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ABSTRACT

Nucleic acid-guided genome defense systems from bacteria and archaea

by
Steven C Strutt

Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley

Professor Jennifer A. Doudna, Chair

Bacterial and archaeal genomes are under constant threat by genetic invaders.
The need to maintain genomic and cellular integrity has driven the evolution of
numerous and diverse genome defense systems. A common theme in
prokaryotic defense strategies is interference of foreign DNA and RNA on the
sequence level. Clustered regularly interspaced short palindromic repeats
(CRISPR)-CRISPR-associated (Cas) systems confer adaptive immunity to
previously encountered genetic invaders. Guided by short RNAs, the main
effectors of CRISPR-Cas systems are sequence specific nucleases that catalyze
degradation of exogenous nucleic acids. At the center of a similar method of
genome defense to CRISPR-Cas systems, but operating through non-
homologous proteins and pathways, prokaryotic Argonaute proteins (pAgos)
have been proposed as sequence specific defense systems. However, our
mechanistic knowledge of both CRISPR-Cas and pAgo systems stems from a
small subset of the total genetic diversity of these systems. Here, we address this
limited understanding through analysis of new CRISPR-Cas and pAgo systems,
as well as describe novel activity for previously identified members.

CRISPR-Cas9 has rapidly been adopted as a programmable platform for
sequence-specific DNA targeting with endless applications in gene editing,
genome-wide screening, and transcriptional control. Current applications draw
upon the biochemical activities of a few common Cas9 enzymes. The study of
diverse homologs has potential to yield novel Cas9 proteins with desired traits
such as increased efficiency or specificity. Surveying a vast metagenomic
database, we report the first Cas9 from archaea, expanding the occurrence of
CRISPR-Cas9 systems to a new domain of life.

DNA targeting is a hallmark of CRISPR-Cas9 systems. Engineering SpyCas9 to
bind and target RNA has been difficult and suffers from reduced efficiency. We
sought to identify Cas9 homologs with a natural ability to target RNA molecules.
Using in vitro purification and biochemical assays, we discovered Cas9 enzymes
that efficiently cleave RNA. Furthermore, we show that this activity can be
harnessed to reduce phage infection and mediate gene repression in vivo,
expanding the toolkit of CRISPR-Cas nucleases.



Analogous to CRISPR-Cas systems, Argonaute proteins are well known, RNA-
guided nucleases that operate in eukaryotic RNA-interference. Motivated by
initial observations that Argonaute homologs in prokaryotes constitute a nucleic
acid-guided genome defense system, we studied the physiological role and
biochemical activities of a novel clade of pAgos. We offer the first experimental
evidence of complex formation between natural, two-piece Argonaute proteins.
Preliminary in vivo observations implicate this split-pAgo in maintaining motility
under conditions induced by introduction of an exogenous plasmid. Together with
our studies on CRISPR-Cas systems, our work highlights unexpected functional
diversity across divergent nucleic acid-guided genome defense systems.
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Chapter 1

Introduction to prokaryotic genome
defense systems



1.1 Overview of genome defense systems in prokaryotes

Bacteria and archaea must protect themselves from an onslaught of
predators. Viruses are by far the most abundant biological entities in the world,
outnumbering their microbial counterparts by a factor of 10 to 100 (Wommack
and Colwell 2000). Common estimates place viral-mediated turnover of marine
bacteria at around 15% (Suttle 1994), which corresponds to the death of ~10%
bacteria daily (Whitman et al. 1998). To mitigate viral predation, bacteria and
archaea have evolved a multitude of genome defense systems to ensure survival
(van Houte et al. 2016). However, viruses have evolved a series of counter-
measures to overcome host immunity systems, locking the microbe and virus in a
veritable arms race for survival (Stern and Sorek 2011). Short replication cycles
for viruses and bacteria fuel rapid selection and diversification of prokaryotic
genome defense systems, which also display widespread horizontal gene
transfer and recombination (Makarova et al. 2011c; Juhas et al. 2009; Jeltsch
and Pingoud 1996). The result is a repertoire of systems that vary broadly in
terms of composition and mechanism of action (Figure 1.1). Here, we delineate
systems by their ability to act directly on foreign nucleic acids or through
alternative mechanisms.

Surface Superinfection Restriction Abortive
modification Exclusion Modification Infection CRISPR pAgo

Yo $O O O
3t ol ot \Q »
= T , == .(

host genome
a Suicide Inberferenoe

Figure 1.1 Overview of prokaryotic genome defense systems

Genome defense systems can act directly on foreign nucleic acid (CRISPR,
pAgo, and restriction modification) or through alternative mechanisms (surface
modification, superinfection exclusion, and abortive infection). R, restriction
endonuclease; M, methylase; C, Cas nuclease; C1/2, Cas1/Cas2; A, Argonaute.
Figure adapted from (van Houte et al. 2016).

Bacteriophage gain entry into cells via adherence onto molecules and
receptors, such as lipopolysaccharide (LPS) or pili, displayed on the surface of
bacteria (Labrie et al. 2010; Guerrero-Ferreira et al. 2011). One method to
prevent or attenuate phage infections is to either reduce the expression of
surface receptors or mask them though modification (Seed 2015). After exposure
to phage, surviving Vibrio cholerae cells acquired mutations in the surface-



expressed, phage attachment protein, OmpU (Seed et al. 2014). This immune
strategy might come at a cost however, as many phage receptors are also critical
to the host’s ability to sense or compete in a resource-limited environment (van
Houte et al. 2016; Buckling and Brockhurst 2012; Mattick 2002). Similarly,
lysogenic phage residing in the genome of the host sometime encode factors that
block DNA injection by other phage, thus excluding superinfection (Labrie et al.
2010). A well-studied example comes from Streptococcus thermophilus phage
that produce a lipoprotein (Ltp) that is anchored in the cytoplasmic membrane
and prevents DNA entry (Ali et al. 2014).

If a virus gains entry into the cell, programmed cell death systems can
attenuate viral replication and provide ‘altruistic’ protection within a bacterial
population (Samson et al. 2013). Abortive infection (Abi) systems respond to a
wide variety of signatures of phage infection and offer layered protection for their
host. Astonishingly, as many as 20 Abis have been detected in a single
organism (Chopin et al. 2005). The cellular suicide occurs through diverse
mechanisms including depolarization of the membrane, induced lysis, and
transcription/translation inhibition (Snyder 1995; Durmaz and Klaenhammer
2007; Dy et al. 2014).

Certain abortive infections are mediated through toxin-antitoxin (TA)
systems. In these two component systems, an unstable antitoxin neutralizes a
stable toxin. Upon infection, the antitoxin is selectively destabilized, unleashing
the toxin and results in death of the cell or growth arrest (Page and Peti 2016).
TA systems are incredible widespread among bacteria (Anantharaman and
Aravind 2003; Pandey and Gerdes 2005) and fall into six major types depending
on the identity of the TA pair (Figure 1.2) (Page and Peti 2016). One well-
characterized system in E. coli is the mazF ribonuclease that induces cleavage of
all cellular RNAs containing the motif ‘ACA’ upon proteolytic depletion of the
mazE antitoxin in response to phage infection (Aizenman et al. 1996). Some
systems act much more specifically, like the VapC toxin (VapBC TA module) that
cleaves only the initiator tRNA (tRNA™®") to induce translational arrest (Lopes et
al. 2014). Despite a few well-studied examples, there is a general lack of
knowledge on the vast majority of putative TA systems.
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Figure 1.2 Common themes in toxin-antitoxin systems

Systems are delineated into types based on the identity of their toxin and
antitoxin components.  Antitoxin RNA and protein components (blue) are
generally unstable and subject to selective degradation. Toxins (orange) act
broadly to inhibit key cellular processes or destabilize the structural integrity of
the cell. Figure adapted from (Page and Peti 2016).

Instead of shutting down cellular processes completely, another immune
strategy is specific interference of foreign nucleic acids. Restriction-modification
(RM) systems were described as early as the 1950’s (Luria and Human 1952)
and now fall into four major types depending on genetics and biochemistry of
their DNA methyltransferase and endonuclease proteins (Loenen et al. 2014;
Roberts et al. 2003). Restriction endonucleases (REase) of Type Il RM systems
consist of a single-protein that often dimerizes to bind and cleave a palindromic
recognition site. To prevent double-strand breaks in the host genome, a cognate
DNA methyltransferase covalently modifies the same DNA sequence, hereby
preventing cleavage of the recognition site by the endonuclease (Murray 2002;
Mucke et al. 2003). In this scenario, phage DNA injected into the cell does not
contain the protective methylation pattern and is cut by the REase. The ability of
Type Il REases to cleave defined sequences has led their adoption as laboratory
tools for molecular cloning and manipulating DNA (Loenen et al. 2014).



In addition to innate strategies to broadly interference with invaders,
bacteria and archaea also encode sophisticated systems for adaptive immunity.
Cluster regularly interspaced short palindromic repeats (CRISPR)-associated
(Cas) systems leverage prior exposure to invading nucleic acids to specifically
interfere with future infections (Wright et al. 2016; Hille and Charpentier 2016;
Rath et al. 2015). CRISPR-Cas systems capture foreign invading DNA and store
it in specialized, repetitive loci in their genome. The sequence is transcribed and
processed into a short RNA that binds to an effector protein forming an RNP
(ribonucleoprotein) (Hochstrasser and Doudna 2015). Upon exposure to the
same or similar exogenous DNA, the RNP mediates sequence-specific
interference and mitigates detrimental effects of foreign pathogens. A stunning
diversity of CRISPR-Cas systems exists, spread across diverse lineages of
bacteria and archaea (Koonin et al. 2017a; 2017b; Shmakov et al. 2017). Several
effector proteins, namely Cas9, Cas12, and Cas13, have been adopted as
programmable platforms for DNA and RNA binding and cleavage, enabling facile
applications in genome editing and manipulation (Donohoue et al. 2018; Choi
and Lee 2016; Murugan et al. 2017).

Argonaute proteins are central to another proposed system for prokaryotic
genome defense (Makarova et al. 2009). DNA-guided DNA interference was
demonstrated in several prokaryotic Argonaute (pAgo) systems in vitro (Swarts et
al. 2014a; 2015a; Zander et al. 2017; Willkomm et al. 2017). In vivo, presence of
these pAgos was correlated with a reduction in natural transformation efficiency
(Swarts et al. 2014a; 2015a; Zander et al. 2017). An additional pAgo system from
R. sphaeroides (RsAgo) also interfered with exogenous plasmids but the
mechanism of DNA degradation is unclear due to absence of an intact nuclease
active site in RsAgo (Olovnikov et al. 2013). Recently, one study showed that T.
thermophilus Ago (TtAgo) generates guides using a non-specific DNase activity
and subsequently uses a select set of those guides for specific DNA degradation
(Swarts et al. 2017a). In contrast to CRISPR-Cas systems, sequence-specific
pAgo interference is not inheritable.

The life and death struggle between bacteria and viruses has driven the
evolution of diverse systems for prokaryotic genome defense. With a staggering
amount of new genomic and metagenomic data available each year (Narihiro
and Kamagata 2017), more novel and divergent systems are sure to be found. In
addition to recently identified BREX (Chaudhary 2018; Goldfarb et al. 2015) and
DISARM (Ofir et al. 2018) systems, ten new predicted genome defense systems
were reported (Doron et al. 2018). Here, we focus on nucleic-acid guided
genome defense systems, including both CRISPR-Cas and pAgo systems.

1.2 CRISPR-Cas systems

CRISPR-Cas systems are widespread among bacterial and archaeal
phyla and display remarkable genetic diversity (Haft et al. 2005; Makarova et al.
2006; Burstein et al. 2016). As with many mobile genetic elements, CRISPR-Cas
systems display patterns of rampant horizontal gene transfer (van Elsas and
Bailey 2002). The lack of a universal cas gene and recombination between cas
genes of divergent systems complicate classification by typical methods



(Shmakov et al. 2017). Instead, a combination of comparative genomics and
phylogenetics of conserved ‘signature’ genes is used to cluster CRISPR-
systems. The current classification system divides cas operons into two classes
of either multi- (Class 1) or single-component (Class 2) effector complexes
(Figure 1.3). These two classes are each further divided into types (and
subtypes) based on their sequence similarity and the presence or absence of
certain cas genes and ancillary proteins. This classification scheme is continually
evolving as we gain more insight into the distinct mechanisms of these CRISPR
systems and as more new and diverse systems are identified (East-Seletsky et
al. 2017; Shmakov et al. 2015; Burstein et al. 2017).
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Figure 1.3 Functional modules of diverse CRISPR-Cas systems

Subtypes of CRISPR-Cas systems are grouped in two broader classes based on
the presence of a multi-subunit (Class 1) or single (Class 2) interference module.
Coloring of proteins reflects their functional role in the CRISPR-Cas pathway as
noted above. SS, small-subunit; LS, large-subunit, CARF, CRISPR-associated
Rossmann fold. Figure adapted from (Makarova et al. 2015).

Since initial experimental evidence implicating CRISPR-Cas systems in
adaptive immunity (Barrangou et al. 2007), mechanistic studies have delineated
the CRISPR interference pathway into three major steps. First, an adaptation
step occurs wherein a short DNA sequence (termed protospacer) from an
invading phage or plasmid is captured and integrated into a CRISPR array
located within the genome of the cell. In a second step, the array is transcribed
and processed to produce mature CRISPR RNAs (crRNAs). Finally, these
crRNAs associate with protein effector complexes and serve as guides for
recognition of complementary sequences. These protein-RNA complexes act as
sentinels of the cell, and upon re-infection by the same or similar phage, the
effectors bind and neutralize the invader. This process depends on target
sequence being adjacent to a PAM (a protospacer adjacent motif), which is an



additional element that ensures targeting of foreign elements and preventing
lethal cleavage of the host genome (Marraffini and Sontheimer 2010). The overall
process is summarized in Figure 1.4.

PAM
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Spacer CRISPR
transcript

Adaptation
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Figure 1.4 Three stages of CRISPR-Cas interference pathway

CRISPR-Cas systems capture a piece of foreign DNA (adaptation), generate a
corresponding crRNA (crRNA biogenesis), and associate with Cas proteins to
destroy phage and viruses (invader silencing). PAM, protospacer adjacent motif;
crRNP, crRNA-ribonucleoprotein. Figure is adapted from (Terns and Terns
2014).

1.2.1 Spacer acquisition

As a system of adaptive immunity to mitigate future phage predation
events, CRISPR-Cas systems must recognize and record past infections
(Sternberg et al. 2016; Wright et al. 2016; Amitai and Sorek 2016). Early
experimental evidence from Barrangou and colleagues (2007) demonstrated that
strains of Streptococcus thermophilus that were exposed to phage acquired
spacers corresponding to the phage genome. These spacers were responsible
for conferring protection during subsequent infection and confirmed bioinformatic
predictions of the adaptive nature of CRISPR-Cas systems (Makarova et al.
2006; Mojica et al. 2005; Pourcel et al. 2005; Bolotin et al. 2005). Subsequently,
acquisition from both plasmids and bacteriophage was reported in a range of
bacterial and archaeal systems (Yosef et al. 2012; Diez-Villasefior et al. 2013;



Datsenko et al. 2012; Wei et al. 2015a; Heler et al. 2015; Wei et al. 2015b;
Erdmann et al. 2014; Erdmann and Garrett 2012; Richter et al. 2014).

The molecular details of spacer acquisition in CRISPR systems remained
elusive until experimental systems for monitoring adaptation were developed.
Using the type I-E CRISPR system from E. coli as a model, it was established
that Cas1 and Cas2 are necessary for adaptation (Yosef et al. 2012; Diez-
Villasefior et al. 2013). In E. coli in vivo screens, new spacers of ~33bp are
integrated almost exclusively at the leader proximal end of the array (Datsenko et
al. 2012; Yosef et al. 2012; Swarts et al. 2012). Cas1 DNase activity was well-
established (Wiedenheft et al. 2009) but initial reports varied in regards to the
nature of Cas2’s catalytic activity. Initial tests indicated nuclease activity on
ssRNA substrates (Beloglazova et al. 2008) but follow-up studies found activity
on dsDNA (Ka et al. 2014; Nam et al. 2012b) or no activity at all (Samai et al.
2010). The respective roles of Cas1 and Cas2 in acquisition were resolved after
the crystal structure of the complex was obtained (Nufiez et al. 2014). In the apo
state, Cas1-Cas2 form a heterohexamer between two Cas1 dimers and one
Cas2 dimer ‘bridge’ (Nufiez et al. 2014). Cas1 active site mutation abolished
spacer acquisition in vivo while Cas2 mutations had no effect, thus confirming
Cas1’s catalytic role in acquisition. Nevertheless, Cas2 is necessary for complex
formation, which is in turn essential for CRISPR-locus binding and spacer
acquisition (Nuiez et al. 2014).

While the apo structure pinpointed the individual roles of each protein, the
mechanism of spacer integration into the CRISPR array remained unclear.
Through a combination of protospacer-bound Cas1-Cas2 structures and in vitro
assays reconstituting spacer integration (Nufiez et al. 2015a; Wang et al. 2015;
Rollie et al. 2015; Wright and Doudna 2016), it was determined that protospacer
integration proceeded by direct nucleophilic attack of the leader-repeat junction
by the 3-OH of one end of a dsDNA protospacer followed by a second
nucleophilic attack by the other end to complete the integration (Figure 1.5).
These results correlated with integration intermediates previously captured in
vivo (Arslan et al. 2014). Interestingly, high-throughput profiling of integration
products revealed acquisition at all repeat junctions, implicating that additional
factors might be in be involved in driving acquisition at the leader end in vivo
(Datsenko et al. 2012; Swarts et al. 2012; Yosef et al. 2012; Diez-Villasefor et al.
2013; Levy et al. 2015). Indeed, integration host factor (IHF) was discovered to
play a crucial role in altering DNA topology and facilitating Cas1 interactions with
an upstream recognition motif to increase integration fidelity (Figure 1.5) (Wright
et al. 2017; Nufiez et al. 2016). More studies in other CRISPR types will
determine if acquisition in E. coli is exceptional or if co-option and potentially co-
evolution with ancillary host factors is a theme.
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Figure 1.5 Host factors influence specificity of spacer integration

During CRISPR adaptation in E. coli, integration host factor (IHF) induces
favorable conditions for Cas1-Cas2 mediated nucleophilic attack at the leader
proximal repeat sequence (Repeat-1). The free end of the new spacer attacks at
the next repeat-spacer junction to complete integration. Gaps in the chromosome
are repaired via cellular machinery. Figure adapted from (Nuifez et al. 2016).

During adaptation, it is essential to acquire spacers that are adjacent to
the appropriate PAM to ensure functional interference (Marraffini and Sontheimer
2010; Sashital et al. 2011; Semenova et al. 2011; Westra et al. 2013). While the
Cas1-Cas2 complex is necessary and sufficient for PAM-adjacent spacer
acquisition in type |-E systems (Yosef et al. 2013; 2012), data from type Il studies
suggest that PAM-recognition by Cas9 influences protospacer selection (Heler et
al. 2015). Recently, Cas4 has been implicated in selection, protection, and end-
processing of protospacers with the correct PAM sequence (Kieper et al. 2018;
Rollie et al. 2018).

Posing a lethal autoimmune threat, the acquisition machinery must
discriminate against genome-derived spacers. Naive adaptation greatly favored
spacers of extrachromosomal origin (Yosef et al. 2012). Recent evidence from a
type I-F system implicates suicidal selection against these spacers (Staals et al.
2016). This phenomenon may occur across diverse CRISPR systems as
abrogation of the Cas9's (type Il) catalytic activity results in acquisition of an
overrepresentation of self-targeting spacers (Wei et al. 2015b). These data
suggest that chromosomal spacers are acquired but drop-out of the population
rapidly during interference. Another hypothesis to explain self versus non-self
discrimination is the observation that replication stall sites, such as Ter sites,



constitute hotspots of spacer acquisition (Levy et al. 2015). As plasmids have a
higher copy number than the chromosome, additional replication and termination
events could favor plasmid-derived spacers (Levy et al. 2015; Sternberg et al.
2016).

Besides naive acquisition, type | CRISPR systems exhibit ‘primed’
acquisition, wherein the cell preferentially acquires spacers from genetic
elements that contain sequences with perfect or partial complementarity to a
spacer already present in the array (Sternberg et al. 2016; Wright et al. 2016).
Through association with components of the interference complex, Cas1-Cas2
are activated for hyperacquisition of additional spacers (Datsenko et al. 2012; Li
et al. 2014; Richter et al. 2014; Savitskaya et al. 2013; Swarts et al. 2012;
Fineran et al. 2014). Evidence suggests that Cascade-dependent binding to
protospacers with mutated sequences or PAMs causes the Cas3
nuclease/helicase to translocate bi-directionally along the target DNA and
potentially activate Cas1-Cas2 for acquisition (Redding et al. 2015; Blosser et al.
2015; Richter et al. 2014). In type I-F where Cas2 and Cas3 are fused, the
helicase and nuclease activities of Cas3 are dispensable for acquisition and
Cas3-nuclease activity is stimulated by the Csy complex (Fagerlund et al. 2017;
Rollins et al. 2017). Interestingly, in Pectobacterium atrosepticum, stronger
acquisition occurs with targeting spacers than through priming spacers (Staals et
al. 2016).

Acquisition by Cas1 and CasZ2 is mediated at the DNA level (Nufiez et al.
2014). However, certain classes of Cas1 are fused to a reverse-transcriptase
(Silas et al. 2016). This RT-Cas1 catalyzes capture of both DNA and RNA and
offers hosts containing these systems a possible mechanism of acquiring
resistance to RNA viruses (Silas et al. 2016). RNA-spacer capture seems
particularly critical to Cas13 systems, which only seem to target RNA
(Abudayyeh et al. 2016; East-Seletsky et al. 2016; Smargon et al. 2017; Yan et
al. 2018). Future studies on acquisition in Cas13-containing systems will
elucidate if DNA-acquisition is sufficient to protect the cell from parasitic RNA
elements or if additional host factors are involved in specific RNA acquisition
(Nuniez et al. 2016).

1.2.2 CRISPR RNA biogenesis and processing

CRISPR spacers stored in the genome of the host must be transcribed
and processed into mature crRNAs in order to guide interference complexes
efficiently (Hochstrasser and Doudna 2015; Charpentier et al. 2015; Li 2015).
Transcription generally proceeds from AT-rich leader sequence across the
CRISPR array to form a long precursor termed the pre-crRNA before subsequent
processing into individual crRNAs (Figure 1.6) (Brouns et al. 2008; Carte et al.
2008). Host factors including H-NS and LeuO, have been shown to exert
transcriptional control of the CRISPR array in some organisms (Hommais et al.
2001; Oshima et al. 2006; Pougach et al. 2010; Pul et al. 2010; Westra et al.
2010; Medina-Aparicio et al. 2011).
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Figure 1.6 Processing of crRNAs

Biogenesis of crRNAs involves transcription of long precursors that are
processed by Cas (Cas6, Casb5) or host (RNase Ill) endoribonucleases.
Additional trimming occurs in some systems as a secondary processing step.

e N N NN

Figure adapted from (Hochstrasser and Doudna 2015).

Type | and type Il systems encode dedicated nucleases for crRNA
processing, Cas6 or Casbc, the latter of which is only found in subtype I|-C
(Makarova et al. 2011b; 2011a). Type | systems often contain palindromic
repeats that form hairpins that are recognized by Cas6 through extremely tight
interactions with a C-terminal RNA-recognition motif (Brouns et al. 2008;
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Haurwitz et al. 2010; Gesner et al. 2011; Sashital et al. 2011; Niewoehner et al.
2014; Wang et al. 2011; Shao and Li 2013; Carte et al. 2008; Jackson et al.
2014). Base contacts between Cas6 and the hairpin play a role in specificity and
positioning the stem loop structure for cleavage at the base of the stem (Haurwitz
et al. 2010). Mutations in the hairpin can weaken or abrogate binding (Wang et
al. 2012; Niewoehner et al. 2014). Catalysis proceeds through a general acid-
base, metal-independent mechanism and liberates crRNAs with a 5 handle and
a 3" stem loop (Haurwitz et al. 2010; 2012; Carte et al. 2010; Sternberg et al.
2012). Casbc, formerly Casbd, differs from Cas6 in that it recognizes the base of
the stem loop and the 3" overhang (the future 5" handle) and leaves an extended
5" handle (Garside et al. 2012; Nam et al. 2012a; Hochstrasser et al. 2016).

While additional stability between the Cas6 and crRNA is conferred
through interactions with repeat upstream of the stem loop (Jackson et al. 2014;
Zhao et al. 2014; Mulepati et al. 2014), repeat-protein contacts are especially
important for non-structured repeats (Shao and Li 2013; Wang et al. 2011; 2012).
Repeats lacking stem loops are sometimes bound to Cas6 dimers (Shao et al.
2016; Reeks et al. 2013) and non-structured repeats of type I-A and type Il
undergo Casb6 dissociation and ‘trimming’ prior to interference complex assembly
(Lintner et al. 2011; Plagens et al. 2014; Rouillon et al. 2013; Hatoum-Aslan et al.
2013; Hale et al. 2009; Zhang et al. 2012). This is in contrast to the majority of
type-I Cascade complexes where Cas6 remains bound to the processed crRNA
and nucleates complex assembly (Figure 1.6) (Sashital et al. 2011; Niewoehner
et al. 2014, Carte et al. 2010; Wiedenheft et al. 2011b; 2011a).

An outstanding question in the field was the mechanism of crRNA
processing in type Il systems, which contain genes for acquisition and
interference but lack a dedicated cas nuclease for guide maturation (Makarova et
al. 2011a). An illuminating study in 2011 identified the involvement of RNase Il
and a trans-activating crRNA (tracrRNA) in processing in S. pyogenes (Deltcheva
et al. 2011) and where subsequently validated in a range of type Il systems
(Chylinski et al. 2013; 2014). The tracrRNA is encoded in the vicinity of the cas
operon and hybridizes with the CRISPR repeat region of the pre-crRNA. The
resultant duplex RNA is recognized and cleaved by the endoribonuclease RNase
lll (Figure 1.6) (Deltcheva et al. 2011). Cas9 binds the tracr:crRNA duplex and
may stabilize the pair for processing, while the dual-RNA serves to scaffold and
activate Cas9 for cleavage (Deltcheva et al. 2011; Jinek et al. 2012). The
absence of RNase Il in archaea was hypothesized to explain the apparent lack
of type Il CRISPR systems in these organisms (Makarova et al. 2013; 2015).
More recently, internal promoters in the direct repeats of CRISPR arrays were
found to drive the transcription of crRNAs in select type II-C systems (Zhang et
al. 2013). CrRNAs were still co-processed with a tracrRNA by RNase Il but this
maturation event was dispensable for RNA-guided interference by Cas9.

