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ABSTRACT

Molecular mechanisms and applications of RNA targeting CRISPR endonucleases

by
Alexandra Seletsky

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

Professor Jennifer A. Doudna, Chair

Evolutionary pressure to protect against phage-induced lysis and rampant horizontal
gene transfer has created a wide repertoire of defensive pathways in bacteria. CRISPR-
Cas (clustered regularly interspaced short palindromic repeats, CRISPR-associated)
systems are adaptive immune pathways that use RNA-guided nucleases to direct
cleavage of invading nucleic acids. The programmable nature of these enzymes has
enabled a revolution for DNA-targeting applications including gene editing,
transcriptional control, and genomic imaging. In addition to DNA-targeting enzymes,
specific subtypes of CRISPR-Cas systems recognize and degrade single stranded RNA
(ssRNA) substrates. Repurposing these ssRNA-targeting enzymes into biotechnological
tools is currently limited by a lack of mechanistic information. In this work, we address
this issue by redirecting a well-studied DNA-targeting CRISPR nuclease, Cas9, to
ssRNA targets and investigating the enzymatic mechanisms of a novel ssRNA-targeting
CRISPR nuclease, Cas13a (formerly C2c2).

Typically, Cas9 ignores ssRNA while searching for dsDNA targets due to ssRNA’s
inherent single-stranded structure and lack of a protospacer adjacent motif (PAM). We
redirected Cas9 to bind and recognize ssRNA targets through addition of a third
component, a target-complementary DNA oligonucleotide or PAMmer, that provides a
DNA:RNA hybrid PAM. Using primary microRNAs as a model system, we provide proof-
of-concept evidence that Cas9:PAMmer complexes can mediate the isolation and
subsequent mass spectrometry analysis of protein complexes bound to specific RNAs.

The complexity of redirecting Cas9 to ssRNA substrates motivated us to investigate
CRISPR proteins that natively target RNA. We focused on Cas13a, a predicted
ribonuclease from Type VI CRISPR-Cas systems. We discovered that Cas13a
possesses two distinct catalytic activities, one for site-specific cleavage of its CRISPR
RNA (crRNA) and the second for nonspecific ssSRNA degradation activated by target
binding. These insights allowed us to establish a revised model for ssRNA-targeting by
Type VI CRISPR-Cas systems. Through biochemical characterization of the entire
Cas13a protein family, we revealed hidden diversity in substrate preferences and
defined orthogonal enzyme subfamilies. These diverse Cas13a homologs can be
harnessed in parallel for detection of distinct RNA species within complex mixtures for
both bacterial immunity and diagnostic applications. Together, this work presents two
novel biotechnological applications of CRISPR-Cas nucleases for RNA isolation and
RNA detection.
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Chapter 1

Introduction to CRISPR-Cas Immune
Systems



1.1 Overview of bacterial defense systems

The competition for survival within microbial communities drives the evolution of
bacteria and archaea (Dy et al., 2014). Often overlooked, phages are a key component
of these communities with a gIobaI population estimated over 10%°, with approximately
10% phage infections occurring per second across the Earth (Chibani-Chennoufi et al.,
2004). The rapid lifecycles of both phage and their hosts has driven the evolution of a
plethora of bacterial immune pathways and conversely, interference mechanisms by the
phage to counter these defenses. Beyond intriguing biochemical mechanisms, many of
these systems contain robust enzymes that have been exploited by bioengineers for the
past 50 years (Ghafourian et al., 2014; Snyder, 1995; Sternberg and Doudna, 2015).
From restriction modification systems to the current CRISPR-craze, the field of bacterial
immunology has been ripe for biotechnologically applications in addition to revealing the
inherent beauty of biological systems.

1.1.1 Innate strategies to evade phage infection

While the bulk of this work will center on the adaptive CRISPR-Cas immune
systems, first we will address other alternative mechanisms prokaryotic cells can use to
combat phage infections. Host cells have many redundant pathways that can block
phage infections at all stages of the phage life cycle (Fig 1.1) (Dy et al., 2014; van
Houte et al., 2016). Simple measures can reduce the probability of phage infection like
extracellular polymers to act as physical barriers or secreted enzymes that degrade
phage proteins in the extracellular space (Labrie et al., 2010; Seed, 2015). Other more
complex mechanisms can block genome injection by specific phage classes conferring
immunity typically encoded within the host’'s incorporated prophages (Labrie et al.,
2010; Seed, 2015).

Surface Superinfection Restriction Abortive
modification Exclusion Modification Infection CRISPR PAgo

O, O T PP

S
sonone | | cenome X (e
o

Infection

sensed
? Gu|de
Infection Host genome ‘ ‘ acquisition
Integration into 5 3 i 3 B ? ? CRISPRIocus

host genome B

Figure 1.1 Overview of bacterial defense mechanisms

Summary of bacterial immune pathways in relationship to the phage life cycle. Letters
indicate protein components involved in the immune mechanism (M, methylase; R,
restriction enzyme; C1/2, Cas1 and Cas2; C, Cas effector-nuclease complex; A,
prokaryotic Argonaute enzyme). Adapted from van Houte et al., 2016.

Suicide Inlerference

If phage infections cannot be stopped, a variety of intracellular measures may be
utilized to block phage propagation. Many of these abortive infection systems or phage
genome targeting systems are very redundant leading to wide diversity, but also leading
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to difficulty in determining the precise role of these pathways (Mruk and Kobayashi,
2014; Vasu and Nagaraja, 2013). Abortive infection systems are generalized suicide
pathways to reduce phage propagation within a large ecosystem (Dy et al., 2014).
Ideally in these systems the infected host bacteria does not survive, altruistically
protecting its community. The first abortive infection system to be characterized was
the rexAB system, which will depolarize the host membrane upon recognition of a
specific phage protein-DNA complex (Snyder, 1995). The subsequent decrease in
intracellular ATP leads to bacterial death and overall protection of the microbial
community. Abortive infection systems are often encoded within mobile genetic
elements and can be regulated by other phage defense systems including toxin-
antitoxins (Fineran et al., 2009).

Toxin-Antitoxin (TA) systems are another class of altruistic innate defense
pathways (Gerdes et al., 2005; Ghafourian et al., 2014). Originally determined to be a
system to addict host cells to plasmids (Ogura and Hiraga, 1983), a large diversity of
these systems have been subsequently studied and determined to be involved in
regulation of stress response including phage defense (Ghafourian et al., 2014; Leplae
et al., 2011; Yamaguchi and Inouye, 2011). Generally these pathways are two
component systems where one part contains a cytotoxic activity, termed the toxin. The
activity of this toxin is negated by the presence of the second antitoxin component,
either protein or RNA, which is extremely labile. Under periods of stress the labile
antitoxin is quickly degraded releasing the toxin protein (Yamaguchi et al., 2011). Many
of the toxin proteins are nucleases, although other protein classes can be toxins
including small hydrophobic peptides that puncture membranes and cytoskeletal binding
proteins (Page and Peti, 2016). The nucleases of TA systems are divided into 2 general
classes, ribosome-independent and ribosome-dependent mMRNA interferases
(Yamaguchi and Inouye, 2011). The MazE-MazF ribosome-independent TA system
encodes an ACA-specific ribonuclease that will degrade most cellular transcripts and
protects E. coli against P1 phage infection (Hazan and Engelberg-Kulka, 2004). Another
well studied example of TA systems defending against phage is the Tox/-ToxN system
that activates abortive infection upon degradation of the antitoxin RNA Tox/ (Fineran et
al., 2009). Through their responsiveness to cellular stressors, TA systems defend
against phage with a variety of mechanisms and promote bacterial persistence (Harms
et al., 2016).

Beyond altruistic cell suicide pathways, restriction modification (RM) systems are
another prevalent bacterial defense mechanism. RM systems are a very large, diverse
family of proteins with a general mechanism that is dependent on modification of the
host genome at specific sequences (Mruk and Kobayashi, 2014; Vasu and Nagaraja,
2013). They were the first bacterial immune systems to be studied in the 1960s, and
enabled the field of molecular biology to develop (Arber, 1965; Snyder, 1995). Similar
to TA systems, RM systems generally are composed of two enzyme components that
work in tandem to protect the host (Mruk and Kobayashi, 2014; Vasu and Nagaraja,
2013). The first enzyme is a modification enzyme, that will transfer generally a methyl
group to the host genomic DNA, marking it as ‘self’. This process is generally coupled
to genome replication ensuring proper marking of the newly synthesized strand. The
second enzyme is a nuclease that will cleave DNA strands, usually at specific
sequences, that do not contain the precise modification placed by the first enzyme.

3



These enzyme pairs have proven invaluable to the field of molecular biology, enabling
scientists to precisely cut and paste nucleic acids in a predictable manner (Snyder,
1995).

1.1.2 Adaptive strategies to combat phage infection

Adaptive immunity within prokaryotes is a relatively young field. The CRISPR-
Cas (clustered regular interspersed short palindromic repeats - CRISPR associated)
system was first demonstrated only ten years ago to protect Streptococcus
thermophilus (S. thermophilus) against phage infection (Barrangou et al., 2007). This
system is defined by the CRISPR genomic locus, a series of variable spacer sequences
of foreign origin separated by directed repeats, and the nearby cas gene operon(s)
encoding essential pathway proteins (van der Oost et al., 2014; Wright et al., 2016).
CRISPR-Cas systems reside within a large percentage of the prokaryotic kingdom
(Burstein et al., 2016; Makarova et al., 2011) and have been shown to defend against
both phage and mobile genetic elements (Garneau et al., 2010; Marraffini and
Sontheimer, 2008). These systems show a large amount of diversity and have been
subsequently divided into two distinct classes, six types, and nineteen subtypes
(Makarova et al., 2011; 2015; Shmakov et al., 2017). These systems will be covered
extensively in the rest of this work.

Prokaryotic argonaute (pAgo) proteins mediate the only other proposed adaptive
prokaryotic defense pathway. This fledging field originated form the discovery in 2009
that Argonaute-PIWI proteins were not only wide spread within the prokaryotic kingdom
but also within genomic neighborhoods enriched for known defense pathway genes
(Makarova et al., 2009). Limited experimental evidence has supported this hypothesis.
In vitro, pAgo proteins bind both DNA and RNA guides to direct cleavage against
ssDNA and ssRNA substrates (Kaya et al., 2016; Olovnikov et al., 2013; Swarts et al.,
2015; 2014). In vivo, pAgo is reported to reduce plasmid transformation efficiency and
pAgo deletion mutants retain higher plasmid expression levels (Blesa et al., 2015;
Olovnikov et al., 2013; Swarts et al., 2014). Recent work indicates that some pAgos
contain a second nuclease activity, enabling guide generation through a non-specific
cleavage of dsDNA (Swarts et al., 2017; Zander et al., 2017). Many key mechanistic
questions remain open in this field, including the mechanisms of self versus non-self
discrimination and acquisition of guides from foreign nucleic acids.

1.2 CRISPR-Cas system classification

Evolutionary pressure to protect against phage-induced lysis and rampant
horizontal gene transfer has created a wide range of CRISPR systems (Fig 1.2)
(Mohanraju et al., 2016). The gene operons and CRISPR loci have been classified
through their evolutionary relationships in a ‘polythetic’ classification scheme to simplify
this diversity (Makarova et al., 2011). These classifications generally rely on a signature
or hallmark Cas ORF (open reading frame), the Cas gene composition and repeat
structure. Overall, CRISPR-Cas operons are divided into 2 general classes that denote
the composition of their targeting complexes either as a multi-component assembly
(Class 1) or as a single polypeptide (Class 2). Within each class, there are operon types
and subtypes, which correspond to the evolutionary relationship of the Cas genes. In



addition, the genes responsible for each of the distinct pathway steps are referred to as
modules.

Expression Interference Adaptation Ancillary
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Figure 1.2 Classification scheme of CRISPR-Cas systems

Overview of CRISPR types is given above. General gene names are noted within the
blocks representing the ORFs. Functions of the genes are aligned as noted in the
columns. Adapted from Mohanraju et al., 2016.

1.2.1 Class 1 systems

Class 1 CRISPR-Cas systems maintain a diverse set of Cas proteins, which
assemble into large complexes centered around the crRNAs (van der Oost et al., 2014;
Wright et al., 2016). Overall these systems are the most abundant CRISPR types, and
are broken up into many subtypes depending on their exact gene composition (Burstein
et al., 2016). Type | and Type Il structural studies have revealed a conserved
architecture of multiple repeating backbone subunits anchored generally by the
processing enzyme, repeat binding proteins, and the large and small subunits (Fig 1.3)
(Hochstrasser et al., 2016; Jackson et al., 2014; Mulepati et al., 2014; Staals et al.,
2013; 2014; Taylor et al., 2015; van der Oost et al., 2014; Zhao et al., 2014).

The Type | targeting complex formation is initiated by specific binding and
cleavage of Cas6 to the crRNA hairpin (Carte et al., 2008; Haurwitz et al., 2010). The
other Cas proteins assemble onto the crRNA backbone, forming a large ~400 kDa
complex referred to as Cascade (CRISPR-associated complex for antiviral defense).
For E. coli Type I-E Cascade, the oligomerized backbone subunit is Cas7 with the
crRNA ends caped with Cas5 at the 5’ end and Cas6 at the 3’ stem loop. Cse1 is the
large subunit while a dimer of Cse2, or small subunits hug the belly of the complex
(Jackson et al., 2014; Mulepati et al., 2014; Zhao et al., 2014).

Type lll complexes form a similar structure, although the order of assembly is
less established. The large subunit in Type Il systems, Cas10 (Csm1 or Cmr2) is the
signature protein at the base of the complex. The crRNA backbone subunits are Csm3
or Cmr4 respectively, with Csm4 or Cmr3 capping the 5’ end and Csm5 or Cmr1/Cmr6
bound at the 3’ end. Csm2 or Cmr5 are the small subunits stabilizing the belly of the
complex (Staals et al., 2013; 2014; Taylor et al., 2015). Despite their distinct
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phylogenetic relationships, Type | and Type Il share a common scaffold, suggested a
common shared ancestor (Jackson and Wiedenheft, 2015).
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Figure 1.3 Structural comparison of Class 1 effector complexes

Schematics of Class 1 effector complexes is given above. Type | systems are depicted
above, with type IIl below. (A and B) Generalized Cas gene operon is color-coded for
the structural components and the multiple copies of a given gene are indicated but
decimal notation in the schematics. (C) Diagrams of the crRNA:dsDNA duplex
summing up the current understanding of biochemical mechanism of these complexes.
Adapted from Jackson and Wiedenheft, 2015.

1.2.2 Class 2 systems

In contrast to Class 1 interference complexes that are composed of many smaller
proteins, Class 2 effectors comprise only one large protein (Mohanraju et al., 2016).
Cas9, a Cas enzyme well known for its functions beyond CRISPR biology, is an
example of the Class 2, Type Il CRISPR single effector. Generally Class 2 effectors are
900-1500 amino acids in length, and are located next to Cas1, Cas2 and sometimes
other ancillary Cas genes (Fig 1.4). This class has been recently expanded to include
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recently discovered systems from Type V and Type VI (Makarova et al., 2015; Shmakov
et al., 2017; 2015; Zetsche et al., 2015). These systems are observed much less
frequently than Type | and Type Il CRISPR systems throughout the prokaryotic
kingdom, and within Archaea there are very few examples. Even within Class 2 operons,
Type Il exist in only 8% of published genomes, while Type V and Type VI are more than
1 order of magnitude lower (Shmakov et al., 2017).
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Figure 1.4 Classification of Class 2 CRISPR effector Types and Subtypes.
Generalized phylogenetic tree of Class 2 effectors with cartoon Cas operons. Predicted
catalytic domains are noted for all effectors in addition to the standard gene synteny for
each subtype. Previous gene names are listed in italics under the cartoon, with updated
name highlighted in red. To the left, example genomes are listed for each subtype.
Adapted from Shmakov et al, 2017.

Type Il systems were the original CRISPR system to be studied in 2007 by
scientists at Danisco, a yogurt company (Barrangou et al., 2007). Subsequently it has
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been determined that Cas9 contains two nuclease domains, a HNH domain and split
RuvC that are responsible for target cleavage (Gasiunas et al., 2012; Jinek et al., 2012).
Three Type Il subtypes exist, primarily defined but the adjacent Cas genes, Csn2, Cas4
or the lack of both. Type II-C Cas9 proteins are the most distinct, tending to be smaller
than Cas9’s originating from Type II-A or II-B systems.

Similar to Type Il systems, Type V systems contain the hallmark protein Cas12
(formerly Cpf1), which unlike Cas9 only contains 1 predicted nuclease domain
(Shmakov et al., 2017). Since this protein cleaves both strands of its dsDNA target, a
second region of the protein is suspected to have cleavage activity. Current studies are
in disagreement over the likelihood and location of this potential domain (Dong et al.,
2016; Gao et al., 2016; Yamano et al., 2016).

The most recently additions to the CRISPR universe are Type VI systems, which
are quite distinct from other Class 2 effectors. These effector proteins were identified by
searching for large ORFs next to CRISPR loci within published genomes. Cas13
(formerly C2c2) proteins were missed in previous bioinformatics searches that required
the presence of Cas1 (Shmakov et al., 2015; 2017; Smargon et al., 2017). Domain
mapping only finds two predicted HEPN motifs within this diverse protein family, leading
to the hypothesis that these systems target RNA instead of DNA(Shmakov et al., 2015).

1.3 Three major steps of the CRISPR-Cas pathway

Cas genes CRISPR Locus

Acquisition ﬁ‘
- TR
pre-crRNA ¢
i 5 —ﬂ—=|—ﬂ—|:|—ﬂ—|:|-ﬂ—|:| 3
crRNA
Biogensis mature crRNA i
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effector
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Target
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Figure 1.5 Overview of general CRISPR-Cas pathway

The three basic steps of CRISPR systems are diagramed in the figure above. Cas
genes noted in teal, while repeats are black squares with the spacers as yellow
diamonds. A new spacer is added to the array from an invading phage (red). Pathway
components are expressed during the second step, and guides are loaded into effector
complexes for targeting of spacer complementary sequences.
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Mechanistic studies of the CRISPR-Cas pathway have defined three major steps
required for adaptive immunity: (1) integration of new spacers into the host genome at
the CRISPR locus, (2) Cas protein expression and CRISPR RNA (crRNA) biogenesis,
and (3) effector complex assembly and target interference (Carte et al., 2008; Kunin et
al., 2007; Wright et al., 2016). These steps are diagramed in Fig. 1.5. Other essential
terminologies for CRISPR-Cas systems include protospacer and protospacer adjacent
motif (PAM). Protospacers are the spacer matching sequence within the foreign DNA
and are the substrates for new spacer acquisition. Self versus non-self discrimination is
generally established through the PAM sequence, which is located flanking the
protospacer. At the CRISPR locus within the host genome, these sequences will not
appear, limiting interference against the host chromosome.

1.3.1 Acquisition of new spacers
In order to protect a host during a naive phage infection, the CRISPR-Cas

system must integrate a new spacer into the CRISPR loci through a process referred to
as spacer acquisition or adaptation (Amitai and Sorek, 2016; Heler et al., 2014;
Sternberg et al., 2016). Expansion of the CRISPR array in response to phage infection
was established by the first landmark study that established the field of CRISPR biology
in 2007 (Barrangou et al., 2007). But, it was not until 2012 that the mechanism of these
steps began to be unraveled by multiple groups working on the E. coli CRISPR system
(Datsenko et al., 2012; Swarts et al., 2012; Yosef et al., 2012). CRISPR acquisition can
be triggered in a laboratory setting in response to either transformed plasmid (Diez-
Villasenor et al., 2013; Erdmann and Garrett, 2012; Swarts et al., 2012; Yosef et al.,
2012) or bacteriophage infections (Barrangou et al., 2007; Datsenko et al., 2012).
Bacteriophage infection mimics the native context of the CRISPR pathway and has
been successful used in many species including Streptococcus thermophilus
(Barrangou et al., 2007; Horvath et al., 2008; Paez-Espino et al., 2013), Sulfolobus
solfataricus (Erdmann et al., 2013a), Pseudomonas aeruginosa (Cady et al., 2012), and
E. coli (Datsenko et al., 2012; Sashital et al., 2012).

The two Cas ORFs found commonly across all CRISPR-Cas subtypes, Cas1 and
Cas2, were established to be necessary for new spacer acquisition (Yosef et al., 2012).
Cas1/Cas2 form a stable complex and complex formation is necessary for acquisition in
vivo (Nunez et al., 2014). Initial in vitro biochemical studies of Cas1 and Cas2 have
characterized both as metal-dependent endonucleases, with activity against a variety of
substrates include ssDNA, dsDNA, ssRNA and Holiday junctions (Babu et al., 2011;
Beloglazova et al., 2008; Nam et al., 2012a). Recent clarity in the field was gained with
the establishment of in vitro integration assays suggesting the preferred substrate of the
Cas1/Cas2 complex is dsDNA with 3’ overhangs (Nunez et al., 2015a; 2015b; Rollie et
al., 2015; Wright and Doudna, 2016). The 3’ OH of the incoming spacer is assumed to
engage in nucleophilic attack on one strand of the CRISPR repeat as diagrammed in
Fig 1.6. These in vitro mechanisms are supported by the capture of integration
intermediates from in vivo cultures (Arslan et al., 2014).

While the biochemical mechanism of spacer integration has been well studied,
how specific protospacers are selected for integration into the CRISPR array is less
established. Few sequence preferences are observed across the protospacer length,
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with constant a GC content for both Type | and Type |l systems (Diez-Villasefior et al.,
2013; Paez-Espino et al., 2013; Savitskaya et al., 2013; Shah et al., 2013; Swarts et al.,
2012). Some systems display a preference for a flanking PAM sequence, although the
proposed mechanisms vary. For Type | systems PAM preference during naive
acquisition is dictated by Cas1/Cas2 (Wang et al., 2015; Yosef et al., 2013). In contrast,
for Type Il systems the interference protein Cas9 influences PAM and protospacer
choice (Heler et al., 2015; 2016; Wei et al., 2015b) and structural evidence suggests a
super complex between Csn2, Cas1, and Cas2 may also play an important role in Type
Il acquisition (Ka et al., 2016).
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Figure 1.6 Proposed mechanism of new spacer integration in E. coli

IHF (gray and orange) binds to a specific site in the leader sequence and induces
bending of the leader sequence. Cas1-Cas2 bound to a protospacer recognizes the
bent leader-repeat border sequence and catalyzes the first nucleophilic integration
attack. The second integration event occurs via a ruler mechanism 28 bp downstream
at the repeat-spacer-1 border. Following DNA repair, the new spacer is integrated and
duplicates repeat-1*. Adapted from Nunez et al., 2016.

In addition to Cas1 and Cas2, cis-acting sequences within the CRISPR locus are
vital for spacer acquisition. Upstream of the repeat array is a conserved region, termed
the leader, which determines the polarity of the locus (Fineran and Charpentier, 2012;
Yosef et al., 2012). Incoming spacers are consistently integrated at the leader-proximal
end of the CRISPR array (Horvath et al., 2008). Truncation analysis of CRISPR loci
from Type | and Type Il systems established the cis-acting regions as essential for in
vivo spacer acquisition (Diez-Villasehor et al., 2013; Moch et al., 2016; Wang et al.,
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2016; Wei et al., 2015a; Yosef et al., 2012). It has recently been reported than a host
protein, integration host factor (IHF) binds to this region of the leader, remodeling the
DNA topology to enable Cas1/Cas2 to catalyze the nucleophilic attack (Nunez et al.,
2016; Yoganand et al., 2017).

The mechanism for discriminating between self and non-self protospacers during
spacer acquisition is still an open question. Analysis of self-targeting spacers in
Cas1/Cas2 overexpression strains suggests that the double strand break repair
complex RecBCD may play a role in generating protospacer fragments (Levy et al.,
2015). Host chromosomal sequences have a higher density of Chi sites that pause
RecBCD-mediated degradation, limiting the protospacer fragment production for
Cas1/Cas2. Target interference complexes have also been implicated in generating
potential protospacers (Kunne et al., 2016; Redding et al., 2015) potentially increasing
the frequency of new spacers originating from foreign DNA targets.

Another paradigm of CRISPR-Cas acquisition is the feedback between stalled
interference complexes and upregulation of new spacer integration termed primed
acquisition (Amitai and Sorek, 2016; Heler et al., 2014; Sternberg et al., 2016). Priming
was first observed during phage infection of E. coli and the propensity for multiple
targeting spacers to be integrated in response to escapee phage mutations (Datsenko
et al.,, 2012). Further mechanistic studies revealed that stalled Cascade complexes
bound to degenerate target sites trigger enhanced spacer acquisition (Blosser et al.,
2015; Fineran et al., 2014; Redding et al., 2015; Xue et al., 2015). Priming has been
observed in Type I-B (Li et al., 2014), Type I-E (Datsenko et al., 2012; Shmakov et al.,
2014), and Type I-F (Richter et al., 2014) suggesting this may be a widespread
mechanism in Type | systems. Type Il systems also have a feedback loop between
interference machinery and acquisition, but interaction is required for all in vivo
acquisition events (Heler et al., 2015).

Little is known about acquisition for Type Ill systems, as the systems tend to
genetically intractable, limiting the field to observational acquisition studies. Initial
studies on S. solfataricus (Erdmann and Garrett, 2012; Erdmann et al., 2013b; Shah et
al., 2013) suggest that Type Ill CRISPR arrays are dynamic, but the coexistence of
Type Il with Type | operons has muddied the conclusions. Crosstalk by these arrays
has been observed at both the crRNA biogenesis (Deng et al., 2013) and interferences
(Zhang et al., 2012) steps, raising the question if crosstalk also occurs during
acquisition. Due to the dearth of mechanistic studies on Type Ill acquisition, it is
unclear what the precise protospacer substrate of these ssRNA-targeting systems
should be. Some loci contain Cas1 fusions to reverse transcriptases (RT) (Makarova et
al., 2011; Shmakov et al., 2015) suggesting a role for RNA during spacer acquisition.
One of these Cas1-RT fusions has been shown to ligate RNA segments into the
CRISPR array and mediate in vivo spacer acquisition, but it remains unclear if this is a
widespread mechanism of RNA spacer acquisition (Silas et al., 2016).

1.3.2 Biogenesis of pathway components

Transcriptional control and regulation of these systems is relatively understudied
within the CRISPR systems. In Type Il systems higher transcription and protein
production is observed upon phage infection of S. thermophilus (Agari et al., 2010;
Young et al., 2012) although the mechanism of induction is unknown. For Type |
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systems, the regulation appears to be highly variable. In E. coli Type I-E, the general
transcriptional silencers H-NS, and CRP suppresses Cas gene expression (Medina-
Aparicio et al., 2011; Pul et al., 2010; Westra et al., 2010; Yang et al., 2014) while cell
envelop stress can trigger expression (Perez-Rodriguez et al., 2010). For Type I-F
systems in Pectobacterium atrosepticum Cas gene expression is linked to glucose
usage through CRP-cAMP based regulation (Patterson et al., 2015). More recently
quorum sensing in Pseudomonas aeruginosa has been implicated in transcriptional
control of their Type I-F CRISPR-Cas system (Hgyland-Kroghsbo et al., 2017; Patterson
et al., 2016). Studies in S. solfataricus have observed that the CRISPR locus is
constitutively expressed, perhaps reflecting the continual exposure of these hosts to
phage within their native environment (Deng et al., 2012; Lillestgl et al., 2009). Overall
most species demonstrate system specific transcriptional regulation to activate their
CRISPR-Cas systems.
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Figure 1.7 Overview of the crRNA biogenesis pathways

(A) Type | and Type lll systems generally use an endoribonuclease Cas6 for array
processing. Cleavage events are noted by red triangles. (B) Type Il processing
generally occurs through an RNase Ill mediated pathway that cleaves the dsRNA
duplex between the crRNA and tracRNA. (C) For some Type |l systems, individual
promoters exist within the repeat sequences enabling mature crRNA production from
the initial transcription product. Adapted from Mohanraju et al., 2016.

Upon expression, the CRISPR array is generally expressed as a long non-coding
transcript that must be processed into mature guides (Brouns et al., 2008). For Type |
and Type lll systems, the Cas6 gene family encodes RNA endonucleases that are
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responsible for cleaving within the repeat sequence to generate the mature guide (Fig
1.7) (Carte et al.,, 2008; Charpentier et al., 2015; Hochstrasser and Doudna, 2015).
This enzyme binds the repeat hairpin in a sequence and structure dependent manner
with very high affinity (Haurwitz et al., 2010; 2012; Sternberg et al., 2012). After
cleavage, the remaining repeat sequences are referred to as the handles. The 5" handle
is generally 8 nts in Type | and Type Ill systems (Hochstrasser and Doudna, 2015). In
contrast, the 3’ handle displays much more heterogeneity across the different subtypes.
In some subtypes, other host nucleases non-specifically trim the 3’ end, presumably
using the protection of the interference complex as a template (Hale et al., 2008; Scholz
et al., 2013; Walker et al., 2016).

For Type Il systems, a distinct mechanism is used to liberate mature crRNA'’s
from the array transcript. A second RNA is encoded by the locus, the trans-activating
RNA (tracrRNA) which contains significant complementarity to the CRISPR repeat
sequence (Deltcheva et al., 2011). This tracrRNA binds to the crRNA, creating a long
dsRNA duplex that is recognized and cleaved by RNase lll. Cas9 is also required for
proper guide processing to occur, most likely through protection and stabilization of the
dsRNA (Deltcheva et al., 2011). The best studied exception to this model is the Type II-
C systems within Neisseria meningitidis which uses individual promoters encoded by
the CRISPR repeats to express mature guides independent of a processing enzyme
(Zhang et al., 2013).

Recently it has been shown that the single effector protein from Type V systems,
Cas12a (previously Cpf1) can self-process its own guide (Fonfara et al., 2016). The
crRNAs within Cas12a containing systems, contain a single hairpin, and no tracrRNA.
The processing nuclease domain of Cas12a is still debated. The original findings
suggested a set of residues may be involved but the in vivo and in vitro data for
processing activity was not consistent (Fonfara et al., 2016). Structural insights into the
residues responsible for processing LbCpf1 suggest that 3 of the implicated residues
are co-planar surrounding the 5’ nucleotide of the guide (Dong et al., 2016; Gao et al.,
2016).

Another common feature of CRISPR immune systems is the presence of multiple
CRISPR-Cas loci, whether from redundant or distinct subtypes, within one host genome.
Previous work on Type | and Ill systems has shown that the crRNA-processing enzyme,
Cas6, can be shared across multiple effector complexes within some host organisms
(Nickel et al., 2013; Niewoehner et al., 2014), while other organisms require distinct
enzymes for each crRNA repeat species (Scholz et al., 2013; Sokolowski et al., 2014).
Type | and Type lll repeat species have also been shown to be processed by the same
Casb, suggesting cross talk between these two distinct CRISPR types (Nickel et al.,
2013).

1.3.3 Target search and interference of phage infection

Each of the different CRISPR Types targets a specific class of foreign nucleic
acid substrate to protect their host. Best studied of these systems are the dsDNA
targeting Type | and Type Il complexes (van der Oost et al., 2014; Wright et al., 2016).
Both of these systems use a protospacer adjacent motif (PAM) mechanism to protect
the host genome at the CRISPR locus from self-targeting (Mojica et al., 2009; Sashital
et al., 2012; Westra et al., 2013). RNA targeting by Type Il and Type VI demonstrate a

13



wider variety of target interference mechanisms (Abudayyeh et al., 2016; Tamulaitis et
al., 2017). For each of the CRISPR-Cas Types, we will address the specifics of their
targeting mechanisms and outstanding questions.

Type | interference complexes initially survey DNA substrates for the presence of
a PAM (Redding et al., 2015). Upon PAM recognition Cascade initiates target binding
through the seed region at the PAM proximal end of the target (Semenova et al., 2011).
dsDNA unwinding generates an R loop and triggers a conformational change within
Cascade to recruit Cas3, the system nuclease (Blosser et al., 2015; Hochstrasser et al.,
2014; Semenova et al., 2011). Cas3 is loaded onto the open R loop, and will efficiently
degrade the DNA through a presumed sliding mechanism (Redding et al., 2015;
Sinkunas et al., 2013; Westra et al., 2012).

