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ABSTRACT
The CRISPR-Cas (CC) immune systems protect many prokaryotes from invasive genetic
elements. These immune systems are composed of small CRISPR (cr)RNAs which guide
effector Cas (CRISPR-associated) proteins to silence foreign DNA or RNA. crRNAs are derived
from CRISPR arrays which are characterized by a series of short direct repeats separated by
similarly sized invader-derived sequence elements known as spacers. Processing of crRNA
precursors to the mature forms is a critical step in CC-mediated immunity. We have investigated
the crRNA biogenesis pathways in the lactic acid bacterium Streptococcus thermophilus. S.
thermophilus contains four CC systems. Each CC module is composed of a distinct CRISPR
array and an adjacently encoded cluster of cas genes. We found that each CRISPR array gives
rise to distinct crRNAs and that biogenesis of crRNAs from each CC system in S. thermophilus
is mediated by Cas protein factors associated with that locus, independently of the other three CC
modules.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Invasive genetic elements pose a potentially lethal threat to all cellular organisms.
Prokaryotes have therefore developed a number of strategies to combat theses molecular
parasites. Most bacteria and archaea encode robust restriction-modification systems that are
composed of DNA endonucleases that cleave foreign DNA (for reviews see (Pingoud et al.,
2005; Tock and Dryden, 2005). In addition, many bacteria are able to block phage adsorption or
entry of invader DNA into the cell (reviewed by (Labrie et al., 2010)). An added line of defense
found in some bacterial species are the abortive infection (Abi) systems, which limit phage
infections within a population by inducing suicide in an infected host (reviewed by (Chopin et
al., 2005; Labrie ef al., 2010)). The recently discovered CRISPR (clustered regularly
interspaced short palindromic repeats)-Cas (CRISPR-associated) RNA-directed immune systems
represent novel defense pathways against genome invaders. Contrary to the aforementioned
defense mechanisms, CRISPR-Cas (CC hereafter) systems provide microbes with a highly
adaptive and heritable immune system that protects against extrachromasomal elements.
Analogously to the well studied eukaryotic RNAi pathways (for reviews see (Agrawal et al.,
2003; Aravin et al., 2007; Tomari and Zamore, 2005)), small host-encoded CRISPR (cr)RNAs
direct effector Cas proteins to silence invader DNA or RNA.

Initially identified in Escherichia coli, CC immune systems have been found in many
other bacterial, and nearly all archaeal and genomes (Ishino et al., 1987; Makarova et al., 2006).

CRISPR arrays are composed of an AT-rich leader sequence followed by a series of short direct



repeats separated by similarly sized unique sequences known as spacers (Jansen et al., 2002;
Makarova et al., 2006; Mojica et al., 2005). Several in silico analyses of spacers sequences
demonstrated that many map to known extrachromasomal elements such as viruses and plasmids
(Bolotin et al., 2005; Mojica et al., 2005; Pourcel et al., 2005). In addition, genes encoding
putative nucleases, helicases, and nucleic acid binding proteins (cas genes) were identified
associated with CRISPR arrays (Haft et al., 2005; Jansen et al., 2002; Makarova et al., 2006).
These findings led to the prediction that CC modules function as a prokaryotic adaptive immune
systems (Lillestol et al., 2006; Makarova et al., 2006). Experimental evidence for CC-mediated
immunity was provided when it was shown that Streptococcus thermophilus was capable of
becoming refractory to infection by a lytic phage by incorporating phage-derived sequences into
its CRISPR array (Barrangou et al., 2007). Since this initial study, CC systems in many other
organisms have been shown function as adaptive immune systems as well (Cady et al., 2012;

Erdmann and Garrett, 2012; Millen et al., 2012; Nozawa et al., 2011; Yosef et al., 2012).

Classification and distribution of CC systems
CC systems are highly variable in terms of cas gene content and CRISPR repeat

sequences. CC modules were initially classified into nine sub-types on the basis of cas gene
content (Haft ez al., 2005). A set of six “core” cas genes (cas1-6) that are widely distributed
between CC systems were identified (Haft ez al., 2005). Genes encoding Casl and Cas2 are
common to all CC modules, whereas the other core cas genes may or may not be present (Haft et
al., 2005). Each CC subtype was defined on the basis of a cluster of genes that are always found
together (sub-type specific) and named after an organism that contains only this sub-type specific

cluster (E.g. Cse, Cas-sub-type E. coli). A recent re-evaluation of this classification system and a



comparison of distant evolutionary relationships between many sub-type specific cas genes, led
to a consolidation of CC systems in to three major types (I-III) ((Makarova et al., 2011b) and
Figure 1.1). Two or more sub-types are contained within each of the major CC system types,
and each was given a single letter designation (Types I-A-F, II-A and B, and III-A and B)
((Makarova et al., 2011b) and Figure 1.1)). CC system sub-types may also be referred to by
their previously assigned “Cas sub-type” name (Cse, Csy, Csa, etc.) (Haft et al., 2005). Distantly
related sub-type specific cas gene orthologs shared between CC systems were re-named Cas7, 8,
9, or 10, while those not shared between systems retained their sub-type specific names (Haft et
al., 2005; Makarova et al., 2011Db).

In addition to a high degree of variability in cas gene content and organization between
the different CC systems, the distribution of CC modules between prokaryotic genomes is also
highly variable. Many bacteria and some archaea completely lack CC, whereas other species
contain multiple CC modules (Godde and Bickerton, 2006; Makarova et al., 2002). This
discrepancy is apparent even among some closely related species, such as the genus of marine
bacteria Shewanella (Godde and Bickerton, 2006). Thus, it has been suggested that CC modules
are themselves mobile genetic elements that are exchanged between prokaryotic genomes via

horizontal gene transfer (Godde and Bickerton, 2006; Makarova et al., 2002).

Stages of CC immunity

CC immunity is broken down into three mechanistic stages (Figure 1.2). During the first
stage, adaptation, a short fragment of invader DNA is inserted into the host CRISPR at the
leader-proximal end of the array. The second stage, crRNA biogenesis, is characterized by

transcription of the CRISPR array and processing to mature crRNAs that are each composed of a



single invader-derived (or guide) sequence and a portion of the direct repeat at the 3°, 5° end, or
both. The final stage is invader silencing (or interference), during which the crRNA guides
effector Cas proteins to silence DNA or RNA containing a sequences complementary to the
crRNA. Current progress regarding each mechanistic stage of CC-mediated immunity is

discussed in detail below.

CRISPR adaptation

A defining feature of the CC prokaryotic immune systems is their ability to incorporate
fragments of foreign DNA (proto-spacers) into the leader-proximal end a CRISPR array.
Although thought to be a universal feature of CC systems, the process by which new spacer
sequences are acquired remains the least understood aspect of CC-mediated immunity. A
number of recent studies have uncovered stimulating insights regarding the how new spacer
sequences are selected, as well the genetic requirements for CRISPR adaptation, however the

precise mechanism of adaptation has yet to be elucidated.

Non-random selection of proto-spacers

In silico analyses and early findings suggested that CC systems select novel spacers by
identifying short sequence motifs outside of the proto-spacer region, termed proto-spacer
adjacent motifs (PAM) (Deveau et al., 2008; Horvath et al., 2008; Mojica et al., 2009).
Bioinformatic analysis of a large set of spacers that map to known extra-chromosomal elements
revealed that there are distinct di- or trinucleotide PAM sequences associated with many Type I
and Type II CC systems (Mojica et al., 2009). The two Type II-A CC modules (see Figure 1.1)

found in Streptococcus thermophilus have been shown to preferentially incorporate spacers from



phages or plasmids that contain distinct PAMs (Deveau et al., 2008; Horvath et al., 2008; Levin
et al., 2013; Paez-Espino et al., 2013). Experimental analysis of adaptation in E. coli (Type I-E)
(Datsenko et al., 2012; Swarts et al., 2012; Yosef et al., 2012) and Sulfolobus solfataricus
(Types I-A and I1I-B) (Erdmann and Garrett, 2012) have also demonstrated that the majority of
novel spacers are derived from regions of the invader that contain adjacently encoded PAM
sequences. In addition to their role in adaptation, PAM sequences are also critical for efficient
invader silencing in Type I and Type II CC systems (Deveau et al., 2008; Garneau et al., 2010;

Jore et al., 2011; Magadan et al., 2012; Westra et al., 2012a).

Genetic requirements for CC adapation

Recent advances have revealed that the ubiquitous Casl and Cas2 proteins are involved
in CC adaptation, and two other Cas proteins have been implicated in the process as well. The
presence of Casl and Cas2 in all CC systems, coupled with their predicted functions as a an
integrase and nuclease, respectively, suggested that these proteins may be involved in the process
of spacer acquisition (Makarova et al., 2006). Two recent studies done in E. coli have shown
that the Cas1 and Cas2 proteins associated with the Type I-E CC module are both necessary to
facilitate incorporation of spacer sequences from M13 phage or a plasmid into the leader-
proximal end of a CRISPR array (Datsenko et al., 2012; Yosef et al., 2012).

In the first study, Yosef et al. 2012 showed that new spacers were readily incorporated
into a plasmid encoded CRISPR array that was also over-expressing E. coli K12 Casl and Cas2
in E. coli BL21, which lacks an endogenous CC system. The majority of the spacers
incorporated were derived from the plasmid containing the CRISPR array and cas/ and cas?.

The minimal requirements for adaptation in this Type I-E CC system were determined to be



over-expression Casl and Cas2, a sixty base pair region of the CRISPR leader sequence (150
base pairs total) proximal to the first direct repeat, and a single CRISPR repeat sequence (Yosef
etal.,2012).

In a complementary study published shortly following the work of Yosef ez al. 2012, it
was shown that Casl and Cas2 were required for spacer acquisition from M13 phage as well
(Datsenko et al., 2012). In this study, E. coli K12 cells inducibly expressing the Type I-E cas
genes found in this organism (Figure 1.1) were shown to acquire M13-derived spacers following
infection (Datsenko et al., 2012). Adaptation was shown to require both Cas2 and a catalytically
active Casl protein (Babu ef al., 2011; Datsenko et al., 2012). Interestingly, when a spacer
sequence targeting M 13 was engineered into the CRISPR array, spacer acquisition following
infection with M 13 was greatly stimulated when the crRNA biogenesis and effector Cas proteins
were co-expressed along with Casl and Cas2 (Datsenko et al., 2012). This phenomenon was
termed “priming” (Datsenko et al., 2012).

Whereas there was no obvious strand bias for spacer acquisition in the absence of
priming, the overwhelming majority of the new spacers incorporated in the primed system were
derived from the same strand of M13 genome as the engineered spacer targeting the phage
(Datsenko ef al., 2012). This strand bias was confirmed by switching the orientation of the
engineered M 13-targeting spacer to the opposite strand (Datsenko et al., 2012). Supporting
evidence for a strand bias in spacer acquisition was provided in a study in which E. coli K12
cells acquired spacers from a high copy number plasmid (Swarts ef al., 2012). It has been
speculated that the priming effect would allow the CC system to rapidly respond to phage
“escape” mutants that have mutations within their genomes that allow them to evade CC-

mediated silencing (Datsenko et al., 2012; Swarts et al., 2012). A separate study revealed that E.



coli Cas1 physically and genetically interacts with proteins involved in DNA repair, suggesting
that non-Cas proteins may also be critical in CC adaptation (Babu ef al., 2011).

In addition to Casl and Cas2, the Type II-A specific protein Csn2 (formerly known as
Cas7) and Cas4 have been implicated in adaptation. Deletion of the csn2 gene from the Type 1I-
A CC module in Streptococcus thermophilus appears to block the ability of this module to
acquire spacer sequences from either an invading phage or plasmid (Barrangou et al., 2007;
Garneau et al., 2010). Indirect evidence also suggests that Cas4 could be involved in adaptation.
Genes encoding Cas4 are found associated with several Type I CC systems and do not appear to
be required for crRNA biogenesis or invader silencing in these systems (Makarova et al., 2011b).
Additionally, in some Type I CC modules, the cas4 gene is fused with cas!, suggesting the two
proteins are co-functional (Makarova et al., 2011b). Furthermore, Type II-A and II-B CC
modules have the same cas gene organization, except that the csn2 gene associated with Type II-
A systems is replaced by cas4 in Type 1I-B CC modules, implying that Cas4 may function in
adaptation as well (Makarova et al., 2011b). Finally, the Cas4 protein from S. solfataricus has
been shown to possess exonuclease activity, which may be required for insertion of new spacer

sequences (Zhang et al., 2012a).

Biochemical insights into possible CC adaptation mechanism(s)

A number of biochemical analyses have been reported for proteins that are believed to
mediate spacer acquisition. How these properties relate to the mechanism of adaptation,
however, remains unclear. The Casl protein from Psuedomonas aeruginosa (Type I-F CC
module) was determined to cleave long double-stranded and single-stranded DNA

endonucleolytically, generating fragments ~80 base pairs/nucleotides in length, suggesting



perhaps that Cas1 cleaves the genome of an invader to generate proto-spacers (Wiedenheft et al.,
2009). Conversely, the Casl protein from E. coli (Type I-E) was shown to cleave single
stranded DNA and a number of branched DNA structures corresponding to recombination
intermediates (Babu et al., 2011). It was therefore speculated that this Cas1 protein may function
as a novel holliday junction resolvase during spacer addition (Babu ef al., 2011). On the other
hand, a Cas1 ortholog from S. solfataricus, which contains a Type I-A and two Type I1I-B
modules, was shown bind single- or double-stranded RNA and DNA with a high affinity (K4 =
18-50 nM) and promote annealing of complementary single stranded DNA, however no nuclease
activity was detected for this protein (Han et al., 2009).

Reports describing distinct in vitro activities of Cas2 proteins have also been reported. S.
solfataricus contains two Cas2 orthologs. One of these Cas2 proteins (SSO1404) was shown to
endonucleolytically cleave single-stranded RNA preferentially in U-rich regions (Beloglazova et
al., 2008). However, the other Cas2 protein from this organism was shown to cleave double
stranded RNA or DNA preferentially at G:C base pairs (Han and Krauss, 2009). The Cas2
protein from Bacillus halodurans (Type I-C CC system) displayed endonucleolytic cleavage of
double stranded DNA as well (Nam et al., 2012). However, a Cas2 ortholog from Desulfovibrio
vulgaris, which also contains a Type I-C CC module, displayed no apparent cleavage activity
against either DNA or RNA (Samai et al., 2010).

Comparative structural analysis of Cas2 proteins revealed that they are each composed of
a single ferrodoxin fold, a divalent metal binding site, and a variable loop region (Beloglazova et
al., 2008; Nam et al., 2012; Samai et al., 2010). It has been speculated that the different
activities observed within Cas2 protein orthologs can be attributed to the divergent loop region.

How these proteins may function within spacer acquisition remains obscure (Nam et al., 2012).



Studies describing Cas4 have recently been published. Members of the Cas4 protein
family are found associated with several Type I and III CC modules and Type II-B CC systems
(Makarova et al., 2011b). They are characterized by a conserved cysteine-rich C-terminal
cluster, and were predicted to be RecB-like exonucleases (Makarova et al., 2006). Cas4 from S.
solfataricus was found to cleave single stranded DNA and RNA (only in the presence of Mn2")
exonucleolytically with a 3’ to 5” directionality (Zhang et al., 2012a). Interestingly, a crystal
structure of the protein revealed that the conserved cysteine-rich motif forms an iron-sulfur
cluster very similar to that observed in the AddB exonuclease from Bacillus subtillis, which is
involved in DNA double-stranded break repair (Yeeles and Dillingham, 2007; Zhang et al.,
2012a). It was proposed that Cas4 functions in resecting a single DNA strand of the proto-spacer
and/or the host CRISPR array during the insertion of a novel spacer (Zhang ef al., 2012a).

