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Sammendrag

CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats) er en ny
revolusjonerende metode innen genredigering. CRISPR-Cas, opprinnelig oppdaget som et
forsvarsmekanisme i bakterier og archaea ble fort et foretrukket verktgy for en rekke
bruksomrader innen genteknologi, mye takket veere enkel design og bruk av
programmerbare nukleaseenzymer, bade in vitro og in vivo.

Siden CRISPR nuklease Cas9 er det mest brukte genredigeringsverktgyet innen CRISPR-Cas
systemer, er andre CRISPR-Cas proteiner fortsatt i stor grad uutforsket. CRISPR-Cas9 «hype»
har inntil nylig satt andre Cas-proteiner i skyggen av komplekset. Det, og andre aspekter som
patentsituasjonen rundt Cas9 har brakt forskernes oppmerksombhet til 3 studere og
analysere andre Cas-proteiner, pa jakt etter forbedringer og analoger til CRISPR-Cas9.

Det har lenge veert en del forvirring rundt CRISPR-Cas-proteiner over lang tid, i stor grad
grunnet mangel av en felles klassifiseringssystem og nomenklatur for CRISPR-Cas systemer.
Ikke koordinert forskning har fgrt til en gkning av oppdagete CRISPR-Cas proteiner, men
mange av disse var homologe proteiner fgrt inn under ulike navn. Det har veert flere forsgk
pa a oppna et klassifikasjonssystem for Cas-proteiner for a8 opprettholde dette raskt
voksende feltet i genredigeringsverktgy.

Denne masteroppgaven har som formal a sette sammen en enkel oversikt over funksjoner
og patentsituasjon rundt kjente CRISPR-Cas proteiner, samt utfgre en analyse av Cas
systemer for a identifisere mulige alternativer til det mye brukte CRISPR-Cas9 komplekset
som kan brukes til genredigering.



Abstract

CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats) systems are a new
revolutionary gene editing tool. CRISPR-Cas was originally discovered as a defense
mechanism in bacteria and archaea. CRISPR has quickly become a preferred tool for genome
editing applications over the course of last few years thanks to the ease of design and use of
programmable nuclease enzymes, both in vivo and in vitro.

Even though CRISPR nuclease Cas9 is the most used gene editing tool in CRISPR-Cas systems,
other CRISPR-Cas proteins remain largely unexplored. The CRISPR-Cas9 “hype” has until
recently left other Cas proteins in the shadow of the complex. That, and other aspects such
as patent situation around Cas9 has brought researchers attention to studying and analyzing
of other Cas-proteins in search for improvements and analogs of CRISPR-Cas9.

There has been some confusion around CRISPR-Cas proteins for some time, due to absence
of classification and nomenclature system for CRIPR-Cas systems. Non-coordinated
researches resulted in a quick growth of discovered CRISPR-Cas proteins, but a number of
them were homologues denoted under more than one name. There have been several
attempts on achieving a classification system for the Cas-proteins in order to maintain this
quickly growing field in genome editing tools.

This thesis aims to make a simple overview of functions and patent situation around known
CRISPR-Cas proteins, as well as analyzing alternatives to the widely used CRISPR-Cas9
complex for genome editing purposes.
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Introduction
Genome editing is a process of permanent modification at a specific genomic site in a cell.
Genome editing experiments can be designed to perform genetic modifications, such as
gene insertion, or gene deactivation. Gene insertion leads to adaption of a new gene or a
set of genes in the target cell genome, which will result in acquiring new functions for the
target cell, for example resistance to a certain disease. Gene deactivation can result in gene
knockout and is particularly useful in the battle against genetic disorders.

Before the discovery of nucleases as a mean of performing genetic modifications,
researchers mainly relied on random spontaneous mutations, demonstrated in the mid-
twentieth century by Mendel, Morgan, Avery et.al. (Muller, 1927). Using Muller’s
techniques, alternations in target genome were performed by enhancing mutations with
chemical and radiation treatments. Later on, another methods like transposon insertion
were successfully performed on some organisms. Much like methods proposed by Muller
et.al. those were both unpredictable, and often resulted in off-target activity — changes in
the random or unwanted sites of the genome, other that desired region, or genes (Carroll,
2017).

The first breakthrough in genome engineering came in 1970-1980s (Scherer & Davis, 1979),
when researchers reported successful targeted genome editing in yeast cells (Rothstein,
1983) and mice (Thomas et al., 1986). The process required use of homologous
recombination, delivering remarkably precise targeting, but at the price of low efficiency.
Additionally, gene targeting was limited by the absence of cultivable stem cells other than
mice, which made adaption for use in other species practically unavailable (Mansour et al.,
1988).

The situation changed in 1996, when Kim et.al. published their work on the first ZFNs (Zinc-
Finger Nucleases) (Kim et al., 1996) and fusing of zinc-fingers together with Fok/ nuclease. It
was based on the work of Miller et.al. (Miller et al., 1985), who previously reported the
discovery of zinc-fingers in 1985. This new technology was tested both in vitro (Smith et al.,
2000) — on microorganisms, cells and biological molecules outside of their usual biological
surroundings, and in vivo (Bibikova et al., 2001) — on living organisms, and/or cells. These
discoveries made it possible to start a new era of modern genome editing, and perform
genome alternations in both model organisms (Bibikova et al., 2002), animal (Mani et al.,
2005), human (Kandavelou et al., 2009; Urnov et al., 2005) and plant cells (Townsend et al.,
2009).

Around the same time, another important discovery was made — a DNA binding molecule
discovered in plant virulence factors — a so-called TALE motif (Transcription Activator-Like
Effector) gave rise to TALENs — Transcription Activator-Like Effector Nucleases (Moscou &
Bogdanove, 2009; Boch et al., 2009). TALENs were designed to perform in almost the same
way as ZFNs, both complexes use Fok/ nuclease, but the DNA-binding mechanism is different
(see Table 1). TALENs were proven to perform at the same rate efficiency as ZFNs, but
appeared to have lower cytotoxicity and hence lower off-target activity in cells (Ramalingam
et al.,, 2014).



TALENs had some quite useful advantages compared to ZNFs — they were easier to generate
and had better target-specificity. At the same time TALENs proved to be more difficult to
deliver into mammalian cells (Holkers et al., 2012), and plants (Chen & Gao, 2013). In
addition, high initial pricing of ~$5,000 per target made TALENSs practically unavailable for
small laboratories.