While they are structurally very similar, Type Il interference complexes contain
two different targeting modes, cleaving both ssSRNA and ssDNA (Tamulaitis et al., 2017).
Divided into four major subtypes, these interference complexes are generally referred to
Csm (llI-A/D) or Cmr (l1I-B/C) based on their subunit composition. Originally it was
thought that Csm and Cmr complexes were distinguished by targeting either ssDNA
(Marraffini and Sontheimer, 2008; 2010) or ssRNA respectively (Hale et al., 2009).
Recent work unified the field, establishing that Type Il complexes generally bind ssRNA
targets, potentially dependent on nascent mRNAs within transcription bubbles (Samai et
al., 2015). This activates Cas10 (Csm1 or Cmr2) nuclease for non-specific ssSDNA
cleavage, presumably on the R loop generated by the transcription bubble nearby
(Elmore et al., 2016; Estrella et al., 2016; Han et al., 2016; Kazlauskiene et al., 2016;
Liu et al.,, 2017c). The non-specific DNase activity is controlled by cleavage of the
bound ssRNA target by the backbone subunits (Csm3 or Cmr4) at 6 nucleotide intervals
(Kazlauskiene et al., 2016). Self-targeting in Type Il is inhibited through a PAM-
independent mechanism that relies on detection of base pairing between the crRNA
handle and the ssRNA target sequence (Elmore et al., 2016; Estrella et al., 2016;
Kazlauskiene et al., 2016).

Despite this unified mechanism of Type Ill, many open questions remain for
these systems. Specifically, there are ancillary nucleases, Csx1/Csm6 proteins
encoded within or nearby Type Ill operons, whose role in foreign DNA defense is
unknown (Makarova et al., 2015). Both proteins have been shown to have non-specific
nuclease activity (Niewoehner and Jinek, 2016; Sheppard et al., 2016) and are
necessary for immune function in S. solfataricus (Type IlI-B, Cmr complex, Csx1) (Deng
et al., 2013) and S. epidermidis (Type IlI-A, Csm complex, Csm6) (Jiang et al., 2016).
How they are coordinated with the large interference complexes, along with their overall
regulation is unknown.

Like Type | systems, Type Il CRISPR systems target dsDNA, but use a single
effector protein for activity (Jinek et al., 2012; Mohanraju et al., 2016). Cas9 utilizes two
RNAs, the crRNA and trans-acting RNA (tracRNA) that contain a long stretch of
complementarity (Deltcheva et al., 2011). This crRNA: tracRNA duplex can be joined to
form a single guide RNA with minimal loss of activity, reducing the complexity of the
system (Jinek et al., 2012). Target search is mediated through the PAM, similar to Type
| interference complex Cascade, with target-guide duplex propagating from the PAM
proximal to distal end (Sternberg et al., 2014). Target duplex formation triggers a further
proofreading mechanism at the PAM distal end to serve as a final checkpoint for
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nuclease activation (Sternberg et al., 2015). Cleavage mediated by Cas9 produces a
double cut, nicking both strands of the dsDNA to generate a blunt end (Gasiunas et al.,
2012; Jinek et al., 2012).
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Figure 1.8 Overview of Class 2 effector interference mechanisms

Graphic table of the major Class 2 CRISPR effectors. Proteins are depicted in yellow
with guide:target base pairing noted by lines. Cut sites are noted as red triangles and
notable features regarding the mechanisms are listed to the right. Adapted from
Shmakov et al, 2017.

With the recent expansion of Class 2 CRISPR systems, many more variations on
the same mechanistic theme have emerged (Shmakov et al., 2015; 2017). The first of
these systems to be studied and applied towards genome manipulations was Cas12a
(formerly Cpf1) from Type V systems (Zetsche et al., 2015). This Class 2 effector uses a
single guide RNA to direct cleavage, and like Cas9 generates a double stranded break
within the target dsDNA. Surprisingly, Cas12a generates a staggered cut, at the PAM-
distal end of the target through a mechanism that is still debated (Dong et al., 2016;
Zetsche et al.,, 2015). Crystal structures of the protein complexes reveal a mouth
shaped architecture, very distinct from bilobed Cas9 (Dong et al., 2016; Gao et al.,
2016; Yamano et al., 2016). Other groups have characterized the specificity of Cas12a
within human cells and in vitro cleavage assays, concluding that Cas12a demonstrates
a similar level of specificity and activity as Cas9 (Kim et al., 2017; Kleinstiver et al.,
2016). Cas12b (formerly C2c1) is another Type V effector protein. Unlike Cas12a, it
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uses two guide RNAs and appears to generate staggered dsDNA breaks extending
beyond the spacer-target complementarity region (Shmakov et al., 2015; Yang et al.,
2016). Little biochemically work has been done to determine the mechanism of
cleavage for Cas12b beyond the basic requirements of the guide and protein (Shmakov
et al., 2015; Yang et al., 2016). Structural work on Cas12a suggest a single activity site
within the RuvC domain sequentially cleaves the two DNA strands (Liu et al., 2017a;
Yang et al., 2016).

1.4 Applications of CRISPR-Cas systems

The programmable nature of CRISPR-Cas enzymes has enabled a revolution for
DNA-targeting applications including gene editing, transcriptional control, and genomic
imaging (Sternberg and Doudna, 2015; Wright et al., 2016). In contrast, repurposing the
ssRNA-targeting Cas enzymes into biotechnological tools has been limited by a lack of
mechanistic information. Type Ill systems are not amenable for facile engineering due
to their multi-component nature and muddled mechanism (Tamulaitis et al., 2017). No
single effector system prior to my studies had been shown to specifically target ssSRNA.
Yet, the allure of a programmable RNA binding-proteins has attracted interest for many
years (Mackay et al., 2011). While RNAi systems had demonstrated a wide range of
versatility problems exist in their propensity for off-targets and penetrance. In this work,
we address this issue by redirecting a well-studied DNA-targeting CRISPR nuclease,
Cas9, to ssRNA targets and investigating the enzymatic mechanisms of a novel ssRNA-
targeting CRISPR nuclease, Cas13a (formerly C2c2).
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Chapter 2

Redirecting CRISPR Type Il systems for
isolating specific RNA:protein
complexes

A portion of the content presented in this chapter has been previously published as part
of the following research article: Mitchell R. O’Connell, Benjamin L. Oakes, Samuel H.
Sternberg, Alexandra East-Seletsky, Matias Kaplan & Jennifer A. Doudna. (2014).
Programmable RNA recognition and cleavage by CRISPR/Cas9. Nature 5716, 263—266.

For published studies: Mitchell R. O’Connell and Samuel H. Sternberg conceived the
project. Mitchell R. O’Connell, Benjamin L. Oakes, and Samuel H. Sternberg performed
biochemical investigations. Mitchell R. O’'Connell, Benjamin L. Oakes, Alexandra
Seletsky, and Matias Kaplan developed pulldown methods.

For preliminary results on mass spectrometry application development: Mitchell R.

O’Connell and Alexandra Seletsky conceived the project, and Alexandra Seletsky
performed all experimental work with assistance from Mitchell R. O’Connell.
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2.1 Chapter Summary

The CRISPR-associated protein Cas9 is an RNA-guided DNA endonuclease that uses
RNA:DNA complementarity to identify target sites for sequence-specific double-
stranded DNA (dsDNA) cleavage (Barrangou et al.,, 2007; Garneau et al., 2010;
Gasiunas et al., 2012; Jinek et al., 2012; Wiedenheft et al., 2012). In its native context,
Cas9 acts on DNA substrates exclusively because both binding and catalysis require
recognition of a short DNA sequence, the protospacer adjacent motif (PAM), next to and
on the strand opposite the 20-nucleotide target site in dsDNA (Gasiunas et al., 2012;
Jinek et al., 2012; Mojica et al., 2009; Sternberg et al., 2014). Cas9 has proven to be a
versatile tool for genome engineering and gene regulation in many cell types and
organisms (Mali et al., 2013), but it has been thought to be incapable of targeting RNA
(Gasiunas et al., 2012). Here we show that Cas9 binds with high affinity to single-
stranded RNA (ssRNA) targets matching the Cas9-associated guide RNA sequence
when the PAM is presented in trans as a separate DNA oligonucleotide. Furthermore,
PAM-presenting oligonucleotides (PAMmers) stimulate site-specific endonucleolytic
cleavage of ssRNA targets, similar to PAM-mediated stimulation of Cas9-catalyzed
DNA cleavage (Sternberg et al., 2014). Using specially designed PAMmers, Cas9 can
be specifically directed to bind or cut RNA targets while avoiding corresponding DNA
sequences, and we demonstrate that this strategy enables the isolation of a specific
endogenous mMRNA from cells. These results reveal a fundamental connection between
PAM binding and substrate selection by Cas9, and highlight the utility of Cas9 for
programmable and tagless transcript recognition.

2.2 Introduction

CRISPR-Cas immune systems must discriminate between self and non-self to
avoid an autoimmune response (Marraffini and Sontheimer, 2010). In type | and Il
systems, foreign DNA targets which contain adjacent PAM sequences are targeted for
degradation, whereas potential targets in CRISPR loci of the host do not contain PAMs
and are avoided by RNA-guided interference complexes (Garneau et al., 2010;
Gasiunas et al., 2012; Mojica et al., 2009; Sashital et al., 2012). Single-molecule and
bulk biochemical experiments showed that PAMs act both to recruit Cas9—guide RNA
complexes (Cas9—gRNA) to potential target sites and to trigger nuclease domain
activation (Sternberg et al., 2014). Cas9 from Streptococcus pyogenes recognizes a 5’-
NGG-3' PAM on the non-target (displaced) DNA strand (Jinek et al., 2012; Mojica et al.,
2009), suggesting that PAM recognition may stimulate catalysis through allosteric
regulation. Moreover, the HNH nuclease domain of Cas9, which mediates target strand
cleavage (Gasiunas et al.,, 2012; Jinek et al., 2012), is homologous to other HNH
domains that cleave RNA substrates (Hsia et al., 2004; Pommer et al., 2001). Based on
the observation that single-stranded DNA (ssDNA) targets can be activated for cleavage
by a separate PAMmer oligonucleotide (Sternberg et al., 2014), and that similar HNH
domains can cleave RNA, we wondered whether a similar strategy would enable Cas9
to cleave ssRNA targets in a programmable fashion (Fig. 2.1).
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Figure 2.1 Schematic of ssRNA targeting strategy using a PAMmer.
a, Schematic depicting the approach used to target ssRNA for programmable,
sequence-specific cleavage.

Following on from these initial experiments that demonstrated we can redirect
Cas9 for ssRNA target recognition and binding, we aimed to adapt this strategy into a
robust technology for interrogating various aspects of RNA biology. While other
technologies exist for isolating specific RNA species, most of these techniques have
strong disadvantages that have limited their adoption by the scientific community. The
competing technologies include capture hybridization analysis of RNA targets (CHART)
(Simon et al., 2011), Chromatin Isolation by RNA Purification (ChIRP) (Chu et al., 2011)
and RNA Antisense Purification (RAP) (Engreitz et al., 2013). All of these methods rely
on multiple biotinlyated oligonucleotide probes tiling across the RNA of interest.
Through stringent, non-native washes, the specific RNAs can be isolated for analysis of
associated nucleic acids and proteins. While these methods have been successful for
isolating high abundance, long non-coding RNAs like HOTAIR (Chu et al., 2011) and
XIST (McHugh et al., 2015), they have had limited success on low abundance
transcripts and have a limited ability to isolate highly similar gene isoforms. As an
alternative, we set out to develop a Cas9:PAMmer mediated method of ssRNA isolation.

2.3 Methods

2.3.1 Cas9 and nucleic acid preparation

Wild-type Cas9 and catalytically inactive dCas9 (D10A/H840A) from S. pyogenes
were purified as previously described (Jinek et al., 2012). crRNAs (42 nt) were either
ordered synthetically (Integrated DNA Technologies) or transcribed in vitro with T7
polymerase using single-stranded DNA templates, as described (Sternberg et al., 2012).
tracrRNA was transcribed in vifro and contained nucleotides 15-87 following the
numbering scheme used previously (Jinek et al., 2012). A-targeting sgRNAs were in
vitro transcribed from linearized plasmids and contain full-length crRNA and tracrRNA
connected via a GAAA tetraloop insertion. GAPDH mRNA-targeting sgRNAs were in
vitro transcribed from dsDNA PCR products based on an optimized sgRNA design
(Chen et al., 2013). Target ssRNAs (55-56 nt) were in vitro transcribed using single-
stranded DNA templates. Sequences of all nucleic acid substrates used in this study
can be found in (Table 2.1 and Table 2.2).

All RNAs were purified using 10-15% denaturing polyacrylamide gel
electrophoresis (PAGE). crRNA—tracrRNA duplexes were prepared by mixing equimolar
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concentrations of each RNA in hybridization buffer (20 mM Tris-HCI, pH 7.5, 100 mM
KCI, 5 mM MgCl,), heating to 95 °C for 30 s and slow cooling. Fully double-stranded
DNA/RNA substrates (substrates 1, 810 in Fig 2.3 and substrates 1-2 in Fig. 2.4) were
prepared by mixing equimolar concentrations of each nucleic acid strand in
hybridization buffer, heating to 95 °C for 30 s, and slow cooling. RNA, DNA, and
chemically modified PAMmers were synthesized commercially (Intergrated DNA
Technologies). DNA and RNA substrates were 5'-radiolabeled using [y->?P]-ATP
(PerkinElmer) and T4 polynucleotide kinase (New England Biolabs). dsDNA and dsRNA
substrates (Fig. 2.3) were 5’-radiolabeled on both strands, whereas only the target
ssRNA was 5’-radiolabeled in other experiments.

Oligo Name Sequence

A2-targeting crRNA 5-GUGAUAAGUGGAAUGCCAUGGUUUUAGAGCUAUGCUGUUUUG-3

A3-targeting crRNA 5-CUGGUGAACUUCCGAUAGUGGUUUUAGAGCUAUGCUGUUUUG-3’

M-targeting crRNA 5-CAGATATAGCCTGGTGGTTCGUUUUAGAGCUAUGCUGUUUUG-3’

ssDNA T7 template 5-AAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTA
GCCTTATTTTAACTTGCTATGCTG TCCTATAGTGAGTCGTATTA -3

tracrRNA (nt 15-87) 5’GGACAGCAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGA
AAAAGUGGCACCGAGUCGGUGCUUUUU -3

A2-targeting sgRNA 5TAATACGACTCACTATAGGTGATAAGTGGAATGCCATGGTTTTAGAGC

T7 template TATGCTGTTTTGGAAACAAAACAGCATAGCAAGTTAAAATAAGGCTAGTC
CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT-3

A2-targeting sgRNA 5’GGUGAUAAGUGGAAUGCCAUGGUUUUAGAGCUAUGCUGUUUUGGAAAC

AAAACAGCAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAA
AGUGGCACCGAGUCGGUGCUUUUUUU-3’

A2 target dsDNA duplex 5'-GAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGTGGGCTGTCAAAA
TTGAGC-3'
3'-CTCACCTTCCTACGGTCACTATTCACCTTACGGTACACCCGACAGTTTTA
ACTCG-5'

A2 ssDNA target strand 3'-CTCACCTTCCTACGGTCACTATTCACCTTACGGTACACCCGACAGTTTTA
ACTCG-5'

A2 ssDNA nontarget strand 5'-GAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGTGGGCTGTCAAAA
TTGAGC-3'

A2 ssRNA target strand 3'-CUCACCUUCCUACGGUCACUAUUCACCUUACGGUACACCCGACAGUUU
UAACUCGG-5'

A2 ssRNA nontarget strand T7 template 5-GCTCAATTTTGACAGCCCACATGGCATTCCACTTATCACTGGCATCCTTC
CACTCCTATAGTGAGTCGTA TTA-3

A2 ssRNA nontarget strand 5-GGAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGTGGGCTGTCAAA
ATTGAGC-3

19 nt A2 DNA PAMmer 5'-TGGGCTGTCAAAATTGAGC-3'

18 nt A2 “GG” PAMmer 5'-GGGCTGTCAAAATTGAGC-3'

19 nt A2 DNA mutated PAMmer 5'-ACCGCTGTCAAAATTGAGC-3'

16 nt A2 DNA “PAM-less” PAMmer 5'-GCTGTCAAAATTGAGC-3'

18 nt A2 RNA PAMmer 5'-GGGCUGUCAAAAUUGAGC-3'

5 nt A2 DNA PAMmer 5-TGGGC-3'

10 nt A2 DNA PAMmer 5'-TGGGCTGTCA-3'

15 nt A2 DNA PAMmer 5'-TGGGCTGTCAAAATT-3'

A3 ssRNA target strand T7 template 5-AACGTGCTGCGGCTGGCTGGTGAACTTCCGATAGTGCGGGTGTTGAATG
ATTTCCTATAGTGAGTCGTAT TA-8

A3 ssRNA target strand 3'-UUGCACGACGCCGACCGACCACUUGAAGGCUAUCACGCCCACAACUUA
CUAAAGG-5'

A4 ssRNA target strand T7 template 5-TCACAACAATGAGTGGCAGATATAGCCTGGTGGTTCAGGCGGCGCATTT
TTATTGCCTATAGTGAGTCGT ATTA-3

A4 ssRNA target strand 3'-AGUGUUGUUACUCACCGUCUAUAUCGGACCACCAAGUCCGCCGCGUAA
AAAUAACGG-5'

147 A3 ssDNA nontarget strand 5'-AACGTGCTGCGGCTGGCTGGTGAACTTCCGATAGTGCGGGTGTTGAATG
ATTTCC-3'

A4 ssDNA nontarget strand 5'-TCACAACAATGAGTGGCAGATATAGCCTGGTGGTTCAGGCGGCGCATTT
TTATTG-3'

19 nt A3 DNA PAMmer 5-CGGGTGTTGAATGATTTCC-3’

19 nt M DNA PAMmer 5-AGGCGGCGCATTTTTATTG-3’
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21 nt A2 5’- extended DNA PAMmer

5-TGTGGGCTGTCAAAATTGAGC-3

21 nt A3 5’- extended DNA PAMmer

5-TGCGGGTGTTGAATGATTTCC-3'

24 nt A2 5’- extended DNA PAMmer

5-CCATGTGGGCTGTCAAAATTGAGC-3’

24 nt A3 5’- extended DNA PAMmer

5-TAGTGCGGGTGTTGAATGATTTCC-3

27 nt A2 5’- extended DNA PAMmer

5-ATGCCATGTGGGCTGTCAAAATTGAGC-3’

27 nt A3 5’- extended DNA PAMmer

5-CGATAGTGCGGGTGTTGAATGATTTCC-3

30 nt A2 5’- extended DNA PAMmer

5-GGAATGCCATGTGGGCTGTCAAAATTGAGC-3’

30 nt A3 5’- extended DNA PAMmer

5-TTCCGATAGTGCGGGTGTTGAATGATTTCC-3

33 nt A2 5’- extended DNA PAMmer

5-AGTGGAATGCCATGTGGGCTGTCAAAATTGAGC-3’

33 nt A3 5’- extended DNA PAMmer

5-AACTTCCGATAGTGCGGGTGTTGAATGATTTCC-3’

36 nt A2 5’- extended DNA PAMmer

5-ATAAGTGGAATGCCATGTGGGCTGTCAAAATTGAGC-3’

39 nt A2 5’- extended DNA PAMmer

5-GTGATAAGTGGAATGCCATGTGGGCTGTCAAAATTGAGC-3’

148 39 nt A3 5'- extended DNA PAMmer

5-CTGGTGAACTTCCGATAGTGCGGGTGTTGAATGATTTCC-3

non-PAM A2 dsDNA

5'-GAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGACCGCTGTCAAAA
TTGAGC-3'

3'-CTCACCTTCCTACGGTCACTATTCACCTTACGGTACTGGCGACAGTTTTA
ACTCG-5'

non-PAM A2 ssRNA target strand

T7 template

5-GAGTGGAAGGATGCCAGTGATAAGTGGAATGCCATGACCGCTGTCAAAA
TTGAGCCTATAGTGAGTCGTA TTA-3’

non-PAM A2 ssRNA target strand

3'-CUCACCUUCCUACGGUCACUAUUCACCUUACGGUACTGGCGACAGUUU
UAACUCGG-5'

A2 2’0OMe capped PAMmerd

5-*UGGGCTGTCAAAATTGAG*C-3

A2 PS capped PAMmerd

5-T*GGGCTGTCAAAATTGAG*C-3

A2 2'F capped PAMmerd

5-*UGGGCTGTCAAAATTGAG*C-3’

A2 LNA capped PAMmerd

5-*TGGGCTGTCAAAATTGAG*C-3’

A2 19 nt 2’0OMe interspersed PAMmerd

5-*UGGGC*UGTCA*AAATT*GAG*C-3’

Table 2.1 A oligonucleotide sequences

§ Positions of modifications depicted with asterisks preceding each modified nucleotide

in each case (except for PS linkages which are depicted between bases)
PS: phosphorothioate bond
LNA: locked nucleic acid

Oligo Name

Sequence

GAPDH-targeting sgRNA 1
T7 template

5TAATACGACTCACTATAGGGGCAGAGATGATGACCCTGTTTAAGAGCTATGCTGGAA
ACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAG
TCGGTGCTTTTTTT-3

GAPDH-targeting sgRNA 1

5’GGGGCAGAGAUGAUGACCCUGUUUAAGAGCUAUGCUGGAAACAGCAUAGCAAGUU
UAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUU
uu-3

GAPDH-targeting sgRNA 2
T7 template

5TAATACGACTCACTATAGGCCAAAGTTGTCATGGATGACGTTTAAGAGCTATGCTGGA
AACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGA
GTCGGTGCTTTTTTT-3’

GAPDH-targeting sgRNA 2

5’GGCCAAAGUUGUCAUGGAUGACGUUUAAGAGCUAUGCUGGAAACAGCAUAGCAAG
UUUAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUU
Uuuu-3

GAPDH-targeting sgRNA 3
T7 template

5TAATACGACTCACTATAGGCCAAAGTTGTCATGGATGACGTTTAAGAGCTATGCTGGA
AACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGA
GTCGGTGCTTTTTTT-3’

GAPDH-targeting sgRNA 3

5’GGAUGUCAUCAUAUUUGGCAGGGUUUAAGAGCUAUGCUGGAAACAGCAUAGCAAG
UUUAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUU
Uuuu-3

GAPDH-targeting sgRNA 4
T7 template

5TAATACGACTCACTATAGGATGTCATCATATTTGGCAGGGTTTAAGAGCTATGCTGGA
AACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGA
GTCGGTG

CTTTTTTT-3

GAPDH-targeting sgRNA 4

5’GGATGTCATCATATTTGGCAGGGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTT
AAAT
AAGGCTAG TCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT-8

GAPDH PAMmer 1

5-ATGACCCTTGGGGCTCCCCCCTGCAAA-3’

GAPDH PAMmer 2

5-TGGATGACCGGGGCCAGGGGTGCTAAG-3

GAPDH PAMmer 3

5-TTGGCAGGTGGTTCTAGACGGCAGGTC-3
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GAPDH PAMmer 4 5-CCCCAGCGTGGAAGGTGGAGGAGTGGG-3’

GAPDH PAMmer 1 22OMe v1 | 5-A*"UGACC*CTAGG*GGCTC*CCCCC*UGCAA*A-3’
GAPDH PAMmer 1 22OMe v2 | 5-*ATG*ACCC*UAGG*GGCT*CCCC*CCTG*CAA*A-3’
GAPDH PAMmer 1 22OMe v3 | 5-*ATG*ACC*CU*AGG*GGC*UCC*CCC*CTG*CAA*A-3’
GAPDH PAMmer 1 22OMe v4 | 5-*AT*GA*CC*CT*AGG*GG*CT*CC*CC*CC*UG*CA*AA-3’
GAPDH PAMmer 1 22OMe v5 | 5-*AT*GA*CC*CT*AG*GG*GC*TC*CC*CC*CU*GC*AA*A-3’

GAPDH cDNA primer Fwd 5-CTCACTGTTCTCTCCCTCCGC-3’
GAPDH cDNA primer Rev 5-AGGGGTCTACATGGCAACTG-3’
B-actin cDNA primer Fwd 5-AGAAAATCTGGCACCACACC-3’

B-actin cDNA primer Rev 5-GGAGTACTTGCGCTCAGGAG-3’

Table 2.2 Oligonucleotides used in the GAPDH mRNA pull-down experiment
sgRNAs for GAPDH were designed according to Chen, B. et al. (Chen et al., 2013)

T Positions of 2’0OMe modifications are depicted with asterisks preceding each modified
nucleotide.

2.3.2. Cleavage assays

Cas9—-gRNA complexes were reconstituted before cleavage experiments by
incubating Cas9 and the crRNA—-tracrRNA duplex for 10 min at 37 °C in reaction buffer
(20 mM Tris-HCI, pH7.5, 75 mM KCI, 5 mM MgCl,, 1 mM dithiothreitol (DTT), 5%
glycerol). Cleavage reactions were conducted at 37 °C and contained ~1 nM 5'-
radiolabeled target substrate, 100nM Cas9-RNA, and 100 nM PAMmer, where
indicated. Aliquots were removed at each time point and quenched by the addition of
RNA gel loading buffer (95% deionized formamide, 0.025% (w/v) bromophenol blue,
0.025% (w/v) xylene cyanol, 50 mM EDTA (pH 8.0), 0.025% (w/v) SDS). Samples were
boiled for 10 min at 95 °C prior to being resolved by 12% denaturing PAGE. Reaction
products were visualized by phosphorimaging and quantified with ImageQuant (GE
Healthcare).

2.3.3. RNA cleavage site mapping

A hydrolysis ladder (OH") was obtained by incubating ~25 nM 5'-radiolabeled A2
target ssRNA in hydrolysis buffer (25 mM CAPS (N-cyclohexyl-3-aminopropanesulfonic
acid), pH 10.0, 0.25 mM EDTA) at 95 °C for 10 min, before quenching on ice. An RNase
T1 ladder was obtained by incubating ~25 nM 5'-radiolabeled A2 target ssRNA with 1
Unit RNase T1 (NEB) for 5 min at 37 °C in RNase T1 buffer (20 mM sodium citrate, pH
5.0, 1 mM EDTA, 2 M urea, 0.1 mg mL™ yeast tRNA). The reaction was quenched by
phenol/chloroform extraction before adding RNA gel loading buffer. All products were
resolved by 15% denaturing PAGE.

2.3.4. Electrophoretic mobility shift assays

In order to avoid dissociation of the Cas9—gRNA complex at low concentrations
during target ssRNA binding experiments, binding reactions contained a constant
excess of dCas9 (300 nM), increasing concentrations of sgRNA, and 0.1-1 nM of target
ssRNA. The reaction buffer was supplemented with 10 ug ml”" heparin in order to avoid
non-specific association of apo-dCas9 with target substrates (Sternberg et al., 2014).
Reactions were incubated at 37 °C for 45 min before being resolved by 8% native
PAGE at 4 °C (0.5x TBE buffer with 5 mM MgCl,). RNA and DNA were visualized by
phosphorimaging, quantified with ImageQuant (GE Healthcare), and analyzed with
Kaleidagraph (Synergy Software).
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2.3.5. Cas9 Biotin Labeling

To ensure specific labeling at a single residue on Cas9, two naturally occurring
cysteine residues were mutated to serine (C80S and C574S) and a cysteine point
mutant was introduced at residue M1. To attach the biotin moiety, 10 uM WT Cas9 or
dCas9 was reacted with a 50-fold molar excess of EZ-Link® Maleimide-PEG2-Biotin
(Thermo Scientific) at 25 °C for 2 h. The reaction was quenched by the addition of 10
mM DTT, and unreacted Maleimide-PEG2-Biotin was removed using a Bio-Gel® P-6
column (Bio-Rad). Labeling was verified using a streptavidin bead binding assay, where
8.5 pmol of biotinylated Cas9 or non-biotinylated Cas9 was mixed with either 25 pL
streptavidin-agarose (Pierce Avidin Agarose; Thermo Scientific) or 25 pL streptavidin
magnetic beads (Dynabeads MyOne Streptavidin C1; Life Technologies). Samples were
incubated in Cas9 reaction buffer at RT for 30 min, followed by three washes with Cas9
reaction buffer and elution in boiling SDS-PAGE loading buffer. Elutions were analysed
using SDS-PAGE. Cas9 M1C biotinylation was also confirmed using mass
spectroscopy performed in the QB3/Chemistry Mass Spectrometry Facility at UC
Berkeley. Samples of intact Cas9 proteins were analyzed using an Agilent 1200 liquid
chromatograph equipped with a Viva C8 (100 mm x 1.0 mm, 5 ym particles, Restek)
analytical column and connected in-line with an LTQ Orbitrap XL mass spectrometer
(Thermo Fisher Scientific). Mass spectra were recorded in the positive ion mode. Mass
spectral deconvolution was performed using ProMass software (Novatia).

2.3.6. GAPDH mRNA pull-down

HelLa-S3 cell lysates were prepared as previously described (Lee et al., 2013).
Total RNA was isolated from HelLa-S3 cells using Trizol reagent according to the
manufacturer’s instructions (Life Technologies). Cas9-sgRNA complexes were
reconstituted before pull-down experiments by incubating a two-fold molar excess of
Cas9 with sgRNA for 10 min at 37 °C in reaction buffer. HeLa total RNA (40 ug) or HelLa
lysate (~5%x10° cells) was added to reaction buffer with 40 U RNasin (Promega),
PAMmer (5 uM) and the biotin-dCas9 (50 nM):sgRNA (25 nM) in a total volume of 100
uL and incubated at 37 °C for 1 h. This mixture was then added to 25 yL magnetic
streptavidin beads (Dynabeads MyOne Streptavidin C1; Life Technologies) pre-
equilibrated in reaction buffer and agitated at 4 °C for 2 h. Beads were then washed six
times with 300 yL wash buffer (20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5mM MgCl,,
0.1% Triton X-100, 5% glycerol, 1mM DTT, 10 ug ml” heparin). Immobilized RNA was
eluted by heating beads at 70 °C in the presence of DEPC-treated water and a
phenol/chloroform mixture. Eluates were then treated with an equal volume of glyoxal
loading dye (Life Technologies) and heated at 50 °C for 1 h before separation via 1%
BPTE agarose gel (30 mM Bis-Tris, 10 mM PIPES, 10 mM EDTA, pH 6.5). Northern
blot transfers were carried out according to Chomczynski et al. (Chomczynski, 1992).
Following transfer, membranes were crosslinked using UV radiation and incubated in
pre-hybridization ~ buffer (UltraHYB® Ultrasensitive Hybridization Buffer; Life
Technologies) for 1 h at 46 °C prior to hybridization. Radioactive Northern probes were
synthesized using random priming of GAPDH and B-actin partial cDNAs (for cDNA
primers, see Table 2.2) in the presence of [a-*?P]-dATP (PerkinElmer), using a Prime-It
Il Random Primer Labeling kit (Agilent Technologies). Hybridization was carried out for
3 h in pre-hybridization buffer at 46 °C followed by two washes with 2xSSC (300 mM
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NaCl, 30 mM trisodium citrate, pH 7, 0.5% (w/v) SDS) for 15 min at 46 °C. Membranes
were imaged using a phosphorscreen.

2.3.7. Design of primary microRNA targeting experiments

Target sites on pri-miRNAs were chosen using two microarray design tools,
OligoWiz and PICKY to reduce potential off targets, control for nucleotide diversity, and
control the desired PAMmer binding site melting temperature (Chou, 2010; Wernersson
et al., 2007). Other design considerations were the lack of a PAM site to ensure no
dsDNA targeting and close proximity to microprocessor cleavage site on the pri-miRNA.
PAMmers were ordered from IDT with 2’-OMe modification pattern determined by
Mitchell O’Connell to protect against RNaseH degradation while retaining RCas9 activity
(unpublished work). sgRNA templates were PCR amplified using previously established
method (Lin et al., 2014).

