Sizps NN

VILNIUS UNIVERSITY
FACULTY OF CHEMISTRY AND GEOSCIENCES
INSTITUTE OF CHEMISTRY

Urté Glibauskaité
Biochemistry
Bachelor thesis

Cloning and Cell-Free Expression of CRISPR-Cas Nucleases

Supervisor
Dr. Rokas Grigaitis

Vilnius 2023



CONTENTS

ABBREVIATIONS ...ttt bbb bbbt bbb et b e st b et e et e ene e e et 3
INTRODUGCTION ...ttt b bbbttt bbbt bt b e bt e st e st e b e besbe s b e nb e e b e eneeneeneas 4
1. LITERATURE REVIEW. ... ..ottt sttt st 5
1.1  CRISPR-Cas systems and their classifiCation .............cccccoceiieiiiiieiieii e 5
1.2 CRISPR-Cas mechanisms Of aCLION ...........ccoiieiiiiiiiee e 7
I R O 1 SRS PSP 11
1202 CSL28 ittt bbbt b b hr e e nae e nns 14

1.3 Overview of CRISPR-Cas genome €ditiNG ........cccocereriiiriiinieieieie s 15
1.3.1  Limitations of CRISPR-Cas genome editing..........cccccvevueriierieiiesiiese e e e e, 17
1.3.2  CHNICAITIAIS ..ottt neene e 18

1.4 Cell-free protein SYNTNESIS ......ccveiiiiiiiicce et nae e 19
1.41  CFPSINE. Coli Cell-freg eXtraCtS.......ccouiiiiiiiiiieiieii e 20
1.4.2  Characterization of CRISPR-Cas nucleases through CFPS ...........ccccccoeiieiviiciineneen, 21

2. MATERIALS AND METHODS ......ccoiiiiiiiiiiie ettt 23
2 R |V = =] o - 1SRRI 23
2.1.1  BACErIAl SFAINS ....eiveieieiieiieieie sttt sttt 23

0 O o T 1] 1 ] [ PSSRSO 23
P20 I T @ 1 T To] o [FTod 1= o) £ o[- PSS UPSSRRSO 24

A Y [~ 1 T o RSSO 26
2.2.1  Golden Gate aSSEMBIY .......c.oiiiiieieiic e 26
2.2.2  BlUNE-€NA CIONING ..ot e te e nte e areas 27
2.2.3  QUICK-ChaNge MUIAGENESIS ......c.oiviiiiiiiiiieiieieiet ettt 27
2.2.4  Preparation of linear gRNA templates .........ccooveiiiieiiiicccceee e 28
2.2.5  Cell-free protein SYNTNESIS .......ccoiiiiiiiiicee e 29
2.2.6  Protein PUMTICALION ........coviiiiicce e ae e ere s 30
2.2.7  WESEEIM DIOL.....c.eeee e nneas 30

3. RESULTS AND DISCUSSION ....oooiiiiiieiie ittt ettt ste et sneena s neeee s 32
3.1 CRISPR-Cas nucleases selected for the Study ...........cccoveiveiiiiciecie e 32
I Y LT (o] o (-] o I OSSP URT PR URUPRPR 33
3.3 Cloning of nucleases and gRNA temMPIates ...........cccveiiiiiiiciiiicceee e 34
3.4 Cell-free protein SYNTNESIS ........coviiiiiiiiii e 38
3.5 PUrIfication OF ASCASLI28 .......ccueieieieieiieiie ittt bt sbe e s e 41

K TG B ol L1 [o] o SRRSO 43
CONGCLUSIONS ...ttt et et e et e e beese e st et e nteseesbeareereeneeneeneenes 46
SUMMARY ettt r et ettt b e e be e st e st e st e s e be e b e be e Rt e Rt e Rt e st et e neeebeebeereeneene et s 47
ACKNOWLEDGMENTS ...ttt sttt b et e e stente s resreenaene e e ennens 48
REFERENGCES ... .ottt ettt bbb e bt e st et e e ntenbenbeebeeneeraeneeneeneas 49



ABBREVIATIONS

APS — ammonium persulfate

bp — base pair

Cas — CRISPR-associated

CFE — cell-free extract

CFPS — cell-free protein synthesis

CRISPR — clustered regularly interspaced short palindromic repeats
crRNA — CRISPR ribonucleic acid

dNTP — deoxynucleotide triphosphate

DSB — double-stranded break

DTT — dithiothreitol

EDTA — ethylenediaminetetraacetic acid

gRNA — guide ribonucleic acid

HDR — homology-directed repair

HRP — horseradish peroxidase

IPTG — isopropyl B-D-1-thiogalactopyranoside
kb — kilobase

kDa — kilodalton

LB — Luria-Bertani (medium)

MRNA — messenger ribonucleic acid

N — A or G or C or T nucleotide

NHEJ — non-homologous end joining

nt — nucleotide

PAGE - polyacrylamide gel electrophoresis
PBS - phosphate-buffered saline (buffer)

PCR — polymerase chain reaction

PEG — polyethylene glycol

pre-crRNA — precursor CRISPR ribonucleic acid
PVDF — polyvinylidene fluoride

QCM - quick-change mutagenesis

rRNA — ribosomal ribonucleic acid

SDS - sodium dodecyl sulfate

sfGFP — superfolder green fluorescent protein
SsgRNA — single guide ribonucleic acid

Strepll — protein purification tag (Trp-Ser-His-Pro-GIn-Phe-Glu-Lys)
TAE — tris-acetate-EDTA

TBE — tris-borate-EDTA

TEMED - tetramethylethylenediamine
tracrRNA — trans-activating CRISPR ribonucleic acid
V — G or C or A nucleotide

Y — C or T nucleotide



INTRODUCTION

CRISPR (clustered regularly interspaced short palindromic repeat) locus and Cas (CRISPR
associated) proteins make up an adaptive immune system against bacteriophages and other mobile
genetic elements in bacteria and archaea (Barrangou et al., 2007; Mojica et al., 2005). Upon
bacteriophage infection, a short fragment of viral DNA is integrated into the CRISPR (clustered
regularly interspaced short palindromic repeat) locus of bacteria or archaea. If the infection recurs,
this locus is transcribed and processed into a crRNA (CRISPR RNA) molecule. crRNA then forms
a single- or multi-subunit ribonucleoprotein effector complex that recognizes and cleaves
complementary phage DNA or RNA.

crRNA-dependent nature of cleavage allows for programmable nucleic acid targeting (Jinek et
al., 2012). For this reason, CRISPR-Cas nucleases have been adopted for genome editing (Jinek et
al., 2012). However, CRISPR-Cas genome editing has several inherent limitations, the most
important of which are related to off-target binding and cleavage (Zischewski et al., 2017). Luckily,
numerous phylogenetically diverse CRISPR-Cas nucleases have been identified by bioinformatic
means (Makarova et al., 2020). One way to solve the mentioned problems is to find new, more
precise CRISPR-Cas nucleases. However, their characterization process requires long and tedious
experimental procedures, such as cell cultivation and protein purification (Karvelis et al., 2017;
Leenay & Beisel, 2017). To speed up the process, the group of Dr. Stephen Knox Jones Jr. at VU
LSC-EMBL Partnership Institute for Genome Editing Technologies is aiming to develop a high-
throughput strategy to characterize CRISPR-Cas nucleases. This strategy involves cell-free protein
synthesis (CFPS) and microplate-based protein purification. To develop and ensure the efficiency of
the characterization process, we selected ten CRISPR-Cas nucleases identified and partially
characterized in previous studies: nine Cas12a homologs from ADurb.Bin193 (Adurb193Cas12a),
Acidaminococcus species (AsCasl2a), Lachnospiraceae bacterium (LbCasl2a), ADurb.Bin336
(Adurb336Casl2a), Francisella novicada (Fn3Casl2a), Francisella novicada U112 (FnCasl2a),
Prevotella ihumii (PiCasl12a), Prevotella disiens (PdCasl12a) and Helcococcus kunzii (HkCasl2a)
(Bernd Zetsche, 2015; Jacobsen et al., 2020; Tang et al., 2017) along with Streptococcus pyogenes
Cas9 (SpCas9) (Jinek et al., 2012).

This work demonstrates the utilization of the mentioned high-throughput methods to express
and purify the previously introduced nucleases. Consequently, | formulated the objective and tasks
listed below:

Objective
1. Create a high-throughput method that allows cloning, expression, and purification of
CRISPR-Cas nucleases.
Tasks
1. Clone the genes of the selected CRISPR-Cas nucleases to a customized expression vector.
2. Clone linear crRNA expression templates.
3. Conduct cell-free expression of the CRISPR-Cas nucleases.
4. Affinity-purify the CRISPR-Cas nucleases from the cell-free extracts by utilizing a
microplate-based strategy.



1. LITERATURE REVIEW

1.1 CRISPR-Cas systems and their classification

CRISPR (clustered regularly interspaced short palindromic repeats) accompanied by Cas
(CRISPR associated) proteins make up an adaptive immune system, first discovered in bacteria and
archaea (Barrangou et al., 2007; Ishino et al., 1987; Mojica et al., 2005). Generally, CRISPR-Cas is
a programmable RNA-guided system that allows specific recognition and cleavage of foreign nucleic
acids and other mobile genetic elements (Jackson et al., 2017; Pinilla-Redondo et al., 2020).

The CRISPR-Cas defense contains three main stages: adaptation, crRNA biogenesis
(expression), and interference. During the adaptation stage, the CRISPR-Cas system copies and
integrates a small fragment of intruding DNA into the CRISPR locus. (Bhaya et al., 2011). For the
expression stage, the integrated fragments, also called spacers, are used as templates to produce pre-
crRNAs (CRISPR RNASs) which are processed into crRNAs and form effector complexes with Cas
proteins. During the interference stage, the crRNAs facilitate Cas endonucleases to bind and cleave
matching sequences.

The three stages (adaptation, expression, and interference) of the CRISPR-Cas mechanism of
action and comparison of the sequences and phylogenetic analysis are used to classify the CRISPR-
Cas systems. The latest classification, reported in 2020 (Makarova et al., 2020), consists of 2 classes,
6 types, 33 subtypes, and several subtype variants of CRISPR-Cas systems (Table 1.1.).

Table 1.1. CRISPR-Cas classification by types and subtypes. Type IV CRISPR-Cas system possesses
an uncertain function in adaptive immunity that appears to lack targeted cleavage activity (Makarova
et al., 2020).

Class Type Subtypes Cas endonuclease

| I-A, I-B, I-C, I-D, I-E, I-F, I-G Cas3

1 Il I1-A, 111-B, HI-C, 1I-D, HI-E, HI-F Casl0
v IV-A, IV-B, IV-C ?
I I1-A, 1I-B, 1I-C Cas9

” Vv V-A, V-B, V-C, V-D, V-E, V-F, V-G, V-H, V-I, V-K, Casl?

V-U

VI VI-A, VI-B, VI-C, VI-D Casl13

Based on the amount of proteins, comprising the effector complex, CRISPR-Cas systems are
divided into Class 1 and Class 2 (Makarova et al., 2015) (Fig. 1.1 A). Effector complexes of Class 1
CRISPR-Cas systems are composed of multiple proteins. Comparatively, a single crRNA-binding
protein is a characteristic of Class 2 systems. Based on distinct Cas proteins and molecular
mechanisms, each CRISPR-Cas class consists of three types (Fig. 1.1. B). According to the
differences in CRISPR locus organization and adaptation, expression, and interference schemes, each
type is further divided into subtypes (Makarova et al., 2020).
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Figure 1.1. Classification of the CRISPR-Cas systems. A) Organization of class 1 and class 2
CRISPR-Cas loci. B) Classification of the CRISPR-Cas systems based on their genetic, functional,
and structural relationships. Dashed outlines indicate missing or dispensable components in some
subtypes. An asterisk (*) represents a potential fusion of the protein to a large subunit in some
subtypes. A hash (#) indicates that other unknown proteins could be involved in the signalling
pathway. SS — small subunit, LS — large subunit, RS — reverse transcriptase. Adapted from (Makarova
et al., 2020), tracrRNA — trans-activating RNA.

Class 1

Class 2

As mentioned before, to classify CRISPR-Cas systems, CRISPR-Cas immunity stages are used
to divide the cas genes into functional modules (Makarova et al., 2013, 2020) (Fig. 1.1 B). In most
CRISPR-Cas types, the adaptation module includes a Casl integrase, an important enzyme for spacer
acquisition, and a Cas2 subunit, which is a part of the adaptation complex (Mosterd et al., 2021; Silas
etal., 2016). Several CRISPR-Cas subtypes also include a Cas4 nuclease, the Csn2 protein is included
in subtype II-A, and reverse transcriptase is found in some type Il CRISPR-Cas systems (Staals et
al., 2013). Next, pre-crRNA processing is done by proteins, included in the expression module. pre-
crRNA processing in class 1 systems is mostly done by Cas6 (Taylor et al., 2019). Bacterial RNase
I11 is responsible for processing in type Il systems (Charpentier et al., 2015; Deltcheva et al., 2011).
However, the processing of pre-crRNAs in all type VI and most type V systems is done by the effector
Cas proteins, containing intrinsic RNase activity (East-Seletsky et al., 2016; Fonfara et al., 2016).
Finally, target recognition and cleavage are mediated by the interference (effector) module. The
effector module of class 1 CRISPR-Cas systems consists of several proteins which can be combined
differently, depending on types and subtypes (T. Y. Liu & Doudna, 2020). These proteins include
Cas3, Cas5-Cas8 as well as Cas10 and Cas11. On the contrary, the effector module of class 2 systems
contains single proteins, namely Cas9, Cas12, and Cas13 (Makarova et al., 2020). Notably, although
class 2 systems contain single proteins in their effector complexes, Cas12f forms a dimeric structure
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(Karvelis et al., 2020). However, Cas12f is attributed to class 2 systems due to retained activation
mechanism, characteristic among other similar nucleases (e.g., Cas12a).

In summary, all CRISPR-Cas systems share common functional and architectural principles
and have signature elements in the cas loci. These elements are being used as a reference to classify
the new varieties of CRISPR-Cas systems and further understand their origins and properties.