Before TALENSs could establish themselves as a viable alternative to ZFNs another genome-
editing tool was discovered — an adaptive immunity mechanism in bacteria and archaea —
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats. Briefly, bacteria and
archaea can use a set of proteins as a defense mechanism for degradation of complimentary
sequences present within previously encountered invading viral and plasmid DNA or RNA.
CRISPR-Cas systems use parts of viral DNA to compose short CRISPR RNA fragments (crRNA).
Those guide RNAs can then detect and degrade viral nucleic acids with help of certain Cas’es
(Nishimasu et al., 2014).

This mechanism has been studied and adopted for use in genome engineering. The most
used CRISPR-associated protein — Cas9 was studied and proved to be an endonuclease.
Together with crRNA Cas9 forms a complex functionning as an RNA-guided endonuclease
with RNA-directed target sequence recognition and protein mediated DNA cleavage.
(Gasiunas et al., 2012). CRISPR-Cas9 quickly became a point of interest. Several research
group have successfully engineered and performed genome editing experiments with
CRISPR-Cas9 in many organisms, mammalian cells and plants (Hatoum-Aslan et al., 2013;
Feng et al., 2013; Cong et al., 2013; Cho et al., 2013; Woo et al., 2015).

CRISPR-Cas systems have been reportedly performing at comparable or higher target
efficiency as TALEs and zinc-fingers (Chandrasegaran & Carroll, 2016). There have been
reports of successful simultaneous introductions of multiple guide RNAs into cells for
multiplex gene editing, a process easily achieved with CRISPR compared to TALENs and ZFNs
(Cong et al., 2013). Cas9-mutant nucleases have been used to perform single strand break,
or knocking out a single nucleotide, giving arise to nickases. Nickases have been used to
produce single strand breaks with overhangs for precise homology directed repair, resulting
in precise gene integration and insertion (Shen et al., 2014).

The benefits of CRISPR-Cas9 systems have brought researchers attention to other Cas
proteins. Many studies have been performed in order to find possible alternatives to Cas9
and get a better understanding of the CRISPR-Cas locus. Several Cas proteins have shown
either DNase activity, RNase activity, or both. Bioinformatic analyses of CRISPR locus of
several organisms containing CRISPR genes have shown approximately 65 Cas orthologues
divided into two classes, six types, and 30 subtypes, based on CRISPR-Cas classification
system, proposed by Makarova et. al. (Makarova & Koonin, 2015; Makarova et al., 2017;
Makarova et al., 2015).

Up to this date there is still no complete overview of CRISPR-Cas systems, Cas proteins and
their functions. This thesis aims to gather such information and clear up the situation
around CRISPR-Cas proteins for better understanding of those programmable nucleases.



Materials & Methods

A variety of research papers have been collected and analyzed in order to get an overview
over CRISPR-associated proteins. A total of 56 (140 including orthologues) proteins have
been studied; Their functions and applications are shortly described. All scientific papers
used during the research are listed in the “References” chapter.

Results

Programmable nucleases as tools for efficient and precise genome editing

Short presentation of other programmable nucleases is required in order to achieve better
understanding of CRISPR in context of genome editing tools. The discovery of programmable
nucleases able to perform a DNA and/or RNA cleavage at the desired target-site in genome
has become a breakthrough in genome engineering. There are several means to perform
genome editing - ZFNs (figure 1a), TALENS (figure 1b) and CRISPR (figure 1c).
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Figure 1. Ptglab.com. (2019). CRISPR-Cas9, TALENs and ZFNs - the battle in gene editing. Available at:
https://www.ptglab.com/news/blog/crispr-cas9-talens-and-zfns-the-battle-in-gene-editing/ (Accessed 9 Mar.
2019).

A: ZFNs — two ZFNs, constructed to recognize and bind to specific sites at opposite DNA strands; a Fokl
restriction enzyme dimer cleaves DNA at the target site. B: TALENs — two TALENSs, designed to recognize and
bind to target site at opposite DNA strands; A Fokl dimer cleaves target DNA. C: CRISPR-Cas9 system, the target
site is recognized complementary, a bond is formed between the genomic DNA and crRNA (sgRNA + tracrRNA),
Cas9 nuclease performs DNA cleavage.

Programmable nucleases cleave DNA or RNA in order to knock out genes, perform gene
correction or transgene addition of a new set of genes (figure 2).

Gene disruption by NHEJ (Non-homologous end joining, figure 2A) is a process of
deactivating a gene, or a set of genes by cleaving the gene, without a homologous template
available for DSB (Double-Strand Break) repair. Instead of repairing the gene by using a copy
of gene from either a donor or other copy of the same gene present in the genome, this



process simply repairs DSB by ligating DNA. This process may result in a so-called frameshift
mutation. Frameshift mutation is loss of nucleotides that leads to loss of protein function
encoded by the gene, often because of premature stop codon (Robertson et al., 2009).

Gene correction by HDR (Homology Directed Repair, figure 2B) is another way of altering the
target genome with the help from DNA repair mechanisms of the cell. HDR repair is only
possible if a homologous copy of the gene is present in the genome. A WT (wild type) copy
of the gene can be delivered to the target-site and used as a template for DSB repair. It is
useful if a mutated or defected gene is no longer functional. The WT gene will be used as a
template for the repair of the target sequence and the gene can restore its functions
(Robertson et al., 2009).

HDR can be used to adopt a new gene or a set of genes for a so-called transgene addition
(Figure 2C). The pathway is similar to gene correction by HDR, but instead of WT gene a new
gene previously not present in the cell, and often adapted from another organism will be
delivered as a template for HDR repair pathway (Robertson et al., 2009).
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Figure 2. Chandrasegaran, S. & Carroll, D. (2016). Origins of programmable nucleases for genome engineering.
Journal of molecular biology, 428 (5): 963-989. Genome engineering by ZFNs, TALENs or CRISPR-Cas9. Graphic
representation of how programmable nucleases are used to perform either gene knock out by NHEJ(A), gene
correction by HDR(B) or addition of new genes by HDR (C).

