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Abstract

Leptospira interrogans is the causative agent of leptospirosis, a zoonotic disease
accounting for approximately 60,000 human deaths every year globally. The leptospires
show incompetence to conventional genetic manipulation tools, and therefore, the molecular
mechanism of its pathogenesis remains poorly comprehended using the reverse genetics
approach. One possible reason for its incompetence in genetic manipulation is the presence of
the CRISPR-Cas system in its genome. A CRISPR-Cas (Clustered Regularly Interspaced Short
Palindromic Repeats and CRISPR-associated proteins) is an RNA-directed inheritable adaptive
immunity in prokaryotes against invasive mobile genetic elements (MGESs), including
bacteriophages and plasmids. The system encodes an effector complex (Cascade) that utilizes
small crRNA (CRISPR RNA) to sense and interfere with the invasive MGEs having the
crRNA-complementary sequence next to a protospacer adjacent motif (PAM). The
predominant CRISPR-Cas type I-B system, marked in several pathogenic Leptospira genomes,
presents a promising alternative to be explored as an endogenous genome editing tool.
Moreover, to exploit Leptospira’s CRISPR-Cas type I-B (Lin_I-B) system for targeted genetic
manipulation, characterization of its interference machinery and associated PAMSs is a
prerequisite. To this end, the present study reports the molecular and functional
characterization of interference machinery of a Lin_I-B system, recently identified in L.
interrogans serovar Copenhageni strain Fiocruz L1-130. The comprehensive biochemical
analysis of the LinCas7, a major subunit of the Cascade, revealed it to be a Mg?* ion-dependent
non-specific endoDNase, unlike other Cas7 family proteins. Moreover, LinCas7 exhibits
distinct binding to crRNA in the presence of Mg?* ions, testifying its canonical role in Lin_I-
B defense response. The molecular characterization of LinCas8b disclosed it as a genetic fusion
of large (LinCas8b) and small subunit (LinCas11b) proteins of the Cascade (LinCascade). In

this study, LinCas11b is demonstrated to co-translate from an in-frame internal translation start
codon encoded within the lincas8b gene. LinCas11b displays structural and functional analogy
with the well-studied Casl11 family proteins. In addition, the interference machinery of the
Lin_I-B, when expressed in a surrogate host E. coli, was able to annihilate the target DNA with
the predicted PAM. In sum, the current study presents the molecular and functional insight of
the Leptospira subtype I-B interference machinery that, soon, may pave the way for scientists

to harness the system as a programmable endogenous tool for genetic manipulation.
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Chapter 1

Introduction to CRISPR-Cas system, Leptospira, and rationale of
the study

1.1. Prokaryotic immune systems

Bacteria (eubacteria and archaea) are persistently under the attack of bacteriophages (phages)
wherein the parasitic phages hijack the host bacterial system for their own propagation that,
eventually results in the death of host bacteria (Briissow and Hendrix, 2002; Stern and Sorek,
2011; Weinbauer, 2004). Phages are the most abundant biological entities on the globe and
outnumber bacteria by a tenfold margin (Brussow and Hendrix, 2002; Clokie et al., 2011).
Bacteria encounter approximately 1022 phage infections every second, thus, are under immense
evolutionary pressure (Clokie et al., 2011; Stern and Sorek, 2011; Suttle, 2007). Therefore,
there is an evolutionary arms race between bacteria and phages to avert the peril of extinction,
and this has led to the evolution of several defense mechanisms in bacteria and also the
counterdefense strategies in phages (Rostal and Marraffini, 2019; Julie E. Samson et al., 2013;
Stern and Sorek, 2011). Bacteria have developed multiple lines of active defense against
invasive genetic elements (phages and plasmids) (Dy et al., 2014b; Rostgl and Marraffini,
2019) that can collectively be referred to as the prokaryotic "immune system."

The immune systems active within an organism are broadly classified into two types: Innate
immune systems and Adaptive immune systems. The key difference between an innate and
adaptive immune system is that the former does not keep any record of past infection while the
latter does. An adaptive immune system within bacteria memorizes the previous phage attacks,
conferring rapid and specific defense against phages upon recurrent infections. To date, the
only known adaptive immune system in bacteria is CRISPR-Cas (Clustered Regularly
Interspaced Short Palindromic Repeats and CRISPR-associated proteins), which confers
immunity against invasive mobile genetic elements (MGESs), including phages and plasmids.
The CRISPR-Cas system acquires a short fragment of intruding MGEs into the bacterial
genome as immunological memory. Then this system uses the RNA transcripts of the acquired
fragments (spacers) as guides in degrading the same intruding MGEs during the recurrent
invasion, confirming adaptive immunity to the bacterial host. Detailed information on
CRISPR-Cas adaptive immunity has been illustrated in the latter sections (sections 1.2 to 1.6).
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To fend off phage infections, bacteria have developed a plethora of innate, multi-layered
defense strategies that act at different stages of the phage life cycle (Dy et al., 2014b; Rostal
and Marraffini, 2019) (Fig. 1.1). These innate defense systems impede the phage infection by
(1) blocking the phage adsorption, (2) jamming the phage genome injection, (3) selective
nucleolytic degradation of the phage genome, and/or (4) altruistic approaches (e.g., abortive
infection and toxin-antitoxin systems). These bacterial innate immune systems are briefly

described below.
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Fig. 1.1. Prokaryotic defense mechanisms against phage infection. Bacteria have developed
multiple anti-phage defense strategies (innate and adaptive immunity) that act at different stages of a
phage life cycle. Phage adsorption onto the host cell surface is prevented by changing the cell surface
receptors (via post-translational modifications and/or mutations) or masking the receptor with
extracellular coatings (exopolysaccharides). Injection of phage DNA is blocked via the SIE system
encoded by an already lysogenized phage (prophage). If phage successfully enters the host, at this
stage, R-M system targets the viral DNA. Wherein restriction enzyme (REase) cleaves the viral DNA
(unmethylated), and methyltransferase (MTase) methylates the host’s self-genome to prevent auto-
targeting. CRISPR-Cas (adaptive immunity) also degrades the viral genome specifically. It memorizes
the past infection by acquiring a short piece of phage DNA into the CRISPR locus on the host genome
and utilizes its transcript to target the complementary viral genome during recurrent infections.
Propagation of phages can also be blocked by prokaryotic argonautes that silence the translation of
viral DNA, halting the generation of new phages. Bacteria also employ various altruistic approaches
(abortive infection, toxin-antitoxin, and PICIs systems) as a last resort, which leads to the suicide of
infected cells for the benefit of the population. The programmed cell death of the host before the
maturation/assembly of viruses checks the release of multiple new phage progenies, thus, ensuring the
protection to bacteria at the community level. [perceived from (Rostgl and Marraffini, 2019)]
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1.1.1. Phage adsorption blockage

Phase infection begins with physical attachment (adsorption) of viruses to host bacteria via
binding to specific cell surface receptor molecules, including surface proteins and extracellular
glycoconjugates (Bertozzi Silva et al., 2016; Rostgl and Marraffini, 2019). To prevent phage
adsorption, bacteria downregulate or modify the phage receptors by mutation or post-
translational modifications (Harvey et al., 2017; Morona et al., 1984; Rostgl and Marraffini,
2019) (Fig. 1.1). For instance, Bordetella bronchiseptica during its non-virulent phase (Bvg)
lacks the expression of the surface molecule "pertactin,” unlike its virulent phase (Bvg™®). The
absence of pertactin in the Bvg™ phase hinders the phase adsorption to the host cell (Liu et al.,
2002). Bacteria can also block phage adsorption by developing additional extracellular coatings
(e.g., biofilm and capsule) that mask the phage receptors (Dy et al., 2014b; Hammad, 1998;
Vidakovic et al., 2017). For example, E. coli produces a K1 capsule that blocks the surface
attachment of the T7 phage (Scholl et al., 2005).

1.1.2. Blockage of phage DNA injection

Upon successful adsorption onto the host cell surface, phages inject their genetic material into
the bacterial cytoplasm. Bacteria check the phase infection at this stage, engaging
Superinfection exclusion (SIE) systems that block the entry of the phage genome into the
cytoplasm (Cwick et al., 2022; Lu and Henning, 1994) (Fig. 1.1). In the SIE mechanism of
bacterial phage resistance, a prophage interferes with recurrent infection of the same or closely
related phages (Cwick et al., 2022; Lu and Henning, 1994). For instance, the E. coli phage
HK97, once lysogenised (prophage), encodes transmembrane protein gp15 that stops the entry
of viral genome during subsequent infections of HK97 or closely related phage HK75 (Cumby
etal., 2012).

1.1.3. Nucleolytic degradation of the phage genome

In case phages bypass the initial defense measures of the host and enter their genome into
bacterial cytoplasm, bacteria utilize multiple strategies to sense and nucleolytically degrade the
non-self-viral genome. Among various such strategies, the restriction-modification (R-M)
systems, prokaryotic argonautes (pAgos), and the CRISPR-Cas adaptive immune systems are

the best-comprehended defense mechanisms in bacteria (Fig. 1.1).
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1.1.3.1. R-M systems

Restriction-modification (R-M) systems are the well-studied, most common innate immunity
of prokaryotes against MGEs. Based on variations in molecular composition and DNA
restriction mechanism, R-M systems are categorized into four types (I-1V). A typical R-M
system consists of two subunits: a restriction endonuclease (REase) and a methyltransferase
(MTase). REase recognizes a 4-8 bp long palindromic DNA sequence (recognition site) and
cleaves the DNA strictly at the recognition site or at certain bases away from the recognition
site. Moreover, to avoid the self-DNA cleavage by REase, an R-M system employs MTase,
which specifically methylates the adenine or cytosine bases of the recognition site in the
endogenous genome, preventing REase from acting on the self-genome. Thus, during phage
invasion, REase cleaves the unmethylated non-self-viral DNA, restricting its replication or
lysogenization while the methylated bacterial genome remains protected (Loenen et al., 2014;
Murray, 2000; Sistla and Rao, 2004; Tock and Dryden, 2005; Williams, 2003) (Fig. 1.1).

1.1.3.2. Prokaryotic argonautes

The argonautes (Agos) were initially discovered in eukaryotes (eAgos) as the effector proteins
constituting RNA interference (RNAI) system (Bohmert, 1998; Ketting, 2011; Daan C Swarts
et al., 2014). Multiple argonaute proteins (eAgos) assemble with small single-stranded RNA
(ssRNA) into a ribonucleoprotein complex called RISC (RNA-induced silencing complex). A
RISC complex uses its SSRNA component as a guide to specifically bind and cleave the target
RNA having the sequence complementarity with sSRNA; thereby, it silences the translation of
targeted RNA (Hannon, 2002; Hutvagner and Simard, 2008; Daan C Swarts et al., 2014). Later,
homologs of eAgos were identified in prokaryotes (pAgos) (Hegge et al., 2018; Daan C Swarts
etal., 2014). Unlike eAgos, which mediates only RNA-guided RNA interference, pAgos confer
either RNA-guided or DNA-guided RNA and/or DNA interference (Hegge et al., 2018; Kaya
et al., 2016; Daan C. Swarts et al., 2014; Swarts et al., 2015).

On a structural basis, pAgos are grouped into three classes: long pAgos, short pAgos, and
PIWI-RE proteins (P-element induced wimpy testis with conserved R (Arg) and E (Glu)
residues) (Hegge et al., 2018). Among these pAgo classes, only the long pAgo class has been
studied experimentally (Hegge et al., 2018; Miyoshi et al., 2016). Similar to eAgos, pAgos also
exhibit a bi-lobed structure, wherein one lobe comprises the amino-terminal (N) and PIWI-
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Argonaute-Zwille (PAZ) domains, while another one consists of middle (MID) and PIWI
domains (Hegge et al., 2018; Miyoshi et al., 2016; Song et al., 2003; Yuan et al., 2005). The
PAZ and MID domains involve in guide oligonucleotide binding, and the PIWI domain
catalyzes the target-strand cleavage (Hegge et al., 2018; Miyoshi et al., 2016; Song et al., 2003;
Yuan et al., 2005). These pAgos, in complex with guide RNA, silence the translation of target
MRNAs without cleaving them. Moreover, the mechanism of guide RNA/DNA acquisition,

target recognition, and cleavage by pAgos are yet to be fully understood.

1.1.4. Altruistic approaches to impede phage infection

Once the phages escape nucleic acid interference systems of host bacteria, the viral genome
replicates rapidly to generate new phages via the lytic pathway or remains integrated into the
host genome as prophage following the lysogenic path until it re-enters into the lytic cycle. In
the lytic cycle, the phage genome replicates vigorously and produces viral proteins in bulk
leading to the fatal depletion of the host's cellular resources. Eventually, these viral molecules
(nucleic acids and proteins) assemble into new phage progenies that release themselves by
lysing the host cell and further infect other surrounding bacteria. At this stage, to limit the
severity of phage infection, bacteria enact some altruistic approaches which lead to the
programmed death of infected cells but ensure the survivability of surrounding bacteria. Such
altruistic strategies bestow protection to bacteria at the community level against phage
predators. Examples of such altruistic approaches include abortive infection (Abi) (Lopatina et
al., 2020), toxin-antitoxin (TA) systems (Lopatina et al., 2020; Unterholzner et al., 2013), and
phage-inducible chromosomal islands (PICIs) (Ibarra-Chavez et al., 2022; Rostel and
Marraffini, 2019) (Fig. 1.1).

1.1.4.1. Abortive infection

Abortive infection (Abi) is a defense strategy wherein the phage-infected bacteria undergo self-
cell death before the virus can complete its replication cycle. Abi precludes the spread of phage
infection to nearby cells, thus protecting the bacterial colony. Abi systems can induce self-cell
death of infected bacteria by damaging the cell membrane or altering the critical cellular
process like DNA replication, transcription, and translation. To manifest the defense response,
every Abi system contains at least two functional modules: one that senses the phage infection
and another that acts as an effector killing the cell or shutting down the metabolism (Lopatina
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et al., 2020). Moreover, the exact mechanism of Abi's functioning is poorly understood. The
proteins of Abi systems get expressed or activated during phage infection. These proteins cause
fatal membrane damage (Cohen et al., 2019; Durmaz and Klaenhammer, 2007; Lopatina et al.,
2020) or indiscriminately degrade phage and host DNA/RNA (Fineran et al., 2009; Lau et al.,
2020; Levitz et al., 1990), cleave proteins essential in host translation systems (Yu and Snyder,
1994). Thus, the bacterial cell undergoes an immediate growth arrest, resulting in self-cell
death. A few examples of Abi systems include the Rex system in E. coli (Parma et al., 1992)
and AbIiA to AbiZ systems in Lactococcus lactis (Chopin et al., 2005; Durmaz and
Klaenhammer, 2007).

1.1.4.2. Toxin-Antitoxin systems

Like Abi, Toxin-Antitoxin (TA) systems are another altruistic strategy evolved in bacteria to
contain the spread of phage infections. The Abi and TA systems have a marginal differentiation
and even have overlapped activities in a few instances (Dy et al., 2014a; J. E. Samson et al.,
2013). A TA system comprises a toxin and its counter-antitoxin (Song and Wood, 2020;
Unterholzner et al., 2013). In unstressed cells (free of phage infection), the antitoxin keeps the
cognate toxin suppressed. Upon phage infection, the toxin becomes activated that alters the
vital cellular processes, including DNA replication, translation, and cell wall synthesis, and
indiscriminately degrades the phage and host nucleic acids (Aakre et al., 2013; Unterholzner
et al., 2013; Winther et al., 2016). This results in host cell metabolic arrest that, in most cases,
leads to self-cell death, impeding the further propagation of phages. According to the molecular
nature of the toxin and antitoxin and their action mechanism, various TA systems are classified
into eight types (type I-VI1II) (Song and Wood, 2020). In the majority of known TA systems,
toxins are proteins, while antitoxins are either proteins or non-coding RNAs (Song and Wood,
2020; Unterholzner et al., 2013). The type 1l TA systems are the predominant type, where both
toxin and the antitoxin are protein molecules, and the antitoxin physically binds to the toxin to
suppress its activity. For example, the type 1l TA system RnlAB in E. coli confers protection
against certain T4 phage strains (Koga et al., 2011). The toxin RnlA exhibits endoribonuclease
activity which, in unstressed cells, remains inhibited by its cognate antitoxin RnIB protein via

physical interactions (Koga et al., 2011).
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1.1.4.3. Phage-inducible chromosomal islands

Phage-induced chromosomal islands (PICIs) are a novel class of MGEs that remains
lysogenized into bacterial genome and become active during the lytic cycle of certain phages
(also termed as helper phages) (Ibarra-Chavez et al., 2022; Rostal and Marraffini, 2019). Upon
activation, PICIs parasitize the helper phages for their own benefit. They hijack the helper
phage packaging machinery for the packaging of their own genetic material, thus, severely
retard the production of new lytic phages. The Staphylococcus aureus pathogenicity islands
(SaPls) were the first documented PICIs (Lindsay et al., 1998). The excision-replication-
packaging (ERP) cycle of SaPI becomes active during the lytic phase of phage 80a (Tormo-
Maés et al., 2010). Following ERP, the released new PICI viral particles (SaPIs) infect new cells
and remain in lysogeny. Though the activation of the PICI system leads to host cell death, it
severely reduces the propagation of lytic phages and protects the surrounding bacterial

population.

1.1.5. Recently discovered prokaryotic immune systems

Bacterial genome analysis has disclosed that the genes comprising a defense system are
frequently clustered together in a microbial genome, and such genomic regions are known as
"defense islands.” In recent years, comprehensive analysis of defense islands in various
bacteria has led to the identification of numerous novel immune systems against MGEs, for
instance, BREX (bacteriophage exclusion) (Goldfarb et al., 2015), DISARM (Defense island
associated with restriction-modification) (Ofir et al., 2017), and Zorya (Doron et al., 2018), etc.
Our understanding of the action mechanism of these newly discovered prokaryotic immune
systems is in its infancy. In preliminary studies, these defense systems demonstrated the
prevention of host bacteria against phage infection (Doron et al., 2018). However, a systematic

study is warranted to decipher their exact mechanism of action.

1.2. CRISPR-Cas, the prokaryotic adaptive immunity: Overview
1.2.1. Discovery of CRISPR-Cas

The CRISPR-Cas systems are the only identified adaptive immune system in bacteria
(eubacteria and archaea). They are genetically inheritable and confer RNA-directed adaptive
immunity to host bacteria against invasive MGEs, including phages and plasmids. The

acronym "CRISPR," stands for Clustered Regularly Interspaced Short Palindromic Repeats,
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was first coined by Jansen and his colleagues for the bacterial genomic loci consisting of short,
direct repeats interspaced by similarly sized hypervariable sequences (spacers) (Jansen et al.,
2002). Before this, CRISPR was noticed for the first time by Ishino and coworkers in the E.
coli genome (Ishino et al., 1987). Since then, it has been marked in almost all archaea and half
of the eubacteria with sequenced genomes (Makarova et al., 2020a, 2015). The presence of
CRISPR-associated (cas) genes in the vicinity of CRISPR loci suggested the functional
relationship between the CRISPR locus and cas genes (Jansen et al., 2002). Further
investigations revealed that spacer sequences match with foreign genetic elements (phages and
plasmids), and this led to the hypothesis that CRISPR-Cas is an immune system to protect
against invasive MGEs (Bolotin et al., 2005; Makarova et al., 2006; Mojica et al., 2005; Pourcel
et al., 2005). Subsequently, Barrangou and coworkers experimentally established the CRISPR-
Cas as an adaptive immune system of bacteria that acquires new spacers from the invading
phages and confers protection against recurring phage infections utilizing Cas proteins
(Barrangou et al., 2007).

1.2.2. Genetic composition of CRISPR-Cas

CRISPR-Cas loci have been identified in approximately 50 % of sequenced eubacterial and 87
% of sequenced archaeal genomes (Makarova et al., 2020a, 2015). Approximately 3 % of
sequenced plasmids (eubacterial and archaeal) also encode CRISPR-Cas loci (Pinilla-Redondo
et al., 2022). An active CRISPR-Cas locus entails three genetic elements: a CRISPR array, an
AT-rich leader sequence preceding it, and a set of cas genes in the close vicinity (Karginov and
Hannon, 2010) (Fig. 1.2). Many bacterial genomes contain multiple CRISPR loci (Jansen et
al., 2002). The leader sequence is non-coding and extends several hundred base pairs in size
(Karginov and Hannon, 2010). Within a multi-CRISPR loci genome, leaders share up to 80 %
sequence identity, but they are pretty dissimilar among bacterial species (Karginov and
Hannon, 2010). The CRISPR array element comprises a battery of short, direct repeats
intervened by spacer sequences (Karginov and Hannon, 2010) (Fig. 1.2). The number of repeat-
spacer-repeat units in a CRISPR locus can range from one to several hundred with an average
of around twenty (Karginov and Hannon, 2010). The spacers' DNA sequences are selectively
acquired from invasive MGEs during past attacks and serve as an immunological memory for
the targeted elimination of the same genetic materials during subsequent infections (Barrangou
et al., 2007; Bolotin et al., 2005; Brouns et al., 2008; Hale et al., 2009; Hille et al., 2018).
Within a CRISPR locus, spacers are identical in size but highly variable in sequence
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composition. Among different species, spacer size varies from 20 to 72 bp (Karginov and
Hannon, 2010). Repeats of a CRISPR locus are generally identical in both size and sequence.
The size of repeats among different species can vary between 21 to 47 bp (Karginov and
Hannon, 2010). Closely related species can contain repeats with similar sequences, but the
overall bacterial and archaeal sequence diversity of both spacers and repeats is high (Karginov
and Hannon, 2010; Kunin et al., 2007). Despite high sequence diversity, most CRISPR repeats
are partly palindromic, which allows them to generate RNAs with stable stem-loop (hairpin)
structures- an essential feature of crRNAs (CRISPR RNAs) associated with CRISPR-Cas
immunity (Karginov and Hannon, 2010; Kunin et al., 2007).

l—» S1 52 S3 S4

/R1 R2 R3 R4 R5

Leader
® cas locus » o— CRISPR —e

Fig. 1.2. Genomic architecture of a typical CRISPR-Cas system. CRISPR-Cas system comprises a
CRISPR array containing identical direct repeats (R1-R5) interspaced by equally sized variable spacers
(S1-S4), an AT-rich leader region upstream to the CRISPR array for transcription of the array, and cas
gene cassette in close vicinity.

1.2.3. The three-stage mechanism of CRISPR-Cas immunity

Since its first validation as a prokaryotic adaptive immune system in Streptococcus
thermophilus by Barrangou and coworkers (Barrangou et al., 2007), CRISPR-Cas systems have
been characterized in a large number of bacterial genomes that led to the identification of
numerous variants of cas genes (Makarova et al., 2020a). Despite the cas gene diversification,
the overall mechanism by which the CRISPR-Cas systems confer immunity in various host
organisms remains similar (Jiang and Marraffini, 2015; Li and Peng, 2019). Every CRISPR-
Cas system develops immunity via a three-stage mechanism: 1) adaptation/spacer acquisition,
2) expression/crRNA biogenesis, and 3) interference (Jiang and Marraffini, 2015; Makarova et
al., 2020a) (Fig. 1.3).

New immune memories are developed during the adaptation stage, wherein selected DNA

fragment(s) (termed prespacer) from the intruding genomes are incorporated as unique spacers
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into the CRISPR array (Yosef et al., 2012). The adaptation complex, comprised of a set of Cas
proteins, recognizes the prespacer and precisely incorporates it as a new spacer into the
CRISPR array at the leader-repeat (first repeat) junction via a cut-paste mechanism (Yosef et
al., 2012). A concomitant duplication of the first repeat accompanies the spacer integration
event (Yosef et al., 2012), maintaining the repeat-spacer-repeat arrangement of the CRISPR
array. Next, in the expression stage, the CRISPR array is transcribed into a non-coding single-
long precursor crRNA (pre-crRNA). Specific Cas endonuclease recognizes the structured
repeat regions on pre-crRNA and processes it into multiple small, mature crRNAs, each
containing a spacer sequence flanked by leftover repeat parts (Jiang and Marraffini, 2015; Li
and Peng, 2019). In some CRISPR-Cas variants, the processing of pre-crRNA into crRNA
involves bacterial Ribonuclease 111 (RNase Ill) and an additional RNA called tracrRNA
(transactivating crRNA) (Deltcheva et al., 2011; Li and Peng, 2019). Each crRNA assembles
with either one or multiple Cas proteins into a ribonucleoprotein effector complex (Li and Peng,
2019; Liu and Doudna, 2020). Then, in the interference stage, during recurrent infection,
crRNA recruits the effector complex onto the intruder genome via complementary base-pairing
with the protospacer sequence lying next to the protospacer adjacent motif (PAM) in the target
genome. Eventually, the effector complex elicits targeted degradation of the intruder genome
using either an intrinsic nuclease activity or a separate nuclease in trans (Li and Peng, 2019;

Liu and Doudna, 2020), conferring the adaptive immunity to host bacteria (Fig. 1.3).

1.3. Classification of CRISPR-Cas systems

The arms race between bacteria and phages for survival keeps both life forms on continuous
evolution leading to rapid adaptive reformations in their defense mechanisms, including
bacterial CRISPR-Cas systems. Though all CRISPR-Cas systems function in a similar three-
stage mechanism, they exhibit remarkable variability in gene compositions, Cas protein
sequences, genomic organization, and the stoichiometry of effector complex (Koonin et al.,
2017; Liu and Doudna, 2020; Makarova et al., 2020a). The ever-growing genomic and
metagenomic data has led to the identification of a variety of CRISPR-Cas systems with
compositional, structural, and operational diversity. Owing to the high diversity and fast

evolution of the CRISPR-Cas systems, their classification is a formidable challenge. Moreover,
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several classification schemes have been introduced and updated from time to time following
research advancement (Koonin et al., 2017; Makarova et al., 20203, 2018, 2015).
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Fig. 1.3. An overview of the three-stage mechanism of CRISPR-Cas adaptive immunity. The figure
presented here displays a generalized mechanism of CRISPR-Cas adaptive immunity against invasive
genomes (phage and plasmid) based on the best-comprehended type I-E CRISPR-Cas system. An active
CRISPR-Cas system confers immunity in three successive stages. Upon the first infection of a
phage/plasmid, invasive genome is degraded by the host RecBCD complex (not shown). Subsequently,
in the first stage (adaptation), a short viral/plasmid DNA fragment is incorporated as a new spacer
(here S1 and S2) in the CRISPR array at the leader (L)-repeat (R) junction by Casl-Cas2 integrase
(adaptation complex) with the help of host integration factor (not shown), followed by duplication of
the repeat. In the second stage (expression), crRNA biogenesis takes place. Cas proteins are expressed,
and the CRISPR array is transcribed into a single precursor crRNA (pre-crRNA) transcript. Then
specific Cas endoribonuclease processes the pre-crRNA into small mature crRNAs that assemble with
multiple Cas proteins, forming the effector complex. In the interference stage during recurrent
viral/plasmid infection, the effector complex recognizes the target DNA via crRNA complementary
base pairing. Finally, an effector nuclease (partial circle with scissor, red) degrades the targeted DNA,
conferring immunity to the host. [perceived from (Hille et al., 2018)]
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The most recent classification scheme is given by Makarova and coworkers in the year 2020
(Makarova et al., 2020a). Since none of the genes is common among CRISPR-Cas systems,
classification based on phylogenetic analysis of genes is implausible. Therefore, in the latest
classification, a multipronged computational approach has been applied, including the
identification of signature genes, comparison of gene composition and genomic organizations,
sequence similarity-based clustering and phylogenetic analysis, and available experimental
evidence (Makarova et al., 2020a). The latest classification categorized the various CRISPR-
Cas systems into two broad classes (Class 1 and 2), six types (Type I-V1), and a total of 33
subtypes (Fig. 1.4).
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Fig. 1.4. Classification of CRISPR-Cas systems and their molecular constituents. Based on the
number of proteins involved in interference (target binding and cleavage), CRISPR-Cas systems are
categorized into two classes (Class 1 and 2). Class 1 systems use a multiprotein ribonucleoprotein
complex for target interference. In class 2 systems, a single protein ribonucleoprotein complex
performs the target interference. The figure represents the molecular constituents (proteins, crRNA
encoding CRISPR array) but not their genetic organization in various CRISPR-Cas systems. Proteins
are grouped (color-coded) according to their involvement in different stages of CRISPR-Cas
immunity. Components depicted with dotted outlines indicate they are present in some subtypes but
absent in others or encoded on other co-existing CRISPR-Cas types. CRISPR array is shown for all
the types; however, it might be absent and shared with other co-existing CRISPR types/subtypes. The
putative copy number is indicated as stacks of the respective protein. Proteins performing multiple
functions are displayed in multiple colors accordingly. The scissor mark indicates the nuclease activity
(effector DNase/RNase) of the Cas protein(s) during target interference. An asterisk (*) indicates the
small subunit (SS or Cas11) that might be fused with the large subunit (LS or Cas8) in several type |
subtypes. The circumflex symbol (*) shows that Cas8 might have an extension at the C-terminal
representing a putative fused SS (Cas11) in several type | subtypes. The classification illustrated here
is adapted from the most recent classification introduced by Makarova et al., 2020 and the putative
copy number of SS (Casll; >2) in the type IV system has been updated [hash symbol (#)] based on
recent structural characterization of type IV effector complex by Zhou et al., 2021.
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Based on their role, all the Cas and non-Cas proteins associated with CRISPR-Cas immunity
are grouped into four distinct functional modules: adaptation, expression, interference, and
ancillary (Makarova et al., 2020a) (Fig. 1.4). The adaptation module is largely uniform across
various CRISPR-Cas systems and comprises the Casl and Cas2 proteins along with the
CRISPR array. In some type | systems, the adaptation module also includes the restriction
endonuclease superfamily enzyme Cas4 (Hooton and Connerton, 2015; Makarova et al., 2015).
The expression module includes the RNA endonucleases that process the pre-crRNA into
mature crRNA (typically Cas6 in Class 1 systems; RNase Il and/or alternative host RNase in
Class 2 systems) (Makarova et al., 2020a). The interference module encompasses the Cas
subunits of the effector complex and Cas nucleases (DNase/RNase) that work together in
coordination to recognize and degrade the cognate target nucleic acids. The various other
proteins and domains directly or indirectly participating in the CRISPR-Cas defense
mechanism are grouped as ancillary modules. Examples of ancillary proteins include CARF
(CRISPR-associated Rossmann fold) and HEPN (Higher eukaryotes and prokaryotes
nucleotide-binding) domain proteins (Csm6 and Csx1) in type Il systems, DinG in type 1V,
and Csn2 in type Il CRISPR-Cas systems (Makarova et al., 2020a).

1.3.1 Class 1 CRISPR-Cas systems

The categorization of CRISPR-Cas systems into two broad classes (Class 1 and 2) is based on
the subunit composition of the effector complex (Makarova et al., 2020a). Class 1 CRISPR-
Cas systems encompass multi-Cas protein effector complexes (Fig. 1.5). Various Cas proteins,
namely Cas3, Cas5, Cas6, Cas7, Cas8, Casl0, and Casll or their functional orthologs, in
different combinations (depending on the type and subtypes), assemble onto a crRNA, forming
the effector complex (Makarova et al., 2020a). On the basis of signature Cas proteins that
catalyze the target nucleic acid interference, the class 1 CRISPR-Cas systems are further

divided into three types: type I, 11, and IV (Makarova et al., 2020a).

1.3.1.1. Type | CRISPR-Cas systems

The nuclease effector Cas3 protein is the signature protein for type | CRISPR-Cas systems
(Makarova et al., 2020a). Considering the variability in the sequence of Cas8 protein and the
genomic architecture of CRISPR-Cas loci, type | systems are further categorized into nine
subtypes: I-A, I-B, I-C, I-D, I-E, I-F1, I-F2, I-F3, and I-G (Makarova et al., 2020a).
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Subtype I-B represents the most abundant CRISPR-Cas system across different bacteria
(eubacteria and archaea), followed by subtypes I-C and I-E (Makarova et al., 2015). Casl,
Cas2, and Cas4 proteins constitute the adaptation module in most type | CRISPR-Cas systems;
however, subtypes I-E and I-F lack Cas4 (Makarova et al., 2020a). In subtype I-G, Cas4 is
fused with Casl (Almendros et al., 2019; Makarova et al., 2020a). In many bacteria, Cas4 is
encoded outside the CRISPR-Cas locus or from the MGEs (Hudaiberdiev et al., 2017). All type
| systems generally employ Cas6 as an endoribonuclease for mature crRNA genesis, but the
subtype I-C locus lacks the cas6 gene (Makarova et al., 2020a). In the subtype I-C system, the
functional role of Cas6 is supplanted by Cas5c, a catalytically active variant of the typically
non-catalytic Cas5 family (Hochstrasser et al., 2016; Punetha et al., 2014; Reeks et al., 2013b).
In subtype I-G, Cas5 and Cas6 are expressed as a single fusion protein termed "Csb2"
(Makarova et al., 2020a; Shangguan et al., 2022).

The effector complex in the CRISPR-Cas type | system is termed Cascade (a CRISPR-
associated complex for antiviral defense) (Liu and Doudna, 2020). In general, a Cascade
complex consists of a crRNA assembled with a Cas5, Cas6, Cas8 (large subunit), two Casll
(small subunit), and a variable number of Cas7 subunits (Liu and Doudna, 2020). Among
various CRISPR-Cas systems, the Cascade complexes, despite having enormous diversity in
their stoichiometric composition of Cas proteins, exhibit a similar seahorse-like architecture
with a head, foot, backbone, and belly (Liu and Doudna, 2020; O'Brien et al., 2020; Shangguan
et al., 2022) (Fig. 1.5A). Wherein the 5’ end of crRNA is capped by a single subunit of Cas8
and Casb, shaping the "foot" of the Cascade complex. The Cas6 subunit remains bound to the
3" end of the crRNA forming the "head"”. The helical "backbone™ filament is formed by the
assembly of multiple Cas7 subunits along the crRNA spacer region. The "belly" filament is
constituted by Cas11 subunits (Liu and Doudna, 2020; O'Brien et al., 2020) (Fig. 1.5A). In
subtype I-D, the large subunit protein is termed Casl0d (non-catalytic), instead of Cas8,
because of its close structural similarity with Cas10 (catalytic) of type Il systems (Kira S
Makarova et al., 2011; McBride et al., 2020). The subtype | CRISPR-Cas loci (I-B, I-C, I-D,
I-F, and I-G), except I-E and I-A, lack an independent gene coding for the Cas11 subunit of the
Cascade complex (Kira S Makarova et al., 2011; Makarova et al., 2015). Instead, they encode
a large subunit Cas8 (or Cas10d in type I-D) with an extended C-terminus consisting of largely
a-helices (Kira S Makarova et al., 2011; Makarova et al., 2015). These a-helix-rich C-terminus
of Cas8 and Casl10d proteins have been postulated to be a functional substitute for Casll
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subunits in the Cascade complex of subtype I-B, I-C, I-D, I-F, and I-G systems (Kira S
Makarova et al., 2011; Makarova et al., 2015). In line with this bioinformatics prediction, many
of the subtype I systems (I-B, I-C, and I-D) have recently been shown to encode the Casll
protein from within the cas8 (or cas10d) gene (McBride et al., 2020). The Cas8/Cas10d and
Casl1 proteins, across different type | systems (and type 111 systems), exhibit very low or no
significant sequence similarity with their homologs (Makarova et al., 2020a; Venclovas, 2016;
Vestergaard et al., 2014). Moreover, they share significant structural similarities with their
homologs and therefore occupy analogous positions in various effector complexes (Jackson
and Wiedenheft, 2015; Liu and Doudna, 2020; Venclovas, 2016).

Further, in a Cascade complex, the assembly of Cas7 subunits varies depending on the length
of the spacer sequence in the crRNA. Typically, one Cas7 binds per 6 nucleotides (nts) of the
crRNA spacer (Kuznedelov et al., 2016; Shangguan et al., 2022). The formation of the crRNA-
Cas7 helical assembly is fundamental to the functioning of the CRISPR-Cas type | interference
machinery (in type 111 systems as well) (Kuznedelov et al., 2016; Liu and Doudna, 2020). The
Cas7 family proteins share a common structural element, i.e., a central non-canonical RNA
recognition motif (RRM)/ferredoxin-like domain with variable insertions and C-terminal
extension (Benda et al., 2014; Hrle et al., 2013; Lintner et al., 2011; Reeks et al., 2013b).
Despite sequence disparity, the primary operative function of Cas7 family proteins in type |
systems (also in type I11) is to bind and stabilize the crRNA. The structural characterization of
Cascade complex from various CRISPR-Cas type | systems, including E. coli type I-E (Ryan
N. Jackson et al., 2014), Desulfovibrio vulgaris type 1-C (Hochstrasser et al., 2016; O'Brien et
al., 2020), Synechocystis spp. type I-D (McBride et al., 2020), and Thioalkalivibrio
sulfidiphilus type I-G (Shangguan et al., 2022) via X-ray crystallography and/or cryo-electron
microscopy has revealed the characteristic organization of Cas7 subunits around the crRNA in
a functional Cascade complex. The Cas7 subunits lying proximal to the 5’-end of the crRNA
interact with Cas8 and Cas5, while in the belly region of Cascade, Cas7 subunits bind with
Casll (Hochstrasser et al., 2016; Liu and Doudna, 2020; O’Brien et al., 2020). Thus, the Cas7
also promotes the relative-assembly of other Cas proteins in the Cascade complex and
eventually determines the size and target recognition-specificity of the effector complex
(Halpin-Healy et al., 2020; Hochstrasser et al., 2016; Kuznedelov et al., 2016).
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In most of the subtype | systems, the Cas3 nuclease effector does not stably bind with the
Cascade complex, rather acts in trans during target interference post-recognition of cognate
foreign DNA by the Cascade (Ryan N. Jackson et al., 2014; Liu and Doudna, 2020; McBride
et al., 2020; O'Brien et al., 2020). However, in subtype I-A (Plagens et al., 2014) and I-G
(Shangguan et al., 2022), Cas3 has been described as a stable component of the effector
complex. A typical Cas3 protein contains an N-terminal HD (histidine-aspartate) nuclease
domain fused to a helicase domain (He et al., 2020; Makarova et al., 2020a). Across subtype |
systems, Cas3 exhibits variability in the domain architecture. For example, the two domains of
Cas3 (nuclease and helicase) are encoded as two distinct proteins (Cas3" and Cas3,
respectively) by separate genes in subtype I-A systems (He et al., 2020; Makarova et al.,
2020a). In subtype I-F, Cas3 is expressed as a fusion protein with Cas2; in subtype I-D, Cas3's
nuclease domain is fused to Cas10d (He et al., 2020; Makarova et al., 2020a). The domains of
Cas3 in subtype I-G are interchanged: helicase domain at the N-terminal and nuclease domain
at C-terminal (Makarova et al., 2020a).

1.3.1.2. Type 11 CRISPR-Cas systems

The CRISPR-Cas loci that encode catalytically active Cas10 protein as a large subunit of their
effector complexes are classified into type 11l systems (Makarova et al., 2020a; Osawa et al.,
2015; Staals et al., 2014). Considering the variations in the Cas10 sequence and architecture of
CRISPR-Cas loci, type I systems are further categorized into six subtypes (I11-A to I1I-F)
(Makarova et al., 2020a). Among the six subtypes, I11-A and I11-B are the most common and
best studied (Makarova et al., 2020a, 2015). All type 111 systems (except subtype I111-A and 111-
E) lack adaptation modules and possibly share the CRISPR array and adaptation proteins from
other CRISPR-Cas subtypes at different genomic locations (Makarova et al., 2020a). Notably,
the adaptation modules in some subtype 111 systems encode reverse transcriptase, separately or
in fusion with Casl, for spacer acquisition from the RNA phages (Gonzélez-Delgado et al.,
2019; Makarova et al., 2020a; Silas et al., 2016). The enzyme responsible for crRNA genesis
in type 111 systems is not clearly known but assumed to be Cas6 which in some cases is encoded
on other CRISPR-Cas loci (Liu and Doudna, 2020; Makarova et al., 2015).

