 nM)
was incubated with either pure rLinCas6 (1 uM) or rLinCas5C (1 uM) or both (1 uM each) for
30 min (unless stated otherwise) at 37°C. As controls of the assay, an equivalent amount of
pre-crRNA was incubated without endoribonuclease (rLinCas5C or rLinCas6) or its heat-
denatured variants (95°C, 5 min) (1 pM) under similar reaction conditions. The 5' FAM-labeled
mature crRNA (250 nM) of array LIC_Cr?* was first incubated with rLinCas6 (1 uM) for 30
min at 37°C to dissect the RNase activity of rLinCas5C on mature crRNA. Then, rLinCas5C
(1 uM) was incubated with an untreated or heat-denatured (95°C, 5 min) solution of rLinCas6-
mature crRNA for 30 min at 37°C. Reaction products were resolved on denaturing
polyacrylamide gel (10-15%) by electrophoresis and visualized with or without staining with
SYBR-Gold.

4.4.6 RNase assay of rLinCas5C on fluorogenic RNA substrate.

RNase activity of rLinCas5C and its variants were quantified using the RNaseAlert kit
(Integrated DNA technology, IDT; Cat #11-02-01-02). The RNaseAlert kit includes a synthetic
RNA substrate which is fluorescence-quenched oligonucleotide probes. When cleaved by an
RNase, the substrate tends to fluoresce green (490 nm excitation and 520 nm emission) and
can be estimated by a fluorometer. RNase activity was conducted in black flat-bottom 96-well
plates (Invitrogen) at 37°C. Fluorogenic RNA substrate (10 pmol) was incubated with
rLinCas5C or its mutant variants (rLinCas5C™4H and rLinCas5C**, 0.5 pM) in a total reaction
volume of 100 pL containing 1x reaction buffer (20 mM HEPES-KOH pH 8.0, 250 mM KCl,
and 1 mM DTT) lacking Mg?* ions. Fluorescence was estimated at every 5 min interval till 60
min using the Infinite M200Pro plate reader (Tecan).

4.4.7 DNase activity of rLinCas5C.

The DNase activity of rLinCas5C or its mutant variants (rLinCas5C™*" and
rLinCas5C*P) was assessed on DNA substrates of variable sizes. The DNA substrates of larger
sizes were double-stranded circular plasmid (pTZ57R/T, 2.8 kb, 0.5 pg) and single-stranded
circular DNA (®x174 virion ss-DNA, 5.3 kb, 0.5 pg). The small-sized DNA oligos used as
substrates were 5’ FAM-labeled repeat DNA of array LIC_Cr? (36-nt, 0.5 pM) and the 36 bp
duplex repeat DNA of array LIC_Cr? (0.5 uM). DNase assays were executed using rLinCas5C
(3 M) on the plasmid and viral DNA substrates for an hour at 37°C (or as indicated) in the
cleavage buffer (20 mM HEPES-KOH, pH 8.0, and 100 mM KCI) supplemented with or

without Mg?* ion (10 mM). Reactions performed with large-size DNA substrates were stopped
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using 6x DNA loading dye and were resolved by electrophoresis on 1% agarose gel stained
with ethidium bromide. EDTA (ethylenediaminetetraacetic acid) was used as a divalent metal
chelator at a final concentration of 10 mM. DNase activity executed on LIC_Cr? (36-nt) and
LIC_Cr? (36 bp) were either resolved on denaturation PAGE (20%) or native PAGE (10%) and
visualized with or without SYBR-Gold staining. A protein storage buffer was utilised in place
of endo-deoxyribonuclease in control reactions to exclude the possibility of nuclease
contamination.

