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Abstract

Eukaryotes use alternative splicing of pre-mRNA as a crucial mechanism to
regulate their gene expression and expand the protein isoform repertoire. The
essential human protein ZFR regulates alternative splicing and A-to-| editing
of mMRNA since many editing sites show lower editing levels upon knockdown
of the ZFR homolog, Zn72D. Zn72D seems to act as the key regulator for most
RNA editing sites in fruit flies, and these editing sites might require cooperative
interaction between Zn72D and ADAR at the editing site.

This work aimed to study the biological role of these proteins. Therefore,
recombinant human ZFR was co-expressed with NF45 and used in an RNA
Bind-n-Seq experiment (RBNS) performed by the Hogg lab to identify bind-
ing motifs. ZFR/NF45 constructs lacking zinc finger domains showed weak
RNA binding activity than constructs with zinc fingers. In vitro verification of
binding of RBNS-obtained motifs indicated that ZFR has a strong preference
for dsRNA over ssRNA, suggesting that in vivo binding sites that determine
alternative splicing sites are likely to contain substantial secondary structure.
ZFR/NF45 binds dsRNA and RNA-DNA duplexes without sequence specificity.

To gain a better insight into the mechanistic understanding of the role of
ZFR in alternative splicing, structural studies of the various RNA-protein com-
plexes might help us find out more about its precise biological role in regu-
lating alternative splicing and A-to-l RNA editing. Therefore, stable in vitro
RNA-protein complexes for biochemical and structural studies were produced
using a 24-mer dsRNA and several protein components: ADAR, ZFR/NF45,
and Zn72D/NF45.

A-to-I RNA editing reactions were reconstituted using in vitro transcribed
RNA and recombinant Drosophila ADAR and Zn72D/NF45 proteins. A poisoned
primer extension and an EndoV assay were used to detect adenosine to in-
osine conversions in such in vitro RNA editing reactions. After establishing a
protocol for successfully detecting in vitro adenosine to inosine conversions,
the reason for the existence of Zn72D-dependent and Zn72D-independent
RNA editing sites might be determined in the future using this assay.



Lay summary

Human cells store their genetic information on how to make proteins in a mo-
lecule called DNA. This information will be converted into an intermediate in-
struction before being used to make numerous proteins, the building units of
cells, with different functions. The intermediate instruction is called mRNA and
can be modified to increase the number of different proteins. The human pro-
tein ZFR regulates these modification processes and is essential for a cell’s
survival. The same version of this protein is also found in fruit flies, called
Zn72D.

Since it is not fully understood what these two proteins do, this work aimed to
study their biological role. To do so, both proteins were produced in bacteria to
study their function outside of cells. It is known that they bind to mRNA, thereby
influencing the modification process. Therefore, the aim of my work was to
understand why they bind mRNA and how they affect modification processes.
A central goal of this thesis was to establish an in vitro test to determine what
these proteins do in detail.

Overall, the research presented here describes certain aspects of regulating
these mRNA modification processes and forms a foundation for future studies.
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1 Introduction

1.1 The fundamental basis of eukaryotic gene
expression

The flow of genetic information within a biological system is postulated as fol-
lowing: from deoxyribonucleic acid (DNA) to ribonucleic acid (RNA) to protein.
DNA is the biological macromolecule essential for all known higher forms of
life as it contains the information needed to make proteins. The other vital nuc-
leic acid, RNA, is the messenger that carries this genetic information to the
ribosomes that serve as protein production facilities. This process of gener-
ating proteins from DNA is called gene expression and has two key stages:
transcription and translation.

During transcription, the information from the DNA is rewritten into small,
portable messenger RNAs (mRNAs). In eukaryotes these mRNAs are trans-
ported from the nucleus to the ribosomes in the cytosol, where they are used
as a template to make specific proteins giving this process its name: transla-
tion.

1.2 mRNA processing

The specific focus of this thesis is not on transcription or translation but on
nuclear mBRNA processing in eukaryotes. Between transcription and transla-
tion pre-mRNAs undergo a complex cascade of numerous enzymatic reac-
tions, which involve many proteins and RNA components. These reactions are
co-transcriptional as they happen during transcription (Bentley, 2014).

The first step in the maturation of pre-mRNAs requires the attachment of a
7-methylguanosine cap to the 5’ end (section 1.2.1). Next, excision of introns is
followed by exon ligation (section 1.2.2) and the formation of a 3’ end by cleav-
age and addition of a non-templated poly(A) tail (section 1.2.3). Additionally,
MRNAs are also edited by selective deamination of adenosines and cytosines
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(section 1.3).

1.2.1 Capping

The first processing step in the maturation of a eukaryotic pre-mRNA is the
attachment of a 7-methylguanosine cap (five-prime cap or 5’ cap or m7G) by a
5'-5’ connection. mMRNA capping requires three enzymatic activities: RNA tri-
phosphatase, guanylyltransferase, and 7-methyltransferase (Shuman, 2000).
The 5’ cap is found at the 5’ end of an mRNA transcript and consists of a
guanine nucleotide linked to pre-mRNA through an unusual 5’ to 5’ triphos-
phate link. This guanosine is methylated on position 7 directly after capping
by a methyltransferase (Sonenberg et al., 1998) (figure 1.1). Capping takes
place co-transcriptionally in the nucleus as soon as the first 20—30 nucleotides
are incorporated into the nascent transcript (Moteki et al., 2002) and can be
divided into five separate reaction steps.

1. RNA triphosphatase (TPase) removes the terminal v-phosphate from the
5’ triphosphate of the distal guanosine to generate a 5’ diphosphate end
of the mRNA (Shatkin et al., 2000)

2. mRNA guanylyltransferase (GTase) uses a guanosine-5’-triphosphate (GTP)

to form a covalent intermediate containing a 5’-phosphoguanosine

3. The GTase then transfers the 5’-phosphoguanosine to the 5’ diphosphate
of the mRNA, thereby forming a 5’-5’ triphosphate connection between
the first nucleotide of the mRNA and the m7G cap

4. mRNA guanine-N7 methyltransferase (N7MTase) adds a methyl group to
the N7 amine of the guanine cap donated from an S-adenosyl-L-methionine
(SAM) molecule

5. Cap-specific mRNA (nucleoside-2’-O-)-methyltransferase (2'0O MTase) methyl-

ates the two adjacent ribonucleotides at their C2 position of the ribose to
generate the final cap structure using methyl group-donating SAM

The cap structure protects the nascent mRNA transcript from degradation by
exonucleases (Burkard et al., 2000). It also regulates the nuclear export of the
mRNA and the association of factors that bind specifically to the mRNA cap
structure: the cap-binding complex (CBC) in the nucleus and eukaryotic trans-
lation initiation factor 4E (elF4E) in the cytoplasm (Ramanathan et al., 2016).
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elF4E is part of a heterotrimeric protein complex called eukaryotic initiation
factor 4F (elF4F) that promotes eukaryotic translation initiation.

Figure 1.1: Eukaryotic mRNA cap structure. The 5’ end of most eu-
karyotic RNAs possesses a 7-methylguanosine cap at the distal guanine
mainly for stability reasons. This cap structure has a unique pattern as the
first nucleotide of the RNA chain is connected to the 7-methylguanosine via
a 5’-5’ triphosphate bridge (blue). Furthermore, the first and second nucle-
otides are methylated at the free hydroxyl group of C2. All methylation sites
are highlighted in red.

1.2.2 Splicing

The first evidence of introns in eukaryotes was revealed by the ground-breaking
work of Berget et al., 1977, and Chow et al., 1977. Richard Roberts and Phil
Sharp won a joint Nobel Prize in Physiology or Medicine in 1993 for discovering
split genes in their labs. Upon hybridisation of a piece of adenovirus DNA with
its corresponding mRNA after transcription, intervening DNA segments form-
ing loops were observed under a microscope proving the discrepancy in size
between template and transcript (Chow et al., 1977). These gaps in mRNA
molecules, called introns (intragenic regions), are non-coding regions in hu-
man genes which means they do not carry information from DNA to proteins.
Introns represent up to 90% of the entire gene sequence (E. T. Wang et al.,
2008). Intronic sequences must be removed entirely before translation which
is called splicing and an essential step in the maturation of pre-mRNA. Spliced
introns will be degraded while the pre-mRNA remains in the nucleus. The
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boundaries between exons and introns are defined by 5’ splice sites (exon-
intron junction) and 3’ splice sites (intron-exon junction). Both splice sites ex-
hibit conserved two nucleotide motifs: GU for 5’ splice sites and AG for 3’ splice
sites (Horowitz, 2011). Any mutation of these splicing-defining nucleotides or
additional regulatory splicing sequences might erroneously shift the reading
frame of the rejoined exons, thus resulting in a truncated or dysfunctional pro-
tein (Hsu et al., 2009). 99% of splice sites use the canonical splice sites GU
and AG. This canonical splice site usage is called the lariat pathway, named
after the intron’s shape upon splicing (Ng et al., 2004).

Splicing in eukaryotes is catalysed by a large RNA-protein complex com-
posed of five small nuclear ribonucleoproteins (snRNPs) U1, U2, U4, U5, and
U6 called the spliceosome (Will et al., 2010; Hsu et al., 2009; Anna et al.,
2018). The spliceosome must undergo precise stepwise assembly by forming
a series of spliceosomal complexes associated with additional protein factors,
including U2AF1, U2AF2, and SF1, to catalyse the splicing of eukaryotic pre-
MRNA. The spliceosome forms different complexes based on assembly and
composition during the splicing process, which have been named A, pre-B,
B, B=t, B*, C, C*, P, and ILS complexes. Advances in structural and cross-
linking mass spectrometry helped to resolve the splicing mechanism. Even
though some details of the mechanism were known before the structural work,
cryo-EM structures offered a lot of novel information. However, not all parts of
the splicing mechanism are yet known. The following enumeration is an over-
view of the stepwise assembled complexes and their functional mechanism
of splicing (Wilkinson, Charenton et al., 2020; Shi, 2017; Zhang et al., 2019;
Wilkinson, Fica et al., 2021; Wan et al., 2019; Guth et al., 2000).

1. Complex E

a) The U1 snRNP binds to the GU sequence at the 5’ splice site of an
intron;

b) Splicing factor 1 binds to the intron branch point sequence
c) U2AF1 binds at the 3’ splice site of the intron;
d) U2AF2 binds to the polypyrimidine tract

2. Complex A (pre-spliceosome)

a) SF1 is displaced by the U2 snRNP to form the pre-spliceosome (A
complex)

3. pre-B complex
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4. Complex B (pre-catalytic spliceosome)
a) The U5/U4/U6 snRNP trimer binds
b) The U5 snRNP binds exons at the 5’ site, with U6 binding to U2

5. Complex Bat

6. Complex B* (catalytically activated spliceosome)
a) The U1 snRNP is released
b) U5 shifts from exon to intron

c) U6 binds at the 5’ splice site

7. Complex C (catalytic spliceosome)

a) U4 is released, U6/U2 catalyzes transesterification, making the 5’-
end of the intron ligate to the A on intron and form a lariat, U5 binds
exon at 3’ splice site, and the 5’ site is cleaved, resulting in the form-
ation of the lariat

8. Complex C* (post-spliceosomal complex)

a) U2/U5/U6 remain bound to the lariat

b) The 3’ site is cleaved

c) Severed exons are ligated using ATP hydrolysis

9. Complex P (post-catalytic spliceosome)

a) The spliced mRNA is released

10. Intron lariat spliceosome (ILS)
a) The intron lariat is released and degraded

b) snRNPs are recycled

Contrary to eukaryotes, prokaryotes splice rarely, lacking sophisticated spli-
ceosomal machinery. However, since there is no spatial separation of tran-
scription and splicing from translation, prokaryotes have developed a mech-
anism that allows some RNA molecules to splice themselves. The joint No-
bel Prize in Chemistry was awarded to Thomas Cech in 1989 for this discov-
ery as he became the first scientist to show that RNA molecules can have
a catalytic function (Kruger et al., 1982). Such catalytic RNA molecules are
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called ribozymes (ribonucleic acid enzymes), and several hundreds of these ri-
bozymes, such as Ribonuclease P or hammerhead ribozyme, have been iden-
tified in the last 40 years (Weinberg et al., 2021).

Bacterial mRNAs exclusively contain group | or group Il introns (Belfort,
1990). The self-splicing introns found in Tetrahymena thermophila by the Cech
lab are now referred to as Group | introns. Group | introns have a complex
secondary structure with nine loops and catalyse their excision from mRNA,
tRNA and rRNA precursors through transesterification reactions (Hausner et
al., 2014). However, group Il introns found in mitochondrial genes required as-
sistance from proteins for successful in vivo splicing (Lambowitz et al., 2010).
Since this excision mechanism shows structural similarity to eukaryotic U6/U2
snRNA and also includes the production of lariats, it has been hypothesised
that pre-mRNA introns and splicing mechanisms in eukaryotes evolved from
group Il introns (Valadkhan, 2010).

Alternative splicing

Eukaryotes use alternative splicing of pre-mRNA as a crucial mechanism to
regulate their gene expression and expand the protein isoform repertoire without
having to extend their genome length drastically. It allows individual genes to
produce multiple protein isoforms, which in many cases encode functionally
distinct proteins (Maniatis et al., 2002; Modrek, 2001). The majority of the ap-
proximately 20000 genes encoded by the human genome have been shown
to produce more than one kind of mRNA transcript through alternative splicing
(Johnson et al., 2003). This discrepancy between the number of genes and
transcripts is the reason for the vast size of the proteome of eukaryotic organ-
isms and is estimated to exceed the number of genes significantly (Uhlén et al.,
2015).

The different types of alternative splicing events can be classified into five
main categories (figure 1.2):

1. Exon skipping: an exon can be spliced out of the pre-mRNA transcript
altogether with its 5" and 3’ flanking introns

2. Alternative 3’ splice site: recognition of a different 3’ splice site at the
downstream exon

3. Alternative 5’ splice site: recognition of a different 5’ splice site of the
upstream exon
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4. Intron retention: less common, but an intron can remain in the spliced
transcript. However, most intron-retaining transcripts are not exported to
the cytoplasm and are frequently turned over in the nucleus

5. Mutually exclusive exons: only one of two or more mutually exclusive
exons is spliced out of the pre-mRNA

Figure 1.2: Major types of alternative splicing. = Coloured boxes define
exons 1, 2, 3, and 4 and horizontal lines represent introns. Solid lines above
and dashed lines below the pre-mRNA represent five different alternative
splicing events of the same transcript.

1.2.3 Polyadenylation

Polyadenylation is a co-transcriptional modification of eukaryotic pre-mRNAs.
The 3’-end of a pre-mRNA is cleaved, and a poly(A) tail is added. The length
of poly(A) (adenosine) tails vary between higher eukaryotes (about 250 nt)
and Saccharomyces cerevisiae (S. cerevisiae) (around 60 nt) (Casanal et al.,
2017). Almost all eukaryotic mMRNAs are polyadenylated (Hunt et al., 2008)
except for histone mRNAs (Lépez et al., 2007). The poly(A) tail influences sta-
bility and protects mRNA transcripts from enzymatic degradation in the cyto-
plasm. Moreover, it is also required for the export of the mRNA into the cyto-
plasm and stimulates translation (Guhaniyogi et al., 2001). Several human
diseases, including cancer and (-thalassemia, are associated with defects in
the 3’ end processing of pre-mRNA (Curinha et al., 2014).



1 Introduction

The sequence AAUAAA serves as a polyadenylation signal in most human
transcripts (Beaudoing et al., 2000). In addition, cleavage and polyadenylation
specificity factor (CPSF) responsible for the formation of 3’ ends of eukaryotic
mRNAs (Stewart, 2019) recruits other proteins to form a larger complex. One
of these recruited factors, cleavage stimulation factor (CstF), binds to RNA
polymerase ll, indicating RNA is cleaved before transcription termination is
initiated (Glover-Cutter et al., 2007). Cleavage factors | (CFl) and Il (CFll)
then cleave pre-mRNAs at a specific site that defines the 3’ end of the mature
mRNA (J. Zhao et al., 1999). Hence, the activity of the endonuclease is highly
regulated (Hill et al., 2019). Upon RNA cleavage, polyadenylate polymerase
(PAP) starts building the poly(A) tail by adding adenosine monophosphate units
from adenosine triphosphate to the RNA. Polyadenylate binding protein (PABII)
binds to short poly(A) tails thereby increasing the affinity of PAP for the RNA.
The length of the poly(A) tail is regulated by poly(A) binding protein nuclear 1
(PABPN1), and polyadenylation is stopped after addition of approximately 250
nucleotides to the 3’ end of the mRNA. In eukaryotes, each PABPN1 protein is
thought to bind 12—15 adenines (Keller et al., 2000). Once a sufficient number
of PABPN1 proteins are bound to the poly(A) tail, steric clashes result in the
dissociation of PAP from CPSF, thereby ending the polyadenylation process as
well as mMRNA processing (Eckmann et al., 2010).

1.2.4 Quality control of mMRNA processing events

Due to the potentially toxic consequences of dysregulated RNA processing,
cells have developed several quality control mechanisms to deal with these er-
rors before they cause harm. For example, in spinal muscular atrophy (SMA),
a motor neuron disease that is the leading genetic cause of death among in-
fants (Tisdale et al., 2015), a gene called SMN2 is spliced incorrectly, resulting
in an only partially functional protein. Therefore, premature stop codons or
frameshift mutations that might have been introduced to the mature mRNA
transcript by splicing errors must be recognised by RNA surveillance mechan-
isms. These cellular quality control mechanisms include nonsense-mediated
decay (NMD) (Kurosaki et al., 2019), non-stop decay (NSD) (Doma et al.,
2006), no-go decay (NGD) (Powers et al., 2020), or the rapid mammalian
deaden-ylation-dependent decay pathway (Tisdale et al., 2015).

NMD is the main RNA surveillance pathway used by cells to target dele-
terious transcripts encoding aberrant proteins with no, or harmful functions,
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thereby preventing the accumulation of such transcripts and their correspond-
ing proteins (Pawlicka et al., 2020). However, the NMD pathway is not ex-
clusively dedicated to mRNAs. A number of long non-coding RNAs (IncRNAs)
were shown to be substrates of NMD in Arabidopsis thaliana (Kurihara et al.,
2009) and S. cerevisiae (J. E. Smith et al., 2014). In eukaryotes, the activa-
tion of NMD depends on the position of premature termination codons (PTC)
in mMBRNA. Any PTC more than 50 to 54 nucleotides upstream of the last exon-
exon junction is recognised as defective and degraded through NMD (Amrani
et al., 2006). Multi-protein complexes called exon junction complexes (EJCs)
mark the exon-exon boundaries and assemble during splicing at a position of
about 20 to 24 nucleotides upstream from the splice junction. The three main
factors in NMD are RNA helicase up frameshift 1 (UPF1), UPF2 and UPF3
(Behm-Ansmant et al., 2006). If an EJC is left on the mRNA due to the tran-
script containing a premature stop codon, the NMD pathway is activated trough
UPF1 phosphorylation by the kinase SMG1 (Hug et al., 2016). Phosphorylated
UPF1 then recruits SMG5, SMG6 and SMG7, and other general mRNA de-
gradation factors that lead to mMRNA degradation (Lykke-Andersen et al., 2015).
The entirety of these recruited factors is then able to initiate mMRNA degrada-
tion. This is achieved through endonucleolytic cleavage through SMG6, deadenyla-
tion by the carbon catabolite repressor protein 4 (CCR4)—negative on TATA-
less (NOT) deadenylase complex and decapping by the decapping complex
(DCPC). Upon removal of the 5’ cap of the mRNA transcript, its degradation is
executed by XRN1, a 5’-3’ exoribonuclease.
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1.3 A-to-l RNA editing

Thirty years ago, the enzymatic activity of adenosine deaminase acting on
RNA (ADAR) was discovered in frog oocytes (B. L. Bass et al., 1987; Rebagliati
et al., 1987). The consequence of A-to-l RNA editing is the introduction of in-
osine nucleotides in the position of adenosines (Nishikura, 2010). The mech-
anism of A-to-I RNA editing involves the hydrolytic deamination of adenosine at
the C6 site in double-stranded RNA (ADAR is not able to edit single-stranded
RNA) substrates by ADAR, resulting in a conversion to inosine (figure 1.3). If
the resulting inosine is located within an exon, the translational machinery will
read this as guanosine due to inosine’s ability to basepair with cytosine, poten-
tially resulting in an amino acid change. For example, if the codon ACC were
edited to ICC, this would be translated as a GCC codon. This modification
would change the encoded amino acid from threonine to alanine.

Codon changes and consequent alterations of protein-coding sequences of
selected genes diversify their protein functions. Over the years, only about
30 human genes were discovered to be subjected to RNA editing within their
protein-coding sequence, as most editing events happen within non-coding
elements. Non-coding regions such as Alu repeats (Levanon et al., 2005) are
present in introns or 3'-UTRs of about 75% of all human genes (Kim et al.,
2004). Two Alu repeats in an inverted orientation can adopt secondary struc-
tures, thus generating an RNA substrate for ADAR (Lev-Maor et al., 2007).
Many of the affected genes play an essential role in neuronal function (Behm
et al., 2016), and dysregulation of these editing events can result in various
severe diseases (Gallo et al., 2017; Slotkin et al., 2013). A-to-l editing is, for
example, essential in humans for glutamate receptor (GluR2) mRNA modific-
ation in the central nervous system to preserve glutamatergic neurotransmis-
sion (Barbon, 2003). In the case of GluR2, ADAR2 is effectively correcting
for a genetic error at the level of the transcript and is the only known essen-
tial ADAR2-mediated editing event in humans (Wright et al., 2012). However,
disruption of the editing pathways in Caenorhabditis elegans (C. elegans) and
D. melanogaster results only in severe behavioural and neural defects as C.
elegans and D. melanogaster that lack ADARs are still viable (Goldstein et al.,
2016; H.-Q. Zhao et al., 2014).

10
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Figure 1.3: Overview adenosine deamination and its effect on base pair-
ing. Hydrolytic deamination reaction catalysed by ADAR converts aden-
osine to inosine. Adenosine base pairs with uridine, whereas inosine base
pairs with cytidine. Figure created with BioRender.com.

1.3.1 Members of the ADAR enzyme family

Enzymes of the ADAR family are responsible for converting adenosine to in-
osine in pre-mRNA by deamination while binding to double-stranded RNA.
ADAR enzymes only exist in metazoans, and the family (figure 1.4) seems to
be highly conserved (figure 1.5), which indicates that RNA editing is a crucial
regulatory mechanism and essential for metazoan organisms (B. Bass, 1997).
A common feature among all ADAR proteins is at least one N-terminal dsRNA
binding domain (dsRBD) and a C-terminal deaminase domain (Yablonovitch
et al., 2017). There are three ADAR proteins in mammals, ADAR1, 2 and 3.
ADAR1 has two isoforms (p110 and p150), and ADARS is known not to be
enzymatically active. However, only one protein of the ADAR enzyme family is
present in D. melanogaster making it an ideal organism to use in knock-down
studies. ADAR2 is the most likely orthologue of D. melanogaster ADAR as they
have the closest evolutionary relationship and are likely to have an equivalent
function. ADAR1 has an additional N-terminal domain that can bind both DNA

11



1 Introduction

and dsRNA in a Z conformation (Herbert et al., 1997). In C. elegans there are
two genes coding for ADAR, CeADR1 and CeADR2 (Tonkin et al., 2002), and
squids express two ADAR2 orthologous isoforms due to alternative splicing
(Palavicini et al., 2009).

Figure 1.4: Domain architecture of ADAR proteins. Protein domains
(represented as boxes) found in members of the ADAR enzyme family are:
deaminase domain (yellow), dsRNA binding domain (blue) and Z-DNA bind-
ing domain (green).

Human ADAR1 is widely expressed in different tissues and plays a prom-
inent role in the promiscuous editing of long dsRNA, preventing deleterious
innate immune responses activated by MDA5 and MAVS (section 1.3.2). The
ADAR1 isoforms ADAR1p110 exclusively localizes to the nucleus (Desterro et
al., 2003), while ADAR1p150 shuttles between the nucleus and the cytoplasm
due to its nuclear export signal (NES) (Poulsen et al., 2001).

Human ADARZ2 is localised to the nucleus, lacks the Z-DNA binding domain
of ADAR1 and contains only two dsRBDs. It is most highly expressed in the
brain (Cenci et al., 2008) and is primarily required for site-specific editing of
transcripts of the central nervous system, such as the mammalian glutamate
receptor pre-mRNA.

Unlike the other two human editing enzymes, ADAR1 and ADAR2, human
ADARRS lacks catalytic residues, making it a pseudo-enzyme. However, it can
suppress RNA editing of the 5-HT2C receptor in vitro through an unknown

12
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mechanism (Hong et al., 2015) acting as a negative regulator. In addition,
ADAR3 might have other unknown functions unrelated to A-to-| RNA editing
mediated by its role as an RNA-binding protein.
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Figure 1.5: Conservation of members of the ADAR enzyme family. Mul-
tiple sequence alignment of of human, fruit fly and worm ADAR proteins us-
ing Clustal Omega was generated using Clustal Omega (input sequences
are collected in table 7.1). The sequence identity is defined by four classes
(non-conserved, similar, >50% conserved and all match) visualised by col-
our as indicated in the figure legend.

1.3.2 The role of A-to-l RNA editing in the prevention of a
deleterious innate immune response

Perhaps the primary function of RNA editing in mammalian cells is to prevent
the activation of an innate immune response triggered by long endogenous
dsRNA (Mannion et al., 2014; Pestal et al., 2015). Long stretches of dsRNA
can be a signature of viral replication in the cytoplasm, particularly for positive-
strand RNA viruses. As an intracellular defence system, eukaryotic cells have
evolved a pathway to cope with these threats. ADART1 is responsible for RNA
editing at many specific sites, but none of them can explain the embryonic leth-
ality of ADAR1 knock-out in mice (Q. Wang et al., 2004; Hartner et al., 2004).
ADART1 edits the cellular transcriptome millions of times, and the vast major-
ity of these editing sites are located within primate-specific repetitive elements
called Alu repeats (Bazak et al., 2013; Kim et al., 2004). Unedited long endo-
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genous dsRNAs resemble structures commonly found in viruses and can ac-
tivate the melanoma differentiation-associated protein 5 (MDA5)-dependent in-
nate immune response (Weber et al., 2006). As a consequence, edited dsRNA
will no longer be recognised by MDA5. Therefore, extensive RNA editing of
non-coding regions of MRNA transcripts prevents the deleterious recognition
of the cell’s dsRNA as non-self by MDA5 and thus inhibits false activation of
the cytosolic innate immune response. The only way to rescue the lethal phen-
otype in ADAR1-deficient mice is to also delete MDAS5 to prevent it from re-
cognising long unmodified dsRNA and activating an innate immune response
(Heraud-Farlow et al., 2017). Upon additional MDA5 deletion, mice show an
average lifespan and normal behaviour, suggesting that prevention of a MDA5-
mediated immune response and hence protection against deleterious nucleic
acid-sensing is the crucial role of ADAR1-mediated A-to-1 RNA editing (Ahmad
et al., 2018; Rice et al., 2012).

The viral nucleic acid sensor MDAS5 is a member of the retinoic acid-inducible
gene | (RIG-) like receptor (RLR) family and requires hundreds of base pair
long dsRNA to become active within the cytosol (Kato et al., 2008; Liddicoat et
al., 2015). Other known members of the RLR family detecting various kinds of
dsRNA within the cytosol are RIG-l and LGP2 (Satoh et al., 2010). MDAS be-
longs to the superfamily Il of RNA helicases and consists of two N-terminal cas-
pase activation and recruitment domains (CARD), a central helicase domain,
and a C-terminal domain (CTD) (Rawling et al., 2014). Upon activation by long
dsRNA, MDAS interacts with and activates the mitochondrial antiviral signalling
protein (MAVS). MAVS is a key mediator of the innate immune response dur-
ing RNA viral infection, and its activation leads to an interferon response that
can severely damage the host cell (Refolo et al., 2020). MAVS, however, is
a transmembrane protein localised to the mitochondrial outer membrane and
peroxisomes. It consists of a single N-terminal CARD domain followed by a
proline-rich region and a transmembrane C terminal domain (Vazquez et al.,
2015). Tetramerisation of MDA5’s tandem CARD domains is required for fur-
ther activation of downstream signalling via MAVS (Peisley et al., 2014). If
activated by MDA5, MAVS then recruits the inhibitor of nuclear factor kappa-
B kinase subunit epsilon (IKKe) and serine/threonine-protein kinase 1 (TBK1)
(Fang et al., 2017). This cascade induces phosphorylation and transport of the
interferon regulatory factors 3 and 7 (IRF3 and IRF7) into the nucleus, where
they induce transcription of type | interferon genes IFN-5 and IFN-a (Brisse
et al., 2019).