The emergence of Class 2 systems that did not encode tracrRNAs
similarly raised the question of what proteins were responsible for guide
maturation (Zetsche et al. 2015; Abudayyeh et al. 2016; Shmakov et al. 2015). In
type V systems, the interference protein Cas12a (formerly Cpf1) harbors intrinsic
nuclease activity for cleavage of the pre-crRNA (Fonfara et al. 2016; Swarts et al.
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2017b). Similarly, in type VI systems, Cas13a (formerly C2c2) contains a distinct
RNase active site responsible for guide maturation (East-Seletsky et al. 2016; Liu
et al. 2017b; East-Seletsky et al. 2017; Knott et al. 2017). Subsequent work on
Cas13b and Cas13d confirmed that self-contained guide processing was a
general feature of Type-VI systems (Smargon et al. 2017; Yan et al. 2018).

1.2.3 Interference

The final step of CRISPR-Cas immunity is targeted destruction of genomic
invaders. Interference modules are diverse in their composition and organization
(Makarova et al. 2015; Koonin et al. 2017b). Indeed, the structure of interference
complex forms the basis for the CRISPR-Cas class division — where Class 1
systems contain multi-subunit complexes while Class 2 systems are composed
of a large, single effector protein (Makarova et al. 2013; 2015; Shmakov et al.
2015; 2017). Here, we will focus on the key discoveries and molecular
mechanisms of CRISPR interference.

Cascade, from type | systems, forms a multi-subunit interference complex
with a crRNA. E. coli Cascade is typically composed of five proteins of uneven
stoichiometry (Cse11Cse2,Cas7sCas5iCas6eq) (Jore et al. 2011); however,
longer Cascade complexes can form on extended crRNAs by incorporation of
additional backbone units (Cas7) (Luo et al. 2016). DNA surveillance by
Cascade is largely random but slows to interrogate PAM sites (Xue et al. 2017;
Redding et al. 2015; Jung et al. 2017). Following PAM engagement, formation of
an RNA-DNA heteroduplex begins in the seed region of the crRNA (Hayes et al.
2016; Xiao et al. 2017) and propagates directional (towards the 5" end of the
target DNA strand) for complete R-loop formation (Semenova et al. 2011,
Szczelkun et al. 2014; Rutkauskas et al. 2015). Bona fide targets allow for Cse1-
dependent Cas3 recruitment. Possessing nuclease and helicase activity, Cas3
nicks the DNA and translocates in the 5" direction, degrading target DNA through
an ATP- and metal-dependent mechanism (Hochstrasser et al. 2014; Huo et al.
2014; Mulepati and Bailey 2013; Redding et al. 2015; Sinkunas et al. 2011;
Westra et al. 2012). Incomplete pairing of the crRNA and target DNA may trigger
Cas1-Cas2 dependent primed acquisition of novel spacers (Sternberg et al.
2016; Wright et al. 2016).

Type Il Csm and Cmr complexes exhibit remarkable structural similarity to
Cascade (Figure 1.7) (Zhang et al. 2012; Rouillon et al. 2013; Spilman et al.
2013; Staals et al. 2013; 2014). As with type | systems, the size of the complex is
correlated with the length of the crRNA, but it appears that the number of
backbones subunits (Csm3/Cmr4) dictates the extent of crRNA trimming by non-
cas, cellular nucleases (Staals et al. 2014; Tamulaitis et al. 2014; Walker et al.
2017). Initially, Csm and Cmr were though to cleave only ssDNA and ssRNA,
respectively (Marraffini and Sontheimer 2008; Hale et al. 2009). Discrepancies
between in vitro and in vivo targeting preferences were resolved when it was
determined that Type Ill systems cleave DNA and RNA co-transcriptionally
(Samai et al. 2015). Binding of type Ill complexes to RNAs from active
transcription complexes recruits and activates the Cas10 nuclease for non-
specific ssDNA cleavage. The Csm3/Cmr4 subunits affect cleavage of RNA
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transcripts complementary to the crRNA (Tamulaitis et al. 2017; Samai et al.
2015; Liu et al. 2017c; Elmore et al. 2016; Estrella et al. 2016). The RNA-
activation of a non-discriminate DNase activity has been proposed to act in
defense by specifically interfering with phages undergoing active transcription
(Goldberg et al. 2018).
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Figure 1.7 Similarities in Type | and Type lll CRISPR interference complex
architecture

(A) Schematized Cas operons and relative structure of multi-subunit effector
complexes composed of common head, backbone, belly and tail features. (B)
Crystal structures of Cascade and Cmr complexes. (C) Diagram of nucleic acid
targeting in each system shows similarity of protein thumb-mediated base
flipping. RNAP, RNA polymerase. Figure adapter from (Jackson and Wiedenheft
2015).

Type lll CRISPR systems are exceptional in their lack of PAM recognition
during interference (Maniv et al. 2016; Silas et al. 2017; Elmore et al. 2016).
Debate still shrouds the mechanism behind self versus non-self discrimination in
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these systems but one group suggested that pairing of the 5" handle of the
crRNA with the RNA transcript protects the host (Kazlauskiene et al. 2016).
However, another group argues for specific recognition of an RNA PAM by the
Cmr complex (Elmore et al. 2016). The necessity and role of the auxiliary Cas
proteins Csm6 and Csx1 are also in question for Csm and Cmr-containing
systems. In vitro assays revealed nuclease activity (Niewoehner and Jinek 2016;
Sheppard et al. 2016) and are crucial for certain in vivo systems (Deng et al.
2012; Jiang et al. 2016b). Interestingly, a feedback mechanism was recently
discovered that involved allosteric activation of Csm6 ribonuclease activity by
Cas10-dependent cyclic oligonucleotides (Kazlauskiene et al. 2017; Niewoehner
et al. 2017). Future studies will hopefully explore the full extent of this pathway
and its role in CRISPR immunity.

From the first and best-characterized Class 2 system, Cas9 is a single-
effector nuclease and signature gene of type Il systems. Cas9 employs two guide
RNAs (tracrRNA and crRNA) to generate a double-strand break in target dsDNA
containing a PAM sequence (Deltcheva et al. 2011; Jinek et al. 2012; Gasiunas
et al. 2012). An engineered single-guide RNA (sgRNA) fuses the tracr:crRNA
pair and simplifies reconstitution of active Cas9 molecules (Jinek et al. 2012) and
has led to rapid adoption of Cas9 as a tool for fully-programmable genome
engineering (Mali et al. 2013; Cong et al. 2013; Jinek et al. 2013; Doudna and
Charpentier 2014). Structural and biophysical studies revealed that Cas9 is a
bilobed enzyme that scans target molecules for PAM-sites and upon recognition
employs a similar binding pathway as Cascade (Figure 1.8) (Jiang and Doudna
2017; Jiang et al. 2015; 2016a; Nishimasu et al. 2014; 2015; Sternberg et al.
2014). crRNA:target seed pairing licenses directional R-loop formation
(Sternberg et al. 2014; Singh et al. 2016). The a-helical lobe is responsible for
sensing pairing at the 5" end of the guide and triggers activation of Cas9'’s
nuclease lobe for concomitant cleavage of the target and non-target strands by
the HNH and RuvC nuclease domains, respectively (Sternberg et al. 2015; Chen
et al. 2017; Dagdas et al. 2017).

15



REC lobe
3

5
Nucleation site

3 Target DNA

SgRNA
A, g
Preordered seed

e, . ; 3 Target strand L 5
Disordered, Prepositioned %, . “"""""i"lllll‘l‘mﬁ'ﬂﬂmﬂ"
NUClobe RAM region PAM-interacting sites, Casorapidly s (i 3

dissociates from Nontarget strand \PAM_/
non-PAM DNA "

Cas9in the apo state Pretarget state ready for PAM recognition and
(inactive) target search DNA sampling

Interrogation of flanking DNA
for potential complementarity

—
v
oA LU, RIS AT T ey (TR
PAM-distal [ PAM-proximal PAM

mismatches (>4 bp) Stable R-loop formation mismatches abrogate
inactivate cleavage beyond seed DNA binding

Full complementarity and Directional unwinding and Local DNA melting and

HNH allosteric switch to ensure R-loop expansion RNA strand invasion
concerted DNA cleavage

Figure 1.8 Mechanism of Cas9 binding and cleavage

The PAM interacting site of Cas9 aids in scanning DNA for an appropriate target.
R-loop formation begins along the preordered seed region of the guide and
additional complementarity allows full guide:target pairing and activation of dual
nuclease sites. Mismatches in the PAM, seed, and seed-proximal regions
disfavor binding; however, PAM-distal mismatches allow binding but trap Cas9 in
an catalytically-inactive state. Figure adapted from (Jiang and Doudna 2017).

The utility of Cas9 as a programmable nuclease motivated the mining of
additional Class2 CRISPR effectors from the microbial diversity (Figure 1.9).
Cas12a (formerly Cpf1) was the first instance of a type V system (Zetsche et al.
2015). Unlike Cas9, Cas12a guides dsDNA cleavage using only a crRNA —
dispensing with the need for a tracrRNA, and makes a staggered cut, leaving 5°
overhangs. Cas12a still requires a PAM although it is AT-rich (compared to the
G-rich PAM of Cas9), but the PAM is near the 5° end of the complementary
spacer region. crRNA processing is an acitivity intrinisic to the protein as Cas12a
is necessary and sufficient for processing precrRNAs from an array (Fonfara et
al. 2016; Swarts et al. 2017b). With only a single RuvC active site, Cas12a is
thought to act through a sequential model to cleave both strands of the DNA
although the exact mechanism remains unclear (Yamano et al. 2016; Gao et al.
2016; Dong et al. 2016). Recently, a trans-DNase activity was described for
Cas12a wherein binding of Cas12a activates shredding of ssDNA (Li et al. 2018;
Chen et al. 2018) and may cleave open transcription bubbles as small as 2 nt (Li
et al. 2018).
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Figure 1.9 Diverse effectors of Class 2 CRISPR systems

Current Class 2 CRISPR effectors are diagrammed on the left with general guide
requirements, PAM location and cleavage site (red arrows). Molecular details for
PAM, substrate preferenes, and cleavage pattern are listed if known. Figure
adapted from (Shmakov et al. 2017).

Two other Class 2, type V CRISPR systems were described recently —
Cas12b and Cas12c (formerly C2c1 and C2c3 respectively). Cas12b uses two
guides RNAs like Cas9 but possess a single-active site for dsDNA interference.
While atomic structures for Cas12b exist, there is a lack of mechanistic details on
how the enzyme cleaves DNA (Yang et al. 2016; Liu et al. 2017a; Wu et al.
2017).

Cas13a (Type VI, formerly C2c2) is different from most CRISPR effectors
in that the relevant target is RNA, not DNA (Abudayyeh et al. 2016; East-
Seletsky et al. 2016; Smargon et al. 2017; Yan et al. 2018). These enzymes
contain two HEPN (higher eukaryote and prokaryote nuclease) domains that are
known to cleave RNA (Figure 1.9) (Anantharaman et al. 2013). Similar to
Cas12a, Cas13a can process its own guide from a pre-crRNA, although
processing is not always necessary for yielding a functional complex (East-
Seletsky et al. 2016; 2017). Upon ternary complex formation with a
complementary target, Cas13a is activated for robust trans RNA cleavage. Two
different subclasses of Cas13 (Cas13b and Cas13d) have been described and
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are similar to Cas13a in their ability to process their own guide and cleave RNA
in trans (Smargon et al. 2017; Yan et al. 2018). Interestingly, the RNA targeting
ability of Cas13b appears to be modulated by other ancillary factors such as
Csx27 and Csx28, which repress and enhance cleavage, respectively (Smargon
et al. 2017). The relevance of Cas13’s trans cleavage activity in the context of
genome defense awaits further study in their native hosts.

1.2.4 CRISPR-Cas applications

The minimal architecture and programmability of Class 2 CRISPR-Cas
effectors have lead to their rapid adoption as platforms for nucleic acid binding
and cleavage (Rath et al. 2015; Wright et al. 2016). Catalytically-active
Cas9/Cas12a are used to generate double-strand breaks in DNA for genome
editing applications in a wide-range of organisms (Doudna and Charpentier 2014;
Ma and Liu 2015). One emerging application is the use of catalytically-dead
variants of Cas9 (dCas9) fused to base-modification domains that catalyze DNA
base transitions and transversions without cutting the DNA (Kim et al. 2017b;
Gaudelli et al. 2017; Komor et al. 2016). As an orthogonal system to RNAI,
dCas9/dCas12a are employed as powerful transcriptional repressors for specific
gene knockdown without modifying the genome (Lo and Qi 2017; Qi et al. 2013;
Gilbert et al. 2014; Zhang et al. 2017). In their own right, various Cas13
homologs have been adapted for applications in transcriptome modulation and
as sensitive detection systems but the absence of trans cleavage in mammalian
remains enigmatic (Abudayyeh et al. 2017; Gootenberg et al. 2017; East-
Seletsky et al. 2016). The utilty of Class 2 CRISPR-Cas systems as
programmable tools has motivated our efforts to both discover new effector
proteins and also identify novel biochemical activities of known homologs.

1.3 Discovery and overview of RNA interference pathway

In 1990, researchers reported that introduction of a transgene to increase
purple color in petunias actually resulted in flower albinism and variegation, a
phenomenon they termed cosuppression (Napoli et al. 1990). Related
observations in yeast (Romano and Macino 1992) were reported shortly
thereafter; however, the connection between these two studies began to emerge
after seminal work by Fire and colleagues in C. elegans (Fire et al. 1998). They
demonstrated that introduction of long double-strand RNA (dsRNA) triggered
efficient gene repression and coined the term ‘RNA interference’, or RNAi (Fire et
al. 1998). This catalyzed an explosion of studies focusing on dissecting the
biochemical pathways and molecular machines involved in RNA suppression.

The connection between the introduced dsRNA and target RNA
suppression was a large outstanding question. Clarity came from observations
that plants undergoing RNAI (or post-transcription gene silencing) produced a
species of short ~20-25 nt RNAs (Hamilton and Baulcombe 1999) that seemed to
originate from the dsRNA trigger molecule (Zamore et al. 2000; Hammond et al.
2000). Indeed, introduction of short 20-21 nt RNA duplexes was sufficient for
potent RNAi (Elbashir et al. 2001). Subsequently the RNase Il domain-
containing proteins Drosha and Dicer were described as the main protein
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components responsible for processing the long dsRNA precursor into small
function RNA duplexes (Lee et al. 2003; Bernstein et al. 2001). Finally, it was
identified that processed short RNAs bind to members of the Argonaute family
and guide interference of complementary RNA targets (Song et al. 2004; Liu et
al. 2004), via a complex called the RNA-induced silencing complex (RISC).
Short-interfering RNAs (siRNAs) and microRNAs (miRNAs) are delineated by full
or partial complementarity to the target RNA and dictate cleavage or translational
repression of the RNA, respectively (Meister et al. 2004). Analogously, a
germline-specific subclade of Argonaute proteins, termed Piwi proteins,
associate with Piwi-interacting RNAs (piRNAs) to suppress transposon
destabilization of the genome (Siomi et al. 2011). Continued research over nearly
15 years has sharpened our understanding of the molecular and mechanistic
details at the heart of the RNAi pathway (Figure 1.10) (Wilson and Doudna
2013).
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Figure 1.10 RNA interference pathway

Both perfectly complementary (siRNA - left) and partially-duplexed (miRNA -
right) small RNAs are processed through similar mechanisms. miRNAs are
processed by Microprocessor in the nucleus prior to export and dicing in the
cytoplasm. siRNAs are substrates for Dicer directly and often bypass nuclear
processing. The RISC-loading complex hands off the duplex to Argonaute, which
retains only one guide strand. Silencing is mediated through slicing or a
recruitment of cellular factors for general translational repression. Here, an
emphasis is placed on the functional domains of the various endonucleases,
represented through domain coloring. Adapted from (Wilson and Doudna 2013).
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1.3.1 Small RNA processing and loading

RNAs that feed into RNAi pathways can originate from a number of
sources (Carthew and Sontheimer 2009). miRNAs are generally transcribed from
the genome as long (up to ~1 kbp) primary miRNA (pri-miRNA) transcripts by
RNA polymerase Il (Saini et al. 2007). However, cytoplasmic introduction of long
exogenous dsRNAs can trigger RNAi (Zamore et al. 2000; Hammond et al. 2000)
and shortcuts one step of the canonical pathway (Figure 1.10). Bypassing
processing completely, short siRNAs, introduced into the cell directly, are potent
activators of RNAi activity (Elbashir et al. 2001). Like miRNAs, piRNAs are
produced from longer transcripts but maturation involves a complex set of endo-
and exonucleases (Siomi et al. 2011; Weick and Miska 2014; Huang et al. 2017).
Here, we focus on the canonical miRNA processing pathway and highlight a few
interesting exceptions.

Structurally, the pri-miRNA contains a partially double-stranded hairpin
that is recognized by the microprocessor complex, a nuclear heterotrimer
composed of one Drosha and two DGCRS8 (DiGeorge syndrome critical region
gene 8) subunits (Han et al. 2004). Microprocessor senses both the upper hairpin
and lower ssRNA junction through a combination of a ruler mechanism and
specific primary sequence determinants (Zeng et al. 2005; Auyeung et al. 2013;
Han et al. 2006; Ma et al. 2013). DGCRS8 helps to correctly position the pri-
miRNA while Drosha is the nucleases that directs cleavage at the base of hairpin
through the action of dual RNase-lll domains, liberating a ~70nt precursor
miRNA (pre-miRNA) (Han et al. 2006; Nguyen et al. 2015). Recently, a structure
of human Drosha bound to C-terminal fragments of DGCRS8 revealed similarity to
Dicer, suggesting a shared evolutionary history despite unique biochemical
activities (Kwon et al. 2016; MacRae et al. 20006).

Pri-miRNAs that are processed by Drosha into pre-miRNAs must be
transported out of the nucleus for subsequent maturation events. Exportin-5 was
identified as the main transporter for processed pre-miRNAs (Yi et al. 2003;
Bohnsack et al. 2004; Lund et al. 2004). Cleavage by Drosha generates pre-
miRNAs with a ~2 nt 3" overhang that is specifically recognized by exportin-5
(Lund et al. 2004) and serves as a checkpoint to reduce premature pri-miRNAs
from escaping the nucleus (Lund and Dahlberg 2006). In the RNAi pathway, RNA
transport out of the nucleus appears to be limiting as overexpression of exportin-
5 enhances interference (Yi et al. 2005).

Once in the cytoplasm, pre-miRNAs undergo further processing by
another large endoribonuclease appropriately called Dicer (Bernstein et al.
2001). The core functional domains of Dicer consist of a PAZ (Piwi-Argonaute-
Zwille) domain that binds the 2nt 3" overhang and 5" phosphate ends of the
Drosha-processed hairpin, tandem RNase Ill domains, and a ruler domain that
separates the PAZ and RNase domains (MacRae et al. 2006; Lau et al. 2012;
Tian et al. 2014). Additionally, some homologs contain a N-terminal helicase
domain that is implicated in regulation of RNA processing and translocation of
Dicer along longer dsRNA substrates (Kidwell et al. 2014; Cenik et al. 2011;
Welker et al. 2011). To generate miRNAs of defined length, Dicer binds the end
of the pre-miRNA in the PAZ domain and orients the RNA along its length with
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the dual-RNase Il domains cleaving at the beginning of the loop region of the
hairpin, liberating a ~22nt mature miRNA duplex (MacRae et al. 2006; Zhang et
al. 2002; Hammond 2005). Cleavage is off-set and generates a second 2 nt 3’
overhang that mirrors the Drosha-generated end of the pre-miRNA (Ando et al.
2011).

Additional proteins factors can interact with Dicer and influence RNA
processing or interactions between the downstream effector of RNAI, Argonaute
(Wilson and Doudna 2013; Lee et al. 2013). In humans, two double-stranded
RNA binding proteins (dsRBPs) differentially affect processing and selection (Lee
et al. 2013). Trans-activation response RNA-binding protein (TRBP) influences
miRNA length and plays in substrate binding and discrimination (Lee and
Doudna 2012; Chakravarthy et al. 2010; Chendrimada et al. 2005; Haase et al.
2005). Protein activator of PKR (PACT) interacts with Dicer and biases selection
of miRNA isoforms (isomiRs) (Lee et al. 2013). Both proteins can form a large,
RISC-loading complex (RLC) with Dicer and Argonaute and can influence duplex
presentation and asymmetric loading into Ago (Figure 1.10), which ultimately
decides target-binding specificities (Noland and Doudna 2013; Noland et al.
2011; MacRae et al. 2008; Takahashi et al. 2013).

Argonaute proteins are loaded with duplex-miRNA/siRNA complexes
(Nakanishi 2016). Successful assembly of the RISC complex requires the RLC or
association with additional proteins like Hsc70/Hsp90 (lki et al. 2010; lwasaki et
al. 2010; Miyoshi et al. 2010; Liu et al. 2003; Tomari et al. 2004b; 2004a) in some
species, while Dicer is unnecessary for RISC loading in mammals (Betancur and
Tomari 2012). Thermodynamic asymmetry of the duplex helps dictate correct
guide versus passenger strand (Khvorova et al. 2003; Schwarz et al. 2003). The
5" end of the duplex that is less thermodynamically stable is loaded into a binding
pocket of Ago, sometimes aided by dsRBPs (Noland and Doudna 2013; Noland
et al. 2011; Wang et al. 2009a). Passenger strand ejection is still not well
understood but activation of Ago requires removal of the passenger strand and is
thought to proceed by cleavage of the non-guide strand by catalytically active
Agos or nuclease activity by the endonuclease C3PO (Matranga et al. 2005; Ye
et al. 2011).

Some miRNAs destined for Ago shortcut through one or multiple steps of
the canonical processing pathway. Short-hairpin RNAs (shRNAs) expressed
endogenously or exogenously skip processing by Drosha and are directly
exported into the cytoplasm by exportin-5 (Babiarz et al. 2008; Siolas et al.
2005). Interestingly, miR-451 appears to be cleaved by Drosha but is
independent of Dicer activity. Catalytically-active human Ago 2 (hAgoZ2) binds the
miR-451 hairpin directly and cleaves the passenger strand to produce a
functional miRNA (Cifuentes et al. 2010; Cheloufi et al. 2010).

1.3.2 Argonaute proteins : effectors of RNA-interference

Argonaute proteins are central to RNA-interference pathways in a wide
variety of eukaryotic systems. In human, eight proteins belonging to two clades of
Argonaute proteins exist: four Argonaute proteins (hAgo1 - hAgo4) and four Piwi
clade proteins (Hock and Meister 2008). Of the Argonaute proteins, it is typically
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thought that only hAgo2 retains catalytic activity (Liu et al. 2004; Schurmann et
al. 2013), although one group has recently reported slicing activity of hAgo3
when loaded with specific guides (Park et al. 2017). Outside of Ago and Piwi
homologs, an additional subclade of Ago proteins (WAGO) is limited to worms
(Yigit et al. 2006; Hutvagner and Simard 2008) (Figure 1.11)
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Figure 1.11 Clades of eukaryotic Argonaute proteins

Eukaryotic Argonautes split into three major groups. The Ago clade is
characterized by miRNA and siRNA binding towards RNAIi, while the Piwi clade
binds piRNAs for transposon silencing. Lastly, the WAGO clade is specific to
worms and bind siRNAs for RNA silencing. Leaves are labeled with an
abbreviated name for the individual protein. Figure adapter from (Montgomery et
al. 2012).

Structural and biochemical information for Ago proteins originally came
from studies on prokaryotic Ago (pAgo) homologs (Song et al. 2004; Tian et al.
2014; Rivas et al. 2005; Rashid et al. 2007), although these typically bind DNA
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instead of RNA guides. Structures of Ago bound to a DNA guide revealed pre-
ordering of nucleotides 2-8 in an a-helical arrangement proposed to facilitate
target strand annealing (Wang et al. 2008a; 2008b; 2009b; Parker et al. 2004;
2009). Ago from yeast revealed a ‘glutamate finger’ that plugs into the active site
upon guide binding completing the catalytic tetrad (Nakanishi et al. 2012).
Structures of hAgo2, the active human slicer, were solved in guide and target
bound states (Schirle and MacRae 2012; Schirle et al. 2014; Elkayam et al.
2012). Comparison of prokaryotic, yeast, and human Agos demonstrates the
remarkable overall conservation of structure amongst homologs from across the
tree of life (Sasaki and Tomari 2012). Differences in structures are mainly
restricted to loop regions that serve as platforms for species-specific interactions
with partner proteins that aid in translational repression (Takimoto et al. 2009; Till
et al. 2007).

Sharing a common architecture, Agos consist of four domains (Song et al.
2004; Schirle and MacRae 2012; Jinek and Doudna 2009) that serve two major
functions. Binding to the 5" and 3" end of the guide are the middle (MID) and PAZ
domains (Parker et al. 2005; Yuan et al. 2005; Ma et al. 2005), which is similar to
the PAZ domain in Dicer (MacRae et al. 2006). Slicing activity is mediated
through an RNase H-like fold in the PIWI domain (P element-induced wimpy
testis) if it possesses an intact catalytic tetrad — DEDX, where X is either D/H/N
(Meister et al. 2004; Nakanishi et al. 2012; Kaya et al. 2016; Sheng et al. 2014).
Both guide binding and cleavage activity require divalent metal cations (Sheng et
al. 2014; Jinek and Doudna 2009). The fourth domain is a N-terminal domain (N)
that can act a wedge to facilitate passenger strand ejection during RISC
assembly (Kwak and Tomari 2012). Overall, Ago forms a bilobed architecture
with the N and PAZ domains constituting one lobe and the MID and PIWI
domains forming the other.