4.4.8 Bioinformatics analysis of LinCas5C and generation of its mutant variants.

The tertiary structure (3D) model of LinCas5C was predicted by AlphaFold (Jumper et
al., 2021; Varadi et al., 2022) and decorated using PyMOL v2.4.1 (PyMOL molecular graphic
system, Schrodinger, LLC, New York, NY, USA) (DeLano, 2002). The multiple sequence
alignment (MSA) of LinCas5C (UniProt ID: Q72NC2) of Leptospira with its orthologs was
conducted using Clustal Omega software (Thompson et al., 1994) under default parameters
and visualized by the online tool ESPript v3 (Robert & Gouet, 2014). The Cas5C orthologs
used for MSA were retrieved by Dali search (heuristic) (Holm, 2022) using the modeled
LinCas5C structure as a query. The Cas5 orthologs used for MSA originated from diverse
organisms, including B. halodurans (BhaCas5C; Q9KFY 3), Xanthomonas oryzae (XorCas5C;
WP_011257746.1), Mannheimia succiniciproducens (MsuCas5C; Q65TWS5), Streptococcus
mutants (SmuCas5C; Q8DSL7) and Streptococcus pyogenes (SpyCas5C; Q99YS3). The
protein sequences were retrieved from the NCBI (National Centre for Biotechnology
Information) or UniProtKB database (UniProt: A Hub for Protein Information, 2015). Based
on MSA analysis of LinCas5C, the substitution of a single amino acid (Phel4l to His) or
deletion of p-sheet insertion (B1’-p2') of 11 residues (197" - 207" was independently
introduced in the vector (pET28a-Lincas5C) using Q5 site-directed mutagenesis kit (#£0554S,
NEB). The mutant variants obtained from mutagenesis were designated rLinCas5C™4H
(Phe141 to His141) and rLinCas5C? (B1'-p2’ deletion). Catalytic triad and metal coordinating
residues were predicted using multiple sequence alignment and tertiary structure analysis. The
crystal structure of XorCas5C (Xanthomonas oryzae; PDB ID: 3VZI), and BhaCas5C (Bacillus
halodurans; PDB ID: 4F3M) coordinating residues of LinCas5C.

4.4.9 Protospacer construction.
To study interference protospacers were constructed using LIC_Cr? and LIC_Cr3

spacers (5'-PAM-spacerl-3"). The positive and negative strands of each protospacers were
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custom synthesised in such a way that after annealing cohesive ends (Hindlll and Ndel) are
generated to clone in pT7Blue plasmid.
4.4.10 Generation of tools for plasmid interference assay.

The interference module of CRISPR-Cas I-C was cloned in pACYCDuet vector.
Lincas7C-Lincas8C-Lincas5C and Lincas3C-Lincas3C' ORFs were cloned at BamHI-Xhol
Sall-Sacl in the pACYCDuet vector, respectively. pACYCDuet vector containing CRISPR-
Cas I-C interference module is named pLincas3-7C. LIC_Cr? array was cloned in pCDF-1b
vector (BamHI-Sall) and named as pCr? array and pT7blue plasmid containing 5'PAM-
LIC_Cr? spacerl 3’ is named as pPAM. pT7blue plasmid containing 5'LIC_Cr? spacerl 3’ is
named as pCr2SP1 and Wild type pT7blue plasmid is named as pEmpty.

4.4.11 Plasmid interference assay.

The generated recombinant plasmids (pLincas3-7C, pCr?_array, and pPAM) were
transformed in E. coli BL21 (DE3) cells along with empty pT7blue as a negative control. The
transformed E. coli BL21 were cultured to mid-log phase in LB broth containing antibiotics
(ampicillin, chloramphenicol, and spectinomycin). Half of these cultures were left uninduced,
while the other half were induced with IPTG and L-arabinose for 4 hours at 37°C. Thereafter,
assuming OD600 1 = 1x109 CFU/mL, 5000 cells of each bacterial strain were spread onto LB
agar plates supplemented with antibiotics (ampicillin, chloramphenicol, and spectinomycin,
100 pg/ml each) and IPTG (0.05 mM). The culture plates were incubated at 37°C for the next
24 hours and scored for growth by colony counting.

Table 4.2. Oligos used in Chapter 4.

DNA oligos Sequence (5'-3") Purpose

. , CTAGCTAGCATGGAAACAAAAAGTATGAAGGAA .
Lincas5C: F Cloning in
Lincas5C: R TC pET28a

CCGCTCGAGTCATAGTCTCGCTCCATTGGT

LIC_Cr*: F CTAAAGCTTTTCCAAAGGAAATTGGAAACTT .
LIC_Cr*: R CCGGGTACCTTTCTTAAGTTCCCGATTTCTTGC C'Tozr‘ég%/ﬁf
LIC_ Cr-F CCGGGTACCTTCCAAAGGAAATTGGAAACTT | P BNA or
LIC_Cr*: R CTAAAGCTTTTTCTTAAGTTCCCGATTTCTTGC | Po ™!
Lincas5CF“H: | TATTACAAAACATGAAGAGATGTTTAAACGAAG
F A Site-directed
Lincas5CF41H: mutagenesis
R CTGTCCCATCTCTCGCT ot pE9F28a-
Lincas5C?®: F | GCCAATCCAAAATTTTTTCG Lincas5C

Lincas5C*%: R | GTCTTCAAAATCAAGATCG
RNA oligos Sequence (5'-3') with 5’-FAM modification
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Sense repeat
RNA of
LIC Cr?