14
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1.3.3 Other known types of RNA editing

Several types of RNA editing other than A-to-l have been discovered in the
last four decades. The parasitic kinetoplastid protist Trypanosoma brucei, for
example, is well-known to modify the nucleotide sequence of about half of its
mitochondrial pre-mRNAs through a mechanism by which uracils are being in-
serted or deleted (Benne et al., 1986; Benne, 1994). This unique mechanism
is essential for correcting frameshifts, introducing start and stop codons, and
correcting the open reading frames of these mitochondrial transcripts. Tryp-
anosomal RNA editing requires guide RNAs (gRNA) (Blum et al., 1990) for the
three stages of mRNA cleavage, U-deletion or insertion and mRNA ligation
(Aphasizhev et al., 2014). gRNAs determine the position and the number of
uracils being inserted or deleted through hybridisation to pre-mRNA and form
a series of mismatches (Cruz-Reyes et al., 2001). Then, two multi-protein and
multi-enzyme complexes, the RNA editing core complex (RECC) and the Mito-
chondrial RNA Binding 1 (MRB1) complex, are recruited by the gRNA-mRNA
duplex to execute all of the required enzymatic steps for a successful editing
of mitochondrial transcripts (Read et al., 2015; Aphasizheva et al., 2014).

The second type of mMRNA editing in mammals is characterised trough cytosine
to uracil (C-to-U) deamination. It does not rely on ADAR enzymes for deamin-
ation but on the apolipoprotein B mRNA-editing enzyme, catalytic polypeptide
(APOBEC) family (Wedekind et al., 2003). This enzyme family received its
name from its most prominent editing substrate: the mRNA of apolipoprotein
B (ApoB). A CAA is changed to a UAA stop codon, hence generating a trun-
cated isoform called apoB-48 (Blanc et al., 2003). This isoform occurs only in
two tissues, the small intestine of all mammals and the liver of some species
(Greeve et al., 1993; H. C. Smith et al., 2004). ApoB editing has essential ef-
fects on lipoprotein metabolism since it defines distinct pathways for intestinal
and hepatic lipid transport in mammals (Salter et al., 2016).

The only types of RNA editing seen in plant organelles (mitochondria and
plastids) are either C-to-U in flowering plants or rare cases of U-to-C in ferns
and mosses (Hoch et al., 1991). C-to-U editing events of these specific tran-
scripts can vary between 10 to 2000 editing events in different plant species
(Takenaka, Zehrmann et al., 2013). One of the functions of RNA editing in
plants seems to be the production of modified proteins which are then incor-
porated into the respiration pathway (Price et al., 2014). An important group
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of proteins involved in plant RNA editing is the RNA-binding pentatricopeptide
repeat (PRR) protein family (Takenaka, Verbitskiy et al., 2014). Most of the
PRR proteins are located in mitochondria and are thought to serve as essen-
tial factors for RNA sequence recognition (Andrés-Colas et al., 2017; Barkan
et al., 2014).

Adenosine-to-inosine modification of transfer RNAs (iRNAs) is found in tRNAs
in all domains of life, prokaryotes as well as eukaryotes, and is essential for
codon-anticodon interaction and tRNA thermal stability (Lorenz et al., 2017).
A-to-1 RNA editing happens mainly at several positions on tRNAs, while po-
sition 34 as the first nucleotide of the anticodon is the most important. This
modification means that inosines present at the wobble position can base-
pair with uracils, cytosines, or adenosine (Agris et al., 2007). The other two
RNA editing positions of tRNAs are at 37 following the anticodon and position
57 within the Ty C-loop. Since ADAR is specifically and exclusively modifying
mRNAs, another enzyme family of deaminases called adenosine deaminases
acting on tRNAs (ADAT) is responsible for altering tRNAs. The first ADAT to
be identified was the prokaryotic enzyme TadA which forms homodimers and
shows sequence homology to subunit Tad2p of yeast tRNA deaminases (Wolf
et al., 2002). However, in eukaryotes, the deamination reaction is catalysed
by the ADAT2/ADAT3 heterodimer (Torres et al., 2014; Gerber et al., 1999).
Both subunits of ADAT in budding yeast are essential as deletion of each sub-
unit is lethal, showing that inosine tRNA editing is paramount for cell viability
(Tsutsumi et al., 2007).

1.3.4 RNA-editing related diseases

ADAR1-mediated RNA editing is associated with several specific cancer types.
In many tumour types, RNA editing levels are increased compared to normal
tissues, suggesting that editing may drive tumorigenesis (Paz-Yaacov et al.,
2015). ADAR1 silencing diminishes thyroid cancer cell aggressiveness in both
in vitro and in vivo (Ramirez-Moya et al., 2020). Another cancer to be asso-
ciated with altered A-to-I RNA editing is acute myeloid leukaemia (Beghini et
al., 2000). Tumour cells might exploit ADAR1’s role as an immune suppressor
for evasion from immune cells (Galore-Haskel et al., 2015). Various cell types
in the tumour microenvironment induce interferons to help the innate immune
system recognise tumour cells at an early stage and induce the expression of
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both MDA5 and protein kinase R (PKR) (Chung et al., 2018). Elevated levels
of A-to-I RNA editing of endogenous long dsRNA by increased ADAR1 ex-
pression may hide tumour cells from recognition by MDAS and PKR pathways.
ADAR1 activation in cancer is a novel mechanism of tumorigenesis, and si-
lencing ADAR1 could make tumour cells more susceptible to immunotherapy.
Consequently, ADAR1 has been identified as a new promising target for anti-
cancer therapy (Ishizuka et al., 2018).

Since ADAR2 is highly expressed in the brain, it is primarily required for site-
specific editing of transcripts in the central nervous system. ADAR2-mediated
RNA editing is linked to various neurological diseases including schizophrenia
(Silberberg et al., 2011), epilepsy and the Prader-Willi syndrome (Slotkin et
al., 2013). Further, filamin A, which prevents cardiac remodelling and hyper-
tension, was identified as a target of ADAR2, as RNA editing of lamin A is
significantly reduced in cardiovascular patients (Jain et al., 2018).

1.4 The DZF protein family

Eukaryotic cells have developed sophisticated mechanisms to maintain the
functional integrity of all proteins made from mRNA transcripts. As a failure
to do so may have severe consequences, tight regulation of mMRNA processing
is critical. The DZF protein family is essential for the regulation of mRNA pro-
cessing, and in particular alternative splicing and A-to-I RNA editing regulation.

The four essential proteins, nuclear Factor 45 (NF45), nuclear factor 90
(NF90), spermatid perinuclear RNA-binding protein (SPNR), and zinc finger
RNA-binding protein (ZFR), share the same dimerisation domain found through-
out the metazoans called the DZF domain (domain associated with zinc fin-
gers) and belong to a larger family of proteins that regulate RNA processing
(Wolkowicz et al., 2012). All members of the DZF family exhibit a similar do-
main architecture consisting of the same dimerisation domain as NF45, but
with either additional N-terminal zinc fingers (for ZFR and Zn72D) or C-terminal
dsRBDs (for SPNR and NF90) (figure 1.6). The DZF domain is highly con-
served in metazoans (figure 1.7).
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Figure 1.6: Domain architecture of members of the DZF protein family.
Representation of Human and Drosophila proteins containing a DZF do-
main. Protein domains are represented as boxes: DZF domain (yellow), zinc
finger domains (blue), double-stranded RNA binding domains (dsRBDs)
(green).
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Figure 1.7: Comparison of metazoan proteins containing a DZF domain.
Multiple sequence alignment of metazoan proteins containing a DZF do-
main including NF45 and ZFR from mouse and humans, human NF90 and
SPNR and Drosophila Zn72D (ZFR orthologue) and NF45 was generated
using Clustal Omega (input sequences are collected in table 7.1). The se-
quence identity is defined by four classes (non-conserved, similar, >50%
conserved and all match) visualised by colour as indicated in the figure le-
gend.
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The DZF domain exhibits structural similarities (Wolkowicz et al., 2012) to
template-free nucleotidyltransferases (NTases) such as cyclic GMP-AMP syn-
thase (cGAS) and 2’-5’-oligoadenylate synthetase (OAS), two important nuc-
leic acid sensors in the human innate immune system (Ablasser et al., 2013).
However, the lack of conserved catalytic residues suggests that the DZF do-
main encodes a pseudoenzyme that cannot catalyse the transfer of nucle-
otides. The crystal structure of an NF45-NF90 dimer (Wolkowicz et al., 2012)
was used for a structural alignment of human NF45 and OASS, highlighting
their structural similarities (figure 1.9).

Figure 1.8: Structural alignment of human NF45 and OAS3. Human
NF45 (grey, PDBID: 4ATB, chain C, Wolkowicz et al., 2012) and OASS3
(magenta, PDBID: 4S3N, chain, A, Donovan et al., 2015) were used for
structural alignment of their nucleotidyltransferase fold domains.

1.4.1 NF90, SPNR and NF45

NF90, SPNR, and ZFR dimerise with NF45 through their DZF domain (Doerks
et al., 2002; Parker et al., 2001) to form RNA-binding heterodimers. NF90 and
SPNR exhibit a similar domain architecture consisting of an N-terminal DZF
domain followed by two double-stranded RNA-binding domains (dsRBDs) and
a low-complexity region at the C-terminus (figure 1.6). NF90 and its testes
specific paralogue SPNR are only found in vertebrates (Schumacher et al.,
1998), while NF45 and ZFR are found throughout the metazoa. In mammals,
NF90 and NF45 form a protein complex involved in mRNA processing thereby
affecting gene expression both on the transcriptional and translational level
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(Nakadai et al., 2015). The DZF domain is highly conserved in metazoans

(figure 1.4.1).
DZF domain
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Figure 1.9: Multiple sequence alignment of NF45 proteins. Multiple

sequence alignment of metazoan NF45 proteins from human, fruity fly,
zebrafish, mouse and frog generated using Clustal Omega (input sequences
are collected in table 7.1). The sequence identity is defined by four classes
(non-conserved, similar, >50% conserved and all match) visualised by col-
our as indicated in the figure legend.

1.4.2 ZFR

ZFR is found throughout the metazoans, and knockout studies showed loss of
this protein is lethal in mice (Meagher et al., 2001). ZFR has three zinc finger
RNA binding domains and is known to heterodimerise with NF45 through its
DZF domain. In Drosophila melanogaster, the function of ZFR is executed by
its orthologue zinc-finger protein at 72D (Zn72D). Zn72D also contains a DZF
heterodimerisation domain similar to NF45, NF90 and SPNR, but being an
orthologue of ZFR, Zn72D also possesses the same highly conserved Cys2-
His2-like zinc finger domains (figure 1.10).

Based on recent publications, both human ZFR (Freund et al., 2020) and
Drosophila Zn72D (Sapiro et al., 2020) were reported to be involved in the
regulation of A-to-I RNA editing. Although many RNA editing sites are known,
few trans regulators have been identified. Emily Freund performed BiolD ex-
periments followed by mass spectrometry to identify regulators of ADAR1 and
ADAR2 in HeLa and M17 neuroblastoma cells and identified known and novel
ADAR-interacting proteins, among which ZFR was a broadly influential positive
regulator of editing.
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Anne Sapiro screened about 50 RNA-binding proteins that were thought to
be potential candidates that regulate A-to-I RNA editing in D. melanogaster
and identified Zn72D as a key regulator. While many editing sites were solely
dependent on ADAR-mediated RNA editing, more than half of all editing sites
also required Zn72D for proper editing. Zn72D was also shown to interact with
ADAR in an RNA-dependent fashion, and similar to ADAR, Zn72D is necessary
to maintain proper neuromuscular junction architecture and fly mobility.
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Figure 1.10: Multiple sequence alignment of ZFR and Zn72D proteins.
Multiple sequence alignment of mammalian ZFR proteins and Zn72D
proteins from invertebrates was generated using Clustal Omega (input se-
quences can be found in table 7.1). The sequence identity is defined by four
classes (non-conserved, similar, >50% conserved and all match) visualised
by colour as indicated in the figure legend.

1.5 Modulation of the interferon B response by
alternative splicing of mH2A1 mRNA

ZFR has recently also been identified as an inhibitor of the type | interferon
response by regulation of alternative pre-mRNA splicing of the specific histone
variant macroH2A1 in macrophages. Upon knock-down of ZFR in HEK293
cells, our collaborators from the Hogg lab observed the loss of macroH2A1
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(Haque et al., 2018). MacroH2A1 RNA and protein levels were examined by
gPCR and WB, and upon ZFR knock-down, showed a significant reduction in
RNA levels, and no more protein was detected. This observation can be ex-
plained by exon E6 of macroH2A1 being skipped in the absence of ZFR, which
leads to the introduction of premature termination codon and degradation of
the resulting transcript through NMD (figure 1.11). In the presence of ZFR,
macroH2A1 is translated and can inhibit interferon 5 transcription and sub-
sequent induction of interferon-stimulated genes. However, this is only one of
more than 200 hundred alternative splicing events regulated by ZFR, including
alternative 5’ or 3’ splice sites, mutually exclusive exons or intron retention.

-ZFR/ \+ZFR

Exon skipping © Exon inclusion

E5 E7 ES5 E6a E7
by NMD
llnfection
= premature
stop codon |—|

Degradation { O@ mH2A1

Inhibition of IFN[3 transcription

Figure 1.11: Alternative splicing of macroH2A1 mRNA is regulated by
ZFR. Alternative splicing of macroH2A1 pre-mRNA in the absence ZFR
leads to exon skipping and degradation of the resulting transcript by NMD
due to the introduction of a premature stop codon or in the presence of ZFR
to exon inclusion, resulting in successful translation.
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1.6 Objectives

1.6.1 Gaining an understanding of RNA recognition by ZFR

The identification of RNA motifs that bind ZFR/NF45 might help us to gain
a mechanistic understanding of the precise role of ZFR in the regulation of
alternative splicing. Therefore, recombinant human ZFR was co-expressed
with NF45, and constructs containing or lacking the three zinc-finger domains
were purified. These recombinant proteins were sent to the Hogg group for
further identification of RNA binding motifs. Based on this data we aimed to
work on the following objectives:

1. Identification of RNA binding motifs of ZFR/NF45

2. In vitro verification of RNA binding of RBNS-obtained ZFR/NF45 motifs
by electromobility shift assays (EMSA)

3. Structural characterisation of human ZFR/NF45 to characterise their mo-
lecular mechanism in splicing through RNA binding

1.6.2 Gaining an understanding of the context in which
Zn72D is required for full RNA editing

The starting hypothesis for the second part of this work was based on the
RNAi screen from Anne Sapiro demonstrating lower editing levels upon Zn72D
knock-down while ADAR is still fully active. This observation indicated that
more than half of all A-to-l RNA editing sites in Drosophila might require co-
operative interaction between ADAR and Zn72D at the editing site. To verify
this hypothesis that Zn72D/NF45 might be needed for full editing of particu-
lar sites in a specific context, and to gain insight into the mechanism of RNA
editing on a molecular level, we wanted to reconstitute an A-to-I RNA editing
reaction in vitro using in vitro transcribed RNA templates. A primer-extension-
based assay was planned to identify adenosine to inosine changes in tran-
scripts. The objectives of this project were:

1. Establishing and optimisation of an in vitro RNA editing assay
2. Expression and purification of full-length fly ADAR for the editing assay

3. Expression and purification of different Zn72D/NF45 versions for the edit-
ing assay
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4. Structural characterisation of RNA-protein complexes of ADAR and Zn72D/NF45
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2 Material and methods

2.1 Materials

2.1.1 Common buffers

10X IVT buffer

Reagent Final concentration
Tris-HCI pH 8.0 400 mM
Magnesium chloride 500 mM

Triton X-100 0.1% (v/v)
Spermidine 10 mM

DTT 50 mM

ddH,O

10X TBE pH 8.3

Reagent Final concentration
Tris-HCI 0.89 M
Boric acid 0.89 M
EDTA 20 mM
ddH,O
50X TAE
Reagent Final concentration
Acetic acid 1M
Tris 2 M
EDTA 50 mM
ddH,0O

25



2 Material and methods

10X SDS running buffer

Reagent Final concentration
SDS 35 mM
Tris-HCI 250 mM
Glycine 2M
ddH.O
2X SDS sample buffer
Reagent Final concentration
Tris-HCI pH 6.8 100 mM
Glycerol 20% (v/v)
SDS 4% (wW/v)

pB-mercaptoethanol
Bromophenol blue
ddH.O

Lysis buffer for GST-tagged proteins

10% (V/v)
0.2% (W/V)

Reagent Final concentration
Tris-HCI pH 7.5 20 mM

NaCl 200 mM

DTT 1 mM

ddH,O

Lysis buffer for His-tagged proteins

Reagent Final concentration
Tris-HCI pH 8.0 20 mM

NaCl 150 mM

Imidazole 10 mM
B-mercaptoethanol 0.5 mM

ddH,O

RNA elution buffer

Reagent Final concentration
NaCl 300 mM

NaOAc pH 5.2 60 mM

SDS 0.2% (w/v)

ddH,O
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2.1.2 Media

Lysogeny broth (LB)

Reagent Final concentration
Tryptone 1% (W/v)
Yeast extract 0.5% (w/v)
NaCl 0.5% (w/v)
ddH,O
2xTY
Reagent Final concentration
Tryptone 1.6% (W/v)
Yeast extract 1% (W/v)
NaCl 0.5% (w/v)
ddH,O

2.1.3 Solutions

6X Native loading dye

Reagent

Final concentration

Glycerol
Bromophenol blue
Xylene cyanol
ddH.O

2X Denaturing RNA loading dye

50% (w/v)
0.25% (w/v)
0.25% (w/v)

Reagent Final concentration
Formamide 95% (v/v)
SDS 0.02% (w/v)

Bromophenol blue
Xylene cyanol
EDTA pH 8.0
ddH,O

27

0.02% (w/v)
0.01% (w/v)
1mM
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Blue silver stain

Reagent Final concentration
Coomassie brilliant blue G250 0.03% (w/v)
(NH4)2SO, 10% (v/v)
Methanol 20% (v/v)
Phosphoric acid 10% (V/V)

ddH.O

Coomassie stain

Reagent Final concentration
Coomassie brilliant blue R250 0.00075% (w/v)
Ethanol 10% (V/V)

Acetic acid 5% (v/v)

ddH,O

2.2 Molecular biology

2.2.1 Ligation independent cloning

Ligation independent cloning (LIC) is an alternative to classical restriction en-
zyme and ligase cloning. T4 DNA polymerases create complementary over-
hangs for both inserts and vectors. Vector and insert can then be annealed
without needing an additional ligation reaction. Joined fragments have nicks
that are repaired by E. coli during transformation. For designing suitable primers
for PCR, the following sequences were added for cloning into LIC vectors:
forward primer: 5’ -ccaggggcccgactcg-3’

reverse primer: 5’-cagaccgccaccgactgec-3’

Zral-digestion of LIC vectors

To prepare vectors for subsequent LIC processing, 2 ug of plasmid DNA were
digested by Zral thus excising the GFP gene and linearising the vectors. All re-
action components were assembled according to table 2.1, mixed, centrifuged,
and then transferred to a heat block preheated to 37°C. The digestions were
incubated for at least 3 hours.
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Table 2.1: Zral digestion of LIC vectors

Reagent Volume [pL] Final concentration
LIC vector DNA variable 2000 ng
10X CutSmart buffer 10 1X
20 U/pL Zral 3 60 U
ddH,O variable
Total 100

The linearised plasmids were separated from excised GFP fragments on a
0.8% (w/v) agarose gel containing 1X SYBR Safe. The linearised LIC vector
was then extracted from the agarose gel using the QlAquick Gel Extraction Kit
from Qiagen according to the manufacturer’s instructions.

Processing of LIC vectors

After gel extraction, the linearised vectors were processed for LIC. All reac-
tion components were assembled according to table 2.2, mixed, centrifuged,
and incubated for 60 minutes at room temperature. LIC-qualified T4 DNA poly-
merase was heat-inactivated at 75°C for 20 minutes before LIC processed vec-
tors and inserts were annealed. The final vector concentration is 15 ng/uL.

Table 2.2: LIC vector processing

Reagent Volume [uL] Final concentration
Linearised LIC vector DNA variable 450 ng
10X T4 DNA polymerase buffer 3 1X

25 MM dTTP 3 2.5 uM

100 mM DTT 1.5 5 mM

2.5 U/uL T4 DNA polymerase LIC qualified 0.6 0.15U

ddH,O variable
Total 30

Phusion PCR

All reaction components for Phusion PCRs were assembled on ice according
to table 2.3, mixed, centrifuged prior to use, and then transferred to a thermo-
cycler preheated to 98°C. Each reaction mix contained the following reagents:
template DNA, forward as well as reverse primers, Phusion GC buffer, NTPs,
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DMSO, and Phusion DNA polymerase. DMSO was added to facilitate amplific-
ation of difficult targets, such as those with GC-rich sequences or secondary
structure. After the PCR reaction, PCR products were analysed on a 1% (w/v)
agarose gel containing 1X SYBR Safe to check their size.

Table 2.3: Reaction mix for Phusion PCRs

Reagent Volume [pL] Final concentration
Ttemplate DNA variable 100 ng
10 pM forward primer 2.5 0.5uM
10 uM reverse primer 2.5 0.5uM
5X Phusion GC buffer 10 1X
10 mM dNTP mix 1 200 uM
100% DMSO 3 3% (v/v)
2 U/ uL Phusion DNA polymerase 1 0.2U
ddH.O variable
Total 50

Table 2.4: Thermocycling conditions of Phusion PCR

Temperature [°C] Time [min:sec] Cycles
98 3:00 1
98 0:30 2510 35
variable 0:30 2510 35
72 30 sec per kb template DNA 25 to 35
72 10:00 1
4 00

The desired PCR products were then extracted from the agarose gel using
the QIAquick Gel Extraction Kit from Qiagen according to the manufacturer’s
instructions.

Processing of LIC inserts

After gel extraction, the PCR products were processed for LIC. All reaction
components were assembled according to table 2.5, mixed, centrifuged, and
incubated for 60 minutes at room temperature. LIC qualified T4 DNA poly-
merase was then heat-inactivated at 75 °C for 20 minutes before LIC processed
vectors and inserts were being annealed.
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Table 2.5: Reaction mix for LIC insert processing

Reagent Volume [uL] Final concentration
Insert DNA variable 600 ng
10X T4 DNA polymerase buffer 2 1X

25 mM dATP 2 2.5 uM

100 MM DTT 1 5 mM

2.5 U/uL T4 DNA polymerase LIC qualified 0.4 0.1U

ddH,O variable
Total 20

LIC annealing

Both LIC processed vector and insert were annealed according to table 2.6 and
incubated for 30 min at room temperature. 1 yL of 25 mM EDTA was added to
each reaction and further incubated at RT for 30 minutes before transformation.

Table 2.6: Reaction mix for LIC annealing
Reagent Volume [uL] Final concentration

Vector DNA 1 15 ng
Insert DNA 2to4 variable
Total 20

Transformation of electrocompetent XL1 cells

2.5 to 5 pL of annealing mix was added to 50 uL of electrocompetent XL1-Blue
cells, which were thawed on ice beforehand. The cells were then transferred
to an electroporation cuvette and pulsed. 200 pL of pre-warmed SOC medium
was added immediately, and then the cells were shaken for 1 h at 37 °C to allow
expression of antibiotic resistance proteins. All of the cells were spread on LB
agar plates containing appropriate selective antibiotics and grown overnight at
37°C.

Plasmid isolation

After successful transformation, single colonies were picked with a single plastic
tips to inoculate 5 to 10 mL LB medium containing appropriate selective antibi-
otics. The cultures were grown overnight at 37 °C with constant shaking at 200
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rpm and pelleted for 10 min at 4°C at 4000 rpm the next morning. For plasmid
isolation, the QIAprep Spin Miniprep Kit from Qiagen was used according to
the manufacturer’s instructions. All plasmids were eluted in water and stored
at -20°C.

DNA sequencing

All plasmids were completely internally sequenced after cloning using Sanger
sequencing to confirm the insertion of the desired construct in the correct open
reading frame (ORF) and to detect potential coding sequence mutations. The
sequencing reactions were sent for analysis to either one of the three facilit-
ies: Edinburgh Genomics, Source BioScience in Cambridge and Genewiz in
Leipzig.

2.2.2 Gibson assembly

LIC plasmids can also be used for Gibson assembly if not being processed for
LIC. After digestion by Zral, the linearised LIC vectors can be assembled with
PCR products or gBlocks that have compatible overhangs. All reaction com-
ponents for Gibson assembly were assembled on ice according to table 2.7,
mixed, and then transferred to a heat block preheated to 50°C. Each reaction
mix contained NEBuilder HiFi master mix and vector and insert DNA with a
ratio of 1 to 2. Gibson assembly reactions of two fragments were incubated for
60 minutes which is longer than the recommended amount of time for two frag-
ments being assembled. Following incubation, samples were stored at —20°C
for further transformation of chemically competent NEBS5-alpha cells.

Table 2.7: Reaction mix of Gibson assembly

Reagent Volume [uL] Final concentration
Insert DNA variable 0.015-0.1 pmol total DNA
Vector DNA variable 0.015-0.1 pmol total DNA
2X NEBuilder HiFi Master mix 5 1X
ddH,O variable
Total 10
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Transformation of chemically competent NEB5-alpha cells

2 uL of each Gibson assembly mix was added to 25 pL of chemically competent
NEB5-alpha cells, which were thawed on ice beforehand for 10 min. The cells
were incubated on ice for another 30 min following a 30 s heat-shock at 42°C
in a heat block and then chilled for 5 min on ice. 200 uL of pre-warmed SOC
medium was added immediately before the cells were shaken for 1 h at 37°C to
allow expression of antibiotic resistance proteins. All of the cells were spread
on LB agar plates containing appropriate antibiotics and grown overnight at
37°C.

2.2.3 Restriction enzyme-based cloning
Restriction digestion

All reaction components for restriction digestions were assembled according
to table 2.8, mixed, centrifuged, transferred to a heat block preheated to 37 °C,
and incubated for 1 to 2 hours. Typically, 2000 ng of plasmid or PCR product
DNA was used in the reaction. For the restriction enzymes cleaving plasmid
DNA with lower efficiency (NEB, 2022), either the total amount of enzyme or
the incubation time was increased. Restriction enzymes were heat-inactivated
according to the manufacturer’s protocol. All digested samples were run on
a 1% (w/v) agarose gel containing 1X SYBR Safe to check successful cleav-
age. According to the manufacturer’s instructions, the desired fragments were
then extracted from the agarose gel using the QIAquick Gel Extraction Kit from
Qiagen.

Table 2.8: Reaction mix for restriction digest

Reagent Volume [pL] Final concentration
Plasmid DNA or PCR product variable 2000 ng
10X CutSmart buffer 5 1X
20 U/pL restriction enzyme 1t03 20to 60 U
ddH,O variable
Total 50

Ligation

All reaction components for ligation reactions were assembled according to
table 2.9, mixed, centrifuged, and then incubated at RT for 60 minutes. The
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usual amount of vector DNA in a single reaction was 50 ng and the ratios
of insert to vector DNA were 3:1, 5:1, and 7:1. T4 DNA ligase was heat-
inactivated at 65°C for 10 minutes. The ligation samples were briefly spun
down and chilled on ice for a few minutes. 2 uL of the ligation mix was used to
transform either XL1-Blue or NEB5-alpha cells as described under 2.2.2 and
2.2.1.

Table 2.9: Reaction mix for T4 DNA ligation

Reagent Volume [uL] Final concentration
Vector DNA 1 50 ng
Insert DNA variable variable
10X T4 DNA ligase buffer 2 1X
400 U/I T4 DNA ligase 1 400 U
Total 20

2.3 Protein expression in bacteria

2.3.1 Test expressions

After successful cloning, each protein construct was subject to initial small-
scale test expression screens using different E. coli expression strains (BL21(DE3),
BL21-CodonPlus (DE3)-RIPL, B834(DE3), and T7 Express) to determine its
expression levels and solubility. 35 ml of 2xTY medium containing the appro-
priate antibiotics were inoculated with multiple colonies from the same LB agar
plate containing transformed cells and then grown at 37 °C with constant shak-
ing at 250 rpm to an ODgg, of 0.6 to 0.8.

To check basal levels of protein expression (uninduced sample), 1 ml of bac-
terial cells was harvested (16000 g at 4°C for 10 min) before inducing expres-
sion with IPTG, resuspended in 50 pL of 2X SDS sample buffer per 1 unit
of ODggg and frozen for later analysis. Upon IPTG induction, proteins were
expressed overnight at 18°C with constant shaking at 250 rpm. Cells were
harvested the following morning after 1 ml was taken to check over-expression
upon IPTG induction (induced sample), treated the same way as the uninduced
sample.