Comparison of guide and target bound Ago structures as well as
biochemical and single-molecular FRET studies have elucidated the general
targeting mechanism of Ago proteins (Herzog and Ameres 2015; Wee et al.
2012; Salomon et al. 2015; Chandradoss et al. 2015; Jo et al. 2015; Yao et al.
2015). Ago divides its guide into several distinct portions, including the anchor (nt
1), the seed region (nt 2 — 8), the central region (nt 9 — 12), the 3" supplementary
region (nt 13 — 16), and the 3" tail (nt 17 — 21) (Wee et al. 2012). A target search
model proposes that Ago scans cellular RNA with nt 2 — 5 of the seed, facilitated
by one-dimensional diffusion (Salomon et al. 2015; Chandradoss et al. 2015; Jo
et al. 2015). Productive binding with this ‘sub-seed’ sequence induces
conformational changes in Ago to allow extended pairing with the target (Schirle
and MacRae 2012; Schirle et al. 2014). Ago-target binding with weak seed
pairing can be strengthened by interactions with the 3" supplementary region
(Salomon et al. 2015; Helwak et al. 2013). Full pairing of the guide and target
requires release of the 3" end of the guide from the PAZ domain (Jung et al.
2013; Wang et al. 2009b), and causes protein rearrangements that activate the
catalytic site (Schirle et al. 2014; Wang et al. 2009b). Release of the products is
unordered but ejection of one half of the target facilitates removal of the second
(Yao et al. 2015; Salomon et al. 2015; Jo et al. 2015). Overall, compared to the
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kinetics of protein-free RNA binding, Ago improves the speed of target
identification by ~250-fold (Salomon et al. 2015; Chandradoss et al. 2015; Jo et
al. 2015).

1.3.3 Prokaryotic Argonautes in genome defense

Bacteria and archaea also contain Ago homologs; however, they do not
possess other proteins involved in eukaryotic RNA interference pathways
(Makarova et al. 2009; Swarts et al. 2014b; Burroughs et al. 2014; 2013). In
contrast to our detailed understanding of eukaryotic Agos (eAgos), the
physiological function of prokaryotic Agos (pAgos) has remained a mystery. From
early structural work, pAgo proteins seem to preferentially associate with guide
DNAs, whereas eAgos are exclusively RNA-guided (Wang et al. 2008a; 2008b;
Yuan et al. 2005). Present in ~10% of bacteria and archaea, pAgo homologs
often occur in genome defense islands and were thus proposed to act as key
components of nucleic acid-guided genome defense systems (Makarova et al.
2009; Swarts et al. 2014b).

Initial evidence to support a proposed role in genome defense came from
Ago in the bacteria, Rhodobacter sphaeroides (RsAgo) (Olovnikov et al. 2013).
Analysis of co-purifying nucleic acids revealed that RsAgo binds a broad range of
RNAs from the transcriptome and a population of DNAs complementary to the
RNAs. A strong U-preference in the 5" end of the RNAs suggested these were
the guides (Olovnikov et al. 2013), as Agos typically display a bias at this position
due to specific interactions with the MID-domain guide binding pocket
(Kawamata and Tomari 2010). DNA molecules were enriched in plasmid-derived
sequences and mobile genetic elements, supporting a role in genome defense.
Likewise, expression of RsAgo in E. coli caused degradation of plasmid DNA
(Olovnikov et al. 2013); however, RsAgo does not possess an active catalytic site
and how it is mediating plasmid interference is a mystery. Structural work
demonstrated RsAgo’s preference for a heteroduplex is dictated by recognition of
duplex topology in the seed region of the guide (Miyoshi et al. 2016).

Two additional pAgo homologs were demonstrated to have DNA-guided
DNA-interference and reduce rates of natural competency in their native hosts
(Swarts et al. 2014a; 2015a). Unlike RsAgo, Ago from Thermus thermophilus
(TtAgo) possesses an intact catalytic site and was shown to nick or linearize
plasmids in vitro using DNA guides (Swarts et al. 2014a). TtAgo does not seem
to act in RNA interference or affect gene regulation (Swarts et al. 2014a; 2015b).
Similarly, the same group showed that an archaeal Ago protein interferes with
foreign plasmids in vivo, but also reports guide-independent DNA cleavage
activity in vitro (Swarts et al. 2015a).

Prokaryotic Argonaute proteins might interface with other genome defense
systems in the cell (Makarova et al. 2013; 2012). Indeed, pAgo from Marinitoga
piezophila (MpAgo) forms an operon with the adaptation module of a CRISPR-
Cas system (Kaya et al. 2016). MpAgo displays a unique binding preference for
5’-hydroxylated guides, opposed to 5°-phosphorylated guides typical to all other
Ago proteins. Furthermore, this Ago displays uncommon flexibility in preferences
for nucleic acid targeting, using RNA guides for single-stranded DNA or RNA
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binding and cleavage (Kaya et al. 2016; Lapinaite et al. 2018; Doxzen and
Doudna 2017). Demonstrated guide and target preferences for various Agos
are summarized in Table 1.1.

Argonaute Guide Target Reference

Eukaryotic RNA RNA (Meister 2013)

R. sphaeroides | RNA DNA (Olovnikov et al. 2013;

(RsAgo) Miyoshi et al. 2016)

A. aeolicus (AaAgo) DNA RNA (Yuan et al. 2005)

T. thermophilus | DNA DNA/RNA (Swarts et al. 2014a)

(TtAgo)

M. jannaschii (MjAgo) | DNA DNA (Zander et al. 2017;
Willkomm et al. 2017)

P. furiosus (PfAgo) DNA DNA (Swarts et al. 2015a)

M. piezophila (MpAgo) [ RNA DNA/RNA (Kaya et al. 2016)

T. profunda (TpAgo) RNA DNA (Kaya et al. 2016)

Table 1.1: Experimentally determined Ago guide and target preferences

Outstanding questions in their field were how pAgos generate and select
guides as well as how pAgos preferentially target foreign genetic elements.
Recently, a dual-DNase activity for TtAgo was reported (Swarts et al. 2017a). In
addition to DNA-guided DNA interference activity (Swarts et al. 2014a), TtAgo
possesses a general DNase activity that chops foreign DNA, generating a pool of
potential guides that are selectively loaded onto TtAgo for guided interference. A
similar dual-DNase activity was reported in an archaeal Ago from
Methanocaldococcus jannaschii (MjAgo) (Zander et al. 2017; Willkomm et al.
2017); however, chromatinization of DNA renders the genome resistant to MjAgo
non-guided DNA endonuclease activity (Zander et al. 2017).
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Chapter 2

Discovery of CRISPR-Cas9
systems in archaea.

A portion of the content presented in this chapter has been previously published
as part of the following research article: Burstein, D., Harrington, L.B., Strutt,
S.C., Probst, A.J., Anantharaman, K., Thomas, B.C., Doudna, J.A., and Banfield,
J.F. (2017). New CRISPR-Cas systems from uncultivated microbes. Nature 542,
237-241.

For published studies: D.B., L.B.H., and S.C.S. were designated co-first authors.
D.B., LB.H., S.C.S.,, JAD. and J.F.B. designed the study and wrote the
manuscript. A.J.P., KA., J.F.B.,, B.T.C. and D.B. assembled the data and
reconstructed the genomes. D.B., L.B.H., S.C.S. and J.F.B. computationally
analysed the CRISPR-Cas systems. S.C.S. designed and executed the
experimental work with ARMAN Cas9.
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2.1 Chapter Summary

CRISPR-Cas systems provide microbes with adaptive immunity by
employing short DNA sequences, termed spacers, that guide Cas proteins to
cleave foreign DNA (Barrangou et al. 2007; Sorek et al. 2008). Class 2 CRISPR-
Cas systems are streamlined versions, in which a single RNA-bound Cas protein
recognizes and cleaves target sequences (Makarova et al. 2015; Shmakov et al.
2015). The programmable nature of these minimal systems has enabled
researchers to repurpose them into a versatile technology that is broadly
revolutionizing biological and clinical research (Barrangou and Doudna 2016).
However, current CRISPR—Cas technologies are based solely on systems from
isolated bacteria, leaving the vast majority of enzymes from organisms that have
not been cultured untapped. Metagenomics, the sequencing of DNA extracted
directly from natural microbial communities, provides access to the genetic
material of a huge array of uncultivated organisms (Sharon and Banfield 2013;
Brown et al. 2015). Here, using genome-resolved metagenomics, we identify the
first reported Cas9 in the archaeal domain of life, to our knowledge. This
divergent Cas9 protein was found in little-studied nanoarchaea as part of an
active CRISPR-Cas system. In silico reconstruction and analysis of these
archaeal CRISPR-systems revealed highly diverse CRISPR spacer arrays with
many spacers matching viruses and mobile genetic elements of other community
members. Despite computational identification of necessary DNA and RNA
elements for targeting, cleavage activity could not be demonstrated through in
vitro and in vivo experiments. Nevertheless, interrogation of environmental
microbial communities allows us to access an unprecedented diversity of
genomes, the content of which will expand the repertoire of microbe-based
biotechnologies.

2.2 Introduction

The sequencing of microbial genomes provides access to a large
inventory of microbial genes, many of which encode hypothetical proteins or -
RNAs of undetermined function. The CRISPR-Cas system, an example of a
pathway that was unknown to science prior to the DNA sequencing era, is now
understood to confer bacteria and archaea with acquired immunity against phage
and viruses (Barrangou et al. 2007; Sorek et al. 2008). CRISPR-Cas systems
consist of Cas proteins, which are involved in acquisition, targeting and cleavage
of foreign genetic material, and a CRISPR array comprising direct repeats
flanking short spacer sequences that guide Cas complexes to their targets. Class
2 CRISPR-Cas systems are streamlined versions in which a single Cas protein
bound to RNA is responsible for recognizing and cleaving a targeted sequence
(Makarova et al. 2015; Shmakov et al. 2015). The programmable nature of these
minimal systems has enabled their use as a versatile technology that is
revolutionizing the fields of genetics and molecular biology, animal and plant
biology and clinical medicine (Barrangou and Doudna 2016).

Metagenomics, an approach involving the sequencing of DNA extracted
from complex natural samples, has brought into focus the enormous variety of
proteins for which functional insights are lacking (Brown et al. 2015; Jaroszewski
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et al. 2009). Ecosystems that are now being probed by metagenomics include
extreme environments and the deeper subsurface, which are populated by many
organisms that have never been studied in a laboratory setting. Genomes
reconstructed from metagenomic data capture sequences of microbial defense
systems and the entities that they target (e.g., phage and plasmids). As such,
these methods are ideal to explore both diversity and functionality of CRISPR-
Cas systems. Here we analyzed metagenomic samples of various microbial
communities from groundwater, sediments, and acid mine drainage seeking
Class 2 CRISPR-Cas systems that are not represented among -cultured
organisms. This led to the identification of the first Cas9 proteins in Archaea,
expanding the occurrence of these proteins to a new domain of life. The archaeal
Cas9 homologs are encoded exclusively by organisms belonging to lineages that
have no known isolated representatives. Despite identification of necessary
components for DNA targeting, no activity for the archaeal Cas9 proteins can be
demonstrated in vitro or in vivo.

2.3 Methods

2.3.1 Metagenomics and metatranscriptomics

Metagenomic samples from three different sites were analysed: (1) AMD
samples collected between 2006 and 2010 from the Richmond Mine, Iron
Mountain, California (Denef and Banfield 2012; Miller et al. 2011). (2)
Groundwater and sediment samples collected between 2007 and 2013 from the
Rifle Integrated Field Research (IFRC) site, adjacent to the Colorado River near
Rifle, Colorado (Brown et al. 2015; Anantharaman et al. 2016). (3) Groundwater
collected in 2009 and 2014 from Crystal Geyser, a cold, CO2-driven geyser on
the Colorado Plateau in Utah( Probst et al. 2017).

For the AMD data, DNA extraction methods and short read sequencing
were as described (Denef and Banfield 2012; Miller et al. 2011). For the Rifle
data, DNA extraction, sequencing, assembly and genome reconstruction were as
described (Brown et al. 2015; Anantharaman et al. 2016). For samples from
Crystal Geyser, methods were as described (Probst et al. 2017; Emerson et al.
2016). Rifle metatranscriptomic data were used from ref. (Brown et al. 2015).

In brief, DNA was extracted from samples using the PowerSoil DNA
Isolation Kit (MoBio Laboratories Inc.). RNA was extracted from 0.2-uym filters
collected from six 2011 Rifle groundwater samples. Following RNA extraction
using the Invitrogen TRIzol reagent, DNA was removed with the Qiagen RNase-
Free DNase Set and Qiagen Mini RNeasy kits, and cDNA template library was
generated using the Applied Biosystems SOLID Total RNA-Seq kit. DNA was
sequenced on lllumina HiSeq2000 platform, and Metatrancriptomic cDNA on
5500XL SOLID platform after emulsion clonal bead amplification using the SOLiID
EZ Bead system (Life Technologies). For the Crystal Geyser data and reanalysis
of the AMD data, sequences were assembled using IDBA-UD (Peng et al. 2012).
DNA and RNA (cDNA) read-mapping used to determine sequencing coverage
and gene expression, respectively, was performed using Bowtie2 (Langmead
and Salzberg 2012). Open reading frames were predicted on assembled
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scaffolds using Prodigal (Hyatt et al. 2010). Scaffolds from the Crystal Geyser
dataset were binned on the basis of differential coverage abundance patterns
using a combination of ABAWACA (Brown et al. 2015), ABAWACA2
(https://github.com/CK7), Maxbin2 (Wu et al. 2016) and tetranucleotide frequency
using Emergent Self-Organizing Maps (ESOM) (Dick et al. 2009). Genomes were
manually curated using percent GC content, taxonomic affiliation and genome
completeness.  Scaffolding  errors were corrected using ra2.py
(https://github.com/christophertbrown).

2.3.2 CRISPR-Cas computation analyses

The assembled contigs from the various samples were scanned for known
Cas proteins using hidden Markov model (HMM) profiles, which were built using
the HMMer suite (Finn et al. 2011), based on alignments from refs (Makarova et
al. 2015; Shmakov et al. 2015). CRISPR arrays were identified using a local
version of the CrisprFinder software (Grissa et al. 2007). Loci that contained both
Cas1 and a CRISPR array were further analysed if one of the ten open reading
frames adjacent to the cas1 gene encoded for an uncharacterized protein larger
than 800 amino acids, and no known cas interference genes were identified on
the same contig. These large proteins were further analysed as potential class 2
Cas effectors. The potential effectors were clustered to protein families based on
sequence similarities using MCL (Enright et al. 2002). These protein families
were expanded by building HMMs representing each of these families, and using
them to search the metagenomic datasets for similar Cas proteins. To compare
the identified protein families to known proteins, homologues were searched
using BLAST (Camacho et al. 2009) against the NCBI non-redundant (nr) and
metagenomic (env_nr) protein databases, as well as HMM searches against the
UniProt KnowledegeBase (UniProt Consortium 2015; Finn et al. 2011). Only
proteins with no full-length hits (>25% of the protein’s length) were considered
novel proteins. Distant homology searches of the putative Cas proteins were
performed using HHpred from the HH-suite (Remmert et al. 2011). High scoring
HHpred hits were used to infer domain architecture based on comparison to
solved crystal structures (Dong et al. 2016; Yamano et al. 2016), and secondary
structure that was predicted by JPred4 (Drozdetskiy et al. 2015). Protein
modeling was performed using Phyre2 (Kelley et al. 2015).

Spacer sequences were determined from the assembled data using
CrisprFinder (Grissa et al. 2007). CRASS (Skennerton et al. 2013) was used to
locate additional spacers in short DNA reads of the relevant samples. Spacer
targets (protospacers) were then identified by BLAST (Camacho et al.
2009) searches (using ‘task blastn-short’) against the relevant metagenomic
assemblies for hits with<1 mismatch to spacers. Hits belonging to contigs that
contained an associated repeat were filtered out (to avoid identifying CRISPR
arrays as protospacers). ldentified Cas9 proteins and their CRISPR-array
summaries can be found in Table 2.1. Protospacer adjacent motifs (PAMs) were
identified by aligning regions flanking the protospacers and visualized using
WebLogo (Crooks et al. 2004). In cases where one spacer had multiple putative
protospacers with different compositions of flanking nucleotides, each distinct
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combination of protospacer and downstream nucleotides was taken into account
for the logo calculation. RNA structures were predicted using mFold (Zuker
2003). Average nucleotide identity was computed with the pyani Python module
(https://github.com/widdowquinn/pyani), using the Mummer (Kurtz et al. 2004)
method. CRISPR array diversity was analysed by manually aligning spacers,
repeats and flanking sequences from the assembled data. Manual alignments
and contig visualizations were performed with Geneious 9.1.

For the phylogenetic analyses of Cas1 and Cas9, we used proteins of the
newly identified systems along with the proteins from refs (Makarova et al. 2015;
Shmakov et al. 2015). A non-redundant set was compiled by clustering together
proteins with 290% identity using CD-HIT (Fu et al. 2012). Alignments were
produced with MAFFT (Katoh and Standley 2013), and maximume-likelihood
phylogenies were constructed using RAxML (Stamatakis 2014) with
PROTGAMMALG as the substitution model and 100 bootstrap samplings. Cas1
tree were rooted using the branch leading to casposons. Trees were visualized
using FigTree 1.4.1 (http://tree.bio.ed.ac.uk/software/figtree/) and iTOL v3
(Letunic and Bork 2016).

Protein NCBI accession Coordinates Repeat | # of Spacer avg.
Iength spacers Iength

ARMAN-1 MOEG00000013 1827..7130 36 271" 34.5

Cas9

ARMAN-4 KY040241 11779..14900 36 1 36

Cas9

Table 2.1 Archaeal CRISPR-Cas9 homolog summary
* ARMAN-1 spacers were reconstructed from 16 samples

2.3.3 ARMAN-Cas9 protein expression and purification

Expression constructs for Cas9 from ARMAN-1 (AR1) and ARMAN-4
(AR4) were assembled from gBlocks (Integrated DNA Technologies) that were
codon-optimized for E. coli. The assembled genes were cloned into a pET-based
expression vector as an N-terminal Hise-MBP or Hisg fusion protein. Expression
vectors were transformed into BL21(DE3) E. coli cells and grown in LB broth at
37 °C. For protein expression, cells were induced during mid-log phase with
0.4 mM IPTG (isopropyl B-D-1-thiogalactopyranoside) and incubated overnight at
16 °C. All subsequent steps were conducted at 4°C. Cell pellets were
resuspended in lysis buffer (50 mM Tris-HCI, 500 mM NaCl, 1 mM TCEP, 10 mM
Imidazole, 0.5% Triton X-100; pH 8) and supplemented with Complete protease
inhibitor mixture (Roche) before lysis by sonication. Lysate was clarified by
centrifugation at 15,000g for 40 min and applied to Superflow Ni-NTA agarose
(Qiagen) in batch. The resin was washed extensively with wash buffer A (50 mM
Tris-HCI, 500 mM NaCl, 1 mM TCEP, 10 mM imidazole; pH 8) followed by 5
column volumes of wash buffer B (50 mM Tris-HCI, 1M NaCl, 1 mM TCEP,
10 mM imidazole; pH 8). Protein was eluted off of Ni-NTA resin with elution buffer
(50 mM Tris-HCI, 500 mM NaCl, 1 mM TCEP, 300 mM Imidazole; pH 8). The
Hise-MBP tag was removed by TEV protease during overnight dialysis against
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wash buffer A. Cleaved Cas9 was removed from the affinity tag through a second
Ni-NTA agarose column. The protein was dialysed into IEX buffer A (50 mM Tris-
HCI, 300 mM NaCl, 1 mM TCEP, 5% glycerol; pH 7.5) before application to a 5-
ml Heparin HiTrap column (GE Life Sciences). Cas9 was eluted over a linear
NaCl (0.3—1.5M) gradient. Fractions were pooled and concentrated with a 30-
kDa spin concentrator (Thermo Fisher). When applicable, Cas9 was further
purified via size-exclusion chromatography on a Superdex 200-pg column (GE
Life Sciences) and stored in IEX buffer A for subsequent cleavage assays. For
yeast expression, AR1-Cas9 was cloned into a Gal1/10 Hise-MBP TEV Ura S.
cerevisiae expression vector (Addgene plasmid 48305). The vector was
transformed into a BY4741 URAS3 strain and cultures were grown in synthetic
media (5gL" ammonium sulfate, 1.7gL™" nitrogen base (Sunrise Science),
0.72gL" complete supplement mixture —ura (Sunrise Science), 20 gL glucose,
1.5% glycerol, 2% lactic acid) at 30 °C. At an ODgg of approximately 0.6, protein
expression was induced with 2% (w/v) galactose and incubated overnight at
16 °C. Protein purification was performed as above.

2.3.4 RNA in vitro transcription and oligonucleotide purification

In vitro transcription reactions were performed as previously described
(Sternberg et al. 2012) using synthetic DNA templates containing a T7 promoter
sequence. All in vitro transcribed putative guide RNA sequences and target RNA
or DNA were purified via denaturing PAGE. Double-stranded target RNA and
DNA were hybridized in 20 mM Tris HCI (pH 7.5) and 100 mM NacCl by incubation
at 95 °C for 1 min, followed by slow-cooling to room temperature. Hybrids were
purified by native PAGE. RNA and DNA sequences used in this study are listed
in Table 2.2.

Designation Sequence (5" to 3" unless noted)

Ar1-crRNA GGUAACCGAAGUAAGAUUAUAACUUACAAUCGACACUUAAAUAAUU
DNA targets UGCAUGUGUAAG

Tracr-69 Ar1 GGCAUGGACCAUAUCCAGGUGUUGAUUGUAAACACUUAGCGGGUG
AAAUUAUAUAUGUUUGUAAUAUCUUC

Tracr-104 Ar1 | GGCAUGGACCAUAUCCAGGUGUUGAUUGUAAACACUUAGCGGGUG
AAAUUAUAUAUGUUUGUAAUAUCUUCACUAUCCAAAGUUAUCUCUG
GUUUUGGUUUGGUAA

Tracr-179 Ar1 | GGCAUGGACCAUAUCCAGGUGUUGAUUGUAAACACUUAGCGGGUG
AAAUUAUAUAUGUUUGUAAUAUCUUCACUAUCCAAAGUUAUCUCUG
GUUUUGGUUUGGUAAGCUUCACUUCACUAUUGUUUUCACUCCCAA
UUUGAGUAUACUUGACUUUAACCAUGCUUUCGGGGAGUGCUUUUA
Ar1-crRNA CAUCUAAUUCAACAAGAAUUCUUACAAUCGACACUUGCACCGAGUC
GFP in vivo GGUGCUUUUUUU

sgRNA-69 Ar1 | CAUCUAAUUCAACAAGAAUUCUUACAAUCGACACUUAAACAGGUGU
UGAUUGUAAAGAAACACUUAGCGGGUGAAAUUAUAUAUGUUUGUAA
UAUCUUCGCACCGAGUCGGUGCUUUUUUU

sgRNA-104 CAUCUAAUUCAACAAGAAUUCUUACAAUCGACACUUAAACAGGUGU

Ar1 UGAUUGUAAAGAAACACUUAGCGGGUGAAAUUAUAUAUGUUUGUAA
UAUCUUCACUAUCCAAAGUUAUCUCUGGUUUUGGUUUGGUAAGCAC
CGAGUCGGUGCUUUUUUU
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sgRNA-179
Ar1

CAUCUAAUUCAACAAGAAUUCUUUCAAUAAACAAAUAAAUCUUAGU
AAUAUGUAACGCACCGAGUCGGUGCUUUUUUU

Ar4-crRNA
GFP in vivo

CAUCUAAUUCAACAAGAAUUCUUUCAAUAAACAAAUAAAUCUUAGU
AAUAUGUAACGCACCGAGUCGGUGCUUUUUUU

sgRNA-75 Ar4

CAUCUAAUUCAACAAGAAUUCUUUCAAUAAACAAAUAAAAACUUAU
UUGUUUAUUGAAAGAAGCCUAGACGUUAGGCACCGAGUCGGUGCU
uuuuuu

sgRNA-122
Ar4

CAUCUAAUUCAACAAGAAUUCUUUCAAUAAACAAAUAAAAACUUAU
UUGUUUAUUGAAAGAAGCCUAGACGUUAGGGUUCGCGUGCAUGUU
AGGCUCCAGCAGGUACCUCCGUUAUAACCUAGCACCGAGUCGGUG
cuuuuuuu

dsDNA target

non-target strand 5°-3°
AGCAGAAATCTCTGCTGGCCCACCTTCGTTTATAACCGAAGTAAGATT
ATAATGGAGTACAAACGTCAGCT

target-strand 3°-5°
TCGTCTTTAGAGACGACCGGGTGGAAGCAAATATTGGCTTCATTCTAA
TATTACCTCATGTTTGCAGTCGA

ssDNA target

TCGTCTTTAGAGACGACCGGGTGGAAGCAAATATTGGCTTCATTCTAA
TATTACCTCATGTTTGCAGTCGA

dsDNA bubble
target

non-target strand 5°-3°
AGCAGAAATCTCTGCTCCGGGTGGAAGCAAATATTGGCTTCATTCTAA

TATTTGGAGTACAAACGTCAGCT

target-strand 3'-5°
TCGTCTTTAGAGACGACCGGGTGGAAGCAAATATTGGCTTCATTCTAA
TATTACCTCATGTTTGCAGTCGA

non-target strand 5°-3°
GGAGCAGAAAUCUCUGCUGGCCCACCUUCGUUUAUAACCGAAGUAA
GAUUAUAAUGGAGUACAAACGUCAGCUCC

target-strand 3°-5°
CCUCGUCUUUAGAGACGACCGGGUGGAAGCAAAUAUUGGCUUCAU
UCUAAUAUUACCUCAUGUUUGCAGUCGAGG
CCUCGUCUUUAGAGACGACCGGGUGGAAGCAAAUAUUGGCUUCAU
UCUAAUAUUACCUCAUGUUUGCAGUCGAGG

Table 2.2: DNA and RNA sequences used in this study
Sequence in bold indicates region of crRNA and sgRNA that are complementary
to the appropriate target.

dsRNA target

ssRNA target

2.3.5 In vitro cleavage assays

Purified DNA and RNA oligonucleotides were radiolabelled using T4
polynucleotide kinase (NEB) and [y-32P] ATP (Perkin-Elmer) in 1x PNK buffer for
30 min at 37 °C. PNK was heat inactivated at 65 °C for 20 min and free ATP was
removed from the labelling reactions using illustra Microspin G-25 columns (GE
Life Sciences). crRNA and tracrRNA were mixed in equimolar quantities in 1x
refolding buffer (50 mM Tris HCI pH 7.5, 300 mM NaCl, 1 mM TCEP, 5% glycerol)
and incubated at 70 °C for 5 min and then slow-cooled to room temperature. The
reactions were supplemented to 1mM final metal concentration and
subsequently heated at 50 °C for 5 min. After slow-cooling to room temperature,
refolded guides were placed on ice. Unless noted for buffer or salt concentration,
Cas9 was reconstituted with an equimolar amount of guide in 1x cleavage buffer
(50 mM Tris HCI pH 7.5, 300 mM NaCl, 1 mM TCEP, 5% glycerol, 5 mM divalent
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metal) at 37 °C for 10 min. Cleavage reactions were conducted in 1x cleavage
buffer with a 10x excess of Cas9-guide complex over radiolabelled target at
37 °C or the indicated temperature. Reactions were quenched in an equal
volume of gel loading buffer supplemented with 50 mM EDTA. Cleavage products
were resolved on 10% denaturing PAGE and visualized by phosphorimaging.