The effector complexes in type Il systems are termed Csm (Cas subtype Mtube; in subtypes
I1-A, 1I-D, HI-E, and HI-F) or Cmr [Cas module RAMP (repeat-associated mysterious
protein); in subtypes 111-B and 111-C]. In general, a type Il effector complex (Csm and Cmr)
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looks like a "seaworm™ (Fig. 1.5B) rather than the seahorse-shaped architecture of the typical
type | Cascade (Liu and Doudna, 2020; Makarova et al., 2015).

(A) Type | Cascade (D) Type Il Effector
tracrRNA:crRNA-Cas9

Belly
filament

Foot

Seahorse-shaped
architecture

Backbone filament

(B) Type Il Csm/Cmr (E) Type V crRNA-Cas12

like subunit

CsmS5 or crRNA
Cmrl-Cmr6

Seaworm-shaped
architecture

(C) Type IV Effector (F) Type VI crRNA-Cas13

S lll-characterized
« architecture

Fig. 1.5. Molecular composition and architecture of effector complex in various CRISPR-Cas
types. (A) Type | effector complex (termed Cascade) typically comprises five different Cas proteins
assembled onto a crRNA as a seahorse-like architecture. Six Cas7 subunits (green) oligomerize along
the spacer region (red) of crRNA, forming the helical backbone filament. One Cas6 subunit (partial
circle with scissor, brown) remains bound to the 3'-stem-loop (repeat-derived, black) of the crRNA
forming the "head" of the Cascade complex. The repeat derived 5'-tag (black) of crRNA is capped
by a single Cas8 (large subunit, sky blue) and Cas5 (gray), shaping the "foot.” Two Casl11 proteins
(small subunits, blue) form the "belly" filament. (B) The seaworm-shaped type 11 effector complex
is called Csm (in subtypes I11-A/D/E/F) or Cmr (in subtypes I11-B/C). Cas subunits are color coded
as in panel (A). Moreover, the large subunit in Csm/Cmr complex is called Cas10. It is larger than
Cascade's Cas8 and shows DNase activity during CRISPR interference. Also, the Cas7 subunits in
Csm/Cmr complex exhibit RNase activity against target RNA. The number of Cas11 subunits varies
(>2) among different type Il subtypes. Csm/Cmr complex does not include Cas6 but contains an
additional Cas7-like subunit(s) (Csm5 in Csm; Cmrl and Cmr6 in Cmr, greenish-white) capping the
3’-end of crRNA. (legend continued on next page)
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(C) The effector complex of type 1V systems is ill-characterized. Here, the architecture of the type IV
effector complex is displayed following a previous depiction by Liu and Doudna, 2020. The number of
Casl1l subunits (five) is referred from a recent structural characterization of the type IV effector
complex by Zhou et al., 2021. The effector complex in (D) type Il (tracrRNA:crRNA-Cas9), (E) type
V (crRNA-Casl2), and (F) type VI (crRNA-Cas13) systems encompass a single multidomain effector
nuclease (Cas9, Casl2, and Casl3, respectively) complexed with a crRNA. Moreover, the effector
complex in type Il systems also includes a tracrRNA base paired with the repeat tag at the 3'-end of
crRNA. Similarly, several type V subtypes (V-B/E/F/G) also encompass a tracrRNA in effector
complex (not shown). Unlike other types, in type V and type VI systems, crRNA has a stem-loop
(repeat-derived) structure at its 5-end. In all panels, the scissor mark shows that the indicated Cas
protein (except Cas6 in type | and IV system) exhibits nuclease activity against the target genome during
the interference stage of CRISPR-Cas immunity. [perceived from (Hille et al., 2018; Liu and Doudna,
2020; Zhou et al., 2021)]

Typically, a Csm/Cmr complex contains a Cas5 family protein (Csm4/Cmr3) and a Cas10
protein (Csm1/Cmr2) at 5'-end of crRNA (foot), variable number of Cas7 family protein (4-6
Csm3/Cmr4) along the crRNA spacer sequence shaping the backbone, and >2 copies of Cas11
protein (Csm2/Cmr5) as belly filament. Also, the Cas7-like protein(s), a Csm5 or Cmrl and
Cmr6, occupies the 3’-end of crRNA, forming the head of the Csm/Cmr effector complex (Liu
and Doudna, 2020; Makarova et al., 2015). Cas6 is not a subunit of the type 111 effector complex
(Csm/Cmr) (Liu and Doudna, 2020; Makarova et al., 2015) (Fig. 1.5B).

Unlike the type | system, the Cas7 proteins in Csm and Cmr complex (Csm3 and Cmr4,
respectively) are catalytically active and cleave the target RNA complementary to crRNA (Jia
et al., 2019; Liu and Doudna, 2020; Osawa et al., 2015). The notable functional divergences
among proteins of the Cas7 family emphasize the significance of experimental characterization
of various Cas7 orthologs in different organisms. Further, a typical type 111 Cas10 protein
contains an active HD nuclease domain and a palm domain (like in nucleotide cyclase and
polymerase) (Osawa et al., 2015; Staals et al., 2014). The binding of target sSRNA by a
Csm/Cmr complex allosterically activates the HD nuclease domain in Cas10 subunit that, in
turn, cleaves the ss-DNA independent of sequence (Estrella et al., 2016; T. Y. Liu et al., 2017,
Liu and Doudna, 2020). The palm domain in Cas10 subunit also gets activated upon RNA
binding that catalyzes the synthesis of cyclic oligoadenylate (cOA) signaling molecules. The
type 111 systems also encode ancillary nuclease effectors, Csm6 (I11-A) and Csx1 (111-B), that
contain CARF and HEPN domains. Upon Cas10 activation, the synthesized cOA binds to the
CARF domain of accessory nuclease effector Csm6/Csx1, activating its HEPEN domain that
cleaves RNA indiscriminately (Han et al., 2018; Kazlauskiene et al., 2017; Liu and Doudna,
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2020). Very recently, the characterization of type I11-E effector (Cas7-11) from Desulfonema
ishimotonii revealed it to be unique among type 111 systems (Goswami et al., 2022; Makarova
et al., 2020a; Ozcan et al., 2021). Unlike the typical type I and type Il effectors, Cas7-11 is a
single polypeptide effector having four Cas7- and one Casl11-like segments and processes its
own crRNA similar to the type VI effector (Cas13; described later) (Goswami et al., 2022;
Ozcan et al., 2021).

1.3.1.3. Type IV CRISPR-Cas systems

Type IV systems are least characterized among all class 1 CRISPR-Cas loci. The Csf2 protein,
a highly diverged Cas7 variant, is considered the signature protein for type IV systems
(Makarova et al., 2020a; Pinilla-Redondo et al., 2020). However, the presence of Csfl protein
(asmall version of Cas8) was initially used to identify the type IV CRISPR-Cas loci (Makarova
et al., 2015). Type IV systems are considered highly mobile as they are primarily encoded on
plasmids. They lack adaptation modules and nuclease effectors; moreover, they are believed to
share Cas proteins with co-existing type | CRISPR-Cas systems (Pinilla-Redondo et al., 2020).
The type IV effector complex generally includes Csfl (Cas8), Csf2 (Cas7), Csf3 (Cas5), and
crRNA (Makarova et al., 2020a; Pinilla-Redondo et al., 2020; Zhou et al., 2021) (Fig. 1.5C).
Five subtypes (IV-A to IV-E) of the type IV system have been identified. A few of the type IV
subtypes also encode Cas6-like protein (Csf5), DInG helicase (Csf4), and CysH-like signal
transduction protein (Makarova et al., 2020a; Pinilla-Redondo et al., 2020).

1.3.2. Class 2 CRISPR-Cas systems

Class 2 CRISPR-Cas systems exhibit a minimal architecture with a single multidomain effector
nuclease that, alone in complex with crRNA, executes the interference of target nucleic acid.
Based on the type of effector nuclease (i.e., Cas9, Casl2, and Casl13), class 2 systems are

grouped into three types: type 11, V, and VI, respectively (Makarova et al., 2020a).

1.3.2.1. Type Il CRISPR-Cas systems

Cas9 is the signature protein for type Il systems. Cas9 exhibits a bilobed structure having a
recognition (REC) and a nuclease (NUC) lobe. During the interference stage, the REC lobe
recognizes the target ds-DNA, and two nuclease domains of the NUC lobe [RuvC and HNH
(histidine-asparagine-histidine)] cleave the target ds-DNA (Jinek et al., 2014). Based on
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variations in loci architecture, three subtypes of type Il systems have been identified: 11-A to
I1-C (Makarova et al., 2020a). The adaptation proteins Casl and Cas2 are common in all type
Il systems; some variants also encode Cas4 (Makarova et al., 2020a; Nussenzweig et al., 2019).
Interestingly, for processing of pre-crRNA into crRNA, type 11 systems employ an additional
variant of small RNA called transactivating CRISPR RNA (tracrRNA) encoded within the
same loci. For crRNA genesis, tracrRNAs base pair with repeats in pre-crRNA and duplex is
stabilized by Cas9. Thereafter, site-specific cleavage in pre-crRNA by RNase Il generates
mature crRNA that remains base-paired with tracrRNA and complexed with Cas9, forming the
effector complex tracrRNA:crRNA-Cas9 (Deltcheva et al., 2011; Jinek et al., 2012) (Fig.
1.5D).

1.3.2.2. Type V CRISPR-Cas systems

Type V systems encode the signature protein Cas12, a bilobed (REC and NUC) protein similar
to Cas9 (Makarova et al., 2020a; Yan et al., 2019; Zetsche et al., 2015) (Fig. 1.5E). However,
unlike Cas9, Casl12's NUC lobe lacks the HNH nuclease domain; instead, it has a RuvC
endonuclease domain that cleaves both the strands of target ds-DNA (Swarts and Jinek, 2019;
Yamano et al., 2017; Zetsche et al., 2015). The functional divergence of Cas12 proteins and
variations in CRISPR-Cas loci led to the classification of type V systems into ten subtypes (V-
Ato V-l and V-U or V-K) (Makarova et al., 2020a; Yan et al., 2019). All the adaptation proteins
(Casl, Cas2,and Cas4) are present in subtypes V-A, V-B, V-F, and V-E. Subtypes V-C and V-
D encode only the Cas1, while subtypes V-G, V-I, V-H, and V-U completely lack the adaptation
Cas proteins; presumably share the adaptation module with other existing CRISPR-Cas loci
(Makarova et al., 2020a; Yan et al., 2019). Cas12 directly processes the pre-crRNA or may
also involve tracrRNA (Fonfara et al., 2016; Zetsche et al., 2015). Type V effector complex
(crRNA-Cas12) typically cleaves target ds-DNA. In addition, the effector complex of several
subtypes has been demonstrated to show collateral non-specific ss-DNase activity (Chen et al.,
2018; Yan et al., 2019; Zetsche et al., 2015).

1.3.2.3. Type VI CRISPR-Cas systems

Cas13 is the signature protein for type VI systems which also exhibits a bilobed (REC and
NUC) architecture like the Cas9 and Cas12 but functionally diverged (Abudayyeh et al., 2016;
L. Liu et al., 2017b; Makarova et al., 2020a) (Fig. 1.5F). Unlike Cas9 and Cas12, the NUC
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lobe of Cas13 contains two HEPEN domains that catalyze the RNA-guided cleavage of target
RNA (Abudayyeh et al., 2016; L. Liu et al., 2017b). The Cas13-crRNA effector complex also
shows the collateral non-specific ssRNase activity (Abudayyeh et al., 2016; L. Liu et al.,
2017b). Cas13 alone can process its own crRNA (East-Seletsky et al., 2016; Zhang et al., 2019).
Type VI systems are further characterized into four subtypes: VI-A to VI-D (Makarova et al.,
2020a). The adaptation module Cas proteins are almost absent or not well distinguished in type
VI systems; therefore, they are believed to be shared by other CRISPR-Cas loci (Hoikkala et
al., 2021; Makarova et al., 2020a).

1.4. CRISPR adaptation

CRISPR adaptation is a complex multistep process wherein a selected portion (prespacer;
precursor of spacer) of MGEs (primarily) is precisely incorporated into the CRISPR array as a
new spacer. The acquired spacers serve as heritable infection memory data banks. Such
adaptation ability to memorize the past infection of MGEs, certifies the CRISPR-Cas to be a
legitimate adaptive immune system in prokaryotes. Naive and primed adaptation are the two
spacer acquisition mechanisms identified in various prokaryotes. When spacers are acquired
from a MGE that a bacteria encounters for the first time, it is called Naive adaptation. However,
to fend off the CRISPR-Cas interference, phages mutate their protospacer regions, escaping
the recognition by the CRISPR effector complex in the already immunized host. To counter
this escape mutant phage infections, many bacterial hosts further acquire spacers from the
mutated intruder genomes upon recognizing mismatched protospacers. This process of spacer
acquisition is defined as primed adaptation, wherein the DNA fragments resulting from
nucleolytic degradation of escape mutant intruder genomes by the CRISPR effector complex
serve as the primary source of prespacer (Datsenko et al., 2012; Jackson et al., 2019; Semenova
etal., 2016).

The established molecular understanding of the CRISPR adaptation mechanism is primarily
gained from well-characterized type I-E and I1-A systems (Hille et al., 2018; Sasnauskas and
Siksnys, 2020). The adaptation process involves three subsequent events: selection/capture of

the prespacer, its processing, and finally, integration into the CRISPR array (Fig. 1.6).
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1.4.1. Selection of prespacer with self versus non-self discrimination

Detection and differentiation of intruder genomes for spacer acquisition during the adaptation
stage is the key to avoiding autoimmunity by CRISPR effector complex. In a MGE, the DNA
segment (s) bordering the PAM sequence (2-5 nt) qualifies to become a prespacer for
acquisition into type I and Il CRISPR array (Mojica et al., 2009; Wang et al., 2015; Yosef et
al., 2012). Prespacers are processed and integrated into a CRISPR array without PAM
sequence, thus averting the chance of self-targetting at the CRISPR locus by effector complex
during interference. The level of PAM distribution in MGEs and the bacterial genome is
estimated to be almost the same (Levy et al., 2015). Therefore, the PAM-directed preferential
spacer acquisition mechanism alone is insufficient to differentiate between self and non-self-
genomes. Research (based on data mining) suggests that around 90 % of the acquired spacer
are processed from MGEs (Shmakov et al., 2017). Nonetheless, the differentiation of self and
non-self-genome and preferential uptake of spacer from a foreign genome by CRISPR-Cas
system is benefited by additional host mechanisms (e.g., RecBCD DNA repair) and
discriminating features of MGEs (no/very less Chi sites and high rate of

transcription/replication).

Prespacers are mostly sourced from the genomic regions prone to double-stranded breaks
(DSBs) like replication origin and termination sites (Levy et al., 2015). In prokaryotes, such
DNA damages are sensed by the RecBCD DNA repair system (in gram-negative bacteria) or
its functional homolog AddAB in gram-positive bacteria (Dillingham and Kowalczykowski,
2008; Wigley, 2013). Activated RecBCD complex unwinds and cleaves the DNA until it
encounters a Chi (Crossover hotspot instigator) site, an 8-nucleotide sequence that decelerates
the RecBCD mediated cleavage (Dillingham and Kowalczykowski, 2008) (Fig. 1.6A). The
produced DNA fragments by the RecBCD complex are suitable in size to capture as prespacers
for CRISPR adaptation (Levy et al., 2015). Since Chi sites are abundantly present in the
bacterial genome (per 4.6 kb), it limits the prespacer generation by RecBCD complex from
self-DNA. In comparison, MGEs generally lack the Chi site; therefore, their unhindered
degradation by RecBCD generates ample non-self prespacers (Levy et al., 2015; Modell et al.,
2017). In addition, many MGEs enter the host cells in a linear form (exposed ds-DNA ends
mimicking the DSBs), and usually, they replicate and transcribe rapidly (more prone to DNA

damage). These features of MGEs make them an easy target of RecBCD nucleolytic cleavage

Page 22|164
TH-3168_ 166106005



Chapter 1 Introduction

leading to an excess supply of non-self prespacers (over self-sequences) to CRISPR adaptation
machinery for spacer acquisition (Levy et al., 2015; Modell et al., 2017).

The Casl and Cas2 proteins are the fundamental molecular players for the CRISPR adaptation
across all the CRISPR-Cas systems (Yoganand et al., 2019; Yosef et al., 2012). The Casl and
Cas2 together form a heterohexameric complex (2xCas1-homodimer complexed with 1xCas2-
homodimer) called Casl-2 integrase (Fig. 1.6B). The Cas1-Cas2 integrase senses the PAM
sequence in a DNA fragment (dual-forked DNA pieces generated by RecBCD or by CRISPR
effector complex during interference) and captures/binds it (Yoganand et al., 2019; Yosef et
al., 2012). The binding by Cas1-Cas2 integrase authenticates a DNA fragment as a prespacer
to be further processed and integrated into the CRISPR array. Apart from Cas1-Cas2 integrase,
several CRISPR-Cas systems (I-A, I-B, I-C, I-G, 1I-B, V-A, V-B, V-E, and V-F) also employ
Cas4 for identification and processing of prespacers with a cognate PAM sequence (Almendros
et al., 2019; Lee et al., 2019, 2018; Makarova et al., 2020a) (Fig. 1.6C). In type II-A, the
adaptation process essentially involves all the Cas proteins (Casl, Cas2, and Cas9), Csn2
(auxiliary protein), and tracrRNA, wherein Cas9 is required for PAM identification (Heler et
al., 2015; Wei et al., 2015) (Fig. 1.6D).

1.4.2. Prespacer processing and integration

Post-capturing of authentic prespacer by Casl-Cas2 integrase (and additional Cas proteins),
the bound prespacer is further processed into 20-40 bp sequence with the help of additional
proteins that vary across different CRISPR-Cas systems (Ramachandran et al., 2020;
Yoganand et al., 2019; Yosef et al., 2012). In type I-E, the prespacer is trimmed at both ends
(PAM-proximal and distal) by host exonucleases such as Exolll, ExoT, and DnaQ
(Ramachandran et al., 2020; Yoganand et al., 2019) (Fig. 1.6B). In type 1I-A, the Csn2 protein
trims the prespacer (Heler et al., 2015; Wei et al., 2015) (Fig. 1.6D). In other type | and type V
systems, Cas4 proteins are identified to trim the PAM-proximal end of prespacers (Fig. 1.6C);
moreover, which protein(s) trims the PAM-distal end is not sure yet (Almendros et al., 2019;
Lee et al.,, 2019, 2018; Makarova et al., 2020a).

The mechanism of prespacer integration has mainly been studied in type I-E systems. Once the
authentic prespacers are captured and processed, Cas1-Cas2 integrase catalyzes the prespacer
integration into the CRISPR array. The prespacer integration by the Casl-Cas2 complex is
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directed to the leader-proximal repeat (1% repeat) by a host factor termed IHF (Integration host
factor) (Fig. 1.6). IHF binds to the CRISPR leader sequence (~60 bp AT reach motif in E. coli),
inducing a bend in DNA locally that directs the Cas1-Cas2 complex to integrate the prespacer

at leader-repeat junction (Nufiez et al., 2016; Yoganand et al., 2017).

&

(A) Prespacer production

by RecBCD complex  Phage DNA with Chai site

open ends or DSB PAM

- IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIllliﬁlllllll-
RecBCD - / Loading
complex T
Cas1-Cas2 ? Unwinding
integrase complex — l and cleavage
—
A ST o
Fi Cleaved 7 __ < N =
Phage DNA —
| Casl senses /L S RecBCD halts at Chi site
%\ PAM S

(B) Type I-E (C) Type I-A to I-D

Cognate prespacer captured : i ;
5 Cas4 identifies PAM in
by adaptation complex captured prespacer

Host nuclease ExoT/DnaQ Cas4 trims PAM
trims both ends (3“» 5’) l proximal end

Cas1-Cas2 complex e el
mmﬂﬁmm integrates processed spacer mmﬂmm other end?

Wi at L-R junction
1th he)
P of 'HF\ ’
(D) Type lI-A
Cas1-Cas2 complex catalyzey ! Expanded array —

spacer integration New spacer
=

1 L R Parental array
- : >

£sn2 Cas9 identifies PAM

Csn2 trims prespacer Host D n - B Chai
L

Fig. 1.6. Mechanism of CRISPR adaptation. CRISPR adaptation mechanism is primarily described
based on well-comprehended type I-E and II-A systems. (A) During the first encounter with an
intruder genome (phage DNA), the host RecBCD complex senses the open double-stranded end or
double-stranded break (DSB) in actively replicating/transcribing phage DNA and cleaves it. This
supplies the CRISPR-Cas system with ample non-self-DNA fragment(s) suitable for spacer
acquisition (naive adaptation). The rare occurrence of the Chi site in a phage genome permits its
active degradation by RecBCD compared to cleavage of damaged host genome rich in Chi site. The
Casl and Cas2 proteins are the fundamental molecular players for the CRISPR adaptation across all
the CRISPR-Cas systems. (legend continued on next page)
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(B) RecBCD degraded phage DNA fragment(s) with cognate PAM and appropriate size is captured by
Casl1-Cas2 integrase complex (or adaptation complex). In the type I-E system, Casl recognizes the
PAM sequence in a DNA fragment, authenticating it as a prespacer. Subsequently, host nucleases
(ExoT/DnaQ) trim the captured prespacer at both ends in 3’ to 5’ direction to make it of suitable size for
integration. (C) In other type | systems (I-A to I-D), Cas4 recognizes the PAM and trims the PAM
proximal end of the prespacer. The protein(s) that are responsible for trimming the PAM distal end is
still largely unknown. Once a prespacer is processed, the Cas1-Cas2 complex integrates it as a new
spacer into the CRISPR array via a cut-paste mechanism, followed by a concomitant duplication of
repeat sequence involving DNA polymerases and ligases. A CRISPR-unrelated protein, integration host
factor (IHF), directs the new spacer integration by Cas1-Cas2 integrase precisely at the leader (L)-repeat
(R) junction of the CRISPR array. (D) Spacer acquisition in type II-A system, besides Cas1-Cas2
integrase, requires Cas9 for PAM recognition and ancillary Csn2 protein for trimming of prespacer.
[perceived from (Hille et al., 2018; Xiao et al., 2017b)]

The integration process starts with a nucleophilic attack of the 3'-OH group of the prespacer
followed by ligation to 5'-phosphate of the leader-repeat junction, resulting in half-site
integration. Successively, a second nucleophilic attack at the existing repeat-spacer junction
causes full-site integration of the prespacer into the CRISPR array (Nufiez et al., 2015; Rollie
et al., 2015). The integrated prespacer is called a spacer (Fig. 1.6). The correct orientation of
integration is guided by the presence of partial/full PAM in the prespacer. However, after
integration, only one nucleotide from PAM is retained in spacers (Shipman et al., 2016; Wang
etal., 2015).

Differing from the type | systems, the adaptation process in type Il systems does not require
IHF. Instead, integration is dependent on a short (~5 nt) motif on the leader region termed as
LAS (Leader anchoring site) (Wright and Doudna, 2016; Xiao et al., 2017b). LAS is directly
recognized by the Cas1-Cas2 complex and is sufficient to integrate the prespacer in the correct
orientation. Like the type I-E system, spacer integration starts with a 3'-OH nucleophilic attack
at the LAS-repeat junction leading to half-site integration products. Subsequently, a second
nucleophilic attack on the first repeat-spacer junction leads to full-site integration (Wright and
Doudna, 2016; Xiao et al., 2017b). Despite multiple repeat-spacer units in a CRISPR array, a
new prespacer is always integrated at the leader-repeat junction, followed by a concomitant
duplication of the first repeat (McGinn and Marraffini, 2016; Yosef et al., 2013, 2012) (Fig.
1.6). Such a polarized integration mechanism maintains the chronology of MGE infections and
ensures efficient interference response upon recurrent infection of most recently encountered
MGEs (McGinn and Marraffini, 2016).
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1.5. Biogenesis of crRNA and effector complex

crRNA biogenesis is elementary to the CRISPR-Cas defense response in a prokaryotic host for
targeted cleavage of MGEs during the recurrent invasion. The process starts with transcription
of the CRISPR locus into a single long precursor CRISPR RNA (pre-crRNA), which in turn
enzymatically processed into multiple short mature crRNAS, each containing a complete spacer

sequence flanked by leftover repeat parts (Brouns et al., 2008; Pougach et al., 2010).

The endoribonuclease that processes the pre-crRNA varies across the different CRISPR-Cas
types. In most class 1 CRISPR-Cas types (I, 111, and IV), Cas6 endoribonuclease catalyzes the
crRNA genesis (Fig. 1.7A-B). Moreover, the mechanism of pre-crRNA processing by Cas6
varies depending on the structured/unstructured conformations of repeats in a pre-crRNA
(Sefcikova et al., 2017). More than 50 % of the known repeat sequences exhibit palindromic
motif that folds into a stable stem-loop structure in RNA. Such structured CRISPR repeats are
categorized as canonical repeats. Rest CRISPR repeats display weak or no palindromic
features, therefore, lack the characteristic stem-loop structure and are classified as non-

canonical repeats (unstructured) (Kunin et al., 2007; Sefcikova et al., 2017).

In a pre-ctrRNA with canonical repeats, Cas6 typically cleaves the structured repeats at the 3'-
end of the stem-loop, generating mature crRNAS, each comprising one complete spacer flanked
by adjacent repeats derived 8 nt sequence at 5’-end (called 5’-handle or -tag) and stem-loop at
3’-end (Sefcikova et al., 2017). Cas6 proteins (except in type I-A, I-B, and 111 systems) exhibit
single-turnover enzyme kinetics and remain bound with mature crRNA at 3'-stem-loop (Fig.
1.7A), shaping the head of the Cascade complex (Behler and Hess, 2020; Liu and Doudna,
2020; Sefcikova et al., 2017). In the type I-C system, which lacks the Cas6, catalytically active
Cas5c protein supplants the functional role of Cas6 in crRNA genesis (Liu and Doudna, 2020;
Nam et al., 2012a; Punetha et al., 2014). Moreover, Cas5c remains bound at 5’ handle of
processed crRNA. Pre-crRNAs with non-canonical repeats (in type I-A, I-B, and 11l systems)
are also processed by Cas6 protein but slightly differently. The repeats in type I-A, I-B, and 111
systems are mostly non-palindromic and lack the canonical stem-loop structure (Kunin et al.,
2007; Sefcikova et al., 2017) (Fig. 1.7B). In these systems, Cas6 dimers induce the formation
of a transient stem-loop structure in repeats required for their cleavage (Fig. 1.7B). Here, Cas6

acts as a multi-turnover enzyme and dissociates from the cleaved mature crRNA, and does not
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form part of the effector complex (Richter et al.,

2016).
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Fig. 1.7. Biogenesis of mature crRNA in Class 1 and Class 2 CRISPR-Cas systems. (A) crRNA
maturation in type I-C, I-D, I-E, and I-F systems. In these systems, pre-crRNA contains palindromic
repeat sequences (black), which form stem-loop structures. Cas6 (or Cas5 in I-C) binds to the
structured repeats and cleaves at 3'-end of each stem-loop, generating mature crRNAs each containing
a spacer flanked by left-over repeat sequences. Post-cleavage, Cas6 (or Cas5) remains bound to the
mature crRNA. (B) crRNA genesis in type I-A, I-B, and type Il systems. The associated pre-crRNA
encompasses unstructured repeats. Here, the Cas6 dimer induces a transient stem-loop-like fold in
repeats and cleaves them at 3'-end. Cas6 dissociates from the processed mature crRNA. (legend

continued on next page)
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(C) Pre-crRNA processing in type Il systems. The unstructured repeats in pre-crRNA of type 11 systems
hybridize with tracrRNAs, generating duplex regions. Cas9 stabilizes the crRNA:tracrRNA complex,
and RNase III cleaves in the duplex regions towards the 3’-end. An unknown nuclease further trims off
the repeat remnant from the 5’-end of crRNA, generating mature crRNA complexed with tracrRNA and
Cas9. The resulting stable tracrRNA:crRNA-Cas9 complex acts as an effector complex during CRISPR
interference. (D) crRNA maturation in type V systems. The depicted mechanism is of a type V-A system
that encodes pre-crRNA with structured repeats. Other type V subtypes (V-B to V-G) engage an
additional RNA (tracrRNA or scoutRNA) for pre-crRNA maturation. Cas12 cleaves the repeats at a
few bases upstream from the 5’-end of the stem-loop. An unknown nuclease trims the 5’-end, generating
mature crRNA having a 5’-stem-loop. Post-processing, Cas12 remains bound with Cas12 and acts as an
effector complex in the CRISPR interference stage. (E) In type VI systems, Cas13 alone processes the
pre-crRNA (structured repeats) into mature crRNA having a 5’-stem-loop. The resulting mature crRNA-
Cas13 complex catalyzes the CRISPR defense reaction during the interference stage. [perceived from
(Hille et al., 2018)]

On the contrary, the Cas6 of type I-B system in Heloferax volcanii (Brendel et al., 2014;
Hochstrasser and Doudna, 2015) and Leptospira interrogans (Prakash and Kumar, 2021)
shows stable binding to processed crRNA. In type IV systems, the Cas6-like protein, Csf5,
catalyzes the pre-crRNA processing into mature crRNA (Ozcan et al., 2018). The processed
mature crRNA, in all the class 1 systems, allows relative assembly of Cas subunits to shape

into an effector complex.

Unlike class 1, class 2 CRISPR-Cas systems (type Il, V, and VI) employ the multidomain
effector nuclease (Cas9, Casl12, and Casl3, respectively) for both crRNA biogenesis (Fig.
1.7C-D) and subsequent target interference (Koonin et al., 2017; Makarova et al., 2020a;
Shmakov et al., 2015). Additionally, pre-crRNA processing in type 1l systems also requires
RNase Il and a trans-encoded small RNA termed trans-activating crRNA (tracrRNA; ~75 nt)
that contains an anti-repeat motif (~25 nt) having partly complementary to the CRISPR repeats
(Chyou and Brown, 2019). The tracrRNA complex makes complementary base pairing with
the unstructured repeat sequence of pre-crRNA, forming a duplex region stabilized by Cas9
binding (Fig. 1.7C). This duplex is recognized by RNase |11, that co-processes both CRISPR
repeat and tracrRNA (Deltcheva et al., 2011). Resulting tracrRNA:crRNA-Cas9 complex (Fig.
1.7C) acts as an effector complex that catalyzes the targeted cleavage of intruder DNAS during
the interference stage (Deltcheva et al., 2011; Jinek et al., 2012).

Like the type Il system, the pre-crRNA repeats in most type V systems (V-B, V-E, V-F, and
V-G) are unstructured, and crRNA maturation involves Cas12 effector nuclease and tracrRNA
(Koonin et al., 2017; Makarova et al., 2020a; Shmakov et al., 2015). On the other hand, in the
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type V-A system, repeats exhibit a stem-loop structure (Fonfara et al., 2016). Cas12a of type
V-A recognizes the structured repeats in pre-crRNA and cleaves the repeats at a few bases
upstream of the stem-loop (Fig. 1.7D), unlike at the base of the stem-loop by Cas6 in the case
of class 1 systems (Dong et al., 2016; Fonfara et al., 2016). Subsequently, the intermediate
crRNA is further trimmed at both ends by unknown host nuclease(s), forming the effector
complex containing a Casl2a bound with a mature crRNA having a 5'-repeat derived stem-
loop (Dong et al., 2016; Fonfara et al., 2016) (Fig. 1.7D). Similar to type V-A, type VI systems
process the pre-crRNA (contain structured repeats) employing a multidomain Cas13 effector
nuclease independent of tracrRNA (Abudayyeh et al., 2016; East-Seletsky et al., 2016; Knott
etal., 2017; Makarova et al., 2020a) (Fig. 1.7E).

1.6. CRISPR interference

The targeted degradation of intruder genomes is the primary purpose of every CRISPR-Cas
system encoded within bacteria. During the interference stage, the infection records stored in a
CRISPR locus are utilized as crRNA in complex with Cas protein(s) (effector complex) for
specific recognition and degradation of invader genomes engaging Cas effector nuclease.
Owing to the diverse composition of effector complexes in various CRISPR-Cas systems, the
mechanism of CRISPR interference also varies across the different CRISPR-Cas types (Liu
and Doudna, 2020; Makarova et al., 2020a).

1.6.1. Class 1 CRISPR-Cas interference

Class 1 CRISPR-Cas systems (I, 111, and 1) employ a multiprotein-crRNA effector complex
to interfere with intruder genomes (Fig. 1.8A-B). In type | CRISPR-Cas systems, the
multiprotein-crRNA effector complex "Cascade™ identifies the non-self-DNA for interference
via a two-factor authentication practice. The first factor is the strong complementarity between
crRNA and the target sequence (protospacer) in invading genome. The second is the presence
of a cognate PAM sequence immediately adjacent to the protospacer (Gleditzsch et al., 2019;
Leenay and Beisel, 2017; Marraffini and Sontheimer, 2010). Conventionally, the trinucleotide
sequence present at the immediate 5'-end of the protospacer serves as a functional PAM for
type | systems, and it is highly conserved for a particular Cascade (Fischer et al., 2012;
Gleditzsch et al., 2019; Leenay and Beisel, 2017; Rollins et al., 2015). PAM is thus explicitly
identified by a Cascade complex in a foreign genome, thereby deterring the auto-target of the
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host's DNA at CRISPR loci that lack the PAM sequence (Gleditzsch et al., 2019; Hayes et al.,
2016; Leenay and Beisel, 2017; Marraffini and Sontheimer, 2010). The Cas8 (or Cas10 in type
I-D) subunit (LS) of Cascade identifies the cognate PAM on MGEs. The high sequence
diversity among Cas8 orthologs across the CRISPR-Cas subtypes ensures the recognition of
specific PAM by a Cascade complex for efficient interference (Cass et al., 2015a; Leenay and
Beisel, 2017; Rollins et al., 2015; Xiao et al., 2017a). The recognition of a cognate PAM on
MGEs by Cascade complex via its Cas8 subunit induces a local unwinding of target DNA,
facilitating the complementary base pairing of crRNA with adjacent protospacer (Hayes et al.,
2016; Xiao et al., 2017a) (Fig. 1.8A). A tight base paring of crRNA with perfectly matching
protospacer in MGEs forms a three-stranded DNA-RNA hybrid structure termed R-loop. In an
R-loop, the protospacer's target strand base paired with crRNA is firmly supported by the Cas7
backbone, and the displaced non-target strand is stabilized by Cas11 subunits (SS), preventing
the collapse of the R-loop (Hayes et al., 2016; Xiao et al., 2017a). The formation of a stable R-
loop confirms the recognition of bonafide target DNA by the Cascade complex for interference
(Fig. 1.8A).

Once the Cascade complex binds a bonafide target DNA, certain structural rearrangements in
the complex enable the recruitment of Cas3 helicase/nuclease effector protein onto the single-
stranded non-target strand of R-loop (Hayes et al., 2016; Nimkar and Anand, 2020; Xiao et al.,
2017a). Upon recruitment, Cas3's HD (histidine-aspartate) nuclease domain makes an initial
nick onto the non-target strand in the R-loop that helps properly position the Cas3 helicase
domain (Nimkar and Anand, 2020; Redding et al., 2015; Xiao et al., 2017a). Subsequently, the
Cas3's helicase domain continuously unwinds the target ds-DNA in a 3' to 5’ direction, and the
HD nuclease domain cleaves the free non-target strand (Liu and Doudna, 2020; Loeff et al.,
2018; Nimkar and Anand, 2020; Redding et al., 2015) (Fig. 1.8A). Moreover, how a Cas3
cleaves the target strand of DNA has not been well understood yet. It is speculated that post-
degradation of the non-target strand, the exposed single-stranded target strand is degraded by

a second Cas3 molecule (Liu and Doudna, 2020).

Like type I systems, type I11 systems also employ a multiprotein-crRNA effector complex (Csm
or Cmr complex) for targeted interference of MGEs; however, the mechanism of CRISPR
interference differs greatly from type | systems (Liu and Doudna, 2020) (Fig. 1.8B). Unlike
type | systems, type Il systems can target both RNA and DNA and do not need a PAM
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sequence on non-self-DNAs to recognize and cleave them (Makarova et al., 2020a; Osawa et
al., 2015; Samai et al., 2015; Staals et al., 2014). The effector complex employs a different set

of molecular information to avert auto-targeting at the CRISPR locus of the host genome.
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Fig. 1.8. The interference mechanism of CRISPR-Cas systems. (A) Type | CRISPR-Cas
interference. The Cascade complex (via Cas8 subunit) recognizes the PAM on the intruder phage
DNA. Thereafter, the base pairing of crRNA with the target strand of the protospacer induces R-loop
formation. Cas3 binds to the displaced single-stranded non-target strand of the R-loop and starts
cleaving it while moving in 3’ to 5" direction via helicase/nuclease activity. The mechanism of
interference by CRISPR-Cas type IV systems is not well-comprehended yet. (B) Type Ill CRISPR-
Cas interference. The effector complex (Csm or Cmr), via crRNA complementary base-pairing, binds
to the protospacer on the target RNA during active transcription of phage DNA. Cas7 subunits (Csm3
or Cmr4) cut the RNA transcript. The target binding activates the Cas10 to cleave the exposed ss-
DNA at the transcribing R-loop region. Target binding also triggers Cas10 to catalyze the conversion
of ATP into cyclic oligoadenylates (cOASs), which activate ancillary Csm6 nuclease to degrade RNA
indiscriminately. (legend continued on next page)
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(C) Type Il CRISPR-Cas interference. A single protein effector complex, tracrRNA:crRNA-Cas9,
catalyzes the target DNA interference. Correct PAM recognition by Cas9 and perfect base-pairing of
crRNA with protospacer on phage DNA induces R-loop formation. Cas9 nicks both strands, resulting
in a blunt end double-stranded break (DSB) on target phage DNA which is further degraded by host
nucleases. (D) Type V CRISPR-Cas interference. The depicted mechanism is based on the well-studied
type V-A system. Post recognition of a cognate PAM on the phage DNA and perfect base-pairing of
crRNA with protospacer, Cas12 cleaves the target DNA. Cleavage by Cas12 produces a staggered DSB
on phage DNA, making it prone to degradation by host nucleases. Target binding also triggers a
collateral ss-DNase activity in Casl2, leading to ss-DNAs degradation non-specifically. (E) Type VI
CRISPR-Cas interference. The type VI effector complex (crRNA-Casl13) catalyzes an RNA-guided
RNA interference. Casl3 binds to the crRNA matching-target RNA region next to a protospacer
flanking sequence (PFS) on the phage RNA transcript and degrades it. Target RNA binding also
unleashes the collateral ss-RNase activity of Cas13, resulting in the ss-RNA degradation promiscuously.
RNAP: RNA polymerase. [perceived from (Hille et al., 2018; Liu and Doudna, 2020)]

During the maturation of crRNA, a leftover repeat sequence remains on either end of the spacer
sequence. The cognate protospacer on intruder genomes does not contain any adjacent
sequences that resemble repeat. Therefore, only the spacer-derived region in a crRNA shows
complementarity with protospacer on intruder genomes. Whereas, at the spacer sites on the
CRISPR array, the complementarity is extended towards remnant repeat residues on mature
crRNA. Such base pairing at the 5’-end of crRNA unlicensed the effector complex to proceed
for interference, protecting the host from an autoimmune response (Marraffini and Sontheimer,
2010).