The Csn2 family are a highly divergent group of proteins found exclusively associated
with Type II-A CC modules, and genetic evidence in S. thermophilus suggests that Csn2 is
required for CC adaptation (Barrangou et al., 2007; Garneau et al., 2010; Hatft et al., 2005;
Makarova et al., 2011b). Despite the high degree of sequence variability within this protein
family, crystal structures of four Csn2 orthologs demonstrate that these proteins have a very
similar overall architecture (Ellinger et al., 2012; Koo et al., 2012; Lee et al., 2012). Each of the
Csn2 proteins that have been crystallized adopt a homotetrameric structure that contains a wide
central pore lined with basic amino acid residues (Ellinger et al., 2012; Koo et al., 2012; Lee et
al.,2012). Although no enzymatic activity has been detected for Csn2, each of the four proteins
studied bind double-stranded DNA non-specifically, suggesting that this protein may play a role

in identifying DNA invaders (Ellinger et al., 2012; Koo et al., 2012; Lee et al., 2012).
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crRNA biogenesis in Type I and Type III CC systems

The generation of mature crRNAs is a critical step in CC-mediated immunity. Mature
crRNAs are composed of a single invader-targeting guide sequence and a portion of the CRISPR
repeat at the 5°, 3°, or both ends. Early evidence suggested that the entire CRISPR repeat-spacer
array is transcribed from the AT-rich leader sequence. Subsequent primary processing of pre-
crRNAs occurs via endonucleolytic cleavage within each direct repeat, followed in some cases
by trimming to smaller species (Hale et al., 2008; Lillestol et al., 2006; Lillestol et al., 2009;
Tang et al., 2005). Subsequent studies have shown that primary processing of pre-crRNAs in
Type I and Type III CC systems is carried out by Cas6 superfamily (or Cas5d)
endoribonucleases followed in some cases by further 3’ processing ((Brouns et al., 2008; Carte
et al., 2008; Haurwitz et al., 2010; Lintner et al., 2011; Richter et al., 2012) and Figure 1.3). The
first direct evidence for this type of primary processing was provided by Brouns et al in 2008
when they found that the Cas6e protein (formerly known as Cse3 or CasE) associated with the
Type I-E CC system in E. coli is a divalent metal-independent endoribonuclease that cleaves
within each CRISPR repeat (Brouns ef al., 2008). This cleavage generates RNAs composed of a
single guide sequence, an 8 nucleotide 5’ repeat-derived tag sequence, and a 21 nucleotide 3’

repeat tag (Brouns ef al., 2008).

Cas6 superfamily ribonucleases in primary pre-crRNA processing

Similar Cas6-like metal-independent ribonucleases have been identified associated with
each of the other Type I CC systems, as well as both Type III-A and III-B CC systems, and have
been shown to carry out primary processing of pre-crRNAs in these CC systems (Carte et al.,

2008; Garside et al., 2012; Hatoum-Aslan et al., 2011; Haurwitz et al., 2010; Lintner et al.,
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2011; Przybilski et al., 2011; Richter et al., 2012). With only one exception (Cas5d, discussed
below), Cas6-like nucleases cleave CRISPR repeats exactly 8 nucleotides upstream of the 5 end
of the guide sequence generating the mature 5’ crRNA ends. These proteins are highly divergent
in terms of amino acid sequences. However, detailed biochemical and structural analyses have
revealed many common features. All Cas6 superfamily enzymes were initially classified as
Repeat-associated mysterious proteins (RAMPs), which are characterized by a glycine-rich C-
terminal motif and at least one predicted ferrodoxin fold, and were predicted to be RNA-binding
proteins (Haft et al., 2005; Makarova et al., 2002; Makarova et al., 2006). Although similar in
structure and cleavage activity, the modes of RNA binding and the predicted active site amino

acids vary considerably among members of this superfamily.

Cas6 from Pyrococcus furiosus

The first Cas6 superfamily member for which detailed biochemical and structural studies
were performed was Cas6 from Pyrococcus furiosus (Pf Cas6) (Carte et al., 2008). P. furiosus
harbors seven CRISPR loci, each containing nearly identical direct repeats and three distinct cas
gene modules: Type I-A, I-B, and III-B CC systems. Pf Cas6 was shown to be responsible for
primary processing of pre-ctrRNAs in P. furiosus, producing 1X intermediates (a single guide
with partial repeats at either end) that are then sorted and loaded into three distinct protein
complexes, each composed of sub-type specific proteins ((Carte et al., 2010; Hale et al., 2009;
Hale et al., 2012b) and Terns lab unpublished data)). Cleavage by Pf Cas6 within the CRISPR
repeat produces RNAs with 5’ hydroxyl and 2°-3” cyclic phosphate chemical end groups,
consistent with its divalent metal independent cleavage activity (Carte et al., 2010; Carte et al.,

2008).
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The crystal structure of Pf Cas6 revealed that it is composed of duplicated ferrodoxin
folds separated by a central cleft, which contains a number of positively charged amino acids as
well as the C-terminal glycine rich loop characteristic of Cas6 proteins (Carte ef al., 2008).
Sequence conservation within closely related Cas6 family members, and a similar architecture to
the archaeal tRNA-splicing endonuclease led to the prediction that the active site is composed of
a tyrosine, histidine, and lysine catalytic triad (Calvin and Li, 2008; Carte et al., 2008).
Individual mutations of these residues to alanine resulted in a loss of cleavage activity, but did
not interfere with the ability of Pf Cas6 to bind the repeat RNA, confirming the importance of
these residues in catalysis (Carte ef al., 2010). A general acid-base catalytic mechanism was
proposed in which the tyrosine and histidine act as a proton donor/acceptor pair.

Pf Cas6 was found to have an intriguing mode of RNA substrate recognition. Using a
combination of RNA mutagenesis and RNA footprinting, Cas6 was found to specifically
recognize nucleotides 2-10 of the repeat sequence, while cleavage occurs distally between
nucleotides 22 and 23 (8 nucleotides upstream of the 5’ end of the guide sequence) (Carte ef al.,
2010; Carte et al., 2008). The CRISPR repeats found in P. furiosus were found to be
unstructured in solution, consistent with an in silico analysis performed on CRISPR repeat
sequences that placed this repeat sequence in an unstructured subtype (Carte ef al., 2010; Kunin
et al.,2007).

A co-crystal structure of Pf Cas6 bound with a non-hydrolyzable CRISPR repeat RNA
confirmed that the protein binds single-stranded RNA and that nucleotides 2-10 directly contact
the protein along the positively charged central cleft (Wang et al., 2011). The remainder of the
RNA could not be resolved in the crystal structure. However, the location of RNA binding

indicates that the RNA is bound on the reverse face of the protein and suggests that it wraps
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around through the central cleft to the opposite face where the putative active site is located,
positioning the scissile phosphate for cleavage (Wang et al., 2011).

A co-crystal structure of a distantly related Cas6 ortholog from Sulfolobus solfataricus P2
with its cognate repeat RNA provided additional insight into the mode of Cas6 substrate
recognition (Shao and Li, 2013). In contrast to the co-crystal structure of PF Cas6 with its repeat
RNA, the portion of the repeat RNA proximal to the cleavage site was resolved in this crystal
structure. The co-structure shows that this Cas6 protein also interacts with ssSRNA, however the
protein appears to stabilize a short stem-loop structure on the RNA directly upstream of the
scissile phosphate that is not present in the unbound form of the RNA (Shao and Li, 2013). The
authors suggest that cleavage downstream of a stem-loop by Cas6 superfamily members may be
a universal feature among Cas6 superfamily members despite the highly divergent nature of both

the proteins and the repeat RNAs (Shao and Li, 2013).

Other members of the Cas6 superfamily

Detailed structural and biochemical analyses have been performed for a number of other
Cas6 superfamily members (Gesner ef al., 2011; Haurwitz et al., 2010; Haurwitz et al., 2012;
Lintner et al., 2011; Przybilski et al., 2011; Richter et al., 2012; Sashital et al., 2011; Scholz et
al., 2013; Sternberg et al., 2012). These studies reveal a number of intriguing similarities and
differences with Pf Cas6. The structure of Cas6e protein from the Thermus thermophilus Type 1-
E CC system demonstrated that this protein has a very similar overall architecture as Pf Cas6
despite a complete lack sequence identity outside of the C-terminal glycine-rich motif (Ebihara
et al.,2006). The protein is composed of tandem ferredoxin folds separated by a central cleft

that contains a number of basic residues. Two later studies were also published simultaneously
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describing Cas6e from T. thermophilus (Gesner et al., 2011; Sashital et al., 2011). Both groups
found that the protein cleaves its cognate CRISPR repeat RNA directly downstream of a short
stem-loop structure generating the mature 5’ repeat tag in a metal-independent manner,
consistent with a previous study with a Cas6e ortholog from E. coli (Brouns et al., 2008).

The mode of substrate RNA recognition by Cas6e was revealed by co-crystal structures
with Cas6e bound to a fragment of the CRISPR repeat (Gesner et al., 2011; Sashital et al., 2011).
The partial repeat RNAs form a duplex that contacts the protein along the positively charged
groove between the ferredoxin folds, in a similar location to where Pf Cas6 binds to its single
stranded repeat RNA (Gesner et al., 2011; Sashital et al., 2011; Wang et al., 2011).

The predicted active site of Cas6e also differs from Pf Cas6, however there is not a
consensus on exactly which amino acids are likely involved. In both studies in which co-crystal
structures of Cas6e bound to repeat RNA fragments were solved, the scissile phosphate of the
RNA was located in very close proximity to a conserved tyrosine residue, and both groups
propose that this residue may be involved in catalysis. A previous study of Cas6e in E. coli
showed that a conserved histidine was indispensable for cleavage activity (Brouns ef al., 2008).
In the co-crystal structure published by Sashital e a/ 2011, this histidine is positioned opposite
the tyrosine residue close to the scissile phosphate, and the authors propose that this residue is
directly involved in catalysis through a general acid-base catalytic mechanism. In contrast, in
the Gesner et al. 2011 structure, the same histidine is positioned such that it appears to interact
with the RNA phosphate backbone one nucleotide upstream of the cleavage site. The authors
propose that instead of being directly involved in catalysis, that this histidine may play a critical

role in properly orienting the repeat RNA in the active site, which they speculate is made up of
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the conserved tyrosine and two arginine residues that are located closer to the scissile phosphate
bond in their structure (Gesner et al., 2011).

Another well-studied member of the Cas6 superfamily is Cas6f (formerly Csy4)
associated with the Type I-F CC module in Psuedomonas aeruginosa (Haurwitz et al., 2010;
Haurwitz et al., 2012; Przybilski et al., 2011; Sternberg et al., 2012). Similar to other members
of the Cas6 superfamily, this protein was found cleave endonucleolytically within its cognate
CRISPR repeat RNA at the base of a stem-loop in a metal-independent manner, generating an 8
nucleotide 5’ repeat-derived tag with a 5° hydroxyl chemical end and a 3’ phosphate (or 2°-3’
cyclic phosphate) (Haurwitz et al., 2010; Przybilski et al., 2011).

The structure of the protein revealed that it is composed of a single ferredoxin fold and a
C-terminal alpha helical domain not found on other Cas6 enzymes, separated by a cleft
containing a number of basic amino acids (Haurwitz et al., 2010). Co-crystal structures of
Cas6f along with a non-hydrolyzable truncated CRISPR repeat RNA illustrates that the basic
patch in a cleft between the ferredoxin fold and the C-terminal motif is primarily responsible for
recognizing the substrate RNA through sequence and structure specific contacts (Haurwitz et al.,
2010; Sternberg et al., 2012). The RNA contacts the protein in both single stranded and
duplexed regions near the site of cleavage.

The predicted active site of Cas6f differs from that of both Pf Cas6 and Cas6e. The
location of the scissile phosphate in close proximity to highly conserved histidine and serine
residues lead the authors to propose that these residues catalyze cleavage of the phosphodiester
backbone using a general acid-base catalytic mechanism. Indeed mutation of either residue

abolished detectable cleavage activity with no detectable effects on RNA binding. The predicted
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acid-base catalytic mechanism has been further supported by subsequent kinetic analyses and
additional structural studies (Haurwitz et al., 2012).

Cas6 superfamily members have also been identified associated with Type I-A, I-B, I-D,
and Type III-A CC systems ((Hatoum-Aslan ef al., 2011; Lintner et al., 2011; Richter et al.,
2012; Scholz et al., 2013) and Chapter 2)). RNA-deep sequencing in Clostridium thermocellum
and Methancoccus maripaludis, each harboring a single Type I-B CC system, revealed that
nearly all of the crRNAs sequenced contain an 8 nucleotide repeat-derived tag sequence,
characteristic of cleavage by a Cas6 enzyme (Richter et al., 2012). A single gene with weak
sequence identity to Pf Cas6 was identified in the cas gene clusters of both C. thermocellum and
M. maripaludis, and was given the name Cas6b. Cas6b from M. maripaludis was shown to
cleave its cognate CRISPR repeat downstream of a predicted stem-loop structure 8 nucleotides
upstream of the guide sequence, but did not cleave a repeat from another CRISPR array (Richter
etal.,2012).

A structural model generated of M. maripaludis Cas6 shows a very similar overall
architecture to Pf Cas6, composed of duplicated ferredoxin folds separated by a central cleft
(Richter et al., 2012). Mutation of two conserved histidine residues results in a loss of cleavage,
and the authors speculated that this histidine dyad forms the active site of Cas6b, which further
highlights the diversity observed among Cas6 superfamily active site compositions (Richter ef
al., 2012).

Sulfolobus solfataricus contains six CRISPR arrays, Type I-A and III-B cas gene clusters,
and four predicted Cas6 proteins (Lillestol et al., 2006). One of the Cas6 proteins (SSO2004)

was found to associate directly with a multi-protein complex composed of Type I-A proteins,
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and was shown to cleave the CRISPR repeat RNAs derived from pre-crRNAs that were found to
associate Type I-A complex in metal-independent fashion (Lintner et al., 2011).

Strong genetic evidence in Staphylococcus epidermidis and biochemical evidence in
Streptococcus thermophilus indicate that the Cas6 protein associated with Type III-A CC
modules carries out pre-ctRNA primary processing in this CC system ((Hatoum-Aslan et al.,
2011; Marraffini and Sontheimer, 2008) and Chapter 2). A conserved histidine in this Cas6 was
shown to be required for RNA cleavage, but not RNA binding, suggesting that it may play a key
role in catalysis (Chapter 2).

An interesting case of independently functioning Cas6 proteins in the same organism was
presented in a study done in the cyanobacterium Syrnechocystis 6803 (Scholz et al., 2013). This
microbe harbors a mega-plasmid that encodes three separate CC modules, each with its own
CRISPR array and an adjacently encoded cas gene cluster. The sequences of the repeats vary
considerably between the CRISPR arrays. Two of the modules, CRISPRs 1 and 2 (Type I-D and
III-B, respectively) encode highly divergent cas6 genes. RNA deep sequencing revealed that
each of the three CRISPR arrays are transcriptionally active and the crRNAs generated from
CRISPRs 1 and 2 retain an 8 nucleotide repeat-derived tag sequence characteristic of cleavage by
a Cas6 enzyme (Scholz et al., 2013). Individual knockouts of either cas6 gene lead to a loss in
crRNA processing from its cognate CRISPR array, but not either of the other two, suggesting
that each Cas6 protein functions specifically and independently in biogenesis of crRNAs (Scholz

etal.,2013).
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Primary processing in Type I-C CC systems

Among the Type I CC systems, only the Type I-C CC system does not contain an
obvious Cas6 superfamily member. Primary processing of pre-crRNAs in Type I-C CC systems
was therefore predicted to be carried out by either Cas5 or Cas7 (Makarova et al., 2011a;
Makarova et al., 2011b). A recent study has shown that crRNA primary processing in this CC
system is carried out by a member of the Cas5 superfamily, Cas5d (Garside et al., 2012).

Cas5 proteins were initially classified as a group of orthologous proteins containing a
conserved 43 amino acid N-terminal region with subtype specific regions outside of the N-
terminus (Haft ef al., 2005). The Cas5d proteins from Mannheimia succiniciproducens and
Thermus thermophilus were shown to possess CRISPR repeat-specific divalent metal-
independent cleavage activity, but rather than generating an 8 nucleotide repeat-derived tag
sequence, cleavage occurs 11 nucleotides upstream of the 5” end of the guide sequence (Garside
etal., 2012).