2.3.6 In vivo E. coli interference assays

E. colitransformation assays for ARMAN-1 Cas9 and ARMAN-4 Cas9
were conducted as previously published (Oakes et al. 2016). Briefly, E.
coli transformed with plasmids expressing guide RNA sequences were made
electrocompetent. Cells were then transformed with 9 fmol of plasmid encoding
wild-type or catalytically inactive Cas9 (dCas9). A dilution series of recovered
cells was plated on LB plates with selective antibiotics. Colonies were counted
after 16 h at 37 °C.

2.4 Results

2.4.1 Identification of archaeal Cas9

We sought to identify previously unknown class 2 CRISPR-Cas systems
in terabase-scale metagenomic datasets from groundwater, sediment, acid-mine
drainage (AMD) biofilms, soil, infant gut, and other microbial communities. Our
analyses targeted large uncharacterized genes proximal to a CRISPR array
and cas1, the universal CRISPR integrase (Levy et al. 2015; Yosef et al. 2012;
Nufiez et al. 2015b). Among the 155 million protein-coding genes analysed, we
identified the first Cas9 proteins in domain Archaea. One of the hallmarks of
CRISPR-Cas9 (type Il) systems was their presumed presence only in the
bacterial domain (Chylinski et al. 2014; Makarova et al. 2015). We were therefore
surprised to discover Cas9 proteins encoded in genomes of the nanoarchaea
‘Candidatus Micrarchaeum acidiphilum ARMAN-1’ and
‘Candidatus Parvarchaeum acidiphilum ARMAN-4’ (Baker et al. 2010; 2006) in
AMD metagenomic datasets (Table 2.1 and Figure 2.1). These findings expand
the occurrence of Cas9-containing CRISPR systems to another domain of life.
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P ===

1. cas9|Actinomyces_naeslundii|EJN84392.1 mw- ~-YASLMSA- HH L RIS THS VENA TRV DDHGTPIIELL SAL SH I EIDSGNIGK EGK K DHBITREKL S G |

2. novel_Cas9|ARMAN1|MOEG00000013|1827..4676 MRDS- -IT -APRY SSALAAR I KIEENS AFEANCIIBING T K TGEWVEMYX - - - - DNKIMINLIYEIF LEYEK T --EEmI----

3. novel_Cas9|ARMAN4|KY040241|11779..14682 MLGSSRYLRYNLTSFEGKEPFL IMGYYKEYNKELSSKAQKE FNDQISEENS Y YCANCSHIRINGD K T - [EENRYA- - - - GYKIMILEYEL 16 ES QKM BKERE----

4. novel_Cas9|Deltaproteobacteria|OGP65397.1 mA- LHPRLERK I KEEL P TYCINEYBINEE AAGENNME- - - - - NINDNHAEIF TRFFHEATE LENKRIS

5. novel_Cas9|Lindowbacteria| OGH57617.1 m-- NEELD S L ANEII)F €E D Y GEFANYE. - - - - ANRIMHINEIF VAR [HQATM- - ~~KDEAR---~

a-helical lobe

1. cas9|Actinomyces_naeslundii|EJ]N84392.1 ARRARRL L HHEATEMSMOE VIRDL GFP | PTPGEF L - -DLNEQTRENEWMARY - - RAR LWEEKLPE - EMRGPA | SMENIRHIIARHRETIRN

2. novel_Cas9|ARMAN1|MOEG00000013|1827..4676 HEINGIRS L AR RN EIMRSTINGEKI Y G- [SQLPDP YK | (g EREVEA | TI | ZOKRGRING

3. novel_Cas9|ARMAN4|KY040241|11779..14682 ARRNRRTRIMSRKIR LARLRSWVNMROVIENS QEIMEBIRTAIMH - - - -DNKYWS - -

4. novel_Cas9|Deltaproteobacteria| 0GP65397.1 | FRCNE HAE W RSN CIIP AHV TGAE | KD 'S Y S FINZBIRTIVK - - - - DKKYQTLPGF YEVKGQNP EK S P TWIKAK AG - ENIDAGEGIERY | ENMIHHIIL SIER@KY

5. novel_Cas9|Lindowbacteria| OGH57617.1 INRRERRTRGIARKER L AR L RSW | LROIL I Jelch QEINBIRIGRMHWP F K TKKGHT | K-~ ~TGLASRQDGKRT | [IQKCK | G- TATP HE [AYCEMILMFSREE VW
a-helical lobe

1. cas9|Actinomyces_naes|undii|EJ/N84392.1 P - YSIAVES LIP ABE SPFRIKAMRERIL A - - TTGEVIEDBIGHT PGQAMAQVAL THN | SMRGPEGIL GKIHEISDNANE | R4 | CARQGVIS P --

2. novel_Cas9|ARMAN1|MOEG00000013|1827..4676 EcVAME I £ ENSYKEF STHIKAMNTS -IVTH - - £ £ F TAMAAEIIEREQD - - - - VWD TDKMEAER Y TOLS £ LIS[AVS ESKS - -[ESKDEAQRIGE] BCSA-H-RIEDKDK

3. novel_Cas9|ARMAN4|KY040241|11779..14682 - - AF[4YLSRMSDKEF EKYIIONEKP PIIS[ - - Y E YDE D LEEMS SB -VENGE | BEMK FEGLKNKEDEIDKE SKD F@VKQRE £ VISKEMEDMBIL BAK SVD -NK | DKAR

4. novel_Cas9|Deltaproteobacteria| 0GP65397.1 D--GMEFSDYDDSRL | DEIDSCAM-MABAP EMRKAMEREIMRR ~EVMGEKELP[AL HEAF DNAMINEIQRERK - - ~[AL PRQVREKBNEDIVAVEGRRWQL SQE | 1 AN

5. novel_Cas9|Lindowbacteria| OGH57617.1 E--GSDLCEMSDQEL AE EMVITIVR - -IITE - - AVAAAIKEEIERDKK - - - - EP EDNKIEGH | ENLETVLCDAVKRARSPRTPEHRS | VESBIMKDINBIGT TRK ~N - CPQMTDM
a-helical lobe

1. cas9|Actinomyces_naeslundii|EJN84392.1 - C[4eML RA| PHPRGSAVERVAPDPLPGQGS FRRABEA-COPEFERFR | | SINANLEI SETKGENRELTADERRHV\/TFLTEDSQADLT"VE\/AEK G\/HRR

2. novel_Cas9|ARMAN1|MOEG00000013|1827..4676 [ICIAEMVKMIBRPVHAELNAVL | REY | [@DRATERK SEPOVERIEL L YFDTMRIF LKAGRVEQN-[E---DV I SYYKK

3. novel_Cas9|ARMAN4|KY040241|11779..14682 IWARE LININL L DKISVRIGIR F DNRIZNRNCIY ~K GENEINTEES - -[4E[QVRDF £ LKMVENNARSDYQ | SDE -

4. novel_Cas9|Deltaproteobacteria| OGP65397.1 K SOIT G RE LK SGERW L AL AFEAANGNLEIRERDGRDREIS -DEERNPLR

5. novel_Cas9|Lindowbacteria| OGH57617.1 IWSKE LNaL LNKRIVRIFIRF ENRIRZNeCSIE RV VEIR - -[AS[AREL AYK VKR AV EDF TSRQ-ELTAQEAEYFSQ

a-helical lobe

1. cas9|Actinomyces_naeslundiilEJN84392.1 =~ DLRGTAVHTDDGERSAARPPIDATOR IMRQTK | SSLIATWWEEADSEQ- -~ -=---~---- -] RGANIRYMYEDPTDSECAEMMAE L PEEDSEYALD S LEMP -AGRAAY
2. novel_Cas9|ARMAN1|MOEG00000013|1827..4676 LASELNRYKNIE YVTDAQK KIQERTEK TINF - MK L TIERSR Y@M ARMK ERBAGKD
3. novel_Cas9|ARMAN4|KY040241|11779..14682 VT | EDLRKQLNKTFNIAK - - - | KK IR ERHIR - - IRUF - EK | S[E EFBEKPA
4. novel_Cas9|Deltaproteobacteria|0GP65397.1 NIINK E ARKIGYNRLEV ERNRVOEIEGK T
5. novel_Cas9|Lindowbacteria| OGH57617.1 EMWAP SEPKEHTNLEQEMEMABRGAF
a-helical lobe HNH
1. cas9|Actinomyces_naeslundii|EJN84392.1 ’DH\ALATTDDLHEAEELFGVDDSWAPPAEA INAPVGPSVE- - - -SAVEBMWGT P EVIIHVEHVRDGFISER -
2. novel_Cas9|ARMAN1|MOEG00000013|1827..4676 VEEGLHGVV- HDR——l\mRNHmLNLIESL-DQ NKSLSDV‘IRKNGLMVmﬂAﬂEEKﬁKH -
3. novel_Cas9|ARMAN4|KY040241|11779..14682 PSBRIN- -
4. novel_Cas9|Deltaproteobacteria| OGP65397.1 -QSMIAR NAP PREEQHDAMKRIEELNR—GKKGTDMRHGPlAVIﬁ!EVﬂMEVDL --
5. novel_Cas9|Lindowbacteria| OGH57617.1 - - AGP -RNPCREDROIRAVIIRRME® | MEE TPGKPGK PH- -HS | PRLINNNEFEKENTARTAGCPHCKE
HNH
1. cas9|Actinomyces_naeslundiilEJN84392.1 - —MADERDKAMRRRVNDNQEAM_QRDV@ EGY | SRGD | VRLDALEL QEC ACRICETTHGY -
2. novel_Cas9|ARMAN1|MOEG00000013|1827..4676 AKRIGAAVVE- FD- BQNE- VNI TEL QM
3. novel_Cas9|ARMAN4|KY040241|11779..14682 - -~ LEQGQ | SEM-
4. novel_Cas9|Deltaproteobacteria OGP65397.1 == - == === ---ooooooooooooooooooooo RARBKEQVER- - - - KP L NIREREHA
5. novel_Cas9|Lindowbacteria| OGH57617.1 KLSLDARVRWKMARPMKLEASNDSTPFFCPSCAAG I K1 TLYKKMR | KBKE | VQRY SPKDTDVEVRITAAGGLKK LKYDMYLK ”ETDI Tmcﬁrsllcsf
HNH
1. cas9|Actinomyces_naeslundii|EJN84392. - ~HTCCTIBENVEIPAG PESINGR GNLIZAVCERCRRS - - - - -K SNIEEAVIAQKCG | PHVGVKEA | GRVRGIIRKQTPNTSSED----LTR YAIARMREITQEDRIE IBER
2. novel_Cas9 ARMANIIMOEGOOOOOOBIIBZ? 4676 IT3G TEE
3. novel_Cas9|ARMAN4|KY040241|11779..14682
4. novel_Cas9|Deltaproteobacteria| OGP65397.1 RTMHNEE RPN G0N - NRIFAS CPK CNADRD T GIAKBMLEISE-TIL TG~
5. novel_Cas9|Lindowbacteria| OGH57617.1 - - - - GEIDPENF ICSGEZID Y -NLMSCCRTCMNGNL - - - [IKNKSETE -WFGN 1D -
HNH
RuvC-Ill
1. cas9|Actinomyces_| naeslundu\EJN8439 JAWMANE L HHRIJAAAY - - - - - -~ PET WVi%YEES ITAAARKAAG | DSR INL | GEK -Gi
2. novel_Cas9|ARMAN1 |MOE600000013|1827 4676 E-GGV‘RVNNEITEFNDRLKTHGVQELUT\ - - FEINGP | WISIAYIRIEE ETQRMRR QIIN - - - - ~ALNQIYF | BL[BIIAMS FEEBRANARSTEEEK FWEEEIRT
3. novel_Cas9|ARMAN4|KY040241|11779..14682 EMSAPET L SDEVE SIRKMFVKYGY EEPEITL - - VETAGHP | ORISR DIQAMRWRIIH - - - - ~ALD SN | | BEDIRAK S S FNEANDRAVIARCYEEY Y L AN
4. novel_Cas9|Deltaproteobacteria| OGP65397.1 RWRABAADIIMWLED EYSVP VP TLN - - YEI4DMAP HIETAEISN LESRIMER DIRWK DHEATV ENF - BDIRETD L YNEEYBIAI L IATEZH TWETERHNE S DVMAVRP CA
5. novel_Cas9|Lindowbacteria| OGH57617.1 AVIGER TKE@IGRIKQML L ANGVKENE | ADNYEADIA | VIR TIIDE@WIESRIRG CIIR - - TF PDGTANF - [P YD ADK RNV I | A CEIEH TWEERINE TWK P - - - - -
B-hairpin
1. cas9|Actinomyces_naeslundiiEJN84392.1 KTLAERISLRGEQR ————————— LTGKEQTRKQUTGETV -~ -~~~ -~ IF]
2. novel_Cas9|ARMAN1|MOEG00000013|1827..4676 HFG ERGDF A- LAEMAECIINGIEF VlK GG
3. novel_Cas9|ARMAN4|KY040241|11779..14682 Ki KRKVEHNKEKEV TREOMP - TK KIEEINIS EEVKIIRNE - - - PV EVIRELIVK P STISN S [IVIIQHIF - M- YL
4. novel_Cas9|Deltaproteobacteria| OGP65397.1 KKDEQGI | LKNEKEMRPREG | A-AL AMNIEMABNE RIBQK E L KRPMVH TINER L KATHRR QIVBILEF - MEINP TDNDGP L F | RK V! -
5. novel_Cas9|Lindowbacteria| OGH57617.1 ~ --=------------- ENEY FSVLQKITNIRMKBHQADMK - - = - - - - -| IMER Y F PREHNQNSBIIQEVHEHK TONGTSYTMRDTVE S I DVGTDKKGGS | ER | Y SKSFRDFF

B-hairpin

1. cas9|Actinomyces_| naeslundu\EJN8439 MCALTREKDFDEKNGL PAREDRAIR - - -MHGHE | KSS - -~ -DY | QVF SEERK K TDSDRDETP F GA | AVREEGFEMIGES | H

2. novel_Cas9|ARMAN1 IMOE(100000013|1827 4676 IVGIYKKPNAI TSNA | - - - - -[VERPK L ENGEHTMSKNAK Y YHQK | GNEIRF LMK S QK(@: L IVISPRIDG]

3. novel_Cas9|ARMAN4|KY040241|11779..14682 -KIIGYNGRTDSLSLPS ISNKKVDSSTVL L VHDKKGGERNWVPKS | WUYIATRKRE

4. novel_Cas9|Deltaproteobacteria| OGP65397.1 -DAKTGEGE TKEVQKI [ELIAQNP HYDIE

5. novel_Cas9|Lindowbacteria| OGGH57617.1 --ASFPRELQFDMGYE: EDVAENMNEKNE
Topo

1. cas9|Actinomyces_naeslundii|EJN84392.1 H- - AR YRIWE GKIERV Y AMLRIF TRDL L S QRHG - DMF SAW | PPQSIISMRCAEPKLRKA | TTGNATYMGMYIVVGDEL EM- -NVDEF TKYA | GRFMEDFP - - -

2. novel_Cas9|ARMAN1|MOEG00000013|1827..4676 VIR - - SETYECAVINTKER- - -G | | VK FKPIIKPLRDM- -YARGVIIKANMDKE LET SM- - - - SEMSKHAK Y[SE[HT HDINEY

3. novel_Cas9|ARMAN4|KY040241|11779..14682 P - - KR - -[@ATQGLLIYRI - - AMREFIINPV I EM- -YNNGKMAFMEKENEE EMLK YFNLLEKGQK F ERIIRR YDIVIL-

4. novel_Cas9|Deltaproteobacteria| OGP65397.1 TS GKRKIV@I- TQSNAIILWER-P SGRKDNLN | S | ERPAAIIKKFIKHPVDP PIIA -SDA| | MGRIIERASTLWHR E GKGIIVE L KADKSVR S S VY-

5. novel_Cas9|Lindowbacteria| OGH57617.1 P - - SEFVRA- - -ERVNDR | EMWTRB]- - - VRIQA - -~ - - -~~~ QIIRTVKNRIIEFRHIIQD == = === = === === === === = mm — o oo | NEPQGRTL ER I FRRNDIHIRQ

1. cas9|Actinomyces_naeslundii|EJN84392.1 NTTRERICGYDTNSKINTLKP | VLAAEGL ENP SSAVNE | VEL - -K GWRMATNY - I!TKVHPTVVRRDALGRP RYSSRI

2. novel_Cas9|ARMAN1|MOEG00000013|1827..4676 LPATK KHVDGYH | ITEANS AKHGIIKALPESMVEAVK Y TQEGSENNS EVKLTKPKPEIITLD S EDIITNIIYNF - == -~

3. novel_Cas9|ARMAN4|KY040241|11779..14682 -- TYNSKFRIYMTIEINKNHRYIT I QE ESK | [9AE SDKVKSS SGKE YT-RKE TEEMSLQK - -MAEM | S'1

4. novel_Cas9|Deltaproteobacteria| OGP65397.1 -- --P EG I MRMKENG SNGVIIVVQENAVSIIE L ANKLG | SDDQF SKV - -PERAMGKKE - -MAEYFKG ----NQREG

5. novel_Cas9|Lindowbacteria| OGH57617.1 LDAVQKRGRKG | TGK SYE AGENMVIVIMIE K GGK FTAVPAHRGRG- - - -~ ---------- RENQRQMSORE - -IAKMCGVSL SPKRR- -~ -KP SRS TSERG

Figure 2.1 Multiple sequence alignment of newly described Cas9 proteins
Alignment of Cas9 proteins from ARMAN-1 and ARMAN-4, as well as two closely
related Cas9 proteins from uncultivated bacteria, to the Actinomyces naeslundii
Cas9, whose structure has been solved (2014).
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2.4.2 Description of archaeal CRISPR-Cas9 system from ARMAN-1

The CRISPR-Cas locus in ARMAN-1 includes large CRISPR arrays
adjacent to the cas1, cas2, cas4 and cas9 genes. This system was found on
highly similar contigs (an average nucleotide identity of 99.7% outside the
CRISPR array) reconstructed independently from 16 different samples. We
reconstructed numerous alternative ARMAN-1 CRISPR arrays with a largely
conserved end (probably comprised of the oldest spacers) and a variable region
into which many distinct spacers have been incorporated (Figure 2.2 A). Given
the polarity of the array, we predict that the approximately 200-bp region between
the end of the Cas9 gene and the variable end of the array is likely to contain the
leader sequence and transcriptional start site. On the basis of the hypervariability
in spacer content, we conclude that the ARMAN-1 CRISPR-Cas9 system is
active in the sampled populations.
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Figure 2.2 ARMAN-1 CRISPR array diversity and identification of the
ARMAN-1 Cas9 PAM sequence (A) CRISPR arrays reconstructed from AMD
samples. White boxes indicate repeats, colored diamonds indicate spacers
(identical spacers are similarly colored; unique spacers are black). The
conserved region of the array is highlighted. The diversity of recently acquired
spacers (on the left) indicates that the system is active. (B) A single circular,
putative viral contig contains 56 protospacers (red vertical bars) from the
ARMAN-1 CRISPR arrays. (C) Sequence analysis of 240 protospacers revealed
a conserved ‘NGG’ PAM downstream of the protospacers. ORF, open reading
frame.

36



2.4.3 ARMAN-1 CRISPR array targets viral and mobile genetic element
targets

Of the spacers of the ARMAN-1 CRISPR-Cas9 system, 56 target a 10-
kbp circular sequence that encodes mostly short hypothetical proteins, and is
probably an ARMAN-1 virus (Figure 2.2 B). Indeed, cryo-electron tomographic
reconstructions have often identified viral particles attached to ARMAN cells
(Baker et al. 2010). ARMAN-1 protospacers also derived from a putative
transposon within the genome of ARMAN-2 (another nanoarchaeon (Baker et al.
2006) and a putative mobile element in the genomes
of Thermoplasmatales archaea, including that of I-plasma (Yelton et al. 2013)
from the same ecosystem (Figure 2.3). Direct cytoplasmic ‘bridges’ were
observed between ARMAN and Thermoplasmatales cells, implying a close
relationship between them (Baker et al. 2010). The ARMAN-1 CRISPR-Cas9
may therefore defend against transposon propagation between these organisms,
a role that is reminiscent of piwi-interacting-RNA-mediated defence against
transposition in the eukaryotic germ line (Vagin et al. 2006).
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Figure 2.3 ARMAN-1 spacers map to genomes of archaeal community
members (A) Protospacers from ARMAN-1 map to the genome of ARMAN-2, a
nanoarchaeon from the same environment. Six protospacers (red arrowheads)
map uniquely to a portion of the genome flanked by two long-terminal repeats
(LTRs), and two additional protospacers match perfectly within the LTRs (blue
and green arrowheads). This region is likely to be a transposon, suggesting that
the CRISPR-Cas system of ARMAN-1 plays a role in suppressing mobilization of
this element. (B) Protospacers also map to a Thermoplasmatales archaeon (I-
plasma), another member of the Richmond Mine ecosystem that is found in the
same samples as ARMAN organisms. The protospacers cluster within a region of
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the genome encoding short, hypothetical proteins, suggesting this might also
represent a mobile element. NCBI accession codes are provided in parentheses.

2.4.4 CRISPR-Cas9 from ARMAN-4 is a reduced system

Unlike the ARMAN-1 CRISPR—-Cas system, the ARMAN-4 cas9 gene has
only one adjacent CRISPR repeat-spacer unit and no other cas genes in its
vicinity (Figure 2.4). The lack of a typical CRISPR array and of cas1 points to a
system with no capacity to acquire additional spacers. No target could be
identified for the spacer sequence, but given the conservation of the locus in
samples collected over several years, we cannot rule out the possibility that it is
functional as a ‘single-target CRISPR-Cas system. Conservation of a single
spacer may indicate that the ARMAN-4 Cas9 exerts an alternative role, such as
gene regulation (Stern et al. 2010) or involvement in cell—cell interactions
(Zegans et al. 2009).
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Figure 2.4 Archaeal Cas9 from ARMAN-4 with a degenerate CRISPR array is
found on numerous contigs Cas9 from ARMAN-4 is highlighted in dark red on
16 nearly identical contigs from different samples. Proteins with putative domains
or functions are labeled, whereas hypothetical proteins are unlabeled. Fifteen of
the contigs contain two degenerate direct repeats (36 nucleotides long with one
mismatch) and a single conserved spacer of 36 nucleotides. The remaining
contig contains only one direct repeat. Unlike ARMAN-1, no additional Cas
proteins are found adjacent to Cas9 in ARMAN-4.

2.4.5 Ildentification of targeting requirements

Active DNA-targeting CRISPR-Cas systems use 2-4-nucleotide
protospacer-adjacent motifs (PAMs) located next to target sequences for self-
versus-non-self discrimination (Shah et al. 2013; Anders et al. 2014). Examining
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sequences adjacent to the genomic target sequences revealed a strong ‘NGG’
PAM preference in ARMAN-1 (Figure 2.2 C). Cas9 also employs two separate
transcripts, CRISPR RNA (crRNA) and trans-activating CRISPR RNA
(tracrRNA), for RNA-guided DNA cleavage (Jinek et al. 2012). We identified a
putative tracrRNA in the vicinity of both ARMAN-1 and ARMAN-4 CRISPR-Cas9
systems (Figure 2.5 A-D). It has previously been suggested that type Il CRISPR
systems were absent from archaea owing to a lack of the host factor, RNase lll,
responsible for crRNA-tracrRNA guide complex maturation(Chylinski et al. 2014;
Deltcheva et al. 2011). Notably, no RNase Ill homologues were identified in the
ARMAN-1 genome (estimated to be 95% complete) and no internal promoters
have been predicted for the CRISPR array (Zhang et al. 2015), suggesting an as-
yet-undetermined mechanism of guide RNA production.
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Figure 2.5 Predicted structures of guide RNA and purification schema for in
vitro biochemistry studies (A) The CRISPR repeat and tracrRNA anti-repeat
are depicted in black whereas the spacer- derived sequence is shown as a series
of green Ns. No clear termination signal can be predicted from the locus, so three
different tracrRNA lengths were tested based on their secondary structure: 69,
104, and 179 nucleotides in red, blue, and pink, respectively. (B) Engineered
single- guide RNA corresponding to dual-guide in (A). (C) Dual-guide RNA for
ARMAN-4 Cas9 with two different hairpins on 3' end of tracrRNA (75 and 122
nucleotides). (D) Engineered single-guide RNA corresponding to dual-guide in
(C). (E) ARMAN-1 (AR1) and ARMAN-4 (AR4) Cas9 were expressed and
purified under a variety of conditions as outlined in the Methods section. Proteins
outlined in blue boxes were tested for cleavage activity in vitro. (F) Fractions of
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AR1-Cas9 and AR4-Cas9 purifications were separated on a 10% SDS-PAGE
gel.

2.4.6 Biochemical reconstitution of archaeal Cas9

Biochemical experiments to test the cleavage activity of ARMAN-1 and
ARMAN-4 Cas9 proteins purified from both E. coli and yeast (Figure 2.5 E and F)
did not reveal any detectable activity, nor did in vivo E. coli-targeting assays
(Table 2.3 and Table 2.4). Given the unique physiology and ecological niche of
these nanoarchaea, the lack of activity may be due to a post-translational
modification or a co-factor absent from the experimental expression systems.