The molecular understanding of type 11l CRISPR interference is referred mainly to the most
common and best-studied type I11-A and 111-B systems. Type I11-A and I11-B utilize a Cascade-
like effector complex termed Csm and Cmr, respectively, for target identification and
interference (Liu and Doudna, 2020) (Fig. 1.8B). Unlike nucleolytically inactive Cascade
complex, Csm and Cmr complex recognize and degrade the target genomes via their intrinsic
nuclease activity. Once a cognate target RNA is bound by the Csm/Cmr complex, the
catalytically active Cas7 subunits (Csm3/Cmr4) cleave the target RNA at every sixth base (Liu
and Doudna, 2020; Osawa et al., 2015; Samai et al., 2015) (Fig. 1.8B). However, the
degradation of DNA by a Csm/Cmr complex is conditional and occurs only when it is in the
transcribing state. The binding of the Csm/Cmr complex to target RNA during transcription
activates the HD nuclease domain in the Cas10 subunit (LS) that cleaves the template ss-DNA
(Elmore et al., 2016; Estrella et al., 2016; Kazlauskiene et al., 2016; Liu and Doudna, 2020;
Osawa et al., 2015; Samai et al., 2015) (Fig. 1.8B). Additionally, upon RNA binding, the palm
domain in Cas10 subunit also gets activated and catalyzes the synthesis of cyclic oligoadenylate
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(cOA) signaling molecules. Subsequently, cOAs activate the ancillary nuclease effectors,
Csmé6 (111-A) and Csx1 (111-B), that indiscriminately cleave host and viral RNA, leading to cell
growth arrest (Han et al., 2018; Kazlauskiene et al., 2017; Liu and Doudna, 2020) (Fig. 1.8B).
In the type IV system, an effector complex generally includes Csfl (Cas8), Csf2 (Cas7), Csf3
(Casb), and crRNA (Makarova et al., 2020a; Pinilla-Redondo et al., 2020), but effector
nuclease protein has not been identified. For type IV systems, the mechanism of CRISPR

interference is yet to be understood.

1.6.2. Class 2 CRISPR-Cas interference

Class 2 CRISPR-Cas systems (Il, V, and VI) develop a single multidomain protein-crRNA
effector complex to interfere with intruder genomes (Koonin et al., 2017; Makarova et al.,
2020a). The model for interference mechanism in type Il systems is referred from the
extensively studied type II-A system of Streptococcus pyogenes (Jinek et al., 2014, 2012;
Nishimasu et al., 2015, 2014). In type Il systems, the effector complex comprises Cas9
nuclease, crRNA, and a tracrRNA (Fig. 1.5D). Cas9 recognizes the cognate PAM sequence at
the 3’-end of the non-target strand (Leenay and Beisel, 2017) and facilitates the base-pairing of
crRNA with adjacent protospacer. A perfect complementary base pairing of crRNA forms a
stable R-loop structure, leading to the activation of Cas9 nuclease domains (Jinek et al., 2014,
2012; Nishimasu et al., 2015, 2014) (Fig. 1.8C). Subsequently, well-poised HNH and RuvC
nuclease domains of Cas9 cut the target and non-target strands of protospacer, respectively.
This results in a blunt double-stranded DNA break lethal for DNA stability, and thus type II
effector complex (Cas9-crRNA-tracrRNA) confers interference of the intruder genome (Jinek
etal., 2014, 2012; Nishimasu et al., 2015, 2014) (Fig. 1.8C).

Interference in type V systems is catalyzed by the crRNA-Cas12 effector complex (Koonin et
al., 2017; Makarova et al., 2020a) (Fig. 1.8D). A few type V effector complexes (V-B, V-C,
V-G) also contain tracrRNA (Koonin et al., 2017; Makarova et al., 2020a; Yan et al., 2019).
The single RuvC nuclease domain in the Cas12's NUC lobe nicks both the target and non-target
strands of protospacer DNA having cognate 5’-PAM sequence (Dong et al., 2016; L. Liu et al.,
2017a; Shmakov et al., 2015; Yamano et al., 2017; Yan et al., 2019). Unlike blunt-ended
cleavage by Cas9 in type Il systems, Casl2 nuclease activity induces sticky DSB (5-7 nt
overhangs) in the crRNA-targeted alien ds-DNA (Dong et al., 2016; L. Liu et al., 2017a;
Shmakov et al., 2015; Yamano et al., 2017) (Fig. 1.8D). In addition, upon binding to target ds-
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DNA, effector complex of several type V systems (Cas12a/V-A, Cas12b/V-B, and Casl2c/V-
C) also display non-specific collateral ss-DNase activity (Chen et al., 2018; L. Li et al., 2019;
Yan et al., 2019) (Fig. 1.8D).

Type VI systems employ Cas13 effector nuclease that exclusively targets the RNA, unlike the
Cas9 (type Il) and Casl2 (type V) that interfere with DNA molecules (Koonin et al., 2017;
Makarova et al., 2020a; Shmakov et al., 2015). The crRNA-Cas13 effector complex senses a
PAM-like motif termed PFS (protospacer flanking sequence) in alien RNA to discriminate
from self-transcripts (Leenay and Beisel, 2017). Once a crRNA matching target-ssSRNA with
cognate 3'-PFS is identified, the Casl3's HEPEN domains cleave the targeted RNA
(Abudayyeh et al., 2016; East-Seletsky et al., 2016; Koonin et al., 2017) (Fig. 1.8E). Similar
to Casl2, once bound with crRNA-targeted RNA, Casl3 exhibits promiscuous collateral
ssRNase activity that causes degradation of host transcripts, leading to cell dormancy or suicide
(Abudayyeh et al., 2016; East-Seletsky et al., 2016; Koonin et al., 2017) (Fig. 1.8E).

1.7. Applications of CRISPR-Cas systems

Owing to crRNA navigated specificity and the requirement of a single endonucleolytic Cas
protein to interfere with a target nucleic acid, the class 2 CRISPR-Cas systems (type I1/Cas9,
VI/Casl2, and VI/Casl3) are being exploited as targeted genetic manipulation tool (Aquino-
Jarquin, 2019; Cox et al., 2017; Moon et al., 2019; Murugan et al., 2017). Ten years ago, for
the first time, a type 1l CRISPR/Cas9 system from Streptococcus pyogenes was illustrated as a
programmable DNA cleavage tool (Jinek et al., 2012). Heretofore, the number of class 2
CRISPR/Cas systems from different bacteria has been extensively harnessed as genetic-
manipulation tools exploiting its ability to bind and cleave specific DNA or RNA sequences
(Aquino-Jarquin, 2019; Cox et al., 2017; Moon et al., 2019; Murugan et al., 2017). Moreover,
Cas9 from S. pyogenes is the most extensively exploited Cas endonuclease for targeted genetic
manipulation (Jinek et al., 2012). Typically, Cas9-based genome editing functions by creating
a double-stranded break (DSB) on crRNA-specified target DNA that consequently induces the
host cell's endogenous DNA repair systems (Jiang and Marraffini, 2015). DNA damage (DSB)
is repaired by either of two mechanisms: non-homologous end-joining (NHEJ) and homology-
directed repair (HDR) (Jiang and Marraffini, 2015). Repair by the NHEJ pathway is error-
prone, resulting in unpredictable small indel mutation (insertion or deletion) at the cleavage

site, producing functional gene knockouts. On the other hand, the HDR path relies on
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homologous recombination, thus generating precise alteration at the DSB site upon furnishing
the homologous DNA template (knockin, knockout, or base editing) (Jiang and Marraffini,
2015).

Since its advent, the CRISPR-Cas9 system has been rapidly optimized into a handy, fast, and
easily customizable genome editing tool. To simplify the CRISPR-Cas9-based sequence
targeted tools, the crRNA and tracrRNA have been fused to a single chimeric RNA called
single guide RNA (sgRNA) (Jinek et al., 2012). Also, Cas9 has been engineered into different
variants for various genetic manipulation purposes (Xu and Qi, 2019). For example, the
catalytically dead Cas9 (dCas9) has been generated that can bind but not cleave the target DNA,
thus, causing a steric hindrance to RNA polymerase, resulting in gene silencing (Xu and Qi,
2019). This dCas9-based gene silencing strategy is termed as CRISPRi (CRISPR interference).
More examples include: dCas9 fused with deaminase enzyme (e.g., dCas9-cytidine deaminase)
for gene-targeted base editing (Komor et al., 2016) and dCas9 functionalized with
transcriptional or epigenetic effector proteins (e.g., dCas9-VP64 and dCas9-HAT) for gene
regulation studies (Xu and Qi, 2019). Thus, owing to the easily programmable crRNA-
mediated specificity and need for a single effector protein to achieve DNA targeting, class 2
CRISPR-Cas systems-based toolkits have become a preferred choice for genetic manipulation
in a broad range of organisms, especially eukaryotes (Knott and Doudna, 2018; Zhang, 2019).
Besides being evolved as a method of choice for genetic manipulation, the various CRISPR-
Cas systems have now been creatively exploited to develop advanced biomaterials and
diagnostics for disease management, food surveillance, and environmental monitoring (English
et al., 2019; Kaminski et al., 2021; Y. Li et al., 2019).

However, the applications of class 2 CRISPR-Cas systems in prokaryotes are limited, largely
because of the exceptional diversity of DNA homeostasis in microorganisms. Many
prokaryotes lack NHEJ machinery for DNA repair; hence, effector protein (Cas9) induced DSB
becomes cytotoxic (Shuman and Glickman, 2007; Xu et al., 2021). Notably, the class 2
CRISPR-Cas systems represent only ~10 % of all CRISPR-Cas systems identified so far, and
the remaining 90 % belongs to the class 1 system (type I, 111, and V) (Makarova et al., 2017,
2015). Among class 1 systems, type | is the predominant type in both eubacteria and archaea,
comprising 50 % of all CRISPR-Cas systems identified up to recently (Makarova et al., 2017,
2015; Xu et al., 2021). Type I systems with such a wide presence in prokaryotes hold immense
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potential to be harnessed for endogenous genetic manipulation, especially in genetically
recalcitrant bacteria. On the same line, in recent years, the repurposing of type I systems as an
efficient endogenous genome editing tool has been demonstrated in a few bacteria (Xu et al.,
2021). For example, Li and coworkers have demonstrated the gene deletion in Sulfolobus
islandicus via repurposing the endogenous type I-A CRISPR-Cas system (Li et al., 2016). They
transformed the S. islandicus with an editing plasmid that codes for target-specified pre-crRNA
and donor DNAs with homology with sequence flanking the genomic target site. Thereby,
successful homologous recombination disrupts the target sequence on the chromosome,
leading to no CRISPR interference of self-genome, resulting in the survival of only mutant
cells (target sequence deletion). While in another case (no recombination), wild-type cells
could not survive due to self-targeting, allowing markerless selection of mutant cells as well
(Lietal., 2016).

1.8. Leptospira: a bacterial genus of human and animal health importance
Leptospira is a 6-12 um long, thin (~0.1 um diameter), highly motile spirochete bacteria with
a helical cell body (~0.7 um helix pitch; ~0.2 pum helix diameter) and two periplasmic flagella
(~3 um in length) (Nakamura, 2020; Picardeau, 2020). Unlike other spirochetes, leptospires
have a characteristic hook or question-mark-shaped ends (Fig. 1.9). Leptospires do not take up
the Gram stain and, in the absence of any stain, they are best visualized under a dark-field microscope
(Nakamura, 2020; Picardeau, 2020). Leptospires are slow-growing (fastidious) obligate
aerobes in both liquid and solid media with a 6-20 h generation time at an optimal growth
temperature of 28-29 °C (Adler and de la Pefia Moctezuma, 2010; Murray et al., 2009). On
solid agar medium, leptospires grow as subsurface colonies. The most widely used medium is
based on oleic acid, 1 % bovine serum albumin (BSA), and polysorbate (Tween 80- a source
of long-chain fatty acids) medium EMJH (Ellinghausen-McCullough-Johnson-Harris)
(Ellinghausen and McCullough, 1965; Johnson and Harris, 1967).

The genus Leptospira is highly diverse. Since the first isolation (L. interrogans) in 1915 (Inada
etal., 1916), a total of 64 different species have been identified by 2019 (Vincent et al., 2019).
In a recent study, phylogenetic analysis based on whole-genome sequences (previously based
on 16S rRNA gene sequencing) clustered the genus into two major clades: saprophytes (clade
S) and pathogens (clade P) (Vincent et al., 2019). Clade "saprophytes" groups the Leptospira

species, which are isolated from the natural environment and do not cause infections. The clade
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"pathogens" comprises all the species responsible for infections in humans and/or animals and
environmental species with undefined virulence status. Based on serological classification
(agglutinating lipopolysaccharide antigens), Leptospira species are classified into 20
serogroups and over 300 serovars (Picardeau, 2013). The seven main pathogenic Leptospira
species are L. interrogans, L. borgpetersenii, L. santarosai, L. noguchii, L. weilii, L. kirschnerti,
and L. alexanderi (Ahmed et al., 2006).

Pathogenic leptospires are the etiological agent of the zoonotic disease “Leptospirosis” in
humans and animals. Rodents are the primary reservoir of pathogenic leptospires as the bacteria
asymptomatically colonize the proximal renal tubules of the infected animals. Leptospires are
disseminated in the environment through the urine of infected animals, and thus disease
transmission to humans and other animals occurs mostly by direct contact with urine or
indirectly via contaminated soil, water, and food (Bharti et al., 2003; Rojas et al., 2010)(Ko et
al., 2009) (Fig. 1.9). Humans get infected with Leptospira accidentally (Bharti et al., 2003; Ko
et al., 2009; Rojas et al., 2010). Leptospires penetrate the host body through mucous
membranes, conjunctiva, or abraded skins, enter the bloodstream, and rapidly disseminate to
multiple tissues and organs, including kindly, liver, and lungs (Ko et al., 2009; Matsunaga et
al., 2007; Plank and Dean, 2000; Rojas et al., 2010).

The leptospirosis infection is mostly caused by serovars of L. interrogans and L.
borgpetersenii, and the clinical manifestation in both cases are similar, though severity may
vary. However, the modes of transmission of the two species differ: L. interrogans is usually
acquired from contaminated water, while L. borgpetersenii is transmitted directly from host to
host (Bulach et al., 2006). The clinical manifestation in humans is variable, the incubation
period can range from 2-30 days with an average of 5-14 days post-exposure, and illness can
last for months (Ko et al., 2009; Plank and Dean, 2000). The disease ranges from a mild, flu-
like illness (headache, fever, diarrhea, and/or myalgia) to a severe and fatal state resulting in
lung hemorrhage, jaundice, multiple organ failure (including kidney and liver), pulmonary
distress, and death (the classical Weil's disease) (Adler and de la Pefia Moctezuma, 2010; Ko
et al., 2009; Levett, 2004).
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Fig. 1.9. The infection cycle of pathogenic Leptospira species. Leptospires are disseminated in the
environment through the urine of infected mammalian species. Thus, the disease (leptospirosis)
transmission to humans and other animals occurs mostly by direct contact with urine or by accidental
exposure to water, soil, or food contaminated with the urine of reservoir animals (primarily rodents).
[perceived from (Ko et al., 2009); Digital images from google image; Leptospira’s scanning electron
micrograph from stock images available in Prof. Manish Kumar’s laboratory, Department of
Biosciences and Bioengineering, Indian Institute of Technology Guwahati, India]

More than one million severe human cases of leptospirosis are reported every year (Adler and
de la Pefia Moctezuma, 2010). The disease is often misdiagnosed in humans since its symptoms
mimic other illnesses (e.g., dengue fever, influenza, hepatic disease, Hantavirus infections),
which contributes to underestimating the incidence of leptospirosis (Hartskeerl et al., 2011;
Victoriano et al., 2009). For treatment, antibiotics doxycycline, ampicillin, azithromycin, or
amoxicillin are prescribed in case of mild leptospirosis (Griffith et al., 2006). For severe
leptospirosis, intravenous penicillin G has long been the drug of choice. Porcine, bovine, and
canine vaccines are available against Leptospira infections. Human vaccines are available in
some countries containing Killed spirochetes of that region's most prevalent serovar (Barazzone
et al., 2022; Bashiru and Bahaman, 2018; Levett, 2001; Wang et al., 2007).
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Leptospirosis has a worldwide distribution, though the disease burden is largely on the
improvised population in developing countries under tropical areas and is primarily associated
with poor sanitary conditions (Costa et al., 2015; Torgerson et al., 2015). Nonetheless, there is
arise in reported leptospirosis cases in developed countries with temperate climates (Pijnacker
et al., 2016; Traxler et al., 2014). It is estimated that there are 1.03 million leptospirosis cases
and approximately 60,000 human deaths every year globally, based on a systematic review of
80 published morbidity and mortality studies and databases from 34 countries with annual
morbidity of 14.8 per 100,000 population (Costa et al., 2015; Torgerson et al., 2015). Also,
leptospirosis-induced reproductive ailments (abortion, stillbirths, or weak offspring birth) in
livestock cause substantial economic loss each year (Ellis, 2015).

Though leptospirosis has been known for decades and is considered a major public health issue,
the paucity of literature on the disease burden and erratic clinical manifestations has made it a
highly underreported disease. Multiple epidemics have been reported due to natural disasters
and poor sanitary conditions in developing countries (Holla et al., 2018; Victoriano et al.,
2009). The disease has been endemic in East and Southeast Asia, Australia, Oceania, and South
America (Miraglia et al., 2013; SMITH et al., 2013; Zhang et al., 2012). Nonetheless, in recent
years, occasional cases and outbreaks of human leptospirosis have often been reported from
many European countries, North America, and Africa, where leptospirosis is now being
considered an emerging or re-emerging infectious disease (Biggs et al., 2013; Goris et al., 2013;
Traxler et al., 2014). Estimates of Disability Adjusted Life Years (DALYS) suggest that
globally around 2.90 million DALY s are lost per annum from the approximately annual 1.03
million cases (Costa et al., 2015; Torgerson et al., 2015). Tropical regions of South and
Southeast Asia, the Western Pacific, Central and South America, and Africa had the highest
estimated leptospirosis disease burden (Torgerson et al., 2015).

In India, leptospirosis is a major health problem related to the monsoons and poor sanitary
conditions, with multiple epidemics reported in recent years (Chaudhry et al., 2002; Holla et
al., 2018; Kembhavi et al., 2021; Pappas et al., 2008; Sethi et al., 2010; Shukla et al., 2022).
Most outbreaks of leptospirosis in India are reported from the coastal regions of Gujarat,
Maharashtra, West Bengal, Orissa, Kerala, Tamil Nadu, Karnataka, and the Andaman Islands
(Holla et al., 2018; Kembhavi et al., 2021; Sethi et al., 2010). Annually, >500 human
leptospirosis cases are reported in Kerala, Tamil Nadu, Maharashtra, and Gujarat (Gautam et
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al., 2021). Leptospirosis is the leading cause of mortality among infectious diseases prevalent
in Kerala (James et al., 2018).

Therefore, the Leptospira species are of medical and veterinary importance. Yet, the biology
and pathogenesis mechanism of Leptospira is not well understood because the genus, in
general, suffers from the lack of efficient, targeted genetic manipulation tools (Fernandes et al.,
2021; Picardeau, 2015). The development of more efficient genetic tools is required for
functional genomic analysis of Leptospira to understand its biology in order to treat and prevent
the infection (Fernandes et al., 2021; Picardeau, 2015).

1.9. Rationale of the present study

Leptospirosis presents a severe problem accounting for over one million human cases, with
approximately 60,000 deaths every year globally (Costa et al., 2015; Torgerson et al., 2015)
and a substantial economic loss due to leptospirosis-induced reproductive disorders in livestock
(Ellis, 2015). Despite the significant global burden of disease and its economic importance,
Leptospira's biology and pathogenesis mechanism have not been well comprehended yet.
Reportedly, pathogenic species of Leptospira are recalcitrant for genetic manipulation, making
their virulence study difficult with a reverse genetic approach (Fernandes et al., 2021;
Picardeau, 2015). Pathogenic leptospires, including the L. interrogans serovar Copenhageni
strain Fiocruz L1-130, show incompetence to most of the available genetic manipulation
techniques, primarily due to poor transformation/conjugation compatibility of the genus
(Fernandes et al., 2019; Picardeau, 2015). The presence of the CRISPR-Cas system is inferred
to be one of the conceivable justifications behind obstacles being confronted in the genetic
manipulation of the pathogenic Leptospira (Fouts et al., 2016; Xiao et al., 2019a). Analysis of
sequenced Leptospira genomes has revealed the presence of CRISPR-Cas systems (type I-B,
I-C, and I-E) in species of pathogenic clade but not in saprophytes, suggesting their role in
virulence as well (Fouts et al., 2016; Kira S. Makarova et al., 2011; Xiao et al., 2019a).
However, recently, a metagenomics study has identified the type V CRISPR-Cas system in

saprophytic L. biflexa as well (Martinez Arbas et al., 2020).

Up until now, the techniques that have primarily been used for functional genomic studies of
pathogenic leptospires include random transposon insertion or homologous recombination-

based targeted gene silencing (Fernandes et al., 2019; Murray et al., 2009; PétroSova and
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Picardeau, 2014; Slamti and Picardeau, 2012), although both show very low efficiency in
virulent Leptospira. Further, the Cas9-induced DSB in the bacterial genome has been reported
to be lethal in Leptospira due to the lack of NHEJ DNA repair machinery (Fernandes et al.,
2019; Nascimento et al., 2004). Moreover, very recently, the targeted genetic manipulation in
saprophyte L. biflexa and pathogenic Leptospira species have been achieved using the dCas9-
based CRISPRi approach (Fernandes et al., 2021). Nonetheless, the CRISPRI strategy is

limited to being used for only gene silencing via transcriptional blockage (Xu and Qi, 2019).

Therefore, the predominant CRISPR-Cas type I-B system, marked in many pathogenic
Leptospira genomes (Dixit et al., 2016; Xiao et al., 2019a), presents a promising alternative to
be exploited for endogenous genome editing. The repurposing of endogenous CRISPR-Cas
type | system for genome editing has recently been demonstrated in some bacteria, including
Sulfolobus islandicus (type I-A) (Li et al., 2016), Clostridium pasteurianum (type I-B) (Pyne
et al., 2016), Haloarcula hispanica (type 1-B) (Cheng et al., 2017), Lactobacillus crispatus
(type I-E) (Hidalgo-Cantabrana et al., 2019), and Zymomonas mobilis (type I-F) (Zheng et al.,
2019). CRISPR-Cas systems exhibit high diversity in composition and operational mechanism
across different bacterial genera and species (Gleditzsch et al., 2019; Liu and Doudna, 2020;
Makarova et al., 2020a), necessitating their experimental validation in each bacterium instead
of directly reckoning from the studies reported in related species. Therefore, to harness
Leptospira’s CRISPR-Cas type I-B (Lin_I-B) system for genetic manipulation, the
characterization of its interference machinery is a prerequisite. To this end, the present study
aims at the functional characterization of interference machinery of a transcriptionally active
CRISPR-Cas type I-B system (Lin_I-B), recently identified in the L. interrogans serovar
Copenhageni strain Fiocruz L1-130 (Dixit et al., 2016). We investigated the molecular and/or
biochemical characteristics of interference-associated Cas7 and Cas8b proteins to interpret
their mechanistic role in the defense response of the Lin_I-B system. Underlining the absence
of a distinct gene coding for the small subunit (Cas11) in the Lin_I-B locus (Dixit et al., 2016),
the molecular composition of Lin_I-B’s Cascade complex and its functionality has been

assessed.

*khkkk
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Assembly of Cas7 subunits of Leptospira on the mature crRNA of
CRISPR-Cas I-B is modulated by divalent ions X!

2.1. Summary

The spirochete Leptospira interrogans serovar Copenhageni harbors the genetic elements of
the CRISPR-Cas type I-B system in its genome. CRISPR-Cas is a crRNA-mediated adaptive
immune system in most prokaryotes against mobile genetic elements (MGEs). To eliminate
the intruding MGEs, CRISPR-Cas type | systems utilize a Cascade (CRISPR-associated
complex for antiviral defense) complex composed of Cas5, Cas6, Cas7, Cas8, and Cas11 bound
with a crRNA. The Cas7 is essentially known to constitute the major component of the Cascade
complex. The present study reports the biochemical characterization of the Cas7 (LinCas7)
from the CRISPR-Cas type I-B system of L. interrogans serovar Copenhageni. The pure
recombinant LinCas7 (rLinCas7) exists as a monomer in the solution revealed by size exclusion
chromatography. The rLinCas7 demonstrates an endoDNase activity dependent upon divalent
Mg?* ions, monovalent ions, pH, temperature, and substrate size. Analysis of ribonucleoprotein
composite (rLinCas7-crRNA) by electron microscopy and native-PAGE demonstrated that
rLinCas7 could oligomerize on the mature crRNA framework in the presence of Mg?* ions.
The ribonucleoprotein composite attains a helical shape similar to the backbone of the Cascade
complex. However, in the absence of Mg?* ions, rLinCas7 acts as an RNase. The fluorescence
spectroscopy disclosed a weak interaction (Kq = 26.81 mM) between rLinCas7 and Mg?* ions,
leading to an overall conformational change in rLinCas7 that modulates the rLinCas7's activity
on DNA and RNA substrates. The nuclease activity of LinCas7 characterized in this study aids
the functional divergences among proteins of the Cas7 family from different CRISPR-Cas

systems in various organisms.

M This chapter is partly adapted from the published article and reprinted with the authors’ permission.
Hussain, M.S., Kumar, M., 2022. Assembly of Cas7 subunits of Leptospira on the mature crRNA of
CRISPR-Cas I-B is modulated by divalent ions. Gene 818, 146244,
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2.2. Results

2.2.1. LinCas7 copurifies with host DNA

In the NCBI (National Center for Biotechnology Information) database, the gene LIC10936
(840 bp) has been annotated to encode for Cas7 protein (LinCas7; 279 residues; 31 kDa) in the
CRISPR-Cas type I-B system of Leptospira. Therefore, the gene LIC10936 (lincas7) was
cloned in the pET-28a vector (Appendix Fig. Ala-b) to overexpress with an N-terminal 6xHis
tag. The IPTG (Isopropyl-B-D-thiogalactopyranoside)-induced overexpression of the
LI1C10936 (lincas7) in E. coli BL21 (DE3) cells resulted in the production of recombinant
LinCas7 (rLinCas7; 33.6 kDa) that was purified by Ni-NTA (Nickel-nitrilotriacetic acid)
affinity chromatography (Fig. 2.1A). An attempt to remove the purification tag (N-terminal
6xHis) from rLinCas7 using thrombin was conducted to avoid any nuclease artifact with the
fused 6xHis tag (Schoonen et al., 2017). However, efficient cleavage with thrombin could not
be accomplished (Appendix Fig. A2a). It is possible that the thrombin cleavage site might not
be accessible within rLinCas7. Alternatively, lincas7 (LIC10936) was cloned in a pGST-TEV
expression vector (Appendix Fig. Ala-c) and overexpressed with an N-terminal GST
(Glutathione S-transferase)-tag (57 kDa). The GST-tag was cleaved off efficiently with the
TEV (Tobacco etch virus) protease, producing LinCas7 of the native size (31 kDa) (Fig. 2.1B
& Appendix Fig. A2b).
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(pET28a-LinCas?) (pGST-LinCas?)
5 P ] ?°
3 & 3 \."(\(’
[kpa] & - + IPTG [kDa] S5 - % IPTG
100 . &
70 - D 1(7)(0):
55- - - <
351 g & 3(5) . i s 57 kDa
35- ’ <33.6 kDa e I
554 — 25 - w431 kDa
151 . 159

Fig. 2.1. Purification of recombinant Cas7 protein of Leptospira. (A) Overexpression and
purification of recombinant Cas7 protein of Leptospira with 6xHis tag (rLinCas7, 33.6 kDa). The SDS-
PAGE (12 %; Coomassie-stained) analysis of whole-cell lysates of E. coli BL21 cells (pET28a-
LinCas7) induced with (+) and without (-) IPTG (1 mM) and purified pure rLinCas7. (B)
Overexpression and purification of recombinant LinCas7 (untagged LinCas7) of the native size (31
kDa). The SDS-PAGE (12 %; Coomassie-stained) analysis of whole-cell lysates of E. coli BL21 cells
(pGST-LinCas7) overexpressing GST-LinCas7 (57 kDa) post-induction with (+) and without (-) IPTG
(1 mM) and the purified untagged LinCas7 (31 kDa).
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The TEV protease (28 kDa) having a fused 6xHis tag was eliminated by passing the purified
LinCas7 (untagged) through the Ni-NTA affinity column. Hereafter, in this study, we
demarcate the two variants of recombinant LinCas7 with and without the tag as rLinCas7 and
LinCas7, respectively. During the size exclusion chromatography (SEC), rLinCas7 eluted at a
single peak (~36 kDa), closer to the theoretical monomeric unit (33.6 kDa) (Fig. 2.2A).
However, on SEC, the native LinCas7 eluted with two peaks: a minor peak (P-1) at the size of
~55 kDa and the other major peak (P-11) at ~36 kDa (Fig. 2.2B).
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Fig. 2.2. LinCas7 copurifies with host DNA. The size exclusion chromatography (SEC) of affinity
purified (A) rLinCas7 (6xHis tagged, 33.6 kDa) and (B) LinCas7 (untagged, 31 kDa). The rLinCas7
eluted at the size of ~36 kDa, whereas LinCas7 eluted with two peaks (P-1 of ~55 kDa size and P-II
of ~36 kDa). The elution profiles of standard molecular weight protein markers are indicated with
inverted arrows on top of the chromatogram (B-Amylase, 200 kDa; Alcohol dehydrogenase, 15 kDa;
Albumin, 66 kDa; Carbonic anhydrase, 29 kDa; Cytochrome c, 12.4 kDa). (C) The SDS-PAGE
analysis of P-1 and P-II fractions of LinCas7 (upper panel). In the lower panel, fractions P-1 and P-II
of LinCas7’s along with rLinCas7 (1 ug of each) were resolved on TBE-Native-PAGE (8 %) and
visualized with SYBR (Synergy brand) Gold stain. DNA was exclusively detected in the P-I fraction
of LinCas7. (D) The P-I fraction of LinCas7 (2 pg) was treated with either RNase A, DNase I, or

benzonase. The reaction product was resolved on TBE-Native-PAGE (8 %) and stained with SYBR
gold.
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The minor peak fraction (P-1) of LinCas7 was concentrated and resolved along with the P-11
fraction on SDS-PAGE (Sodium dodecyl sulfate-polyacrylamide gel electrophoresis) gel to
discern any presence of contaminant (Fig. 2.2C, upper panel). The SDS-PAGE analysis of
the P-I fraction showed the presence of LinCas7, similar to the P-II fraction. Interestingly,
analysis of P-I fraction on TBE (Tris borate EDTA)-Native-PAGE-coupled with SYBR
(Synergy brand) gold staining revealed the copurification of nucleic acid with LinCas7 (Fig.

2.2C, lower panel).

The nucleic acid copurified with LinCas7 was cleaved by DNase | and benzonase but not with
RNase A, suggesting it to be DNA (Fig. 2.2D). Moreover, the copurification of DNA bound
with LinCas7 turned out to be due to the use of low-salt buffers (100-150 mM NacCl) in
comparison to the purification of pure rLinCas7 done at high-salt buffers (300 mM NacCl).
When rLinCas7 was purified at low-salt buffers, DNA was bound with rLinCas7, similar to
LinCas7 (Appendix Fig. A2d). The high salt concentration (NaCl at >300 mM) is reported to
destabilize the protein-nucleic acid interaction and dissociate the DNA or RNA from a nucleic
acid-binding protein (Kalwani et al., 2020; Xiao et al., 2010). Moreover, the secondary
structures of Cas7 protein variants (LinCas7 and rLinCas7) were also evaluated by Circular
dichroism (CD) spectroscopy to understand the disparity for DNA copurification. CD profile
of both the Cas7 variants (LinCas7 and rLinCas7) was nearly similar, with 35.6/34.4 % a-helix
and 37.9/33.9 % pB-sheets in LinCas7/rLinCas7 (Appendix Fig. A3a-b), respectively and close
to the theoretical values predicted by PSIPRED (Buchan and Jones, 2019). The proteins of the
Cas7 family are conventionally comprehended to fasten at the variable region (spacer
sequence) of crRNA and shape the backbone of the effector complex in CRISPR-Cas type | &
I11 systems. Thus, the detection of LinCas7 bound with DNA during purification motivated us
to examine its activity on various DNA substrates.

2.2.2. LinCas7 exhibits divalent metal ion-dependent endoDNase activity

In our preliminary nuclease assay, LinCas7 variants (LinCas7 and rLinCas7) exhibited Mg?*
dependent endodeoxyribonuclease (endoDNase) activity on ds-DNA substrate (circular
double-stranded plasmid) at a related grade (Appendix Fig. Ada). Consequently, the DNA-
free rLinCas7 variant was selected for downstream biochemical characterization. The rLinCas7
activity on DNA substrates was explored under different reaction conditions. In a time-bound

nuclease assay set for an hour, a gradual increase in the DNA degradation was evident with the
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increasing concentrations (0.5-3 uM) of rLinCas7 (Fig. 2.3A). The optimum degradation of
DNA was attained at a concentration of 3 uM of rLinCas7. The rLinCas7 action on DNA
substrate illustrated a defined preference for plasmid conformation. The different
conformations of plasmid DNA noticed on agarose gel were supercoiled covalently closed
circular (SC), nicked open circular (OC), and linear (L) DNA. The nuclease activity of
rLinCas7 on plasmid occurred sequentially on SC, OC, and L forms before it gets entirely
digested (Fig. 2.3A and B). Such refined digestion of supercoiled plasmid is often perceived
with restriction enzymes (Keatch, 2004). To rule out the DNase activity detected is not due to
any other artifacts during protein (LinCas7 or rLinCas7) purification, nuclease activity was
validated with another Cas7 ortholog from D. vulgaris (DvuCas7c) (Hochstrasser et al., 2016)
similarly cloned and purified (Appendix Fig. Ala-c & 2c). Nuclease assay was conducted
utilizing the two Cas7 orthologs (rLinCas7 and DvuCas7c) independently on a circular ds-
DNA plasmid (Appendix Fig. A4b). Under similar reaction conditions, rLinCas7 could
entirely digest the circular plasmid within an hour, but the same was not evident with the
DvuCas7c. Nevertheless, DvuCas7c was competent in cleaving the ds-DNA upon prolonged
incubation (24 h) of the nuclease reaction, inferring DvuCas7c has weaker DNase activity than
rLinCas7 (Appendix Fig. Adb).
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Fig. 2.3. Recombinant LinCas7 has divalent metal ion-dependent endoDNase activity. All the
assays were performed at 37 °C for 60 min (if not specified) using rLinCas7 (3 uM or as indicated)
and ~300 ng of plasmid DNA as a circular ds-DNA substrate (Plasmid) in 1x nuclease buffer with and
without Mg?* ions (10 mM). EDTA (10 mM) was used as a divalent metal ion chelator. The different
conformations of plasmid DNA have been indicated as supercoiled covalently closed circular (SC),
nicked open circular (OC), and linear (L) forms. Reactions were analyzed on ethidium bromide (EtBr)
stained-agarose gel (1 %). The leftmost lane, in all the gels, contains 2 log DNA ladders. For clarity,
the gel images have been presented after inversion. (A) The DNase activity assay of rLinCas7 against
plasmid DNA (plasmid) at varying concentrations (0.5-3 uM). (B) Time chase nuclease assay of
rLinCas7. Nuclease reactions were stopped by adding 1x DNA loading dye at the indicated time
interval. (C) Divalent metal ion dependence assessment of rLinCas7 for DNase activity. At least two
independent experiments confirmed the results represented.
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Prompted by the pronounced DNase activity of rLinCas7, a set of nuclease assays was
conducted using the circular ds-DNA plasmid as a substrate to determine the optimum
mandated conditions (time, temperature, pH, co-factors, and monovalent ions). The rLinCas7
at 3 uM concentration exhibited complete degradation of ds-DNA (300 ng) in one hour (Fig.
2.3B). The DNase activity of rLinCas7 was divalent metal ion-dependent as the absence of
Mg?* ions or chelation of metal with EDTA (ethylenediaminetetraacetic) developed no activity
(Fig. 2.3C). However, rLinCas7 can nick the supercoiled ds-DNA into an open circular
conformation independent of divalent metal ions (Fig. 2.3C).

After that, the nuclease assay was executed in the presence of different divalent cations to
evaluate the rLinCas7’ s predisposition toward a particular type of divalent metal ions (Fig.
2.4A). The divalent cations (Mg?*, Mn?*, Ni?*, Ca?*, Cu*, and Zn?") are typically associated
with the activity of nucleic acid-binding proteins (Belkebir and Azeddoug, 2013; Miroshnikova
et al., 2016). Distinguished nuclease activity was perceived in the presence of Mg?* ions. On
the other hand, in the presence of Mn?* ions, reasonable degradation of DNA substrate was
noticed. The Ni** and Ca?* could not promote the rLinCas7 for DNase activity. No DNase
activity was evident in the presence of two other metal ions (Cu?* and Zn?*) compared with the
controls containing only DNA substrate in nuclease activity buffer with or without rLinCas7
(Fig. 2.4A). Furthermore, the rLinCas7 nuclease assay demonstrated the Mg?* ions
concentration-dependent DNase activity (Fig. 2.4B). The DNase activity augmented with the
increasing concentrations of Mg?* ions and attained saturation at 10-14 mM. Next, the
influence of electrostatic interaction on the DNase activity of rLinCas7 was also examined by
utilizing various monovalent salts (viz. NaCl, KCI, and NH4Cl) at increasing concentrations
(50, 100, and 150 mM) as illustrated in Fig. 2.4C. Among these three salts, the DNase activity
of rLinCas7 was prominently witnessed in the presence of KCI than in NH4Cl and NaCl.
However, a low grade of DNase activity was also noticed with 50 mM NaCl which reduced
about to the control grade at a higher NaCl concentration. The KCI at 200 mM concentration
was estimated as the optimum salt concentration for rLinCas7’ s DNase activity. After that, the
pH dependency of rLinCas7 for DNase activity was deduced by arranging the cleavage
reactions at varying pH 3.0-11.0. The DNase activity of rLinCas7 was evident over a wide
range of pH 6.0-10.0 (Fig. 2.4D). The maximal DNase activity was witnessed between pH 7.0-
9.0, whereas activity got drastically reduced at pH below 6.0 and above 9.0 (Fig. 2.4D).
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Fig. 2.4. Different parameters for DNase activity in rLinCas7. (A) DNase activity of rLinCas7 in
the presence of different divalent metal ions. (B) DNase activity of rLinCas7 at varying concentrations
(0-14 mM) of Mg?*ions. (C) The influence of various monovalent salts (KCI, NaCl, and NH.CI) at
varying concentrations (50, 150, and 200 mM) on the DNase activity of rLinCas7. “W” represents the
control reaction without rLinCas7. “C” is the control reaction containing rLinCas7 without
supplementation of indicated monovalent salts. (D) The DNase activity of rLinCas7 at varying pH. (E)
The DNase activity of rLinCas7 at different temperatures. (F) Change in CD spectra of rLinCas7 due
to the temperature. The CD spectra of the rLinCas7 were acquired after a 10 min incubation at 37 °C
or 65 °C and compared. Nuclease reactions were analyzed on EtBr stained-agarose gel (1 %). For
clarity, the gel images have been illustrated after inversion. In all the gels, either 2 log or 1 kb DNA
ladders were loaded. At least two independent experiments confirmed the results represented.