1.2 CRISPR-Cas mechanisms of action

To comprehend CRISPR-Cas mechanisms of action, it is important to understand the structure
of the CRISPR locus, composed of cas (CRISPR-associated) genes and a CRISPR array (Fig. 1.2).
The cas genes, found upstream to the CRISPR array, encode Cas proteins. The cas genes are followed
by the CRISPR array, containing DNA regions, called spacers, and repetitive short DNA sequences
(repeats) in between (Bolotin et al., 2005). The spacers, flanked by the repeat sequences, encode short
fragments copied from foreign mobile genetic elements. Although absent in some CRISPR-Cas
systems, the leader sequence separates the CRISPR array from the cas genes and is important in the

determination of transcription direction (Rath et al., 2015).
CRISPR-associated (cas) genes CRISPR array

v ' ¢ }

Leader Repeat  Spacer Repeat  Spacer  Repeat

Figure. 1.2. Structure of the CRISPR locus. CRISPR-associated (cas) genes are located upstream of
the CRISPR array. The cas genes and the CRISPR array are linked through the leader sequence.
Adapted from (Barman et al., 2020).

Even though brief CRISRP-Cas mechanisms were described in section 1.1, here 1 will explain
the roles of CRISPR locus elements by providing more details on the aforementioned adaptation,
expression, and interference stages of CRISPR-Cas.

Adaptation. During the adaptation phase, CRISPR-Cas systems alter the CRISPR loci through
a process called spacer acquisition. Spacer acquisition often involves Casl, a highly conserved Cas
protein found in all six CRISPR-Cas types (Koonin et al., 2017). Casl interacts with Cas2 to form a
heterohexameric complex, called Casl-Cas2 integrase (Nufiez et al., 2014, 2015). This complex
contains two DNA binding regions, one that binds the intruding DNA (also called protospacer) and
the other that binds the CRISPR array. Once Casl-Cas2 integrase captures the protospacer, it
catalyzes two cleavage-ligation reactions at the CRISPR array (Fig. 1.3) (Wright et al., 2017; Xiao,
Ng, et al., 2017). The first cleavage-ligation reaction occurs at the leader end of the repeat.
Subsequently, the second reaction occurs at the spacer end of the repeat.
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Figure 1.3. Spacer acquisition into the CRISPR locus. Following two subsequent cleavage-ligation
reactions, a new spacer gets integrated at the leader end of the CRISPR array. Adapted from (Mcginn
& Marraffini, 2018).

Following these events, a spacer gets integrated into the leader end of the CRISPR array (Wright et
al., 2017; Xiao, Ng, et al., 2017). This kind of spacer acquisition gives information about past
infections since the new spacers are predominantly integrated at the proximal end of the CRISPR
array (McGinn & Marraffini, 2016).

Notably, several type I, 1l and V systems use Cas4 nuclease for spacer acquisition, which is
thought to be involved in protospacer processing and its directional integration at the CRISPR locus
(Makarova et al., 2020; Shiimori et al., 2018). Also, the type I11-B CRISPR-Cas system from
Marinomonas mediterranea contains Casl linked to a reverse transcriptase allowing for spacer
integration through reverse transcription of RNA-based invaders (Silas et al., 2016). In this case, a
foreign RNA molecule is directly ligated into the CRISPR locus and is reverse-transcribed to produce
a cDNA (copy DNA) which then serves as a new spacer sequence (Silas et al., 2016). Nevertheless,
although the function of the Cas1-Cas2 complex is thought to be well understood, the need to further
characterize the adaptation mechanisms in other CRISPR-Cas systems persists.

Expression. The expression stage involves transcription of the CRISPR array to produce a pre-
crRNA (precursor CRISPR RNA) which matures to a crRNA and forms an effector complex with
respective Cas proteins (Fig 1.4. A) (Marraffini & Sontheimer, 2010).
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Figure 1.4. Overview of CRISPR-Cas expression stage. A) Principle of crRNA biogenesis. The
CRISPR array is transcribed into a precursor CRISPR RNA (pre-crRNA) which gets processed into
a mature crRNA. Then crRNA binds to single or multiple Cas proteins to form an effector complex.
Adapted from (Loureiro & da Silva, 2019). B) In the case of type Il systems, the tracrRNA base pairs
with the repeat region of the pre-crRNA and allows binding of RNase 111 (associated with Csnl) for
further crRNA processing. Adapted from (Deltcheva et al., 2011). C) crRNA-tracrRNA duplex,
commonly guiding type Il CRISPR-Cas nucleases. Adapted from “LubioScience”, 2023.

Transcription

Depending on the type or CRISPR-Cas system, this long precursor transcript undergoes
processing by a Cas6 endoribonuclease, RNase Ill, or interference-involved proteins (e.g., Casl12,
Cas13), containing intrinsic RNase activity (Table 1.2) (Fonfara et al., 2016; Gesner et al., 2011,
Niewoehner et al., 2014). Also, the crRNA processing in type Il and type Il CRISPR-Cas systems
involves host endoribonucleases, which trim intermediate crRNAs (Marraffini & Sontheimer, 2010).
The processing in type | and 111 CRISPR-Cas systems mostly depends on Cas6 (Niewoehner et al.,
2014). Cas6 hydrolyzes a single phosphodiester bond in the pre-crRNA, generating a crRNA
containing the spacer sequence and a palindromic repeat-derived sequence that forms a hairpin
structure in some systems. The lack of Cas6 or other characteristic processing proteins in type IV
systems suggests that further experiments need to be done to understand the maturation of crRNAs
in this type (Makarova et al., 2020). Most type Il systems process pre-crRNAs quite differently
compared to other types. The CRISPR locus of type Il systems contains a sequence of tracrRNA
(trans-activating crRNA) (Chylinski et al., 2013). Upon transcription of the tracrRNA sequence, the
repeat region of the crRNA transcript base pairs with a complementary sequence of the tracrRNA
(Fig. 1.4. B). This duplex region is recognized by RNase 11 (associated with a Cas protein Csnl) and
eventually gets cleaved (Deltcheva et al., 2011). In the case of Cas9, the crRNA processing requires
Cas9 to bind and position the RNAs for cleavage by RNase Il1. Following processing by RNase I,
the crRNA-tracrRNA duplex (Fig. 1.4. C) remains bound to Cas9 (Deltcheva et al., 2011). On the
contrary to type Il systems, type V and VI systems do not require tracrRNA molecules and rely on
the endoribonuclease activity of Cas12 and Cas13 proteins for pre-crRNA processing (Fonfara et al.,
2016; Shmakov et al., 2015). However, the pre-crRNA of subtype VI-A does not require processing
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as the pre-crRNA molecules can be used as guides in effector complexes related to this subtype (East-
Seletsky et al., 2017). Although the mechanisms of pre-crRNA processing are different among
CRISPR-Cas types, all produced crRNA molecules (or crRNA-tracrRNA duplexes of the type Il
systems) serve their purpose as gRNAs (guide RNASs) which guide Cas nucleases to their targets.

Table 1.2. The pre-crRNA processing among all six CRISPR-Cas types. The crRNA biogenesis of
type IV CRISPR-Cas systems remains uncertain.
CRISPR-Cas type pre-crRNA processing enzymes Requires tracrRNA
I Casb6 -
I RNase 111 +
Il Casb6 -
v ? -
V Cas12 -
VI Cas13 -

Interference. Based on the class of CRISPR-Cas systems, the effector complexes contain
single or multiple protein units (Fig.1.5). During the interference stage, the effector complexes of
CRISPR-Cas are guided by their gRNAs towards foreign nucleic acids. Base pairing between gRNA
and the target sequence is followed by target cleavage. To avoid self-targeting, CRISPR-Cas systems
must recognize PAM (protospacer adjacent motif) sequences right next to the target sequences (Shah
et al., 2013) before base pairing between the gRNA and the target sequence. In the case of type VI
systems, the target RNA must contain a PFS (protospacer flanking sequence) (Gleditzsch et al., 2019).
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Figure. 1.5. The interference stage of different CRISPR-Cas classes and types. The effector complex
of Class 1 CRISPR-Cas systems is comprised of multiple protein units whereas Class 2 effector
complexes contain a single protein. Each type contains a signature Cas protein. The interference
mechanism of type IV systems remains not fully known. PAM - protospacer adjacent motif, PFS -
protospacer flanking sequence. Adapted from (Zhang et al., 2020).

The interference complex of type | CRISPR-Cas systems is composed of multiple proteins,
containing Cas proteins bound to a crRNA (Brouns et al., 2008). This ribonucleoprotein (RNP)
10



complex is also known as a Cascade (CRISPR-associated complex for antiviral defense) system. The
Cascade complex recognizes a PAM sequence and then binds to the target. (Sinkunas et al., 2013;
Xiao, Luo, et al., 2017). Next, Cas3, a signature protein of type | systems, is recruited to unwind the
targeted DNA and degrade one strand of it in the 3 to 5” direction (Brouns et al., 2008). Complete
degradation of the invading DNA might be done by other Cascade-independent cellular nucleases
(Redding et al., 2015).

Similar to type | systems, the Cascade complex is a characteristic of type 11l CRISPR-Cas
systems (Rouillon et al., 2013). However, subtypes I11-A and I11-B contain a DNA and RNA binding
protein, Cas10 (Rouillon et al., 2013). The Cascade complex of type 111 CRISPR-Cas systems binds
a transcript of invading DNA enabling cleavage of the DNA by Cas10 and Cas7-mediated cleavage
of its transcript (Kazlauskiene et al., 2016). Also, studies suggest that Cas10 can produce cyclic
oligoadenylates from ATP that activate a non-specific RNase Csm6 (Kazlauskiene et al., 2017).
Although Csmé is not a part of the Cascade complex, it serves an ancillary function by degrading the
transcripts in an unspecific manner (Kazlauskiene et al., 2017; Niewoehner et al., 2017).

The multi-subunit interference complex of type IV CRISPR-Cas systems contains its signature
protein Csfl along with Cas5 and Cas7 (Makarova et al., 2020). However, the interference
mechanism of type IV nucleases remains not fully known.

The presence of Cas13a protein is linked with type VI CRISPR-Cas systems (Abudayyeh et al.,
2016; East-Seletsky et al., 2016). Compared to other class 2 systems, Cas13 contains a unique ability
to cleave ssRNA (single-stranded RNA) homologous to the crRNA. Upon binding to the target, the
RNase activity of Cas13 is triggered by two HEPN (higher eukaryotes and prokaryotes nucleotide)-
binding domains (Abudayyeh et al., 2017; Cox et al., 2017). Also, similar to the Csm6 enzyme from
type 111 systems, Cas13 can cleave ssRNAs in a non-specific manner (Abudayyeh et al., 2016; East-
Seletsky et al., 2016).

The interference step of type 1l CRISPR-Cas systems involves Cas9 bound to a tracrRNA-
crRNA hybrid formed during the expression stage (Jinek et al., 2012). Upon binding this duplex to
Cas9, the nuclease screens for a PAM site located in the non-targeted strand. Then crRNA of the
RNA duplex base pairs with a complementary targeted DNA strand leading Cas9 RuvC and HNH
domains to introduce a blunt double-strand break (Gasiunas et al., 2012; Jinek et al., 2012)

Finally, Casl2 is a signature interference-related protein of type V CRISPR-Cas systems
(Shmakov et al., 2015). Although Casl2 shares some structural similarities with Cas9, the
interference mechanism of Casl12 depends on a single RuvC domain a single crRNA molecule
without the requirement of the tracrRNA. Upon PAM recognition, the crRNA of Cas12 binds to a
complementary DNA target followed by its cleavage and production of staggered ends (Fonfara et
al., 2016).

Since this thesis is focused on Cas9 and Casl2a CRISPR-Cas nucleases, | will further review their
properties by providing more detail on structure and mechanisms of action.

1.21 Cas9
The signature protein of the type Il CRISPR-Cas systems, Cas9, is a multidomain DNA-
targeting endonuclease. Targeting of naturally occurring CRISPR-Cas9 nucleases is mediated by a
duplex of crRNA and tracrRNA (Jinek et al., 2012). tracrRNA, encoded upstream of the type II
CRISPR-Cas locus, binds to a pre-crRNA transcript and activates maturation of the crRNA (Fig. 1.6.
A) (Deltcheva et al., 2011). Upon RNase 111 and tracrRNA-dependent maturation of the crRNA, a
crRNA-tracrRNA hybrid remains bound to the Cas9 (Deltcheva et al., 2011). Then Cas9 scans for a
11



PAM sequence right next to the target and subsequently base pairs with a DNA sequence,
complementary to the crRNA (Fig. 1.6. B). Base pairing is followed by an R-loop formation which
triggers conformational changes in Cas9 leading to target cleavage (Fig. 1.6. B). The coordinated
DNA cleavage is done by two distinct Cas9 domains, RuvC and HNH. introducing a blunt double-
stranded break (DSB).
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Figure 1.6. Principles of crRNA maturation and RNA-guided target cleavage of type Il CRISPR-Cas
systems. A) Maturation of Cas9 pre-crRNA. RNase IllI-dependent processing is activated upon
tracrRNA binding to the pre-crRNA. B) crRNA-tracrRNA guided cleavage of target DNA. Upon
PAM identification, crRNA binds to the target sequence. Followed by the R-loop formation,
endonuclease domains RuvC and NHN cleave targeted DNA. Adapted from (Doudna & Charpentier,
2014).

To mimic the natural crRNA-tracrRNA hybrid (Fig 1.7 A), the crRNA and tracrRNA can be
fused to form a chimeric single-guide RNA (sgRNA) (Fig. 1.7 B) (Jinek et al., 2012). sgRNA retains
critical features that allow its binding to Cas9 and targeted DNA. Changing the 20 nt targeting
sequence at the 5” end of the sgRNA allows to program Cas9 to target any DNA sequence (Jinek et
al., 2012). Nevertheless, both natural crRNA-tracrRNA duplexes and sgRNA chimeras can be
utilized for directed genome editing by Cas9.