Protein Purification Buffer Salt Metal Guide Target Temp.
(mM) °C
AR1-Cas9 #1 Tris 300 Mg~* crRNA dsDNA 37
pH 7.5 Mn?* cr:69 ssDNA
Zn** cr:104 | DNA Bubble
cr:179 ssRNA
dsDNA
AR1-Cas9 #1 Tris 100-500 [ Mg*~* cr:69 dsDNA 37
pH 7.5 cr:104
cr:179
AR1-Cas9 #1 Tris 300 Mg~ cr:69 dsDNA 30-48
pH 7.5 |v|n22+ cr:104
Zn°’ cr:179
AR1-Cas9 #1 MOPS: 300 Mg”~" cr:69 dsDNA 37
pH 6 cr:104
pH 6.5 cr:179
pH 7.0
pH7.5
AR1-Cas9 #1 Citrate: 300 Mg”~" cr:69 dsDNA 37
pH 5 cr:104
pH 5.5 cr:179
pH 6
AR1-Cas9 #1 Tris 300 Mg~ cr:69 plasmid 37-50
pH 7.5 |v|n22+ cr:104
Zn°’ cr:179
AR1-Cas9 #2 Tris 300 Mg~ cr:69 dsDNA 37
pH 7.5 |v|n22+ cr:104
Zn°’ cr:179
AR1-Cas9 #3 Tris 300 Mg~ cr:69 dsDNA 37
pH 7.5 |v|n22+ cr:104
Zn°" cr:179
AR1-Cas9 #4 Tris 300 Mg~* cr:69 dsDNA 37
pH 7.5 |v|n22+ cr:104
Zn°’ cr:179
AR1-Cas9 #5 Tris 300 Mg~* cr:69 dsDNA 37
pH 7.5 |v|n22+ cr:104
Zn°’ cr:179
AR1-Cas9 #6 Tris 300 Mg~ cr:69 ssDNA 37
pH 7.5 Mn?* cr:104 dsDNA
zZn** cr:179
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AR4-Cas9 #1 Tris 300 Mg“" | sgRNA- dsDNA 37
ph7.5 |v|n22+ 122
Zn°’
AR4-Cas9 #2 Tris 300 Mg“" | sgRNA- dsDNA 37
ph7.5 |v|n22+ 122
Zn°’
AR4-Cas9 #3 Tris 300 Mg~ | sgRNA- dsDNA 37
ph7.5 |v|n22+ 122
Zn°’
AR4-Cas9 #4 Tris 300 Mg“" | sgRNA- dsDNA 37
ph7.5 |v|n22+ 122
Zn°’

Table 2.3 In vitro cleavage conditions assayed for Cas9 from ARMAN-1 and
ARMAN-4. Note: grey boxes highlight the differences from standard assays.

Protein Guide

AR1-Cas9 crRNA
dAR1-Cas9 sgRNA-69
sgRNA-104
sgRNA-179

AR4-Cas9 crRNA
dAR4-Cas9 sgRNA-75
sgRNA-122

Table 2.4 In vivo E. coli targeting assays

2.4.7 Apparent recombination in archaeal Cas9 CRISPR system

Archaeal Cas9 homologs are among the smallest examples (~950aa) of
this diverse protein family described yet (Makarova et al. 2015; Chylinski et al.
2014). Phylogenetic analysis of Cas1 collected from all CRISPR systems (See
Methods) suggests that this archaeal CRISPR-Cas system does not clearly fall
into any existing type |l subtype (Figure 2.6 A). The presence of cas4 affiliates it
with type II-B systems (Chylinski et al. 2014; Makarova et al. 2015), yet the Cas9
sequence is more similar to type II-C proteins (Figure 2.7). Thus, the archaeal
type Il system may have arisen as a fusion of type II-C and II-B systems (Figure
2.7 B).
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A Cas1-based phylogeny of CRISPR systems
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Figure 2.6 Novelty of the reported CRISPR-Cas systems (A) Simplified
phylogenetic tree of the universal Cas1 protein. CRISPR types of known systems
are noted on the wedges and branches; the newly described archaeal Cas9
systems are indicated. (B) Proposed evolutionary scenario that gave rise to the
archaeal type Il system as a result of a recombination between type II-B and type
[I-C loci.
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Figure 2.7 Evolutionary tree of Cas9 homologues Maximum-likelihood
phylogenic tree of Cas9 proteins, showing the previously described systems
coloured based on their type. II-A, blue; II-B, green; II-C, purple. The archaeal
Cas9s (red) cluster with type II-C CRISPR-Cas systems, together with two newly
described bacterial Cas9 from uncultivated bacteria.

2.5 Discussion and Conclusion

The new CRISPR-Cas9 systems described here expand our
understanding of the diversity and evolution of CRISPR adaptive immunity. We
describe an apparently active system that targets viruses and mobile genetic
elements that co-occur in the microbial community (Figure 2.2 B and Figure 2.3).
Spacer content in the CRISPR system from ARMAN-1 is highly dynamic,
showing acquisition of different spacers over time and likely reflecting a high rate
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of viral infection in this environment (Figure 2.2 A). This is in contrast to the lone
spacer in ARMAN-4 that appears to be static over the same sampling period
(Figure 2.4). The Cas1/Cas2 adaptation module is noticeably absent from the
latter and explains the apparent lack of new spacer acquisition; however,
conservation of the single spacer hints at a potential regulatory role in this
organism. No activity could be detected for these systems despite the ability to
pinpoint a PAM sequence and predict the tracrRNA (Figure 2.2 B, Figure 2.5,
Table 2.3 and Table 2.4). It is tempting to speculate that archaeal Cas9 systems
are very rare given the paucity of RNase Ill homologs in archaea (Makarova et
al. 2015; Chylinski et al. 2014) and that some unknown consequence of the
unique evolutionary history (Figure 2.6 B) of the AR1-Cas9 CRISPR system has
allowed persistence in this archaeon.

The discovery of Cas9 in the archaeal domain of life highlights the power
of metagenomics to explore microbial diversity beyond what has been identified
using cultured organisms. These Cas9 proteins are the most compact observed
to date and the archaea in which they are found have similarly small genomes.
Since such organisms often depend on other community members for basic
metabolic requirements, they are difficult to study by traditional cultivation-based
methods. While no activity could yet be demonstrated, the small size of Cas9
proteins described here make these systems especially valuable for the
development of new genome editing tools. In addition to exploring difficult to
culture organisms, these techniques enable us to examine new genomes at a
rate unmatched by sequence analysis of isolates. Given that virtually all
environments where life exists can now be probed by metagenomic methods,
this combined computational-experimental approach can greatly expand the
diversity of known CRISPR-Cas systems and in turn provide new technologies
for biological research and clinical applications.
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Chapter 3

RNA-dependent RNA targeting by
CRISPR-Cas9

Content presented in this chapter has been previously published as part of the
following research article: Strutt, S.C., Torrez, R.M., Kaya, E., Negrete, O.A,,
Doudna, J.A. (2018). RNA-dependent RNA targeting by CRISPR-Cas9. Elife 7:
e32724.

For published studies: S.C.S., O.A.N., and J.A.D. designed the study and wrote

the manuscript. S.C.S., R.M.T., and E.K. conducted experiments with
supervision from O.A.N. and J.A.D.
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3.1 Chapter Summary

Double-stranded DNA (dsDNA) binding and cleavage by Cas9 is a
hallmark of type Il CRISPR-Cas bacterial adaptive immunity. All known Cas9
enzymes are thought to recognize DNA exclusively as a natural substrate,
providing protection against DNA phage and plasmids. Here we show that Cas9
enzymes from both subtypes II-A and II-C can recognize and cleave single-
stranded RNA (ssRNA) by an RNA-guided mechanism that is independent of a
protospacer-adjacent motif (PAM) sequence in the target RNA. RNA-guided RNA
cleavage is programmable and site-specific, and we find that this activity can be
exploited to reduce infection by single-stranded RNA phage in vivo. We also
demonstrate that Cas9 can direct PAM-independent repression of gene
expression in bacteria. These results indicate that a subset of Cas9 enzymes
have the ability to act on both DNA and RNA target sequences, and suggest the
potential for use in programmable RNA targeting applications.

3.2 Introduction

Prokaryotic clustered regularly interspaced short palindromic repeat
(CRISPR)-CRISPR-associated (Cas) systems provide immunity against plasmids
and bacteriophage by using foreign DNA stored as CRISPR spacer sequences
together with Cas nucleases to stop infection (Wright et al. 2016; Mohanraju et
al. 2016). One such nuclease, Cas9 of the type Il systems, employs a CRISPR
RNA (crRNA) and a trans-activating crRNA (tracrRNA) to target spacer-
complementary regions (protospacers) on the foreign genetic element to guide
double-stranded DNA cleavage (Jinek et al. 2012). A protospacer adjacent motif
(PAM) must also be present for the Cas9-RNA complex to bind and cleave DNA
(Jinek et al. 2012; Gasiunas et al. 2012; Anders et al. 2014; Szczelkun et al.
2014). Combining the crRNA and tracrRNA into a chimeric, single-guide RNA
(sgRNA) simplified the system for widespread adoption as a versatile genome
editing technology (Jinek et al. 2012).

To date, both genetic and biochemical data support the conclusion that in
vivo, Cas9 is exclusively a DNA-targeting enzyme. Nonetheless, multiple studies
have harnessed Cas9 for RNA targeting under specific circumstances. For
example, the S. pyogenes Cas9 (SpyCas9) can be supplied with a short DNA
oligo containing the PAM sequence (a PAMmer) to induce single-stranded RNA
(ssRNA) binding and cutting (O’Connell et al. 2014; Nelles et al. 2016). More
recently, it was demonstrated that SpyCas9 could be used to target repetitive
RNAs and repress translation in certain mRNAs in the absence of a PAMmer (Liu
et al. 2016; Batra et al. 2017). A different Cas9 homolog from Francisella
novicida (FnoCas9) has been implicated in degradation of a specific mMRNA but
through a mechanism independent of RNA-based cleavage (Sampson et al.
2013). Together with evidence that some Cas9 homologs can target single-
stranded DNA substrates under some conditions (Ma et al. 2015; Zhang et al.
2015), these studies raised the possibility that certain Cas9 enzymes might have
intrinsic RNA-guided RNA cleavage activity.

To determine whether evolutionarily divergent Cas9 homologs have a
native capacity for programmable RNA targeting, we compared biochemical
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behavior of enzymes from the three major Cas9 subtypes. This analysis revealed
that certain type II-A and |I-C Cas9s can bind and cleave single-stranded RNA
sequences with no requirement for a PAM or PAMmer. Furthermore, we found
that this activity can inhibit gene expression and confer moderate protection
against infection by ssRNA phage through a mechanism reminiscent of RNA-
guided DNA targeting. These results establish the utility of Cas9 for facile RNA-
guided RNA targeting and suggest that this activity may have biological
relevance in bacteria.

3.3 Methods

3.3.1 Phylogenetic tree construction and RNA folding

Cas9 homolog sequences were obtained from Chylinski and colleagues
(Chylinski et al. 2014). A structure-guided alignment was produced using
PROMALS3D (Pei et al. 2008) and a maximum-likelihood tree was inferred using
PHYML3.0 (Guindon et al. 2010). The structure of the pUC ssRNA target was
predicted using Mfold (Zuker 2003).

3.3.2 Protein purification

All proteins were expressed as His-MBP fusions (Addgene vector #29706)
in E. coli strain BL21(DE3). Cells were grown to an ODsggo of 0.6-0.8, induced with
0.4M IPTG, and then incubated overnight at 16°C with shaking. Proteins were
purified using Superflow Ni-NTA affinity resin (Qiagen, Valencia, CA), followed by
a HiTrap HP Heparin column (GE Healthcare, Pittsburgh, PA) and gel filtration on
a Superdex S200 (GE Healthcare, Pittsburgh, PA), as previously described
(Jinek et al. 2012).

3.3.3 Oligonucleotide purification and radiolabeling

DNA oligonucleotides were synthesized by IDT (Coralville, 1A). Target
RNAs and sgRNAs were transcribed in vitro as previously described (Sternberg
et al. 2012). DNA targets and in vitro transcribed RNAs were gel purified by 7M
urea denaturing PAGE. Target RNAs and DNAs were 5° end-labeled with [y-P32-
ATP] by treatment with PNK (NEB, Ipswich, MA). T1 sequencing and hydrolysis
ladders were prepared according to manufacturer’s directions (Ambion, Grand
Island, NY). A list of all sgRNAs and targets can be found in Table 3.1.

Name Sequence from 5' -> 3

In vitro targets

ssRNA GGGCAGCAUUCAACCAUAUGGCAUCCGCUUACAGCCAAGCUGUGA
CC

dsRNA - TS GGGCAGCAUUCAACCAUAUGGCAUCCGCUUACAGCCAAGCUGUGA
CC

dsRNA - NTS GGUCACAGCUUGGCUGUAAGCGGAUGCCAUAUGGUUGAAUGCUG
CCC

ssDNA GGGCAGCATTCAACCATATGGCATCCGCTTACAGCCAAGCTGTGAC
C

dsDNA - TS GGGCAGCATTCAACCATATGGCATCCGCTTACAGCCAAGCTGTGAC
C
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dsDNA - NTS

GGTCACAGCTTGGCTGTAAGCGGATGCCATATGGTTGAATGCTGCC
C

PAMmer CCATATGGTTGAATGCTGCCC
PAMmer control GAAGCCCTGAAAGACGCGCAG
NTS ssRNA GGUCACAGCUUGGCUGUAAGCGGAUGCCAUAUGGUUGAAUGCUG

CCC

ssRNA mutant anti-PAM

GGGCAGCCAAGUCCCAUAUGGCAUCCGCUUACAGCCAAGCUGUGA
CC

dsRNA mutant anti-PAM
-TS

GGGCAGCCAAGUCCCAUAUGGCAUCCGCUUACAGCCAAGCUGUGA
CC

dsRNA mutant anti-PAM
—NTS

GGUCACAGCUUGGCUGUAAGCGGAUGCCAUAUGGUUGAAUGCUG
CCC

2nt 3" end of guide NTS

GGUCACAGCUUGGCUGUAAGCGGAUGCCAUAUAAUUGAAUGCUGC
CC

6nt 3" end of guide NTS

GGUCACAGCUUGGCUGUAAGCGGAUGCCUAUAAAUUGAAUGCUGC
CC

12nt 3" end of guide
NTS

GGUCACAGCUUGGCUGUAAGCGUUACAGUAUAAAUUGAAUGCUGC
CC

23nt Bubble/mutant anti-
PAM - NTS

GGUCACAGCUUAAUGAAUUCAAUUACAGUAUAAAUUGAAUGCUGC
CC

2nt 5" end of guide NTS

GGUCACAGCUUAACUGUAAGCGGAUGCCAUAUGGUUGAAUGCUGC
CC

6nt 5" end of guide NTS

GGUCACAGCUUAAUGAAAAGCGGAUGCCAUAUGGUUGAAUGCUGC
CC

12nt 5" end of guide
NTS

GGUCACAGCUUAAUGAAUUCAAUAUGCCAUAUGGUUGAAUGCUGC
CC

pUC target RNA

GGGCAGCAUUCAACCAUAUGGCAUCCGCUUACAGCCAAGCUGUGA
CC

ON target RNA

GGGAUUCAACCAUAUGGCAUCCGCUUACAGCCAAGCUG

OFF target RNA

GGGUUUUAUUUUGGAUUUGGAAACGAGAGUUUCUGGUCAUGAA

GFP2 dsDNA - TS

GGGCAGCTGTCCCCCATATGGCATCCGCTTACAGCCAAGCTGTGAC
C

GFP2 dsDNA - NTS

GGTCACAGCTTGGCTGTAAGCGGATGCCATATGGGGGACAGCTGCC
C

GFP4 dsDNA - TS

GGGCAGCCTGTCCCCATATGGCATCCGCTTACAGCCAAGCTGTGAC
C

GFP4 dsDNA - NTS

GGTCACAGCTTGGCTGTAAGCGGATGCCATATGGGGACAGGCTGCC
C

GFP6 dsDNA - TS

GGGCAGCTATTTGCCATATGGCATCCGCTTACAGCCAAGCTGTGAC
C

GFP6 dsDNA - NTS

GGTCACAGCTTGGCTGTAAGCGGATGCCATATGGCAAATAGCTGCC
C

In vitro sgRNAs

Spy

GGCUGUAAGCGGAUGCCAUAGUUUUAGAGCUAGAAAUAGCAAGUU
AAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGU
CGGUGCUUUUuUU

Sau

GGCUGUAAGCGGAUGCCAUAUGGGUUUUAGUACUCUGGAAACAGA
AUCUACUAAAACAAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUG
UUGGCGAGAUUUUU

Cje

GGCUGUAAGCGGAUGCCAUAUGUUUUAGUCCCUUUUUAAAUUUCU
UUAUGGUAAAAUUAUAAUCUCAUAAGAAAUUUAAAAAGGGACUAAA
AUAAAGAGUUUGCGGGACUCUGCGGGGUUACAAUCCCCUAAAACC
GCUU
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Fno

GGCUGUAAGCGGAUGCCAUAUGUUUCAGUUGCGCCGAAAGGCGC
UCUGUAAUCAUUUAAAAGUAUUUUGAACGGACCUCUGUUUGACAC
GUCUG

GFP repression targets

Spy PAM adjacent

AATTCTTGTTGAATTAGATGGTGA

None PAM adjacent

CACTACTGGAAAACTACCTGTTC

Sau PAM adjacent

ACCTATGGTGTTCAATGCTTTTC

Dual PAM adjacent

ATTGGCGATGGCCCTGTCCTTTT

GFP tiled sgRNAs

RBS

CAUGGUACCUUUCUCCUCUUUAAGUUUUAGUACUCUGGAAACAGA
AUCUACUAAAACAAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUG
UUGGCGAGAUUUUUU

GFP1

CCAGUGAAAAGUUCUUCUCCUUUGUUUUAGUACUCUGGAAACAGA
AUCUACUAAAACAAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUG
UUGGCGAGAUUUUUU

GFP2

CACCAUCUAAUUCAACAAGAAUUGUUUUAGUACUCUGGAAACAGAA
UCUACUAAAACAAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUGU
UGGCGAGAUUUUUU

GFP3

CAGAAAAUUUGUGCCCAUUAACAGUUUUAGUACUCUGGAAACAGAA
UCUACUAAAACAAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUGU
UGGCGAGAUUUUUU

GFP4

AGCAUCACCUUCACCCUCUCCACGUUUUAGUACUCUGGAAACAGA
AUCUACUAAAACAAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUG
UUGGCGAGAUUUUUU

GFP5

AAUUUAAGGGUGAGUUUUCCGUUGUUUUAGUACUCUGGAAACAGA
AUCUACUAAAACAAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUG
UUGGCGAGAUUUUUU

GFP6

GAACAGGUAGUUUUCCAGUAGUGGUUUUAGUACUCUGGAAACAGA
AUCUACUAAAACAAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUG
UUGGCGAGAUUUUUU

GFP7

CGGGCAUGGCACUCUUGAAAAAGGUUUUAGUACUCUGGAAACAGA
AUCUACUAAAACAAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUG
UUGGCGAGAUUUUUU

GFP8

AAAGAUAUAGUGCGUUCCUGUACGUUUUAGUACUCUGGAAACAGA
AUCUACUAAAACAAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUG
UUGGCGAGAUUUUUU

GFP9

ACGCGUCUUGUAGGUCCCGUCAUGUUUUAGUACUCUGGAAACAGA
AUCUACUAAAACAAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUG
UUGGCGAGAUUUUUU

GFP10

UUUAAAAUCAAUACCCUUUAACUGUUUUAGUACUCUGGAAACAGAA
UCUACUAAAACAAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUGU
UGGCGAGAUUUUUU

GFP11

GUUGAACGGAACCAUCUUCAACGGUUUUAGUACUCUGGAAACAGA
AUCUACUAAAACAAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUG
UUGGCGAGAUUUUUU

GFP12

AUGUGUAAUCCCAGCAGCAGUUAGUUUUAGUACUCUGGAAACAGA
AUCUACUAAAACAAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUG
UUGGCGAGAUUUUUU

GFP2 noncoding

AAUUCUUGUUGAAUUAGAUGGUGGUUUUAGUACUCUGGAAACAGA
AUCUACUAAAACAAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUG
UUGGCGAGAUUUUUU

GFP6 noncoding

CACUACUGGAAAACUACCUGUUCGUUUUAGUACUCUGGAAACAGA
AUCUACUAAAACAAGGCAAAAUGCCGUGUUUAUCUCGUCAACUUG
UUGGCGAGAUUUUUU
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Table 3.1 List of sequences used in this study

3.3.4 In vitro cleavage assays

Cas9 was reconstituted with equimolar sgRNA in 1x cleavage buffer (20
mM Tris-HCI — pH 7.5, 200 mM KCI, 1 mM TCEP, 5% glycerol, 5 mM MgClI2) for
10 min at 37°C, then immediately placed on ice. Cleavage reactions were
conducted with 1 nM target and 10 nM reconstituted Cas9-sgRNA in 1x cleavage
buffer unless otherwise noted. Structured RNA substrates were prepared by
annealing two separate in vitro transcribed RNAs. The target strand was
annealed with 10-fold excess of the non-target strand to ensure that all target is
complexed prior to the cleavage reaction. Reactions were incubated at 37°C for
the indicated time and quenched in Heparin-EDTA buffer (10 yg/ml heparin, 25
mM EDTA) at 25°C for 5 min. Reactions were diluted with 2x Formamide loading
buffer and incubated at 95°C for 5 min prior to separation on a 15% denaturing
7M urea PAGE gel. Gels were dried overnight and exposed to a phosphor
imaging screen (Amersham/GE Healthcare, Pittsburgh, PA). Results were
visualized on a Typhoon (GE Healthcare, Pittsburgh, PA) and quantified in
ImageQuantTL (v8.1, GE Healthcare, Pittsburgh, PA). The cleaved fraction of
total signal was calculated independently for three separate experiments and
were fit with a one-phase exponential decay model in Prism7 (GraphPad
Software, La Jolla, CA).

3.3.5 Filter binding and electrophoretic mobility shift assays

Binding reactions consisted of 750 nM catalytically inactive SauCas9
reconstituted with sgRNA to the final concentrations indicated. Radiolabeled
target RNA was added to a final concentration of 1nM and the reactions were
incubated at 37°C for one hour. Bound probe was separated from unbound using
a three-filter system on a vacuum manifold (Rio 2012). Membranes were allowed
to dry prior to phosphor imaging and quantification. EMSAs were performed in
the presence of 300 nM dSauCas9 and 1 nM radiolabeled target strand DNA pre-
annealed in the presence of 10x non-target strand. Complexes were incubated at
37°C for one hour prior to separation on 6% non-denaturing PAGE. Gels were
dried prior to phosphor imaging. Three independent experiments were performed
and the fraction of bound out of total signal was calculated in ImageQuantTL.
Binding isotherms were determined in Prism7 using a one-site binding model.

3.3.6 MS2 screen and plaque assay

All guides of length 20-23 nt antisense to the MS2 bacteriophage genome
were synthesized (CustomArray Inc., Bothell, WA) and cloned into a guide
expression vector (Oakes et al. 2016) modified with the SauCas9 sgRNA
scaffold. XL1-Blue E. coli cells with a vector containing a tetracycline-inducible
wtSauCas9 construct were made electrocompetent and transformed with the
MS2-guide plasmid library in triplicate. Approximately 1 x 10° transformants were
grown for 30 min at 37°C with shaking prior to addition of antibiotics and 10nM
anhydrotetracycline (aTc) (Sigma, St. Louis, MO) for protein induction. After an
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additional 30 min of growth, cultures were split into three equal pools and treated
with none, 3.3 x 10°, or 3.3 x 10" MS2 bacteriophage. After three hours of
infection, cells were plated on LB-agar supplemented with antibiotics and
incubated at 37°C for 16 hours. Plates were scraped with LB and plasmids were
isolated using a MidiPrep kit (Qiagen, Valencia, CA), according to the
manufacturer’s protocol. High-throughput sequencing libraries were prepared by
PCR amplification of the variable region of the guide plasmid. Dual unique-
molecular identifiers (UMIs), included to separate true single-nucleotide
mismatches, as well as duplicates, from PCR artifacts (Kou et al. 2016), were
incorporated during a single round of PCR. Excess UMIs were removed by Exol
digestion (Thermo Scientific, Waltham, MA) prior to library amplification and
barcoding. Individual guides (Supplemental File 1) were cloned using
oligonucleotides synthesized by IDT and co-transformed into XL1-Blue E. coli
cells with the SauCas9 vector. Resistance to MS2 bacteriophage was conducted
using a soft-agar overlay method (Abudayyeh et al. 2016) and plaque forming
units (PFUs) were calculated. To minimize variability in plaquing efficiency, the
same phage dilutions were used for all experiments.

3.3.7 MS2 survival and mismatch analysis

After applying a low-pass filter, reads were trimmed using cutadapt v. 1.14
(Martin 2011) and paired-end overlapping reads were merged using pandaseq
(Masella et al. 2012) for error correction. Reads were mapped to the MS2
genome with bowtie2 v2.3.0 (Langmead and Salzberg 2012) using the “very-
sensitive” option and de-duplicated based on the dual-UMI (Smith et al. 2017).
Feature counts were obtained using HTSeqg-count (Anders et al. 2015).
Differential expression was calculated using standard pipelines implemented in
‘edgeR” (Robinson et al. 2010; McCarthy et al. 2012). Significantly enriched
guides were defined as those with an FDR-corrected p-value < 0.05. Guides with
a positive fold-change compared to the control were mapped to the MS2 genome
and visualized using the “Sushi” package (Phanstiel et al. 2014). To examine for
nucleotide composition bias, sequences of guides with a significant positive
enrichment were aligned at the 3" end (PAM-proximal) and motifs were analyzed
using the WebLogo server (Crooks et al. 2004). The distribution of log, fold-
change values of significantly enriched guides plotted as box and whisker plots in
Prism. The secondary structure of the MS2 genome was obtained from (Dai et al.
2017) and reads were mapped and visualized in Forna (Kerpedjiev et al. 2015).
Log, fold-change values of single-nucleotide mismatch (SNP) guides for each
treatment were partitioned by length and averaged at each position. High-
throughput sequencing data accompanying this paper are available through the
Sequencing Read Archive under the BioProject accession number
PRJNA413805.

3.3.8 E. coli in vivo GFP repression

Based on the system outlined previously, SauCas9 was cloned into a
tetracycline-inducible vector, while individual guides are under control of a
constitutive promoter (Oakes et al. 2016). Plasmids were transformed into an E.
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coli strain with a GFP reporter gene integrated into the chromosome (Qi et al.
2013). Cultures were grown in M9 medium supplemented with 0.4% w/v glucose
to mid-log phase and diluted to an ODegoo of 0.05 prior to transfer to a Tecan
Microplate reader (Tecan Systems, San Jose, CA). Protein expression was
induced with 10 nM aTc. GFP and ODgpo were measured every ten minutes for at
least 18 hours. Curves of GFP expression over time were fit with a logistic growth
model in Prism. At 80% of the maximum value, or at least after 16 hours of
growth, the GFP signal was normalized by cell density at ODgoo. To account for
effects of guide and protein expression, GFP/ODgypy was normalized to a null
guide or null protein culture, respectively. As expression of different guides
change GFP expression levels, the ratio between normalized RNP and guide
values was taken to allow comparison of RNP-based repression across different
guides. All experiments were conducted in triplicate and all graphing and
quantitative analyses were conducted in Prism. Guide and target sequences can
be found in Table 3.1.