The crystal structure of M. succiniciproducens Cas5d protein showed that, like many
Casb6 proteins, is composed of duplicated ferredoxin folds separated by a cleft which contains a
large basic patch (Garside et al., 2012). Using structural alignments with Cas6e and Cas6f, a
similar mechanism for substrate recognition was proposed in which CRISPR repeat RNA forms
a duplex that is docked onto the protein along the basic patch found the in central cleft of Cas5d
(Garside et al., 2012).

Identification of catalytic residues proved elusive as mutations within conserved residues
did not result in an appreciable effect on cleavage activity. Mutation of a conserved glutamate
found in a loop within the central cleft, on the other hand, abolished RNA binding, and it was

speculated that this residue is critical substrate recognition (Garside et al., 2012). Thus, the



19

enzymes responsible (or likely responsible) for primary processing of pre-crRNAs in all Type [
and both Type III CC systems have been identified. However, much less is known about how

maturation of crRNA intermediates in occurs these systems.

crRNA maturation in Type I CC systems

In Type I-E and Type I-F CC systems, cleavage of pre-crRNAs by Cas6e or Cas6f
produces RNAs that function as the mature crRNAs in these systems (Jore et al., 2012;
Wiedenheft et al., 2011b). However, in other Type I CC systems, as well as Type III CC
systems, cleavage by Cas6 produces a 1X crRNA intermediates that undergo further processing
whereby variable amounts of the 3’ repeat sequences, and sometimes a portion of the guide, are
removed. In Type I-A, I-B, and I-D CC systems variable amounts of the 3’ repeat sequence are
removed by unknown mechanisms.

In Sulfolobus solfataricus and S. acidocalderins, both of which contain Type I-A CC
systems, northern analysis revealed that the 1X crRNA intermediates are trimmed at the 3’ end
leading to the accumulation of several discreet species down to a size corresponding roughly to a
crRNA composed of an 8 nucleotide 5’ repeat tag and a single guide sequence (Lillestol et al.,
2006; Lillestol et al., 2009; Tang et al., 2005). This processing pattern was supported by a later
study in which crRNAs from S. solfataricus were cloned and sequenced (Lintner ef al., 2011).

In the Type I-B CC systems of Clostridium thermocellum and Methanococcus
maripaludis, deep RNA sequencing revealed that the most abundant crRNAs sequenced retained
2-5 nucleotides of 3’ repeat sequence (Richter et al., 2012). Similarly, RNA deep sequencing
and Northern analysis of RNAs derived from the cyanobacterium Synechocystis 6803 revealed

that crRNAs derived from the Type [-D CC module contain variable 3’ ends ranging from the
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Cas6 generated 1X intermediate to species lacking ~5 nucleotides of the guide sequence (Scholz

etal.,2013).

Maturation of crRNAs in Type III CC systems

Though 3’ end processing of the Cas6 generated 1X crRNA intermediates in Type I CC
systems (where it occurs) produces crRNAs with a high degree of 3’ variability, 3’ end
processing in Type III CC systems gives rise to discreet crRNAs of a defined length from the
mature 5’ end. crRNAs associated with the Type III-B Cmr complex from Pyrococcus furiosus
have been shown to be either 39 or 45 nucleotides in length, independent of the length of the
guide sequence (Hale et al., 2009). The mature crRNAs retain little to no 3’ repeat sequence and
may contain a 3’ truncated guide sequence. Both the 39 and 45 nucleotide species have been
shown to be functional in guiding the complex to cleave complementary RNAs. However, the
mechanism by which the 3’ processing occurs is poorly understood (Hale et al., 2009; Hale et
al.,2012b). In addition, the most abundant crRNAs found associated with Cmr complex from
Sulfolobus solfataricus are 46 nucleotides in length, also independent of the length of the guide
sequence (Zhang et al., 2012b).

Analogously to Cmr-associated crRNAs, mature crRNAs found with the Type III-A CC
system in Staphylococcus epidermidis are 43 and 37 nucleotides in length, contain little to no 3’
repeat sequence and a truncated guide on the 37 nucleotide crRNA species (Hatoum-Aslan ef al.,
2011). Mutational analysis of cas genes in this organism illustrate that in the absence of the
Csm2, Csm3, and Csm5 proteins, processing of the 1X intermediate to the mature forms is
disrupted, suggesting that these proteins may be directly involved in this processing step

(Hatoum-Aslan et al., 2011).
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Type II CC system crRNA biogenesis

Whereas primary processing of pre-crRNAs in Type I and Type III CC systems is carried
out by a Cas6 (or Cas5) endoribonuclease, in Type II CC systems this step is surprisingly
catalyzed by the non-Cas protein RNase 111, and requires a small non-coding RNA known as a
trans-activating (tra)crRNA (Deltcheva et al., 2011). RNase III is a double-stranded RNA-
specific endoribonuclease that, in bacteria, plays critical roles in biogenesis of rRNA and
regulation of gene expression by cleaving certain mRNAs (reviewed in (Drider and Condon,
2004)).

Through differential RNA deep sequencing in Streptococcus pyogenes, Deltcheva et al.
2011 discovered a small non-coding RNA (termed tracrRNA) encoded directly upstream of the
Type 1I-A CC module in this organism (Deltcheva ef al., 2011). Primary transcripts of 171 and
89 nucleotides were detected, along with a smaller 75 nucleotide processed form. Sequence
analysis of the primary tracrRNA transcripts revealed a 25 nucleotide region which contains near
perfect complementary (single mis-match) to the CRISPR repeats encoded within the
downstream CRISPR array. The RNA-seq analysis also revealed that mature crRNAs from this
Type I CC system contain a 3’ repeat-derived tag sequence 19-22 nucleotides in length and a
truncated guide sequence of 20 nucleotides (average spacer length = 30 bp). Alignment of the 75
nucleotide processed tractrRNA with individual sequencing reads of the 3’ repeat tag region of
mature crRNAs revealed a two base-pair overhang at the end of the duplex, which is
characteristic of cleavage by RNase III (Drider and Condon, 2004).

Genetic evidence for a role of RNase III in crRNA biogenesis in Type II CC systems was
provided when the gene encoding RNase III was knocked out in S. pyogenes (Deltcheva et al.,

2011). crRNA biogenesis was disrupted and no mature crRNAs were detected by Northern
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analysis. In the absence of RNase 11, processing of the tracrRNA was also disrupted, with the
75 nucleotide processed form no longer being detected. In addition, deletion of the tracrRNA
also led to the loss of crRNA processing. Taken together, these results suggest that the
tractRNA, once transcribed, base-pairs with the direct repeat sequences within the CRISPR
primary transcript, and this duplex is cleaved by RNase III, producing 1X crRNA intermediates
composed of a single guide sequence and fragments of the repeat at either end (Figure 1.4).

Analogously to Type I and Type III CC systems, primary processing in Type II CC
systems by RNase III and tracrRNA produces 1 X crRNA intermediates. However, processing
of this intermediate to the mature form is quite different in Type II CC systems. In contrast to
the 3’ end trimming occurs in Type I and Type III CC systems, Type Il mature crRNAs are
generated by removal of the 5° repeat fragment and ~10 nucleotides of the guide sequence. The
mechanism by which this occurs has not yet been determined. However, it has been speculated
that maturation of the 1X intermediates is carried out by Cas9 (formerly Csnl or Cas5)
((Deltcheva et al., 2011; Makarova et al., 2011a) and Chapter 2). Cas9 proteins are large, multi-
domain proteins that contain both HNH and RuvC nuclease active sites (Haft et al., 2005;
Makarova et al., 2006). Each active site has been shown to cleave a single strand of a double-
stranded invader DNA in a crRNA-dependent manner (Gasiunas et al., 2012; Jinek et al., 2012).
However, it has also been shown that Cas9 is required for the accumulation of mature crRNAs,
leaving open the possibility that this protein also catalyzes maturation of 1X crRNA

intermediates to mature crRNAs ((Deltcheva ef al., 2011) and Chapter 2).



23

Invader Silencing in Type I CC systems

Type I CC modules are a highly diverse group of CC systems found in both bacteria and
archaea that are characterized by the presence of the core cas/-3 and cas6 genes along with a set
of sub-type specific cas genes ((Makarova et al., 2011b) and Figure 1.1)). Silencing of invaders
within these diverse systems has been shown in some cases, and predicted in others, to be
mediated by a common mechanism. In general, the sub-type specific Cas proteins form (or are
predicted to form) multi-protein surveillance complexes composed of sub-type specific Cas
proteins that use a crRNA guide to detect foreign DNA invaders, and once detected, the complex
recruits a Cas3 nuclease/helicase which then cleaves the invader ((Brouns et al., 2008; Cady et
al., 2012; Lintner et al., 2011; Makarova et al., 2011b; Wiedenheft et al., 2011b) and Figure
1.5)). Among the Type I CC systems, Types I-A, I-B, I-E, and I-F have been shown to be
capable of silencing invader DNA (Brouns ef al., 2008; Cady et al., 2012; Elmore et al., 2013;
Fischer et al., 2012; Gudbergsdottir et al., 2011; Peng et al., 2013).

A number of Type I systems have been investigated biochemically. However, the Type
I-E CC system present in E. coli is the most well-studied among them. Type I-E modules are
composed of casi-3, casbe, csel-2, as well as cas5 (casSe) and cas7 (cse4) orthologs (Haft et al.,
2005; Makarova et al., 2011b). A complex containing E. coli K12 Csel, Cse2, Cas5, Cas7,
Cas6e, and mature crRNA was isolated following over-expression the entire CC module in E.
coli BL21, which lacks an endogenous CC system (Brouns ef al., 2008). The crRNP was given
the name Cascade (CRISPR-associated complex for anti-viral defense) (Brouns et al., 2008).
Analogous Cascade-like complexes associated with Type I-A and Type I-F CC systems have

been isolated (Lintner ez al., 2011; Wiedenheft ez al., 2011b).
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Over-expression of both E. coli K12 Cascade and Cas3 in E. coli BL21 was shown to
provide defense against lambda phage when an artificial CRISPR array containing spacers
targeting the phage genome was also expressed (Brouns ef al., 2008). Cas3 proteins associated
with several Type I CC systems in (including E. coli Type I-E) have been shown to possess both
DNA endonuclease and DExD-box mediated helicase activities in vitro, consistent with a role as
an effector nuclease (Beloglazova et al., 2011; Mulepati and Bailey, 2011; Sinkunas et al., 2011;
Sinkunas et al., 2013). A point mutation within the predicted HD nuclease active site within
Cas3 blocked phage resistance, suggesting that Cas3 directly cleaves invader DNA (Brouns et
al., 2008).

Purified E. coli Cascade has been shown to bind double- and single-stranded DNA
containing a crRNA target sequence. There was a higher affinity when a PAM sequence was
present (Jore et al., 2011; Westra et al., 2012a; Wiedenheft et al., 2011a). Structural,
biochemical and genetic evidence from multiple studies suggest that primary DNA target
recognition is mediated by the PAM, and that the first 7 nucleotides of the proto-spacer target
proximal to the PAM (termed the seed sequence) must be completely complementary with the
crRNA guide in order for efficient recognition and silencing to occur (Jore ef al., 2011;
Semenova et al., 2011; Westra et al., 2012b). In the DNA target bound E. coli Cascade complex,
structural and biochemical evidence suggests that the Cselsubunit recruits Cas3, which then
degrades the target DNA (Westra et al., 2012b; Wiedenheft et al., 2011a). The Type I-E CC
module from Streptococcus thermophilus has been also shown to silence DNA invaders when
expressed in E. coli, and the recombinant Cascade complex plus Cas3 also cleaves target DNA in

a PAM dependent manner (Sapranauskas et al., 2011; Sinkunas et al., 2013). An analogous



25

mechanism of invader detection by a sub-type specific crRNP and silencing by a Cas3 protein

has been predicted for the other, less studied, Type I CC systems (Makarova et al., 2011b).

Invader Silencing in Type II CC systems

Type 11 CC systems are composed of only four cas genes: cas!, cas2, cas9 (formerly
csnl or cas$), and either csn2 (Type II-A) or cas4 (Type 1I-B) and are found exclusively in
bacterial genomes ((Haft et al., 2005; Makarova et al., 2011a) and Figure 1.1)). The first report
of CC-mediated adaptive immunity was reported in a study conducted in Streptococus
thermophilus (Barrangou et al., 2007). Infection of S. thermophilus with the virulent phage
phi2972 resulted in a number of phage-resistant colonies, each of which had acquired 1-4 phage-
derived spacer sequences within one of the two CRISPR arrays associated with Type II-A CC
modules (later named CRISPR 1) found in this organism (Barrangou ef al., 2007). In a later
study, the other Type II-A CC module in this system (named CRISPR 3) was also shown to
acquire phage-resistance by incorporating invader-derived spacers within its CRISPR array
(Horvath et al., 2008). The two Type II-A CC modules in S. thermophilus contain the same cas
gene content and organization, however the CRISPR repeat sequences and Cas protein sequences
are highly divergent (Horvath et al., 2008). In addition, it has been shown that S. thermophilus
CRISPR 1 and CRISPR 3 rely on distinct PAM sequences for both spacer acquisition and
invader silencing, NNAGAAW, and NGGNGN respectively (Deveau et al., 2008; Garneau et
al., 2010; Gasiunas et al., 2012; Jinek et al., 2012; Magadan et al., 2012).

Genetic evidence for the protein responsible for carrying out invader silencing in Type II
CC systems was provided when a gene knock-out of cas9 from S. thermophilus CRISPR 1

resulted in a loss of defense in previously a previously resistant strain, suggesting that this
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protein may be an effector nuclease (Barrangou et al., 2007). Subsequent studies have
demonstrated that both Type II CC systems in S. thermophilus are capable of cleaving plasmid or
phage DNA that contain complementary sequences to crRNAs and a PAM sequence (Garneau et
al., 2010; Magadan et al., 2012). Cleavage of target DNA produces a blunt cut that maps to 3
base pairs upstream of the 3’ end of the target sequence (Garneau et al., 2010; Magadan ef al.,
2012). Cleavage of invader DNA was disrupted in the absence of either Cas9 protein, providing
further evidence that Cas9 is the effector nuclease associated with Type II CC systems (Garneau
et al.,2010; Magadan et al., 2012). In a separate study, the Cas9 protein from S. thermophilus
CRISPR 3 and a CRISPR array were sufficient for silencing an invader which contained proto-
spacer matching the CRISPR locus when both were expressed in E. coli, further supporting the
hypothesis that Cas9 is the effector nuclease associated with Type II CC systems (Sapranauskas
etal., 2011).

Cas9 proteins are large multi-domain proteins that contain two nuclease active sites, a
HNH restriction enzyme-like site, and a RuvC resolvase-like site (Haft ez al., 2005; Makarova et
al., 2006; Makarova et al., 2011b). Three recent studies have shown that Cas9 proteins from S.
thermophilus CRISPR3 and Streptococcus pyogenes utilize a crRNA guide to directly cleave
double stranded DN As which contain a target sequence and intact PAM (Gasiunas et al., 2012;
Jinek et al., 2012; Karvelis et al., 2013). Interestingly, in addition to a crRNA guide, in order for
Cas9 to cleave target DNA the tractrRNA, which is involved in crRNA biogenesis in Type II CC
systems, must be present as well ((Gasiunas et al., 2012; Jinek et al., 2012; Karvelis et al., 2013)
and Figure 1.5)). Furthermore, evidence suggests that each strand of the target DNA is cleaved
independently by one of the nuclease active sites. Mutation of either the HNH or RuvC active

sites resulted in a nicking of one strand or the other, suggesting that both active sites cooperate to
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generate a double stranded break in the target DNA. The strand complementary to the crRNA is
cleaved by the HNH active site, and cleavage of the non-complementary strand requires the
RuvC active site ((Gasiunas et al., 2012; Jinek et al., 2012) and Figure 1.5)). Given its ability to
generate site-specific double-stranded DNA breaks, Cas9 has recently been utilized in genome
editing in humans, zebrafish, yeast, and bacteria (Cho et al., 2013; Cong et al., 2013; Dicarlo et
al., 2013; Hwang et al., 2013; Jiang et al., 2013; Jinek et al., 2013; Mali et al., 2013;

Ramalingam et al., 2013).