A

B Linker loop
; crRMNA I T crRMA |

Figure 1.7. Alternative gRNA constructs, accommodated by Cas9. A) Naturally occurring crRNA-
tractRNA duplex, containing target sequence on 5’ end. B) Single-guide RNA (sgRNA). Contains a
linker loop to fuse crRNA and tracrRNA. Also contains a target sequence on the 5’ end. Adapted
from “LubioScience”, 2023.
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Although several Cas9 orthologs from distinct subtypes were identified, one of the most
characterized Cas9 nucleases comes from Streptococcus pyogenes (SpCas9) (Fonfara et al., 2014;
Jinek et al., 2012). SpCas9 is comprised of NUC (nuclease) and REC (recognition) domains
connected through an arginine-rich bridge helix (BH) (Fig. 1.8) (Jiang et al., 2016; Jinek et al., 2014;
Nishimasu et al., 2014). REC | — REC Il domains, found in the REC lobe, allow binding of SpCas9
to sgRNA and targeted DNA. The binding of sgRNA to SpCas9 initiates conformational changes to
accommodate targeted DNA (Jiang et al., 2015). PAM-interacting domain (PI), found in the NUC
lobe, scans for a G-rich (typically 5’-NGG) PAM motif located downstream of the targeted DNA.
Following PAM identification, sgRNA base pairing with the targeted strand (TS) causes displacement
of the non-targeted strand (NTS) and leads to an R-loop formation (Jiang et al., 2016). R-loop
formation triggers conformational changes in the REC subdomains that allosterically activate the
HNH domain (Palermo et al., 2018). The activated HNH domain cleaves the NTS of the targeted
DNA. Consequently, activation of the HNH domain induces conformational changes in the HNH-
RuvC junctions thus activating the RuvC domain to cleave TS afterward (Nierzwicki et al., 2021).
As a result, activated HNH and RuvC domains generate a staggered DSB in targeted DNA (Fig. 1.6
B) (Sternberg et al., 2015). Upon cleavage, SpCas9 remains bound to the target DNA and is later
displaced for recycling by other cellular factors (Sternberg et al., 2014).

A

1 60 94 180 308 496 718 775 909 1099 1368
NUC lobe REC lobe NUC lobe

crRNA-tracrRNA

REC-I
Figure 1.8. Structural organization of SpCas9. A) SpCas9 domain organization. B) Three-
dimensional structure of SpCas9 bound with a sgRNA and target DNA. Abbreviations: BH — bridge
helix, TS — targeted strand, NTS — non-targeted strand (contains PAM sequence), Pl — PAM
interacting domain. Adapted from (Babu et al., 2021; Jiang et al., 2016). PDB ID 5F9R.
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Extensive structural studies of Cas9 have provided valuable information about Cas9-mediated
molecular mechanisms, including PAM recognition as well as target DNA binding and cleavage.
However, the repertoire of Cas9-mediated genome engineering is expected to expand once more Cas9
orthologs are characterized.

1.2.2 Casl2a

Casl2a (formerly known as Cpfl) is a member of type V CRISPR-Cas nucleases (Bernd
Zetsche, 2015). A few years after the popularity rise of Cas9, Casl2a was discovered as a new
promising nuclease for gene editing (Bernd Zetsche, 2015). Casl12a is guided by a single crRNA
molecule (Fig. 1.9 A) and utilizes a single RuvC domain to cleave targeted DNA. Upon crRNA
hybridization to the target, the endonuclease activity of RuvC produces staggered double-stranded
breaks (Fig. 1.9 B) (Yamano et al., 2016).

A B
5’ esssm—————— 3' crRNA
3 Y5
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]’ /ﬂll(, \!&,/\\I ..': Ru‘( 11\1
Casl2a P 3 NTS
RuvC
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Figure 1.9. Schematics of Casl2a-mediated DNA cleavage. A) Casl2a target binding. Casl2a
contains a single RuvC domain and is guided by a single crRNA molecule. B) Endonuclease activity
of Casl2a. NTS (non-targeted strand) cleavage is followed by cleavage of TS (targeted strand). Target
cleavage is done by a single RuvC domain, producing a double-stranded staggered break. Adapted
from (Bandyopadhyay et al., 2020).

Cryo-EM and crystallographic data (Stella et al., 2017, 2018; Yamano et al., 2016) revealed
that a bilobed structure of Cas12a is created by the REC (recognition) and NUC (nuclease) lobes (Fig.
1.10 A). The REC lobe consists of REC1 and REC2 domains, and the NUC lobe is made up of bridge
helix (BH) together with PAM-interacting (PI), wedge (WED), and RuvC domains (Fig. 1.10 B). On
the contrary to Cas9, the guiding of Casl12a solely depends on a single crRNA molecule, processed
by the enzyme itself (Fonfara et al., 2016). The RNase site for crRNA processing is located in the
WED-III subdomain and the DNase site is found in the interface of RuvC and NUC domains.
Intramolecular base pairing of the 5’ repeat region in the crRNA forms a pseudoknot structure which
is stabilized by interactions with the RuvC, REC2, and WED domains (Stella et al., 2017; Swarts et
al., 2017). This binary interference complex recognizes T-rich PAM sequences (typically 5’-TTTV)
and initiates hybridization of the crRNA and target DNA through the WED II-111, REC1, and PAM-
interacting domains (Bernd Zetsche, 2015; Dong et al., 2016; Stella et al., 2017). Upon crRNA
hybridization to the targeted strand (TS), containing the PAM sequence, the non-target strand (NTS)
is positioned towards the DNase site by the PI domain and gets hydrolyzed first. Produced single-
stranded DNA flap is displaced by the WED domain and then TS enters the catalytic site generating
a staggered cut to the targeted DNA (Fig. 1.9 B).
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Figure 1.10. Structural organization of Casl2a from Francisella novicada U112 (FnCasl2a). A)
FnCasl2a domain organization. B) Three-dimensional structure of FnCas12a bound with the crRNA
and target DNA. Abbreviations: BH — bridge helix, PI — PAM interacting domain, NUC — nuclease
(lobe), REC — recognition (lobe). Adapted from (Paul & Montoya, 2020; Stella et al., 2017). PDB ID
S5MGA.

The discussed features of Casl2a (e.g., T-rich PAM requirement, staggered DSBs in targeted
DNA) broaden the versatility of the CRISPR-Cas toolkit that can be applied for precise genome
editing.

1.3 Overview of CRISPR-Cas genome editing

CRISPR-Cas-based technology has already been applied for mammalian cell genome editing
(Cong et al., 2013; Mali et al., 2013) as well as introducing site-specific transcriptional and epigenetic
modifications (Nelson & Gersbach, 2016; Nishida et al., 2016). Also, CRISPR-Cas genome editing
brought advances in diagnostics as well as agriculture (Endo et al., 2016; Li et al., 2018). To better
understand how these advances were achieved, this section will review the general principles of
CRISPR-Cas mediated genome editing along with limitations and therapeutic applications.

As mentioned in section 1.2.1., Cas9 endonucleases can accommodate a synthetic SgRNA
(single-guide RNA\) that can target any DNA of interest (as long as it is flanked by a respective PAM
sequence) (Jinek et al., 2012). Upon PAM recognition, the SgRNA base pairs with targeted DNA and
then Cas9 introduces a double-stranded break (DSB) (Jinek et al., 2012). The actual genome editing
happens during the cellular repair of the DSB, which occurs in two main pathways — homology-
directed repair (HDR) and non-homologous end joining (NHEJ) (Fig. 1.11) (Ran et al., 2013). HDR
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utilizes a donor template that is integrated into the DSB site and allows precise corrections of the
targeted DNA. However, the HDR pathway is relatively inefficient since it only occurs in dividing
cells and requires delivery of the donor template along with Cas9 (Ran et al., 2013). In contrast,
during NHEJ the cut DNA is ligated without the requirement of a donor template. Although the
occurrence of NHEJ is higher than HDR, this pathway is error-prone and often generates insertions
or deletions (indels) at the DSB site (lliakis et al., 2004).
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Figure 1.11. Schematics of CRISPR-Cas9 mediated genome editing. Cas9 recognizes a PAM
sequence adjacent to the template DNA and introduces a double-stranded break (DSB) after the
SgRNA base pairs with the target sequence. Repair of DSB takes place in either homology-directed
repair (HDR) or non-homologous end joining (NHEJ) pathway. HDR requires a donor template and
allows for precise gene editing, whereas NHEJ occurs through ligation of the DSB which results in
insertions or deletions at the site. The red dashed line indicates the cleavage of both strands of the
template. Adapted from (Lim & Kim, 2022).

Recent approaches to expand the toolkit of CRISPR-Cas-mediated genome editing resulted in
the development of new CRISPR-Cas-based genome editors. Base editors are one of the newly
developed genome editing tools composed of Cas9 nickase fused with a cytidine or adenosine
deaminase (Fig. 1.12 A) (Gaudelli et al., 2017; Komor et al., 2016). The Cas9 nickases are engineered
Cas9 mutants that can contain deactivated either RuvC or HNH domains to cut only a single strand
of targeted DNA. Notably, Cas9 nickases are more precise than regular Cas9 and help to avoid NHEJ
since they cleave only one strand of the targeted DNA (Shen et al., 2014). The sgRNA of Cas9 nickase
works the same way as usual by guiding it to the target sequence. Upon sgRNA hybridization to the
targeted DNA, the deaminase fused to the Cas9 nickase enables single nucleotide conversions. To
specify, adenine base editors utilize an adenosine deaminase for A (adenosine) conversion to |
(inosine) and cytosine base editors utilize a cytidine deaminase to convert C (cytosine) to U (uridine)
(Gaudelli et al., 2017; Komor et al., 2016). Following the DNA replication or repair, the A-T base
pair is converted to G-C, and the C-G is converted to T-A. This kind of ability to introduce single
nucleotide changes in DNA targets holds a large potential to apply base editors for the elimination of
disease-causing point mutations (Rees & Liu, 2018).

Another gene editor, comprised of Cas9 nickase (or catalytically impaired Cas9) fused with a
reverse transcriptase, is called a prime editor (Fig. 1.12 B) (Anzalone et al., 2019). The reverse
transcriptase of the prime editor is paired with a prime editing guide RNA (pegRNA) which guides
the Cas9 nickase to its target and simultaneously serves as an RNA template for the reverse
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transcriptase (RT). The RNA template of RT can be designed to introduce all types of edits, including
substitutions, insertions, and deletions. The more detailed mechanism of prime editors is described
by (Anzalone et al., 2019). Whilst further developments remain to be done, prime editors are
considered to hold the greatest potential for precise genome editing among other available tools.
(Scholefield & Harrison, 2021).
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Figure 1.12. Schematics of CRISPR-based genome editors. A) Principle of base editors. A Cas9
nickase fused with a respective deaminase enables single nucleotide changes in targeted DNA. B)
Principle of prime editors. A Cas9 nickase is guided by prime editing guide RNA (pegRNA)
containing an adjustable template sequence for reverse transcriptase (RT). The result of prime editing
depends the on sequence of the RT template. Adapted from (Lim & Kim, 2022).

Although this section described CRISPR-Cas9-based gene editing tools, it is worth
mentioning that similar tools are developed by including other CRISPR-Cas nucleases such as Cas12
and Cas13. While prime editors remain mainly focused on Cas9, Casl2a, and Cas13 were already
utilized for base editing (Cox et al., 2017; Gaillochet et al., 2023). Nevertheless, all described
CRISPR-Cas-based tools hold the potential for precise genome editing.

1.3.1 Limitations of CRISPR-Cas genome editing
Despite recent advances in CRISPR-Cas technologies, several limitations still exist. One of
the major concerns is the off-target activity of CRISPR-Cas nucleases which limits their adaptation
for in vivo therapeutic applications of complex eukaryotic organisms (H.-C. Yang & Chen, 2018;
Zischewski et al., 2017). To reduce off-target effects, CRISPR-Cas nucleases are engineered with
increased on-target specificity. Such nucleases include HypaCas9, HF-Cas9, and Sniper Cas9 (Chen
etal., 2017; Hu et al., 2018; J. K. Lee et al., 2018). Also, lower off-target effects were demonstrated
by the utilization of Cas nickases, containing catalytically inactivated endonuclease domains
(Anzalone et al., 2019). Alternatively, off-target effects can be diminished by lowering the duration
of the nuclease activity or by directly modulating the activity of Cas proteins upon target locus
alterations (Davis et al., 2015; Ghosh et al., 2019).
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Another issue regarding genome editing is related to the absence of PAM sequences in the
gene loci of interest. This restriction is being decreased through the characterization of
phylogenetically diverse CRISPR-Cas nucleases which require different PAM sequences (Gao et al.,
2017; Kleinstiver et al., 2015). Also, gene editing through HDR (homology-directed repair) is
insufficient due to the rare occurrence of this double-stranded break (DSB) repair pathway in cells
(Miyaoka et al., 2016). HDR can be enhanced by the addition of chemicals, such as KU0060648,
SCR7, and NU7441, or by delivery of the donor template together with the nuclease (K. Lee et al.,
2017; Maruyama et al., 2016; Robert et al., 2015). However, HDR-independent genome editing can
be done by utilization of prime or base editors, which do not require donor templates and were
demonstrated to precisely fix mutations in targeted sequences (Anzalone et al., 2019; Rees & Liu,
2018).

Possible immunogenic toxicity raises concerns for CRISPR-Cas technology application for in
vivo gene therapy. Studies have shown that Cas9 and its gRNAS can trigger immunogenic responses
in human cells (Charlesworth et al., 2019; S. Kim et al., 2018). However, to reduce the risk of
immunogenic response, CRISPR can be applied to modify cells ex vivo. Nevertheless, possible
immunogenic toxicity should be taken into account to ensure the safety of CRISPR-Cas-mediated
gene therapy.

1.3.2 Clinical trials

CRISPR-based genome editing is currently ongoing clinical trials to treat diseases such as
refractory cancer, diabetes, muscular dystrophy, and many more (Lim & Kim, 2022; Y. Yang et al.,
2021). These trials include both in vivo and ex vivo delivery of gene editing agents. For ex vivo
genome editing, cells are extracted from the patient or donor, modified in the laboratory, and then
reinfused into the patient. For in vivo gene therapy, the genome editor is directly injected into the
patient.

One of the CRISPR-based ex vivo clinical trials demonstrated promising results to treat sickle
cell disease and beta-thalassemia (Frangoul et al., 2021). Both diseases are related to mutations in the
hemoglobin beta-subunit (HBB) gene which cause the absence, reduction, or structural changes of
the hemoglobin-beta subunit. This study used CRISCRISPR-Cas9-based technology to restore the
production of fetal hemoglobin which would compensate for defective HBB gene. Although these
clinical trials are still ongoing (clinicaltrials.gov, NCT03655678, NCT03745287), high levels of fetal
hemoglobin were maintained and the patients avoided disease-related blood transfusions for longer
periods. Other CRISPR-based ex vivo genome editing trials are done in an attempt to treat refractory
cancers (Jing et al., 2018; Lu et al., 2020; Stadtmauer et al., 2020). CRISPR-Cas9 was applied to
remove immune checkpoint modulator genes that would result in the enhancement of natural anti-
tumor responses. However, these clinical trials were only partially successful. An attempt to treat
refractory cancers such as liposarcoma and multiple myeloma was terminated due to low CRISPR-
Cas editing frequencies and further progression of tumors (clinicaltrials.gov, NCT03399448).
Nevertheless, another similar clinical trial demonstrated the viability and expansion of edited anti-
tumor immune cells without significant off-target effects (clinicaltrials.gov, NCT02793856).
Unfortunately, further disease progression was identified in all 12 examined patients and 11 of them
have passed away.