3.4 Results

3.4.1 Cas9 catalyzes PAM-independent RNA-guided RNA cleavage

To assess whether divergent Cas9 enzymes can catalyze binding to and
cleavage of RNA substrates by a mechanism distinct from that of double-
stranded DNA cleavage, we tested homologs from the three major subtypes of
Cas9 proteins for their ability to cleave single-stranded RNA in vitro (Figure 3.1
A, B and Figure 3.2 A-C). When programmed with a cognate sgRNA, S. aureus
Cas9 (SauCas9) and C. jejuni Cas9 (CjeCas9) direct cleavage of RNA in the
absence of a PAMmer (Figure 3.1 and Figure 3.2). No RNA cleavage was
detected using SpyCas9, which requires a PAMmer for efficient RNA cleavage in
vitro (O’Connell et al. 2014), or using F. novicida Cas9 (FnoCas9). While the
cleavage efficiencies for both SauCas9 and CjeCas9 are indistinguishable
(Figure 3.2 D), we focused on the activity of SauCas9 due to the abundance of
mechanistic and structural data for this enzyme (Nishimasu et al. 2015; Ran et al.
2015; Kleinstiver et al. 2015).
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Figure 3.1 SauCas9 cleaves single-stranded RNA without a PAMmer
(A) Schematic of Cas9 proteins tested for sgRNA mediated RNA cleavage.
RuvC, RuvC nuclease domain; BH, bridge-helix; REC, recognition domain; HNH,
HNH nuclease domain; PLL, phosphate-lock loop; WED, wedge domain; PI,
PAM-interacting domain. Adapted from (Nishimasu et al. 2014; 2015; Hirano et
al. 2016; Yamada et al. 2017). (B) Representative in vitro cleavage of ssRNA by
Cas9-sgRNA RNP complexes of homologs in (A). Radiolabeled pUC target RNA
was incubated with Cas9 RNP at 37°C and time points were taken at 0, 10, 30,
and 60 min. Full time course is presented in Figure 3.2 B. T1 indicates size
markers generated by RNase T1 digestion of ssSRNA target. Size in nucleotides
is indicated on the left. (C) (Left) In vitro cleavage assay of various RNA
substrates (Right). Full time course is presented in Figure 3.4.
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Figure 3.2 RNA is cleaved by SauCas9 and CjeCas9

(A) Phylogenetic tree of Cas9 homologs assayed for ssRNA cleavage activity.
Tree was generated using homologs gathered from (Chylinski et al. 2014). Only
homologs tested for activity are highlighted as leaves on the tree. Clades are
colored by Cas9 sub-type. (B) Representative in vitro cleavage gel for ssRNA
targeting by various Cas9 homologs in (A). Target used for cleavage was the
pUC ssRNA. Time points are 0, 1, 2, 5, 10, 30, 60, and 120 mins. T1 RNase
digest size fragments are given on the left. (C) Quantification of fraction cleaved
in (B). Fit was determined in Prism using a single-exponential decay model. Error
bars represent the mean + S.D. (n=3). (D) Apparent pseudo-first order fit
parameters of the data in (C) where ‘% cleaved' indicates the fraction of
substrate cleaved when the reaction plateaus (mean + S.D.).

RNA cleavage activity and products were similar to those of canonical
Cas9-mediated DNA cleavage activity in vitro. RNA targeting by SauCas9
requires the presence of a guide RNA and a catalytically-active protein, as both
apo protein lacking the guide RNA and a catalytically inactive mutant (D10A and
N580A) do not cleave RNA (Figure 3.3 A). Furthermore, addition of EDTA to
chelate divalent metal ions abolished RNA cleavage, verifying that divalent metal
ions are necessary for catalysis. As with DNA substrates (Sternberg et al. 2014),
incubation of SauCas9 with an excess of RNA target demonstrated that cleavage
is single-turnover (Figure 3.3 B and C). Hydrolysis mapping of the cleavage
product revealed that the predominant RNA cleavage site is shifted by one
nucleotide compared to the site of DNA cleavage (Garneau et al. 2010; Jinek et
al. 2012; Gasiunas et al. 2012) (Figure 3.3 D and E). The shift is consistent with
that observed for PAM-dependent SpyCas9 RNA-cleavage (O’Connell et al.
2014) and is likely due to the more compact geometry of an RNA-RNA helix
relative to an RNA-DNA hybrid helix (Wang et al. 1982).
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Figure 3.3 ssRNA cleavage is similar to canonical dsDNA cleavage by Cas9
(A) In vitro SauCas9 cleavage assay of ssRNA. Reactions were incubated with
wild-type (Wt SauCas9) or catalytically-inactive dSauCas9 (D10A and N580A) in
the presence or absence of sgRNA as indicated above the reactions. EDTA was
included at 25mM where applicable. (B) SauCas9 ssRNA cleavage is single-
turnover. SauCas9 RNP was incubated with the RNA target in the various ratios
indicated. (A and B) Time points are 0, 1, 2, 5, 10, 30, 60, and 120 mins. T1
RNase digest size fragments are given on the left. Target used for cleavage was
the pUC ssRNA. (C) Graphical representation of ssRNA fraction cleaved of
reactions in (B). Fit was determined in Prism using a single-exponential decay
model. Error bars represent the mean + S.D. (n=3). (D) Mapping of SauCas9
ssRNA cleavage site. Reaction products from a 2-hr incubation of SauCas9 RNP
with the pUC ssRNA target were separated on a 15% denaturing PAGE gel with
a hydrolysis and T1 digest ladder to determine exact site of the major cleavage
product. (E) Diagram of canonical DNA cleavage position and ssRNA cleavage
position as determined in (D).

SauCas9 targets ssRNA in the absence of a PAMmer, a contrast to
SpyCas9 targeting of ssRNA (O’Connell et al. 2014). Testing SauCas9 in vitro
ssRNA cleavage in the presence of a PAMmer (30x molar excess over ssRNA
target) revealed that turn-over was two-fold slower than the reaction with only
target ssRNA (Figure 3.1 C and Figure 3.4 C). SauCas9 ssRNA cleavage
conducted in the presence of a non-complementary, control DNA oligo did not
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yield a similar reduction in cleavage rate (Figure 3.4 C), indicating that the
complementary PAMmer impairs RNA cleavage activity. Consistent with
cleavage being guide-dependent, single-stranded RNA that is not
complementary to the sgRNA is not cleaved (Figure 3.1 and Figure 3.4). Double-
stranded RNA (dsRNA) is also not a substrate for SauCas9.
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Figure 3.4 SauCas9 cleavage of different nucleic acid substrates.

(A) Representative cleavage assay of nucleic acid substrates diagramed in (B)
by SauCas9. Asterisk denotes an off-target cleavage site. Time points are 0, 1, 2,
5, 10, 30, 60, and 120 mins. T1 RNase digest size fragments are given on the
left. (C) Quantification of results in (A). Fit was determined in Prism using a
single-exponential decay model. Error bars represent the mean £ S.D. (n=3).
Apparent pseudo-first order rate constant (kgeave £ S.D.) is given to the right of
the substrate legend. N.D. indicates that an accurate rate cannot be determined

due to the reaction reaching completion before the second time point. N.s., not
significant.

Given that Cas9 proteins are active with different length guide RNA
segments (~20 - 24 nt) (Chylinski et al. 2013; Ran et al. 2015; Kim et al. 2017a),
we tested whether longer guide segments might enhance ssRNA targeting
activity. Increasing the length of the targeting region of the guide up to 23 nt
results in tighter binding and more efficient cleavage (Figure 3.5), mirroring the
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preference for longer guides for DNA cleavage (Ran et al. 2015). Extending the
guide strand complementarity to the target beyond 23 nt did not increase RNA
target binding or cleavage efficiency, indicating that 23 nt is the optimal length for
in vitro binding and targeting applications. The apparent dissociation constant
(K4.app) Of the SauCas9-sgRNA complex (23 nt targeting region) for the ssRNA
target is 1.8 £ 0.09 nM (Figure 3.5 D), which is ~5x weaker than the 0.34 + 0.03
nM binding affinity measured for a dsDNA substrate of the same sequence.
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Figure 3.5 SauCas9 prefers a complementary region of 23nt for binding and
cleavage

(A) Diagram of pUC ssRNA target and regions of complementary for the different
length sgRNAs. (B) Representative in vitro cleavage assays using sgRNAs with a
complementary region to the target of the indicated lengths. Time points are 0, 1,
2, 5,10, 30, 60, and 120 mins. T1 RNase digest size fragments are given on the
left. (C) Quantification of cleavage products from reactions in (B). Length of
targeting region of the sgRNA given as n-mer. Fit was determined in Prism using
a single-exponential decay model. Error bars represent the mean £ S.D. (n=3).
(D) Filter binding data for dSauCas9 and the structured RNA substrates were fit
in Prism using a one-site binding model and the apparent dissociation constant
(Ka4,app) Was determined. Bars represent the mean + S.D. (n=3).
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3.4.2 Cleavage efficiency is impaired by duplex regions in target RNA

We noted that SauCas9-catalyzed ssRNA cleavage is limited to ~30%
fraction cleaved (Figure 3.4), compared to >80% fraction cleaved for ssDNA and
dsDNA targets. Greater thermodynamic stability of RNA secondary structures,
relative to those in ssDNA (Bercy and Bockelmann 2015), might occlude
SauCas9-sgRNA binding to an ssRNA target sequence, a possibility that we
tested using a panel of partially duplexed RNA substrates (Figure 3.6).
Previously, introduction of a short segment of mismatched base pairs to mimic
partially unwound dsDNA substrates was shown to enhance the ability of type II-
C Cas9s (including CjeCas9) to unwind and cleave dsDNA (Ma et al. 2015).
Here, we found that duplex-RNA substrates containing a 2- or 6-base pair
mismatched segment located near the 5" or 3" end of the 23 nt guide RNA region
of the sgRNA could not be cleaved (Figure 3.6 A-C, substrates 5, 6, 10, and 11).
However, when the unpaired region was increased to 12-base pairs, SauCas9
was able to cleave the target strand. There was a slight cleavage preference for
RNA substrates in which the 12-base pair mismatched segment is located near
the 5" end of the guide sequence of the sgRNA (Figure 3.6 A-C, substrates 7 and
12).
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Figure 3.6 In vitro RNA cleavage is impaired by strong secondary structure
(A) Schematic representation of structured RNA targets for in vitro cleavage
assays. Symbols on right indicate relative level of cleavage activity for each
substrate: “-” , no cleavage; “+”, low cleavage; “++”, medium cleavage; “+++” high
cleavage. (B) Representative cleavage assay of partially-duplexed RNA targets
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diagrammed in (A). T1 indicates size markers generated by RNase T1 digestion
of ssRNA target. Size in nucleotides is indicated on the left. (C and D) Fraction of
target cleaved (C) and Kyapp (D) for substrates diagrammed in (A). Fits were
determined in Prism using a single-exponential decay and a one-site binding
model, respectively. Bars represent mean + S.D. (n=3). N.s. denotes no
significant cleavage or binding.

Interestingly, the 23-base pair mismatched segment RNA substrates
(‘Bubble’ substrates 8 and 9) are targeted more efficiently than their ssRNA
counterparts (substrates 1 and 2) (Figure 3.6 C). We measured the binding
affinity of all substrates and found that both the 23-base pair mismatched
segment RNA and ssRNA substrates are bound with similar affinity (Figure 3.6
D). Furthermore, the apparent difference in cleavage efficiency was not due to
the presence of a double-stranded PAM sequence, as mutating the PAM region
does not impair cleavage (Figure 3.6 C, compare substrates 8 and 9). We
hypothesize that RNA containing a mismatched segment presents a more
accessible substrate to the Cas9-sgRNA complex due to stable annealing
between the ends of the non-target and target strands, whereas the ssRNA
substrate alone has ends that are predicted to stabilize a conformation that is
partially structured and therefore inaccessible (Figure 3.7 A).
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Figure 3.7 RNA cleavage is limited by the RNA target
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(A) Predicted secondary structure of target RNA used in this study. (B) In vitro
cleavage assay of ssRNA with SauCas9 was conducted for 2 hr (time points: 0O,
1, 2, 5, 10, 30, 60, 120 mins). The reaction was split and SauCas9-sgRNA RNP
or apo SauCas9 were added. The reaction was further incubated at 37°C and
additional time points at were taken to check for additional cleavage of the target.
Time points were taken at 0, 1, 2, 5, 10, 30, 60, and 120 mins post-RNP/apo
SauCas9 addition. (C) Fit for data in (B) was determined in Prism using a single-
exponential decay model. Error bars represent the mean = S.D. (n=3). (D) In vitro
cleavage assay of two ssRNA targets added sequentially. After 60 min incubation
of SauCas9 with the pUC target, another target containing either the same
recognition sequence (ON target — reaction 1) or an unrelated sequence (OFF
target — reaction 2) were added to the reaction. Cleavage was assayed for an
additional 60 mins (time points: 0, 10, 30, 60 min). Reactions containing only the
second target (Reactions 3 and 4) were conducted with SauCas9 RNP that was
incubated for 60min at 37°C prior to addition to the cleavage reaction. (E)
Quantification of cleavage of second target in (D) for time points after addition. Fit
was determined in Prism using a single-exponential decay model. Error bars
represent the mean + S.D. (n=3).

An alternative hypothesis to explain the limited cleavage of ssRNA
substrates is that SauCas9 enzyme inactivation occurs over the course of the
reaction, even with SauCas9 protein-sgRNA (ribonucleoprotein, RNP) present in
10-fold excess relative to the ssRNA substrate. To test this, we spiked reactions
with fresh SauCas9 protein alone or SauCas9 RNP after reactions reached
equilibrium; however, we did not observe an increase in the amount of ssRNA
cleavage (Figure 3.7 B and C). We also tested whether the SauCas9 RNP was
able to cleave a second ssRNA substrate that was added to the reaction after it
reached completion (Figure 3.7 D and E). After 1hr of incubation, the addition of
a second target ssRNA complementary to the guide RNA resulted in a burst of
cleavage activity, whereas a non-complementary ssRNA substrate did not
stimulate cleavage. The second target ssRNA is cleaved to a comparable extent
to that observed when this second target was the only substrate in the reaction
(Figure 3.7 D and E, compare reactions 1 and 3). These observations suggest
that SauCas9 RNP is still competent and available for cleavage at the end of the
reaction and that a property intrinsic to the ssRNA substrate is the limiting factor.
We propose that the observed difference in cleavage extents for various RNA
substrates reflects the fraction of molecules that are structurally accessible for
cleavage by the SauCas9 RNP.

3.4.3 SauCas9 confers in vivo protection against RNA phage

Based on the biochemical ability of SauCas9 RNP to bind and cleave
ssRNA substrates, we wondered whether this activity might provide protection
against RNA phage infection in bacteria. To test this, we generated a plasmid
library encoding sgRNAs containing guide sequences complementary to the
genome of MS2, a single-stranded RNA phage that can infect E. coli. A subset of
these sgRNAs contained scrambled guide sequences that should not target
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MS2, providing negative controls. Another sgRNA subset included single-
nucleotide mismatches introduced at each position of a target sequence to test
for mismatch sensitivity in ssSRNA recognition. This plasmid library, comprising
18,114 sgRNAs, was co-transformed into E. coli along with a vector encoding a
catalytically active version of SauCas9 and the population of transformants was
subjected to infection by bacteriophage MS2 (Figure 3.8 A). The experiment was
performed in biological triplicate and included an untreated control population
and two experimental conditions (multiplicities of infection (MOls) of 10 and 100).
After selection, plasmids were recovered from surviving colonies and sequenced
(Figure 3.8 A).
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Figure 3.8 SauCas9 confers in vivo protection against an RNA phage

(A) Overview of MS2 targeting screen. Guides tiled against the library were
cloned into sgRNA expression plasmids and co-transformed into E. coli with a
plasmid containing wild-type SauCas9 under inducible control. Plasmids from
surviving colonies after MS2 selection were recovered and sequenced. For more
detail, see Methods. (B) Number of guides with significant positive enrichment
from three biological experiments. SNP, guides with single-nucleotide mismatch.
(C) Box and whiskers plot of average log, fold-change of perfect MS2 guides by
length. Whiskers represent 5% and 95% values with outliers graphed as points.
*p < 0.05, **p < 0.01, ****p < 0.0001, by one-way ANOVA. (D) (Upper) Log: fold-
change of guides with an FDR-corrected p-value < 0.05 mapped to the MS2
genome for MOI-100 treatment. Schematic of MS2 genome is provided above.
(Lower) Individual guides mapped to highlighted regions of MS2 genome. Other
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graphs for MOI-10 and -100 treatments are presented in Figure 3.9. (E)
Representative plaque assay of SauCas9 in vivo protection. E. coli containing
constructs on the right are spotted with various phage dilutions as indicated. Scr
signifies that the targeting portion of the guide has been scrambled to serve as a
non-targeting control. (F) Relative plaque forming units (PFU) (mean + S.D., n=3)
from results in (E). More guides and controls are presented in Figure 3.11.

We identified between 131 and 166 sgRNAs that were significantly
enriched (false discovery rate (FDR)-adjusted p-value < 0.05) in the two different
MS2 infection conditions (Figure 3.8 B). The majority of these sgRNAs were
perfectly complementary to the MS2 genome, and only three and five control
sgRNAs (out of 708 total control sgRNAs) for the MOI-10 and -100 conditions,
respectively, were enriched (Figure 3.9 B). The lengths of enriched guide
sequences were skewed towards shorter targeting lengths (Figure 3.9 A, left);
however, this likely reflects bias in the cloned input library since the ratio between
the enriched guide sequences and those of the library without phage selection
are similar (Figure 3.9 A, right). When comparing the degree of enrichment
between the different guide lengths, the 23-nt guide segment sgRNAs were
preferentially enriched over those of shorter length (Figure 3.8 C), consistent with
the in vitro observation that longer guides are more efficient for directing ssRNA
cleavage (Figure 3.5 C). To assess whether there was any sequence bias within
the enriched guides, we aligned guide sequences of all lengths at their 3" end.
These alignments showed no specific sequence bias in the enriched guides
relative to those in the unselected library (Figure 3.9 B). This is consistent with
the crystal structure of an SauCas9-sgRNA-DNA bound complex which revealed
the absence of base-specific contacts of Cas9 to the target strand (Nishimasu et
al. 2015).
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Figure 3.9 Enriched guides do not display sequence bias and cluster to
regions on the MS2 genome

(A) (Left) Stacked bar graph of positively enriched guides (FDR-adjusted p-value
< 0.05) for perfectly complementary and single-nucleotide mismatch (SNP)
guides for a multiplicities of infection (MOI) of 10 and 100. (Right) Percentages of
perfect and SNP guides by length averaged across the control libraries (n=3). (B)
WebLogo (Crooks et al. 2004) representation of positively enriched guides
(perfect complementarity, FDR-adjusted p-value <0.05) for MOI-10 (n=84) and
MOI-100 (n=107). Different length guides were aligned at their 3" end, which
contains the pre-ordered ‘seed’ region (Jiang et al. 2015). (C) (Upper) Log, fold-
change of positively enriched guides (FDR-adjusted p-value < 0.05) mapped to
the MS2 genome for MOI-100 treatment. Schematic of MS2 genome is provided
above. (Lower) Individual guides mapped to highlighted regions of MS2 genome.
(D) Log2 fold-change of guides with an FDR-adjusted p-value < 0.05 mapped to
the MS2 genome for MOI-10 treatment.

Strikingly, mapping enriched guide sequences onto the MS2 genome
showed that enriched sgRNAs were clustered at specific regions, which were
consistent across both experimental conditions (Figure 3.8 D, Figure 3.9 C and
D). Together with our biochemical data suggesting that SauCas9 cannot bind or
cleave structured RNAs (Figure 3.8), we interpret these targeting “hotspots” to be
regions of low structural complexity. It is important to note that sgRNAs
containing different guide segment lengths overlap at these regions, possibly
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indicating that increases in targeting efficiency due to guide length are secondary
to target accessibility to the Cas9 RNP. We mapped the enriched guide
sequences onto the published secondary structure of the MS2 genome
determined through cryoelectron microscopy (Dai et al. 2017) (Figure 3.10).
Guides targeted not only single-stranded, accessible regions but also those that
form apparently stable secondary structures. The structure of the MS2 genome
was determined on the intact phage particle, however, and may not represent the
RNA structure(s) relevant to the infection stage during which SauCas9-mediated
protection is crucial.

Figure 3.10 Enriched MS2 targeting guides mapped to MS2 genome
structure

Structure of the MS2 genome inside the viral particle was obtained from a
recently published EM structure (Dai et al. 2017) and guides (red) significantly
enriched in the MOI-100 treatment (FDR-adjusted p-value < 0.05) were mapped
to the MS2 genome and subsequently visualized in Forna (Kerpedjiev et al.
2015).
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Highly enriched sgRNAs from the screen were confirmed for their ability to
confer protection against MS2 phage infection through a soft-agar plaque assay.
Reconstitution of SauCas9 with a targeting guide confers approximately a ten-
fold protection against the RNA phage (Figure 3.8 E and F). No protection was
observed in the absence of an sgRNA or SauCas9 protein. Scrambling the
sequence of the guide also abrogates protection, confirming that sequence
complementary is necessary for phage elimination. Guide segments of all lengths
tested (20-23 nts) conferred protection to a similar level (Figure 3.11 A and B),
consistent with the result from the MS2 screen that guide segments of all lengths
were enriched in ‘hotspot’ regions (Figure 3.8 D and Figure 3.9 C). Two ‘control’
guides were enriched in both the MOI-10 and -100 treatments. Interestingly, both
guides conferred protection but their scrambled counterparts did not (Figure 3.11
C and D). Whereas a possible off-target binding site was found for one guide
(#14238) within the MS2 genome (Figure 3.11 E), it remains unclear how guide
#14210 confers protection. Possibly this sgRNA acts by targeting an E. coli host
factor that is necessary for infection.
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Figure 3.11 Confirmation that enriched guides from the MS2 screen confer
protection against MS2 infection

(A) Representative plaque assay for lawns of E. coli expressing wtSauCas9 and
sgRNA of different length spotted with phage dilutions indicated. Here, the
sgRNA with the highest fold-change in both MOI-10 and -100 samples was
chosen for each length. The 23-mer sgRNA produces hazy plaques for an
unknown reason. All other guides tested, including a different 23-mer sgRNA,
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produced clear plaques. (B) Quantification of relative plaque forming units (PFU,
mean = S.D., n=3) from data in (A). (C) Same as in (A). Guides were two ‘control’
guides that were significantly enriched in both MOI-10 and -100 treatments
during phage selection. Scrambled (scr) indicates random shuffling of the target
sequence to serve as a non-targeting control. Scrambled sequences were
verified against the MS2 genome and its reverse-complement to ensure no
partial matches. (D) Quantification of relative PFU as in (C). Guides 14238 and
14210 confer ~10-fold protection over their scrambled counterparts. The level of
protection is similar to perfectly complementary guides (B, and see Figure 3.8 E
and F). (E) Predicted binding of guide 14238 (green) to a fragment of the MS2
genome (red, nts: 1533-1563) using RNAhybrid (Rehmsmeier et al. 2004).

Screening against the MS2 genome was also used to test the effect of
single-nucleotide mismatches on SauCas9's targeting ability. We computed an
average fold change (between phage treated and untreated samples) for all
sgRNAs that contained a mismatch at the same position, and obtained average
values for mismatches at each position across the guide. We observed a
pronounced gradient of increasing guide stringency with length. On average,
short guides were less sensitive to mismatches, while mismatches in longer
sgRNAs led to decreased recovery compared to control samples (Figure 3.12 A,
B). Previous work and models suggest that shorter guide segments should be
more sensitive to mismatches and lead to higher fidelity Cas9 targeting (Fu et al.
2014; Bisaria et al. 2017). Further study is needed to thoroughly examine this
unexpected pattern of RNA-targeting stringency, as one shortcoming of this
experiment is that mismatched guides were not designed, a priori, to recognize
accessible parts of the MS2 genome. Nevertheless, despite potential noise
introduced in this analysis due to guide segments that target inaccessible MS2
regions, we observe an interesting correlation between mismatches in the MS2
screen and in vitro biochemical cleavage assays for the sgRNA with a 23 nt
guide segment sequence (Figure 3.12 C and D). The first few nucleotides in the
‘seed’ region (guide 3" end proximal) are sensitive to mismatches, while a central
region of sensitivity is also observed, similar to previously demonstrated regions
of sensitivity for SpyCas9 DNA cleavage (Cong et al. 2013; Jiang et al. 2013; Fu
et al. 2016; Gorski et al. 2017).
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Figure 3.12 Effect of single-nucleotide mismatches on ssRNA targeting
(A-B) Heatmap of average log, fold-change for all single-nucleotide mismatch
(SNP) guides in MOI-10 (A) and MOI-100 (B) treatment. Deeper blue represents
greater negative selection of guides indicating greater sensitivity to mismatches
at that position. While deeper black represents greater positive selection
indicating that mismatches at that position are more tolerated. Positions are
given as distance from 3" end of the targeting region of the sgRNA. (C) Diagram
of target ssRNAs with SNPs for in vitro cleavage assays. Red highlights the
region complementary to the guide while black nucleotides indicate the
mismatched base in the targeting region. Numbering of nucleotides is labeled
from 1 to 23 to reflect positions in (A) and (B). (D) Quantification of in vitro
cleavage assays with mismatched targets in (C). Bars represent the mean + S.D.
(n=3). ‘Wt indicates 23nt of perfect complementarity between the sgRNA and the
target.