Name Function Sequence
AAA AAA AGC ACC GAC TCG GTG CCACTT TTT CAA GTT GAT
MOC-234_sgRNA_univ_Olap_R guidePCR | AAC GGA CTAGCC TTATTT AAA CTT GCT ATG CTG TTT CCA
GC
MOC-235 sgRNA univ_end F guidePCR | AAA AAA AGC ACCGACTCGGTGC

TAATACGACTCACTATA G GAAATGAGAAGTTTGCTTGG GTT TAA

AES276_miR7_sgRNA_1_Olap guidePCR | 5AG CTA TGC TGG AAA CAG CAT AGC AAG TTT AAA TAA GG

AES277 miR7 PAMmer 1 PAMmer TmUmGMCTTmGMGMUGGMAMGMGCTmUmCmUTC
TAATACGACTCACTATA G GAACAAGTGGTTTTGGCAGCA GTT

AES278_miR7_sgRNA_2 Olap guidePCR | TAA GAG CTA TGC TGG AAA CAG CAT AGC AAG TTT AAA TAA
GG

AES279 _miR7_PAMmer_2 PAMmer TmGmMGMCAGMCmMAMGGGMUmMUMCACMCmAMGAG

AES280_miR7_SgRNA. 3 Olap quidePCR | TAATACGACTCACTATA G GACATTAGTAGAACAGAAT GTT TAA

GAG CTATGC TGG AAA CAG CAT AGC AAG TTT AAA TAA GG
AES281_miR7_PAMmer_3 PAMmer AmAMCMAGAMAMUMUGGMGMAMAAAMCMGMGAA
TAATACGACTCACTATA GGAGTGTTATCAGTCAATTGTA GTT TAA

AES241_miR17_sgRNA_1_Olap | guidePCR | 5,5 cTA TGC TGG AAA CAG CAT AGC AAG TTT AAA TAA GG

AES242 miR17_PAMmer_1 PAMmer CmAMAMUTGMUMAMGGGMGMAMACGMUMAMAAT
TAATACGACTCACTATA GGAAGATATGAGGTCCATTTAG GTT

AES243 miR17_sgRNA_2 Olap | guidePCR | TAA GAG CTA TGC TGG AAA CAG CAT AGC AAG TTT AAA TAA
GG

AES244 miR17_PAMmer 2 PAMmer CmCMAMUTTMAMGMAGGMCMGMUATMUMUMATG

) . TAATACGACTCACTATA GGACAGTATGTTTAGTCATATC GTT TAA
AES245_miR17_sgRNA_3 Olap_F | guidePCR | 575 cTA TGC TGG AAA CAG CAT AGC AAG TTT AAA TAA GG
AES246_miR17_PAMmer_3 PAMmer GmUMCMATAMUMCmMGGGMAMUMACTMUmMAmMACA
. . TAATACGACTCACTATA GGAGTTACTCATGTATTGGTAA GTT TAA
AES247_miR17_sgRNA_4_Olap | guidePCR | 575 cTA TGC TGG AAA CAG CAT AGC AAG TTT AAA TAA GG
AES248 miR17_PAMmer 4 PAMmer AmUmUmGGTMAMAMAGGMGMGmMUACMUmUmGCT
. . TAATACGACTCACTATA GGAAAGCAATTCCTATTAAACC GTT TAA
AES247b_miR17_sgRNA_5 Olap | guidePCR | 5,5 cTA TGC TGG AAA CAG CAT AGC AAG TTT AAA TAA GG

AES248b _miR17_PAMmer 5 PAMmer AmMUmMUmMAAAMCMCmMCGGMUMAMGAAMCMCmMACA
TAATACGACTCACTATA GGCACATCAGATAGACCAGGCA GTT

AES282_miR17_sgRNA_6_Olap guidePCR | TAA GAG CTA TGC TGG AAA CAG CAT AGC AAG TTT AAATAA
GG

AES283 miR17_PAMmer 6 PAMmer AmMCMCmMAGGMCMAMGGGMUMCMUACMAMUMCGA

AES119 _GAPDH_7 gPCR GAGTCAACGGATTTGGTCGT

AES120 GAPDH 8 gPCR GACAAGCTTCCCGTTCTCAG

AES125 Actin_3 gPCR AGAAAATCTGGCACCACACC

AES126 Actin 4 gPCR AGGGCATACCCCTCGTAGAT

AES288 pri-miR7_F gPCR ATGCAGCATTTCACACCTTACT

AES289 pri-miR7_R gPCR AGAAGAGTTCAAAAACCATTAGCA

AES290 pri-miR17_exon2 gPCR TTGCCACGTGGATGTGAAGAT

AES291 pri-miR17_exon2 gPCR GGTGGCTCTTCCAATGGCT

AES268 miR-092-1 gPCR TCTACACAGGTTGGGATCGG

AES269 miR-092-1 gPCR CGGGACAAGTGCAATACCATA

AES254 miR17_gPCR intron3 gPCR GACCAAGGTCCTCAGACTGC
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AES255_miR17_gPCR_intron4 gPCR ATCTGAATCTCACCCCACCG
AES260_miR-019a(p) gPCR CCAATAATTCAAGCCAAGCA
AES265_miR-019a(p) gPCR CAGGCAGATTCTACATCGACA

Table 2.3 Table of oligos used for pri-miRNA studies
All sequences are listed 5’-3’, 2’0OMe modifications are noted as lowercase m preceding
the modified base.

2.3.8 qPCR validation of pri-miRNA pulldown

Pulldown elutions were mixed well with Trizol to isolate RNA from samples. After
5 min incubation, chloroform was added and samples spun for phase separation.
Aqueous layer was removed and RNA containing solution was ethanol precipitated
overnight using GlycoBlue Coprecipitant (ThermoFisher) to increase yields. Isolated
RNA was resuspended in 30 yl DEPC and 1 pl was added to a 10 pyl cDNA synthesis
reaction using random hexamer containing Vilo Master Mix (Invitrogen) using standard
conditions. Resulting cDNA was further diluted 1:4, and then used as a template for
gPCR analysis. Standard SybrGreen qPCR assay conditions were generally used with
pre-purchased master mixes. 10% input samples were Trizol extracted in parallel to all
experimental samples for reference. Relative enrichment values were calculated as
2M\(delta-delta Ct) relative to the input sample beta-actin mRNA levels. Table 2.3
contains all gPCR primers used in this study.

2.3.9 pri-miRNA isolation and mass spectrometry of binding proteins

For mass spectrometry data presented in this work, six 20 cm plates of 293T
cells were harvested at 90% confluency by scraping into PBS. Cells were washed twice
with PBS to remove any residual serum, and then incubated in 70 mL of PBS containing
a final concentration of 1% formaldehyde. Cells were incubated in formaldehyde for 10
mins at room temperature with rocking to non-specifically crosslink protein:RNA
complexes prior to lysis. The crosslinking reaction was quenched by the addition of 1 M
Tris-HCI pH 7.4 in DEPC-H0 to a final concentration of 250 mM, and cell suspension
rocked for 10 mins at room temperature. Cells were then gently washed twice with PBS
to remove any residual formaldehyde. After final spin, cells were resuspended in 2 mL
of hypotonic lysis buffer (Lee et al., 2013) and incubated on ice for 10 mins. Cells were
then sonicated for 2 mins, 10 sec On, 40 sec Off, at power level 2.0. Lysates were spun
down at 15,000 in benchtop centrifuge, and the supernatant was passed through a 0.22
syringe filter. This lysate could then be used immediately or stored at -80C. Generally,
it is advised to re-filter lysates after freezing due to aggregation of the samples during
freeze-thaw cycles.

Crosslinked pulldowns were performed using desthiobiotinylated labeled Cas9
and additional modifications to the PAMmers, which is not covered in this work.
(unpublished, Mitchell R. O’Connell). These experiments were carried out similarly to
the northern-blot monitored pulldowns described above with the following changes.
Desthiobiotin-Cas9—sgRNA  complexes were reconstituted before pull-down
experiments by incubating a two-fold molar excess of Cas9 with sgRNA for 10 min at
37 °C in reaction buffer (generally 2 yM Cas9: 1 yM sgRNA). Clarified, crosslinked
lysate (200 ul, approximately 30 x 10° cells/sample) was added to reaction buffer (75
mM KCI, 20 mM Tris pH 7.5, 5 mM MgClz, 1 mM DTT, 5 % glycerol, 10 ug/mL Heparin)
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with 40 U RNasin (Promega), PAMmer (2.5 pM) and desthiobiotin-dCas9 (100 nM):
sgRNA (50 nM) complex in a total volume of 400 yL and incubated at 37 °C for 1 h. This
mixture was then added to 50 pyL magnetic streptavidin beads (Dynabeads MyOne
Streptavidin C1; Life Technologies) pre-equilibrated in reaction buffer and agitated at
4 °C for 1 h. Three washes were performed using a similar buffer to before, except that
the salt concentration was raised to 500 mM KCI. Complexes were eluted off the beads
using 150 pl of 25 mM biotin-containing reaction buffer by vigorous shaking at 37 °C for
1 h. Eluants were separated from the beads using the magnetic rack.

Elutions were analyzed by silver-stained SDS-PAGE prior to mass
spectrometry analysis. Silver staining was done using previously described protocol
(Chevallet et al., 2006). For mass spectrometry analysis, lysate crosslinks were
reversed by boiling samples at 95 °C for 10 mins in SDS-PAGE loading dye. 40 pl of
elution was loaded into wide wells of a stacked 15% SDS-PAGE gel and gel was run for
5-10 mins, so that the control lane containing protein ladder had fully left the stacking
gel. Using the ladder as a guide, each sample was cut out of the gel and submitted for
a tryptic digest and mass spectroscopy analysis performed by the QB3 Mass
Spectrometry Facility at UC Berkeley.

2.3.10 Mass spectrometry of elutions.

Mass spectrometry was performed by the Vincent J.Coates Proteomics/Mass
Spectrometry Laboratory at UC Berkeley. A nano-LC column was packed in a 100 ym
inner diameter glass capillary with an emitter tip. The column consisted of 10 cm of
Polaris C18 5 ym packing material (Varian), followed by 4 cm of Partisphere 5 SCX
(Whatman). The column was loaded using a pressure bomb and washed extensively
with buffer A (see below). The column was then directly coupled to an electrospray
ionization source mounted on a Thermo-Fisher LTQ XL linear ion trap mass
spectrometer. An Agilent 1200 HPLC equipped with a split line to deliver a flow rate of
300 nl/min was used for chromatography. Peptides were eluted using a 4-step MudPIT
procedure (Washburn et al., 2001). Buffer A was 5% acetonitrile/ 0.02%
heptaflurobutyric acid (HBFA); buffer B was 80% acetonitrile/ 0.02% HBFA. Buffer C
was 250 mM ammonium acetate/ 5% acetonitrile/ 0.02% HBFA,; buffer D was same as
buffer C, but with 500 mM ammonium acetate.

Protein identification and quantification were done with Integrated Proteomics
Pipeline (IP2, Integrated Proteomics Applications, Inc. San Diego, CA) using
ProLuCID/Sequest, DTASelect2 and Census (Cociorva et al., 2007; Park et al., 2008;
Tabb et al., 2002; Xu et al., 2015). Tandem mass spectra were extracted into ms1 and
ms2 files from raw files using RawExtractor (McDonald et al., 2004) and were searched
against the human protein database supplemented with Cas9 sequences and
sequences of common contaminants, concatenated to a decoy database in which the
sequence for each entry in the original database was reversed (Peng et al., 2003). The
human database was downloaded from NCBI; the version date of the database is
February 4, 2014. LTQ data was searched with 3000.0 milli-amu precursor tolerance
and the fragment ions were restricted to a 600.0 ppm tolerance. All searches were
parallelized and searched on the VJC proteomics cluster. Search space included all
fully tryptic peptide candidates with  no missed cleavage restrictions.
Carbamidomethylation (+57.02146) of cysteine was considered a static modification.
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We required 1 peptide per protein and both tryptic termini for each peptide identification.
The ProLuCID search results were assembled and filtered using the DTASelect
program (Cociorva et al., 2007; Tabb et al., 2002; Xu et al., 2015) with a peptide false
discovery rate (FDR) of 0.001 for single peptides and a peptide FDR of 0.005 for
additional peptides for the same protein. Under such filtering conditions, the estimated
false discovery rate was zero for the dataset used.

2.3.11 Processing of mass spectrometry data.

For the data presented in this dissertation, observed peptide counts of a given
protein were summed to assign protein level abundance values. As this data is
considered preliminary, no trimming of the dataset was done to eliminate low
abundance peptides. In order to compare across samples, protein level peptide
abundances were normalized to the number of Cas9 peptides present in each sample.
Relative enrichment scores were then calculated by dividing each protein abundance in
targeted samples, against the abundance in the non-targeting A2 control. For simplicity,
all non-observed proteins were assigned a value of 0.5 for this calculation. Specific
classes of proteins were also omitted for all presented analysis including ribosomal
proteins, chaperones, cytoskeleton proteins and histones.

2.4 Results

2.4.1 RNA-guided Cas9 cleaves ssRNA targets in the presence of a short PAM-
presenting DNA oligonucleotide (PAMmer)

Using S. pyogenes Cas9 and dual-guide RNAs, we performed in vitro cleavage
experiments using a panel of RNA and DNA targets (Fig. 2.2 and Table 2.1).
Deoxyribonucleotide-comprised PAMmers specifically activated Cas9 to cleave ssRNA
(Fig. 2.2), an effect that required a 5-NGG-3’ or 5’-GG-3’ PAM. RNA cleavage was not
observed using ribonucleotide-based PAMmers, suggesting that Cas9 may recognize
the local helical geometry and/or deoxyribose moieties within the PAM. Consistent with
this idea, dsRNA targets were not cleavable, and RNA-DNA heteroduplexes could only
be cleaved when the non-target strand was composed of deoxyribonucleotides.
Interestingly, we found that Cas9 cleaved the ssRNA target strand between positions 4
and 5 of the base-paired guide RNA-target RNA hybrid (Fig. 2.2d), in contrast to the
cleavage between positions 3 and 4 observed for dsDNA(Garneau et al., 2010;
Gasiunas et al., 2012; Jinek et al., 2012) likely due to subtle differences in substrate
positioning.
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Figure 2.2 RNA-guided Cas9 cleaves ssRNA targets in the presence of a short
PAM-presenting DNA oligonucleotide (PAMmer).

a, Schematic depicting the approach used to target ssRNA for programmable,
sequence-specific cleavage. b, The panel of nucleic acid substrates examined in this
study. Substrate elements are colored as follows: DNA (grey), RNA (black), guide RNA
target sequence (red), DNA PAM (yellow), mutated DNA PAM (blue), RNA PAM
(orange). ¢, Representative cleavage assay for 5-radiolabeled nucleic acid substrates
using Cas9—gRNA, numbered as in (b). d, Cas9—gRNA cleavage site mapping assay
for substrate 3. T1 and OH" denote RNase T1 and hydrolysis ladders, respectively; the
sequence of the target ssRNA is shown at right. e, Representative ssRNA cleavage
assay in the presence of PAMmers of increasing length, numbered as in (b).

We hypothesized that PAMmer nuclease activation would depend on the stability
of the hybridized PAMmer—ssRNA duplex and tested this by varying PAMmer length. As
expected, ssRNA cleavage was lost when the predicted melting temperature for the
duplex decreased below the temperature used in our experiments (Fig. 2.2). In addition,
we did observe a significant reduction in the pseudo-first order cleavage rate constant of
PAMmer-activated ssRNA as compared to ssDNA (Sternberg et al., 2014) (Fig 2.3).
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Collectively, these data demonstrate that hybrid substrate structures composed of
ssRNA and deoxyribonucleotide-based PAMmers that anneal upstream of the RNA
target sequence can be cleaved efficiently by RNA-guided Cas9.
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Figure 2.3 Quantified data for cleavage of ssRNA by Cas9-gRNA in the presence
of a 19-nt PAMmer.

Cleavage assays were conducted as described in the Methods, and the quantified data
were fit with single-exponential decays. Results from four independent experiments
yielded an average apparent pseudo-first order cleavage rate constant of 0.032 + 0.007
min”. This is slower than the rate constant determined previously for ssDNA in the
presence of the same 19-nt PAMmer (7.3 + 3.2 min™') (Sternberg et al., 2014).

2.4.2 dCas9-gRNA binds ssRNA targets with high affinity in the presence of
PAMmers

We investigated the binding affinity of catalytically inactive (dCas9; D10A/H840A)
dCas9—gRNA for ssRNA targets with and without PAMmers using a gel mobility shift
assay. Intriguingly, while our previous results showed that ssDNA and PAMmer-
activated ssDNA targets are bound with indistinguishable affinity (Sternberg et al.,
2014), PAMmer-activated ssRNA targets were bound >500-fold tighter than ssRNA
alone (Fig. 2.4). A recent crystal structure of Cas9 bound to a ssDNA target revealed
deoxyribose-specific van der Waals interactions between the protein and the DNA
backbone (Nishimasu et al., 2014), suggesting that energetic penalties associated with
ssRNA binding must be attenuated by favorable compensatory binding interactions with
the provided PAM. The equilibrium dissociation constant measured for a PAMmer—
ssRNA substrate was within 5-fold of that for dsDNA (Fig. 2.4b), and this high-affinity
interaction again required a cognate deoxyribonucleotide-comprised 5-GG-3" PAM (Fig.
2.4a). Tight binding also scaled with PAMmer length (Fig. 2.4c), consistent with the
cleavage data presented above.
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Figure 2.4 dCas9—-gRNA binds ssRNA targets with high affinity in the presence of
PAMmers.

a, Representative electrophoretic mobility shift assay for binding reactions with dCas9—
gRNA and a panel of 5-radiolabeled nucleic acid substrates, numbered as in Fig. 2.2,
Quantified binding data for substrates 1-4 from (a) fit with standard binding isotherms.
Measured dissociation constants from three independent experiments (mean * s.d.)
were 0.036 + 0.003 nM (1), >100 nM (2), 0.20 + 0.09 nM (3), and 0.18 + 0.07 nM (4). c,
Relative binding data for 1 nM dCas9—gRNA and 5’-radiolabeled ssRNA with a panel of
different PAMmers. The data are normalized to the amount of binding observed at 1 nM
dCas9-gRNA with a 19-nt PAMmer; error bars represent the standard deviation from
three independent experiments.

2.4.3 PAMmer guided dCas9-gRNA can isolate GAPDH mRNA from total RNA and
cell lysates

Next, we investigated whether nuclease activation by PAMmers requires base-
pairing between the 5-NGG-3’ and corresponding nucleotides on the ssRNA. Prior
studies showed that DNA substrates containing a cognate PAM that is mismatched with
the corresponding nucleotides on the target strand are cleaved as efficiently as a fully
base-paired PAM (Jinek et al., 2012). Importantly, this could enable targeting of RNA
while precluding binding or cleavage of corresponding genomic DNA sites lacking PAMs
(Fig. 2.5). To test this possibility, we first demonstrated that Cas9-gRNA cleaves
PAMmer—ssRNA substrates regardless of whether or not the PAM is base-paired (Fig.
2.5). When Cas9-RNA was incubated with both a PAMmer—ssRNA substrate and the
corresponding dsDNA template containing a cognate PAM, both targets were cleaved.
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In contrast, when a dsDNA target lacking a PAM was incubated together with a
PAMmer-ssRNA substrate bearing a mismatched 5-NGG-3° PAM, Cas9—gRNA
selectively targeted the ssRNA for cleavage (Fig. 2.5). The same result was obtained
using a mismatched PAMmer with a 5 extension (Fig. 2.5), demonstrating that this
general strategy enables the specific targeting of RNA transcripts while effectively
eliminating any targeting of their corresponding dsDNA template loci.
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Figure 2.5 RNA-guided Cas9 can target non-PAM sites on ssRNA and isolate
GAPDH mRNA from Hela cells in a tagless manner.

a, Schematic of the approach designed to avoid cleavage of template DNA by targeting
non-PAM sites in the ssRNA target. b, The panel of nucleic acid substrates tested in (c).
¢, Cas9—gRNA cleaves ssRNA targets with equal efficiency when the 5-NGG-3’ of the
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PAMmer is mismatched with the ssRNA. This strategy enables selective cleavage of
ssRNA in the presence of non-PAM target dsDNA. d, Schematic of the dCas9 RNA pull-
down experiment. e, GAPDH mRNA transcript isoform 3 shown schematically, with
exons common to all GAPDH protein-coding transcripts in red and gRNA/PAMmer
targets G1-G4 indicated. f, Northern blot showing that gRNAs and $5’-extended
PAMmers enable tagless isolation of GAPDH mRNA from Hela total RNA; B-actin
mRNA is shown as a control. g, Northern blot showing tagless isolation of GAPDH
MmRNA from HelLa cell lysate with varying 2’-OMe-modified PAMmers. RNase H
cleavage is abrogated with v4 and v6 PAMmers; B-actin mRNA is shown as a control. h,
Sequences of unmodified and modified GAPDH PAMmers used in (g); 2’-OMe-modified
nucleotides are shown in red.

We next explored whether Cas9-mediated RNA targeting could be applied for
tagless transcript isolation from HelLa cells (Fig. 2.5). The immobilization of Cas9 on a
solid-phase resin is described in Methods. As a proof of concept, we first isolated
GAPDH mRNA from Hela total RNA using biotinylated dCas9, gRNAs and PAMmers
(Table 2.2) that target four non-PAM-adjacent sequences within exons 5-7 (Fig. 2.5).
We observed a substantial enrichment of GAPDH mRNA relative to a control B-actin
mMRNA by Northern blot analysis, but saw no enrichment using a non-targeting gRNA or
dCas9 alone (Fig 2.5).
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Figure 2.6 RNA-guided Cas9 can utilize chemically modified PAMmers.

19-nt PAMmer derivatives containing various chemical modifications on the 5’ and 3’
ends (capped) or interspersed still activate Cas9 for cleavage of ssRNA targets. These
types of modification are often used to increase the in vivo half-life of short
oligonucleotides by preventing exo- and endonuclease-mediated degradation. Cleavage
assays were conducted as described in the Methods. PS, phosphorothioate bonds; LNA,
locked nucleic acid.

We then used this approach to isolate endogenous GAPDH transcripts from
HelLa cell lysate under physiological conditions. In initial experiments, we found that
Cas9—gRNA captured two GAPDH-specific RNA fragments rather than the full-length
mRNA (Fig 2.5). Based on the sizes of these bands, we hypothesized that RNA:DNA
heteroduplexes formed between the mRNA and PAMmer were cleaved by cellular
RNase H. Previous studies have shown that modified DNA oligonucleotides can
abrogate RNase H activity (Wu et al., 1999), and therefore we investigated whether
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Cas9 would tolerate chemical modifications to the PAMmer. We found that a wide range
of modifications (locked nucleic acids, 2'-OMe and 2’-F ribose moieties) still enabled
PAMmer-mediated nuclease activation (Fig 2.6). Importantly, by varying the pattern of
2’-OMe modifications in the PAMmer, we could completely eliminate RNase H-mediated
cleavage during the pull-down and successfully isolate intact GAPDH mRNA (Fig. 2.5).
Interestingly, we consistently observed specific isolation of GAPDH mRNA in the
absence of any PAMmer, albeit with lower efficiency, suggesting that Cas9—gRNA can
bind to GAPDH mRNA through direct RNA:RNA hybridization (Fig. 2.5) These
experiments demonstrate that RNA-guided Cas9 can be used to purify endogenous
untagged RNA transcripts. We hereby refer to this approach as RCas9. In contrast to
current oligonucleotide-mediated RNA-capture methods, this approach works well under
physiological salt conditions and does not require crosslinking or large sets of
biotinylated probes (Chu et al., 2011; Engreitz et al., 2013; Simon et al., 2011).

2.5 Preliminary Results

2.5.1 pri-miRNA target design and validation

With these results in hand, we set out to develop a tagless method for RNA-
protein complex isolation using RCas9. Our goal was to develop a facile method for
mass spectrometry analysis of these RNA:protein complexes. To facilitate initial method
development, we chose a model RNA:protein system, namely primary microRNAs (pri-
miRNAs), which have well-established binding proteins including DCGR8 and Drosha,
combined with recently identified cis-regulatory motifs required for efficient processing,
with unknown binding partners (Auyeung et al., 2013; Ha and Kim, 2014). Using this
system, we hoped to identify novel pri-miRNA processing modulators in addition to
using known partners as positive controls for our studies.

== RCas9 Target

S N =
11 BN

Figure 2.7 pri-miRNA target design

Schematic of targeting sites of pri-miR7 and pri-miR17-92. Green boxes represent
exons while the thin black line represents intronic sequences. A variety of targeting
sites were chosen to flank the pri-miRNA hairpins of both loci.

Two pri-miRNA species were chosen for initial studies, miR7 and miR17-92 (Fig
2.7). miR17-92 is a well characterized cluster of six pri-miRNA hairpins that drives
cancer progression (Olive et al., 2010). The six hairpins of the cluster are pleiotropic
with their downstream targets impacting cell proliferation, apoptosis, and angiogenesis.
The high expression levels of miR17-92 off a long non-coding transcript, differential
processing patterns, and known binding partners, made this pri-miRNA an attractive
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target for method development (Chakraborty et al., 2012; Guil and Caceres, 2007;
Thomas et al., 2013). miR7 was chosen due to distinct features from miR17-92. For
example, miR7 is not part of a miRNA cluster, and resides in the last intron of a highly
expressed gene hnRNP K (Choudhury et al., 2013). Despite ubiquitously high
expression of the hnRNP K locus, miR7 is lowly expressed in most tissues except for
the brain and pancreas, suggesting a strong post-transcriptional repression of the pri-
mMiRNA or pre-miRNA. Studied together, we hoped these two pri-miRNAs would
provide contrasting modulators of miRNA processing.

RCas9 target sites on both pri-miRNA targets were chosen as described in the
methods. To validate the design and chose the best guides for further development, we
perform gPCR on pulldown elutions from total RNA and cell lysates (Fig 2.8). Similar to
the northern blotting analysis of GAPDH pulldowns, not all target sites were equally
efficient at isolating the particular RNA of interest. The basis of this variability is
unknown. For miR17-92, multiple primer pairs were used to validate intact cluster
isolation including the intronic region, the second (pri-miR19a) and the sixth (pri-
miR92a) hairpins. Target site 3, and to a lesser extent site 2 showed the most
enrichment by qPCR in total RNA (Fig 2.8). For pri-miR7 initial testing was performed in
cell lysate, which is generally results in lower enrichment values. Target sites 1 and 2
which both reside on the 5’ side of the miR7 hairpins both performed the most robustly
for pri-miR7 isolation (Fig 2.8).
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Figure 2.8 qPCR validation of pri-miRNA pulldown

gPCR validation of RCas9 pulldown of pri-miR17-92 and pri-miR7 in total RNA for
miR17-92 and cell lysate for pri-miR7. Pulldown was performed with 100 nM biotin-
dCas9: 50 nM guide. Pulldown wash condition used here were unoptimized at this
point, using 150 mM KCI containing wash buffer for both sets of reactions.

Additional in vitro validation of these sgRNA’s was performed using radiolabeled
reporters. For these experiments, radiolabeled reporters for target sites 1 & 2 of pri-
miR7 and target site 3 of pri-miR17-92 were transcribed in vitro, radiolabeled and then
used to monitor pulldown efficiencies. Protection and isolation of these fragments was
measured by denaturing PAGE analysis. By this analysis pulldown of pri-miR7 by
target site 2 was more PAMmer dependent and specific for the miR7 fragment than
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target 1 site. This biochemical validation of the pulldown method again highlights the
variability observed in target site efficiencies.
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Figure 2.9 Radiolabeled reporter validation of pri-miR17-92 and pri-miR7 targets.
a. Schematic of radiolabeled pull down strategy. Two different size ssRNA reporters
were transcribed, a 70-nt length reporter for pri-miR17 and 90-nt length reporter for pri-
miR7. b. These two reporters were radiolabeled, and then co-incubated with biotin-
RCas9 complexed to pri-miRNA guides with and without PAMmers. Elutions were
phenol extracted and then analyzed using a 10% denaturing PAGE gel.

2.5.2 Mass spectrometry analysis of pri-miRNA binding proteins

Next, we wanted to identify the proteins bound to each of these pri-miRNAs by
mass spectrometry. One significant problem to overcome during this phase of the
method development was reducing the non-specific association of proteins to the
magnetic beads. Initial mass spectrometry results were highly polluted with ribosomal
proteins and other highly abundant housekeeping proteins, yielding little difference
between the control and pri-miRNA pulldown samples. To overcome this problem, we
transitioned to using an elutable desothiobiotin tag on Cas9 and increasing the salt
concentration to 500 mM during the washing steps, which both helped to decrease
these non-specific contaminants. Another key change within the protocol was the
addition of crosslinking to the lysate preparation. 1% formaldehye treatment of the total
cell lysates yield higher concentrations of eluted protein, and reduced concerns of the
higher salt wash removing bound proteins. Crosslinks were reversed by boiling sample
in SDS-PAGE loading dye prior to sample submission to the Mass Spectroscopy core
facility.

With these protocol changes we performed proof-of-concept pulldowns on pri-
miR7 target site 2 and pri-miR17-92 target site 6 (validation data not shown, but we
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generally see fold-enrichment values between 6-10 in cell lysates). Each Pulldown was
performed as described in the methods and prior to any mass spectrometry analysis,
successful RNA:protein complex pulldown was confirmed by silver-stained SDS-PAGE
(Fig 2.10).

20% Boiled Beads 10% elution

+ + + 4+ + + + + + + Cas9

-
>

Q
c
o
o~
Al

Figure 2.10 Silver-stained SDS-PAGE of Pulldown elutions

a. Pulldown elutions and beads were boiled in SDS-PAGE loading dye prior to loading
on 4-20% pre-cast Tris-PAGE gel. Cas9 band is visible in all eluted samples, and
appears to be at a constant concentration. Slight banding differences are observed
between pulldown samples, suggesting that the pulldown strategy is successful. A
significant fraction of the proteins isolated in the pulldown remains bound to the beads
after specific elution of the desothiobiotin labeled Cas9.
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Figure 2.11 Summary of isolated proteins by RCas9 pulldown of pri-miR7, pri-
miR17-92 and GAPDH RNAs
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a. Venn diagrams of isolated proteins in each sample. Numbers in each section
correspond to the number of proteins identified in within the indicated samples. b. Short
protein names of known pri-miRNA binding proteins are highlighted in their locations on
the Venn diagram.

Using mass spectroscopy data obtained from these pulldown samples, we
globally categorized the proteins identified in all samples. Although the high salt wash
had reduced background binding, a significant fraction of our peptides originated from
ribosomal, cytosketelon or histone proteins. These peptides were omitted from the
processed dataset, as they are expected to be background non-specific RNA-binders.
In the future, it is suggested that a low-salt (50 mM), no Mg* wash should be
incorporated into the protocol, especially on cross linked samples to reduce the quantity
of ribosomes recovered. Overall, the global analysis of this data indicates that while
background binding is still high (large number of proteins bound to non-targeting guide),
the pri-miRNA samples have many unique and overlapping hits between them (34
unique binders for pri-miR17-92, 14 for pri-miR7, and 15 shared binders) (Fig 2.11).

Many positive controls proteins were isolated as highlighted in the Venn diagram
in Fig. 2.11b. For the microRNA pathway genes, we were able to recover general
pathway proteins including DDX5 (p68), DDX17 (p72), KSRP, TUT4, and RAN (Ha and
Kim, 2014). Additionally previously established specific pri-miR7 and pri-miR17-92
binding partners like hnRNPA1 (both) and DDX1 (only pri-miR7) were isolated in the
expected samples (Choudhury et al., 2013; Guil and Caceres, 2007; Han et al., 2014).
Alarmingly, a significant number of these proteins were present in the A2 and GAPDH
samples which would suggest they were not specifically bound to the pri-miRNA
samples. To control for the relative abundance in each sample, enrichment scores
relative to the A2 sample were calculated for all targeting pulldowns (GAPDH, pri-miR7,
pri-miR17-92) (Table 2.4). All of the positive controls except hnRNPA1 demonstrated
more than 2-fold enrichment in the pri-miRNA samples, suggesting specific binding over
the background. A few proteins are conspicuously absent from this list, most
surprisingly the components of microprocessor, DCGR8 and Drosha. This absence
could be accounted for in the kinetics of pri-miRNA processing, with the assumption that
binding of microprocessor leads to the immediate release of pre-miRNA species from
the pri-miRNA. Additionally, since this was considered a pilot run, these proteins might
be missing due to the limited depth of MS analysis

g:rs‘;:'o"les Category pri-miR17-92 | pri-miR7 | GAPDH
HNRNPA1 | miRNA pathway 1.88 0.93 2.76
DDX5 miRNA pathway 32.35 31.75 1.09
DDX1 miRNA pathway 9.24 ND ND
KSRP miRNA pathway ND 2117 580
TUT4 miRNA pathway 46.02 19.05 0.90
RAN miRNA pathway 13.87 16.93 ND
DDX17 miRNA pathway 2.77 3.39 0.70
PABPC4 Splicing 27.73 23.08 0.77
SF3B3 Splicing 27.73 2540 ND
SFPQ Splicing 9.24 19.05 ND
SF3B2 Splicing ND 8.47 ND
U2AF2 Splicing ND 8.47 ND
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Table 2.4 Enrichment Scores for positive controls in all samples
Observed positive control proteins in mass spectrometry. ND - not detected in sample.