One of the first CRISPR-based in vivo clinical trials was done to treat transthyretin amyloidosis
(also called ATTR amyloidosis) (Gillmore et al., 2021). ATTR amyloidosis is caused by the
accumulation of misfolded transthyretin (TTR) protein in tissues and usually causes diastolic
dysfunction or heart failure. CRISPR-Cas9-based pharmaceutical product was injected into patients
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to target the TTR gene. 4 weeks after the injection, a 52% and 87% decrease of TTR was reported in
low-dose and high-dose groups respectively. However, the clinical trial is still ongoing to determine
the safety and long-term durability of this treatment. Even though ex vivo clinical trials are more
prevalent than in vivo, CRISPR-based in vivo genome editing is being tested in animals. For example,
major successes were demonstrated in attempts to treat retinitis pigmentosa in mice (Goossens et al.,
2019; Moreno et al., 2018; Wu et al., 2016). Retinitis pigmentosa refers to a group of inherited
diseases that cause progressive ocular degeneration and are related to mutations in several genes.
Utilization of CRISPR-Cas tools in mice resulted in successful targeting and correction or depletion
of these genes, leading to a decrease in the disease symptoms.

These are just a few examples of how CRISPR-Cas technology is tested to treat various genetic
diseases. Although the safety and effectiveness of genome editing by CRISPR-Cas remain to be
assessed, ongoing clinical trials and animal testing are contributing to its potential applications in
clinical practice.

1.4  Cell-free protein synthesis

Cell-free protein synthesis (CFPS), also known as in vitro protein synthesis, is a versatile protein
synthesis tool, mostly used in bioengineering and synthetic biology (Silverman et al., 2020; Zubay,
1973). CFPS platforms utilize elements of transcriptional, translational, and metabolic machinery of
living cells to produce proteins of interest. These elements include translation initiation and
elongation factors, metabolic enzymes, ribosomes, chaperones, and other similar components that
supplement the efficiency of CFPS. CFPS systems can accommodate exogenously added DNA and
result in the expression of proteins of interest. Depending on the expressed proteins, their yields can
range from hundreds of micrograms per milliliter to milligrams per milliliter. (Kim et al., 2011;
Zawada et al., 2011). Added amino acids, energy substrates, salts, cofactors, and other biochemical
elements act as catalysts for protein production through CFPS. Once the energy substrates are
depleted or the accumulated byproducts reach an inhibitory concentration, the CFPS eventually gets
terminated. However, the open and flexible nature of the cell-free systems allows to prolong the CFPS
by elimination of the inhibitory byproducts and by supplementing the reactions with additional energy
components (Gregorio et al., 2019).

Most of the developed CFPS strategies are based on cell-free extracts (CFEs), derived from cells
such as Escherichia coli, rabbit reticulocytes, or wheat germ (Anastasina et al., 2014; Fogeron et al.,
2021; Smolskaya et al., 2020). Compared to cell-based protein synthesis, cell-free platforms have
several advantages. First, the utilization of CFEs for recombinant protein production requires fewer
experimental steps compared to classical in vivo methods (Fig. 1.13). Second, the open nature of cell-
free extracts allows easy control and manipulation of the reaction environment. These manipulations
include the addition of linear or plasmid DNA templates as well as the replacement or removal of
some tRNAs and the inclusion of non-canonical amino acids (Asahara et al., 2021; Ranji Charna et
al., 2022; Yokogawa et al., 2010). Third, CFPS systems are optimized toward the production of a
desired protein product (including toxic proteins) without the need to support cell viability and
growth.
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Figure 1.13. Comparison of cell-based and cell-free protein synthesis (CFPS) systems. In vivo
systems enable the production of recombinant proteins like the CFPS system, although it takes more
experimental steps to achieve similar results. Adapted from (Khambbhati et al., 2019).

In comparison to CFPS in cell-free extracts, the CFPS platform can be reconstituted from purified
elements that compose the so-called PURE (protein synthesis using recombinant elements) system
(Kuruma & Ueda, 2015; Shimizu et al., 2001). The PURE system is comprised of 36 purified
transcriptional, translational, and metabolic proteins along with ribosomes and other small molecule
components such as salts, buffers, and nucleotide triphosphates (NTPs) (Kuruma & Ueda, 2015).
Compared to CFE-based systems, the PURE system is highly controlled and lacks undesired
proteases or ribonucleases that are usually present in CFEs. The PURE systems were already applied
in synthetic biology (Findlay et al., 2016; Kuruma & Ueda, 2015) as well as molecular diagnostics
(Pardee, Green, et al., 2016), recombinant DNA replication (van Nies et al., 2018) and therapeutics
(Pardee, Slomovic, et al., 2016). However, the costly production of PURE limits its usage, thus cell-
free extracts remain to be the more popular alternative for CFPS.

1.4.1 CFPSinE. Coli cell-free extracts
One of the most popular prokaryotic CFPS systems comes from Escherichia coli. Reasons for E.
Coli extract utilization include cost-effective large-scale cultivation of E. coli, followed by simple
and cheap extract preparation. Although many cell-free extract preparation protocols are available,
E. Coli lysate preparation is generally comprised of four main steps: cell growth, lysis, incubation,
and dialysis. To ensure the quality of endogenously produced elements essential for CFPS, cultivated
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E. Coli cells are collected in their exponential growth phase. Afterward, cells are lysed by a method
of choice, e.g., bead beating or sonication (Kwon & Jewett, 2015; Shin & Noireaux, 2010). Cell lysis
is followed by several processing steps, including an incubation step to remove remaining
endogenous MRNAs and DNAs, and dialysis to eliminate small molecules.

Following E. Coli CFE preparation, the CFPS is initiated by the addition of energy substrates,
nucleotides, amino acids, cofactors, and DNA templates. DNA templates can be either plasmid or
linear. However, if linear templates are used, they should be protected from degradation by the
addition of exonuclease inhibitors, such as GamS (Sitaraman et al., 2004). Also, E. Coli cell-free
expression is often done by harnessing components of the T7 bacteriophage transcription system
(Kohrer et al., 1996). This system contains a T7 RNA polymerase (T7 RNAP) that is known to be
more processive than endogenous E. Coli RNA polymerase (Tabor, 2001) thus providing efficient
transcription during CFPS. Depending on the strain used for the CFE production, the T7 RNAP
synthesis can be induced before cell lysis (for E. Coli BL21 DE3 strains) or added to the CFPS
reactions exogenously (T.-W. Kim et al., 2006). Accordingly, added DNA templates for protein
synthesis must contain sequences of T7 promoters and T7 terminators to enable transcription by T7
RNAP. This kind of E. Coli CFPS system can be used to synthesize various proteins, including
enzymes, antibodies, and membrane proteins (Zemella et al., 2015). However, the E. Coli CFPS
systems are not suitable for the production of proteins with some post-translational modifications,
such as nitrosylation, ubiquitylation, methylation, or acetylation (Zemella et al., 2015). In these cases,
CFEs derived from eukaryotic cells (e.g., wheat germ, rabbit reticulocytes) should be used
(Anastasina et al., 2014; Fogeron et al., 2021).

1.4.2 Characterization of CRISPR-Cas nucleases through CFPS

Although phylogenetical studies revealed a wide diversity of CRISPR-Cas nucleases (Makarova
et al., 2020), their adaptation to CRISPR technologies is relatively slow. Such limitation is related to
the long and tedious process to characterize the basic properties of the Cas nucleases. Initial
characterization experiments usually took days or weeks due to the requirement of cell culturing
followed by protein purification (Karvelis et al., 2017; Leenay & Beisel, 2017). To speed up the
characterization process, in 2018 Marshall et al. demonstrated the utilization of E. Coli CFEs to
benchmark the properties of several CRISPR-Cas nucleases. During these experiments, CRISPR-Cas
nucleases were expressed in CFEs by the addition of gRNA and nuclease-encoding DNA templates.
To measure the activity of these nucleoprotein complexes, a deGFP (slightly modified version of
enhanced green fluorescent protein (eGFP)) encoding plasmid was used as a reporter construct (Fig.
1.14 A). Also, a CFPS-based PAM determination method was developed to measure the activity of
the Cas nucleases in the presence of target DNAs flanked by a library of different PAM sequences
(1.14 B). The produced products are then submitted for new generation sequencing (NGS) which is
followed by computational analysis to determine PAM sequences, favoured by the Cas nucleases.
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Figure 1.14. Characterization of CRISPR-Cas nucleases through cell-free protein synthesis (CFPS).
A) Activity measurements of SpCas9 and catalytically dead SpCas9 (dCas9). Reporter plasmid of
deGFP, containing a target sequence flanked by a PAM, is added along templates of Cas9, dCas9,
and sgRNA. If the targeting occurs, the fluorescence signal decreases. TXTL (stands for transcription-
translation) is an alternative name for cell-free protein synthesis. B) PAM assay through CFPS. A
library of potential PAM sequences flanking the target of a respective Cas nuclease is introduced.
Upon CFPS reaction, cleavage products are PCR-amplified and submitted for new-generation
sequencing (NGS). Depleted (Cas-favored) PAM sequences are assessed through computational
methods. Adapted from (Marshall et al., 2018).

The experiments done in this study also demonstrated that CFPS can be applied to measure the
inhibitory activity of anti-CRISPR proteins (Bondy-Denomy et al., 2015) or analyze the gene
repression effect of different CRISPR-Cas nucleases. The PAM screen experiments conducted by
Marshal et al. allowed to determine the PAM profiles of 5 different Cas12a homologs. Following
similar CFPS-based methods, the PAM screen strategy was already utilized to identify PAM profiles
across some other Casl2a nucleases. (Jacobsen et al., 2020). This shows that CFPS platforms hold
great potential for rapid and scalable characterization of CRISPR-Cas nucleases.
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2. MATERIALS AND METHODS

2.1 Materials

2.1.1 Bacterial strains
e E. Coli BL21(DE3) Star: FompT hsdSg (rs", mg’) galdcmrnel131 (DE3)

e E. Coli Dh5a: F—endA1l gInV44 thi-1 recAl relAl gyrA96 deoR nupG purB20
p80dlacZAM15 A(lacZYA-argF)U169, hsdR17(rK-mK+), 1—

e E. Coli Machl: W ArecA1398 endAl fhud ®80A(lac)M15 A(lac)X74 hsdR(rK—mK+)

2.1.2 Plasmids

Table 2.1 provides a brief description of each plasmid used in this work.

Table 2.1. Summary of all plasmids used in this work.

Plasmid Description
name

PRG10 | pET type expression vector, encoding sfGFP that contains a C-terminal Strepll-tag.

JPI1.19 | A customized pET type vector for Golden Gate cloning, containing two targets of Bsal at MCS followed
by a Strepll-tag fused on the C-terminus.

JPI1.04 | pET type protein expression vector that includes a gene for Adurb193Cas12a (inserted via Golden Gate
assembly) and a Strepll-tag fused on C-terminus.

JPI1.33 | pET type protein expression vector that includes a gene for HkCas12a (inserted via Golden Gate
assembly) and a Strepll-tag fused on C-terminus.

JPI1.08 | pET type protein expression vector that includes a gene for PiCas12a (inserted via Golden Gate
assembly) and a Strepll-tag fused on C-terminus.

JPI1.27 | pET type protein expression vector that includes a gene for Adurb336Cas12a (inserted via Golden Gate
assembly) and a Strepll-tag fused on C-terminus.

JPI1.10 | pET type protein expression vector that includes a gene for SpCas9 (inserted via Golden Gate assembly)
and a Strepll-tag fused on C-terminus.

JPI1.11 | pET type protein expression vector that includes a gene for AsCas12a (inserted via Golden Gate
assembly) and a Strepll-tag fused on C-terminus.

JPI1.12 | pET type protein expression vector that includes a gene for LbCas12a (inserted via Golden Gate
assembly) and a Strepll-tag fused on C-terminus.

JPI1.15 | pET type protein expression vector that includes a gene for FnCas12a (inserted via Golden Gate
assembly) and a Strepll-tag fused on C-terminus.

JPI1.16 | pET type protein expression vector that includes a gene for Fn3Cas12a (inserted via Golden Gate
assembly) and a Strepll-tag fused on C-terminus.

JPI1.17 | pET type protein expression vector that includes a gene for PdCas12a (inserted via Golden Gate
assembly) and a Strepll-tag fused on C-terminus.

JPI1.31 | pET type protein expression vector that includes a gene for Adurb336Cas12a (inserted via Golden Gate
assembly) and a Strepll-tag fused on C-terminus.

JPI1.32 | pET type protein expression vector that includes a gene for PiCasl12a (inserted via Golden Gate
assembly) and a Strepll-tag fused on C-terminus.

JPI1.45 | pET type protein expression vector that includes a gene for Adurb193Cas12a (inserted via Golden Gate
assembly) and a Strepll-tag fused on C-terminus.

JPI1.46 | pET type protein expression vector that includes a gene for HkCas12a (inserted via Golden Gate

assembly) and a Strepll-tag fused on C-terminus.
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Continued Table 2.1.

PCR®- | A linear blunt end cloning vector, included in Zero Blunt™ PCR cloning kit (“Thermo Fisher
Blunt Scientific")

JPI1.21 | pCR®-Blunt vector containing cloned template of sgRNA D for SpCas9.

JPI1.23 | pCR®-Blunt vector containing cloned template of sgRNA E for SpCas9.

JPI1.24 | pCR®-Blunt vector containing cloned template of crRNA D for FnCasl2a & Fn3Casl2a.

JPI1.25 | pCR®-Blunt vector containing cloned template of crRNA E for FnCas12a & Fn3Casl2a.

JPI1.34 | pCR®-Blunt vector containing cloned template of crRNA D for Adurb193Cas12a & HkCas12a.
JPI1.35 | pCR®-Blunt vector containing cloned template of crRNA E for Adurb193Cas12a & HkCas12a.
JPI1.36 | pCR®-Blunt vector containing cloned template of crRNA D for Adurb336Cas12a.

JPI1.37 | pCR®-Blunt vector containing cloned template of crRNA E for Adurb336Cas12a.

JPI1.38 | pCR®-Blunt vector containing cloned template of crRNA D for AsCasl12a.

JPI1.39 | pCR®-Blunt vector containing cloned template of crRNA E for LbCas12a.