Invader silencing in Type III CC systems

Type III CC modules are present in many bacterial and archaeal genomes, commonly as
accessory CC systems; that is, they are frequently present in organisms that contain at least one
other CC system, and they are often encoded directly adjacent to another CC module (Haft et al.,
2005). The Type III-A and III-B CC are both encode of a number of RAMP proteins as well as a
Cas10 ortholog ((Haft et al., 2005; Makarova et al., 2011b) and Figure 1.1)). Although similar
in gene content, the two modules differ in their silencing activities, with Type III-A CC systems
targeting invader DNA (Marraffini and Sontheimer, 2008), while Type II1-B targets RNA and

perhaps DNA (Hale ef al., 2012a; Hale et al., 2009; Zhang et al., 2012b).

DNA silencing in Type I1I-A CC systems

Type III-A CC systems are composed of three RAMP proteins, Csm3-5, as well as Csm?2,
Csm6, and a Cas10 (Csm1) protein (Haft et al., 2005; Makarova et al., 2011b). The Type III-A
CC module from Staphylococcus epidermidis was shown to silence plasmid DNA (Bikard et al.,

2012; Marraffini and Sontheimer, 2008). S. epidermidis harbors a single CRISPR array
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composed of four direct repeats and three unique spacers. The first spacer in the CRISPR array
perfectly matches the nickase (nes) gene found on all Staphlyococcal conjugative plasmids and
crRNAs containing this guide sequence as well as the Cas6 generated 8 nucleotide repeat-
derived tag sequence have been detected (Marraffini and Sontheimer, 2008; Marraffini and
Sontheimer, 2010). It was shown that this spacer conferred resistance to S. epidermidis from
either conjugation or transformation of a plasmid containing the nes gene (Marraffini and
Sontheimer, 2008). Nickase activity is required for plasmid conjugation, so in order to
determine whether the Type III-A system targets plasmid DNA or the nes mRNA, a self-splicing
intron was introduced within the nes target sequence (Marraffini and Sontheimer, 2008). This
blocked CC mediated-plasmid silencing, indicating that this Type III-A CC module targets DNA
(Marraffini and Sontheimer, 2008).

Unlike Type I and Type II CC modules, Type III CC systems do not appear to require a
PAM sequence for their silencing activities. However, since Type III-A systems target DNA, it
would be expected that a mechanism existed to allow the silencing complex to distinguish
invader DNA from its own genome, given that both contain crRNA target sequences. Rather
than using a defined PAM sequence, the Type III-A CC system from S. epidemidis distinguishes
self from non-self using the crRNA 5’ repeat tag sequence. Extensive mutational analysis of
both the crRNA 5’ tag sequence and an 8 base pair region just upstream a complementary DNA
target sequence revealed that silencing by this Type III-A CC system is blocked when the crRNA
tag is able to base-pair with the upstream region of a target at any single position between -2 and
-4 of the target sequence (Marraffini and Sontheimer, 2010). Given that this base pairing would

occur if the effector complex targeted the host genome (since the 5’ tag would be completely
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complementary to the CRISPR repeat), a basis for discrimination between a non-self target DNA

and the chromosome (self) was established (Marraffini and Sontheimer, 2010).

Type III-B CC systems silence invader RNA and possibly DNA

While Type III-A CC systems (and all other CC systems described) silence invader DNA,
the Type I1I-B Cas RAMP module (Cmr) complex has been shown to target and cleave
complementary invader single stranded RNA ((Hale ef al., 2009; Zhang et al., 2012b) and Figure
1.5)). The Cmr module is a six (sometimes seven) gene cluster that contains four RAMP
proteins (cmrl, 3, 4, and 6), cmr3, and a cas10 (cmr2) ortholog (and sometimes a cmr7 gene, see
below) (Haft et al., 2005). A complex containing Cmrl, Cmr3-6, Cas10, and crRNAs of 39 and
45 nucleotides in length was isolated from Pyrococcus furiosus (Hale et al., 2009). This
complex was shown to cleave single-stranded RNAs complementary to crRNAs contained
within the purified complex into several discreet products (Hale et al., 2009). Cleavage of
complementary RNAs, like Type III-A silencing, is not thought to require a PAM sequence
(Hale et al., 2012a; Hale et al., 2009; Zhang et al., 2012b). Reconstitution of the complex with
recombinant proteins expressed and isolated from E. coli demonstrated a similar RNA cleavage
activity as the native complex, and required a crRNA guide (Hale et al., 2009). All of the
proteins, with the exception of Cmr5, were shown to be required for efficient cleavage by the
recombinant complex (Hale et al., 2009). A later study of the same complex demonstrated that
the 5° 8 nucleotide repeat-derived tag, as well as a 5 hydroxyl group generated by Cas6 cleavage
are required for cleavage activity (Carte et al., 2008; Hale et al., 2012a). Additionally, Hale et
al. 2012 showed that the Cmr module can be programmed to silence RNAs of choice by simply

appending a target sequence to the 5° 8 nucleotide repeat tag sequence, opening the possibility
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for selective gene silencing in prokaryotes analogous to RNAi-mediated gene knockdown in
eukaryotes (Hale et al., 2012a).

An orthologous Cmr complex isolated from Sulfolobus solfataricus was also shown to
cleave complementary RNAs as well (Zhang et al., 2012b). This complex contains an addition
Cmr protein, Cmr7, that is only present in Cmr modules found in the order Solfalobales (Zhang
et al.,2012b). Although both P. furiosus Cmr and S. solfataricus Cmr modules cleave
complementary RNAs, the two complexes differ in their respective sites of cleavage within
target RNAs. Evidence suggests that the P. furiosus Cmr module cleaves at a fixed distance (14
bp) from the 3’ end of the base-pairing between the crRNA and the target in a sequence non-
specific manner (Hale et al., 2012a; Hale et al., 2009). The S. solfataricus Cmr module, on the
other hand, cleaves preferentially between AU dinucleotides (Zhang et al., 2012b). Further
highlighting the differential cleavage activities between the two complexes, the S. solfataricus
Cmr module appears to cleave the crRNA guide as well as the target RNA, whereas the P.
furiosus Cmr module does not seem to do so (Hale et al., 2012a; Hale et al., 2009; Zhang et al.,
2012b).

Interestingly, in addition to RNA silencing, certain Type III-B CC systems may also be
capable of DNA silencing. A recent study demonstrated that one of the two Cmr modules found
in Sulfolobus islandicus is able to block plasmid transformation when the plasmid contains a
crRNA target sequence that is transcribed (Deng et al., 2013). Like Cmr cleavage of
complementary RNAs, this plasmid silencing does not require a PAM sequence (Deng et al.,
2013). In addition to the Cmr complex proteins, this silencing appears to require the Csx|1
protein (Deng et al., 2013). Proteins of the Csx1 family are highly diverse and are found

associated with ~50% of archaeal Type III CC modules (Garrett et al., 2011; Haft et al., 2005).
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The structure of Csx1 from P. furiosus has been solved; however, the role played by this protein
within the putative Cmr-mediated, transcription-dependent DNA silencing remains unclear (Kim

etal.,2013).

Phage response to CC silencing

CC systems identify and silence genome invaders. However, phages have developed a
number of strategies to counter this silencing, and in at least one case have even hijacked an
entire CC module for its own use in evading host defense mechanisms (Bondy-Denomy et al.,
2013; Seed et al., 2013). Silencing by CC systems relies on sequence complementarity between
the crRNA guide and the invader DNA (or RNA). It therefore stands to reason that if a phage or
virus were able to alter its genome such that this base pairing were disrupted, then CC defense
would be neutralized. Indeed many CRISPR escape mutant (CEM) phages have been isolated
from Streptococcus thermophilus and E. coli (Barrangou et al., 2007; Datsenko et al., 2012;
Deveau et al., 2008; Levin et al., 2013). These CEMs almost invariably contain mutations
within the seed sequence of the proto-spacer or within the PAM, which presumably blocks CC-
mediated silencing (Datsenko et al., 2012; Levin et al., 2013).

In addition to simple mutations, a recent study reported that some phages encode proteins
that actively block CC silencing (Bondy-Denomy et al., 2013). Three CC-resistant lysogenic
phages were isolated from Pseudomonas aerugninosa that contained intact proto-spacer and
PAM sequences and therefore would be expected to be silenced by the Type I-F CC module
found in the host (Bondy-Denomy et al., 2013). Further analysis revealed that between these
three phages, there were eight genes of unknown function capable of ablating CC defense

(Bondy-Denomy et al., 2013). The presence of these genes on an invader blocked CC
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interference but did not appear to alter the expression levels of either the endogenous cas genes
or crRNA. Thus, the mechanism by which these predicted proteins evade CC defense remains a
mystery (Bondy-Denomy et al., 2013).

In another recent study, five CC-resistant lytic bacteriophages isolated from Vibrio
Cholera were found to encode their own Type I-F CC modules with CRISPR arrays containing
spacer sequences matching the V. cholera genome (Seed et al., 2013). When either the V.
cholera-targeting spacer sequences in the phage CRISPR array, or the proto-spacer sequence
from the host chromosome were deleted, bacteriophages were no longer able to efficiently infect
V. cholera (Seed et al., 2013). In addition, the low number of phages from which the V. cholera-
targeting spacers had been deleted that were able to re-infect the host had incorporated new host-
derived spacers within their CRISPR arrays, suggesting that the phage encoded CC module
functions an adaptive immune system which allows the phage to evade host defense (Seed et al.,

2013).

Overview

The aim of this work was to understand crRNA biogenesis in Streptococcus thermophilus
DGCC7710. S. thermophilus is a gram positive lactic acid bacterium that is important for the
dairy industry in the production of yogurt and various cheeses. This organism contains four CC
systems (CRISPRs 1-4), including a representative of each of the three major types (I-1II), and
has become a model for studying CC defense. Each of the CC systems is composed of a distinct
CRISPR repeat-spacer array and cas gene cluster. At the outset of this work, nothing was known
about crRNA expression or biogenesis pathways from the four CC systems present in S.

thermophilus.
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Through RNA deep sequencing and Northern analysis we show that each of the four
CRISPR arrays in S. thermophilus is transcriptionally active and produces mature crRNAs. The
crRNAs derived from each CC system contain distinct combinations of guide and repeat tag
sequences. In addition, the factors involved in crRNA biogenesis were investigated. We found
that the Cas6 protein associated with CRISPR 2 (Type III-A CC system) specifically binds and
cleaves pre-crRNAs from its cognate CRISPR array generating the mature 5° crRNA ends. The
Cas6e protein encoded within the Type I-E CRISPR 4 CC module, on the other hand,
specifically recognizes and cleaves pre-crRNAs from CRISPR 4 generating the mature 5’ end of
these crRNAs. In addition, we show that the Cas9 protein associated with CRISPR 1 (Type II-
A) is required for maturation of crRNAs from this CC system. The absence of Cas9 from
CRISPR 1 had no effect on crRNA processing from other three CRISPR arrays, notably CRISPR
3, which is also a Type II-A CC system.

Taken together, these findings indicate that crRNA biogenesis from each of the four CC
systems found in S. thermophilus is carried out by Cas proteins found within the adjacently
encoded cas gene cluster independently of the other CC systems. These results provide a model
for understanding organisms with multiple CC systems and suggest that bacterial strains may be

engineered with co-existing CC modules without cross-talk between the systems.
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Figure 1.1. Overview of cas gene organization and distribution. CC systems are divided into
three major types (I-II1) and sub-types. CC sub-type nomenclature according to Haft et al. 2006
is shown to the right as well. The typical cas gene content and organization for each sub-type
are shown. Genes encoding proteins that have been shown, or are predicted to be involved in
spacer acquisition are shown in green. Pre-crRNA cleaving endonucleases of the cas6
superfamily are shown in blue. Distantly related orthologs that are shared between multiple CC
sub-types are shown in red. Nucleases responsible for invader silencing are shown in purple.
Note that in Type I-F CC systems the cas2 and cas3 genes are fused. Figure adapted from

(Makarova et al., 2011b).
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Figure 1.2. Overview of the three stages of the CC immune mechanism. Fragments derived
from foreign genetic elements (proto-spacers), such as phages, are inserted into the host CRISPR
locus (adaptation). The CRISPR array is transcribed and processed into a pool of crRNAs each
containing a single invader-targeting guide sequence and a fragment of the CRISPR repeat
(crRNA biogenesis). The crRNAs are then loaded into a Cas protein-containing effector
complex and guide the complex to silence invader (invader silencing). Figure adapted from

(Terns and Terns, 2011).
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Figure 1.3. Overview of crRNA biogenesis in Type I and Type III CC systems. CRISPR
primary transcripts (pre-crRNAs) are cleaved endonucleolytically by a member of the Cas6 (*or
Cas5d in Type I-C CC systems) superfamily member producing RNAs that contain a single
guide sequence flanked by fragments of the CRISPR repeat. In Type I-E and I-F CC systems,
this RNA functions as the mature crRNA. In other Type I CC systems, the 1X intermediate is
further processed producing crRNAs with highly variable 3” ends. In Type III CC systems, the
1X intermediate is trimmed to one or two discreet crRNA species that are a defined length from

the 5 end of the crRNA.
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Figure 1.4. crRNA biogenesis in Type II CC systems. A trans-activating (tra)ctrRNA hybridizes
with each direct repeat within a pre-crRNA. These RNA duplexes are then cleaved by RNase
I, producing 1X crRNA intermediates composed of a single guide sequence flanked by
fragments of the CRISPR repeat. The 1X intermediates are processed to mature crRNA by

removal of the 5’ repeat fragment and ~10 nucleotides of the guide sequence.
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Figure 1.5. Silencing complexes associated with each type of CC system. Type I CC modules
are, or are hypothesized to be, characterized by a surveillance complex composed of sub-type
specific proteins and a crRNA (Cascade) that detects an invader using the crRNA guide. Target-
bound Cascade then recruits the Cas3 effector nuclease/helicase to cleave invader DNA
(scissors). Invader silencing in Type II CC systems is carried out by the dual-RNA guided
(tractrRNA and crRNA) Cas9 protein. The HNH and RuvC active sites each cleave one strand of
invader DNA, producing a blunt double-stranded break. Type I and II CC systems rely on a
PAM sequence within the invader for efficient silencing. Type III CC systems do not appear to
require a PAM sequence and the identities of the effector nucleases are not yet known. Silencing
complexes associated with Type III-A CC system have not been defined, however a putative
Csm complex is predicted to cleave invader DNA. In Type III-B CC systems, a complex
composed of Cmr-associated proteins, along with a crRNA guide, cleave single-stranded invader

RNA.
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CHAPTER 2
MULTIPLE CRISPR-CAS SYSTEMS FUNCTION INDEPENDENTLY IN

STREPTOCOCCUS THERMOPHILUS'

-1Carte, ], R. T. Christopher, J. T. Smith, S. Olson, R. Barrangou, S. Moineau, C. V. C. Glover III,
B. Graveley, R. M. Terns, M. P. Terns. To be submitted to RNA.
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Abstract

CRISPR-Cas systems are small RNA-based immune systems that protect prokaryotes from
invaders such as viruses and plasmids. There are multiple CRISPR-Cas systems comprised of
distinct sets of Cas proteins and CRISPR (cr)RNA species. We have investigated the biogenesis
of crRNAs in Streptococcus thermophilus (Sth), which possesses 4 CRISPR-Cas system
modules. crRNAs are processed from CRISPR locus transcripts, which contain multiple
invader-targeting (or guide) sequences separated by a repeat sequence. Our results indicate that
the crRNAs from each CRISPR locus are specifically processed by Cas proteins associated with
the respective locus into divergent crRNA species. We find that the crRNAs from the Csm Type
III-A system in Stk are initially processed by the Cas6 protein and ultimately trimmed to RNAs
with an 8-nucleotide 5° CRISPR repeat sequence tag and ~35-nucleotide invader-targeting
sequence. The Cse Type I-E system crRNAs are processed by Cse3 (Cas6e) and possess a 21-
nucleotide 3’ repeat tag as well as an 8-nucleotide 5’ tag flanking the guide sequence. The
crRNAs from the two Csn Type II-A systems present in Stk are similar overall, consisting of a
5’-truncated targeting sequence and a 3’ tag, but interestingly, are distinct in the sizes of these 2
component elements. Moreover, we find that the Csn-1 (Cas9) protein associated with one Csn
locus functions specifically in the production of crRNAs from that locus. Our findings indicate
that multiple CRISPR-Cas systems can function independently in crRNA biogenesis in a given
organism. This knowledge is important to understand and engineer co-existing CRISPR-Cas

pathways.
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Introduction

The CRISPR-Cas systems are adaptive RNA-directed immune systems present in many
bacteria and archaea. Small, host-encoded CRISPR (cr)RNAs function along with CRISPR-
associated (Cas) proteins to destroy invading nucleic acids. CRISPR loci are characterized by
short direct repeats (24-37 bp in length) separated by similarly sized, invader-derived sequences
(termed spacers) (Grissa et al., 2007). When transcribed and processed, these invader-derived
elements guide effector Cas proteins to cleave foreign DNA or RNA (for reviews see (Barrangou
and Horvath, 2012; Jore et al., 2012; Terns and Terns, 2011; Wiedenheft et al., 2012)).