For comparison of protein levels, each test expression sample was normal-
ised to the volume of the medium instead of the cell pellet weight. Therefore,
25 ml of bacterial cells were pelleted for 10 min at 3900 rpm. The supernatant
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was discarded, and the pellets were resuspended in 4 ml of cold lysis buf-
fer (for His- or GST-tagged proteins respectively) and then vortexed. Bacterial
cells were lysed by sonication for 3.5 min, with 10 s pulses at 40% amplitude
followed by pausing for 5 s.

After cell lysis, the soluble proteins were separated from the insoluble ones
by centrifugation for 10 min at 4°C at 13000 rpm. 10 pL of the cleared super-
natant was removed and mixed with 20 pL of 2X SDS sample buffer (soluble).
200 pL 2X SDS sample buffer was added to the pellet (pellet). 1.5 ml of the
remaining supernatant was mixed with either 30 puL NiNTA or GSH beads pre-
washed in buffer and incubated for 1 h at 4°C on a rotating wheel. The beads
were washed three times (5000 rpm at 4°C for 1 min) with 1 ml lysis buffer
each, and 30 pL of SDS loading buffer was added before performing SDS-
PAGE analysis. All collected protein samples were denatured in SDS sample
buffer for 5 min at 95°C. Protein samples (3.5 uL of uninduced and induced, 5
UL of supernatant, 2.5 L of pellet and 20 uL of beads fractions) were loaded
onto a denaturing polyacrylamide gel and separated by SDS-PAGE to show if
the protein is expressed and soluble. The gels were then stained with either
one of these two Coomassie solutions (table 2.1.3 and 1 2.1.3) to visualise the
enriched proteins.

2.3.2 Large-scale expression in bacteria

For large-scale expression of proteins in bacteria, 20 ml LB or 2xTY medium
containing appropriate antibiotics were inoculated with multiple colonies from
the same LB agar plate and grown at 37°C with constant shaking at 200 rpm
overnight. For a typical protein expression in 3 L, ten 2 L glass flasks containing
300 ml of 2xTY medium were each inoculated with 1 ml of this starter culture
and grown at 37°C to an ODggq of 0.6 to 0.8. 1 ml was taken for subsequent
SDS-PAGE to check basal levels of expression. The bacterial culture was then
cooled for 1 h at 18°C, and expression was induced with IPTG. The protein
was expressed overnight at 18 °C with constant shaking at 250 rpm upon IPTG
induction. Bacterial cells were harvested the following morning by centrifuga-
tion for 20 min at 4°C at 6000 xg after 1 ml was taken to check expression
upon IPTG induction. Also, 25 ml were taken to perform a pull-down to as-
sess expression levels of the desired protein. The supernatant was discarded,
and the pellets were flash-frozen in liquid nitrogen and stored at -80°C for later
purification.
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2.4 Protein expression in insect cells

2.4.1 Transformation of EMBacY cells

The successful sequenced LIC plasmids for insect cell work were used to gen-
erate a large plasmid containing the baculovirus genome called a bacmid. EM-
BacY cells, which carry the empty bacmid shuttle vector and a helper plasmid,
were thawed on ice for 10 min before adding 100 ng of the sequenced LIC
plasmids. The cells were incubated on ice for 30 min following a 30 s heat-
shock at 42°C in a heat block and then chilled for 5 min on ice. 200 pL of
SOC medium was added before the cells were shaken for 5 h at 37°C to allow
expression of antibiotic resistance proteins. All of the cells were spread on LB
agar plates containing IPTG and Xgal for blue-white screening and kanamycin,
gentamicin, tetracycline, and carbenicillin and grown for 48 h at 37 °C.

2.4.2 Bacmid isolation

A few white colonies (positive clones) and one blue colony (negative clones)
were picked and restreaked on a new plate to ensure proper blue-white screen-
ing. After growing them for another 48 h at 37°C, single colonies were used
for inoculating 5 mL LB overnight (ON) cultures containing the appropriate an-
tibiotics. Each ON culture was pelleted for 10 min at 4°C at 4000 rpm. Buf-
fers from the QIAprep Spin Miniprep Kit from Qiagen were used to lyse the
cells. Pelleted bacterial cells were resuspended in 250 uL P1 buffer containing
RNase A and LyseBlue and then transferred to a new Eppendorf tube. 250 uL
P2 buffer was added per sample, and the tubes were inverted several times.
The cells were lysed for a total of 5 min. Next, 350 pL N3 buffer was added,
the tubes were again inverted several times and then centrifuged for 10 min at
4°C at 13000 rpm. The supernatant was transferred to a new Eppendorf tube,
and 800 pL isopropanol was added. The bacmid DNA was pelleted by cent-
rifugation for 10 min at 4°C at 13000 rpm, washed twice with 500 uL ice-cold
70% EtOH and pelleted again for 5 min at 4°C at 13000 rpm. The pellet was
air-dried for a few minutes and resuspended in 100 uL water.

2.4.3 Generation of baculoviruses for protein expression

After successful bacmid isolation, 2*107 Spodoptera frugiperda (Sf) 9 cells
were prepared in 10 mL insect cell medium and incubated for 30 min at 27°C
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to let the cells attach to the surface of a T75 flask. Next, 40 pg of the bacmid
were added to 400 pL of the medium, and then 16 pL of Xtreme GENE HP
transfection reagent were added to the mixture. The whole transfection mix
was added to the Sf9 cells and antibiotics (the final concentration of antibiotics
was 1X). The plate was rocked to distribute the bacmids and incubated at 27°C
for 7 days. Sf9 cells were pelleted at 500 xg for 5 min, and the supernatant,
which contains the virus, was filtered through a syringe unit with 0.2 um.

To generate virus stock V1, 1*108 Sf9 cells were infected with all 10 mL
of the virus stock VO, as the virus was usually not very infectious, in a total
volume of 50 mL with 1X antibiotics and grown at 27°C with shaking at 110
rpm for 3 days while monitoring fluorescence. The expression of fluorescent
YFP helps to quantify the number of Sf9 cells infected with the virus. Sf9 cells
were pelleted at 500 xg for 5 min, and the supernatant was filtered through
a syringe unit with 0.2 um. To generate virus stock V2, 2*108 Sf9 cells were
infected with all of the 20 mL virus stock V1 in a total volume of 100 mL with
1X antibiotics and grown at 27 °C with shaking at 110 rpm for 3 days. Sf9 cells
were pelleted at 500 xg for 5 min, and the supernatant was filtered through a
syringe unit with 0.2 pm.

2.4.4 Test expressions in Sf9 cells

Each protein construct was subject to initial small-scale test expression screen-
ings in Sf9 cells to determine its expression level and solubility. Insect cell
medium was inoculated with virus stock in ratios of 1:25, 1:50, and 1:100
(virus:medium) to make a total volume of 50 ml without antibiotics. The cul-
tures were grown at 27°C with constant shaking at 100 rpm while monitoring
their fluorescence and viability. The cells were harvested after 48 h, or earlier
if they showed decreasing viability, by centrifugation at 4°C at 3900 rpom. The
insect cell samples taken for analysis of protein expression were treated the
same as bacterial test expressions (section 2.3.1).

2.4.5 Large-scale expression in Sf9 cells

2 L of insect cell medium without antibiotics that contained 2*108 Sf9 cells/ml
of medium were infected with virus stock V2 in a ratio of either 1:100 or 1:50
and grown at 27°C with shaking at 110 rpm for 48 hours while monitoring
their fluorescence and viability. Generally, the insect cells were harvested by
centrifugation for 20 min at 4°C at 6000 xg when the cells showed about 85%
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fluorescence with higher viability than 90%. The cell pellets were flash-frozen
in liquid nitrogen and stored at -80°C until use.

2.5 Protein purification

2.5.1 Bacterial cell lysis

Bacterial cell pellets were resuspended to a final concentration of 10% (w/v)
in the corresponding lysis buffer. Lysis buffers typically contained about 400
ug DNase |, one EDTA free protease inhibitor cocktail tablet (Roche), and 500
ug Pefabloc per 2 L of harvested bacterial cells. The resuspended cells were
passed once through a constant cell disruptor at 25 kpsi pre-chilled at 6°C
and then sonicated on ice six times (each sonication lasted for 2 min in total
with 20 s pulses at a 40% amplitude followed by pausing for 10 s) to fragment
nucleic acids. The cell lysates were centrifuged afterwards to separate soluble
proteins from cell debris and insoluble components.

2.5.2 Insect cell lysis

Insect cell pellets were prepared as 20% (w/v) in the corresponding lysis buffer.
If no significant proteolysis was visible during protein purification, lysis buffers
generally contained 400 ug DNase |, one EDTA free protease inhibitor cocktalil
tablet (Roche), and 500 ug Pefabloc per 1 L of harvested insect cells. Insect
cells were lysed on ice by sonicating them six times (each sonication lasted for
2 min in total with 20 s pulses at a 40% amplitude followed by pausing for 10
s). The cell lysates were centrifuged afterwards to separate soluble proteins
from cell debris and insoluble components.

2.5.3 Large-scale purification of human ZFR/NF45

For purification of ZFR/NF45, a five-step protocol was established and all steps
were carried out at 4°C.

1. Firstimmobilised metal affinity chromatography (NiNTA)
2. Second immobilised metal affinity chromatography (NiNTA)

3. Heparin sepharose chromatography
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4. lon exchange chromatography

5. Size exclusion chromatography

Cell lysates were cleared after lysis by centrifugation (500009, 4 °C, 45 min)
and bound in batch to Ni-NTA resin, pre-equilibrated in lysis buffer, at 4°C
for 2 hours. Beads were packed into a column, connected to an AKTAprime
plus system, washed with NiNTA buffer A and eluted in a linear gradient of
NIiNTA buffer B. The fractions containing ZFR and NF45 with a reasonable
low 260/280 ratio were pooled.The N-terminal 6xHis-tag of NF45 was cleaved
overnight using 2 mg of GST-TEV protease during dialysis into 20 mM Tris-HCI
pH 8.0, 200 mM NaCl and 0.5 mM 3-ME.

After overnight tag cleavage and dialysis, the sample was filtered the next
day using a 0.22 um filter and loaded onto the same self-packed column con-
taining NiNTA resin as before to remove excess of tag-less NF45 and GST-TEV
protease.

After the second affinity step, ZFR’s N-terminal His-tag was cleaved overnight
using 1 mg of GST-3C protease during dialysis into 20 mM HEPES pH 7.5, 200
mM NaCl and 1 mM DTT (same as Heparin buffer A). The sample was filtered
using a 0.22 um filter and further purified using a 12 ml heparin sepharose
column. The samples were eluted using a linear gradient of 150 to 1000 mM
NaCl. ZFR/NF45 was dialysed into 20 mM HEPES pH 7.5, 100 mM NaCl
and 1 mM DTT overnight (same as IEX buffer A), applied to a 6 ml S column,
washed, and eluted with a 50 to 1000 mM NaCl gradient.

Finally, ZFR/NF45 was concentrated in a spin concentrator (PES, 10 kDa
MWCO) and applied to a HiLoad 16/600 Superdex 200 pg equilibrated in
EMSA buffer (20 mM HEPES pH 7.5, 150 mM KOAc, 4 mM MgOAc and 1
mM DTT). Main peak fractions with a 260/280 ratio of 0.6 were pooled, con-
centrated, flash-frozen in liquid nitrogen, and stored at -80°C until use.

NiNTA buffer A

Reagent Final concentration
Tris-HCI pH 8.0 20 mM

Sodium chloride 600 mM

Imidazole pH 8.0 10 mM
pB-mercaptoethanol 0.5 mM

ddH,O
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NiNTA buffer B

Reagent Final concentration
Tris-HCI pH 8.0 20 mM

Sodium chloride 200 mM

Imidazole pH 8.0 1000 mM
pB-mercaptoethanol 0.5 mM

ddH,O

Heparin buffer A

Reagent Final concentration
HEPES pH 7.5 20 mM

Sodium chloride 200 mM

DTT 1 mM

ddH,O

Heparin buffer B

Reagent Final concentration
HEPES pH 7.5 20 mM
Sodium chloride 1000 mM
DTT 1 mM
ddH,O
IEX buffer A
Reagent Final concentration
HEPES pH 7.5 20 mM
Sodium chloride 100 mM
DTT 1 mM
ddH,O
IEX buffer B
Reagent Final concentration
HEPES pH 7.5 20 mM
Sodium chloride 1000 mM
DTT 1 mM

ddH,O
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SEC (EMSA) buffer

Reagent Final concentration
Tris-HCI pH 7.5 20 mM

Potassium acetate 150 mM
Magnesium acetate 4 mM

DTT 1mM

ddH.O

2.5.4 Large-scale purification of D. melanogaster
Zn72D/NF45

For purification of fruit fly Zn72D/NF45, a five-step protocol was established
and all steps were carried out at 4°C.

—

. Affinity chromatography (GSH beads)
2. First immobilised metal affinity chromatography (NiNTA)

3. Second immobilised metal affinity chromatography (NiNTA)

N

. Heparin sepharose chromatography

5. Size exclusion chromatography

Cell lysates were cleared after lysis by centrifugation (45000 xg, 4°C, 45
min) and bound in batch to GSH resin, pre-equilibrated in lysis buffer, at 4°C
for 3 hours. Beads were packed into a column, connected to an AKTAprime
plus system, washed with buffer A, and eluted in GSH buffer B until no more
protein was eluted off the beads. The fractions containing Zn72D/NF45 were
pooled and diluted before ON dialysis to prevent precipitation.

NF45’s N-terminal GST-tag was cleaved overnight at 4°C in a 6-8 kDa MWCO
dialysis tubing using 1 mg of GST-TEV protease during dialysis into 20 mM Tris-
HCI pH 8.0, 250 mM NaCl, 10 mM imidazole, and 1 mM S-mercaptoethanol
(same as NINTA buffer A). The sample was filtered the next day using a 0.22
um filter and loaded onto a HisTrap 5 ml FF column. The column was washed
with NiNTA buffer A and eluted with a linear gradient of NiNTA buffer B. Zn72D’s
His-tag was cleaved overnight at 4°C in a 6-8 kDa MWCO dialysis tubing using
1 mg of GST-3C protease during dialysis into 20 mM Tris-HCI pH 8.0, 250 mM
NaCl, 10 mM imidazole, and 1 mM g-mercaptoethanol (same as NiNTA buffer
A). The sample was filtered the next day using a 0.22 um filter and loaded onto
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the same HisTrap 5 ml FF column from the day before. The FT was collec-
ted and dialysed ON at 4°C in a 6-8 kDa MWCO dialysis tubing into 20 mM
Tris-HCI pH 7.5, 100 mM NaCl, and 1 mM DTT (same as Heparin buffer A).

The sample was filtered the next day through a 0.22 um filter and loaded
onto a HiTrap Heparin HP 5 ml column. The column was washed with Heparin
buffer A and eluted with a linear gradient of Heparin buffer B.

Finally, Zn72D/NF45 was concentrated in a spin concentrator (PES, 10 kDa
MWCOQO) and applied to a HiLoad 16/600 Superdex 200 pg equilibrated in SEC
(EMSA) buffer. Main peak fractions with a 260/280 ratio of 0.6 were pooled,
concentrated, flash-frozen in liquid nitrogen, and stored at -80°C until use.

GSH buffer A

Reagent Final concentration
Tris-HCI pH 8.0 40 mM

Sodium chloride 750 mM

Urea 50 mM
pB-mercaptoethanol 2 mM

ddH,O

GSH buffer B

Reagent Final concentration
Tris-HCI pH 8.0 40 mM

Sodium chloride 750 mM
Glutathione (reduced) 1000 mM
B-mercaptoethanol 1 mM

ddH,O

NiNTA buffer A

Reagent Final concentration
Tris-HCI pH 8.0 20 mM

Sodium chloride 250 mM

Imidazole 10 mM
B-mercaptoethanol 1 mM

ddH,O
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NiNTA buffer B

Reagent Final concentration
Tris-HCI pH 8.0 20 mM

Sodium chloride 250 mM

Imidazole 1000 mM
pB-mercaptoethanol 1 mM

ddH,O

Heparin buffer A

Reagent Final concentration
HEPES pH 7.5 20 mM

Sodium chloride 100 mM

DTT 1 mM

ddH,O

Heparin buffer B

Reagent Final concentration
HEPES pH 7.5 20 mM

Sodium chloride 1000 mM

DTT 1 mM

ddH,O

SEC (EMSA) buffer

Reagent Final concentration
Tris-HCI pH 7.5 20 mM

Potassium acetate 150 mM
Magnesium acetate 4 mM

DTT 1 mM

ddH,O

2.5.5 Large-scale purification of D. melanogaster ADAR

For purification of D. melanogaster ADAR, a three-step protocol was estab-

lished and all steps were carried out at 4°C.

1. Affinity chromatography (GSH beads)
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2. Heparin sepharose chromatography

3. Size exclusion chromatography

Cell lysates were cleared after lysis by centrifugation (45000 xg, 4°C, 60
min) and bound in batch to GSH resin, pre-equilibrated in lysis buffer, at 4°C
for 3 hours. Beads were washed with wash buffers with a decreasing KCI
concentration (750, 500, and 250 mM) and ADAR was eluted off the beads
with GSH buffer B in several fractions. The fractions containing ADAR with a
reasonable low 260/280 ratio were pooled.

ADAR’s N-terminal His-GST-tag was cleaved overnight in a 6-8 kDa MWCO
dialysis tubing using 1 mg of GST-3C protease during dialysis into 20 mM
HEPES pH 7.5, 150 mM KCI, glycerol 10% (v/v), and 1 mM DTT (same as
Heparin buffer A). The sample was filtered the next day using a 0.22 um filter
and loaded onto a 12 ml heparin sepharose column. The column was washed
with Heparin buffer A and eluted with a linear gradient of Heparin buffer B.

Finally, ADAR was concentrated in a spin concentrator (PES, 10 kDa MWCO)
and applied to a HiLoad 16/600 Superdex 75 pg equilibrated in EMSA buffer
(20 mM HEPES pH 7.5, 150 mM KOAc, 4 mM MgOAc and 1 mM DTT). Main
peak fractions with a 260/280 ratio of 0.6 were pooled, concentrated, flash-
frozen in liquid nitrogen, and stored at -80°C until use.

GSH buffer A

Reagent Final concentration
Tris-HCI pH 7.5 20 mM

Potassium chloride 1000 mM

Glycerol 20% (V/v)

Urea 100 mM
pB-mercaptoethanol 1 mM

ddH,O
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GSH buffer B

Reagent Final concentration
Tris-HCI pH 7.5 20 mM

Potassium chloride 1000 mM

Glycerol 20% (v/v)

Urea 100 mM
Glutathione (reduced) 20 mM
B-mercaptoethanol 1 mM

ddH,0O

Heparin buffer A

Reagent Final concentration
HEPES pH 7.5 20 mM

Potassium chloride 150 mM

Glycerol 10% (V/V)

DTT 1 mM

ddH,O

Heparin buffer B

Reagent Final concentration
HEPES pH 7.5 20 mM

Potassium chloride 1000 mM

Glycerol 10% (v/v)

DTT 1 mM

ddH.O

SEC (EMSA) buffer

Reagent Final concentration
HEPES pH 7.5 20 mM

Potassium acetate 150 mM
Magnesium acetate 4 mM

DTT 1 mM

ddH,O
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2.5.6 Large-scale purification of human Endonuclease V

For purification of human EndoV, a four-step protocol was established and all
steps were carried out at 4°C.

1. Immobilised metal affinity chromatography (NiNTA)
2. Affinity chromatography (GSH beads)
3. Heparin sepharose chromatography

4. Size exclusion chromatography

Cell lysates were cleared after lysis by centrifugation (45000xg, 4 °C, 45 min)
and filtered through 0.22 um. The cleared lysate was loaded onto a HisTrap 5
ml FF column using the sample pump of an AKTA pure system, washed with
NIiNTA buffer A and eluted in a linear gradient of NiINTA buffer B. The pooled
fractions were diluted 1 to 4 to prevent precipitation ON and bound in batch to
GSH resin the next day, pre-equilibrated in GSH buffer A, at 4°C for 3 hours.
Beads were packed into a column, connected to an AKTAprime plus system,
washed with buffer A and eluted in GSH buffer B until no more protein was
eluted off the beads.

EndoV’s His-GST-tag was cleaved overnight using 1 mg of GST-3C protease
during dialysis into 20 MM HEPES pH 7.5, 100 mM NaCl and 1 mM DTT (same
as Heparin buffer A). The sample was filtered the next day using a 0.22 um filter
and loaded onto a HiTrap Heparin HP 5 ml column. The column was washed
with Heparin buffer A and eluted with a linear gradient of Heparin buffer B.

Finally, EndoV was concentrated in a spin concentrator (PES, 10 kDa MWCO)
and applied to a HiLoad 16/600 Superdex 75 pg equilibrated in SEC buffer.
Main peak fractions with a 260/280 ratio of 0.6 were pooled, concentrated,
flash-frozen in liquid nitrogen, and stored at -80°C until use.

NiNTA buffer A

Reagent Final concentration
Tris-HCI pH 8.0 40 mM

Sodium chloride 500 mM
Immidazole 10 mM
pB-mercaptoethanol 2 mM

ddH,O
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NiNTA buffer B

Reagent Final concentration
Tris-HCI pH 8.0 40 mM

Sodium chloride 500 mM
Immidazole 1000 mM
B-mercaptoethanol 2 mM

ddH,O

GSH buffer A

Reagent Final concentration
Tris-HCI pH 8.0 20 mM

Sodium chloride 250 mM

DTT 1 mM

ddH,O

GSH buffer B

Reagent Final concentration
Tris-HCI pH 8.0 20 mM

Sodium chloride 250 mM
Glutathione (reduced) 30 mM

DTT 1 mM

ddH,O

Heparin buffer A

Reagent Final concentration
HEPES pH 7.5 20 mM

Sodium chloride 100 mM

DTT 1 mM

ddH,O

Heparin buffer B

Reagent Final concentration
HEPES pH 7.5 20 mM

Sodium chloride 1000 mM

DTT 1 mM

ddH,O
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SEC buffer
Reagent Final concentration
Tris-HCI pH 7.5 20 mM
Potassium acetate 50 mM
Manganese acetate 4 mM
DTT 1 mM
ddH,O

2.6 Electrophoretic mobility shift assay (EMSA)

All RNA oligonucleotides were purchased from Biomers.net (Ulm, Germany)
with either a DY681- or Cy5-fluorophore attached to the 5’ end. Oligonuc-
leotides were reconstituted in water at 100 pM. Complementary strands were
mixed and heated to 95°C with cooling overnight to RT to form duplexes. Bind-
ing reactions contained protein and RNA or RNA:DNA oligos in 20 mM HEPES
pH 7.5, 150 mM potassium acetate, 4 mM magnesium acetate and 1 mM DTT.
EMSAs with different proteins used identical conditions. Each reaction was as-
sembled in 10 pL, containing a final concentration of 0.5 uM RNA or duplexes
and an increasing concentration of protein. Samples were incubated on ice for
1 hour. A 20 cm x 20 cm 8% native polyacrylamide gel in 0.5X TBE buffer was
pre-run at 2 W at 4°C for 1 hour. To each sample, 2 uL 6X native gel loading
buffer was added. 4 pL of each reaction was loaded onto the gel and run at 2
W at 4°C for 1 hour. Migration of fluorescently labelled RNA oligos was visu-
alized using the Odyssey® CLx (LI-COR) imaging system at 700 nm. Images
were converted to grayscale using Image Studio.

2.7 RNA editing assay

2.7.1 Large-scale plasmid isolation

XL1-Blue cells were transformed with the plasmids destined for large-scale
isolation as described in section 2.2.1. 150 ml of LB medium were inoculated
with a single colony each from the transformed LB agar plates and grown ON
at 37°C with constant shaking at 250 rpom. The cells were harvested for 10
min at 4°C at 3900 rpm the next day. The cell pellets were lysed, and the
plasmids purified using the ZymoPURE |l Plasmid Maxiprep Kit according to
the manufacturer’s protocol .
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2.7.2 Linearisation of plasmids

For run-off in vitro transcriptions, the DNA templates were linearised first. 100
ug of pUC19 plasmid containing the sequence to be transcribed were diges-
ted using 200 U Smal and incubated at 25°C for 4 hours according to table
2.10. After the incubation, the linearised plasmids were separated on a 1%
(w/v) agarose gel containing 1X SYBR Safe. The linearised DNA template
was then extracted from the gel using the QlAquick Gel Extraction Kit from
Qiagen according to the manufacturer’s instructions and further purified by
phenol:chloroform extraction and ethanol precipitation following the same pro-
tocol as described for extracting RNA in section 2.7.4. However, for DNA ex-
tractions, the pH of the phenol:chloroform:isoamyl alcohol solution was 7.8.
The air-dried DNA pellet was dissolved in 100 pL nuclease-free water for use
in run-off in vitro transcriptions.

Table 2.10: Smal digestion of pUC19 plasmids

Reagent Volume [pL] Final concentration
Plasmid DNA variable 2000 ng
10X CutSmart buffer 20 1X
10 U/uL Smal 20 200 U
Nuclease-free water variable
Total 200

2.7.3 In vitro transcription of short RNAs

All reaction components for run-off in vitro transcription were assembled on
ice according to table 2.11, mixed, centrifuged, transferred to a heat block
preheated to 37 °C, and incubated for 4 hours. Each reaction contained the fol-
lowing components: template DNA, transcription buffer, INTPs, RNase inhib-
itor, inorganic pyrophosphatase (IPP) from E. coli, and T7 RNA polymerase.
In general, our own laboratory stock of T7 RNA polymerase was used for in
vitro transcription reactions. After 4 hours of incubation, 4 U of Turbo DNase
was added per reaction and incubated for another hour at 37°C. IVT reactions
were upscaled accordingly as needed. The final RNA products were purified
by one of the three methods: phenol:chloroform extraction followed by ethanol
precipitation; lithium chloride precipitation; or gel extraction with subsequent
phenol:chloroform extraction and ethanol precipitation.
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Table 2.11: Run-off in vitro transcription reaction

Reagent Volume [pL] Final concentration
Linearised template DNA variable 100 nM
25 mM rNTPs 6 8.3 mM
10X IVT buffer 2 1X
40 U/uL RiboLock RNase inhibitor 1 40 U
0.1 U/uL Inorganic pyrophosphatase 1 01U
5 pg/uL T7 RNA polyermase 1 10 ug
Nuclease-free water variable
Total 20

2.7.4 Phenol:chloroform extraction and ethanol
precipitation

For RNA purification after in vitro transcription, an equal volume of 300 pL
phenol:chloroform:isoamyl alcohol (ratios of 25:24:1) pH 4.5 was made up to
a volume of 300 pL with nuclease-free water. The tubes were vortexed vig-
orously and centrifuged for 5 min at 21°C at 13000 xg. The RNA-containing
upper aqueous phase was gently transferred to a new Eppendorf tube without
disturbing the other phases. RNA extraction was performed a second time as
described. Residual phenol was removed from the sample using pure chlo-
roform. An equivalent volume of 300 pL chloroform to phenol was added to
the RNA-containing aqueous phase. The solution was vortexed and then cent-
rifuged for 5 min at 21°C at 13000 xg. This step was executed again. To
precipitate RNA, 0.1X of the sample volume 3 M NaOAc pH 5.2 and 2.5X of
the sample volume ice-cold 100% ethanol were added to the RNA containing
solution and precipitated for at least 1 hour at -80°C. The RNA was pelleted
for 30 min at 4°C at 13000 xg. The RNA pellet was washed with 1 mL ice-cold
70% ethanol and pelleted again for 10 min at 4°C at 13000 xg. The RNA pel-
let was air-dried for a few minutes and dissolved in a small volume of 20 pL
nuclease-free water.

2.7.5 Lithium chloride precipitation

An equal volume of 4 M lithium chloride (LiCl) was added to IVT samples,
to adjust the LiCl concentration to 2 M, and incubated at -20°C for 30 min.
The RNA was pelleted at 4°C for 20 min at 13000 xg. The supernatant was

50



2 Material and methods

discarded, the RNA pellet was washed with 500 pL ice-cold 70% EtOH, and
spun at 4°C for 10 min at 13000 xg. The RNA pellet was air-dried for a few
minutes and dissolved in 20 pL nuclease-free water.

2.7.6 Gel extraction of RNA

IVT samples were separated on a 20% denaturing urea acrylamide gel (1X
TBE, 7 M Urea) in 1X TBE buffer at 20 W for up to 3 hours, wrapped in cling
film, and placed on a Fluor-coated TLC plate (Ambion). The RNA bands
were visualised using UV shadowing under short wave (254 nm) light and
marked on the cling film. The bands were excised from the gel and incub-
ated in 500 pL of RNA elution buffer overnight. The following day, the RNA
was phenol:chloroform extracted and ethanol precipitated (section 2.7.4). The
RNA pellet was air-dried for a few minutes and dissolved in a small volume of
20 pL nuclease-free water.