Programmable nucleases offer a wide spectrum of opportunities with areas of use such as
genomic modifications in model organisms, disease vectors and organisms, crop plants,
human cells, livestock and primates(Ma et al., 2013; Ramalingam et al., 2014; Aryan et al.,
2013; Genovese et al., 2014; Ghorbal et al., 2014; Haun et al., 2014; Carlson et al., 2012; Niu
et al., 2014; Tan et al., 2013). Despite the differences in functionality, design and
applications (table 1), programmable nucleases have one thing in common — means of
performing effective and successful genome editing (Segal & Meckler, 2013).



Table 1. Based on Ptglab.com. (2019). CRISPR-Cas9, TALENs and ZFNs - the battle in gene editing. Available
at: https://www.ptglab.com/news/blog/crispr-cas9-talens-and-zfns-the-battle-in-gene-editing/ (Accessed 9

Mar. 2019).

Feature

Recognized DNA
target length

Means of target
sequence
recognition

Means of target
cleavage and repair

Preparation

Commercial pricing

Targeting efficiency
Off-target effects
Multiple targets
Viral delivery

Advantages and
disadvantages

ZFNs

9-18 base pairs

DNA—protein
interactions

Double-strand break
performed by a Fokl
restriction enzyme
dimer

Challenging.

ZFNs libraries are
available, but the final
complex must be
tested for target
specificity.

Very expensive
(54,000 to $7,000 per
target)

Variable*

Variable*

Difficult

Easy

Neighboring ZFNs can
affect each other’s
specificity.

Fokl performs double
strand break when in
dimer form. A total of
two ZFNs must be
designed — one for 5'-
3’ strand and one for
3’-5’ strand upstream
and downstream the
target sequence.

One ZFN binds to
three nucleotides of
the target sequence.

TALENs

30-40 base pairs

DNA—protein
interactions

Double-strand break
performed by a Fok/
restriction enzyme
dimer

Easier than ZFNs.
TALE motifs with
target specificities are
well defined. Several
TALEs per nucleotide
are available.
Expensive
($3,360-$5,000 per
target)

Moderate

Low

Difficult

Moderate

Good specificity and
little off-target
activity.

Fokl performs double
strand break when in
dimer form. A total of
two TALENs must be
designed — one for 5’-
3’ strand and one for
3’-5’ strand upstream
and downstream the
target sequence.

One TALE is required
per nucleotide of the
target sequence.

*Depending on design of ZFN. Can vary from high to low.
#Depending on design of the guide RNA and target site.
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CRISPR-Cas9

18-22 base pairs +
PAM sequence

DNA-RNA interactions
by Watson-Crick base
pairing

Both single- and
double-strand breaks
performed by Cas9
nuclease

Easy.

Guide RNA must be
programmed to be
complimentary to the
target sequence.

Cheap
($500 per target)

Hight

Moderate?

Easy

Moderate

PAM downstream of
target DNA/RNA
sequence is required
to perform complex
binding.

Compared to protein-
DNA interactions -
easy to use and
prepare due to DNA-
RNA interactions.

Complex tolerates
mismatches between
guideRNA and target
site, some mismatches
and off-target activity
can occur.



ZFNs

The first endonucleases used for genome editing were ZFNs. ZFNs are composed of the
endonuclease called Fokl, and zinc-fingers proteins, which are a family of naturally occurring
transcription factors.

ZFNs are DNA binding molecules that can be arranged in a linear polar fashion, and work by
recognizing trinucleotide sequences of different lengths and provide a desired on-target
specificity, both in vitro and in vivo. Each zinc-finger has a common backbone, but a variety
of free amino acids makes them specific for certain nucleotides. Alternations of the free
amino acids on the a-helix leads to a nucleotide-specific bond between the amino acids and
the complimentary nucleotides in the target genome sequence.

D (|

Figure 3. Klug, A. (2010). The discovery of zinc-fingers and their applications in gene regulation and genome
manipulation. Annual Review of Biochemistry, 79: 213-231.

A: Graphic representation of a zinc-finger protein — double 8-sheet and a single a-helix, stabilized by

Cys2-His2 site and a Zn-molecule (shown in brown).

B: DNA binding mechanism of ZFNs. A total of four free amino acids of the a-helix are forming a bond to target
site. Amino acids in position one, three and four of a-helix binding to the 3’-5’ strand of the target DNA, and
amino acid number two stabilizing the bond by attaching ZFN to a single nucleotide on the complimentary 5’-3’
strand.

A zinc-finger consists of two main components, as shown in figure 3A:

The first component - an a-helix, uses hydrogen bonds interactions from the amino acids
and forms a triple bond to three nucleotides (a triplet) on one strand of the DNA (figure 3B)
(Pavletich, 1991). Furthermore, discovered by Klug (Klug, 2010), there is a fourth interaction
from the second position in the a-helix to the complementary DNA strand. The other main
component in addition to the a-helix is a highly conserved cys;-his; site that is fundamental
in the protein folding of the zinc-fingers by coordinating a Zn-molecule. The cys;-his; site
and the three amino acids Tyr42, Phe53, and Leu59 are forming a hydrophobic structural
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core of the complex. The numbers are referring to the position of the amino acids in the
protein sequence, counted from N-terminal to C-terminal, noted as -NH; and -COOH
respectively (figure 3B).

Figure 4. Klug, A. (2010). The discovery of zinc fingers and their applications in gene regulation and
genome manipulation. Annual Review of Biochemistry, 79: 213-231.

Mechanism of DNA binding and Fokl dimer formation by zinc-finger nucleases.

The main disadvantage of ZFNs is zinc-finger motif specificity influence of neighbor ZFNs
making it difficult and time-consuming to design a ZFNs experiment without negative
interactions within the complex. This phenomenon is referred to as cytotoxicity and makes
specificity prediction challenging. Solid preparations prior to experiment must be made to
achieve satisfactory results and limit off-target activity of the complex.

Another downside of ZFNs is that the endonuclease used in ZFNs — Fok/ — must form a dimer
in order to perform cleavage. A complex of two Fokl, one on each DNA strand, are necessary
to perform a successful DNA cleavage. A total of two different ZFNs — one on 5’-3’ strand
and one on 3’-5’ strand, that have to recognize different, but closely located nucleotide
sequences must be designed for a single cleavage (figure 4). The advantages of that are
limitations linked to off-target activity (Kim, 1996) (see table 1).