Another class of positive control genes relevant for this analysis is mMRNA splicing
factors since the GAPDH target site is exonic, while both pri-miRNA samples are
intronic. As expected, many more splicing proteins were present in the pri-miRNAs
samples compared to GAPDH. Overall the top enriched proteins in each pulldown are
noted in Tables 2.5-2.7. Another encouraging feature of this dataset is the prevalence
of RNA-biology related proteins in the top enriched genes as annotated.

Protein Name Enrichment Score Annotation
1 PKM 78.32
2 KCTD1 67.73 transcription factor
3 SHC1 52.92
4 ENO1 46.57
5 GAPDH 44.45
6 HNRNPM 38.10 RNA binding
7 NONO 35.98 RNA binding
8 | ACLY 33.87
8 STIP1 33.87
10 | DHX9 31.75 RNA helicase
10 | SYNCRIP 31.75 RNA binding
10 | DDX5 31.75 RNA helicase
13 | NCL 27.52
14 | MTHFD1 25.40
15 | ILF2 25.40 transcription factor
15 | RUVBL2 25.40 DNA helicase
15 | SF3B3 25.40 RNA splicing
18 | HNRNPA1L2 23.28 RNA binding
18 | LDHB 23.28
18 | PABPC4 23.28 RNA binding

Table 2.5 Top protein binding candidates for pri-miR7
Proteins with the top 20 enrichment scores are lists above. Housekeeping proteins
(ribosomal, cytoskeletal, and histones) were removed for the list for clarity.

Protein Name Enrichment Score Annotation
1 PKM 87.82
1 HNRNPU 87.82 RNA binding
3 SYNCRIP 60.09 RNA binding
4 SND1 50.84 Transcription factor
5 uBB 46.22
5 TUTase 4 46.22 RNA uridylation
7 ENO1 41.60 Transcription factor
8 TENM3 32.35
8 QARS 32.35
8 DDX3X 32.35 RNA helicase
8 NCL 32.35
8 DDX3Y 32.35 RNA helicase
8 DDX5 32.35 RNA helicase
14 | SUPT16H 27.73 Chromatin factor
14 | CSDE1 27.73 RNA binding
14 | TRIM28 27.73 Transcription factor
14 | SF3B3 27.73 RNA splicing
14 | ILF2 27.73 Transcription factor
14 | PABPC4 27.73 RNA binding
20 | RUVBL2 23.11 DNA helicase
20 | MCM3 23.11
20 | DHX9 23.11 RNA helicase
20 | DARS 23.11

38



Table 2.6 Top protein binding candidates for pri-miR17-92
Proteins with the top 20 enrichment scores are lists above. Housekeeping genes
(ribosomal, cytoskeletal, and histones) were removed for the list for clarity.

Protein Name Enrichment Score Annotation
1 PRMT5 5.80
1 DHX36 5.80 RNA helicase
1 PUF60 5.80 RNA binding
1 PARP1 5.80 Polymerase
1 PRDX2 5.80
1 NAP1LA1 5.80
1 IPO5 5.80
1 KHSRP 5.80 RNA binding
1 C1QBP 5.80 RNA binding
1 KCTD1 5.80 Transcription factor
1 AIFM1 5.80
1 PFKM 5.80
13 | HNRNPA1 2.76 RNA binding
13 | HNRNPD 2.26 RNA binding
15 | PKM 2.15

Table 2.7 Top protein binding candidates for GAPDH
Proteins with the top 20 enrichment scores are lists above. Housekeeping genes
(ribosomal, cytoskeletal, and histones) were removed for the list for clarity.

Overall, we have high confidence that desothiobiotin-RCas9 successfully isolated
protein complexes bound to the specific RNAs of interest. For this particular dataset,
further validation both in vitro and in vivo of binding partners will be required to confirm
these interactions. In the future, it is recommended that additional low salt, no
magnesium wash steps are added to the protocol to further reduce ribosomal binding to
samples. While more complicated label-free mass spectrometry analysis could be
performed on similar samples, this dataset provides proof-of-concept for RNA-binding
partner identification by RCas9.

2.6 Discussion

Here we have demonstrated the ability to re-direct the dsDNA targeting capability
of CRISPR/Cas9 for RNA-guided ssRNA binding and/or cleavage (RCas9).
Programmable RNA recognition and cleavage has the potential to transform the study
of RNA function much as site-specific DNA targeting is changing the landscape of
genetic and genomic research (Mali et al., 2013) (Fig. 2.12). Although certain
engineered proteins such as PPR proteins and Pumilio/FBF (PUF) repeats show
promise as platforms for sequence-specific RNA targeting (Filipovska and Rackham,
2011; Mackay et al., 2011; Yagi et al., 2014; Yin et al., 2013), these strategies require
re-designing the protein for every new RNA sequence of interest. While RNA
interference has proven useful for manipulating gene regulation in certain organisms
(Kim and Rossi, 2008), there has been a strong motivation to develop orthogonal
nucleic acid-based RNA recognition systems, such as the CRISPR/Cas Type IlI-B Cmr
complex (Hale et al., 2009; 2012; Spilman et al., 2013; Staals et al., 2013; Terns and
Terns, 2014) and the atypical Cas9 from Francisella novicida (Sampson and Weiss,
2014; Sampson et al., 2013). In contrast to these systems, the molecular basis for RNA
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recognition by RCas9 is now clear and requires only the design and synthesis of a
matching gRNA and complementary PAMmer. The ability to recognize endogenous
RNAs within complex mixtures with high affinity and in a programmable manner paves
the way for direct transcript detection, analysis and manipulation without the need for
genetically encoded affinity tags.
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Figure 2.12 Potential applications of RCas9 for untagged transcript analysis,
detection, and manipulation.

a, Catalytically-active RCas9 could be used to target and cleave RNA, particularly those
for which RNAi-mediated repression/degradation is not possible. b, Tethering the
eukaryotic initiation factor elF4G to a catalytically inactive dRCas9 targeted to the 5
untranslated region of an mRNA could drive translation. ¢, dRCas9 tethered to beads
could be used to specificially isolate RNA or native RNA:protein complexes of interest
from cells for downstream analysis or assays including identification of bound protein
complexes, probing of RNA structure under native protein-bound conditions, and
enrichment of rare transcripts for sequencing analysis . d, dRCas9 tethered to RNA
deaminase or N®-mA methylase domains could direct site-specific A-to-I editing or
methylation or RNA, respectively. e, dRCas9 fused to a U1 recruitment domain
(arginine- and serine-rich (RS) domain) could be programmed to recognize a splicing
enhancer site and thereby promote the inclusion of a targeted exon. f, dRCas9 tethered
to a fluorescent protein such as GFP could be used to observe RNA localization and
transport in living cells.
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Chapter 3

Discovery of RNA targeting single
effector CRISPR systems

A portion of the content presented in this chapter has been previously published as part
of the following research article: Alexandra East-Seletsky, Mitchell R. O’Connell,
Spencer C. Knight, David Burstein, Jamie H. D. Cate, Robert Tjian, and Jennifer A.
Doudna, (2016). Two distinct RNase activities of CRISPR-C2c2 enable guide-RNA
processing and RNA detection. Nature 538, 270-273.

Alexandra Seletsky and Mitchell O’Connell were designated co-first authors. Alexandra
Seletsky, Mitchell O’'Connell, Spencer Knight conceived the study and designed
experiments with input from Jamie Cate, Robert Tjian, and Jennifer Doudna. David
Burstein performed bioinformatic analyses. Alexandra Seletsky, and Mitchell O’Connell,
executed all experimental work with assistance from Spencer Knight. All authors
discussed the data and wrote the manuscript.
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3.1 Summary and Introduction

Bacterial adaptive immune systems employ CRISPRs (clustered regularly interspaced
short palindromic repeats) and CRISPR-associated (Cas) proteins for RNA-guided
nucleic acid cleavage (van der Oost et al., 2014; Wright et al., 2016). Although generally
targeted to DNA substrates (Brouns et al., 2008; Garneau et al., 2010; Marraffini and
Sontheimer, 2008), the Type Ill and Type VI CRISPR systems direct interference
complexes against single-stranded RNA (ssRNA) substrates (Abudayyeh et al., 2016;
Hale et al., 2009; Samai et al., 2015; Staals et al., 2013). In Type VI systems, the
single-subunit C2c2 protein functions as an RNA-guided RNA endonuclease
(Abudayyeh et al., 2016; Shmakov et al., 2015). How this enzyme acquires mature
CRISPR RNAs (crRNAs) essential for immune surveillance and its mechanism of
crRNA-mediated RNA cleavage remain unclear. Here we show that C2c2 possesses a
unique ribonuclease activity responsible for CRISPR RNA maturation that is distinct
from its RNA-activated ssRNA-degradation activity. These dual ribonuclease functions
are chemically and mechanistically different from each other and from the crRNA-
processing behavior of the evolutionarily unrelated CRISPR enzyme Cpf1 (Fonfara et
al., 2016). We show that the two ribonuclease activities of C2c2 enable multiplexed
processing and loading of guide RNAs that in turn allow for sensitive cellular transcript
detection.

3.2 Methods

3.2.1 C2c2 phylogenic and candidate selection

C2c2 maximum-likelihood phylogenies were computed using RAxXML (Stamatakis,
2014b) with the PROTGAMMALG evolutionary model and 100 bootstrap samplings.
Sequences were aligned by MAFFT with the ‘einsi’ method (Katoh and Standley,
2013b).
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Figure 3.1 Phylogenetic tree of C2c2 family

Maximum-likelihood phylogenetic reconstuction of C2c2 proteins. Leaves include Gl
protein numbers and organism of origin; bootstrap support values, out of 100
resamplings, are presented for inner split. Scale is in substitutions per site.
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Figure 3.2 Alignment of protein sequences from three C2c2 homologs
Multiple sequence alignment of the three analyzed homologs of C2c2; coordinates are
based on LbuC2c2.

3.2.2 C2c2 protein production and purification

Expression vectors for protein purification were assembled using synthenic gBlocks
ordered from Integrated DNA Technologies. The codon-optimized C2c2 genomic
sequence was N-terminally tagged with a Hise-MBP-TEV cleavage site, with expression
driven by a T7 promoter. Mutant proteins were cloned via site-directed mutagenesis of
wild-type C2c2 constructs. Expression vectors were transformed into Rosetta2 E. coli
cells grown in 2xYT broth at 37 °C. E. coli cells were induced during log phase with 0.5
M ITPG, and the temperature was reduced to 16 °C for overnight expression of His-
MBP-C2c2. Cells were subsequently harvested, resuspended in lysis buffer (50 mM
Tris-HCI pH 7.0, 500 mM NaCl, 5% glycerol, 1 mM TCEP, 0.5mM PMSF, and EDTA-
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free protease inhibitor (Roche)) and lysed by sonication, and the lysates were clarified
by centrifugation. Soluble His-MBP-C2c2 was isolated over metal ion affinity
chromatography, and protein-containing eluate was incubated with TEV protease at 4
°C overnight while dialyzing into ion exchange buffer (50 mM Tris-HCI pH 7.0, 250 mM
KCI, 5% glycerol, 1 mM TCEP) in order to cleave off the Hise-MBP tag. Cleaved protein
was loaded onto a HiTrap SP column and eluted over a linear KCI (0.25-1.5M) gradient.
Cation exchange chromatography fractions were pooled and concentrated with 30 kD
cutoff concentrators (Thermo Fisher). The C2c2 protein was further purified via size-
exclusion chromatography on an S200 column and stored in gel filtration buffer (20 mM
Tris-HCI pH 7.0, 200 mM KCI, 5% glycerol, 1 mM TCEP) for subsequent enzymatic
assays. Expression plasmids are deposited with Addgene. Representative PAGE
analysis of purification fractions and size-exclusion chromatography trace is shown in
Fig 3.3.
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Figure 3.3 Purification and Production of C2c2

All C2c2 homologs were expressed in E. coli as His-MBP fusions and purified by a
combination of affinity, ion exchange and size exclusion chromatography. The Ni*
affinity tag was removed by incubation with TEV protease. Representative SDS-PAGE
gels of chromatography fractions are shown in (a, b). ¢, The chromatogram from
Superdex 200 (16/60) column demonstrating that C2c2 elutes as a single peak, devoid
of nucleic acid. d, SDS PAGE analysis of purified proteins used in this manuscript.
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3.2.3 Generation of RNA

All RNAs used in this study were transcribed in vitro except for crRNA AES461 which
was ordered synthetically (Integrated DNA Technologies) [see Table 3.1]. In vitro
transcription reactions were performed as previously described with the following
modifications: the T7 polymerase concentration was reduced to 10 ug/mL, and the UTP
concentration was reduced to 2.5 mM (Sternberg et al., 2012). Transcriptions were
incubated at 37°C for 1-2 hr to reduce non-template addition of nucleotides and
quenched via treatment with DNase | at 37°C for 0.5-1 hr. Transcription reactions were
purified by 15% denaturing polyacrylamide gel electrophoresis (PAGE), and all RNAs
were resuspended in cleavage buffer (20 mM HEPES pH 6.8, 50 mM KCI, 5 mM MgCly,
and 5% glycerol). For radioactive experiments, 5’ triphosphates were removed by calf
intestinal phosphate (New England Biolabs) prior to radiolabeling and ssRNA substrates
were then 5’-end labeled using T4 polynucleotide kinase (New England Biolabs) and [y-

32P)-ATP (Perkin Elmer) as described previously (Sternberg et al., 2012).

Oligo Name

Sequence

Lbu_pre-crRNA_A_SCK314

GGAUUUAGACCACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lse pre-crRNA_B_AES484

GGUAAGAGACUACCUCUAUAUGAAAGAGGACUAAAACCAAACAUGAUCUGGGUCAUC

Lsh_pre-crRNA_A_SCK339

GGAUUUAGACCACCCCAAUAUCGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre-crRNA _invert SCK321

GGAUUUAGACCAGGGGAAGUAAAAACCCCACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre-crRNA_5stem_SCK331

GGAUUUAGACCACCCCCAAAAAUGAAGGGGGACUAAAACAGGGGCAGAGAUGAUGACCC
u

Lbu_pre-
crRNA_7bubble_SCK334

GGAUUUAGACCACCCCAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre-
crRNA_5bubble_SCK335

GGAUUUAGACCACCCCAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre-crRNA_3stem_ SCK342

GGAUUUAGACCACCCCAAAAAUGAAGGGCACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre-cr 5 mut1_AES497

GGCGUUAGACCACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre-cr_ 5 _mut2_AES496

GGAGCUAGACCACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre-cr 5 mut3_AES495

GGAUCCAGACCACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre-cr_ 5 _mut4_AES477

GGAUUCGGACCACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre-cr 5 mut5_ AES482

GGAUUUACCCCACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre-cr 5 mut6_AES478

GGAUUUAAUCCACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre-cr 5 mut7_AES480

GGAUUUAGAAAACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre_cr 5 mut8 AES498

GGAUUUAGACCGCCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre_stem_mut1_AES502

GGAUUUAGACCAGCCCAAAAAUGAAGGGCACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre_stem_mut2_AES501

GGAUUUAGACCACCGCAAAAAUGAAGCGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre_stem_mut3_AES500

GGAUUUAGACCACACCAAAAAUGAAGGUGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre_stem_mut4 AES499

GGAUUUAGACCACCACAAAAAUGAAGUGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre_stem_mut5 AES504

GGAUUUAGACCACUCCAAAAAUGAAGGAGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre_cr 3’ _mut1_AES505

GGAUUUAGACCACCCCAAAAAUGAAGGGGCAUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre _cr 3 _mut2 AES506

GGAUUUAGACCACCCCAAAAAUGAAGGGGACGCAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre_cr 3’ _mut3_AES507

GGAUUUAGACCACCCCAAAAAUGAAGGGGACUAGCACAGGGGCAGAGAUGAUGACCCU

Lbu_pre _cr 3 _mut4 AES508

GGAUUUAGACCACCCCAAAAAUGAAGGGGACUAAAGUAGGGGCAGAGAUGAUGACCCU

crLbu_A_GG_AES432

GGCCACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

crLbu_B_AES451

GGCCACCCCAAAAAUGAAGGGGACUAAAACACAAACAUGAUCUGGGUCAUC

A.0_target AES450

GGCACACCCGCAGGGGGGAGCCAAAAGGGUCAUCAUCUCUGCCCCCACAGCAGAAGCC
CcC

B_target AES452

GGGAACCCCAAGGCCAACCGCGAGAAGAUGACCCAGAUCAUGUUUGAGACCUUCAACAC
CCC

crLbu_Lambda2 AES453

GGCCACCCCAAAAAUGAAGGGGACUAAAACAGUGAUAAGUGGAAUGCCAUG

crLbu_Lambda3_MOC410

GGCCACCCCAAAAAUGAAGGGGACUAAAACACUGGUGAACUUCCGAUAGUG

crLbu_Lambda4_MOC411

GGCCACCCCAAAAAUGAAGGGGACUAAAACACAGAUAUAGCCUGGUGGUUC

Lambda2_target MOC28

GGCUCAAUUUUGACAGCGGUCAUGGCAUUCCACUUAUCACUGGCAUCCUUCCACUC

Lambda3_target MOC36

GGAAAUCAUUCAACACCCGCACUAUCGGAAGUUCACCAGCCAGCCGCAGCACGUU

Lambda4_target MOC37

GGCAAUAAAAAUGCGCCGCCUGAACCACCAGGCUAUAUCUGCCACUCAUUGUUGUGA

crLbu_betaActin_1 AES451

GGCCACCCCAAAAAUGAAGGGGACUAAAACACAAACAUGAUCUGGGUCAUC

pre-crLbu_dimer_SCK324

GGAUUUAGACCACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCUA
UUUAGACCACCCCAAAAAUGAAGGGGACUAAAACAGUGAUAAGUGGAAUGCCAUG
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crLbu lambda2 SCK315

GGAUUUAGACCACCCCAAAAAUGAAGGGGACUAAAACAGUGAUAAGUGGAAUGCCAUG

Lbu pre cr 5 4mer1 AES481

GGAUUUAAUAAACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu pre cr 5 4mer2 AES479

GGAUUCGAUCCACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu pre cr 5 4mer3 SCK343

GGAUUUAGGAAGCCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

Lbu_pre_cr_5_4mer4_AES503 GGAUUUAGACCAGGCCAAAAAUGAAGGCCACUAAAACAGGGGCAGAGAUGAUGACCCU

crLbu_GuideWalk1_SCK302 GGCCACCCCAAAAAUGAAGGGGACUAAAACAUUUUGGCUCCCCCCUGCAAAUGAG

crLbu_GuideWalk2_SCK303 GGCCACCCCAAAAAUGAAGGGGACUAAAACAACCCUUUUGGCUCCCCCCUGCAAA

crLbu_GuideWalk3_SCK304 GGCCACCCCAAAAAUGAAGGGGACUAAAACAGAUGACCCUUUUGGCUCCCCCCUG

crLbu_GuideWalk4_SCK305 GGCCACCCCAAAAAUGAAGGGGACUAAAACAAGAUGAUGACCCUUUUGGCUcCCccC

crLbu_GuideWalk5_SCK306 GGCCACCCCAAAAAUGAAGGGGACUAAAACAGCAGAGAUGAUGACCCUUUUGGCU

crLbu_GuideWalk6_SCK307 GGCCACCCCAAAAAUGAAGGGGACUAAAACAGGGGGCAGAGAUGAUGACCCUUUU

crLbu_GuideWalk7_SCK308 GGCCACCCCAAAAAUGAAGGGGACUAAAACACAGAGGGGGCAGAGAUGAUGACCC

crLbu_GuideWalk8_ SCK309 GGCCACCCCAAAAAUGAAGGGGACUAAAACAUCAGCAGAGGGGGCAGAGAUGAUG

GGCUCAUUUGCAGGGGGGAGCCAAAAGGGUCAUCAUCUCUGCCCCCUCUGCUGAUGCC

A.1_target_ U_MOC279 co

GGCCUGACUGCUCUCAUUUGCAGUUGGGAGCCAAAAGGGUCAUCAUCUCUGCCCCccUC

A.2_target_70nt_AES447 UGCUGAUGCCCC

GGACCUGUGAAUCCUGACUGCUCUCAUUUGCAGUUGGGAGCCAAAAGGGUCAUCAUCU

A.3_target_80nt AES445 CUGCCCCCUCUGCUGAUGCCCC

GGCACACCCGCAGGGUUUAGCCAAAAGGGUCAUCAUCUCUGCCCCCUCUGCUGAUGCC

A4 5 _ts_shift AES449 o0

crLbu_A_16nt_trunc_SCK282 GGCCACCCCAAAAAUGAAGGGGACUAAAACACAGAGAUGAUGACCCU

crLbu_A_24nt_ext_SCK283 GGCCACCCCAAAAAUGAAGGGGACUAAAACAAGAGGGGGCAGAGAUGAUGACCCU

crLbu_A_mature_GA_SCK340 GACCACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

crLbu_A_mature_ GGGA_SCK3

a1 GGGACCACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU

crLbu_A_mature_ CCA_AES461 CCACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACcCU

T7 Forward (DNA) TAATACGACTCACTATAGG

Table 3.1 Oligonucleotides used in study

3.2.4 Pre-crRNA processing assays

Pre-crRNA cleavage assays were performed at 37 °C in RNA processing buffer (20 mM
HEPES pH 6.8, 50 mM KCI, 5 mM MgCl,, 10 pg/mL BSA, 100 pg/mL tRNA, 0.01%
lgepal CA-630 and 5% glycerol) with a 100-fold molar excess of C2c2 relative to 5'-
labeled pre-crRNA (final concentrations of 100 nM and <1 nM, respectively). Unless
otherwise indicated, reaction was quenched after 60 min with 1.5X RNA loading dye
(100% formamide, 0.025 w/v% bromophenol blue, and 200 ug mL" heparin). After
quenching, reactions were denatured at 95 °C for 5 min prior to resolving by 12% or
15% denaturing PAGE (0.5X TBE buffer). Metal dependence of the reaction was tested
by addition of EDTA or EGTA to reaction buffer at concentrations varying from 10-100
mM. Bands were visualized by phosphorimaging and quantified with ImageQuant (GE
Healthcare). The percent cleavage was determined as the ratio of the product band
intensity to the total intensity of both the product and uncleaved pre-crRNA bands and
normalized for background within each measured substrate using ImageQuant TL
Software (GE Healthcare) and fit to a one phase exponential association using Prism
(GraphPad).

3.2.5 Product Size Mapping and 3’ end moiety identification

Cleavage product length was determined biochemically by comparing gel migration of
product bands to alkaline hydrolysis and RNase T1 digestion ladders using the RNase
T1 Kit from Ambion. For hydrolysis ladder, 15 nM full-length RNA substrates were
incubated at 95°C in 1X alkaline hydrolysis buffer (Ambion) for 5 min. Reactions were
quenched with 1.5X RNA loading buffer, and cooled to -20°C to immediately stop
hydrolysis. For RNase T1 ladder, 15 nM full length RNA substrates were unfolded in 1X
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RNA sequencing buffer (Ambion) at 65°C. Reactions were cooled to ambient
temperature, and then 1 U of RNase T1 (Ambion) was added to reaction. After 15 min,
reactions were stopped by phenol-chlorofrom extraction and 1.5X RNA loading buffer
was added for storage. Hydrolysis bands were resolved in parallel to cleavage samples
on 15% denaturing PAGE and visualized by phosphorimaging. For 3’ end moiety
identification, products from the processing reaction were incubated with 10 U of T4
polynucleotide kinase (New England Biolabs) for 1 hr at 37°C in processing buffer.
Reactions were quenched with 1.5X RNA loading buffer, resolved on 20% denaturing
PAGE and visualized by phosphorimaging.

3.2.6 Small RNA sequencing analysis

RNA reads from Shmakov et al. (2015) were downloaded from SRA runs SRR3713697,
SRR3713948, and SRR3713950. The paired-end reads were locally mapped to the
reference sequences using Bowtie2 (Langmead and Salzberg, 2012) with the following
options: “--reorder --very-fast-local --local”. The mapping was then filtered to retain only
alignments that contained no mismatch using mapped.py
(https://github.com/christophertbrown/mapped) with the “-m 0 -p both” options. BAM file
of the resulting mapping are inthe supplementary files for this manuscript. Read
coverage was visualized using Geneious and plotted using Prism (GraphPad).

3.2.7 Target cleavage assays

Target cleavages assays were performed at 25 °C or 37 °C in cleavage buffer (20 mM
HEPES pH 6.8, 50 mM KCI, 5 mM MgCl,, and 5% glycerol). crRNA guides were pre-
folded by heating to 65 °C for 5 min and then slowly cooling to ambient temperature in
cleavage buffer. C2c2:crRNA complex formation was performed in cleavage buffer,
generally at a molar ratio of 2:1 protein to crRNA at 37 °C for 10 min, prior to adding 5’-
end labeled target and/or other non-radiolabeled RNA target substrates. Unless
otherwise indicated, final concentrations of protein, guide, and targets were 100 nM, 50
nM, and <1 nM respectively for all reactions. Reactions were quenched with 1.5X RNA
loading dye and resolved by 15% denaturing PAGE (0.5X TBE buffer). Bands were
visualized by phosphorimaging and quantified with ImageQuant (GE Healthcare). The
percent cleavage was determined as the ratio of total banding intensity for all shorter
products relative to the uncleaved band and normalized for background within each
measured substrate using ImageQuant TL Software (GE Healthcare) and fit to a one
phase exponential association using Prism (GraphPad).

3.2.8 crRNA filter-binding assays

Filter binding assays was carried out in RNA processing buffer (20 mM HEPES pH 6.8,
50 mM KCI, 5 mM MgCl,, 10 ug/mL BSA, 100 pg/mL yeast tRNA, 0.01% Igepal CA-630
and 5% glycerol). LbuC2c2 was incubated with radiolabeled crRNA (<0.1 nM) for 1hr at
37°C. Tufryn, Protran and Hybond-N+ were assembled onto a dot-blot apparatus in the
order listed above. The membranes were washed twice with 50uL Equilibration Buffer
(20 mM HEPES pH 6.8, 50 mM KCI, 5 mM MgCl, and 5% glycerol) before the sample
was applied to the membranes. Membranes were again washed with 50 pL
Equilibration Buffer, dried and visualized by phosphorimaging. Data were quantified
with ImageQuant TL Software (GE Healthcare) and fit to a binding isotherm using Prism
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(GraphPad Software). All experiments were carried out in triplicate. Dissociation
constants and associated errors are reported in the figure legends.

3.2.9 Electrophoretic mobility-shift assays

In order to avoid the dissociation of the LbuC2c2-dHEPN1/dHEPN2: crRNA complex at
low concentrations during ssRNA-binding experiments, binding reactions contained a
constant excess of LbuC22c2-dHEPN1/dHEPN2 (200 nM), and increasing
concentrations of crRNA-A and < 0.1 nM target ssRNA. Assays were carried out in
C2c2 EMSA buffer (20 mM HEPES pH 6.8, 50 mM KCI, 10 yg/mL BSA, 100 ug/mL
yeast tRNA, 0.01% Igepal CA-630 and 5% glycerol). LbuC2c2-crRNA-A complexes
were pre-formed as described above for 10 min at 37°C before the addition of 5’-
radiolabelled ssRNA substrate and a further incubation for 45 min at 37°C. Samples
were then resolved by 8% native PAGE at 4°C (0.5X TBE buffer). Gels were imaged by
phosphorimaging, quantified using ImageQuant TL Software (GE Healthcare) and fit to
a binding isotherm using Prism (GraphPad Software). All experiments were carried out
in triplicate. Dissociation constants and associated errors are reported in the figure
legends.

3.2.10 Fluorescent RNA detection assay

LbuC2c2:crRNA complexes were preassembled by incubating 1uM of Lbu-C2c2:C2c2
with 500 nM of crRNA for 10 min at 37°C . These complexes were then diluted to
100nM LbuC2c2: 50 nM crRNA-A2 in RNA processing buffer (20 mM HEPES pH 6.8,
50 mM KCI, 5 mM MgClz, 10 ug/mL BSA, 10 pg/mL yeast tRNA, 0.01% Igepal CA-630
and 5% glycerol) in the presence of 185 nM of RNAase-Alert substrate (Thermo-Fisher),
100 ng of HelLa total RNA and increasing amounts of target 60 nt ssRNA (0-1 nM).
These reactions were incubated in a fluorescence plate reader for up to 120 min at
37°C with fluorescence measurements taken every 5 min (Aex: 485 nm; Aem: 535 nm).
Background-corrected fluorescence values were obtained by subtracting fluorescence
values obtained from reactions carried out in the absence of target ssRNA. Maximal
fluorescence was measured by incubating 50 nM RNaseA with 185 nM of RNAase-Alert
substrate. For measurement of crRNA-ACTB mediated LbuC2c2 activation by beta-
actin mRNA in human total RNA, LbuCas9:crRNA complexes were preassembled by
incubating 1uM of LbuC2c2 with 500 nM of crRNA-ACTB for 10 min at 37°C and
reactions were carried out in the conditions above in the presence of increasing
amounts (0-1 ug) of either HelLa cell total RNA or E. Coli total RNA (as a negative
control). These reactions were incubated in a fluorescence plate reader for up to 180
min at 37°C with fluorescence measurements taken every 5 min (Aex: 485 NM; Aem: 535
nm). Background-corrected fluorescence values were obtained by subtracting
fluorescence values obtained from reactions carried out in the absence of target ssRNA.
For coupled pre-crRNA processing and RNA detection assays, LbuCas9-crRNA
complexes were preassembled by incubating 1uM of LbuC2c2 with 500 nM of pre-
crRNA-A-A2 for 20 min at 37°C and reactions carried out as described above in the
presence of increasing amounts of ssRNA A and ssRNA A2 (0-1 nM each). In each
case, error bars represent the standard deviation from three independent experiments.
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3.2.11 Background cleavage in total RNA

LbuC2c2:crRNAA4 complexes were assembled as previously described for
fluorescence RNA detection assay. Complexes were incubated in RNA processing
buffer in the presence of 3 ug total RNA with and without 10 nM A4 ssRNA target. After
2 hr, RNA was isolated by trizol extraction and ethanol precipitation. The RNA fragment
size distribution of resuspended samples was resolved using Small RNA Analysis Kit
(Agilent) on a Bioanalyzer 2100 (Agilent) using the manufacturer’s protocol.
Fluorescent intensity curves were normalized in Prism for curve overlay (GraphPad
Software).