2.7.7 RNA editing reaction

RNAs were incubated with D. melanogaster ADAR in one of two buffer sys-
tems (EMSA or Paper buffer (see Vik et al., 2013) to reconstitute adenosine
deamination reactions in vitro. For subsequent analyses by poisoned primer
extension assays, the RNAs do not require any modification, but a fluorescent
label is needed for visualisation for endonuclease V assays.

All reaction components for RNA editing reactions were assembled accord-
ing to table 2.12 at RT, mixed, centrifuged, and incubated for 3 hours in total.
The reactions were either incubated at 21 °C, 30°C, 37 °C, or alternating between
30°C and37°C for 30 min each.

Table 2.12: RNA editing reaction

Reagent Volume [pL] Final concentration
1 uM RNA oligo 1 1 pmol
40 U/uL RiboLock RNase inhibitor 0.5 20U
Fruit fly ADAR variable 10 pmol
1X buffer variable 1X
Total 5
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2.7.8 Poisoned primer extension assay

Fluorescently-labelled DNA primers that hybridise a short distance downstream
from the editing site of interest were extended by reverse transcription. The re-
actions contain three nucleotides for extension (dATP, dGTP, and dCTP) and
a chain-terminating dideoxynucleotide, ddTTP. The primer (1 pmol) was mixed
with the corresponding in vitro transcribed RNA in a 1:1 ratio. This mix was
heated to 85°C for 3 minutes to allow annealing and forming of a DNA:RNA
duplex that is needed for primer extension by reverse transcriptase. Reaction
components for the poisoned primer extension were assembled according to
table 2.13, mixed, centrifuged, transferred to a heat block preheated to 37 °C,
and incubated for 1 hour. The extended DNA primers were separated on a 20%
denaturing urea acrylamide gel (1X TBE, 7 M Urea). They were first heated
to 95°C for 2 min and then chilled on ice. The gel was run at 20 W for 2 to 3
hours.

Table 2.13: Poisoned primer extension assay

Reagent Volume [uL] Final concentration
RNA variable 2ng
DNA primer variable 1X
Nuclease-free water variable
Total 5

Table 2.14: Poisoned primer extension assay

Reagent Volume [uL] Final concentration
Annealing reaction 5 2000 ng
10X Reverse transcription buffer 20 1X

40 U/uL RiboLock RNase inhibitor 0.5 20U
1 mM dNTP mix 20 0.1 mM
1 mMdTTP 20 0.1 mM

Reverse transcriptase 20 200 U

Nuclease-free water variable
Total 200
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2.7.9 Endonuclease V assay

Human endonuclease V is a highly active ribonuclease specific for inosine in
RNA. To visualise A-to-1 RNA editing, fluorescently-labelled RNAs were incub-
ated with this enzyme to cleave RNAs at converted inosines. For full enzymatic
activity of EndoV in EMSA buffer at pH 7.5, divalent manganese ions are re-
quired rather than magnesium ions according to Vik et al., 2013. To address
this, magnesium and mangenese ions were added to EMSA buffer and the Pa-
per buffer (10 mM Tris-HCI pH 7.5, 50 mM potassium chloride, 0.5 mM man-
ganese chloride, 1 mM DTT and 5% glycerol) to see if this affects cleavage of
inosine-containing RNAs.

All reaction components for endonuclease V assays were assembled ac-
cording to table 2.15, mixed, centrifuged, transferred to a heat block preheated
to 37°C, and incubated for 2 hours. 10 pL of denaturing 2X RNA loading dye
were added to each sample and heated to 50°C for 5 min. Cleaved (products)
and uncleaved (substrates) RNA oligos were separated on a 20% denaturing
urea acrylamide gel (7 M urea, 1X TBE buffer). Migration of fluorescently la-
belled RNA oligos was visualized using the Odyssey® CLx (LI-COR) imaging
system at 700 nm. Images were converted to grayscale using Image Studio.

Table 2.15: Endonuclease V assay

Reagent Volume [uL] Final concentration
1 uM RNA oligo 1 0.1 uM; 1 pmol
40 mM divalent ions 1 4 mM
40 U/uL RiboLock RNase inhibitor 1 40 U
Human EndoV variable 5 pM; 50 pmol
1X buffer variable 1X
Total 10

2.8 Western blotting

After SDS-PAGE, the separated proteins were transferred from the gel onto a
nitrocellulose membrane for western blotting using a tank blotting system. The
transfer was run at a constant current of 200 mA for 75 min with a block of ice
in 1X transfer buffer. The membrane was blocked with 10 mL 3% (w/v) BSA
in PBS-T at 4°C with rocking and washed with PBS-T to remove the remain-
ing BSA. The membrane was incubated with primary antibody or NINTA-HRP

53



2 Material and methods

conjugate for 1 h at RT. All further steps were carried out at room temperature.
To remove the primary antibody or NINTA-HRP conjugate, the membrane was
washed three times with PBS-T for 5 min whilst shaking. The secondary an-
tibody was diluted in 5 mL 3% (w/v) BSA in PBS-T. Next, the membrane was
incubated for 30 min whilst rocking. After incubation with the secondary anti-
body, the membrane was washed three times with PBS-T for 5 min to remove
the secondary antibody. The membrane was further drained to eliminate the
excess PBS-T and was then covered with freshly prepared ECL solution for
NiNTA-HRP western blots. After a short incubation of 1 to 5 min, western blot
images were obtained.

2.9 SEC-SAXS

All samples destined for SEC-SAXS were set up at a protein concentration of
5 mg/ml. For samples with RNA, RNA was added in a 1:2 molar ratio of RNA
to protein and incubated on ice for 1 h to form in vitro RNA-protein complexes.
All samples were loaded onto an S200 2.4 mL column at the B21 beamline at
Diamond Light Source (Harwell). The resulting datasets were analysed using
BioXTAS RAW. The radius of gyration (Rg) was estimated across the peaks
after buffer subtraction. Selected frames from regions with a stable radius of
gyration were averaged for further analyses of Guinier plots, P(r) functions,
molecular weights from Porod volumes and Krakty plots.
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RNA editing assay

This chapter aimed to reconstitute an editing reaction using in vitro transcribed
RNA templates to test the hypothesis that D. melanogaster Zn72D might be
required for editing of particular RNA editing sites and to solve the mechan-
ism of RNA editing on a molecular level. To visualise adenosine to inosine
conversions in vitro and to show if a cooperative interaction between Zn72D
and ADAR at the site of editing is required, a fluorescence-based in vitro A-
to-1 RNA editing was established and optimised. One essential aspect of this
chapter focuses on producing the recombinant protein components needed for
this assay: ADAR and Zn72D/NF45. ADAR from D. melanogaster, the crucial
enzymatic component for an editing assay must be expressed in insect cells to
incorporate an inositol hexakisphosphate molecule which is buried within the
core and required for maintaining the catalytic activity of ADAR. On the con-
trary, Zn72D and NF45 were expressed in bacteria as they are not known to
require important post-translational modifications.

3.1 Optimisation of conditions for expression of
recombinant D. melanogaster Zn72D and
NF45

Before this work, there were no data on protein expression and purification
conditions of Zn72D and NF45 from D. melanogaster. One of the first tasks of
this project was to test different conditions for protein production and then es-
tablish a robust protocol to make soluble protein for subsequent in vitro assays
and structural studies.

Since the N-terminus of Zn72D is unstructured, the expression of full-length
constructs was not expected to give high yields of soluble protein. There-
fore, several truncated constructs of Zn72D were designed for individual pro-
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tein expression in bacteria (figure 3.1). Most constructs lacked the unstruc-
tured N-terminal part of the protein, which was removed due to the typical
difficult nature of expressing long and flexible regions. Other Zn72D constructs
lacked their DZF domain, zinc fingers, or a small part of the C-terminus. An-
other reason for designing multiple constructs of the same protein is their pos-
sible use in binding studies or biochemical assays to get more information on
which domain contributes to specific functions like the RNA binding. However,
most Zn72D constructs still possess the three zinc finger domains required for
nucleic acid-binding. NF45 was the full-length version since the DZF domain
makes up almost the whole protein. All Zn72D and NF45 constructs carried
either a 6xHis- or a 6xHis-GST-tag at their N-terminus.

Pull-down assays of these test expressions were used to monitor and com-
pare their protein levels. All of these constructs were expressed in several
bacterial expression strains (BL21(DE3), B834(DE3), BL21-CodonPlus (DE3)-
RIPL, and T7 Express) that possess individual features advantageous for re-
combinant protein expression. All four strains are derivates from the historic
E. coli B strain. BL21(DE3) strains are deficient in Lon (cytoplasm) as well
as OmpT proteases (outer membrane) and contain the ADE3 prophage that
encodes the gene for T7 RNA polymerase under the control of the lacUV5 pro-
moter. IPTG is required to induce expression of the T7 RNA polymerase with
the aim of high-level expression of recombinant genes cloned downstream of
a T7 promoter. B834 is the parental strain for BL21 and is a methionine auxo-
troph. This allows specific labelling of target proteins with 35S-methionine and
selenomethionine for crystallography. BL21-CodonPlus (DE3)-RIPL is a de-
rivative strain from BL21 that is beneficial if codon bias is a problem. RIPL
cells carry an additional plasmid with extra copies of tRNA genes for four rare
codons (AGA = arginine (R), AUA = isoleucine (l), CCC = proline (P), CUA =
leucine (L)). T7 Express is also a BL21 derivative that lacks the ADE3 prophage
that can be activated under certain circumstances and thus cause unwanted
cell lysis. lts T7 RNA polymerase is under the control of a lac operon, ensuring
protein expression will only be initiated upon IPTG addition by inactivating the
lac repressor.
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Figure 3.1: Overview of recombinant Zn72D and NF45 constructs used for
expression in bacteria. Several constructs of truncated Zn72D and full-
length NF45 were tested for protein production in bacteria. All constructs
carry either an N-terminal 6xHis- or 6xHis-GST-tag for affinity purification
that could be cleaved off by 3C proteases. The different versions of Zn72D
and NF45 are shown with their domains, such as zinc fingers and the DZF
domain required for heterodimerisation of Zn72D and NF45.

3.1.1 Test expressions of individual Zn72D constructs

Several truncated versions of Zn72D carrying an N-terminal 6xHis-tag or 6xHis-
GST-tag were expressed in a panel of E. coli strains including BL21, B834,
T7 and RIPL. Constructs, for example, that correspond to Zn72D from amino
acids 171 to 884 are denoted here "Zn72D (117-884)" and accordingly to other
truncated constructs. The constructs lacking a DZF domain, Zn72D (171-460)
(figure 3.2A) and Zn72D (1-460) (figure 3.2B), showed good levels of soluble
protein. In contrast, other Zn72D constructs showed poor levels of expression
and limited solubility such as Zn72D (491-884) (figure 3.2C). These observa-
tions indicate that the Zn72D DZF domain might have a destabilising effect on
the construct. Of the long constructs, the His-tagged Zn72D (171-884) (figure
3.2D) and GST-tagged Zn72D (171-839) showed some low expression levels
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of soluble protein. Two further observations from this collection of test expres-
sions were that His-tagged Zn72D (171-460) was expressed better than the
GST-tagged constructs and using either BL21 or B834 as expression strains
did not influence the amount of protein expressed. As large proteins were not
well expressed in E. coli, and some of the GST-tagged constructs had a mo-
lecular weight of over 100 kDa, this might explain the differences in protein
expression levels. However, for some constructs the GST-tag might enhance
their translation rate and solubility. The results of all test expressions of Zn72D
constructs were summarised in table 3.1.
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Figure 3.2: Test expressions of Zn72D constructs with DZF domain in
bacteria. Several truncated versions of Zn72D were expressed in various
bacterial strains such as BL21, B834, T7 and RIPL carrying either a 6xHis-
or a 6xHis-GST-tag at their N-terminus to compare protein levels after cell
lysis and protein enrichment using NiNTA or GSH beads. SDS-PAGE gels
of A) His-tagged Zn72D (1-460), B) His- and GST-tagged Zn72D (171-460),
C) His- and GST-tagged Zn72D (491-884), D) His- and GST-tagged Zn72D
(171-884), E) His- and GST-tagged Zn72D (171-839). The specific bacterial
strain used for protein expression is indicated below the gel. SN - super-
natant.
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3.1.2 Individual expression of full-length NF45

Full-length NF45 from D. melanogaster was expressed in BL21, B834, T7 and
RIPL strains. The N-terminally 6xHis- and 6xHis-GST-tagged were highly ex-
pressed. However, contrary to the human orthologue, both constructs are in-
soluble and found in the pellet fraction (figure 3.3A). An additional construct
of NF45 without a tag for potential co-lysis was tested (figure 3.3B). Since the
untagged NF45 cannot be pulled-down with NiNTA or GSH beads, the expres-
sion levels were determined by the amount of protein in the soluble fraction
after cell lysis and centrifugation (SN - supernatant). Expression of untagged
NF45 did not show a significant improvement of protein solubility. The results
of all individual test expressions of NF45 were summarised in table 3.1.

Figure 3.3: Test expressions of full-length NF45 in bacteria.  Full-length
NF45 was expressed in different bacterial strains (BL21, B834, T7 and
RIPL). SDS-PAGE gels of A) 6xHis- or a 6xHis-GST-NF45 (1-396) and B)
untagged NF45 (1-396). The specific bacterial strains used for protein ex-
pression are indicated below the gel. SN - supernatant.
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3.1.3 Co-expression of Zn72D and NF45

Previous observations indicate that neither Zn72D nor NF45 constructs con-
taining DZF domains are soluble since it might have a destabilising effect (fig-
ure 3.2 and 3.3). Since they are known to dimerise, it was hypothesised that
they might need to co-fold for stability. Consequently, Zn72D constructs con-
taining a DZF domain were now co-expressed with NF45 (without affinity tag)
in different strains (figure 3.4) to assess formation of heterodimerisation. Co-
expression of two proteins using individual plasmids required different antibi-
otic resistances to select for cells carrying both plasmids simultaneously. In
addition, the plasmids need to have two compatible replication origins since
origins from the same group are not compatible as they compete for the same
segregation machinery.

Upon co-expression of Zn72D (491-884) and NF45, both proteins could be
expressed at low levels, indicating heterodimer formation. However, heterodi-
mer formation was only observed in B834 (figure 3.4A) and T7 cells (figure
3.4B) and neither in BL21 nor RIPL.

The same co-expression strategy was also applied to Zn72D (171-884) (fig-
ure 3.4C) and Zn72D (171-839) (figure 3.4D) constructs, containing all three
zinc-fingers and the DZF domain. The amount of contaminating proteins for
both pull-downs made an interpretation of the SDS-PAGE gel difficult. It seemed
that both Zn72D (171-884) and Zn72D (171-839) could have co-expressed with
NF45 in B834 cells (figure 3.4D), but if so showed only very low levels of soluble
protein. An alternative expression strategy was applied because all four test
expressions did not yield sufficient soluble protein levels for further large-scale
expression: the open reading frames of Zn72D and NF45 were fused.
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Figure 3.4: Test co-expressions of Zn72D and NF45 constructs in bac-
teria. SDS-PAGE gels of co-expression of 6xHis-Zn72D (491-884) and
NF45 in A) BL21 and B834, B) RIPL and T7, C) 6xHis-Zn72D (171-884)
with NF45 in B834 and D) 6xHis-Zn72D (171-839) with NF45 in B834. The
specific bacterial strains used for protein expression are indicated below the
gel. SN - supernatant.

3.1.4 Expression of a Zn72D and NF45 fusion protein

Neither individual expression of Zn72D and NF45 nor their co-expression suc-
ceeded in producing usable amounts of soluble protein (figures 3.2, 3.3, and
3.4). A possible way to increase their low expression levels and solubility could
be the expression of both proteins as a single open reading frame with an N-
terminal GST-tag, thereby, enhancing the stability of the corresponding fusion
protein. A homology model of human ZFR superposed onto the structure of a
complex of the dimerisation domains of NFOO/NF45 showed spatial proximity
of the C-terminus of ZFR and the N-terminus of NF45 (figure 3.5A). Since both
termini were spatially close and could be connected by a flexible short linker,
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the two open reading frames of both proteins (full-length Zn72D and full-length
NF45) were combined into a single one. The C-terminus of Zn72D and the
N-terminus of NF45 are connected via two TEV-cleavable linker sequences
(figure 3.5B) for subsequent separation if required.

Figure 3.5: Design principle of Zn72D-NF45 fusion protein. A) A su-
perposed homology model of ZFR (in green) using Phyre2 onto the struc-
ture of a complex of the dimerisation domains of NFOO/NF45 (NF90 in gray
and NF45 in yellow) from mouse (PDB entry: 4AT7) showed spatial prox-
imity of the C-terminus of ZFR and the N-terminus of NF45. B) The final
Zn72D-NF45 fusion constructs for protein production in bacteria. Both full-
length Zn72D and NF45 are separated via a short heptapeptide linker with
the sequence GSSGSSG followed by a TEV cleavage site and another de-
capeptide linker with the sequence GGGGSGGGS.

Expression of 6xHis- and 6xHis-GST-tagged constructs of the fusion proteins
was tested in a panel of E. coli strains (figure 3.6). Expression levels of the His-
tagged fusion protein (His) were significantly lower than the His-GST-tagged
fusion protein (GST), which showed soluble protein production for expression
in BL21, B834, and RIPL, but not in T7. Therefore, B834 cells were chosen as
the bacterial strain for further protein production on a large scale. The Zn72D-
NF45 fusion might be a case where GST enhances solubility of the construct
in contrast to large proteins usually being not well expressed in E. coli.
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Figure 3.6: Test expressions of Zn72D-NF45 fusion protein. SDS-PAGE
gels of (A) His- and GST-tagged Zn72D-NF45 fusion protein test expres-
sions in several bacterial strains: B) BL21, C) B834, D) RIPL, and E) T7.
The specific bacterial strain used for protein expression is indicated below
the gel. SN - supernatant. His- and GST-tagged fusion proteins are indic-
ated by arrow heads.

Size exclusion chromatography during large-scale purification of the His-
GST-tagged fusion protein in B834 cells showed that the yields of protein were
meagre (figure 3.7) for using 3 L of bacterial cell culture. The low yield of re-
combinant protein in peak 1 might be a consequence of low expression levels
in bacteria due to its size of 170 kDa. Also, the TEV cleavage site seemed
to be partially inaccessible as even a significant excess of GST-TEV protease
could not cleave all fusion proteins overnight in solution into a Zn72D and an
NF45 fragment (figure 3.7). Another issue encountered during the purification
process was that the fusion protein remained bound to GSH beads (figure 3.7)
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used for affinity chromatography and made it difficult to elute the majority of the
bound fusion protein. Hence, the next step in producing soluble Zn72D/NF45
was to rely again on a co-expression strategy as this might mitigate the issues
arising from expressing and purifying a huge fusion protein.

Figure 3.7: Size exclusion chromatography of Zn72D-NF45 fusion protein
purification.  Size exclusion chromatogram with absorbance at 280 nm
in blue and corresponding SDS-PAGE gels. All relevant proteins and their

sizes are indicated by arrow heads.
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3.2 Optimisation of co-expression conditions

3.2.1 Effect of IPTG concentration on protein production

Multiple screening trials of different conditions of either individual or co-expression
of Zn72D and NF45 did not produce enough soluble protein for structural
studies. Since the fusion protein purification is unyielding, the co-expression
strategy was tested again. However, this time it became evident that the ODgg
after overnight co-expression of Zn72D/NF45 was relatively low, resulting in
very little biomass for further protein extraction. Therefore, deleterious effects
on bacterial cell density might be due to the toxic expression of Zn72D or its
RNA-binding activity. To test the toxic effect of protein expression, B834 cells
were co-transformed with and without plasmids for protein co-expression of
His-tagged Zn72D and GST-tagged NF45. LB agar plates containing a titra-
tion of IPTG concentration were used for plating the transformed cells. Since
there was a decreasing number of colonies on agar plates with an inversely
proportional concentration of IPTG, the effect of IPTG concentration on protein
expression levels was tested in pull-downs (figure 3.8). Since this effect was
not observed to such an extent with the full-length Zn72D-NF45 fusion pro-
tein and the protein expression levels are high under low IPTG conditions, it
can only be speculated about the exact reason. However taking these obser-
vations into account, the deleterious effect on bacterial biomass seems to be
caused by the rate of protein expression rather than the presence or amount
of the individual or fusion proteins.

Testing four different concentrations of IPTG for inducing protein expression
showed that there is indeed a relationship between IPTG concentration and
the density and biomass of bacterial cells, which might ultimately determine
the amount of soluble protein. For example, cell density and the amount of sol-
uble protein were very low for the higher IPTG concentrations (figure 3.8B) but
increased significantly with lower IPTG concentrations (figure 3.8C). Therefore,
subsequent co-expression of Zn72D/NF45 was induced with 0.025 mM IPTG.
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Figure 3.8: Co-expression of Zn72D/NF45 with low IPTG concentrations
increases bacterial biomass. A) His-Zn72D and GST-NF45 constructs
were co-expressed in B834 for testing impact of IPTG on biomass and pro-
tein expression levels. B) and C) SDS-PAGE gels of co-expression trials
of His-Zn72D and GST-NF45. The specific bacterial strain used for protein
expression is indicated below the gel. SN - supernatant. Zn72D and NF45
are indicated by arrow heads.

3.2.2 Lysis buffer optimisation

The expression levels of recombinant Zn72D/NF45 were much improved after
lowering the IPTG concentration (section 3.2.1). Lysis buffer optimisation was
performed to enhance the protein yield further, and the 260/280 ratio of the
eluted fractions was measured using a NanoDrop to quantify nucleic acid con-
tamination. Figure 3.9A and B show that there is a significant increase in the
amount of soluble His-tagged Zn72D with increasing salt concentrations in the
lysis buffer (250, 500, 750, and 1000 mM). High NaCl concentrations of 750
and 1000 mM seem to give the highest protein levels.

Since there is no further increase of protein levels detectable at 1000 mM
NaCl, 750 mM was chosen for lysis buffer to be tested with increasing concen-
trations of urea (figure 3.9B and table 3.2). Following advice from Dr Sutapa
Chakrabarti, urea was added to the lysis buffer for RNA removal. In her experi-
ence, concentrations of 50 to 200 mM were not harmful to the protein she used
to work with and proved effective in RNA removal. There is a decrease in the
amount of RNA contamination if the NaCl concentration is 750 mM while the
amount of urea in the lysis buffer is 50 mM (figure 3.9B, C and table 3.2). In-
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creasing urea concentrations seems to adversely affect RNA contamination as
the 260/280 ratio increases corresponding to a higher amount of nucleic acids.
To summarise these protein production and lysis optimisations, Zn72D/NF45
lysis buffers have been set up with a high salt concentration (750 mM) and 50
mM urea, and dialysis buffers contained more salt than before as the concen-
tration was increased to 100 mM.

Figure 3.9: Co-expression of Zn72D and NF45 for lysis buffer optimisa-
tion. A) and B) Co-expressed His-tagged Zn72D (indicated by red arrow
head) and His-tagged NF45 (blue) were lysed with different concentrations
of NaCl (250, 500, 750, and 1000 mM) in the buffer. B and C) Zn72D/NF45
was lysed with different concentrations of urea in buffer containing 750 mM
NaCl.

Table 3.2: Decrease of RNA contamination of Zn72D/NF45 purification
after lysis buffer optimisation measured by Nanodrop

NaCl [mM] | 750 | 750 | 750 | 750
Urea[mM] | O 50 | 100 | 200
260/280 | 1.36 | 1.03 | 1.50 | 1.50
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3.3 Protein purification of Zn72D/NF45
heterodimers

The findings from the previous lysis buffer optimisation (section 3.2.2) were
used as a starting point for purifying the D. melanogaster complex comprised
of His-tagged Zn72D and GST-tagged NF45. Following cell lysis and separ-
ation of soluble and insoluble components of the lysate by centrifugation, the
supernatant was incubated with GSH beads before being packed into a column
(section 2.5.4). The column was then washed with GSH buffer A to remove any
non-specific bound proteins until it reached a steady UV baseline. Removal of
unbound (Unbound) and non-specific bound proteins (Wash) are shown in the
chromatogram and the corresponding SDS-PAGE gel (figure 3.10). Bound
proteins were eluted with 100% GSH buffer B containing 30 mM reduced
glutathione, until UV signal reached baseline again. A single peak contain-
ing Zn72D/NF45 was observed upon elution. The gel shows a relatively clean
eluate with little free GST (26.6 kDa). The indicated pooled fractions of the
eluate had the lowest 260/280 ratio. The GST-tag of NF45 was cleaved us-
ing GST-TEV protease prior to immobilised metal affinity chromatography for
further purifcation.
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Figure 3.10: Affinity chromatography of Zn72D/NF45 using GSH beads.

The chromatogram shows the absorbance at 280 nm (in blue) and the

elution buffer ([in %] in grey). The corresponding SDS-PAGE gel shows
proteins and their sizes indicated by arrow heads. SN - supernatant.

After GST-tag cleavage, Zn72D/NF45 was loaded onto a HisTrap column.
Samples before and after TEV cleavage were analysed by SDS-PAGE (figure
3.11) and showed partial removal of the GST-tag of NF45. The cleaved NF45
band migrates at a lower molecular weight, close to the 45 kDa band of the
marker. There is also a new band present after TEV treatment, representing
cleaved GST (26.6 kDa). The column was washed with NiNTA buffer A until it
reached a steady UV baseline. Bound Zn72D/NF45 was eluted with a linear
gradient of NiNTA buffer B to 90%. A single peak containing Zn72D/NF45 was
observed upon elution. Upon further increase of the concentration of elution
buffer, no more protein could be eluted from the column. The SDS-PAGE gel
shows a relatively pure product with free GST and GST-TEV (53 kDa). The
His-tag of Zn72D was cleaved using GST-3C, and more GST-TEV was added
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to cleave the remaining GST-tagged NF45.

Figure 3.11: First immobilised affinity chromatography of Zn72D/NF45.
Chromatogram of the first IMAC shows absorbances at 280 nm (in blue),
at 254 nm (in orange) and the elution buffer ([%] in grey). The corresponding
SDS-PAGE gel shows proteins and their sizes indicated by arrow heads. FT

- flow-through.

Zn72D/NF45 was re-loaded onto a HisTrap column to separate Zn72D with
and without His-tag, and samples before and after 3C cleavage were analysed
by SDS-PAGE. Cleavage of GST-tagged NF45 had reached completion as
there was no GST-tagged NF45 visible (figure 3.12). The column was washed
with NiNTA buffer A until it reached a steady UV baseline, resulting in a long
peak containing NF45 and Zn72D in the flow-through fractions. Bound His-
tagged Zn72D/NF45 was eluted with a 100% NINTA buffer B and discarded
upon elution. The SDS-PAGE gel shows a quite clean product with minor con-
tamination of free GST (26.6 kDa), GST-3C (42 kDa), and GST-TEV (53 kDa)
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contaminations. The indicated pooled fractions were used for subsequent hep-
arin chromatography.

Figure 3.12: Second immobilised affinity chromatography of
Zn72D/NF45. Chromatogram of the second IMAC shows absorb-
ances at 280 nm (in blue), at 254 nm (in orange) and the elution buffer ([%]
in grey). The corresponding SDS-PAGE gel shows proteins and their sizes
indicated by arrow heads.

Zn72D/NF45 was loaded onto a heparin sepharose column to remove the
contaminating nucleic acids. The corresponding chromatogram and SDS-PAGE
gel (figure 3.13) indicate that contaminating nucleic acids could be separated
from Zn72D/NF45 as the 260/280 ratio of the flow-through (FT) is above 1,
while no protein is detectable by SDS-PAGE. First, the column was washed
with heparin buffer A until it reached a steady UV baseline. Next, bound
Zn72D/NF45 was eluted with a linear gradient of heparin buffer B to 100%
(1000 mM KCI). A single peak containing Zn72D and NF45 was observed
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upon elution, and the SDS-PAGE gel shows that the two proteins co-elute in
fractions with a low 260/280 ratio (0.6). Therefore, the indicated pooled frac-
tions were used for size exclusion chromatography.

Figure 3.13: Heparin sepharose chromatography of Zn72D/NF45. Chro-
matogram of the heparin step shows absorbances at 280 nm (in blue), at
254 nm (in orange) and the elution buffer ([%] in grey). The corresponding
SDS-PAGE gel shows proteins and their sizes indicated by arrow heads. FT
- flow-through.

After heparin sepharose chromatography, Zn72D/NF45 was loaded onto a
24 ml S200 column. A single peak containing Zn72D/NF45 was observed in
the chromatogram and the corresponding gel (figure 3.14) upon elution. The
SDS-PAGE gel shows that the two proteins co-elute in fractions with a low
260/280 ratio (0.6). The final yield was typically around 2 mg of pure protein
per 6 L of bacterial cells. The protein sample was flash-frozen in liquid nitrogen
for further experiments.
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Figure 3.14: Size exclusion chromatography of Zn72D/NF45. Chromato-
gram of the size exclusion step shows absorbances at 280 nm (in blue) and
at 254 nm (in orange). The corresponding SDS-PAGE gel shows proteins
and their sizes indicated by arrow heads.