3.4.4 SauCas9 represses gene expression in E. coli

An efficient RNA-targeting Cas9 could serve as an important tool in
regulating gene expression in vivo. To test the ability of SauCas9 to mediate
repression of host gene expression, we targeted dSauCas9 and dSpyCas9
RNPs to a GFP reporter sequence encoded in the E. coli chromosome (Qi et al.
2013). Catalytically inactive versions of Cas9 were used to prevent cleavage of
the bacterial chromosome when targeting a site adjacent to a PAM. As
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expression of Cas9 and sgRNA exerts metabolic stress on E. coli, GFP
fluorescence values were normalized by the ODgyp value to account for
differences in cell growth between cultures (Oakes et al. 2016). When using
sgRNAs designed to recognize a sequence in the GFP gene adjacent to the
appropriate PAM for SauCas9 (NNGRRT) or SpyCas9 (NGG), GFP expression
is significantly reduced (Figure 3.13 A) consistent with CRISPR-interference
(CRISPRI) (Qi et al. 2013; Gilbert et al. 2014). When sgRNAs were designed to
recognize GFP sequences not flanked by a PAM, dSauCas9 but not dSpyCas9
was able to repress GFP expression. The SauCas9-mediated GFP repression
was dependent on sgRNAs that target the coding strand; sgRNAs that recognize
the non-coding strand did not result in reduced GFP expression (Figure 3.14 A).
The length of the targeting sequence in vivo corroborates in vitro data, with
longer guides working more efficiently (Figure 3.13 B).
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Figure 3.13 SauCas9 repression of a GFP reporter in vivo

(A) Comparison of dSpy and dSauCas9 to repress GFP expression on the DNA
and RNA level. GFP signal is normalized to ODeqo to control for difference in cell
density between samples. GFP/ODegg ratios for guide alone and RNP are
normalized to values for a non-targeting guide vector and an Apo protein control,
respectively. Target sites were chosen to be adjacent to PAM sites for Spy, Sau,
both, or neither as indicated. Note: the slight GFP repression observed with
dSpyCas9 using the target sequence adjacent to the Sau PAM (CAGAGT) likely
results from the ability of SpyCas9 to use an NAG PAM, albeit with reduced
efficiency (Hsu et al. 2013). ****p < 0.0001 by one-way ANOVA. (B) Relative
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expression of GFP using guides with different length targeting sequences. Target
site here is the GFP2 sequence chosen for its robust targeting activity. (C)
(Upper) Diagram of targeting sequences across the GFP mRNA and ribosome
binding site (RBS). (Lower) Relative expression of GFP of SauCas9 RNP
normalized to sgRNA alone for targeting sequences across the GFP reporter.
Dashed red line indicates that the sgRNA alone is as efficient as the RNP for
GFP repression. (A-C) Bars represent mean + S.D. (n=3). (D) Model for
observed SauCas9 ssRNA targeting activity. We propose that accessible RNA is
cleaved or repressed efficiently while structured and protein-bound RNA is not
targeted by SauCas9.

Different guide sequences display variable efficiencies of targeting. We
tled sgRNAs across the GFP mRNA sequence to test the robustness of
dSauCas9 to repress GFP expression (Figure 3.13 C). As no sites are adjacent
to PAM sequences, all repression presumably occurs on the mRNA level. The
efficiency of dSauCas9-mediated GFP repression varied according to the target
sequence, with some dSauCas9 RNPs reducing GFP signal to 15-30% of that
observed in the presence of the sgRNA alone (Figure 3.13 C, GFP2 and 6) and
others showing no ability to repress GFP expression (GFP7 and 9).
Electrophoretic mobility shift assays support the conclusion that repression is not
occurring at the dsDNA level by promiscuous PAM binding (Figure 3.14 B).
Repression is largely equivalent between catalytically active and inactive forms of
SauCas9 (Figure 3.14 C), suggesting that binding of the Cas9-sgRNA complex to
the mRNA is sufficient for repression and consistent with in vitro data showing
that the enzyme does not catalyze multiple-turnover RNA cleavage. While we
speculate that the Cas9-RNP blocks the ribosome directly (either at initiation or
during elongation), our data do not rule out the possibility that Cas9 is otherwise
destabilizing the mRNA transcript through an unknown mechanism.
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Figure 3.14 Repression of GFP mRNA

(A) dSauCas9-sgRNA directed against a GFP mRNA (coding) or antisense
(noncoding) sequence. GFP2 and GFPG6 refer to guides diagrammed in Figure
4C. Dashed red line indicates that the sgRNA alone is as efficient as the
SauCas9 RNP for GFP repression. Bars represent mean + S.D. (n=3). **p <
0.001, ***p < 0.0001, by one-way ANOVA. (B) Electrophoretic mobility shift
assay (EMSA) confirming that dSauCas9 does not bind dsDNA adjacent to non-
canonical PAMs. Targeting sequence is identical for all substrates but with varied
PAM sequences as indicated for the guides in Figure 4C. Final concentrations of
dSauCas9 from left to right: 0, 0.1, 0.5, 1, 5, 10, 50, 100nM. (C) Comparison of
ability of dSau and wtSauCas9 to repress GFP expression in vivo. Bars
represent mean + S.D. (n=3).

Together our biochemical and in vivo data support a model in which
SauCas9 can readily bind and cleave bacteriophage RNA and mRNA sequences
that are exposed and unstructured (Figure 3.13 D). Regions that form strong
structures are inaccessible to SauCas9 RNP binding, thereby preventing
cleavage or repression activity. As Cas9 cleavage activity is limited by target
accessibility, we expect that RNA occluded by RNA-binding proteins would also
be recalcitrant to cleavage.
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3.5 Discussion and Conclusion

Investigation of CRISPR-Cas9 has focused on its function as a double-
stranded DNA endonuclease, while the ability of diverse homologs to cleave
natural RNA substrates has remained unexplored. Here, we present evidence
that type II-A and type II-C Cas9 enzymes can catalyze programmable and PAM-
independent single-stranded RNA cleavage. Focusing on SauCas9, we show
that this enzyme can be employed both biochemically and in cells to cleave RNA
and regulate genes on both the transcriptional and translational level in parallel
by accounting for target site PAM proximity. Importantly, SauCas9 ssRNA
scission requires only an sgRNA and does not need a PAMmer, thereby
simplifying applications (Nelles et al. 2015) and facilitating delivery to cells as a
pre-assembled RNP (Zuris et al. 2015; Mout et al. 2017)

The RNA-targeting capability of SauCas9 and related Cas9 enzymes
offers the advantage of repressing viruses whose lifecycles do not involve a DNA
genome or intermediate, thereby rendering them inaccessible to Cas9-mediated
DNA cleavage. We demonstrated that SauCas9 could be programmed to confer
protection to E. coli against MS2, an RNA bacteriophage with no DNA
intermediate. Whether RNA-based viral repression by Cas9 occurs in natural
systems is not known, but seems possible based on our results. DNA cleavage
by SauCas9 remains more rapid than RNA cleavage, indicating that DNA-
targeting is probably the biologically preferred method for phage and plasmid
interference. However, Cas9 activity on RNA is PAM-independent and may
mitigate the effects of PAM-escape mutants that would evade DNA-level
interference (Deveau et al. 2008), thus acting as an additional line of defense.

Intriguingly, ‘hotspots’ of preferential targeting emerged when tiling guides
across the genome, but these sites were devoid of sequence bias. In conjunction
with in vitro cleavage data of partially structured RNAs, we suggest that SauCas9
cleavage efficiency is inversely related to structural complexity of the RNA target.
As an alternative to the current approach of screening multiple sgRNAs for
activity, experimental knowledge about RNA structure, such as SHAPE-seq data
(Loughrey et al. 2014), would simplify target identification for viral targeting and
repression experiments. Nevertheless, future work will concentrate on
understanding the structural constraints on RNA targeting and methods to
improve Cas9 access to duplex RNA regions.

SauCas9 holds promise for a range of RNA targeting applications. We
showed that SauCas9 could repress gene expression in E. coli. Repression of
the reporter occurs in the absence of the PAM and is specific for targeting of the
coding strand. Recently, the Type VI CRISPR-Cas system effector, Cas13, has
been proposed and demonstrated to target RNA (Shmakov et al. 2015;
Abudayyeh et al. 2016; East-Seletsky et al. 2016). ‘Activated’ Cas13 exhibits
robust frans cleavage of RNAs (Abudayyeh et al. 2016; East-Seletsky et al.
2016; Smargon et al. 2017). While RNA-cleavage by SauCas9 is single-turnover
and kinetically less robust than that of Cas13, Cas9 does not cleave RNAs
indiscriminately and lends itself to targeting of specific transcripts. A
programmable Cas9 capable of repressing genes on the RNA level has potential
advantages over CRISPRi DNA-based techniques (Qi et al. 2013; Gilbert et al.
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2014). For example, isoform-specific targeting of different transcripts originating
from the same transcription start site or resulting from alternative splicing events
might be possible. More broadly, due to its intrinsic ssRNA-binding activity,
SauCas9 may have utility as a platform for directing other effector proteins to
specific RNA molecules, such as proteins or domains that up-regulate translation
or RNA base-modifying enzymes for site-specific epigenetic modification of
RNAs.
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Chapter 4

A natural two-piece Argonaute
influences cellular motility
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4.1 Chapter Summary

The role of Argonaute (Ago) proteins in RNA-interference and post-
transcriptional gene silencing in eukaryotes is well established. Ago homologs
exist in bacteria and archaea but details of their physiological function and
molecular mechanisms remain enigmatic. Experimental inquiry into prokaryotic
Ago (pAgo) function has been limited to a small fraction of the total genetic
diversity of systems. Here, we investigate one member of a yet-uncharacterized
family of pAgos that consists of seemingly two-piece enzymes. We demonstrate
that the split-Ago system from Shewanella sp. ANA-3 is transcriptionally coupled
and the proteins physically associate to form a heterodimer in vitro and in vivo.
Mutational analyses showed that this novel pAgo binds RNA in a similar
mechanism to canonical Ago proteins. Initial data supports a role of this pAgo
system in maintaining motility of host cells upon addition of an exogenous
plasmid although the molecular mechanism of this phenotype remains unknown.
Taken together, our results highlight the diversity of protein architectures and
potential functions of pAgo systems.

4.2 Introduction

Argonaute proteins span the tree of life. In eukaryotes, Argonaute (Ago)
plays a central role in RNA-dependent post-transcriptional gene silencing, termed
RNA-interference. Longer precursor RNAs are processed by Drosha and/or Dicer
into small interfering RNAs (siRNAs) or microRNAs (miRNAs) ~20-30nt in length
that guide Ago to bind complementary sequences in target mMRNAs (Carthew and
Sontheimer 2009; Hutvagner and Simard 2008; Jinek and Doudna 2009).
Complete or incomplete pairing of the guide and target directs cleavage or
translational repression of the mRNA, respectively (Meister et al. 2004). The
Piwi-subfamily of Ago proteins associate with Piwi-interacting RNAs (piRNAs)
and maintain genome stability by suppressing activation of mobile elements in
the germline (Klattenhoff and Theurkauf 2008). Highlighting further functional
diversity, in plants and Drosophila, Agos are also implicated in antiviral immunity
(Hamilton and Baulcombe 1999; van Rij et al. 2006).

Structurally, Ago proteins consist of four domains that adopt a bilobed
architecture (Schirle and MacRae 2012; Rashid et al. 2007; Song et al. 2004). In
the Piwi lobe, the MID (middle) domain is responsible for coordinating the 5" end
of the guide while the PIWI (P element-induced wimpy testis) domain catalyzes
cleavage of fully complementary target sequences in variants that possess the
necessary catalytic tetrad — DED[D/H/N] (Parker et al. 2005; Yuan et al. 2005;
Ma et al. 2005; Meister et al. 2004; Nakanishi et al. 2012; Kaya et al. 2016). The
Paz lobe consists of an N-terminal (N) domain and PAZ (PIWI-Argonaute-Zwille)
domain responsible for duplex unwinding and guide 3" end binding, respectively
(Lingel et al. 2004; Yan et al. 2003; Ma et al. 2004; Faehnle et al. 2013; Kwak
and Tomari 2012). Agos from both eukaryotes and prokaryotes display
remarkable structural homology despite low primary sequence conservation
(Swarts et al. 2014b; Elkayam et al. 2012).
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Prokaryotic Argonautes (pAgo) are proposed to act in genome defense
(Makarova et al. 2009). Initial evidence suggested that pAgos used short, 5'-
phosphorylated DNA guides to cleave exogenous DNA (Swarts et al. 2014a), but
several pAgo homologs have been described with varying guide and target
preferences (Kaya et al. 2016; Swarts et al. 2015a; Olovnikov et al. 2013). For
instance, pAgo from Marinitoga piezophila (MpAgo) binds 5°-hydroxylated guides
for both single-stranded DNA and RNA cleavage (Kaya et al. 2016; Lapinaite et
al. 2018). Some systems were also characterized by a non-specific nuclease
activity on invading DNA molecules (Swarts et al. 2015a; 2017a). Recently,
guide-independent DNA cleavage was reported in Thermus thermophilus and
was implicated in guide generation from invading plasmids (Swarts et al. 2017a).
If this activity is common to all homologs, it complicates proposed use of pAgos
systems as effectors for genome engineering (Hegge et al. 2018). Importantly, all
functional data for pAgos derive from studies of full-length proteins (Swarts et al.
2014a; 2015a; Olovnikov et al. 2013; Kaya et al. 2016; Swarts et al. 2017a),
which constitute only a small fraction of total pAgo diversity (Makarova et al.
2009; Swarts et al. 2014b; Burroughs et al. 2013).

In contrast to well-studied defense mechanisms, such as restriction-
modification and CRISPR-Cas systems, major and diverse pAgo-containing
systems remain unexplored. Here, we present data on S3Ago a natural two-
piece, pAgo protein that forms a high-affinity complex in vitro and in vivo. One
half of this complex, S3Piwi, associates with a tRNA-half when expressed in E.
coli. We also show that S3Ago influences moitility in the presence of exogenous
DNA, although S3Piwi seems to be dispensable for maintaining motility. While
S3Piwi's partner, S3Apaz, positively influences plasmid content in the native
organism, the full molecular details of S3Ago on the motility pathway remain
elusive.

4.3 Methods

4.3.1 Phylogenetic and bioinformatic analyses

Using the MID-PIWI domains (aa 388-685) from T. thermophilus Ago as a
query, we collected all PIWI-containing proteins in the NCBI RefSeq database
(as of August 2015) by running iterative PSI-BLAST until convergence (Altschul
and Koonin 1998). Homologs were aligned using a structure-based alignment
approach in PROMALSS3D (Pei et al. 2008) with input structures of TtAgo (PDB:
4n41), MpAgo (PDB: 514A) and PfAgo (PDB: 1U04). Alignments were trimmed to
only consider the MID-PIWI module using the TtAgo structure as a template. A
maximum likelihood-tree was inferred using PhyML3.0 (Guindon et al. 2010).
Leaves were collapsed to reflect similar genomic neighborhoods identified by
manual inspection. Domains in partner proteins were predicted via HHPred
(Soding et al. 2005), BLAST (Altschul et al. 1990), and homology modeling with
Phyre2.0 (Kelley et al. 2015). Figures were prepared using the iTOL webserver
(Letunic and Bork 2016) and Jalview 2 (Waterhouse et al. 2009).
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4.3.2 Protein purification and in vitro reconstitution

Genomic DNA was isolated from Shewanella sp. ANA-3 (a kind gift from
C. Saltikov, UCSC). Genes encoding S3Piwi and S3Apaz were amplified and
cloned as His-MBP fusions (Addgene vector #29706) and expressed in E. coli
strain BL21(DE3). Cells were grown to an ODgpo of 0.6-0.8, induced with 0.4M
IPTG, and then incubated overnight at 16°C with shaking. Cells were
resuspended in lysis buffer (50mM Tris-HCI pH 8, 500mM NaCl, 1mM TCEP,
10mM imidazole, 0.01% Triton X-100 and supplemented with protease inhibitor
tablets. Following sonication and centrifugation of insoluble components, clarified
lysates were applied to Superflow Ni-NTA affinity resin (Qiagen, Valencia, CA)
that was equilibrated in was buffer (50mM Tris-HCI pH 8, 500mM NaCl, 1TmM
TCEP, 10mM imidazole). After extensive washing (>50 column volumes), protein
was eluted in 5 volumes of elution buffer (50mM Tris-HCI pH 8, 500mM NacCl,
1mM TCEP, 300mM imidazole). After tag removal by TEV digestion, the protein
was dialyzed into ion exchange buffer A (50mM Tris-HCI pH 8, 300mM NacCl,
1mM TCEP, 5% glycerol) at 4°C for only two hours to prevent precipitation. The
protein was immediately applied to a HiTrap HP Heparin column (GE Healthcare,
Pittsburgh, PA) to remove bound nucleic acids eluted with ion exchange buffer B
(50mM  Tris-HCI pH 8, 1.5M NaCl, 1mM TCEP, 5% glycerol). Fractions
containing the protein were pooled and separated on a Superdex S75 (GE
Healthcare, Pittsburgh, PA) in gel filtration buffer (50mM Tris-HCI pH 8, 500mM
NaCl, 1mM TCEP, 5% glycerol). Protein was purified to >95% homogeneity as
judged by SDS-PAGE analysis and is free of nucleic acids. Protein was
concentrated in gel filtration buffer and stored at -80°C.

To assay complex formation, purified S3Apaz was incubated with a slight
molar excess of S3Piwi in gel filtration buffer (above) for one hour at 4°C. The
binding reaction was separated on a Superdex S200 column and fractions from
both peaks analyzed by SDS-PAGE and Coomassie Blue staining. Proteins for
isothermal titration calorimetry (ITC) were dialyzed overnight against gel filtration
buffer. Samples were diluted to 100uM (S3Apaz) and 10uM (S3Piwi) prior to
titration on the MicroCal Auto-ITC200 at 30°C (Malvern Instruments,
Worcestershire, UK).

4.3.3 Strain construction

Shewanella chromosomal insertions and deletions were obtained through
homologous recombination and selection with a suicide vector as previously
described (Murat et al. 2010). Briefly, a desired mutation was flanked by roughly
800bp of homology in the suicide vector backbone (pSR47S) and introduced into
E. coli strain WM3064, a DAP-auxotroph that contains the RP4 conjugation
machinery. One ODegoo unit of both the plasmid-containing donor and recipient
strain were mixed in 50ul of LB and spotted onto a plate containing 3mM DAP.
After 6-8 hr of incubation, cells were recovered from the plate and selected on
Kan® plates. Colony formation typically occurs in 24-48 hrs and individual
colonies were confirmed for resistance, followed by growth in unselective liquid
media (LB with no Kan) overnight. Cultures were serially passaged on LB plates
containing 5% sucrose for counter-selection against SacB and colonies were
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screened by PCR and sequencing to identify successful conjugants. All strains
used in this study are listed in Table 4.1.

Strain Notes Source/Citation

Top10 E. coli cloning strain Thermo Fisher

BL21(DE3) E. coli protein expression Thermo Fisher
strain

WM3064 E. coli strain with RP4 (Murat et al. 2010), originally
conjugation machinery, DAP- from William Metcalf
auxotroph

S3/Wt Shewanella sp. ANA-3, Kind gift from Chad Saltikov,
wildtype UCSC

DKO S3 double knockout: AS3Apaz | This study
AS3Piwi,

OE S3 overexpression: pRPSL- This study
S3Ago

FLAG S3 FLAG-S3Apaz This study

OE-FLAG S3 pRPSL-FLAG-S3Apaz This study

Table 4.1: Strains used in this study

4.3.4 Total nucleic acid extraction and PCR assays

Total RNA was extracted from Shewanella strains at an ODgg of 0.6-0.8
using Trizol according to manufacturer's instructions (Thermo Scientific,
Waltham, MA) and treated with RQ1 DNase (Promega, Madison, WI). cDNA was
reverse-transcribed with SSIIl (Thermo Scientific, Waltham, MA) using random
hexamers and served as a template for PCR with primers specific to S3Apaz and
S3Piwi. Total DNA was extracted using a direct phenol method (Cheng and Jiang
2006). Quantitative-PCR (qQPCR) on the Kan® gene of pBBR1 was performed on
0.1ng input total DNA using the Brilliant Il SYBR Green qPCR Master Mix
(Agilent, Santa Clara, CA). Quantitative reverse transcription PCR (qRT-PCR)
with S3Apaz specific primers was conducted on 1ng of total RNA with the
Brilliant Il SYBR Green gRT-PCR Master Mix (Agilent, Santa Clara, CA).
GyraseB (gyrB) was used as an internal control. Data was plotted in Prizm
(GraphPad Software, La Jolla, CA). All DNA primers were synthesized by IDT
(Coralville, IA). All plasmids and primers used in this study are listed in Table 4.2.

Strain Notes Source/
Citation

His-MBP-ORF Expression and purification, | Addgene #29656
AmpR

His-ORF Expression and Addgene #29653
immunoprecipitation, Kan"

FLAG-ORF Expression and Addgene #29662
immunoprecipitation, Kan"

pSR47S Suicide vector for (Monroe et al.
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homologous recombination | 2009)
in $3. Kan"
pBBR1-null Stable plasmid in S3, (Abreu et al. 2014)
AmamK-GFP, Kan®
pBBR1-S3Apaz pBBR1-null with S3Apaz This study
under pTac
P1 - Primer for Apaz RT-PCR This study
TACTTCCAATCCAATgcaAAGCAGATT
GATATTGAAAACC
P2 - Primer for Apaz RT-PCR This study
TTATCCACTTCCAATgttattaATTTGCA
CTGACATCCTC
P3 - Primer for Piwi RT-PCR This study
TACTTCCAATCCAATgcaCAAATTAAG
ATCCTTGAAGAGC
P4 - Primer for Piwi RT-PCR This study
TTATCCACTTCCAATgttattaCATATAA
AAGCTATAGCTGACCT
KanF1 - Primer pair for plasmid This study
GCTATGACTGGGCACAACAG gPCR
KanR1 -
CCTCGTCCTGCAGTTCATTC
Apaz F1 - Primer pair for Apaz gRT- This study
AACAAAGCAGGGAAGGCTTG PCR
Apaz R1 -
ACAAGATTCGGGCACTGGTA
gyrB F1 - Primer pair for gyrase B This study
GACGCGTTACCACAACATCA gPCR/QRT-PCR
gyrB R1 -
GAATAAAGGCGGCTGAGCAA

Table 4.2: Plasmids and primers used in this study

4.3.5 Complex immunoprecipitation and nucleic acid analyses

N-terminally tagged His-MBP or FLAG constructs of S3Piwi and S3Apaz
were co-expressed in E. coli BL21(DE3). Cultures were grown to an ODggo Of
~0.6 and induced with 4mM IPTG for 3 hr at 37°C. Following cell disruption by
sonication and lysate clarification, lysates were applied to FLAG M2 affinity resin
(Sigma-Aldrich, St. Louis, MO) in TBS (50mM Tris pH 7.5, 300mM NaCl, and
1mM TCEP) and allowed to bind for 1 hr at 4°C. The resin was washed with TBS
and protein was eluted by incubation with 3X FLAG peptide for 30min at 4°C.
Presence of both proteins was verified by SDS-PAGE and nucleic acids were
isolated by phenol-chloroform extraction prior to 15% denaturing 7M urea PAGE
analysis and SYBR Gold staining. FLAG-tagged S3Piwi MID-domain mutants
were also expressed, isolated, and analyzed as above. For studies on stability of
bound RNA fragments, His-S3Piwi was expressed instead with our standard
purification wash buffer (50mM Tris, 300mM NaCl, 1mM TCEP, 10mM imidazole)
unless otherwise indicated.

Native complexes were isolated by growing the appropriate strain of S3 at
30°C to an ODego of ~0.6. Cells were harvested by centrifugation and protein
complexes were co-immunoprecipitated as above. Eluents were split for SDS-
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PAGE analysis and western blotting with an anti-FLAG antibody (Sigma-Aldrich,
St. Louis, MO). Nucleic acids were purified and analyzed as above.

4.3.6 Analysis and mapping of S3Piwi RNA fragment

After expression and FLAG immunoprecipitation from E. coli, the specific
band of RNA bound to S3Piwi was gel purified by 15% denaturing 7M urea
PAGE. The target RNA was CIP treated (NEB, Ipswich, MA) and was 5" end-
labeled with [y-P32-ATP] by treatment with PNK (NEB, Ipswich, MA). T1
sequencing and hydrolysis ladders were prepared according to manufacturer’'s
directions (Ambion, Grand Island, NY).

For cloning and sequencing, purified RNA was treated by subsequent
incubation with PNK and CIP to remove 3" end modifications. E. coli poly(A)
polymerase (E-PAP, Ambion, Grand Island, NY) was used to tail RNA for 10 min
at 37°C. First strand synthesis by reverse transcription using SSIllI and an
anchored dT primer was performed followed by RNase | digestion (Ambion,
Grand Island, NY). An adenylated adapter was ligated onto the cDNA by the Mth
Ligase (NEB, Ipswich, MA) for 1hr at 65°C in the presence of manganese. The
ligated product was selectively amplified by PCR, cloned into a TA-cloning vector
(Thermo Scientific, Waltham, MA) and sent for sequencing.

4.3.7 Phenotype assays

Conjugation efficiency assays were conducted by conjugation of one
ODsggp unit of WM3064 containing pBBR1-null with an equal amount of recipient
cells. Colonies were enumerated after 24 hours on selective plates and
confirmed for Kan®. Cultures for motility assays were started from colonies and
grown to an ODgy of 0.6-0.8. One pL of culture normalized to OD ~0.6 was
spotted on a 0.25% LB-Agar plate and incubated at 30°C. Diameter of swimming
motility was quantified after 24 hr. Data was graphed in Prizm (GraphPad
Software, La Jolla, CA). All plasmids used in this study are listed in Table 4.2.

4.4 Results

4.4.1 Identification of a short pAgo system in Shewanella sp. ANA-3

As all previous experimental work has focused of full-length pAgos
(Swarts et al. 2014a; 2015a; Olovnikov et al. 2013; Kaya et al. 2016), the
biochemical mechanisms and physiological functions of two-piece pAgo systems
have remained uninvestigated. Based on sequence conservation of the MID and
PIWI domains for all distant homologs present in NCBI's Refseq database (as of
August 2015), phylogenetic analysis showed distinct clustering of PIWI-domain
containing proteins into predicted active and inactive variants (Figure 4.1, leaves
colored green and grey, respectively), consistent with previous analyses
(Makarova et al. 2009; Swarts et al. 2014b; Burroughs et al. 2014). The majority
of active variants are full-length pAgo proteins, which are sometimes associated
with a nuclease of the Cas4 family. Certain catalytically inactive variants are full-
length but roughly 60% contain only the PIWI-MID module. These ‘short’ pAgo-

80



proteins appear almost exclusively in operons with partner proteins predicted to
contain nucleases domains (Makarova et al. 2009; Swarts et al. 2014b;
Burroughs et al. 2014).
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Figure 4.1 Phylogenetic tree of pAgos

PIWI-containing proteins in bacterial and archaeal genomes were aligned by their
MID-PIWI domains. Green and grey leaves correspond to predicted active and
inactive homologs, respectively. Leaves were collapsed if the pAgo shared a
common genetic neighborhood or protein architecture and the organism(s) that
contain them are indicated next to the leaves. Homologs that have been
structurally or biochemically investigated are highlighted in red and include the
subject of this study (S3Ago). pAgo partner protein domain organization for the
various clades are diagrammed on the right. Dashed lines indicate common but
absolute occurrence of that domain. AIbA, AlbA-like domain; APAZ, Analogous to
PAZ; ATP, Schlafen-like ATPase; Cas4, Cas4-like nuclease; MID, middle; N, N-
terminal; PAZ, Piwi-Argonaute-Zwille; PIWI, P element-induced wimpy testis; RE,
restriction endonuclease; Sir2, Sirtuin 2-like domain; TIR, toll-interleukin receptor.

