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ABBREVIATIONS

AAV — Adeno-associated virus

Cas — CRISPR-associated (enzyme)

Cascade — CRISPR-associated complex for antiviral defense
CMV - Cytomegalovirus

CRISPR — Clustered regularly interspaced short palindromic repeats
CRISPRa — CRISPR-mediated gene activation
CRISPRi — CRISPR interference

crRNA — CRISPR RNA

DSB — Double-strand break

dsDNA — Double-stranded DNA

gRNA — Guide RNA

HDR — Homology-directed repair

HHR — Hammerhead ribozyme

MGE — Mobile genetic element

NGS — Next generation sequencing

NHEJ — Non-homologous end joining

NLS — Nuclear localization sequence

PAM — Protospacer-adjacent motif

PCR — Polymerase chain reaction

RNAI — RNA interference

RNP — Ribonucleoprotein

SgRNA — Single-guide RNA

sSDNA — Single-stranded DNA



INTRODUCTION

CRISPR-Cas (clustered regularly interspaced short palindromic repeats—CRISPR-associated
protein) is a prokaryotic nucleoprotein system that facilitates adaptive immunity against mobile
genetic elements such as bacteriophages and plasmids. The system includes a CRISPR array and
CRISPR-associated genes encoding for Cas effector proteins. The immune process can be
divided into three stages: spacer acquisition, crRNA biogenesis, and interference [1].

During spacer acquisition, DNA fragments, derived from mobile genetic elements, are cut into
fragments and inserted into the CRISPR array as spacers. These spacers, located between short
palindromic repeats, form a record of previous infections. Fragments located upstream from a
protospacer adjacent motif (PAM) are chosen as spacers. This strategy helps to prevent self-
targeting by the CRISPR-Cas system [4; 5]. During the second stage, CRISPR array is
transcribed into precursor crRNA. Precursor crRNA is then processed into mature guiding RNA
[6]. In the final stage guiding RNA assembles with Cas effector proteins to form a surveillance
complex that can recognize and degrade foreign DNA or RNA sequences [7].

Two major classes can be identified in CRISPR-Cas systems, class 1 and class 2. Class 1 has a
multi-subunit RNA-guided nucleoprotein effector complex and includes three types, Type I, IlI,
and 1V, defined based on signature genes and locus organization. Class 1 CRISPR-Cas systems
rely on an effector nuclease and/or helicase for interference. Class 2 has a single, multi-
functional effector protein, such as commonly used for gene editing Cas9 or Casl2, guided by
RNA [9; 10].

Type IV CRISPR-Cas systems belong to class 1 and have a compact interference complex,
similar in structure to type | Cascade that consists of five small proteins bound to a crRNA. The
complex can bind fragments of DNA, located close to an appropriate PAM (protospacer adjacent
motif) in a crRNA-dependent manner. Upon binding, an R-loop structure forms and a DinG
helicase is recruited for interference. Type IV CRISPR-Cas systems are the least researched
amongst the known CRISPR types [17].

CRISPR-Cas systems can be targeted to specific DNA sequences for cleavage and have been
adapted for a variety of uses in gene editing [25]. Additionally, to the use of catalytically active
CRISPR-Cas to cleave target genes, deactivated CRISPR-Cas complexes can regulate gene
expression in systems such as CRISPRIi, CRISPRa or CRISPR-mediated epigenetic editing. In
CRISPR activation (CRISPRa) systems deactivated Cas effector is used to recruit transcription

activators to transcription start sites to induce gene overexpression [36]. CRISPR interference
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(CRISPRI) can be used to achieve targeted silencing of gene transcription by fusing the
inactivated Cas effector with transcription repressor domains [37]. CRISPR-Cas systems can
also be used for site-specific recruitment of chromatin-modifying epigenetic enzymes for

sequence-specific epigenome editing [40].

Despite the abundance of potential applications, use of CRISPR editing in human cells is limited
by the size of the system (sequence of spCas9, commonly used for gene editing, has a size of 4.2
kb), compared to the cargo capacity of AAV (a commonly used viral vector), which is <4.7 kb
[46]. Since a major challenge for the widespread use of CRISPR-Cas systems in eukaryotic cells
has been the delivery of these large complexes, development of minimal CRISPR-Cas editors,

such as type 1V, is important for future use in therapy.

Multi-subunit nature of type IV CRISPR-Cas complexes can also be used in CRISPRI, CRISPRa
or CRISPR epigenetic editing, since it allows for the development of different Cas protein—

effector domain fusion strategies.

In general, applying type IV CRISPR-Cas for use in eukaryotic cells has potential to advance
genome editing. So, the goal of this study is to establish the functioning of CRISPR-Cas type IV
system in eukaryotic cells to be used for therapeutic purposes, development of a minimal
CRISPR-Cas system for use with low-cargo capacity vectors, as well as the development of type

IV CRISPR editors for regulation of gene expression.



Research Objectives:

Establishment of type IV CRISPR-Cas system for gene editing in human cells.

Research tasks:

1. Establish the functioning of a type IV CRISPR-Cas system in eukaryotic cells.

2. Develop a hypercompact CRISPR-Cas type 1V system.
3. Develop type IV CRISPR editors for epigenetic regulation of gene expression.



1. LITERATURE REVIEW.

1.1 CRISPR-Cas system overview
CRISPR-Cas (clustered regularly interspaced short palindromic repeats—CRISPR-associated

proteins) is a naturally occurring nucleoprotein system that facilitates adaptive immunity of
bacteria and archaea against mobile genetic elements (MGEs) such as bacteriophages and
plasmids. CRISPR-Cas systems consist of a CRISPR array and CRISPR-associated genes that

encode Cas effector proteins. [1]

CRISPR-Cas loci localize on the prokaryotic chromosome, as well as on some megaplasmids.
[2] They consist of an AT-rich leader sequence, followed by an array of short, frequently ranging
in size from 28 to 37 base pairs, palindromic repeats. The repeats are intervened by “spacers”,
sequences acquired from the genomes of viruses or other MGEs during a previous infection.
Spacers are usually 32 to 38 base pairs long, depending on the array. Some CRISPR repeats can

form a secondary structure, such as a stem loop, judging by their dyad symmetry. [3]

The CRISPR-Cas mediated immune process is divided into three stages: spacer acquisition,
crRNA biogenesis, and interference. During spacer acquisition the DNA sequences of foreign
MGEs are cut into fragments and inserted as new spacers into the CRISPR array, downstream of
the leader. These spacer sequences are thus a record of prior infections. [4; 5] The fragments of
foreign genome chosen to be acquired as spacers, termed protospacers, tend to be located
adjacent to 3-5 bp DNA sequences called PAMs (protospacer adjacent motifs). The presence of a
PAM upstream or downstream of the potential crRNA-complementary region is recognized by
the surveillance complex first and is integral for the beginning of the target strand-crRNA
pairing during interference. This mechanism is needed to eliminate the possibility of self-

targeting since PAMs are not present in the CRISPR array. [5; 6]

In the second stage, CRNA biogenesis, the CRISPR array is transcribed into a precursor crRNA,
and is subsequently processed by cleavage into mature guiding crRNAs. Mature crRNAS contain
the spacer sequence, complementary to one located in the foreign DNA molecule, flanked by
partial CRISPR repeat sequences on one or both sides that are needed for binding to Cas

proteins. [6]

The last stage of the process is the formation of the surveillance complex, assembled from one or
several Cas proteins bound to a crRNA guide, giving the complex the ability to sequence-

specifically recognize and degrade foreign DNA or RNA sequences. [7]



In brief, during DNA-interference, recognition of PAM initiates localized DNA unwinding and
the creation of a “seed loop” intermediate needed for the target strand recognition process to
begin. [7; 8] Hybridization of crRNA and the target strand displaces the nontarget strand and
causes the seed loop to expand into a three-stranded R-loop structure, supported by Cas proteins.
After this, the nucleic acid can be cut by the effector complex using either its intrinsic nuclease

activity or a separately recruited nuclease. [8]

1.2 Class 1 and 2 CRISPR-Cas systems.
CRISPR-Cas systems can be divided into two major classes, class 1 and class 2, based on the

architecture of their effector molecules. Class 1 is defined by a multi-unit effector complex,
while class 2 effectors contain a single protein. [9]

CRISPR-Cas systems can additionally be classified into 6 types (from type | to type VI) and
several subtypes, with types I, 1ll, and 1V belonging to class 1 (figure 1.2.1a). The distinction
between the CRISPR-Cas types and subtypes is based on each type’s signature genes and the
organization of their respective loci [10].

Most of the CRISPR types target DNA, but some types, such as Type VI can specifically target
RNA, while Type Il CRISPR systems exhibit both RNA- and DNA- interference.

In type 1 surveillance complexes, multiple Cas proteins are assembled around a crRNA. The
type I “Cascade” (CRISPR-associated complex for antiviral defense) interference complex has a
seahorse-like architecture and consists of subunits Cas8, Cas5, Cas7, Casll, Cas6, and multiple
Cas7 subunits. Cas7 assembles along the crRNA spacer forming the helical “backbone” of the
structure, Casl1l forming a “belly” filament, single copies of Cas8 (large subunit) and Cas5
positioned at the 5’end of the crRNA at the “foot” of the complex, and a Cas6 subunit capping
the backbone of the complex by binding to the 3’ end of the crRNA (figure 1.2.1b). [10; 11]
Cas6 endonuclease is needed by most class 1 systems to process crRNA by cutting a pre-crRNA
transcript to form individual crRNA molecules that consist of a 5'-tag derived from a

palindromic repeat, a spacer region, and a 3’-stem loop hairpin. [13]
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Figure 1.2.1 Class 1 CRISPR-Cas effector complexes. a. Effector proteins characteristic of
three known class 1 CRISPR-Cas types. Subunits that are analogous between the different types

are shown with the same color. b. Type | crRNA-guided effector complex architecture. (Figure
adapted from Liu, Doudna, 2020)

A type Il surveillance complex is characterized by architecture similar to that of a type |
complex, but with a more extended shape. Casl10 protein replaces Cas8 as the large subunit of
the “foot” of the complex in type III systems. The 3’ end of the crRNA in type Il systems is

bound by a specialized Cas7-like subunit. Type Il surveillance complexes are also distinct in
their lack of a Cas6 protein. [14]

Type IV CRISPR-Cas complexes include three subtypes, from IV-A to IV- E, and have a large
subunit, Csfl (Cas8), as well as subunits homologous to Cas7, Cas6, and Casb. (figure 1.2.2)
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Figure 1.2.2 Type IV CRISPR-Cas systems, organized according to genome loci, effector
complex architectures and evolutionary relationships. Typical organization of operons of type IV
system subtypes. Genes are colour-coded and labeled according to the protein families they
encode. Cas nomenclature is represented at the top of each gene, Csf nomenclature is
represented at the bottom. (R. Pinilla-Redondo, 2019)

Class 1 CRISPR-Cas systems require the presence of an effector nuclease and/or helicase that
works with the surveillance complex to cleave target DNA or RNA. Most type | Cascade as well
as type IV effector complexes have no intrinsic enzymatic activity, which causes reliance on
recruitment of helicase-nuclease Cas3 to degrade dsDNA in the case of type | system, and a
DNAse-free DinG family helicase Csf4, in the case of a type IV system. [10, 12] Type III
CRISPR-Cas Csm and Cmr possess intrinsic DNase and RNase activities but still utilize an
accompanying nuclease effector (Csm6/Csx1), the activity of which is stimulated by a secondary
messenger, cOA. [14]

In contrast to class 1 systems, class Il systems utilize a single multi-functional protein, such as
Cas9 or Casl2, that can target and degrade DNA, guided either by an RNA heteroduplex
consisting of a crRNA and a trans-activating crRNA (tracrRNA), or a single guide RNA. [15]

1.3 Type IV CRISPR-Cas systems.
Type IV CRISPR-Cas is a subclass of class 1 systems and, therefore, shares several key

characteristics of class 1, such as a multi-subunit interference complex with a seahorse-like
architecture. [16] Type IV CRISPR-Cas systems can be divided into several subtypes: IV-A (1;
2; 3), IV-B, IV-C, IV-D and IV-E. Type IV CRISPR-Cas is the least researched of the currently
known CRISPR types. [16; 17]

The interference complex of the system is compact and consists of 3-5 small proteins and a
crRNA. The arrangement of genes observed in a type IV-A CRISPR locus tends to follow the
csf4 (dinG), csf5 (cas6-Like), csfl (cas8-Like), csf2 (cas7), csf3 (cas5) scheme [18] The loci also

contain a conserved leader sequence succeeded by a CRISPR array (figure 1.3).