TALENSs

Just like ZFNs, TALENS perform DNA cleavage by forming a Fok/ dimer. TALENs are formed
from a series of TALEs - highly conserved repeats, where a single TALE recognizes one
specific nucleotide. The construction of engineered TALE repeat domain requires use of
multiple and nearly identical sequences. TALENs can be designed to perform with high
specificity. Unlike ZFNs TALENSs are not affected by a presence of neighbor TALENs, which
makes them easier to construct (see table 1). The process of designing a TALENs-Fok/
complex is rather rapid using a DNA-code of the target-binding site and composing a
complimentary DNA-binding TALE domain that repeats domains to individual bases in
target-binding site in the genome. TALENSs deliver high-success rate and can be adopted for
use in essentially any DNA sequence of interest.

Figure 5. Mak, A. N.-S., Bradley, P., Cernadas, R. A., Bogdanove, A. J. & Stoddard, B. L. (2012). The crystal
structure of TAL effector PthXo1 bound to its DNA target. Science, 335 (6069): 716-719.

A. A single TALE protein crystal structure.
B. TALENs bound to major groove of DNA sequence.

TALENs complex consist of a TALE repeat domain - individual TALE repeats arranged in an
array to bind specifically to a single base each. The bond is formed by two hypervariable
residues at 12™ and 13 position in the TALE protein (marked red in figure 5A), located
between two a-helixes (Boch et al., 2009; Moscou & Bogdanove, 2009). The protein is V-
shaped and forms a superhelix around the DNA, positioning 12t and 13t residue of the
TALE in the major groove of the DNA, where the residue 13 makes a base-specific contact
with the DNA (figure 5B). Nearly all engineered TALE repeat arrays available today use four
different domains to make the base-specific bond — NN for recognition of guanine, NI for
adenine, HD for cysteine, and NG for thymine. It has been reported that another residue —
NK — makes even better base recognition than NN (which can also recognize adenine) and
forms a bond with guanine, but NK repeats show less activity than NN (Joung & Sander,
2013).



’ . Fokl nuclease
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2 —rer |
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Figure 6. Joung, J. K. & Sander, J. D. (2013). TALENs: a widely applicable technology for targeted genome
editing. Nature reviews Molecular cell biology, 14 (1): 49.

A. Graphical representation of TALENSs, with TALE repeat domains that bind specifically to single
nucleotides.

B. Mechanism of DNA binding by TALENs, with formation of Fokl dimer.

Figure 6A shows TALENs domain somposition, including N-, and C-terminals, TALE repeat
domain and Fok/ nuclease domain. Figure 6B shows binding pattern of TALENSs, similar to
that of ZFNs. Two TALENs are complimentary bound to both DNA strands upstream and
downstream of cleavage site. Fokl dimer is formed at the cleavage site to perform DSB
(Streubel et al., 2012).



CRISPR-Cas9
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Figure 7. Barrangou, R. (2015). Diversity of CRISPR-Cas immune
systems and molecular machines. Genome Biology, 16 (1): 247.

CRISPR-Cas systems. CRISPR-loci architecture and the three steps
of CRISPR-Cas immunity response — adaption, expression and
interference.

CRISPR-Cas systems were first
discovered as a part of adaptive
immunity biological process in
bacteria and archaea. During the last
years a complex called CRISPR-Cas9
has been successfully used as a
genome editing tool. The whole
process of CRISPR editing s
dependent on a series of smaller
processes. Protospacer Adjacent
Motif, or shortly PAM - a short
nucleotide sequence, usually three
or five nucleotides, have to be
recognized by the complex in order
to start the process. CRISPR-systems
use PAM sequences to differentiate
between invading and own DNA or
RNA. This target recognition s
achieved and performed by a seed
sequence, which residues at the 5’
end of the crRNA spacer (Barrangou,
2015).

CRISPR-Cas9 complex consist of two
main components - a guide RNA and
a CRISPR-associated protein Cas9 -
an endonuclease which can perform
double strand breaks. The guide RNA
is a user-composed, specially
designed sequence of approximately
20 nucleotides responsible for
recognizing target sequence and
complimentary binding of the target
gene. The guide RNA can be designed
and modified accordingly to user's
desire to target a specific area of the
genome that is to be altered by the

complex.

Each Cas9 protein has a specific PAM sequence (see Cas9, table 2), for example 5-NGG-3',

required for target-site recognition (Jinek et al., 2012).

In nature, the process of CRISPR-Cas immunity response is based on three steps:

Adaptation, expression and interference (figure 7).
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During adaptation step, after foreign DNA is detected, Cas effector proteins will cleave the
invasive DNA. Small parts of this DNA are then adapted as spacers - part of repeat-spacer
array.

During the expression stage, CRISPR-array is transcribed into pre-crRNA and is further
processed into mature crRNA. Mature crRNA is composed of both partial CRISPR spacer
sequences and partial CRISPR repeats, together those will form a mature CRISPR guide RNA
(Hsu & Zhang, 2014).

In the last stage - interference - crRNA will guide CRISPR-Cas towards PAM sequence for
complimentary binding to the foreign DNA. Once the PAM sequence is detected, the
complex can bind to the foreign DNA by forming a bond between seed sequence and the
target. If the level of correspondence between guide crRNA and the foreign DNA is high, the
bond between crRNA and the foreign DNA will extend over the seed sequence and further
to the spacer region. The result is formation of an R-loop, and eventually cleavage of the
target DNA approximately three bases upstream of the PAM (Barrangou, 2015).

The advantages of CRISPR-Cas9 over ZFNs and TALENSs lies in RNA-DNA interactions,
providing amongst other much easier design for any genomic targets, easy off-target
prediction and multiplexing — the possibility of modifying several genomic sites
simultaneously.

One of the main disadvantages of the CRISPR-Cas9 in vivo is relatively high tolerance of
mismatches. CRISPR-Cas9 tolerates up to 25% of mismatches (one to six base pairs)
between guide RNA and target-sequence, potentially leading to an increased level of off-
target activity and cytotoxicity (Hsu et al., 2013).