3.4 Optimisation of conditions for expression of
recombinant D. melanogaster ADAR

To express ADAR from D. melanogaster in insect cells, it was first cloned into
two different helper plasmids, pFastBac (figure 7.4) and pFL-GST (figure 7.4),
to incorporate either an N-terminal hexahistidine (6xHis) (pFastBac) or a GST
(pFL-GST) tag to the protein. These donor plasmids were then used to gen-
erate a bacmid containing the integrated ADAR gene for the infection of insect
cells and for producing the virus stock. As the bacmids also encode for yellow
fluorescent protein (YFP), the number of infected insect cells can be estimated
using a fluorescent microscope. YFP fluorescence helps determine a suitable
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virus concentration that produces high levels of proteins without a high rate of
infection that prevents cell growth. Possible considerations for test expressions
in Sf9 cells are the specific virus stock, the virus concentration, the length of
incubation after infection, or the tag attached to the protein. Harvesting cells
after two to three days with viability over 90% gave the best results for protein
expression and was usually independent of the virus stock used for infection.

The expression of ADAR was determined by a pull-down assay (figure 3.16).
SDS-PAGE confirmed that both His- and GST-ADAR could be expressed as
soluble proteins that can be enriched on NiNTA or GSH beads. However, His-
ADAR seemed to be expressed at higher levels than GST-ADAR, but it also
shows a much higher background of endogenous proteins with at least two
more major bands of unknown origin at around 60 and 100 kDa (figure 3.16A).
Enrichment of His-tagged ADAR using NiNTA beads seems to pull down these
additional insect cell proteins as they might bind to NiNTA. GST-ADAR, on the
other hand, seemed to be expressed in relatively low levels with a strong band
of free GST at around 25 kDa (figure 3.16B), indicating partial translation or
degradation of the protein construct.

Figure 3.15: ADAR constructs used for protein purification. His- and
His-GST-ADAR constructs used for protein expression and purification. Pro-
tease cleavage sites (3C) are indicated by a red arrowhead.
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Figure 3.16: Test expressions of His- and His-GST-tagged ADAR in Sf9
cells A) Test expression of virus stock V2 of His-ADAR using different
ratios of viral stock to cell culture volume as indicated below. His-ADAR has
a size of about 73.2 kDa. B) Test expression of virus stock V2 of His-GST-
ADAR with different ratios. His-GST-ADAR has a size of about 98.4 kDa.

Based on these test expressions (figure 3.16A), virus stock V2 of His-ADAR
in a ratio of 1:50 was used to set up a large-scale expression in 1.6 L insect cell
medium with 2x 108 cells per ml. Contrary to the test expressions, the fluor-
escence of the large-scale expression was low, indicating low infection and
the Sf9 cells were harvested two days after infection due to their decreasing
viability. In addition, SDS-PAGE of the batch purification using NiNTA beads
indicated that expression levels of ADAR were poor and that the level of ADAR
eluted off the NiNTA beads did not match that expected from the test expres-
sion (figure 3.17A).

Figure 3.17: Batch purification of ADAR A) NiNTA batch purification of
His-tagged ADAR (indicated by red arrow head) expressed in 1.6 L insect
cells. B) ADAR sample after dialysis into low salt (50 mM NacCl).
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However, since biochemical assays can be conducted with relatively little
protein compared to that required for crystallisation, the purification continued,
and ADAR was dialysed in 2 L of low-salt buffer (containing 50 mM NaCl) to re-
move excess imidazole and to lower the salt concentration in the buffer before
using a heparin sepharose column. Nonetheless, some protein in the eluate
precipitated, and it was not possible to re-solubilise ADAR upon adding more
salt or other additives such as urea and zinc acetate. The most likely explan-
ation is that the low salt conditions of the dialysis caused the precipitation of
ADAR. Therefore, a small sample of the precipitation was taken for centrifuga-
tion and analysed on SDS-PAGE. Most proteins of the eluate (pooled elution
fractions) precipitated in low salt buffer, including ADAR (figure 3.17B).

To further assess whether the bulk of ADAR was to be found in the soluble
(SN) or precipitated fraction (Pellet), a western blot (figure 3.18) using NiNTA-
HRP for the detection of His-tagged proteins was performed. Three different
bands between 60 and 75 kDa (figure 3.18B) were found in the insoluble frac-
tion (Pellet). These bands also seemed to reflect the same pattern of bands
observed in the test expressions (figure 3.16A), which indicated that a signific-
ant amount of ADAR is either being degraded during cell lysis and purification
or it is not being expressed homogeneously as the full-length protein.

Taking all these findings into account, the GST-tagged version of ADAR was
expressed, known to have a lower background in insect cells (figure 3.16B).

Figure 3.18: Western blot of the supernatant and pellet of the precipit-
ated ADAR sample.  Western blot of the supernatant and pellet of the
precipitated ADAR sample. A) The nitrocellulose membrane was stained
with Ponceau S. B) NiNTA-HRP western blot for detection of His-tagged
proteins.
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3.4.1 Lysis buffer optimisation

In summary, the main issues of ADAR expression and purification seemed to
be: 1) a heterogeneous expression, 2) degradation of the full-length His-tagged
version, 3) a high background of insect proteins, 4) a tendency to precipitate
during dialysis under low-salt conditions, and 5) a high amount of nucleic acids
after cell lysis.

Expressing His-GST-tagged ADAR produced a more homogenous protein
species with a lower background contamination of insect proteins. Removing
most of the contaminating nucleic acids at an early stage, such as cell lysis or
the first affinity chromatography step, might be helpful for further purification
of ADAR. Previous work from Macbeth et al., 2007 and Park et al., 2020 on
human ADAR2 purification showed that high amounts of salt for cell lysis (750
mM NaCl) and subsequent overnight dialysis (350 mM NaCl) did not lead to
protein precipitation. Since Ring et al., 2004 used 200 mM KCI when purifying
ADAR from D. melanogaster during both cell lysis and purification, 50 mM
NaCl in the dialysis buffer might be too low for maintaining the stability of D.
melanogaster ADAR. Based on these protocols, the lysis conditions for ADAR
from Sf9 cells were optimised using higher concentrations of KCl in the lysis
buffer (figure 3.19A).

Test expressions using His-GST-ADAR (figure 3.19A) indicated higher KCI
concentrations did not adversely affect the protein amounts of soluble His-
GST-ADAR that were pulled down. On the contrary, soluble protein levels of
His-GST-ADAR are highest with a 1000 mM KCI concentration in the lysis buf-
fer. The outstanding expression levels of His-GST-ADAR might be due to the
excellent quality of the cells used in the test expressions with a passage num-
ber lower than 20. In addition, cell viability and fluorescence were high (>90%),
allowing for a longer protein expression time before harvesting the cells. As for
Zn72D/NF45 before, concentrations of 50, 100, and 200 mM urea in the lysis
buffer were tested (figure 3.19B). Indeed, there is a decrease in the amount of
RNA contamination if the KCI (750 mM) and urea (100 mM) concentration in
the lysis buffer are high (figure 3.19B and table 3.3). Therefore, for ADAR lysis
buffers, all further protocols used a high concentration of KCI (1000 mM) with
100 mM urea, and dialysis buffers contained 150 mM KCI.
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Figure 3.19: Lysis buffer optimisation for purification of His-GST-ADAR
A) Insect cells expressing His-GST-tagged ADAR (indicated by red arrow
head) were lysed with different concentrations of KCl in the buffer. B) and
C) Insect ells expressing His-GST-tagged ADAR was lysed with different
concentrations of urea in buffer containing 750 mM KCI.

Table 3.3: Effect of lysis buffer on RNA contamination of ADAR purifca-
tion as measured by Nanodrop

KCI[mM] | 750 | 750 | 750 | 750
Urea[mM] | O 50 | 100 | 200
260/280 | 1.36 | 1.50 | 1.03 | 1.50

3.5 Purification of ADAR

The findings from the previous lysis buffer optimisation (section 3.4.1) were ap-
plied for purifying His-GST-tagged ADAR. Following cell lysis and separation of
soluble and insoluble components of the lysate by centrifugation, the super-
natant was bound to GSH beads in batch before being packed into a column.
The column was then washed with GSH buffer A to remove non-specific bound
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proteins until it reached a steady 280 nm UV signal baseline. The removal of
non-specific bound proteins was observed in the first few washing fractions
on the SDS-PAGE (figure 3.20). Next, specifically bound proteins were eluted
with 100% GSH buffer B containing 20 mM reduced glutathione run until the
UV signal reached baseline again. A single peak containing ADAR was ob-
served upon elution. The gel shows a much cleaner product than obtained
previously with the His-tagged construct (figure 3.17), as it was possible to
separate ADAR from most contaminants. The eluate, however, still contained
a decent amount of free GST (26 kDa). Since the AKTAprime plus system
measures only at a wavelength of 280 nm, RNA contamination was later de-
termined by Nanodrop. The His-GST-tag of the fractions indicated in figure
3.20B was cleaved using GST-3C.

Figure 3.20: Large-scale batch purification of GST-ADAR. The chroma-
togram shows the UV absorbance at 280 nm in blue and the elution buffer
in grey. GST-tagged ADAR is indicated by red arrow head in the SDS-PAGE

gel.
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ADAR was loaded onto a heparin sepharose column to remove the contam-
inating nucleic acids, and samples before and after 3C cleavage were analysed
on an SDS-PAGE gel (figure 3.21). The His-GST-tag was successfully cleaved
as cleaved ADAR has the expected molecular weight of about 70 kDa. In the
chromatogram and the corresponding gel, free GST (28 kDa) and GST-3C (40
kDa) did not bind to the heparin column and were found in the flowthrough
(FT). The column was washed with heparin buffer A until it reached a steady
UV baseline. Then, bound ADAR was eluted with a linear gradient of heparin
buffer B (1000 mM KCI) until 60%. A single peak containing ADAR was ob-
served upon elution with a small shoulder on the left. Upon further increase
of elution buffer, no more protein could be eluted from the column. The SDS-
PAGE gel shows a clean product with a 260/280 nm ratio of about 0.6, indic-
ating no contaminating nucleic acid. The fractions indicated in figure (figure
3.21) were used for size exclusion chromatography.
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Figure 3.21: Heparin affinity chromatography of ADAR. The chromato-
gram shows the UV absorbance at 280 nm in blue and the elution buffer in
grey. Uncleaved and cleaved ADAR are indicated by red arrow heads and
GST and GST-3C by black arrow heads next to the SDS-PAGE gel.

As a final polishing step, ADAR was loaded onto a 24 ml S200 10/300 GL
column. Upon elution, a single peak containing ADAR, tailing to the right,
was observed in the chromatogram and the corresponding SDS-PAGE (figure
3.22). The SDS-PAGE showed a pure single product with a 260/280 ratio of
about 0.6, indicated by the 260/280 nm ratio in the chromatogram. The final
yields were typically around 0.5 mg of protein per 1.5 L of insect cell medium.
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Figure 3.22: Size exclusion chromatography of ADAR. The chromato-
gram shows the UV absorbance at 280 nm in blue and at 254 nm in orange.
ADAR is indicated by a red arrow head next to the SDS-PAGE gel.
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3.6 Identification of RNA candidates for an in vitro
A-to-l editing assay

To gain mechanistic insight into the role of Zn72D in regulating hundreds of
A-to-1 RNA editing events in D. melanogaster, it is crucial to understand why
Zn72D is required for proper A-to-I RNA editing for a subset of editing sites.
Therefore, this process should be recapitulated in a simplified in vitro system
with a limited number of components (ADAR and Zn72D/NF45) and chosen
RNA editing substrates. For the identification and selection of the RNA editing
substrate candidates for this in vitro RNA editing assay, we made use of an
unpublished preliminary in vivo RNA editing dataset at the time, which Anne
Sapiro from the Li lab at Stanford kindly provided (Sapiro et al., 2020). For
this experiment, she applied RNAi to knockdowns of either ADAR or Zn72D in
D. melanogaster brains and performed RNA sequencing to identify changes
in RNA editing levels. Edited sites appear as guanosines and unedited as
adenosines in the sequencing data. In addition, changes in G to A nucleotides
indicate editing sites lost upon protein knockdown. The dataset contains a
collection of 776 native editing sites, and their quantified and averaged editing
levels were ascertained using a GFP control siRNA.

The dataset was screened for the best candidates and then separated into
two groups using an online tool prepared by Alistair Kerr from the bioinform-
atics core facility at the WTCCB. One group is Zn72D-independent (control
group), and the other one is Zn72D-dependent for A-to-1 RNA editing in Dro-
sophila brains. The control group lists editing sites that are ADAR-dependent
but Zn72D-independent (called Zn72D-independent). The criteria applied for
the Zn72D-independent group were defined as follows:

1. Lower editing levels upon ADAR knockdown compared with GFP control
(AADAR)

2. Similar editing levels upon Zn72D knockdown compared with GFP control
(AZn72D)

3. Candidates must not show significant reduction in editing in the Zn72D-
depleted flies when compared to those lacking ADAR (AADAR-AZn72D)
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Table 3.4: Critera for selecting candidates of the Zn72D-independent
group

Criterion Option Minimum value Maximum value
1 AADAR -0.8 -0.3
2 AZn72D -0.1 0.05
3 AADAR-AZn72D -0.8 0.06

The other group represents ADAR- and Zn72D-dependent editing sites. The
criteria applied for the Zn72D-dependent group were defined as

1. Lower editing levels upon ADAR knockdown compared with GFP control
(AADAR)

2. Lower editing levels upon Zn72D knockdown compared with GFP control
(AZn72D)

3. Candidates did not show significant reduction in editing in the ZFR-depleted
flies when compared to those lacking ADAR (AADAR-AZn72D)

Table 3.5: Critera for selecting candidates of the Zn72D-dependent group

Criterion Option Minimum value Maximum value
1 AADAR -0.8 -0.3
2 AZn72D -0.9 0.2
3 AADAR-AZn72D -0.8 0.06

By applying the above criteria, 17 hits for the Zn72D-independent group
(table 3.4) and 21 hits for the Zn72D-dependent group (table 3.5) out of the
776 total entries were extracted. For each of those candidates more inform-
ation (tables 7.3, 7.4, 7.5, 7.6, 7.7, and 7.8) was collected to help selecting
the most promising candidates among these hits. Table 7.2 lists the nature
of the additional collated data. Among other information, we were looking at
the editing levels of the whole body and head extracted from RADAR, a com-
prehensive online database for RNA editing in humans, mice and fruit flies
(Ramaswami et al., 2013) that is no longer available, or how many more edit-
ing sites are within 100 bp up and downstream of the editing site.

RNA editing is known to occur in regions of dsRNA. Therefore, the RNA se-
qguence of each candidate was extracted and used for predicting the minimum
free energy (MFE) in kcal/mol as well as its secondary structure using the
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RNAfold Server from ViennaRNA Web Services (ViennaRNA, 2022). This was
done to allow us to identify shorter regions of structured RNA that are likely to
fold in vitro to reconstitute short RNAs that can be in vitro transcribed for bio-
chemical assays. Sequences of the templates were then truncated to give a
double-stranded RNA of about 50 bp length with their editing site in the middle
(figure 3.23). When it was also necessary to truncate the RNA sequence of
a candidate at one end, the hairpin loop motif UUCG was introduced to cap
the RNA molecule and enhance its stability (Baumruk et al., 2001). The length
and structure of our RNA templates seem to be suitable for an in vitro editing
assay compared to the structure of human ADAR2 E488Q bound to an RNA
duplex (Matthews et al., 2016a). Furthermore, the farthermost interactions of
human ADAR2 (ortholog to Drosophila ADAR) with the dsRNA backbone are
11 bp away from the editing site. Thus, our templates should be suitable for
mimicking important protein-RNA interactions.

An overview of the final candidates (tables 7.3, 7.4, 7.5, 7.6, 7.7, and 7.8,
rows highlighted in orange) for in vitro RNA editing assays shows their pre-
dicted secondary structures, and their respective editing site is highlighted with
a red box (figure 3.23). The last two RNA candidates (G) and (H) represent
fully edited versions of CG49442 (A) and Zn72D-dependent Sxl| (F).
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Figure 3.23: Overview of secondary structure predictions of RNA editing
assay candidates. RNA candidates were subject to secondary struc-
ture predictions using the RNAfold server from ViennaRNA Web services.
(A) CG42492, (B) NaCP60E, (C) Caps, (D) Nckx30C, (E) Sxl, (F) para, (G)
CG42492 A-to-G, (H) SxlI A-to-G. Base number is given from the in 5’ end
of a predicted in vitro transcribed product. Red lines connecting circles rep-

resent base pairing. Positions of edited sites are shown with red boxes.
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After identifying the most promising templates, truncating their sequences,
and predicting their secondary structures, in vitro transcription templates were
designed as described in figure 3.24. Each template starts with a Hindlll and
ends with an EcoRl restriction site for cloning into a pUC19 vector. In addition,
because a linear DNA template is required for run-off in vitro transcription, a
Smal restriction site was placed between the RNA template and the EcoRl site
used for cloning.

Hindlll EcoRl
T7 promoter Smal

Figure 3.24: Overview of the RNA template for run-off transcription.
Overview of the RNA template blueprint for in vitro T7 transcription using
Smal for linearisation and Hindlll as well as EcoRlI for cloning into pUC19.

For in vitro transcription of all eight RNA templates (figure 3.23), the re-
spective cloned plasmids were cut with Smal, giving blunt end linearised DNA
templates.

The control reaction (pTRO-RNA 18s) showed an excellent transcription effi-
ciency 3.25), indicating that our T7 polymerase worked well. Most RNAs were
successfully transcribed, and the resulting products migrated at the expec-
ted sizes. However, NaCP60E showed extensive smearing, suggesting that a
variety of heterogeneous transcripts were made. The Zn72D-dependent can-
didates (para, SxI and Nckx30E) show single RNA products. To summarise
these test transcriptions, it is apparent that the RNA templates can be in vitro
transcribed for use in further biochemical assays.
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Figure 3.25: Run-off transcription of RNA templates. Denaturing gel
of run-off RNA transcriptions of Zn72D-independent and Zn72D-dependent
RNA templates using T7 polymerase.

3.7 Poisoned primer extension assay

As it is hard to distinguish between RNAs that are nearly identical in sequence
and size (e.g., edited vs non-edited transcripts), a poisoned primer extension
assay was adopted for use as our in vitro A-to-I RNA editing assay (figure 3.26).
The principle of poisoned primer extension is that a reverse transcriptase ex-
tends a labelled DNA primer that hybridises 3’ to the editing site. The reaction
contains three of the four nucleotides for extension (dATP, dGTP, and dCTP)
and a chain-terminating dideoxynucleotide (ddTTP). The primer is designed
so that the edited site is the first complementary A base after the 3’ end of
the primer. The extension reaction stops when the reverse transcriptase adds
a chain-terminating dideoxynucleotide to the template. Edited RNAs will yield
different-sized extension products that can be resolved on a denaturing gel and
visualised by its fluorescent label.
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Figure 3.26: Principle of poisoned primer extension assay. A reverse
transcriptase extends fluorescently-labelled DNA primers that complement
a sequence 3’ with respect to their editing site. Edited and unedited RNAs
can be differentiated due to products of different length.

As a quality control of the proteins required for the poisoned primer ex-
tension assay, the RNA-binding activity of recombinant purified ADAR and
Zn72D/NF45 complex was assessed by EMSA (figure 3.27). A fluorescently-
labelled C-rich 24-mer RNA probe ("UGACACCCUGACACCCUGACACCC")
was used for this. Both ADAR and Zn72D/NF45 showed RNA binding activity
in vitro and therefore could be used for RNA editing assay. However, ADAR’s
enzymatic activity is not yet tested.

Figure 3.27: Testing RNA-binding capability of recombinant ADAR and
Zn72D/NF45 from D. melanogaster.

The performance of five reverse transcriptases (RTs) (table 3.6) in poisoned

primer extension assays were tested following a common protocol with the
manufacturer’'s recommended reaction temperatures best-suited for each RT.
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RTs have to extend the fluorescently-labelled DNA primer with more nucle-
otides for the edited RNA because instead of ddTTP, a dCTP is used for incor-
poration at the mutated editing site (figure 3.23). The bypassing of the mutated
editing sites until the RT encounters the next adenosine in the RNA leads to
different product lengths of 25 nt. Therefore, the Zn72D-independent RNA tem-
plate CG422492 (unedited) and its counterpart CG422492 A-to-G (fully edited)
were first in vitro transcribed in a large scale. Then, the poisoned primer ex-
tension assay was performed as described in (section 2.7.8). A DNA primer
with a length of 20 nt was used for both RNAs for primer extension. After
primer extension for unedited samples, the expected size of products was 22
nt, and for fully edited samples, 25 nt. Therefore, two additional fluorescent
oligos were used as size controls of 25 and 22 nt and loaded next to the primer
extension samples (figure 3.28). As a result, all five RTs could extend fully
edited and unedited RNAs by the expected number of nucleotides. However,
the variation in the bands’ intensity of the final products suggested that the
transcription efficiency was highly variable across the different RTs, especially
since the amount of template RNAs and DNA primers used for the various con-
ditions were the same. RT1, RT3, RT4, and RT5 showed some intermediate-
sized products (21-24 nt) and the expected 25 nt product, indicating that they
produce highly variable endpoints. Moreover, these four RTs were extend-
ing the DNA primer by one additional nucleotide. This makes the discrimin-
ation between edited RNAs that have not been fully extended and unedited
RNAs that have been erroneously extended by an extra nucleotide problem-
atic, therefore, obscuring the ability of the assay to differentiate between these
two species. RT2, on the other hand, shows a generally weaker performance
for both edited and unedited substrates than the four other RTs, making it also
a suboptimal choice. But at least there are only two products.

Table 3.6: Reverse transcriptases used for primer extension
Label Reverse transcriptase

RT1 MulV

RT2 Avian

RT3 Revert
RT4 SuperScript IV
RT5 Maxima
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Figure 3.28: Testing reverse transcriptases for primer extension perform-
ance. Five different reverse transcriptases were used for testing their
primer extension performance.

Despite the apparent issues of poisoned primer extension assays in quan-
tifying A-to-I RNA editing, four out of five RTs incorporated not more than a
single additional nucleotide for unedited RNA substrates. For CG42492, the
difference between edited and unedited should be three nucleotides which is
why it should be possible to make a qualitative statement about in vitro RNA
editing capability of D. melanogaster ADAR. Since all required components for
testing ADAR’s enzymatic activity were ready, a poisoned primer extension as-
say was performed. Therefore, CG4292 was chosen as substrate (as it does
not require Zn72D for proper editing) was incubated with ADAR (protein molar
excess to RNA 20 to 1) for three hours. Four different conditions for incubating
RNA substrates with ADAR were tested due to different protocols (Hanswille-
menke et al., 2015, Heep et al., 2017, Filippini et al., 2018, Sasaki et al., 2006)
for in vitro assays using ADAR.

1. 3 hours at21°C

2. 3 hours at 30°C
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3. 3 hours at 37°C

4. 30 minutes at 30°C and 30 minutes at 21°C alternating for a total of 3
hours

The denaturing RNA gel shows a slight distortion of the samples, but size
controls were run on both sides of the gel, making it possible to conclude (figure
3.29). The assay control samples (Ctrl) did not contain ADAR but were other-
wise treated the same as other samples. Hence, they should be extended by
RT1 to the expected size of 22 nt (22nt). However, as seen in the previous
assay, RT1 (was the only RT with enough enzyme for 6 reactions at the recom-
mended concentration of RT per reaction) extended the DNA primer by a single
extra nucleotide, making it a 23 nt long product. All four samples containing
ADAR show an additional band, compared with the control, that migrates at
the same size as the fully edited size control (25nt), indicating a successful
deamination reaction of the adenosine at the editing site of the RNA substrate.
This band is quite faint compared with the shorter products and might suggest
that, despite the excess ADAR, the conditions were not optimal, or ADAR is
not fully active.

Moreover, another band (32 nt) is present in three samples containing ADAR
(30°C, 37°C, and 30°C/37°C). This additional band seems to represent the
product after RT1 bypassed the next adenosine after the editing site (ADAR
edited that) and extended the DNA primer until it encountered the next aden-
osine after the editing site. The second adenosine after the editing site is 10
nucleotides away and corresponds with the band present on the gel. This by-
passing behaviour might indicate that the second site is also edited, in which
case, the assay is even less clear. However, it also demonstrates that there
might be more evidence for ADAR activity.
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Figure 3.29: Poisoned primer extension assay of RNAs incubated with
recombinant ADAR. Zn72D-independent RNA CG42492 was incubated
with recombinant ADAR and then used for poisoned primer extension assay
to assess ADAR’s enzymatic activity in vitro.
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3.8 Endonuclease V assay

It is difficult to distinguish between RNA molecules nearly identical in sequence
and size (e.g., edited vs non-edited products). Contrary to our initial idea,
poisoned primer extension assays were not able to accurately differentiate
between edited, only partially extended, or non-edited RNAs extended beyond
the editing site, making it impossible to quantify A-to-I RNA editing executed
by D. melanogaster ADAR. Therefore, an alternative assay using endonuc-
lease V (EndoV) was tested. EndoV is a highly active ribonuclease specific
for inosine-containing nucleic acids and catalyses the cleavage of the second
phosphodiester bond 3’ to inosine, leaving 3’-OH and 5’-phosphate fragments.
In E. coli, EndoV acts as a DNA repair enzyme involved in removing deamin-
ated adenosines from the genome. However, the function of eukaryotic EndoV
has not been identified yet.

The cleavage activity of bacterial and human EndoV was compared for single-
stranded (ss) and double-stranded (ds) DNA and RNA containing inosine by
Vik et al., 2013. The nucleic acid substrates were incubated with wild-type En-
doV which cleaved single-stranded RNA containing inosine at position 13 of
a 25-mer oligo at even low protein concentrations (1 nM). Human EndoV only
cuts RNA with inosine and is active on both ss and dsRNA but not DNA. There-
fore, human EndoV’s cleavage specificity for inosine-containing RNAs can be
used as a tool to show whether D. melanogaster ADAR is functional as RNA
substrates should only be cleaved if inosines are incorporated by active ADAR.
An additional advantage is that no experimental artefacts are expected due to
the absence of inosines in unedited RNA substrates.

3.8.1 Optimisation of expression conditions of recombinant
human EndoV

For protein expression and purification of human EndoV, two different proto-
cols from Vik et al., 2013 and Morita et al., 2013 were used as starting points
for further optimisation. One suggested protein production of a fusion protein
with an N-terminal His-MBP tag in BL21-Codon Plus (DE3)-RIPL cells, and
the other recommended expressing a GST-tagged version in Rosetta 2 cells.
Ultimately, adopting the two approaches to our requirements, a full-length His-
GST-tagged version of human EndoV was cloned for further protein expression
and purification.
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Figure 3.30: His-GST-EndoV construct used for protein purification. |-
lustration of full-length human EndoV (282 aa) with an N-terminal 6xHis-
GST-tag used for protein expression and purification shows protease cleav-
age site (3C), indicated by a red arrowhead.

The His-GST-tagged EndoV construct (figure 3.30) was expressed in either
BL21 (DE3) or B834 cells . Small-scale expression trials using GSH beads for
pull-down revealed that the EndoV construct expressed well and was soluble
with the expected molecular weight in both bacterial strains (figure 3.31). B834
cells were used for further screening trials and large-scale protein expression.
The contaminants are more likely degraded His-GST-EndoV than non-specific
interactors.

Figure 3.31: Test expressions of human EndoV in bacteria. Protein pro-
duction of full-length His-GST-tagged human EndoV (59.2 kDa) in two bac-
terial expression strains. EndoV is indicated by a red arrow head next to the
SDS-PAGE gel.

The published protocols used either 300 mM NaCl or 300 mM KCI during
cell lysis. Since optimising the amount of salt in the lysis buffer had positive
effects for ZFR/NF45, Zn72D/NF45, and ADAR, lysis buffer optimisation was
also performed for EndoV. However, figure 3.32 shows little to no increase in
the amount of soluble EndoV with increasing salt concentrations in the lysis
buffer (250, 500, 750, and 1000 mM). Therefore, for large-scale purification
of EndoV, 500 mM NaCl was chosen as it gave slightly higher soluble protein
levels than 250 mM.
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Figure 3.32: Lysis buffer optimisation for purification of His-GST-tagged
human EndoV. Protein levels of soluble His-GST-tagged human EndoV
(indicated by red arrow head) have been tested for different concentrations
of NaCl in the lysis buffer.