Type 1V systems tend to lack proteins needed for acquisition of spacers from foreign DNA, i.e.,
Casl and Cas2, but some still contain adjacent CRISPR arrays. These are mostly located close to
subtype IV-A systems. In the absence of adaptation genes, type IV-A systems can co-localize
with some type | systems and utilize these system’s adaptation proteins for the incorporation of

new spacers into their CRISPR-array. [18]
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Expression of different variants of a pre-crRNA processing endonuclease has been observed in
different type 1V systems. These endonucleases are denoted Cas6, Cas6e, and Csf5. Histidine
and tyrosine active site residues perform the cleavage in Cas6 and Cas6e enzymes, while the
Csf5 active site employs arginine residues [18; 19]. Loci of subtype IV-A systems encode for a
Csf5 crRNA endonuclease which performs cleavage of pre-crRNA repeats at the 3’ side of a
predicted stem loop, ensuring crRNA maturation during the biogenesis stage. At the same time
subtype 1VV-B systems lack these proteins [20; 21], it is unclear what crRNAs are used by IV-B
systems and how they function for nucleic acid interference. Some type IV systems utilize a
Cas6 homolog from a different system. E.g., type I-E. In type IVV-A systems, the mature crRNA

retains the 3’ hairpin structure.

type IV-A csf4/dinG —csf1 y{esf2 Hlestd{es) KO- <>|—

Csf5

’ ' Target
Csfd S, - > [ \pnrr2f) ) ---------- > unwinding by ------- i
(s> ? i :
Csf2 Binds plasmid DNA e DinG? ]
Csf1 targj;é;g?:;g; al Target degradatic
IV-A Csf RNP ‘ by DinG?
complex recruitment y a:f;g:g:: &

to R-loop

Figure 1.3.1 Model of type IV ribonucleic complex structure. Type IV-A CRISPR-Cas locus
consists of genes encoding for Csfl, Csf2, Csf3, Csf5 and DinG, as well as a CRISPR array. The
effector complex consists of Csfl, Csf2, Csf3 and Csf5, DinG helicase is recruited separately. 1V-
A RNP complexes likely bind DNA targets and recruit DinG for target unwinding and degradation.
(Figure adapted from Taylor, 2021)

For interference, type IV systems form a crRNA-guided effector complex similar to type I
Cascade, composed of Csfl, Csf3, Csf5, and multiple copies of Csf2. In the complex Csf2
proteins form a helical scaffold around the crRNA. Meanwhile Csfl and Csf5 are located close
to the 3'-end of the crRNA [22] (figure 1.3.1)

non-target strand

-3
L O O
-5

target strand
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Figure 1.3.2 Schematic representation of a Type 1V-A R-loop. Type IV-A crRNA paired with the
complementary DNA strand upstream of a PAM, non-target strand is displaced. (Figure adapted
from Guo, 2022)

The complex functions by binding fragments of nucleic acid sequences complementary to the
guiding crRNA, which causes a formation of an R loop (figure 1.3.2). A DinG helicase that is
not part of the complex is later recruited to the R loop for interference an appropriate PAM is
needed to begin the DNA recognition process. 1V-A protospacers were observed to be flanked
with a 5'-TTC-3' PAM similar to I-E systems. [23]

1.4 CRISPR-Cas mediated genome editing.
One of the core characteristics of CRISPR-Cas systems is their ability to recognize a specific

DNA/RNA sequence in the target genome or RNome in a guide-RNA programmable manner.
This feature allowed for efficient adaptation of CRISPR-Cas for gene editing.

Gene editing is a developing set of techniques, targeted towards changing the genetic makeup of

cells and organisms for research and therapeutic applications [24]

The CRISPR-Cas system most frequently used for genome editing belongs to class 2 type Il
CRISPR systems and is composed of two components: Cas9 nuclease and an artificial single
guide RNA, a fusion of a (crRNA) and (tracrRNA). [25] The most widely used variant of Cas9 is
derived from Streptococcus pyogenes., Upon PAM recognition by the spCas9-sgRNA complex,
the target DNA strand located upstream of the PAM is paired with the spacer portion of the
SgRNA. The target region is then cleaved by the Cas9 nuclease, creating a blunt-end double-
stranded break. Class 2 CRISPR-Cas systems have been mostly used in genome editing due to
their precision, simplicity and the small number of components required for DNA targeting. [26]
This contrasts class 1 systems, which are characterized by effector complexes consisting of

multiple proteins that usually introduce large genomic deletions in gene editing applications [27].

Several strategies for gene editing using CRISPR-Cas exist. The most common use for the
CRISPR-Cas systems is gene knockout. In this strategy, the system, equipped with a sgRNA
sequence matching that of a gene that needs to be inactivated is delivered into the cell. SQRNA
then guides the Cas effector to the target DNA, after target strand DNA-sgRNA complex

formation Cas nuclease will form a double-stranded break in the protospacer region. [28, 29, 30]

The break in the DNA can be repaired through either non-homologous end joining (NHEJ) or
homology-directed repair (HDR). Activation of the NHEJ pathway happens in the absence of a

template and causes insertions or deletions, disruptive to the targeted loci. Targeted insertions
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into the genome are possible with the use of a homology-directed repair pathway. If a donor
DNA fragment, homologous to the targeted locus, is present after the Cas protein created a
double-stranded break the HDR pathway will be activated, which makes it possible to insert a

new sequence. [31]

1.5 Next generation genome editing
Beyond conventional gene engineering, CRISPR-Cas systems can be applied for control of gene

expression, utilizing the ability of the complex to bind specific, predetermined regions of the
genome, but not its catalytic activity. The deactivation of the functional domain of a Cas protein
or removal of the putative helicase from a class 1 complex does not affect the ability of the
system to bind DNA in the target site, which makes the use of inactive CRISPR-Cas in next

generation genome editing possible. [31]

Posttranslational DNA modifications can help guide the activity of the cell by regulating rates of
expression of certain genes. [32] The use of novel epigenetic editing techniques based on
CRISPR-Cas systems can help program gene expression in the cell and manipulate the
architecture of native chromatin. [33, 36] Epigenome editing can be used for the activation and
repression of certain genes as it offers a broad spectrum of opportunities for graded control of
gene expression. CRISPR-Cas systems can be used to recruit effector molecules to a specific

site, allowing for control over modifications to DNA, histones, and chromatin architecture. [34]

DNA binding platforms able to perform chromatin reorganizations and to alter the epigenome at
a specific sequence by recruiting epigenetic effectors have already been created based on
deactivated class 2 CRISPR-Cas systems. [35]

CRISPR systems can be used for CRISPR activation (CRISPRa) systems, in which sgRNAs and
deactivated, or dead (dCas9), are used to recruit transcription activators to transcription start sites
(TSS) to induce gene overexpression. Multiple transcriptional activators can be recruited to a
TTS with a single sgRNA to induce higher levels of overexpression. Several strategies were
developed to achieve this, activator domains can be fused to dCas9, recruited to a protein
scaffold fused to dCas9, or recruited to an RNA scaffold fused to the sgRNA. [36]

Targeted silencing of gene transcription can be achieved with CRISPR interference (CRISPRI).
Like in CRISPRa, the system consists of a dCas9 protein and an sgRNA. RNA polymerase-
mediated transcript elongation can be stopped when the Cas9-sgRNA complex binds to the DNA
region complementary to the sgRNA, creating a steric hindrance for the polymerase and causing

repression of the target gene. To improve the efficiency of the system in cases where the dCas9-
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SsgRNA complex is not sufficient to fully block the RNA polymerase dCas9 can be fused with
transcription repressor domains. [37]

CRISPR-Cas systems can also be used for site-specific recruitment of chromatin-modifying

epigenetic enzymes for sequence-specific epigenome editing. [40]

Although the use of class 1 CRISPR-Cas systems is less widespread in gene editing than the use
of class 2 proteins such as Cas 9, they have the potential to be used for development of next
generation editors, in part, due to their multi-subunit effector complexes that do not possess
intrinsic catalytic activity. Targeting a class 1 CRISPR-Cas complex to a DNA sequence, in the
absence of Cas3/DinG can block transcriptional machinery from binding to the sequence and
lead to the repression of the transcription in the targeted gene without altering its nucleic acid

composition.

An important characteristic of epigenetic editing is the necessity to create fusions of enzymes
that take part in epigenetic regulation in vivo, and DNA-binding CRISPR-Cas proteins or
complexes that can target the epigenetic effector to a specific sequence. [39, 41] If a transcription
activator or repressor domain is fused to one of the proteins in the class 1 complex a more

precise and efficient control of gene expression may be achieved.

Type IV CRISPR-Cas systems possess multi-subunit effector complexes, and the functionality of
the type 1V system may be engineered by adding regulatory domain-fusions. The system has
multiple subunits for different Cas protein—epigenetic effector domain fusion strategies. By
fusing activator and repressor proteins to the complex and targeting it to the promotor region of
the gene upregulation or downregulation of its expression, respectively, can be possible without

the need to induce double-stranded breaks in the target sequence.

A major drawback to the use of class 2 systems is their size. Cas9 variants discovered in the wild
tend to be large, which can hinder the use of such editors because of the limited packaging
capacity of common gene editing vectors, such as Adeno Associated viruses (AAV), needed for
the delivery of the system to the cell. Packaging SpCas9 (~4.2 kb) into an AAV vector is
challenging due to its packaging capacity of ~4.5 kb. [42] While this approach is feasible, it
leaves little room for additional regulatory elements. Cas9 and multiple gRNAs can be packaged
into separate AAV vectors, increasing overall packaging capacity but necessitating co-infection
of two AAVs which limits dose and efficacy [43]. Development of smaller CRISPR-Cas systems

can have great therapeutic potential.
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1.6 Summary.
In conclusion, CRISPR-Cas is an adaptive bacterial immunity system that can bind to and

destroy nucleic acids in a guide-RNA dependent manner. In the wild, the system consists of a
CRISPR array and Cas proteins needed for spacer acquisition, pre-crRNA processing and
effector complex formation. As a genome editing tool it is represented by a complex of guide
RNA and a Cas effector that targets the system to the DNA fragment of interest.