3.3 Results

3.3.1 C2c2 catalyzes crRNA maturation for Type VI-A systems

The essential first step of CRISPR immune surveillance requires
processing of precursor crRNA transcripts (pre-crRNAs), consisting of repeat
sequences flanking viral spacer sequences, into individual mature crRNAs that each
contain a single spacer (Charpentier et al., 2015; Hochstrasser and Doudna, 2015; Li,
2015). CRISPR systems employ three known mechanisms to produce mature crRNAs:
a dedicated endonuclease (e.g., Cas6 or Casbd in Type | and Ill systems) (Carte et al.,
2008; Haurwitz et al., 2010; Nam et al., 2012b), coupling of a host endonuclease (e.g.,
RNase Il with a trans-activating crRNA (tracrRNA) in Type Il systems) (Deltcheva et al.,
2011), or a ribonuclease activity intrinsic to the effector enzyme itself (e.g., Cpf1, Type V
systems) (Fonfara et al., 2016).
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Figure 3.4 C2c2 proteins process precursor crRNA transcripts to generate mature
crRNAs

a, Maximum-likelihood phylogenetic tree of C2c2 proteins. Homologs used in this study
are highlighted in yellow. b, Diagram of the three Type VI CRISPR loci used in this
study. Black rectangles denote repeat elements, yellow diamonds denote spacer
sequences. Cas1 and Cas2 are only found in the genomic vicinity of LshC2c2. ¢, C2c2-
mediated cleavage of pre-crRNA derived from the LbuC2c2, LseC2c2 and LshC2c2
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CRISPR repeat loci. OH: alkaline hydrolysis ladder; T1: RNase T1 hydrolysis ladder;
processing cleavage reactions were performed with 100 nM C2c2 and <1 nM pre-
crRNA. Schematic of cleavage is depicted on right, and predicted pre-crRNA secondary
structures are diagrammed below, with arrows indicating the mapped C2c2 cleavage
sites

Since Type VI CRISPR loci lack an obvious Cas6 or Cas5d-like endonuclease or
tracrRNA (Shmakov et al., 2015), we wondered whether C2c2 itself might possess pre-
crRNA processing activity, and if so, whether the mechanism would be distinct from
Cpf1, an unrelated class 2 CRISPR effector recently demonstrated to process pre-
crRNAs (Fonfara et al., 2016). Using purified recombinant C2c2 protein homologs from
three distinct branches of the C2c2 protein family (Fig. 3.1-3.4), we found that all three
C2c2 enzymes cleave 5'-end radiolabeled pre-crRNA substrates consisting of a full-
length consensus repeat sequence and a 20 nucleotide (nt) spacer sequence (Fig.
3.4c). We mapped the cleavage site for each pre-crRNA:C2c2 homolog pair, revealing
that processing occurs at a position either two or five nucleotides upstream of the
predicted repeat-sequence hairpin structure, depending on the C2c2 homolog (Fig. 3.4c
and 3.5a). Surprisingly, our biochemically mapped 5’-cleavage sites do not agree with
previously reported cleavage sites for Leptotrichia shahii (LshC2c2) or Listeria seeligeri
(LseC2c2) pre-crRNAs (Shmakov et al., 2015). Our own analysis of Shmakov et al.’s
RNA sequencing data set indicates agreement of the in vivo cleavage site with the in
vitro site reported here (Fig. 3.5b-i). Furthermore, cleavage assays using C2c2 from
Leptotricia buccalis (LbuC2c2) and a larger pre-crRNA comprising a tandem hairpin-
repeat array resulted in two products resulting from two separate cleavage events (Fig.
3.6a), consistent with a role for C2c2 in processing precursor crRNA transcripts
generated from Type VI CRISPR loci.

3.3.2 Substrate requirements and mechanism of pre-crRNA processing by C2c2

To understand the substrate requirements and mechanism of C2c2 guide RNA
processing, we generated pre-crRNAs harboring mutations in either the stem loop or
the single-stranded flanking regions of the consensus repeat sequence and tested their
ability to be processed by LbuC2c2 (Fig. 3.7). We found that C2c2-catalyzed cleavage
was attenuated upon altering the length of the stem in the repeat region (Fig. 3.7a).
Inversion of the stem loop or reduction of the loop length also reduced C2c2’s
processing activity, while contiguous 4-nt mutations including or near the scissile bond
completely abolished it (Fig. 3.6b). A more extensive mutational analysis of the full
crRNA repeat sequence revealed two distinct regions on either side of the hairpin with
marked sensitivity to base changes (Fig. 3.7b). By contrast, there was no dependence
on the spacer sequence for kinetics of processing (Fig. 3.6¢). This sensitivity to both
flanking regions of the hairpin is reminiscent of the sequence and structural motifs
required by many Cas6 and Cas5d enzymes (Charpentier et al., 2015; Fonfara et al.,
2013; Li, 2015). In contrast, Cpf1 does not have any dependence on the 3' hairpin
flanking region, as the variable spacer region abuts the hairpin stem (Fonfara et al.,
2016).
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Figure 3.5 Mapping of pre-crRNA processing by C2c2 in vitro and in vivo.

a, Cleavage site mapping of LseC2c2 and LshCc2c2 cleavage of a single cognate pre-
crRNA array. OH: alkaline hydrolysis ladder; T1: T1 RNase hydrolysis ladder. Cleavage
reactions were performed with 100 nM C2c2 and <1 nM pre-crRNA. b-i, Re-analysis of
LshC2c2 (b-f) and LseC2c2 (g-i) CRISPR array RNA sequencing experiments from
Shmakov et al. (Fig. S7 and Fig. 5, respectively). All reads (b,g) and filtered reads (55
nt or less; as per original Shmakov et al. analysis; c¢,h) were stringently aligned to each
CRISPR array using Bowtie2 (see Methods). Detailed views of individual CRISPR
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repeat-spacers are shown for Lsh (d-f) and Lse (i). Differences in 5’ end pre-crRNA
processing are indicated by arrows below each sequence. BAM alignment files of our
analysis are available in Supplementary Materials. This mapping clearly indicates that
the 5’ ends of small RNA sequencing reads generated from Lsh pre-crRNAs map to a
position 2 nts from the base of the predicted hairpin, in agreement with our in vitro
processing data (a). This pattern holds for all mature crRNAs detected from both native
expression in L. shahii and heterologous expression in E. coli (data not shown, BAM file
available in supplementary methods). Unfortunately, the LseC2c2 crRNA sequencing
data (used in g-i) is less informative due to low read depth, and each aligned crRNA
exhibits a slightly different 5’ end with little obvious uniformity. The mapping for one of
the processed repeats (repeat-spacer 2; i) is in agreement with our data but only with
low confidence due to the insufficient read depth.

a b A
100+ A 0r109%
LbuC2¢2 | 1\ 114 nt Substrate Ap AA pre-crRNA ' Flank 4-mer Mut 2
OH T1 - o+ R . v £ AES479
* 804 == 5 - GGAUUCGAUCCAC GACUAAAACA - 3’
Uncleaved —» <« AAAUG 16.1£0.7 %
Ap AR pre-crRNA5' Flank 4-mer Mut 1
€6 AES481
v ° 6ol v ¢
G64- > - 4—’; ﬁ 5° - GGAUUUAAUAAAC GACUAARACA - 3°
8 A
-3 u g AU 01:01%
? - A A pre-crRNA 5’ Flank 4-mer Mut 3
Lbu 63 nt = 404 A sckass
Product v CG
5' - GGAUUUAGGAAGC CACUARAACA - 3°
204 AAUG 81.8£0.8%
- /-\A AA pre-crRNA 4-mer Mut 4
* C6 AES503
G23- | & - \ T
> < 2 : ’ : : 15" - GGAUUUAGACCAG CACUAAAACA - 3
-
s & P S
> & & F L
. OB
-
- Lbu C2c2 +
: d PNK +
. OH T1 OH
. Uncleaved - .
Go | % - >
2 Lbu7nt -
- <« | Product
.
5 :
*
> 2
S -
» » ’ :
-
- - R
G2- =) = - G23
- 2 -
-
c 1.0 .
0.8 .
.{ -
(] | .
3 0.6 1 3 OH .
g Lbu 7 nt = » - . 8
0 04 Lbu 7 nt —» -
ﬂ; —e— Spacer Sequence A ’; - »
R | - .
0.2 - Spacer Sequence A2 3P -
»
0.0 T T
0 20 40 * G2
Time (min) - & -G1

Figure 3.6 Further investigations into the substrate requirements and mechanism

of pre-crRNA processing by C2c2.
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a, Cleavage site mapping of LbuCc2c2 cleavage of a tandem pre-crRNA array. OH:
alkaline hydrolysis ladder; T1: T1 RNase hydrolysis ladder. Cleavage reactions were
performed with 100 nM LbuC2c2 and <1 nM pre-crRNA. A schematic of cleavage
products is depicted on right, with arrows indicating the mapped C2c2 cleavage
products. b, LbuC2c2 4-mer mutant pre-crRNA processing data demonstrating the
importance of the 5’ single-stranded flanking region for efficient pre-crRNA processing.
Percentage of pre-crRNA processing was measured after 60 min (mean = s.d., n = 3).
¢, Representative LbuC2c2 pre-crRNA cleavage time-course demonstrating that similar
rates of pre-crRNA processing occur independent of crRNA spacer sequence pseudo-
first-order rate constants (kobs) (mean + s.d.) are 0.07 £ 0.04 min™" and 0.08 + 0.04 min™
for spacer A and spacer A2, respectively. d, End group analysis of cleaved RNA by T4
polynucleotide kinase (PNK) treatment. Standard processing assay conditions were
used to generate cleavage product, which was then incubated with PNK for 1 hr to
remove any 2', 3'-cyclic phosphates/3’ monophosphates. Retarded migration of band
indicates removal of the charged, monophosphate from the 3’ end of radiolabeled 5’
product.
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Figure 3.7 LbuC2c2 mediated crRNA biogenesis depends on both structure and
sequence of CRISPR repeats.

a, Representative cleavage assay by LbuC2c2 on pre-crRNAs containing structural
mutations within the stem and loop regions of hairpin. Processed percentages listed
below are quantified at 60 min (mean = s.d., n = 3). b, Bar graph showing the
dependence of pre-crRNA processing on the CRISPR repeat sequence. The wild-type
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repeat sequence is shown below with individual bars representing tandem nucleotide
mutations as noted in red. The cleavage site is indicated by cartoon scissors.
Percentage processed was measured after 60 min (mean + s.d., n = 3). ¢, Divalent
metal ion dependence of the crRNA processing reaction was tested by addition of 10-50
mM EDTA and EGTA to standard reaction conditions.

Mechanistic studies of LbuC2c2 revealed that processing activity was unaffected
by the presence of divalent metal ion chelators EDTA or EGTA (Fig. 3.7c), indicative of
a metal ion-independent RNA hydrolytic mechanism. Metal ion-independent RNA
hydrolysis is typified by the formation of a 2', 3'-cyclic phosphate and 5-hydroxide on
the 5' and 3' halves of the crRNA cleavage products, respectively (Yang, 2011). To
determine the end-group chemical identity of C2c2-processed substrates, we further
incubated the %' flanking products with T4 polynucleotide kinase, which removes 2',3'-
cyclic phosphates to leave a 3'-hydroxyl. We observed altered denaturing-gel migration
of the &' flanking product after kinase treatment, consistent with the removal of a 3’
phosphate group (Fig. 3.6d). The divalent metal ion independence of C2c2’s pre-crRNA
processing activity is in stark contrast with the divalent metal ion dependency of Cpfi1,
the only other single-protein CRISPR effector shown to perform guide processing
(Fonfara et al., 2016). Collectively, these data indicate that C2c2-catalyzed pre-crRNA
cleavage is a divalent metal ion-independent process that likely uses a general acid-
base catalysis mechanism (Yang, 2011).

3.3.3 C2c2:crRNA complexes degrade ssRNA upon target complementarity
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Figure 3.8 LbuC2c2 catalyzes guide-dependent ssRNA degradation on cis and
trans targets.

a, Schematic of the two modes of C2c2, guide-dependent ssRNA degradation. b,
Cleavage of two distinct radiolabeled ssRNA substrates, A and B, by LbuC2c2.
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Complexes of 100 nM C2c2 and 50 nM crRNA were pre-formed at 37 °C, and reaction
was initiated upon addition of <1 nM 5’-labeled target RNA at 25°C. Trans cleavage
reactions contained equimolar (<1 nM) concentrations of radiolabeled non-guide-
complementary substrate, and unlabeled on-target ssRNA. For multiple ssRNA
substrates, we observed that LbuC2c2 catalyzed efficient cleavage only when bound to
the complementary crRNA, indicating that LbuC2c2:crRNA cleaves ssRNA in an RNA-
guided fashion This activity is hereafter referred to as on-target or cis-target cleavage.
LbuC2c2-mediated cis cleavage resulted in a laddering of multiple products, with
cleavage preferentially occurring before wuracil residues, analogous to
LshC2c2(Abudayyeh et al., 2016). We repeated non-target cleavage reactions in the
presence of unlabeled, on-target (crRNA-complementary) ssRNA. In contrast to non-
target cleavage experiments performed in cis, we observed rapid degradation of non-
target RNA in frans. The similar RNA cleavage rates and near identical cleavage
products observed for both cis on-target cleavage and frans non-target cleavage
implicate the same nuclease center in both activities. ¢, LbuC2c2 loaded with crRNA
targeting spacer A was tested for cleavage activity under both cis (target A labeled) and
trans (target B labeled in the presence of unlabeled target A) cleavage conditions in the
presence of 25 mM EDTA.

Following maturation, crRNAs typically bind with high affinity to Cas
effector protein(s) to create RNA-guided surveillance complexes capable of sequence-
specific nucleic acid recognition (Jinek et al., 2012; van der Oost et al., 2014; Wright et
al., 2016). In agreement with previous work using LshC2c2 (Abudayyeh et al., 2016),
LbuC2c2 catalyzed efficient target RNA cleavage only when such substrates could base
pair with a complementary sequence in the crRNA (Figs. 3.8-3.10). Given the
promiscuous pattern of cleavage observed for C2c2 (Fig. 3.9), we tested the ability of
LbuC2c2 to act as a crRNA-activated non-specific RNA endonuclease in trans (Fig.
3.8b). In striking contrast to non-target cleavage experiments performed in cis and
consistent with observations for LshC2c2 (Abudayyeh et al., 2016), we observed rapid
degradation of non-target RNA in frans (Fig. 3.8b). This result shows that target
recognition activates C2c2 for general non-specific degradation of RNA. Importantly, the
similar RNA cleavage rates and near-identical cleavage products observed for both cis
on-target cleavage and frans non-target cleavage of the same RNA substrate implicate
the same nuclease center in both activities (Fig. 3.8b).
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a, ssRNA target cleavage assay conducted per Methods demonstrating LbuC2c2-
mediated ‘cis’-cleavage of several radiolabeled ssRNA substrates with identical spacer-
complementary sequences but distinct 5 flanking sequences of variable length and
nucleotide composition. Sequences of ssRNA substrates are shown to the right with
spacer-complementary sequences for crRNA-A highlighted in yellow. Arrows indicate
detected cleavage sites. Gel was cropped for clarity. It should be noted that the pattern
of cleavage products produced on different substrates (e.g. A1 vs. A2 vs. A3)
indicates that the cleavage site choice is primarily driven by a uracil preference and
exhibits an apparent lack of exclusive cleavage mechanism within the crRNA-
complementary target sequence, which is in contrast to what is observed for other Class
Il CRISPR single effector complexes such as Cas9 and Cpf1(Fonfara et al., 2016; Jinek
et al., 2012). Interestingly, the cleavage pattern observed for substrate A.0 hints at a
secondary preference for polyG sequences. b, LbuC2c2 ssRNA target cleavage assay
as per Methods, using a range of crRNAs that tile the length of the ssRNA target. The
sequence of the ssRNA substrates used in this experiment is shown below the gel with
spacer-complementary sequences for each crRNA highlighted in yellow. Arrows
indicate predicted cleavage sites. Above each set of lanes, a small diagram indicates
the location of the spacer sequence along the target (yellow box) and the cleavage
products observed (red arrows) or absent (black arrows). Likewise, it should be noted
that for every crRNA the cleavage product length distribution is very similar, again
indicating an apparent lack of exclusive cleavage within the crRNA-bound sequence.
The absence of a several cleavage products in a subset of the reactions might be
explained by the presence of bound C2c2:crRNA on the ssRNA target, which could
sterically occlude access to uracils by any cis (intramolecular) or trans (intermolecular)
LbuC2c2 active sites. While proper analysis for protospacer flanking site (PFS)
preference for LbuC2c2 is beyond the scope of this study, minimal impact of the 3’
flanking nucleotide was observed. Expected PFS base is noted in diagram next to each
guide tested in red.
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Figure 3.10 Dependence of RNA targeting on crRNA variants, temperature and
point mutations

a, LbuC2c2 ssRNA target cleavage assay carried out, as per Methods with crRNAs
possessing 16-nt, 20-nt or 24-nt spacers. b, LbuC2c2 ssRNA target cleavage time-
course carried out at either 25°C and 37°C as per methods. ¢, LbuC2c2 ssRNA target
cleavage timecourse carried out as per Methods with crRNAs possessing different 5'-
flanking nucleotide mutations. Mutations are highlighted in red. 1-2 nucleotide 5’
extensions negligibly impacted cleavage efficiencies. In contrast, shortening the
flanking region to 3 nts slowed cleavage rates. d Impact of point mutations on
ribonuclease activity of C2c2 in conserved residue mutants within HEPN motifs for
ssRNA targeting.
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3.3.4 pre-crRNA processing and ssRNA targeting activities occupy distinct active
sites

Notably, crRNA-mediated cleavage of target ssSRNA occurs at an ~80-fold
faster rate than pre-crRNA processing (Fig. 3.11a), and in contrast to pre-crRNA
processing, RNA-guided target cleavage is abolished in the presence of EDTA,
indicating that this activity is divalent metal ion-dependent (Fig. 3.8c, 3.10 and 3.11a).
Given these clear differences, we reasoned that C2c2 might possess two orthogonal
RNA cleavage activities: one for crRNA maturation, and the other for crRNA-directed,
non-specific RNA degradation. To test this hypothesis, we systematically mutated
several residues within the conserved HEPN motifs of LbuC2c2 (Abudayyeh et al.,
2016; Anantharaman et al., 2013; Niewoehner and Jinek, 2016; Sheppard et al., 2016),
and assessed pre-crRNA processing and RNA-guided RNase activity of the mutants
(Fig. 3.10d and 3.11). Double and quadruple mutants of conserved HEPN residues
(R472A, R477A, R1048A and R1053) retained robust pre-crRNA cleavage activity (Fig.
3.11c). By contrast, all HEPN mutations abolished RNA-guided cleavage activity while
not affecting crRNA or ssRNA-binding ability (Fig. 3.10d and 3.12) (Abudayyeh et al.,
2016).
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Figure 3.11 LbuC2c2 contains two distinct ribonuclease activities

a, Quantified time-course data of cis ssRNA target (black) and pre-crRNA (teal)
cleavage by LbuC2c2 performed at 37°C. Exponential fits are shown as solid lines
(n=3), and the calculated pseudo-first-order rate constants (kops) (Mmean * s.d.) are 9.74
+ 1.15 min™ and 0.12 + 0.02 min™ for cis ssRNA target and pre-crRNA cleavage,
respectively. b, LbuC2c2 architecture depicting the location of HEPN motifs and
processing deficient point mutant ¢,d Ribonuclease activity of LbuC2c2 mutants for pre-
crRNA processing in ¢ and ssRNA targeting in d and Fig 3.10d.
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Next we sought mutations that would abrogate pre-crRNA processing activity
without disrupting target RNA cleavage. Given that we were unable to predict any other
potential RNase motifs beyond the HEPN motifs, and that C2c2 proteins bear no
homology to Cpf1, we opted to systematically mutate the charged residues throughout
LbuC2c2. We identified an arginine residue (R1079A) that upon mutation resulted in
severely attenuated pre-crRNA processing activity (Fig. 3.11c). This C2c2 mutant
enzyme retained crRNA-binding ability as well as RNA target cleavage activity (Fig.
3.11d and 3.12d). Taken together, our results show that distinct active sites within the
C2c2 protein catalyze pre-crRNA processing and RNA-directed RNA cleavage.
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Figure 3.12 Binding data for LbuC2c2 to mature crRNA and target ssRNA
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a, Filter binding assays were conducted as described in the Methods to determine the
binding affinity of mature crRNA-A_GG to LbuC2c2-WT, LbuC2c2-dHEPN1, LbuC2c2-
dHEPN2, or LbuC2c2-dHEPN1/dHEPN2. The quantified data were fit to standard
binding isotherms. Error bars represent the standard deviation from three independent
experiments. Measured dissociation constants from three independent experiments
(mean £ sd) were 27.1 + 7.5 nM (LbuC2c2-WT), 15.2 + 3.2 nM (LbuC2c2-dHEPN1),
11.5 £ 2.5 nM (LbuC2c2-dHEPNZ2), and 43.3 + 11.5 nM (LbuC2c2- dHEPN1/dHEPN2).
b, Representative electrophoretic mobility shift assay for binding reactions between
LbuC2c2-dHEPN1/dHEPN2: crRNA-A_GG and either ‘on-target’ A ssRNA or ‘off-target’
B ssRNA, as indicated. Three independent experiments were conducted as described in
the Methods. The gel was cropped for clarity. ¢, Quantified binding data from (b) were
fitted to standard binding isoforms. Error bars represent the standard deviation from
three independent experiments. Measured dissociation constants from three
independent experiments (mean = sd) were 1.62 £ 0.43 nM for ssRNA A and N.D
(>>10 nM) for ssRNA B. d, Filter binding assays were conducted as described in the
Methods to determine the binding affinity of mature crRNA-A_GA to LbuC2¢c2-WT and
LbuC2c2-R1079A. The quantified data were fit to standard binding isotherms. Error bars
represent the standard deviation from three independent experiments. Measured
dissociation constants from three independent experiments (mean + sd) were 4.65 + 0.6
nM (LbuC2c2-WT) and 2.52 + 0.5 nM (LbuC2c2-R1079A). It is of note that these
binding affinities differ from panel a. This difference is accounted for in a slight
difference in the 5 sequence of the guide with panel a guides beginning with a 5'-
GGCCA... and panel d 5-GACCA. While the native sequence guide (5-GACCA)
binds tighter to LbuC2c2, no difference is seen in the RNA targeting efficiencies of these
guide variants (Fig. 10c).

3.3.5 RNA detection by C2c2 harness for biotechnological applications

We recognized that C2c2’s robust RNA-stimulated cleavage of trans
substrates might be employed as a means of detecting specific RNAs within a pool of
transcripts. While many polymerase-based methods have been developed for RNA
amplification and subsequent detection, few approaches are able to directly detect the
target RNA without significant engineering or stringent design constraints for each new
RNA target (Cordray and Richards-Kortum, 2012; Rohrman et al., 2012; Yan et al.,
2014; Yang, 2011). As a readily-programmable alternative, we tested whether C2c2’s
RNA-guided trans endonuclease activity could be harnessed to cleave a fluorophore-
quencher-labeled reporter RNA substrate, thereby resulting in increased fluorescence
upon target RNA-triggered RNase activation (Fig. 3.13a). LbuC2c2 was loaded with
bacteriophage A-targeting crRNAs and tested for its ability to detect the corresponding A
ssRNA targets spiked into HelLa cell total RNA. We found that upon addition of as little
as 1-10 pM complementary A target-RNA, a substantial crRNA-specific increase in
fluorescence occurred within 30 min (Fig. 3.13b and 3.14a). Control experiments with
either C2c2:crRNA complex alone or in the presence of crRNA and a non-
complementary target RNA resulted in negligible increases in fluorescence relative to
an RNase A positive control (Fig. 3.13b and 3.14a). We note that at the 10 pM
concentration of a A target RNA, only ~0.02% of the C2c2:crRNA complex is predicted
to be in the active state, yet the observed fluorescent signal reflected ~25-50% cleavage
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of the reporter RNA substrate, depending on the RNA target. Fragment size resolution
of the background RNA in these reactions revealed significant degradation, even on
highly structured tRNAs (Fig. 3.14b). Since reporter RNA cleavage occurs in the
presence of a vast excess of unlabeled RNA, we conclude that LbuC2c2 is a robust
multiple-turnover enzyme capable of at least 10* turnovers per target RNA recognized.
Thus, in contrast to previous observations(Abudayyeh et al., 2016), crRNA-directed
frans cleavage is potent and detectable even at extremely low levels of activated
protein.
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Figure 3.13 C2c2 provides sensitive detection of transcripts in complex mixtures
a, lllustration of LbuC2c2 RNA detection approach using a quenched fluorescent RNA
reporter. b, Quantification of fluorescence signal generated by LbuC2c2 after 30 min for
varying concentrations of target RNA in the presence of human total RNA. RNase A
shown as positive RNA degradation control. (mean + s.d., n = 3) c¢,. Quantification of
fluorescence signal generated by LbuC2c2 loaded with a g-actin targeting crRNA after
3h for varying amounts of human total RNA or bacterial total RNA (as a g-actin null
negative control). (mean = s.d., n = 3) d, Tandem pre-crRNA processing also enables
RNA detection. (mean + s.d., n = 3) e, Model of the Type VI CRISPR pathway
highlighting both of C2¢c2’s ribonuclease activities.

To extend this LbuC2c2 RNA detection system, we designed a crRNA to target
endogenous beta-actin mMRNA. We observed a measurable increase in fluorescence in
the presence of human total RNA relative to E. coli total RNA, demonstrating the
specificity of this method (Fig. 3.13c). Furthermore, given that C2c2 processes its own
guide, we combined pre-crRNA processing and RNA detection in a single reaction by
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designing tandem crRNA-repeat containing spacers complementary to target RNAs A
and A2. LbuC2c2 incubated with this unprocessed tandem guide RNA in the detection
assay generated a significant increase in fluorescence similar in magnitude and
sensitivity to experiments using mature crRNAs (Fig. 3.13b, d). Taken together, these
data highlight the exciting opportunity to take advantage of C2c2’s two distinct RNase
activities for a range of biotechnological applications (Fig. 3.13e).
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Figure 3.14 RNase detection assay A2-ssRNA time-course and background RNA
cleavage

a, LbuC2c2:crRNA-A2 was incubated with RNAase-Alert substrate (Thermo-Fisher))
and 100 ng Hela total RNA in the presence of increasing amounts of A2 ssRNA (0-1
nM) for 120 min at 37°C. Fluorescence measurements were taken every 5 min. The 1
nM A2 ssRNA reaction reached saturation before the first time point could be measured.
Error bars represent the standard deviation from three independent experiments. b,
LbuC2c2:crRNA-A4 or apo LbuC2c2 was incubated in HeLa total RNA for 2 hours in the
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presence or absence of on-target activating A4 ssRNA. Degradation of background
small RNA was resolved on a small RNA chip in a Bioanalyzer 2100 as per Methods.
Small differences are seen in the fragment profile of between apo LbuC2c2 and
LbuC2c2:crRNA-A4. In contrast, upon addition of the on-target ssRNA to the reaction, a
drastic broadening and shifting of the tRNA peak reveals extensive degradation of other
structured and nonstructured RNA'’s present in the reaction upon activation of LbuC2c2
trans activity.

3.4 Discussion

In bacteria, C2c2 likely operates as a sentinel for viral RNAs (Abudayyeh
et al.,, 2016). We propose that when invasive transcripts are detected within the host
cell via base pairing with crRNAs, C2c2 is activated for promiscuous cleavage of RNA in
trans (Fig. 3.13e). As a defense mechanism, this bears striking similarity to RNase L
and caspase systems in eukaryotes, whereby a cellular signal triggers promiscuous
ribonucleolytic or proteolytic degradation within the host cell, respectively, leading to
apoptosis (Choi et al.,, 2015; Mcllwain et al., 2013). While the RNA targeting
mechanisms of Type |ll CRISPR systems generally result in RNA cleavage within the
protospacer-guide duplex (Samai et al., 2015; Zhang et al., 2016), recent examples of
associated nucleases Csx1 (Sheppard et al., 2016) and Csm6 (Niewoehner and Jinek,
2016) provide compelling parallels between the Type VI systems and the multi-
component Type Il inference complexes.

Our data show that CRISPR-C2c2 proteins represent a new class of
enzyme capable of two separate RNA recognition and cleavage activities. Efficient pre-
crRNA processing requires sequence and structural motifs within the CRISPR repeat
which prevent non-endogenous crRNA loading and helps to reduce the potential toxicity
of this potent RNase. The entirely different pre-crRNA processing mechanisms of C2c2
and the Type V CRISPR effector protein Cpf1 indicate that each protein family has
converged upon independent activities encompassing both the processing and
interference functions of their respective CRISPR pathways. Furthermore, the two
distinct catalytic capabilities of C2c2 can be harnessed in concert for RNA detection, as
the activation of C2c2 to cleave thousands of trans-RNAs for every target RNA detected
enables potent signal amplification. The capacity of C2c2 to process its own guide
RNAs from arrays could also allow the use of tissue-specific Pol |l promoters for guide
expression, in addition to target multiplexing for a wide range of applications. The C2c2
enzyme is unique within bacterial adaptive immunity for its dual RNase activities, and
highlights the utility of harnessing CRISPR proteins for precise nucleic acid
manipulation in cells and cell-free systems.
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Chapter 4

Delving into the Cas13a Family Tree

A portion of the content presented in this chapter has been previously published as part
of the following research article: Alexandra East-Seletsky, Mitchell R. O’Connell, David
Burstein, Gavin J. Knott and Jennifer A. Doudna, (2017). RNA targeting by functionally
orthogonal Type VI-A CRISPR-Cas enzymes. Mol Cell (in press)

Alexandra Seletsky and Mitchell O’Connell conceived the study and designed
experiments with input from Jennifer Doudna. Alexandra Seletsky executed all
experimental work with assistance from Mitchell O’Connell. David Burstein advised on
bioinformatic analyses and Gavin Knott assisted with data analysis of homolog activities.
All authors discussed the data and wrote the manuscript.
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4.1 Summary

CRISPR adaptive immunity pathways protect prokaryotic cells against foreign nucleic
acids using CRISPR RNA (crRNA)-guided nucleases. In Type VI-A CRISPR-Cas
systems, the signature protein Cas13a (formerly C2c2) contains two separate
ribonuclease activities that catalyze crRNA maturation and ssRNA degradation,
respectively. The Cas13a protein family occurs across different bacterial phyla and
varies widely in both protein sequence and corresponding crRNA sequence
conservation. Although defined phylogenetically as a single enzyme family, we show
that Cas13a enzymes comprise two distinct functional groups that recognize orthogonal
sets of crRNAs and possess different sSRNA cleavage specificities. These functional
distinctions could not be bioinformatically predicted, suggesting more subtle co-
evolution of Cas13a enzymes. Additionally, we find that Cas13a pre-crRNA processing
is not essential for ssRNA cleavage, although it enhances ssRNA targeting for crRNAs
encoded internally within the CRISPR array. We define two Cas13a protein subfamilies
that can operate in parallel for RNA detection both in bacteria and for diagnostic
applications.

4.2 Introduction

Competition for survival within microbial communities drives the evolution of
diverse pathways for anti-viral defense (Dy et al., 2014). Unique among such defense
mechanisms, CRISPR-Cas (clustered regularly interspaced short palindromic repeats -
CRISPR associated) systems provide adaptive immunity by means of CRISPR genomic
loci that contain integrated viral DNA sequences (spacers) flanked by conserved
palindromic sequences (repeats) (Charpentier et al., 2015; Mohanraju et al., 2016;
Wright et al., 2016). CRISPR RNAs (crRNAs) expressed from these loci assemble with
Cas proteins to form surveillance complexes that recognize and cleave nucleic acids
matching the virally-derived segment of the crRNA. Three steps ensure ongoing
adaptive immunity: 1) integration of new virus spacer sequences into the CRISPR locus;
2) Cas protein expression and crRNA biogenesis; and 3) surveillance complex
assembly and target interference (Barrangou et al., 2007; Brouns et al., 2008; Garneau
et al., 2010).

Although double-stranded DNA (dsDNA) is the typical CRISPR-Cas target, Type
Il and VI CRISPR-Cas systems instead recognize single-stranded RNA (ssRNA).
Unlike the DNA-targeting CRISPR effector complexes or the type |l CRISPR-Cas
effector complexes, which catalyze site-specific cleavage of DNA or RNA sequences
specifically matching the crRNA, respectively (reviewed in (Charpentier et al., 2015;
Mohanraju et al., 2016; Wright et al., 2016)), the Type VI systems catalyze complete
degradation of any ssRNA present upon activation (Abudayyeh et al., 2016; East-
Seletsky et al., 2016; Smargon et al., 2017). The signature protein of Type VI-A
CRISPR-Cas systems, Cas13a (formerly C2c2), is a dual nuclease responsible for both
crRNA maturation and RNA-activated ssRNA cleavage (East-Seletsky et al., 2016).
Cas13a binds to precursor crRNA (pre-crRNA) transcripts and cleaves them within the
repeat region to produce mature crRNAs. This cleavage reaction is presumed to be
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single-turnover, resulting in a functional Cas13a:crRNA surveillance complex. Binding to
a ssRNA with sequence complementarity to the crRNA activates Cas13a for frans-
ssRNA cleavage, potentially triggering cell death or dormancy of the host organism
(Abudayyeh et al., 2016; East-Seletsky et al., 2016; Liu et al., 2017b). While previous
work demonstrated that these two enzymatic activities of Cas13a are chemically distinct
and occur within separate active sites (East-Seletsky et al., 2016; Liu et al., 2017b), the
interdependence, if any, between active site substrate specificities is unknown.