There are multiple, diverse CRISPR-Cas systems defined by distinct sets of cas genes.
Each of the 10 or so systems includes the universal cas/ and cas2 genes along with a module of
subtype-specific cas genes named for an organism where the system is found (e.g. the cas
subtype E. coli or cse genes) (Hatft et al., 2005; Makarova et al., 2006; Makarova et al., 2011).
Distant relationships have been identified among some components of different CRISPR-Cas
systems allowing the definition of broad superfamilies of cas genes and the classification of the
systems into three “Types”: I - III (Makarova et al., 2011). The Cse system, for example, is the
Type I-E system. The distinct CRISPR-Cas systems carry out essential steps in the defense
pathway, including crRNA biogenesis, by different mechanisms.

CRISPR-Cas defense includes three mechanistic stages. In the adaptation stage, an
invader-derived segment of DNA (termed a proto-spacer) is integrated into the microbe’s
CRISPR array. Evidence indicates that the common Casl and Cas2 proteins function in
adaptation (Datsenko et al., 2012; Yosef et al., 2012). The biogenesis stage produces a panel of

crRNAs that target the individual collected invader sequences. CRISPR locus transcripts are
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processed to generate functional crRNAs that contain a common repeat sequence as well as
invader-specific guide sequence (Brouns et al., 2008; Carte et al., 2008; Deltcheva et al., 2011;
Hale et al., 2008; Hale et al., 2009; Hatoum-Aslan et al., 2011; Nam et al., 2012; Richter et al.,
2012). In the interference stage, mature crRNAs guide effector Cas proteins to destroy invader
DNA or RNA (Garneau et al., 2010; Gasiunas et al., 2012; Hale et al., 2009; Jinek et al., 2012;
Magadan et al., 2012; Marraffini and Sontheimer, 2008; Sinkunas et al., 2013).

crRNA biogenesis occurs by diverse mechanisms in the distinct CRISPR-Cas systems.
crRNAs are released from the CRISPR transcript by endonucleolytic cleavages within the
conserved repeat elements, generating RNAs with repeat sequence flanking the guide sequence
at both ends. In some cases, these 1X unit crRNAs are further processed. The initial repeat
cleavage is catalyzed by “Cas6 superfamily” endoribonucleases in multiple CRISPR-Cas
systems: the Cas6 protein in Csa/l-A, Cst/I-B, Csc/I-D, Csm/III-A, and Cmt/III-B systems, Cse3
(Cas6e) in the Cse/I-E system and Csy4 (Cas6f) in the Csy/I-F system (Brouns et al., 2008; Carte
et al., 2008; Haurwitz et al., 2010; Lintner et al., 2011; Nam et al., 2012; Richter et al., 2012;
Scholz et al., 2013). The 8-nucleotide repeat sequence tag generated at the 5’ end of the crRNAs
by the Cas6 superfamily endoribonucleases is retained in mature crRNA species (Brouns et al.,
2008; Hale et al., 2008; Hatoum-Aslan et al., 2011; Lintner et al., 2011; Richter et al., 2012;
Scholz et al., 2013) and has been shown to be critical for function (Hale et al., 2012). Cse3
(Casb6e) and Csy4 (Cas6f) recognize and cleave downstream of a stem-loop structure in
associated CRISPR repeats, and that repeat stem-loop is retained at the 3’ end of the Cse/I-E and
Csy/I-F crRNAs (Brouns et al., 2008; Haurwitz et al., 2010; Nam et al., 2012; Richter et al.,

2012; Sashital et al., 2011). The 3’ ends of crRNAs generated by Cas6 (for Csa/l-A, Cst/I-B,
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Csm/II1-A and Cmr/III-B systems) are processed to remove some or all of the 3’ repeat
sequence, and sometimes a portion of the guide sequence, by unknown mechanisms (Hale et al.,
2008; Hale et al., 2012; Hatoum-Aslan et al., 2011; Richter et al., 2012; Zhang et al., 2012). In
another CRISPR-Cas system, Csd/I-C, CRISPR transcripts are processed by one of the Cas5
superfamily proteins, Cas5d, which generates an 11-nt 5’ repeat tag (Garside et al., 2012; Nam et
al., 2012). In Csn/II-A systems, base-pairing of a small non-coding RNA containing
complementarity to the CRISPR repeat, termed the frans-activating crRNA or tractrRNA, triggers
cleavage of CRISPR locus transcripts by RNase III (Deltcheva et al., 2011). The tracrRNA is
encoded in the Csn/II-A CRISPR-Cas module. The 5’ ends of Csn/II-A crRNAs undergo further
processing that removes the 5’ repeat fragment and ~10 nucleotides of the guide sequence
(Deltcheva et al., 2011). The Csn/II-A crRNAs retain 19-22-nucleotide 3’ repeat tag (Deltcheva
etal., 2011).

Streptococcus thermophilus DGCC7710 (Sth) has four CRISPR-Cas modules, each
containing a cluster of cas genes and a CRISPR array ((Horvath and Barrangou, 2010) and
Figure 2.2.1)). Two of the CRISPR-Cas modules (1 and 3) are Csn/II-A systems and both of
these are known to be active in both adaptation and interference in St4 (Barrangou et al., 2007;
Deveau et al., 2010; Garneau et al., 2010; Levin et al., 2013; Magadan et al., 2012). The effector
complex of the Csn system, comprised of Csnl (Cas9) and associated RNAs, was recently
successfully adapted as a promising tool for genome editing in human cells and other systems
(Chang et al., 2013; Cho et al., 2013; Cong et al., 2013; Dicarlo et al., 2013; Hwang et al., 2013;
Jiang et al., 2013; Jinek et al., 2013; Mali et al., 2013). Sth also contains a Csm/III-B and a

Cse/I-E CRISPR-Cas system (modules 2 and 4, respectively). We refer to the Sth systems by
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their 3-letter designations below: Csn, Csm, Cse. Here, we have investigated the composition

and biogenesis of crRNAs from the four co-existing CRISPR-Cas systems in Sth.

Results
crRNAs associated with 4 CRISPR-Cas systems in Sth

To characterize the crRNAs generated by the CRISPR-Cas systems in Sth, we deep
sequenced total Sth RNA and analyzed the RNAs derived from each of the CRISPR loci. Prior
to construction of cDNA libraries, the RNAs were phosphatase and kinase treated to allow
sequencing of RNAs containing diverse 5’ and 3’ chemical end groups (See Materials and
Methods). We found that all four CRISPR arrays in the Sti genome are expressed and give rise
to multiple small crRNAs that each contain an invader targeting sequence (Figure 2.2A).
Probable transcription promoters are identifiable within the leader regions of CRISPRs 1, 2 and 3
in Sth (at approximately -35 and -10 relative to the 5° ends observed in sequenced RNAs from
the region) (Figure 2.S1). CRISPR 4 may be transcribed as part of the upstream cas gene
operon; the translational stop codon of the cas2 gene is located just 20 nts upstream of the first
repeat element of CRISPR locus 4 (Figure 2.S1). The greatest numbers of crRNAs were cloned
from the loci with the strongest homology to the ¢’° consensus sequence (2.2A and 2.S1).

The sequencing revealed that the crRNAs produced from each of the four CRISPR loci in
Sth are distinct; the RNAs from each locus are comprised of a characteristic combination of
invader-targeting sequence and repeat sequence tag elements. The distinctive patterns can be
seen by mapping the ends of the sequenced RNAs from each locus relative to the repeat and

guide element boundaries (Figure 2.2B).
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The RNAs from the two Csn systems in Sth (CRISPRs 1 and 3) are similar in overall
structure, but nonetheless distinct. The crRNAs from both of the Csn-associated loci contain
substantial 3’ tags comprised of the conserved repeat sequence (Figure 2.2B). However, the 3’
repeat tags of the RNAs from the two loci are distinct in length as well as sequence. crRNAs
from locus 1 primarily have a 17-nucleotide 3’ repeat tag (guuuuuguacucucaag), and CRISPR 3
crRNAs include a 22-nucleotide 3’ repeat tag that differs significantly in sequence beyond the
first 5 nts (guuuuagagcuguguuguuucga). In addition, the Csn crRNAs from both loci only
include ~2/3 of the guide sequence encoded in the genome. The crRNAs from loci 1 and 3 lack
the first 9 and 10 nucleotides of the guide sequence, respectively (which is 30 nts in total average
length for both locus 1 and 3). The most abundant RNAs detected from these CRISPR loci in
Northern analysis (Figure 2.S2) correspond in size with the sequenced RNA species of 38 (21-
nucleotide guide and 17-nucleotide tag) and 42 (20-nucleotide guide and 22-nucleotide tag)
nucleotides respectively (Figure 2.2B). The overall features of the Csn crRNAs in Sth are
similar to those described for Streptococcus pyogenes crRNAs, which consist of a 20-nucleotide
guide sequence and 19-22 nucleotide 3’ repeat tag (Deltcheva et al., 2011). Our results indicate
that the intriguing absence of ~1/3 of the encoded guide sequence is a common feature of Csn
system crRNAs. Notably, the characteristics of the crRNAs produced from the two Csn-
associated CRISPRs within St4 are definably different.

The Csm-associated crRNAs in St4 are very different from the Csn crRNAs, but similar
to those described for other CRISPR-Cas systems. The St Csm crRNAs include an 8-nucleotide
5’ repeat tag upstream of the guide sequence (Figure 2.2B), as do crRNAs associated with Cmr,

the other Type III system, and with most characterized Type I systems including Csa, Cst, Csc,
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Cse and Csy (Brouns et al., 2008; Hale et al., 2008; Hale et al., 2009; Haurwitz et al., 2010;
Lintner et al., 2011; Nam et al., 2012; Richter et al., 2012; Scholz et al., 2013; Zhang et al.,
2012). In addition, like crRNAs associated with the Cmr effector complex (Hale et al., 2009),
Csm crRNAs in St4 are a uniform length that is independent of the length of the guide region
encoded in the CRISPR locus. The guide sequences of the three Csm crRNAs encoded in locus
2 are 36, 40 and 39 nucleotides in length, however, the guide sequences are trimmed to 35 nts in
the crRNAs (Figure 2.S3). crRNAs of 43 nucleotides total length (8-nucleotide tag and 35-
nucleotide guide) are the most abundant species of Csm crRNAs detected by RNA sequencing
and Northern analysis (Figures 2.2B and 2.S2). (The levels of the crRNAs decline significantly
with distance along the locus (Figure 2.S3), and crRNA 2.03 was not detected in Northern
analysis (Figure 2.S2)) Similar processing has been reported for Csm crRNAs expressed in
Staphylococcus epidermidis (Hatoum-Aslan et al., 2011). In that study of S. epidermidis, strains
overexpressing crRNAs from a plasmid construct, an additional, much less abundant, 37-
nucleotides species was also noted (Hatoum-Aslan et al., 2011), and a similar minor species can
be observed in sequence reads and Northern analysis of Sth crRNA 2.01 (Figures 2.S2 and 2.S3).
Each crRNA associated with the related Cmr system is found in two size forms, 39 and 45
nucleotides, that are often nearly equally abundant (Hale et al., 2009). Thus, the crRNAs
associated with the two Type III CRISPR-Cas systems, Csm and Cmr, share common features
including an 8-nucleotide 5’ tag, RNA lengths independent of the encoded guide sequence
length, and two size forms, suggesting similarities in the biogenesis pathways.

The crRNAs that we cloned from the locus associated with the Cse system in St4 closely

resemble those characterized in Escherichia coli (Brouns et al., 2008; Jore et al., 2011). The
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RNAs possess an 8-nucleotide repeat sequence tag upstream of the guide sequence and the
remaining repeat sequence (21 nucleotides) at the 3’ end (Figure 2.2B).

Together, our RNA sequencing and Northern findings indicate that the crRNAs that arise
from each of the 4 CRISPR-Cas systems present in Sti have a characteristic composition that is

different from that of the crRNAs from the other loci.

5’ and 3’ Termini

We also investigated the end groups of the crRNAs from the four St2 CRISPRs. To
determine whether crRNAs possess a 5° phosphate end, total Sth RNA was treated with a 5’
phosphate-dependent exonuclease (TEX) and the sensitivity of the crRNA to the exonuclease
was assessed by Northern analysis (Figure 2.3A). Similarly, the presence of a 3’ hydroxyl group
was probed by treatment with poly(A) polymerase, which catalyzes the transfer of AMP to the 3’
termini of RNAs that contain a 3° hydroxyl (Sippel, 1973), and Northern analysis (Figure 2.3B).
Mature crRNA species from loci 1 and 3 are lost upon treatment with 5’ phosphate-dependent
exonuclease (Figure 2.3A), indicating that these crRNAs possess a phosphate group at the 5°
end. The TEX-resistant crRNAs from loci 2 and 4 likely have 5° hydroxyl end groups.
Treatment with poly(A) polymerase results in a reduction in the gel mobility of mature crRNAs
from loci 1, 2 and 3 (Figure 2.3B), indicating the presence of a 3’ hydroxyl end group. RNAs
that are resistant to extension by poly(A) polymerase may have 3’ phosphate or cyclic phosphate
end groups. We found that pre-treatment with polynucleotide kinase (PNK), which removes 2',3’
cyclic phosphate groups (Becker and Hurwitz, 1967), resulted in accessibility of the majority of

the CRISPR 4 crRNAs to poly(A) polymerase (Figure 2.3B). Pre-treatment with calf intestinal
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phosphatase (CIP), which removes 3’ phosphates (but not 2,3’ cyclic phosphates), allowed
polyadenylation of a smaller fraction of the crRNAs (Figure 2.3B). The results suggest that
crRNAs from locus 4 primarily possess cyclic phosphate groups at the 3’ end. Similar results
were described for Cse-derived crRNAs from E. coli (Jore et al., 2011). The distinct end groups

found on the crRNAs from each type of CRISPR-Cas system in St/ are indicated in Figure 2.3.

Mechanisms of crRNA biogenesis in Sth

Candidate biogenesis factors have been identified for each of the three types of CRISPR-
Cas systems present in Sth. In the Csn-type system characterized in S. pyogenes, crRNA
biogenesis was found to involve a short RNA species termed a tractRNA that contains a region
of complementarity to the CRISPR repeat sequence, and the non-Cas protein RNase II1
(Deltcheva et al., 2011). We observed expression of tracrRNAs associated with the two Csn
systems in St4 in our deep RNA sequencing (Figure 2.4B and 4C, blue reads) and in Northern
analysis (Figure 2.5E and 2.5F). The complementarity between the tracrRNA and the CRISPR
repeat sequence can stimulate cleavage of the base-paired CRISPR transcript and tracrRNA by
RNase III (Deltcheva et al., 2011). As illustrated in Figure 2.4A, tractrRNA-stimulated cleavages
within the repeats of a CRISPR transcript generate 1X crRNA units with repeat sequence
flanking the guide sequence at both ends (as well as cleaved tracrRNAs) (Deltcheva et al., 2011).