CRISPR-Cas systems include two classes, class 1, which is characterized by a multi-subunit
effector complex, and class 2, with a single effector protein. Most CRISPR editors currently in
use are based around class 2 systems. Type V4 CRISPR-Cas systems belong to class 1 and
share several features with other class 1 systems, such as a multi subunit, crescent-shaped
effector complex. Out of all the currently known CRISPR-Cas systems, type IV systems are the
least researched, not all type 1V mechanisms of action and biological functions are known [17].

CRISPR-Cas systems can be targeted to specific DNA fragments for cleavage., CRISPR-Cas can
also be used to introduce new genes into the genome in combination with an HDR mechanism.
Deactivated CRISPR-Cas complexes can regulate gene expression in systems such as CRISPRI,
CRISPRa or CRISPR-mediated epigenetic editing.

Potential use of CRISPR editing in human cells is severely limited, in part by the decreased
cargo capacity of AAV (a commonly used viral vector)., This problem may be solved by
development of compact class 1 editors, such as type 1V-A since the DNA-targeting components
could be reduced to about 2.5 - 3 kB.

The development of minimal CRISPR-Cas editing systems is especially important for future use
in therapy since a major challenge for the widespread use of these systems in eukaryotic cells has
been the delivery of these large complexes into the cell. Moreover the multisubunit nature of
Csf2/Cas7 in class 1 CRISPR-Cas complexes allows recruiting several effector domains,

encoded on a short stretch of DNA.

The goal of this study is to improve the understanding of type IV CRISPR-Cas system, establish
the functioning of this system in eukaryotic cells, development of a minimal CRISPR-Cas
system as well as the development of type IV CRISPR editors for epigenetic regulation of gene

expression.
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2. MATERIALS AND METHODS

2.1 Materials
2.1.1. Equipment

Table 2.1.1.1: Equipment used in the study

Device

Manufacturer

Analytical balances

Fisherbrand Analytical Balances

Benchtop centrifuge

Fisherbrand GT4 Benchtop Centrifuge

Benchtop pH meter

Fisherbrand™ accumet™ AE150 Benchtop pH
Meter

Biological safety cabinet

Airstream Gen 3 Class Il Type A2 Biological
Safety Cabinet

Block heater

Thermo Scientific block heater

Electrophoresis system

multiSUB Mini, Mini Horizontal
Electrophoresis System

Electroporator

Bio-Rad MicroPulser Electroporator

Fumehood

SCALA

Gel documentation system

GelDoc  Go Imaging  System  Gel

documentation system

Magnetic stirrer

Fisherbrand Magnetic Stirrer

Incubating shaker

New Brunswick Innova 4000 Incubating
Shaker

INCUCELL laboratory incubator Incubating

shaker

Microwave oven

Severin Microwave oven 20 liters 700 watts

PCR thermocycler

ProFlex™ 3 x 32-well PCR System

thermocycler

Pipette filler

Thermo Scientific S1 Pipette Filler

Power source for electrophoresis

Invitrogen PowerEase Touch 120W Power

Supply DNA electrophoresis system

Refrigerated centrifuge

Fisher  Scientific accuSpin  Micro 17R
Refrigerated Centrifuge

Spectrophotometer

NanoDrop ND-1000 Spectrophotometer

Fisherbrand Cell Density Meter
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Spectrophotometer

Variable volume pipettes

Finnpipette F2 Variable Volume Pipettes

\Vortex mixer

Fisherbrand Mini VVortex Mixer

Water purification system

Millipore Milli-Q Direct Water Purification

System
2.1.2 Reagents
Table 2.1.2.1: Reagents used in the study

Chemical. Manufacturer Article
Acetic Acid (USP, BP, Ph. Eur.) pure, pharma grade Roth 6755.1

_ ThermoFisher BP9744500
Agar, for molecular genetics, granulated o

Scientific
Agarose broad separation range for DNA/RNA, | Fisher bioreagents BP1356-500
DNase- and RNase-Free
o _ ) ThermoFisher BP1760-5
Ampicillin Sodium Salt (Crystalline Powder) L
Scientific

Calcium chloride dihydrate Roth 5239.1
Carbenicillin disodium salt (White Powder) Roth 6344.4
Chloramphenicol Roth 3886.2
D(+)-Glucose anhydrous Panreac 1B014276
Ethylenediaminetetraacetic acid (EDTA) Panreac A1103,1000
Glycerol, for Molecular Biology Fisher bioreagents BP229-4
Hydrochloric acid, ACS reagent Sigma-Aldrich 320331
Isopropyl 3-D-1-thiogalactopyranoside (IPTG) Formedium RO36
Kanamycin Roth T832.5
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Magnesium chloride hexahydrate, 99% Acros organics 197530010
Ethanol, 99%, Honeywell 32221
Potassium Acetate Roth HN10.3
Potassium Chloride Fisher Chemical P/4240/60
Sodium dodecyl sulfate (SDS) pellets Roth CN30.2
Sodium chioride ThermoFisher J21618.A1
Scientific
Sodium hydroxide Honeywell 10094491
Super Optimal broth with Catabolite repression (SOC) _ _ 11347689
edium MP Biomedicals
TRIS base Fisher bioreagents BP152-1
Tryptone Roth 8952.1
Yeast Extract Roth 2904.3
2.1.3 Enzymes and buffers
Table 2.1.3.1: Enzymes and buffers used in the study
Reagent. Manufacturer Article
Aarl (2 U/uL) ThermoFisher Scientific ER1581
50X Oligonucleotides for Aarl, Bval ThermoFisher Scientific ER1581
10X Buffer for Aarl ThermoFisher Scientific ER1581
dNTP set ThermoFisher Scientific R0181
FastDigest Dpnl ThermoFisher Scientific FD1703
FastDigest Bsal/Eco31l ThermoFisher Scientific ER0291

19



https://www.thermofisher.com/order/catalog/product/FD1704?tsid=Email_POE_OC_OrderConfirm%20_SKULINK

FastDigest Value Pack ThermoFisher Scientific K1991
FastAP thermosensitive alkaline phosphatase ThermoFisher Scientific EF0654
Phusion Plus DNA Polymerase ThermoFisher Scientific F630XL
Phusion Plus DNA Polymerase buffer ThermoFisher Scientific F630XL
Phusion Plus high GC enhancer ThermoFisher Scientific F630XL
Phusion DNA Polymerase ThermoFisher Scientific F530XL
Phusion DNA Polymerase buffer ThermoFisher Scientific F530XL
Q5 DNA polymerase NEB MO0491S
T4 DNA Ligase ThermoFisher Scientific ELO011
T4 Polynucleotide Kinase ThermoFisher Scientific EKO0031
2.1.4 Stains and Ladders
Table 2.1.4.1: Stains and ladders used in the study
Reagent Manufacturer Article
Ethidium bromide Roth HP47.1
GeneRuler DNA Ladder Mix ThermoFisher Scientific SM0331
GeneRuler 1-kb DNA ladder ThermoFisher Scientific SM0311
GeneRuler 100-bp DNA ladder ThermoFisher Scientific SM0241
SYBR® Green DNA dye, 9.0 ml, 5 x 1.8 1CN2.2
ml Roth
SYBR™ Gold Nucleic Acid Gel Stain, 500 S11494
pL Invitrogen

2.1.5 Commercial kits
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Table 2.1.5.1: Commercial kits used in the study

Kit Manufacturer Catalog number
GeneJET Gel Extraction Kit ThermoFisher Scientific K0691
GeneJET PCR Purification Kit | ThermoFisher Scientific K0702
GeneJET Plasmid Miniprep Kit | ThermoFisher Scientific K0502

2.1.6 Plasmids

Table 2.1.7.1: Plasmids used in the study

Plasmid Description Manufacturer/supplier/reference
source
pACYCDuet-1 Plasmid carrying a | Obtained from the plasmid

chloramphenicol  resistance

gene, used as a target during

collection of Dr Patrick Pausch.

the efficiency of
transformation assay.
pX330-U6-Chimeric_BB- High-copy  plasmid  for | Provided by the laboratory of

CBh-hSpCas9

mammalian expression, used
for the construction of the
eukaryotic type 1V expression
vector. It is a human codon
SpCas9
crRNA

expression plasmid. Plasmid

optimized and

chimeric guide

carries an ampicillin
resistance gene, a U6
promoter, a CMV enhancer
sequence and a gRNA
scaffold.

Dr Urté Neniskyte.

PYTKO95

High copy plasmid, used as a

Obtained from the plasmid
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backbone to construct crRNA | collection of Dr Patrick Pausch.
guide  encoding  vectors
targeting the chloramphenicol
resistance  gene.  Plasmid
carries resistance to
ampicillin, a ColE1 origin and
an sfGFP dropout

pRSF-Duet-1 Bacterial expression vector | Obtained from the plasmid
that carries the RSF1030 | collection of Dr Patrick Pausch.
replicon, lacl gene and
kanamycin resistance gene.

Used as a backbone for
construction of the type IV
system prokaryotic

expression vector.

2.1.7 Bacterial strains
2.1.7.1 Mach1l

Machl (str. W ArecA1398 endAl fhuA ®80A(lac)M15 A(lac)X74 hsdR(rK—mK+)) chemically
competent E. coli cells used as cloning hosts for prokaryotic expression plasmids. Amongst the
most frequently used E. coli strains for routine cloning applications. Machl cells are resistant to
T1 phage and are one of the fastest-growing chemically competent strains. Obtained from

ThermoFisher Scientific.
2.1.7.2 DH5a

DH50 (F- endAl glnV44 thi-1 recAl relAl gyrA96 deoR nupG purB20 ¢80dlacZAMI15
A(lacZY A-argF)U169, hsdR17(rK-mK+), A-) chemically competent E. coli cells were used as
cloning hosts for prokaryotic expression plasmids. DH5a cells are endonuclease A deficient and
are frequently used for routine cloning applications, especially for cloning large plasmids. Insert
stability is increased due to RecAl and endAl mutations. The mutations also improve the quality
of plasmid DNA prepared from minipreps. Obtained from the Department of Protein - DNA
Interactions, VU LSC.

2.1.7.3 TOP10
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TOP10 (F- merA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 nupG recAl araD139 A(ara-
leu)7697 galE15 galK16 rpsL(StrR) endA1 A-) electrocompetent E. coli cells were also used as
cloning hosts for prokaryotic expression plasmids. TOP10 cells have hsdR for transformation of
unmethylated DNA from PCR amplifications. Obtained from the Laboratory of Dr Stephen

Knox Jones.
2.1.7.4 NEB Stable

NEB Stable endonuclease | free electrocompetent E. coli cells (F' proA+B+ laclq A(lacZ)M15
zzf::Tnl0 (TetR)/A(ara-leu) 7697 araD139 thuA AlacX74 galK16 galE15 el4- ®80dlacZAM15
recAl relAl endAl nupG rpsL (StrR) rph spoT1 A(mrr-hsdRMS-mcrBC)) were used for long-
term storage of the type IV eukaryotic expression vector. NEB Stable enables the isolation of
plasmid clones containing repeat elements and unstable inserts. Obtained from New England
Biolabs (NEB).