CRISPR guide RNAs
In order to achieve target specificity in vivo and in vitro CRISPR systems use series of small
RNA molecules, called guide RNAs. In vivo, guide RNAs are acquired directly from invading
viral nucleic acids. In vitro, however, guide RNAs can be programmed to target specific sites
in the genome based on sequence complementarity. There are three different types of
guide RNAs:

J\ s9RNA (single guide RNA) B ssrNA + Caso protein
Cas9
- g
[ ngNA\
— - "“"'T““T‘"T"‘T
| \
N AN PAM sequence
AN T (5-NGG-3')
rrrrerreriy .
< > < > TTTTTTTT I
Target specific tracrRNA Liitiitirrr L
crRNA sequence < >

Figure 8. El-Bassyouni, H. & Ahmed Mohammed, M. (2018). Genome Editing: A Review of Literature.
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SgRNA
SgRNA, or single guide RNA is a RNA sequence that contains both crRNA and tracrRNA
(figure 8A). SgRNA is a crucial part in CRISPR-Cas9 gene targeting process (figure 8B),
required for both sequence targeting, and nuclease recruiting for permanent genome
alterations.

crRNA and pre-crRNA
CrRNA, or CRISPR RNA is a short guide sequence (~20 nucleotides) used for complimentary
binding to the target-site in the genome. In nature, spacers acquired during adaption stage
are used to compose crRNA, allowing the complex to bind specifically to the invading target
sequence.

Process of crRNA maturation starts under expression stage (figure 7), when CRISPR repeat-
spacer arrays are transcribed into precursor crRNAs — pre-crRNA. Further processing of pre-
crRNA results in mature crRNA sequence. Mature crRNA is a set of repeat fragments
acquired directly from viral invading DNAs. Nearly all CRISPR-Cas systems, apart from
subtypes I, V-B and V-E, use Cas6 to cleave pre-crRNA to generate mature crRNA. For gene
editing purposes, crRNA is user-designed prior to the experiment. User-designed crRNA is
designed to bind complimentary to target-site in target genome. (Karvelis et al., 2013)

tracrRNA
In Class Il CRISPR-Cas subtypes II, V-B and V-E, process of crRNA maturation is slightly
different and is dependent on an additional RNA molecule called tracrRNA. TracrRNA is
trans-encoded small RNA sequence complimentary to repeat regions of crRNA required for
Cas9-nuclease recruiting. (Deltcheva et al., 2011) The term trans points to tracrRNA origin,
being processed from spacer-repeat region of CRISPR, composed from spacers acquired
from viral DNA. TracrRNA is vital for the process of cleavage by CRISPR-Cas9 complex.
Deletion of tracrRNA from CRISPR-Cas9 complex results in deactivation of the whole
process. (Karvelis et al., 2013) Main role of tracrRNAs in CRISPR systems is maturation of
crRNA by directing pre-crRNA processing. CrRNA maturation involves two steps:

— First processing event:
TracrRNA binds to repeat sequences of pre-crRNA resulting in formation of a double-
stranded RNA duplex. In contrast to other CRISPR systems, duplex is recognized by a
ribonuclease — RNase lll, instead of Cas6. Recruiting of RNase lll results in a site-specific
cleavage of pre-crRNA. The products of cleavage are space-repeat-space units. (Deltcheva et
al., 2011)

— Second processing event:
Under the second process event, space-repeat-space units undergo further processing.
During this stage, removing 5’-end of the space-repeat-space unit result in 39-42
nucleotides mature crRNA sequence. (Deltcheva et al., 2011)
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class 1

class 2

Major types of CRISPR-Cas systems and their subtypes

In 2011 Makarova et.al. (Makarova et. Al, 2011b) suggested new classification and
nomenclature for CRISPR-Cas systems. Before that, classification of CRISPR-associated
proteins was primarily based on Cas1 phylogeny since it was assumed to be the only Cas
preserved amongst all CRISPR systems. Since that time, a large amount of research has
shown that CRISPR-Cas systems can be divided and classified based on CRISPR-Cas locus
architecture (figure 9) (Koonin & Makarova, 2019).

adaptation expression interference signal transduction ancillary
T I 1 " L 1
repeat spacer pre-crRNA effector module target cleavage CoA sensor effector helper, role
array integration processing (crRNA and target binding) synthesis unknown
[ | S ] ——— | e —————— |
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-

opevi D ERES T )

Figure 9. Koonin, E. V. & Makarova, K. S. (2019). Origins and evolution of CRISPR-Cas systems.
Philosophical Transactions of the Royal Society B, 374 (1772): 20180087.

CRISPR locus architecture of CRISPR systems.

Figure 9 shows typical CRISPR locus architecture for all known CRISPR systems, with their
respective types and Cas proteins involved in different steps of the complex. As shown on
the figure, there are two distinct classes of CRISPR-Cas'es — class | (figure 10A) and class Il
(figure 10B). Class | and Il are further divided into several types with distinctive subtypes.
The reason why CRISPR systems are divided in such lies in class | Cas systems use of multiple
single proteins for expression, interference and adaption steps, while class Il systems use
single multidomain proteins for the same purposes.

Class I and Il CRISPR systems differ in the mechanism of action and target-binding motifs, as
for example PAM motif recognition. In class | CRISPR-Cas systems PAM motif is located
upstream of seed sequence, while in class Il it is located either up, - or downstream for seed
sequence (figure 10 A and B) (Leenay et al., 2016).

Detailed locus composition of CRISPR Class | and Class Il is presented in Appendix Il and
Appendix IV respectively.
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Figure 10. Barrangou, R. (2015). Diversity of CRISPR-Cas immune systems and molecular machines.

Genome Biology, 16 (1): 247.
Class I and class Il CRISPR-Cas systems.

A. Class I loci architecture, protospacer composition, R-loop formation and DNA cleavage mechanism, with

Cas3 as an example.

B. Class Il loci architecture, protospacer composition, R-loop formation and DNA cleavage mechanism,

with Cas9 as an example.

Class | CRISPR-Cas systems utilize multi-protein complexes. Class | is divided into three
types: |, lll and IV, and 12 subtypes. Class | CRISPR systems represent about 90% of the
CRISPR-Cas locus discovered in bacteria and archaea. (Makarova et al., 2017)

Class Il CRISPR-Cas systems use single-protein effectors (Sternberg & Doudna, 2015). Class Il
is divided into three types — I, V and VI, and further into ten subtypes. Class || CRISPR
systems represent the last ten percent of CRISPR locus in bacteria and is absent in archaea.
Direct repeats of class Il systems can be both palindromic (inverted-reverse sequence, reads
the same back and forward) and non-palindromic. (Komor et al., 2017)

Following CRISPR-Cas types description is based on research by Makarova, Koonin and Haft
(Haft et.al, 2005; Makarova et.al 2011,2015a,2015b,2018; Koonin et.al., 2017; Koonin &

Makarova, 2019).
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Type | CRISPR-Cas systems

All type | CRISPR-Cas systems contain a signature gene — Cas3. Type | systems are encoded
by a single operon containing Cas1 and Cas2, subunit proteins of Cascade effector complex,
including large subunit, small subunit (often fused to a large subunit), Cas5, Cas6, Cas7 and
Cas8 genes.