The 5’ region of the 1X crRNAs - including the repeat sequence and a portion of the
guide sequence - are not found in the mature Csn crRNAs from Stk loci 1 and 3 (Figures 2.2B,
and 2.4B and 2.4C) or in S. pyogenes (Deltcheva et al., 2011), indicating that the 1X RNAs are
processed at the 5° end. In addition however, our data suggest that in some cases Csn crRNAs

can undergo further processing at the 3’ end (and that the tracrRNA is also further processed at
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the 5° end in parallel). On one hand, the most commonly observed ends of the tractrRNA and the
crRNAs from St/ locus 3 are located at a potential RNase III cleavage site, 2 nucleotides apart
within the region of tractrRNA-crRNA base-pairing (Figure 2.4C, green double arrow line).
However, the observed ends of the most abundant tracrRNA and crRNA species from locus 1 are
located at the edge of the region of contiguous base-pairing and are separated by 4 nts (Figure
2.4B, solid black lines), making it unlikely that these ends are generated by RNase III cleavage.
We propose that RNase III cleavage of RNAs from Sth CRISPR 1 occurs at a site within the
region of complementarity marked by less abundant crRNA and tracrRNA species with a 2-
nucleotide end gap (Figure 2.4B, green double arrow line) and that the mature crRNAs are
generated by 3’ end processing (7 nucleotides; Figure 2.4B, solid black arrow line). The
tractrRNA product of RNase III cleavage appears to undergo parallel 5° end processing (9
nucleotides; Figure 2.4B, solid black arrow line). The initial product of cleavage of the
tractrRNA by RNase III is detectable by Northern analysis as well as deep sequencing (Figure
2.5E, middle band). Interestingly, there is also evidence of trimming of a fraction of the RNase
III cleavage products from locus 3. CRISPR 3 crRNA species trimmed (~6-8 nucleotides) at the
3’ end and tracrRNA species trimmed (~7 nucleotides) at the 5’ end are also detectable by
Northern and deep sequencing analysis (Figure 2.4C, dashed line and Figure 2.5F, bottom band).
In S. pyogenes, crRNA production also depends on Csnl (Cas9) (Deltcheva et al., 2011).
Sth has two Csn-type systems that each include a csnl (cas9) and csn2 gene (Figure 2.2.1). We
examined the impact of loss of both Csnl (Cas9) and Csn2 from CRISPR-Cas system 1 on
crRNA biogenesis from all four CRISPR loci in Sti by Northern analysis of deletion strains.

The profiles and levels of crRNAs from loci 2-4 were not altered in strains in which the csn/
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(cas9) or csn2 gene associated with CRISPR locus 1 was deleted (Figure 2.5, B-D).
Furthermore, production of crRNAs from CRISPR 1 was not altered by deletion of the csn2 gene
(Figure 2.5A). However, deletion of the csnl (cas9) gene did specifically affect biogenesis of
crRNAs from locus 1. Neither mature crRNAs nor processed tractrRNAs are detected in the
absence of Csnl (Cas9) (Figure 2.5, A and E). Levels of an RNA corresponding to the 3’
trimmed 1X crRNA are also significantly reduced in the absence of Csnl (Cas9) (59 nucleotides;
Figure 2.5A, double arrowhead), however, levels of the 1 X crRNA are notably not reduced (66
nucleotides; Figure 2.5A, single arrowhead), suggesting that tracrRNA-stimulated production of
1X crRNAs does not require Csnl (Cas9). (The tracrRNA product that accompanies 1X crRNA
production is not observed (Figure 2.5E), which could simply reflect lower overall levels of both
crRNAs and tracrRNAs and reduced traffic through the processing pathway.) Processing of the
tractrRNA from CRISPR 3 is unaffected by the absence of Csnl (Cas9) associated with CRISPR
1 (Figure 2.5F). Our results indicate that Csn1 (Cas9) functions specifically in the production or
stability of 5° and/or 3 processed 1X crRNAs. Moreover, our findings reveal that the Csnl
(Cas9) protein from CRISPR-Cas system 1 functions specifically in the production of mature
crRNAs from the associated CRISPR locus in Sth.

The Csm-type CRISPR-Cas system at locus 2 in St/ includes a gene encoding Cas6, an
endoribonuclease that we previously found binds to and cleaves within the repeat regions of
crRNA precursors associated with Csa/lI-A, Cst/I-B and Cmt/III-B systems in Pyrococcus
furiosus (Carte et al., 2010; Carte et al., 2008). Cas6 cleaves 8 nucleotides upstream of the guide
region, generating the 5’ repeat sequence tag that is important for crRNA function with the Cmr

complex in P. furiosus (Hale et al., 2012). Deletion of the cas6 gene results in loss of all species
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of the Csm crRNAs in S. epidermidis (Hatoum-Aslan et al., 2011). To determine whether Cas6
is involved in the biogenesis of crRNAs in Sth, we tested the ability of the St4 protein to bind and
cleave repeat RNAs from each of the four St4 CRISPR loci. In gel shift analysis, Stk Cas6
demonstrated significant binding to the locus 2 crRNA repeat relative to repeat sequences from
the other three loci (Figure 2.6A). In addition, Cas6 specifically cleaved RNA containing the
locus 2 repeat sequence (generating a product of ~32 nucleotides, consistent with cleavage
approximately 8 nucleotides upstream of the guide sequence) (Figure 2.6B).

The previously determined structure of P. furiosus Cas6 (Carte et al., 2008) revealed a
cluster of three conserved amino acids positioned similarly to a catalytic triad found in archaeal
tRNA splicing endonuclease, which we found is critical for CRISPR repeat RNA cleavage, but
not binding, in P. furiosus (Carte et al., 2010). We generated a mutation in one of the equivalent
conserved amino acids in Sth Cas6 (H39A) and tested the activity of the protein with CRISPR 2
repeat RNAs. The mutation did not appreciably affect the affinity of the protein for CRISPR 2
repeat RNA in gel shift assays, however cleavage activity was significantly reduced (Figure 2.6C
and 6D). Our findings indicate that Cas6 specifically binds and cleaves RNAs from the Csm-
associated CRISPR locus, and not from the other CRISPR loci in St4.

The Cse3 (Casb6e) protein that is part of Cse-type CRISPR-Cas systems like that found at
locus 4 in Sth is essential for crRNA processing and has been found to bind and cleave crRNA
repeat sequences in organisms with a lone Cse system (Brouns et al., 2008; Gesner et al., 2011).
We tested the activity of Sth Cse3 (Cas6e) with RNAs containing repeat sequences from each of
the 4 CRISPRs in Sth. Cse3 (Cas6e) specifically bound and cleaved RNAs containing the repeat

sequence from the Cse locus, generating a product of ~21 nucleotides, but not the other three loci
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(Figure 2.7A and 2.7B). Mutation in a conserved residue of E. coli Cse3 (Cas6e) (H20A) was
previously found to disrupt crRNA biogenesis (Brouns et al., 2008)). Mutation of an equivalent
residue in Sth Cse3 (Cas6e) (H20A) prevents cleavage (Figure 2.7D), but gel shift analysis
indicates that it also disrupts interaction of Cse3 (Cas6e) with the CRISPR repeat RNA (Figure
2.7C). Our findings confirm that Cse3 (Casb6e) is the crRNA endoribonuclease of the Cse
CRISPR-Cas system, but indicate that conserved residue H20 functions in RNA binding, making

it more difficult to ascribe a role for this amino acid in catalysis based on existing information.

Disscussion

CRISPR-Cas systems were identified as CRISPR arrays and associated modules of Cas
protein-coding genes that segregate between genomes as units, independently of other CRISPR-
Cas systems. While the systems are capable of functioning independently, it is not known
whether the systems share some components or processes (or may interfere with one another)
when present in a common environment. Some organisms possess more than one CRISPR-Cas
system (and introduction of CRISPR-Cas systems into organisms with existing CRISPR-Cas
systems may be desirable for strain engineering), however the potential interactions between co-
existing systems are not known. Here we have examined 4 co-existing crRNA biogenesis
pathways: Cse/I-E and Csm/III-A pathways that utilize Cas6 superfamily proteins, and two side-
by-side Csn/II-A pathways. Our findings indicate that not only the Cse and Csm systems, but
also the two Csn systems present in Sth, function independently in crRNA biogenesis.

The Cas6 superfamily proteins found in the Csm/III-A and Cse/I-E systems — Cas6 and

Cse3 (Casb6e) — specifically recognize and cleave only RNAs from the directly associated
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CRISPR locus (Figures 2.6 and 2.7). In Synechocystis, deletions of Cas6 proteins from Csc/I-D
and Csm or Cmr/III systems have various effects on production of crRNAs from directly
associated CRISPRs consistent with independently functioning pathways, though the specificity
of the effects on the associated CRISPR was not determined (Scholz et al., 2013). As
summarized in Figure 2.8, cleavage by Sth Cas6 or Cse3 (Casb6e) generates an 8-nucleotide
repeat tag sequence and 5’ hydroxyl group that is retained in both the Csm and Cse crRNAs.
Mature Cse crRNAs are not further processed and retain a 21-nucleotide repeat tag and a 2°-3’
cyclic phosphate at the 3’ end. On the other hand, the products of the Csm system Cas6 cleavage
are subject to 3’ end processing by an unknown mechanism that generates RNAs of a fixed
length that have a 3’ hydroxyl group and lack 3’ repeat sequence.

Similarly, the Csnl (Cas9) protein from locus 1 is required only for the production of Csn
crRNAs from the directly associated CRISPR (Figure 2.5). In addition, the two Csn/II-A
systems produce distinct crRNAs (Figure 2.2B). The crRNAs produced from the two Csn
systems include ~2/3 of the encoded guide sequence and a 3’ repeat tag sequence (see Figure
2.8). While very similar in architecture, the major species of crRNAs from the two loci have
guides sequences of slightly different lengths (20 and 21 nucleotides) and distinct 3’ tags.
Processing at the 5° end of the 1X intermediate RNAs generated by tracrRNA-stimulated RNase
III cleavage removes the 5’ repeat sequence and 10 or 11 nucleotides of the guide sequence
(from CRISPR 1 and CRISPR 3 RNAs, respectively). The initial RNase III cleavage of CRISPR
1 RNAs proposed here (Figure 2.4B) would generate crRNAs with a 24-nucleotide 3’ repeat
sequence, similar to the 22-nucleotide 3’ tag found on the crRNAs from CRISPR 3. However,

the primary CRISPR 1 species found in St/ has a shorter 17-nucleotide repeat tag. Our



74

observations of RNAs from both CRISPRs 1 and 3 indicate that Csn crRNAs may be subject to
3’ end processing as well as 5° end processing (Figure 2.4). tracrRNAs appear to undergo
parallel 5’ end processing (Figure 2.4). It is not yet known whether the 3’-processed Csn
crRNAs (and 5’-processed tractrRNAs) are functional species. The major Csn crRNA species
retain 5’ monophosphate and 3’ hydroxyl end groups (Figure 2.3). Csnl (Cas9) is the effector
nuclease of the Csn/II-A system, cleaving DNA targets recognized by the crRNAs, and has also
recently been co-opted as a tool for genome engineering and gene knockdown (Chang et al.,
2013; Cho et al., 2013; Cong et al., 2013; Dicarlo et al., 2013; Gasiunas et al., 2012; Hwang et
al., 2013; Jiang et al., 2013; Jinek et al., 2012; Jinek et al., 2013; Mali et al., 2013; Qi et al.,
2013). Csnl (Cas9) DNA cleavage activity requires both a mature crRNA and tracrRNA
(Gasiunas et al., 2012; Jinek et al., 2012; Karvelis et al., 2013) and understanding the precise
nature of the functional forms of these RNAs will aid in optimization of Csnl (Cas9) activity for
gene engineering applications.

Our findings indicate that Csnl (Cas9) may also play a role in the 5* or 3’ processing of
Csn crRNAs. In the absence of Csnl (Cas9), RNase III production of the 1X intermediate does
not appear to be reduced, but mature crRNA and tracrRNA species are lost (Figure 2.5A and
5E). Csnl (Cas9) has two nuclease active sites (RuvC and HNH type) (Makarova et al., 2011)
that are both involved in silencing, each cleaving one strand of the DNA target (Gasiunas et al.,
2012; Jinek et al., 2012). One of these sites (or a yet unidentified site) may be involved in
crRNA processing, however, the role of Csnl (Cas9) in crRNA biogenesis may also be indirect
(e.g. protection of the regions found in the mature crRNA and also tracrRNA). The Csnl (Cas9)

protein associated with CRISPR 1 is essential for production or accumulation of mature CRISPR
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1 RNAs but not crRNAs from the other loci (Figure 2.5). The molecular basis for the interaction
between Csnl (Cas9) and crRNAs — which is likely essential for both crRNA processing and
crRNA-guided DNA cleavage — is not known. Our results indicate that Csn1 (Cas9)
discriminates between RNAs from the four CRISPRs in Sth.

Our finding that crRNA biogenesis occurs independently to generate distinct crRNA
species in Sth suggests that these systems also likely function independently in silencing and
adaptation, and other findings support this paradigm. The two Csn/II-A systems require different
PAM sequences adjacent to target sequences for both adaptation of the target sequence into
CRISPRs and silencing (Deveau et al., 2008; Garneau et al., 2010; Horvath et al., 2008;
Magadan et al., 2012). In addition, a recent study has identified a distinct PAM-like requirement
for silencing by the Cse/I-E system in Sth (Sinkunas et al., 2013). We predict that the distinct
crRNAs produced from each locus function exclusively with their corresponding silencing
complexes in this organism.

Our understanding of the co-function of specific CRISPR-Cas systems provides insight
into the mechanisms of prokaryotic defense and is also important for predictable application of
CRISPR-Cas technologies. Our findings indicate that Csn/II-A, Cse/I-E and Csm/III-A
CRISPR-Cas systems - and even two Csn/II-A systems - can function independently within one
environment to produce distinct crRNA species. However, it is likely that CRISPR-Cas systems
will share components (e.g. crRNAs) or processes (e.g. crRNA biogenesis) under some
conditions, and additional studies will be needed to determine the factors that restrict or allow

cross-talk between systems.
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Materials and Methods

RNA isolation and RNA library preparation

S. thermophilus DGCC7710 (Sth) cells were grown to mid-log phase in M17 media (Oxoid)
supplemented with 0.5% lactose (LM17). The csni-1 (cas9) and csn2-1 gene disruption strains
were generated in a previous study (Barrangou et al., 2007). The cells were harvested by
centrifugation at 10,000 x g for 10 minutes and lysed by bead-beating with a Mini-Beadbeater
(Biospec Products). Trizol LS (Invitrogen) was used to extract total RNA. RNA libraries were
produced as described previously (Hale et al., 2009) except that no size-selection was done prior
to RNA manipulation. Briefly, 10 ug of Sth total RNA was treated with Thermosensitive
Alkaline Phosphatase (TSAP) (Promega) followed by 3’ ligation to a 5° adenylated adaptor (See
Table 2.S1 for sequences) with T4 RNA ligase 2, truncated (NEB). The 3’ ligated RNAs were
gel purified away from free adaptor and treated with T4 polynucleotide kinase (Ambion) before
5’ ligation to an additional adaptor with T4 ssSRNA Ligase 1 (NEB). The 5° and 3’ ligated RNAs
were reverse transcribed with SuperScript II reverse transcriptase (Invitrogen), digested with

RNase H (Promega), and PCR amplified with Crimson Taq DNA polymerase (NEB).

Chemical end group analysis of crRNAs

Chemical end groups of crRNAs from Sth were analyzed by enzymatic treatment followed by
Northern analysis. To map 5’ chemical end groups, reactions containing 10 pg of Stk total RNA
were treated with Terminator 5’ phosphate-dependent exonuclease (Epicentre) according to the
manufacturer’s protocol. The reactions were terminated by phenol/chloroform/isoamyl alcohol

(PCI) extraction followed by ethanol precipitation. Half of each reaction was separated on 7M
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urea TBE 15% polyacrylamide gels for Northern analysis, probing for the first spacer sequence
from each CRISPR locus (Probe sequences are shown in Table 2.S1). Northern blotting was
performed as described previously (Hale et al., 2009).