Multiple CRISPR-Cas loci, whether from redundant or distinct subtypes,
commonly co-exist within host genomes, but the relationships between these systems
are unclear. Maturation of crRNAs from different CRISPR loci is sometimes catalyzed
by the same processing enzyme (Nickel et al., 2013; Niewoehner et al., 2014), while
other organisms require distinct enzymes for each crRNA repeat species (Scholz et al.,
2013; Sokolowski et al., 2014). Once generated, crRNAs can sometimes assemble into
targeting complexes that include Cas proteins from other loci, but the functional
consequences of such CRISPR-loci crosstalk are not known (Staals et al., 2014; Zhang
et al., 2012). Cas13a provides a unique opportunity to study pathway interdependence
within a CRISPR subtype for both pre-crRNA processing and target cleavage since the
same protein catalyzes both activities. Furthermore, understanding the extent of
orthogonality between distinct type VI-A CRISPR-Cas systems (i.e. are there subsets
of type VI-A systems that recognize orthogonal sets of crRNAs and/or possess different
ssRNA cleavage specificities), will advance the development of these proteins as
biotechnological tools.

CRISPR proteins are classified according to sequence and phylogenetic
conservation in attempts to simplify the broad diversity found within these microbial
defense systems (Makarova et al., 2011; 2015; Shmakov et al., 2017). In turn,
representative operons are investigated with the subsequent conclusions applied across
the entire subtype protein family. But it is unclear how appropriate these generalizations
are given the extremely fast evolution of CRISPR enzymes driven by bacteria-phage
interactions. Within the Type VI-A protein family, homologs only share 15-20% residue
identity and exist within diverse host genomes. This suggested that we could investigate
divergent Cas13a homologs, which presumably each contain two well-defined nuclease
activities, to test the functional diversity within a phylogenetically determined CRISPR-
Cas subtype. Working with ten Cas13a homologs that span the major branches of the
Cas13a family, we find that both bioinformatic analyses and biochemical results define
two functional enzyme subfamilies within the Type VI-A subtype. Orthogonal pre-crRNA
and ssRNA-target cleaving activities distinguish these groups, such that each enzyme
subfamily recognizes distinct crRNAs yielding targeting complexes with subfamily-
distinct ssRNA-degradation patterns. Furthermore, these results revealed that pre-
crRNA processing is not essential for ssRNA targeting in Type VI systems, despite
strong conservation of this function within the Cas13a family. Instead, pre-crRNA
processing enhances trans-ssRNA targeting by liberating crRNAs from the long pre-
crRNA transcript, leading to a revised model for Type VI-A CRISPR-Cas systems. The
two orthogonal subfamilies of Cas13a enable potential applications in RNA detection, or
imaging for the parallel detection of distinct RNA species.
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4.3 Methods

4.3.1 Phylogenic and repeat conservation analysis

Cas13a maximum-likelihood phylogenies were computed as previously described (East-
Seletsky et al., 2016) using RAXML (Stamatakis, 2014a) with the PROTGAMMALG
evolutionary model and 100 bootstraps. Protein clades alpha and beta were defined as
branch points with bootstrap values greater than 90, suggesting high confidence in
having a common ancestor (Fig. 4.1). The remaining proteins were labeled as
ambiguous ancestry, as the phylogenetic relationships between them were low
confidence, reflected in bootstrap values less than 90. Sequences were aligned by
MAFFT with the ‘einsi’ method (Katoh and Standley, 2013a). Candidates were selected
to represent each of the major branches of the Cas13a protein tree (Table 4.1).
Alignments were performed for all non-redundant homologs and candidate proteins.
Comparison of the CRISPR-RNA (crRNA) repeats was carried out by calculating
pairwise similarity scores using the Needleman-Wunsch algorithm through the Needle
tool on EMBL-EBI (McWilliam et al., 2013). Hierarchical clustering of CRISPR crRNA
was performed in R using the similarity score matrix.
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Figure 4.1 CRISPR loci architecture for Cas13a homologs used in this study
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4.3.2 Cas13a protein expression and purification

Expression vectors for protein purification were assembled using synthetic gBlocks
ordered from Integrated DNA Technologies (IDT). The codon-optimized Cas13a
genomic sequences were N-terminally tagged with a Hiss-MBP-TEV cleavage site
sequence, with expression driven by a T7 promoter. Mutant proteins were cloned via
site-directed mutagenesis of wild-type Cas13a constructs. Purification of all homologs
was based off of a previously published protocol (East-Seletsky et al., 2016). Briefly,
expression vectors were transformed into Rosetta2 DE3 or BL21 E. coli cells grown in
2xYT broth at 37 °C, induced at mid-log phase with 0.5 mM IPTG, and then transferred
to 16 °C for overnight expression. Cell pellets were resuspended in lysis buffer (50 mM
Tris-Cl pH 7.0, 500 mM NaCl, 5% glycerol, 1 mM TCEP, 0.5 mM PMSF, and EDTA-free
protease inhibitor (Roche)), lysed by sonication, and clarified by centrifugation at
15,000g. Soluble Hiss-MBP-TEV-Cas13a was isolated over metal ion affinity
chromatography, and in order to cleave off the Hiss-MBP tag, the protein-containing
eluate was incubated with TEV protease at 4 °C overnight while dialyzing into ion
exchange buffer (50 mM Tris-Cl pH 7.0, 250 mM KCI, 5% glycerol, 1 mM TCEP).
Cleaved protein was loaded onto a HiTrap SP column (GE Healthcare) and eluted over
a linear KCI (0.25-1.5M) gradient. Cas13a containing fractions were pooled,
concentrated, and further purified via size-exclusion chromatography on a S200 column
(GE Healthcare) in gel filtration buffer (20 mM Tris-Cl pH 7.0, 200 mM KCI, 5% glycerol,
1 mM TCEP) and were subsequently stored at -80°C. All homologs were purified using
this protocol except LwaCas13a which was bound to a HiTrap Heparin column instead
of a SP column, and the size-exclusion chromatography step was omitted due to
sufficient purity of the sample post ion-exchange. All expression plasmids are deposited
with Addgene.

4.3.3 In-vitro RNA transcription

All pre-crRNAs, mature crRNAs, and targets were transcribed in vitro using previously
described methods (East-Seletsky et al., 2016; Sternberg et al., 2012). Briefly, all
substrates were transcribed off a single-stranded DNA oligonucleotide template (IDT),
except for mature crRNAs requiring a non-GR 5’ terminus. For these mature crRNAs,
T7 polymerase templates containing a Hammerhead Ribozyme sequence immediately
upstream of the mature crRNA sequence were generated using overlap PCR, and then
purified for use as the template for T7 transcription (see Table 4.2 for sequences). Lbu
six-mer CRISPR array in vitro transcription template was synthesized by GeneArt
(Thermofisher) as a plasmid. The T7 promoter-CRISPR array region was PCR amplified
and purified prior to use as the template for T7 transcription. All transcribed RNAs were
purified using 15% Urea-PAGE, except for the array which was purified using 6% Urea-
PAGE. All RNAs were subsequently treated with calf alkaline phosphatase to remove &’
phosphates. Radiolabeling was performed as previously described (East-Seletsky et al.,
2016; Sternberg et al., 2012). A, C, G and U homopolymers, and fluorescently-labeled
RNA reporters for trans —ssRNA cleavage were synthesized by IDT. Homopolymers
were purified using 25% Urea-PAGE after radiolabeling to reduce substrate
heterogeneity.
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Oligo ID* Type |Source** Description Sequence Figures
AES559 pre-crRNA SS  |Cam pre-crRNA L4 GGGUUUGGAGAACAGCCCGAUAUAGAGGGCAAUAGACCAGAUAUAGCCUGGUGGUUCAGGC 1,4
AES557 pre-crRNA SS  |Ere pre-crRNA2 L4 GGGUGAAUACAGCUCGAUAUAGUGAGCAAUAAGCAGAUAUAGCCUGGUGGUUCAGGC 1,4
AES620 pre-crRNA SS  |Hhe pre-crRNA L4 GGUAUGUAACAAUCCCCGUAGACAGGGGAACUGCAACCAGAUAUAGCCUGGUGGUUCAGGC 1,4, 81
AES556 pre-crRNA SS  |Lba pre-crRNA2 L4 GGGCUGGAGAAGAUAGCCCAAGAAAGAGGGCAAUAACCAGAUAUAGCCUGGUGGUUCAGGC 1,4
AES634 pre-crRNA SS  |Lbu pre-crRNA L4 GGAUUUAGACCACCCCAAAAAUGAAGGGGACUAAAACACAGAUAUAGCCUGGUGGUUCAGGC 2,4,6
AES619 pre-crRNA SS  |Lne pre-crRNA L4 GGAUUUAGAGUACCUCAAAACAAAAGAGGACUAAAACCAGAUAUAGCCUGGUGGUUCAGGC 1,4
AES625 pre-crRNA SS |Lse pre-crRNA L4 GGUAAGAGACUACCUCUAUAUGAAAGAGGACUAAAACCAGAUAUAGCCUGGUGGUUCAGGC 4
AES566 pre-crRNA SS  |Lsh pre-crRNA L4 GGAUAUAGACCACCCCAAUAUCGAAGGGGACUAAAACCAGAUAUAGCCUGGUGGUUCAGGC 1,24
AES553 pre-crRNA SS  |Lwa pre-crRNA L4 GGGAUAUAGACCACCCCAAUAUCGAAGGGGACUAAAACUUCAGAUAUAGCCUGGUGGUUCAGGC 1,24
AES597 pre-crRNA SS  |Ppr pre-crRNA L4 GGCUUGUGAAUUAUCCCAAAAUUGAAGGGAACUACAACCAGAUAUAGCCUGGUGGUUCAGGC 1,4
AES568 pre-crRNA SS  |Rca pre-crRNA L4 GGUCACAUCACCGCCAAGACGACGGCGGACUGAACCCAGAUAUAGCCUGGUGGUUCAGGC 1,4
HH-Cam orRNA undleaved GGUGUUCUCUGAUGAGGCCUUCGGGCCGAAACGGUGAAAGCCGUAAGAACAGCCCGAUAUAGAGGG
AES614 crRNA  |HH PCR CAAUAGACCAGAUAUAGCCUGGUGGUUCAGGC
Cam crRNA L4 GAACAGCCCGAUAUAGAGGGCAAUAGACCAGAUAUAGCCUGGUGGUUCAGGC 3,4,83
GGUGUAUUCUGAUGAGGCCUUCGGGCCGAAACGGUGAAAGCCGUAAUACAGCUCGAUAUAGUGAG
AES610 crRNA [HH PCR HH-Ere crRNA uncleaved CAAUAAGCAGAUAUAGCCUGGUGGUUCAGGC
Ere crRNA L4 AUACAGCUCGAUAUAGUGAGCAAUAAGCAGAUAUAGCCUGGUGGUUCAGGC 3,4,83
GGUAUCUUCUGAUGAGGCCUUCGGGCCGAAACGGUGAAAGCCGUAAAGAUAGCCCAAGAAAGAGGG
AES612 aRNA | HH por |02 CRNAUNGEAVED | ) A ACCAGAUAUAGCCUGGUGGUUCAGGE
Lba crRNA L4 AGAUAGCCCAAGAAAGAGGGCAAUAACCAGAUAUAGCCUGGUGGUUCAGGC 3,4,5,S3
MOC410 crRNA SS |LbucrRNAL3 GGCCACCCCAAAAAUGAAGGGGACUAAAACACUGGUGAACUUCCGAUAGUG 5
MOC411 crRNA SS [LbucrRNAL4 GGCCACCCCAAAAAUGAAGGGGACUAAAACACAGAUAUAGCCUGGUGGUUC 3,4,6,S3, S4
SCK340 crRNA SS  |Lbu crRNA Sp3 GACCACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCU S5
AES641 crRNA SS  [Lne crRNA L4 GAGUACCUCAAAACAAAAGAGGACUAAAACCAGAUAUAGCCUGGUGGUUCAGGC 3,4,83
AES646 crRNA SS  |Lsh crRNA (gggc) L4 GGGCCACCCCAAUAUCGAAGGGGACUAAAACCAGAUAUAGCCUGGUGGUUCAGGC 3,4,83
AES647 crRNA SS [LwacrRNAL4 GACCACCCCAAUAUCGAAGGGGACUAAAACUUCAGAUAUAGCCUGGUGGUUCAGGC 3,4,83
GGAUAAUUCUGAUGAGGCCUUCGGGCCGAAACGGUGAAAGCCGUAAAUUAUCCCAAAAUUGAAGGG
AES639 GRNA | por|TTTPrORNAUNCleaved | () ACAACCAGAUAUAGCCUGGUGGUUCAGGC
Ppr crRNA L4 AAUUAUCCCAAAAUUGAAGGGAACUACAACCAGAUAUAGCCUGGUGGUUCAGGC 3,4,5,83
GGGUGAUGCUGAUGAGGCCUUCGGGCCGAAACGGUGAAAGCCGUACAUCACCGCCAAGACGACGGC
AES642 crRNA [HH PCR HH-Rea crRNA uncleaved GGACUGAACCAGAUAUAGCCUGGUGGUUCAGGC
Rca-crRNA L4 CATCACCGCCAAGACGACGGCGGACTGAACCAGATATAGCCTGGTGGTTCAGGC 3,4,5,83
AES618 Target S8S  [18-mer Random GGCAUGACUAGUCGUACUGCAUCG S3
MOC36 Target SS  |Sp1/L3 Target GGAAAUCAUUCAACACCCGCACUAUCGGAAGUUCACCAGCCAGCCGCAGCACGUU 5,6
MOC37 Target SS  |Sp2/L4 Target GGCAAUAAAAAUGCGCCGCCUGAACCACCAGGCUAUAUCUGCCACUCAUUGUUGUGA 3,4,5,6,83, 54
AES532 Target SS  |Sp3 Target- 31 mer GGUCCAAGGGUCAUCAUCUCUGCCCCCACAG 3,83
AES450 Target SS  |Sp3 Target- 60 mer GGCACACCCGCAGGGGGGAGCCAAAAGGGUCAUCAUCUCUGCCCCCACAGCAGAAGCCCC 6, S4
AES653 Target SS  |Sp4 Target GGACCAUAUAUCGAAAGUUAAGCUAGAAUGUGUCAUAUGGCAG 6
AES452 Target SS  |Sp5 Target GGGAACCCCAAGGCCAACCGCGAGAAGAUGACCCAGAUCAUGUUUGAGACCUUCAACACCCC 6
MOC28 Target SS  |Sp6/L2 Target GGCUCAAUUUUGACAGCGGUCAUGGCAUUCCACUUAUCACUGGCAUCCUUCCACUC 6
AES652 Target IDT |[FQAS5 /56-FAM/rArArArArA/31ABKFQ/ 5
MOC533 Target IDT [FQUS5 /56-FAM/rUrUrUrUrU/3IABKFQ/ 5
AES626 Target IDT [Homo A rArArArArA 3,83
AES627 Target IDT  |Homo C rCrCrCrCrC 3,83
AES628 Target IDT  [Homo G rGrGrGrGrG 3,83
AES629 Target IDT  [Homo U rUrUrUrUrU 3,83
GGGCGAAUUGAAGGAAGGCCGUCAAGGCCGCAUGCCAUUAAUACGACUCACUAUAGGAUUUAGACC
ACCCCAAAAAUGAAGGGGACUAAAACACUGGUGAACUUCCGAUAGUGCGGGUGUUGAAUGAUUUAG
ACCACCCCAAAAAUGAAGGGGACUAAAACACAGAUAUAGCCUGGUGGUUCAGGCGGCGCAUUGAUUU
Lbu-CRISPR [pre-crRNA | . [Sixcmer Array Leader-Sp1- | AGACCACCCCAAAAAUGAAGGGGACUAAAACAGGGGCAGAGAUGAUGACCCUUUUGGCUCCCCCGAY
Array array Sp2-Sp3-Sp4-Sp5-Spb UUAGACCACCCCAAAAAUGAAGGGGACUAAAACAAUAUGACACAUUCUAGCUUAACUUUCGAUAUAG
AUUUAGACCACCCCAAAAAUGAAGGGGACUAAAACACAAACAUGAUCUGGGUCAUCUUCUCGCGGUU
GGAUUUAGACCACCCCAAAAAUGAAGGGGACUAAAACAAUGCCAGUGAUAAGUGGAAUGCCAUGACC
GCU 6, S5

Table 4.2 List of RNA oligonucleotides used in this study
*Oligo ID — an index number to maintain consistency for RNA substrates used in this
study and East-Seletsky et al. 2016
**Source abbreviations: SS — single-stranded DNA oligonucleotide template was used
for in-vitro transcription, HH PCR — in-vitro transcription template is a PCR product of
overlapping oligonucleotides including a Hammerhead ribozyme template sequence,
IDT — synthesized by IDT, PCR — in-vitro transcription template amplified from plasmid.
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4.3.4 Radiolabeled ssRNA nuclease assays

pre-crRNA processing assays were performed at 37 °C in RNA processing buffer
(20 mM HEPES-Na pH 6.8, 50 mM KCI, 5 mM MgCl,, 10 ug/mL BSA, 100 ug/mL tRNA,
0.01% Igepal CA-630 and 5% glycerol) with a 100-fold molar excess of Cas13a relative
to 5-labeled pre-crRNA (final concentrations of 100 nM and <1 nM, respectively).
Unless otherwise indicated, reactions were quenched after 60 min with 1.5X RNA
loading dye (100% formamide, 0.025% bromophenol blue, and 200 ug mL™" heparin).
After quenching, reactions were denatured at 95 °C for 5 min prior to resolving by 15%
denaturing PAGE (0.5x TBE buffer). Target cleavages assays were performed at 37 °C
in cleavage buffer (20 mM HEPES-Na pH 6.8, 50 mM KCI, 5 mM MgCl,, and 5%
glycerol). Generally, Cas13a:crRNA complex formation was performed in cleavage
buffer, at a molar ratio of 2:1 protein to crRNA at 37 °C for 60 min, prior to adding 5'-
labeled target and/or other non-radiolabeled RNA target substrates. Unless otherwise
indicated, final concentrations were 100 nM Cas13a, 50 nM crRNA or pre-crRNA, 50
nM crRNA-complementary target ssRNA (henceforth referred to as ‘activator’) and <1
nM trans-ssRNA target.

All bands were visualized by phosphorimaging (Typhoon, GE Healthcare) and
quantified with ImageQuant (GE Healthcare). For pre-crRNA processing, the percent
cleavage was determined as the ratio of the product band intensity to the total intensity
of both the product and uncleaved pre-crRNA bands and normalized for background
within each measured substrate. For trans-ssRNA cleavage reactions, the percentage
cleavage was determined as the ratio of all fragments smaller than the target to the total
intensity within the lane and normalized for background within each substrate. These
data were subsequently fit to a single-exponential decay using Prism7 (GraphPad) and
cleavage rates are reported in figure legends.

4.3.5 Fluorescent ssRNA nuclease assays.

Cas13a:crRNA complexes were assembled in cleavage buffer, as described
above. 150 nM of RNase Alert reporter (IDT) and various final concentrations (0-1 pM)
of ssRNA-activator were added to initiate the reaction. Notably these reactions are in
the absence of competitor tRNA or total RNA compared to our previous work (East-
Seletsky et al., 2016) to more accurately measure frans-cleavage activity. These
reactions were incubated in a fluorescence plate reader (Tecan Infinite Pro F2000) for
up to 120 min at 37°C with fluorescence measurements taken every 5 min (Aex: 485 nm;
hem: 535 nm). For fluorescent homopolymer ssRNA reporter studies, Cas13a:crRNA
complexes were pre-incubated at 37°C for 60 mins using standard conditions.
Activator ssRNA and 200 nM fluorescent ssRNA reporter were added to initiate the
reaction immediately before placing reaction in plate reader. For Lbu- and Lba- Cas13a
containing samples with fluorescent homopolymer ssRNA reporters, 10 pM and 1 nM
activator was used, respectively. For pre-crRNA array experiments, 300 nM Cas13a
was first incubated with 50 nM pre-crRNA array for 1 hr in cleavage buffer to enable
binding and processing of the array. 100 pM of each ssRNA activator was added along
with 150 nM of RNase Alert reporter (IDT) to initiate the reaction, in biological triplicate
for each spacer sequence. Apparent rates were calculated using one single-
exponential decay using Prism7 (GraphPad) and calculated rates are plotted with their
associated standard deviations.
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Background-corrected fluorescence values were obtained by subtracting
fluorescence values obtained from reactions carried out in the absence of target ssSRNA
activator.  For determining homolog sensitivities and array processing effects,
background corrected values were fit to a single-exponential decay using Prism7
(GraphPad) and the calculated rates were plotted with their associated standard
deviations from n=3. For comparing non-cognate crRNA directed frans-ssRNA cleavage,
initial reaction rates were instead calculated due to discrepancies in fluorescence
plateau values across the dataset. Rates were then scaled relative to the cognate
crRNA to normalize rates across the homologs. See Tables S4-6 for normalized values.

4.3.6 crRNA filter-binding assays

Filter binding assays was carried out as previously described (East-Seletsky et al.,
2016). Briefly Cas13a and radiolabeled crRNA were incubated for 1 hr at 37°C in RNA
processing buffer (20 mM HEPES-Na pH 6.8, 50 mM KCI, 5 mM MgCl,, 10 ug/mL BSA,
100 pg/mL yeast tRNA, 0.01% Igepal CA-630 and 5% glycerol). Tufryn, Protran and
Hybond-N+ were assembled onto a dot-blot apparatus in the order listed above. The
membranes were washed twice with 50uL Equilibration Buffer (20 mM HEPES-Na pH
6.8, 50 mM KCI, 5 mM MgCl, and 5% glycerol) before the sample was applied to the
membranes. Membranes were again washed with 50 pL Equilibration Buffer, dried and
visualized by phosphorimaging. Data were quantified with ImageQuant TL Software (GE
Healthcare) and fit to a binding isotherm using Prism (GraphPad Software). All
experiments were carried out in triplicate. Dissociation constants and associated errors
are reported in the Figure legends.

4.4 Results
4.4.1 Most Cas13a homologs possess pre-crRNA processing activity

To explore the functional diversity of Cas13a proteins, we compared the pre-crRNA
processing activities of ten homologs from across the protein family tree for their
capacity to produce mature crRNAs from cognate pre-crRNAs (Fig. 4.1- 4.3). Similar to
the three homologs studied previously (LbuCas13a, LseCas13a and LshCas13a) (East-
Seletsky et al., 2016), seven additional Cas13a enzymes possess crRNA maturation
activity (Fig. 4.2). Only one of the eleven Cas13a proteins tested to date exhibited no
detectable cleavage of its cognate pre-crRNA across a wide range of assay conditions
(HheCas13a) (Fig. 4.2B-C and 4.3B). Of the homologs that processed their native
crRNAs, all but LshCas13a cleaved at the phosphodiester bond four nucleotides
upstream of the conserved crRNA-repeat hairpin (Fig. 4.2B-C). These results show
strong conservation of Cas13a-mediated crRNA biogenesis activity within Type VI-A
CRISPR-Cas systems.
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Figure 4.2 Pre-crRNA processing is broadly conserved within the Cas13a protein
family

(A) Schematic of crRNA processing reaction catalyzed by Cas13a. pre-crRNA
substrates are cleaved by Cas13a to generate mature crRNAs. Below, a schematic of a
pre-crRNA highlighting important functional features. (B) Alignment of the 5’ portion of
CRISPR repeat sequences from the studied type VI CRISPR systems highlighting the
pre-crRNA cleavage site. Mapped cut cleavage sites are shown as red bars. Deviations
from the Lbu crRNA-repeat sequence are noted in black text. Lowercase g’s were
required for transcription purposes and are not part of the native crRNA repeat
sequences. Full CRISPR repeat sequence is diagrammed in Fig. 4.3A. Cleavage sites
mapped in previous studies for LbuCas13a, LshCas13a and LseCas13a (East-Seletsky
et al., 2016). (C) Representative gel of Cas13a- mediated pre-crRNA cleavage by nine
Cas13a homologs after 60 min incubation with 5’-radiolabelled pre-crRNA substrates.
Cleavage by LbuCas13a has been previously demonstrated (East-Seletsky et al., 2016)
and can be observed in Fig. 4.4.
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Figure 4.3 Expanded CRISPR repeat structures and HheCas13a testing

(A) Manual alignment of CRISPR repeat sequences from homologs used. pre-crRNA
processing cleavage sites noted by red lines. Deviations from the Lbu crRNA-repeat
sequence are noted in black text. Lowercase g's were required for transcription
purposes and are not part of the native crRNA repeat sequences. Two separate Hhe
crRNA sequences were tested, the first containing the native sequence and a second
with four nucleotide extension to extend the atypically short native repeat. Neither
crRNA repeat was cleaved by HheCas13a under any of the studied conditions (data not
shown). (B) pre-crRNA processing assay with HheCas13a on native crRNA repeat
sequence across variable salt and pH conditions. No cleavage products were observed.

4.4.2 A conserved crRNA maturation center within most Cas13a enzymes

Previous studies have implicated two distinct regions of Cas13a as responsible
for pre-crRNA processing. The general Cas13a protein architecture established by the
LshCas13a crystal structure consists of an N-terminal domain and two HEPN (higher
eukaryotes and prokaryotes nucleotide-binding) domains separated by two helical
domains (Fig. 4.4A) (Liu et al., 2017b). For LbuCas13a, mutation of a single residue
(R1079) within the HEPN2 domain was sufficient to substantially reduce pre-crRNA
processing activity (East-Seletsky et al., 2016). By contrast, mutations at two positions
located in the helical 1 domain, R438 and K441, were shown to diminish pre-crRNA
cleavage by LshCas13a (Liu et al., 2017b). While both of these regions may be
involved in pre-crRNA processing, it is unclear whether processing by LbuCas13a is
inhibited by helical 1 domain mutations, and which domain is primarily responsible for
crRNA maturation across the Cas13a protein family.

First we examined the conservation of both the helical 1 and HEPN2 domains
across nineteen Cas13a homologs. Previously reported alignments (Liu et al., 2017b;
Shmakov et al., 2015) conflict in the helical 1 domain region, suggesting high ambiguity
in the relationship between homologs in this domain. We observed minimal
conservation within our alignment of the helical 1 domain implicated in pre-crRNA
processing, while in contrast, consistent levels of conservation across the HEPN2
domain (Fig. 4.4B-C). The only pre-crRNA processing-defective homolog, HheCas13a,
maintains a majority of the conserved charged residues throughout both domains,
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suggesting that other parts of the protein or the repeat sequence may be preventing
pre-crRNA cleavage. Among the homologs used in this study, LshCas13a is the most
divergent across the HEPNZ2 domain, potentially explaining the alternative catalytic
domain and atypical cleavage site selection by this homolog.
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Figure 4.4 Identification of residues important for pre-crRNA cleavage by
LbuCas13a

(A) General Cas13a domain organization schematic with annotated based off a
LshCas13a crystal structure (Liu et al., 2017b). Multiple-sequence amino acid alignment
of (B) the local region in Cas13a’s helical 1 domain implicated in pre-crRNA processing
by studies on LshCas13a, and (C) the region within in Cas13a’s HEPN2 domain
implicated in pre-crRNA processing by studies on LbuCas13a. Residues whose
mutation severely affect pre-crRNA processing are marked by red triangles, minimal
impacts on processing by yellow squares and residues whose mutation did not affect
pre-crRNA processing marked with teal diamonds. Symbols above the LbuCas13a
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sequences correspond to mutations made to LbuCas13a, and symbols below the
LshCas13a sequence correspond to mutations made to LshCas13a by Liu et al, 2017.
Coloration of the matrix alignment denotes residue conservation using the ClustalX
scheme, with darker hues indicating the strength of the conservation. pre-crRNA
processing under single turnover conditions measured for mutants in (D) the helical 1
domain, and (E) the HEPN2 domain. Quantified data were fitted with single-exponential
decays with calculated pseudo-first-order rates constants (kobs) (Mmean + s.d., n =3) as
follows: Lbu WT 0.074 + 0.003 min™', E299A 0.071 + 0.005 min™', K310A 0.071 + 0.003
min”', R311A 0.054 + 0.007 min™", N314A 0.029 + 0.008 min™', R1079A 0.009 + 0.007
min”', D1078A 0.023 + 0.002 min™', K1080A 0.016 + 0.004 min™", and K1087A 0.076 +
0.007 min™, while R1072A and K1082A could not be fitted. (F) Representative gel of
pre-crRNA processing of LshCas13a, LwaCas13a, and LbuCas13a pre-crRNAs by
LbuCas13a, LshCas13a, LwaCas13a and PprCas13a proteins using standard
conditions. Hydrolysis ladders for each pre-cRNA substrate demonstrate subtle
differences in the migration of these fragments from differing sequences.

Next, we tested whether the helical 1 domain residues critical for LshCas13a pre-
crRNA processing affect LbuCas13a’s pre-crRNA processing activity. Due to
discrepancies between alignments presented in the previous published studies, we
tested four residues (E299, K310, R311 and N314) for their role in pre-crRNA cleavage
(Fig. 4.4B) (East-Seletsky et al., 2016; Liu et al., 2017b; Shmakov et al., 2015).
Mutation of these residues to alanine revealed a range of impacts on pre-crRNA
processing efficiencies: N314A significantly reduced the cleavage rate, R311A
minimally impaired activity, and E299A and K310 had no effect on pre-crRNA
processing (Fig. 4.4D). In parallel, we performed mutagenesis within the HEPN2
domain of LbuCas13a. Alanine substitutions at R1072 and K1082 significantly reduced
pre-crRNA cleavage, while other mutations in the same region (D1078A, K1080A and
K1087A) had minimal impacts on pre-crRNA processing (Fig. 4.4E). These results
suggest that the HEPN2 and to a lesser extent the helical 1 domains play significant
roles in crRNA biogenesis for LbuCas13a, although the residues directly responsible for
catalyzing hydrolysis remain unknown. The difference between the regions implicated in
pre-crRNA processing across LbuCas13a (this study) and LshCas13a (Liu et al., 2017b)
do not necessarily contradict each other, as the & terminus of the crRNA is held
between HEPNZ2 and helical 1 domains in the LshCas13a structure (Liu et al., 2017Db).
Residues from both domains might play pivotal roles in pre-crRNA processing by either
stabilizing substrate binding, promoting proper substrate orientation and/or catalyzing
hydrolysis.

The lack of conservation within the HEPN2 domain of LshCas13a, its putative
pre-crRNA processing active site, and this enzyme’s atypical pre-crRNA cleavage site
led us to hypothesize that LshCas13a may utilize a different region within the helical 1
domain to catalyze pre-crRNA processing. In the absence of a three-dimensional
structure of a pre-crRNA-bound Cas13a homolog, we tested this hypothesis by mapping
the LshCas13a cleavage sites on non-cognate pre-crRNAs (Fig. 4.4F). LshCas13a was
able to process pre-crRNAs from LwaCas13a and LbuCas13a, generating a shifted
cleavage site one nucleotide from the predicted hairpin base. In concordance with this
observation, processing of the Lsh pre-crRNA by LbuCas13a, LwaCas13a and
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PprCas13a occurs at the standard four-nucleotide interval from the repeat stem,
differing from the cognate LshCas13a site. This supports our previous observations that
the distinct LshCas13a processing site depends on the protein architecture, not the pre-
crRNA sequence, and that LshCas13a is an outlier within the Cas13a tree with regard
to pre-crRNA processing.