CUGAAUAUAACUUUGAUGCCGUUAGGCGUUGAGCAC

Sense repeat
RNA of
LIC Cr®

UUCCUAAAGAAAUAGGGAAUUUAAAAAA

Antisense
repeat RNA of
LIC Cr®

UUUUUUAAAUUCCCUAUUUCUUUAGGAA
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Leptospira interrogans is a pathogenic strain that causes leptospirosis. This disease is
a significant public health challenge and due to various ailments in livestock, leads to economic
loss (Costa et al., 2015; Ellis, 2015). Genetic manipulation in pathogenic Leptospira is difficult;
therefore, the pathogenesis mechanism is poorly understood (Fernandes et al., 2019). It is
believed that the presence of the CRISPR-Cas system may be responsible for this difficulty.
The L. interrogans serovar (sv.) Copenhageni genome encodes two CRISPR-Cas system
subtypes, I-B and 1-C, and two CRISPR arrays (LIC_Cr? and LIC_Cr®) (Makarova et al., 2013;
Xiao et al., 2019). While the CRISPR-Cas I-B has been well studied (Dixit, Anand, et al.,
2021b; Dixit et al., 2016; Dixit, Prakash, et al., 2021; Hussain et al., 2023; Hussain & Kumar,
2022; Prakash & Kumar, 2021, 2022), this study focuses on CRISPR-Cas I-C.

The arrangement of the CRISPR array is unigue in L. interrogans CRISPR-Cas I-B.
Unlike most studied CRISPR-Cas systems where the CRISPR array is conventionally located
up or downstream of the cas genes operon, the LIC_Cr? array is situated between the two cas
operons (Dixit et al., 2016). The LIC_Cr3 array, on the other hand, is spatially distant from both
subtypes (I-B and I-C), making it an orphan CRISPR array. The LIC_Cr? array comprises four
spacers (41 bp) and four repeats (28 bp). Using spacers of the, LIC_Cr? and LIC_Cr® array,
“TGA”, “ATA” and “TTA”, “TTT”, “GAA”, “TCT”, “GCT”, were predicted potential PAM,

respectively.

The CRISPR-Cas I-C of sv. Copenhageni has eight cas genes but no CRISPR array
nearby. The existence of the subtype I-C locus in L. interrogans sv. Copenhageni, without a
CRISPR array, instigated us to apprehend the role of its Cas proteins in CRISPR biology. The
set of cas gene and protein sequences in CRISPR-Cas I-C and I-B were aligned to assess their
degree of similarity. CRISPR-Cas I-C and I-B have 30-40% similarity in cas gene sequence
and 2-40% in protein sequence, and they are phylogenetically distinct. The cas genes in
CRISPR-Cas I-C of sv. Copenhageni are transcriptionally active. Within the adaptation
module, Lincas1C and Lincas2C share a common promoter for transcription. LinCas2C is also
found to be translationally active in vitro grown Leptospira, but LinCas1C could hardly be
detected due to minimal protein expression. In-depth proteome analysis of the Haloferax
volcanii revealed that the Casl protein is present in low levels under standard growth

conditions (Jevti¢ et al., 2019).
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The adaptation module of L. interrogans sv. Copenhageni comprises LinCaslC,
LinCas2C, and LinCas4C. Sequence and tertiary structure analysis of LinCas1C shows that it
is approximately 80-90 amino acids shorter towards the N-terminal than its closest orthologs.
Residues E78, H239, and E162 are predicted to form the nucleolytic core site in LinCas1C and
might be involved in nuclease activity. Recombinant LinCas1C, an adaptation Cas protein of
CRISPR-Cas I-C, demonstrated nuclease activity on diverse DNA substrates in a divalent
metal- and pH-dependent manner. Recombinant LinCasl1C also exhibited RNase activity
independent of metal-ion on luciferase MRNA substrate. Furthermore, rLinCas1C was inert
toward small DNA oligos (36-50-mer).