2.1.7.5 BL21 Star (DE3)

BL21 Star (DE3) (B F— ompT gal dcm lon hsdSB(rB—-mB-) A (DE3 [lacl lacUV5-T7p07 ind1
sam7 nin5]) [malB+] K-12(AS)) E. coli cells were used for the expression of type IV system
proteins during the plasmid curing assay. BL21 Star (DE3) competent cells are suitable for the
expression of non-toxic heterologous genes. The strain contains the lambda DE3 prophage that
carries the gene for T7 RNA polymerase under control of a lacUV5 promoter, allowing
expression of the T7 RNA polymerase to be induced with IPTG. Obtained from the Department

of Protein - DNA Interactions.

2.1.8 Media
2.1.8.1 LB liquid media

10 g of tryptone, 5 g of yeast extract 10 g of NaCl were dissolved in 1 L of MilliQ water and
autoclaved at 121 °C, for 20 minutes. Autoclaved LB liquid media was stored at room

temperature.
2.1.8.2 LB solid media.

10 g of tryptone, 5 g of yeast extract 10 g of NaCl were dissolved in 1 L of MilliQ water, 16 g of
Agar was added, the mixture was then autoclaved (121 °C, 20 min) and stored at room

temperature.
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2.1.8.3 SOC recovery media.

31 g of SOC powder were dissolved in 1 L of autoclaved Milli Q water, pH was adjusted to 6.99-
7 with 1 N NaOH. SOC recovery media was filter-sterilized with a 0.22 um PVDF filter and
stored at 4 °C.

2.1.9 Solutions
2.1.9.1 Ampicillin stock solution (100 mg/mL).

1 g of ampicillin sodium salt was dissolved in 10 mL of MilliQ and filter-sterilized with a 0.22
pm PVDF filter. The solution was aliquoted into 1.5 -mL microcentrifuge tubes and stored at -20
°C.

2.1.9.2 CaCl, (100 mM).

14.702 g of CaCl, dihydrate were dissolved in 1 L of MilliQ water. The solution was autoclaved
at 121°C, for 20 minutes and kept at 4 °C.

2.1.9.3 CaCl, (85 mM), 15% glycerol.

12.49 g of CacCl, dihydrate were dissolved in 700 mL of MilliQ water, 300 mL of 50% glycerol
were added to the solution. The solution was autoclaved at 121 °C, for 20 minutes and kept at 4
°C.

2.1.9.4 Chloramphenicol stock solution (20 mg/mL).

0.2 g of chloramphenicol were dissolved in 10 mL of 100 % EtOH and filter-sterilized with a
0.22 um PVDF filter. The solution was aliquoted into 1.5 -mL microcentrifuge tubes and stored
at -20 °C.

2.1.9.5 Denaturing solution for kit-free isolation of plasmid DNA from bacterial culture (0.2 N
NaOH, 1.0 % SDS).

8 g of NaOH and 0.576 g of SDS were dissolved in 200 mL MilliQ water. The solution was

stored at room temperature.
2.1.9.6 Glycerol (10%).

100 mL of glycerol were dissolved in 900 mL of MilliQ water. The solution was autoclaved at

121 °C for 20 minutes. Glycerol solution was stored at 4 °C.
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2.1.9.7 Glycerol (50%).

500 mL of glycerol were dissolved in 500 mL of MilliQ water. Glycerol solution was stored at

room temperature.
2.1.9.8 IPTG (0.05 M).

0.11 g of IPTG were dissolved in 10 mL of MilliQ water and filter-sterilized with a 0.22 um
PVDF filter. The solution was aliquoted into 1.5-mL microcentrifuge tubes and stored at -20 °C.

2.1.9.9 Kanamycin stock solution (50 mg/mL).

0.5 g of kanamycin were dissolved in 10 mL of MilliQ water and filter-sterilized with a 0.22 um

PVDF filter. The solution was aliquoted into 1.5 -mL microcentrifuge tubes and stored at -20 °C.
2.1.9.10 MgClI_2 (100 mM).

20.33 g of MgCl_2 hexahydrate were dissolved in 1 L of MilliQ water. The solution was
autoclaved at 121 °C, for 20 minutes and kept at 4 °C.

2.1.9.11 NaOH (1 N).
40 g of NaOH were dissolved in 1 L MilliQ water. The solution was stored at room temperature.

2.1.9.12 Renaturing solution for kit-free isolation of plasmid DNA from bacterial culture (3 M

potassium acetate, 2 M acetic acid).

120 mL of 5M Potassium acetate and 23 mL of glacial acetic acid were dissolved in 57 mL of

MilliQ water. The solution was stored at 4 °C

2.1.9.13 Resuspension buffer for kit-free isolation of plasmid DNA from bacterial culture (25
mM TRIS-HCI (pH 8), 50 mM glucose, 10 mM EDTA).

0.6 g of TRIS were dissolved in 200 mL MilliQ water and pH was adjusted until it reached 8, 1.8
g of glucose and 0.58 g of EDTA were then added. The solution was stored at 4 °C.

2.1.9.14 TAE 50x electrophoresis buffer (2 M TRIS base, 1 M acetic acid, 0.05 M EDTA).

242 g of TRIS base, 100 ml of 0.5 M EDTA and 57.1 ml of glacial acetic acid were dissolved in

1 L of MiliQ water. The solution was stored at room temperature.

2.1.9.15 TAE 1x electrophoresis buffer (40 mM TRIS base, 20 mM acetic acid, 1 mM EDTA).
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20 mL of 50x TAE buffer were dissolved in 980 mL of MiliQ water. The solution was stored at

room temperature.
2.1.9.16 TE buffer (1 mM EDTA, 10 mM Tris-Cl).

0.2 mL of EDTA (0.5 M, pH 8.0) and 1 mL of Tris-ClI (1 M, pH 8.0) were added to 100 mL of
MiliQ water.

2.1.10 Software
2.1.10.1 Benchling.

Benchling is a cloud-based software platform for molecular biology. Benchling was used to plan
experiments, design plasmids, primers and crRNA guides, and analyze sequencing results.

2.1.10.2 GraphPad Prism version 5.01.

GraphPad Prism is a Scientific Graphing Software used for scientific graphing, comprehensive
curve fitting (nonlinear regression), statistics, and data organization. GraphPad Prism was used

for statistical analysis and visualization of results.

2.2 Methods
2.2.1 Design of plasmids

2.2.1.1 Design of crRNA guides targeting the pACYCDuet-1 chloramphenicol resistance gene
Benchling crRNA guide design tool was used to design crRNA guides targeting the

chloramphenicol resistance gene of the pACYCDuet-1 plasmid. pACYCDuet-1 plasmid
sequence was imported into Benchling and sequences downstream from AAG PAMs in the gene
and the gene promoter were selected as crRNA guides. 32 bp-long crRNA guides (table 2.2.1.1)

were used in the study.

Table 2.2.1.1: crRNA guide sequences

CrRNA | Sequence (5’ -3’) Strand, complementary
guide to crRNA guide

CrRNA | uauccagugauuuuuuucuccauuuuagcuuc crlRNA guide 1 is
guide 1 complementary t the

bottom strand of the

targeted sequence.

CrRNA | ucgauaacucaaaaaauacgcccgguagugau crRNA guide 2 is
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guide 2 complementary to the
bottom strand of the

targeted sequence.

CrRNA | aucuuauuucauuauggugaaaguuggaaccu CcrlRNA guide 3 is
guide 3 complementary to the
bottom strand of the

targeted sequence.

2.2.1.2 Design of a eukaryotic vector for mammalian expression of type IV CRISPR-Cas system
Type IV CRISPR-Cas system genes encoding for Csfl, Csf2, Csf3, Csf4 and DinG proteins,

containing C-terminal SV40 nuclear localization signals (NLS), FLAG tags and P2A sequences
were designed and codon-optimized for expression in Homo sapiens. FLAG-tag artificial tags,
with the sequence DYKDDDDK, were used to tag type IV system proteins for capture and
detection. P2A sequences, 24 amino-acid-long viral oligopeptides were used to induce
separationn of polypeptides into separate type IV proteins during translation in eukaryotic cells

(Figure 2.2.1.2.1). Synthetic DNA sequences were ordered from Twist Biosciences.

U6 _promoter,Guide
CMV_enhancer

hybrid intron
+1

AmpR_promoter

f1 ori

Tags _(DinG),
Tags (Csf2) Csf2

Figure 2.2.1.2.1: Map of eukaryotic expression vector. Positions of DNA sequences encoding for
Csfl, Csf2, Csf3, Cas6e and DinG proteins, as well as NLS sequences, FLAG-tags, P2A sites
(referred to as Tags) are shown. U6 promoter, CMV enhancer and crRNA guide sequence

upstream from the type 1V genes are also shown.

Table 2.2.1.2: CrRNA guide oligonucleotide sequences for eukaryotic expression plasmid. The

crRNA guide is located downstream from the U6 promoter.
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Oligonucleotide Sequence (5° - 37) Description

Oligo 1 F gtgtttccectgegtgegggggttatcggeggtettegg Oligonucleotides 1

Oligo 3R tcgatccgaagaccgcecgataacccccgcacgcagggga and 3 assemble with
each other

Oligo 2 F tgcacctcccgaagaagaccggtgtttcecectgegtgeg Oligonucleotides 2

Oligo 4R ccgataacccccgcacgcaggggaaacaccggtcttctt and 4 assemble with
each other

2.2.2 Oligonucleotide annealing
Oligonucleotides were phosphorylated and annealed by incubation with T4 polynucleotide

kinase for one hour at 37 °C, then heated to 95 °C for two minutes in a thermoblock (table

2.1.1.1). After that the block was removed from the heater and the reaction mixture gradually

cooled down until it reached room temperature.

Table 2.2.2.1: Oligonucleotide annealing reaction mixture

Reagent Volume

Forward oligo (100 uM) 1puL

Reverse oligo (100 uM) 1puL

T4 PNK 1uL

10x T4 DNA ligase buffer 0.5 uL

MilliQ water To5pL
2.2.3 PCRs

All PCR reactions were performed using Phusion Plus Polymerase in Phusion Plus Polymerase

Buffer with addition of 10 mM dNTPs and a GC enhancer. Concentration of primers in the final

reaction mixture was 0.5 UM. Preparation of reaction mixtures was done on ice to prevent the

dimerization of primers.

Table 2.2.3.1: PCR reaction composition

Reagent \VVolume
5X phusion buffer 4 pL
High GC enhancer 4 pL
dNTPs (10 mM) 0.4 uL
Forward primer x10 1uL
Reverse primer x10 1uL
Template DNA 1uL
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Phusion DNA polymerase

0.2 pL

MilliQ water

To 20 pL

The PCRs were performed in a thermal cycler with initial denaturation temperature set at 98 °C

for 30 seconds, denaturation at 98 °C (10 seconds), primer annealing at 55 °C (10 seconds),

extension at 72 °C (30 s/kb), final extension at 72 °C (5 minutes). Denaturation, annealing and

extension steps were repeated for 35 cycles.

PCRs were performed to introduce type IIS enzyme recognition sites into the plasmid regions
being amplified (table 2.2.3.2).