4.4.3 Cas13a enzymes initiate ssRNA cleavage at either uridines or adenosines

Previous studies established that Cas13a:crRNA complexes recognize and bind
complementary ssRNA targets, hereby referred to as ssRNA activators, to trigger
general RNase activity at exposed uridine residues (Fig. 4.5A) (Abudayyeh et al., 2016;
East-Seletsky et al.,, 2016). We wondered if the panel of homologs within this study
retained the non-specific degradation activity previously demonstrated by LbuCas13a
and LshCas13a and if the uridine preference within the HEPN active site is universal
within the family. To systematically test general RNase activity, we monitored the ability
of a ternary complex comprising Cas13a:crRNA with a bound ssRNA activator to
degrade a trans-ssRNA target (Fig. 4.5A). We detected trans-ssRNA cleavage activity
for eight of the ten homologs over the course of one hour (Fig. 4.5B, 4.6A). Most
notable of the Cas13a homologs active for trans-ssRNA cleavage is HheCas13a, which
possesses no detectable pre-crRNA processing activity, yet catalyzed complete
degradation of substrates guided by its cognate pre-crRNA. While the previously
characterized homologs LshCas13a (Abudayyeh et al., 2016) and LbuCas13a (East-
Seletsky et al., 2016) both exhibit a preference for uridine 5 to the scissile bond,
products of different lengths generated by the other homologs suggests that different
active site nucleotide preferences may exist within this protein family (Fig. 4.6B).
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Figure 4.5 Members of the Cas13a protein family cleave ssRNA with a range of
efficiencies

(A) Schematic of ssRNA-targeting by Cas13a. For simplicity, frans-ssRNA cleavage
was the focus of study. (B) Representative gel of Cas13a mediated trans-ssRNA
cleavage by all ten homologs after 60 min incubation. Cas13a:crRNA complexes were
formed as described in the methods using mature crRNA products with a final RNP
complex concentration of 50 nM. <1 nM radiolabeled trans-ssRNA target was added to
initiate reaction in the presence and absence of 50 nM unlabeled, crRNA-
complementary ssRNA activator. Weak trans-ssRNA cleavage activity was observed by
LshCas13a with product bands noted by double arrows to the right. (C) Heat map
reporting Cas13a-catalyzed frans-ssRNA cleavage percentages for each 5-mer
homopolymer ssRNA substrate, for six different Cas13a. Assay conditions were
identical to part (B), except LbuCas13a and LwaCas13a which were incubated for 5 min
instead of 60 min. (n=3, values with associated errors presented in Table S3). (D)
Apparent cleavage rates of a fluorescent ssRNA reporter by five homologs across a
range of ssRNA activator concentrations. Cas13a:crRNA complexes were pre-
incubated at a 2:1 ratio respectively with a final active complex concentration of 50 nM.
Complementary ssRNA activator and fluorescent ssRNA cleavage reporter were added
to initiate reactions. Normalized reporter signal curves timecourses were fitted with
single-exponential decays and the apparent rates are plotted (n =3). Some conditions
plateaued before first measured time-point therefore their rates are minimally assumed
to be 0.5 min™" and are labeled with a * in the chart.

rArArArArA rCrCrCrCrC rGrGrGrGrG rUrUrUruru
Cas13a Homolog Avg SD Avg SD Avg SD Avg sD
Lbu 2.66 0.15 0.96 0.09 17.83 0.79 92.69 2.10
Lwa 13.67 0.92 0.87 0.10 18.97 1.31 90.87 1.76
Lba 82.34 5.35 3.01 1.16 2.23 0.75 1.73 0.70
Ppr 1.19 0.26 0.50 0.14 10.21 6.63 93.20 4.78
Hhe 3.56 0.51 1.01 0.12 10.34 8.55 48.04 9.07
Ere 6.32 0.18 2.42 0.03 2.37 1.58 4.25 1.99

Table 4.3 Homopolymer cleavage percentages for six Cas13a homologs with
associated errors.

To further probe the frans-ssRNA cleavage nucleotide preferences of the Cas13a
homologs, we measured the frans-cleavage capacity of these enzymes using 5-mer
homopolymers of A, C, G, and U as substrates. Six homologs were able to cleave these
short substrates (Fig. 4.5C, 4.6C, and Table 4.3). Four of the homologs, LbuCas13a,
LwaCas13a HheCas13a and PprCas13a, exhibited preferred cleavage of the homo-
uridine substrate, although secondary preferences were observed for the homologs with
the highest activities (Fig. 4.5C and 4.6D). In contrast, LbaCas13a, and EreCas13a
preferred homo-adenosine in agreement with biochemically mapped cleavage sites on
longer targets (Fig. 4.6B). Identical product generation from these long substrates by
CamCas13a is consistent with adenosine preference by this clade of the Cas13a family
tree (Figs. 4.1, 4.5 and 4.6).
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Figure 4.6 trans-ssRNA cleavage by Cas13a homologs

(A) Time course analysis trans-ssRNA cleavage by ten different Cas13a homlogs in the
presence and absence of ssRNA activator. Time points were taken at 1, 10 and 60 min.
ssRNA-activator specific cleavage products are noted for LbuCas13a, LwaCas13a,
LbaCas13a, EreCas13a, HheCas13a, PprCas13a, CamCas13a, and LshCas13a.
Dotted line denotes boundary between separate PAGE gels. (B) Mapped trans-ssRNA
cleavage sites across multiple cleavage reactions for four Cas13a homologs. Different
cleavage patterns are noted by red arrows. It appears LbaCas13a and EreCas13a may
have an adenosine preference, while LwaCas13a appears to be more promiscuous with
respect to nucleotide preference. (C-D) Representative trans-ssRNA cleavage gels of
homopolymer ssRNA substrates by five Cas13a homologs.

One notable difference between these enzymes was the rate at which frans-
ssRNA cleavage reaches saturation under the tested conditions of equimolar ssRNA
activator and Cas13a:crRNA interference complex. These enzymatic differences could
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have dramatic effects on Cas13a’s biological role, so we next aimed to quantify the
variance in frans-ssRNA cleavage within the Cas13a homolog family. We developed a
high-throughput screen utilizing a short fluorescent ssRNA reporter for RNA cleavage to
account for both ssRNA activator binding and trans-ssRNA cleavage, the two core
properties of Cas13a enzymes that contribute to total enzymatic output. To interrogate
the sensitivity of each Cas13a homolog, decreasing amounts of complementary ssRNA
activator were added to initiate the reaction, and the apparent rate of fluorescent ssSRNA
reporter cleavage was calculated from each of the resulting timecourses. While the
calculated rates are a convolution of the ssRNA activator binding affinity and the
catalytic turnover rate for each of the enzymes, they give a relative measure of cleavage
activity that is comparable across homologs.

Five homologs (LbuCas13a, LwaCas13a, LbaCas13a, HheCas13a and
PprCas13a) demonstrated sufficiently detectable cleavage activity within this assay for
reproducible analysis. Of these five homologs, LbuCas13a exhibited the most sensitivity,
with detectable reporter cleavage in the presence of only 10 fM complementary
activator (Fig. 4.5D). Only two homologs, LwaCas13a and PprCas13a, displayed
enough activity to detect the activator in the picomolar range with sensitivities of 10 pM
and 100 pM, respectively. LbaCas13a and HheCas13a were much less sensitive, only
becoming active at nanomolar levels of reporter, which is close to equimolar relative to
the Cas13a complex. Since this assay relies on a substantial number of trans-cleavage
events to produce detectable fluorescence, we can assume that the three homologs
unable to produce detectable signal above background despite similar cleavage site
preferences (EreCas13a, CamCas13a, and LshCas13a) possess even less sensitive
complementary target sensitivities. The remarkably broad range in sensitivities (~10’-
fold) suggests a diverse capacity of Cas13a enzymes to protect a host organism from
foreign RNA.

4.4.4 CRISPR repeat sequence determines non-cognate pre-crRNA processing
The dual activities of Cas13a provide an opportunity to study the
interdependence of pre-crRNA processing and targeting between distinct Type VI-A
CRISPR-Cas operons. To determine the substrate requirements for both activities, we
asked to what extent different homologs can recognize non-cognate crRNAs for guide
processing and targeting. Initially, we hoped to predict bioinformatically the likely crRNA
exchangeability through phylogenetic analysis of the Cas13a family and crRNA
similarities. This analysis suggested that two distinct clades of homologs exist, termed
alpha and beta for clarity (Stamatakis, 2014a) (Fig. 4.7A). Five of our purified homologs
exist outside of these clades with ambiguous ancestral relationships, leading us to
wonder if the pre-crRNA (CRISPR repeat) sequence might dictate functional
orthogonality, or incompatibility of these sequences crRNA sequences to facilitate frans-
ssRNA cleavage when paired with a non-cognate Cas13a protein. Due to the short and
structured content of the CRISPR repeats, we used a pairwise sequence alignment
score matrix to build a hierarchical clustering relationship between the CRISPR repeats
to score the variation across the family (Burstein et al., 2016). Surprisingly, this analysis
pointed to the existence of two crRNA clusters, overlapping but distinct from the protein
clades determined by the amino acid sequences (Figs. 4.7B-C). While cluster 1 crRNAs
correlate well with a subset of the alpha-clade proteins and all the beta-clade associated
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crRNAs are within cluster 2, the homologs with ambiguous phylogenetic relationships
are split across the two clusters (Fig. 4.7C).
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Figure 4.7 crRNA exchangeability within the Cas13a family

(A) Maximum-likelihood phylogenetic tree of all Cas13a family members. Homologs
used in this study are bolded and clades are highlighted. Bootstrapped values are
located in previous work (East-Seletsky et al. 2016). (B) Symmetrical similarity score
matrix for CRISPR repeats from homologs used in this study. Rows and columns are
ordered by CRISPR repeat clustering. (C) Asymmetrical similarity score matrix for
CRISPR repeats from homologs used in this study. The same pairwise scores are
presented here as in (B), except the rows are reordered to correspond to the Cas13a
phylogenetic tree of the subset of homologs used in this study. Bootstrap values for this
smaller tree are in Fig. 4.1. (D-F) Functional activity matrix for (D) pre-crRNA processing
by non-cognate proteins, (E) frans-ssRNA cleavage directed by pre-crRNAs, and (F)
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trans-ssRNA cleavage directed by mature crRNAs. Processing assays were performed
using standard conditions and 60 min reaction endpoints were analyzed. frans-ssRNA
cleavage assays were performed using the fluorescent ssRNA reporter assay with fitted
initial rates. ssRNA activator concentrations were as follows: LbuCas13a:100 pM,
LwaCas13a:100 pM, PprCas13a:100 nM, LbaCas13a:10 nM, and HheCas13a:100 nM.
Initial rates were fit across three replicates to account for differences in fluorescence
plateau values and normalized to each Cas13a:crRNA cognate pair. See Tables 4.4-4.6
for numerical values and associated errors (n=3).

Unable to easily predict Cas13a:crRNA orthogonality using bioinformatic analysis
alone, we tested the extent of functional exchangeability between non-cognate crRNAs
for both processing and frans-ssRNA target cleavage by each of the Cas13a homologs
(Fig. 4.7D-F). For pre-crRNA processing, we found that the crRNA clusters defined by
the pairwise sequence comparisons predicted their ability to be processed by their
associated Cas13a proteins (Fig. 4.7D, Table 4.4). For example, pre-crRNAs from
cluster 1 are only processed by the proteins of clade alpha and vice versa for cluster 2
and clade beta. In contrast, the protein classification is less predictive, as most of the
ambiguously classified proteins could process sequences from repeat cluster 2,
independent of where their repeat sequences were clustered.

Lbu WT CamCas13a EreCas13a LbaCas13a LwaCas13a RcaCas13a HheCas13a PprCas13a LshCas13a LnyCas13a
Descriptive ID [RNAID [Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD

pre-crLbu AES634 82.0 3.1 0.0 3.2 0.3 0.7 0.2 0.7 3.6 2.1 44.0 | 29.7 4.7 3.1 78.5 5.5 40.8 9.7 58.8 | 38.5
pre-crLse AES625 29.1 11.9 0.8 1.3 0.3 1.7 74.7 7.6 0.9 0.9 49.3 | 284 -0.5 2.2 27.0 4.7 39.9 7.8 55.9 | 211
pre-crLba1 AES555 1.7 2.7 15.3 6.8 25 1.6 75.9 7.0 25 3.1 25 2.6 0.8 2.0 1.3 3.0 -0.2 1.8 2.8 2.2
pre-crLba2 AES556 0.1 1.9 7.6 25 -0.1 3.7 75.4 71 0.4 3.4 -0.7 4.1 -1.9 5.0 -2.2 5.5 -2.5 4.1 0.3 7.3
pre-crEre2 AES557 1.6 1.4 63.9 6.0 69.7 1.7 76.2 6.4 0.7 1.4 -1.4 3.8 -2.2 3.7 -1.4 3.5 -2.7 8.3 -1.8 6.3
pre-crEre1 AES558 -0.9 2.3 68.5 9.5 66.4 6.8 74.5 9.7 -0.3 2.7 0.4 3.4 -1.7 5.1 0.2 4.9 -0.5 71 2.5 3.2
pre-crCam AES559 -0.1 1.2 721 4.4 33.6 5.0 77.7 3.4 0.7 0.9 -0.2 0.4 -1.2 0.6 -1.3 1.1 -0.6 0.7 0.6 0.3
pre-crLwa AES553 78.4 9.4 2.8 1.8 1.1 2.6 2.6 2.0 32.7 10.1 29.4 8.6 3.5 2.3 74.4 9.3 59.9 9.5 56.6 5.8
pre-crLsh AES566 79.0 7.0 1.3 2.7 0.8 1.7 1.9 2.4 24.0 9.4 6.1 1.8 5.4 8.1 69.0 11.5 | 59.9 9.6 60.9 16.6
pre-crRca AES568 1.6 1.4 0.8 2.0 1.5 2.8 2.1 2.3 4.6 2.7 80.7 3.4 5.4 3.6 4.4 2.0 5.4 5.0 4.4 3.5
pre-crPpr AES597 -1.0 2.2 -0.8 1.2 -1.0 1.8 21 2.3 -1.0 2.2 -0.2 2.8 -1.5 2.3 41.3 4.9 -1.0 25 1.5 1.9
pre-crHhe AES620 5.8 4.5 3.9 14.3 19 | 104 [ 1.0 6.9 0.5 4.4 -2.8 9.7 -6.6 5.2 3.5 9.4 -6.5 6.6 3.8 | 106
pre-crLne AES619 48.6 1.7 0.7 2.3 -0.5 1.3 -0.1 0.3 -0.9 3.2 5.6 3.6 -2.4 1.5 50.6 4.4 1.3 2.9 61.4 1.1

Table 4.4 pre-crRNA processing cleavage percentages for ten Cas13a homologs
with associated errors

Three homologs (PprCas13a, HheCas13a, and Rca13a) were pre-crRNA
processing outliers with respect to their position within the crRNA clusters. HheCas13a
was unable to cleave any non-cognate pre-crRNAs, and conversely, no homolog,
including HheCas13a, processed the Hhe pre-crRNA. This suggests that the inability of
HheCas13a to process its cognate pre-crRNA reflects not just the divergent repeat
sequence (Fig. 4.2 and 4.3), but also the loss of pre-crRNA processing activity within
the protein. In contrast, the deviating activity of PprCas13a and RcaCas13a is explained
by crRNA repeat sequence divergence. PprCas13a and RcaCas13a process their own
crRNAs, yet both also process the crRNA repeat cluster 2 non-cognate sequences. The
PprCas13a crRNA repeat sequence differs from the other cluster 2 crRNA repeats
across the 5’ flanking region cleavage site, suggesting greater substrate flexibility for
pre-crRNA processing by PprCas13a. Similarly, a distinguishing sequence feature of
the RcaCas13a crRNA is an extended six-base pair stem-loop relative to the standard
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five-base pair stem-loop present in crRNAs of the rest of the family. It is worth noting
that the positional substitution tolerance within each crRNA repeat for Cas13a pre-
crRNA processing is consistent with our previous mutation studies of the
LbuCas13a:crRNA complex, and recent structural insights obtained of the
LshCas13a:crRNA complex (East-Seletsky et al., 2016; Liu et al., 2017b). Overall, these
results suggest that the sequence of a Type VI-A CRISPR repeat dictates its capacity
for pre-crRNA processing by the Cas13a family. However, homologs that evolved in the
presence of divergent repeats (PprCas13a and RcaCas13a) retain the capacity to
process other cluster 2 sequences.

4.4.5 Two subfamilies of functionally orthogonal Cas13a enzymes

Next we wondered whether the pre-crRNA processing exchangeability clusters
defined in Fig. 4.7D were competent for directing trans-ssRNA cleavage by non-cognate
Cas13a homologs. To study Cas13a-mediated trans-ssRNA cleavage directed by non-
cognate pre-crRNAs and mature crRNAs, we modified the previously described
fluorescence assay and limited our analysis to the five homologs that exhibited
significant cleavage activity in previous ssRNA-cleavage experiments (see Fig. 4.5D).
Broadly, these results mirrored the pre-crRNA processing results, with the crRNA repeat
cluster identity determining functional groups, but with some striking contrasts
consistent with processing and targeting being independent enzymatic activities (Fig.
4. 7E-F and Table 4.5-4.6). For instance, the Ppr pre- and mature crRNA can direct
ssRNA cleavage by non-cognate proteins LwaCas13a and LbuCas13a, despite their
inability to process these pre-crRNAs. Another surprise is the promiscuity of
HheCas13a, which is directed by all cluster 2 pre- and mature crRNAs for trans-ssRNA
cleavage, despite lacking pre-crRNA processing activity with any of these guides. This
suggests that crRNA maturation is not required for trans-ssRNA cleavage, an
observation in agreement with our previous finding that LbuCas13a pre-crRNA
processing-deficient mutants possess unaffected trans-ssRNA cleavage capacity (East-
Seletsky et al., 2016).

LwaCas13a LbaCas13a LbuCas13a PprCas13a HheCas13a

Guide slope SE slope SE slope SE slope SE slope SE
Lwa pre-crRNA 100.0 4.2 124.5 37.4 35.6 1.9 31.5 6.4 1.5 0.2
Lba pre-crRNA -0.3 0.0 0.0 0.0 1.8 0.1 -0.6 -0.1 100.0 15.8
Ere pre-crRNA -0.2 0.0 -0.1 0.0 3.2 0.2 0.0 0.0 152.5 27.3
Cam pre-crRNA -0.3 0.0 0.0 0.0 2.7 0.2 0.0 0.0 77.8 10.0
Lsh pre-crRNA 120.7 7.7 166.0 49.8 71.7 4.8 30.7 6.3 2.4 0.3
Rca pre-crRNA 0.0 0.0 0.0 -0.7 26.6 14 0.1 0.0 0.8 0.1
Ppr pre-crRNA 37.4 1.4 100.0 42.4 66.4 4.3 86.7 22.8 1.5 0.2
Lne pre-crRNA -0.2 0.0 104.6 314 29.8 1.6 71 1.6 1.3 0.2
Hhe pre-crRNA 0.0 0.0 16.2 4.9 100.0 7.3 -0.1 0.0 0.8 0.1

Lse pre-crRNA 1.5 0.0 170.2 51.1 63.7 3.6 6.6 1.8 51.5 6.0
Lbu pre-crRNA 140.0 12.0 90.0 27.0 42.6 22 100.0 28.0 7.8 0.9

Table 4.5 Normalized initial trans-target rates for five Cas13a homologs directed
by pre-crRNAs with associated errors.
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LwaCas13a LbaCas13a LbuCas13a PprCas13a HheCas13a
Guide slope SE slope SE slope SE slope SE slope SE
Cam crRNA 0.0 0.1 174.8 50.9 0.2 0.0 0.9 0.1 7.4 0.4
Lba crRNA 04 0.1 100.0 223 0.0 0.0 1.2 0.1 12.6 0.7
Ere crRNA 05 0.1 81.7 235 0.1 0.0 038 0.1 6.5 0.4
Ppr crRNA 77.8 14.3 15 0.2 1.6 0.7 100.0 26 100.0 75
Lne crRNA 0.1 0.0 16 0.3 0.1 0.0 0.2 0.1 54.7 3.0
Rca crRNA 0.1 0.1 3.9 0.6 038 0.0 0.1 0.1 50.4 2.7
Lsh crRNA 93.3 215 0.9 0.2 10.0 0.5 27.2 1.1 75.9 45
Lwa crRNA 100.0 243 10.6 17 5.7 5.5 12.8 0.4 60.4 3.7
Lbu crRNA 98.2 18.2 211 3.4 100.0 6.1 398.3 20.8 92.6 7.0

Table 4.6 Normalized initial trans-target rates for five Cas13a homologs directed
by mature crRNAs with associated errors.

Comparison of crRNA exchangeability for both pre-crRNA processing and
trans-sSRNA cleavage defines two functionally orthogonal subfamilies within the
Cas13a protein family. The first group (i.e. LbuCas13a) has wide promiscuity for both
pre-crRNA processing and trans-ssRNA cleavage directed by crRNAs from across the
protein family. This polyphyletic group also shows a preference for uridine within the
trans-ssRNA cleavage active site. The second group (i.e. LbaCas13a), defined both by
crRNA and protein sequences, has a distinct crRNA exchangeability profile and
preferentially cleaves at adenosines during frans-ssRNA target cleavage. To test
orthogonal reactivities of these Cas13a subfamilies, we first verified that LbuCas13a
and LbaCas13a cleaved homo-A or homo-U ssRNA reporters, respectively (Fig. 4.8A-
B). While the different probes generated similar amounts of fluorescent signal, it should
be noted that substantially different quantities of sSRNA activator were added due the
differential sensitivities of the homologs (10 pM vs 1 nM for LbuCas13a and LbaCas13a,
respectively). To verify orthogonality, a panel of control reactions with all possible non-
cognate combinations between crRNA, activator and reporter were tested, with no
substantial signal detected except for the cognate combinations (Fig. 4.8C). Taken
together, these results define distinct Cas13a homologs that can function in parallel
within the same system.
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Figure 4.8 Functional validation of orthogonal Cas13a subfamilies for RNA
detection
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(A) Schematic of the RNA detection assay modified to use fluorescent homopolymer
ssRNA reporter substrates to assay trans-ssRNA cleavage activation by either
LbuCas13a or LbaCas13a. (B) Timecourse of raw fluorescence measurements
generated by homopolymer reporters incubated with either LbuCas13a: Lbu-crRNA: 10
pM ssRNA activator or LbaCas13a: Lba-crRNA: 1 nM ssRNA activator (mean + s.d.,
n=3). (C) Raw fluorescence measurements generated by the fluorescent homopolymer
ssRNA reporters across a panel of crRNA, ssRNA activator, and Cas13a protein
combinations (mean % s.d., n=3).

4.4.6 Pre-crRNA processing enhances targeting efficiencies within the context of
a CRISPR array

One puzzling finding of this study is the lack of a stringent requirement for mature
crRNA to trigger the subsequent trans-ssRNA target cleavage reaction by Cas13a.
Additionally, processing deficient mutants of LbuCas13a maintain similar efficiencies of
trans-ssRNA cleavage, even when directed by a pre-crRNA instead of a mature crRNA
(Fig. 4.9 and 4.10). This led us to hypothesize that the role of pre-crRNA processing
within Type VI CRISPR loci is not necessary for ssSRNA targeting but instead serves to
liberate each crRNA from the confines of a long CRISPR array transcript. We wondered
whether pre-crRNA processing might relieve RNA folding constraints and potential
steric hindrance of neighboring Cas13a:crRNA-spacer species during crRNA loading
and/or ssRNA targeting. To test this, we compared the efficiency of frans-ssRNA
cleavage directed by a CRISPR array using either wildtype LbuCas13a or a pre-crRNA
processing-inactive mutant.
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Figure 4.9 trans-cleavage by LbuCas13a point mutants in regions implicated in
crRNA-processing.

(A-C) trans-ssRNA cleavage by various pre-crRNA processing ‘implicated’ point
mutants of LbuCas13a. Cleavage reactions were performed with 50 nM Cas13a:crRNA
at either 25°C or 37°C with 0.2 nM or 1 nM ssRNA activator as noted. Lower
temperature and activator concentrations were used to slow down reaction kinetics for
more accurate measurements. Fitted curves are single-exponential decays with

86



calculated pseudo-first-order rates constants (mean + s.d.,, n =3) as follows: 25°C
conditions: Lbu WT 1.76 + 0.24 min™', K299A 1.72 + 0.65 min™', K310A 3.19 + 0.27 min™,
R1072A 2.95 + 0.53 min™', R1079A 0.93 + 0.28 min™', and K1082A 2.64 + 0.63 min™
and 37°C conditions: R311A 0.39 + 0.09 min™", and N314A 0.54 + 0.11 min™", while the
wildtype and processing inactive mutant (R1079A/K1080A) plateaued too quickly for an
accu1rate rate measurement: WT 2.95 + 1.97 min'1, and R1079A/K1080A 4.86 + 4.99
min .
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Figure 4.10 Deciphering the role of crRNA array processing for LbuCas13a

(A) Quantified timecourse data of pre-crRNA processing assays for R1079A/K1080A
mutant compared to wildtype LbuCas13a. Quantified data was fitted to single-
exponential decays and pseudo-first-order rate constant (kons) (mean £ s.d., n =3) for
LbuCas13a WT of 0.074 + 0.003 min™', while the R1079A/K1080A mutant could not be
fit with sufficient confidence to yield a rate constant. (B) Apparent rate of fluorescent
reporter by LbuCas13a wildtype and R1079A/K1080A processing inactive mutant as
directed by pre-crRNA and mature crRNAs. Cas13a:RNA complexes were pre-
incubated for 60 min at a 1:1 ratio, and then 10 pM of activator and 150 nM reporter
were added to initiate reaction. (mean % s.d., n =3) (C) Apparent rates of fluorescent
ssRNA reporter cleavage by 300 nM wildtype LbuCas13a or R1079A/K1080A pre-
crRNA processing inactive mutant as directed by 50 nM of a CRISPR array containing
six crRNA repeat-spacers. Each bar group represents the addition of 100 pM of a
distinct ssRNA activator sequence complementary to schematized positions within the
CRISPR array indicated below each bar group. Each rate is fitted from data from three
biological replicates and the standard deviation of the rate is depicted. Mutant protein
rate is statistically different from the wildtype LbuCas13a for all spacer positions (one-
sided t-test: p<0.001). (D) Data from (C) depicted as a percentage of wildtype
LbuCAs13a activity demonstrating the positional effect of the decreased frans-ssRNA
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targeting efficiencies by the pre-crRNA processing inactive mutant. Processing of the
array is shown in Fig. 4.11.
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Figure 4.11 crRNA processing inactive mutant R1079A/K1080A retains similar
crRNA binding affinity and does not process a pre-cRNA array

(A) Filter binding assays were conducted as described in the Methods to determine the
binding affinity of mature crRNA to LbuCas13a WT and LbuCas13a R1079A/K1080A.
The quantified data were fit to standard binding isotherms. Measured dissociation
constants from three independent experiments (mean * sd) were 1.21 £ 0.57 nM
(LbuCas13a WT), and 3.11 + 0.89 nM (LbuCas13a R1079A/K1080A). (B) pre-cRNA
processing assay using a six-mer CRISPR array as the substrate with LbuCas13a and
LbuCas13a R1079A/K1080A mutant along with various size markers. Product identities
are depicted to the right of the gel. Due to an additional leader region that was
occasionally not processed, additional sized products occasionally occurred as noted.

Since all processing-defective single point mutants of LbuCas13a (Fig. 4.4)
retained low levels of pre-crRNA processing activity, we created a double mutant
(R1079A/K1080A) that possessed no detectable processing activity, yet retained trans-
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ssRNA cleavage efficiencies similar to or greater than wildtype LbuCas13a (Fig. 4.10).
Next, this mutant and the wildtype LbuCas13a enzyme were tested for ssSRNA cleavage
in the presence of a target RNA and a small CRISPR array transcript consisting of six
distinct repeat-spacer units (Fig. 4.10C-D and 4.11). The rate of trans-ssRNA cleavage
by the crRNA-processing inactive mutant was significantly reduced for all spacer
sequences within the array (one-sided t-test: p<0.001 for all pairs). The reduced activity
compared to wildtype LbuCas13a is more pronounced with each successive spacer
within the array, with the last spacer directing cleavage with a rate that is only 15% of
that catalyzed by the wildtype enzyme. This finding suggests that while pre-crRNA
processing is not necessary for targeting, it enhances activity by liberating crRNAs from
the CRISPR array, leading to a revised model incorporating the interplay between
crRNA-processing and ssRNA-targeting within Type VI-A CRISPR-Cas systems (Fig.
4.12).
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Figure 4.12 A revised model for Type VI-A CRISPR-Cas system

(A) Graphical summary of key findings in this study. Homologs used in this study are
indicated with abbreviations in bold, with frans-ssRNA cleavage inactive homologs
depicted in grey. Colored circles highlight the two orthogonal Cas13a enzyme groups,
as defined by their generalized crRNA exchangeability and frans-ssRNA cleavage
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substrate nucleotide preference. (B) Revised model of Type VI-A CRISPR-Cas systems
incorporating the interplay between crRNA maturation and RNA targeting efficiency.

4.5 Discussion

Cas13a is a unique dual ribonuclease that catalyzes two of the three steps of
Type VI-A CRISPR-Cas based adaptive immunity, enabling both crRNA maturation and
target RNA destruction by the same enzyme. Based on the large divergence in protein
sequences and corresponding CRISPR arrays within the Cas13a enzyme family, it was
bioinformatically unclear if the entire family maintained consistent functionality.
Biochemically, however, analysis of ten Cas13a homologs defined two subfamilies of
enzymes that recognize distinct crRNA sequences and possess different nucleotide
cleavage preferences during trans-ssRNA degradation. These data also showed that
despite being conserved in most Cas13a enzymes, pre-crRNA processing activity is not
strictly required for frans-ssRNA cleavage. In addition, we found that the kinetics of
Cas13a-catalyzed ssRNA cleavage range over seven orders of magnitude, raising the
possibility that these enzymes can operate in both regulatory and cell-destruction
pathways.

Beyond sharing respective sets of crRNAs, the two orthogonal subfamilies of
Cas13a homologs defined in this study cleave ssRNAs preferentially at Us versus As.
The evolutionary basis for these substrate preferences, which pertain to both
independent active sites of the enzyme, are not yet known. It is possible that ancestral
versions of these enzymes evolved in response to nucleotide composition of the host
and phage transcriptomes, resulting in differing active site molecular architectures. We
anticipate that other Type VI CRISPR-Cas enzymes, such as Cas13b, may also include
subfamilies with divergent nucleotide preferences. Structural studies will be required to
elucidate the molecular basis for trans-ssRNA substrate recognition to rationalize these
preferences, and to potentially engineer alternative cleavage activities.

The observation that pre-crRNAs can support ssRNA targeting suggests that
unlike other CRISPR-Cas systems, crRNA maturation is not essential for assembly into
functional surveillance complexes. Alternative mechanisms of generating mature
crRNAs have been observed (Zhang et al., 2013), but in the absence of processing,
these CRISPR-Cas complexes are not competent for phage defense (Brouns et al.,
2008; Deltcheva et al., 2011; Hatoum-Aslan et al., 2014; Maier et al., 2015; Semenova
et al., 2015). In contrast, our data suggest that Type VI systems can employ pre-cRNAs,
even within the context of a CRISPR array, to trigger ssRNA degradation. Current
evidence suggests that Cas12a (formerly Cpf1), the only other known dual CRISPR-
Cas nuclease and a component of Type V systems, also contains separate active sites
for crRNA maturation and target degradation (Fonfara et al., 2016; Zetsche et al., 2016).
Whether Cas12a enzymes can employ pre-crRNAs for target DNA recognition and
cleavage, and whether Type V systems are consistent with our revised Type VI model is
unknown.

The identification of two orthogonal subfamilies of RNA-guided RNA targeting
enzymes could enable diverse multiplexed applications of Cas13a. Harnessing
orthogonal Cas13a homologs with distinct crRNA specificities within the same
application may enable RNA detection or in vivo imaging of distinct RNA species in
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parallel, expanding the utility of Type VI-A systems. Notably, representatives of these
enzyme subfamilies have not yet been found to co-exist within a single host genome.
Only one strain of Leptotrichia wadei contains multiple Type VI-A CRISPR-Cas operons,
all of which appear to be from one subfamily of Cas13a.