The CRISPR-Cas type | systems are divided into eight subtypes, all target DNA sequences:

[-A

Signature genes for subtype I-A are Cas8 alternative Cas8al (large subunit), and Cas11. Cas3
is often split into two domains — helicase Cas3' and HD nuclease Cas3”. Csa5 is often present
as a small unit.

I-B
Cas8b serves as a signature gene for the subgroup. Unlike I-A subtype, Cas3 is not split into
two domains.

I-C
Cas8c is a signature gene for the subgroup I-C. The subgroup usually lacks Cas6 gene, and
Casb5 replaces its catalytic functions.

I-D
The HD domain (nuclease domain) is associated with the large subunit instead of Cas3.

I-E
Lacks Cas4 gene.

I-F
Lacks Cas4 gene, and Cas2 is fused to Cas3, there is no separate gene for small subunit
(missing or fused to large subunit).

I-F variant
Same as I-F, but additionally lacks Cas8 gene.

I-U
CRISPR-Cas proteins that show similarity to type | systems architecture, but biological
functions are yet unknown.
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Type Il CRISPR-Cas systems

The signature gene for this CRISPR-Cas system is Cas9. Cas9 encodes a multidomain protein
that combines all the functions of effector complexes and the target DNA cleavage. The
protein is essential for the maturation of the crRNA.

Every CRISPR-Cas type Il locus contains Cas1 and Cas2 in addition to Cas9 genes and
requires tracrRNA for proper functioning. Type Il CRISPR-Cas system has been developed
into a powerful genome-engineering tool during the past years.

Type Il CRISPR-Cas system are divided into four subtypes, all target DNA sequences:

[1-A
Lacks Cas4 gene. Has an additional protein — Csn2 (signature protein for the subtype). Csn2’s
function is spacer acquisition and integration.

[1-B
Subtype II-B systems do not possess the Csn2 gene, but has a fourth distinct gene from Cas4
family, that is also associated with subtypes I-A to I-D.

[1-C
Is the newest subtype in the type Il CRISPR-Cas systems. II-C subtype possesses only three
genes — Cas1, Cas2 and Cas9, more common in sequenced bacterial genomes.

[I-C variant
Same as II-C, but has alternative types of Casl and Cas2 proteins and a Cas4 gene which is
absent in subtype II-C.
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Type Il CRISPR-Cas systems:

The signature gene for the type Il CRISPR-Cas systems is Cas10. Most of type Il CRISPR-Cas
systems do not encode their own distinct Cas1 and Cas2 proteins, but use crRNAs produced
by CRISPR arrays associated with type | or [l CRISPR-Cas systems.

Type Il CRISPR-Cas is divided into five subtypes:

-A
Subtype llI-A often possess Cas1, Cas2, Csm6 and Cas6 genes. Has only two Cas7 copies, in

comparison to llI-B and IlI-C, where both have three, and IlI-D that has four copies. Targets
DNA and RNA.

I11-B
Subtype 1lI-B lacks Cas1, Cas2 and Csmé6 genes and is dependent on other CRISPR-Cas
systems that are present in the same genome. Targets DNA and RNA.

[-C
Resembles IlI-B, but has different locus architecture. Lacks Cas6 gene. Targets DNA and RNA.

l1-D
Has four copies of Cas7 gene and an additional unidentified gene, lacks Cas5 gene.
Presumably targets RNA.

Type IV CRISPR-Cas systems

The Csf1 gene can be considered a signature gene for the type IV CRISPR-Cas systems, that
lacks Cas1 and Cas2 genes. Type IV systems possess an effector complex that consist of
highly reduced large subunit Csfl, two genes for RAMP proteins of the Cas5 (Csf3) and Cas7
(Csf2) groups, and in some cases a gene for small subunit.

Type IV CRISPR-Cas systems consist of two distinct subtypes:

IV-A

Contains a helicase Csf4, and Cas6 analogue.

IV-B

Contains a gene for a small alpha helical protein, presumably a small subunit, lacks csf4 and
Cas6 genes.
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Type V CRISPR-CAS systems

Signature gene for type V systems is Cpf1 (Cas12). This Cas-protein is a large protein that
contains nuclease domain RuvC, homologous to Cas9, but lacks the second nuclease domain
present in all Cas9 systems — NHN. Type V CRISPR-Cas systems target DNA, and are
composed of seven subtypes:

V-A
Consists of Cpfl multidomain protein (Cas12a), Cas4 nuclease, and Cas1 and Cas2 genes.

V-B
This subtype has another variant of Cpfl, often referred to as Cas12b, Cas4 is fused to Casl.
Unlike V-A, V-B subtype uses tracrRNA.

V-B variant
Same as V-B, but different locus architecture.

V-C
Contains another Cpfl analog — Cas12c. Lacks Cas4 and Cas2 and has slightly different locus
architecture.

V-D

Same as V-C, but has different locus architecture and Cas12d variant.

V-E

Same as V-A, but uses tracrRNA and yet another Cas12 analogue — Cas12e.

V-U

Tentative. This subtype is for CRISPR-Cas proteins that show similarity to type V systems
architecture, but biological functions are yet unknown. There are total five subtype V-U
variants that differ in Cpfl composition.
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Type VI CRISPR-CAS systems

Type VI CRISPR-Cas systems have a common signature gene — Cas13. Type VI CRISPR-Cas
systems target RNA. Majority of VI types lack Cas1 and Cas2 genes.

VI-A
Contains Cas13a, Cas1 and Cas2.

VI-B1
Lacks Cas1 and Cas2 genes, has an additional Csx28 gene and alternative Cas13b.

VI-B2
Same as VI-B2, but lacks Csx28 and has an additional Csx27 protein instead.