For 3’ chemical end group analysis of crRNAs from CRISPR loci 1-3, 100 pg of Sth total
RNA was separated on a 7M urea TBE 15% acrylamide gel and RNAs between ~30 and ~65
nucleotides were gel purified as described previously (Hale et al., 2009). Gel-purified RNAs
were treated with E. coli poly(A) polymerase (NEB) in reactions containing 10% of the gel
purified RNA, 1X poly(A) reaction buffer, and 1 mM ATP. Reactions were incubated at 37° C
for 20 minutes followed by PCI extraction and ethanol precipitation. Northern analysis was
performed with half of each reaction. Chemical end groups of crRNAs from CRISPR locus 4
were analyzed using combinations of poly(A) polymerase, TSAP, calf intestinal phosphatase
(Promega) and T4 polynucleotide kinase. Sth total RNA (10 pg) was treated with either TSAP
or T4 polynucleotide kinase, or untreated. Reactions were stopped by PCI extraction and ethanol
precipitation. RNAs were then treated with poly(A) polymerase as described above and

Northern analysis was performed following PCI extraction and ethanol precipitation.

Cloning and mutagenesis of Sth cas6 and cse3 (casb6e)

Genomic DNA was isolated from Stk as described previously (Hill et al., 1991) with the minor

modifications. The cells were not treated with proteinase K and the DNA was precipitated with
isopropanol/ammonium acetate prior to phenol/chloroform extraction. DNA primers specific to
Sth cas6 and cse3 (cas6e) genes (listed in Table 2.S1) were designed and ordered from Eurofins

MWG Operon. The primers were used to amplify cas6 and cse3 (cas6e) from Sth genomic DNA
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using the Expand High Fidelity PCR system (Roche) according to the manufacturer’s protocol.
The genes were cloned into the pET24d plasmid using the In Fusion PCR cloning system
(Clontech) according to the manufacturer’s protocol. Colonies were screened by PCR and
nucleotide sequences of positive clones were confirmed by DNA sequencing. These constructs
were used to generate mutant cas6 and cse3 (cas6e) constructs using specific primers (listed in
Table 2.S1) and the QuikChange site-directed mutagenesis kit (Stratagene). The nucleotide

sequences mutant constructs were confirmed by DNA sequencing.

Production of recombinant Sth Cas6 and Cse3 (Cas6e) proteins

Sth Cas6 and Cse3 (Cas6e) (both 6x N- terminally histidine tagged) were expressed and purified
from E. coli as described previously (Hale et al., 2009) with the following modifications. The
cells (from 100 mL cultures) expressing Sth Cas6 were resuspended in 20 mM sodium phosphate
(pH 7.6, buffer A), 0.1 mM phenylmethysulfonyl fluoride (PMSF), and 5 mM imidazole. Cells
expressing Sth Cse3 (Cas6e) were resuspended in buffer A supplemented with 50 mM NaCl and
20 mM B-mercaptoethanol. The cells were lysed by sonication and centrifuged at 14,000 rpm
for 10 minutes. Proteins were isolated from the cleared lysate by batch purification using 50 pL
Ni-NTA agarose beads (Qiagen). Proteins were bound by end-over-end rotation for one hour at
room temperature. The beads were washed three times with buffer A and once with buffer A
supplemented with 20 mM imidazole. Proteins were eluted from the beads in buffer A plus 300
mM imidazole. Elutions containing Sth Cas6 were dialyzed into 50 mM Tris-HCI (pH 7.0) using

Slide-a-lyzer MINI dialysis cassettes (ThermoScientific). Elutions containing Sth Cse3 (Cas6e)
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were dialyzed into the same buffer supplemented with 50 mM NaCl and 20 mM [3-

mercaptoethanol. Glycerol was added to 50% and the proteins were stored at -20° C until use.

RNA binding and cleavage reactions

Radiolabeled crRNA repeat substrates were generated by in vitro transcription as described
previously ((Carte et al., 2008), See Table 2.S1 for oligo sequences). RNA binding and
cleavage assays were carried out as described previously (Carte et al., 2008) with the following
modifications. Sth Cas6 was incubated with 5,000 cpm of uniformly labeled RNA substrate in
25 mM Tris-HCI (pH 7.0), 0.75 mM DTT, 1.5 mM MgCl,, 5 pg E. coli tRNA, and 10% glycerol.
The reaction conditions for Sth Cse3 (Cas6e) were identical except that DTT was replaced with 5
mM B-mercaptoethanol and NaCl was added to 50 mM. Reactions were incubated at 37° C for
30 minutes prior to electrophoretic separation on both native TBE 8% polyacrylamide (RNA
binding) and 7M urea TBE 15% acrylamide (RNA cleavage) gels. The gels were dried and

RNAs detected by phosphor imaging (GE Life Sciences).
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Figure 2.1. Overview of the CRISPR-Cas loci found in S. thermophilus DGCC7710 (Sth).
CRISPR arrays are composed of short direct repeats (black boxes) interspaced with unique
invader-derived spacer sequences (colored boxes). The number of spacers is indicated for each
locus. Transcription of CRISPR arrays is initiated within upstream leader sequences (“L”). Each
CRISPR array contains an adjacent subset of cas genes (shown as colored boxes). Genes
involved, or predicted to be involved in crRNA biogenesis are indicated with an asterisk. Note

that cas2-4 is a cas2-dnaQ fusion (Horvath and Barrangou, 2010). Diagram is not drawn to scale.
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Figure 2.2. RNA deep sequencing profiles of crRNAs from Sth. (A) Deep sequencing reads
from Sth total RNA map to each of the four CRISPR loci. The number of unique reads for a
given nucleotide position are indicated on the Y axis in thousands. CRISPR repeats are shown as
black boxes below each graph. For CRISPR3, spacers 4 and 11, as well spacers 5 and 12 are
identical, and thus do not map uniquely to the genome. In both cases the total numbers of reads
have been divided equally between each position (shown as dotted boxes). (B) Mapping crRNA
5> and 3’ termini. The graphs show the percentages of sequenced RNAs from St4 total RNA that
map to the indicated position relative to the repeat-guide junction. Below each graph is an

1llustration of the mature crRNAs from each CRISPR locus.
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Figure 2.3. Mapping Sth ctRNA 5’ and 3’ chemical end groups. (A) 5’ end group analysis was
performed by incubating total RNA from St/ in the absence or presence of Terminator 5°-
Phosphate-Dependent Exonuclease (TEX) followed by Northern blotting using probes indicated
below each panel where 1.01 is leader proximal crRNA guide sequence, etc. (B) For 3’
chemical end group analysis of crRNAs from CRISPRs 1-3, gel extracted sSRNAs from Sth were
incubated in the absence or presence of E. coli poly(A) polymerase (PAP) followed by Northern
blotting. The chemical end groups present on crRNAs from CRISPR4 were determined by
Northern analysis of Sth total RNA following combinations of treatments with Thermosensitive
Alkaline Phosphatase (TSAP), T4 polynucleotide kinase (PNK), and E. coli poly(A) polymerase

(PAP). Mature crRNAs are indicated by an asterisk.
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Figure 2.4. crRNA biogenesis from Sth CRISPRs 1 and 3. (A) Model depicting crRNA
biogenesis pathway. A duplex composed of a tractrRNA and the CRISPR primary transcript is
cleaved by RNase III to generate a 1X intermediate composed of a single invader-targeting
sequence and fragments of the CRISPR repeat at either end. The 1X intermediate is then cleaved
(by an unknown mechanism) to produce mature crRNAs containing ~20 nucleotides of guide
sequence and ~20 nucleotides of CRISPR repeat sequence at the 3’ end. (B) and (C) Mapping
RNase III cleavage sites within tractRNA:CRISPR repeat duplex. Deep sequencing profiles of
crRNAs 1.01 and 3.01 were aligned with the profiles of their respective tracrRNAs and were
used to predict the position of cleavage by RNase III (indicated by arrows). The positions of the
proposed RNase III cleavage sites shown in Figure 4B are hypothesized based on the ends of low

abundance RNAs (theoretical intermediates) that can be observed in the deep sequencing.)
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Figure 2.5. Csnl-1 (Cas9) is required for the accumulation of mature crRNAs as well as
processed forms of tractrRNAs from CRISPR 1. Northern analysis was performed using total
RNA extracted from wild type Sth and strains in which csnl-1 (cas9) or csn2-1 were inactivated
(probes used indicated below each panel). For crRNA 1.01, the positions of the 1X intermediate
and the 3’ trimmed 1X intermediate are indicated by an arrow and a double arrow, respectively.
Diagrams illustrating predicted tractrRNA primary transcripts and processing intermediates, as

well as the position of the probes used are shown to the right of each blot.
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Figure 2.6. Cas6 selectively binds and cleaves Sth CRISPR repeat 2 RNA. (A) and (B) *?P-
labeled RNAs composed of each of the four CRISPR repeats were incubated in the absence or
presence of purified Sth Cas6 (0.2 uM). RNA binding was assessed by loading half of each
reaction on a native 8% polyacrylamide gel (A) and RNA cleavage was evaluated by separation
of the RNAs on a 15% denaturing (7 M urea containing) polyacrylamide gel (B). (C) and (D)
His39 of Cas6 plays a critical role in catalysis but not RNA binding. **P-labeled CRISPR repeat
2 RNA was incubated with increasing concentrations (indicated in uM) of purified wild type or
H39A mutant Cas6 protein. RNA binding and cleavage were assessed by native gel mobility
shift (C) and denaturing PAGE (D) as in (A) and (B). Specific RNA-protein interactions (A and

C) or cleavage products (B and D) are indicated by asterisks.
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Figure 2.7. Cse3 (Casb6e) selectively binds and cleaves Sth CRISPR repeat 4 RNA. (A) and (B)
32p_labeled RNAs composed of each of the four CRISPR repeats were incubated in the absence
or presence of purified Sth Cse3 (Cas6e) from CRISPR 2 (1 uM). RNA binding was assessed by
loading half of each reaction on a native 8% polyacrylamide gel (A) and RNA cleavage was
evaluated by separation of the RNAs on a 15% denaturing (7 M urea containing) polyacrylamide
gel (B). (C) and (D) His20 of Cse3 (Cas6e) is indispensable for function. 32p_labeled CRISPR
repeat 4 RNA was incubated with increasing concentrations (indicated in pM) of purified wild
type or H20A mutant Cse3 (Cas6e) protein. RNA binding and cleavage were assessed by native
gel mobility shift (C) and denaturing PAGE (D) as in panels (A) and (B). Specific RNA-protein

interactions (A and C) or cleavage products (B and D) are indicated by asterisks.
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Figure 2.8. Proposed models for crRNA biogenesis pathways in Sth. Factors involved, or
predicted to be involved in primary processing and maturation are indicated. The 5° and 3’
chemical end groups present on RNA processing intermediates and mature crRNAs are also

indicated.
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Table 2.51. Oligonucleotides used in this study
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Sequence (5-3')

RNA cloning

5' Adapter invdTGTTCrArGrArGrUrUrCrUrArGrUrCrCrGrArCrGrArurC
3' Adapter rAppTCGTATGCCGTCTTCTGCTTGTddC

RT primer CAAGCAGAAGACGGCATACGA

PCR primer AATGATACGGCGACCACCGACAGGTTCAGAGTTCTACAGTCCGA
Northern probes

guide 1.01 ACAATTCGAATCTTGATTTGCTGTCAAACA

guide 1.03 GATAACAGTGGTCAGCAGATTGTCAAATCG

Repeat 1 GTTGTACAGTTACTTAAATCTTGAGAGTACAAAAAC
guide 2.01 TTTCTAGGAATGGGTAATTATAGCGAGCTAGAAAGC
guide 2.03 TTAATTGAATTATGAAATACAAGGTAATAACATATTTTGA
Repeat 2 GTTTCCGTCCCCTCTCGAGGTAATTAGGTTTATATC
guide 3.01 TGTCCTCTTCCTCTTTAGCGTTTAGAATTT

guide 3.03 ACATTATTAATAAAATGTTTACAAGAGGAA

Repeat 4 AGGATCACCCCCGCGTGTGCGGGAAAAAC

guide 4.01 GCTTATGCGTGGGAGGCCATTGATATAGGTAT

guide 4.03 TAGTACTGTTCCCATGTCTAAGGAGGGGTTGC

Repeat 4 AGGATCACCCCCGCGTGTGCGGGAAAAAC

tracrRNA1 CCCTGCCATAAAATGACAGGGTGTTG

tracrRNA3 CCGAATCGGTGCCACCTTTTCAAGTTG

PCR primers

cas6 forward

TCACCATCACGGATCCATGAAAAAATTAGTATTTACTTTTAAAAGGATC

casb reverse

TGCTCGAGTGCGGCCGCTCAATCTTTTCTTTCTTCAAGCTTTATCC

cas6 H39A forward

GATAGTGACTATGTTGATTATCTGGCT CAGCAGCAAACAAATCCCTATG

cas6 H39A reverse

CATAGGGATTTGTTTGCTGCTGAGCCAGATAATCAACATAGTCACTATC

cse3 forward

TCACCATCACGGATCCATGTACATTTCTAGGGTAGAAATTGATCG

cse3 reverse

TGCTCGAGTGCGGCCGCTCATTCCTCAAGTGGTACCACTGTC

cse3 H20A forward

AGAGATTTAACGCATGTAGGAGCTTATGCTGCTTGGGTGGAAG

cse3 H20A reverse

CTTCCACCCAAGCAGCATAAGCTCCTACATGCGTTAAATCTCT

IVT Templates- for annealing

Repeat 1 5'

TAATACGACTCACTATAGGGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAAC

Repeat 1 3' GTTGTACAGTTACTTAAATCTTGAGAGTACAAAAACCCCTATAGTGAGTCGTATTA
Repeat 2 5' TAATACGACTCACTATAGGGGATATAAACCTAATTACCTCGAGAGGGGACGGAAAC
Repeat 2 3' GTTTCCGTCCCCTCTCGAGGTAATTAGGTTTATATCCCCTATAGTGAGTCGTATTA
Repeat 3 5' TAATACGACTCACTATAGGGGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAAC
Repeat 3 3' GTTTTGGAACCATTCGAAACAACACAGCTCTAAAACCCCTATAGTGAGTCGTATTA
Repeat 4 5' TAATACGACTCACTATAGGGGTTTTTCCCGCACACGCGGGGGTGATCCT

Repeat 4 3'

AGGATCACCCCCGCGTGTGCGGGAAAAACCCCTATAGTGAGTCGTATTA
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Figure 2.S1. Putative promoter sequences found in the St4 CRISPR leader sequences and
upstream of tracrRNAs. Plus signs indicate the approximate transcript abundance levels from
deep sequencing. Matches to ¢’° consensus promoter elements are observed at approximately -
35 and -10 bases (shown in blue) upstream of the observed start sites (+1, first base underlined)
(Gordon et al., 2006). The first CRISPR repeat is shown in red. There were no obvious
promoter sequence elements found in the region upstream of CRISPR4. The stop codon for cas2-

4 is highlighted.
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Sth CRISPR Transcription Start Sites

Sth CRISPR1 (+++)

Start site: TTGACA<--14/20 bases-->TATAAT +1
TTTTAGAAAGTAAGGATTGACAAGGACAGTTATTGATTTTATAATCACTATGTGGGTATAAAAACGTCAA
AATTTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACTGTTTGACAGCAAATCAAGAT
TCGAATTGTGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACAATGACGAGGAGCTATTGGCACAAC
TTACAGTTTTT

Sth CRISPR2 (++)

Start site: TTGACA<--14/20 bases-->TATAAT +1
CATAGTGCTGAAAAATTAGATGACATTCTCTTCTTCTAAGCCTTTATAGACCTTTAATCATATGGTACAC
TATAGATAGTGTTTCCAGTAGGTCCTACATCTTGTGCCTCTAGCAACTGCCTAGAGCACAAGATATGGGG
ATATAAACCTAATTACCTCGAGAGGGGACGGAAACGCTTTCTAGCTCGCTATAATTACCCATTCCTAGAA
AGATATAAACCTAATTACCTCGAGAGGGGACGGAAACTCAAAATATGTTATTACCTTGTAT

Sth CRISPR3 (+++)