Cas2C of sv. Lai (LinCas2C_Lai) expresses truncated protein due to natural adenine
(108th) deletion mutation (Xiao et al., 2019). The rLinCas2C and naturally truncated
rLinCas2C_Lai demonstrated nuclease activity on diverse DNA substrates in a divalent metal-
and pH-dependent manner. However, these nucleases were inert towards small DNA oligos
(23-50-mer). The rLinCas2C and rLinCas2C_Lai exhibited cleavage of mRNA transcripts of
luciferase gene independent of divalent metal ions. The rLinCas2C_Lai exhibited nuclease
activity even after expressing the truncated protein. The structural analysis of rLinCas2C
reveals that it adopts a dimeric conformation, and each subunit exhibits the characteristic
ferredoxin fold. In LinCas2C, the dimeric interface B4 of one protomer interacts with B5 of
another protomer. The structural analysis of rLinCas2C highlights the significance of the
catalytic aspartate residue in constraining conformational flexibility. The separation between
the conserved aspartate residues in each protomer plays a crucial role in metal-ion coordination.
In the case of LinCas2C, this distance measures 11.0 A, which appears to be insufficient for
the coordination of a single Mg?* ion. To enable these aspartates to bind a bridging metal,
rLinCas2C would require a substantial conformational alteration in the 1 or ferredoxin fold
region or even a complete reorientation of the dimeric structure. Thus, the crystal structure of
rLinCas2C (dimeric form) indicates it is in a catalytically inactive conformational state. The
rLinCas2C residues interacting with DNA are primarily from the loop L1 (putative DNA
binding loop), L2 (putative DNA binding loop), and al regions. The L1 and L2 loops in
LinCas2C were observed to be comparable to those in its closest homologs. In the modeled
structure of LinCas2C_Lai, the L1 loop displays an identical conformation to its closest
homologs, while the L2 loop was noted to be shorter in length. Alanine replacement mutation

of active-site residue (Try7, Asp8, Arg33, and Phe39) and deletion of RNA recognition loop
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(L2) resulted in compromised DNase activity; however, slightly reduced RNase activity was

observed in selected mutants.

Recombinant LinCas4C, an adaptation Cas protein of CRISPR-Cas I-C, demonstrated
nuclease activity on diverse DNA substrates in a divalent metal- and pH-dependent manner.
Recombinant LinCas4C exhibited RNase activity independent of metal-ion on luciferase
MRNA substrate. Additionally, rLinCas4C cleaves oligos sequence specifically. BhaCas4
cleaves prespacer highly specific to the PAM end (Lee et al., 2019). Analogously, the PAM-
dependent cleavage of single-stranded oligos using LinCas4C can be further investigated. The
cleavage of ss-DNA plays a crucial role in the pre-integration processing of the protospacer,
which is bound by the Casl1-Cas2 complex before being incorporated into the CRISPR loci
integration (Nufiez et al.,, 2016). The apparent inability of LinCaslC and LinCas2C to
effectively act on short ss-DNAs might potentially be addressed by the enzymatic activity of
LinCas4 in Leptospira interrogans. LinCas1C, LinCas2C and LinCas4C endonuclease activity
may provide an advantage with an additional role other than typical CRISPR adaptation. In
vivo naive adaptation using CRISPR-Cas I-C could not be detected in heterologous host (E.
coli). Various host factors play pivotal roles in aiding the integration of new spacers by Casl
and Cas2. In the Cas1-Cas2 complex of E. coli, the integration host factor (IHF) is crucial for
achieving efficient integration (Nufez et al., 2016). Sulfolobus islandicus, Csa3a and Csa3b,
additional CRISPR factors serve as accessory elements in the adaptation process (Liu et al.,
2022). Likewise, it is plausible that the Leptospira adaptation module requires an additional
host factor to facilitate spacer integration. The identification of this host factor is essential for

further in vivo or in vitro studies on adaptation in Leptospira.