We sought to identify a short pAgo system amenable for both biochemical
and genetic investigation. One candidate system was identified in Shewanella sp.
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ANA-3, hereafter referred to as S3, that consists of a short pAgo protein (S3Piwi,
here differentiated from the PIWI domain) and its partner protein (S3Apaz)
(Figure 4.2 A). Generally, Shewanella species are easily cultivated under
standard laboratory conditions and numerous protocols for genetic manipulation
exist (Saltikov et al. 2005; Myers and Myers 1997). S3Piwi contains the MID-
PIWI domains with high-confidence, predicted structural homology to other
pAgos, including RsAgo and TtAgo (Figure 4.2 A). The central region of S3Apaz
shares homology with the N domain of eukaryotic Ago proteins. Domains flanking
this region have low predicted similarity to annotated proteins but it is suggested
that the “APAZ” domain is analogous to the PAZ domain in Agos, while the “RE”
domain shares a fold with restriction-endonucleases (Makarova et al. 2009;
Swarts et al. 2014b). S3Apaz has weak predicted structural homology to the C-
terminal fragment of a CdiA toxin (Morse et al. 2015), while other partner proteins
in short pAgo systems contain predicted N-terminal nucleases of various families
(Figure 4.1) (Makarova et al. 2009; Swarts et al. 2014b). As suggested previously
(Makarova et al. 2009; Swarts et al. 2014b; Burroughs et al. 2014), the shared
homology between the two individual proteins and canonical Ago proteins fuels
the hypothesis that these proteins associate to form a complex similar to their
full-length counterparts (S3Ago).
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Figure 4.2 Organization of S3Ago operon and transcriptional coupling
S3Ago operon is diagrammed in (A). S3Apaz and S3Piwi are indicated along
with their NCBI gene identifiers. Phyre2 homology to known proteins is colored
by domain along with their confidence estimate. Individual domain homologies
are shown in reference to full-length Ago architecture. (B) RT-PCR results for
S3Ago operon using specific primers diagrammed below. (C) Conservation of
catalytic residues segments of PIWI domain for select homologs. Catalytic tetrad
indicated by red dot or boxed red amino acid for those reside on loops and
exhibit poor alignment. The alignment figure was prepared in Jalview and
residues are colored according the ClustalX scheme.
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Organizationally, the open-reading frames (ORFs) for these two proteins
overlap by 11bp, likely indicating expression as a single-transcriptional unit
(Figure 4.2 B). Indeed, RT-PCR on total RNA isolated from S3 in mid-log phase
revealed a product corresponding to a single-transcript for both proteins (Figure
4.2 B). Consistent with its placement in phylogenetic analyses (Figure 4.1),
S3Piwi is not predicted to contain the necessary catalytic residues to effect
cleavage (Figure 4.2 C). These results demonstrate that the S3Ago operon is
transcriptionally active under standard laboratory conditions and underline the
questions of complex formation in short pAgo systems and what role inactive
pAgo variants play in their native hosts.

4.4.2 S3Piwi and S3Apaz form a complex in vitro and in vivo

To answer the question about physical association between short pAgos
and their partner proteins, we reconstituted the complex in vitro using purified
proteins. Individually, S3Piwi and S3Apaz were heterologously expressed in E.
coli and purified to homogeneity and subsequently mixed together in vitro. Size-
exclusion chromatography revealed that both proteins elute together at an earlier
volume than the S3Piwi protein alone (Figure 4.3 A). SDS-PAGE analysis
confirmed the presence of bands corresponding to both S3Piwi and S3Apaz in
the faster eluting complex and indicated a 1:1 stoichiometry for each subunit.
Isothermal titration calorimetry (ITC) using purified protein revealed an
equilibrium binding constant (Ky) of ~19nM, suggesting heterodimer formation is
highly-stable (Figure 4.3 B). Supporting a previous hypothesis (Makarova et al.
2009; Swarts et al. 2014b; Burroughs et al. 2014), this is the first experimental
evidence that short pAgo systems can form a larger complex with partner
proteins and potentially constitutes a native two-piece Argonaute.
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Figure 4.3 S3Piwi and S3Apaz form a complex in vitro
(A) Size-exclusion chromatogram of S3Ago reconstitution (top) with SDS-PAGE
analysis of fractions (bottom). Size standards of S3Apaz and S3Piwi are shown
on the left. (B) Experimental isothermal titration calorimetry (ITC) curve for
injection of S3Apaz into S3Piwi at 30°C. Values for stoichiometry, Ky, AH, and AS
are given as mean * SEM for three independent titrations.

Leveraging the ability to cultivate Shewanella in the lab, we sought to
confirm complex association in the native organism. The N-terminus of S3Apaz
was FLAG-tagged through homologous recombination and counterselection of a
suicide vector introduced by conjugation in the wild-type parental strain (Wt)
(Figure 4.4 A). Despite confirmation that the locus is transcribed (Figure 4.2 B)
initial results suggested that protein expression was below the limit of detection
(Figure 4.4 B). To increase expression, a constitutive promoter from the large
ribosomal subunit gene (rpsL) of S3 was introduced upstream of the S3Ago
operon (Figure 4.4 A). Isolation of FLAG-S3Apaz revealed co-
immunoprecipitation (IP) with S3Piwi (Figure 4.4 B) confirming that S3Piwi and
S3Apaz also associate in vivo.
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Figure 4.4 In vivo complex formation and bound nucleic acids

(A) Diagram of strains for isolation of S3Ago complexes in vivo. rpsL, large
ribosomal subunit promoter. (B) SDS-PAGE analysis of lysate and elution from
FLAG immunoprecipitations (top) and confirmation of FLAG-S3Apaz by western
blot (bottom). (C,D) Denaturing PAGE-SYBR Gold gel of nucleic acids bound to
FLAG-S3Apaz:Piwi from S3 (C) or the indicated proteins in E. coli (D). Nucleic
acids were treated with the indicated nuclease or nothing (Input). RNA size
markers are indicated on the left.
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4.4.3 S3Piwi binds heterologous RNAs

One hallmark of Argonaute proteins is their association with short RNA or
DNA molecules that serve as guides for target binding and cleavage (Burroughs
et al. 2014; Kobayashi and Tomari 2016). Using our overexpression S3 strain,
we isolated FLAG-S3Apaz:S3Piwi complexes and extracted co-purifying nucleic
acids. No discrete bands were evident in the affinity purified sample and only
high-molecular weight DNAs were present but could not be differentiated from an
untagged control IP (Figure 4.4 C). The absence of putative nucleic acid guides
from the native complex was surprising given an observation that IP of S3Piwi
heterologously expressed in E. coli demonstrated strong association with short
~42 nt RNAs (Figure 4.4 D). S3Apaz does not appear to bind a specific nucleic
acid species but also does not prevent S3Piwi-RNA binding when both proteins
are present (Figure 4.4 D). Intriguingly, the length of S3Piwi-bound RNAs (~42
nt) is roughly double that of a canonical Ago guide molecule (~20-22 nt) (Schirle
and MacRae 2012), leading to speculation that the RNA may form a duplex to
mimic dsRNA substrates bound by eukaryotic Agos (Liu et al. 2003; Lee et al.
2004; Pham et al. 2004; Okamura et al. 2004; Tomari et al. 2004b).

The absence of nucleic acids bound to S3Ago in vivo led us to investigate
the identity of S3Piwi-bound RNAs from E. coli (Figure 4.4 D and Figure 4.5).
The distinct banding pattern of isolated S3Piwi RNAs is atypical of pAgo proteins,
which usually bind a broader size distribution of RNAs/DNAs (Olovnikov et al.
2013; Swarts et al. 2014a). RNase T1-digest under denaturing and native
conditions showed a limited number of cleavage sites (Figure 4.5 A), suggesting
a low-complexity population of RNA molecules. However, attempts at adapter
ligation for small-RNA sequencing preparation were not successful. Instead, we
developed an approach using poly-A tailing, anchored reverse transcription, and
DNA adapter ligation (see Methods) to clone these small RNAs. Sanger
sequencing revealed that all clones contained inserts that mapped back to the 3°
half of the arginine tRNA from E. coli (Figure 4.5 B, shown in red). The ~42 nt
length roughly places the 5" of the RNA in the anticodon of the tRNA. To account
for possible biases in cloning or sequencing, we are preparing high-throughput
libraries to more confidently identify the RNA species present in the sample.
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Figure 4.5 Nucleic acid mapping and stability of interaction with S3Piwi

(A). T1 digest and size mapping of radiolabeled nucleic acids isolated from IP of
FLAG-S3Piwi. Size markers (nt) are indicated to the left. (B) Map of E. coli
arginine tRNA was sequenced fragment shown in red and cleavage indicated by
an arrow. (C,D) Denaturing PAGE-SYBR Gold gel of nucleic acids bound to
S3Piwi under increasingly stringent washing conditions of salt (C) or heparin (D).

Given the abundance of tRNAs in cells, we wanted to confirm that the ~42
nt tRNA half was specifically associated with S3Piwi and not an artifact of
insufficiently stringent washing. Increasing the salt concentration from 300mM to
1M did not disrupt binding (Figure 4.5 C). Likewise, the fragment is still recovered
after washing with buffer including 100ug/ml heparin (Figure 4.5 D). These
results indicate a strong interaction between S3Piwi and its RNA from E. coli
although the absence of associated nucleic acids from S3 remains enigmatic.

The MID and PAZ domains of Ago are responsible for binding the 5" and
3" end of the guide RNA, respectively (Parker et al. 2004; Rashid et al. 2007;
Yuan et al. 2005; Ma et al. 2005). S3Apaz is predicted to have a PAZ-like domain
(Figure 4.2 A) but this protein is indispensible for stable RNA binding by S3Piwi
(Figure 4.4 D), which contains only a MID-domain. Furthermore, the RNA here is
double the size of typical Ago guides (~42 nt vs ~21 nt). We questioned if RNA
binding is mediated through canonical MID-domain interactions. Point mutants
against conserved residues (motif [R/Y]-K-Q-K) predicted to play a role in metal
ion-dependent guide coordination were introduced into the MID-domain of S3Piwi
(Figure 4.6 A). All mutants still produce soluble full-length protein with
comparable stability to wild-type S3Piwi (Figure 4.6 B). However, analyzing
bound nucleic acids to mutant proteins demonstrated that mutants R188A,
Q203A, and K236A completely abrogate binding (Figure 4.6 C). Mutant K192A
did not disrupt binding and may indicate that this residue less critical for
stabilizing divalent metals for guide coordination at the 5" end. These results
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conclude that RNA-binding by S3Piwi is largely dependent on canonical MID-
domain contacts.
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Figure 4.6 RNA-binding of S3Piwi MID-domain mutants

(A) Alignment of guide binding region of MID-domain for select homologs and
S3Piwi. Conserved residues for 5° end guide coordination are indicated with a
black dot and numbering is based on the S3Piwi protein. The alignment figure
was prepared in Jalview 2 and residues are colored according the ClustalX
scheme. (B) Western blot analysis of FLAG-tagged mutants isolated from E. coli.
Full length and degradation products are indicated on the right. (C) Denaturing
PAGE-SYBR Gold gel of extracted nucleic acids from FLAG-IP of mutants. Size
markers (nt) given on left. Specific amino acid mutations are indicated at the top
of (B) and (C).

4.4.4 S3Ago influences cellular motility in the presence of an exogenous
plasmid

Initial evidence from catalytically-active pAgos suggested activity in guided
interference of plasmid DNA and supported their hypothesized role as a genome
defense system (Swarts et al. 2014a; 2015a; Olovnikov et al. 2013). Most of
these studies leveraged organisms that are naturally competent to establish a
role in defending against invasive genetic elements. Unfortunately, we could not
generate competent S3 cells through standard methods or isolate a
bacteriophage capable of infecting S3. The only successful method to introduce
DNA into S3 is through conjugation from an E. coli donor strain. Using this
approach, we tested conjugation efficiency of a plasmid into three different S3
strains: wild-type (Wt), double knockout (DKO), and S3Ago overexpression (OE)
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(Figure 4.7 A). Overall conjugation efficiencies are low but no significant
difference was observed between the strains.
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Figure 4.7 Conjugation efficiency into S3 strains

(A) Diagrams of strains test for conjugation efficiency. rpsL, large ribosomal
subunit promoter. (B) Quantification of conjugants per ODggo unit of donor
containing pBBR1-null diagrammed on right. Conjugations were carried out in
biological triplicate and mean + SEM is reported. KanR, kanamycin-resistance
cassette; mob, mobility protein; oriT, origin of transfer; oriV, origin of replication;
Rep, replication protein.

Previous bioinformatic analyses postulated that pAgos might associate
with toxins and constitute toxin-antitoxin (TA) systems (Makarova et al. 2012).
Interestingly, we find that the RE domain of S3Apaz displays distant (weak)
structural homology with a CdiA toxin (Figure 4.2 A), involved in contact-
dependent inhibition, and was previously reported to be similar to the Mrr family
of restriction endonucleases (Makarova et al. 2009; Swarts et al. 2014Db).
Although we do not observe noticeable toxicity upon individual expression in E.
coli, we have been unable to clone the entire operon together under the control
of either Tac of T7 promoters. However, we are able to obtain sequence-
confirmed clones by removal of the promoter. Further work is ongoing to
determine the nature of apparent toxicity of these proteins, as the established
test of TA systems is to rescue toxin-induced cell death by conditional expression
of the antitoxin.

While testing for common phenotypes manifested by TA systems, we
noticed an effect on swimming motility. Upon introduction of the pBBR1-null
plasmid, the motility of the DKO strain, but not Wt, is drastically reduced as
determined by diameter of the swimming area in 0.25% agarose plates (Figure
4.8 A and 4.8 B). The S3Ago genes are not crucial to flagella formation as there
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is no difference in the motility of Wt and DKO strains in the absence of the
plasmid (Figure 4.8 A and 4.8 B). Plasmid-dependent arrest of motility in the
DKO strain appears independent of effects on cell growth as liquid cultures show
little difference in growth compared to Wt (Figure 4.8 C).
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Figure 4.8 S3Apaz influences motility of S3

(A) Swimming diameter of strains indicated (top) with and without exogenous
plasmids (left). (B) Quantification of data in (A), reported as mean + SEM for
biological triplicates. (C) Average growth curves of strains (n=3), error bars are
omitted for clarity. (D) Relative plasmid content of total DNA determined by gPCR
against the Kan® gene and Apaz expression was determined by qRT-PCR on
total RNA and normalized relative to Wt + pBBR1-null condition. Reported values
are mean + SEM for three independent cultures.

We wanted to determine if either protein alone or the full S3Ago complex
could rescue the motility defect in plasmid-containing DKO strains. To test this,
we attempted to introduce the pBBR1 vector containing the S3Apaz or S3Piwi
genes into the DKO background. No successful conjugants were only obtained
for the pBBR1-Piwi construct and we did not have success in cloning the pBBR1-
S3Ago construct, as mentioned above. However, pBBR1-S3Apaz was able to
rescue motility in the DKO strain (Figure 4.8 A and 4.8 B). One hypothesis to
explain this phenomenon is that S3Apaz interferes with the plasmid and
reduction of plasmid levels permits motility; however, gPCR on total DNA
extracted suggests the opposite effect. Plasmid content in DKO cells is reduced
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compared to Wt and there is a large relative increase in plasmid content in the
cells overexpressing S3Apaz from the pBBR1 vector (Figure 4.8 D). Taken
together, these results suggest a role of S3Apaz in maintaining motility under
conditions induced by an exogenous plasmid but not through direct plasmid
interference. RNA sequencing of these strains is currently underway to identify
potential target pathways affected by introduction of a plasmid and how S3Apaz
mitigates those effects.

4.5 Discussion and Conclusion

Studies of prokaryotic Argonaute proteins have been restricted to full-
length homologs that all share a canonical four-domain architecture. Here, we
investigated the biochemical properties and physiological role of a natural, two-
piece Argonaute protein. We show that the short pAgo (S3Piwi) from Shewanella
sp. ANA-3 is transcribed as a single operon with its partner protein (S3Apaz) and
highlight that each protein shares homology with a different lobe of archetypal
Ago proteins (Figure 4.2). Importantly, we offer the first experimental evidence
that both proteins physically associate to form a heterodimer in the native host
(Figure 4.4 A) and reconstitute complex formation in vitro, independent of
additional factors (Figure 4.3). This ability to form a high-affinity complex and
shared homology between two-piece and canonical Agos supports the
hypothesis that full-length Agos emerged from two-piece ancestors through
fusion of the two ORFs (Swarts et al. 2014b; Burroughs et al. 2014).

S3Piwi associates with RNAs when expressed in E. coli but no RNA is
detectable when the complex is isolated from the native organism (Figure 4.4B
and C). Initial sequencing determined that the fragment is the 3’-half of the
arginine tRNA (Figure 4.5 B). The structured nature of tRNA molecules might
explain why direct adapter ligation failed and required an alternative cloning
approach (Pang et al. 2014; Zheng et al. 2015; Shigematsu et al. 2017). We
show that RNA binding is highly stable to S3Piwi and is mediated through
established MID-domain interactions (Figure 4.5 C and D, Figure 4.6).
Interestingly, previous groups report isolation of RsAgo and various eukaryotic
Ago homologs bound to tRNA fragments (Olovnikov et al. 2013; Couvillion et al.
2010; Lee et al. 2009; Cole et al. 2009; Keam and Hutvagner 2015). In the case
of Twi12, a Piwi protein from Tetrahymena thermophila, the bound tRNA
fragment did not act as a guide for RNA interference but instead was critical for
nuclear import and activation of RNA processing pathways (Couvillion et al.
2010; 2012). Despite the uncertainty of why S3Piwi is binding a tRNA-half from
E. coli, it is clear that this protein is competent for RNA-binding and the absence
of such activity in Shewanella is puzzling, but may indicate that binding or
substrate generation is regulated.

Prokaryotic Argonautes have been proposed to play a role in genome
defense; however, our inability to transform the S3 strain and the lack of an
isolated bacteriophage complicates testing this hypothesis. Conjugation can be
used to successfully introduce exogenous DNA into S3, but there was no
significant difference in conjugation efficiency in the presence or absence of
S3Ago (Figure 4.7). Intriguingly, in a knockout strain, introduction of an
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exogenous plasmid induces a motility defect that is not observed in the presence
of both proteins or the S3Apaz protein alone (Figure 4.8). Unfortunately, we are
unable to obtain conjugants of either S3Piwi or S3Ago to test their motility.
Bacterial flagella are exquisitely complex structures that display tight regulation
for both expression and assembly (Osterman et al. 2015). As S3Piwi and
S3Apaz are not essential for formation of the flagellum (Figure 4.8), we propose
they directly or indirectly influence the regulation of flagellar pathways.

Previous work hypothesized that partner proteins to short pAgos serve the
role of DNA interference since the PIWI-domain in these systems lacks the
necessary residues to catalyze cleavage (Makarova et al. 2009; Swarts et al.
2014b; Olovnikov et al. 2013; Burroughs et al. 2014; 2013). The expectation was
that introduction of the S3Apaz partner protein into Shewanella would reduce
plasmid content, but instead we observe an increase in relative plasmid levels in
strains with more S3Apaz expression (Figure 4.8 D). Instead of operating directly
on the plasmid, here we suggest that the S3Ago system is playing an indirect
role in mitigating stress or toxic effects of plasmid introduction, which also
manifests as a change in motility and maintenance of the plasmid at higher
levels. Further work is needed to unite all of our observations under one cohesive
model.

In eukaryotes, Argonaute proteins seem to act exclusively as RNA-guided
effectors for RNA-interference. The functions of pAgos are less well defined,
however, and these prokaryotic homologs display greater diversity in guide and
target preferences than their eukaryotic partners. Our functional model and
understanding of pAgos as a family derive from a limited subset of the total pAgo
diversity. Further investigation of genetically divergent systems will determine if
pAgos exert functions that extend beyond a generalized role in genome defense
as well as possibly lead to the identification of suitable homologs for application
as nucleic acid-guided targeting platforms, analogous to CRISPR-Cas9.
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Chapter 5

Summary and future directions
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5.1 Chapter Summary

A matter of life and death, prokaryotes have evolved an arsenal of
defense systems to maintain genomic stability in the face predatory genetic
elements. As an alternative to methods that offer non-specific protection to the
host, bacteria and archaea possess nucleic acid-guided genome defense
systems that confer targeted interference of genomic threats. CRISPR-Cas
systems employ small RNAs to direct nucleases for degradation of parasitic DNA
and RNA molecules (Wright et al. 2016; Rath et al. 2015). Similarly, pAgos have
been proposed as an orthogonal system for small RNA or small DNA-directed
interference of invading plasmids (Makarova et al. 2009; Swarts et al. 2014a;
Burroughs et al. 2014). Here, we review the similarities and differences between
these two nucleic acid-mediated genome defense systems, as well as highlight
outstanding questions about both systems.

5.2 Functional and mechanistic comparison of CRISPR-Cas and pAgo
systems

Although they operate by different underlying mechanisms and do not
share homologous proteins, CRISPR-Cas and pAgo systems both share overall
functional similarity in their targeting pathway. Generally, a non-specific nuclease
activity precedes a specific targeting step. Adaptation in CRISPR-Cas systems
requires generation of short protospacers prior to integration into the CRISPR
array, mostly through non-specific Cas or cellular nuclease activity (Levy et al.
2015; Semenova et al. 2016). The Cas interference step uses the information
contained in those protospacers to guide specific cleavage of invading DNA.
Similarly, pAgos have been implicated in generating their own guides from
invading DNA through a non-specific nuclease activity. Ago then binds these
guides to mediate specific cleavage (Swarts et al. 2017a), paralleling the
multistep process of CRISPR interference.

CRISPR-Cas systems differ from pAgo systems in their source of nucleic
acid guides. CRISPR-Cas systems employ crRNAs that are transcribed from
previously acquired spacers and require processing by Cas nucleases or other
host factors (Hochstrasser and Doudna 2015; Deltcheva et al. 2011; Wright et al.
2016). While detailed mechanisms of guide generation are lacking, some pAgos
exhibit autonomous acquisition of guides directly from the invader (Swarts et al.
2017a; Olovnikov et al. 2013). Alternative methods of guide generation also imply
a temporal difference in response time to pathogens with CRISPR-Cas systems
exhibiting a greater lag time between initial exposure and generation of guided,
catalytically-competent Cas nucleases.

In addition to source of their guides, CRISPR-Cas and pAgo systems also
differ in identity and composition of their nucleic acid guide molecules. pAgos can
associate with small DNA (Swarts et al. 2015a; 2014a; Zander et al. 2017) or
small RNA (Olovnikov et al. 2013) guides for in vivo plasmid interference. Cas
nucleases are guided invariably by RNAs as no CRISPR-Cas system have been
identified that are naturally guided by DNA, although a recent study reports
efficient CRISPR-Cas9 gene editing in human cells using chimeric RNA:DNA
guides (Yin et al. 2018). By virtue of being stored and transcribed from genomic
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loci, mature crRNAs contain host-derived nucleotides; however, pAgo guides are
apparently only composed of exogenous sequences.

Cas9 and pAgo proteins both have a role in scaffolding and functional
division of their guide to facilitate the target search process. Early structural and
biochemical work on pAgo homologs revealed that the guide contains a
contiguous, preordered seed sequence (Kunne et al. 2014). Remarkably, Cas9
also preorders the seed sequence of its guide RNA (Jiang et al. 2015),
highlighting an underlying mechanistic similarity in targeting. Functionally, the
seed in both Cas9 and Ago is the nucleation site for target annealing and serves
as a discriminator between ON and OFF-target sites to accelerate correct target
identification (Sternberg et al. 2014; Ma et al. 2016; Herzog and Ameres 2015;
Kunne et al. 2014). Although specific subtypes and homologs display differential
preferences, both pAgos and CRISPR-Cas systems can target both RNA and
DNA.

5.3 Outstanding questions about nucleic acid-guided genome defense
systems

Despite extensive research into CRISPR-Cas systems many outstanding
questions still exist. For example, not all prokaryotes contain CRISPR-Cas
systems and the lack of these systems in some microbial lineages remains a
mystery (Burstein et al. 2016). Furthermore, we have shown that CRISPR-Cas9
systems expand beyond the bacterial domain with the identification of the first
archaeal Cas9 homologs. No activity could be demonstrated for these systems
and further work is necessary to determine if they operate in a similar manner as
their bacterial counterparts.

Interest in CRISPR nucleases as tools for applications in biotechnology
has motivated efforts to discover novel CRISPR-Cas systems (Shmakov et al.
2015; Zetsche et al. 2015; Burstein et al. 2017). Exploration of ever-expanding
genomic and metagenomic databases is likely to add to the CRISPR-Cas
repertoire but what is the limit of Cas gene diversity in nature? Additionally, there
is a lack of in vivo functional information about CRISPR-Cas system in the
context of their native organisms, especially from type 1V, type V, and type VI
systems.

Besides discovery efforts, investigation into previously identified CRISPR-
Cas nucleases is revealing novel biochemical properties. Here, we showed that
certain Cas9 homologs display a natural ability to bind and cleave RNA in
addition to canonical DNA cleavage. Two other reports also described RNA-
dependent RNA targeting in various Cas9 enzymes (Rousseau et al. 2018;
Dugar et al. 2018). The extent and role of RNA targeting in vivo is not well
understood but may protect against parasitic RNA elements or modulate gene
expression. Nevertheless, as a platform for RNA binding and targeting, these
Cas9 homologs can potentially be repurposed for a range of therapeutic and
research applications, including interference of RNA-only viruses or differential
targeting of mMRNA splice variants.

Few studies have examined the physiological role of pAgos in their native
organisms. Initial evidence supports a role in genome defense through direct

94



cleavage of invading DNA; however, given that the majority of pAgo homologs
are inactive nucleases, the generalizability of this role and mechanism is
questionable. Our data on a novel, two-piece pAgo system suggests that it
functions in an indirect manner to mitigate effects induced by an exogenous
plasmid, not through direct cleavage. This system represents only a small
minority of total diversity of two-piece pAgo systems, all of which could display
different functions based off their divergent partner proteins (Makarova et al.
2009; Swarts et al. 2014b). Early work suggested that pAgos could be used as
an alternative for Cas9 in gene editing (Swarts et al. 2014a) but such an
application awaits further experimental proof. Given the genetic diversity of
pAgos, this family constitutes a wealth of potential nucleic acid-guided nucleases
for applications in genome editing and beyond.
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