Start site: TTGACA<--14/20 bases-->TATAAT +1
ACATCTTGTCTAAAACGTTGATATATAAGGATTTTTAAGGTATAATAAATATAAAATTGGAATTATTTTGAAGCTGA
AGTCATGCTGAGATTAATAGTGCGATTACGAAATCTGGTAGAAAAGATATCCTACGAGGTTTTAGAGCTGTGTTGTT
TCGAATGGTTCCAAAACAAATTCTAAACGCTAAAGAGGAAGAGGACAGTTTTAGAGCTGTGTTGTTTCGAATGGTTC
CAAAACTACTGCTGTATTA

Sth CRISPR4 (+)

Start site: None obvious
ATCGAGGATTCAGTTCCTCATAGAGCTTTGAAAGATGCTAGACTAATCTATCATTTATCAACTAAAGTAAATAAATT
CTTAGCTAGAATGAAAGAAAAGTCTTAATTCCATTGGGATCTTTTAGTGTTTTTCCCGCACACGCGGGGGTGATCCT
ATACCTATATCAATGGCCTCCCACGCATAAGCGTTTTTCCCGCACACGCGGGGGTGATCCCGACACCACTAGGGCGA
GTCTGAGCGCCCCCAGGTT

Sth CRISPR1 tracrRNA (sense strand):

Start site (-35/-10): TTGACA<--14/20 bases-->TATAAT +1
TTTTAATATTAATTGTTAGAAAGTGTTGCAATTATAGTTATCATATACTATAATAATAGTGTAAGGGGCGCCTTACA
CAGTTACTTAAATCTTGCAGAAG
CTACAAAGATAAGGCTTCATGCCGAAATCAACACCCTGTCATTTTATGGCAGGGTGTTTTCGTTATTTAAAGAGGAG
AAGAAATGACTT

Sth CRISPR3 tracrRNA (sense strand):

Start site (-35/-10): TTGACA<--14/20 bases-->TATAAT +1
TTTTTTATACTTTACCCTATAGTAAATTGACATATTAGTTATAAAACTATATAATAATAATTGTGGTTTGAAACCAT
TCGAAACAACACAGCGAGTTAAA
ATAAGGCTTAGTCCGTACTCAACTTGAAAAGGTGGCACCGATTCGGTGTTTTTTTTATACACAAAGAGTCCCTTGGA
ATCATCCAAAGGA
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Figure 2.S2. Detection of crRNAs in Sth. Northern blots were performed using St4 total RNA.
The probes used are indicated below each blot and the mature crRNA species, if detected, are

indicated with an asterisk.
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Figure 2.S3. The 3’ end of crRNAs from Sth CRISPR 2 are a fixed distance from the mature 5’
end and independent of genome-encoded guide length. The graph shows deep sequencing
profiles of crRNAs from CRISPR2 and below the position of the mature 3’ is indicated with an
arrow. CrRNAs of 43 nucleotides are generated despite having encoded spacer lengths of 36, 40,

and 39 base pairs, respectively.
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CHAPTER 3

Discussion

The CC immune systems protect bacteria and archaea from genome invaders. Silencing
of foreign nucleic acids by CC systems relies on small crRNAs to guide effector Cas proteins to
the invader through base pairing with the invader RNA or DNA. As such, production and
processing of crRNAs is a critical step in CC-mediated immunity. Here, we have investigated
the crRNA biogenesis pathways of the four CC modules found in Streptococcus thermophilus.
Prior to this work, there was nothing known about the nature of crRNAs in S. thermophilus or
whether the different CC modules functionally interact. We found that each CRISPR array
produces crRNAs composed of distinct combinations of invader-targeting guide sequence and
CRISPR repeat. We showed that the Cas6 protein associated with CRISPR 2 (Type III-A)
specifically binds and cleaves RNAs containing the CRISPR 2 repeat sequence, whereas the
Casb6e protein associated with the Type I-E CC module 4 recognizes and cleaves repeat 4 RNAs.
Furthermore, accumulation of crRNAs from CRISPR 1 (Type II-A), but not the other CC
systems, requires the Cas9 protein associated with this module. Taken together, our data
demonstrate that each of the four CC systems found in S. thermophilus have independent crRNA

biogenesis pathways.
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Basis for independently functioning CC modules

CC modules are composed a CRISPR array and an adjacently encoded set of cas genes
that appear to be transmissible between bacterial and archaeal genomes as intact units. This has
led to the emergence of many types and sub-type of CC systems in which cas genes appear to
have co-evolved with the repeat sequences found in the associated CRISPR array and the
upstream leader sequence (Kunin et al. 2007; Makarova et al. 2011). Given that S. thermophilus
CRISPR 2 (Type I1I-A) and CRISPR 4 (Type I-E) are highly divergent in terms of cas gene
content and repeat sequence (Figure 1.1), it is not surprising that these modules contain
independent pathways for crRNA biogenesis (Chapter 2). In agreement with our findings, a
recent study in done in the cyanobacterium Synechocystis 6803 demonstrated that CC modules of
three different types function independently in crRNA biogenesis (Scholz et al. 2013). However,
here we show for the first time that two CC modules of the same sub-type, S. thermophilus
CRISPRs 1 and 3 (both Type II-A systems) independently produce mature crRNAs of distinct
compositions (Chapter 2). The basis for this autonomous function appears to be the high level of
evolutionary divergence between these two modules (Figure 3.1).

Although the two Type II-A CC modules found in S. thermophilus contain the same cas
gene content and organization, the Cas protein amino acid, the direct repeat, and the leader
sequences are all highly divergent ((Horvath et al. 2008; Horvath and Barrangou 2010)and
(Figure 3.1)). These two CC systems have also been shown to utilize distinct PAM sequences
for spacer acquisition and invader silencing (Horvath et al. 2008; Garneau et al. 2010;
Sapranauskas et al. 2011; Gasiunas et al. 2012; Sun et al. 2013). It therefore seems plausible
that the Cas proteins found within these two modules have sufficiently different specificities to

prevent cross-talk between the two systems in crRNA biogenesis.
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The observation that two CC modules of the same sub-type can co-exist in the same
environment yet function independently begs the question, how unalike do two CC modules have
to be to prevent functional interactions between two or more CC systems present in the same
organism? For example, the components of S. thermophilus CRISPR 3 contain much higher
homology to the Type II-A CC system found in Streptococcus pyogenes, including a shared
NGG PAM sequence (Figure 3.1). If these two systems co-existed would they interfere with one
another, cooperate, or remain independently functional? If there were cross-talk between the two
Type 1I-A CC systems, would it be restricted one or two stages within the defense pathway (E.g.
only in crRNA biogenesis or invader silencing)? Addressing these questions systematically
would not only provide insight into the mechanisms by which specificity within a particular CC
module is mediated, but also could be very important for engineering strains with multiple CC

modules, say, in an attempt to increase host fitness in an industrially important bacterial species.

Genome manipulation using CC machinery

Components of Type II CC systems have recently been utilized to edit the genomes of
human, yeast, zebrafish, and bacterial cells using the dual RNA-guided Cas9 effector nuclease
and a single guide (g)RNA (Chang et al. 2013; Cho et al. 2013; Cong et al. 2013; Dicarlo et al.
2013; Hwang et al. 2013; Jiang et al. 2013; Jinek et al. 2013; Mali et al. 2013). In vitro studies
have shown that Cas9 cleavage of double-stranded DNA requires both a crRNA guide and a
fragment of the trans-activating (tra)crRNA (Jinek et al. 2012; Karvelis et al. 2013). Further
analysis revealed that a chimeric RNA that fuses the crRNA with a portion of the tracrRNA
(later termed gRNA) supported efficient DNA cleavage by Cas9 (Jinek ef al. 2012). In each of

the genome editing studies, the Cas9 protein from either Streptococcus pyogenes or S.
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pneumoniae was co-expressed along with gRNAs containing guide sequences engineered to
target regions of the host genome (Chang ef al. 2013; Cho et al. 2013; Cong et al. 2013; Dicarlo
et al. 2013; Hwang et al. 2013; Jiang et al. 2013; Jinek et al. 2013; Mali et al. 2013). This
selective targeting was shown to produce site-specific DNA breaks that greatly enhance the
efficiency of insertions or deletions compared to the previously utilized zinc finger nucleases
(ZFNs) or transcription activator-like effector nuclease (TALENSs) (Chang et al. 2013; Hwang et
al. 2013; Mali et al. 2013).

Genome editing by Cas9 requires an appropriate PAM sequence within the target in order
to generate double-stranded DNA breaks (Chang et al. 2013; Cho et al. 2013; Cong et al. 2013;
Dicarlo et al. 2013; Hwang et al. 2013; Jiang et al. 2013; Jinek et al. 2013; Mali et al. 2013).
Site-specific editing was limited to regions which contained the downstream NGG PAM
sequence utilized by S. pyogenes and S. pneunomiae Type 11 CC systems (Deltcheva et al. 2011).
Adapting Cas9 proteins from Type II CC systems that utilize different PAM sequences, such as
that associated with S. thermophilus CRISPR1 (NNAGAA), could substantially increase the
number of sequences that could be targeted for editing (Deveau et al. 2008).

Also critical for effective genome manipulation by Cas9 is an appropriate crRNA guide
sequence. Here we have shown that the crRNAs produced by the two Type II-A systems in S.
thermophilus are composed of distinct combinations of guide and repeat tag sequence (Chapter
2). The crRNAs derived from S. thermophilus CRISPR 3 retain 20 nucleotides of guide
sequence and a 22 nucleotide 3’ repeat tag, which closely resembles those produced in S.
pyogenes ((Deltcheva et al. 2011) and Chapter 2)). However, crRNAs produced from CRISPR 1

contain 21 nucleotides of and retain a 17 nucleotide 3’ repeat tag (Chapter 2). This difference
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could be very important for the design of gRNAs for genome editing applications using Cas9

associated with S. thermophilus CRISPR 1.

Role of Cas9 in crRNA biogenesis

The biogenesis pathway and composition of crRNAs from Type II CC systems differs
considerably from Type I and III CC systems. Primary processing in Type II CC systems was
intriguingly found to be carried out a small non-coding RNA, termed frans-activating tractrRNA,
and the non-Cas protein RNase III (Deltcheva ef al. 2011). Primary processing by RNase III
generates 1X crRNA intermediates that undergo further processing whereby the 5’ repeat
fragment and ~10 nucleotides of the guide sequence are removed ((Deltcheva et al. 2011) and
Chapter 2)). We found that crRNAs associated with one Type II-A CC module in S.
thermophlilus (CRISPR 1) appear to undergo further 3’ trimming following cleavage by RNase
111, whereas those from the other Type II-A CC module (CRISPR 3) do not appear to. We show
that deletion of the cas9 gene from S. thermophilus CRISPR 1 disrupts crRNA biogenesis from
this module, resulting in a loss of detectable mature crRNAs and what we predict to be 3’
trimmed 1X intermediates. However, a low level of 1X intermediate was still produced (Chapter
2). This indicates that Cas9 is not absolutely required for primary crRNA processing, but is
required for 5’ processing and 3’ trimming of 1X crRNA intermediate RNAs.

Since Cas?9 is required for the accumulation of mature crRNAs in Type II-A CC systems,
it has been speculated that this protein may directly cleave 1X crRNA intermediates to the
mature form ((Deltcheva et al. 2011) and Chapter 2)). This could involve one of the previously
characterized nuclease active sites (HNH or RuvC) that have been shown to carry out cleavage

DNA invaders (Gasiunas et al. 2012; Jinek ef al. 2012). On the other hand, Cas9 may contain a
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cryptic nuclease motif located elsewhere on the protein that cleaves 1X crRNA intermediates to

the mature form. Alternatively, like primary processing, maturation in Type II CC systems may
also be carried out by a non-Cas ribonuclease such as the 5’ to 3’ exo-/endoribonucleases RNase
J1 and J2, which is found many gram positive bacteria, including S. thermophilus and S.

pyvogenes (Even et al. 2005; Bugrysheva and Scott 2010).

CrRNA maturation in Type III CC systems

The process by which maturation of crRNAs in Type III CC systems remains a
obscure. In Type III CC systems, primary processing of pre-crRNAs is carried out by Cas6,
generating 1X crRNA intermediates that undergo further processing to crRNAs, which entails
removal of the 3’ repeat fragment, sometimes along with a portion of the guide. The mature 3’
ends of Type III crRNAs appear to be measured from the mature 5 ends, independent of the
length of the guide sequence by an unknown mechanism ((Hale e al. 2009; Hatoum-Aslan et al.
2011; Hale ef al. 2012) and Chapter 2)). Here we show that Cas6 from S. thermophilus
specifically recognizes and cleaves the repeat RNA sequence found with the Type I1I-A CRISPR
2 module (Chapter 2). The 1X crRNA intermediates produced by Cas6 cleavage are trimmed to
exactly 43 nucleotides (with a minor species 37 nucleotides in length) despite encoding spacers
of 36, 40, and 39 nucleotides in length (Chapter 2). This is consistent with previous studies
describing crRNAs derived from the Type III-A CC system in Staphylococcus epidermidis and
the Type III-B CC module in Pyrococcus furiosus (Marraffini and Sontheimer 2008; Hale et al.
2009; Hatoum-Aslan et al. 2011; Hale et al. 2012).

The chemical end groups present on 3’ ends of crRNAs from Type III CC systems

provide insights into the type(s) of nucleases that may be involved in the process of 3’ end
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trimming in these CC systems. Here, we show that crRNAs from Type III-A CC module in S.
thermophilus retain hydroxyl groups at both the 5° and 3’ termini, as has been shown previously
with the Type III-A crRNAs from S. epidermidis (Hatoum-Aslan et al. 2011). Type I1I-B
associated crRNAs, however, contain phosphates at the 3’ ends (Hale et al. 2012). The presence
of either a phosphate or hydroxyl on the 3’ end of mature crRNAs from Type III-A and II1I-B CC
systems, respectively, suggests that despite sharing an apparent 5° anchored measuring
mechanism, that 3’ trimming is carried out by distinct ribonucleases in these two systems.

Both Type III-A and III-B CC systems encode a number of the so-called repeat
associated mysterious proteins (RAMPs) (Haft et al. 2005; Makarova et al. 2006). It was shown
that deletion of either csm2, csm3, or csm5 RAMP genes from the S. epidermidis Type I1I-A CC
modules disrupted crRNA processing and resulted in the accumulation of 1X crRNA
intermediate RNA (Hatoum-Aslan et al. 2011). This result, along with the observation that
several RAMP proteins have been shown to possess ribonuclease activity and, lead to the
hypothesis that maturation of 1X crRNA intermediates in Type III CC systems could be carried
out by a novel RAMP ribonuclease(s) (Hatoum-Aslan et al. 2011). Each of the identified RAMP
ribonucleases described to date are divalent metal independent and generate 3’ phosphates or 2°-
3’ cyclic phosphates chemical end groups (Brouns et al. 2008; Carte et al. 2008; Haurwitz et al.
2010). Given that mature crRNAs associated with the Type III-B CC module retain 3’phosphate
groups, cleavage by a novel RAMP nuclease seems possible. But the presence of hydroxyl
groups on the 3’ termini of Type III-A crRNAs suggest that these RNAs are cleaved by a
divalent metal dependent ribonuclease, rather than a novel RAMP ribonuclease. It is

conceivable that Type III-A CC systems encode a novel metal dependent ribonuclease or perhaps
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a non-Cas ribonuclease is recruited to catalyze processing of 1X crRNA intermediates to the

mature form.

Concluding remarks

Here we have shown that the four CC modules found in S. thermophilus have
independently functioning crRNA biogenesis pathways and produce distinct mature crRNAs.
These findings indicate that multiple CC systems are capable of co-existing the same
environment without interfering with one another. This information will be important for
engineering strains with multiples CC systems in order to increase host fitness. In addition,
understanding the precise composition of crRNAs is critical to the design principles employed to
address unanswered questions in the CC immune pathway and for CC applications such as

genome engineering.
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Figure 3.1. Comparison of Type II-A CC modules found in Streptococcus thermophilus and S.
pyogenes. Cas protein amino acid sequence identities are indicated and nucleotide identities are
indicated for CRISPR direct repeats (black boxes). There is no detectable amino acid sequence

identity between the Csn2 proteins found in S. thermophilus (indicated by “N.D.”).
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