Table 2.2.3.2: Primers used in the study.*

Primer Sequence (5 - | Description Experiment
3
pX330_R_Bsal aaggcacgGTCTC | pX330. Addition of | PCR of the pX330 -eukaryotic
cccatccatggtggea | Bsal restriction site. plasmid was carried out to introduce
ccgg Bsal recognition  sites  for
_ subsequent Golden Gate assembly
pX330_F Bsal aagcacgGTCTCc | pX330. Addition of ) )
o of the eukaryotic expression vector
gcagaggaaccccta | Bsal restriction site.
and removal of the spCas9
gtgatggag :
sequence. Due to complexity of the
pX330 crRNA | tatagGTCTCgac | pX330. Addition of | eukaryotic sequence, the PCR had to
guide_ R acggtgtttcgtectttc | Bsal restriction site. be carried out in three separate
cac reactions, with a >1.5kb fragment of
_ the required section of the plasmid
pX330_crRNA tatagGTCTCgtcg | pX330. Addition of ) o )
) o being amplified in each reaction.
guide_F gttttttgttttagagcta | Bsal restriction site.
gaaatagcaag _ ) )
Primers were designed to introduce
pX330_AmpR_R | tatagGTCTCgcat | pX330. Addition of | Bsal recognition sites into the
cttacggatggcatga | Bsal restriction site. fragments of pX330 plasmid.
C
pX330_AmpR_F | tatagGTCTCtagg | pX330. Addition of
ccaccacttcaagaac | Bsal restriction site.
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tc

pYTKO095 HHR | tataCACCTGCta | pYTKO095. Addition | PCR of pYTKO095 plasmid was
_F tacgagaccgggatg | of Aarl restriction site | carried out to introduce Aarl
cac recognition sequences for insertion
_ of the hammerhead ribozyme
010-T7P-R gggaattatgctgagt | pYTKO095.  Addition
o sequence.
gatatcctacccCAC | of Aarl restriction site
CTGatat
IVA3- tataCACCTGCta | IVA3-dDIinG. Cas6e | PCRs were carried out with the
dDinG_Cas6del_ | taactgggtcataccttt | removal with addition | prokaryotic expression  plasmids
R ttcaagaggtgc of Aarl restriction | carrying type IV genes and type IV
site. genes without DinG helicase as
_ templates, to obtain plasmids
IVA3- tataCACCTGCta | IVA3-dDIinG. Cas6be ) .
) ) o carrying minimal type IV system
dDinG_Cas6del_ | tacagttcatgttaaatt | removal with addition )
o sequences that do not contain Cas6e
F ttaaaccgtatcgggtc | of  Aarl  restriction ] ]
. protein as well as non-His-tagged
site.
sequences. Aarl cut sites were
IVA3-Chis- ataCACCTGCtat | IVA3-Chis. Cas6e | introduced for the circularization of
delCas6e-R acagtagaatacatca | removal with addition | the PCR product.
gcggtatt of Aarl restriction
site.
002-Duet-MCS1- | attaCACCTGCtg | IVA3-Chis. Chis
F-Aarl cttaagtcgaacagaa | removal with addition
agtaatcg of Aarl restriction
site.
005-RPCsf2-R tataCACCTGCc | IVA3-Chis. Chis
catcttagcgggcagt | removal with addition
gaaatc of Aarl restriction

site.

* Capital letters denote sequences of introduced cut sites. The annealing temperatures of all the

designed primers were within the 55-57 °C range.

The tubes were briefly centrifuged before opening. Oligonucleotides and primers were

resuspended in MilliQ water to achieve concentration of 100 uM.
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2.2.4 Colony PCRs

Phusion Polymerase in Phusion Polymerase Buffer with addition of 10 mM dNTPs was used for

the colony PCRs. Concentration of primers in the final reaction mixture was 0.5 pM.

Figure 2.2.4.1: Colony PCR reaction composition

Reagent \Volume
5X phusion buffer 4 uL
dNTPs (10 mM) 0.4 pL
Forward primer x10 1pL
Reverse primer x10 1puL
Template DNA 1puL
Phusion DNA polymerase 0.2 puL
MilliQ water To 20 uL

Samples of E. coli colonies were transferred into the PCR reaction mixtures with sterilized

wooden toothpicks.

The PCRs were performed in a thermal cycler with initial denaturation temperature set at 98 °C
for 30 seconds, denaturation at 98 °C (10 seconds), primer annealing at 55 °C (30 seconds),
extension at 72 °C (30 s/kb), final extension at 72 °C (10 minutes). Denaturation, annealing and
extension steps were repeated for 35 cycles. The outcome of PCRs was evaluated by performing

gel electrophoresis of the amplified DNA.

To verify the sequences of constructed plasmids after ligation colony PCRs were performed
(table 2.2.4.2).

Table 2.2.4.2: Primers used for colony PCRs*

Primer Sequence (5° — | Description Experiment

3"
pX330_AAV2_ | cgcacagatgcgta | 2" intron presence | Sequence verification for type 1V
ITR_ R aggag eukaryotic expression construct.
pX330_DinG_F | gctgagtcactgtat | 2" intron presence

ggctac
pX330_gRNA | ggctagtccgttatc | G scaffold presence
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scaffold_F accttg
pX330_CMV_ | ggtacctctagagc | G scaffold presence
R catttgtc
pX330_hybrid_i | cctggagcacctge | Type 1V eukaryotic
ntron_F c expression
construct. 1% intron
presencce

pX330_Csfl_R | gctggccagaagte | 1% intron presencce

gc
pX330_U6 _F ggactatcatatgct | CrRNA guide

taccgtaacttg presence
IVA3- cgagcttgttcgetc | Cas6e presence. Sequence verification for type IV
Chis_F_seq?2 actg minimal system expression
007-RPCas6e-R | tatacacctgcccat | Cas6e presence. construct.

atgactactcccctg

ccag
IVA3- cgagcttgttcgetc | Cas6e presence. Sequence verification for type IV
Chis_F _seq?2 minimal system expression construct
RC _IVA3 Din | tatacacctgcatgc | Cas6e presence. without DinG.
G_Chis_R atggtggtgatgat

ggccacactggata

tcctcttcaaaatac

g
T7_terminator_ | ctcaagacccgttta | HHR presence. Sequence verification for pYTKO095
R gaggc guide plasmid.

*The annealing temperatures of all the designed primers were within the 50-55 °C range.

2.2.5 Removal of template DNA

PCR products were digested with Dpnl restriction enzyme (1 pL per 50 pL of reaction mixture)
for three hours at 37 °C to remove the leftover template, the enzyme was deactivated by
incubation of the reaction mixture at 80 °C for 20 minutes. The plasmid DNA was purified from

the reaction mixture using GenelJet PCR Purification Kit. If unspecific PCR products were
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detected, the product would be purified from the electrophoretic gel with a Genelet Gel
Purification Kit.

2.2.6 DNA gel electrophoresis
1% agarose gels were used to analyze 0.5 — 10 kb long sequences. 2 % gels were used to analyze

0.1 — 0.5 kb long sequences. Gels were prepared by mixing 1 or 2 % (w/v) of agarose powder
with 1XTAE buffer (40 mM TRIS base, 20 mM acetic acid, 1 mM EDTA) and heating the
mixture until the agarose melts. Ethidium bromide was added to the melted agarose to achieve
the concentration of 0.5 pg/mL. GeneRuler DNA Ladder Mix was used to evaluate sizes of the
DNA bands. Electrophoresis was performed at a voltage of 120 V for 30 minutes. Results were
then visualized by illuminating the gels with UV light.

2.2.7 Plasmid assembly

2.2.7.1 Assembly of guide sequences into pYTK095-tIX-crArray plasmid.
For assembly of RNA crRNA guides targeting the chloramphenicol resistance gene, pY TK095-

tIX-crArray plasmid, obtained from Rimvyde Cepaite, was digested with Bsal (Eco31l)
restriction endonuclease. The annealed crRNA guide oligonucleotides were diluted 100 times

and assembled with the plasmid using a T4 ligase in T4 ligase buffer.

Ligation mixtures were incubated at room temperature for 15 minutes and then transformed into
calcium-competent E. coli Machl strain cells. After overnight incubation at 37 °C on selective

solid LB agar containing ampicillin the colonies that formed were screened by colony PCR.

2.2.8 Golden Gate plasmid assembly

2.2.8.1 Golden Gate protocol
For the assembly of plasmids Golden Gate ligation protocol was used. Golden Gate cloning uses

a type IIS restriction enzyme and ligase in a restriction-ligation to assemble several DNA
fragments in a defined order in a vector in a single reaction. T4 ligase and type IIS restriction

enzyme were used in a 5 pL reaction. The vector to insert ratio was 1:1.

2.2.8.2 Assembly of plasmids carrying genes for the expression of minimal type 1V expression
systems
Plasmids carrying genes for the expression of minimal type IV expression systems were

assembled from PCR products.

Table 2.2.5.2: Protocol for assembly of minimal type IV system expression plasmids.
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Reagent \Volume
T4 DNA ligase buffer 0.5 pL
T4 DNA ligase 0.3 pL
Aarl 0.16 pL
Oligos for Aarl 0.1 pL
PCR product 200 ng
MilliQ water To 5 pL

The mix was incubated in a thermal cycler, the reaction conditions are provided in table 2.2.7.1.

Table 2.2.8.2.1: Golden Gate assembly reaction conditions

Temperature Time

37 °C 2 min 15 cycles
16 °C 5 min

37 °C 5 min

80 °C 10 min

The ligated plasmid was transformed into ToplO electrocompetent cells. After overnight

incubation at 37 °C on selective solid LB agar containing kanamycin, colonies that formed were

screened by colony PCR.

2.2.8.3 Assembly of a guide plasmid containing a hammerhead ribozyme sequence
To assemble a guide plasmid containing a hammerhead ribozyme sequence the pYTKO095 PCR

product (table 2.2.3.2) was incubated with T4 ligase, Aarl and an HHR oligonucleotide (table
2.2.8.3.2) to circularize the DNA and insert the HHR sequence.

Table 2.2.8.3.1: Protocol for assembly of guide plasmid with HHR.

Reagent \Volume
T4 DNA ligase buffer 0.5 pL
T4 DNA ligase 0.3 pL
Aarl 0.16 pL
Oligos for Aarl 0.1 pL
pYTK PCR product 160 ng
Hammerhead ribozyme annealed 28 ng
oligonucleotide

MilliQ water To 5 L

The mix was incubated in a thermal cycler, the reaction conditions are provided in table 2.2.7.1.
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Table 2.2.8.3.2: Hammerhead ribozyme oligonucleotide sequence

Oligonucleotide Sequence (5 - 3)

pYTKO095  HHR | taggcgataactgatgaggccttcgggccgaaacggtgaaagecgtattatcgg
oligo F

pYTK095  HHR | ctcgccgataatacggctttcaccgtttcggeccgaaggectcatcagttatcg
oligoR

Ligated plasmid was transformed into Top10 electrocompetent cells. After overnight incubation
at 37 °C on selective solid LB agar containing ampicillin, colonies that formed were screened by

colony PCR.

2.2.8.4 Assembly of eukaryotic expression vector
Type IV CRISPR-Cas system genes and crRNA guide sequences were cloned into a pX330

backbone under the control of a U6 promoter. Csf2-Csf4-DinG and Csfl-Cas6e-Csf3-Csf2
synthetic gene sequences, fragments of the crRNA guide sequence and three fragments of the
pX330 plasmid backbone were assembled into a type IV eukaryotic expression vector in one
reaction (table 2.2.8.4.1).