JPI1.40 | pCR®-Blunt vector containing cloned template of crRNA D for PdCas12a.

JPI1.41 | pCR®-Blunt vector containing cloned template of crRNA E for PdCas12a.

JPI1.42 | pCR®-Blunt vector containing cloned template of crRNA D for PiCas12a.

JPI1.43 | pCR®-Blunt vector containing cloned template of crRNA E for PiCas12a.

JPI1.48 | pCR®-Blunt vector containing cloned template of crRNA E for AsCas12a.

JPI1.49 | pCR®-Blunt vector containing cloned template of crRNA D for LbCas12a.

Specific utilization of each plasmid is elaborated in further sections of the respective methods.

2.1.3 Oligonucleotides
Oligonucleotides, listed in Table 2.2, were synthesized at “Metabion International”.
Abbreviations “F” and “R” stand for forward and reverse positions against the PCR templates.

Table 2.2. Sequences of oligonucleotides used in this work.

Primers to amplify CRISPR nuclease genes for Golden Gate cloning
F | J-Pr5.57 | 5’ -GAGTACGGTCTCAAATGAGCAGCGTGTTTAGCGAC-3"
R | J-Pr4.28 | 5" -GAGTACGGTCTCACGCTGCTCTTGTACTCACGGTTCTGC-3"
F | J-Pr5.47 | 5’ —-GAGTACGGTCTCAAATGACCAACAAGTATAGCCTGAGC-3"
R | J-Pr4.36 | 5’ ~-GAGTACGGTCTCACGCTGCTTTCCTTTTTCTTGCTCTGTTC-3"
F | J-Pr5.45 | 5' -GAGTACGGTCTCAAATGGCCCCAAAGAAGAAACG-3’
R | J-Pr5.46 | 5" -GAGTACGGTCTCACGCTTGAAATAATGAAATTAATCCAGTCCTCATTCTTG-3"
F | J-Pr5.44 | 5" -GAGTACGGTCTCAAATGAAAGTGATGGAAAACTATCAGGAGTTCACC-3"
R | J-Pr5.01 | 5" -GAGTACGGTCTCACGCTTTTCAGGTACGGCTTTTCCTGC-3"
Primers to amplify gRNA templates for blunt-end cloning
F | J-Pr4.74 | 5' -AAAAGCACCGACTCGG-3’
R | J-Pr4.75 | 5’ -TAATACGACTCACTATAGGTGATAAG-3'
R | J-Pr4.76 | 5" -TAATACGACTCACTATAGGACGC-3"
F | JPr4.71 | 5" -GAAATTAATACGACTCACTATAG-3"
R | J-Pr4.72 | 5" -TCCACATGGCATTCC-3"
R | J-Pr4.73 | 5’ -TCCAGCGTCTCATCTTT-3"’
Single-stranded templates of gRNAs
5’ - AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGC
J-Pria4 TATTTCTAGCTCTAAAACCATGGCATTCCACTTATCACCTATAGTGAGTCGTATT-3"
5’ - AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGC
T-Pri4s TATTTCTAGCTCTAAAACGCGTCTCATCTTTATGCGTCCTATAGTGAGTCGTATTA-3'
5’ - GAAATTAATACGACTCACTATAGAATTTCTACTGTTGTAGATGTGATAAGTGGAATGCCATG
J-Pr4.69 TGGA-3"
1-Pra.70 5’ - GAAATTAATACGACTCACTATAGAATTTCTACTGTTGTAGATGACGCATAAAGATGAGACGC
' TGGA-3'
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Continued Table 2.2.

Quick-change mutagenesis (QCM) primers

F | J-Pr5.22 | 5’ -GAATTTCTACTATTGTAGATGTGATAAGTGG-3"
F | J-Pr5.23 | 5/ -GAATTTCTACTATTGTAGATGACGCATAAAGATG-3"
R | J-Pr5.24 | 5’ -CATCTACAATAGTAGAAATTCTATAGTGAGTCG-3"
F | J-Pr5.25 | 5’/ -GAATTTCTACTGTGGTAGATGTGATAAGTGG-3"
F | J-Pr5.26 | 5’ -GAATTTCTACTGTGGTAGATGACGCATAAAG-3"
R | J-Pr5.27 | 5’ -CATCTACCACAGTAGAAATTCTATAGTGAGTCG-3"
F | J-Pr5.28 | 5’ -GAATTTCTACTCTTGTAGATGTGATAAGTGG-3"
F | J-Pr5.29 | 5’ -GAATTTCTACTCTTGTAGATGACGCATAAAG-3"
R | J-Pr5.30 | 5’ -CATCTACAAGAGTAGAAATTCTATAGTGAGTCG-3’
F | J-Pr5.31 | 5’ -GAATTTCTACTAAGTGTAGATGTGATAAGTGG-3"
F | J-Pr5.32 | 5’ -GAATTTCTACTAAGTGTAGATGACGCATAAAG-3'
R | J-Pr5.33 | 5’ -CATCTACACTTAGTAGAAATTCTATAGTGAGTCG-3"
F | J-Pr5.34 | 5’ -GAATTTCTACTTCGGTAGATGTGATAAGTGG-3"
F | J-Pr5.35 | 5’/ ~-GAATTTCTACTTCGGTAGATGACGCATAAAG-3"
R | J-Pr5.36 | 5’ -CATCTACCGAAGTAGAAATTCTATAGTGAGTCG-3’
F | J-Pr5.37 | 5’ -GAATTTCTACTTGTGTAGATGTGATAAGTGG-3"
F | J-Pr5.38 | 5’ ~-GAATTTCTACTTGTGTAGATGACGCATAAAG-3"
R | J-Pr5.39 | 5/ -CATCTACACAAGTAGAAATTCTATAGTGAGTCG-3’
Sequencing primers
F ORG1 5’ -GTAAAACGACGGCCAG-3"
F | J-Pr4.29 | 5' -GGCGGATATTCGTTGGGACG-3"
F | J-Pr4.30 | 5’ -CGGTCTGATGCTGAGCAAGATG-3"
F | JPr4.31 | 5" -GGACCGTGATATGAGCTTTTATAGCG-3"
F | J-Pr4.32 | 5’ -GAAGGACCTGATCCCGAAAATGC-3"
F | J-Pr4.33 | 5’ —-CATCAACGCGAAAGTTCTGAACG-3"
F | J-Pr4.34 | 5’ -CATTAGCGCGATGGACTTTATTCG-3"
F | J-Pr4.37 | 5' ~-GAAGCAGAAGGGTAAAGAGGTGG-3"
F | J-Pr4.38 | 5’ -GAACAACCTGATCAACAAGCTGAG-3’
F | J-Pr4.39 | 5’ -GAGCTGCTGTACGACGATAACG-3"
F | J-Pr4.40 | 5’ -CGAGTGGGACATCTACAAGTTCAAG-3"
F | J-Pr4.41 | 5’ -GCAGCTTTAACATCTTCAAGGATGAG-3"
F | J-Pr4.42 | 5’ -CCAACGGCGAGCGTATCATTC-3’
F | J-Pr4.53 | 5’ -GATCTCAACCTTGACTGGCAG-3"
F | JPrd54 | 5' -CGGCGAGAAGGTTCAAGGC-3’
F | J-Pr4.55 | 5’ -GCAATCAAGGAGTACCTGGAAAAG-3
F | J-Pr4.56 | 5/ -GTTTCTCTACAAGTACAAGGGCCC-3"’
F | J-Pr457 | 5’ -CAAGACCAATAAGAATGTTAATCAAATCGTGC-3"
F | JPr458 | 5' -CTGTTTCGGCTTAAGAGCATCAAC-3’
F | J-Pr4.61 | 5’ -CTGAGCAGCTTCAGCATTAGCAAC-3"
F | J-Pr4.62 | 5’ -GTATAACCAGAAACACAAGGACCG-3’
F | J-Pr4.63 | 5’ —-GAAGCTGCTGGGCACCAAATAC-3"
F | J-Pr4d.64 | 5’ -GCATCAGCAAGTATCCGAACATTAG-3"
F | J-Pr4.65 | 5’ —-CATGGAAAACAAATTCCTGTTTCACC-3’
F | J-Pr4.66 | 5’ -CCAGCAAGATCGATCCGGTTAC-3’
Colony PCR primers
F ORG1 5’ -GTAAAACGACGGCCAG-3"
R ORG2 5’ -CAGGAAACAGCTATGAC-3"
F ORG3 5’ -GGATCTCGACGCTCTCCCT-3"
R ORG6 5’ -ACCCCTCAAGACCCGTTTAG-3’
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More detailed purposes of each oligonucleotide are later described in sections of respective
methods.

2.2 Methods

2.2.1 Golden Gate assembly

Selected Cas12a homologs were cloned into a customized cell-free expression vector (Table
2.3) through Golden Gate assembly as described previously by (Engler etal., 2008). Briefly, CRISPR
nucleases were PCR-amplified from plasmids containing their genes (Table 2.3; section 2.1.2) with
corresponding sets of primers (Table 2.3; section 2.1.3) and Phusion Plus (“Thermo Fisher
Scientific”’) DNA polymerase. To remove the PCR templates, the reactions were treated with Dpnl
(“Thermo Fisher Scientific”) for 1h at 37°C and 5 min at 80°C. Then the inserts were purified with
GeneJET™ PCR Purification Kit (“Thermo Fisher Scientific”) and their length was analyzed by
running 1% (m/w) agarose gel electrophoresis in 1X TAE buffer (40mM Tris-acetate, 1ImM EDTA,
pH 8.0 at 25°C).

Table 2.3. Summary of Golden Gate assembly for nuclease gene cloning.

Insert amplification .
Nuclease PCR PCR Cloning Sequencing primers
. PCR settings vector
template primers
J-Pr5.57,
Adurb193Casl12a JPI1.04 JPI1.19 J-Pr4.29 — J-Pr4.34
J-Pr4.28 | 98°C 30s
J-Pr5.47, | 98°C 10s
Adurb336Casiza | JPIL27 | | TP } s | JPILIO | 3-Pra37-3Pras2
J-Pr5.45, | 72°C 2min 30s
HkCasl12a JPI1.33 1-Pr5.46 | 4°C o JPI1.19 J-Pr4.53 — J-Pr4.58
. J-Pr5.44,
PiCasl2a JPI1.08 1-Pr5.01 JPI1.19 J-Pr4.61 — J-Pr4.66

20fmol of the cloning vector was combined with equimolar amounts of purified inserts in a
S5uL Golden Gate reaction. The reactions contained 1X T4 DNA ligase buffer (“New England
BioLabs”; 50mM Tris-HCI, 10mM MgClz, ImM ATP, 10mM DTT, pH 7.5 at 25°C), T4 DNA ligase
(“New England BioLabs”) and Bsal restriction enzyme (“New England BioLabs™’) and were carried
out in a thermocycler under the following settings: 37°C (5 min) and 16°C (5 min) for 30 cycles,
followed by 5 min incubation at 80°C afterward.
Assembled plasmids were transformed into chemically competent E. Coli DH5a (section
2.1.1) cells prepared by following the “CaCl2 method” (Sambrook et al., 1989). Transformants were
grown overnight at 37°C on LB-agar media (10g/I tryptone, 5g/l yeast extract, 10g/l NaCl, 10g/I
bacteriological agar, pH 7.0 at 25°C), containing 50ug/ml of kanamycin. The transformants were
screened and selected through colony PCR with primers ORG3 and ORG6 (section 2.1.3). Products
of colony PCR were analyzed in 1% (m/w) agarose gel*, containing 1X TAE buffer (40mM Tris-
acetate, ImM EDTA, pH 8.0 at 25°C). Afterward, colonies of interest were inoculated to 8-12ml of
LB broth (10g/l tryptone, 5g/l yeast extract, 10g/l NaCl, pH 7.0 at 25°C), containing 50ug/ml of
kanamycin, and grown overnight at 37°C with 200 rpm™ shaking. The plasmids were then purified
with the GeneJET™ Plasmid Miniprep Kit (“Thermo Fisher Scientific”). Sequences of the Golden
Gate assembly constructs (J.P11.31, J.P1 1.32, JPI11.45, JPI1.46; section 2.1.2) were verified by Sanger
or whole plasmid Nanopore sequencing (Branton et al., 2008; Sanger et al., 1977). Respective
sequencing primers for Golden Gate assembly products are listed in Table 2.3 and in section 2.1.3.
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*Note — all mentioned agarose gels contain 0.5X of SYBR™ Safe DNA Gel Stain (“Thermo Fisher
Scientific”).

2.2.2 Blunt-end cloning

Single-stranded DNA oligonucleotides that serve as gRNA templates for SpCas9 and
Fn/Fn3Casl2a were PCR-amplified as double-stranded DNAs with Phusion DNA polymerase
(homemade). Primer pairs, templates, and optimized PCR settings used for the amplification are listed

in Table 2.4 and in section 2.1.3.

Table 2.4. Summary of blunt-end cloning of SpCas9, FnCas12a & Fn3Cas12a gRNA templates.

Insert lificati . .
Nuclease gRNA nsert ampfmeation Blunt-end cloning Sequencing
template PCR template F?CR PCR settings vector primer
primers
D J-Prl.44 -pra.rd,
SpCas9 J-Pr4.75 98°C 30s
P - terias | SPATA | 9°C 108
' J-Pr4.76 | 55°C SOS}XZS pCR®-Blunt ORG1
J-Pr4.71, 72°C 5s
FnCas12a, b J-Pra.69 1Pra72 | 4°C oo
Fn3Casl2a J-Pr4.71,
E J-Prd4.70 3-Pra.73

Amplified inserts were purified with GeneJET™ PCR Purification Kit (“Thermo Fisher
Scientific”’) and analyzed in a 1% (m/w) agarose gel* containing 1X TAE buffer (40mM Tris base,
20 mM acetic acid, ImM EDTA disodium salt dihydrate, pH 8.0 at 25°C). The inserts were then
cloned into a pCR®-Blunt vector (section 2.1.2) using Zero Blunt™ PCR Cloning Kit (“Thermo
Fisher Scientific”). Cloned constructs were transformed via electroporation (using “Bio-Rad
Laboratories” MicroPulser™ electroporator with the pulse voltage set to 1.8kV) into
electrocompetent E. Coli Mach1l (section 2.1.1) cells, prepared as described previously (Fuller et al.,
2001) and grown overnight at 37°C on LB-agar-IPTG media (10g/l tryptone, 5g/l yeast extract, 10g/I
NaCl, 10g/l bacteriological agar, ImM IPTG, pH 7.0 at 25°C), containing 50ug/ml of kanamycin.
Transformants were screened through colony PCR using primers ORG1 and ORG2 (section 2.1.3)
and selected based on the length of the PCR product. Afterwards, colonies of interest were grown at
37°C overnight in 4ml of LB broth (10g/I tryptone, 5¢/1 yeast extract, 10g/l NaCl, pH 7.0 at 25°C),
containing 50pg/ml of kanamycin. Then plasmid purification was done using GeneJET™ Plasmid
Miniprep Kit (“Thermo Fisher Scientific”’). Cloned plasmids (JPI21, JPI.23, JPI.24, JPI.25; section
2.1.2) were sequence-verified by Nanopore or Sanger sequencing (Branton et al., 2008; Sanger et al.,
1977).