3.8.2 Protein purification of recombinant EndoV

The protocol for purification of human EndoV (Vik et al., 2013) as well as the
findings from the previous lysis buffer optimisation (section 3.8.1) were used
as a starting point for purifying full-length His-GST-tagged human EndoV. Fol-
lowing cell lysis and separation of soluble and insoluble components of the
lysate by centrifugation, the supernatant was loaded onto a 5ml HisTrap FF
column and washed with NiNTA buffer A to remove any non-specific bound
proteins until it reached a steady UV baseline. Removal of unbound (FT) and
non-specific bound proteins (Wash) can be seen in the chromatogram and the
corresponding SDS-PAGE gel (figure 3.33). Bound proteins were eluted with
a linear gradient of NiNTA buffer B containing 1000 mM imidazole. A single
peak containing EndoV and other contaminating proteins was observed upon
elution. The fractions indicated in figure 3.33 were pooled and used for the
subsequent affinity chromatography step (GSH) to remove these protein con-
taminations.
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Figure 3.33: Immobilised affinity chromatography of EndoV. The chro-
matogram shows the absorbance at 280 nm in blue and at 254 nm in orange.
EndoV is indicated by a red arrow head next to the SDS-PAGE gel.

After IMAC, EndoV was incubated with GSH beads before being packed into
a column and was then washed with GSH buffer A to remove any non-specific
proteins until a steady UV baseline was reached. The corresponding chroma-
togram and SDS-PAGE (figure 3.34) showed that most contaminants did not
bind to the beads (Unbound) while some proteins could be washed off (Wash)
before elution. Next, bound EndoV was eluted with 100% GSH buffer B. A
single peak containing EndoV was observed upon elution. The SDS-PAGE
gel shows a cleaner product with some remaining protein contaminations. The
His-GST-tag of the EndoV protein in the indicated pooled fractions was cleaved
using GST-3C.
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Figure 3.34: Affinity chromatography of EndoV using GSH beads. The
chromatogram shows the absorbance at 280 nm in blue and at 254 nm in
orange. EndoV is indicated by a red arrow head next to the SDS-PAGE gel.

Following the two affinity purification steps, many nucleic acids were still as-
sociated with EndoV as assessed by the 260/80 nm ratio. EndoV was loaded
onto a Heparin column and specifically bound EndoV was eluted with a linear
gradient of heparin buffer B until 100% (1000 mM NacCl). Two elution peaks
contained either free GST and some tagged-EndoV or cleaved EndoV con-
taminated with some free GST. The corresponding chromatogram and SDS-
PAGE (figure 3.35) indicated that contaminating nucleic acids could be separ-
ated from EndoV as there was not much protein detectable in the flow-through
(FT) by SDS-PAGE and the 260/280 nm ratio is also relatively high in these
fractions. The samples before and after 3C cleavage analysed by SDS-PAGE
showed that almost all His-GST-tagged EndoV has been successfully cleaved.
The fractions indicated in figure 3.35 had a low 260/280 nm ratio and were
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pooled for subsequent size exclusion chromatography.

Figure 3.35: Heparin affinity chromatography of EndoV. The chromato-
gram shows the absorbance at 280 nm in blue and at 254 nm in orange.
EndoV is indicated by a red and GST as well as GST-3C by black arrow
heads next to the SDS-PAGE gel.

As a final polishing step, human EndoV was loaded onto a 120 ml S200
10/60 column. Upon elution, a single peak containing EndoV, tailing to the
right, was observed in the chromatogram and the corresponding SDS-PAGE
(figure 3.36). The SDS-PAGE showed a quite pure product with a 260/280 ra-
tio of about 0.6, indicated by the 260/280 nm ratio in the chromatogram. The
additional band migrating at around 25 kDa represents the residual cleaved
GST-tag that has not been separated from EndoV. The final yields were typic-
ally around 2 mg of pure protein per 2 L of bacterial cells. The protein sample
was flash-frozen in liquid nitrogen for further experiments.
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Figure 3.36: Size exclusion chromatography of EndoV. The chromato-
gram shows the absorbance at 280 nm in blue and at 254 nm in orange.
EndoV is indicated by a red and GST by black arrow head next to the SDS-
PAGE gel.

3.8.3 Detection of inosines in RNAs using EndoV

After successful purification of full-length human EndoV, its cleavage activ-
ity was tested on several RNA substrates. A 5’ fluorescently-labelled (IRDye
800CW) 20mer RNA oligo with either adenosine or inosine at position 15 was
used as ssRNA or dsRNA (figure 3.37A) for this. Vik et al., 2013 suggested
a specific reaction buffer (10 mM Tris-HCI pH 7.5, 50 mM potassium chlor-
ide, 0.5 mM manganese chloride, 1 mM DTT and 5% glycerol). However, it
was tested if EndoV would also exhibit full activity in EMSA buffer as all pre-
vious experiments, such as RNA binding assays, were carried out in EMSA
buffer. Therefore, EndoV cleavage activity in EMSA buffer (20 mM Tris-HCI

102



3 Establishing an in vitro A-to-1 RNA editing assay

pH 7.5, 150 mM potassium acetate 150 mM, 4 mM magnesium acetate, and
1 mM DTT) was assessed. EndoV seems to be active in both buffers (figure
3.37B+C) as well as being inosine-specific as there is no cleavage detectable
for all the adenosine-only containing substrates. However, EndoV cleaves ss-
RNA after inosines in the presence of either manganese, magnesium or both,
but it does not cleave dsRNA without manganese. The results of this experi-
ment recapitulate the findings from Vik et al., 2013 as EndoV prefers ssRNA
over dsRNA. Also, EndoV seems to be active in the sole presence of mag-
nesium, but only if ssSRNA is the substrate and it is not able to cleave dsRNA if
there is no manganese present (figure 3.37B+C).
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Figure 3.37: Measuring human EndoV cleavage activity in vitro. A) Two
different 20-mer RNA substrates were used to determine EndoV cleavage,
with either an adenosine (non-edited) or an inosine (edited) at position 15.
The respective EndoV cleavage site for the edited RNA substrate is indic-
ated by a red arrowhead. Fluorescent scans of denaturing RNA gels of
EndoV assays (containing extra added divalent Mg?* and Mn?* ions) cleav-
ing ssRNA and dsRNA in EMSA buffer (B) and Paper buffer (C) containing
divalent ions.

To find out the cause of the double band of RNA oligos seen in previous de-
naturing RNA gels, the impact of EMSA buffer, manganese, and magnesium
(figure 3.38A) on the migration behaviour of the RNA probe was tested. ss-
RNA and dsRNA containing either adenosine or inosine in water or EMSA
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buffer containing or lacking divalent ions were separated on a 20% denaturing
urea acrylamide gel in the absence of EndoV. It became evident from figure
3.38A that manganese ions influence the migration behaviour of the RNA oli-
gos. Furthermore, manganese ions also alter fluorescence intensity as all RNA
oligos were loaded onto the gel in equivalent amounts, but samples with man-
ganese exhibited a higher total intensity. However, a double band also appears
in samples containing only water. Since this oligo was only used for assess-
ing the cleavage activity of EndoV and this migration behaviour could not be
observed for any other RNA probe, the RNA oligos were used for testing pur-
poses.

Figure 3.38: Measuring human EndoV activity in vitro. Fluorescent scans
of denaturing RNA gels. A) Determining the influence of divalent Mg?* and
Mn2+ ions on migration behaviour of 20-mer RNA oligos. B) The minimum
concentration of EndoV to cleave 0.1 uM ssRNA in 2 h was defined.
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High amounts of EndoV seemed to retard RNA oligos during electrophoresis
of the denaturing RNA gel. This behaviour could interfere with and even ob-
scure precise quantification of RNA editing levels in vitro. Hence, the minimum
concentration of EndoV required to entirely cleave 0.1 uM ssRNA in 2 hours
was determined. Figure 3.38B indicated that equimolar concentrations (0.1
uM) of EndoV to substrate RNA are sufficient to achieve around 50 % sub-
strate cleavage. Differing band intensities could likely be a consequence of
pipetting errors as the number of fluorescent oligos was the same. Full cleav-
age of the RNA substrate is achieved at a 10-fold molar excess of EndoV over
its substrate. Other strategies to mitigate the issue would be to use proteinase
K to break down all EndoV after the reaction or to extract all RNA substrates
by phenol:chloroform.

3.8.4 5’ and 3’ end fluorescent labelling of in vitro
transcribed RNA

The previous set of experiments (section 3.8.3) confirmed that recombinant
full-length human EndoV could cleave ss and dsRNAs (in the presence of man-
ganese) containing inosines. Therefore, EndoV can be used to detect A-to-I
RNA editing executed by D. melanogaster ADAR in vitro. To use the RNA tem-
plates (figure 3.23) as substrates for in vitro detection of adenosine to inosine
deamination using EndoV, substrates need to be fluorescently labelled first.
Therefore, RNA was labelled with fluorescent dyes on either end (5’ and 3’),
and the labelling efficiency was compared. Different chemical properties of the
5" and 3’ end make labelling of in vitro transcribed RNAs with fluorescent dyes
possible. There are two free hydroxyl groups at the 3’ end, and the 5’ end can
be specifically modified (addition of a thiol group) during either in vitro tran-
scription or afterwards using phosphatase and kinase enzymatic activity. The
basic principle of 5’ end labelling is the introduction of a reactive thiol group at
the a-phosphate group of the first nucleotide (due to the transcription start site
of the T7 promoter, this is always guanosine) (figure 3.39). Then a maleimide
molecule with a fluorescent dye can be coupled with the thiol group to form a
thioether bond, covalently attaching the fluorescent label to the RNA.
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Figure 3.39: 5’ end labelling strategy.  Principle of 5 end RNA labelling
using maleimide-coupled fluorophores to form a covalent bond with the thi-
olated a-phosphate group of RNA.

The 3’ end labelling strategy makes use of a chemical approach, where
the most distant ribose is oxidised in a Malaprade reaction using NalO4. The
formed aldehydes can then react with a hydrazide before the reaction product
can be reduced using NaBH, creating the end product (figure 3.40).

Figure 3.40: 3’ end labelling strategy. Principle of 3’ end RNA labelling us-
ing Cyanine5.5, as the fluorophore coupled to hydrazide, to form a covalent
bond with the nucleotide carrying two hydroxyl groups at the 3’ end of the
RNA.

There are two ways to create an a-phosphate group at the first nucleotide of
in vitro transcribed RNAs. One approach is to use a GMPaS nucleotide in ex-
cess of GTP in transcription reactions to increase the chance for GMPaS incor-
poration. This approach would make immediate fluorescent labelling possible
and additional steps redundant after transcription. Therefore, a 20 to 1 excess
of GMPaS to GTP was tested with all 8 RNA templates (figure 3.23) to determ-
ine the effect on transcription efficiency and total RNA levels. For all reactions,
the same amount of input DNA was used. All samples containing GMPaS
could be transcribed (figure 3.41). However, the amount of RNA after tran-
scription was lower for these samples than for the controls (GTP-containing).
Particularly low RNA levels were detected for Caps, NaCP60E, and Sx| when
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transcribed with GMP. For para there was no transcribed product present when
GMP was included.

Due to low or no RNA levels after transcription for most templates, GMPaS
was not further used and instead, a second approach was tested using two
additional enzymatic reactions for incorporating the necessary thiol group.

Figure 3.41: Comparison of RNA levels after in vitro transcription using
either an excess of GMPaS over GTP or solely GTP.  All eight RNA
templates were in vitro transcribed using either an excess of GMPaS over
GTP or solely GTP and then separated on a SYBR Safe stained denaturing
polyacrylamide:urea gel.

5’ end labelling with this method has several advantages: 1) uniform labelling
of the 5 end RNA due to enzymatic activities, 2) preservation of the unmod-
ified 3’ end of the oligonucleotide, and 3) it is compatible with several labels,
including fluorophores and biotin. To prepare the in vitro transcribed RNAs for
5" end labelling, their triphosphate 5’ end needs to be thiolated for coupling
with maleimide-fluorophores using two enzymatic steps:

1. 5’ phosphorylated ends are converted to 5’ -OH groups by alkaline phos-
phatase
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2. T4 polynucleotide kinase transfers a thiophosphate from ATP~S to the 5’
-OH group of the in vitro transcribed RNA

The two RNA templates CG42492 (Zn72D-independent) and Sx| (Zn72D-
dependent) were in vitro transcribed and then thiolated at their 5° end using
the Vector Laboratories kit according to their protocol. For 5’ end labelling of
these two RNAs, four different fluorophores (fluorescein, TAMRA, Cy5, and
Atto700, see figure 7.6) coupled to maleimide were used. Then, the result-
ing fluorescence signal and the amount of RNA used for labelling (the same
denaturing gel stained with SYBR Safe) were compared. The intensity of the
fluorescent signal, rather than the number of RNAs labelled was the basis for
deciding which fluorophore is most suited for 5’ end labelling of RNA.

SYBR Safe staining of the labelling reactions using CG4292 RNA confirmed
that the amount of RNA used is nearly equivalent (figure 3.42) and migrated at
the expected size of around 50 nt. The fluorescence scan showed two signals
for Atto700-labelled RNA migrating slower than the 40-mer ssRNA. One fluor-
escent signal corresponds with the migrating front of the Atto700 fluorophore
on its own, and the other one represents labelled RNA. Even though the 5’ la-
belled RNAs were phenol:chloroform extracted and ethanol precipitated, there
was still some free Atto700 left in the reaction, which might be an undesired
side effect for further biochemical or binding assays. Cy5 also indicated suc-
cessful labelling, but the fluorescent signal was much weaker compared with
Atto700. Unfortunately, fluorescein and TAMRA fluorescence was not detec-
ted due to the use of a LI-COR Odyssey CLx system and detection at 700 nm.
Both their emission spectra are in the shorter wavelength range and do not
show emission at 700 nm (figure 7.6).
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Figure 3.42: 5’ end labelling using CG42492 RNA. Transcribed CG42492
RNA (48 nt) was 5’ end labelled with one of the four fluorophores: fluores-
cein, Atto700, Cy5, or TAMRA. The denaturing RNA gel was scanned first
for detecting fluorescence at 700 nm and then stained with SYBR Safe.

To corroborate the previous findings, in vitro transcribed SxI RNA was used
for 5" end labelling using the same reaction conditions and four fluorophores
(figure 3.43). Also, for Sxl, the amount of RNA used for labelling reactions
was equivalent after SYBR Safe staining. The fluorescence scan recapitulated
the results from the previous labelling approach as Atto700 was successfully
attached at the 5’ end of SxI, but none of the other fluorophores showed signs
of labelled RNA. As previously mentioned, fluorescein and TAMRA are not
suited for detecting fluorescence at 700nm (figure 7.6). However, it is unclear
why there is only very little fluorescence detectable for cyanine 5, even though
its emission should be detectable at 700 nm.

110



3 Establishing an in vitro A-to-1 RNA editing assay

Figure 3.43: 5’ end labelling using Sxl RNA. Transcribed SxI RNA (56 nt)
was 5’ end labelled with one of the four fluorophores: fluorescein, Atto700,
Cy5, or TAMRA. The denaturing RNA gel was scanned first for detecting
fluorescence at 700 nm and then stained with SYBR Safe.

In the previous experiments, 5’ end labelling of RNA Atto700 was identified
as the fluorophore best suited out of four candidates. Therefore, the amount
of Atto700 used for labelling was reduced to facilitate subsequent removal of
the fluorophore by phenol:chloroform extraction. SYBR Safe staining of the
labelling reactions using CG4292 and CG42492 A-to-G RNAs confirmed that
the amount of RNA used is nearly equivalent (figure 3.44) and migrated at the
expected size of around 50 nt. Furthermore, the fluorescent signal for both
RNAs with the lower excess of Atto700 (50x) showed equivalent fluorescent
signals to the higher excess (200x), indicating that there is no disadvantage in
using less fluorophore for 5’ end labelling.
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Figure 3.44: 5’ end labelling using Atto700 excesses. Transcribed
CG42492 RNA (48 nt) was 5’ end labelled with Atto700 in 50x or 200x ex-
cess. The denaturing RNA gel was scanned first for detecting fluorescence
at 700 nm and then stained with SYBR Safe.

After testing a method for 5’ end labelling of RNA relying on initial enzymatic
activity, a chemical approach was tested by oxidising the 3’ ribose and at-
taching a hydrazide-coupled cyanine 5.5 (figure 7.7) on it. In vitro transcribed
CG42492 was cross-linked using the strong oxidising agent NalO, at two dif-
ferent temperatures and two different concentrations.

1. 4°C, 10 mM NalO,
2. 4°C, 1 mM NalO4
3. RT, 10 mM NalO,
4. RT, 1 mM NalQO,

SYBR Safe staining of the labelling reactions using CG4292 RNA confirmed
that the amount of RNA used is nearly equivalent (figure 3.45) and migrated at
the expected size of around 50 nt. Comparing the intensity of the fluorescent
signals for the four conditions, they are almost equivalent. Therefore, RNA
can be labelled at the 3’ end using all four reaction conditions, adding another
possibility for RNA labelling.
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Figure 3.45: Figure. Transcribed CG42492 RNA (48 nt) was 3’ end labelled
with Cy5.5. The denaturing RNA gel was scanned first for detecting fluores-
cence at 700 nm and then stained with SYBR Safe.
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4 Investigating the mechanism of
alternative splicing regulation
by ZFR

In order to gain a mechanistic understanding of the role of ZFR in alternative
splicing regulation, it is important to characterise its RNA binding specificity.
Identifying RNA motifs that are bound by ZFR might help us finding out more
about its precise biological role in splicing. Therefore, it is essential to develop
a robust method for the expression and purification of recombinant ZFR for be-
ing able to carry out in vitro assays for biochemical, biophysical and structural
characterisation. The ultimate goal is to find a construct that can be used to
produce a stable, soluble, and active protein. Human ZFR expression con-
structs carrying an N-terminal tag (either 6xHis or 6xHis-GST) were tested for
their protein production in bacteria. Once this has been successfully optimised,
ZFR constructs were planned to be used in an RNA Bind-n-Seq experiment
(RBNS) performed by the Hogg group for the identification of RNA binding mo-
tifs in vitro.

4.1 Optimisation of expression conditions of
human ZFR and NF45 in bacteria

Various small-scale test expression screenings were carried out to establish
a robust method for protein production of human ZFR and NF45 (figure 4.1).
The first 316 amino acids of ZFR’s unstructured N-terminal sequence were
excluded to enhance its expression and solubility. Two human NF45 constructs
were tested. One lacks the first 28 N-terminal amino acids, and the other one
was the full-length version (figure 4.1).

Both NF45 constructs carried an N-terminal 6xHis-GST-tag and were ex-
pressed in BL21 cells (figure 4.1A). Expression levels of the N-terminally trun-
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cated NF45 were higher than for full-length NF45. ZFR (317-1074) carried
either an N-terminal 6xHis-tag or 6xHis-GST-tag and was expressed in BL21
cells (figure 4.1A). Both GST- and His-tagged ZFR indicated that most pro-
teins were insoluble, but there seemed to be some soluble His-tagged ZFR
(figure 4.1B). Therefore, His-tagged ZFR (317-1074) was expressed in a panel
of E. coli strains including BL21, B834, T7 and RIPL (figure 4.1C+D). All pull-
downs showed that His-tagged ZFR is mostly insoluble, but expression levels
are quite high. Therefore, ZFR and NF45 were co-expressed to enhance solu-
bility through dimer formation.

Figure 4.1: Individual test expressions of human ZFR and NF45. SDS-
PAGEs of pull-downs of test expressions of human ZFR and NF45 in bac-
teria. A) GST-NF45 (29-390) in BL21 (left) and GST-NF45 (1-390) in BL21
(right). B) GST-ZFR (317-1074) (left) and His-ZFR (317-1074) in BL21
(right). C) and D) His-ZFR (317-1074) in BL21 (right) and B834 (left) C)
and RIPL (right) and T7 (left) D). SN - Supernatant.

For co-expression, both ZFR and NF45 carrying an N-terminal 6xHis-tag
were expressed in a panel of E. coli strains including BL21, B834, and T7 (fig-
ure 4.2A+B). Protein levels for ZFR and NF45 were higher upon co-expression
than before for individual expression (figure 4.1A). Co-expression in B834 (fig-
ure 4.2A) led to the highest levels of soluble protein of all three strains and was
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therefore chosen as the default strain for protein expression.

Figure 4.2: Test co-expressions of human ZFR and NF45. SDS-PAGEs
of pull-downs of test co-expressions of human His-ZFR (317-1074) and His-
NF45 (29-390) in bacteria. A) In BL21 (right) and T7 cells (left). B) In B834
cells. SN - supernatant.

To further validate enrichment of co-expressed His-ZFR and His-NF45 after
pull-down, three western blots (figure 4.3) were carried out using two differ-
ent antibodies, anti-ZFR and anti-NF45, and also a NINTA-HRP conjugate, to
detect recombinant proteins carrying a His-tag.

Both bands corresponding to His-ZFR and His-NF45 were detected by NiNTA-
HRP in the enriched fraction (Beads), indicated by the two major bands at
around 95 kDa and 40 kDa (figure 4.3A). The additional bands are likely to
be degradation products of both ZFR and NF45. The negative control (Un-
induced samples) did not show any sign of protein expression. The protein
amount (His-tagged 40 kDa protein of unknown origin purified and provided by
Valdeko Kruusvee) of the positive control loaded for the NiINTA-HRP western
blot led to over-saturation of the signal.

The anti-NF45 western blot (figure 4.3B) could also detect His-NF45 (around
40 kDa) in the enriched fraction (Beads) as in the NiINTA-HRP western blot
before. Both western blots confirmed that the 40 kDa band correspond with
His-tagged NF45. A GST-tagged version of NF45 (purified and provided by
Uma Jayachandran) served as the positive control, seen at its higher molecular
weight of around 70 kDa.

Unfortunately, there was no positive control available at the time for the anti-
ZFR western blot (figure 4.3C), but His-ZFR was detected again due to a spe-
cific signal at around 95 kDa as in the NiNTA-HRP western blot before. This
indicates, as for NF45, successful expression of His-tagged ZFR even though
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it migrated slower as expected.

Figure 4.3: Testing expression levels of ZFR and NF45. Western blots
using A) a NiINTA-HRP conjugate to detect His-tagged ZFR and NF45, B)
an anti-NF45 antibody, and C) an anti-ZFR antibody. Green arrowheads
indicate positive controls; red arrowheads are His-ZFR; blue arrowheads
are His-NF45.

4.1.1 Lysis buffer optimisation

The recovery of soluble ZFR/NF45 was tried to be improved to enhance the
yield of purified protein for further assays. Low solubility represented the bot-
tleneck in co-expression with NF45. The impact of salt concentration during
cell lysis on protein recovery was determined to enhance protein solubility and
reduce nucleic acid contamination during protein purification. Several concen-
trations (200, 400, 600, 800, and 1000 mM) of NaCl in the lysis buffer were
tested to see if this would increase the protein levels of ZFR/NF45 that could
be pulled down (figure 4.4) and whether this improved the 260/280 ratio in the
recovered sample (table 4.1). The proteins remaining bound to the beads after
elution (Bound) and the eluted proteins (Eluate) were also prepared for SDS-
PAGE analysis. There is an evident increase in soluble ZFR/NF45 from lower
salt (200 and 400 mM) to higher salt concentration (600, 800, and 1000 mM),
indicating that higher salt promoted solubilisation and extraction of ZFR from
lysates.
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Figure 4.4: Effect of salt concentrations during cell lysis on ZFR/NF45
protein recovery. SDS-PAGEs of pull-downs of co-expressed His-ZFR
and His-NF45 lysed with different salt concentrations. A) Salt concentrations
of 200, 400, 600 and 800 mM NaCl. B) Salt concentration of 1000 mM NaCl.
SN - supernatant.

When nucleic acid contamination was assessed for ZFR/NF45 co-expression
(table 4.1), a slight decrease was observed with increasing salt concentrations
up to 600 mM. However, the contamination does not decrease further with
higher salt concentrations. Consequently, 600 mM NaCl was used as the de-
fault concentration in the lysis buffer for large-scale purifications of human ZFR
and NF45.

Table 4.1: Effect of salt in lysis buffer on nucleic acid contamination de-
termined by NanoDrop

NaCl [mM] | 200 | 400 | 600 | 800 | 1000
260/280 |1.69 | 1.37| 1.18 | 1.20 | 1.14
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4.2 Protein purification of human ZFR/NF45
heterodimers

The lysis buffer optimisation (4.1.1) was used as a starting point for purifying
the human complex comprised of His-tagged ZFR and His-tagged NF45 (figure
4.5). The current protocol consists of five purification steps (1. IMAC, 2. IMAC,
heparin, IEX, and SEC) and yields soluble, active heterodimers. The 6xHis-
tags were consecutively removed, starting with the His-tag from NF45. The
6xHis-tag on ZFR is retained for the second IMAC step; therefore, passing the
sample over a Ni-NTA column again should separate off GST-TEV and excess
NF45 but allow binding of the ZFR/NF45 complex.

Figure 4.5: His-ZFR and His-NF45 constructs used for protein purific-
ation. Human His-ZFR (3C-cleavable) and His-NF45 (TEV-cleavable).
Protease cleavage sites are indicated by a red arrowhead.

Following cell lysis and separation of soluble and insoluble components of
the lysate by centrifugation, the supernatant was incubated with NiNTA beads
for batch purification. The beads were washed several times with NiNTA buf-
fer A, and the removal of unbound (Unbound) and non-specific bound proteins
(Wash) can be seen in the corresponding SDS-PAGE gel (figure 4.6). Bound
proteins were eluted with NiNTA buffer B containing 1000 mM imidazole. The
SDS-PAGE gel shows that the complex was eluted with some additional con-
taminations. A small proportion of the ZFR/NF45 complex is retained on the
NiNTA beads after elution. The indicated pooled fractions of the eluate were
used for further purification. The His-tag of NF45 was cleaved using GST-TEV
before moving to a second immobilised metal affinity chromatography step to
re-capture ZFR/NF45 complexes containing His-tagged ZFR.
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Figure 4.6: First immobilised affinity chromatography step of ZFR/NF45
purification. SDS-PAGE of batch purification of human ZFR/ NF45. ZFR
(red) and NF45 (blue) are indicated by arrow heads. SN - supernatant. FT -
flow-through.

After cleaving the 6xHis tag from NF45, ZFR/NF45 was incubated again with
NiNTA beads and packed into a column to remove GST-TEV and excess NF45
without His-tag but retained the His-ZFR. Cleavage of His-tagged NF45 was
difficult to see on an SDS-PAGE gel as the corresponding NF45 (Cleaved) dif-
fers only in 1.8 kDa from His-NF45 (Uncleaved) (figure 4.7). Bound ZFR/NF45
was eluted with a linear gradient of NiNTA buffer B until 80%. A single peak
containing ZFR and NF45 was observed after elution. The SDS-PAGE showed
a quite clean product with a protein present at around 55 kDa that co-elutes
and might be a degradation product of ZFR and some GST-TEV (53 kDa).
Also, a significant amount of the sample did not bind a second time to the
beads (Unbound). The indicated pooled fractions were used for subsequent
heparin affinity chromatography.

120



4 Investigating the mechanism of alternative splicing regulation by ZFR

Figure 4.7: Second immobilised affinity chromatography step of
ZFR/NF45 purification. Chromatogram representing the UV absorb-
ance at 280 nm (blue) and the increasing percentage of elution buffer (grey)
with the corresponding SDS-PAGE. ZFR (red), NF45 (blue), and GST-TEV
(black) are indicated by arrow heads.

ZFR/NF45 was loaded onto a heparin sepharose column to remove the con-
taminating nucleic acids. The corresponding chromatogram and SDS-PAGE
gel (figure 4.8) indicated that contaminating nucleic acids could be separated
from ZFR/NF45 as there is very little protein detectable in the flow-through frac-
tions (FT) by SDS-PAGE. Bound ZFR/NF45 was eluted with a linear gradient
of heparin buffer B to 80% (1000 mM NaCl) and then 100%. A single peak
containing ZFR and NF45 was observed upon elution, and the SDS-PAGE gel
shows two clean protein products with a low 260/280 ratio of about 0.6. How-
ever, there is still some contaminating 55 kDa protein present. Therefore, the
indicated pooled fractions were used for subsequent ion exchange chromato-

graphy.
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Figure 4.8: Heparin affinity chromatography step of ZFR/NF45 purifica-
tion. Chromatogram representing the UV absorbance at 280 nm (blue)
and the increasing percentage of elution buffer (grey) with the corresponding
SDS-PAGE. ZFR (red) and NF45 (blue) are indicated by arrow heads.

ZFR/NF45 was loaded onto a 6 ml S column to remove the remaining protein
contaminants. The corresponding chromatogram and SDS-PAGE gel (figure
4.9) indicate that the contaminating 55 kDa protein could be separated from
ZFR/NF45. The column was washed with IEX buffer A until it reached a steady
UV baseline. Bound ZFR/NF45 was eluted with a shallow linear gradient to
40% IEX buffer B (1000 mM NaCl). Upon further step-wise increase of the
amount of elution buffer, no further protein was eluted from the column. A
single peak containing ZFR and NF45 was observed upon elution, and the
SDS-PAGE gel shows two very clean protein products. The indicated pooled
fractions were used for subsequent size exclusion chromatography.
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Figure 4.9: lon exchange affinity chromatography step of ZFR/NF45 puri-
fication. Chromatogram representing the UV absorbance at 280 nm
(blue) and the increasing percentage of elution buffer (grey) with the cor-
responding SDS-PAGE. ZFR (red) and NF45 (blue) are indicated by arrow
heads.