Table 2.2.8.4.1: Golden Gate assembly reaction mix

Reagent \Volume
T4 DNA ligase 1,5uL
10X ligation buffer 2,5 ul
Bsal 1 uL

1.2 kb pX330 fragment (7,9 ng/ uL: 1200 bp) {1,99 uL
1.5 kb pX330 fragment (14,5 ng uL; 1500 bp) |1,35 uL
1.4 kb pX330 fragment (12,27 ng/ pL; 1400 1,5uL

bp)

Csf'1, 3, 2 Cas6e (38,4 ng/ uL; 5002 bp) 1,7 uL
Cst2, 4 DinG (33,9 ng/ nL; 4939 bp) 1,91 pL
Oligo 1 (2,8 ng/ uL; 44 bp) 0,2 uL
Oligo 2 (2,8 ng/ uL; 50 bp) 0,2 uL
MilliQ water To 25 ul

The volume of each fragment was calculated according to the formula:

20 (fmol) x size (bp)
concentration (ng/pl)
1520

Table 2.2.8.4.1: Golden Gate assembly with Bsal restriction endonuclease reaction conditions

for >3 fragments. The mix was incubated in a thermal cycler (table 2.1.1.1).
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Temperature Time

37 °C 2 min 50 cycles
16 °C 5 min

50 °C 5 min

80 °C 10 min

After incubation the assembled plasmid was transformed into electrocompetent cells from the
NEB Stbl E. coli strain. After overnight incubation at 37 °C on selective solid LB agar
containing ampicillin, colonies that formed were screened by colony PCR.

2.2.8 Plasmid DNA purification
Cells derived from colonies selected after colony PCR were incubated overnight at 37 °C and

220 rpm in cultivation tubes containing 4 mL of liquid LB media supplemented with an
appropriate antibiotic. Plasmid samples were purified from overnight colonies with a GeneJet
Plasmid Miniprep Kit according to the provided instruction manual. The Nanodrop 1000

spectrometer (table 2.1.1.1) was used to measure the concentration of extracted DNA.

2.2.9 Plasmid DNA purification without a kit
1.5 mL of overnight culture was added into a 2 mL microfuge tube and centrifuged at 10,000 g

for 30 seconds. After pouring off the supernatant, the pellet was resuspended in 100 pL of cold
resuspension solution (25 mM TRIS-HCI (pH 8), 50 mM glucose, 10 mM EDTA) and vortexed
for 2 minutes. 200 pL of denaturing solution (0.2 N NaOH, 1.0 % SDS) was added and the
contents of the tube were gently mixed. The solution was incubated on ice for 5 minutes, then
150 pL of cold renaturing solution (3 M potassium acetate, 2 M acetic acid) was added and the
tube was again incubated on ice for 5 minutes, then centrifuged at 12,000 g for 5 minutes. The
supernatant was carefully pipetted into a new tube. The mixture was incubated with 1 pL of 10
mg/mL RNAse A at 37 °C for 5 minutes. After the incubation 2 volumes (900 pL) of 100%
ethanol and 1/10 volume (45 pL) of 3 M Na-acetate (pH 4.8) were added to the solution. The
tube was placed at -80 °C for 30 minutes, centrifuged at 12,000 g for 30 minutes at 4°C, then the
supernatant was poured off and the open, inverted tubes were drained out on a paper towel. The
pellet was washed with 500 pL of cold 70 % ethanol. After centrifugation at 12,000 g for 5

minutes the ethanol was poured out and the tube was dried by inverting on a paper towel for 20
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minutes. TE buffer (1 mM EDTA, 10 mM Tris-Cl) was added, and the tube was left overnight at
room temperature for the resuspension to take place.

2.2.10 Restriction analysis
The sequences of plasmid constructs selected after colony PCR were verified before sequencing

using restriction analysis.

Benchling software was used to predict the location of the bands on a gel after electrophoresis of
the target plasmid digested with restriction enzymes. The lengths of the products obtained after
digestion were then compared to the lengths expected.

ThermoFisher FastDigest enzymes were used for the restriction analysis. To evaluate the
sequence of type IV eukaryotic expression vector digestion with Xhol was used, as well as
double digestion with Aarl and Xbal to verify the integrity of the GC rich region adjacent to the
plasmid’s U6 promoter. Double digestion with Xbal and BamHI was used to analyze the

minimal type IV system expression vector sequence.

2.2.11 DNA sequencing
DNA sequences of the resultant constructs were verified by sequencing performed by SeqVision,

MB.z

2.2.12 Bacterial glycerol stocks
Cultivation tubes containing 4 mL of liquid LB media supplemented with 4 pL of ampicillin

were inoculated with NEB Stb E. coli cells carrying the eukaryotic type IV expression vector.
The cells were grown overnight at 37 °C and 220 rpm. On the next day, 1 mL of overnight
culture was transferred to a 2 mL screw top tube, 1 mL of 50 % glycerol was added to the tube

and the contents were gently mixed. The stock tubes were kept in a freezer at -80 °C.

2.2.13 Electro-competent E. coli cells
With a sterile toothpick a colony of E. coli cells was inoculated into a cultivation tube with 4 mL

of LB media and an appropriate antibiotic and grown overnight. 100 mL of LB media was then
inoculated with 2 mL of the overnight culture to achieve a starting OD,,, 0f 0.05. The cultures

were grown in a shaker-incubator (table 2.1.1.1) at 37 °C and 220 rpm until OD,, reached 0.5-
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0.6. The cultures were rapidly cooled in an ice bath and the cells were harvested by
centrifugation at 4 °C and 4,000 g for 10 minutes in conical 50 mL centrifugation bottles. The
cells were then washed with 50 mL ice-cold MilliQ water for 10 minutes at 4,000 g twice and
with 50 mL ice-cold 10 % glycerol for 10 minutes at 4,000 g twice. After the last wash cells were
resuspended in 200 pL of ice-cold 10% glycerol, aliquoted into 1.5 mL micro centrifuge tubes,
flash-frozen in liquid nitrogen and stored at -80 °C.

2.2.14 Calcium competent E. coli cells
1 L of LB media was inoculated with 10 mL of E. coli overnight culture and grown at 37 °C and

220 rpm in a shaker-incubator until the ODeoo reached 0.35-0.4. The culture flasks were rapidly
cooled on an ice bath. The 1 L culture was split into 50 mL ice-cold conical centrifuge bottles.
The cells were harvested by centrifugation for 15 minutes at 3,000 g. After the supernatant was
removed the pelleted cells were resuspended in ice-cold 100 mM MgCl, and combined into one
50 mL centrifugation bottle. The cells were then washed with ice-cold 100 mM MgCl> by
centrifugation for 15 minutes at 2,000 g. The pellet was resuspended in 50 mL of ice cold 100
mM CaCl; and kept on ice for 20 minutes. The cells were centrifuged for 15 minutes at 2,000 g.
The supernatant was decanted with the pellet being resuspended in 50 mL of ice cold 85 mM
CaClz, 15% glycerol. The cells were centrifuged for 15 minutes at 1,000. All centrifugation steps
were performed at 4 °C. After decanting the supernatant, the pellet was resuspended in 2 mL of
ice-cold 85 mM CaCl,, 15% glycerol and the suspension was aliquoted into 1.5 mL

microcentrifuge tubes and frozen in liquid nitrogen. The cells were then stored at -80 °C.

2.2.15 Transformation of electrocompetent E. coli cells
Tubes with electrocompetent E. coli cells that were kept at -80 °C were thawed on ice. 20 pL of

the thawed electrocompetent cells were mixed with 20 ng of plasmid DNA and incubated on ice
for 2 minutes. The competent cells were then added into an ice-cold 1-mm electroporation
cuvette (Fisherbrand), bubble formation was avoided by flicking the tube. The cuvette was
placed into the cuvette chamber of the MicroPulser electroporator (table 2.1.1.1), and a bacterial
protocol (1.8 kV, 1 pulse) was used to electroporate the cells. The cells were then immediately
resuspended in 1 mL of 37 °C SOC recovery media (pH = 6.9), transferred into a sterile
cultivation tube and incubated in a shaker-incubator at 37 °C and 220 rpm for one hour. The

culture was then spread on selective LB agar plates and incubated at 37 °C overnight.
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2.2.16 Transformation of calcium competent E. coli cells
A 1.5 mL microcentrifuge tube containing 50 pL of calcium-competent E. coli cells was

removed from the -80 °C freezer and thawed on ice. 20 ng of plasmid DNA was added to 50 pL
of calcium-competent E. coli cells and incubated on ice for 30 minutes. The cells were then
heated for 45 seconds at 42 °C, and incubated on ice for 2 minutes. After the incubation 500 pL
of pre-warmed LB media was introduced into the microcentrifuge tube and the cells were kept at
37 °C for 45 minutes for outgrowth. The culture was then spread on selective LB agar plates and

incubated at 37 °C overnight.

2.2.17 Efficiency of transformation assay
During the efficiency of transformation assay, calcium-competent E. coli BL21 Star (DE3) cells

were transformed with chloramphenicol resistant target plasmids, as well as ampicillin resistant
plasmids encoding for one of three selected crRNA guide sequences, or ampicillin resistant non-
targeting control plasmids. Electrocompetent cells, carrying both crRNA guide and target
plasmids, were prepared. The cells were then transformed with kanamycin resistant plasmids
carrying the sequences of type IV systems, activity of which was evaluated. Six 10x dilution
steps were performed with suspensions of transformed cells, 5 puLL of each dilution was pipetted
onto selective media containing chloramphenicol, kanamycin and ampicillin. The cell density
was determined by the amount of colony forming units in the lowest dilution where colonies

were still present.

2.2.18 Statistical analysis
The significance of data obtained during the plasmid curing assay was evaluated using a t-test

performed in GraphPad Prism.
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3. RESULTS

3.1 Construction of a type IV eukaryotic expression vector
The main objective of the study is the establishment of expression of functional type 1V

CRISPR-Cas system in human cells for gene editing purposes. To achieve the expression of a
type IV CRISPR-Cas system in eukaryotic cells, an expression vector was constructed. This
expression vector consists of a geneblock, which contains type IV CRISPR-Cas sequences and a
guide sequence in a pX330 eukaryotic expression backbone plasmid. To construct the expression
vector a gene block containing sequences, encoding for type IV proteins was designed (figure
3.3.1).

First, DNA sequences of prokaryotic CRISPR-Cas type IV proteins were codon-optimized for
expression in Homo sapiens. Codon optimization was performed to achieve an efficient

expression in Homo sapiens HEK cells.

P2A ribosome-skipping sequences were located between the codon-optimized genes, encoding
for type IV proteins. Since the study is aimed at establishing joint expression of several proteins
from one ORF in eukaryotic cells, and unlike prokaryotes, polycistronic expression is rare in
eukaryotes, P2A sequences had to be located between the genes so that several independent
polypeptide chains can be encoded from the same mRNA. During translation P2A sequences
positioned between genes cause the skipping of a ribosome. As the ribosome reaches the P2A
sequence, peptide chain is released after which translation is resumed, resulting in an absent

peptide bond and individual release of the proteins.