VI-C
Lacks Cas1 and Cas2 genes, composed of Cas13c only.

VI-D
Same as VI-A, but has an additional “WYL” gene of unknown function.
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An overview of CRISPR-associated proteins

CRISPR-Cas proteins are a number of proteins typically found in the CRISPR-locus in a variety
of microorganisms, such as bacteria and archaea. The CRISPR locus composition tends to
differ in those organisms. Those differences provide possibility to group CRISPR systems in
microorganisms based on the composition of CRISPR locus — see “Major types of CRISPR-Cas
system and their subtypes”.

CRISPR-Cas proteins provide different functions in the CRISPR-Cas systems and are involved
in antiviral defense against viral nucleic acids. Since the discovery of CRISPR-Cas systems,
there have been many attempts to categorize, study and adapt CRISPR-Cas proteins for use
in gene engineering and biotechnology studies. An understanding of CRISPR-Cas systems
composition and functions could provide huge advantage for scientific applications.

CRISPR-Cas9 and its variants are probably the most used Cas-complexes in modern
biotechnology, but the study of Cas’es gives indications that other Cas-proteins can be
substitutes or even better alternatives to Cas9. Following is a short overview of CRISPR-Cas
proteins discovered during this study, with a short description of their functions in the
CRISPR-Cas systems when available.

In this study, CRISPR-associated proteins are divided into two groups: Essential proteins —
Cas’es, and additional proteins — Cxx’es. “Cxx” is not an official name, and is only used in this
thesis to describe the group of additional Cas proteins as a whole. The abbreviation “xx”
indicates two letters of the short name of the protein, for example “sy” in Csy.

See Appendix | and Il for a short list of all CRISPR-associated protein and their functions.
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Essential CRISPR-Cas proteins

CRISPR-associated proteins have a variety of different functions in the complex, such as:

Nuclease — a restriction enzyme that can perform cleavage of phosphodiester bonds
between nucleotide chains, such as DNA or RNA. Cleavage results in smaller nucleotide
units.

DNAse — a nuclease specific to DNA chain cleavage, also called deoxyribonuclease.
RNAse — a nuclease specific to RNA chain cleavage, also called ribonuclease.
Endonuclease — a nuclease that performs non-specific cleavage of nucleotide sequence chain.

Exonuclease — a nuclease that can only perform cleavage at the end of nucleotide sequence
chain, and one nucleotide at a time.

Exoribonuclease - a ribonuclease that can only perform cleavage at the end of ribonucleotide
sequence chain, and one at a time.

Helicase — an enzyme able to separate duplex nucleic acids.
Integrase — an enzyme able to integrate nucleic acids into DNA or RNA sequences.

Endodeoxyribonuclease — a restriction enzyme that possess both deoxyribonuclease and
endonuclease catalytic functions.

ATPase — an enzyme catalyzing ATP degradation to ADP + free phosphate ion, releasing
energy that enzyme can use to catalyze chemical reactions.

RAMP - Repeat Associated Mysterious Protein, a family of proteins containing RRM (RNA
recognition motif).

Casposase — CRISPR-Cas transposase.

Transposase — an enzyme able to bind transposons (short DNA sequence) and move them
to another site in the genome.

Polymerase — an enzyme that catalyzes DNA or RNA polymer synthesis.
Reverse transcriptase — an enzyme that catalyzes complimentary DNA from RNA template.

Cyclase — an enzyme that can catalyzes cyclic compounds — chemical compounds formed as
aring.

Slicer protein — an enzyme able to degrade nucleic chains.

21



Casl
Based on research of Casl activity, Casl proteins might be g  Casl-casposons A
mobile elements - so called casposons. Purified Casl V-CD
casposase can integrate specific sequences into random \ 7
target sites, both short oligonucleotides with inverted ! /
repeat sequences, and mini-casposons (Hickman & Dyda, N\\F I-AC

2015). Casl proteins are asymmetrical homodimers with €55 ~—
each monomer having an N-terminal B-sheet domain and C-
terminal a-helical domain (James Nunez et.al.) In CRISPR i

systems, Casl protein is a metal-depended DNA nuclease, _— [
that possess endonuclease activity, and is needed for the

process of viral DNA disintegration. The removal of the gene ¢
from the genome in E. coli resulted in mcreafsed sensitivity Figure 11. Makarova, K. S., Wolf, Y. .
to DNA damage and chromosomal segregation (Makarova ¢ v, 0nin £ v (2018). Classification

& Koonin, 2015). and nomenclature of CRISPR-Cas

. . . . systems: where from here? The
Additionally, Casl has been linked to physical and genetic  cz/spr journal, 1 (5): 325-336.

interactions with key components of DNA repair systems,
implicating its involvement in DNA repair mechanisms (Kim
et al.,, 2013).

O

CRISPR-Cas phylogenetic tree based
on Cas1 similarity.

Casl is the most preserved Cas protein in the CRISPR genome, and for quite a long time was
used for classification of CRISPR systems (figure 11) before they were being classified by
CRISPR locus architecture. (Makarova et al., 2017) Crystal structure of Casl is shown in
figure 12 as a part of Cas1-Cas2 complex.

Cas?2
Cas2 proteins are symmetrical homodimers with a core ferredoxin fold. Active site mutants
of Cas2 can acquire spacers, indicating a non-enzymatic role of Cas2 during CRISPR-Cas
immunity (James Nunez et al). Different homologues of Cas2 have shown RNase activity,
specific to U-rich regions, and double stranded DNase activityl. Most important role of Cas2
proteins in CRISPR-systems is as a subunit of Cas1-Cas2 complex (Makarova & Koonin,
2015). Crystal structure of Cas2 is shown in figure 12 as a part of Cas1-Cas2 complex.

Cas1-Cas2 complex
The initial stage of CRISPR-Cas immunity involves the integration of foreign DNA spacer
segments into the host genomic CRISPR locus. Two CRISPR-associated proteins are required
for the acquisition step of adaptation, in which fragments of foreign DNA are incorporated
into the host CRISPR locus — Casl and Cas2. Casl and Cas2 are the only proteins conserved
among almost all CRISPR-Cas systems (Nufiez et al., 2015).
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Purified CRISPR Cas1-Cas2 complex can integrate protospacers into CRISPR locus, indicating
that the two proteins together form a DNA integrase (Hickman & Dyda, 2015).