We were surprised to find that rates of ssRNA targeting by the Cas13a family
varies by up to ~10"-fold. Although the in vivo consequences of this diversity are
unknown, we wonder whether Type VI-A CRISPR-Cas systems orchestrate RNA-
triggered responses ranging from cell death to subtle modulation of transcript levels.
The recent characterization of a Type VI-B CRISPR-Cas system that contains a Cas13b
inhibitor within the cas operon provides tantalizing evidence that these systems may
display much more dynamic behaviors within their respective host organisms (Smargon
et al., 2017). Overall our work demonstrates that phylogenetic classification of CRISPR
proteins may conceal functional diversity within biotechnologically relevant enzyme
families.
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Chapter 5

Fitting Type VI systems into the
CRISPR-Cas Toolbox
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5.1 Discovery of Type VI systems

With the increased interest in CRISPR-Cas systems for biotechnological development,
many groups have begun searching for new CRISPR systems. Classically CRISPR
systems were identified by searching fully sequenced genomes for Cas1-like ORFs and
then categorized by their operon structure (Makarova et al., 2011; 2015). Recently
groups have taken other approaches to discover novel systems, focusing on
identification of Class 2 single-effectors due to the ease of adapting these simpler
systems (Burstein et al., 2017; Shmakov et al., 2015; 2017; Smargon et al., 2017).
These new methodologies have utilized a variety of mechanisms to identify new Cas
genes including genome-resolved metagenomics (Burstein et al., 2017) and searching
for CRISPR arrays instead of Cas1 (Smargon et al., 2017). These searches expanded
the CRISPR universe, discovering large ORFs (900+ amino acids) that contained two
higher eukaryotes and prokaryotes nucleotide-binding motifs (HEPNS), which typical
bind RNA substrates. These operons were deemed Type VI CRISPR-Cas systems and
predicted to target ssRNA substrates (Shmakov et al., 2015).

5.2 Functional studies of Type VI systems

Two foundational papers studied Cas13a (formerly C2c2), the signature protein
of Type VI-A systems, deciphering the basic mechanisms and functions of this CRISPR
protein (Abudayyeh et al., 2016; East-Seletsky et al., 2016). Initial studies on
LshCas13a determined this RNA-guided enzyme protects E. coli from MS2 infection, a
lytic ssRNA phage, during heterologous expression (Abudayyeh et al., 2016). They
further showed that LshCas13a binds and cleaves ssRNA targets. This cleavage activity
is dependent on the HEPN domains and activity may be moderated by a protospacer
flanking sequence (PFS). Further work presented in Chapter 3 of this dissertation
established that the Cas13a family contains a second, distinct catalytic activity (East-
Seletsky et al., 2016). This activity is harbored in the C-terminal region of the protein for
LbuCas13a. We presented a revised modeled for Cas13a activity including the two
endoribonuclease activities and the unification of the on-target cleavage and collateral
cleavage proposed by Abudayyeh et al.. A crystal structure of LshCas13a validated this
model revealing the composite active site of the two HEPN domains on the exterior face
of the protein (Liu et al.,, 2017b). Our more recent work presented in Chapter 4
demonstrates that the Cas13a family harbors concealed diversity with distinct
subgroups with incompatible crRNA and nucleotide preferences (East-Seletsky et al.,
2017).

Other Type VI subtypes have been described, but beyond phylogenetic
predictions only Type VI-B systems have been validated to target ssSRNA (Smargon et
al., 2017). The signature nuclease of Type VI-B systems, Cas13b, functions
analogously to Cas13a, non-specifically cleaving ssRNA upon complementary target
activation. Cas13b also tolerates additions within the stem loop to its guide RNA
natively, due to repeat length diversity within the CRISPR arrays. This would suggest
that like Cas13a, there is flexibility within the guide of the addition of useful tags like
MS2 or boxB affinity tags for various applications. This has already been exploited by
engineers in Type Il systems, as Cas9 tolerates additions to the 5’, 3’ and internal loops
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of the sgRNA with little functional impact (Konermann et al., 2015; Shechner et al.,
2015). Another intriguing feature of the Type VI-B systems is the incorporation of an
auxiliary protein, Csx27 or Csx28 within the Cas operon. Overexpression of these
proteins with Cas13b yielded either repression (Csx27) or enhancement (Csx28) of
Cas13b’s activity. Further work is required to understand mechanistically how these
proteins modulate the activity Type VI-B systems and the phenotypic outcomes within
their native hosts.

5.3 Fitting Type VI CRISPR-Cas systems into the prokaryotic defense arsenal

The non-specific nuclease activity of Cas13a is not a unique mechanism with the
CRISPR universe and other bacterial immunity pathways. Toxin-Antitoxin systems and
Restriction-Modification systems both contain nucleases that can non-specifically
degrade nucleic acids upon activation (Gerdes et al., 2005; Ghafourian et al., 2014;
Mruk and Kobayashi, 2014; Page and Peti, 2016; Vasu and Nagaraja, 2013). Within
CRISPR systems, activation of Cas13a’s non-specific degradation upon ternary
complex formation is very analogous to Type Il CRISPR mechanisms (Elmore et al.,
2016; Estrella et al., 2016; Han et al., 2016; Kazlauskiene et al., 2016; Liu et al., 2017c)
Even in Type | CRISPR-Cas systems, the non-specific nuclease-helicase Cas3 is
loaded onto the target genome and then released for nonspecific degradation (Redding
et al.,, 2015; Sinkunas et al.,, 2013; Westra et al., 2012). In addition, non-specific
nucleases Csx1 and Csm6 still have undetermined roles in Type IlI CRISPR-Cas
immune pathways (Niewoehner and Jinek, 2016; Sheppard et al., 2016). Physiological
affects of Cas13a mediated immunity within native hosts have not been studied, yet it is
expected that the non-specific degradation of ssRNA within the host will lead to cell
death or dormancy.

The precise mechanisms to prevent auto-immunity within RNA-targeting systems
still remain elusive across both Type Ill and Type VI systems. Unlike DNA-targeting
mechanisms which all rely on PAM sequences to limit self-targeting, there is no unifying
mode of auto-immunity prevention in Type Il systems (Mohanraju et al., 2016;
Tamulaitis et al., 2017). Most commonly, it is thought that base-pairing between the &’
crRNA handle and the 3’ flank of the target inhibits activation of the ssDNA degradation
activity. For bona-fide targets, the flank should not have any complementarity to the
handle. In contrast, transcripts originating from the CRISPR locus would contain the
spacer-repeat junction, therefore the target:guide complementary will extend beyond the
spacer sequence into the crRNA handle (Elmore et al., 2016; Estrella et al., 2016; Han
et al., 2016; Kazlauskiene et al., 2016; Liu et al., 2017c). Structural studies of Cmr and
Csm complexes have supported these biochemical observations, but also suggest that
a limited number of the bases are available for base-pairing (Staals et al., 2013; 2014,
Taylor et al., 2015). The primarily reliance on nucleotides 5-7" of the crRNA handle,
which are immediately adjacent to the spacer, was validated by biochemical studies
(Kazlauskiene et al., 2016).

Other alternative modes of auto-immunity prevention are also observed in some
Type lll systems. For example the Cmr complex from Pyrococcus furiosus (PfCmr)
requires the presence of an RNA PAM (rPAM) sequence (Elmore et al., 2016).
Conflicting results from the ability of target substrates lacking a 3’ flanking region to
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activate DNase activity of Cas10 do not coherently fit with the proposed model (Elmore
et al., 2016; Estrella et al., 2016). Additionally, a divergent targeting mode is observed in
Type 1lI-B Cmr complexes from Sulfolobus solfataricus where at high target RNA
concentrations the crRNA will mediate a sequence-dependent, instead of measured,
cleavage events (Zhang et al., 2012; 2016). It remains an open question if these
alternatives will be compiled into a universal mechanism, or if divergent complexes
maintain distinct mechanisms to reduce auto-immunity and mediate cleavage.

The mechanism for Type VI autoimmunity has not been elucidated. For some
homologs, the presence of a protospacer flanking sequence (PFS) motif limits the
targeting activation of a given spacer (Abudayyeh et al., 2016; Smargon et al., 2017).
The molecular basis for this requirement is unknown, but analysis of the crRNA
sequence and PFS requirement for currently PFS characterized homologs leads to the
observation of the potential for inhibitor sequences to base pair with each other. It is
possible that this inhibitory mechanism is similar to the previously described 3’ flanking
sequence dependence of Type lll CRISPR systems activation. If this is a bone fide
mechanism to limit auto-immunity for Type VI systems remains to be seen.

The general model of the CRISPR pathway requires precise crRNA processing
for targeting, suggesting that Type VI may represent a novel paradigm for CRISPR
mechanisms. Alternative mechanisms of generating mature crRNAs have been
observed (Zhang et al., 2013), but in the absence of Cas6 (Type |) or RNase Il (Type Il)
these CRISPR complexes are not competent for phage defense (Brouns et al., 2008;
Deltcheva et al., 2011; Maier et al., 2015; Semenova et al., 2015). In contrast, our in
vitro work on Type VI systems suggests that pre-cRNAs, even within the context of a
CRISPR array, can direct targeting. The loss of processing only impacts targeting
efficiency of crRNAs located beyond the first few repeat units of the array. It is unclear
how well this paradigm translates to other single-effector CRISPR processing systems.
Little work has been done to characterize the crRNA requirements for Cas12a (formerly
Cpf1), the other single-effector CRISPR protein that can self-process its own crRNA.
The current evidence suggests that the dual nuclease activities of Cas13a are also
separable (Fonfara et al., 2016; Zetsche et al., 2016)

5.4 Open Questions in Type VI CRISPR-Cas systems

Many open questions remain within Type VI CRISPR systems. Very few Type VI
systems have been thoroughly studied, including no Type VI-C proteins, and only two
homologs of the Type VI-B effector complex. The precise mechanism by which the two
HEPN domains act in concert to perform target cleavage is unknown. The existing
crystal structure of LshCas13a reveals the active sites on the external face of the
protein, but they are not close enough to form the expected composite active site.
Precise mapping of the activator requirements for binding and ssRNA-targeting will
further reveal the mechanism of non-specific nuclease activation. How this activation is
modulated by other host proteins including Csx27 and Csx28 remains a mystery. Its
possible these small proteins are binding to Cas13 to modulated the propensity for
nuclease activation or they might be affecting the off-rate of target binding.

Beyond the interference mechanism, how these RNA-targeting systems adaptive
to new invader is unclear. A majority of Type VI operons lack the essential Cas1-Cas2
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machinery associated with new spacer acquisition (Shmakov et al., 2017). How these
systems select for transcribed spacer sequences and the possible requirements for
reverse transcription are dissonant with the established mechanisms of DNA targeting
acquisition (Sternberg et al., 2016). An alternative possibility is that these systems rely
on Cas1 and Cas2 from co-occurring CRISPR systems to expand their arrays.

During our initial study, we provided proof-of-concept that these systems could
be applied for RNA detection. While it remains to be seen if Cas13 proteins will be as
applicable as Cas9 for a wide range of RNA binding functions, further protein
engineering could develop a minimal chassis for a programmable RNA binding protein.
Removal of the HEPN domains, or harnessing the conformational change may enable
further applications of this protein. Time will tell if Cas13 proteins will revolutionize RNA
biology to the same extent as Cas9 for genome editing, but for now, the novel biology of
these systems will keep many people busy for many more years.
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Appendix 1

RNA-programmed genome editing in
human cells

A portion of the content presented in this chapter has been previously published as part
of the following research article: Martin Jinek, Alexandra East, Aaron Cheng, Steven Lin,
Enbo Ma, and Jennifer Doudna, (2013). RNA-programmed genome editing in human
cells. eLife 2.

Martin Jinek, Jennifer Doudna, Aaron Cheng, and Alexandra Seletsky conceived the
study and designed experiments. Martin Jinek, and Alexandra Seletsky, executed
experimental work with assistance from Enbo Ma for northern blots, and Steven Lin for
sequencing analysis. All authors discussed the data and wrote the manuscript.
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.1 Summary

Type Il CRISPR immune systems in bacteria use a dual RNA-guided DNA
endonuclease, Cas9, to cleave foreign DNA at specific sites. We show here that Cas9
assembles with hybrid guide RNAs in human cells and can induce the formation of
double-strand DNA breaks (DSBs) at a site complementary to the guide RNA sequence
in genomic DNA. This cleavage activity requires both Cas9 and the complementary
binding of the guide RNA. Experiments using extracts from transfected cells show that
RNA expression and/or assembly into Cas9 is the limiting factor for Cas9-mediated
DNA cleavage. In addition, we find that extension of the RNA sequence at the 3' end
enhances DNA targeting activity in vivo. These results show that RNA-programmed
genome editing is a facile strategy for introducing site-specific genetic changes in
human cells.

1.2 Introduction

Methods for introducing site-specific double-strand DNA (dsDNA) breaks (DSBs)
in genomic DNA have transformed the ability to engineer eukaryotic organisms by
initiating DNA repair pathways that lead to targeted genetic re-programming. Zinc-finger
nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) have
proved effective for such genomic manipulation but their use has been limited by the
need to engineer a specific protein for each dsDNA target site and by off-target activity
(Bogdanove and Voytas, 2011; Urnov et al.,, 2010). Thus, alternative strategies for
triggering site-specific DNA cleavage in eukaryotic cells are of great interest.

Research into genome defense mechanisms in bacteria showed that CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeats)/Cas (CRISPR-
associated) loci encode RNA-guided adaptive immune systems that can destroy foreign
DNA (Bhaya et al., 2011; Terns and Terns, 2011; Wiedenheft et al., 2012). The Type Il
CRISPR/Cas systems require a single protein, Cas9, to catalyze DNA cleavage
(Sapranauskas et al., 2011). Cas9 generates blunt DSBs at sites defined by a 20-
nucleotide guide sequence contained within an associated CRISPR RNA (crRNA)
transcript (Gasiunas et al., 2012; Jinek et al., 2012). Cas9 requires both the guide
crRNA and a trans-activating crRNA (tracrRNA) that is partially complementary to the
crRNA for site-specific DNA recognition and cleavage (Deltcheva et al., 2011; Jinek et
al., 2012). Recent experiments showed that the crRNA:tracrRNA complex can be
redesigned as a single transcript (single-guide RNA or sgRNA) encompassing the
features required for both Cas9 binding and DNA target site recognition (Jinek et al.,
2012). Using sgRNA, Cas9 can be programmed to cleave double-stranded DNA at any
site defined by the guide RNA sequence and including a GG protospacer-adjacent
(PAM) motif (Jinek et al., 2012; Sapranauskas et al., 2011). These findings suggested
the exciting possibility that Cas9:sgRNA complexes might constitute a simple and
versatile RNA-directed system for generating DSBs that could facilitate site-specific
genome editing. However, it was not known whether such a bacterial system would
function in eukaryotic cells.

We show here that Cas9 can be expressed and localized to the nucleus of
human cells, and that it assembles with sgRNA in vivo. These complexes can generate
double stranded breaks and stimulate non-homologous end joining (NHEJ) repair in
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genomic DNA at a site complementary to the sgRNA sequence, an activity that requires
both Cas9 and the sgRNA. Extension of the RNA sequence at its 3’ end enhances DNA
targeting activity in vivo. Further, experiments using extracts from transfected cells
show that sgRNA assembly into Cas9 is the limiting factor for Cas9-mediated DNA
cleavage. These results demonstrate the feasibility of RNA-programmed genome
editing in human cells.

1.3 Methods

1.3.1 Plasmid design and construction

The sequence encoding Streptococcus pyogenes Cas9 (residues 1-1368) fused to an
HA epitope (amino acid sequence DAYPYDVPDYASL), a nuclear localization signal
(amino acid sequence PKKKRKVEDPKKKRKVD) was codon optimized for human
expression and synthesized by GeneArt. Ligation-independent cloning (LIC) was used
to insert this sequence into a pcDNA3.1-derived GFP and mCherry LIC vectors (vectors
6D and 6B, respectively, obtained from the UC Berkeley MacroLab), resulting in a
Cas9-HA-NLS-GFP and Cas9-HA-NLS-mCherry fusions expressed under the control of
the CMV promoter. Guide sgRNAs were expressed using expression vector pSilencer
2.1-U6 puro (Life Technologies) and pSuper (Oligoengine). RNA expression constructs
were generated by annealing complementary oligonucleotides to form the RNA-coding
DNA sequence and ligating the annealed DNA fragment between the BamHI and HindllI
sites in pSilencer 2.1-U6 puro and Bglll and Hindlll sites in pSuper.

1.3.2 Cell culture conditions and DNA transfections

HEK293T cells were maintained in Dulbecco’s modified eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) in a 37°C humidified incubator with
5% CO,. Cells were transiently transfected with plasmid DNA using either X-
tremeGENE DNA Transfection Reagent (Roche) or Turbofect Transfection Reagent
(Thermo Scientific) with recommended protocols. Briefly, HEK293T cells were
transfected at 60-80% confluency in 6-well plates using 0.5 pug of the Cas9 expression
plasmid and 2.0 ug of the RNA expression plasmid. The transfection efficiencies were
estimated to be 30-50% for Tubofect (Figs. 1E and 2A-B) and 80-90% for X-tremegene
(Fig. 3B), based on the fraction of GFP-positive cells observed by fluorescence
microscopy. 48 hours post transfection, cells were washed with phosphate buffered
saline (PBS) and lysed by applying 250 pl lysis buffer (20 mM Hepes pH 7.5, 100 mM
potassium chloride (KCI), 5 mM magnesium chloride (MgCl,), 1 mM dithiothreitol (DTT),
5% glycerol, 0.1% Triton X-100, supplemented with Roche Protease Inhibitor cocktail)
and then rocked for 10 min at 4°C. The resulting cell lysate was divided into aliquots for
further analysis. Genomic DNA was isolated from 200 ul cell lysate using the DNeasy
Blood and Tissue Kit (Qiagen) according to the manufacturer’s protocol.

1.3.3 Western blot analysis of Cas9 expression

HEK293T, transfected with the Cas9-HA-NLS-GFP expression plasmid, were harvested
and lysed 48 hours post transfection as above. 5 ul of lysate were eletrophoresed on a
10% SDS polyacrylamide gel, blotter onto a PVDF membrane and probed with HRP-
conjugated anti-HA antibody (Sigma, 1:1000 dilution in 1x PBS).
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1.3.4 Surveyor assay

The Surveyor assay was performed as previously described (Doyon et al., 2011) (Miller
et al., 2007; Qiu et al., 2004). Briefly, the human clathrin light chain A (CLTA) locus was
PCR amplified from 200 ng of genomic DNA using a high fidelity polymerase, Herculase
Il Fusion DNA Polymerase (Agilent Technologies) and forward primer 5'-
GCAGCAGAAGAAGCCTTTGT-3 and reverse primer 5'-
TTCCTCCTCTCCCTCCTCTC-3'. 300 ng of the 360 bp amplicon was then denatured
by heating to 95°C and slowly reannealed using a heat block to randomly rehybridize
wild type and mutant DNA strands. Samples were then incubated with Cel-1 nuclease
(Surveyor Kit, Transgenomic) for 1 hour at 42°C. Cel-1 recognizes and cleaves DNA
helices containing mismatches (wild type:mutant hybridization). Cel-1 nuclease
digestion products were separated on a 10% acrylamide gel and visualized by staining
with SYBR Safe (Life Technologies). Quantification of cleavage bands was performed
using ImageLab software (Bio-Rad). The percent cleavage was determined by dividing
the average intensity of cleavage products (160-200 bps) by the sum of the intensities
of the uncleaved PCR product (360 bp) and the cleavage product.

1.3.5 In vitro transcription

Guide RNA was in vitro transcribed using recombinant T7 RNA polymerase and a DNA
template generated by annealing complementary synthetic oligonucleotides as
previously described (Sternberg et al., 2012). RNAs were purified by electrophoresis on
7M urea denaturing acrylamide gel, ethanol precipitated, and dissolved in DEPC-treated
water.

1.3.6 Northern blot analysis

RNA was purified from HEK293T cells using the mirVana small-RNA isolation kit
(Ambion). For each sample, 800 ng of RNA were separated on a 10% urea-PAGE gel
after denaturation for 10 min at 70°C in RNA loading buffer (0.5X TBE (pH7.5), 0.5
mg/ml bromophenol blue, 0.5 mg xylene cyanol and 47% formamide). After
electrophoresis at 10W in 0.5X TBE buffer until the bromophenol blue dye reached the
bottom of the gel, samples were electroblotted onto a Nytran membrane at 20 volts for
1.5 hours in 0.5X TBE. The transferred RNAs were cross-linked onto the Nytran
membrane in UV-Crosslinker (Strategene) and were pre-hybridized at 45°C for 3 hours
in a buffer containing 40% formamide, 5X SSC, 3X Dernhardt’'s (0.1% each of ficoll,
polyvinylpyrollidone, and BSA) and 200 pg/ml Salmon sperm DNA. The pre-hybridized
membranes were incubated overnight in the prehybridization buffer supplemented with
5'-*2P-labeled antisense DNA oligo probe at 1 million cpm/ml. After several washes in
SSC buffer (final wash in 0.2X SCC), the membranes were imaged phosphorimaging.

1.3.7 In vitro cleavage assay

Cell lysates were prepared as described above and incubated with CLTA-RFP donor
plasmid (Doyon et al., 2011). Cleavage reactions were carried out in a total volume of
20 pl and contained 10 pl lysate, 2 ul of 5x cleavage buffer (100 mM HEPES pH 7.5,
500 mM KCI, 25 mM MgCl,, 5 mM DTT, 25% glycerol) and 300 ng plasmid. Where
indicated, reactions were supplemented with 10 pmol of in vitro transcribed CLTA1
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sgRNA. Reactions were incubated at 37°C for one hour and subsequently digested with
10 U of Xhol (NEB) for an additional 30 min at 37°C. The reactions were stopped by the
addition of Proteinase K (Thermo Scientific) and incubated at 37°C for 15 min. Cleavage
products were analyzed by electrophoresis on a 1% agarose gel and stained with SYBR
Safe. The presence of ~2230 and ~3100 bp fragments is indicative of Cas9-mediated
cleavage.

.4 Results

To test whether Cas9 could be programmed to cleave genomic DNA in vivo, we
co-expressed Cas9 together with an sgRNA designed to target the human clathrin light
chain (CLTA) gene. The CLTA genomic locus has previously been targeted and edited
using ZFNs (Doyon et al., 2011). We first tested the expression of a human-codon-
optimized version of the Streptococcus pyogenes Cas9 protein and sgRNA in human
HEK293T cells. The 160 kDa Cas9 protein was expressed as a fusion protein bearing
an HA epitope, a nuclear localization signal (NLS), and green fluorescent protein (GFP)
attached to the C-terminus of Cas9 (Fig. |.1). Analysis of cells transfected with a vector
encoding the GFP-fused Cas9 revealed abundant Cas9 expression and nuclear
localization (Fig. 1B). Western blotting confirmed that the Cas9 protein is expressed
largely intact in extracts from these cells (Fig. 1.1A). To program Cas9, we expressed
sgRNA bearing a 5’-terminal 20-nucleotide sequence complementary to the target DNA
sequence, and a 42-nucleotide 3’-terminal stem loop structure required for Cas9 binding
(Fig. 1.1C). This 3’-terminal sequence corresponds to the minimal stem-loop structure
that has previously been used to program Cas9 in vitro (Jinek et al., 2012). The
expression of this sSgRNA was driven by the human U6 (RNA polymerase Ill) promoter.
Northern blotting analysis of RNA extracted from cells transfected with the U6 promoter-
driven sgRNA plasmid expression vector showed that the sgRNA is indeed expressed,
and that their stability is enhanced by the presence of Cas9 (Fig. .1D).
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Figure 1.1 Co-expression of Cas9 and guide RNA in human cells generates
double-strand DNA breaks at the target locus

(A) Top; schematic diagram of the Cas9-HA-NLS-GFP expression construct. Bottom;
lysate from HEK293T cells transfected with the Cas9 expression plasmid was analyzed
by Western blotting using an anti-HA antibody. (B) Fluorescence microscopy of
HEK293T cells expressing Cas9-HA-NLS-GFP. (C) Design of a single-guide RNA
(sgRNA) targeting the human CLTA locus. Top; schematic diagram of the sgRNA target
site in exon 7 of the human CLTA gene. The target sequence that hybridizes to the
guide segment of CLTA1 sgRNA is indicated by the blue line. The GG nucleotide
protospacer adjacent motif (PAM) is highlighted in yellow. Black lines denote the DNA
binding regions of the control ZFN protein. The translation stop codon of the CLTA open
reading frame is highlighted in red for reference. Middle; schematic diagram of the
sgRNA expression construct. The RNA is expressed under the control of the U6 Pol lll
promoter and a poly(T) tract that serves as a Pol Il transcriptional terminator signal.
Bottom; sgRNA-guided cleavage of target DNA by Cas9. The sgRNA consists of a 20-nt
5’-terminal guide segment (blue) followed by a 42-nt stem-loop structure required for
Cas9 binding (red). Cas9-mediated cleavage of the two target DNA strands occurs upon
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unwinding of the target DNA and formation of a duplex between the guide segment of
the sgRNA and the target DNA. This is dependent on the presence of a GG dinucleotide
PAM motif downstream of the target sequence in the target DNA. Note that the target
sequence is inverted relative to the upper diagram. (D) Northern blot analysis of sgRNA
expression in HEK239T cells. (E) Surveyor nuclease assay of genomic DNA isolated
from HEK293T cells expressing Cas9 and/or CLTA sgRNA. A ZFN construct previously
used to target the CLTA locus (Doyon et al., 2011) was used as a positive control for
detecting DSB-induced DNA repair by non-homologous end joining.

Next we investigated whether site-specific DSBs are generated in HEK293T cells
transfected with Cas9-HA-NLS-mCherry and the CLTA1 sgRNA. To do this, we probed
for minor insertions and deletions in the locus resulting from imperfect repair by DSB-
induced NHEJ using the Surveyor nuclease assay (Qiu et al., 2004). The region of
genomic DNA targeted by Cas9:sgRNA is amplified by PCR and the resulting products
are denatured and reannealed. The rehybridized PCR products are incubated with the
mismatch recognition endonuclease Cel-1 and resolved on an acrylamide gel to identify
Cel-1 cleavage bands. As DNA repair by NHEJ is typically induced by a DSB, a positive
signal in the Surveyor assay indicates that genomic DNA cleavage has occurred. Using
this assay, we detected cleavage of the CLTA locus at a position targeted by the CLTA1
sgRNA (Fig. I.1E). A pair of ZFNs that target a neighboring site in the CLTA locus
provided a positive control in these experiments (Doyon et al., 2011).

To determine if either Cas9 or sgRNA expression is a limiting factor in the
observed genome editing reactions, lysates prepared from the transfected cells were
incubated with plasmid DNA harboring a fragment of the CLTA gene targeted by the
CLTA1 sgRNA. Plasmid DNA cleavage was not observed upon incubation with lysate
prepared from cells transfected with the Cas9-HA-NLS-GFP expression vector alone,
consistent with the Surveyor assay results. However, robust plasmid cleavage was
detected when the lysate was supplemented with in vitro transcribed CLTA1 sgRNA
(Fig. I.2A). Furthermore, lysate prepared from cells transfected with both Cas9 and
sgRNA expression vectors supported plasmid cleavage, while lysates from cells
transfected with the sgRNA-encoding vector alone did not (Fig. 1.2A). These results
suggest that a limiting factor for Cas9 function in human cells could be assembly with
the sgRNA. We tested this possibility directly by analyzing plasmid cleavage in lysates
from cells transfected as before in the presence and absence of added exogenous
sgRNA. Notably, when exogenous sgRNA was added to lysate from cells transfected
with both the Cas9 and sgRNA expression vectors, a substantial increase in DNA
cleavage activity was observed (Fig. 1.2B). This result indicates that the limiting factor
for Cas9 function in HEK293T cells is the expression of the sgRNA or its loading into
Cas9.
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Figure 1.2 Cell lysates contain active Cas9:sgRNA and support site-specific DNA
cleavage

(A) Lysates from cells transfected with the plasmid(s) indicated at left were incubated
with plasmid DNA containing a PAM and the target sequence complementary to the
CLTA1 sgRNA; where indicated, the reaction was supplemented with 10 pmol of in vitro
transcribed CLTA1 sgRNA; secondary cleavage with Xhol generated fragments of
~2230 and ~3100 bp fragments indicative of Cas9-mediated cleavage. A control
reaction using lysate from cells transfected with a ZFN expression construct shows
fragments of slightly different size reflecting the offset of the ZFN target site relative to
the CLTA1 target site. (B) Lysates from cells transfected with Cas9-GFP expression
plasmid and, where indicated, the CLTA1 sgRNA expression plasmid, were incubated
with target plasmid DNA as in (A) in the absence or presence of in vitro-transcribed
CLTA1 sgRNA.

As a means of enhancing the Cas9:sgRNA assembly in vivo, we next tested the
effect of extending the presumed Cas9-binding region of the guide RNA. Two new
versions of the CLTA1 sgRNA were designed to include an additional six or twelve base
pairs in the helix that mimics the base-pairing interactions between the crRNA and
tracrRNA (Fig. 1.3A). Additionally, the 3’-end of the guide RNA was extended by five
nucleotides based on the native sequence of the S. pyogenes tracrRNA (Deltcheva et
al., 2011). Vectors encoding these 3’ extended sgRNAs under the control of either the
U6 or H1 Pol IIl promoters were transfected into cells along with the Cas9-HA-NLS-GFP
expression vector and site-specific genome cleavage was tested using the Surveyor
assay (Fig. 1.3B). The results confirmed that cleavage required both Cas9 and the
CLTA1 sgRNA, but did not occur when either Cas9 or the sgRNA were expressed alone.
Furthermore, we observed substantially increased frequencies of NHEJ, as detected by
Cel-1 nuclease cleavage, while the frequency of NHEJ mutagenesis obtained with the
control ZFN pair was largely unchanged. These results suggest that the 3’-extended
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sgRNAs support more efficient Cas9 function in vivo, although more quantitative
comparisons will be necessary to confirm this conclusion.
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Figure 1.3 3’ extension of sgRNA constructs enhances site-specific NHEJ-
mediated mutagenesis.

(A) The construct for CLTA1 sgRNA expression (top) was designed to generate
transcripts containing the original Cas9-binding sequence v1.0(Jinek et al., 2012), or
sequences extended by 4 base pairs (v2.1) or 10 base pairs (v2.2). (B) Surveyor
nuclease assay of genomic DNA isolated from HEK293T cells expressing Cas9 and/or
CLTA sgRNA v1.0, v2.1 or v2.2. A ZFN construct previously used to target the CLTA
locus (Doyon et al., 2011) was used as a positive control for detecting DSB-induced
DNA repair by non-homologous end joining.

1.5 Discussion

Besides serving as an invaluable research tool, targeted genome engineering in
cells and organisms could potentially provide the path to revolutionary applications in
human therapies, agricultural biotechnology and microbial engineering. Methods of
modifying the genome exploit endogenous DNA repair pathways that are initiated by the
introduction of site-specific dsDNA cleavages. The results presented here provide a
straightforward system of RNA-guided site-specific dsDNA cleavage using the Cas9
protein from a Type |l bacterial CRISPR system to promote genome editing in human
cells. Our data show that a codon-optimized version of Cas9, when programmed by an
appropriate sgRNA, successfully assembles into Cas9 targeting complexes to trigger
site-specific DNA cleavage and repair by NHEJ. The efficiency of NHEJ-induced
mutagenesis at the CLTA locus investigated here is consistently in the range of 6-8%.
This frequency is lower than that found for a ZFN pair that recognizes a nearby target
sequence, but is within the range of frequencies observed more generally with ZFNs
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and TALENs (Bogdanove and Voytas, 2011). Our data suggest that sgRNA expression
and/or its assembly into Cas9, rather than Cas9 expression, localization or folding,
presently limits Cas9 function in human cells. Higher efficiencies of Cas9-mediated
genome targeting could be achieved by optimization of the sgRNA construct design, its
expression levels or its subcellular localization. We note that the sgRNAs used in this
study are not thought to be 5’-capped or 3’-polyadenylated, which may have reduced
their stability in vivo. This and other 5" and 3’ end modifications might provide alternative
approaches to enhancing Cas9:sgRNA assembly and activity in cells. Nonetheless, the
levels of targeting observed in this study have been obtained with a minimal system that
relies on simple base pairing to a guide RNA, in contrast to the ZFN and TALEN
proteins, which require a new protein to be engineered for each new cleavage site.
RNA-guided genome editing would thus offer distinct advantages due to the simplicity of
the sgRNA design.

Our results thus provide the framework for implementing Cas9 as a facile
molecular tool for diverse genome editing applications. Although not tested explicitly in
this study, a powerful feature of this system is the potential to program Cas9 with
multiple sgRNAs in the same cell, either to increase the efficiency of targeting at a
single locus, or as a means of targeting several loci simultaneously. Such strategies
would find broad application in genome-wide experiments and large-scale research
efforts such as the development of multigenic disease models. As an inexpensive and
rapid mechanism for triggering site-specific genome modification, the programmable
Cas9:sgRNA system could potentially transform next-generation genome-scale studies.
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