The stacking of DNA in wells at pH 3.0-4.0 proposes the strong binding character of rLinCas7
to DNA at a highly acidic pH. The range of 30-37 °C was estimated to be the optimum
temperature for DNase activity where complete DNA degradation was evident (Fig. 2.4E). At
temperature >45 °C, the protein was found to be aggregated, driving it to get affixed in the
wells of electrophoretic agarose gel along with temporarily bound DNA molecules. The failure
of nuclease activity because of aggregation was also ascertained by CD spectroscopy, where
deformation of rLinCas7’ s secondary configurations was recorded when incubated at 65 °C

for 10 min compared to the protein pre-incubated at 37 °C (Fig. 2.4F).
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2.2.3. LinCas7 is a non-specific endoDNase

A set of nuclease assays were accomplished using DNA substrates of varying nucleotide
sequences, sizes, and conformations to determine the explicitness of rLinCas7 for DNase
activity towards the type of DNA. The nuclease assay was executed against linear ds-DNA
substrates of varied sizes (840 and 105 bp) and sequences (Fig. 2.5A). Incision of both the
DNA substrates was pronounced conditionally if the reaction contained Mg?* ions, signifying
the sequence-independent rLinCas7’ s endoDNase activity against ds-DNA molecules.
However, against duplex DNA oligo substrate (40 bp), rLinCas7 was inert for nuclease activity

but exhibited binding property (Fig. 2.5B).
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Fig. 2.5. Specificity of rLinCas7 endoDNase activity. The specificity of rLinCas7’ s DNase activity
towards varied DNA sequences, sizes, and conformations was assayed (vide methods). (A) The
rLinCas7’ s DNase activity on linear ds-DNA substrates of varied sizes (105 bp, 840 bp) and nucleotide
sequences. (B) Nuclease assay of rLinCas7 against 40 bp duplex DNA oligos (1 pM). The reactants
were resolved on 8 % TBE-Native- PAGE and visualized with SYBR gold staining. (legend continued
on next page)
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(C) Shows the rLinCas7’ s DNase activity on circular ss-DNA (¢x174 virion DNA). Post-completion,
nuclease reactions in A & C were analyzed on ethidium bromide (EtBr) stained-agarose gel (1 %). Gel
images are presented after inversion. The leftmost lane in all the agarose gels contains 2 log DNA
ladders. (D) Electrophoretic mobility shift assay (EMSA) of repeat DNA in the presence of rLinCas7
at variable time intervals. For EMSA, reactions of rLinCas7 (3 uM) on short ss-DNA oligos (0.5 uM)
were set in 1x binding buffer with and without Mg?* ions (MgCl,; 10 mM) for the indicated time (20-
60 min) at 37 °C and resolved on TBE-Native-PAGE (8 %) at 4 °C. The short ss-DNA oligos used is a
36 nucleotide 5’ fluorescent-labeled (marked with a green star) repeat DNA ("*MRepeat DNA). At least
two independent experiments confirmed the results presented.

The binding of rLinCas7 to the duplex DNA oligo (40 bp) without cleavage activity is in
consensus with the observation that LinCas7 copurifies with DNA of size apparently ~30 bases
long. The DNase assay indicates that the sensitivity of rLinCas7's activity relies on the size of
the DNA substrates. The nuclease activity assay set on circular single-stranded DNA (ss-DNA)
substrate (¢x174 virion DNA) (Fig. 2.5C) also confirmed the non-specific character of
LinCas7’' s endoDNase activity. However, rLinCas7 demonstrated neither cleavage nor stable
binding with single-stranded short DNA oligos [synthetic Fluorescein amidite-labeled repeat
DNA (MRepeat DNA) of CRISPR?2 in type I-B system of L. interrogans Copenhageni] under
the specified experiment conditions, i.e., with/without Mg?* ions at 37 °C (Fig. 2.5D). The inert
nature of rLinCas7 on short ss-DNA and duplex DNA oligo substrates demonstrated that the
discerned endoDNase activity is specific to rLinCas7 and not because of any protein

purification artifact.

2.2.4. LinCas7 displays divalent metal ion tunable RNA binding as well as

cleavage

The various Cas7 orthologs characterized so far from different CRISPR-Cas systems of
bacteria have been reported as RNA binding proteins that fasten at the variable region of mature
crRNA and play a role in sculpting the helical backbone of the Cascade complex (R. N. Jackson
et al., 2014; Lintner et al., 2011; Plagens et al., 2014). Cas7 family proteins can attach
unstructured RNAs in a non-specific sequence mode. Nevertheless, there is stability in the
binding of Cas7 to ss-RNA with an increase in ss-RNA length as reported for the Cas7 of
Methanopyrus kandleri (MkCsma3) from the CRISPR-Cas type I11-A system (Hrle et al., 2013).
Furthermore, Cas7-like proteins that constitute the effector complex (termed Cmr or Csm
complex) in several CRISPR-Cas type 11l systems are recognized to cleave the specific RNA
target complementary to the crRNA of the effector complex (Liu and Doudna, 2020). In
contrast, the BhaCas7 (also known as Csd2) encoded in the CRISPR-Cas type I-C system of
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Bacillus halodurans has been reported as inert against DNA and RNA substrates (Punetha et
al., 2014).

Here, the unusual DNase activity of LinCas7 motivated us to investigate its activity on RNA
substrates. A time-bound activity assay was set up using an in vitro synthesized non-specific
RNA substrate with varying concentrations of Mg?* ions (Fig. 2.6A). To our astonishment,
instead of conventional RNA binding activity, rLinCas7, in the absence of Mg?* ions, exhibited
RNase activity. Notably, the RNase activity of rLinCas7 was inhibited in the presence of
increasing concentrations of Mg?* ions. The Mg?* ions at an apparent molar ratio of 1:10000
(rLinCas7: Mg?*) impeded the RNase activity of rLinCas7. The possibility of any RNase
contamination in the protein preparation was ruled out by scrutinizing the rLinCas7 heat
sensitivity towards RNase activity. The omnipresent RNases are highly stable to heat and can
stay active even upon heating at 120 °C (Green and Sambrook, 2019; Miyamoto et al., 2009).
Therefore, the pure rLinCas7 was heat-denatured at 65 °C for 10 min, and then the RNase
activity was analyzed (Fig. 2.6B). Heat denaturation of rLinCas7 compromised its RNase
activity, ensuring that the observed RNase activity was specific.
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Fig. 2.6. rLinCas7 demonstrates metal ions tuneable RNase activity. (A) The time-bound
nuclease activity of rLinCas7 (3 uM) against non-specific RNA substrate (264 nt). Nuclease reaction
was performed in 1x nuclease activity buffer containing increasing concentrations (0-60 mM) of ions
for 1 h at 37 °C and resolved on EtBr stained-agarose gel (1.5 %). The leftmost lane contains DNA
ladders. (B) The effect of heat on pure rLinCas7’s RNase activity. The rLinCas7 was heated for 10
min at 65 °C (rLinCas7%) before setting the nuclease reaction against RNA substrate for 1 h at 37
°C. Post-completion, reactions were resolved on EtBr stained-agarose gel (1.5 %). The results
presented were confirmed by at least two independent experiments.

Page 52|164
TH-3168_166106005



Chapter 2 Activity of LinCas7 on nucleic acids

Next, the rLinCas7 activity on its cognate mature crRNA (P*McrRNA, 70 nt) and repeat RNA
(MMRepeat RNA, 36 nt) was assessed (Fig. 2.7A). The rLinCas7 displayed distinct binding to
crRNA only in the presence of Mg?* ions, and a shift in RNA migration was evident on Native-
PAGE. Interestingly, in the absence of Mg?* ions, rLinCas7 showed cleavage activity against
both crRNA and repeat RNA substrates (Fig. 2.7B), consistent with its perceived action on a
non-specific RNA (Fig. 2.6A). The binding of rLinCas7 to crRNA was also in agreement
through field emission transmission electron microscopy (FETEM) (Fig. 2.7B and C), where
the oligomerization of rLinCas7 was evident when incubated with crRNA. A ribonucleoprotein
composite structure was seen (Fig. 2.7C), aligning similar in shape to the reported helical
backbone of the CRISPR-Cas type | Cascade complex (Hochstrasser et al., 2016; Liu and
Doudna, 2020).
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Fig. 2.7. Pure rLinCas7 binds its cognate crRNA in presence of Mg?* ions. (A) The rLinCas7
demonstrates binding to mature crRNA in an electrophoretic mobility shift assay (EMSA). The EMSA
assay was performed by incubating 5’ FAM-labeled (marked with a green star) mature crRNA
("McrRNA, 70 nt; 0.5 uM) and repeat RNA ("*MRepeat RNA, 36 nt; 0.5 uM) substrates independently
with rLinCas7 (6 uM) in 1x binding buffer in the presence and absence of Mg?* (60 mM) for 1 h at 37
°C. Post-completion, reactions were resolved on TBE-Native-PAGE (8 %) at 4 °C. (B) Field emission
transmission electron microscopy (FETEM) micrograph of pure rLinCas7. (C) FETEM micrograph of
rLinCas7 after incubation with crRNA. The micrograph scale bars are 200 nm. The results presented
were confirmed by at least two independent experiments.

Recently, it has been reported that the 6xHis tag of the recombinant protein may contribute to
RNase activity as an artifact (Schoonen et al., 2017). In the RNA-binding assay, each Cas7
variant (LinCas7 and rLinCas7) of Leptospira exhibited RNase activity without Mg?* ions

(Appendix Fig. Aba). Thus, an artifact RNase activity within Cas7 variants of Leptospira was
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overruled. To further substantiate any artifact’s role in RNase activity within the LinCas7
variant, the RNA binding assay was executed with DvuCas7c (untagged) under similar
experimental conditions. The DvuCas7c has been demonstrated to have an affinity for the
crRNA without any RNA cleavage elsewhere (Hochstrasser et al., 2016). In agreement with
the reported finding, the DvuCas7c in this study ascertained the RNA substrate binding with
no cleavage activity (Appendix Fig. A5b). In the DvuCas7c RNA binding assay, a shift in
RNA substrate migration on Native-PAGE was detected (Appendix Fig. A5b). Interestingly,
the binding efficiency of DvuCas7c is reasonably compromised in the presence of Mg?* ions.
The detectable RNA binding affinity without the cleavage activity of DvuCas7c ruled out the
possible RNase artifact and advocated the LinCas7 variants to possess an intrinsic RNase

characteristic.

2.2.5. Mg?* ions modulate the overall structural conformation of LinCas7

The structure prediction for LinCas7 by the I-TASSER program (Yang and Zhang, 2015)
projected a 3D model with a confidence score of -0.28 that showed the closest architectural
analogy with SsoCas7 (PDB: 3psOA) of CRISPR-Cas type I-A system in Sulfolobus
solfataricus (Lintner et al., 2011), scoring a root mean square deviation (RMSD) of 1.86 A for
all C, atoms (Appendix Fig. A6). Likewise, the LinCas7 shares the best sequence match with
SsoCas7 among all functionally and/or structurally characterized Cas7 orthologs as revealed
by BlastP alignment (24 % sequence identity and 61 % query coverages). The computational
analysis of modeled LinCas7 revealed it to contain five tryptophan (W) and seven tyrosine (Y)
residues, which are largely buried. The relative surface accessibility (RSA) of tryptophan
residues in LinCas7 ranges from 0 to 33.7 % [W35 (33.7 %), W56 (0 %), W75 (13 %), W119
(15.1 %), and W166 (6.32 %)] while the RSA of tyrosines ranges between 0-65.8 % [Y50 (24.7
%), Y86 (0 %), Y142 (65.8 %), Y151 (0 %), Y153 (0.38 %), Y189 (21 %), and Y210 (9.9 %)].
The largely buried positioning of tryptophan and tyrosine residues allowed the probing the
nature of Mg?" ions interaction with LinCas7 by measuring the LinCas7’ s intrinsic
fluorescence in the presence and absence of Mg?* ions. The intrinsic fluorescence measurement
of a protein provides information on the nature of ligand binding and conformational changes

in protein (Bougie et al., 2003; Punetha et al., 2014; Suryawanshi et al., 2016).
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The intrinsic fluorescence measurement of pure rLinCas7 in the absence of Mg?* ions displayed
the maximum emission at 342 nm (Amax) UpON excitation at 290 nm (Fig. 2.8A). A steady
decrease in pure rLinCas7’ s intrinsic fluorescence intensity (i.e., Amax) Was recorded with the
increase in Mg?* ions concentrations (0-60 mM) and reached saturation at 100-300 mM of
Mg?* ions (Fig. 2.8A-C). The reduction in intrinsic fluorescence suggests the quenching of
tryptophan and tyrosine residues, which can be possible if they are getting exposed to solvent
or become closer to each other due to conformational changes in rLinCas7 by metal ion
binding. The binding of the metal ions at the site(s) closer to the emission traits of tryptophan
and tyrosine residues in rLinCas7 may also result in the quenching of rLinCas7's intrinsic

fluorescence.
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Fig. 2.8. Interaction between Mg?* ions and rLinCas7. (A) The representative intrinsic fluorescence
spectra of rLinCas7 (1 uM) in the presence of Mg?* ions of variable concentrations (0-300 mM). The
fluorescence emission spectra of rLinCas7 ranging from 310 to 410 nm at an excitation wavelength
of 290 nm have been shown. (B) Percentage quenching of intrinsic fluorescence of rLinCas7 (1 uM)
at maximum emission wavelength (342 nm, Amax) as a function of added Mg?* ions (0-300 mM). The
percent quenching of fluorescence was calculated considering rLinCas7's intrinsic fluorescence in the
absence of Mg?* (0 mM) as 100 %. (legend continued on next page)
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(C) The saturation binding isotherm generated by plotting the change in rLinCas7’s intrinsic
fluorescence intensity (AF/Fo) at 342 nm (Amax) as a function of variable MgCl., concentrations (0-300
mM). Here AF is the magnitude of difference between the fluorescence intensity of rLinCas7 with (F)
and without (Fo) the Mg?* ions. R? indicates the square of the goodness of fit, n represents the number
of binding sites, and Kq denotes the apparent dissociation constant, respectively. (D) The CD spectra of
rLinCas7 (10 uM) in the presence of varying concentrations (0, 30 & 100 mM) of Mg?" ions. The
presented CD spectra are the average of 5 scans after baseline correction. The error bars in (B) & (C)
show the standard deviations (SDs) from the two independent experiments.

A saturation binding isotherm was plotted using the fluorescence data to get insight into the
nature of the interaction of Mg?* ions with rLinCas7 (Fig. 2.8C). The non-linear curve of the
saturation binding isotherm of rLinCas7 projected the number of binding sites for Mg?* ions to
be close to one (n = 0.78) with a dissociation constant (Kq) of 26.81 mM. Furthermore, the CD
profile of rLinCas7 was also recorded to reveal any alteration in secondary structures due to
the presence of Mg?* ions (Fig. 2.8D). The CD analysis of rLinCas7 in the absence and
presence of Mg?* ions showed similar secondary structure content (36.0/34.8/33.5 % a-helix
and 37.6/37.2/ 38.6 % B-sheets in rLinCas7 at 0/30/100 mM Mg?* ions, respectively).

2.3. Discussion

CRISPR-Cas adaptive immunity in prokaryotes utilizes the effector complex to fend off the
intruding genetic elements based on memory acquired during past infections with similar
genetic elements (Barrangou and Horvath, 2017). In CRISPR-Cas type | and type Il systems,
the effector complex is a large ribonucleoprotein composite comprised of a set of Cas proteins
assembled on crRNA in a specific structural order (Liu and Doudna, 2020). Cas7 is the major
subunit protein of the effector complex. Multiple units of Cas7 polymerize helically on the
unstructured variable spacer region of crRNA, creating the central backbone of the effector
complex (Hochstrasser et al., 2016; Liu and Doudna, 2020). In agreement with its high affinity
for hypervariable spacer region of crRNA in effector complex, the Cas7 orthologs from various
CRISPR-Cas systems have been characterized as non-specific RNA binding proteins (Hrle et
al., 2013; Kalwani et al., 2020; Plagens et al., 2014). However, the RNA binding strength of
Cas7 proteins is weakened by the smaller size and structured conformations of RNA, as
demonstrated for the Cas7 ortholog- MkCsm3 (Hrle et al., 2013). The MkCsm3 showed a
strong binding affinity towards the unstructured ss-RNAs of >15 nt size independent of
sequence. While, for the structured RNAs (CRISPR repeat RNAS) and ss-RNA of smaller size
(8 nt), MkCsm3 did not exhibit significant binding activity. On the same line, the Cas7
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orthologs from Thermoproteus tenax (TtxCas7) and cyanobacterium Anabaena sp. PCC 7120
(Alr1562) has been documented to copurify with non-specific RNA (Kalwani et al., 2020;
Plagens et al., 2014). In addition, the copurification of DNA as an impurity with Cas7-bound
RNA has also been reported in the S. solfataricus CRISPR-Cas type I-A system (Lintner et al.,
2011). On the other hand, in this study, LinCas7 copurified exclusively with DNA. The
apparent size of DNA copurified with LinCas7 was calculated to be around 30 bases long based
on the difference in the molecular size of DNA-bound LinCas7 (~55 kDa) and the pure LinCas7
(~36 kDa) on SEC. The purification of recombinant LinCas7 bound with DNA intimated its
affinity for DNA and drove us to scrutinize its activity on DNA substrates. The DNase activity
of Cas7 orthologs has been underreported to date, possibly due to milder nuclease action on
DNA as noticed for DvuCas7c in this study (Appendix Fig. Adb). Similarly, the BhaCas7
from B. halodurans has been demonstrated to be inert on DNA and RNA substrate (Punetha et
al., 2014).

Unlike BhaCas7 and DvuCas7c, the rLinCas7 displayed a pronounced non-specific Mg?* ion-
dependent endoDNase activity. The endoDNase activity in the rLinCas7 is non-canonical for
its proposed roles in the CRISPR-Cas defense system. Nevertheless, such unconventional
DNase/ RNase activity has also been recorded for other Cas proteins, including BhaCas5c and
BhaCas8c of B. halodurans (Punetha et al., 2014). Similarly, multiple Cas proteins of L.
interrogans, including LinCasl (Dixit et al., 2021b), LinCas2 (Dixit et al., 2016; Xiao et al.,
2019b), and LinCas4 (Dixit et al., 2021a), demonstrated the non-specific DNase activity.
Similar to the LinCas2 and LinCas4, the rLinCas7 showed prominent endoDNase activity in
the presence of divalent Mg?* ions and, to a minor extent, with Mn?" ions. The other
physiological conditions mandated for rLinCas7 DNase activity viz. pH (7.0-9.0), temperature
(30-37 °C), and preference for specific monovalent ions (KCI) were also similar to the ones
reported for LinCas2 and LinCas4 (Dixit et al., 2021a, 2016; Xiao et al., 2019b). The different
nuclease assays together suggest that Leptospira may have a similar mechanism to regulate the
nuclease activity of Cas proteins. Further, the structure disorderliness of rLinCas7 at 65 °C was
evident by CD spectroscopy data. CD data of rLinCas7 suggests its thermal instability beyond

45 °C results in a gradual decrease in DNase activity.

At this juncture, the functional applicability of LinCas7 DNase activity towards CRISPR-Cas

immunity in the Leptospira genome remains unclear. However, the promiscuous DNase
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activity in LinCas7 can be considered an evolutionary adaptation that may potentially benefit
the bacteria to confront the intruding phage genome with fewer restriction sites or CRISPR
escape mutations (Vasu et al., 2012). The additional DNase activity in a Cascade complex
furnished by Cas7, along with Cas3 helicase/nuclease, may accelerate the alien DNA
destruction by CRISPR interference. Furthermore, the non-specific DNase activity in the
subunit proteins of a Cascade can also be advantageous for CRISPR adaptation. Although the
mechanistic details are still elusive, there are accumulating pieces of evidence suggesting the
involvement of Cascade complex and Cas3 along with Cas1/Cas2 in the adaptation phage of
CRISPR defense (Datsenko et al., 2012; Garrett et al., 2020; Musharova et al., 2021). The
primed adaptation essentially involves the CRISPR interference complex wherein the Cascade
recognizes the invasive DNA with perfectly matching protospacer and/or altered
PAM/protospacer sequence (escape mutations) and recruits the Cas3 helicase/nuclease for
subsequent degradation of target DNA (Musharova et al., 2021). The target DNA degradation
by Cas3 generates short ds-DNA fragments (prespacers) that are processed and integrated into
the CRISPR array as new spacers by Casl-Cas2 heterocomplex (Musharova et al., 2021).
Recently, the Cascade-, Cas3- and Casl/Cas2-dependent primed as well as naive adaptation
has been demonstrated in the CRISPR-Cas type I-B system of Pyrococcus furiosus (Garrett et
al., 2020). The deletion of Cas3 or the type I-B Cascade complex individually led to a drastic
reduction in new spacer acquisition compared to wild type P. furiosus strain (Garrett et al.,
2020). Therefore, a Cascade complex with promiscuous DNase activity may promote the
efficient acquisition of multiple new spacers from a phage genome which hoax its destruction

by the Cas3 nuclease due to escape mutations in the PAM/protospacer region.

The rLinCas7 showed size sensitivity for DNase activity as it could not degrade the short DNA
duplex (40 bp), and in DNase assay, accumulation of degraded products of <100 bp was always
evident. The observed sensitivity of rLinCas7 DNase activity towards the size of the ds-DNA
substrates is in line with our speculation that the non-specific DNase activity of LinCas7 may
foster the generation of short DNA fragments for incorporation into the CRISPR array, hence
may endorse the adaptation process. The divalent metal ion-independent DNA nicking activity
of LinCas?7 is also in conformity with the requirement of the CRISPR defense as it may enable
the Cascade complex to settle on the target DNA by relaxing the supercoiled DNA and
facilitating the construction of an open platform for the binding of Cas3 nuclease. Also, the
non-specific nucleases are implicated in a comprehensive range of cellular tasks, including
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regulating endogenous gene expression, replication, recombination, and repair (Kang et al.,
2010; Yang, 2011). Hence, it is conceivable that besides the canonical functions in CRISPR-
Cas immunity, the non-specific nuclease activity of Cas proteins may be utilized by the host
bacterium for other physiological tasks. For instance, the nuclease activity of Cas2 in
Legionella pneumophila promotes the intracellular infection of amoebal host cells (Gunderson
et al., 2015). Also, the Cas9 of Francisella novicida has been reported to foster bacterial
virulence by degrading the endogenous transcript encoding a bacterial lipoprotein that
otherwise triggers the host’s innate immune response (Sampson et al., 2013). Moreover, the
low affinity of LinCas7 for Mg?* ions (K¢ = 26.81 mM) can be one of the regulatory features
that suppress the non-specific DNase activity of LinCas7 inside the bacterial cell where the
total Mg?* ions concentration ranges up to 100 mM (Maguire and Cowan, 2002; Moncany and
Kellenberger, 1981).

Similarly, rLinCas7 also exhibits divalent metal ion tuneable RNA binding and cleavage
activity. In consensus with its canonical role in CRISPR-Cas immunity, i.e., to attach the
crRNA and shape the helical backbone of the CRISPR effector complex, rLinCas7 showed
distinct binding to its authentic mature crRNA in the presence of Mg?* ions. However, the
absence of Mg?* ions rendered the rLinCas7 to cleave the RNA molecules non-specifically.
Under similar conditions, rLinCas7 did not show detectable binding with the repeat RNA,
unlike its affinity for mature crRNA. The shorter and mostly structured conformation of repeat
RNA compared to crRNA could be the possible reason that obstructed the rLinCas7 binding
as previously documented for its orthologs MkCsma3 (Hrle et al., 2013) and Alr1562 (Kalwani
et al., 2020). MkCsm3 and Alr1562 have been demonstrated to have a higher affinity for RNA
with a more extended linear unstructured segment (mature crRNA) in comparison to short-
structured RNA (repeat RNA) (Hrle et al., 2013; Kalwani et al., 2020). Although the Cas7
family proteins share structural analogy, sequence-wise, they show extremely poor homology.
The disparity in the amino acid sequence among Cas7 orthologs can lead to uneven
oligomerization properties (Gu et al., 2019; Kalwani et al., 2020). For instance, Alr1562 (38
kDa), a Cas7 protein of Cyanobacterium Anabaena PCC 7120, exists as a dimer in solution
(Kalwani et al., 2020). However, Alr1562, along with RNA, can form higher oligomeric
complexes of >600 kDa. Similarly, pure ZmCsy3 (38 kDa) (Cas7 of Zymomonas mobilis)

requires RNA for oligomerization in solution (Gu et al., 2019). Moreover, ZmCsy3 can self-
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assemble into a distinct oligomeric structure (7-mer) when it is in the crystalline state and

resembles the backbone of the Cascade complex (Gu et al., 2019).

The transmission electron microscopy revealed the ability of rLinCas7 to oligomerize onto the
crRNA framework into distinct structures. The assembled structure roughly resembles the
helical backbone of the Cascade complex. Likewise, the various Cas7 orthologs from different
type | and type 111 CRISPR-Cas systems have been demonstrated to form helical arrangement
on RNA, including the DvuCas7c (Hochstrasser et al., 2016), SsoCas7 (Lintner et al., 2011),
and Cas7e of E. coli (Wright et al., 2016). The RNA-induced helical assembly of rLinCas7
agrees with its mandate function in the CRISPR-Cas system of Leptospira. Furthermore, the
oligomerization of rLinCas7 is RNA dependent since the pure rLinCas7 alone, in SEC, showed
an elution profile equivalent to the monomeric size and appeared as a homogenous single unit
entity under the electron microscope. Similarly, the SsoCas7, ZmCsy3 and MkCsm3 were
reported to exist as a monomer in solution and requires crRNA for helical assembly (Gu et al.,
2019; Hrle et al., 2013; Lintner et al., 2011).

The Mg?* ions at an apparent molar ratio of 1:10000 (rLinCas7: Mg?") deterred the RNase
activity of rLinCas7. At this molar ratio, Mg?* ions reduced the intrinsic fluorescence of
rLinCas7 by approximately 17 % without altering its secondary structures. The free Mg?* ions
concentration in Leptospira has been estimated to be 0.4 mM (Szatmari et al., 2020). However,
the total Mg?* ions concentration, including free and bound forms in Leptospira cells, is
unknown. In general, the total Mg?* ions content in a bacterial cell (E. coli) can range up to
100 mM (Maguire and Cowan, 2002; Moncany and Kellenberger, 1981). The expression level
of LinCas7 (17 copies/cell = ~80 nM) in Leptospira detected by mass spectrometry
(Malmstrém et al., 2009) is very low and thus may allow Mg?* ions to modulate the LinCas7
nuclease activity in vivo. Such divalent metal ion modulation can reasonably impede the
LinCas7 RNase activity, permit LinCas7 to bind the crRNA, and facilitate the degradation of
intruder DNA by the CRISPR-Cas interference complex. Furthermore, in a CRISPR-Cas
system, a team of Cas proteins forms the functional effector complex characterized by
collective interactions between different Cas proteins and with crRNA as exemplified in the
CRISPR-Cas type I-C system of D. vulgaris (Hochstrasser et al., 2016). In D. vulgaris
CRISPR-Cas I-C, multiple Cas proteins and the crRNA cooperatively shape a functional
Cascade complex (Hochstrasser et al., 2016). Hence, it is plausible that other interacting Cas
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proteins partners in the Cascade complex may regulate the LinCas7 non-canonical activities
(DNase and RNase) and direct it to execute its mandate role in CRISPR immunity. A similar
mechanism to seize the unexpected nuclease activities has been described for BhaCas8c (or
Csdl) (Punetha et al., 2014). The RNase action of BhaCas8c was inhibited by pure BhaCas7
(or Csd2) when supplemented into the nuclease reaction (Punetha et al., 2014). In general, for
Cas8 of CRISPR-Cas type | systems, the uncontested function is to bind and cap the 5’ end of
crRNA with the aid of Cas7 (Liu and Doudna, 2020). Overall, the present study suggests that
the LinCas7 is an evolved Cas7 variant with additional nuclease benefits that may enable the
bacterium to cope-up more effectively against the impersonator phage genome. Moreover, the
exact role of the promiscuous nuclease activity of LinCas7 in the CRISPR-Cas type I-B defense

system of Leptospira needs to be further interpreted.

2.4. Conclusion

The pure rLinCas7 displays Mg?* ion tunable activity against DNA and RNA substrates. In
agreement with its canonical role in CRISPR-Cas immunity, rLinCas7 displays distinct binding
to mature crRNA exclusively in the presence of Mg?* ions. In the absence of divalent metal
ions, rLinCas7 behaves as a non-specific RNase. LinCas7 seems unique among proteins
classified under the Cas7 family as it demonstrates Mg?* ion-dependent endoDNase activity.
The LinCas7's non-canonical nuclease activity, concurrently with the previously reported dual
nuclease nature of LinCas2 (Dixit et al., 2016) and the non-specific DNase action of LinCasl
(Dixit et al., 2021b) and LinCas4 (Dixit et al., 2021a) implies a distinctly evolved CRISPR-
Cas I-B immune system in Leptospira compared to other prokaryotes.

2.5 Materials and methods

2.5.1. Bacterial strains, media, and growth conditions

L. interrogans serovar Copenhageni strain Fiocruz L1-130 was procured from the Indian
Council of Medical Research (ICMR), Regional Medical Research Centre (RMRC), Port Blair,
Andaman, and Nicobar Island, India. The spirochete culture was maintained in EMJH
(Ellinghausen-McCullough-Johnson-Harris) medium (Difco, Becton Dickinson India Pwt.
Ltd., New Delhi, India) at 29 °C by regular subculturing at an interval of 6-7 days. The E. coli
strains DH5a (NEB #C2987H) and BL21 (DE3) (Novagen #69450-M) were used to propagate
plasmid constructs and the over-expression of recombinant proteins, respectively. Both E. coli
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strains were grown in Miller Luria Bertani (LB)-broth (Himedia #M1245) or Miller LB-agar
(Himedia #M1151) medium supplemented with respective antibiotics at 37 °C.

2.5.2. Cloning, overexpression, and purification of Cas7 proteins

The complete lincas7 ORF (Open reading frame) (L1C10936; 840 bp) was PCR (Polymerase
chain reaction) amplified from the genomic DNA of L. interrogans Copenhageni strain Fiocruz
L1-130 using gene-specific primer pair. The gene-specific primers and plasmids used in this
study are listed in (Appendix Table Al). The amplified lincas7 gene was cloned into a pET-
28a expression vector between Nhel and Xhol restriction sites to overexpress the LinCas7 with
an N-terminal 6xHis tag. For overexpression with an N-terminal GST-tag, the PCR amplified
lincas7 gene was cloned into a pGST-TEV expression vector between EcoRI and Xhol
restriction sites. Similarly, for comparative analysis, the cas7c gene (dvucas7c, 873 bp) of D.
vulgaris was PCR amplified from a commercially available plasmid construct Cas7/pHMGWA
(Addgene plasmid # 81184) (Hochstrasser et al., 2016) and cloned into a pGST-TEV
expression vector between EcoRI and Xhol restriction sites to overexpress the recombinant
DvuCas7c protein with an N-terminal GST tag (GST-DvuCas7c; 58 kDa). The recombinant
plasmid constructs (pET28a-LinCas7, pGST-LinCas7, and pGST-DvuCas7c) were confirmed
by double restriction digestion and Sanger sequencing (Eurofins, India). The recombinant
plasmid constructs were independently transformed into E. coli DHSa and BL21 (DE3) cells

for in-vivo plasmid propagation and overexpression of Cas7 proteins, respectively.

The Cas7 proteins were overexpressed in E. coli BL21 (DE3) cells by inducing the cultures at
OD600 = 0.5-0.6 with 1 mM IPTG for 4 h at 180 rpm and 37 °C. Induced cells were harvested
and washed with 1x phosphate-buffered saline (1x PBS composition: 10 mM Na;HPQO4, 2 mM
KH2PO4, 137 mM NaCl, and 2.7 mM KCI; pH 7.4) by centrifugation at 3000 x g for 10 min.
The 6xHis-LinCas7 (rLinCas7; 33.6 kDa) was purified by affinity chromatography using
nickel-nitrilotriacetic acid (Ni-NTA) resins (GCC Biotech, India #GPC-01D) under native
conditions as described before in our laboratory (Dhara et al., 2021). Briefly, the induced
culture pellets were lysed in ice-cold lysis buffer-1 (50 mM Tris- HCI, 300 mM NaCl, 1 %
Triton X-100, and 10 % glycerol; pH 8.0) for 30 min on ice and sonicated for 5 min at 25 %
amplitude with 5 sec on/off cycles. The resulting homogenate was clarified by centrifugation
at 13,000 x g for 20 min at 4 °C. The supernatant was allowed to bind the Ni-NTA resins in a

10 mL gravity-flow column. The column was washed with 6-7 column volumes of ice-cold
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wash buffer-1 (50 mM Tris-HCI and 300 mM NaCl; pH 8.0) supplemented with 30 mM
imidazole. Post-washing recombinant protein was eluted in elution buffer (50 mM Tris-HClI,
300 mM NaCl, 10 % Glycerol, and 250 mM imidazole; pH 8.0). The induced E. coli cultures
overexpressing GST-LinCas7 (57 kDa) proteins were lysed in ice-cold lysis buffer-2 (50 mM
Tris-HCI, 150 mM NacCl, 1 % Triton X-100, and 10 % glycerol; pH 8.0) to prepare the untagged
LinCas7. After that, the clarified lysates were allowed to bind the glutathione agarose beads
(BioBharati LifeScience, India #BB-GAO004E) overnight at 4 °C. Post-binding, protein-bound
beads were washed with a 10-column volume of ice-cold wash buffer-2 (50 mM Tris-HCI and
100 mM NacCl; pH 8.0). Afterward, the untagged LinCas7 (LinCas7; 31 kDa) was eluted by
cleaving the GST-tag through in-bead TEV protease (6xHis-TEV) (NEB #P8112S) cleavage
in 1x TEV protease cleavage buffer at 4 °C for over-night. After elution, 6xHis-TEV was
removed by an additional Ni-NTA purification step.

The affinity-purified rLinCas7 and LinCas7 were individually subjected to the second
purification step by size exclusion chromatography (SEC). The SEC fractions containing
rLinCas7 or LinCas7 were concentrated using the 10 kDa centrifugal filter units (Amicon
#UFC901024) and stored in a storage buffer (25 mM Tris-HCI, 100 mM NaCl, 5 % Glycerol;
pH 8.0) at -20 °C until further experimental use. The untagged DvuCas7c was purified
following a similar procedure as performed for LinCas7 (untagged) purification, except lysis
buffer-1 and wash buffer-1 were used. The purified proteins were analyzed on 12 % sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) coupled with Coomassie
brilliant blue R250 staining.

2.5.3. Size exclusion chromatography

The size exclusion chromatography (SEC) was carried out using HiLoad™ 16/600 Superdex™
200 pg column (GE Healthcare #28-9893-35) connected to an AKTAprime plus
chromatography system (GE Healthcare). The column was equilibrated with storage buffer-1
and calibrated with molecular weight markers (Sigma-Aldrich #MWGF200) of gel filtration at
a 1 mL/min flow rate. After that, the SEC of affinity-purified rLinCas7, LinCas7, and
DvuCas7c was executed under identical operating conditions.
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2.5.4. Nuclease activity assay

The nuclease activity of LinCas7 was explored on various DNA and RNA substrates listed in
Table 2.1. To generate a non-specific RNA substrate, the full-length L1IC10940 gene (213 bp)
of L. interrogans was cloned into pTZ57R/T transcription vector directionally and in vitro
transcribed using Hiscribe™ T7 high yield RNA synthesis kit (NEB #E2040S) following
manufacturer’s instructions. The synthesized RNA contains a vector-derived additional 51 nt
sequence at its 5’ end. All the nuclease assays (DNase/RNase) were performed using 3 uM of
pure Cas7 proteins (rLinCas7, LinCas7, or DvuCas7c) in a 10 pL reaction volume
independently in 1x nuclease activity buffer (20 mM Tris-HCI and 100 mM KCI; pH 8.0) and
10 mM MgCI; at 37 °C for 1 h unless specified. The buffer composition was formulated as
described elsewhere (Punetha et al., 2014). In a time-bound nuclease activity assay, samples
were pulled out at the specified time intervals, and the reaction was terminated using either 50
mM ethylenediaminetetraacetic acid (EDTA; pH 8.0) or 1x DNA loading dye. Divalent metal-
ion dependence for nuclease activity was explored by substituting the Mg?* with numerous
other divalent cations (Mn?*, Ni?*, Ca®*, Cu?*, and Zn?*) in the reactions. EDTA (10 mM) was

utilized to chelate the metals in the nuclease reactions.

The influence of electrostatic interaction on rLinCas7 nuclease activity was scrutinized
utilizing various salts (NaCl, KCI, and NH4CI) at varying concentrations (50, 100, and 150
mM). The optimal temperature mandated for nuclease activity was determined by incubating
the nuclease reactions at varying temperatures (0-65 °C) for 1 h. The optimal pH was discerned
by establishing the reactions in a buffer containing 100 mM KCI, 10 mM MgCl. and 20 mM
of either sodium citrate (pH 3.0-5.0), MES (pH 6.0), Tris-HCI (pH 7.0-8.0) or CAPS (pH 9.0-
11.0). All the nuclease activity reactions, after completion, were electrophoresed either on
agarose gel (1-1.5 %) stained with ethidium bromide (EtBr) or tris borate EDTA (TBE)-Native-
PAGE (8 %) coupled with SYBR Gold staining and imaged using a gel documentation
instrument (Bio-rad). The images acquired are depicted after inversion for clarity.

2.5.5. TBE-Native-PAGE and EMSA

The SEC fractions of the LinCas7 and the rLinCas7 were concentrated, and 1 pg of each protein
was resolved on TBE (Tris borate EDTA)- Native-PAGE (Polyacrylamide gel electrophoresis)
(8 %). SYBR Gold (Invitrogen #511494) stain was used for visualizing the resolved product.
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The nucleic acid (DNA or RNA) copurified with LinCas7 was identified by treating the SEC
fraction of LinCas7 protein with either DNase I (1 U), RNase A (2 pg), or benzonase (10 U)
independently for 30 min at 37 °C. The reactions were resolved on 8 % TBE- Native-PAGE
and visualized after staining with SYBR Gold (Invitrogen #S11494). Electrophoretic mobility
shift assays (EMSA) were executed to determine the binding activity of Cas7 proteins on
fluorescein-labeled DNA/RNA oligos. The 5’ Fluorescein amidite-labeled (FAM) synthetic
RNA or DNA oligos (0.5 uM) of specified sequences ("MRepeat RNA, "McrRNA, or
FAMRepeat DNA) (Table 2.1) were incubated with and without Cas7 proteins (rLinCas7,
LinCas7, or DvuCas7c; 3-6 uM) in 1x binding buffer (20 mM Tris-HCI, 100 mM KCI, 5 %
glycerol, 1 mM dithiothreitol (DTT), 10 ug/mL heparin, and 0.01 % Igepal; pH 8.0) in presence
and absence of Mg?* ions (MgCly; 10-60 mM) at 37 °C for 1 h. The reactions were resolved on
8 % TBE-Native-PAGE at 4 °C and were visualized directly (unstained) using a gel

documentation instrument.

Table 2.1. DNA and RNA substrates used in this study

DNA/RNA substrate Sequence/Specificity Size Source
EAM (5'FAM)CUGAAUAUAACUUUGAUGCCGUUAGGC Prakash and
Repeat RNA GUUGAGCAC 860t Kumar, 2021
(5'FAM)UUGAGCACAAGGGGAAAACAUUCGUCA Prakash and
FAMcrRNA CCCCGUGAAAAACUUCUGAAUAUAACUUUGAU 70 nt Kumar. 2021
GCCGAUAGGCG ’
ox174 DNA Circular ss-DNA 53kb  NEB #N3023S
RNA Transcript of LIC10940 gene of L. interrogans 264 nt
Copenhageni
FAM (5'FAM)GTGCTCAACGCCTAACGGCATCAAAGTT
Repeat DNA ATATTCAG 36 nt
Plasmid pTZ57R/T plasmid with an insert; circular ds-DNA 3.7kb This study
. y 840 bp,
PCR amplicons Linear ds-DNA 105 bp
Duplex DNA Oligo In vitro annealed duplex DNA oligo 40 bp

nt: nucleotide; kb: kilobase pair; bp: base pair

2.5.6. Circular dichroism (CD) spectroscopy

The purified LinCas7 protein variants (LinCas7 and rLinCas7) were brought to a 10 uM final
concentration by diluting in a buffer (20 mM Tris-HCI and 20 mM NaCl; pH 8.0). CD spectra
in different conditions were recorded on a CD spectrometer (Jasco, model J-1500-150, Jasco

Inc., Maryland) using a 1 mm quartz cuvette (Starna Scientific Ltd). The obtained CD spectra
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were assessed to compute secondary structure configurations using the program beta structure
selection (BeStSel) (Micsonai et al., 2015).