Figure 12. Nuifez, J. K., Kranzusch, P. J., Noeske, J., Wright, A. V., Davies, C. W. & Doudna, J. A. (2014). Cas1—Cas2
complex formation mediates spacer acquisition during CRISPR—Cas adaptive immunity. Nature structural
molecular biology, 21 (6): 528.

Crystal structure of Cas1- Cas2 complex - Cas2 dimer (yellow and orange) and two Cas1 dimers blue and teal.

Cas1-Cas2 complex is an asymmetrical complex consisting of two Cas1 dimers (Casla-b and
Caslc-d) and a Cas2 dimer. Casla and Caslc make contact with the Cas2 dimer, but no
contacts between Caslb or Casld and Cas2 were observed. The interface between Cas1 and
Cas2 consists of hydrogen-bonding, electrostatic and hydrophobic interactions (Nufiez et al.,

2014).

Cas3
Cas3 proteins have two domains - Cas3’ helicase and Cas3”” HD nuclease. Cas 3 proteins are
nuclease helicases with single strand DNA-stimulated ATPase activity coupled to unwinding
of DNA-DNA and RNA-DNA duplexes. Cas3’ is involved in delivery of nuclease activity to
CASCADE complex (see crRPNs). Cas3” HD domain has ATP-independent nuclease activity
that targets ssDNA. Cas3 is essential for crRNA-guided DNA interference of CRISPR systems
(Sinkunas et al., 2011).

Cascade/ crRNA
S Camdel Cascade/
A CrRNA @
Foreign DNA R-loop % 1st-strand Cascade 2nd- strand
formation cleavage displacement cleavage

Figure 13. Sinkunas, T., Gasiunas, G., Fremaux, C., Barrangou, R., Horvath, P. & Siksnys, V. (2011). Cas3 is a
single-stranded DNA nuclease and ATP-dependent helicase in the CRISPR/Cas immune system. The EMBO
journal, 30 (7): 1335-1342.

Representation of Cas3 recruitment by CASCADE surveillance complex for directed DNA cleavage.

Cas3 proteins are involved in cleavage of the invading DNA (figure 13). In CRISPR-Cas
systems, Cas3 is a motor protein responsible for nuclease activity of CASCADE-crRNA
complex (Makarova, 2015).
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Cas4 role in CRISPR systems, where the protein is
taking part in incorporating spacers into CRISPR

array for viral immunity.

In their study Zhang et. al. (Zhang et al.,
2012) have shown that Cas4 protein
families perform as 5’-3’ DNA exonucleases
in vivo too. Based on evidence that Cas4
can form complexes with Casl and Cas2
the group suggested that the activity of
Cas4 is dependent on its partner proteins,
one possible role of Cas4 is generating recombinogenic 3’-5’-ssDNA overhangs in duplex DNA
protospacers selected for incorporation into the genome (figure 15) (Zhang et al., 2012).

Cas4

Cas4 is a nuclease with three-cysteine C-
terminal cluster; it possesses 5’-3’ ssDNA
exonuclease activity and is a reverse
transcriptase (Makarova et al., 2017). Cas4
plays a role in acquiring of new viral DNA
sequences and incorporating those into the
host genome for further crRNA production
(figure 14). Cas4 has a RecB domain(a
nuclease); Some Cas4 variants have shown
exonuclease activity in vitro and are
characterized as 5’-3’ single strand DNA
exonucleases (Lee et al., 2018).
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Cas1

Integration into CRISPR locus

Figure 15. Zhang, J., Kasciukovic, T. & White, M. F.
(2012). The CRISPR associated protein Cas4 Is a 5’ to
3’ DNA exonuclease with an iron-sulfur cluster. PLoS
One, 7(10): e47232.

Process of spacer generation by Cas4 for integration
into CRISPR locus.

Cas4 has ancestral connection to Csal, which is a Cas protein specific to archaea. It has been
suggested to rename Csal to Cas4’. Cas4 and Csal has shown connection to Casl and Cas2
in some organisms, leading to an assumption that Cas4 and Csal are participating in spacer
acquisition pathway (Plagens et al., 2012).
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Cas5 role in CRISPR-Cas expression and interference
stages of crRNA maturation.

2 .

~
CasSd

Cas5 is involved in interactions with large
subunit of the CASCADE surveillance
complex, Cas7 and binding the 5’-handle of
crRNA (figure 16A). In subtype I-C Cas5
replaces Cas6 functions, and performs as an
endoribonuclease (Barrangou et. al, 2007).

Cas5 plays an important role in as pre-crRNA
processor in crRNA maturation. Protein
cleaves pre-crRNA into smaller crRNAs
during expression stage. Additionally,
together with Cas7" and Cas8, Cas5 forms
CASCADE-like interference complex,
suggesting further crRNA-mediated DNA
silencing by the complex (figure 16B). Cas5
CASCADE-like  complex shows higher
specificity for the repeat region of crRNA
than CASCADE complex itself. In an
experiment performed by Mohanraju et.al.

(Mohanraju et al., 2016) alterations of loop sequence of crRNA repeat region had little effect
on Cas5 CASCADE-like complex, but the same changes disrupted formation of CASCADE
complex. Mohanraju et.al. (Mohanraju et al., 2016) suggested that increase in specificity is
mediated by presence of either Cas7 or Cas8 in the complex. Based on Cass et.al. research, it

is suggested that Cas8 is responsible for the specificity increase (Cass et al., 2015).
*In newest CRISPR-Cas nomenclature, Csd1 and Csd2 (shown in figure 16) are renamed to Cas7 and Cas8 respectively.

Casb

In a study of Cas6 performed by Carte et.al. (Carte et al.,
2008) has been identified as an endoribonuclease,
belonging to RAMP protein family (nucleases containing
G-rich regions). Cas6 functions have been tested both in
vivo and in vitro. Cas6 is taking a part in crRNA maturation
by cleaving precursor CRISPR RNAs within the repeat
sequences. The protein is able to catalyze site-specific
cleavage within each repeat, and release individual
invader targeting units. The process starts with Cas6
binding to a 5’- handle of pre-crRNA, and further cleaving
in the 3’- handle of CRISPR repeat RNA. Cas6 cleavage
products undergo further processing in order to generate
smaller mature psiRNAs (RNA polymerase |lll-based
plasmid that 