*Note — all mentioned agarose gels contain 0.5X of SYBR™ Safe DNA Gel Stain (“Thermo Fisher
Scientific”).

2.2.3 Quick-change mutagenesis
To adjust for the differences between gRNA sequence requirements of different Casl2a
homologs, plasmids containing the sequences of Fn/Fn3Cas12a gRNA molecules (JP11.24 & JPI1.25;
section 2.1.2) were used as templates for quick-change mutagenesis (QCM) (H. Liu & Naismith,
2008) (Table 2.5; sections 2.1.2, 2.1.3). The PCR for the mutagenesis reactions were carried out with
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Phusion™ Plus DNA Polymerase (“Thermo Fisher Scientific’). To remove the PCR templates, QCM
samples were later digested with Dpnl (“Thermo Fisher Scientific”) for 1h at 37°C and incubated at
80°C for 5 min.

Table 2.5. Summary of quick-change mutagenesis for Cas12a gRNA templates.

gRNA QCM . . Sequencing
Nuclease template | template QCM primers QCM settings primer
AdurbCas12a, D JPIL.24 1-Pr5.22, 3-Pr5.24
HkCas12a E JPIL.25 3-Pr5.23, 3-Pr5.24
D JPIL.24 3-Pr5.25, J-Pr5.27
Adurb336Casiza E JPIL25 J-Pr5.26, J-Pr5.27 ggog igs
AeCasiza D JPIL.24 J-Pr5.28, 3-Pr5.30 o 305 5
E JPIL.25 3-Pr5.29, 3-Pr5.30 e msin X oRGL
bcaciza D JPIL.24 3-Pr5.31, J-Pr5.33 e i
E JPIL25 3-Pr5.32, J-Pr5.33 o
D JPIL.24 3-Pr5.34, J-Pr5.36
PdCasl2a E JPIL.25 3-Pr5.35, J-Pr5.36
. D JPIL.24 3-Pr5.37, 3-Pr5.39
PiCasl2a E JPIL.25 3-Pr5.38, J-Pr5.39

After Dpnl digestion, QCM products were transformed via electroporation (using “Bio-Rad
Laboratories” MicroPulser™ electroporator with the pulse voltage set to 1.8kV) into
electrocompetent E. Coli Mach1 (section 2.1.1) cells, prepared as described previously (Fuller et al.,
2001). Transformants were grown overnight at 37°C on LB-agar-IPTG media (10g/l tryptone, 5¢/I
yeast extract, 10g/l NaCl, 10g/l bacteriological agar, LmM IPTG, pH 7.0at 25°C), containing 50ug/ml
of kanamycin. Colonies were screened through colony PCR, using primers ORG1 and ORG2 (section
2.1.3). After analyzing the colony PCR products on 2% (m/w) agarose gel* containing 1X TAE buffer
(40mM Tris base, 20 mM acetic acid, 1mM EDTA disodium salt dihydrate, pH 8.0 at 25°C), selected
colonies were grown in 4ml of LB broth (10g/I tryptone, 5¢/l yeast extract, 10g/l NaCl, pH 7.0 at
25°C) overnight at 37°C with 200 rpm™* shaking. Plasmids of interest (J.P11.34 — J.PI1.43, J.PI1.48,
JPI1.49; section 2.1.2) were purified from grown cultures using GeneJET™ Plasmid Miniprep Kit
(“Thermo Fisher Scientific”) and sequence-verified by Nanopore or Sanger sequencing (Branton et
al., 2008; Sanger et al., 1977).

*Note — all mentioned agarose gels contain 0.5X of SYBR™ Safe DNA Gel Stain (“Thermo Fisher
Scientific”).

2.2.4 Preparation of linear gRNA templates

Linear templates of gRNAs of FnCas12a, Fn3Cas12 SpCas9 were PCR-amplified from blunt-
end cloned plasmids JPI1.24, JPI11.25, JPI1.21, JPI1.23 (sections 2.1.2, 2.2.2). The remaining linear
gRNA templates of Cas12a homologs were amplified from the plasmids that underwent quick-change
mutagenesis prior (section 2.2.3). The PCR was done using homemade Phusion DNA polymerase
with plasmid templates (section 2.1.2) and custom primers (section 2.1.3) listed in Table 2.6. PCR
amplification of gRNA templates for SpCas9 and Cas12a homologs differed by final concentrations
of the primers and number of PCR cycles as described in Table 2.6.
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Table 2.6. Summary of amplification of linear gRNA templates for SpCas9 and Cas12a homologs.

RNA Final
Nuclease g PCR template PCR primers concentrations PCR settings
template .
of the primers
D PIL21 J-Pra.74, -Pr4.75 98°C 30s
98°C 10s
SpCas9 0.25uM 55°C 30s :||>x20
72°C 55
E IPI1.23 J-Pra.74, J-Pr4.76 2C
FnCasl2a, D PIL.24 J-Pra71, J-Pra72
Fn3Cas12a E IPIL.25 J-Pra.71, J-Pr4.73
AdurbCas12a, D PI1.34 J-Pra.71, J-Pr4.72
HkCas12a E IPIL.35 J-Pra.71, J-Pr4.73
Adurb336Cas D JPI11.36 J-Pr4.71, J-Pr4.72 98°C 30s
12a E PIL37 J-Pra.71, J-Pr4.73 98°C 10s
D IPI1.38 J-Pra71 J-Pr472 55°C 305 }xss
AsCaslza E PI1.48 J-Pra.71, J-Pr473 0-5uM 72°C 55
D IPILA9 J-Pra.71, J-Pr472 4°C o
LbCas12a E IPI1.39 J-Pra.71, J-Pr473
D JPIL.40 J-Pra71 J-Pra72
PdCas12a E PILAL J-Pr4.71, J-Pra.73
. D PILA2 J-Pra.71, J-Pr4.72
PiCasi2a E PILA3 J-Pra.71, J-Pr473

Linear PCR-amplified gRNA templates were analyzed on 4% (m/w) agarose gel* containing
1X TBE buffer (100mM tris base, 100m boric acid, 2mM EDTA disodium salt dihydrate, pH 8.0 at
25°C). Casl2a gRNA templates were purified from the same agarose gel using GeneJET™ Gel
Extraction Kit (“Thermo Fisher Scientific”) and gRNA templates for Cas9 were purified using
GeneJET™ PCR Purification Kit (“Thermo Fisher Scientific”).

*Note — all mentioned agarose gels contain 0.5X of SYBR™ Safe DNA Gel Stain (“Thermo Fisher
Scientific”).

2.2.5 Cell-free protein synthesis

Cell-free protein synthesis of the selected nucleases were carried out in homemade and
commercially available cell-free extracts. 125fmol of nuclease encoding plasmids (JP1.10 — JPI1.12,
JPI1.15 — JPI17, JPI1.31, JPI1.32, JPI1.45, JPI1.46; section 2.1.2) containing Strepll-tags and 2.5
pmol of their corresponding linear gRNA templates were mixed with 1X energy mix (50mM HEPES-
K, 1.5mM ATP, 1.5mM GTP, 0.9mM CTP, 0.9mM UTP, 33mM phosphoenolpyruvate, 0.2mg/ml
tRNA from E. Coli MRE600 (“Roche”), 0.33mM NAD, 0.27mM coenzyme A, 0.068uM folinic acid,
1.5mM spermidine), 1.25mM L-Leu, 1.5mM L-amino acid mix (Ala, Arg, Asn, Asp, Cys, GIn, Glu,
Gly, His, lle, Lys, Met, Phe, Pro, Ser, Thr, Trp, Tyr, Val), 8mM magnesium glutamate, 150mM
potassium glutamate, 1.4% (V/V) PEG8000, 2mM DTT, 1mM IPTG, 10 mg/ml E. Coli (DE3) Star
(section 2.1.1) cell-free extract (homemade), 27.75uM GamS (homemade). The commercial cell-free
extract from NEBExpress® Cell-free E. coli Protein Synthesis System (“New England BioLabs”)
was mixed with the provided components (Protein Synthesis Buffer, RNase Inhibitor Murine, T7
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RNA Polymerase) in addition of ImM IPTG and 27.75uM GamS (homemade). Protein and linear
gRNA expression templates were used in identical order and ratio (125fmol:2.5pmol) as in the
homemade cell-free extracts. For both extracts, an sSfGFP-Strepll encoding plasmid PRG10 (section
2.1.2) was included as a positive control for protein synthesis. Negative controls had no DNA
templates included. All reactions were assembled on ice, initiated by transferring them into
prewarmed Eppendorf ThermoMixer™ C (“Thermo Fisher Scientific”), and performed for 20h at
30°C, 800 rpm. Afterward, part of the reaction samples was collected for protein purification and
detection assays, later described in sections 2.2.6 and 2.2.7.

For comparative RNA analysis, part of the CFPS samples were treated with DNase | (“New
England BioLabs”) and RNase A (“Thermo Fisher Scientific”) in 1X DNase | reaction buffer (“New
England BioLabs”) for 1 hour at 37°C. Nucleic acid samples were denatured in 1X formamide loading
solution (48% (V/V) formamide, 10mM EDTA, 1g/l Orange-G) at 70°C for 5 min and resolved in
10% urea-PAGE (AA/BAA ratio 29:1) gel containing 1X TBE buffer (100mM tris base, 100mM
boric acid, 2mM EDTA disodium salt dihydrate, pH 8.0 at 25°C). Urea-PAGE gels were post-stained
in SYBR™ Gold Nucleic Acid Gel Stain (“Thermo Fisher Scientific”) according to the protocol of
the manufacturer and imaged with Amersham™ Typhoon™ (“GE Healthcare Life Sciences”) laser
scanner.

2.2.6 Protein purification

Cell-free protein synthesis was followed by protein purification using “IBA Lifesciences”
Strep-Tactin™ and Strep-Tactin™XT coated microplates. CFPS samples were spinned at 13000
rom (table-top centrifuge) to separate insoluble precipitates from the liquid fraction. The remaining
supernatant was loaded into Strep-Tactin-coated microplates and incubated on ice for 30 min to
immobilize proteins of interest. Protein-loaded plates were washed with 100mM Tris-HCI (pH 8.0 at
25°C), 150mM NacCl, and ImM EDTA solution. Elution was done with buffers, designated for each
protein purification system: 1200mM Tris-HCI (pH 8.0 at 25°C), 150mM NaCl, 1ImM EDTA, 50mM
D-(+)-Biotin for Strep-Tactin™XT microplate and 100mM Tris-HCI (pH 8.0 at 25°C), 150mM NacCl,
1mM EDTA, 2.5mM D-Desthiobiotin for Strep-Tactin™. Collected immobilization flowthrough and
elution samples were mixed with 1X SDS loading dye (50 mM Tris-HCI pH 6.8, 1% (V/V) B-
mercaptoethanol, 20g/l SDS, 10% (V/V) glycerol, 2g/l bromophenol blue) and incubated at 95° for 5
min. Denatured protein samples were resolved in 8% SDS-PAGE (AA/BAA ratio 37.1:1) gel ran in
1X Tris-glycine SDS-PAGE buffer (25mM tris base, 19.2mM glycine, 3.5mM SDS, pH 8.0 at 25°C)
and stained with SYPRO™ Ruby Protein Gel Stain (“Thermo Fisher Scientific”). Imaging of
fluorescent-stained samples was done using Amersham™ Typhoon™ (“GE Healthcare Life
Sciences”) laser scanner and GelDoc Go imaging system (“Bio-Rad Laboratories™). The same protein
gel was then post-stained with Coomassie solution (1 g/l Coomassie R-250, 40% (V/V) ethanol, 10%
(V/V) acetic acid) and destained by heating in a solution, containing 10% (V/V) ethanol and 7%
(V/IV) acetic acid.

2.2.7 Western blot
Western blot was done following similar methods as previously described by (Towbin et al.,
1979). SDS-denatured protein samples from CFPS and purification assays were resolved in 8% SDS-
PAGE (AA/BAA ratio 37.1:1) gel ran in 1X SDS-PAGE buffer (25mM tris base, 19.2mM glycine,
3.5mM SDS, pH 8.0 at 25°C). Four pieces of Whatman filter paper and one piece of PVDF membrane
were cut according to the size of the gel. The filter paper pieces were submerged into 1X transfer
buffer (160mM tris base, 620mM glycine, 155mM tricine, 2.5mM EDTA, pH 8.0 at 25°C). The same
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was done to the PVDF membrane that was activated in 100% methanol prior. A protein “transfer
sandwich” was created by stacking the components as follows: two sheets of wet filter paper, wet
PVDF membrane, protein gel, two sheets of wet filter paper. The transfer was done for 15 minutes
on Thermo Scientific™ Pierce™ Power Blotter (“Thermo Fisher Scientific”) with the current set to
1.3A.

The PVDF membrane was blocked in blocking solution (40g/l skim milk powder, 137mM
NaCl, 2.7mM KCI, 10mM Na;HPO4, 9mM KH2PO4, 0.2% (V/V) Tween 20) and incubated at room
temperature with 1:4000 dilution of Strepll-tag Antibody HRP Conjugate (“Sigma-Aldrich”) for 1
hour. The membrane was extensively washed in 1X wash solution (137mM NaCl, 2.7mM KClI,
10mM NaHPO4, 9mM KH2PO4, 0.2% (V/V) Tween 20)) and then exposed to the Thermo
Scientific™ SuperSignal™ West Femto Maximum Sensitivity Substrate (“Thermo Fisher
Scientific”) to start the HRP chemiluminescence reaction. Signal detection was done using the “Bio-
Rad Laboratories” ChemiDoc MP Imaging System. Afterward, the PVDF membrane was stained in
Ponceau S solution (1 g/l Ponceau S, 5% (V/V) glacial acetic acid) following drying and imaging.
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3. RESULTS AND DISCUSSION

3.1 CRISPR-Cas nucleases selected for the study

CRISPR-Cas-based genome editing is still facing challenges, mostly related to off-target effects
which can cause unpredicted target cleavage. Such CRISPR-Cas nuclease activity can be followed
by unanticipated genomic alterations and rearrangements. The mentioned limitation can be overcome
by utilizing different CRISPR-Cas nucleases that inherently have different targeting properties.
Although phylogenetical studies revealed a robust variety of CRISPR-Cas nucleases (Makarova et
al., 2020), their characterization is usually long and tedious due to lengthy experimental steps, such
as cell cultivation and protein purification. To overcome this, we are aiming to develop a high-

throughput method to benchmark programmable nucleases (Fig 3.1).