Additionally, NLS sequences, followed by a FLAG tag were positioned at the C-terminal end of
each type 1V protein except DinG, which was tagged at the N-terminus. NLS sequences were
required to facilitate nuclear import of synthesized and folded proteins back into the nucleus.
SV40 Nuclear localization signals were used. A terminal FLAG-tag at the end of each protein
was used to label the proteins for detection. During future studies, FLAG-tags will be used for
Western blot analysis to detect expression of target proteins in the cells, as well as to determine
their stoichiometry. The evaluation of the processing and stoichiometry of type IV proteins

expressed in eukaryotic cells is needed to determine the effectiveness of P2A sequences.

FLAG NLS 2A

— Csf1 Casbe Csf3 l] Csf2 m DinG —
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Figure 3.1.1 Arrangement of Csfl, Csf2, Csf3, Cas6e and DinG. Tags (FLAG-tag (red), NLS
(pink), P2A (grey)) are located at the C-terminal ends of Csfl (green), Csf2 (brown), Csf3
(grey), Cas6e (yellow) and the N-terminal end of DinG (blue).

Sequence, encoding for the type IV proteins was assembled from two geneblocks.

The constructed expression vector contains a non-targeting crRNA guide sequence, since crRNA
is required for the assembly of a type IV CRISPR-Cas interference complex, but we did not need
the complex to target a gene at this stage of the study. Guide sequence was constructed from two

oligonucleotides during the Golden Gate assembly.

As a plasmid backbone a pX330 plasmid for expression of CRISPR-Cas sequences in eukaryotic
cells was used (figure 3.1.2). The plasmid is an established eukaryotic expression vector [44].
The plasmid contains a gRNA scaffold, so the crRNA sequence is encoded by the same plasmid,

without need for cotransfection of several plasmids.

AmpR U6 promoter

gRNA scaffold

Figure 3.1.2 pX330 eukaryotic expression vector used as a backbone for the eukaryotic

expression of type IV proteins. The plasmid contains a U6 promoter and a gRNA scaffold.

In a pX330 plasmid the protein encoding sequences are placed under control of a CMV-CAG
promoter, the guide sequence is placed under control of a U6 promoter, which is a type 11l RNA
polymerase |1l promoter with a tight control over the length of the transcribed sequence. The

plasmid encodes for Cas9 protein.

For the construction of the expression vector Golden Gate ligation was used. We assembled the
vector backbone with the Cas-proteins encoding ORF and the guide sequence, with Cas-proteins

encoding ORF replacing Cas9 in the vector.

41



Type 1IS enzyme recognition sequences had to be added to the plasmid for the Golden Gate
assembly. PCR amplifications were carried out to introduce Aarl enzyme recognition sites into
the pX330 plasmid.

The efficiency of PCR can be impacted by the GC content of the template sequence. DNA
templates with an >65% GC content can form complex secondary structures. Guanine and

cytosine bases form more hydrogen bonds, resulting in the DNA being resistant to melting.

Due to the high GC content of the pX330 backbone, especially the sequences adjacent to the
promoter, affecting efficiency of PCRs, the plasmid backbone was divided into three fragments,

1.5 kb, 1.4 kb, and 1.2 kb in length, to be amplified in separate reactions (figure 3.1.3).

Figure 3.1.3 pX330 expression vector. Binding positions of the primers used to amplify the

pX330 plasmid are shown on the scheme.

Type IS enzyme recognition sites were inserted into the sequences for sticky end ligation during

the Golden Gate assembly.
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Figure 3.1.4 Three separate PCR reactions performed during PCR amplification of pX330
plasmid. A Electrophoretic gel, showing the three PCR products obtained during the
amplification, PCR product 1 is 1.5 kb, PCR product 2 is 1.4 kb, and PCR product 3 is 1.2 kb

long. B Locations of the three sequences in the plasmid.

Three fragments of the pX330 plasmid obtained after PCRs were assembled with the guide
sequence and two geneblocks carrying the type IV sequences in a Golden Gate reaction (figure
3.1.5).

AmpR Geneblock 1
|—[ Csf2 m DinG I—|
Geneblock 2
H o Wlcsse o= sz H
Csf1 ,_{ pX330 PCR product 3 }.|
Casée — pX330 PCR product 2 H
B H pX330 PCR product 1 H

DinG

Figure 3.1.5 Assembly of the eukaryotic expression vector. A Scheme of the constructed type IV
eukaryotic expression vector. B Sequences, used for the assembly of the eukaryotic expression
vector. The three fragments of pX330 plasmid, two type IV geneblocks and a guide

oligonucleotide are shown.

Sequencing results for the constructed vector for the eukaryotic expression of CRISPR-Cas type

IV system matched the expected sequence and indicated the absence of mutations.
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3.2 Construction of compact type IV CRISPR-Cas system
Hypercompact CRISPR-Cas systems for genetic engineering can be used with vectors with a low

cargo capacity, such as AAV [45]. The maximum cargo capacity of an AAV is <4.7 kb, spCas9
is 4.2 kb. type IV CRISPR-Cas system can be reduced to 2.5 - 3 kb So, the possibility of
developing a compact, functional CRISPR-Cas type IV system through the removal of Cas6e
from the interference complex is being investigated in the study.

Type IV CRISPR-Cas Cas6e protein is responsible for the cleavage of pre-crRNA repeats,
ensuring the maturation of crRNA during the stage of crRNA biogenesis. Cas6e enzymes use a
metal-ion-independent mechanism to cleave crRNAs on the 3'-side of stem-loops formed within
the palindromic CRISPR repeat. The crRNA is cleaved on the 3’ side of the predicted stem-loop
structure, with nucleophilic attack on the scissile phosphate coming from the 2’ hydroxyl of base
G22 of the repeat. Cas6 cleavage activity generates products with 5’-hydroxyl and 2'-3’ cyclic
phosphate ends.

The Hammerhead ribozyme is a compact RNA motif that can perform self-cleavage through
endonucleolytic activity. It consists of a catalytic core that is surrounded by three helices, two of
which are crucial for tertiary interactions required for self-cleavage in physiological conditions.
When the HHR undergoes self-cleavage, it generates 5'-OH and 2', 3’-cyclic phosphate termini,

which are the same as those produced by Cas6e.

If type IV system is supplemented with mature unit-sized crRNAs in a Cas6e-independent
manner, it can be possible to establish functioning of type IV CRISPR-Cas without Cas6e

protein.

To provide mature gRNAs to a Cas6e-deficient type IV system for binding to Casb, a
Hammerhead ribozyme sequence, located upstream from the gRNA on a guide plasmid may be
used to cleave pre-crRNA with formation of 2’, 3'-cyclic phosphate termini necessary for

recognition of the crRNA by Casb.

During this part of the study, prokaryotic expression plasmids, carrying a type IV system that
lacks Cas6e were constructed. A guide plasmid with an HHR sequence upstream from the

crRNA sequence was constructed to be used with the Cas6e-deficient type IV systems.

3.2.1 Construction of plasmids for prokaryotic expression of Cas6e-deficient type 1V
systems
A pRSF vector plasmid, encoding for Cas6e deficient type IV system was constructed using a

plasmid carrying a complete type IV system as a template.
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Csf1 Csf1

Casbe
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A B

Figure 3.2.1.1 A Template plasmid used for the construction of a Cas6e deficient type IV
expression plasmid. Primer binding sites are shown. B Scheme of the constructed Cas6e

deficient type IV expression plasmid

PCR was performed to remove Cas6e from the sequence and insert Bsal recognition sites (figure
3.2.1.1). A Golden Gate ligation was performed to recircularize the plasmid.

Sequencing of the constructed expression vector indicated that it matched the expected sequence.

3.2.2 Construction of plasmids for prokaryotic expression of Cas6e and DinG -
deficient type IV systems
DinG is a DNA helicase, separately recruited by the type IV interference complex upon binding

target DNA. A DinG deficient type IV system can be used in the development of next-generation

gene editors since it can bind DNA but does not possess catalytic activity.

A pRSF vector plasmid, encoding for the type IV system that lacks Cas6e and DinG was

constructed, using a plasmid carrying a type 1V system without DinG as a template.

Ori. Ori.
KanR KanR

Csf1 Csf1

Casbe
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Figure 3.2.2.1 A Template plasmid used for the construction of a Cas6e and DinG deficient type
IV expression plasmid. Primer binding sites are shown. B Scheme of the constructed Cas6e and

DinG deficient type IV expression plasmid

PCR was performed to remove Cas6e and insert Bsal recognition sites (figure 3.2.2.1). A Golden

Date ligation was performed to recircularize the plasmid.

Sequencing of the constructed expression vector indicated that it matched the expected sequence

and lacked significant mutations.

3.2.3 Construction of a guide plasmid carrying a Hammerhead ribozyme sequence
A modified guide plasmid, carrying a self-cleaving sequence is required to ensure maturation of

pre-crRNAs in a type 1V CRISPR-Cas system that lacks Cas6e. In this study, an HHR sequence
was introduced into the guide plasmid (figure 3.2.3.1) to maintain the formation of mature

crRNAs in a Cas6e independent manner by self-cleavage of the HHR sequence.

T7 terminator
IVA repeat

Spacer cloning
site

HHR

T7 promoter

Amp res

Figure 3.2.3.1 Guide plasmid with a HHR sequence located upstream from the guide RNA

sequence

Since cleavage by a Hammerhead ribozyme creates 5’-OH and 2', 3’-cyclic phosphate termini, an
HHR sequence, located upstream from the guide RNA can form mature guide RNAs, identical to

those produced by Cas6e.

In this study, a self-cleaving ribozyme module was attached upstream of a guide RNA encoding

sequence, to create a ribozyme-gRNA cassette.

PCR was performed to introduce Bsal recognition sequences. The HHR fragment was inserted

into the plasmid using a Golden Gate protocol.
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Sequencing of the constructed expression vector indicated that it matched the expected sequence.

3.3 Assay of the activity of engineered type IV CRISPR-Cas systems
CRISPR-Cas systems can be used to affect gene expression without altering the sequence of the

gene in next-generation gene editing. To engineer a next-generation gene editing system it is
necessary to create fusions of CRISPR-Cas proteins that can be targeted to a specific sequence
with enzymes that can act as epigenetic effectors. To fuse a transcription repressor or activator
domain to one of the proteins in the type IV complex, without the complex losing its DNA
binding efficiency it is necessary to determine tolerance of the type IV system to introduction of
additional regulatory domains. For this purpose, a method was established to detect and quantify
activity of the type IV system in prokaryotic cells, with the goal of using this method to
determine the effect of modifications on the activity of type IV CRISPR-Cas systems.

For the assay, E. coli cells that carry a chloramphenicol-resistance target plasmids and plasmids,
encoding for the type 1V CRISPR-Cas system evaluated in the experiment are used.

These cells were transformed with either a guide plasmid or a non-targeting control plasmid. The
guide plasmid encodes for crRNAs, targeting the chloramphenicol resistance gene. Transformed
cells are plated on selective media that contains chloramphenicol. The decreased number of
colonies formed by the cells transformed with the targeting guide, compared to the control cells,

is an indication of activity of the evaluated system (figure 3.3.1).