CRISPR-Cas I-C maturation and interference machinery comprise LinCas5C, LinCas7C,
LinCas8C, and LinCas3C. In general, the Cas5C protein in CRISPR-Cas I-C is catalytically
active (Hochstrasser & Doudna, 2015). Catalytic active Cas5C cleaves the cognate repeat RNA
segment upstream of the 11-nt from the 3" -ends of pre-crRNA in a sequence-specific canonical
mode to render the mature crRNAs with an 11-nt 5'-handle (Garside et al., 2012; Hochstrasser
& Doudna, 2015; Hochstrasser et al., 2016; Koo et al., 2013; Nam, Haitjema, et al., 2012). On
the contrary, recombinant LinCas5C exhibits non-canonical cleavage activity on non-cognate
repeat RNAs. In addition, standalone rLinCas5C is unable to generate mature crRNA from pre-
crRNA from the array of LIC_Cr? and LIC_Cr?; thus, rLinCas5C (subtype 1-C) displayed a
remarkable difference in the CRISPR array processing. The presence of other cognate Cas
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proteins may modulate the processivity of pre-crRNA by rLinCas5C. BhaCas5C alone exhibits
a limited affinity for pre-crRNA. Nevertheless, the co-presence of Csd1 and Csd2 leads to the
establishment of a stable complex. This implies that additional Cascade elements may play a
role in the selective processing of pre-crRNA within the cellular environment (Nam, Haitjema,
et al., 2012). This study discloses that the mature crRNA-rLinCas6 complex within subtype I-
B is protected from the endoribonuclease activity of rLinCas5C. It is also plausible that
additional Cas proteins participating in Cascade assembly could shield the mature crRNA from
concurrent degradation by co-existing endoribonucleases. This study further elucidates the role
of divalent metals in the non-specific endo-DNase activity of rLinCas5C on ssDNA and
dsDNA substrates. The DNase activity of rLinCas5C was also contingent on the size of the
DNA substrates, as it displayed no activity on short ssDNA and dsDNA oligomers. Modeled
structure analysis of LinCas5C, categorizing it in the Cas5C-B subgroup. LinCas5C tertiary
structure exclusively contains additional B-sheet insertion in the C-terminal p-sheet domain. In
silico analysis predicted Phel41 as one of the catalytic triad residues (L51, K140, and F141) in
modeled LinCas5C, equivalent to a more conserved histidine residue in its orthologs. The
deletion of additional B-sheet insertions and the substitution of Phel41 with more conserved
His141 in the LinCas5C accompanied the gain of nuclease activity. The ds-DNA cleavage
activity observed in LinCas5C could represent an evolutionary adaptation, introducing
additional potential functions of LinCas5C across different stages of CRISPR biology. A recent
study suggests that this non-specific DNase activity may provide bacteria with a selective
advantage by enhancing defence against invading phages that manage to evade recognition
(Vasu et al., 2012).

This study raises questions about the effectiveness of CRISPR-Cas I-C's interference module
due to the suboptimal processing of pre-crRNA by LinCas5C. However, the plasmid
interference assay proved that CRISPR-Cas I-C can still cause interference, implying that when
accompanied by other interference Cas proteins, LinCas5C can process pre-crRNA into mature
crRNA, thus enabling interference. The study focuses on examining Cas proteins during the
adaptation and maturation phase, and also explores the interference module of CRISPR-Cas I-
C in a heterologous host. The findings pave the way for utilizing the endogenous CRISPR-Cas
Type-1 of L. interrogans for genome editing since interference machinery of both the subtypes
is active. To implement this, a miniature CRISPR array must be designed, including the

Leptospira leader sequence, repeat sequence, and a spacer targeting the desired gene. The
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Chapter 5

predicted trinucleotide PAM sequence needs to be identified in the target gene, and about 36
base pairs downstream of the PAM should be used as the spacer. When a miniature CRISPR
array is transcribed, it forms a pre-crRNA, which is then processed into mature crRNA by
endogenous Cas endonucleases during the maturation phase. The mature crRNA will bind to
the Cas endonuclease, forming an interference complex that will base-pairs with the target gene
in the L. interrogans genome. The interference complex will recognize the PAM sequence,
leading to the degradation of the gene within the organism's own genome. Henceforth, it will

be advantageous in genetic manipulation in pathogenic Leptospira.
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