1. Encode Type V 3. Find PAM, 4, Specificity,

2. Express & purify .
nucleases & gRNAs cleave target cleavage rates & sites

5. Express & cleave in cells

Figure 3.1. High-throughput strategy to benchmark CRISPR-Cas nucleases. Adapted from (Jones,
unpublished data).

To ensure the efficiency of the characterization strategy, we selected ten CRISPR-Cas
nucleases that were demonstrated to be active in vitro (some in vivo too) and have their PAM sequence
requirements determined (Table 3.1). The set of the selected nucleases includes nine Casl2a
homologs from ADurb.Bin193 (Adurb193Casl2a), Acidaminococcus species (AsCasl2a),
Lachnospiraceae bacterium (LbCasl2a), ADurb.Bin336 (Adurb336Casl2a), Francisella novicada
(Fn3Casl2a), Francisella novicada U112 (FnCasl2a), Prevotella ihumii (PiCasl2a), Prevotella
disiens (PdCas12a) and Helcococcus kunzii (HkCas12a) (Bernd Zetsche, 2015; Jacobsen et al., 2020;
Tang et al., 2017) along with Cas9 from Streptococcus pyogenes (SpCas9) (Jinek et al., 2012). The
prevalence of Cas12a nucleases is related to their independence of tracrRNAS since they require only
a single crRNA molecule to form an effector complex. Even though the tracrRNA sequence of
SpCas9 is known, less characterized Cas9 homologs would require additional studies for their
tracrRNA identification. This would be a lengthy process as the tracrRNA determination through
bioinformatic methods faces challenges such as variability of tracrRNA sizes, sequences, and their
different locations at the CRISPR arrays (Dooley et al., 2021).

Table 3.1. Nucleases, selected for this work, along with their identified activities and PAM
requirements.

Demonstrated
Nuclease activity PAM sequence (5’ 37)
invitro | invivo

SpCas9 + + NGG
Adurb193Casl2a + - TTTV
AsCasl?2a + + TTTV
LbCas12a + + TTTV
Adurb336Cas12a + - TTTV
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Continued Table 3.1.

Fn3Casl2a + - YTV
FnCasl2a + + TTN
PiCasl2a + + KKYV
PdCasl2a + + TTTV
HkCas12a + + YYv

The planned characterization strategy is comprised of five stages: cloning of the nuclease genes
and preparation of their gRNA templates; cell-free expression of the nucleases and their microplate-
based purification; determination of the PAM requirements; assessment of the cleavage specificity
and dynamics in vitro; evaluation of the nuclease activity in vivo. Nevertheless, this work was focused
on the first two stages, which involve cloning, cell-free expression, and purification of the selected
nucleases. The results of these experiments are presented in the further sections.

3.2 Vector design

To proceed with the nuclease cloning, expression, and purification experiments, | designed two
custom vectors to clone the genes of the selected nucleases (Fig. 3.2). These vectors only differ by
the position of the Strepll affinity tag, which can be fused on either C- or N-terminus of the cloned
nucleases. Both vectors contain the following sequences: T7 promoter, T7 terminator, ribosome
binding site (RBS), Lac operator, kanamycin resistance gene, a multiple cloning site (MCS) (flanked
by two Bsal endonuclease sites), XTEN linker (SGSETPGTSESATPES) (Schellenberger et al., 2009)
and the sequence of the Strepll affinity tag. Also, both vectors encode the Lac operator inhibitor
protein (Lacl), which binds to the Lac operator thus inhibiting the transcription of the cloned nuclease.
Synthesis of the cloned protein is induced by the addition of IPTG. The inclusion of Bsal restriction
endonuclease sites at the MCS allows for Golden Gate cloning (Engler et al., 2008).
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Figure 3.2. Customized cloning vectors, containing sequences required for nuclease cloning,
expression, and purification. A) A customized vector, containing the Strepll affinity tag on the N-
terminus. B) A customized vector, containing the Strepll affinity tag on the C-terminus. C) Close-
ups of the rectangular boxes, containing sequence elements, listed on the right side of each
corresponding vector. MCS — multiple cloning site (contains two Bsal sites), RBS — ribosome binding
site, ori — origin of replication, KanR — kanamycin resistance gene, Lacl — Lac operator inhibitor
gene, XTEN linker — peptide (SGSETPGTSESATPES) sequence, bridging between the MCS and the
Strepll-tag.

For further experiments, | proceeded with the vector, containing the Strepll-tag on the C-
terminus (Fig. 3.2. B). This vector ensures later purification of the full-length nucleases only, as the
Strepll-tag is synthesized at the end of the protein translation. If the Strepll-tag was fused at the N-
terminus, there would be a chance to purify Strepll-tagged proteins that were not translated entirely.
The premature termination of the translation can happen if the mRNA transcripts are degraded on the
3’ end, unable to serve as templates to produce full-length proteins.

3.3 Cloning of nucleases and gRNA templates

During this work, I successfully amplified and cloned the genes of Adurb193Cas12a, HkCas12a
PiCasl12a, and Adurb336Casl2a (Fig. 3.3) into a customized cloning vector, containing C-terminal
Strepll sequence (Fig. 3.2. B; section 2.2.1). The remaining 6 nuclease genes of SpCas9, AsCas12a,
LbCasl12a, FnCasl2a, Fn3Casl2a, and PdCasl2a were cloned previously (Grigaitis, unpublished
data). Sequences of all 10 constructs were confirmed via sequencing and used for cell-free protein
synthesis (CFPS).
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Figure 3.3. PCR-amplified cloning inserts (~4.6kb) of Adurb193Cas12a, HkCas12a, PiCas12a and
Adurb336Cas12a. M — DNA size marker.

To prepare templates of gRNAs for their production during nuclease expression through CFPS,
I initially amplified linear gRNA templates of SpCas9, FnCas12a, and Fn3Cas12a (Fig. 3.4 B; section
2.2.2). | then used these templates for blunt-end cloning into a commercially available vector (Fig.
3.4 A, section 2.2.2). Each gRNA template has two alternatives (D and E) which differ by the
targeting (spacer) sequences (Fig. 3.4 C). More specifically, spacers D and E are 20nt length
sequences of gRNAs, essential to target DNA libraries previously described by (Jones et al., 2019).
These libraries were used to determine the cleavage and specificity dynamics of several AsCasl2a
and SpCas9 variants, described in that study. We are planning to use the same DNA libraries for the
high-throughput characterization strategy to assess the targeting specificity and dynamics of the
newly identified nucleases.
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Figure 3.4. Overview of gRNA template cloning. A) A plasmid map of pCR™-Blunt vector,
designed to clone blunt-end PCR products. Contains Lac promoter (Plac), kanamycin and zeocin
resistance, origin of replication (pUC ori), and lethal E. coli ccdB gene fused to the LacZa (lacZa-
ccdB) (Bernard et al., 1994). LacZa-ccdB expression gets disrupted upon blunt fragment ligation,
allowing the growth of only positive recombinants following transformation. Adapted from
(Tabatabaei Yazdi et al., 2015) and “Thermo Fisher Scientific”. B) PCR-amplified linear gRNA
templates D and E of FnCas12a, Fn3Cas12a, and SpCas9. FnCasl12a and Fn3Casl2a share the same
gRNA sequences. M — DNA size marker. C) Linear gRNA template of FnCasl2a/Fn3Casl2a,
containing alternative spacer variants D and E. PT7 — T7 promoter.

gRNA sequences of selected Cas12a homologs contain a few nucleotide differences. To address
these differences, | used plasmids that encode gRNA-D and gRNA-E of Fn/Fn3Cas12a as parental
templates for quick-change mutagenesis (QCM) (Fig. 3.5; section 2.2.3).
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Figure 3.5. Overview of quick-change mutagenesis (QCM). A) QCM principle. Overlapping primers,
containing the desired mutation, are used on a plasmid template. Following PCR, samples are treated
with Dpnl to digest the methylated template. QCM product is then transformed into competent cells
for nick repair and plasmid amplification. Adapted from (Mandrich, 2015). B) QCM for gRNA
templates of the selected Casl2a homologs. Plasmids, encoding gRNA-D and gRNA-E for
Fn/Fn3Casl12a, were used as initial QCM templates. The products represented on the gel were later
transformed into competent E. Coli cells. M — DNA size marker.

gRNA template cloning and QCM experiments resulted in a total of 16 sequence-verified
plasmids. However, the produced gRNA encoding plasmids are not compatible with gRNA
expression in cell-free extracts due to a lack of T7 terminator sequences following the gRNA
encoding sequences. Because of the mentioned reason, | used the assembled plasmids to amplify the
gRNA templates as linear DNA (Fig. 3.6; section 2.2.4).
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Figure 3.6. Linear gRNA-D and gRNA-E templates of all selected nucleases. A) Linear gRNA
templates D and E of Cas12a homologs and SpCas9. gRNA-D templates of Adurb193Casl2a and
HkCas12a are absent. The amplification of LbCasl2a gRNA-D template produced additional
unanticipated band. B) Linear gRNA-D templates of LbCas12a, HkCas12a, and Adurb193Casl2a.
M — DNA size marker.

The amplified linear templates of gRNAs contain T7 promoter sequences (Fig. 3.7) which are
later utilized in CFPS for run-off transcription (Loewenstein et al., 2007) to produce gRNAs of the
corresponding nucleases.

5'— PTT-AATTTCTACTGTT-GTAGAT-SPACER D/E - 3" Fn/Fn3Casl2a

57— PTT-RAATTTCTACTATT-GTAGAT-SPACER D/E — 3" Hk/Adurbl93Casla
57— PTT-RAATTTCTACTGTG-GTAGAT-SPACER D/E — 3" Adurb336Casl2a
5"— PTT-AATTTCTACTCTT-GTAGAT-SPACER DJE — 3’ AsCaslla

5'— PTT-AATTTCTACTAAGTGTAGAT-SPACER D/E - 3" LbCasl2a

5"— PTT-AATTTCTACTTCG-GTAGAT-SPACER D/E - 3" PdCasl2a

57— PTT-RAATTTCTACTTGT-GTAGAT-SPACER D/E — 3' PiCasl2a

5'—- PTT7-SPACER D/E-GTTTTAGAG—.—GTGCTTTT — 3" SpCas9

Figure 3.7. Linear gRNA templates of the selected CRISPR-Cas nucleases. The red nucleotides
highlight sequence differences between the gRNAs of Casl2a homologs. These differences were
addressed through quick-change mutagenesis. FnCas12a and Fn3Casl2a as well as HkCas12a and
Adurb193Casl12a share the same gRNA sequences. An ellipsis in the SpCas9 gRNA template
sequence indicates omitted nucleotides. PT7 — T7 promoter.

After finishing the cloning experiments of the nucleases and their gRNAs | then proceeded with the
CFPS experiments.

3.4 Cell-free protein synthesis

For the initial cell-free protein synthesis (CFPS) of AsCasl2a and SpCas9, | tested both
homemade and commercial cell-free extracts (CFES) (section 2.2.5). To express these nucleases, |
added AsCasl2a-Strepll and SpCas9-Strepll encoding plasmids along their corresponding linear
gRNA-D templates into the CFPS reaction mix. Negative control reactions contained no DNA
templates whereas the positive control contained a plasmid encoding sfGFP-Strepll, which was
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previously used for the homemade CFE optimization experiments (Grigaitis, unpublished data). We
selected AsCas12a and SpCas9 since they are known to be active in vitro and their expression (and
purification) was extensively described in other studies (Jinek et al., 2012; Tang et al., 2017).

Following CFPS, Strepll-tagged proteins of interest were detected via Western blot (Fig 3.8;
section 2.2.7). As expected, the negative controls in both extracts contained no signal of proteins of
interest. A signal of sfGFP-Strepll was visible in both homemade and commercial CFEs, however,
the signal of SpCas9 and AsCasl12a was absent in the samples of the homemade extract. Notably,
transcription of the sfGFP gene produces shorter mMRNA molecules, as the protein is over 5 times
smaller (~29 kDa) than AsCas12a (~154 kDa) and SpCas9 (~161 kDa). Long mRNA transcripts are
known to be less stable since they are more likely to be degraded by endogenous RNases (Laalami et
al., 2014). In this case, the transcripts of the Cas nucleases could have been degraded by RNases
present in the homemade CFEs leading to the absence of SpCas9 and AsCas12a.

Commgrcial CFE Homelmade CFE

l | 1
N o &

| (-’ (J'b&(;b O x < Q’b (J’bc’
kDa R R W
180—
130 .g + Rl
100—

-

——
= e o -
- <+ sfGFP-Strepll

aStrepll-HRP

25—

Figure 3.8. Western blot assay of SpCas9, AsCas12a, and sfGFP following cell-free protein synthesis
in commercial and homemade cell-free extracts (CFES). A signal of SpCas9 and AsCas12a is absent
in the homemade CFE. White arrows indicate accurate signal positions of the SpCas9 and AsCas12a.
-C — negative control, +C — positive control (sfGFP-Strepll), aStrepll-HRP — anti-Strepll-tag
antibody conjugated with an HRP (horseradish peroxidase), which produces a chemiluminescence
signal for this assay. The protein size markers are placed on the left side of the image.

gRNA observations were done following SpCas9 and AsCas12a expression in the homemade
and commercial CFEs (section 2.2.5). | treated the same CFPS samples with either DNase or RNase
to compare the backgrounds of nucleic acids after the CFPS. The expected 66nt and 118nt length
gRNAs of AsCasl12a and SpCas9 are not visible on the gel, possibly due to an excess of ribosomal
RNAs and other nucleic acids originating from the CFEs (Fig. 3.9).
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Figure 3.9. Comparative nucleic acid analysis following cell-free protein synthesis (CFPS) of SpCas9
and AsCas12a. Identical CFPS samples, presented in Fig. 3.8., were treated with DNase and RNase,
accordingly. DNase-treated samples produce smears on the gel, indicating the abundance of RNAs
that might overshadow gRNAs of SpCas9 (expected length 118nt) and AsCasl2a (expected length
66nt). -C and +C stand for negative and positive control samples from the initial CFPS experiment,
that were treated with DNase and RNase afterward. CFE — cell-free extract, M — RNA size marker.