2.5.7. Fluorescence spectroscopy

The intrinsic fluorescence measurement was carried out at 26 °C using the FP-8500
spectrofluorometer (Jasco, Japan). The rLinCas7 (1 uM) in storage buffer-1 was added with
Mg?* ions (MgCl,) at varying concentrations (0-300 mM). At an excitation wavelength of 290
nm, fluorescence emission data of rLinCas7 were acquired in the range of 300 to 500 nm at 0.5
nm intervals. At 290 nm wavelength, both tryptophan and tyrosine absorb (Bougie et al., 2003).
Emission spectra were recorded with the excitation and emission bandwidth of 5 nm and with
a default parameter of high sensitivity. The experiment was performed twice independently.
The spectrum was generated with the average value of three scans after background correction
by subtracting the signal from the control having the storage buffer-1 mixed with Mg?* ions of
variable concentrations (0-300 mM). A saturation binding isotherm was generated by plotting
the change in fluorescence intensity at Amax = 342 nm of rLinCas7 (AF/Fo) vs. the concentration
of Mg?* ions (0-300 mM) as described before (Bougie et al., 2003). In this assay, AF represents
the magnitude of the difference between the fluorescence intensity at a given concentration of
Mg?* ions (F) and the fluorescence intensity in the absence of Mg?* ions (Fo). The Prism v.9
software was used for plotting the graph and curve fitting.

2.5.8. Field emission transmission electron microscopy

The pure rLinCas7 (6 pM) was incubated with crRNA (0.5 uM) in 1x binding buffer containing
Mg?* ions (MgClz; 60 mM) in a total 10 pL reaction volume for 1 h at 37 °C. An identical
reaction without crRNA was included as a control. Then, each reaction sample (5 pL) after 2x
dilution in nuclease-free water was independently dropped-cast on UV-activated 400-mesh
carbon-coated copper grids (Agar Scientific Ltd, UK #AGS147-4H). After adsorption for 5
min, the excess buffer was blotted off with filter paper gently, and the samples were stained
with 2 % (w/v) uranyl acetate solution for 2 min. After that, the residual stain was wicked off
and air-dried. Electron micrographs were acquired using a JEOL-JEM-2100F field emission
transmission electron microscope operating at an accelerating voltage of 200 keV.

*khkkk
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Chapter 3

The belly filament subunit, LinCasl1b, co-translates from within
the lincas8b gene of CRISPR-Cas I-B in Leptospira 2!

3.1. Summary

Type | CRISPR-Cas systems are highly diverse and constitute the most abundant CRISPR-Cas
type in prokaryotes. They develop a ribonucleoprotein complex called Cascade to sense and
interfere with foreign DNA. Typically, a functional Cascade complex encloses a belly filament
comprised of two Casl1 subunits together with an a-helical C-terminal domain of the large
subunit (Cas8 homologs). Nevertheless, most type | CRISPR-Cas subtypes (I-B, I-C, I-D, I-F,
and 1-G), except I-E and I-A, are devoid of an autonomous gene coding for the Casl11. Thus,
the source and engagement of Casl1 subunits in various type | CRISPR-Cas lacking distinct
casll genes remain elusive until recently. The present study reports the molecular and
biochemical characterization of a Casl1l (LinCas11b) protein from CRISPR-Cas subtype 1-B
(Lin_I-B) of Leptospira interrogans. Within the lincas8b gene of Lin_I-B, we have identified
a small open reading frame that independently co-translates into LinCas11b (22 kDa). The co-
translating LinCas11b exhibits an all a-helix structure that shares the structural analogy with
Casll family proteins. Pure recombinant LinCasllb (rLinCasl1b) forms a homodimer in
solution and strongly interacts with LinCas8b. rLinCasl1lb demonstrates non-specific DNA
binding activity independent of divalent metal ions. In sum, LinCas11b, with a non-canonical
origin from lincas8b, is identified to be a structural and functional analog of Casll family
proteins. Moreover, further investigation of LinCasl11b is warranted to apprehend its role in
CRISPR defense response within Leptospira.

21 This chapter is partly adapted from a publication and reprinted with the authors’ permission. Hussain,
M.S., Anand, V., and 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, p.124086.
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3.2. Results

3.2.1. Overexpression and purification of rLinCas8b protein of Leptospira

The open reading frame LIC10937 (lincas8b, 1887 bp) encoding full-length Cas8b protein
(LinCas8b) of CRISPR-Cas subtype I-B system in L. interrogans was cloned into pET28a
plasmid to overexpress recombinant LinCas8 (rLinCas8b, 75 kDa) in E. coli (Appendix Fig.
Bla-b). The soluble rLinCas8b overexpression was achieved by IPTG induction of E. coli
culture grown under osmotic stress with sorbitol (0.5 M) (Appendix Fig. B2a). Initially, we
attempted to purify the rLinCas8b from soluble cellular fraction by nickel-affinity
chromatography. However, rLinCas8b could not be purified adequately because of its
inappreciable elution post-binding to affinity chromatography resins (Appendix Fig. B2b).
Several elution conditions, including different concentrations of imidazole (0.2-1 M), low pH
buffer (pH 4-6), 8 M urea, or guanidine-HCI (6M), were tested for elution of rLinCas8b bound
to affinity chromatography resins. However, appreciable elution of rLinCas8b could not be
achieved with any of the tested elution conditions. To check the intrinsic binding behavior of
LinCas8b to affinity chromatography resins, LinCas8b was overexpressed without any fusion
tag by cloning into the pET23a vector (Appendix Fig. Blc & B2c). The overexpressed
LinCas8b without any tag (73 kDa) bound to Ni-NTA-agarose beads, demonstrating
LinCas8b’s intrinsic affinity for purification resins (Appendix Fig. B2c). Ni-NTA resins can
also bind the Tryptophan and Cysteine residues in addition to Histidine (Hage et al., 2013).
Thus, the high content of Histidine, Tryptophan, and Cysteine (16, 17, and 6 residues,

respectively) in LinCas8b could be the reason for its strong binding to Ni-NTA resins.

Next, the purification of rLinCas8b was attempted with cation exchange chromatography
(CEX) (Appendix Fig. B3a-b). The elutes obtained from the CEX contained rLinCas8b as
well as multiple impurities of larger and smaller sizes. Therefore, the CEX elutes containing
rLinCas8b were subjected to the second purification step by SEC (Appendix Fig. B3c-d). To
our disappointment, on SEC, rLinCas8b was eluted as a single peak with multiple impurities
of larger size. Thus, pure rLinCas8b could not be obtained via CEX coupled with SEC.
Alternatively, the full-length lincas8b gene was cloned and overexpressed with an N-terminal
GST-tag (GST-LinCas8b, 99 kDa) and subjected to glutathione (GSH) affinity
chromatography for GST-LinCas8b purification (Appendix Fig. Bld-e & B4a-c). We

reasoned that post-binding to GSH-agarose resins, LinCas8b could be released by cleaving the
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GST tag through in-bead TEV protease cleavage if in case GST-LinCas8b could not be eluted
by reduced glutathione. During purification, the GST-LinCs8b bound to GSH-agarose beads
was eluted using reduced glutathione (10-40 mM), although elution was inefficient. Moreover,
pure GST-LinCas8b tended to precipitate during the dialysis set to remove glutathione.
Therefore, we attempted to elute the LinCas8b post-binding to GSH-agarose beads via in-bead
TEV protease cleavage (Appendix Fig. B4d). Alas, after TEV protease cleavage, the untagged
LinCas8b could not be eluted appreciably, most likely due to its intrinsic strong binding nature
to affinity chromatography resins, as noticed during the purification of 6xHis-LinCas8b also.
Thus, plagued with the strong binding nature of LinCas8b to affinity chromatography resins,
LinCas8b could not be purified adequately to perform any in vitro assays toward its

biochemical characterization.

Moreover, interestingly, one additional protein of size 22 kDa was found to be overproduced
exclusively in BL21 (DE3) cells overexpressing rLinCas8b (Fig. 3.1A, top panel; Appendix
Fig. B1-B4). Hereafter, we refer to this additional protein as recombinant LinCasllb
(rLinCas11b) due to its similarity to other Cas11 subunits of various Cascade complexes, as

identified later in this study.

(A) E. coli BL21 lysate (B) ()
S (pET28a-LinCas8b)
T
kba] 8 . + |prg
100 - = 5 [] 2 o Q2
70 — = @ < rLinCas8b v %X 5
23 7 == = (75 kDa) E 2 8
35 - -—— * © -5 el £
- §= ¢ § o g 2
25 — S == . T S5 o S o
&5 l« rLinCas11b T T 5 T 5
, (22 kDa) [kDa] & £ & [kDpa] £ &
159 = e 100 b . .
. 70w < rLinCas8b rLinCas8b
55— s
agp < rLinCas8b 40- .
35w
w|q rLinCasllb 254" wwws'd rLinCasl1lb rLinCas11lb
15-
Anti-rLinCas8b Anti-rLinCas8b

Fig. 3.1. Overexpression and purification of recombinant LinCas8b protein of Leptospira. (A)
10 % SDS-PAGE analysis (Coomassie stained) of the whole-cell lysates of uninduced (-) and IPTG-
induced (+) E. coli BL21 (DE3) cells housing the plasmid pET28a-LinCas8b (top panel).
Immunoblot with anti-rLinCas8b antibody of E. coli BL21 (DE3) lysates overexpressing rLinCas8b
(bottom panel). (legend continued on next page)
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(B) 10 % SDS-PAGE analysis (Coomassie stained) and (C) immunoblot of whole-cell lysate of IPTG-
induced E. coli BL21 cells overexpressing rLinCas8b and the nickel-affinity purified rLinCas8b. The
induction of heterologous overexpression of rLinCas8b results in enhanced expression of a protein
(marked by an asterisk) that is most likely of host E. coli origin. No detection of it (asterisk marked) by
anti-rLinCas8b polyclonal antibodies infers its origin from the host. The purified rLinCas8b contains a
non-specific protein (marked by a black dot) of E. coli origin judged by immunoblot with anti-
rLinCas8b polyclonal antibodies.

On immunoblotting, the anti-rLinCas8b antibody could detect the rLinCas8b (75 kDa) as well
as the additional protein rLinCasl1b (22 kDa) exclusively in the induced whole cell lysate of
E. coli BL21 (DE3) cells (Fig. 3.1A, bottom panel). Furthermore, the purification of
rLinCas8b through nickel-affinity chromatography resulted in copurification of the
rLinCasl1b (Fig. 3.1B) that cross-reacted with anti-LinCas8b on immunoblotting (Fig. 3.1C).

3.2.2. LinCasl1b is encoded within lincas8b gene

The detection of additional protein rLinCasllb (22 kDa) by anti-rLinCas8b suggested its
sequence identity with rLinCas8b and instigated us to probe the source of rLinCasllb from
LinCas8b. The analysis of the LinCas8b sequence (628 residues; UniProt ID. Q72TTO0)
revealed that it is longer than its orthologs in type I-E systems, including EcoCas8e (502
residues; UniProt ID. Q46901) and TthCas8e (502 residues; UniProt ID. Q53VY1) of E. coli
and Thermus thermophilus, respectively. The subtype | systems (I-B, I-C, I-D, I-F, and I-G),
except I-E and I-A, lack an independent gene coding for the Cas11 subunit of the Cascade
complex (Kira S Makarova et al., 2011; Makarova et al., 2015). Instead, they encode a large
subunit Cas8 (or Cas10d in type 1-D) with an extended C-terminus consisting of largely a-
helices (Kira S Makarova et al., 2011; Makarova et al., 2015). These a-helix-rich C-terminus
of Cas8 and Cas10d proteins have been postulated to be a functional substitute for Casll
subunits in the Cascade complex of subtype I-B, I-C, I-D, I-F, and I-G systems (Kira S
Makarova et al., 2011; Makarova et al., 2015). In agreement, recently, CthCas8b (613 residues;
UniProt ID. A3BDKB7) and MmaCas8b (650 residues; UniProt ID. A4FXZ7) of type I-B system
in Clostridium thermocellum and Methanococcus maripaludis, respectively, have been
described to contain a-helix rich extended C-terminus (Richter et al., 2017). Moreover, the
CthCas8b and MmaCas8b were reported to undergo auto-fragmentation resulting in the

generation of a Casl11-like C-terminal fragment of ~17 kDa (Richter et al., 2017).
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Similarly, in this study, the Phyre2 program (Kelley et al., 2015) predicted an a-helix rich (84
%) (0 % B-strand) secondary structure composition for the extended C-termini of LinCas8b
(200 residues; Met429-Ala628) with a high confidence level (Fig. 3.2). Also, the size of the
extended C-termini (23 kDa) of LinCas8b aligns with the co-expressing LinCas11b’s size (22
kDa) on SDS-PAGE.

Predicted secondary structure composition of LinCas8b C-terminal residues Myzg — Agas
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t ture B = B e R e a
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Fig. 3.2. The a-helix rich C-terminal of LinCas8b. The secondary structure elements of the
LinCas8b C-terminus (200 residues; Met429-Ala628), predicted by Phyre2 program, demonstrates
an a-helix rich composition. SS stands for secondary structure.

Therefore, overexpression of the truncated variants of LinCas8b (rLinCas8bN, 53 kDa;
rLinCas8b’C, 53 kDa) in E. coli was explored (Fig. 3.3A & Appendix Fig. B1f-g). On
immunoblotting with anti-rLinCas8b, rLinCasllb (22 kDa) was evident in cells
overexpressing either full-length rLinCas8b or rLinCas8b*N but not in the cells producing
rLinCas8b*® (Fig. 3.3B). This confirmed LinCas8b’s C-terminus as the source of LinCas11b.
Moreover, results of immunoblotting with anti-rLinCas8b antibody negate the auto-
fragmentation hypothesis for rLinCas8b as its cleavage may have resulted in the detection of a
third intermediate-size protein (53 kDa) in addition to full-length rLinCas8b and rLinCas11b.
Thus, we speculated that the LinCasl11b is a co-translational product from the C-termini of

LinCas8b rather than a result of LinCas8b’s auto-fragmentation.
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Fig. 3.3. LinCasl11b originates from the C-terminal of LinCas8b. (A) The schematics displayed on
top-left shows the partial ORFs (lincas8b and lincas8b*¢) of full-length lincas8b individually cloned
into pET28a plasmid to overexpress N- and C-terminal truncated variants of LinCas8b, rLinCas8bY
and rLinCas8b“, respectively. SDS-PAGE analysis of the whole-cell lysates of uninduced (-) and
IPTG-induced (+) E. coli BL21 (DE3) cells overexpressing the full-length rLinCas80b or its truncated
variants (rLinCas8b*N or rLinCas8b“). (B) Immunoblot of whole-cell lysates of E. coli BL21 cells
overexpressing full-length rLinCas8b or its truncated variants (rLinCas8b*N or rLinCas8b“‘). The
induction of heterologous overexpression of LinCas8b or its variants also results enhanced expression
of a protein (marked by asterisk) that most likely of host E. coli origin, inferred by no detection of it
by anti-rLinCas8b polyclonal antibodies.

Next, we searched for the alternative translation start codon within the lincas8b gene using the
ribosome binding site (RBS) calculator program (Salis et al., 2009). The in-silico analysis of
the lincas8b gene revealed a highly active (AGTotal = -2.76 kcal/mol) in-frame translation start
codon (ATG encoding Met429) near downstream of an RBS-like GA-rich stretch (Fig. 3.4A).
The in-frame translation start codon has been previously correlated to the total Gibbs free
energy change (AGrotal) required for the base pairing of the ribosome to mRNA sequence (Salis
etal., 2009). To validate the in silico analysis, the predicted internal start codon ATG (Met429)
was mutated to GCG (Ala429) in lincas8b within the pET28a-LinCas8b plasmid. Immunoblot
of induced E. coli lysate overexpressing rLinCas8b mutant variant (rLinCas8bM42°A)
demonstrated complete abolition in co-translation of rLinCas11b (Fig. 3.4B-C). Our finding of
LinCas11b protein encoded within the lincas8b also agrees with the recent reports of Casll
co-translation in other organisms harboring CRISPR-Cas type I-C (Neisseria lactamica and
Desulfovibrio vulgaris) (O’Brien et al., 2020; Tan et al., 2022) and I-D systems (Synechocystis
spp.) (McBride et al., 2020).
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Fig. 3.4. LinCasllb co-translates from an in-frame internal translation start codon encoded
within the lincas8b gene. (A) Schematics of lincas8b and lincas11b ORF. The codons within lincas8b
[ATG (M429) to TAG (stop codon)] represent a small fused lincas11lb ORF. The alternative RBS and
internal translation start codon (ATG in green) within the lincas8b are indicated and labeled. The amino
acid residues in LinCas8b and LinCas11b are indicated below the corresponding codons in the lincas8b.
The codon marked in red fonts indicates the mutation introduced in the lincas8b to overexpress
LinCas8bM42°* variant without LinCas11b co-translation. (B) SDS-PAGE analysis of the whole-cell
lysates of uninduced (-) and IPTG-induced (+) E. coli BL21 (DE3) cells overexpressing the full-length
rLinCas8b or its mutant variant rLinCas8b™*2A, (C) Immunoblot, using anti-rLinCas8b antibody, of
induced whole-cell lysates of E. coli BL21 cells overexpressing rLinCas8b or rLinCas8bM4294,
Mutation of the internal start codon within lincas8b results in the abolition of the rLinCasl1b co-

translation.

3.2.3. LinCasl1b shares structural similarities with its orthologs

In different type | and 111 CRISPR-Cas systems, the large (Cas8 and Cas10) and small subunit
(Casll) proteins exhibit very low or insignificant sequence similarity with their homologs
(Makarova et al., 2020a; Venclovas, 2016; Vestergaard et al., 2014). Nevertheless, these Cas
proteins (Cas8, Casl0, and Casl1) exhibit structural homology with their homologs and thus

occupy analogous positions in the effector complex of type | and 11l systems (Jackson and
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Wiedenheft, 2015; Liu and Doudna, 2020; Venclovas, 2016). Similarly, no detectable sequence
similarity was noted on the BLASTP (Johnson et al., 2008) alignment of LinCas8b or the
unconventionally encoded LinCas11b to their respective homologs from various bacteria. The
structure of pure Cas8b, Casllb, or the Cascade complex (type I-B) has not yet been
determined experimentally. In this study, the tertiary structure prediction of LinCas8b and
LinCas11b via Swiss-Model (Waterhouse et al., 2018) or I-TASSER server (Roy et al., 2010)
could not produce quality models. Moreover, the LinCas8b (AF-Q72TT0) model structure,
available from the AlphaFold database (Jumper et al., 2021; Varadi et al., 2022), allowed the
analysis of LinCasl1b’s structural features. Since, LinCasllb (200 residues, Met1-Ala200)
and C-terminal of full-length LinCas8b (200 residues, Met429-Ala628) have an identical
amino acid sequence, they are anticipated to exhibit highly similar tertiary structure folding.
Therefore, the retrieved tertiary structure of LinCas8b’s C-terminal (Met429-Ala628) was
considered for LinCasllb structural analysis. In agreement with this study, previously,
SynCasl1b, CthCasllb, and MmaCasl11b were reported to be encoded within SynCas8b (Tan
et al.,, 2022), CthCas8b (Richter et al., 2017), and MmaCas8b (Richter et al., 2017),
respectively. Therefore, to compare with LinCasllb, the tertiary structure of SynCasllb,
CthCasl11b, and MmaCas11b were also retrieved from the respective full-length Cas8b proteins

available in the AlphaFold database.

The structural similarity between LinCas11b and its characterized orthologs across various type
I and 111 systems was assessed by structural alignment using the Dali web server (Holm and
Laakso, 2016). For structural alignment, SynCasl1lb, CthCasllb, and MmaCasllb were
included to represent subtype I-B Cas11 proteins. In addition, one structural representative each
from I-A (SsoCsab (Reeks et al., 2013a)), I-E (EcoCaslle (Zhao et al., 2014)), I-C (DvuCasllc
(O’Brien et al., 2020)), I-D (SynCaslld (McBride et al., 2020)), type II-A (SepCsm2
(Takeshita et al., 2019)), and type I111-B (AfuCmr5 (Osawa et al., 2015)) were compared. The
results of structural comparison based on the Dali Z-score have been represented as a structural
similarity matrix (heat map) (Fig. 3.5). The similarity between two protein structures is
proportional to the Z-score achieved. However, a Z-score of less than two is considered
spurious (Holm and Laakso, 2016). The closest structural match for LinCasl11b noted in this
study was SynCasllb (Z-score 9.6), followed by CthCasllb (5.6) and SsoCsa5 (5.5). The
lowest similarity of LinCas11b was detected with SepCsmz2 (2.5) and SynCas11d (2.1). Within
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the given set of Casll orthologs, the highest similarity in tertiary structure was between
CthCasl1lb and MmaCasl11b (Z-score 14).
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Fig. 3.5. The structural similarity between selected Casl1 orthologs. Structural alignment of
selected Casl11 orthologs was performed against each other using the Dali web server. The resulting
similarity matrix based on Z-score is presented as a heat map. For each structural alignment, the
root mean square deviation (rmsd in A) over all C, atoms is indicated in parenthesis. The Cas11
orthologs used for comparison are LinCasllb [associated with subtype I-B of Leptospira
interrogans, encoded within LinCas8b (AlfaFold ID AF-Q72TTO0), residues Met429-Ala628,
AGroa = -2.76 kcal/mol], SynCasl11b [I-B, Synechocystis spp., SynCas8b (AF-AOA068N831),
Met396-Glu519, AGroa = -6.48 kcal/mol], CthCasl11b [I-B, Clostridium thermocellum, CthCas8b
(AF-A3DKB7), Met476-Glu613, AGrow = -3.49 kcal/mol], MmaCasl1lb [I-B, Methanococcus
maripaludis, MmaCas8b (AF-A4FXZT7), Met510-Glu650, AGrotal = -4.65 kcal/mol], DvuCasl1c [I-
C, Desulfovibrio vulgaris, DvuCas8c (PDB ID 7KHA chain K), Val489-Asn612, AGrota = -0.99
kcal/mol], SynCaslid [I-D, Synechocystis spp., SynCas10d (7SBA chain K), Met830-Asn975,
AGrotal = -5.47 kcal/mol], SsoCsa5 [I-A, Saccharolobus solfataricus (3ZC4 chain A)], EcoCaslle
[I-E, Escherichia coli, (4U7U chain B)], AfuCmr5 [I11-B, Archaeoglobus fulgidus, (3X1L chain
G)], and SepCsm2 [I11-A, Staphylococcus epidermidis, (6AE1 chain A)].
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The LinCas11b structure analysis revealed a helical bundle topology arranged as two domains-
an N-terminal domain (NTD) with five a-helices (al- a5) and a C-terminal domain (CTD) with
four o-helices (06- a9) (Fig. 3.6A). Analysis of the other large subunit-encoded Casll
orthologs (SynCasl1lb, CthCasllb, MaCasllb, DvuCasllc, and SynCaslld) revealed that
they share a similar topology with LinCasllb (Fig. 3.6A-5F). The given set of Casll
orthologs, including LinCas11b, shares a common a-helical fold of five helices, organized as
two intercalating helix pairs (al- a2 and a4-a5), each resembling the letter “V”” and connected
by the a3-helix (Fig. 3.6G). The a-helical fold common in the large subunit-encoded Cas11
orthologs (Fig. 3.6G) closely matches with the consensus fold (Fig. 3.6H) identified in the
independently-encoded Casll proteins, including EcoCaslle, SsoCsa5, AfuCmrb, and
SepCsm2 (Osawa et al., 2015; Takeshita et al., 2019; Venclovas, 2016). Nevertheless, among
all Cas11 orthologs, the corresponding helices' size and orientation vary (Osawa et al., 2015;
Takeshita et al., 2019; Venclovas, 2016).

LinCasllb has an additional a-helical domain (Serl17- Ala200; CTD) consisting of four
helices (06-09) (Fig. 3.6A), though the model prediction confidence score for CTD is very low
[predicted local distance difference test ()LDDT) < 50]. Moreover, such additional elements
are also evident in CthCas11b (al’) (Fig. 3.6C) and MmaCal1b (al’) (Fig. 3.6D). Additional
elements are also present in SsoCsa5 (Reeks et al., 2013a) and Casl1e (also termed as Cse2 or
CasB) of E. coli (EcoCaslle) (Zhao et al., 2014), T. thermophilus (TthCse2) (Nam et al.,
2012b), and Thermobifida fusca (TfuCse2) (Nam et al., 2012b). Cas11e proteins exhibit a two-
domain all a-helical topology (NTD with four a-helices and CTD with five a-helices) (Nam et
al., 2012b; Venclovas, 2016). While SsoCsa5 contains the consensus a-helical domain with the
insertion of a weakly conserved B-strand domain (Reeks et al., 2013a; Venclovas, 2016). The
importance of these additional elements (CTD in LinCasllb, al’ in CthLinCasllb, and
MmaCas11b) in the functioning of Cas11b proteins requires further investigation. Even though
LinCas11b demonstrates no significant sequence similarity, a substantial structural homology
with its orthologs from various type | and 111 systems is evident and thus may have the same

function.
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Fig. 3.6. Structural comparison of LinCasllb with large-subunit encoded Casll proteins.
Structures compared are (A) LinCasl1b (LinCas8b’s C-terminus, residues Met429-Ala628; AF-
Q72TTO0), (B) SynCas11b (SynCas8b’s C-terminus, residues Met396-Glu519; AF-A0A068N831), (C)
CthCasllb (CthCas8b’s C-terminus, residues Met476-Glu613; AF-A3DKB7), (D) MmaCasllb
(MmaCas8b’s C-terminus, residues Met510-Glu650; AF-A4FXZ7), (E) DvuCasl1c (DvuCas8c¢’s C-
terminus, residues Val489-Asn612; PDB ID 7KHA chain K), (F) SynCasl1d (SynCas10d’s C-
terminus, residues Met830-Asn975; 7SBA chain K). LinCas11b has a helical bundle topology arranged
as two domains- NTD (al-a5; dark gray) and CTD (06-a9; light gray). Structures are presented in a
similar orientation, and corresponding a-helices (a1-a5) are indicated in the same color. The additional
elements (al’) in CthCasllb and MmaCasl11b are indicated in light gray. (G) The architectural layout
of the common a-helical fold shared by Cas11 orthologs (encoded within large subunit proteins). (H)
Schematic representation of the consensus a-helical fold previously deduced in the Casll proteins
family (encoded independently) (Venclovas, 2016).
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3.2.4. LinCasllb forms a homodimer and exhibits non-specific affinity for

nucleic acids

The role of LinCasllb is anticipated to constitute a functional LinCascade, similar to its
structural homologs in other organisms harboring CRISPR-Cas type | and type Il systems
(McBride et al., 2020; O’Brien et al., 2020; Venclovas, 2016). To better understand the
molecular and biochemical properties of LinCasllb, the determined ORF (Open reading
frame) was cloned in an expression plasmid (pCDF1b-LinCas11b), overexpressed, and purified
(6xHis-LinCasl11b, 26 kDa) from E. coli (Fig. 3.7A & Appendix Fig. B1h-i). During the
second purification step by size exclusion chromatography, rLinCas11b resolved at ~48 kDa,

close to its dimeric size (Fig. 3.7B).
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Fig. 3.7. Molecular characterization of pure rLinCasllb. (A) SDS-PAGE analysis of the whole-
cell lysates of uninduced (-) & IPTG-induced (+) E. coli BL21 (DE3) cells housing pCDF1b-
LinCas11b plasmid and purified 6xHis-tagged recombinant LinCas11b (rLinCasl11b, 26 kDa). (B) The
size exclusion chromatography (SEC) of nickel-affinity purified rLinCas11b. The rLinCas11b resolved
at size of ~48 kDa close to its dimeric size. The elution profiles of standard molecular weight protein
markers are shown with inverted arrows on top of the chromatogram (3-Amylase, 200 kDa; Alcohol
dehydrogenase, 15 kDa; Albumin, 66 kDa; Carbonic anhydrase, 29 kDa; Cytochrome c, 12.4 kDa).
(C) Circular dichroism (CD) spectra of rLinCasl1b. The estimated secondary structure compositions
of rLinCas11b by CD spectroscopy are 80.51 % a-helix, 0.68 % B-strand and 18.81 % others.
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Next, CD spectroscopy of pure rLinCas11b revealed an a-helix rich (80.51 % a-helix, 0.68 %
B-strand, 18.81 % others) secondary structure composition (Fig. 3.7C) that matches with the
in-silico predictions (Fig. 3.2 & 3.6A), suggesting the integrity of protein is sustained post-

purification.

The pure Caslle (CasB) ortholog has been biochemically demonstrated as a non-specific
DNA-binding protein from various bacteria harboring the CRISPR-Cas subtype I-E system
(Nam et al., 2012b). Therefore, the DNA binding activity of pure rLinCas11b was assayed. In
the DNA binding assay, the rLinCas11b (at increasing concentrations; 2-8 uM) demonstrated
an affinity for linear ds-DNA (PCR amplicons, non-methylated) without any nuclease activity
and independent of divalent metal ions (Fig. 3.8A). The supplementation of divalent metal ions
(Mg?*, 10 mM) or chelation of possible metal traces (if any) using EDTA (10 mM) in the
reaction did not influence the rLinCasl1b’s DNA binding activity. Likewise, rLinCasl1lb
demonstrated an indiscriminate affinity for circular ds-DNA (Plasmid; methylated) and circular
ss-DNA (¢x174 virion DNA) substrates (Fig. 3.8B). In the presence of rLinCasllb, the
detection of DNA substrates in the wells on gel electrophoresis was most likely due to the non-
specific binding of rLinCas11b to DNA that restricted the DNA migration (Fig. 3.8A-B).
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Fig. 3.8. Pure rLinCas11b binds DNA non-specifically. (A) DNA binding assay of rLinCas11b (2-
8 uM) on a linear ds-DNA substrate (PCR amplicon, nonmethylated; 3.5 nM). EDTA (10 mM) served
as a divalent metal ion chelator. (B) DNA binding assay of rLinCas11b (8 uM) on a circular ds-DNA
(plasmid, methylated; 3.5 nM) and a circular ss-DNA (¢x174 virion DNA,; 3.5 nM) substrates. Assays
were performed in the presence and absence of Mg?* ions (MgClz; 10 mM) at 37 °C for 1 h and
resolved on EtBr-stained 1 % agarose gels (native). Gel images are presented after inversion for
clarity. At least two independent experiments confirmed the results represented.
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Thus, the biochemical characteristics demonstrated by rLinCasllb are consistent with
previously characterized Caslle (CasB) proteins encoded by independent genes in E. coli, T.

thermophilus, and Thermobifida fusca (Nam et al., 2012b).

3.3. Discussion

The type | CRISPR-Cas systems (I-B, I-C, I-D, I-F, and I-G), except I-E and I-A, are devoid
of an autonomous gene coding for the Cas11 (Kira S Makarova et al., 2011; Makarova et al.,
2015). Nevertheless, a functional Cascade complex contains a belly filament of two Casll
subunits concurrently with an o-helical C-terminal domain of the large subunit (Cas8
homologs) (Liu and Doudna, 2020; Venclovas, 2016). Recently, in subtype I-C and I-D
systems, the Casll was documented to be expressed from an internal translation start site
within the large subunit’s ORF (McBride et al., 2020; Tan et al., 2022). Also, the internal
translation of Casl1 from cas8 was hypothesized to be an overall common means for Casll
production in type I systems that lack distinct cas1l genes (McBride et al., 2020). Therefore,
LinCas11b expression from the lincas8b agrees with the previously hypothesized mechanism
for Cas11 production in various type | systems. Moreover, deviation from the suggested general
mechanism for Cas11 expression in type | systems lacking distinct casll genes has also been
reported. The generation of a Casll-like polypeptide (~17 kDa) in M. maripaludis and C.
thermocellum was proposed to result from auto-cleavage of full-length Cas8b (MmaCas8b and
CthCas8b) at C-terminal instead of co-translation from cas8b genes (Richter et al., 2017).
Met510 and Met476 in MmaCas8b and CthCas8b, respectively, were identified as the 1%
residue of Casl1-like C-terminal fragments (~17 kDa) (Richter et al., 2017). Also, the codons
encoding Met510 and Met476 in full-length MmaCas8b and CthCas8b, respectively, represent
the potential internal translation start codon with high confidence (AGTota = -4.65 and -3.49 at
codons encoding Met510 and Met476 in MmaCas8b and CthCas8b, respectively). However,
an alanine-coding substitution mutation of the predicted potential internal translation start
codon failed to abolish the production of the C-terminal fragment (Richter et al., 2017). This
presents the apparent deviation from the suggested general mechanism for Cas11 production
in type | systems, thus necessitating experimental validation for each CRISPR-Cas type |

system.

Further, the structural homology of LinCas11b to various Cas11 proteins in different type | and

Il systems suggests its identity and function as a small subunit protein in the LinCascade
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complex. The extended a-helical C-terminals of the large subunits in various type I systems (I-
B, I-C, and I-D) represent a fused Casll protein. Such extended a-helical C-terminals
presumably act as nucleation points for the assembly of Cas11 belly filament for the Cascade
(McBride et al., 2020; O’Brien et al., 2020). Similarly, in this study, the rLinCasllb co-
purification with rLinCas8b suggests a sturdy inter-molecular interaction between the two
proteins. The rLinCasllb dimerization property witnessed on SEC also implies a plausible
binding of LinCas11b to the C-terminal domain (fused LinCas11) of full-length LinCas8b in
the LinCascade complex. Such strong self-assembling protein-protein interactions using
Cas8’s extended C-terminus as a nucleation point are sufficient to form the belly filament of a
Cascade complex (McBride et al., 2020). Agreeing with this, pure rLinCasllb did not
demonstrate perceptible binding to rLinCas7 on SEC (Appendix Fig. B5) and isothermal
titration calorimetry (Kq = 152 £10.5 uM) (Appendix Fig. B6). Nevertheless, in type 11l and I-
E systems, the formation of the belly filament in the effector complex usually requires the
interaction of Cas11 with additional subunits, including Cas5 and Cas7 (Liu and Doudna, 2020;
Reeks et al., 2013b; Venclovas, 2016). In the type Ill system of Pyrococcus furiosus, an
unfused (separately encoded) Casll (pfuCmr5) was depicted to bind the Cas7 subunit
(pfuCmr4) (Park et al., 2013). However, in the type I-A system of Sulfolobus solfataricus, the
unfused Casll (SsoCsa5) does not exhibit binding with SsoCas7 (Reeks et al., 2013a).
Furthermore, the self-oligomerization is evident for many unfused Cas11 orthologs, including
TfuCse2 (dimer; type I-E, T. fusca) (Nam et al., 2012b), TmaCsm2 (dimer; type IlI-A,
Thermotoga maritima) (Venclovas, 2016), TthCmr5 (trimer; type 11I-B, T. thermophilus)
(Sakamoto et al., 2009), and SsoCsa5 (multimer; type I-A, S. solfataricus) (Reeks et al., 2013a).
While, TthCse2 (type I-E, T. thermophilus) (Nam et al., 2012b) and PfuCmr5 (type 111-B, P.
furiosus) (Park et al., 2013) are the Cas11 orthologs that exhibit monomeric states. Although
the prevailing oligomerization of Casl11 is common, it is not a conserved trait of Cas11 family

proteins and thus mandates separate assessment.

In addition, the rLinCasl1lb revealed non-specific DNA binding activity similar to that of
previously characterized unfused Cas11 proteins, including EcoCasl1e, TthCse2, and TfuCse2
(Nam et al., 2012b). The non-specific DNA binding activity in Cas11 family proteins conforms
with its role in Cascade-mediated DNA interference: (1) facilitate the initial binding of Cascade
to target DNA for PAM recognition; (2) bind to the displaced non-target strand to prevent the
collapse of R-loop (Liu and Doudna, 2020; McBride et al., 2020). Moreover, to better interpret
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the role of Casllb proteins, including LinCasllb, in subtype I-B adaptive immunity, their

structure determination alone or in complex with Cas8b or subtype 1-B Cascade is warranted.

3.4. Conclusion

The LinCas8b is a genetic fusion of large (LinCas8b) and belly filament (LinCas11b) subunit
proteins of the CRISPR-Cas I-B Cascade complex in L. interrogans. The lincas8b gene
encloses a small ORF (lincasllb) that codes for the C-terminal of LinCas8b as well as
independently co-translates into LinCasllb protein. LinCasllb’s self-dimerization and its
stable interaction with LinCas8b present molecular insights into the assembly of belly filament
in a Cascade complex of various CRISPR-Cas type | systems that lack distinct casll genes.
Taken together, the present study demonstrates the co-translating LinCas11b to be a structural
and functional analog of Casl1 family proteins (Venclovas, 2016) that constitutes the belly

filament in the type | and 11l CRISPR-Cas effector complex.

3.5 Materials and methods

3.5.1. Bacterial strains, media, and growth conditions

The spirochete L. interrogans serovar Copenhageni strain Fiocruz L1-130 culture was
maintained in EMJH medium (Difco, Becton Dickinson India Pvt. Ltd., New Delhi, India) as
described in 2.5.1. The E. coli strains DH5a (NEB #C2987H) and BL21 (DE3) (Novagen
#69450-M) were used for cloning and recombinant proteins’ overexpression purposes,
respectively. Both E. coli strains were grown in LB (broth or semi-solid) medium vide section
2.5.1.

3.5.2. Molecular cloning

The DNA sequences of interest were PCR amplified individually from the genomic DNA of L.
interrogans serovar Copenhageni strain Fiocruz L1-130 using sequence-specific primer pairs
and cloned into different plasmids, as detailed below. The target DNA sequence-specific
primers and plasmids used in this study are listed in (Appendix Table B1). The full-length
lincas8b gene (L1C10937, 1887 bp) was cloned into the pET28a expression vector between
Nhel and Sall restriction sites. The resulting plasmid (pET28a-LinCas8b) encodes full-length
recombinant LinCas8b with an N-terminal 6xHis tag (rLinCas8b, 75 kDa). Similarly, two

truncated variants of lincas8b (lincas8b*N and lincas8b*) were PCR amplified and cloned into
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pET28a to overexpress rLinCas8b*N (59 kDa) and rLinCas8b”® (59 kDa) with a deletion of
200 residues from the N-terminus and C-terminus, respectively. To overexpress the full-length
LinCas8b with an N-terminal GST-tag, lincas8b was cloned into the pGST-TEV expression
vector between BamHI and Sall restriction sites. The fused lincas11lb ORF identified within
the lincas8b in this study (603 bp from 3’ end) was PCR amplified and ligated into the pCDF-
1b plasmid between BamHI and Sall sites to overexpress the recombinant protein with an N-
terminal 6xHis tag (rLinCasl11b; 26 kDa). A single amino acid substitution mutation (Met429
to Ala) was introduced in lincas8b encoded within the plasmid pET28a-LinCas8b using Q5
site-directed mutagenesis kit (NEB #E0554S) to overexpress rLinCas8bM42°A to intervene co-

translation of rLinCas11b. All the plasmid constructs were sequenced before downstream uses.