As a final polishing step, ZFR/NF45 was loaded onto a 120 ml S200 10/60. A
small peak around the void volume was observed, with the majority of ZFR/NF45
eluting in a single peak around 56 mL observed in the chromatogram and the
corresponding gel (figure 4.10). The first peak likely is a higher molecular
weight protein aggregate eluting around the void. The SDS-PAGE gel shows
two very clean protein products that co-elute, and the chromatogram shows a
260/280 ratio of about 0.6. The final yields were typically around 2 mg of pure
protein per 6 L of bacterial cells.
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Figure 4.10: Size exclusion chromatography step of ZFR/NF45 purifica-
tion. Chromatogram representing the UV absorbance at 280 nm (blue)
and at 260 nm (orange) with the corresponding SDS-PAGE. ZFR (red) and
NF45 (blue) are indicated by arrow heads.

4.3 ldentification of RNA-binding motifs of
ZFR/NF45

To gain a mechanistic understanding of ZFR’s role in regulating hundreds of
alternative splicing events (Haque et al., 2018), it is crucial to characterise
its RNA-binding specificity. Cross-linking immunoprecipitation-high-throughput
sequencing (CLIP-Seq) would be the first-choice method for the identification
of RNA-binding motifs of a protein of interest in vivo. However, the CLIP-Seq
data from the Hogg group indicated that ZFR cross-links through an extended
region across skipped exons, making it impossible to extract valid binding mo-
tifs. Hence, an alternative approach called RNA Bind-n-Seq (RBNS) (N. Lam-
bert et al., 2014; N. J. Lambert et al., 2015) was chosen, which is an adopted
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4 Investigating the mechanism of alternative splicing regulation by ZFR

method to study and quantify protein-RNA interactions in vitro based on HT-
SELEX (Jolma et al., 2010) and Bind-n-Seq (Zykovich et al., 2009) methods.
In this method, a recombinant RBP with a specific tag is purified and added
to a randomised pool of nucleic acids at various concentrations. RNA-protein
complexes are pulled down using the specific tag, and then all protein-bound
RNA is eluted, reverse-transcribed, and sequenced (figure 4.11). Using mul-
tiple protein concentrations to optimise analysis at different ranges of affinity
helps estimate relative dissociation constants and assess the effects of RNA
secondary structure on binding. RBNS should also be able to eliminate sys-
tematic biases, and sources of false positive and false negative hits of CLIP-
Seq as previous studies have shown that uridines form RNA-protein cross-links
easier than other bases, thereby favouring detection of U-rich sequences by
CLIP-Seq (Sugimoto et al., 2012).

Figure 4.11: Overview of the experimental workflow of RBNS. 6xHis-
tagged ZFR/NF45 was incubated with a pool of RNA oligonucleotides.
Then, ZFR/NF45 was pulled down, and the associated RNA was eluted,
prepared as sequencing library and then sequenced.

Two different recombinant preparations of the human ZFR/NF45 complex,
either containing (long-ZFR/NF45) or lacking the three zinc-finger domains
(DZF-ZFR/NF45), were produced by co-expression of ZFR with NF45. Both
protein constructs were purified using affinity (NINTA beads and heparin), ion
exchange, and size exclusion chromatography steps (figure 4.12) while at the
same time keeping their His-tag for RBNS. DZF-ZFR/NF45 indicated the pres-
ence of several oligomeric states based on a diverse elution profile (figure
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4 Investigating the mechanism of alternative splicing regulation by ZFR

4.12A+B). Long-ZFR/NF45 (figure 4.12C) also showed a diverse elution pro-
file, but several low molecular-weight protein contaminants could be removed
(figure 4.12D). Both heterodimers have low background contamination of RNA
as indicated by the 260/280 ratio is around 0.5.

Figure 4.12: Size exclusion chromatography of ZFR/NF45 heterodimers
destined for RBNS. Size exclusion chromatograms representing the UV
absorbance at 280 nm (blue) and at 260 nm (orange) with corresponding
SDS-PAGEs. A) + B) DZF-ZFR/NF45 lacking its zinc fingers. C) + D) long-
ZFR/NF45 with the zinc fingers present. ZFR and NF45 are indicated by
red and blue arrow heads next to the SDS-PAGE gels. ZFR (blue) and
NF45 (red) are indicated by arrow heads.

To ensure that RNA binding is mediated via the the zinc finger domains,
single-stranded oligo-U and double-stranded U/A RNA probes were used for
EMSAs with long-ZFR/NF45 and DZF-ZFR/NF45 (figure 4.13). Both RNAs are
fluorescently-labelled and should display a shift on the gel upon RNA binding,
representing an RNA-protein complex with higher molecular weight. Long-
ZFR/NF45 exhibited a strong binding preference for dsRNA over ssRNA. In
contrast, DZF-ZFR/NF45 lacking zinc fingers showed very weak RNA binding
with both probes. There is almost no binding to the ssRNA and very little bind-
ing to the dsRNA which is quite difficult to observe. Since the long form of ZFR
showed tight RNA-binding ability, it passed this initial quality control step. Fur-
thermore, the short construct of ZFR/NF45 showed weak RNA binding activity,
indicating that it was a suitable negative control for the experiment. Both pre-
parations were sent to the Hogg lab for subsequent RBNS experiments.
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4 Investigating the mechanism of alternative splicing regulation by ZFR

Figure 4.13: Assessing RNA-binding of ZFR/NF45 heterodimers as qual-
ity control for RBNS experiments.  Fluorescent scan of EMSAs using
recombinant DZF-ZFR/NF45 (left) and long-ZFR/NF45 (right) heterodimers
and fluorescently-labelled RNA probes. A) EMSA with with single-stranded
oligo-U 20-mer probes. B) EMSA with double-stranded oligo-U/A 20-mer
probes.

To perform RBNS, the Hogg lab incubated a library of in vitro transcribed
RNAs containing 40 nt long random sequences flanked by primer binding
sites to prepare a sequencing library with purified long-ZFR/NF45 while DZF-
ZFR/NF45 and recombinant poly-pyrimidine tract binding protein 1 (PTBP1)
served as controls. DZF-ZFR/NF45 served as control as it is soluble, stable,
well-behaved and does not bind RNA. The recombinant proteins were affin-
ity purified using magnetic Ni>* beads, and sequences enriched or depleted
from the starting pool were identified by high-throughput sequencing (figure
4.11). In addition, all motifs derived from DZF-ZFR/NF45 were removed from
the long-ZFR/NF45 data to account for the background RNA-binding of the
DZF domains.

The initial analysis of the RBNS data performed by the Hogg lab formed the
basis for further in vitro RNA-binding and structural studies using motifs from
RBNS. Consequently, presented ZFR RBNS data refers to long-ZFR/NF45.

Results have shown that PTBP1 preferred binding to relatively unstructured
RNAs, with a propensity for ssRNA in the motif region (figure 4.14C), match-
ing previous findings using RBNS (N. Lambert et al., 2014). Since the known
sequence preference of PTBP1 was recovered in this experiment, it was con-
cluded that the RBNS protocol was successful. Long-ZFR/NF45 motifs were
examined in the form of 6-mers or 8-mers, indicating a preference for C-rich se-
quences. Those 6-mer and 8-mer ZFR motifs that were highly enriched at vari-
ous concentrations of the protein (figure 4.14A+B) seemed much more likely
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4 Investigating the mechanism of alternative splicing regulation by ZFR

to be structured than the surrounding sequence, explaining ZFR’s preference
for dsRNA over ssRNA. However, some ZFR-enriched 8-mer motifs are more
structured (UGACACCC) than others (CCCCCCCC). These findings were not
reproducible with the 6-mer RNA oligo. The sequence logo of ZFR RBNS indic-
ates an RNA motif mainly consisting of cytosines (figure 4.14D). Among the top
hits of recovered 8-mers were sequences such as UGACACCC, CCCCCCCC,
or CUCCCUCC. To further investigate potential sequence-dependent RNA-
binding of ZFR/NF45, EMSAs were performed using selected C-rich versus
U-rich sequences.

Figure 4.14: Predicted pairing probabilities for the most highly enriched
6- and 8-mers for long-ZFR/NF45. Potential for pairing to sequences
found in all RNAs for ZFR-enriched sequences. A) 8-mer base-pairing
probability of long-ZFR/NF45. B) 6-mer base-pairing probability of long-
ZFR/NF45. C) 6-mer base-pairing probability of PTBP1 for CUUUCU. D)
Sequence logo of 6-mer RBNS motifs for long-ZFR/NF45.

The RNA binding motif enrichment analysis suggested a propensity for ZFR
to bind structured RNAs with a C-rich context because of the corresponding
sequence logo (figure 4.14D). Based on these data, one C-rich (UGACACCC)
motif from the top and one U-rich (UGUUGUAA) motif from the bottom of the
list of recovered sequences were constructed as 12-mer and 24-mer fluorescen-
tly-labelled RNA oligo to verify this sequence-specificity by EMSA (figure 4.15).
Two additional adenosines were added on both 5’ and 3’ ends (C-rich: “AAUGA-
CACCCAA” and U-rich: “AAUGUUGUAAAA”) for the 12-mer as shorter RNA
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4 Investigating the mechanism of alternative splicing regulation by ZFR

oligos could not be synthesised. For the 24-mer the binding motif was triplic-
ated (C-rich: “"UGACACCCUGACACCCUGACACCC” and U-rich: “UGUUGUA-
AUGUUGUAAUGUUGUAA”). During transcription, RNA can anneal to its DNA
template to generate an RNA:DNA duplex and a displaced DNA strand, termed
R-loop. R-loop binding could have an important implication for ZFR’s role in al-
ternative splicing regulation. In addition to dsRNA, RNA:DNA duplexes were
used for the assessment of RNA binding activity.

In vitro verification of RBNS-obtained ZFR motifs indicated no sequence-
specific RNA binding. This means that ZFR shows no clear preference for
either C- or U-rich dsRNA 12-mers or 24-mers (figure 4.15A+B). The same
is true for RNA:DNA duplexes (figure 4.15C). However, ZFR strongly prefers
dsRNA over ssRNA based on RBNS and EMSASs, suggesting that in vitro bind-
ing sites that determine alternative splicing sites likely contain substantial sec-
ondary structure.

Closer examination of the data showed that the most highly enriched se-
quences for ZFR were complementary to a sequence in the 3° PCR primer
binding site next to the 40 nt random sequence. C-rich sequences are enriched
in the RBNS results because they allow secondary structure formation with
the linker sequences. The preference of long-ZFR/NF45 for dsRNA caused it
to pull-down sequences with base-pairing resulting from PCR primer binding
sites.

129



4 Investigating the mechanism of alternative splicing regulation by ZFR

Figure 4.15: Assessing sequence specific RNA binding of ZFR/NF45.

Fluorescent scans of EMSA experiments to compare RNA binding activity

of ZFR/NF45 to various RNA probes differing in length and sequence con-

text. A) EMSA with U-rich (left) and C-rich (right) dsRNA 12-mer probes.

B) U-rich (left) and C-rich (right) dsRNA 24-mer probes. C) U-rich (left) and
C-rich (right) 24-mer RNA:DNA duplexes probes.

After testing sequence-specific RNA-binding between C- and U-rich dsRNA
as well as RNA:DNA hybrids, RNA-binding of these motifs was compared inde-
pendent of their sequence context or length (figure 4.16) to see if ZFR prefers
dsRNA over RNA:DNA duplexes. Both EMSAs demonstrated that ZFR/NF45
showed no preference for dsRNA over RNA:DNA duplexes and bound both
without sequence specificity (figure 4.16A+B). This suggests that ZFR/NF45

130



4 Investigating the mechanism of alternative splicing regulation by ZFR

prefers A-form nucleic acid duplexes independent of their sequence context.

Figure 4.16: Assessing RNA binding of ZFR/NF45 for dsRNA and
RNA:DNA duplexes. Fluorescent scans of EMSA experiments to com-
pare RNA binding activity of ZFR/NF45 to various RNA probes differing in
length and sequence context. A) C-rich 24-mer dsRNA (left) and C-rich 24-
mer RNA:DNA duplex probes (right). B) U-rich 24-mer dsRNA (left) and
U-rich 24-mer RNA:DNA duplex probes (right).

To gain reliable quantitation of binding constants, a fluorescence anisotropy
assay was used to determine ZFR’s binding rate to different types of nucleic
acids (ssRNA, dsRNA, and RNA:DNA duplexes). The binding of a small lig-
and (RNA oligo) to a much bigger molecule (protein) that moves much slower
than the free ligand in a solution can cause changes in anisotropy due to mo-
bility changes of the fluorophore. This assay measures the binding of ligands
to a protein of interest when a fluorophore is attached to the ligand and is a
more quantitative approach compared to EMSAs. It allows the comparison of
binding affinities for ssSRNA, dsRNA and RNA:DNA duplexes. ZFR/NF45 was
incubated at concentrations between 0 and 40 uM with three different Cy3-
labelled RNA probes at a constant concentration of 20 nM (figure 4.17). A
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significant change in anisotropy values was observed for all three RNA probes.
The steep increase in anisotropy at low protein concentrations suggests a high
binding affinity to the ligand.

Contrary to a fluorescence anisotropy experiment with NFOO/NF45 and dsRNA
(Jayachandran et al., 2015), the anisotropy levels for dSRNA and RNA:DNA
ligands do not reach a maximum plateau at high concentrations of proteins
(figure 4.17A). This behaviour might be associated with non-specific interac-
tions between protein and RNA or even potential protein aggregation. Further-
more, the anisotropy curve of ssRNA at higher protein concentrations looked
the same as for dsSRNA and RNA:DNA duplexes. Again, this observation con-
trasts with previous EMSAs and might be attributed to non-specific interactions
between protein and RNA.

However, some differences in the anisotropy levels between dsRNA and ss-
RNA binding affinity were observed for very low concentrations of ZFR/NF45
(under 0.02 puM) (figure 4.17B). Since the concentrations are very low and
the changes not significant for ssRNA and RNA:DNA duplexes, it is difficult
to reach a quantitative conclusion about ZFR’s RNA binding affinities using a
fluorescence anisotropy assay.

132



4 Investigating the mechanism of alternative splicing regulation by ZFR

Figure 4.17: Fluorescence anisotropy assays of ZFR/NF45. A) Binding of
ZFR(317-1074)/NF45(29-390) to various fluorescently-labelled nucleic acid
probes: ssRNA, dsRNA, and RNA:DNA was measured. B) As in A) with a
cropped concentration range of ZFR/NF45 to 40 nM.
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5 Structural characterisation of
RNA-protein complexes

5.1 Protein and RNA interaction studies in vitro

After successful optimisation of protein expression and purification conditions
of Drosophila ADAR and Zn72D/NF45 as well as human ZFR/NF45, the struc-
tural characterisation of these proteins was initiated to understand the molecu-
lar mechanisms of RNA binding and potential protein-protein interactions in
splicing and RNA editing regulation. Therefore, RNA-protein complexes were
intended to be made in vitro using analytical gel filtration for analysis with low-
resolution structural tools such as single-particle negative stain electron mi-
croscopy or size exclusion chromatography coupled small-angle X-ray scatter-
ing (SEC-SAXS). If these initial characterisations were successful, they could
prove vital for obtaining a high-resolution structure by giving valuable informa-
tion about stoichiometry, molecular weight and shape. Therefore, the purified
protein complexes were incubated with a 24-mer C-rich dsRNA (same as used
for EMSA experiments), and RNA-protein complex formation was assessed
by analytical gel filtration. Finding conditions for in vitro formation of stable
RNA-protein complexes is a prerequisite for structural analysis.

For ZFR/NF45, four samples were prepared and analysed by analytical gel
filtration using a 24 ml S200 column (10 to 600 kDa molecular weight range)
(figure 5.1) and SDS-PAGE (figure 5.2) to assess in vitro RNA-protein com-
plexes. ZFR/NF45 on its own (Protein only) showed an elution peak (Peak 1
area) at around 11.5 ml and RNA on its own (RNA only) at 18.0 ml (Peak 2
area). If ZFR/NF45 was incubated in an equimolar ratio with RNA (1:1 pro-
tein:RNA), the first elution peak (Peak 1 area) shifted to 11.0 ml indicating a
higher molecular weight. However, there was still free RNA, indicated by the
additional peak (Peak 2 area) at around 17.7 ml. Since the free RNA was
not entirely saturated with protein, the molar ratio of protein to RNA was in-
creased to 2:1. The corresponding sample (2:1 protein:RNA) showed an even
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earlier elution at around 10.5 ml (Peak 1 area) whereas the free RNA peak
was absent. For the Coomassie-stained SDS-PAGEs (figure 5.2), the same
fractions of each sample were run at the same position for comparison. The
SDS-PAGE gels supported the idea that the proteins shift into higher molecular
weight complexes upon RNA binding. To conclude, these interaction studies of
ZFR/NF45 with dsRNA show that ZFR/NF45 forms a stable RNA-protein com-
plex in vitro with a 2:1 stoichiometry of protein to RNA. This complex was used
for further structural characterisation by single-particle negative stain electron
microscopy (figure 5.5) and small-angle X-ray scattering (figure 5.6).
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Figure 5.1: Analytical SEC experiments with ZFR/NF45 and RNA. Ana-
lytical SEC experiments were performed to demonstrate the interactions
between ZFR/NF45 and a 24-mer dsRNA (C-rich) using a 24 ml S200
10/300 GL column. A) Elution volume from 0 to 24 ml. B) Elution volume
from 9 to 20 ml. Solid lines indicate the 280 nm and dashed lines the 260
nm. Samples used for SEC are coloured as: ZFR/NF45 (protein only) in
red, dsRNA (RNA only) in violet, ZFR/NF45 in a 1:1 molar ratio with dsRNA
(1:1 protein:RNA) in green, and ZFR/NF45 in a 2:1 molar ratio with dsRNA
(2:1 protein:RNA) in orange. The peaks indicated on the chromatograms
(Peak 1 and Peak 2) were analysed by SDS-PAGE (figure 5.2).
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Figure 5.2: SDS-PAGE analysis of analytical SEC experiments with
ZFR/NF45 and RNA. SDS-PAGE analysis of the indicated fractions in
the analytical SEC chromatograms (figure 5.1).
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Equivalent RNA-protein interaction studies were also executed with Dros-
phila ADAR and Zn72D/NF45. Four samples were prepared and analysed by
analytical gel filtration using a 2.4 ml Superose 6 column (5 to 5000 kDa mo-
lecular weight range) (figure 5.3) and SDS-PAGE (figure 5.4). Zn72D/NF45 on
its own (Zn72D only) showed an elution peak (Peak 1 area) at around 1.70
ml and RNA on its own (RNA only) at 1.85 ml (Peak 2 area). If Zn72D/NF45
was incubated in a 2:1 molar ratio with dsRNA, it showed an earlier elution at
around 1.62 ml (Peak 1 area), whereas no more RNA was detected in peak
area 2. The last sample was Zn72D/NF45 mixed with ADAR in equimolar ra-
tios (2:2) and dsRNA in a 2:2:1 molar ratio. The corresponding sample eluted
even earlier than the Zn72D/NF45 plus RNA sample at around 1.56 ml which
can be interpreted as a complex with an even bigger molecular weight. This
observation might be the first indication that ADAR, Zn72D/NF45, and RNA
can form a complex in vitro. Due to sample limitations, whether the complex
formation is RNA-dependent in vitro was unfortunately not tested. However,
RNA-dependent interaction between ADAR and Zn72D/NF45 was shown in
a pull-down experiment (Sapiro et al., 2020). Looking at the Coomassie-
stained SDS-PAGE gels (figure 5.4), it was evident that the elution profile of
Zn72D/NF45 changed upon incubation with RNA. If adding ADAR to Zn72D/NF45
and RNA, the three proteins seemed not only to co-elute on the SDS-PAGE
but also to elute earlier than the previous RNA-protein complex (Zn72D/NF45
+ RNA).
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Figure 5.3: Analytical SEC experiments with Zn72D/NF45, ADAR, and
RNA. Analytical SEC experiments were performed to demonstrate the
interactions between Zn72D/NF45, ADAR and a 24-mer dsRNA (C-rich)
using a 2.4 ml Superose 6 column. A) Elution volume from 0 to 2.8 ml.
B) Elution volume from 1.45 to 2.00 ml. Solid lines indicate the 280 nm
and dashed lines the 260 nm. Samples used for SEC are coloured as:
Zn72D/NF45 (Zn72D only) in red, dsRNA (RNA only) in violet, Zn72D/NF45
in a 2:1 molar ratio with dsRNA (2:1 Zn72D:RNA) in green, and Zn72D/NF45
in a 2:2:1 molar ratio with ADAR and dsRNA (Zn72D+Adar+RNA) in orange.
The peaks indicated on the chromatograms (Peak 1 and Peak 2) were ana-
lysed by SDS-PAGE (figure 5.4).
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Figure 5.4: SDS-PAGE analysis of analytical SEC experiments with
Zn72D/NF45, ADAR, and RNA. SDS-PAGE analysis of the indicated frac-
tions in the analytical SEC chromatograms (figure 5.1).

5.2 Single particle analysis of RNA-protein
complex of ZFR/NF45

After successful RNA-protein complex formation using ZFR/NF45 and a 24-
mer dsRNA (figure 5.1), the middle fraction of the peak was used negative
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stained for single particle analysis using electron microscopy. Two represent-
ative images are shown from a dataset (protein concentration 0.01 mg/ml) that
was collected at 75000x magnification at the JEOL JEM 1400 Plus TEM. These
images showed very little to no aggregation, and particles are separated (figure
5.5). These images indicate that the ZFR/NF45 RNA-protein complex formed
in vitro is a good candidate for further structural characterisation by single-
particle analysis. Ultimately, this might help solve a high-resolution structure of
the complex using cryo-EM.

Figure 5.5: Negative stain electron microscopy images of a 2 ZFR/NF45:1
dsRNA complex. Two representative images of negative staining data of
ZFR/NF45 RNA-protein complex at 75 000x magnification.
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5.3 SEC-SAXS experiments and analysis of
RNA-protein complexes

SEC-SAXS experiments were carried out to characterise the mass and shape
of the proteins and corresponding RNA-protein complexes in solution. There-
fore, two samples for each protein (ADAR, Zn72D/NF45 and ZFR/NF45) were
prepared: one with and one without dsRNA (24-mer C-rich). The SAXS samples
were all applied to a S200 2.4 mL column with a protein concentration of 5
mg/ml concentration at the B21 beamline at Diamond Light Source (Harwell).
The samples containing RNA were set up in 2:1 molar ratios of protein to RNA.

5.3.1 ZFR/NF45 RNA-protein complex

The SEC profile of ZFR/NF45 (figure 5.6) indicated that the two samples did
not elute as symmetrical peaks as both had a trailing edge. However, the
sample of ZFR/NF45 without RNA did not differ from ZFR/NF45 with RNA
in its molecular weight across the elution profile, indicating potential protein-
protein interactions in the absence of RNA. The curves showed the presence
of higher-molecular weight aggregates and therefore were found unsuitable for
further analysis. The two SEC-SAXS samples might have been switched, the
RNA might have degraded, or the binding would have been affected by the
experiment at room temperature.
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Figure 5.6: Size exclusion profile of ZFR/NF45 from SEC-SAXS experi-
ments. SEC trace for ZFR/NF45 with RNA (red) and without (green)
eluted from a S200 Increase 3.2 (2.4 mL) column. The buffer was subtrac-
ted for both curves. The left Y-axis shows the molecular weight in kDa.

5.3.2 Zn72D/NF45 RNA-protein complex

The SEC profiles of Zn72D/NF45 (figure 5.7) indicated that the two samples did
not elute as symmetrical peaks, with both having a trailing edge. In contrast
to the ZFR/NF45 samples, Zn72D/NF45 showed different molecular weights
across the peaks for samples with and without RNA (figure 5.7). The sample
with RNA showed the presence of higher-molecular weight aggregates, which
made selecting a suitable area of the peak difficult. The radius of gyration (Rg)
was estimated across the peaks and only frames from regions with a stable
radius of gyration selected to average for further analysis (table 5.1).

143



5 Structural characterisation of RNA-protein complexes

Figure 5.7: Size exclusion profile of Zn72D/NF45 from SEC-SAXS experi-
ments. SEC trace for Zn72D/NF45 with RNA (brown) and without (violet)
eluted from a S200 Increase 3.2 (2.4 mL) column. The buffer was subtracted
for both curves. The left Y-axis shows the molecular weight in kDa.

A Guinier analysis was carried out on the averaged scattering curves to de-
termine the quality of the data. The Guinier plots of both Zn72D/NF45 samples
were linear (figure 5.8 and 5.9), showing the absence of aggregation and the
estimated Rg for Zn72D/NF45 without RNA was 46.4A and 59.6A with RNA.
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Figure 5.8: Scattering plot and Guinier analysis of Zn72D/NF45 without
RNA from SEC-SAXS experiments. A) Scattering plot and B) Guinier
analysis of Zn72/NF45 without RNA.
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Figure 5.9: Scattering plot and Guinier analysis of Zn72D/NF45 with RNA
from SEC-SAXS experiments. A) Scattering plot and B) Guinier analysis
of Zn72/NF45 with RNA.

The pairwise distribution functions (P(r)) were calculated from the scatter-
ing curves were used to estimate the maximum diameter (Dmax) of the two
samples and to gain an understanding of the overall shape of the proteins in
solution (5.10). The Dmax for Zn72D/NF45 without RNA was 186A and 290A
with RNA (table 5.1). The two P(r) functions have a single peak with a trailing
tail. Then a dimensionless Kratky plot was generated to estimate the degree
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of flexibility shown by the proteins in the solution.

Finally, the molecular weights of the samples were estimated from the Porod
volume: Zn72D/NF45 without RNA (179.2 kDa) and with RNA (298.6 kDa).
This indicated an almost two-fold molecular weight difference for Zn72D/NF45
with RNA that seemed to replicate the previous gel filtration results (figure 5.3).
Also, the calculated molecular mass of a monomer (1 Zn72D/NF45) (123.2
kDa) and dimer with RNA (2 Zn72D/NF45:1 dsRNA) (264.4 kDa) are close to
the expected sizes but slightly higher than expected. This might be due to the
dynamic range of Rg across the peaks from SEC profiles.
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Figure 5.10: P(r) function and dimensionless Krakty plot of Zn72D/NF45
SEC-SAXS experiments. A) P(r) function of Zn72D/NF45 with (pink) and
without RNA (red). B) Dimensionless Krakty plot of Zn72D/NF45 with (blue)
and without RNA (orange).
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5.3.3 ADAR RNA-protein complex

The SEC profiles of ADAR (figure 5.11) indicated that the two samples did not
migrate as symmetrical peaks, with both having a trailing edge. In contrast to
the ZFR/NF45 samples, ADAR had an extreme gradient of Rg values across
the peaks for samples with and without RNA. The sample with RNA showed
presence of higher-molecular weight aggregates, which made the selection of
a suitable area of the peak difficult.

Figure 5.11: Size exclusion profile of ADAR from SEC-SAXS experiments.

SEC trace for ADAR with RNA (orange) and without (blue) eluted from a

S200 Increase 3.2 (2.4 mL) column. The buffer was subtracted for both
curves. The left Y-axis shows the molecular weight in kDa.

A guinier analysis was carried out on the averaged scattering curves to de-
termine the quality of the data. The Guinier plots of both ADAR samples were
linear (figure 5.12 and 5.13), showing the absence of aggregation and the es-
timated Rg for ADAR without RNA was 37.63A and 48.75A with RNA (table
5.1), indicating an increase of Rg upon RNA binding.
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Figure 5.12: Scattering plot and Guinier analysis of ADAR without RNA
from SEC-SAXS experiments. A) Scattering plot and B) Guinier analysis
of ADAR without RNA.
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Figure 5.13: Scattering plot and Guinier analysis of ADAR with RNA from
SEC-SAXS experiments. A) Scattering plot and B) Guinier analysis of
ADAR with RNA.

The pairwise distribution functions (P(r)) was also calculated for ADAR (fig-
ure 5.14). The Dmax for ADAR without RNA was 185A and 210A with RNA
(table 5.1). The two P(r) functions have a single peak with a trailing tail. Then
a dimensionless Kratky plot was generated to estimate the degree of flexibility
shown by the proteins in the solution.