To remove the overshadowing effect, the presence of gRNAs could be analyzed after
purification of the Cas nucleases which would eliminate unwanted nucleic acids. Alternatively, other
more sensitive and specific methods, such as Northern blotting (Pougach & Severinov, 2012), can be
utilized to detect the gRNAs.

Since the expression of SpCas9 and AsCas12a was successful in the commercial extract only,
| used it to express the remaining nucleases (section 2.2.5). This experiment resulted in successful
expression of nine out of ten C-terminally tagged nucleases with PiCas12a being absent (Fig. 3.10).
Perhaps it was not detected due to Strepll-tag interference with protein folding which might have
caused aggregation and subsequent precipitation of the protein. In this case, the Strepll-tag can be
fused on the N-terminus. Also, the absence of PiCasl2a can be related to inappropriate CFPS
conditions. Since the commercial extract comes with a pre-made reaction buffer, optimization of the
reaction components is limited. However, to improve protein expression and stability, CFPS reaction
temperature might be adjusted, according to the troubleshooting manual of the commercial CFE.
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Figure 3.10. Western blot assay of all ten selected nucleases following their expression in the
commercial cell-free extract (CFE). Longer exposure presents signals of FnCas12a, Fn3Casl2a, and
HkCas12a. However, the signal for PiCas12a is absent. -C — negative control of the cell-free protein
synthesis (CFPS), +C — positive control of the CFPS, containing sfGFP-Strepll encoding plasmid,
aStrepll-HRP — anti-Strepll-tag antibody conjugated with an HRP (horseradish peroxidase), which
produces a chemiluminescence signal for this assay. The protein size markers are placed on the left
side of the image.

3.5 Purification of AsCasl2a

Following the nuclease expression and detection experiments, | tested a microplate-based
strategy for high-throughput nuclease purification (section 2.2.6). For the purification experiment, |
used 96-well Strep-Tactin™ and Strep-Tactin™XT coated microplates. These microplates are coated
with slightly different versions of modified streptavidin and offer different binding capacities of the
Strepll-tagged proteins. Since AsCas12a showed the best expression through CFPS, | simultaneously
tested these two purification systems to purify this nuclease.

To detect the purified AsCasl2a-Strepll and evaluate the efficiency of the purification, |
collected immobilization flowthrough and elution samples throughout each step and used them for
Western blot assay (Fig. 3.11; section 2.2.7). Although the purified protein was detected in the elution
sample, the Western blot revealed that the immobilization flowthrough contains a large amount of
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unbound protein. Further troubleshooting experiments need to be done to determine if the protein
does remain unbound or if it saturates the microplate to its binding capacity.
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Fig. 3.11. Western blot assay for comparative analysis of protein purification samples from Strep-
Tactin™ (ST) and Strep-Tactin™XT (ST XT) coated microplates. Although the blot provided a
signal of AsCas12a in the elution samples, a strong signal in the flowthrough sample indicates that a
large amount of loaded protein remains unbound. The input contains crude cell-free protein
synthesis samples. -C — negative control of cell-free protein synthesis. Strepll-HRP — Strepll-tag
antibody conjugated with an HRP (horseradish peroxidase), which produces a chemiluminescence
signal for this assay. The protein size markers are placed on the left side of the image.

Following the detection experiment, | used the same samples to evaluate the purity of the eluted
protein. To do that, I resolved the samples on a gel and stained them with a fluorescent (SYPRO™
Ruby) and then Coomassie dye (section 2.2.6). Unfortunately, | was unable to evaluate the purity of
the elution samples as the characteristic band of AsCasl2a was not visible on either fluorescent-
stained or Coomassie-stained gel (Fig. 3.12). The absence of the eluted AsCasl12 suggests that the
amount of the purified protein is probably low as it was detected through Western blot only. However,
there is a chance that the lack of eluted AsCas12a is caused by improper sample loading ratios which
should be taken into consideration. Also, like in the Western blot, imaging of the fluorescent and
Coomassie-stained samples revealed that the immobilization flowthrough contains a lot of unbound
protein.
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Figure 3.12. Stained purification samples of AsCas12a, collected from Strep-Tactin™ (ST) and
Strep-Tactin™XT (ST XT) coated microplates. A) Fluorescent (SYPRO™ Ruby) staining. B)
Coomassie blue staining. Input stands for crude CFPS samples loaded into the microplates. The
input samples were compared to immobilization flowthrough and elution fractions. The
flowthrough contains unbound AsCas12a and the expected band of AsCas12a is absent in the
elution samples. The black arrows indicate the position of a characteristic band of AsCas12a. -C —
negative control of CFPS, M — protein size marker.

Conclusively, the Western blot as well as fluorescent and Coomassie staining of AsCasl2a
purification samples revealed an abundance of AsCasl2a remaining in the immobilization
flowthrough. This might be caused by improper purification conditions or the limited binding
capacity of the microplates. Also, the eluted protein could be detected through Western blot only as
the fluorescent and Coomassie-stained samples provided no signal for AsCasl2a. These results
suggest that the concentration of the purified protein is probably low, and that the microplate-based
purification requires further troubleshooting. Notably, the inconclusive results regarding the elution
samples could be related to experimental errors which would require repetition of the experiment.
Regardless, the conditions of the purification procedure can be optimized by changing the
temperature and by adjusting the durations of each purification step.

3.6 Discussion

The cloning, cell-free protein synthesis (CFPS), and microplate-based purification experiments
were done as a contribution to develop a high-throughput strategy to characterize and benchmark
CRISPR-Cas nucleases. Cell-free protein synthesis (CFPS) platforms were already utilized to
determine PAM requirements and assess target cleavage dynamics of several CRISPR-Cas nucleases
(Leenay et al., 2016; Marshall et al., 2018). Based on similar methods utilized in these studies, I
conducted initial CFPS experiments in homemade and commercial cell-free extracts (CFES) to
express AsCasl2a and SpCas9. Western blot analysis with the anti-Strepll-HRP antibody
demonstrated successful expression of AsCasl2a and SpCas9 in the commercial extracts only.
Although the homemade extracts failed to produce the nucleases, an sSfGFP, used as a positive control,
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was detected in both tested extracts. These results suggest that the synthesis of relatively smaller
proteins (e.g., SfGFP) in the homemade CFEs is possible but the reaction conditions need to be
optimized to produce proteins of higher molecular weights. For comparison, the molecular weights
of the selected CRISPR-Cas nucleases range from around 146 kDa to 161 kDa whereas the sfGFP
weighs only around 29 kDa. Accordingly, the mRNA transcripts that encode the nucleases are longer
thus less stable and more prone to be degraded by RNases present in the homemade CFEs (Soltani &
Bundy, 2022). The assumption regarding the stability of mMRNASs is made based on a comparison of
the composition of the CFPS reactions. The homemade extracts contained no RNase inhibitors
whereas the mouse-derived Murine RNase inhibitor was added to the commercial extract before the
CFPS. Conclusively, the homemade CFEs could be optimized by the addition of RNase inhibitors,
which were previously demonstrated to improve protein production through CFPS (Scheele &
Blackburn, 1979; Soltani & Bundy, 2022).

Nucleic acid analysis of the AsCas12a and SpCas9 CFPS experiment revealed that the samples
might contain a large amount of various RNA species (e.g., endogenous rRNA) which overshadow
the gRNA molecules produced during the CFPS. To remove the overshadowing effect, the presence
of gRNAs can be analyzed after purification of the Cas nucleases which would eliminate the
background nucleic acids. The purified nucleases may be denatured in high temperatures to release
intact gRNA molecules which could be analyzed by similar methods used in this work. Alternatively,
more sensitive and specific RNA detection methods, such as Northern blotting, can be utilized to
detect gRNAs produced throughout the CFPS (Jacobsen et al., 2020; Pougach & Severinov, 2012).

Since the commercial CFEs produced AsCasl12a and SpCas9, | utilized them to express all ten
selected nucleases. Except for PiCas12a, the expression of the remaining nine of them was detected
through Western blotting. The absence of PiCas12a can be related to Strepll interference with protein
folding which could cause its aggregation and subsequent precipitation. Since the CFPS reaction in
the commercial extract is carried out by the addition of a pre-made reaction buffer, adjustments of
the reaction components to maintain the protein stability are limited. However, the optimization of
PiCasl12a expression and detection can be done by adjusting the temperature of the reaction or by
using an alternative expression vector that would fuse the Strepll on the N-terminus of the protein.
Nevertheless, the successful expression of the majority of the selected nucleases demonstrates the
potential to utilize CFEs for the rapid production of other CRISPR-Cas nucleases as well as other
proteins of interest. The utilization of CFEs to produce proteins of interest helps to avoid long
experimental steps, including transformations and cell culturing, which are characteristic of classical
recombinant protein synthesis methods (Silverman et al., 2020).

The attempt to determine the conditions of a microplate-based purification strategy provided
inconsistent results. For this experiment, | attempted to purify AsCasl2a as it showed the best
expression in the previous CPFS experiments. Although | was able to detect the purified AsCasl2a
through Western blotting, fluorescent and Coomassie staining of the elution samples did not provide
the expected signal. Also, the fluorescent and Coomassie staining as well as Western blot revealed an
abundance of unbound protein remaining in the flowthrough samples. To optimize the purification
conditions, the experiment requires repetition and further troubleshooting. The purification procedure
can be improved by changing the temperature and durations of each purification step (e.g., longer
duration of protein immobilization), or even by fusing the Strepll-tag on the other terminus of the
protein. Although I cannot confidently state that the purification of AsCas12a was successful, once
the conditions of the microplate-based purification are optimized, the nucleases produced during
CFPS could be purified in a high-throughput manner without the need to utilize costly and low-
throughput strategies such as affinity chromatography (Rodriguez et al., 2020).
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In summary, this work provided insight into the utilization of high-throughput methods, such
as cell-free protein synthesis (CFPS) and microplate-based protein purification. The CFPS
experiments done throughout this work provided promising results for rapid production of the
CRISPR-Cas nucleases without the need to rely on lengthy classical protein production methods.
However, to move to the other stages of the previously described nuclease characterization strategy,
cell-free expression, and protein purification remain to be improved. Nevertheless, once all the
methods used in this work are optimized, they should contribute to the high-throughput
characterization of the CRISPR-Cas nucleases, including identification of their PAM requirements,
specificity, and activities both in vitro and in vivo.
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CONCLUSIONS
The results of this work are summarized in the points listed below:

1. The cloning experiments produced four nuclease-encoding plasmids and sixteen gRNA-
encoding templates.

2. Cell-free protein synthesis experiments provided successful expression of nine out of ten
selected CRISPR-Cas nucleases.

3. Results of the microplate-based purification of AsCas12a showed that not all protein binds to
the surface of the microplate. Detection of AsCasl2a through Western blot, but not
Coomassie blue and fluorescent staining, suggests that only a low concentration of protein
was purified.
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SUMMARY

VILNIUS UNIVERSITY
FACULTY OF CHEMISTRY AND GEOSCIENCES

URTE GLIBAUSKAITE
Cloning and Cell-Free Expression of CRISPR-Cas Nucleases

CRISPR (clustered regularly interspaced short palindromic repeats) locus and Cas (CRISPR-
associated) proteins are known to comprise a defense system against bacteriophages and foreign
mobile genetic elements in bacteria and archaea. During the phage infection CRISPR-Cas machinery
processes and incorporates a fragment of viral DNA into the CRISPR locus. If the infection recurs,
this fragment is transcribed and processed into a gRNA (guide RNA) molecule that forms an effector
complex with a Cas protein (or multiple Cas proteins) and directs it to the target site which then gets
cleaved. gRNAs can be engineered to target any sequence of interest making the CRISPR-Cas
nucleases potential candidates for precise genome editing.

However, CRISRPR-Cas nucleases have limitations related to their off-target effects, which
can lead to unanticipated genomic alterations or rearrangements. To fulfill the promise of precise
genome editing, such undesirable effects need to be overcome. This can be done by benchmarking
newly identified phylogenetically diverse CRISPR-Cas nucleases as they inherently contain different
targeting properties. To speed up the characterization process, we are aiming to develop a high-
throughput strategy to benchmark CRISPR-Cas nucleases. This strategy includes the utilization of
cell-free extracts (CFESs) for nuclease expression as well as microplate-based protein purification.

To ensure the efficiency of the characterization strategy, we selected a set of ten CRISPR-Cas
nucleases with identified activities in vitro. This set is comprised of ten CRISPR-Cas nucleases
(SpCas9, Adurb193Casl?a, AsCasl?a, Fn3Casl2a, FnCasl2a, LbCasl2a, Adurb336Casl2a,
PiCasl12a, PdCas12a, and HkCas12a) which were cloned into a customized vector, containing Strepl|
affinity tag. Subsequently, | performed cloning, quick-change mutagenesis, and PCR amplification
experiments to produce linear gRNA templates of the selected nucleases. | then used the gRNA
templates along the corresponding nuclease-encoding plasmids for cell-free protein synthesis (CFPS).
For initial CFPS experiments, | tested both commercial and homemade CFEs to express AsCasl12a
and SpCas9. The nuclease expression was successful in the commercial extracts only, so | utilized
them to express all ten selected nucleases. Following CFPS, the expression of nine out of ten selected
nucleases was confirmed, with PiCas12a being absent. Nucleic acid analysis revealed an abundance
of CFE-derived RNA molecules which most likely overshadow gRNA molecules, produced during
CFPS. To remove the overshadowing effect, gRNAs could be detected after purification of the
nucleases or by utilization of alternative RNA detection methods. Finally, to optimize the conditions
for a high-throughput affinity purification strategy, | tested Strep-Tactin-coated microplates to purify
AsCasl12a-Strepll. The purification results suggest that this experiment requires troubleshooting as
the amount of the purified protein is probably low and most of it remains unbound to the microplates.

The experiments conducted throughout this work demonstrated the utilization of high-
throughput methods, such as cell-free protein synthesis and microplate-based protein purification.
These methods can contribute to the rapid benchmarking of phylogenetically diverse CRISPR-Cas
nucleases which hold potential as precise genome editors.
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