3.5.3. Protein overexpression and purification

For heterologous overexpression of recombinant proteins, respective plasmid constructs were
individually transformed into E. coli BL21 (DE3) cells. To check the overexpression of the
full-length rLinCas8b or its variants (rLinCas8b*N, rLinCas8b* or rLinCas8bM*2°4), E. coli
BL21 (DE3) cells housing the respective plasmids (pET28a-LinCas8b, pET28a-LinCas8bN,
pET28a-LinCas8b*C or pET28a-LinCas8bM4%°A) were induced with IPTG (1 mM) at culture
ODesoo= 0.6 for next 4 h at 37 °C. For purification purposes, the soluble rLinCas8b
overexpression in E. coli was also examined by inducing with IPTG (1 mM) at 18 °C for 20 h.
Moreover, the soluble rLinCas8b overexpression could be achieved by inducing the BL21 cells
grown under osmotic stress, as described before (Oganesyan et al., 2007). Briefly, the E. coli
BL21 cells (pET28a-LinCas8b) were grown to culture ODgoo = 0.4-0.5 in 0.5 M Sorbitol
containing LB media at 37 °C. Then, the culture was transferred to a shaking water bath (42
°C) and incubated till culture ODegoo= 0.8-0.9, followed by induction with 1 mM IPTG for the
next 20 h at 18 °C. Post-induction, cells were harvested and washed once with PBS (pH 7.4)
by centrifugation at 3000 x g for 10 min. Then cells were processed for rLinCas8b purification
from soluble cellular fraction by Ni-NTA affinity chromatography under native conditions
following the similar procedure described in section 2.5.2. Briefly, the induced cell pellet (two
liter culture) was resuspended in 30 mL of chilled lysis buffer-1 (50 mM Tris-HCI, 300 mM
NaCl, 1 % Triton X-100, 10 % glycerol, and 10 mM imidazole; pH 8.0) supplemented with 1
mM PMSF (Phenylmethylsulfonyl fluoride). Following a 30 min incubation on ice, the cell
suspension was subjected to sonication for 5 min at 30 % amplitude with 5 sec on and 10 sec
off cycles. The resulting lysate was clarified by centrifugation at 13000 x g for 20 min at 4 °C.
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The clarified lysate was allowed to bind to the Ni-NTA-agarose resins (1 mL) (GCC Biotech,
India #GPC-01D) pre-equilibrated with lysis buffer-1 in a 10 mL gravity-flow column. Post-
binding, the resins were washed with 50 mL of chilled wash buffer-1 (50 mM Tris-HCI, 300
mM NacCl, and 10 % glycerol; pH 8.0) supplemented with 1 mM PMSF and 30 mM imidazole.
Then, the recombinant protein was eluted with a step gradient of imidazole (200-1000 mM) in
chilled elution buffer (50 mM Tris-HCI, 300 mM NacCl, 10 % Glycerol; pH 8.0) containing 1
mM PMSF. Owing to inappreciable elution of rLinCas8b with imidazole (200-1000 mM), low
pH phosphate-citrate buffer (pH 4.0-6.0), 8 M urea, or guanidine-HCI (6M) containing buffer
was applied to elute the rLinCas8b from Ni-NTA-agarose resins. Moreover, appreciable elution

of rLinCas8b could not be achieved with any of the tested elution conditions.

Next, to purify the rLinCas8b, cation exchange chromatography (CEX) was also performed
using HiPrep™ SP HP 16/10 column (GE Healthcare #29018183) operated by NGC™
chromatography system (BioRad). For CEX, the lysate of induced E. coli cells was prepared
in chilled binding buffer (50 mM Tris-HCI, 100 mM NacCl, 1 % Triton X-100, 10 % glycerol,
pH 8.0) supplemented with 1 mM PMSF. Post-binding to pre-equilibrated CEX column,
washing with 5-column volume (5 x 20 mL) binding buffer lacking the Triton X-100 was
given. Elution was performed with a linear gradient of NaCl up to 1 M in a total of 80 mL of
chilled elution buffer (50 mM Tris-HCI, 10 % glycerol; pH 8.0) added with 1 mM PMSF. The
obtained elutes containing the rLinCas8b were subjected to the second purification step by size
exclusion chromatography (SEC). Alternatively, LinCas8b was overexpressed with an N-
terminal glutathione S-transferase (GST) tag (GST-LinCas8b, 98 kDa) to purify it by
glutathione (GSH) affinity chromatography. The induced E. coli cells were lysed in chilled
lysis buffer-1 (pH 8.0) containing 1 mM PMSF without imidazole, as described above, and
clarified lysate was applied to GSH-agarose beads (1 mL) (BioBharati LifeScience #BB-
GAOQO04E). Post-binding resins were washed with 50 mL chilled wash buffer-1 (pH 8.0). Elution
was performed using reduced glutathione (10-40 mM) in chilled wash buffer-1 (pH 8.0) with
incubation of 4-24 h at 4 °C. Alternatively, to elute the bound GST-LinCas8, in-bead TEV
protease (6xHis-TEV) (NEB #P8112S) cleavage in 1x TEV protease cleavage buffer was

performed at 4 °C for over-night.
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For rLinCasllb (25.7 kDa) purification, the E. coli BL21 (DE3) cells transformed with
pCDF1b-LinCasllb were induced with 1 mM IPTG at culture ODsoo = 0.6 in LB broth at 37
°C for 4 h. The rLinCas11b was purified by Ni-NTA affinity chromatography under the native
condition following the similar procedure as described above for rLinCas8b (6xHis tagged)
purification. rLinCas11b was eluted with a linear gradient of imidazole up to 400 mM in a total
of 50 mL of chilled wash buffer-1 containing 1 mM PMSF. The obtained elutes were subjected
to the second purification step by size exclusion chromatography (SEC). The SEC fractions
containing rLinCasllb were concentrated using a centrifugal concentrator (Amicon
#UFC901024) and stored at -20 °C until further experimental use.

3.5.4. Size exclusion chromatography

The size exclusion chromatography (SEC) was carried out using a HiLoad™ 16/600
Superdex™ 200 pg column (GE Healthcare #28-9893-35) operated through the NGC™ system
(BioRad) vide section 2.5.3. To check the interaction between pure rLinCas11b and rLinCas7,
500 pg of each protein alone or together in a total volume of 1 mL (in storage buffer) was
incubated at 37 °C for 1 h, followed by SEC.

3.5.5. Generation of polyclonal antibody against pure rLinCas8b protein

Polyclonal antibody against pure rLinCas8b (75 kDa) was generated in mice as described
elsewhere (Dhara et al., 2019; Ghosh et al., 2018). For primary immunization, approximately
15 pg of gel-eluted rLinCas8b protein in PBS was emulsified with Freund’s complete adjuvant
(FCA; Santa Cruz Biotechnology #SC-3727) and was subcutaneously injected into each mouse
of a group of the 4-6 weeks-old BALB/c mice (n = 4-5). A negative control group was injected
with an equal volume of PBS along with the FCA. Thereafter, immunized mice were given two
subsequent booster injections of rLinCas8b (15 pg/ mouse) with Freund’s incomplete adjuvant
(FI1A; Santa Cruz Biotechnology #SC-3726) at 14 and 21 days of primary immunization. After
seven days of the second booster, blood was collected from each mouse by retro-orbital
bleeding, and then the mouse was sacrificed using the atlantooccipital dislocation method as
described before (Ghosh et al., 2018). Sera obtained were pooled and stored at -80 °C until
further use. The polyclonal antibody (anti-rLinCas8b) titer was analyzed by enzyme-linked
immunosorbent assay (ELISA) (Appendix Fig. B7). The mice immunization experiments were

performed at the Department of Veterinary Microbiology, College of Veterinary Science,
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Assam Agriculture University, Guwahati, India, after approval by the institutional animal
ethics committee (approval no. 770/ac/CPCSEA/FVSC/AAU/IAEC/13-14).

3.5.6. Enzyme-linked immunosorbent assay

To determine the titer of the anti-rLinCas8b polyclonal antibody in the mice serum, ELISA
was performed as described elsewhere (Ghosh et al., 2018). A disposable 96-well polystyrene
plate was coated with 50 puL of pure rLinCas8b (200 ng/well) and incubated overnight at 4 °C.
Thereafter, protein-coated wells were blocked for 2 h at 37 °C with 100 uL of 3 % bovine
serum albumin (BSA). Post-blocking plates were washed three times with 100 pL/well of PBS
containing 0.05 % Tween 20 (PBS-T), followed by incubation with 50 puL of mice serum at
various dilutions (1:100 to 1:10000) at 37 °C for 2 h. As a negative control, pooled pre-immune
serum of mice was used. After three times washing with PBS-T, wells were probed with 50 uL
of horseradish peroxidase (HRP)-conjugated goat anti-mouse 1gG (1:5000; Sigma #A4416) for
1 hour at 37 °C. Plates were washed as described above, and then the binding was detected by
adding Tetramethyl Benzidine (TMB) peroxidase substrate (Thermo Scientific #34022) for 10
min at 37 °C. The reaction was terminated by adding 50 uL/well of 1 M H2SO4, and final
absorbance at 450 nm wavelength (ODaso) was recorded using an ELISA plate reader (Infinite
200 Pro, Tecan). The endpoint titer was determined visually, being the highest serum dilution
giving a positive color development. All serum/antibody dilutions were prepared in 0.05 %
PBS-T.

3.5.7. Immunoblotting

The whole cell lysates of E. coli and the pure rLinCas8b were resolved on 10 % SDS-
polyacrylamide and electroblotting onto the nitrocellulose membrane (Santa Cruz
Biotechnology #SC-3718). Membranes were blocked with 5 % non-fat dried milk prepared in
Tris-buffered saline (TBS, pH 8.0) at 4 °C overnight, followed by probing with mice anti-
rLinCas8b antibodies (1:500 dilution) for 2 h at room temperature. After five washes with 0.1%
TBS-T (TBS containing 0.1 % Tween 20), the membranes were incubated with secondary
antibody HRP-conjugated goat anti-mouse IgG (1:5000; Sigma #A4416) for 1 h at room
temperature. After five washes with 0.1 % TBS-T, immunoblots were developed by adding a
chemiluminescence substrate (Thermo Scientific #32209). All antibody dilutions were

prepared in 2 % non-fat dried milk dissolved in 0.1 % TBS-T.
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3.5.8. Bioinformatics analysis

The DNA sequences of interested Cas8 orthologs were retrieved from the NCBI database

(http://www.ncbi.nlm.nih.gov). The potential internal in-frame translation start codons within

the genes of interest (cas8 orthologs) were predicted by the ribosome binding site (RBS)

calculator program (https://salislab.net/software/). The amino acid sequences of identified

Casll orthologs encoded within large subunit proteins were retrieved from respective full-
length Cas8 or Casl0d proteins available from UniProt (https://www.uniprot.org/). The

sequences of Cas11 orthologs (encoded independently) were retrieved from UniProt. Pairwise
sequence comparison of Cas8 or Cas11 orthologs was made using Protein BLAST (BLASTP)

web server (https://blast.ncbi.nim.nih.gov/) with default parameters. For structural analysis, the

structures of interest were retrieved from either the AlphaFold protein structure database
(https://alphafold.ebi.ac.uk/) or the Protein data bank (PDB; https://www.rcsb.org) based on

their availability. The structural comparison of proteins by pairwise alignment was performed

using the Dali web server (http://ekhidna2.biocenter.helsinki.fi/dali/). For structure

visualization and representation, the program PyMOL v2.4.1 (PyMOL molecular graphic
system, Schrodinger, LLC, New York, USA) was used.

The Cas8 and Casll orthologs used in this study for sequence/structural analysis include
LinCas8b (associated with subtype I-B system of Leptospira interrogans; UnipProt ID:
Q72TTO0; AlphaFold ID: AF-Q72TTO0), SynCas8b (I-B; Synechocystis spp.; AOA068N831;
AF-A0A068N831), CthCas8b (I-B; Clostridium thermocellum; A3DKB7; AF-A3DKB7),
MmaCas8b (I-B, Methanococcus maripaludis; A4FXZ7, AF-A4FXZT7), DvuCas8c (I-C;
Desulfovibrio vulgaris; Q72WF8), SynCas10d (a Cas8 ortholog in type 1-D of Synechocystis
spp.; Q6ZEI7). DvuCasllc (encoded within DvuCas8c; PDB ID: 7TKHA chain K), SynCas11d
(encoded within SynCas10d; 7SBA chain K), EcoCaslle (I-E; E. coli; P76632; 4U7U chain
B), SsoCsa5 (a Casll ortholog in subtype I-A of Saccharolobus solfataricus; Q97YC8; 3ZC4
chain A); SepCsm2 (Cas11 in type I11-A of Staphylococcus epidermidis; Q5HK90; 6AE1 chain
A) and AfuCmr5 (Cas11 in type I11-B of Archaeoglobus fulgidus; 028417, 3X1L chain G).

3.5.9. Circular dichroism (CD) spectroscopy
The purified rLinCas11b (10 uM) in a dilution buffer (20 mM Tris-HCI and 20 mM NacCl; pH

8.0) was subjected to CD spectroscopy as described in section 2.5.6. The CD spectra were
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assessed to compute secondary structure configurations using the K2D3 webserver (Louis-
Jeune et al., 2012).

3.5.10. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were performed on a MicroCal iTC200
system (GE Healthcare) at 30 °C with constant stirring at 300 rpm. Pure protein samples
(rLinCas7 & rLinCas11b) were prepared in storage buffer (25 mM Tris-HCI, 100 mM NacCl, 5
% Glycerol; pH 8.0). The sample cell and the syringe were washed twice with storage buffer
before loading the samples. The pure rLinCas7 (280 pL of 8 uM) and the rLinCas11b (40 uL.
of 120 uM) were loaded into the ITC sample cell and the syringe, respectively. rLinCas11b
(1.5 uL) was titrated into the sample cell at an interval of 120 sec for a total of 25 injections
over a period of 50 min. Power was recorded at a “high” gain setting with a reference power
of 6 pcal sec *and a 5 sec filter period. A control experiment to measure the heat of dilution
was also performed by titrating the rLinCas11b into the storage buffer. The obtained heat of
dilution in the control experiment was subtracted from the protein-protein titration to obtain
the real binding affinity. The parameters of the ITC experiment were determined by reaction-
heat integration using nonlinear regression and a one-site binding model. Data analysis,

including baseline correction and evaluation, was carried out using OriginPro 8.5 ITC.

3.5.11. DNA binding Assay

The rLinCas11b at the specified concentration(s) was incubated with various DNA substrates
(3.5 nM) in a binding buffer (20 mM Tris-HCI and 100 mM KCI; pH 8.0) in the presence and
absence of Mg?* ions (MgClz; 10 mM) at 37 °C for 1h. The types of DNA substrates used were
linear ds-DNA (PCR amplicon, nonmethylated, 2.8 kb), circular ds-DNA (pT7Blue,
methylated, 2.8 kb; Sigma-Aldrich #69967), and circular ss-DNA (¢x174 virion DNA, 5.3 kb;
NEB #3023S). EDTA (10 mM) served as a divalent metal ion chelator. The reactions were
resolved on 1 % agarose gel stained with EtBr and visualized using a gel documentation

instrument.

*khkkk
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Chapter 4

Insights to the assembly of functional CRISPR-Cas type I-B
Cascade complex of Leptospira interrogans and characterization of
interference-efficient PAM sequence 1!

4.1. Summary

Pathogenic species of Leptospira are recalcitrant for genetic manipulation using conventional
tools, and therefore there is a need to explore techniques of higher efficiency. Application of
endogenous CRISPR-Cas tool is emerging and efficient; nevertheless, it is limited by a poor
understanding of interference machinery in the bacterial genome and its associated protospacer
adjacent motif (PAM). In this study, the functionality of the interference machinery of
CRISPR-Cas subtype I-B (Lin_I-B) from L. interrogans was assessed in surrogate host E. coli.
The overexpression of the Lin_I-B interference machinery in E. coli demonstrated that
LinCasb, LinCas6, LinCas7, LinCas8b, and LinCasl1b can self-assemble on cognate crRNA
to form an effector complex (LinCascade), conferring the operativity of the system for
maturation stage of CRISPR immunity. Further, LinCascade demonstrated a functional
phenotype resulting in a robust interference of target plasmids containing a protospacer with a
predicted 5'-PAM (TGA, ATG, and ATA). Moreover, a mutant variant LinCascade “*!*" that
lacks LinCas11b co-expression erred to mount target plasmid interference. At the same time,
LinCasllb complementation in LinCascade®®" rescued target plasmid interference
suggesting the prerequisite of LinCas11b for a functional LinCascade. Thus, the present study
establishes Leptospira's subtype I-B interference machinery to be functional and, soon, may
pave the way for scientists to harness it as a programmable endogenous genetic manipulation

tool.

21 This chapter is partly adapted from a publication and reprinted with the authors’ permission. Hussain,
M.S., Anand, V., and 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, p.124086.
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4.2. Results
4.2.1. Overexpression of Leptospira CRISPR-Cas type I-B interference

machinery in heterologous host E. coli

The CRISPR-Cas subtype I-B (Lin_I-B) system in L. interrogans contains a CRISPR array
(LIC_Cr?) flanked by two independent cas-operons (operon-1 and -11) (Fig. 4.1A) (Dixit et al.,
2016). Operon-I encloses cas genes (lincas4, lincasl, and lincas2) essential for the adaptation
phase and thus serves as an adaptation module. On the other hand, Operon-1l encloses
interference-phase specific cas genes (lincas6, lincas3, lincas8b, lincas7, and lincas5) and is
referred to as the interference module. Therefore, to understand the interference mechanism of
the Lin_I-B system, the complete interference Cas module (lincas6, lincas3, lincas8b, lincas7,
and lincas5) and the associated CRISPR array (LIC_Cr?) were co-expressed in BL21 (DE3)
cells via plasmid constructs pCas and pCr?, respectively. The induction of BL21 strain (BL-
pCas+pCr?) housing pCas and pCr? plasmid with IPTG resulted in the overexpression of
interference-associated LinCas proteins (rLinCas6, 23 kDa; rLinCas3, 85 kDa; rLinCas8b, 75
kDa; rLinCas11b, 22 kDa rLinCas7, 31 kDa and rLinCas5, 23 kDa) at their expected size (Fig.
4.1B). However, because of the similar size of overexpressed Cas proteins (rLinCas8b; 75 kDa
& rLinCas3; 85 kDa) and (rLinCas6; 23 kDa & rLinCas5; 23 kDa), these could not be
differentiated on SDS-PAGE (10 %). Therefore, the whole-cell lysates of the BL-pCas+pCr?
strain (induced and uninduced) were immunoblotted using specific antibodies against each
LinCas protein (Fig. 4.1C). Immunoblotting confirmed the Cas protein overexpression
(rLinCas6, rLinCas3, rLinCas8b, rLinCasllb, rLinCas7, and rLinCas5) in E. coli at their

expected size.

4.2.2. Leptospira CRISPR-Cas type I-B interference machinery

overexpressed in E. coli self-assembles into Cascade complex

We investigated if the interference-associated Cas proteins of the Lin_I-B system,
overexpressed in E. coli, can self-assemble with the co-transcribed pre-crRNA into a Cascade
complex (rLinCascade). Previously our research group has demonstrated that the pre-crRNA
transcript of LIC_Cr? could be processed into mature crRNAs by rLinCas6 under in vitro
conditions (Prakash and Kumar, 2021). Here, we explored the LIC_Cr? pre-crRNA transcript
processing by LinCas6 within E. coli. The Ni-NTA affinity pull-down assay, employing
rLinCas8b as bait, resulted in co-purification of all the Cas subunits (rLinCas8b, rLinCas?7,
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rLinCas6, and rLinCas5), including the co-translating rLinCasllb from induced BL-
pCas+pCr? cells evident by SDS-PAGE analysis (Fig. 4.2A) and immunoblotting (Fig. 4.2B)

of pull-down elutes.
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Fig. 4.1. Overexpression of the Lin_I-B interference machinery in E. coli. (A) CRISPR-Cas subtype
I-B (Lin_I-B) loci in L. interrogans genome (adapted from Dixit et. al., 2016). The CRISPR array
(LIC_Cr?) comprised of four repeats (black rectangles) and three spacers (colored rectangles) is flanked
by two cas-operons: | and Il. Operon-l (lincas4-lincasl-lincas2) encodes adaptation module Cas
proteins, while Operon-I1 (lincas6-lincas3-lincas8b-lincas7-lincas5) encodes the interference module
Cas proteins. The length of each cas gene is drawn approximately to scale, whereas CRISPR array
elements are drawn much larger for clarity. The corresponding gene locus tag is indicated below each
cas gene. The lincas11lb ORF encoded within lincas8b at 3’-end has been shown in zoom view. (B)
The SDS-PAGE (Coomassie stained) analysis of whole-cell lysates of uninduced (-) and IPTG-induced
(+) E. coli BL21 (DE3) cells (BL-pCas+pCr?). (C) Immunoblotting of whole-cell lysates of E. coli BL-
pCas+Cr? The uninduced () and IPTG-induced (+) lysates were resolved on SDS-PAGE (10 %),
electroblotted on nitrocellulose membrane, and then probed with antibodies specific to rLinCas
proteins. Detection of specific rLinCas proteins in induced (+) lysates is demonstrated and directed
with an arrowhead.

On the other hand, in the E. coli BL-pCas cells lacking the array component, the nickel affinity
pull-down resulted in the purification of only the rLinCas8b (bait) and rLinCas11b (Fig. 4.2A
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& B). Thus, one may suggest that the pre-crRNA is essential for the assembly of rLinCascade
in E. coli cells (BL-pCas+pCr?). Moreover, denaturing urea-PAGE analysis of pull-down
eluates containing the rLinCascade exhibited a predominant nucleic acid band similar to mature
crRNA (70 nt; custom synthesized) of Lin_I-B locus (Fig. 4.2C). The RNase A treatment to
the elutes completely cleaved the nucleic acid content suggesting it to be crRNA (Fig. 4.2C).
Thus, rLinCas6 catalyzed efficient processing of pre-crRNA into crRNA within E. coli served

as a framework for the assembly of rLinCascade.
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Fig. 4.2. Self-assembly of Lin_I-B effector complex (LinCascade) overexpressed in E. coli. (A)
SDS-PAGE (10 %; Coomassie stained) analysis of nickel affinity pull-down elutes from E. coli BL21
(DE3) cells overexpressing Operon-Il of Lin_I-B loci with (rLinCascade) or without (control)
LIC_Cr2 The 6xHis tagged rLinCas8b served as bait in the pull-down assay. (B) Immunoblot of pull-
down elutes. The elutes analyzed in panel-A were immunoblotted with rLinCas protein specific
antibodies. Specific detection of rLinCas proteins is marked with an arrowhead. (C) Denaturing PAGE
(20 %; SYBR gold stained) of pull-down elutes (control and rLinCascade). The elute containing the
nucleoprotein complex was treated with RNase A (+) to know if the bound nucleic acids were DNA
or RNA. The commercially synthesized mature crRNA (70 nt) of LIC_Cr? was run as a marker. The
distant wells of the same gel have been cropped and re-aligned for clarity. The left-most lane in
denaturing PAGE contains an RNA ladder, and the image is presented after inversion for clarity.

4.2.3. CRISPR-Cas type I-B interference machinery of Leptospira confers
PAM-dependent target plasmid interference in E. coli

In order to validate the functionality of the Lin_I-B system, a target plasmid interference assay
was arranged in E. coli against the plasmids incorporated with protospacers containing specific
5'-PAM. The 5'-PAM sequence(s) was identified from predicted protospacers matching the
three spacers (S1, S2, and S3) of the LIC_Cr? array. For all three spacers of the LIC_Cr?, the
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CRISPRTarget program (Biswas et al., 2013) presented a total of seven protospacer hits (Table
4.1) from various plasmid and phage genomes available in the database. Analysis of 5'-eight
nucleotides overhangs of the predicted protospacers revealed 5'-TGA and 5'-ATA as the
consensus 5’-PAM sequences (Fig. 4.3A). The predicted PAM sequences in this study differed
from earlier predicted PAM sequences (5'-ATG and 5'-TAC) for the CRISPR-Cas I-B locus of
the genus Leptospira (Mendoza and Trinh, 2018; Prakash and Kumar, 2022; Xiao et al., 2019a).
Therefore, we included the previously predicted PAM (5'-ATG) along with 5-TGA and 5'-
ATA for our experimental validation via target plasmid interference assay.

Table 4.1. Putative protospacer identified through in-silico analysis of the LIC_Cr? spacers

LIC Cr? *Trinucleotide protospacer

spacers match (5'-3') Invader plasmid/phage strain #Coordinates
(T;%i%%%ciggggéﬁee Ga0123519_10003459 22167-22136
Iggﬁé%égg%ﬁ\mﬂf IMGVR_UViG_2531839053 000001  22136-22167

ocer %}E%E—fﬁ{i{{%%ﬁi: IMGVR_UViG_2541047030_000003  12676-50382
T IMGVR_UVIG_2541047030_000002  19810-19779
gg@ﬁ%—gfgfgfﬁ:ﬁ:&%ﬁ IMGVR_UViG_2541047029 000002  19822-19791
S S e e AT IMGVR_UVIG_2534681715_000001  16951-16920

Spacer-2  No hits - -

TTTAATGAAGGGCGAGAACATT
CGTCATCCTGTGAAAAACTT

*The putative PAM sequences are indicated in bold and underlined.
#The coordinates of the protospacer sequence in the invader plasmid and phage genome are provided.

Spacer-3 IMGVR_UViG_3300025691_000035  12213-12239

Various 5-PAM (TGA, ATA, ATG) containing oligos with identical spacer (spacer-1 of
LIC_Cr?) were synthesized by outsourcing (Table 4.2) and cloned into pT7Blue plasmid. It
resulted in the generation of three different target plasmids [p(TGA)Spacer, p(ATA)Spacer,
and p(ATG)Spacer]. Similarly, a non-PAM sequence (5'-CAC) containing protospacer was
cloned into pT7Blue (non-PAM-target plasmid). At the same time, the blank wild-type
pT7Blue was used as a reference plasmid (pBlank) in the target plasmid interference assay.
Afterward, the individual target plasmid, along with the pCas and pCr?, was co-transformed

into E. coli BL21-Al cells. As a control, in place of the target plasmid, the non-PAM-target
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plasmid or reference plasmid was used. The generated BL21-Al strains housing all three
plasmids were induced in LB broth and then plated on LB-agar plates supplemented with three
antibiotics (Cam+Kan+Amp). For clarity, the procedure has been schematically represented in
Fig. 4.3B. In the designed plasmid interference assay, the target plasmid having a functional
5'-PAM confers ampicillin resistance to its carrier bacteria. Therefore, the target plasmid
degradation by the Lin_I-B interference machinery would result in a loss of antibiotic
resistance rendering the E. coli unable to grow on an ampicillin-containing medium. Thus, the
depletion in bacterial growth [colony-forming unit (CFU) count] on the test plate would be due
to the degradation of target plasmids (Amp®) by Lin_I-B interference machinery representing
a CRISPR interference phenotype. The magnitude of DNA interference was measured as the

CFU depletion ratio (the ratio of CFU on the control and test plate).

Table 4.2. Protospacers composed from spacer-1 of LIC_Cr?and the putative 5'-PAM

Protospacer
*Sequence (5'-3")
Duplex name DNA strand
Positive AGCTTTGAAAAGGATCCTTTGATCAAAAGAATTCGTCCTT
GATTTCA
(TGA)Spacer ) TATGAAATCAAGGACGAATTCTTTTGATCAAAGGATCCTT
Negative
TTCAA
Positive AGCTTATAAAAGGATCCTTTGATCAAAAGAATTCGTCCTT
GATTTCA
(ATA)Spacer
. TATGAAATCAAGGACGAATTCTTTTGATCAAAGGATCCTT
Negative
TTATA
Positive AGCTTATGAAAGGATCCTTTGATCAAAAGAATTCGTCCTT
GATTTCA
(ATG)Spacer
. TATGAAATCAAGGACGAATTCTTTTGATCAAAGGATCCTT
Negative
TCATA
Positive AGCTTCACAAAGGATCCTTTGATCAAAAGAATTCGTCCTT
#(CAC)Spacer GATTTCA
(Non-PAM-
protospacer; control) Neaative TATGAAATCAAGGACGAATTCTTTTGATCAAAGGATCCTT
g TGTGA

*Cohesive restriction overhangs (HindIII at 5’- & Ndel at 3’-end) are indicated in italics; PAM sequences are
shown in bold and underlined.

#Non-PAM-protospacer consists of a spacer-1 and a consensus trinucleotide (5’-CAC) derived from 3’-end of
repeats in array LIC_Cr2.
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The survival of the induced strains containing the target plasmids [p(TGA)Spacer,
pP(ATA)Spacer or p(ATG)Spacer] was drastically reduced (up to ~149-fold) compared to the
controls (Fig. 4.3C). The uninduced culture of each BL21-Al strain used in the target plasmid

interference assay demarcated the existing basal level of depletion ratio.
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Fig. 4.3. Targeted plasmid interference by Lin_I-B interference machinery in E. coli. (A) The
sequence logo of eight nucleotide 5'-flanking sequence of predicted protospacers matching the
spacers of Lin_I-B locus (LIC_Cr?) of L. interrogans serovar Copenhageni. The residue position is
indicated on the X-axis. The height of residue (in bits) represents the extent of conservation at each
position. The consensus trinucleotide PAM (5'-TGA and 5'-ATA) at the 5’-end of protospacers is
shown (discontinued black square). (B) Schematic of plasmid interference assay in E. coli. The E.
coli BL21-Al cells were co-transformed with pCas (CamR), pCr? (Kan®), and one of the given target
plasmids [p(TGA)Spacer, p(ATA)Spacer, or p(ATG)Spacer, AmpR]. For experimental control
against target plasmid, pBlank or p(CAC)Spacer was used as reference or non-PAM target plasmid,
respectively. The obtained E. coli BL21-Al strains housing three plasmids were cultured to mid-log
phase in LB broth containing three antibiotics (Cam+Kan+Amp). Cultures were pelleted and
resuspended in fresh LB broth containing two antibiotics (Cam+Kan). Equal half of the cultures were
grown as uninduced and induced (IPTG + L-arabinose) for 4 h at 37 °C followed by spread plating
(24 h at 37 °C) on LB agar plates containing three (test plates) and two antibiotics (control plates).
The reduced CFU count on the test plate for the induced culture represents a CRISPR interference
phenotype. (legend continued on next page)
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(C) PAM-elicited target plasmid interference by Lin_I-B interference machinery in E. coli. Expression
of Lin_I-B interference machinery resulted in efficient interference of cohabiting target plasmids
containing protospacer with either of the three predicted 5'-PAM sequence [p(TGA)Spacer,
p(ATA)Spacer, and p(TGA)Spacer]. Interference was not evident for plasmids [pBlank and
p(CAC)Spacer]. The magnitude of plasmid DNA interference was measured in terms of CFU depletion
ratio: the ratio of CFU count on the control plate and test plate. Data are represented as mean * standard
errors of the mean (SEM) from four-independent experiments (n = 4).

Also, as expected, bacteria housing non-PAM-target plasmid or reference plasmid exhibited a
basal CFU depletion ratio. Among the three 5’-PAM sequences (TGA, ATA, ATG), maximum
plasmid interference was recorded with 5-TGA leading to ~149-fold depletion in E. coli
growth (CFU) followed by 5'-ATG (~78-fold) and 5’-ATA (~52-fold). The assay thus signifies
the necessity of a functional PAM for the Lin_I-B system to confer CRISPR immunity
effectively. The PAM-dependent target plasmid DNA degradation also demonstrates that the
Lin_I-B system is functionally active for the interference phase of CRISPR immunity in

surrogate host E. coli.

4.2.4. LinCasl1b is indispensable for the LinCascade-mediated target DNA

interference

We have identified a small in-frame ORF within the lincas8b gene that co-translates into
LinCasl1b protein. To better understand if the co-translating LinCasl11b is critical for the
function of LinCascade, plasmid DNA interference was assessed in E. coli with omission and
complementation of LinCas11b. Wherein, by site-directed mutagenesis in pCas, we inactivated
the co-expression of the LinCas11b subunit of the rLinCascade (rLinCascade **!*?) (Appendix
Fig. C2.) and plasmid interference assay was repeated with one of the validated PAM (5'-
TGA). The interference of target plasmid [p(TGA)Spacer] was assessed in BL21-Al strain and
was plotted in terms of depletion ratio (Fig. 4.4). Overexpression of the rLinCascade lacking
LinCasl1b (rLinCascade “®®) erred to cause the target plasmid interference effectively. A
drastically reduced CFU depletion ratio (~2-fold) was observed compared to ~141-fold
recorded with wild-type rLinCascade (WT). With the rLinCascade“®? variant of
rLinCascade, the depletion ratio of E. coli containing target plasmid [p(TGA)Spacer] was close
to the strains housing reference plasmid (pBlank). Moreover, the interference ability of the
rLinCascade “®'® was rescued to the WT level when rLinCasl1lb was trans-complemented
(rLinCascade 1 ™) jn the E. coli strain. The assays thus suggest LinCas11b is essential for
LinCascade to mediate the target plasmid interference.
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Fig. 4.4. LinCasl1b is a prerequisite for LinCascade-mediated target plasmid interference.
The target plasmid [p(TGA)spacer] interference was assessed in E. coli BL21-Al strain
(rLinCascade ©®!) expressing all Cas proteins except LinCas11b. Another E. coli BL21-Al strain
(rLinCascade ©211b com) " trans-complemented with rLinCas11b, was used to check the specificity of
plasmid interference and was compared with the strain expressing wild-type rLinCascade (WT). The
magnitude of plasmid interference was measured in the CFU depletion ratio (vide methods). The
mutant rLinCascade (rLinCascade “*!'*) failed to cause the interference of the target plasmid within
E. coli. On the other hand, the trans-complementation of LinCasllb to rLinCascade©®!®
(rLinCascade 2o com) within E. coli rescued the plasmid interference. Data are represented as mean
* standard errors of the mean (SEM) from three independent experiments (n = 3).

4.3. Discussion

CRISPR-Cas systems are highly diverse (Makarova et al., 2020b, 2015), and the molecular
details of type-1 CRISPR-Cas operation are referred to date primarily from subtypes I-E (Hayes
et al., 2016; Kuznedelov et al., 2016; Yosef et al., 2012) and I-C systems (Hochstrasser et al.,
2016; O’Brien et al., 2020). The operational details of CRISPR-Cas I-B, representing the most
abundant CRISPR-Cas system in prokaryotes (Makarova et al., 2015), are sparse, including
Leptospira. Our previous investigations on pure recombinant LinCas proteins (LinCasl (Dixit
etal., 2021b), LinCas2 (Dixit et al., 2016), LinCas4 (Dixit et al., 2021a), LinCas6 (Prakash and
Kumar, 2021), and LinCas7 (Hussain and Kumar, 2022)) of the CRISPR-Cas I-B (Lin_I-B) of
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L. interrogans lead us to anticipate an operational defense system within Leptospira genome.
Also, the cognate pre-crRNA transcript was processed into mature crRNA by the rLinCas6
(Prakash and Kumar, 2021) and served as a platform for the rLinCas7 to assemble (Hussain
and Kumar, 2022). In a follow-up to these studies, we addressed two queries related to the
interference phase of CRISPR-Cas immunity in Leptospira spp. We explored whether LinCas
proteins (Cas3, Cas5, Cas6, Cas7, Cas8b, and Cas11b) associated with the interference phase
can self-assemble to form a Cascade and recognize the PAM-labeled protospacers in target
plasmid within an E. coli host. The functional status of the self-assembled Cascade and its

PAM recognition was assessed by target plasmid interference assay in an E. coli host.

In the nickel-affinity pull-down assay of rLinCas8b, other interference-associated LinCas
proteins (rLinCas7, rLinCas6, and rLinCas5) demonstrated co-purification exclusively when
there were cognate pre-crRNA transcripts in E. coli (BL-pCas+pCr?). As identified previously
(Fig. 3.1B-C), the direct interaction of rLinCasl1b with rLinCas8b led to co-purification of
rLinCas11lb under both conditions, in the presence and absence (control) of pre-crRNA
transcripts. The size of crRNA co-purified with LinCas proteins agrees with that of processed
mature crRNA variants (70, 73, and 75 nt) from pre-crRNA by LinCas6, described before
(Prakash and Kumar, 2021). Thus, the co-purification of LinCas proteins (rLinCas8b,
rLinCasllb, rLinCas7, rLinCas6, and rLinCas5) with mature crRNA suggests crRNA-
nucleated self-assembly of LinCascade. Further, the co-purified protein complex demonstrated
rLinCas7 overrepresentation. Such overrepresentation is likely due to Cascade backbone
genesis with multiple rLinCas7 subunits on a crRNA- a characteristic feature of the Cascade
complex (Liu and Doudna, 2020). The formation of the rLinCas7 subunits backbone agrees
with our previous study, where rLinCas7 oligomerizes onto the cognate mature crRNA in vitro
(Hussain and Kumar, 2022). These findings infer that the Lin_I-B interference machinery is
active for the expression phase of CRISPR immunity, leading to the formation of a stable

rLinCascade when overexpressed in E. coli.

Motivated by the perceptible assembly of rLinCascade in E. coli, the proficiency of the
complex to mount CRISPR defense against targeted plasmid was assessed. A type | CRISPR-
Cas system mounts the defense reaction when it recognizes a cognate PAM next to a spacer-

matching protospacer sequence in a foreign DNA/plasmid (Gleditzsch et al., 2019; Liu and
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Doudna, 2020). Conventionally, the trinucleotide sequence located at the immediate 5’-end of
the protospacer serves as a functional PAM for type | CRISPR-Cas systems, including subtype
I-B (Fischer et al., 2012; Gleditzsch et al., 2019; Leenay and Beisel, 2017). Similarly, in this
study, the putative PAM sequence (5'-TGA and 5'-ATA) was identified for the Lin_I-B system.
In addition, there have been reports of other computationally predicted PAM sequences (5'-
ATG and 5’-TAC) for type I-B locus in Leptospira spp. (Mendoza and Trinh, 2018; Prakash
and Kumar, 2022; Xiao et al., 2019b). Such discrepancy in the predicted PAM sequence may
be due to the in-silico analysis of a varying number of spacers. The predicted 5'-PAMs (TGA,
ATA, and ATG) from this or elsewhere studies (Mendoza and Trinh, 2018; Prakash and
Kumar, 2022) were analyzed to probe their efficiency to trigger the Lin_I-B’s DNA
interference response by plasmid interference assay. The bacterial growth depletion recorded
in the plasmid interference assay demonstrates the degradation of the target plasmids by Lin_I-
B interference machinery, affirming that the Lin_I-B system is functionally active for the
interference phase of CRISPR immunity. Maximum plasmid interference (~149-fold) was
recorded against the target plasmid containing 5-TGA PAM followed by 5’-ATG (~78-fold)
and 5'-ATA (~52-fold).

The defensive CRISPR response against all three 5'-PAMSs (TGA, ATA, and ATG) indicates
the promiscuity in PAM recognition by the rLinCascade. Such promiscuity in PAM recognition
by Cascade complex is inherent in all type | CRISPR-Cas systems across the various bacteria
(Gleditzsch et al., 2019; Shah et al., 2013). For instance, in C. thermocellum, all the
trinucleotides with a consensus 5'-TNA and 5'-TTN sequence (where N= A/T/G/C), including
5'-TGA, support the interference by the type I-B system (Walker et al., 2020). Similarly, the
type I-B Cascade in Haloferax volcani recognizes six different 5'-PAMS, including CAC, TAG,
TAA, ACT, TTC, and TAT (Fischer et al., 2012). The type I-B of Synchocyctis spp. recognizes
5'-ATG as PAM for interference (Tan et al., 2022). In C. pasteurianum, three 5'-PAMs (TCT,
TTG, and TCA) have been reported functional for interference by type I-B system (Pyne et al.,
2016).