The molecular weight of the samples from the Porod volume was calculated
for ADAR with RNA (79.1 kDa) and without RNA (172.3 kDa). This indicated a
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two-fold molecular weight difference for ADAR with RNA that seemed to replic-
ate the previous gel filtration results (figure 5.3). Also, the calculated molecular
mass of a monomer (70.3 kDa) and dimer with RNA (148.6 kDa) were close to
the expected sizes but slightly higher than expected. This might be due to the
dynamic range of Rg across the peaks from SEC profiles.

The SEX-SAXS confirmed the previous gel filtration experiments and showed
that the calculated molecular wight more than doubled upon RNA binding,
which has been shown previously for solving the structure of human ADAR2
with RNA (Matthews et al., 2016a). Further, this is indicates that these RNA-
protein complexes could be used for further SAXS experiments.
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Figure 5.14: P(r) function and dimensionless Krakty plot of ADAR SEC-
SAXS experiments. A) P(r) function of ADAR with (orange) and without
RNA (blue). B) Dimensionless Krakty plot of ADAR with (blue) and without
RNA (orange).
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6 Discussion

The first aim of this thesis was the investigation of A-to-1 RNA editing regulation
using proteins from D. melanogaster. The Drosophila RNA-binding protein,
Zn72D, acts as a key regulator for many RNA editing events in vivo (Sapiro
et al., 2020). Dissecting the mechanism of RNA editing on a molecular level
will ultimately help us to understand why those particular sites require Zn72D
for efficient editing. Our original hypothesis was that a specific subset of edit-
ing sites might require cooperative interaction between Zn72D and ADAR, the
enzyme responsible for the adenosine-to-inosine conversion, for proper RNA
binding and/or substrate recognition. One could imagine that Zn72D recruits
ADAR to substrates that it would not otherwise easily recognise. An ambitious
goal was to reconstitute an A-to-I RNA editing reaction in vitro using recombin-
ant proteins and transcribed RNA. For this goal, both expression and purifica-
tion conditions of ADAR and Zn72D/NF45 were optimised to produce soluble
proteins. Since ADAR needs to be expressed in insect cells to maintain its
full enzymatic function and due to the lack of previous data for expression and
purification conditions of Zn72D and NF45, these optimisations did become a
main focus of this thesis.

Reported Drosophila RNA editing sites were divided into Zn72D-dependent
and Zn72D-independent sites using the data from an in vivo RNAi screen look-
ing for RNA-binding proteins that regulate A-to-I RNA editing in Drosophila
(Sapiro et al., 2020). Good candidates for each group were identified using
several criteria such as the absence of surrounding editing sites, editing levels
in the head, and secondary structure prediction. The best candidates were
transcribed in vitro to determine if these RNAs could serve as substrates in
editing assays. Once protein production was optimised, and RNA templates
selected, all necessary components for an in vitro editing assay were avail-
able. As edited vs non-edited RNA products are nearly identical in sequence
and size, it was a challenge to find and establish an in vitro method that en-
ables the distinction between both forms needed to report on editing.

Most common RNA editing assays in the literature are cell-based and typic-
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ally make use of a GFP reporter gene carrying a stop codon that needs to be
edited for successful translation of the fluorescent protein (Heep et al., 2017;
Hanswillemenke et al., 2015) or a GFP-RFP reporter construct separated by
a stop codon that expresses one fluorescent protein when unedited and pro-
duces both when edited (Garncarz et al., 2013). Other RNA editing assays
are based on reverse transcription of edited RNA followed by DNA sequen-
cing (Palavicini et al., 2009) or poisoned primer extension using radio-labelled
DNA primers (O’Connell et al., 1997). A fluorescence-based method incor-
porated fluorescent adenosine analog thieno[3,4-d]-6-aminopyrimidines into
ADAR substrates and measured changes in fluorescence due to the deam-
ination reaction (Mizrahi et al., 2015). Our initial idea of detecting A-to-1 RNA
editing focussed on poisoned primer extension. We initially intended to use
a poisoned primer extension assay for the detection of adenosine to inosine
conversion in vitro which seemed simple, did not rely on specific nucleotides,
could be adapted for use with a fluorescent probe and was easily applicable
to most RNA templates. However, this poisoned primer extension approach
proved not ideal: we found that most reverse transcriptases do not faithfully
extend their templates, and many include additional non-template nucleotides.
These issues made identification and precise quantification of inosine incor-
poration unfeasible. We developed an alternative method for the detection of
inosine incorporation using human endonuclease V, a highly active ribonuc-
lease specific for ribonucleic acids that contain inosine, based on the findings
of Vik et al., 2013. We were able to demonstrate that the adapted concept
could be successfully used for our purposes. This method showed beneficial
properties compared with poisoned primer extension. It is a direct method to
detect inosines in RNA, which should not be present without A-to-1 RNA edit-
ing, averting the possibility of false-positive or false-negative detection. Unfor-
tunately, due to time restrictions we were not able to continue assembling the in
vitro RNA editing reactions or to compare editing levels for Zn72D-dependent
and Zn72D-independent RNA editing sites to draw mechanistic insights into
Zn72D/NF45's role in regulating RNA editing.

One of the main achievements of the project was the reconstitution of protein-
protein and RNA-protein complexes. Both ADAR and Zn72D/NF45 formed
RNA-protein complexes with a 2:1 (protein to RNA in molar ratio) stoichiometry
based on analytical gel filtration experiments. The dimerisation of ADAR upon
RNA binding has been shown in the crystal structure of human ADAR2 bound
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to dsRNA (Matthews et al., 2016b) and might also be an underlying mechan-
ism for Zn72D-dependent editing regulation. ADAR and Zn72D/NF45 com-
plexes with dsRNA are ideal candidates for further structural studies. The
next critical steps for this project are the use of these RNA-protein complexes
for further SEC-SAXS and single particle electron microscopy (EM) experi-
ments to ultimately apply cryo-EM to get a high resolution structure. These
data will give substantial insights into dsRNA substrate recognition by ADAR
and Zn72D/NF45 and may reveal changes that occur when these complexes
form. Interestingly, the previous analytical gel filtration experiments also in-
dicated that ADAR and Zn72D/NF45 (in equimolar ratios) incubated with RNA
(2 ADAR:2 Zn72D/NF45:1 RNA in molar ratios) could form a complex with an
even higher molecular weight than the Zn72D/NF45-RNA complex alone. This
observation could lead to a novel structure and help solve how ADAR and
Zn72D/NF45 interact upon RNA binding.

Another important consideration for the investigation of Zn72D-regulated
RNA editing is the impact of tertiary structure on RNA editing sites. Second-
ary structure predictions give valuable information, but a determining factor in
ADAR and Zn72D cooperation might be related to the three-dimensional struc-
ture of the RNA. Therefore, as another following project, Zn72D-dependent
and Zn72D-independent RNA editing sites could be structurally characterised
by RNAthor (Gumna et al., 2020) and QuShape (Karabiber et al., 2012).

In the last few years, A-to-l and C-to-U RNA editing have become prom-
ising therapeutic targets. Loss of RNA editing causes the activation of multiple
dsRNA-sensing pathways mediated by MDA5, OAS, and PKR (see section
1.3.2). APOBECS3 proteins are capable of catalysing hypermutations in can-
cers that drive tumorigenesis and therapy resistance (Roberts et al., 2013).
Knock-out of ADAR1 caused cancer cells to be more vulnerable to immuno-
therapy and overcome resistance to checkpoint blockade (M. Wang et al.,
2019). This makes ADAR1 an attractive target to improve the therapeutic
outcome in immuno checkpoint-resistant patients. The activation of these
pathways leads to type | interferon (IFN) production and translational arrest,
making cancer cells sensitive to cancer immunotherapy involving, for example,
anti-programmed cell death 1 antibodies (Nakahama et al., 2020).

ADAR and APOBEC enzymes might also be exploited as tools to restore
disease-causing point mutations by introducing single nucleotide changes, as
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more than half of all known genetic disorders are caused by point mutations
(Chen et al., 2019). In contrast to ADAR proteins, APOBEC3 can edit DNA,
increasing the number of potential therapeutic approaches even more. This
strategy is called site-directed RNA editing and provides the benefit of precise
nucleotide modifications. There are several strategies on how RNA-editing
enzymes could be used as a tool to manipulate the transcriptome in a pro-
grammable way. Two of these strategies envision use of endogenous ADAR
enzymes for A-to-1 RNA editing by introducing a single guide RNA into the cell.
One approach is called recruiting endogenous ADAR to specific transcripts for
oligonucleotide-mediated RNA editing (RESTORE). Introduced by Merkle et
al., 2019 who were able to demonstrate the repair of the clinically relevant PiZZ
mutation in primary human cells through endogenous human ADAR enzymes.
These enzymes were recruited via guide RNAs that partly mimic an endogen-
ous target (GIuR2 mRNA) and a specificity domain that allows target mRNA
binding next to the mutation (figure 6.1). The second approach, called lever-
aging endogenous ADAR for programmable editing of RNA (LEAPER), utilises
long antisense RNAs (up to 200 nt) to generate double-stranded regions that
resemble typical ADAR1 substrates to stimulate binding and editing by en-
dogenous ADAR1 (Qu et al., 2019) (figure 6.1). In addition, off-target RNA
editing, an undesired side-effect of these therapies, can be further reduced by
the introduction of chemical modifications to the guide RNAs. RESTORE and
LEAPER are both excellent examples of the potential medical applications of
RNA editing. Factors that regulate RNA editing might also be harnessed for
further development of similar therapeutic applications and might help in the
selection of specific editing sites in cellulo. For example, knowledge on the
mechanism by which ZFR/NF45 enhances editing could be harnessed to gen-
erate guide RNAs that work best in human tissues with high ZFR expression.
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Figure 6.1: Novel therapeutic approaches based on RNA editing. En-
dogenous ADARs can be recruited via guide RNAs that either partly mimic
an endogenous target (GluR2-arRNA, RESTORE) or that generate double-
stranded RNAs of different lengths that recruit ADARs (LEAPER). Figure
adapted from (Khosravi et al., 2021).

The second major focus of this thesis was to gain a mechanistic understand-
ing of the role of ZFR in the regulation of alternative splicing. Human ZFR has
been identified as an inhibitor of the type | interferon response upon viral in-
fection, acting by regulation of alternative pre-mRNA splicing of the histone
variant macroH2A1 (Haque et al., 2018). Activation of IFNB is regulated pre-
dominantly on the level of transcription in response to infection. macroH2A1
not only suppresses the initiation of type | interferon signalling by inhibition of
IFNB1 transcription, but is also able of binding and repressing promoters of
interferon stimulated genes (Lavigne et al., 2015). Moreover, ZFR regulates
several hundred other alternative editing events, including intron retention, al-
ternative 5’ and 3’ splice sites, and exon skipping. We hypothesised that the
RNA-binding ability of ZFR is essential for its biological function. Consequently,
the characterisation of its RNA binding specificity was a main goal of this thesis.
Identification of RNA motifs bound by ZFR might help us learn more about its
precise biological role in splicing.

To this end, recombinant human ZFR was produced by co-expression with
NF45, and constructs that contained or lacked the three zinc-finger domains
were purified. We were able to show with EMSAs that constructs lacking zinc
finger domains have weak RNA binding activity compared to constructs with
zinc fingers. These two constructs were used in an RNA Bind-n-Seq experi-
ment (RBNS) performed by the Hogg group (NIH, Bethesda, USA). The RBNS
data suggested a propensity for ZFR to bind structured RNAs with a C-rich
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context. In vitro verification of binding of RBNS-obtained motifs indicated that
ZFR has a strong preference for dsRNA over ssRNA. This suggests that in vivo
binding sites that determine alternative splicing are likely to contain substan-
tial secondary structure. EMSA-based observations indicated that ZFR/NF45
complexes bind dsRNA and RNA-DNA duplexes without sequence specificity.
ZFR’s ability to bind RNA-DNA duplexes is most likely due to duplexed nuc-
leic acids generally adopting A-form helices. Given that ZFR/NF45 showed no
apparent sequence specificity in vitro, why did the RBNS data give an appar-
ent preference for C-rich motifs over other sequences? A closer examination
of the data revealed that the sequences most strongly enriched for ZFR/NF45
were complementary to a sequence in the 3° PCR primer linker sequence re-
quired for the RBNS amplification step. C-rich sequences are enriched in the
RBNS results as they allow secondary structure formation with the linker se-
quences. The preference of long-ZFR/NF45 for dsRNA caused it to pull-down
sequences with base-pairing potential to the PCR primer binding sites. This
observation explains why we were not able to detect any obvious differences
in RNA binding despite using dsRNAs of different sequence compositions.

During the structural characterisation, human ZFR/NF45 formed RNA-protein
complexes with a 2:1 (protein to RNA in molar ratios) stoichiometry based on
anlytical gel filtration experiments, but aggregated at room temperature during
SEC-MALS experiments. This 2:1 stoichiometry suggests that the formation of
ZFR/NF45 heterodimers on RNA is a conserved feature that has also been ob-
served with related NFOO/NF45 complexes (Jayachandran et al., 2015). This
behaviour suggests that dimerisation of members of the DZF protein family
on dsRNA is of functional importance. Therefore, the proposed experiments
for structural studies of ADAR and Zn72D/NF45 should also be applied to the
ZFR/NF45 RNA-protein complexes and would be a great addition to the bio-
chemical data obtained from RBNS and RNA binding studies.

New cross-linking mass spectrometry data for RNA-protein complexes sug-
gests a novel dimer-dimer interface between the DZF domains of human NF90
and NF45, whose distances are not compatible with a 24A linker distance. This
data supports a model that DZF proteins oligomerise with critical implications
for their biological function. Further, unpublished data from Uma Jayachandran
based on negative stain electron microscopy of an RNA-protein complex of
human NF90/NF45 with long dsRNA (over 300 nt) showed oligomerisation re-
sembling beads on a string, dependent on the length of substrate RNA. A sim-
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ilar cooperative binding model has recently been proposed for human ADAR.
Multiple human ADAR proteins cooperate to bind dsRNA and perform A-to-I
RNA editing (Song et al., 2020). These observations of oligomerisation of DZF
proteins are also consistent with the eCLIP data from the Hogg group show-
ing ZFR cross-links all across skipped exons. This oligomerisation behaviour
should also be tested for other members of the DZF family such as ZFR/Zn72D.
The incubation of purified recombinant Zn72D/NF45 and ZFR/NF45 as well as
ADAR with long dsRNA for negative stain electron microscopy represents one
of the subsequent key experiments to investigate potential oligomerisation on
double-stranded RNA in editing and splicing regulation.

Another important experiment to unravel more of ZFR’s biological role would
be the identification of protein-protein interactions of ZFR as well as Zn72D
in cells. This would give insights into how ZFR is regulated upstream and
could perhaps explain under which conditions its splicing activity will be in-
duced or inhibited, thereby modulating interferon S response. Also, since ZFR
and Zn72D do not have an enzymatic function, they might instead act as a me-
diator or adaptor protein for ADAR. Emily Freund from the Li group at Stanford
used BiolD in a human cell line to identify proteins interacting with ADAR1 and
ADAR2. Among the regulators that she identified were all four members of the
DZF protein family: NF90, NF45, SPNR, and ZFR, which indicated that the
DZF proteins interact with human ADAR enzymes and modulate RNA editing
levels.

Interestingly, NFO0 was reported to be a negative regulator of editing, whereas
ZFR, in contrast, appeared to be a positive regulator (Freund et al., 2020).
Results obtained from our cooperation with the Hogg group (unpublished data)
showed that ZFR and NF90 have opposing roles in a subset of alternative spli-
cing events. Furthermore, NF90 and NF45 have recently also been reported to
play an essential role in mitosis by competing with the SMD machinery to reg-
ulate the expression of cell cycle mRNAs (Nourreddine et al., 2020). In conclu-
sion, BiolD experiments to identify protein-protein interactions could help test
the hypothesis that DZF proteins such as ZFR, Zn72D and NF90 interact with
editing enzymes and splicing regulators to modulate their functions.
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7.1 Plasmid maps

Figure 7.1: Plasmid map of pEC-KHC. pEC-KHC plasmid encodes for a
kanamycin resistance gene (K) and a 3C protease-cleavable (C) N-terminal
6xHis-tag (H).
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Figure 7.2: Plasmid map of pEC-KGC. pEC-KHC plasmid encodes for a
kanamycin resistance gene (K) and a 3C protease-cleavable (C) N-terminal
6xHis-GST-tag (G).
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Figure 7.3: Plasmid map of pmcncCS. pmcnCS plasmid encodes for
a streptomycin resistance gene and a TEV protease-cleavable N-terminal
GST-tag.
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Figure 7.4: Plasmid map of pFastBac. pFastBac plasmid encodes for an
ampicillin and a gentamicin resistance gene and 3C protease-cleavable N-
terminal 6xHis-tag within Tn7L and Tn7R cassettes.
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Figure 7.5: Plasmid map of pFL-GST. pFL-GST plasmid encodes for an
ampicillin and a gentamicin resistance gene and 3C protease-cleavable N-
terminal 6xHis-GST-tag within Tn7L and Tn7R cassettes.
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7.2 Amino acid sequences of (wild-type) proteins
used for recombinant protein production

Human ZFR (1-1074 aa)

1
51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951
1001
1051

MIPICPVVSF
SGVAYSHPTT
ATAAAYGGYP
PAVAYDSKQY
YTQAQQTRQV
ATYSTTAVTY
AAWTGTTFTK
EGQKHKKKEA
IRGAKHQKVV
ANNCTVNTSS
KINFVGGNKL
PASLAALQSD
LKGRRHRLQY
EEERWRMEMR
GVRPGMPPQP
TERALKLVSD
RGDRNVNLVL
ITLNSCVEPK
DALAALRHAK
VEKAISSASS
TMTDQQREDI
RRDSDGVDGF

TYVPSRLGED
VASYTVHQAP
TAHTATDYGY
YQQPTATAAA
TAIKPATPSP
SGTSYSGYEA
KAPFQNKQLK
ALKASQNTSS
KLHTKLGKPI
TATSSMKGLT
QSTGNKAEDI
VQPVGHDYVE
KKKVNPDLQV
RYEEDMYWRR
QGPAPLRRPD
SLSEHEKNKN
LCSEKPSKTL
MQVTITLTSP
WFQARANGLQ
PQSPGDALRR
TSSAQFALRL
EAEGKKDKKD

Human NF45 (1-390 aa)

1
51
101
151
201
251
301
351

MRGDRGRGRG
TSFSEALLKR
EVRQVGSYKK
PSEVLTMLTN
ALAATRHARW
YAVMNNPTRQ
VMTLEQQDMV
VTPSEKAYEK

GRFGSRGGPG
NQDLAPNSAE
GTMTTGHNVA
ETGFEISSSD
FEENASQSTV
PLALNVAYRR
CYTAQTLVRI
PPEKKEGEEE

AKMATGNYFG
VAAHTVTAAY
TQRQQEAPPP
VAAAAQPQPS
ATTTFSIYPV
AVYSAASSYY
PKQPPKPPQI
SNSSTRGTQN
PSTEPNVVSQ
TTGNSSLNST
KGTECVKSTP
EVRNDEGKVI
EVKPSIRARK
MEEEQHHWDD
SSDDRYVMTK
KEGDDKKEGG
LSRIAENLPK
ITREENMREG
SCVIIIRILR
VFECISSGII
LAFRQIHKVL
YDNF

GGFRPFVPHI
QASILSLVTK
DLVVILKILP
ATVKILITTV
KVLIRLLKDL
CLQILAAGLF
LSHGGFRKIL

FTHSGAAAAA
APAAATVAVA
PPPATTQNYQ
VAETYYQTAP
SSTVQPVAAA
QQQAQQQRKQA
HYCDVCKISC
QLRCELCDVS
ATSSTAVSAS
SNTKVSAVPT
VTSAVQIPEV
RFHCKLCECS
IQEEKMRKQM
RRRMPDGGYP
HATIYPTEEE
KDRALKGVLR
QLAVISPEKY
DVTSGMVKDP
DLCQRVPTWS
LKGSPGLLDP
GMDPLPQMSQ

PFDFYLCEMA
INNVIDNLIV
TLEAVAALGN
PPNLRKLDPE
RIRFPGFEPL
LPGSVGITDP
GQEGDASYLA

EENTEEPPQG

167

EEEESMETQE

AAAQYSQQPA
RPAPVAVAAA
DSYSYVRSTA
KAGYSQGATQ
ATVVPSYTQS
AAAAAAAAAT
AGPQTYKEHL
CTGADAYAAH
KPTASPSSIA
NMAAKKTSTP
KQDTVSEPVT
FNDPNAKEMH
QKEEYWRRRE
HGPPGPLGLL
LQAVQKIVSI
VGVLAKGLLL
DIKCAVSEAA
PDVLDRQKCL
DFPSWAMELL
CEKDPFDTLA
RENIHNNRKR

FPRVKPAPDE
APGTFEVQIE
KVVESLRAQD
LHLDIKVLQS
TPWILDLLGH
CESGNFRVHT
SEISTWDGVI
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Human EndoV (1-282 aa)

1
51
101
151
201
251

MALEAAGGPP EETLSLWKRE QARLKAHVVD RDTEAWQRDP
VDVSFVKGDS VRACASLVVL SFPELEVVYE ESRMVSLTAP
VPFLLELVQQ LREKEPGLMP QVLLVDGNGV LHHRGFGVAC
VGVAKKLLQV DGLENNALHK EKIRLLQTRG DSFPLLGDSG
DRSTRPLYIS VGHRMSLEAA VRLTCCCCRF RIPEPVRQAD
LGLPGPPTPR SPKAQRPVAC PKGDSGESSA LC

Drosophila melanogaster Zn72D (1-886 aa)

1
51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851

MANNNYAGFN
GAAGAGAGAT
ASVSKTHYSA
AASMYVAQQH
PQQLHYCEVC
NNYHCELCDV
KINFVPAAAG
EYIEEVKDEE
DLVVDFKPTP
YDYNNWMSRS
HAEIYPKEEE
PSEKDGRDNQ
LVVLCAEKPT
DESVSVKITL
AKWFQARATG
GFPISPGDCM
LTVSAQLFLR
GAPGTETESN

YGGTQYNTGQ
SGPGAGGYGG
PPVKNQVKGK
QGNPNQKPNG
KISCAGPQTY
TCTGTDAYAA
GAGVAKTEGG
GKILSFNCKL
ROQRRLAEARA
FGGAQRFGRM
LQTIQRIVSH
IFSFQKDADN
SGLLQRVANV
TSPLLRDANP
LQSCVMVIRI
RRIMEALSSG
YIAFRQIYKV
DIDETGSDEK

VSYPAVTNAT
YGDYRSAMQY
MDKSNGGPKP
GANNWYQRKM
REHLEGQKHK
HVRGAKHQKV
ANESDAAGDL
CDCKFNDPNA
NRAMMSSHRG
GNGPPPHFGM
TERALKLVSD
GGNVVRILKG
LPDKLKEVAG
GEAATTDEGE
LRDLCQRVSS
FLINGPGLLD
LGMEPLPAMK
VAKKEGVGGT

YANAAAYQNA
DATKTFYQQS
PSSAPPAGNN
GATIPGATAI
KREASLKMSA
VKLHQKLGKP
DDNLDDSLGE
KEMHMKGRRH
GDDHDGGYWE
MPGGNVRRPE
ALAEQPSDAG
VMRVGYLAKG
DTQVNYRVEV
GDSEFLPREP
WQSLPQWSLE
PCEKDPTDAL
FPMRPWRVNR
PAST

Drosophila melanogaster NF45 (1-396 aa)

1
51
101
151
201
251

MVRGALRGGR

PMRGGIRPPF

KKTFVPRHPF

DLTLAEVFFP

SALTAALLKR NQDLSPTPSE (QTAIGNLVTK VQAVLDNLVV
EEVRQVGSFK KGTILTGNNV ADVVVILKTL PTKEAVDALA

MKTEVLTKGD

QHTVQIHERG

FDIANVHAKV

RILIATLPQN

DHKLMQSHLA AIRHTRWFEE NAHHSSIKVL IRILKDLTRR

MLDLIAHLAT

MNNPSRQALP

INLAFRRVFQ

168

LLSAGLFLPG

AFSGLQRVGG
YVSGFLAFRE
HLGVLTDLPC
TVLGMALRSH
ICSREHIRKS

AVAAGQGGYG
PASYNASGST
YSGYDTALYN
RGMRPKAPPR
SANSATQNRG
IPSEEPKKMG
NTDNIKPVGG
RLQYKRKVQP
EQRNRQYNEE
STDDRHATIAR
AANKKDKAEK
LLLHGDNAVE
NAEEAALTVL
CLRALADLRH
LLVEKVISSA
LELTKQERED
KRRRSSGKAG

KVPSAGAVDD
APGDLTTCQL
KKVEADLKAS
LRKLEPEIHL
FDAFSPLSAW
SAGITDPTEP
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301 GHIRVHTAMT LEQQDVCCYT SQTLLRVLAH GGYKHILGLE
351 VWNGVCISPL TAVYEKPTDK KEGDLEEDID MIENENEEEG

Drosophila melanogaster ADAR (1-632 aa)

1
51
101
151
201
251
301
351
401
451
501
551
601

7.2.1 Input sequences for multiple sequence alignments

MLNSANNNSP
RIPQPKNTVA
RSKKVARIEA
SAITVDGQKK
EKKFDGTGPS
SMELPQIHAD
KVISVSTGTK
QATAYQSIFV
VDKHPNRKAR
DKIARWNIVG
IQGLPPPYHL
GRTIGGQVSR
TAKLELFSAF

QHPVSAPSDI
MLNELRHGLI
AATALRSFIQ
VPDKGPVMLL
KKTAKNAAAK
TIGRLVLEKF
CVSGEHMSVN
RNTDGQYPYK
GQLRTKIESG
IQGSLLSSII
NKPRLALVTS
ITKQAFFVKY
KREDLGSWLK

NMNGYNRKLP
YKLESQTGPV
FKDGAVLSPL
YELFNDVNFE
AALASLCNIS
MEVIKGQEAY
GAVLNDSHAE
LKSGVHFHLY
EGTIPVKSSD
EPVYLHSIVL
AEPRNQAKAP
GFLMANLPGI
KPIEQDEFGL

169

QKRGYEMPKY
HAPLFTISVE
KPAGNLDFTS
CINIDGAQNN
YSPMVVPQKN
SRRKVLAGIV
IVSRRCLLKY
INTAPCGDAR
GIQTWDGVLQ
GSLLHPEHMY
NFGINWTIGD
LVRKVTTDYG
AE

GNTSVVREMS
SDDGAE

SDPKKKMCKE
VDGQKYLGQG
DEHLENDVSK
CRFKMTVTIN
VPLPIDDKSS
MTENMNFCEA
LYAQLDLQCN
IFSPHENDTG
GQRLLTMSCS
RAVCGRIEKS
TELEVVNSLT
QTKANVKDYQ
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7.3 Additional data for RNA template
identification

Table 7.2: Description for the rows of the RNAi screen raw data and addi-
tional information

Row name Description

chr Chromosomal location of the editing site

pos Genomic coordinate of the editing site (dm3)

gene Gene name

annoti Location of editing site in regard to mMRNA (exonic,
intronic, 5’ UTR, and 3’ UTR)

annot2 Effect of editing site (nonsynonymous changes amino acid)

ecs Editing site complementary sequence

ofp_avg Editing levels after GFP siRNA treatment

ofp_sem Standard error of mean of gfp_avg

adar_avg Editing levels after ADAR siRNA treatment

adar_sem Standard error of mean of adar_avg

zn72d_avg Editing levels after Zn72D siRNA treatment

zn72d_sem Standard error of mean of zn72d_avg

AZn72D Editing levels upon ADAR knockdown compared
with GFP control

A ADAR Editing levels upon Zn72D knockdown compared

with GFP control
AZn72D-AADAR Difference of editing levels between ADAR and Zn72D
knockdown compared with GFP control
Zn72D KG [%] Change of editing levels upon Zn72D knockdown in %
ADAR KG [%] Change of editing levels upon ADAR knockdown %
Whole body [%]  Editing levels in Drosophila for the whole body

Head [%)] Editing levels in Drosophila for the head

Editing sites Number of additional editing sites within 100 bp up
and downstream of the editing site

Effect Amino acid change of editing site

Strand Location of editing site (positive or negative strand)

MFE [kcal/mol] Minimum free energy for secondary structure formation
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7.4 Additional information for RNA end labelling

Figure 7.6: Fluorophores used for 5’ end labelling. Absorption and emis-
sion spectra (A) (created with FluoroFinder) and structure (B) for fluorescein
(green), TAMRA (yellow), cyanine 5 (dark red) and Atto700 (red ) used for
5’ end labelling of in vitro transcribed RNA. Detection wavelenght at 700 nm
is indicated with a vertical red line.

179



7 Appendix

Figure 7.7: Fluorophores used for 3’ end labelling.  Structure of cyanine
5.5 hydrazide used for 3’ end labelling of in vitro transcribed RNA.
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