EOT
guide

Non-
targeting
guide

hloramphenicol

resistance

E. coli +

Figure 3.3.1 Experimental setup for the efficiency of transformation (EOT) assay of a type IV
CRISPR-Cas system. Cells, carrying a chloramphenicol-resistance target plasmids and
plasmids, encoding for the type IV CRISPR-Cas system evaluated are transformed with either a

guide plasmid or a non-targeting control plasmid

3.3.1 Design of gRNAs for the efficiency of transformation assay
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To perform the efficiency of transformation assay a selection of crRNAs, targeting the
chloramphenicol resistance gene was designed. Three crRNA sequences were chosen for the
assay according to the region of the gene they target. crRNA 1 targets the sequence of the gene
that is close to the promoter, while crRNAs 2 and 3 target the gene promoter (figure 3.3.1.1). All
crRNAs are complementary to the bottom strand of the targeted gene. The crRNA encoding

sequences were cloned into a guide plasmid.

Guide 2 Guide 3

Guide 1 \ /
—

CAT promoter

— Chloramphenicol resistance gene

Figure 3.3.1.1 Target gene that encodes chloramphenicol resistance. Sites complementary to the

crRNA sequences used during the study are shown.

3.3.2 Analysis of the activity of CRISPR-Cas type IV system
E. coli BL21(DE3)-Star cells, containing the chloramphenicol-resistance plasmids, plasmids,

encoding for the type IV CRISPR-Cas system and guide plasmids that encode for crRNAs,
targeting the chloramphenicol resistance gene, or a plasmid carrying a non-targeting guide
crRNA were inoculated onto plates with selective media containing chloramphenicol. After the
plated cells were incubated for 12 hours, activity of the type IV system was determined
according to the number of colonies formed on selective media. Cells, transformed with guide
plasmids forming fewer colonies than cells, transformed with control plasmids, indicate that the
system being evaluated is active and cleaves DNA, while colony count similar to the control

indicates that the system is inactive.

Activity of the system was quantified as the number of colony forming units per nanogram of
guide plasmid. The number of colony-forming units per nanogram of plasmid was determined
by the number of colonies formed on selective plates after 12 hours of incubation in the highest
dilution of cells (figure 3.3.2.1). Colonies in the highest dilution of cells were counted, then, the
number of colony forming units in the original sample was calculated. To determine the number
of colony forming units in the original sample, the number of colony forming units in a dilution
was multiplied by 1/ FDF (final dilution factor). The final dilution factor was calculated

according to a formula:

FDF = SDF x TSDF x PDF
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Here, SDF is Sample Dilution Factor, TSDF is Total Series Dilution Factor and PDF is Plating
Dilution Factor.
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Figure 3.3.2.1 Results of efficiency of transformation analysis of the CRISPR-Cas type IV
system. A. Transformed E. Coli cells after 12-hour incubation on selective media, no IPTG. B
Bar graphs representing the data obtained from three biological replicates performed for the

experiment. Dots represent individual values obtained from technical replicates.

Type IV system showed activity in the presence of guides 1 and 3. Activity of the system with
guide 2 seems to match that of the non-targeting control.
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DISCUSSION
CRISPR-Cas is a nucleoprotein system found in bacteria and archaea, which plays a crucial role

in adaptive immunity against mobile genetic elements by recognizing and degrading nucleic acid
sequences in a guide-RNA dependent manner. Due to their ability to bind and cleave specific
nucleic acid sequences complementary to the crRNA, CRISPR-Cas systems are widely used in
gene editing. At the same time, use of CRISPR-Cas systems in therapeutics can be limited by
low cargo capacity of gene editing delivery systems, such as Adeno-associated virus (AAV).

CRISPR-Cas systems include two major classes and six types. Class 1 has a multi-subunit
effector complex while class 2 has a single-protein effector complex. Type IV CRISPR-Cas
systems belong to class 1 and have a multi-subunit effector complex that consists of several
small proteins and a crRNA. Type IV CRISPR-Cas systems offer several advantages as
potential gene editing systems, including their smaller size that can be useful in development of
minimal CRISPR-Cas systems needed to overcome the problems presented by the low cargo
capacity of AAV. Additionally, multi-subunit effector complex of type IV CRISPR-Cas allows

for various effector protein-regulatory domain fusion strategies for design of epigenetic editors.

This project is aimed at establishing the use of class 1 type IV CRISPR-Cas systems as gene
editors. To achieve this, a eukaryotic vector was constructed for the expression of type 1V
CRISPR-Cas system in mammalian cells. A hypercompact type IV CRISPR-Cas system was

also engineered.

According to the aims of the project, a type IV CRISPR-Cas eukaryotic expression vector for
gene editing in mammalian cells was constructed. To direct the gene editing tool to the nucleus
of the eukaryotic cell enable targeting of the eukaryotic genome, editing proteins were outfitted
with NLS (nuclear localization signal) tags. Sequences were also outfitted with FLAG-tags-to
enable detection, purification, and localization within cells. P2A sequences—were positioned
between the type IV proteins in the ORF. To cause a ribosomal skipping during translation,
resulting in the production of two separate polypeptide chains and allowing for the simultaneous
expression of multiple proteins without the need for separate vectors. The expression of guide
RNA (gRNA) and Cas proteins from the single vector was established with the use of a dual-
promoter system: U6 promoter was used to drive the expression of the gRNA, while the CMV-
CAG promoter drove the expression of the Cas proteins. In future experiments the construct will

be used to express the type 1V system in eukaryotic cells.

Type IV CRISPR-Cas systems are compact but can possibly be minimized even further. A
strategy for developing a hypercompact type 1V CRISPR-Cas system was explored in this study.
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The hypercompact type IV system was developed through the removal of Cas6e protein from the
system and introduction of a hammerhead ribozyme sequence to perform its function. Cas6e is
an endonuclease enzyme that cleaves the crRNA precursor into smaller, mature crRNAs that can
guide the Cas effector proteins to their target sequences in the genome. During Cas6e-fascilitated
cleavage, crRNA products with 5'-hydroxyl and 2'-3’ cyclic phosphate ends are generated. HHR
is a catalytic RNA molecule able to perform self-cleavage while forming 5’-hydroxyl and 2'-3’
cyclic phosphate ends, identical to those produced by Cas6e. This suggests that it can be possible
for HHR to perform the function of Cas6e in the type IV system, so prokaryotic expression
vectors were constructed to carry compact type IV CRISPR-Cas systems that lack a Cas6e
sequence. Plasmid carrying a guide sequence, supplemented with a hammerhead ribozyme
sequence, where hammerhead ribozyme sequence was positioned upstream from the guide to
establish crRNA maturation in a Cas6e independent manner was also constructed. In the future
activity of the constructed hypercompact type 1V CRISPR-Cas system will be evaluated to
determine whether self-cleaving hammerhead ribozyme can be used to achieve maturation of

pre-crRNA in the absence of Cas6e.

Before constructing type IV CRISPR-Cas-based next generation gene editors, it is important to
establish a method of evaluation of the activity of the system. To do this, two crRNA guides that
enable a type IV CRISPR-Cas system to target a chloramphenicol resistance gene were designed
for the study. Engineered type IV systems can be transformed into cells that contain
chloramphenicol resistance plasmids and designed chloramphenicol-resistance targeting guide
plasmids. Activity of the engineered system can then be evaluated according to the number of
colony forming units after incubation on chloramphenicol-containing media. The method will
later be used to test the activity of engineered CRISPR-Cas sequences during development of
next generation genome editors. This method can allow us to determine locations in which the
regulatory domains can be fused to the type IV proteins without affecting proper folding of the

proteins, assembly of the complex or its efficiency in binding target DNA.

Expression of type IV CRISPR-Cas systems in eukaryotic cells can be useful to study their
function and potential applications in genome editing and gene regulation. Type IV CRISPR-Cas
systems are relatively new and have unique features, such as their small size, that make them
promising tools for genetic manipulation. Type IV CRISPR-Cas based genome engineering
systems have potential benefits and can expand the CRISPR engineering toolbox, by expressing
those systems in eukaryotic cells, their efficiency, specificity, and safety in vivo can be explored.
If determined to be active, the constructed system can be used in AAV vectors for in vivo

CRISPR editing. Development of compact CRISPR-Cas systems is vital because they have
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several advantages over larger systems. Compact systems are easier to deliver into cells, which
makes them more efficient for various gene editing applications, including in vivo gene therapy.

52



CONCLUSIONS
1. A type IV CRISPR-Cas eukaryotic expression vector for gene editing in mammalian cells was

constructed. After its activity is evaluated, the constructed eukaryotic expression sequence can
be used for gene editing in human cells.

2. To create a compact type IV CRISPR-Cas system that can function in absence of Cas6e
several plasmids were engineered. Prokaryotic expression vectors were constructed to carry type
IV CRISPR-Cas systems that lack a Cas6e sequence, as well as compact type IV CRISPR-Cas
systems that lack both DinG and Cas6e sequences. A guide plasmid, supplemented with a self-
cleaving Hammerhead ribozyme sequence located upstream from the crRNA-encoding sequence
was constructed to be used with the compact type 1V systems. If determined to be effective, the
developed system can be used to help overcome the challenge presented by low cargo capacity
of AAV

3. A method for evaluation of activity of a type IV system in prokaryotic cells was established.
crRNA guides that enable a type IV CRISPR-Cas system to target a chloramphenicol resistance
gene were designed. The system will be used to test the activity of engineered CRISPR-Cas

effector complexes, helping in development of novel next-generation type 1V genome editors.
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SUMMARY
CRISPR-Cas (clustered regularly interspaced short palindromic repeats—CRISPR-associated

protein) is a gene editing system derived from prokaryotic organisms that can recognize and
degrade nucleic acid sequences in a guide-RNA dependent manner. The system is represented by
a nucleoprotein effector complex that consists of Cas proteins and a guide RNA that targets the
system to the DNA fragment of interest. Based on the structure of the effector complex, as well
as signature proteins CRISPR-Cas systems can be divided into two major classes and a variety of
types and subtypes. Class 1 systems are characterized by an effector complex that consists of
multiple proteins, while class 2 systems have an effector complex with a single effector protein.
Type IV CRISPR-Cas systems belong to class 1, and have a compact, crRNA-guided multi-
subunit effector complex. Due to their ability to bind and cleave predetermined regions of DNA
or RNA, CRISPR-Cas systems are often used in gene editing. Beyond nucleic acid cleavage,
deactivated CRISPR-Cas complexes, sometimes fused to regulatory domains, can be used for
regulation of gene expression in systems such as CRISPRi, CRISPRa or CRISPR-mediated

epigenetic editing.

Despite the development of versatile tools for genome editing based on CRISPR-Cas systems,
potential applications of CRISPR editing in human cells is limited by low cargo capacity of
commonly used viral vectors, such as AAV. However, there is a possibility to adapt type 1V
CRISPR-Cas systems for use with low cargo capacity vectors, as their effector complexes are
compact, compared to the common CRISPR-Cas effectors such as Cas9. Another advantage of

type IV CRISPR-Cas over conventionally used CRISPR-Cas systems is their multi-subunit
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effector complex. Type IV system subunits can be fused with regulatory domains and used in
CRISPRI, CRISPRa or CRISPR epigenetic editing, since it allows for the development of

different Cas protein—effector domain fusion strategies.

This research work describes the adaptation of a type IV CRISPR-Cas system for genome
editing, which includes construction of a plasmid vector for expression of a type IV CRISPR-Cas
system in human cells, development of a minimal CRISPR-Cas type IV system and development
of next-generation genome editors based on type IV CRISPR-Cas. The research carried out can

help to establish class 1 type IV CRISPR complexes as viable tools for eukaryotic gene editing.
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