Thus, the determined 5'-PAMs (TGA and ATG) for Lin_I-B interference find a match with the
previously identified PAMs for subtype I-B in C. thermocellum (5’-TGA) and Synchocyctis
spp. (5'-ATG). Also, in this study, the control protospacer with a non-PAM sequence (5'-CAC,
derived from the repeats of Lin_I-B locus) failed to trigger DNA interference. This suggests
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the spirochete may use strategies to avert self-attack on its native CRISPR locus. However, the
same PAM (5'-CAC) was previously demonstrated functional for type I-B CRISPR
interference in H. volcani. Overall, the identification of multiple functional 5'-PAMs (TGA,
ATG, and ATA) for the Lin_I-B system agrees with the previously witnessed promiscuity in
PAM recognition by the type I-B systems in various bacteria. Also, the observed variable
response of an effector complex towards a PAM in different bacteria sustains the necessity of
determining the PAM sequence experimentally in each bacterium instead of directly adopting
it from other bacteria. Further, the promiscuity in PAM recognition is often noticed because of
poor or no significant sequence similarity between the large subunit proteins (Cas8 orthologs)-
the subunits in different effector complex that recognizes the cognate PAM (Cass et al., 2015b;
Gleditzsch et al., 2019). Nevertheless, the inherent flexibility of PAM recognition during
interference is in line with the fitness need of bacteria to cope with the mutational evasion of
viral intruders (Gleditzsch et al., 2019). Moreover, in this study, the experimentally validated
5'-PAMs (TGA, ATA, and ATG) portray only a small subset of interference-efficient PAMs.
Therefore, a systematic review of all possible trinucleotides, as illustrated for other subtypes
of CRISPR-Cas I systems (Fischer et al., 2012; Musharova et al., 2019), may deduce a plausible

number of interference-efficient PAMs for the Lin_I-B system.

Further, in the target plasmid interference assay, the rLinCascade“®° that lacks the
LinCas11b subunits failed to bring about the interference of the target plasmid. On the other
hand, the complementation of rLinCasllb to rLinCascade®®! (rLinCascade c®!P com)
rescued the interference response. This endorses the essentiality of LinCas11b for LinCascade-
mediated target plasmid interference. Our result agrees with recent studies wherein the fused
Casl1 proteins (encoded within the cas8 or cas10d genes) were reported essential for target
plasmid interference by subtype I-C, I-B, and I-D systems of various bacteria, including D.

vulgaris, B. halodurans, and Synechocystis spp.(McBride et al., 2020; Tan et al., 2022).

4.4. Conclusion

The present study of CRISPR-Cas mediated interference in the heterologous host leads us to
conclude that the CRISPR-Cas subtype I-B (Lin_I-B) of L. interrogans may be functionally
active. We determined the interference-efficient PAMs for the Lin_I-B system. However, a
systematic analysis of trinucleotide combinations is warranted to deduce all possible

interference-efficient PAM motifs for the Lin_I-B system. Importantly, LinCas11b encoded
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within the lincas8b ORF is indispensable for the defense response of the Lin_I-B system, as in
its absence, Lin_I-B interference machinery could not accomplish efficient target DNA
interference. Further insight into the molecular mechanism of interference by the Lin_I-B
system awaits experimental structure determination of a type I-B effector complex, including
LinCascade. Taken together, it is presumed that the characterization of the Lin_I-B system
would pave the way for scientists to harness it as a targeted endogenous genome editing tool

and augment the toolbox for precise genetic manipulation of Leptospira spp.

4.5. Materials and methods

4.5.1. Bacterial strains, media, and growth conditions

L. interrogans serovar Copenhageni strain Fiocruz L1-130 was maintained in EMJH medium
(Difco, Becton Dickinson India Pvt. Ltd., India) as described in section 2.5.1. E. coli strain
DH5a (NEB #C2987H) was used for cloning and plasmid maintenance. E. coli strains BL21
(DE3) (Invitrogen #C6000-03) and BL21-Al (Invitrogen #C6070-03) were used for
heterologous overexpression of the proteins. LB-broth (Himedia #M1245) or LB-agar media
(Himedia #M1151) supplemented with appropriate antibiotics at 37 °C were used for growing
E. coli strains.

4.5.2. Construction of plasmids encoding type I-B interference machinery of
Leptospira

The genomic sequence of L. interrogans serovar Copenhageni strain Fiocruz L1-130, available
at the NCBI, was used for primer designing and cloning. The DNA sequences of interest were
PCR amplified individually from the genomic DNA of L. interrogans using sequence-specific
primers and cloned into different plasmids, as detailed below. The primers and plasmids used
in this study are listed in (Appendix Table C1). The DNA sequence encompassing three
consecutive cas genes (lincas8b/LIC10937, 1887 bp; lincas7/LIC10936, 840 bp;
lincas5/LIC10935, 624 bp) was ligated into the pACYCDuet-1 plasmid at multiple cloning
site-1 (MCS-I) between Sall and Notl. At the MCS-II site of the same plasmid, the DNA
sequence enclosing two cas genes (lincas6/LIC10939; 633 bp, and lincas3/L1C10938; 2253
bp) was ligated between Kpnl and Pacl (Appendix Fig. Cla-b). The obtained recombinant
plasmid ‘pCas’ can overexpress a set of Cas proteins (rLinCas8b, rLinCasl1b, rLinCas7,

rLinCas5, rLinCas6, and rLinCas3) required for interference, wherein rLinCas8b possesses an
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N-terminal 6xHis-tag. The CRISPR array (LIC_Cr?) associated with the Lin_I-B locus (Dixit
et al., 2016; Prakash and Kumar, 2021) was ligated into pRSF-1b between Kpnl and HindllI
sites, generating the recombinant plasmid construct ‘pCr?’ (Appendix Fig. Clc-d) that can
transcribe full-length array (pre-crRNA).

The plasmid constructs available in our laboratory [pET28a-LinCas7 (Hussain and Kumar,
2022), pCDF1b-LinCasllb, pET-SUMO-LinCas5, and pET-SUMO-LinCas3] were used for
individual production of rLinCas7, rLinCasllb, rLinCas5, and rLinCas3, respectively.
Wherein genes lincas5 and lincas3 were individually cloned into pET SUMO plasmid
following the manufacturer's instructions (Invitrogen #K300-01). A single amino acid
substitution mutation (Met429 to Ala) was introduced in lincas8b encoded within the plasmid
pCas using Q5 site-directed mutagenesis kit (NEB # E0554S). The resulting plasmid (pCas
Casliby gverexpresses the interference-associated Cas proteins (rLinCas8bM4°A, rLinCas?7,
rLinCasb, rLinCas6, and rLinCas3) without rLinCasllb. All the plasmid constructs were

sequenced before downstream uses.

4.5.3. Protein overexpression and purification

The E. coli BL21 (DE3) were co-transformed with two plasmids (pCas and pCr?) for
overexpression of Cas proteins (rLinCas8b, rLinCasl1b, rLinCas7, rLinCas5, rLinCas6, and
rLinCas3) and generation of LIC_Cr? pre-crRNA transcripts. Such co-transformation resulted
in strain BL-pCas+pCr? of E. coli BL21 (DE3) and is anticipated to allow Cascade complex
(rLinCascade) formation within E. coli. Induction of LinCas protein(s) overexpression in BL-
pCas+pCr? strain was done by adding IPTG (1 mM) for 4 h at 37 °C. The ribonucleoprotein
complex (rLinCascade) was purified by nickel affinity pull-down as described elsewhere
(Beloglazova et al., 2015; Tan et al., 2022) with rLinCas8b as bait. The bound complex
(rLinCascade) with the Ni-NTA beads was separated using the elution buffer [250 mM
imidazole, 50 mM Tris-HCI (pH 8.0), 100 mM NacCl, 10 % glycerol and 1 mM PMSF
(phenylmethylsulfonyl fluoride)]. The obtained elutes (rLinCascade) were concentrated using
a centrifugal concentrator (Amicon #UFC901024) and stored at -20 °C. Similarly, as a control,
purification was performed from E. coli cells (BL-pCas strain) overexpressing only the
interference-associated Cas proteins. The 6xHis-SUMO tagged rLinCas3 (98 kDa) was
individually purified by Ni-NTA affinity chromatography under the native condition vide
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section 2.5.2. For the purification of N-terminal 6xHis-SUMO tagged rLinCas5 (37 kDa), since
the protein was primarily in the insoluble fraction, Ni-NTA affinity chromatography was
pursued under denaturing conditions followed by renaturation of protein via dialysis as
described before (Ghosh et al., 2018).

4.5.4. Generation of polyclonal antibodies against the pure recombinant
protein

Polyclonal antibodies specific to pure recombinant Cas proteins (rLinCas3, rLinCas5, and
rLinCas7) of the Lin_I-B system were separately generated in mice, as described in section
3.5.5. The anti-rLinCas protein-specific polyclonal antibody titer in the mice serum was
analyzed by enzyme-linked immunosorbent assay (ELISA) (Appendix Fig. C3), as vide
section 3.5.6. The immunization experiments were performed with the approval of the
institutional animal ethics committee (approval no. 770/ac/CPCSEA/FVSC/AAU/IAEC/13-
14) at the Department of Veterinary Microbiology, College of Veterinary Sciences, Assam

Agricultural University, Guwahati, India.

4.5.5. Immunoblotting

Various experimental samples, including E. coli whole cell lysates and elutes of the pull-down
assay, were resolved on 10 % SDS-polyacrylamide gel(s) and electroblotted onto nitrocellulose
membrane(s) (Santa Cruz Biotechnology #SC-3718). Immunoblotting was performed (vide
section 3.5.7) using rLinCas protein-specific polyclonal primary antibodies (mice antisera).
The specific primary antibodies anti-rLinCas6 (Prakash and Kumar, 2021), anti-rLinCas3, and
anti-rLinCas5 were used at a dilution of 1:1000, while anti-rLinCas7 and anti-rLinCas8b were
used at 1:500.

4.5.6. Denaturing urea PAGE

The pull-down elutes of ribonucleoprotein complex from Ni-NTA chromatography, and its
control was either treated with RNase A (2uug) or left untreated for 30 min at 37 °C. Post-
treatment, the elutes were resolved on TBE-PAGE (20 %) with 8 M urea. As a marker, the
commercially synthesized mature crRNA (70 nt) of LIC_Cr? was included. The nucleic acid
component of the rLinCascade complex was visualized by SYBR Gold staining.

Page 103|164
TH-3168_166106005



Chapter 4 Functional characterization of LinCascade

4.5.7. In silico PAM prediction for Lin_I-B system and the generation of

plasmids containing the protospacer

The spacer matching-protospacer sequences were predicted by submitting the sense strand (+)
DNA sequence of each spacer of LIC_Cr? (Prakash and Kumar, 2021) individually to the
CRISPRTarget webserver (Biswas et al., 2013) under default parameters. The eight nucleotide
flanking sequence at the 5'-end of each predicted protospacers (Table 4.1) was analyzed by the
WebLogo webserver (Crooks, 2004) to deduce the consensus 5'-PAM. The protospacer DNA
oligos containing 5-PAM with spacer-1 of LIC_Cr? (Table 4.2) were custom synthesized
(Eurofins, India). The custom-synthesized protospacer oligos (positive and negative strands)
were annealed to have cohesive ends (Hindlll and Ndel) and ligated into similarly restricted
pT7Blue plasmid, as described previously (Strotksaya et al., 2015). Prepared PAM-protospacer
plasmids were confirmed by sequencing.

4.5.8. Plasmid interference assay in E. coli

The target plasmid interference by Lin_I-B interference machinery in E. coli was assessed as
described previously (Tan et al., 2022). Briefly, the plasmid constructs (pCas, pCr?, and a target
plasmid) were co-transformed into BL21-Al cells using the TransformAid bacterial
transformation Kit (Thermo Scientific #K2711). The target plasmids constructed in a backbone
of pT7Blue [p(TGA)Spacer, p(ATA)Spacer, or p(ATG)Spacer] contained the identified 5'-
PAM and the spacer-1 sequence of array LIC_Cr?. As a control, pT7Blue plasmid with spacer-
1 containing a non-PAM sequence [p(CAC)Spacer, non-PAM target plasmid] or without any
protospacer (pBlank, reference plasmid) was utilized. For target plasmid interference assay,
BL21-Al cells housing three plasmids (pCas, pCr?, a target plasmid) were grown overnight at
37 °C in LB broth containing three antibiotics (Cam; 33 pg/mL, Kan; 100 pg/mL, and Amp;
100 pg/mL). Overnight grown cultures of each strain were subcultured in LB broth (2 mL)
containing three antibiotics (Cam+Kan+Amp) till-mid log phase (ODeoo = 0.5-0.6). After that,
cultures were pelleted by centrifugation and gently resuspended in fresh LB broth (2 mL)
containing two antibiotics (Cam+Kan). One-half (1 mL) of each culture was induced with
IPTG (1 mM) and L-arabinose (0.2 %) at 37 °C for the next 4 h. The remaining half (1 mL) of
the culture was grown uninduced for 4 h. Next, an equal volume of 100-fold dilution of
uninduced and induced cultures of each strain was spread on LB-agar test plates with three
antibiotics (Cam+Kan+Amp) and LB-agar control plates with two antibiotics (Cam+Kan).
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After 24 h incubation at 37 °C, the culture plates were scored for bacterial growth by counting
colony-forming units (CFU). The CFU depletion ratio in uninduced and induced cells of each

BL21-Al strain was estimated by calculating the ratio of CFU scored on control and test plates.

Similarly, the CFU depletion ratio was estimated in the BL21-Al strain (pCas *®!!*, pCr?, and
target plasmid), lacking rLinCas11b. The same strain was also complemented with a fourth
plasmid, pCDF1b-LinCasl1b bearing a spectinomycin resistance cassette. The interference of
potential target plasmid in rLinCas11b complemented BL21-Al cells was estimated following
a similar procedure as detailed above, except that an additional antibiotic spectinomycin (Spe;
50 pg/mL) was used. The experiment was repeated at least three times, and the statistical

analysis was performed using Microsoft office excel 2019.

*khkkk
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Chapter 5

Differential expression of cas genes of CRISPR-Cas type I-B locus
in L. interrogans under stress conditions

5.1. Summary

The pathogenic Leptospira interrogans serovar Copenhageni strain Fiocruz L1-130 carries a
transcriptionally active CRISPR-Cas type I-B (Lin_I-B) system. However, at the protein level,
the expression of cas genes (lincas3, lincas5, lincas6, lincas7, and lincas8b) associated with
the interference module of the Lin_I-B system is murky. In this study, on immunoblotting using
specific polyclonal antibodies, none of the LinCas proteins associated with Lin_I-B's
interference module could be detected in the whole-cell lysate of L. interrogans cultivated
under optimal in vitro growth conditions. Therefore, we assessed the transcription level of
Lin_I-B's cas genes within L. interrogans under various abiotic stress conditions (high
osmolarity, oxidative stress, and UV-C irradiation) that leptospires frequently experience while
living in soil, water, or infected animal tissues. The treatment of mid-log phase grown
Leptospira with hydrogen peroxide (H20., 1 mM; oxidative stress) for 1 h resulted in
significant down-regulation (fold change (FC) = 0.2<FC<0.6) of interference-associated cas
genes of Lin_I-B locus. Moreover, oxidative stress did not trigger any significant change in
transcription of the adaptation module-associated cas genes (lincasl, lincas2, and lincas4).
Similarly, a 24 h exposure of high physiologic osmolarity (300 mOsM; 120 mM NacCl) to log-
phase grown Leptospira significantly down-regulated (0.3<FC<0.6) the transcription of cas
genes of Lin_I-B's interference module except for lincas6, which remained unchanged. Also,
high osmolarity stress induced a significant up-regulation in the transcription of adaptation
module-associated cas genes (lincasl: FC =~5, P < 0.05; lincas2: FC = ~2.4, P < 0.01; lincas4:
FC = ~3, P < 0.01). Further, the UV-C exposure (8 J/m?) to exponentially growing L.
interrogans had no effect on the transcription of the Lin_I-B associated cas genes. Overall, the
present study demonstrates the influence of abiotic stress on the transcription of cas genes of

the Lin_I-B system in L. interrogans serovar Copenhageni.
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5.2. Results

5.2.1. Undetectable expression of Cas proteins of Lin_I-B's interference

module in in-vitro grown L. interrogans by immunoblotting

Earlier, the genes coding for Cas proteins of the Lin_I-B system were reported to be
transcriptionally active in L. interrogans serovar Copenhageni strain Fiocruz L1-130 (Dixit et
al., 2016). In this study, we examined the expression of Cas proteins associated with the
interference module of the Lin_I-B system in Leptospira by immunoblotting using protein-
specific mice antisera. On immunoblotting of whole-cell lysates of in vitro grown L.
interrogans serovar Copenhageni strain Fiocruz L1-130 (=5 x 10° spirochetes), none of the Cas
proteins of Lin_I-B's interference module could be detected (Appendix Fig. D1). However, in
the same lysate, we could detect the LinCas2 of Lin_I-B's adaptation module (Appendix Fig.
D1), as reported previously (Dixit et al., 2021b). No detection on immunoblot may infer a very
low expression level of Cas proteins of Lin_I-B's interference module in Leptospira when
cultivated under optimal growth conditions- in EMJH media at 29 °C. The expression of cas
genes in prokaryotes is differentially regulated in response to various environmental stimuli,
including oxidative stress, high osmolarity, and UV irradiation (Go6tz et al., 2007; Nickel et al.,
2013; Plagens et al., 2012; Strand et al., 2010; Zavala-Alvarado et al., 2020). Pathogenic
leptospires encounter various stress conditions, including oxidative stress, high osmolarity, and
UV irradiation during their life in the soil, water, or infected animal host. Therefore, next, we
analyzed the expression of Lin_I-B associated cas genes in L. interrogans under various abiotic
stress conditions (i.e., high physiologic osmolarity, oxidative stress, and UV irradiation) via
gRT-PCR to check if it can be up-regulated to a level significant enough to detect by

immunoblotting.

5.2.2. Influence of oxidative stress on transcription of Lin_I-B’s cas genes

Previously, in Pyrococcus furiosus, a significant up-regulation (up to ~6-fold) in the
transcription of the cas7 gene associated with CRISPR-Cas type I-A system (Strand et al.,
2010) was recorded in response to oxidative stress induced upon a 30 min treatment with 0.5
mM H20. However, in L. interrogans serovar Manaliae, a 1 h treatment with 1 mM H.0>
(oxidative stress) resulted in a significant down-regulation in the transcription of cas genes
(cas3, casb, cas7, and cas8) associated with type I-C system (Zavala-Alvarado et al., 2020).

Moreover, the transcriptional response to different environmental stress conditions can vary
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among prokaryotes (Go6tz et al., 2007; Nickel et al., 2013; Plagens et al., 2012; Strand et al.,
2010; Zavala-Alvarado et al., 2020). In this study, we assessed the transcription level of cas
genes of the Lin_I-B system within L. interrogans serovar Copenhageni in response to
oxidative stress employing real-time quantitative reverse transcription-PCR (gqRT-PCR).

Details of cas gene-specific primers used for gRT-PCR analysis are enlisted in Table 5.1.

Table 5.1. cas gene specific primers used for gRT-PCR in this study.

Gene / locus tag Gene size (bp) Primer sequence (Forward / Reverse), 5'- 3’

) CTAGCTAGCATGATTAAATTTTTAGTTTCCGAAGAG
lincas1 /LIC10942 855 | ACTCACATTTTGCGGATACTAGTTT

ncas2 | LICL0SAL . CATGCCATGGACATGAAACATTGGAGATTAGTATCTT

| ACGCGTCGACTTATAGAATTTTTAATGTTTTTGGAGC

) CTAGCTAGCGTGATCCTTCTCGCAAAAT

lincas3 /LIC10938 2253 | ATTGTATTCGGATTCTGAAAGTCGG

) GGAATTCCATATGATGGACCAATACGGAAACA
lincas4 /LIC10943 630 | GAAAGGATTCGATTCTTCCCGA

) CTAGCTAGCATGGATCCATTGATTCTTTACT

lincas5 /1.1C10935 624 | AACACATTTCGCAGCTGGAG

) CTAGCTAGCATGTCCATTCCGAACGTCA

lincas6 / 1L1C10939 633 | CTCAGTCGTGAATTGGCTGTTAGTCGAAGG

) CTAGCTAGCATGAGTCTGCATATTTTCGGAAC

lincas7 / LIC10936 840 | CTGCCAGTCGAATCCTTCGCTT

) CTAGCTAGCATGAGTTCCCGTCCAAGC

lincas8 / L1C10937 1887 | GAATAGAATCCTGAGTCAGTTCCCAGGACAAAGTC
linrrs1 / LIC11010 1513 GCGTAGGCGGACATGTAAGT

/| AATCCCGTTCACTACCCACG

For expression analysis of Lin_I-B’s cas genes in response to the harmful oxidative stress
encountered during infection, mid-log phase grown L. interrogans were treated with or without
(control) 1 mM H20> for 1 h in EMJH medium at 29 °C. The transcripts of cas genes measured
in Leptospira post-exposure to hydrogen peroxide (H20.) were normalized with internal
standard 16S rRNA (rrs1) transcripts using the 22T method and represented as the number
of gene transcripts per 10%° copies of the 16S rRNA. The fold-change in the transcript level of
the target cas genes upon exposure of spirochetes to oxidative stress were calculated with
respect to basal-level expression under control condition. As reported in L. interrogans serovar
Manaliae (Zavala-Alvarado et al., 2020), oxidative stress caused significant down-regulation
[expression relative to control or fold change (FC) = 0.2<FC<0.6] in interference-associated
cas genes of Lin_I-B locus (Fig. 5.1). Maximum transcriptional repression (FC = ~0.3, P <
0.01) was recorded for lincasb, lincas7, and linas8b, followed by lincas3 (FC = ~0.5, P <0.05),
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and lincas6 (FC = ~0.6, P < 0.05). No significant change in the transcripts level of the Lin_I-
B's adaptation module (lincas4-lincasl-lincas2) was evident under the tested oxidative stress
condition (Fig. 5.1).
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Fig. 5.1. Effect of oxidative stress on the transcription of cas genes of Lin_I-B locus. Mid-log phase
grown L. interrogans cultures in EMJH media were treated with or without (control) 1 mM H,0; for 1
h at 29 °C. From each culture sample (treated and control), total RNA was isolated followed by cDNA
synthesis using random hexamers. qRT-PCR was performed using gene specific primers. Transcripts
of cas genes were quantified based on threshold cycle (Cr) values using the 2-*2°T method and
normalized against internal standard 16S rRNA (rrsl). (A) Transcript level of Lin_I-B’s cas genes in
L. interrogans under optimal (control) and oxidative stress (1 mM H20>) conditions. (B) Fold-change
in transcript level of cas genes of Lin_I-B locus within Leptospira in response to applied oxidative
stress relative to control. Data are presented as mean £ SEM, n = 3. (n.s. not significant; *P < 0.05;
**P < 0.01)

5.2.3. Influence of high osmolarity on transcription of Lin_I-B's cas genes

Upon entry into the animal host, leptospires encounter high physiological osmolarity stress
(~300 mOsM) (Kratz et al., 2004; Suckow et al., 2005). Previously, exposure of physiological
osmolarity to in vitro cultivated pathogenic leptospires via treatment with 120 mM NaCl in
EMJH media has been reported to up-regulate the expression of many virulence-associated
genes, including ligA (LIC10465), ligB (L1C10464), sph2 (L1C12631) (Matsunaga et al., 2007),
and Isa66 (L1C10258) (Oliveira et al., 2011). Also, in Thermoproteus tenax, the expression of
the cas3 gene of CRISPR-Cas type I-A locus was induced up to 10-fold in response to treatment
with 100-150 mM NaCl (Plagens et al., 2012). However, treating T. tenax with a lower

concentration of NaCl (50 mM) caused a 7-fold decrease in cas3 expression level (Plagens et
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al., 2012). This prompted us to analyze the expression of cas genes of the Lin_I-B locus in L.
interrogans grown in vitro under physiological osmolarity conditions (~300 mOsM).
Therefore, the exponentially growing Leptospira culture was treated with 120 mM NaCl in
EMJH medium for 24 h, followed by gene expression analysis by gRT-PCR. The addition of
120 mM NacCl to the EMJH medium results in an osmolarity of ~300 mOsM (Matsunaga et al.,
2007) that mimics the physiologic osmolar environment experienced by leptospires during
mammalian host infection. The applied high osmolarity stress significantly down-regulated
(0.3<FC<0.6) the expression of cas genes associated with Lin_I-B interference module except
the lincas6 gene, which remained unchanged (Fig. 5.2). Interestingly, under high osmolarity
stress, a significant up-regulation in the transcription of adaptation module-associated cas
genes (lincasl: FC = ~5, P < 0.05; lincas2: FC = ~2.4, P < 0.01; lincas4: FC = ~3, P < 0.01)
was evident (Fig. 5.2).
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Fig. 5.2. Differential expression of Lin_I-B’s cas genes on physiologic osmolarity stress. Mid-log
phase grown L. interrogans cultures in EMJH media were treated with or without (control) 120 mM
NaCl for 24 h at 29 °C. Transcripts of cas genes were quantified by gRT-PCR (vide methods). (A)
Transcript level of Lin_I-B’s cas genes in L. interrogans under optimal (control) and physiologic
osmolarity stress (120 mM NacCl) conditions. (B) Fold-change in transcript level of cas genes of Lin_I-
B locus within Leptospira in response to applied osmolarity stress relative to control. Data are presented
as mean £ SEM, n = 3. (n.s. not significant; *P < 0.05; **P < 0.01)
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5.2.4. Influence of UV irradiation on transcription of Lin_I-B’s cas genes
Earlier, UV-C (254 nm) irradiation has been shown to up-regulate the expression of CRISPR
associated cas genes in some prokaryotes. In T. tenax, a UV-C exposure of 20 J/m? resulted in
~3-fold and ~2-fold increased transcription of cas3 and cas4 genes of CRISPR-Cas type I-A
locus, respectively (Plagens et al., 2012). Similarly, in Sulfolobus solfataricus, UV-C exposure
of 200 J/m? caused ~2-fold up-regulation in the transcription of cas8 of type I-A locus (Gotz
et al., 2007). Pathogenic leptospires also encounter UV exposure during their free-living state
in soil and water. The sensitivity of pathogenic spirochetes to UV irradiation has previously
been determined (Stamm and Charon, 1988). For L. interrogans serovar Pomona, cell survival
was estimated to be 1 % and 10 % after UV-C exposure of 12.5 J/m?and 7.5 J/m?, respectively
(Stamm and Charon, 1988). In another study, UV-C exposure of 100 J/m?to L. interrogans
serovar Manilae has been shown to reduce bacterial survivability by 99.9 % (three logs
reduction) (Richard et al., 2021). Therefore, we chose a UV-C dose of 8 J/m? to analyze the
effect of UV irradiation on the expression of cas genes associated with the Lin_I-B locus in L.
interrogans serovar Copenhageni. The exponential phase culture of L. interrogans was
exposed to UV-C at a dose of 8 J/m?. After UV-C exposure, the culture was incubated at 29 °C
for the next 3 h, followed by cas gene transcripts analysis by gqRT-PCR. The UV-C exposure
(8 J/m?) did not result in any significant change in the transcription of cas genes of the Lin_I-
B locus (Fig. 5.3).

5.3. Discussion

The CRISPR-Cas systems are highly diverse in molecular organization and operational
mechanism. In addition to its primary role as adaptive immunity, CRISPR-Cas systems appear
to be involved in various other cellular functions, including DNA repair, virulence, and
programmed cell death (Faure et al., 2019). Multiple lines of evidence indicate the involvement
of Cas proteins in bacterial virulence, although the detailed mechanism remains elusive. For
instance, the Cas9 of Francisella novicida has been reported to foster bacterial virulence by
degrading the endogenous transcript encoding a bacterial lipoprotein that otherwise triggers the
host’s innate immune response (Sampson et al., 2013). Similarly, in Streptococcus agalactiae,
Cas9 enhances bacterial virulence by downregulating the expression of the transcription

regulator regR, the repressor of the gene encoding the hyaluronidase enzyme (Ma et al., 2018).
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Fig. 5.3. Transcript analysis of cas genes in Leptospira exposed to UV-C irradiation. Mid-log phase
grown L. interrogans cultures in EMJH media were exposed to UV-C light at a dose of 8 J/m? followed
by incubation in dark for next 3 h at 29 °C. Similarly grown Leptospira culture without UV irradiation
served as control. Transcripts of cas genes were quantified by gRT-PCR (vide methods). (A) Transcript
level of Lin_I-B’s cas genes in L. interrogans grown without (control) or with UV-C irradiation (8
J/m?). (B) Fold-change in transcript level of cas genes of Lin_I-B locus within Leptospira in response
to UV-C exposure relative to control. Data are presented as mean + SEM, n = 3. No significant change
in transcript level of Lin_I-B’s cas genes was evident.

The nuclease activity of the Cas2 protein of CRISPR-Cas type II-B locus in Legionella
pneumophila has been demonstrated to promote bacterial infectivity for amoebae (Gunderson
et al., 2015). Adding more, in Myxococcus xanthus, the starvation condition positively
regulates the expression of Cas proteins (Cas7, Cas5, and Cas8: previously described as Dev-
R, -S, and -T, respectively) of CRISPR-Cas type I-B locus leading to sporulation of bacteria, a
bacterial virulence-associated strategy to survive the stress condition (Rajagopalan and Kroos,
2017). Also, in pathogenic leptospires, the CRISPR-Cas systems have been described as a
virulence factor (Fouts et al., 2016) similar to some other bacteria, including Listeria

monocytogenes (Mraheil et al., 2011) and Campylobacter jejuni (Louwen et al., 2014, 2013).

Further, pathogenic bacteria regulate the expression of virulence factors as per environmental
cues. For instance, the expression of virulence-associated LigA protein could not be seen in L.
interrogans cultivated in vitro but was detected in leptospires colonized in the kidneys of
infected hamsters (Palaniappan et al., 2002). Similarly, the expression of Sph2 and Lsa66 was

found to be triggered in leptospires when cultured under host-like high osmolarity stress, which
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otherwise failed to be detected under standard in vitro culture conditions (Matsunaga et al.,
2007; Oliveira et al., 2011). Thus, in this study, on immunoblotting, no detection of Cas
proteins of Lin_I-B’s interference module led us to presume that the expression of Cas proteins
is too low to be detected by immunoblot when spirochetes were cultivated in EMJH media at
29 °C, an optimal growth condition with no stress. This agrees with the previous report on
mass-spectrometry-based absolute quantification of protein copies per cell in L. interrogans by
Malmstrom and his colleagues (Malmstrém et al., 2009). Wherein none of the Cas proteins of
Lin_I-B locus except LinCas7 could be detected in L. interrogans serovar Copenhageni strain
Fiocruz L1-130 grown in EMJH media at 30 °C. By mass-spectrometry, the amount of LinCas7
protein was determined to be 17 copies per cell (~80 nM) (Malmstrom et al., 2009), which is
too low (in the range of fmol) to be detected by the immunoblotting technique that has
sensitivity down to pmol (Prasad and Unadkat, 2014). On the other hand, the detection of the
LinCas2 protein of Lin_I-B locus in L. interrogans serovar Copenhageni by immunoblotting
rather suggests a knotty setting for the expression of LinCas proteins in Leptospira. The
existing literature suggests that the expression of cas genes in prokaryotes is subject to
differential regulation under various abiotic stress conditions, such as high osmolarity,
oxidative stress, and irradiation (Gotz et al., 2007; Nickel et al., 2013; Plagens et al., 2012;
Strand et al., 2010; Zavala-Alvarado et al., 2020). Therefore, we wonder if the expression of
Cas proteins of the Lin_I-B locus can be manipulated by mimicking the abiotic stress
conditions (i.e., high osmolarity, oxidative stress, and UV irradiation) that leptospires

experience while living in the soil, water, or infected animal hosts.

Pathogens, including Leptospira, during infection, encounter DNA-damaging stress from the
host tissue environment and innate immune response. Inside the animal body, bacteria
experience a high physiologic osmolar environment (300 mOsM) (Kratz et al., 2004; Suckow
et al., 2005) compared to what they face outside the host. The host's innate immune response
generates oxidative stress by producing various reactive oxygen species (ROS), including
hydrogen peroxide (H202), hydroxyl radicals, and superoxide anions (Araujo et al., 2014;
Erdogan et al., 2008; Eshghi et al., 2012; Marangoni, 2006). The oxidative stress, induced by
an increase in ROS concentrations to the supraphysiological level (H202 >1 mM), causes
extensive damage to bacterial DNA (Eshghi et al., 2012; Fan et al., 2010). Also, outside the
host, bacteria experience DNA damage by UV irradiation (Go6tz et al., 2007). DNA damage
induced by such stress conditions, to some extent, mocks the situation a bacterium experiences
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during phage infection; therefore, it plausibly stimulates the expression of proteins involved in
DNA repair and maintenance, including Cas proteins (Babu et al., 2011; Plagens et al., 2012).
Agreeing with this, previously, noticeable up-regulation in the transcription of CRISPR-Cas-
associated genes in different bacteria has been reported in response to abiotic stress conditions.
Examples include, in P. furiosus, an up to ~6-fold increase in the transcription of the cas7 gene
(CRISPR-Cas type I-A) was recorded upon treating the bacteria with 0.5 mM H,O; for 30 min
(Strand et al., 2010). The UV-C exposure of 20 J/m? to T. tenax resulted in ~3-fold and ~2-fold
up-regulation in the transcription of cas3 and cas4 genes (CRISPR-Cas type I-A), respectively
(Plagens et al., 2012). Similarly, in S. solfataricus, UV-C stress of 200 J/m? caused ~2-fold up-
regulation in the transcription of cas8 of type I-A locus (G6tz et al., 2007). Further, treating the
T. tenax with 100-150 mM NaCl (osmolarity stress) resulted in up to a 10-fold increased
expression of the cas3 gene (CRISPR-Cas type I-A) (Plagens et al., 2012). However, treating
T. tenax with a lower concentration of NaCl (50 mM) caused a 7-fold down-regulation in cas3
expression level (Plagens et al., 2012). Similarly, the treatment of Methanosarcina mazei with
500 mM NaCl did not affect the transcription level of cas genes of the type I-B system, although
the expression and maturation of crRNA were increased by ~5-10-fold (Nickel et al., 2013). In
L. interrogans serovar Manaliae, a significant down-regulation in the transcription of cas genes
(cas3, casb, cas7, and cas8) of type I-C locus was recorded post-treatment with 1 mM H20»
(Zavala-Alvarado et al., 2020).

Similar to L. interrogans serovar Manaliae, in this study, the oxidative stress (1 mM H20>) to
L. interrogans serovar Copenhageni significantly down-regulated (0.2<FC<0.6) the
interference-associated cas genes of Lin_I-B locus. Such diverse transcriptional responses of
different bacteria may be correlated with their different sensitivity towards a similar
environmental stress condition. For L. interrogans serovar Copenhageni and Manaliae, 1 mM
of H20:is sublethal (Eshghi et al., 2012). While for P. furiosus, H.Ozat 0.5 mM concentration
is sublethal (Strand et al., 2010). Significant down-regulation (0.3<FC<0.6) in the transcription
of cas genes (except lincas6) of Lin_I-B’s interference module was also detected in the case of
high osmolarity stress (~300 mOsM), while the adaptation module's cas genes got up-
regulated. The up-regulation of adaptation cas genes of the Lin_I-B locus in response to the
physiologic osmolar condition may infer their possible role in counter strategies of Leptospira
to survive the stress during animal host infection, hence suggesting their role in Leptospira
virulence. Previously, Casl and Cas2 proteins' role as virulence factors has been illustrated in
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different bacteria, including Legionella pneumophila (Campbell and Cianciotto, 2022) and E.
coli (Sampson and Weiss, 2013). Earlier, CRISPR adaptation-associated Cas proteins are
suggested to be actively involved in DNA repair (Babu et al., 2011; Faure et al., 2019; Wortz
etal., 2022). High osmolarity (NaCl) stress can lead to cellular DNA damage (Dmitrievaet al.,
2004); thus, it may cause stimulation in the expression of proteins that serve in DNA repair.
Therefore, in this study, under high osmolar conditions, the observed up-regulation in the
Lin_I-B's adaptation cas genes (lincasl, lincas2, and lincas4) indicates their active role in DNA
repair. On the other hand, the down-regulation in the interference cas genes due to oxidative
and high osmolarity stress or no change in expression upon UV-C exposure suggests their no
active involvement, at least, in the stress management strategies of Leptospira. Overall, the
present study demonstrates the effect of abiotic stress on the transcription of cas genes of the
Lin_I-B system in pathogenic L. interrogans serovar Copenhageni. Our results complement
previous studies reporting the variable transcriptional response of different microorganisms to

the same abiotic stress.

5.4. Conclusion

Although it is hard to come to a more specific conclusion, the interference associated cas genes
of the Lin_I-B locus appear to be more responsive towards the tested abiotic stress conditions,
including high osmolarity and oxidative stress. Moreover, the down-regulation in the
interference cas genes due to oxidative and high osmolarity stress or no change in expression
upon UV-C exposure suggests their no active involvement, at least, in stress management
strategies of Leptospira. At the same time, an up-regulation in the cas genes of Lin_I-B's
adaptation module in response to high physiologic osmolar stress infers their active role in
Leptospira virulence. Overall, the present study demonstrates the influence of abiotic stress on
the transcription of cas genes of the Lin_I-B system in pathogenic L. interrogans serovar
Copenhageni.

5.5. Materials and methods

5.5.1. Bacterial strains, media, and growth conditions

L. interrogans serovar Copenhageni strain Fiocruz L1-130 (hereafter referred to as L.
interrogans for simplicity) was procured from the ICMR, RMRC, Port Blair, Andaman, and
Nicobar Island, India. The spirochete culture was maintained in EMJH medium (Difco, Becton
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Dickinson India Pvt. Ltd., New Delhi, India) vide section 2.5.1. To avoid other bacterial

contamination, EMJH culture media was supplemented with antibiotic 5’-fluorouracil (100

pg/mL).

5.5.2. Immunoblotting

The whole-cell lysates of late-log phase grown L. interrogans serovar Copenhageni strain Fiocruz
L1-130 (=5 x 10°spirochetes) were prepared in 1x SDS-PAGE loading dye and heat denatured
at 95 °C for 20 min. Lysates were clarified by centrifugation at 13000 x g for 5 min. Supernatant
fractions were resolved on 12 % SDS-polyacrylamide gel(s) and electroblotted onto
nitrocellulose membrane(s) (Santa Cruz Biotechnology #SC-3718). As a positive control, pure
rLinCas proteins were also included. Immunoblotting was performed using rLinCas protein-
specific polyclonal primary antibodies following the procedure described in section 3.5.7. The
specific primary antibodies (mice antisera), anti-rLinCas6 (Prakash and Kumar, 2021), anti-
rLinCas3, and anti-rLinCas5 were used at a dilution of 1:1000, while anti-rLinCas7 and anti-
rLinCas8b were used at 1:500 dilution. The rabbit antisera anti-rLinCas2 primary antibody
(Dixit et al., 2021b) was used at 1:1000 dilution. The respective secondary antibodies
horseradish peroxidase (HRP)-conjugated goat anti-mouse or anti-rabbit IgG (1:5000; Sigma)
were applied for 1 h at room temperature.

5.5.3. Stress treatment to Leptospira

For assessing the transcriptional response of L. interrogans under abiotic stress conditions,
spirochetes were grown in EMJH media at 29 °C till the mid-log phase. Spirochetes were
enumerated using a Patroff-Hausser counting chamber under a dark-field microscope (Zeiss
Axio Lab.A1). To induce oxidative stress, mid-log phase grown L. interrogans culture (3 x 10®
cells/mL; 10 mL) in EMJH medium was treated with or without (control) 1 mM H.O; for 1 h
at 29 °C, as described elsewhere (Eshghi et al., 2012; Zavala-Alvarado et al., 2020). To induce
high osmolarity stress, the L. interrogans culture, in the mid-log phase, was added with or
without (control) 120 mM of NaCl (filter sterilized) followed by 24 h incubation at 29 °C, as
illustrated previously (Matsunaga et al., 2007). The addition of 120 mM of NaCl raises the
osmolarity of the EMJH culture medium from ~67 mOsM to ~300 mOsM, mimicking the
physiologic osmolar environment in animal tissue (Matsunaga et al., 2007). For UV irradiation,
mid-log phase grown L. interrogans culture (3 x 108 cells/mL; 10 mL), under sterile condition,
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was transferred to transparent petri dishes (Tarsons #T460050) and treated with UV-C (254
nm) at a dose of 8 J/m? using UV crosslinker (Analytik Jena CL-1000). Post UV-C exposure,
culture samples (control and treated) were incubated in the dark at 29 °C for the next 3 h.

5.5.4. RNA isolation and real-time qRT-PCR

Post-treatment with specified abiotic stress conditions, the L. interrogans culture samples
(control and treated) were harvested by centrifugation at 4000 x g for 20 min at room
temperature. Total RNA was isolated using the TRIzol reagent (Life technologies #15596018)
as described elsewhere (Dixit et al., 2016). Possible DNA contamination in isolated total RNA
was removed by DNase | (NEB #M0303S) treatment. An equal amount (1 — 1.5 pg) of total
RNA samples (control and treated) was converted to cDNA (Complementary DNA) using the
Verso cDNA synthesis kit (Thermo Scientific #AB1453B). To rule out the genomic DNA
contamination, as a negative control, the cDNA synthesis was set without the reverse
transcriptase. The primers for gRT-PCR were designed by the OligoPerfect primer designer
tool (Thermo Fisher Scientific) using the target gene sequence of L. interrogans serovar
Copenhageni strain Fiocruz L1-130 available from the NCBI database. The primer pairs (Table
5.1) for qRT-PCR were designed with similar annealing temperatures (~60 °C) and similar
amplicon sizes (~200 bp). Each primer pair was verified for single target-specific PCR
amplification. The gRT-PCR reaction was performed using a DyNAmo ColorFlash SYBR
Green gPCR kit (Thermo Scientific #F-416) and a CFX96™ Real-Time machine (Bio-rad)
programmed as 50 °C for 2 min, 95 °C for 10 min, and 40 cycles of 95 °C for 15 sec and 60
°C for 1 min, followed by melt curve analyses of the PCR products. As described previously
in our laboratory (Ghosh et al., 2018), the transcripts of target genes were quantified based on
threshold cycle (Cr) values using the 24€T method (Schmittgen and Livak, 2008) and
normalized with the internal standard 16S rRNA (rrs1) gene of Leptospira. The transcription
level of target genes in response to applied abiotic stress conditions relative to the control was
determined in three independent experiments to obtain statistically significant results.

*hkkkk
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Conclusion and future prospects

Leptospira infection poses a significant public health challenge and causes a substantial
economic loss, as well, due to Leptospira-induced ailments in livestock (Costa et al., 2015;
Ellis, 2015; Torgerson et al., 2015). Even so, the pathogenesis mechanism of Leptospira
remains poorly understood, largely because the genus exhibits incompetence to most of the
available genetic manipulation tools (Fernandes et al., 2021). Thus, there is a need to explore
alternative techniques of higher efficiency for investigating pathogenic leptospires. The
predominant CRISPR-Cas type I-B system, identified in several pathogenic Leptospira
genomes (Dixit et al., 2016; Xiao et al., 2019a), presents a promising alternative to be explored
as an endogenous genome editing tool, as recently demonstrated in some other bacteria (Xu et
al., 2021). Moreover, to exploit Leptospira’s CRISPR-Cas type I-B (Lin_I-B) system for
genetic manipulation, characterization of its interference machinery is a prerequisite, owing to
the high variability in composition and target interference mechanism of CRISPR-Cas systems
in different bacteria. To this end, the present study aims to the functional characterization of
interference machinery of a transcriptionally active CRISPR-Cas type I-B system (Lin_I-B),
recently identified in the L. interrogans serovar Copenhageni strain Fiocruz L1-130 (Dixit et
al., 2016).

We investigated the molecular and/or biochemical characteristics of LinCas7 and LinCas8b
proteins to interpret their mechanistic role in the defense response of the Lin_I-B system. In
line with the mandated role of Cas7 family proteins to shape the Cascade’s backbone, pure
LinCas7 exhibits distinct binding to mature crRNA in the presence of Mg?* ions. The RNA-
induced assembly of LinCas7, evident by transmission electron microscopy and SEC, confirms
its canonical function in Lin_I-B defense response. Moreover, without divalent metal ions
(Mg?"), LinCas7 behaves as a non-specific RNase. Interestingly, the comprehensive
biochemical analysis of the pure rLinCas7 revealed it to be a Mg?* ion-dependent non-specific
endoDNase, unlike other Cas7 family proteins. Perhaps, catalytically active Cas7 variants may
also exist across other type | systems but remain underreported due to milder nuclease action

on DNA, as noticed for DvuCas7c in this study.
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At this juncture, the importance of the Cas7 subunit’s non-specific nuclease activity for
CRISPR-Cas immunity remains elusive. Moreover, the additional DNase activity in a Cascade
complex furnished by Cas7, along with Cas3 helicase/nuclease, may accelerate the target DNA
destruction and thus may benefit the bacteria to confront the invasive genome more effectively.
Nonetheless, the observed divalent metal ions- based tuneability of LinCas7’s nuclease activity
may represent one of the regulatory mechanisms that operate inside bacterial cells to seize
LinCas7’s nuclease activity. We also reasonably hypothesized that, in a Cascade complex, the
other interacting Cas subunits may regulate the LinCas7 non-canonical nuclease activity and
direct it to execute its mandate role in CRISPR immunity. In line with this hypothesis, the
expression of LinCas7 with cognate pre-crRNA and other subunits of the effector complex
(LinCascade) resulted in the formation of LinCascade containing mature crRNA. The
formation of LinCascade infers that other co-working Cas proteins regulate LinCas7 non-
canonical nuclease activities, letting LinCas7 assemble onto crRNA without cleaving it.
Further scrutiny of which Cas subunit(s) of the LinCascade and additional factor(s) (if any)
regulates the functioning of LinCas7 would be an insightful study. Very recently, a Cas7
variant (Csbl) in the type I-G system of Bifidobacterium animalis has also been demonstrated
to exhibit RNase activity independent of divalent metal ions (Chhetry and Anand, 2022). On
the contrary, Cas7 in type I-G of Thioalkalivibrio sulfidiphilus was reported inert for RNase
activity (Shangguan et al., 2022). These examples, along with LinCas7 (characterized in this
study), convey the existing high diversity in the operational mechanism of CRISPR-Cas
immunity and emphasize the importance of studying the same CRISPR-Cas type in different
bacteria.

The molecular characterization of LinCas8b- the predicted large subunit of the effector
complex in the Lin_I-B system- revealed it to be a genetic fusion of large (Cas8) and small
subunit (Cas11) proteins found in a typical Cascade complex. We identified that the lincas8b
gene encloses a small ORF (lincas11b) that codes for the C-terminal of LinCas8b as well as
independently co-translates into LinCas11b (small subunit) protein. Further analysis revealed
that the co-translating LinCas11b is a structural and functional analog of Cas11 family proteins
constituting the belly filament of effector complex in type I and Ill CRISPR-Cas systems
(McBride et al., 2020; Venclovas, 2016). LinCasl1b’s self-dimerization and its sturdy
interaction with LinCas8b present molecular insights into the assembly of belly filament in the
Cascade of various CRISPR-Cas type | systems that lack distinct casll genes. The self-
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dimerization property of LinCas11b suggests that the LinCas8b’s C-terminal (representing a
fused LinCas11b) may act as nucleation points for the assembly of LinCas11b belly filament

in the LinCascade.

Pure LinCasllb demonstrated metal ion-independent non-specific DNA binding activity,
leading us to interpret its functional role in Cascade-mediated DNA interference. The Casll
subunit’s non-specific DNA binding activity may benefit the Cascade in initial binding to target
DNA for PAM detection. Also, such non-specific affinity allows Cas11 to hold the displaced
DNA strand leading to stable R-loop formation during target interference. The structural
analysis of LinCas11b disclosed a two-domain architecture comprising NTD and CTD. The
NTD (al- a5) exhibits a close structural match with the various known Cas11 family proteins
(McBride et al., 2020; Venclovas, 2016). However, the CTD (a6- 09; 84 residues) is identified
as unique to LinCasl1b and requires further investigation to probe its role in LinCas11b’s
functioning. To better interpret the contribution of LinCasllb in the CRISPR-Cas adaptive
immunity of Leptospira, the experimental structure determination of LinCas11b alone or in

complex with LinCas8b or LinCascade is warranted.

In the type I-B system, typically, Cas6 processes the pre-crRNA into mature crRNA following
multi-turnover kinetics. Cas6 gets dissociated from crRNA post-processing and does not form
a subunit of the type I-B Cascade (Liu and Doudna, 2020; Sefcikova et al., 2017). In contrast,
Cas6 (LinCas6) from a type I-B (Lin_I-B) system of L. interrogans has recently been
demonstrated to process the cognate pre-crRNA in a single-turnover mode and remains bound
with mature crRNA in vitro (Prakash and Kumar, 2021). This contradictory observation raised
an immediate query to us- whether LinCas6 forms a subunit in the Cascade (LinCascade)
complex of type I-B system in L. interrogans, unlike other bacteria. Therefore, in the present
study, we examined the crRNA generation by LinCas6 in the presence of the other Cas proteins
of Lin_I-B interference machinery within surrogate host E. coli and checked for LinCascade
assembly. The co-expression of Lin_I-B interference machinery resulted in the formation of
LinCascade comprising mature crRNA complexed with LinCas5, LinCas6, LinCas7,
LinCas8b, and LinCasllb subunits. This infers that the Lin_I-B interference machinery is
active for the expression phase of CRISPR immunity, leading to the crRNA biogenesis and

assembly of a stable LinCascade complex which also encloses LinCas6 as its subunit.
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Motivated by the perceptible assembly of LinCascade, the proficiency of the complex to
recognize PAM and mount CRISPR defense against target plasmid was assessed within
surrogate host E. coli. Wherein, LinCascade demonstrated a functional phenotype resulting in
a robust interference of target plasmids containing a protospacer with a predicted 5-PAM
(TGA, ATG, and ATA). The active defense response of LinCascade against all the
protospacers (containing 5-TGA, -ATA, or -ATG PAM) suggests promiscuity in PAM
recognition by LinCascade for target interference. Such promiscuity in PAM recognition for
target interference is often noticed in all type I CRISPR-Cas systems across different bacteria
and is presumed to be in line with the fitness need of the host to counter the mutational viral
evasions (Cass et al., 2015a; Gleditzsch et al., 2019). Thus, in this study, the experimentally
determined 5’-PAMSs (TGA, ATA, and ATG) may portray only a small subset of interference-
efficient PAMs for the Lin_I-B system. Therefore, a systematic analysis of all the trinucleotide
combinations is warranted to deduce a plausible number of interference-efficient PAM for the
Lin_I-B system. Furthermore, previous attempts to record the naive acquisition in Lin_I-B
CRISPR locus via establishing the CRISPR adaptation machinery of Leptospira in a
heterologous host E. coli failed (Dixit, 2021), hinting the alternative mechanism, primed
adaptation, may be functional. Therefore, the functional characterization of Lin_I-B
interference machinery and its PAM in this study may allow the researcher to assay the primed

adaptation in the Lin_I-B system.

We validated that the co-translating LinCas11b is indispensable for the defense response of the
Lin_I-B system, as in its absence, Lin_I-B interference machinery could not accomplish target
DNA interference. Moreover, further insight into the molecular mechanism of interference by
the Lin_I-B system awaits experimental structure determination of the LinCascade. To date,
the experimentally determined structure for type I-B effector Cascade or its subunits (except

Cas6) from any bacteria is not available.

In surrogate E. coli, Lin_I-B interference machinery displayed a functional phenotype, thus
anticipated to be active in its native host, L. interrogans, as well. As reported earlier (Dixit et
al., 2021b), on immunoblotting, we could detect the expression of the LinCas2 in the whole-
cell lysate of the native host, L. interrogans serovar Copenhageni strain Fiocruz L1-130. To
our surprise, none of the Cas proteins of Lin_I-B's interference module could be detected.
Previously, during mass-spectrometry-based proteome profiling of the same strain, Malmstrom
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and co-workers reported the detection of only LinCas7 but at a very low amount (17
copies/cell) (Malmstrom et al., 2009). This led us to presume that the expression of
interference-associated Cas proteins is too low to be detected by immunoblot when spirochetes
were cultivated under optimal growth conditions- in EMJH media at 29 °C. Therefore, as
described elsewhere (Plagens et al., 2012; Zavala-Alvarado et al., 2020), we analyzed the
expression of Lin_I-B associated cas genes in L. interrogans under various abiotic stress
conditions (i.e., high physiologic osmolarity, oxidative stress, and UV irradiation) via gRT-
PCR to check if it can be up-regulated to a level significant enough to detect by
immunoblotting. Under tested stress conditions, none of the interference-associated cas genes
showed up-regulation; instead, a significant downregulation was recorded in response to
oxidative and high osmolarity stress. Moreover, high osmolarity stress resulted in a significant
up-regulation of the adaptation-associated cas genes, suggesting their active role in stress
management, hence, in Leptospira virulence. Immunoblotting of the fresh L. interrogans
isolates from an infected host may confirm the expression of Lin_I-B’s Cas proteins. In sum,
the current study presents the molecular and functional insight of the Lin_I-B interference
machinery that may soon pave the way for scientists to harness it for endogenous genome

editing and expand the toolbox for targeted genetic manipulation in recalcitrant Leptospira spp.
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Table Al. Plasmids and primers used in this study

Plasmid Specificity Source
ET28a Bacterial expression vector with T7lac promoter, N-
P terminal 6xHis tag, thrombin cleavage site, C-terminal Novagen #69864-3
(5369 bp) - i : ;
His tag; kanamycin resistance
Bacterial expression vector with T7lac promoter, N- . - .
pGST-TEV . o Lo BioBharati LifeScience
(5720 bp) termmal GST tag, TEV cleavage site; ampicillin #BB-V0021
resistance
pTZ57RIT Linearized TA vector with 3-ddT overhangs for TA Part of a kit, Thermo
(2886 bp) cloning of PCR products; ampicillin resistance Scientific #K1214
Primers *Sequence (5'-3") Purpose
LinCas7-F (Nhel) CTAGCTAGCATGAGTCTGCATATTTTCGGAAC Cloning of lincas?

LinCas7-R (Xhol)

CCGCTCGAGTTATGCGCTCTTTCCAATCC

(LIC10936) into pET28a

LinCas7-F (EcoRlI)

CGGAATTCATGAGTCTGCATATTTTCGGAACG

Used with primer
LinCas7-R (Xhol) for
cloning of lincas7 into
pGST-TEV

DvuCas7c-F (EcoRI)

CGGAATTCATGACCGCCATTGCCAACAGAT

DvuCas7c-R (Xhol)

CCGCTCGAGCTACAGCATCTCTTTGACCTCT

Cloning of dvucas7c into
pGST-TEV

LIC10940-F (Nhel)

CTAGCTAGCGTGGATATGAGTGTTTTCAAAG

LIC10940-R (Xhol)

CCGCTCGAGCTATCTAATGATTGGCCAAC

Cloning of LIC10940
gene into pTZ57R/T

*Restriction sites are indicated in bold and underlined; F: Forward; R: Reverse
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Fig. Al. Cloning of lincas7 and dvucas7c into expression vectors. (a) PCR amplicons of lincas7
(840 bp) and dvucas7c (873 bp) gene. The lincas7 gene was PCR amplified from genomic DNA of
L. interrogans serovar Copenhageni using gene-specific primers designed for cloning into (1)
pET28a and (2) pGST-TEV vectors. The dvucas7c gene of D. vulgaris was PCR amplified from
a commercially available plasmid construct D. vulgaris Cas7/pHMGWA. (b) Double
restriction digestion (Nhel and Xhol) of plasmid pET28a-LinCas7 to confirm the cloning of lincas?.
(c) Double restriction digestion (EcoRI and Xhol) of plasmid pET28a-LinCas7 and pGST-DvuCas7c
to confirm the cloning of lincas7 and dvucas7c, respectively. In all panels, DNA samples have been

resolved on 1 % adarose oel stained with EtBr.
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Fig. A2. Purification of untagged recombinant Cas7 proteins. (a) Untagged LinCas7 (31 kDa)
preparation from 6xHis-LinCas7 (rLinCas7, 33.6 kDa). SDS-PAGE analysis of the Ni-NTA affinity
purified rLinCas7 (1 pg) post-treatment with (+) and without (-) thrombin enzyme (0.01 U) for 24 h
at 4 °C. Efficient cleavage of 6xHis tag could not be achieved. (b) Untagged LinCas7 preparation
from GST-LinCas7 (57 kDa). The GST-LinCas7 protein bound to Glutathione-agarose beads was
treated with TEV protease (1 U TEV protease per 15 pug of GST-LinCas7) for 16 h at 4 °C followed
by collection of untagged LinCas7 in the elute. Post treatment, the TEV treated (+) and untreated (-)
samples along with the collected elute containing untagged LinCas7 (31 kDa) were analysed by SDS-
PAGE. (c) Overexpression and purification of recombinant Cas7c of D. vulgaris (DvuCas7c). The
SDS-PAGE analysis of whole-cell lysates of E. coli BL21 cells (pGST-DvuCas7c) overexpressing
GST-DvuCas7c (58 kDa) post-induction with (+) and without (-) IPTG (1 mM) and the purified
untagged DvuCas7c (32 kDa). (d) TBE-Native-PAGE (SYBR gold stained) analysis of purified Cas7
proteins. The purified rLinCas7 lot marked with an asterisk (rLinCas7*) indicates the purification
was performed using low-salt buffers containing 100-150 mM NaCl. Whereas, rLinCas7 and
DvuCas7c were purified using high-salt buffers (300 mM NaCl). On SYBR gold staining, detection
near the wells depicts the presence of nucleic acid in rLinCas7* lot. DNase | treatment vanished the
nucleic acid content in rLinCas7* suggesting copurification of bound DNA. The well without sample
loading (No load) have been shown to demonstrate the artefact detection in wells, if any.
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Fig. A3. Circular dichroism (CD) spectroscopy of recombinant LinCas7 protein. CD profile of
purified (a) 6xHis-LinCas7 (rLinCas7, 33.6 kDa) and (b) untagged LinCas7 (31 kDa). CD profile was
recorded at 190-250 nm wavelength at room temperature. The presented CD spectra are the average
of 5 scans after baseline correction. The computed secondary structure composition based on CD
spectra have been displayed on top right corner of each spectrogram.
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Fig. A4. Comparative assessment of nuclease activity in recombinant Cas7 variants. (a)
Nuclease assay of LinCas7 variants (6xHis-LinCas7 denoted as rLinCas7 and untagged as LinCas7)
on the circular ds-DNA substrate (Plasmid). (b) Assessment of DNase activity in rLinCas7 and
DvuCas7c. All the DNase assays were performed employing a 3 uM of indicated variants of Cas7
protein (rLinCas7, LinCas7, or DvuCas7c) against ~300 ng of circular ds-DNA substrate (Plasmid)
in 1x nuclease activity buffer (20 mM Tris-HCI, 100 mM KCI; pH 8.0) with 10 mM Mg?* ions (if
not specified) at 37 °C for 1 h or as indicated. Post-completion reactions were resolved on 1 % agarose
gel stained with EtBr. For clarity, the gel images have been illustrated after inversion. The leftmost
lane in all the agarose gels contains DNA ladders. DNase assays illustrated were confirmed by at
least two independent experiments.
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Fig. A5. Activity of Cas7 variants on RNA substrate. (a) EMSA assay of "*MRepeat RNA (36
nt) incubated with LinCas7 variants (rLinCas7 or LinCas7; 6 uM). (b) EMSA assay of MRepeat
RNA (36 nt) incubated with DvuCas7¢ (3 uM). For EMSA assays, 0.5 uM of the RNA substrate
("MRepeat RNA; 36 nt) was incubated with Cas7 protein variants (rLinCas7, LinCas7, or
DvuCas7c) in 1x binding buffer in the presence (+) and absence (-) of Mg?* ions (as specified) for
1hat 37 °C and resolved on TBE-Native-PAGE (8 %) at 4 °C. The results presented were confirmed
by at least two independent experiments. The green star indicates the fluorescent label (FAM) at 5’
end of the used RNA substrate.
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Fig. A6. Structural features of Leptospira Cas7 protein. (a) The predicted 3D model of LinCas7
(top) and its topology diagram showing the arrangement of auxiliary domains relative to core RRM
(RNA recognition motif)-like domain (bottom). (b) The 3D model of SsoCas7 (PDB: 3ps0A) (top)
and its topology diagram (bottom) to compare with LinCas7’s predicted structure. The topological
arrangement of the insertions (lid domain and N-terminal domain) in core RRM-like domain (shaded
in cyan) and extension at C-terminal are similar in both proteins. (c) Superposition of the predicted
LinCas7’s structure (blue) on to SsoCas7 (red; PDB: 3ps0A). The two views are related by a 180°
rotation as indicated. The LinCas7 shares the structural homology with SsoCas7 with an RMSD 1.86
A. The highest similarity is evident in RRM-like domain (B-a-p-B-a-). The major structural
difference lies in the N-terminal helical domain. Overall, the relative structural arrangement
in LinCas7 is almost the same as in SsoCas7.
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Table B1. Plasmids and primers used in this study

Plasmids Specificity Source
ET28a Bacterial expression vector with T7lac promoter,
(2369 bp) N- and C-terminal 6xHis tag, thrombin cleavage Novagen #69864-3
P site; kanamycin resistance
Bacterial expression vector with T7lac promoter . - .
pGST-TEV i . T L BioBharati LifeScience
(5720 bp) :\éstiigr;llgsl GST tag, TEV cleavage site; ampicillin #BB-\/0021
ET23a Bacterial expression vector with T7 promoter, N-
P terminal T7 tag, C-terminal 6xHis tag; ampicillin Novagen #69745-3
(3666 bp)
P resistance
Bacterial expression vector with T7lac promoter,
pCDF-1b N-terminal 6xHis tag, enterokinase cleavage site, i
(3621 bp) C-terminal S tag; streptomycin/spectinomycin TR 6718303
resistance
Primers *Sequence (5’-3") Purpose
LIC10937-F (Nhel) CTAGCTAGCATGAGTTCCCGTCCAAGC Cloning of LIC10937

LIC10937-R (Sall)

ACGCGTCGACCTAGGCGTCCTTCGACTTCT

(lincas8b) into pET28a and
pET23a

LIC10937(AN)-F
(Nhel)

CTAGCTAGCACCATTGCGGATGCGTTTC

Used with LIC10937-R (Sall)
for cloning of lincas8b ORF
partially into pET28a to
overexpress rLinCasgh*N

LIC10937(AC)-R
(Sall)

GCGTCGACTTAAAATTTTATCAACTCCGCT
CGT

Used with LIC10937-F (Nhel)
for cloning of lincas8b ORF
partially into PpET28a to
overexpress rLinCasgh¢

LIC10937-F (BamHI)

CGCGGATCCATGAGTTCCCGTCCAAGCG

Used with LIC10937-R (Sall)
for cloning of lincas8b ORF
into pGST-TEV

LinCas11b-F
(BamHI)

CGCGGATCCCATGGAAAATAACGAAATCT
GGA

Used with LIC10937-R (Sall)
for cloning of identified
lincasl1lb ORF into pCDF-1b

LIC10937M429A _F

GATAAAATTTGCGGAAAATAACGAAATCTG
GAATTC

LIC10937M42°A R

AACTCCGCTCGTTCGAAT

Mutagenesis of lincas8b in
pET28a-LinCas8b plasmid
construct

*Restriction sites are indicated in bold and underlined; F: Forward; R: Reverse

TH-3168_166106005
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Fig. B1. Cloning of full-length lincas8b or its variants into expression vectors. Using sequence-
specific primers, target DNA sequences were PCR amplified from the genomic DNA of L.
interrogans serovar Copenhageni and individually restriction cloned into indicated expression
vectors. (a) PCR amplification of lincas8b for cloning into pET28a and pET23a. (b) & (¢) Double
restriction digestion (Nhel + Sall) of plasmid pET28a-LinCas8b & pET23a-LinCas8b, respectively,
to confirm the cloning of lincas8b. (d) PCR amplification of lincas8b for cloning into pGST-TEV.
(e) Double restriction digestion (BamHI + Sall) of plasmid pGST-LinCas8b to confirm the cloning
of lincas8b. (f) PCR amplification of lincas8b’s 1287 bp from 3'-end (lincas8b*N encodes
LinCas8b*N) and 1284 bp from 5'-end (lincas8b*® encodes LinCas8b*®) for cloning into pET28a. (g)
Double restriction digestion (Nhel + Sall) of plasmids pET28a-LinCas8b*N and pET28a-LinCas8b*¢
to confirm the cloning of lincas8b*" and lincas8b*®, respectively. (h) PCR amplification of lincas11b
ORF identified within lincas8b’s (603 bp from 3'-end) for cloning into pCDF-1b. (i) Double
restriction digestion (BamHI + Sall) of plasmids pCDF1b-LinCasllb to confirm the cloning of
lincas11b. In all panels, DNA samples have been resolved on 1 % agarose gel stained with EtBr.
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Fig. B2. Overexpression and purification of recombinant LinCas8b via nickel-affinity
chromatography. (a) SDS-PAGE analysis of rLinCas8b’s purification samples using Ni-NTA-
agarose beads. The whole-cell lysates of uninduced and IPTG-induced E. coli BL21 (DE3) cells
(PET28a-LinCas8b), soluble & insoluble fractions post-lysis of the induced E. coli cells and protein-
bound beads (pre-washing) were resolved on 10 % SDS-PAGE and visualized by Coomassie
staining. The IPTG-induction resulted in the overexpression of rLinCas8b (6xHis-LinCas8b,75 kDa)
and an additional protein of size 22 kDa that was identified as rLinCas11b in this study later on. (b)
SDS-PAGE (10 %; Coomassie-stained) analysis of post-washing rLinCas8b-bound beads, elutes
collected with step-gradient of imidazole (150-400 mM), and post-elution beads. (c) Binding check
of rLinCas8b (untagged, 73 kDa) to the Ni-NTA-agarose beads. The rLinCas8 was overexpressed
without 6xHis tag via pET23a plasmid and incubated with the Ni-NTA-agarose beads. Post-binding
and washing, protein-bound beads and whole-cell lysates of uninduced and IPTG-induced E. coli
BL21 (DE3) cells overexpressing rLinCas8b (untagged) were analyzed by 10 % SDS-PAGE
(Coomassie stained).
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Fig. B3. Purification of rLinCas8b via cation exchange chromatography. (a) The representative
chromatogram obtained during cation exchange chromatography (CEX) for rLinCas8b (6xHis-
LinCas8b,75 kDa) purification from the whole-cell lysate of induced E. coli BL21 cells (pET28a-
LinCas8Db). Purification events are indicated, including lysate binding to the chromatography column
(binding), column washing (washing), and elution. The bound-protein(s) eluted in two major peaks
(P-1 & P-11). The collected fractions from each peak are marked and indicated as F1-F10. (b) SDS-
PAGE (10 %; Coomassie-stained) analysis of fractions (F1-F10) collected during CEX. As a marker,
the whole-cell lysates of uninduced and IPTG-induced E. coli BL21 cells (pET28a-LinCas8b)
overexpressing rLinCas8b were resolved. (c) Size exclusion chromatography (SEC) of CEX fractions
(pulled F7-F10) containing rLinCas8b. Proteins resolved as three peaks (P-I, P-Il & P-III). The
collected fractions from each peak are marked and indicated as F1-F10. The elution profiles of
standard molecular weight protein markers are shown with inverted arrows on top of the
chromatogram (Blue dextran eluting in the void volume, V,, ~2000 kDa; p-Amylase, 200 kDa;
Alcohol dehydrogenase, 15 kDa; Albumin, 66 kDa; Carbonic anhydrase, 29 kDa; Cytochrome c, 12.4
kDa). (d) SDS-PAGE (10 %; Coomassie-stained) analysis of fractions (F1-F10) collected during
SEC. P-II contains the rLinCas8b as well as multiple impurities of larger size. In panels (b) & (d),
the bands of rLinCas8b and rLinCasl1b are marked and indicated with an arrow and arrowhead,
respectively.
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Fig. B4. Overexpression and purification of recombinant LinCas8b via glutathione affinity
chromatography. (a) SDS-PAGE (10 %; Coomassie-stained) analysis whole-cell lysates of
uninduced and induced (1 mM IPTG) E. coli BL21 (DE3) cells housing pGST-LinCas8b plasmid.
The overexpression of GST-LinCas8b (99 kDa) and rLinCasl1b (22 kDa) are marked. (b) The
soluble & insoluble fractions of whole-cell lysate of the induced E. coli cells overexpressing GST-
LinCas8b are analyzed by 10 % SDS-PAGE (Coomassie-stained). (¢) SDS-PAGE (10 %;
Coomassie-stained) analysis of post-washing GST-LinCas8b bound glutathione (GSH)-agarose
beads, elutes collected with step-gradient of reduced glutathione (10-40 mM), and post-elution
beads. (d) In-bead TEV protease cleavage of GST-LinCas8h. The GST-LinCas8b protein bound to
glutathione-agarose beads was treated with TEV protease (1 U TEV protease per 15 ug of GST-
LinCas7) for 16 h at 4 °C followed by the collection of untagged rLinCas8b (73 kDa) in the elute.
Post-treatment, the TEV treated (+) and untreated (-) samples, along with the post-elution beads and
collected elutes containing untagged rLinCas8b (73 kDa), were analyzed by SDS-PAGE (10 %;
Coomassie-stained). Post-cleavage, the untagged rLinCas8b remains bound to beads and does not
elute efficiently.
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Fig. B5. Interaction check between rLinCasllb and rLinCas7 by SEC. (a) Size exclusion
chromatography (SEC). Pure rLinCas7 (500 pg) alone (green) or in combination with rLinCas11b
(500 pg each; orange) in a total volume of 1 mL (in storage buffer) was incubated at 37 °C for 1 h,
followed by SEC. (b) SDS-PAGE (10 %; Coomassie-stained) of fractions (left: P & SP; right:
rLinCas7) collected during SEC. Analysis revealed no stable interaction between rLinCass11b and
rLinCas7. In both conditions, alone (green) or with rLinCasllb (orange, as shoulder peak SP),
rLinCas7 eluted at a size of ~37 kDa close to its momomeric size (33.6 kDa). While, rLinCasl1b
resolved near its dimeric size ~47 kDa (orange, P) and as a shoulder peak (SP) also due to
overlapping of elution profiles. On top of the chromatogram, the elution profiles of standard
molecular weight protein markers are shown with inverted arrows (B-Amylase, 200 kDa; Alcohol
dehydrogenase, 15 kDa; Albumin, 66 kDa; Carbonic anhydrase, 29 kDa; Cytochrome c, 12.4 kDa).
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Fig. B6. Interaction check between rLinCasl1b and rLinCas7 by ITC. Representative isothermal
titration calorimetry (ITC) thermogram obtained from (@) titration of rLinCas7 with rLinCasl1b
(control subtracted) and (b) titration of storage buffer with rLinCas11b (control). Though saturation
of binding could not be attained in multiple ITC trials. With the tested conditions (vide methods), the
determined apparent dissociation constant is (Kq) = 152 £10.5 uM, demonstrating a subtle binding
affinity between rLinCasllb and rLinCas7. Other parameters determined from ITC experiments
includes the stoichiometry factor (n) = 0.0014 +9.14; enthalpy (AH) = —2.28 x108+1.5 x10*! cal/mol;
entropy (AS) = —7.53 x10° cal/mol/deg.
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Fig. B7. Titer determination of anti-rLinCas8b polyclonal antibody in mice serum by ELISA.
The mice immune sera obtained after seven days of second booster dose were used at different
dilutions to determine the titer of anti-rLinCas8b polyclonal antibody through ELISA. Serum
obtained from unimmunized mice (pre-immune serum) was used as a control for evaluation of
antibody titer, and data is represented as mean * standard error of two independent experiments.
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Table C1. Plasmids and primers used in this study

Plasmids

Specificity

Source

pACYCDuet-1

A bacterial expression vector with two multiple
cloning sites (MCS), each preceded by a T7 lac
promoter for coexpression of two genes, adds an

Novagen #71147-3

(4008 bp) N-terminal 6xHis tag to insert cloned at MCS-I,
chloramphenicol resistance
RSE-1b Bacterial expression vector with T7 lac promoter,
F()3669 bp) N-terminal 6xHis tag, C-terminal S tag, Novagen #71363-3
P enterokinase cleavage site; Kanamycin resistance
oT7Blue Bact.er_la.l clomng vector with T? lac prqmoter; Sigma-Aldrich #69967
(2887 bp) ampicillin resistance as a selection marker; allow

blue/white screening

PET28a-LinCas?
(6142 bp)

PET28a plasmid inserted with lincas7 gene to
overexpress N-terminal 6xHis tagged LinCas7
(rLinCas7) protein; kanamycin resistance

Laboratory stock
(Hussain and Kumar, 2022)

PET28a-LinCas8b
(7210 bp)

PET28a plasmid inserted with lincas8b gene to
overexpress N-terminal 6xHis tagged LinCas8b
(rLinCas7b) protein; kanamycin resistance

Laboratory stock
(Hussain et al., 2023)

pCDF1b-LinCasllb
(4191 bp)

pCDF-1b plasmid inserted with lincasllb ORF to
overexpress N-terminal 6xHis tagged LinCasllb
(rLinCasl1b) protein;
streptomycin/spectinomycin resistance

Laboratory stock
(Hussain et al., 2023)

PET-SUMO-LinCas5

PET SUMO plasmid inserted with lincas5 gene to

(6267 bp) overexpress N-terminal 6xHis-SUMO tagged Laboratory stock
P LinCasb (rLinCas5) protein; kanamycin resistance
: 1 PET SUMO plasmid inserted with lincas3 gene to
?7,58-2(58 :)J '\)AO S overexpress N-terminal 6xHis-SUMO tagged Laboratory stock
P LinCas3 (rLinCas3) protein; kanamycin resistance
Primers *Sequence (5'-3") Purpose

LIC10937-F (Sall)

GCGTCGACATGAGTTCCCGTCCAAGC

LIC10935-R (Notl)

ATAAGAATGCGGCCGCTTAAGAGGGTCG
GAGTTTAA

Cloning of lincas8b, lincas?,
and lincas5 in pACY CDuet-1

LIC10939-F (Kpnl)

GGGGTACCATGTCCATTCCGAACGTCA

LIC10938-R (Pacl)

GITAATTAATCAATTCCATTCTCCGCC

Cloning of lincas6 and lincas3
in pACYCDuet-1

LIC10937M42%A .F

GATAAAATTTGCGGAAAATAACGAAATCT
GGAATTC

LIC10937M42%A R

AACTCCGCTCGTTCGAAT

Mutagenesis of LIC10937
(lincas8b) in pCas plasmid
constructs

LIC_Cr?R1-F CGGGGTACCCTGAATATAACTTTGATGCC

(Kpnl) GTTAGG Cloning of LIC_Cr? array into
2 _ -

(Llfn—dcur I)R4 R CCCAAGCTTTTCTAAACCGCCTATCGGC ~— PRSFLD

*Restriction sites are indicated in bold and underlined; F: Forward; R: Reverse
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Fig. C1. Cloning of Lin_I-B interference machinery of L. interrogans. In L. interrogans serovar
Copenhageni, the interference-associated cas genes of CRISPR-Cas subtype I-B (Lin_I-B) system
are organized into a single operon (Operon-I1) in order of lincas6-lincas3-lincas8b/11b-lincas7-
lincasb. Using sequence-specific primers, DNA sequences of interest were PCR amplified from the
genomic DNA of L. interrogans serovar Copenhageni and individually cloned into indicated
expression vectors. (a) PCR amplification of lincas6-lincas3 (2883 bp) and lincas8b/11b-lincas5
(3435 bp) DNA segments. (b) The PCR amplified lincas8b-lincas5 (3435 bp), and lincas6-lincas3
(2883 bp) were restriction cloned into pACYDuet-1 expression plasmid at MCS-I and MCS-II,
respectively. The prepared plasmid construct (pAYCDuetl-LinCas6-LinCas5, 10.3 kb; pCas) was
double (Kpnl + Pacl) or single (Kpnl) restriction digested to confirm the cloning. Double restriction
digestion released the lincas6-lincas3 insert cloned at MCS-II. (c) The CRISPR array (LIC_Cr?)
associated with Lin_I-B loci consists of four repeats (black rectangles: R1, R2, R3, and R4) and three
spacers (colored diamonds: 1, 2, and 3). Repeats R1, R2, and R3 are identical in sequence. Thus, as
indicated in the left panel, PCR for full-length LIC_Cr? (254 bp) amplification gives two additional
amplicons (181 bp and 106 bp) (right panel). The distant wells of the same gel have been cropped
and re-aligned for clarity. (d) Full-length amplicon (LIC_Cr?; 254 bp) was restriction cloned into
PRSF-1b vector. The resulting plasmid construct (pRSF1b-LIC_Cr? pCr?) was double restriction
digested (Kpnl + HindlIlIl) to confirm the cloning. In all panels, DNA samples are analyzed on 1.5 %
agarose gel stained with EtBr.
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Fig. C2. Site-directed mutation inactivated the co-expression of rLinCasllb encoded within
pCas plasmid. (a) SDS-PAGE analysis of the whole-cell lysates of uninduced (-) and IPTG-induced
(+) E. coli BL21 (DE3) cells transformed with pCas or mutant pCas“®%* plasmid. Overexpression
of rLinCas proteins at their expected size are indicated. (b) Immunoblot, using anti-rLinCas8b
antibody, of induced whole-cell lysates of E. coli BL21 cells overexpressing rLinCas8b or
rLinCas8b™42°A via plasmid pCas or pCas®®!, respectively. A single amino acid substitution
mutation (Met429 to Ala; rLinCas8b™“4) in lincas8b encoded within the plasmid pCas (pCas ©#!1°)

resulted in the abolition of the rLinCas11b co-expression.
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Fig. C3. Titer determination of anti-rLinCas protein polyclonal antibody in mice serum by
ELISA. The mice immune sera obtained after seven days of second booster dose were used at
different dilutions to determine the titer of (a) anti-rLinCas3, (b) anti-rLinCas5, and (c) anti-
rLinCas7 polyclonal antibodies through ELISA. Serum obtained from unimmunized mice (pre-
immune serum) was used as a control for evaluation of respective antibody titer, and data is
represented as mean + standard error of two independent experiments.
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Fig. D1. Immunoblot of whole-cell lysate of L. interrogans. To detect the Cas proteins of Lin_I-
B locus in its native host L. interrogans serovar Copenhageni strain Fiocruz L1-130,
immunoblotting was performed (vide methods). The whole-cell lysate of Leptospira was probed
with rLinCas protein-specific polyclonal primary antibodies (indicated at the bottom of each blot).
As a positive control, pure rLinCas proteins were also included. Wells without sample load (in blot
A, D, and E) have been marked as blank wells. Asterisk mark (*; in blot E) indicates that in place
of pure rLinCas8b, whole-cell lysate of IPTG-induced E. coli BL21 (DE3) strain overexpressing
rLinCas8b has been used. Panel (F) shows two blots developed independently for Leptospira lysate
(left) and pure rLinCas2 (right).
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